
ABSTRACT 

 

MOLECULAR PHYLOGENY OF LONGHORN BEETLES FROM 

NORTHEAST INDIA INFERRED BY METABARCODING AND 

MITOCHONDRIAL METAGENOMICS 

 

 

BY 

 

 

Meesala Krishna Murthy 

Department of Zoology 

Prof. Guruswami Gurusubramanian 

 

 

 

 

 

 

 

Submitted 

 

In partial fulfillment of the requirement of the Degree of Doctor of Philosophy in 

Zoology of Mizoram Uiversity, Aizawl. 



 
 

Molecular Phylogeny of Longhorn Beetles from Northeast India 

Inferred by Metabarcoding and Mitochondrial Metagenomics 

 

 

A thesis submitted in partial 

fulfilment of the requirements 

for the degree of Doctor of 

Philosophy 

 

Meesala Krishna Murthy 

MZU Regn No. 1600808 

                  PhD Regn No. MZU/Ph.D./1106 of dt.03.05.2018  

 

 
 

 

 

Department of Zoology 

School of Life Sciences 

Mizoram University 

Aizawl-796004, Mizoram 

August 2022 



MOLECULAR PHYLOGENY OF LONGHORN BEETLES FROM 

NORTHEAST INDIA INFERRED BY METABARCODING AND 

MITOCHONDRIAL METAGENOMICS 

 

 

BY 

 

 

Meesala Krishna Murthy 

Department of Zoology 

Prof. Guruswami Gurusubramanian 

 

 

 

 

 

 

 

Submitted 

 

In partial fulfillment of the requirement of the Degree of Doctor of Philosophy in 

Zoology of Mizoram Uiversity, Aizawl. 



Department of Zoology 
School of Life Sciences 

MIZORAM UNIVERSITY 
(A Central University) 

 

Dr. G. Gurusubramanian Ph.D 
Professor   

                    Phone: 9862399411 (M) 
 
                     

 

 

 

 

 

CERTIFICATE 

 

I certify that the thesis entitled “Molecular Phylogeny of Longhorn Beetles 

from Northeast India Inferred by Metabarcoding and Mitochondrial 

Metagenomics” submitted to Mizoram University for the award of the degree of 

Doctor in Philosophy in Zoology by Meesala Krishna Murthy a record of research 

work carried out during the period of 2018-2021 under my guidance and supervision, 

and that this work has not formed the basis for the award of any degree, diploma, 

associateship, fellowship or other titles in this university or any other university or 

institution of higher learning. 

 

 

      (PROF. G. GURUSUBRAMANIAN) 

       Department of Zoology 

 Mizoram University 



MIZORAM UNIVERSITY 

AIZAWL-796004 

 

   August, 2022  

 

DECLARATION 

 

I, Meesala Krishna Murthy, hereby declare that the subject matter of this thesis 

entitled “Molecular Phylogeny of Longhorn Beetles from Northeast India 

Inferred by Metabarcoding and Mitochondrial Metagenomics” is the record of 

work done by me, that the contents of this thesis did not form basis of the award of 

any previous degree to me or to the best of my knowledge to anybody else, and that 

the thesis has not been submitted by me for any research degree in any other 

University/Institute.  

 This is being submitted to the Mizoram University for the degree of Doctor of 

Philosophy in Zoology.  

 

 

 

 

                                                                              (MEESALA KRISHNA MURTHY) 

 

 

 

 

 

(HEAD)        (SUPERVISOR) 

 



                                                                                        iii 

ACKNOWLEDGEMENT 

 

This modest endeavor of mine has been made possible with the help of my revered guide 

and friends of all of whom I express my heartfelt gratitude. 

I avail this unique opportunity to express my deep sense of gratitude and indebtedness to 

my thesis guide Prof. G. Gurusubramanian, Mizoram University, Aizawl, Mizoram 

for his enduring, inspiring suggestion, contestant supervision and constructive criticism 

during the entire to make the thesis a reality. 

It is great worth to express my unfathomable love and affection and blissful blessing to 

my loving and indebtedness to my beloved family members for their immeasurable love, 

insurmountable inspiration, deep commitment, countless blessing and supreme sacrifices 

in and evolving this tiny personality, I stiff pray that their blessing to by my only 

weapon and company I every work of my life. 

 

 

 

                                                                                    MEESALA KRISHNA MURTHY 



i 
 

CONTENTS 

                                                                                                                            Page No. 

 

Certificate from the supervisor                                                                                    

Declaration                                                                                                                     

MZU Registration                                                                                                          

Certificate of Pre-M.Phil. Coursework                                                                         

M.Phil. Certificate                                                                                                           

Ph.D. Registration                                                                                                                                                                                   

Acknowledgement                                                                                                                                                                                                                                                                                                                                    

                                     

Table of contents                                                                                                           

List of figures 

List of tables 

 

I. INTRODUCTION                                                                                                  1-11 

 

1.1. Longhorn beetle biodiversity                                                                        2-3 

1.2. DNA Barcoding                                                                                              3-5 

1.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG)            5-8 

1.4. Whole Mitochondria genome of longhorn beetles                                      8-10 

1.5. GUT Microbiota                                                                                           10-11 

 

II.  REVIEW OF LITERATURE                                                                            12-24 

      2.1. Biodiversity of longhorn beetles                                                                 13-15 

      2.2. DNA Barcoding                                                                                            15-19 



ii 
 

    2.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG)            19-20 

    2.4. Whole Mitochondria genome of longhorn beetles                                       20-22 

    2.5. GUT Microbiota                                                                                             22-24 

 

III.  OBJECTIVES                                                                                                    25-26 

 

IV. MATERIALS AND METHODS                                                                     27-73 

       4.1. Biodiversity studies of longhorn beetles                                                    28-53 

              4.1.1. Study area                                                                                          28-36 

                        4.1.1.1. Assam                                                                                    28-29 

                        4.1.1.2. Arunachal Pradesh                                                              29-31 

                        4.1.1.3. Meghalaya                                                                             31-33 

                        4.1.1.4. Mizoram                                                                                33-34 

                        4.1.1.5. Nagaland                                                                               35-36 

            4.1.2. Sampling sites and methods                                                               36 

            4.1.3. Hand Picking method                                                                         40 

            4.1.4. Light Trap method                                                                              40 

             4.1.5. Pitfall Trap method                                                                            40-41 

             4.1.6. Sweep Net capture sampling method                                               41-42 

             4.1.7. Sample plot                                                                                         42-43 

             4.1.8. Morphological identification of longhorn beetles                            43 

             4.1.9. Data Analysis                                                                                      43-53 



iii 
 

                       4.1.9.1. Species Richness and Diversity Pattern Analysis              43 

                                   4.1.9.1.1. Species Richness                                                    43, 51 

                      4.1.9.2. Measurement of α (Alpha) Diversity                                    51-52 

                      4.1.9.3. Measurement of β (Beta) Diversity                                       52-53 

                      4.1.9.4. Cluster Analysis                                                                      53 

                      4.1.9.5. Matrix plot and correspondence analysis                             53 

      4.2. DNA barcoding of longhorn beetles                                                           54-60 

           4.2.1. Chelex®100 DNA isolation method                                                    54 

           4.2.2. Amplification of barcode region through PCR                                 55 

            4.2.3. Portable Sequencing                                                                                        56 

           4.2.4. Portable laboratory equipment and setup                                          56 

           4.2.5. Library preparation and MinION sequencing                                   57 

           4.2.6. Bioinformatics                                                                                      57-59 

           4.2.7. Data analysis                                                                                         59-60 

           4.2.8. Data availability                                                                                    60 

  4.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG)              60-64 

           4.3.1. Bioinformatics and Data analysis                                                       61-64 

  4.4. Gut microbiota of Batocera lineolata                                                              64-65 

        4.4.1. Quality Filters and Sequence Analysis                                                  64-65 

  4.5. Whole mitochondria genome sequence of longhorn beetles                         65-73 



iv 
 

4.5.1. Preparation of stock solutions                                                                     65-66 

4.5.2. Buffers for mitochondrial DNA isolation                                                   66-67 

4.5.3. Mitochondrial DNA isolation                                                                       67-69 

4.5.4. Mitochondrial DNA isolation confirmation by PCR                                  70-71 

4.5.5. Oxford Nanopore sequencing run                                                                 71-72 

4.5.6. Mitochondrial genome assembly                                                                   72 

4.5.7. Sequence analysis                                                                                            72-73 

4.5.7. Phylogenetic analysis                                                                                      73 

4.5.8. Data availability                                                                                              73 

V. RESULTS                                                                                                          74-127 

    5.1. Longhorn Beetle Biodiversity study                                                          75-94 

    5.2. DNA Barcoding, CO-1 Metabarcoding, and MMG                                95-107 

    5.3. Whole mitochondria genome of longhorn beetles 

            and Gut microbiome of Batocera lineolata                                            108-127 

VI. DISCUSSION                                                                                                 128-149 

6.1. Biodiversity of longhorn beetles                                                                   129-133 

6.2. DNA barcoding of longhorn beetles                                                             133-137 

6.3. CO-1 Metabarcoding and MMG of longhorn beetles                                 137-140 

6.4. Whole mitochondria genome and GUT Microbiota of longhorn beetles  140-143 

VII. SUMMARY                                                                                                   144-148 



v 
 

VIII. APPENDIX                                                                                                    149 

1. LIST OF ACRONYMS                                                                                      149 

2. Annexure-1                                                                                                          150 

3. Annexure-2                                                                                                          151 

 

 

IX. REFERENCES                                                                                              152-216 

1. BRIEF BIO-DATA OF THE CANDIDATE                                                    217 

2. PARTICULARS OF THE CANDIDATE                                                        218 

3. LIST OF PUBLISHED PAPERS                                                                      219 

4. LIST OF CONFERENCE/SEMINAR/WORKSHOP ATTENDED AND 

PARTICIPATED                                                                                                    220 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

LIST OF TABLES 

 Table No. TITLE Page 

No. 

1. Longhorn beetle specimens were collected during 2018–2021 from 

18 collecting sites 

37 

2. The morphological keys for identification of longhorn beetles 

(Coleoptera: Cerambycidae) 

44-50 

3. Primer name and sequence used in the current study for PCR 

amplification 

55 

4. PCR Master Mix 70 

5.  PCR cyclic conditions 71 

6. Records of Cerambycidae beetle species from Northeast India 

during the study period (2018 – 2021) 

75 

7.    Number of longhorn beetle species were collected from the each 

state of Northeast India during the study period (2018 -2021) 

80 

8. Longhorn beetle (Coleoptera: Cerambycidae) species abundance 

(%) from each state of Northeast India during the study period 

(2018 -2021). 

81 

9. Density (D) and frequency of species occurrence (SO %) of 

longhorn beetle (Coleoptera: Cerambycidae) species from 

Northeast India 

82 

10. Biodiversity indices of longhorn beetles (Ceramycidae) collected 

from Northeast Indian states 

89 

11. Conserved regions found in the CO1 gene sequences of 29 

longhorn beetle species. 

96 

12. Maximum Likelihood Estimate of Substitution Matrix 97 

13. Maximum Composite Likelihood Estimate of the Pattern of 

Nucleotide Substitution 

97 

14. Relative synonymous codon usage is given in parentheses 

following the codon frequency 

98 

15. Estimates of Average Evolutionary Divergence over all Sequence 

Pairs 

100 

16. Tajima's Neutrality Test 102 

17. Summary of the unique sequences 106 

18. Estimation of biodiversity indices between OTU’s 107 

19. Conserved regions found in the mitochondrial genome sequences 

of 9 longhorn beetle species 

109-

110 

20. Compute of nucleotide composition (%) in mitochondrial genome 

of 9 longhorn beetle species 

110 

21. Test of the Homogeneity of Substitution Patterns between 

Sequences 

115 

https://en.wikipedia.org/wiki/Beetle
https://en.wikipedia.org/wiki/Beetle
https://en.wikipedia.org/wiki/Beetle


vii 
 

22. Maximum Likelihood Estimate of Substitution Matrix 117 

23. Maximum Composite Likelihood Estimate of the Pattern of 

Nucleotide Substitution 

117 

24. Estimates of Net Base Composition Bias Disparity between 

Sequences 

118 

25. Estimates of Base Composition Bias Difference between 

Sequences 

118 

26. Relative synonymous codon usage is given in parentheses 

following the codon frequency 

119 

27. Estimates of Evolutionary Divergence between Sequences 120 

28. After trimming, unique sequences present in representative data 126 

29. Number of unique sequences present in given sequences 127 

30. Estimation of biodiversity indices between OTU’s 127 
 

 

 

 

LIST OF FIGURES 

Figure No. DESCRIPTION Page 

No. 

1. Application of permission to collect soil and insect samples 38 

2. Map of the study sites showing 18 collection sites for longhorn 

beetles in 5 states of Northeast India. Closed circles indicate the 

regions 

39 

3. The light trap in a typical forest setting 41 

4. Illustration of a  sample plot with various collection methods 43 

5. Illustrations of longhorn beetle (Coleoptera: Cerambycidae) species 

collected from this study 

50 

6. Polymerization chain reaction cyclic conditions 55 

7. Bioinformatics pipeline for nanopore sequencing raw data analysis  59 

8.  Schematic representation of DNA metabarcoding pipeline 62 

9. Schematic representation of DNA metagenomics pipeline 63 

10. Subfamily wise longhorn beetle species abundance 76 

11. Number of specimens were collected from five states of Northeast 

India during the study period (2018 – 2021) 

77 

12. Relative abundance (RA) of longhorn beetle specimens from five 

states of Northeast India during the study period (2018 – 2021) 

78 

13. Number of longhorn beetle species from five states of Northeast 

India were collected during the study period (2018 – 2021) 

79 

https://en.wikipedia.org/wiki/Beetle


viii 
 

14. Total abundance of lamiinae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 

2021) 

83 

15. Total abundance of prioninae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 

2021) 

84 

16. Total abundance of cerambycinae subfamily species from five states 

of Northeast India were collected during the study period (2018 – 

2021) 

84 

17. The relative abundance of lamiinae subfamily species from five 

states of Northeast India were collected during the study period 

(2018 – 2021) 

85 

18. The relative abundance of prioninae subfamily species from five 

states of Northeast India were collected during the study period 

(2018 – 2021) 

85 

19. The relative abundance of cerambycinae subfamily species from 

five states of Northeast India were collected during the study period 

(2018 – 2021) 

86 

20. The total relative abundance of lamiinae, prioninae, and 

cerambycinae subfamily species from five states of Northeast India 

were collected during the study period (2018 – 2021) 

87 

21. The total number of longhorn beetles was collected from each 

subfamily from five states of Northeast India was collected during 

the study period (2018 – 2021) 

88 

22. The total and individual subfamily wise relative abundance of 

longhorn beetles collected from each subfamily from five states of 

Northeast India was collected during the study period (2018 – 2021) 

88 

23. Species accumulation curves of biodiversity indices 89 

24. SHE profiles 90 

25. The relationship between species richness and elevation 91 

26. Seasonal species richness and abundance 92 

27. Principal component analysis (PCA) of the longhorn beetle, 

collected by the light trap from 5 states in Northeast India 

92 

28. Principal coordinate analysis (PCoA) of the longhorn beetle, 

collected by the light trap from 5 states in Northeast India 

93 

29. Canonical corresponding analysis (CCA) of the longhorn beetle, 

collected by the light trap from 5 states in Northeast India 

93 

30. Coordinate analysis (CA) of the longhorn beetle, collected by the 

light trap from 5 states in Northeast India 

94 

31. Bray–Curtis similarity analysis of the longhorn beetle, collected by 

the light trap from 5 states in Northeast India 

94 

32. Agarose gel image of PCR products 95 

33. Representative multiple sequence alignment by MUSCLE algorithm 95 



ix 
 

34. Entropy plot of 29 barcode sequences 96 

35. Maximum likelihood phylogenetic tree analysis of 29 sequences 

retrieved from NCBI 

101 

36. Maximum Parsimony phylogenetic tree analysis of 29 sequences 

retrieved from NCBI 

101 

37. Cumulative output of sequencing reads in 48h of sequencing run 102 

38. Cumulative output of nucleotide bases in 48h of sequencing run 103 

39. Estimated N50 of estimated bases 104 

40. Percentage of sequencing and available pores with time equivalent 104 

41. Channel count with time interval and Mux scan categorization with 

time interval. 

105 

42. Visualization of different longhorn beetle taxa 106 

43. Alpha diversity of number of OTU’s 107 

44. Entropy plot of mitochondrial genome sequence alignment of 9 

longhorn beetle species 

108 

45. Whole mitochondria genome of Batocera lineolata 111 

46. Whole mitochondria genome of Dorysthenus granulosus 111 

47. Whole mitochondria genome of Monochamus alternatus 112 

48. Whole mitochondria genome of Megopis sinica 112 

49. Whole mitochondria genome of Anoplophora glabripennis 113 

50. Whole mitochondria genome of Aristobia reticulator 113 

51. Whole mitochondria genome of Blepephaeus succinctor 114 

52. Whole mitochondria genome of Monochamus sutor 114 

53. Whole mitochondria genome of Xystrocera globosa 115 

54. Evolutionary analysis by Maximum Likelihood  method 121 

55. Maximum Parsimony analysis of taxa 121 

56. Cumulative output of sequencing reads in 48h of sequencing run 122 

57. Cumulative output of nucleotide bases in 48h of sequencing run 122 

58. Estimated N50 of estimated bases 123 

59. Percentage of sequencing and available pores with time equivalent 124 

60. Channel count with time interval and Mux scan categorization with 

time interval 

124-125 

61. Visualization of different gut microbial taxa of Batocera lineolata 126 

62. Alpha diversity of number of OTU’s 127 

 



1 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER-1 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1. Introduction 

 

1.1. Longhorn beetle biodiversity 

Kingdom Animalia has 1,552,319 species belonging to less than 40 phyla. 

Among them, arthropods represent only 1,242,040 species, which is about 80% of 

the total. The most successful group Insecta (1,020,0007 species) is around 66%. The 

most diverse and successful order of insects, the order of beetles (387,100 species), 

accounts for about 38% of all insect species (Zhang 2011). The family Cerambycidae 

is one of the largest families of coleoptera, with more than 35,000 described species 

belonging to 4,000 genera (Laurence and Newton Jr 1982). The Cerambycidae 

family comes from the Greek word Ceranibis, meaning horned beetle. 

Longhorn beetles (Coleoptera: cerambycidae) are a group of insects in a 

morphologically diverse family of beetles and a more interesting taxon, of which 

contain many species of vegetation on woody vegetation in the larval stage. 

Depending on the taxonomy used, this family currently includes 35,000 species 

worldwide (Lawrence 1982) and possibly many more (Sama et al. 2010). In some 

species, it can be more than twice that in males. Adults are long, cylindrical beetles 

ranging in length from 2 mm to over 160 mm. Beetles of the cerambycidae family 

are increasingly recognized as pests of crops, forests and shade trees, shrubs and 

unprocessed wood products, as well as vectors of plant diseases. Cermbicide larvae 

usually feed on phloem tissues and then on the xylem fraction and cause economic 

losses. The Northeastern Himalayas (India) are one of the components of a large 

hotspot of biodiversity and therefore are especially rich in flora and fauna (Azad 

Thakur et al. 2012). 

Longhorn beetles (Coleoptera: Cerambycidae) have been used to identify 

areas of high conservation value and biodiversity in cultural landscapes, which often 

consist of heterogeneous mosaics, different types of land use (Holland 2007; Jansson 

et al. 2009; Sugiura et al. 2009). The relationship between beetles and host plants is 

often very specific, but there are many host plant species that can be used by 

different species of larvae (Hanks 1999). Therefore, these are also referred to as 

"ecosystem engineers" (Buse et al. 2008). In addition, many adult longhorn beetles 

visit flowers to feed on nectar and / or pollen and thus act as pollinators. 
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The diversity and distribution of longhorn beetles has been influenced by 

forest management practices (Maeto et al. 2002; Taki et al. 2010; Ulyshen et al. 

2004; Vodka et al. 2009; Hjältén et al. 2012), invasive tree species (Sugiura et al. 

2009), habitat destruction and degradation (Baur et al. 2002; Baur et al. 2005), 

habitat fragmentation (Collinge et al. 2001), environmental gradients (Baselga 2008), 

erratic fires, droughts and wind storms (Muona and Rutanen 1994; Moretti et al. 

2004; Moretti and Barbalat 2004; Bouget 2005; Campbell et al. 2008; Moretti et al. 

2010), spatial heterogeneity (Talley 2007) and the influence of host species 

preferences (Hanks et al. 1993). These studies show that the majority of longhorn 

beetle species are concentrated in undisturbed or primary forests, while secondary 

forests and artificial plantations have fewer species. In addition, increased 

intensification and disturbance led to a decrease in the number of specialized species 

of long beetles and homogenization of beetle combinations in different types of 

habitats. Most of the research is carried out in temperate regions where the original 

vegetation has disappeared or has been radically altered by prolonged cultivation; 

however, very little research has been done to analyze the impact of land-use change 

on clusters of beetles in relatively young arable landscapes of tropical forests. Larvae 

of longhorn beetles tend to pick up dead or rotting wood, and some species are 

considered pests (Noerdjito 2010). The structure of the community of longhorn 

beetles in the area is closely related to the composition and growth of plants. 

Different species of longhorn beetles will select different tree or shrub species 

(Sakenin et al. 2011). Some beetle species live only on certain host plants, while 

others can live on a variety of plants (WaqaSakiti et al. 2014). The lifespan of beetles 

depends on the presence of trees and, therefore, can be used as an indicator of the 

state of forests (Osawa 2010; Noerdjito 2011; Lachat et al. 2012). 

1.2. DNA Barcoding 

Molecular identification methods such as DNA barcoding are an alternative 

to morphological identification. Barcodes can make identification information 

cheaper, faster, and more accurate. DNA barcodes use a short DNA sequence agreed 

by the scientific community to identify organisms. The mitochondrial cytochrome 

oxidase (COI) subunit 1 gene was adopted as the barcode region for animal survival 

(Hebert et al. 2003; Ratnasingham and Hebert 2007). Other markers are used for 
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plants, fungi and bacteria. Since COI is a mitochondrial sequence, there are more 

copies available than nuclear DNA sequences. COI varies greatly between animals, 

provides well-defined energy and is surrounded by conservative areas that make 

good bait spots. It is also short, only 658 bp, which simplifies sequencing. Even 

shorter areas, called minibar codes, were effective for identification (Hajibabaei et al. 

2006; Meusnier et al. 2008). Short amplicons have the advantage of being 

compatible with current next generation sequencing technology. Identification is 

performed using DNA barcoding by comparing the query string against a library of 

previously identified sequences. Today's barcode libraries are still incomplete, but 

they are evolving. Other genes, such as the 16S and 28S ribosomal genes, do not 

have large databases for identification purposes and are not considered barcoding 

genes, but are valuable for providing higher taxonomy and are usually used in 

phylogeny construction (Yao et al. 2010; Dupuis et al. 2012). There are limitations 

on the use of COI as barcoding, including possible confusion with mitochondrial 

nuclear descriptors, Wolbachia-mediated entry, hybridization, and incomplete clone 

classification (Rubinoff et al. 2006; Trewick 2008; Calvignac et al. 2011; Klopfstein 

et al. 2016). However, the huge and ever-growing COI sequence libraries and other 

currently mentioned advantages make COI the best candidate for DNA barcoding 

despite its limitations.A variety of taxa have been reviewed and investigated using 

DNA barcoding (Hajibabaei et al. 2006; Meier et al. 2006; Raupach et al. 2014; 

Hebert et al. 2016; Schmidt et al. 2016; Sikes et al. 2017). 

GenBank and BOLD are the most widely used DNA barcoding libraries. The 

gene bank contains many sequences, but provides less relevant data and does not 

have a research procedure to ensure accurate identification of species. The Life Data 

Systems (BOLD) Barcode Database has been specifically designed to support DNA 

barcodes. Complete BOLD library record including a photo of the sample location 

and all collection information (location, date, collector, etc.), raw sequencing data 

(process trace file), Sanger sequence and a consistent sequence information 

associated with the DNA library, along with information on sequence matches 

(Ratnasingham and Hebert 2007).Very similar sequences are grouped into BINs that 

act as putative species, just as approximate morphological groups can be used as 

morphological species (Ratnasingham and Hebert 2013). The cost of creating 
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barcodes this way varies but can be as little as $ 3 Price (Meier et al. 2015). There 

are currently over 4.5 million barcode sequences in bold, representing approximately 

440,000 suspected species. Most of the barcoded species not currently included in 

the BOLD database can still be identified by genus, family, or higher order (Munch 

et al. 2008; Wilson et al. 2011).The recognition of DNA libraries will increase as 

new species are added, but the collection site will become an important factor to 

consider when performing identification (Bergsten et al. 2012). 

No taxonomist has argued that identification based solely on COI barcodes is 

as reliable as identification when considering morphological, biological and multiple 

genes, but the fact is that identification can be performed without special training or 

biological context and has proven to be accurate for over 90% of the species 

analyzed, they made barcoding a very powerful tool (Hajibabaei et al. 2006; Lin et 

al. 2015; Grebennikov et al. 2017; Ortiz et al. 2017). In many cases, differences 

between species with a DNA barcode and morphological estimates lead to errors in 

taxonomic morphological hypotheses, rather than barcode errors for completely 

isolated species (Hebert et al. 2004; Smith et al. 2008). Why can't the same concept 

be extended to descriptions of new species? Nothing in the International Code of 

Zoological Nomenclature precludes or precludes DNA-based descriptions. 

Ichneumonoidea are particularly good candidates for DNA characterization. This 

group is extremely rich in species, includes a large number of rare species, is often 

perplexing, and specimens are often collected with little or no environmental 

information. In addition, DNA barcoding has been used to detect many mysterious 

braconids and ichneumonids (Smith et al. 2008; Veijalainen et al. 2011; Quicke et al. 

2012; Schwarzfeld and Sperling 2015). 

1.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG) 

The most promising genetic methods for improving biodiversity assessment 

are barcoding and metabarcoding, which involves the appropriate classification of a 

single sample or a mixture of samples contained in the bulk of the sample using a 

short normalized DNA fragment (barcode) compared to a reference database (Hebert 

et al. 2003a; Taberlet et al. 2012a). Barcoding has been used to conserve 

biodiversity, manage the environment, and study nutrient interactions (Valentini et 

al. 2009; Taylor and Harris 2012). However, this process is rather laborious, as it 
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requires individual treatment of each species (Cameron et al. 2006; Stein et al. 2014; 

Creer et al. 2010), in addition to overcoming the dependence on classification 

experience, allows for quick analysis of some samples and, therefore, reduces 

monitoring costs and allows large-scale studies (Yu et al. 2010). 

The successful application of metabarcoding analysis in the terrastail 

biodiversity assessment is based on several prerequisites that must be met. First, you 

need to select a barcode that is present in all target views. Barcodes must have 

enough sequence variation to allow discrimination between related species (Hebert et 

al. 2003a), and must be surrounded by conserved regions so that primers are shared 

for their amplification. Both target organisms during amplification by polymerase 

chain reaction (PCR) can be engineered (Leray et al. 2013; Lobo et al. 2013). 

Second, a database containing barcode and taxonomy correspondences must exist in 

order to be able to classify the maximum number of unknown barcodes within 

species (Zepeda Mendoza et al. 2015). In fact, species identification using 

metabarcoding has proven to be good and reliable, since the reference database is 

comprehensive and accurate, the data should provide a reliable characterization of 

the target population and allow matching generation and results (Creer et al. 2016). 

Molecular data on endogenous groups are also scarce in the NCBI database; For 

example, for Oribatida, a large group of soil mites, only one sequence of the 

mitochondrial genome is available. This lack of knowledge has hindered the study of 

soil biodiversity even in relatively well-known regions such as Europe, leaving great 

uncertainty about total species and abundance. phylogenetic diversity, geographic 

structure, temporal dynamics, and the role of arthropod communities in the 

functioning of the soil ecosystem (Fierer et al. 2009; Wu et al. 2011; Bardgett and 

van der Putten 2014). 

Metabarcoding, the simultaneous amplification of a species-specific 

normalized DNA fragment from total DNA isolated from environmental samples, 

makes it possible to quickly, accurately and economically identify of the total 

taxonomic composition of thousands of samples simultaneously (Zepeda Mendoza et 

al. 2015) is especially relevant for monitoring programs based on application of 

benthic indices, species-based Indicators or ecological groups of species are 

classified according to their sensitivity to stress (Aylagas et al. 2014) Monitoring 
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programs require procedures, laboratory standardization and data analysis to 

compare results studies (Tedersoo et al. 2015) using protocols described in Fonseca 

and Lallias (2016), Bourlat et al. (2016) and Leray et al. (2016) We will focus on 

barcodes based on two most commonly used gene regions for Metazoa, 

mitochondrial cytochrome oxidase I (COI) ( Hebert et al. 2003b): "long region" 658 

bp. was amplified using the primer pair LCO1490 HCO2198 (Folmer et al. 1994), 

dgLCO1490 dgHCO2198 (Meyer 2003) or jgLCO1490 jgHCO2198 (Geller et al. 

2013), and the ―short region‖ of 313 bp was amplified using the mlCOIintF forward 

primer (Leray et al. 2013) with reverse primers HCO2198, dgHCO2198, or 

jgHCO2198. Analyzing the long region is particularly difficult because, unlike the 

short region, reads are not duplicated, which requires additional read and preparation 

steps from database. 

Short mitochondrial sequences obtained by PCR often do not contain 

sufficient information for studying population biology, biodiversity, and especially 

phylogenetics. Meanwhile, until recently, it was difficult to obtain complete 

mitochondrial genomes, which required a tedious and lengthy PCR amplification 

process with the subsequent launch of the bait (Sheffield et al. 2008). These 

procedures are not suitable for high-performance biodiversity applications, and also 

limit the ability to mitophylogenomics. Some of the initial disruptions in partial 

mobility may be a by-product of this production bottleneck, as the sampling of taxa 

is denser (Gillett et al. 2014; Timmermans et al. 2016) and the use of viable models. 

More complex functions (Li et al. 2015) increasingly demonstrate the usefulness of 

mitochondrial genomes at different levels. The advent of high throughput sequencing 

(HTS) now removes several practical limitations, allowing both cheaper sequencing 

of molecular gene fragments obtained by PCR and de novo assembly of molecular 

short read sequences obtained by sequencing the increasingly cheap genomic DNA 

of the "shotgun" (Cameron 2014). 

Mitochondrial metagenomics (MMG) (Tang et al. 2014; Crampton-Platt et al. 

2015) is a special form of skimming of the metagenome system (Linard et al. 2015) 

that targets the mitochondrial portion of bulk sequencing of a sample. MMG is a 

simple and inexpensive method for high-throughput generation of mitotic gene 

sequences for taxonomy and is particularly well suited for studying natural, 
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convenient arthropod communities. The utility of complete mitochondrial genomes 

in population genetics, species identification, and phylogenetic studies has been 

shown large-scale and methodological problems of working with mixtures of 

samples of different types. We also present some of the first results of studying insect 

communities and outline immediate targets for further development. 

1.4. Whole Mitochondria genome of longhorn beetles 

Mitochondria are organelles found in most eukaryotic cells. A proton gradient 

across the inner mitochondrial membrane, supported by a complex of oxidative 

phosphorylation enzymes, is used to control the production of ATP from ADP and 

phosphate in the inner mitochondrial matrix. 

Complete mitochondrial DNA sequences are generated and placed into the 

sequence database at a very high rate. As of June 2005, complete (or nearly 

complete) NCBI reference sequences (RefSeq, Pruitt et al. 2005) were available in 

GenBank for 721 species of plants, animals, fungi, and various protozoa objects. The 

animal sequences were overexpressed by 649 (90%) sequences of the mt gene. 

Besides the Chordata species of our species (with 484 sequences of the mt genome), 

arthropods are the best of the species, with 95 mt genomic sequence. Among 

arthropods, insects and other hexagons are best represented by the mt gene sequence 

with 49 representative species (45 species of the insect class and four species of 

tails). The remaining major arthropods show fewer genomic specimens at present: 4 

Myriapoda (millipedes and millipedes), 17 Chelicerata (spiders, ticks, scorpions and 

horseshoe crabs) and 25 crustaceans. The first sequences of insect mitochondrial 

genomes were obtained for Drosophila yakuba and D. melanogaster. The mt D. 

yakuba genome was terminated earlier than the D. melanogaster genome, mainly due 

to the large and complex coding region (4.6 kb) found in D. melanogaster, which 

makes cloning and sequencing difficult (Goddard and Wolstenholme 1980; Clary 

and Wolstenholme 1985a; Lewis et al. 1994). It has been shown that the order of the 

mitochondrial genes originally observed in Drosophila coincides with the order of 

the ancestral genes of haploids and crustaceans, since the representatives have a 

similar arrangement. This arrangement of genes was observed in each of them. This 

gene order is usually conservative, with random tRNA rearrangements in random 
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copy / loss order (Moritz et al. 1987), apparently, occur independently (Flook et al. 

1995; Yukuhiro et al. 2002). 

Mosquitoes and membranes appear to have undergone tRNA translocations 

associated with the order of inherited genes (Moritz et al. 1987; Crozier and Crozier 

1993; Flook et al. 1995; Dowton and Austin 1999; Dowton et al. 2003). 

Rearrangements of proteins and rRNA genes are rare for insects and are currently 

apparently limited to the group known as Paraneoptera (Shao et al. 2001; Shao and 

Barker 2003; Shao et al. 2003; Thao et al. 2004) A unique feature was found in these 

early insect genomes that distinguishes insect mitochondria from those of standard 

mitochondria (Wolstenholme 1973; de Bruijn 1983). In response to this unusual 

situation, a four-base start codon ―ATAA‖ was described, including the TAA 

infrastructure breakpoint plus the 5'-encoded nucleotide A at position 1470-1473 in 

both Drosophila species. Subsequent analyzes of other Drosophila species did not 

confirm the retention of the 4-base ATAA start codon (Satta et al. 1987). As more 

sequences accumulate, it becomes clear that a multi-base start codon is not a suitable 

model for translation. Such an unusual mechanism would have been well preserved, 

but the proposed multi-base start codon was not conserved among the insects studied 

(Beard et al. Uncertainty persists. And the coxl annotation has become a difficult 

problem for researchers of the insect genome (Mitchell et al. 1993; Flook et al. 1995; 

Lessinger et al. 2000; Spanos et al. 2000; Nardi et al. 2001; Yukuhiro et al. 2002; 

Friedrich and Muqim 2003; Nardi et al. 2003a; Stewart and Beckenbach 2003; 

Junqueira et al. 2004; Yamauchi et al. 2004; Coates et al. 2005).  

The imaginary thrips encodes the same mysterious start codon (Shao and 

Barker 2003). Aside from annotation issues, these unusual genes raise interesting 

questions about the transcription and translation of these genes. The sequence of 

insects was determined by molecular evolution and molecular phylogenetic studies. 

Insects are a very diverse class of animals with more living species than all other 

animal groups (Kristensen 1991). This rich diversity has proven to be very 

problematic when deciphering the mutual relationships between orders of insects 

using more classical methods of taxonomy, disputes between orders are very popular 

(Boudreaux 1979; Hennig 1981; Kristensen 1991). Molecular evolution studies are 

expected to be able to discern phylogenetic hypotheses and thus resolve some of 
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these relationships. Tests using nuclear genes have so far failed to resolve 

phylogenetics at the ordinal level and have caused serious controversy in the 

literature. (Whiting and Wheeler 1994; Carmean and Crespi 1995; Huelsenbeck 

1997; Whiting et al. 1997; Huelsenbeck 1998; Hwang et al. 1998; Whiting 1998; 

Wheeler et al. 2001). It has been suggested that a more complete sampling of insect 

mt genomes would provide sufficient data to resolve relationships at the insect order 

level and help resolve these ambiguous relationships (Friedrich and Muqim 2003; 

Nardi et al. 2003b; Stewart and Beckenbach 2003; Bae et al. 2004; Cameron et al. 

2004; Castro and Dowton 2005; Kim et al. 2005). 

1.5. GUT Microbiota 

Insects are by far the most diverse and numerous group of animals in terms of 

the number of species worldwide, ecological habits, and biomass (Basset et al. 2012). 

The diversification and evolutionary success of insects depends in part on their 

myriad relationships with microorganisms, which are known to promote a low-

nutrient diet; helps to digest persistent food ingredients; protection against predators, 

parasites and pathogens; promote interstate and internal communication; affect 

effectiveness as a disease vector; and they control the reproductive and mating 

systems. For almost all animals, microbial communities are especially noticeable in 

the gastrointestinal tract, where they can be key mediators of the diverse lifestyle of 

host insects. 

The contribution of microorganisms, especially gut microbiota, to insect 

function is very important from a variety of perspectives, including medicine, 

agriculture and ecology. Several insect species provide useful laboratory models for 

experimental work with microbial communities and their interactions with the host, 

especially for understanding immune and metabolic interactions (Lemaitre and 

Hoffmann 2007). In the case of insect vectors, symbionts can affect the efficiency of 

vectorization (McMeniman et al. 2009; Ricci et al. 2012) or development time 

(Chouaia et al. 2012), and thus provide targets for potential disease control are 

responsible for large agricultural losses as well as the pollination of many food crops, 

and microorganisms associated with herbivores and pollinators can affect their 

impact on crops. insects and their intestinal microbial communities as mediators of 

biogeochemical cycles; For example, an intermediate between insects and 
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microorganisms can play an important role in the degradation of plant biomass and 

the carbon cycle (Bignell et al. 1997; Fierer et al. 2009), as well as in the rate of 

nitrogen fixation and the carbon-nitrogen cycle (FoxDobbs et al. 2010). While there 

are good reasons to learn more about gut insect communities, and despite the recent 

significant increase in research into the microbiota that lives in insect gut, general 

rules for how this organized community are just beginning to form. Numerous 

related studies have been published over the past decade, from community diversity 

studies to molecular studies of how gut bacteria interact with the host's immune 

system. Thus, this is the first report on the biodiversity, ecology and molecular 

phylogeny of longhorn beetles in Northeast India. 
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2. Review of literature 

 

2.1. Biodiversity of longhorn beetles 

It is important to understand the biodiversity and ecology of insects, 

especially their seasonal activity and distribution patterns, the largest components of 

ecosystems, due to their impact on agriculture and the economy. The family 

(Cerambycidae) is one of the most numerous, with a wide geographical distribution, 

over 37,000 species in 5,000 genera have been recorded. This group of beetles is 

charismatic, biodiverse with diverse ecological niches, and of great economic 

importance. Most members are vegetative or xylophagous, and many species are 

pests of crops, ornamental plants and wood products, causing millions of dollars in 

losses annually (Slipinski and Escalona 2013; Monne et al. 2017; Wang et al. 2019; 

Nearns et al. 2020). It is reported that about 200 species worldwide affect agriculture, 

forestry and horticulture, resulting in crop loss due to direct ingestion of plants or the 

transmission of plant diseases (Monne et al. 2017). In addition, many species of 

beetles are widespread invasive species (CABI 2020). Invasive alien species can 

become destructive pests because they are difficult to detect and expensive. In total, 

19 exotic arachnids were recorded in Europe, America and Canada (Michael et al. 

2009; Monteys and Tutusaus 2018). The native Asian species, Psacothea hilaris 

(family Cerambycidae: Lamiinae), has been reported as an invasive alien pest of 

morus, mulberry, and ficus in Italy and Germany (Loni et al. 2015). Several species 

of beetles are reported to be of agricultural and ecological origin: Alosterna 

tabacicolor is the main pollinator of the orchid (Dactylorhiza fuchsii) in Poland 

(Gutowski 1990), and during the larval stage the beetle plays an important role in the 

nutrient cycle of the Forest (Monteys and Tutusaus 2018). In addition, studies of the 

morphology and material composition of oral larvae were carried out on several 

species, which can be used for the development of biotechnologies and structural 

concepts (Martínez et al. 2020). For example, secretions from the jaws of camphor 

beetle larvae can be used to develop wood preservatives (Martínez et al. 2020). 

However, longhorn beetles also cause economic damage to agriculture and forestry. 

Therefore, a better understanding of the ecosystem, its distribution and its 

relationship with the environment is needed to prevent this problem. 
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The overall results for the abundance and abundance of beetle species in 

various habitat types in the surveyed landscape clearly show that there is only one 

type of land use, a natural forest with toxic levels, unique in species diversity. 

forests, there are 780 individuals representing 193 species, out of 220 registered 

species; In addition, the number of beetle species in forests is related to the diversity 

of tree species in the respective regions; however, only 6 forest species have been 

identified. In practice, the number of forestry specialists may be greater than the 

number of species estimated by the Chao estimator, because most species are 

represented by only a few individuals, which is not enough to obtain statistically 

significant results. For example, out of 193 species recorded in forests, 166 are 

represented by numbers from one to six individuals. Although these species are not 

designated as indicator species, most are likely to be forestry professionals, but they 

are simply rare (Økland et al. 1996; Martikainen et al. 2000). Several beetle species 

have previously been reported in pine forests such as P. melanura (Makihara et al. 

2002), Arhopalus coreanus, Cephalallus unicolor, Phloeopsis bioculata, B. satoi, 

Monochamus alternatus (Sugiura et al. 2008), M. saltuarius (Kim et al. 2006) and 

Tragosoma depsarium (Wikars 2004). Several species have been found in Schima 

forests, including Psephactus scabripennis, Ceresium signaticolle, Xylotrechus 

ogasawarensis, Chlorophorus boninensis, and C. kobayashii (Sugiura et al. 2008); 

and in the forests of Agathis, i.e. Sormida cinerea (WaqaSakiti et al. 2014). 

The greatest variety of longhorn beetles occurs in natural forests, followed by 

pine forests, mixed forests, Schima forests, and Agathis forests. The wide variety of 

beetles in natural forests is associated with the structure of the vegetation. The 

natural forest here includes many plant species; In contrast, agathis forests tend to be 

monoculture, mostly with ferns and orchids, and this finding is supported by 

Keszthely (2015), who showed that the greatest variety of longhorn beetles occurs in 

natural forests, especially in monocultures. The survival of camphor beetles in their 

habitats is influenced by trees or vegetation (Ohsawa 2004 and 2010). In addition, 

different types of beetles choose different types of trees or shrubs. Although many 

species of beetles live on different plants, some species only live on or on a specific 

host plant (Noerdjito 2011). Meng et al. (2013) reported that there is a positive 

relationship between the number of beetle species and the number of tree species in 
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the habitat. The variety of trees reflects the presence of different types of dead wood. 

The results of this study show that the pine forest is also home to many species of 

camphor beetles. These results are supported by PerisFelipo et al. (2011), who 

showed that the diversity of beetles in pine forests is higher than in quercus forests, 

mixed forests and bushy vegetation. Vance et al. (2003) also reported that pine 

environments are potentially important for maintaining long-term beetle diversity. In 

our study, a pine forest is located near a natural forest, and mysterious plant species 

can be found here, it can increase, for example, when mixing pine with broadleaf 

trees, for example oaks in the basement (Buse et al. 2010). Arthropod biodiversity 

varies by region and climate. Despite the fact that beetles of the Northeastern Region 

(NER), India is rarely studied and described in detail; however, few reports are 

available from some parts of Northeast India (Kumawat et al. 2015; Mitra et al. 

2016a) and they are based on limited surveys from a single study at certain times of 

the year; this limits species diversity, host range, and geographic information. Thus, 

such limited information is available on these aspects of Northeast India. 

2.2. DNA Barcoding 

Traditionally, regardless of the concept of species used (often not explicitly 

stated in publications), species delineation and taxonomic modifications have relied 

heavily on comparative morphology, but this is still the case. To a large extent 

(Assing 2014; Shi and Liang 2015), although it was possible to extract and sequence 

DNA from museum specimens, including obsolete material, without damaging 

morphological features (Gilbert et al. 2007; Hernández Triana et al. 2014; Price et al. 

2015). Given the relatively high cost and the need for a clean laboratory to sample 

DNA sequences from ancient museum records, genetic analysis of ancient samples is 

not yet feasible as a standard approach to research. Moreover, if only very short 

sequences are obtained, the interpretation of the results can be difficult, especially in 

complexes of closely related species, due to the limited information content in the 

short sequences. However, with the further development of laboratory methods in the 

future, it may become easier and cheaper to extract DNA barcodes and other genetic 

information from old material. A recent study by Prosser et al. (2016) shows great 

prospects for such development. The use of genetic data in taxonomy is becoming 

more common due to advances in sequencing technology and has led to a rapid 
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decline in the cost of base pair sequencing (see http://www.genome.gov/ Sequencing 

costs /). For a long time, it was the only widely available source of taxonomic 

information (Moonvan der Staay et al. 2001; Sogin et al. 2006). Ten years ago, it was 

suggested that all taxonomy should be based primarily or exclusively on sequence 

data (Tautz et al. 2002 and 2003; Hebert and Gregory 2005; Will et al. 2005; 

Teletchea 2010). 

Several sophisticated DNA-based species identification methods have 

recently been developed (Yang and Rannala 2010; Ence and Carstens 2011; Leaché 

et al. 2014; Grummer et al. 2014). They often require multi-class data, and the 

approach of Leaché et al. (2014) SpedeSTEM by Ens and Carstens (2011) is 

specially designed for genome-wide single nucleotide polymorphism data. 

SpedeSTEM Ence and Carstens (2011) was developed to validate the division of 

user-defined samples into predefined groups and therefore is not applicable for 

purely exploratory species boundary analysis. Grummer et al. (2014) used a Bayesian 

factor approach to quantitatively compare a limited number of distribution 

alternatives. Although these methods are very effective for species identification in 

cases of accurate and concentrated sampling, their requirements for the range of 

sampling of loci and individuals make them impractical for large-scale studies of 

mostly unknown taxa (Tänzler et al. 2012) or the identification of very rare species 

(Lim et al. 2012). 

For large-scale datasets without prior knowledge of face clustering, the 

choice of viable classification methods is still very limited. Methods have been 

developed that can use data from a single location, such as a DNA barcode, but some 

require a tree-building step on multiple computers before analyzing the actual 

boundary (Pons et al. 2006; Zhang et al. 2013). Purely distance-based methods such 

as ABGD (Puillandre et al. 2012) are less computationally intensive and therefore 

easier to apply to large datasets within and between species are likely to differ 

between loci and reflect the age of the species and the history of the studied loci, and 

a plausible distance threshold for species status cannot be determined (Ferguson 

2002; Meier 2008). Classification methods use more sophisticated clustering 

algorithms instead of simple fixed thresholds (Puillandre et al. 2012; Ratnasingham 

and Hebert 2013). Data from a single site is insufficient for taxonomic studies, but 
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when combined with morphological or other independent data sources, they can 

speed up the process and identify species that would otherwise be unavailable. 

Attention (Riedel et al. 2013; Mutanen et al. 2013). Characters identified using data 

from only one location are better known as active taxon (OTU) than species (Blaxter 

et al. 2005), and this term is also used to refer to such characteristics in this thesis. 

As with species identification, identification of known species is often 

difficult. Morphology often changes during ontogeny (sometimes strongly, as in 

unisexual insects and many marine invertebrates) and often varies widely within a 

species, for example, between animal kingdoms or depending on the conditions of 

the place of growth. In plants for these reasons, identification keys usually include 

only a certain stage of life, and diagnostic characters are sometimes presented for 

only one sex, usually in male insects. One of the main advantages of using genetic 

data for identification is that the DNA sequence does not change during ontogenesis, 

and, with a few exceptions, all living cells in the body contain information. The 

genetics are the same, so DNA-based identification can be applied to all life stages 

without the need to look for different diagnostic traits for adults and juveniles. The 

association of problematic and largely undescribed juvenile stages with adults is 

possible without the need to advance the juvenile stage to adulthood (Miller et al. 

2005). It is impossible, or at least extremely difficult to classify as a species such as 

fragments of gastrointestinal tissue or feces of predators and parasites (Wirta et al. 

2014). This could revolutionize the study of food web. 

Along with proposals for a taxonomy based solely on DNA, Hebert et al. 

(2003) DNA-based identification is not a new idea (Sperling et al. 1995; Wells and 

Sperling 2001). The essence of the proposal by Hebert et al. (2003), the animal 

kingdom is the same as product barcodes used to identify items at the supermarket 

checkout. Thus, Hebert et al. (2003) called their proposed identification system 

"DNA barcoding". Even the word "barcode" has previously been used in this context, 

albeit for more limited research systems (Plasmodium strain: Arnot et al. 1993; soil 

nematode: Floyd et al. 2002). Marker of choice Hebert et al. (2003) this is a ~ 650 bp 

fragment from the 5'-end of the mitochondrial cytochrome oxidase I (COI) subunit 

gene. Since then, it has become the standard area of DNA barcoding for animals of 

Life Data Systems (bold, http://www.boldsystems.org; Ratnasingham and Hebert 
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2007) currently includes approx. 4.4 million animal COI barcodes. A distinct 

―barcode gap‖ (Meyer and Paulay 2005) can often be seen between pairwise genetic 

distances measured within and between species, with little overlap (Hebert et al. 

2004b; Hajibabaei et al. 2006a). This may be a sampling phenomenon, as increasing 

geographic scale or denser sampling in branches tends to decrease distances and 

increase overlap (Bergsten et al. 2012; Hausmann et al. 2013). The effect of size on 

distance distribution or recognition success (Lukhtanov et al. 2009; Humer et al. 

2014b). A separate barcode spacing is not required if more sophisticated approaches 

are used instead of simple distance measurements. For example, Lou and Golding 

(2010) developed a Bayesian approach to assigning sequences to species. His method 

worked remarkably well for the identification of Drosophila species, despite the 

existence of many problematic sister species complexes and the high frequency of 

taxa of incomplete lineages. One of the main targets of criticism in DNA barcoding 

research is the use of distance-based analytical techniques, in particular Neighbor 

Joining (NJ) trees, which some see as a renaissance of the school of systems (Will 

and Rubinoff 2004; Will et al. 2005; Wheeler 2008). New Jersey concerns include 

sensitivity to variation in pedigrees and the order in which taxa are included in the 

data matrix (Farris et al. 1996; Felsenstein 2004). The main reason it continues to be 

used in the context of a barcode is probably the speed of the algorithm compared to, 

for example, maximum likelihood output, especially in large datasets of several 

thousand lines. The aim of barcoding research is not to create phylogeny, as short 

and often fast growing barcode loci contain a limited phylogenetic signal, especially 

at deeper levels (Hajibabaei et al. 2006b). Trees are mainly used to quickly and 

easily visualize grouping by sequence. The widespread use of Kimura's two-

parameter model of nucleotide substitution, usually without model testing, has also 

been criticized (Srivathsan and Meier 2012), despite the impact of model selection on 

model growth. "Barcode spacing" does not appear to be in effect very dramatic 

(Srivathsan and Meier 2012). DNA barcodes can also be based on characters rather 

than gaps. One of the limitations of distance-based identification is that the "best 

match" for any query string will always be found in the barcode master database. On 

the other hand, if the identification is based on specific combinations of types of 

diagnostic characters in the barcode sequence, the presence or absence of such 
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characters facilitates the interpretation of the recognition results. Form (DeSalle et al. 

2005). DNA barcoding is mainly used as a pattern recognition tool and should be 

distinguished from DNA classification. Confusion between the two initiatives and 

their goals by both supporters and opponents is one reason for the heated and 

polarizing debate over barcodes (Goldstein and DeSalle 2011) or as an initial 

screening tool for finding species boundaries (Mutanen et al. 2013; Huemer et al. 

2014a; Kekkonen and Hebert 2014). 

2.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG) 

The characterization of previously immeasurable diversity has made 

significant progress with the introduction of high throughput sequencing (HTS) for 

metabarcoding and metagenomics on environmental samples (Zepeda Mendoza et al. 

2015). Communities of soil microbes, primarily for coding superbugs of bacterial 

and archaeal biodiversity (Orgiazzi et al. 2015), is usually carried out by direct DNA 

extraction in the soil matrix and amplification of the 16S rRNA gene. Only recently 

have HTS approaches been extended to macro diversity analysis (Ji et al. 2013) and 

soil mesoderm hyperpolarization was performed using primers. Universal for 

Metazoa (Wu et al. 2011; Yang et al. 2013 and 2014) or targeting specific strains 

such as nematodes (Griffiths et al. 2006). HTS now offers unprecedented 

opportunities to overcome past limitations for studying soil mesofauna. HTS-based 

procedures for characterizing the soil communities of currently used metazoans have 

been borrowed from soil microbial and marine mesofauna studies (Fierer and 

Jackson 2006; Fonseca et al. 2010). In these procedures, the amount of cultivated soil 

is small (about 200 g per acre), but it is likely that this mass is not enough to cover 

the diversity of mesofauna (and especially arthropods), along with a high content of 

CRP inhibitors in humus. Moreover, the widely used 18S rRNA (SSU) gene has been 

used as a target marker for soil mesoderm, although it is not variable enough to 

identify molecular species (Tang et al. 2012) was limited to batch collection samples 

using the legacy 454 platform (Ramirez Gonzalez et al. 2013). 

For the MMG, DNA from each sample was extracted separately and fractions 

pooled at approximately equal concentrations prior to sequencing with a shotgun. 

The short reads were assembled into full-sized contigs using standard genome 

assembly software with the original samples by comparing them with the sequences 
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of ―primers‖ in silico (Timmermans et al. 2010) of individual DNA samples 

amplified by PCR. Typically this will be the cox1 (cox15 ') barcode area, although 

cox13', cob, nad5, and rrnL have also been used. In this way, MMG-associated 

mitogenomes become the meta-barcode reference dataset associated with physical 

samples with taxonomic information. Primer sequences may already be available for 

some or all of the combined species, avoiding the need for additional Sanger 

sequencing and MMG DNA validation that can be obtained from existing barcoding 

studies, simplifying the process of creating metabarcode libraries. In bulk MMG, 

DNA is massively extracted from the soup sample prior to sequencing the shotgun 

and assembling contigs, generating a few molecules or portions of them. Avoiding 

this step poses new challenges as to how to use the information obtained without the 

proper taxonomic or phylogenetic context, and how to cope with the increased 

analytical complexity due to species biomass, heterogeneity and genetic variation. 

Sequences generated by massive MMGs often fail to identify a species due to the 

incompleteness of the existing barcode database, but they can at least be given some 

taxonomic rank compared to the rapidly growing database of short mitochondrial 

sequences from fully identified samples (Chesters et al. 2015) and/or include 

complete or partial mitogenomes in a larger phylogenetic system with existing 

metabarcodes (Crampton-Platt et al. 2015). 

The mitogenome coverage required to safely detect the presence of species on 

a readable map is much less (at least tenfold) than required for de novo assembly. 

Therefore, reading-mapping sequencing data with low coverage makes the detection 

of species with low abundance / biomass more reliable than contig sets (Gómez-

Rodríguez et al. 2015). Moreover, there is a strong correlation between the biomass 

of the introduced species and the readings displayed on the map(Gómez-Rodríguez et 

al. 2015). The occurrence of species, biomass, and species richness were 

extrapolated, and the structure of the biome was reconstructed with fewer errors than 

in the course of meta-analysis applied to bee communities (Tang et al. 2015) 

collected through long-term surveillance programs (Tang et al. 2015). 

2.4. Whole Mitochondria genome of longhorn beetles 

Several previous studies have attempted to examine the relationship between 

basal winged insects and the Palaeoptera problem based on molecular sequence 
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(Misof et al. 2007; Zhang et al. 2008; Comandi et al. 2009; Simon et al. 2009; 

Ishiwata et al. 2010; Lin et al. 2010; Regier et al. 2010; Zhang et al. 2010; Li et al. 

2014; Misof et al. 2014; Rutschmann et al. 2017; Cai et al. 2018) and / or 

morphological data (Kjer et al. 2006; Blanke et al. 2012), however, conflicting 

results have been obtained due to the limited selection of taxa and the use of different 

analytical methods. Two previous studies based on whole mitochondria DNA 

molecules (Zhang et al. 2008; Cai et al. 2018) have confirmed the basic hypothesis of 

Ephemeroptera; however, other mitotic studies with a sample of different taxa have 

confirmed the basal position of Odonata, thus previous studies based on total mitosis 

(Lin et al. 2010; Zhang et al. 2010; Li et al. 2014) have yielded conflicting results, 

conflicting phylogenetic relationships between the most abundant units. In this study, 

using the site-homogeneous GTR pattern, all ML trees restored the sister group 

relationship between Odonata and most Neoptera with weak to moderate support. 

The unusual arrangement of Plecoptera was preserved in ML plants, where 

Plecoptera settled away from other neoplastic insects and a sister group of 

monophyletic Ephemeroptera arose. Both Plecoptera and Ephemeroptera are brothers 

to all other orders of the Pterigoths. This arrangement is similar to the basal 

hypothesis of Ephemeroptera and is consistent with the studies of Zhang et al. (2008)  

and Cai et al. (2018). 

In current bioinformatics data, Bayesian inference analysis with the 

heterogeneous site model CATGTR consistently yielded topologies supporting the 

Palaeoptera hypothesis and suggested that the monophyletic Ephemeroptera were a 

sister group to the monophyletic Odonata. In addition, Bayesian findings led to the 

monophyletic Neoptera, in which El Plecoptera is the sibling of all other Neoptera 

lineages. Both previous studies (Li et al. 2015; Li et al. 2017) and the cross-

validation analysis performed in this study have shown that the site-heterogeneous 

CAT GTR model implemented in the PhyloBayes software is more suitable for 

modeling insect evolution than the site-homogeneous GTR model. In addition, the 

CATGTR model with a heterogeneous site has been shown to be less sensitive to the 

long limb absorption phenomenon (Lartillot et al. 2007; Li et al. 2015; Li et al. 2017; 

Song  et al. 2016; Song et al. 2018). From a morphological point of view, a previous 

study by Blanke et al. (2012) rejected the possibility of a relationship between 
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Plecoptera and Ephemeroptera. All lines with a branching sequence at the base of the 

tree had relatively low levels of visible substitutions, including Plecoptera and 

Ephemeroptera. The similarity in common sequences may contribute to a 

convergence pattern that can lead to an artificially deep branching site in Plecoptera. 

In ML trees, therefore, the phylogenetic results of Bayesian logic analysis using the 

CAT GTR model are heterogeneous, so they are closer to the species tree. 

2.5. GUT Microbiota 

Insects are one of the oldest and most diverse forms of life on Earth and can 

cause serious destruction if their population exceeds a certain threshold. On a 

geological time scale, their existence dates back to the Paleozoic era, when 

Orthoptera and Semipterans first appeared on Earth. (Misof et al. 2014) Since then, 

they have progressed and successfully survived even in various extreme weather 

conditions. While insects are of great ecological and economic importance, pests, by 

contrast, are largely capable of creating changeable habitats, and many of them are 

the result of climate change, which is associated with the destruction of crops by 

more than 20% annually (Deutsch et al. 2018). In addition, changes in climatic 

conditions affect the nature of insect migration, the duration of their life cycles and 

the dynamics of populations. By overcoming these challenges, it also allows them to 

expand their host range, influencing their behavior and biology, and thereby helping 

them invade and colonize various agro-climatic zones. All over the world (Shrestha 

2019), high reproductive performance allowed them to successfully cope with all 

adverse conditions. Due to their low body weight, which is light enough to be carried 

by wind currents, they colonized various regions of the planet and now inhabit most 

of the ecosystems on Earth.  

In addition, the complex relationship they share with beneficial bacteria has 

been instrumental in their diversification and evolutionary success (Janson et al. 

2008). Insects are known to be associated with microorganisms such as bacteria and 

fungi throughout their evolutionary history. Bacterial species live in specialized cells 

within insects known as bacterial cells and called ―intracellular‖, while other species 

reside on the surface of the body and are called ―ectosymbionts‖ (Thompson and 

Simpson 2009), are mainly present in the gastrointestinal tract, where they act as key 

regulators of the various lifestyles (both dietary and ecological) of their insect hosts. 
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Insect gut microbiota (1) is known to promote nutrition even with unreasonable 

eating habits; (2) provides immunity and protection against various predators, 

pathogens and parasites; (3) compensate for poor nutrition (for example, in the case 

of insects sucking sap); (4) mediation between institutions and internal 

communications; (5) monitor mating and reproductive success; (6) aids digestion; 

and (7) provides essential amino acids, metabolic compounds and nutrients (Russell 

et al. 2014; Douglas 2015; Arbuthnott et al. 2016; Wielkopolan et al. 2016; Engl and 

Kaltenpoth 2018). In fact, Jing et al. (2020) showed that providing essential nutrients 

is the primary task of symbionts, followed by digestion and detoxification, implying 

that insects are highly dependent on the gut microbiota, their life and normal 

operations related to their life cycle, the degree of dependence, its relationship can be 

divided into mandatory (or primary) and optional (or secondary) (Baumann 2005; 

Moran et al. 2008); However, there is no clear distinction between them, because in 

special cases bacteria can become obligate (Ferrari and Vavre 2011). 

Previous studies have elucidated the mechanisms involved in receiving, 

maintaining, and transmitting data in endoscopy; however, we have limited 

information about the mechanisms governing this entire transition, that is, the 

transition from a free bacterium to an obligate symbiote that lives in insects. It is 

known that bacterial genomes undergo changes in order to adapt to the intestinal 

environment, not only is it modifiable, but some bacteria can even manipulate host 

insects to survive (Yuval 2017) and the insect microbiome in particular, our 

understanding of the interactions between the insect microbiome and the microbiome 

has also improved over the past decade. Researchers have shown that insects and 

their cousins are closely related to each other at most levels of their evolution. The 

host insect is known to play an important role in shaping its microbiome (Engel and 

Moran 2013), and now these endosymbiotic bacteria have become an integral part of 

the insect's body microbiome so that it fuses with the host. This review is an attempt 

to summarize our current understanding of the fate of insect gut microbiota and 

highlight the physical, physiological, and functional effects on host insects. We 

believe that analyzing the mechanisms governing the evolution of insect symbionts 

and the microbiome will not only help us better understand this relationship, but will 
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also allow us to apply this information to the development of sustainable pest control 

strategies. 
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3. Objectives 

 

 

1. Cox1 metabarcoding and mitochondrial metagenomics (MMG) of longhorn 

beetles from Northeast India. 

 

2. Diversity estimation, species identification and molecular phylogenetic 

analysis of longhorn beetles.  
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4. Materials and methods 
 

4.1. Biodiversity studies of longhorn beetles 

4.1.1. Study area 

4.1.1.1. Assam  

The state of Assam lies in northeastern India south of the Himalayas. 

Assamese is the official language which is most widely spoken. It is followed by 

Bengali and Bodo as the other national languages. It covers a total area of 78,438 

square kilometers (30,285 square miles). Assam has a tropical monsoon climate, a 

temperate climate (the highest temperature in summer is 95-100°F or 35-38°C, and 

the lowest temperature in winter is 43-46°F or 6-8°C) as well as heavy rainfall and 

high humidity. The climate is characterized by monsoon rains that lower the 

temperature in summer and affect the foggy nights and mornings in winter, usually in 

the afternoon. Spring (March to April) and autumn (September to October) usually 

have a pleasant climate with moderate temperatures and moderate rainfall. 

Agriculture in Assam usually relies on southwest monsoon rains. Assam is home to 

wild animals and lies between 26° 74‘North and 94° 21‘ East (Singh 1993). The 

orchid species of Assam is surprisingly rich, and foxtail orchid is the state flower of 

Assam. The newly established Kaziranga Biodiversity and Orchid National Park has 

more than 500 of the approximately 1,314 species of orchids found in India. 

Assam is one of the most biologically diverse regions in the world, consisting 

of tropical forests, deciduous forests, coastal meadows, bamboo gardens and 

numerous wetland ecosystems; many are now protected as national parks, shelter 

forests and wildlife sanctuaries. Two of the most famous are UNESCO World 

Heritage Sites: Kaziranga National Park on the Brahmaputra River and Manas 

Wildlife Sanctuary near the border with Bhutan Area. Kaziranga is a paradise for the 

rapidly disappearing Indian unicorn rhino. The state is the last choice for many other 

endangered and endangered species, such as White-winged Wood Duck or Deohan, 

Bengal Florian, Black-breasted Parrot, Red Vulture, Griffin Vulture, Big Helper, 

Gordon‘s Chatterbox, Red-headed Hornbill, Bengal tiger, Asian elephant, miniature 

pig, bison, white buffalo, Indian pig deer, gibbon bully, golden leaf monkey, crested 

leaf monkey, barasingha, Ganges dolphin, Baka snake head, gangeshark, Burmese 



29 

 

python, Brahman river turtle, black Pond turtles, Asian forest turtles and Thor Assam 

roof coverings. Endangered species that have become extinct in Assam include the 

critically endangered fish crocodile al-ghari and the pink-headed duck (which may 

become extinct worldwide). Assam is an important global region for the state bird 

white-winged wood duck (Choudhury 1996). In addition, Assam has three other 

national parks, namely Dibru Sekhova National Park, Nameri National Park and 

Olang National Park. Assam, together with pygmy pigs, tigers and many birds, saved 

the Indian one-horned rhino from extinction and became one of the last wild habitats 

for Asian elephants. The state has Sarski forests and forest products that have been 

severely damaged since ancient times. Assam has abundant rainfall and lush 

vegetation. The tributaries of the Yarlung Zangbo River and winding lakes have 

created a hydrological and landform environment in the area. The state has the 

largest wild buffalo population in the world (Choudhury 2010). The state has the 

largest number of birds in India-about 820 species (Choudhury 2000). There are 946 

subspecies (Choudhury 1990), and about 190 mammal species in the whole state 

(Choudhury 1997). 

4.1.1.2 Arunachal Pradesh 

Arunachal Pradesh is a state in northeastern India. It is made up of the former 

NEFA region and became a state on February 20, 1987. Arunachal Pradesh is the 

largest state among the seven sister states in northeastern India. The state has a 

border of 1,129 kilometers with the Tibet Autonomous Region of China. Arunachal 

Pradesh is located between 26.28° to 29.30° north latitude and 91.20° to 97.30° east 

longitude, with an area of 83,743 square kilometers (32,333 square miles). The 

highest point in the state is Cantor, which is 7060 meters above sea level. (23,160 

feet Nyegi Kangsang, the main peak of Gorichen, the top of Gorichen in the east is 

the other peaks of the Himalayas. The mountains in the eastern state of India are 

called "places where the sun rises" in the historical text of India, and are called the 

Aruna Mountains. This inspired the name of the state; East Village (more convenient 

to drive and more popular from a tourist perspective) and Vijanagar (suburb of 

Myanmar) ushered in all the first rays of sunshine. India; Arunachal Pradesh 

Including Kameng River, Subansiri, Siang (Bramaputra River), Dibang, Lohit, and 

Noah Dihing Underground streams and summer thawing help increase water volume 
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Xiangjiang and even the mountains are classified as Himalayas. Xiang and Noa 

Dihing are classified The category is Mishmi Hills, and the mountains south of Noa 

Dihing in Tirap and Longding areas may be part of the Pat Mountains. The climate 

of Arunachal Pradesh varies with altitude. The low mountain area has a humid 

subtropical climate. Alpine regions (3500-5500 meters) have subtropical alpine 

climate. The rainfall in Arunachal Pradesh is 2,000 to 5,000 mm, achieve 70%-80% 

from May to October each year (Dhar and Nandargi 2004). 

Arunachal Pradesh is one of the states with the highest mammal and bird 

diversity in India. There are approximately 750 species (Choudhury 2006) of birds 

and more than 200 species of mammals (Choudhury 2003) in the state. The 

Arunachala forest accounts for one-third of the biodiversity hotspot habitat in the 

Himalayas (Mittermeier 2004). In 2013, 31,273 square kilometers (12,075 square 

miles) of the Arunachal Forest was identified as part of a large continuous forest 

(65,730 square meters or 25,380 square miles, including forests in Burma, China, and 

Bhutan), and was called the Intact Forest landscape (Potapov et al. 2017). In 2000, 

Arunachal Pradesh was covered by 63,093 square kilometers (24,360 square miles) 

of forest (77% of its area) (Hansen et al. 2013). The semi-forests of the Yarlung 

Zangbo Valley are located at lower elevations, mainly on the border of Arunachal 

Pradesh and Assam. There are deciduous forests in the eastern Himalayas on Mount 

Patkai. On the northern border with Tibet, as the altitude increases, the subalpine 

coniferous forests in the eastern and northeastern parts of the Himalayas are mixed, 

followed by the alpine meadows and bushes in the eastern Himalayas, and finally the 

rocks and bushes on the higher peaks. ice. It supports many medicinal plants, and in 

the Ziro Valley in the lower Suban Siri region, residents use 158 medicinal plants 

(Kala 2005). The slopes and hills are covered with alpine, temperate and subtropical 

forests of dwarf rhododendrons, oaks, pine trees, maples and firs (Champion et al. 

1968). The state has Moline and Nandafa National Parks. The most important animal 

species are tigers, leopards, snow leopards, Asian elephants, samba deer, white 

spotted deer, barking deer, sloth bear, Bos frontalis, bison, dole, giant squirrel, and 

marbled. Cat. A new subspecies of the state hoolock gibbon, Mishmy Hills hoolock 

gibbon (H. h. Mishmiensis) (Choudhury 2013), has been described. In the past fifteen 

years, three new national giant flying squirrels (Flying squirrel (Choudhury 2007), 
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Mishmi Mountain giant flying squirrel and Mebo giant flying squirrel (Choudhury 

2009) have also been described. 

4.1.1.3 Meghalaya 

Meghalaya is a state in northeastern India. Meghalaya was established on 

January 21, 1972 and is divided by two administrative regions of Assam: Union Kasi 

Mountain, Jaindia Mountain and Garo Mountain. Khasi, Garo and Jainthia Hills 

became the new states of Meghalaya. Meghalaya State covers an area of 

approximately 22,430 square kilometers with an aspect ratio of approximately 3:1. 

The altitude of the plateau ranges from 150 m (490 ft) to 1961 m (6434 ft). The 

central part of the plateau that forms the Hass Mountain has the highest elevation, 

followed by the eastern part of the Jain Mountain area. Meghalaya State is home to 

Shillong Peak, which is a famous air force base on Mount Kashi, overlooking the 

city of Shillong. At an altitude of 1961 meters, the hilly area of Garo in the western 

part of the plateau is almost flat. Mount Garo-Nokrek Peak is 1,515 meters high, with 

an average annual rainfall of up to 12,000 mm (470 inches) in certain areas, and 

Meghalaya is the wettest place on earth. The western part of the plateau, including 

the low-elevation areas of Mount Garo, is hot for most of the year. At the highest 

altitudes, the Shillong area tends to have lower temperatures. You are ordinary.The 

city of Cherrapunji, located in Mount Kasi, south of the capital Shillong, holds a 

world record for precipitation in a calendar month, while the village of Musinglam 

near Cherrapunji holds the record for annual precipitation (Kuttippurath et al. 2021). 

Approximately 70% of the state's land area is forest, of which 9,496 square 

kilometers are dense subtropical virgin forests. Giant forests are considered to be one 

of the richest plant habitats in Asia. A small part of the forest area in Meghalaya is 

under the so-called "sacred forest". These are a small part of the ancient forest, and 

the community has been preserved for hundreds of years due to their religious and 

cultural beliefs. These forests are used exclusively for religious ceremonies and are 

usually protected from any exploitation. These sacred forests are home to many rare 

plant and animal species. Two Biosphere Reserve such as Nokrek Biosphere Reserve 

in the Western Garo Mountains and the Balphakram National Park in the Nangaro 

Mountains located in Meghalaya state. Most of the sites in Meghalaya are rich in 

biodiversity. In addition, there are three nature reserves in Meghalaya. These are the 
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Nongkhillam Wildlife Sanctuary, Siju Sanctuary and Bagmara Wildlife Sanctuary. A 

pot of Nepentes Hasiana is also planted here, also known as "Ma'mang Koksi" in 

Garo. Due to different climatic and topographical conditions, Megaraya Forest is 

home to a variety of flowers, including various parasites, epiphytes, succulents and 

shrubs. The two most important tree species are Shorearo busta (salt tree) and 

Tectona grandis (teak). Meghalaya also has various fruits, vegetables, spices and 

medicinal plants. Meghalaya is also famous for its wide variety of orchids, with 

approximately 325 species. The most diverse of these are the forests of Mousmai, 

Moumulus and Soralin on Mount Kashi. Meghalaya is also home to various 

mammals, birds, reptiles and insects (Choudhury 2003). Important mammal species 

include elephants, bears, red pandas (Choudhury 1996), Indian civets, meerkats, 

weasels, rodents, bison, wild buffalo (Choudhury 2010), deer, wild boar and a range 

of primates (Choudhury 2006). Meghalaya is also home to a variety of bats. Like 

Siju Cave, the limestone caves in Meghalaya are home to some of the rarest bats. 

Common reptiles in Meghalaya are lizards, crocodiles and turtles. There are also 

several kinds of snakes in Meghalaya, such as pythons, copper-headed snakes, green 

tree newts, Indian cobras, king cobras, coral snakes and venomous snakes 

(Zoological Survey of India 1995). The forests of Meghalaya are home to 660 bird 

species, many of which are endemic to the Himalayas, Tibet, and the foothills of 

Southeast Asia. Among the birds living in Megaraya Forest, 34 species are on the 

World List of Endangered Species and 9 species are on the Endangered Species List. 

The famous birds in Meghalaya are Phasianidae, Anatidae, Podicipedidae, 

Ciconiidae, Threskiornithidae, Ardeidae, Pelecanidae, Phalacrocoracidae, 

Anhingidae, Falconidae, Colonidae, Accipitrididae, Columbididae, Columbideidae, 

Columbididae, Columbideidae, Columbididae, Columbideidae, Columbididae, 

Columbideidae, Columbididae, Columbideidae Columbididae, Corvidae, 

Hirundinidae, Cisticolidae, Pycnonotidae, Sylviidae, Timaliidae, Sittidae, Sturnidaec 

and the largest of these families, Muscapidae and Musapidini, are the largest of these 

Indian families. Other native birds found in the area include gray peacock pheasants, 

great Indian parrots and green pigeons (Choudhury 1998). Meghalaya is also home to 

more than 250 species of butterflies, accounting for nearly a quarter of all butterfly 



33 

 

species found in India. In 2020, scientists discovered the largest known dungeon Fish 

in Jaintia Hills in Meghalaya State. 

4.1.1.4 Mizoram 

Mizoram is a state in northeastern India. Its capital and seat of government is 

Aizawl. It borders three of the seven sister states of the former Assam State, namely 

Tripura, Assam and Manipur. The state is also 722 kilometers (449 miles) apart. 

Bangladesh and Myanmar are bordered neighboring countries. It is the fifth-smallest 

state in India with an area of 21,087 square kilometers (8,142 square miles). It 

extends from 21°56' north latitude to 24°31' north latitude, and from 92°16' east 

longitude to 93°26' east longitude. Mizoram is a land of hills, valleys, rivers and 

lakes. There are 21 large mountains or peaks of varying heights throughout the state, 

and plains are scattered everywhere. That is about 1000 meters (3300 feet). They 

gradually rise eastward to 1,300 meters (4,300 feet). However, some areas are larger, 

reaching heights exceeding 2,000 meters. Mizoram has a mild climate: summer is 

relatively cool 20 to 29°C (68 to 84°F), but warmer, possibly due to climate change: 

summer temperatures are above 30°C, winter temperatures are 7 to 22°C (45 °C) up 

to 72 °F). The area is affected by the monsoon, with plenty of rainfall from May to 

September, with a small amount of rainfall in the dry (cold) season. The climate 

ranges from humid tropical to humid subtropical. The average rainfall in the state is 

254 cm. (100 inches), the capital Aizawl is about 215 cm (85 inches), and the other 

main center, Lunglei, is about 350 cm (140 inches). This state may be subject to 

weather related emergencies conditions due to hurricanes and landslides (Geological 

Survey of India 2011). 

According to the 2011 Indian Forest Survey, Mizoram has the third largest 

forest area in India and the highest forest percentage (90.68%), reaching 1,594,000 

hectares (3,940,000 acres). Forest broad-leaved hills and subtropical pine trees are 

the most common vegetation types in Mizoram. Bamboo is common in the state and 

is usually mixed with other forest vegetation; bamboo occupies approximately 9,245 

square kilometers (44%) of the state's land. The Indian state government and the 

central government jointly reserved and protected 67% of the forest land, and the 

other 15% came from the leadership. Only 17% of the land has no forests for crops, 

industry, mining, housing and other human commercial activities. According to 
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satellite data, 91% of the state's geographic area is covered by forests. The 

cultivation of jhum, or the practice of sweeping and burning, is a historical tradition 

in Mizoram, and it is also a threat to forests. In recent decades, this practice has 

declined due to a government initiative to support horticultural crops such as 

pineapple and banana plantations. Mizoram is home to many birds, wild animals and 

plants. About 640 species of birds have been found in the state. Many of them are 

unique to the Himalayas and Southeast Asia. Of the birds found in the Mizoram 

forest, 27 species are on the global endangered species list and 8 species are on the 

critically endangered species list. It can be seen in Mizoram birds from the 

Phasianidae, Anatidae, Ciconiidae, Threskiornithidae, and Ardeidae families, 

Pelicans, Phalacrocoracidae, Falconidae, Accipitridae, Otididae, Rallidae, 

Heliornithidae, Turnicidae, Burhinidae, Charadriidae, Scolopacidae, Jacanidae, 

Laridae, Columbidae, Stormridae Stormridae Stormridae Stormridae Stormridae 

Stormridae Stormridae Stormridae Stormridae Stormridae Stormridae Stormridae 

Stormridae Stormridae Stormridae Stormidae Stormridae Stormridae Stormridae 

Stormridae Stormridae Stormridae Stormid Stormidae Stormidae Stormidae 

Stormidae Stormidae Stormidae Stormidae champions Corvidae Paridae 

Hirundinidae Cisticolidae and Fotocillidae. Each of these families has many species. 

Mammals include slow loris (Nycticebus coucang), red marmoset (Capricornis 

rubidus), state beasts, goral (Nemorhaedus Goral), tiger (Panthera tigris), leopard 

(Panthera pardus), clouded leopard (Neofelis neopbulosi), Leopard cats 

(Prionailurus bengalensis), Bengal foxes (Vulpes bengalensis), and Asian black 

bears (Ursus thibetanus). Spotted primates (Choudhury 2001) include Macaca 

arctoides, Hylobates hoolock and leaf monkeys (Trachypithecus chedyreuri and 

Trachypithecus pieatus). The state is also home to many reptiles, amphibians, fish 

and invertebrates (Pawar and Birand 2001). There are also six nature reserves: Blue 

Mountain National Park (Phawngpui), Dumpa Tiger Sanctuary (the largest), 

Longteng Wildlife Sanctuary, Mullen National Park, Ngengpui Wildlife Sanctuary, 

Tawi Wildlife Sanctuary, Khawnglung Wildlife Sanctuary and Torantlang Wildlife 

Sanctuary. 
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4.1.1.5 Nagaland 

Nagaland is one of the smallest states in northeastern India. It borders 

Arunachal Pradesh to the north, Assam to the west, Manipur to the south, and the 

Sagaing region of Myanmar to the east. The capital is Kohima, and the largest city is 

Dimapur. Its area is 16,579 square kilometers (6,401 square miles). It is located 

between 98 to 96 degrees east longitude and 26.6 to 27.4 degrees north latitude. It is 

home to a rich flora and fauna. Nagaland is mainly a mountainous state. Naga Hills 

rises approximately 610 meters (2,000 feet) from the Brahmaputra Valley in Assam, 

and further rises southeast to 1,800 meters (6,000 feet). Mount Salamati is 3,841 

meters (12,602 feet) above sea level and is the highest peak in the state; Mount Naga 

merges with Patkay Range here, where they form the border with Myanmar. There 

are rivers such as Dayan and Difu in the north, and the Barak River in the southwest, 

which runs through the whole prefecture. 20% of the total area of the state is covered 

by forests and is a sanctuary for flora and fauna. Tropical and subtropical evergreen 

forests are located in strategic areas of the state. Nagaland has a monsoon climate 

with high humidity. Rainfall averages 1,800 to 2,500 mm (70 to 100 inches), and 

decreases from May to September. The temperature range is 70 to 104°F (21 to 

40°C).In winter, the temperature is usually not lower than 4°C (39°F), but frost often 

occurs in high altitude areas. Summer is the shortest time of the year in the state, 

lasting only a few months. In parts of the state, winter usually arrives early and the 

weather is cold and dry. The average maximum temperature recorded in winter is 

24°C (75°F). In February and March, strong northwest winds blow through the state. 

About one-sixth of Nagaland is covered by tropical and subtropical evergreen 

forests, including palm trees, bamboo, rattan, woodland and redwood forests. 

Although some forest areas have been cleared for planting jhum, there are still a lot 

of shrubs, tall grasses and reeds. In Nagaland-slow loris, Assamese macaque, pig-

tailed macaque, stump-tailed macaque, rhesus macaque, capped langur, hoolock 

gibbon, Himalayan black bear, dhole, wolves, and sometimes Bengal tigers, 

cheetahs, clouded leopards, golden cats, marmosets Like gypsies, Chinese 

porcupines, Asian porcupines and gray bamboo rats (Choudhury 2013). Nagaland 

has more than 490 species of birds (Choudhury 2003). The great Indian hornbill has 

a place in the Naga culture. Tragopan blyta, an endangered chicken-shaped species, 

https://en.wikipedia.org/wiki/Assamese_macaque
https://en.wikipedia.org/wiki/Pig-tailed_macaque
https://en.wikipedia.org/wiki/Pig-tailed_macaque
https://en.wikipedia.org/wiki/Stump-tailed_macaque
https://en.wikipedia.org/wiki/Rhesus_macaque
https://en.wikipedia.org/wiki/Capped_langur
https://en.wikipedia.org/wiki/Hoolock_gibbon
https://en.wikipedia.org/wiki/Hoolock_gibbon
https://en.wikipedia.org/wiki/Himalayan_black_bear
https://en.wikipedia.org/wiki/Dhole
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is a bird of Nagaland, found in the Japufiyu Mountains and Dzuko valleys in the 

Koshma region, Sasayama in the Qunhe Boto region, and Pfütsero in the Phek 

region. The state is also known as the "Falcon Capital of the World". Mithun (semi-

domesticated gaur) is an animal of Nagaland and has been adopted as the official seal 

of the Nagaland government. It is the most ceremonially valuable species in the state. 

In order to preserve and protect this animal in the northeast, the Indian Agricultural 

Research Council (ICAR) established the National Research Center Mithun (NRCM) 

in 1988. Nagaland has 396 species of orchids in 92 genera, 54 of which are also used 

to decorate women's hairstyles in northeastern India (Deb 2013). Rhododendron is 

the national flower. At least four species in the state are endemic to the state. 

4.1.2 Sampling sites and methods 

Populations of longhorn beetles were monitored through light traps, hand 

sorting, pitfall trap, and sweep net capture installed in five states of Northeast India, 

in 2018-2021. Arunachal Pradesh (Latitude: 27° 10' N and Longitude: 93° 61' E), 

Assam (Latitude : 26° 74‘and Longitude : 94° 21‘), Meghalaya (Latitude: 25° 57' N 

and Longitude: 91° 88' E), Mizoram (Latitude: 23° 71' N and Longitude: 92° 72' E), 

and Nagaland (Latitude: 25° 66' N and Longitude: 94° 11'E), with altitude ranging 

from 500 - 2089 m amsl. The collection methods were installed either in forest areas 

or farmlands. Collection permit no. A.33011/2/2012-CWLW/Vol.II/79 was issued 

for this study by the PCCF (WL) & Chief Wildlife Warden, government of Mizoram 

(Figure 1). Insect specimens were collected during 2018–2021 from 18 collecting 

sites (Table 1) of the Northeast India (Figure 2). Latitude, longitude and altitude were 

measured using GPS instrument (Garmin ETrex 20) in each sampling site of each 

state of Northeast India respectively. 

 

 

 

 

 

 

 

https://www.indiamart.com/proddetail/garmin-etrex-20-9390169233.html
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Table 1. Longhorn beetle specimens were collected during 2018–2021 from 18 

collecting sites and their geographical coordinates. 

Collection site Latitude Longitude Altitude (MSL) 

Arunachal Pradesh 

Namsai (N) 27⁰40'10.49"N 95⁰51'51.85"E 156m 

Papunpare (P) 27⁰10'29.51"N 93⁰42'11.70"E 1200m 

Assam 

Tinsukia (T) 27⁰29'18.79"N 95⁰21'20.73"E 116m 

Lakhimpur (L) 27⁰12'22.89"N 94⁰09'04.96"E 101m 

Meghalaya 

Garo Hills (G) 25⁰30'00.00"N 90⁰20'00.00"E 1400m 

Nagaland 

Tizit (Tz) 26⁰54'11.82"N 95⁰04'57.48"E 135m 

Mon (M) 26⁰43'59.15"N 95⁰03'41.44"E 898m 

Mizoram 

Aizawl (A) 23⁰43'50.58"N 92⁰43'02.32"E 1132m 

Missionveng 23⁰42'50.56"N 92⁰43'05.86"E 1046m 

Kananveng 23⁰44'02.90"N 92⁰42'35.09"E 1025m 

Sakawrtuichhun 23⁰45'40.07"N 92⁰40'15.81"E 596m 

Mizoram University 23⁰44'11.38"N 92⁰39'51.28"E 797m 

Collegeveng 23⁰43'25.28"N 92⁰43'48.30"E 917m 

Tanhril (Th) 23⁰44'26.32"N 92⁰40'37.06"E 732m 

Reiek (R) 23⁰40'39.58"N 92⁰36'13.38"E 1465m 

Dampa (D) 23⁰30'29.53"N 92⁰28'36.83"E 1100m 

Lunglei (Lu) 23⁰44'57.35"N 92⁰44'05.00"E 1222m 

Saiha (S) 23⁰02'53.69"N 92⁰53'13.78"E 1225m 
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Figure 1. Application of permission to collect soil and insect samples.  
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Figure 2. Map of the study sites showing 18 collection sites for longhorn beetles in 5 

states of Northeast India. Closed circles indicate the regions. Note: P - Papunpare 

(Arunachal Pradesh); N – Namsai (Arunachal Pradesh); T – Tinsukia (Assam); L – 

Lakhimpur (Assam); Tz – Tizit (Nagaland); M – Mon (Nagaland); G – Garo Hills 

(Meghalaya); A – Aizawl (Mizoram); Ta – Tanhril (Mizoram); R – Reiek 

(Mizoram); D – Dampa (Mizoram); Lu – Lunglei (Mizoram); S – Saiha (Mizoram). 
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4.1.3 Hand Picking method 

The manual hand picking method was used on each plot on the central axis to 

study the distribution of highly clustered longhorn beetles caused by clustered 

spawning patterns, dietary preferences, and heterogeneous soil conditions (Brown 

and Gange 1990). Although laborious, it is the most accurate production method in 

this field (Penev 1992, Gange et al. 1991). 

4.1.4 Light Trap method 

In order to catch the night longhorn beetle, a simple light trap is used, which 

is composed of a funnel, a collecting container, and a light source, and an 

incandescent lamp (18 W x 2) is placed on the whiteboard (1.8 x 1.2 m) so that it 

protrudes to its background (Figure 3). The funnel is placed in the jar, and the light 

source is suspended slightly above the funnel. Insects flying towards the light source 

fall into the funnel and into the glass. The spout of the funnel is large enough to 

contain insects. The jar is filled with 70% alcohol and added with preservatives such 

as ethyl acetate to prevent insects from escaping. In addition, there are longhorn 

beetles directly attracted by the light falling on the leaves and directly caught by the 

benzene killer bottle; and they are dry, on large samples (> 1 cm); or soaked in 70% 

alcohol Obtain a small sample (< 1 cm). This nocturnal trap helps to identify the 

presence of nocturnal species and the nocturnal activity of diurnal species (Pearson 

and Vogler 2001). The sampling was done during night time for one and a half hours 

a day (from 19:30 to 21:00 pm) to increase the catch. 

4.1.5 Pitfall Trap method 

Longhorn beetle samples were collected with a dropper. The most commonly 

chosen flying beetles are characterized by highly active polyphagous beetles, which 

are mostly nocturnal (Greenslade 1983; Uetz and Unzicker 1976; Thiele 1977; Frank 

1991). Their proactive nature means that despite the proven habitats, sampling 

methods with limited space and time cannot capture many species, because 

polyphagous predators have nothing to do with specific host plants or specific types 

of prey (Ericson 1979). Therefore, any sampling strategy for this association is also 

invalid. In this study, a 10 cm x 6 cm plastic container containing 50 ml of 10% ethyl 

acetate solution was used as the droplet separator. Pitfal trap was checked for every 
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two days. Take a sample every three days and reconstitute the trap with fresh 

solution. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Figure 3. The light trap setting in a typical forest. 

            This method was first developed by Hertz (1927) and provided information 

on invertebrate community structure (Hammond 1990), habitat association (Honek 

1988), activity patterns (den Boer 1981), and spatial distribution (Niemela et al. 

1990; Baars 1979), relative frequency, total population and distribution estimation, 

and pest control plan. Since the main traps are economical and do not require special 

manufacturing processes, they are easy to transport and quick to install. Therefore, 

this method not only eliminates the distortions associated with other methods at a 

given point in time (Briggs 1960; Greenslade 1964; Topping and Sunderland 1992) it 

makes it possible to catch large numbers of beetles throughout the season with 

minimal effort. It can also be used to sample low-density insects and environmentally 

sensitive areas such as nature reserves, because it causes slight physical and aesthetic 

inconvenience. 

4.1.6 Sweep Net capture sampling method 

             Grid capture is used for mid-altitude vegetation to collect beetles with 

specific plants or resources. It is an active sampling method suitable for collecting 
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beetles with specific plant communities. This is a qualitative method, but it is done 

semi-quantitatively. Standardize the number of runs on a given test field to 100 

(Gray and Treolar 1933). It is particularly effective against insects on the upper part 

of plants and plants with lower density because insects are easily knocked down by 

nets. In a study comparing nets and absolute counting methods, wide net catches 

allow large samples to be randomly selected from many locations. This is an 

important requirement for parameter statistics so that the samples completely 

represent the population or community beetles (Fichter 1941; Gadagkar et al. 1990; 

Krasnov and Shenbrot 1996). 

4.1.7 Sample plot 

This is the smallest and simplest sample unit grid, with a size of 50 mx 50 m, 

which is a quarter of a hectare (Figure 4). Five such test plots were applied in every 

300-meter linear section of each area. Therefore, there are five test areas on a cross 

section. The spatial distance between the two transects is maintained at least 500 m, 

and the adjacent sampling areas of each habitat are separated by a distance of 10 m, 

which is set as a "sampling area" to maintain a sufficient sampling distance between 

two adjacent sampling points. 

Beetle monitoring was conducted on these sampling sites during the winter 

(October–February), summer (March–April) and monsoon (May–September) months 

of the three seasons from 2018 to 2021 to obtain consistent and reliable data 

(Mizoram Meteorological Department 2020; Regional Meteorological Centre 2020). 

The different collection methods described above are used in each experimental area, 

ie Sweep traps, Hand sorting, Pitfal traps collectors and light traps are used along the 

central axis of each sample location. The sampling distance is about 10 m from the 

starting point and about 5 m from the median. A light trap is placed in the middle of 

each sample plot on the central axis to sample the beetles in each habitat at night. 
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Figure 4. Illustration of a  sample plot with various collection methods. 

 

4.1.8 Morphological identification of longhorn beetles 

Specimens of the longhorn beetle were identified into species based on their 

morphology by using the identification keys (Table 2 and Figure 5) of Cerambycidae 

and related published papers on Cerambycidae (Gahan 1906; Keyzer and Niisato 

1989; Lingafelter and Hoebeke 2002; Ponpinij 2011; Ponpinij et al. 2011; Holzschuh 

2013; Miroshnikov 2017 and 2018; Lazarev and Murzin 2020). 

4.1.9 Data Analysis 

4.1.9.1 Species Richness and Diversity Pattern Analysis 

4.1.9.1.1 Species Richness 

The beetles were captured by all sampling methods are grouped by each 

location for quantitative analysis. SHE analysis is first used to test whether the data 

performs better under the MacArthur lognormal model, logarithmic series, or Match 

broken bar model for finding  
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Table 2. The morphological keys for identification of longhorn beetles (Coleoptera: 

Cerambycidae) collected during the study period (2018-2021). 

 Longhorn beetle species Morphological identification Keys 

Anoplophora glabripennis Asian long horned beetle adults are large, 17–39 mm in length. Long 

11-segmented antennae with an alternating white and black banding 

pattern. The tarsi may have a faint iridescent blue colour. The 

pronotum has two large spines, while the elytra are shiny black and 

bear white or yellowish tan spots in variable patterns. 

Apomecyna cretacea Antenna more shorter than body; elytra without any black patch, apex 

truncate with angles round; prosternal process broadened beyond 

coxa, strongly broad terminally; mesosternal process distally bifid; 

head clothed with yellow pubescence extending little beyond the 

upper lobe of eyes leaving the rest of area free; pronotal disc with a 

weak‗ ‘shaped marking medially with arms curving downward; 

scutellum along the margin with a band of white pubescence; elytra 

before the middle with 3 longitudinal markings, these below the 

middle forming a transverse band tending towards suture, further 

beyond with such spots. 

Apriona germari Typically cerambycid in shape, 26–51 mm in length, 8–16 mm in 

width. It is generally black and completely covered with an orangy-

brown to greenish-yellow pubescence. Its centre point, lateral margin 

and edge of elytrum usually have a grey narrow brim. The antenna of 

female is slightly longer than the body, while the male‘s antenna 

length is 2 or 3 segments beyond the body. The base of elytra is 

densely covered by black shiny nodular particles, which occupy one-

fourth to one-third section; the inner and outer end-angle at the end of 

elytra shows a thorn-like protuberance. 

Aristobia reticulator  3rd antennal segment at least with tuft of hairs; elytra reticulate with 

black and ochraceous; head behind eyes medially and pronotum 

throughout with a pair of longitudinal broad band; pronotum with 2 

black, broad, obtuse, outwardly and backwardly directed spines, disc 

gibbous; 4th and 5th antennal segments with tuft of hairs near apex; 

mesosternal projection medially with a strongly raised broad, black 

tubercle. 

 

 

 

https://en.wikipedia.org/wiki/Beetle
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Batocera horsfieldi 32–65 mm long. The body is dark brown to black and covered with 

gray and grayish brown pubescence; the pronotum has a pair of 

kidney shaped white to yellowish pubescent markings; each elytron 

has two to three lines of irregularly shaped and arranged white 

pubescent markings; the basal quarter of the elytra has granular 

processes; the elytral apex is rounded. 

Batocera rufomaculata Adults are 26–52 mm long and similar to B. rubus in appearance but 

differ in each elytron with six orange–yellow or pale yellow spots; 

sometimes an additional one or two much smaller spots may be 

present on the elytron. 

Batocera lineolata  Body elongate, narrow, sub-cylindrical; integument black with 

patches of white or yellowish white tomentose pubescence as well as 

very fine dense, adpressed greyish pubescence all over the body; 

antennae with sparse long black setae. Laterally with a large broad 

band of white, dense setae from head to thoracic sterna, this band is 

broken in elongate oval patches on lateral margin of abdominal 

ventrites. 

Batocera rubus 30–60 mm long; the body is grayish brown with two orange or red 

marks on the pronotum ranged longitudinally; each elytron has about 

four whitish or yellowish spots with the median third spot being the 

largest; sometimes, an additional one or two much smaller spots may 

be present on the elytron. 

Blepephaeus succinctor Mesosternal projection provided (in front) with a more or less 

developed and truncate tubercles; body densely clothed with off 

white and brown hairs; pronotum submedially with a pair of broad, 

longitudinal, brown black bands; pronotal spines outwardly and 

backwardly directed, warty near its base; elytra with broad, oval, 

brown black bands near base, warty, with a pair of brown black broad 

patch little behind the middle, posteriorly with similar but narrow 

longitudinal brown black mark; scape brown black with a scar at, 

apical half of following segments brown black. 

Cremnosterna aurivillius Body was elongated, large, dark brown in colour with various 

coloured markings, head elongated. Antennae were punctuate, 

brownish to blackish in colour and near about same sized with body, 

10 segmented, segment 2 was long. Legs were also brownish to 

blackish in colour and femora were slightly thicker than other parts. 

Often found on mango plants, camouflaged with surroundings. 
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 Longhorn beetle species Morphological identification Keys 

Derobrachus geminatus Brown to dark brown integument. Dorsal region of the head similar 

between the base of the anteniferous tubers and the mandibles; area 

between the eyes not punctuated or with small and / or large, sparse 

and restricted points the region close to the eyes; area behind the eyes 

with small, sparse stitches. Eyes big ones; shorter distance between 

the upper eye lobes greater than 1.8 times the width of antenomer III 

at the base; Antenomer III 1.3 times longer than the scape, clearly 

widened to the apex; groove well-marked dorsal from the base to the 

third or fourth apical. 

Dorysthenes buqueti  Dorysthenes buqueti can reach a body length of about 38–41 

millimetres (1.5–1.6 in) and a body width of about 14–16 millimetres 

(0.55–0.63 in). Color may be brownish, reddish brown or shiny 

brown, with an elongate body and long filiform antennae. Lateral 

margins of prothorax entire, with 1-4 large and flattened teeth, 

intercoxal process of prosternum not flat and horizontal; legs asperate 

or scabrous, never spinose; antennal segments 4-11 with angulate 

process at apex. 

Dorysthenes buqueti  Dorysthenes buqueti can reach a body length of about 38–41 

millimetres (1.5–1.6 in) and a body width of about 14–16 millimetres 

(0.55–0.63 in). Color may be brownish, reddish brown or shiny 

brown, with an elongate body and long filiform antennae. Lateral 

margins of prothorax entire, with 1-4 large and flattened teeth, 

intercoxal process of prosternum not flat and horizontal; legs asperate 

or scabrous, never spinose; antennal segments 4-11 with angulate 

process at apex. 

Dorysthenes granulosus Antennal tubercles close, narrowly separated (Paraphrus); inner 

margin of antennal segments strongly spinose, gradually decreasing 

from 8th; pronotal spines 2, second long, outwardly and backwardly 

curved, acute, postero-lateral angles strongly reflexed into short acute 

spines; fore legs strongly denticulate; claws divaricate. Chestnut red; 

antenna as long as body. Dark brown to black; antenna shorter than 

body. 

Megopis sinica Body large, dark brown colour body. Antennae in males a little bit 

longer or a little bit shorter than body length, in females. Surpassing 

elytral middle; relative length of antennal joint. 

 

https://en.wikipedia.org/wiki/Antenna_(biology)
https://en.wikipedia.org/wiki/Antenna_(biology)
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 Longhorn beetle species Morphological identification Keys 

Epepeotes uncinatus Pronotum short with moderately long or very long lateral spines; eyes 

with rather coarse facets; mesosternum without any such tubercle; 

head with 3 yellow bands, 1 median and 2 submarginal, pronotum and 

elytra with 2 submarginal, longitudinal yellow bands, these on elytra 

broad, diffused posteriorly; elytra sprinkled with numerous, black 

spots, truncate at apex; pronotum with 2 broad upwardly directed 

spines, disc smooth, above and below with transverse depressions. 

Ithocritus ruber Integument of body, antennae and legs blackish; elytra reddish 

ochraceous. Head, pronotum, elytra predominantly covered with bright 

pubescence which is individually variable from brick-red to pale 

orange or yellowish white. Ventral surface predominantly covered 

with fine blackish pubescence, except for anteromedian of prosternum, 

most of mesanepisternum, posterior angle of metasternum and lateral 

sides of abdominal ventrite I to V covered with same variably colored 

pubescence as in dorsal surface. 

Moechotypa diphysis Brownish black, almost entirely clothed with thick pinkish red, dark 

brown, and gray pubescence: head pinkish red, grayish on vertex, a 

transverse brown band across middle of frons, an obtuse band on 

occiput; antennae dark brown, bases of third to sixth segments pinkish, 

bases of following segments gray; prothorax pinkish, mixed with white 

hairs, swellings on pronotal disc and some median spots and lateral 

dots, dark brown ;  elytra pinkish at base and apex and along margins 

and suture, and four or five slender, obliquely longitudinal stripes, a 

darkbrown band just behind base, and two narrow, incomplete, zigzag 

bands, the first at about middle, the second at beginning of apical 

quarter; Length, 22.5 millimeters; breadth, 9 mm. 

Monochamus alternatus Adult M. alternatus possess a pair of crescent-shaped compound eyes 

on both sides of the head. Adults are 15 to 28 mm in length and range 

from 4.5-9.5 mm wide. Females are larger than males but males have 

longer antennae. Males have antennae 2x the body length and females 

have antennae 1.3x the body length. The base part of the first, second 

and third antennal segments have grayish hairs. There are two orange 

stripes on the protergum, interlaced with three narrower black stripes. 

The elytra have five longitudinal bands of black and gray rectangular 

spots‖ 
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Longhorn beetle species Morphological identification Keys 

Monochamus sutor The overall body length of the adult is 15-26 mm. The body is 

moderately elongate with head not broader than the pronotum. Head 

and pronotum have a deep median longitudinal groove with deep 

uneven punctuation and dense or sparse grey or brownish hairs. The 

antennae are 2.5 times the length of the body on males and less than 

1.5 times the length of the body for females. The eyes are deeply 

faceted, broadly emarginated, with the upper ocular lobes close to 

each other. The prothorax has a pair of projections. The elytra have 

several irregular, faint, bronze or gold coloured markings. The 

antennae are more than twice the body length on the males and about 

1.5 times the body length on females. Females are slightly larger than 

males‖. 

Morimus inaequalis The elytra more depressed at the base, much more convex in the 

middle, more deelivous at the apex. The basal joint of the antennae 

has on the inner side at the base an emergination, and the upper angle 

made by this emergination is slightly prominent in the form of an 

obtuse tooth. The antennal tubercles are very prominent. The thorax 

is very roughly sculptured. Each elytron has on disk, some distance 

from the base, an irregular, dark, velvety brown spot. 

Neoplocaederus bicolor The adults are 27–45 mm long; the body is pale brown to light 

reddish-chestnut or testaceous, clothed with short pubescence. Varies 

from reddish chestnut or dull brick red colour; pubescence chestnut 

colored; head, antennae and elytra reddish brown; antennae longer 

than body in male and occasionally so in females; tip of 

antennomeres black, asperate in male but smooth in female; most 

part of the pronotum reddish brown, except anterior and posterior 

margins, black; proximal and distal ends, plate strongly corrugated, 

armed with pointed recurved spine at middle of lateral sides; elytra 

more or less black along sutural and lateral margins; elytra truncate at 

apex with dentate at each of angles; Dorsal and ventral part of body 

covered with short but thick grayish brown pubescence. 

Palimna annulata Antennal segments 3-10 apically with long spines; head usually with 

a median groove, never a carina between upper lobes of eyes; 

pronotum transversely irregularly wrinkled with broken ridges; each 

elytron with a long spine at sutural apex; margin truncate. 
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Longhorn beetle species Morphological identification Keys 

Prionomma bigibbosum Typically large (25–70 mm) in size and usually dorsally brown or 

black and red brown ventrally. The head of the members of this 

subfamily usually oblique, forwarded anteriorly, antennae inserted 

more or less close to base of mandibles; pronotum with complete 

lateral margins, frequently toothed or spined along the margin; 

procoxae strongly transverse; mesonotum lacking striadulatory 

area; coxal cavities open behind, inner lobe of maxillae lacking or 

vestigial. 

Pseudonemophos versteegi General colouration black; body covered with a very dense bluish-

white pubescence and rounded black spot in between, which covers 

the sculpture, but leaves smooth dots on the prothorax, elytra and 

metasternum; head with transverse face; Antennae ciliated on the 

under surface with black pubescence and further white is gradually 

replaced by black pubescence; antennal scape of the sub-cilindrical 

and as long as two thirds of the length of the 3rd joint; Prothorax 

broader than long, little behind the front margin with a widely 

interrupted transverse linear groove, lateral spines are strong and 

acute and obliquely directed upwards; pronotum possess ovate 

small spot on the middle of the disc and two round dots at little 

inside from the base of the spines; elytra with few dots along the 

suture and lateral margins. 

Pterolophia  formosana Lower lobe of eye as long as gena; each elytron with an obtuse 

tubercle at apical corner and basally with l large crest, also having 

outwardly directed crescent bands enclosing a brown black patch. 

Scape much longer than 3rd antennal segment. The main difference 

between P. formosana and the similar species is that the base of 

elytra has distinct dark brown broad transverse band. 

Pothyne virginalis Eye subdivided; elytral apex round terminating to a point; 

pronotum measurably longer than wide. Eye crescent; elytral apex 

truncate; pronotum as long as to wider than long. 

Thylactus simulans Prothorax dark brown with grey median streak, elytra greyish-

brown with black longitudinal streaks basally, medially and 

apically. 
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Xystrocera globosa Pronotum unarmed at sides; disc at both ends strongly constricted, 

cordate, medially with a longitudinal depression, basally diamond-

shaped, entirely margined by green metallic band, strongly 

granulate; mesonotum with undivided stridulatory area; elytra with 

2 metallic green bands, one submedian and another lateral; 

antennal segments 1-5 strongly spinous, segment 1 apically with a 

long acute spine; mesosternal plate obliquely grooved 

accommodating the peduncle of clavate femora. 

 

 

 

Figure 5. Illustrations of longhorn beetle (Coleoptera: Cerambycidae) species 

collected from this study.  

 

https://en.wikipedia.org/wiki/Beetle
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The relationship between S (biodiversity), H (information, Shannon-Wiener 

diversity index), and E (uniformity, measured by Shannon-Wiener uniformity index, 

also known as Pielou J) in the sample using Estimate S (MacArthur and MacArthur 

1961; MacArthur and Wilson 1967; MacArthur 1972; Colwell 2006). Therefore, one 

approach is to consider the contribution of species population and equity to diversity 

changes. SHE analysis tracks how these parameters change as sampling increases. It 

can also be used to identify interlaced zones (regions where different ecological 

communities overlap, such as at the edge of lakes) (Hayek and Buzas 1997). 

The non-parametric estimation of Chao1 and Jacknife2 was used to estimate 

the species richness for each habitat type and regional data set by using Estimate S 

7.0 (Colwell 2006) to generate a cumulative curve after 100 randomizations. Chao1 

estimates the absolute number of species in the community based on the number of 

rare species (single and dual) in the sample. The species richness assessment Chao1 

is recommended for inventory completeness values. Completeness is the ratio 

between the observed frequency and the estimated frequency (Sorensen et al. 2002; 

Sharff et al. 2003; Buddle et al. 2005; Baltanas 1992; Brose et al. 2003; Petersen et 

al. 2003; Chiarucci et al. 2003). 

4.1.9.2 Measurement of α (Alpha) Diversity 

α-diversity is the biological diversity in a specific area, community or 

ecosystem, usually expressed as the biological diversity of an area. This can be easily 

measured by calculating the number of taxa (different biota) in the ecosystem; for 

example, families, genera and species; however, this species richness estimate is 

affected by the sample size. It is very large, so different statistical methods can be 

used to adjust the sample size and obtain comparable values to measure the diversity 

of selected microhabitats (Shannon index (H‘). It provides information about 

distribution entropy, treating species as symbols and their relative population sizes as 

probabilities. The advantage of this index is that it takes into account the number and 

homogeneity of species. This index increases due to the presence of additional 

unique species or due to greater homogeneity of species (Shannon J index). The 

Simpson Diversity Index (D) is a measure of diversity used to quantify habitat 

biodiversity (Simpson 1949). Therefore, habitats dominated by one or two species 

are considered to have less diversity than environments that are equally rich in 
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several different species with the richness and homogeneity of species, so does the 

variety. Therefore, D is a measure of diversity, which considers wealth and 

homogeneity, and measures the possibility that two individuals randomly selected 

from a sample belong to the same species (or a category other than species). In this 

index, 0 means unlimited change, and 1 means no change; the higher the D value, the 

lower the diversity. The BioDiversity Pro program (McAleece et al. 1997) was used 

to determine the expected number of species for each sample size and compare the 

number of species in different habitat types by using rarefaction curves. Before 

analysis, convert the data logarithm to base 10 log (1+ y) to reduce the weight of 

common species. Therefore, thinness ensures that all sample sizes are the same, and 

diversity is independent of sample size. 

Relative abundance was calculated by the total number of species occurrence 

divided by the total number of collections and presented in percentages. Frequency 

of species occurrence (SO) was calculated by the number sites with positive species 

divided by the total number of collection sites (n = 18) (Srisuka et al. 2017). The 

Shannon_H index, Simpson_1–D, Evenness_eˆH/S and Dominance_D were used to 

measure the biodiversity of the longhorn beetles, and Chao1 richness estimator was 

used to estimate the total number of species in each one. The species accumulation 

curve (individual-based rarefaction), based on the Shannon_H index and taxa was 

used for comparing biodiversity between collection sites and to assess sampling 

adequacy. The SHE analysis that calculated the log for species abundance (ln S), 

Shannon H index and log for evenness (ln E = H - ln S) in all of the samples, from 

the first and last sample, were applied to assess variations of the community and 

species composition. The general linear model (GLM) was used to test the 

relationship between species richness of the longhorn beetle and elevation gradient. 

4.1.9.3 Measurement of β (Beta) Diversity 

Beta-diversity (β-diversity) is a method of measuring biodiversity. It works 

by comparing species diversity between ecosystems or across environmental 

gradients, including comparing the number of taxa unique to each ecosystem, namely 

consisting of habitats or communities. Quantify the diversity of communities 

exposed to a constantly changing environment. Basically, it is a measure of how 

different (or similar) the diversity (and sometimes abundance) of the species found in 
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different habitats or specimens. The fewer species that share different communities 

or gradient locations, the greater the β-diversity. Together with the diversity of the 

habitat, β-diversity gives the overall diversity of the area (Routledge 1977). 

4.1.9.4 Cluster Analysis 

The Bray-Curtis similarity rate is a similarity rate used to determine the 

similarity of locations based on the number of organisms. It is widely used in multi-

dimensional analysis of assembly data. It reflects the difference between the two 

samples, not only due to the difference in community composition, but also due to 

the difference in overall frequency. The purpose of is to use the BioDiversity Pro 

program (McAleece et al. 1997) to divide habitats into different groups based on 

species composition. The similarity between these locations is described as the 

similarity between Bray Curtis (Krebs 1989), using the species composition and 

abundance of different habitats. This similarity measure is a suitable coefficient for 

studying the similarity of biological communities (Clarke and Warwick 2001). Single 

link clustering is intended for hierarchical clustering. Taking the similarity matrix as 

the starting point, arrange the samples into groups in order, and then arrange the 

groups into larger groups, starting with the highest mutual similarity, and then 

gradually reducing the similarity formed by each group to obtain a dendrogram or 

tree (Clarke and Warwick 2001). 

4.1.9.5 Matrix plot and correspondence analysis 

The matrix plot of monthly variation in species richness and abundance of the 

longhorn beetles in each national park was based on abundance data, and visualized 

as a contour map. Longhorn beetle species were used for ordination analyses and the 

canonical correspondence analysis (CCA), and the site/species matrix was used to 

analyze species distribution related specifically to collection sites. Correspondence 

analysis (CA) was used to interpret the relationship between longhorn beetles and 

collected states. Similarity among sampling sates was based on species composition 

data analyses were performed by PAST version 4.03 (Hammer et al. 2001), and 

Biodiversity R package repository of R  software (Kindt and Kindt 2021) with 

statistical significance set at p < 0.05. 

 

 



54 

 

4.2 DNA barcoding of longhorn beetles 

All voucher specimens examined and deposited in the Departmental 

Museum, Department of Zoology, School of life science, Mizoram University, 

Aizawl, Mizoram. 

4.2.1 Chelex®100 DNA isolation method 

Chelex®100 DNA isolation protocol was performed with slight 

modifications (Arrivillaga et al. 2002; Golczer and Arrivillaga 2008; Gang et al. 

2009; Nagdev et al. 2010; Musapa et al. 2013). The 50 mg of dried beetle leg tissues 

were grounded in 300 µl of buffer H (200 mM Tris HCl (pH–8.0), 20 mM EDTA 

(pH–8.0), 1.4 M NaCl, 1% SDS, and 250 mM sucrose), 300 µl of TEX buffer (200 

mM Tris HCl (pH–8.0), 20 mM EDTA (pH–8.0), 2% Triton X-100), and 300 µl of 

10% Chelex®100 resin (Catalog no. 95577, Merck, Darmstadt, Germany) using 

mortar and pestle. After grinding, the homogenized samples were transferred to 1.5 

ml new eppendorf tubes, and added 20 µl of Proteinase K solution (20 mg/ml, CAS 

no. 39450-01-6, Sisco Research Laboratories Pvt. Ltd, Mubai, India). The samples 

were allowed to incubation at 50⁰ C for 45 min in Thermo Mixer® C (Catalog 

no. 5382000015, Eppendorf India Pvt. Ltd, Tamilnadu, India) with continuous 

shaking at 1500 rpm, and allowed to room temperature for 15 min. Finally, the 

samples were centrifuged at 13000 rpm for 10 min, and the clear supernatant was 

transferred to 1.5 ml new eppendorf tubes. 300 µl of 2-propanol (Catalog no. 

62986, Sisco Research Laboratories Pvt. Ltd, Mubai, India) and 60 µl of 3 M 

sodium acetate (pH-7.2) (Catalog no. MB048, HiMedia Laboratories, Mumbai, 

India) were added to the supernatant to precipitate DNA at - 20⁰ C for 30 min, 

and was centrifuged at 13000 rpm for 10 min and the supernatant was poured 

off. The pellet was washed twice with 350 µl of ethanol (Catalog no. 

#1070172511, Merck, Darmstadt, Germany) at 13000 rpm for 10 min, and the 

supernatant was removed and air-dried at room temperature for 1hr. Finally, 

the DNA pellet was dissolved in 20 µl of nuclease free water (Catalog no. 

#AM9916, Thermo Fisher Scientific, MA, USA) and kept at -20⁰ C for further 

analyses. 

 

 

https://www.thermofisher.com/order/catalog/product/AM9916
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4.2.2 Amplification of barcode region through PCR 

The PCR (polymerase chain reaction) amplification of universal primers 

(LCO1490 and HCO2198) was performed using thermal cycler (Catalog 

no. 6331000017, Mastercycler
®
 nexus gradient, 230 V/50 – 60 Hz, Eppendorf 

India Private Limited, Ambattur, Chennai, India) with minor alterations (Folmer et 

al. 1994; Barrett and Hebert 2005; Miller et al. 2013).  The DNA barcode region of 

the mitochondrial cytochrome oxidase subunit I gene (mtCOI) was amplified using 

the primer pairs: LCO1490 and HCO2198. 25 µl total reaction volume with 10 

picomoles of each primer, 2.0 mM MgCl2, 0.25 mM of each dNTP, and 1 U of Taq. 

Polymerase (Takara BIO Inc., Japan) with the following heat profile: 5 min at 95 °C; 

followed by 5 cycles of 30 s at 95 °C, 40 s at 47 °C, 1 min at 72 °C and 40 cycles of 

1 minute at 95 °C, 40 s at 51.2 °C and 90 sec at 72 °C and last extension for 7 min at 

72 ° C (Figure 6). The primer sequences were shown in Table 3. Finally, the PCR 

amplicons were observed on 1.8% of the agarose gel against 100 bp DNA ladder 

(Catalog no. SM0242, Invitrogen, Thermo Fisher Scientific), and photographed in 

ChemiDoc MP imaging system (Catalog no. 17001402, Bio-Rad, Alfred Hercules, 

California, USA). 

 

Table 3. Primer name and sequence used in the current study for PCR amplification 

Primer name 5' - 3' primer sequence 

LCO1490 5'-GGTCAACAAATCATAAAGATATTGG-3' 

HCO2198 5'-TAAACTTCAGGGTGACCAAAAAATCA-3' 

 

 

 

 

 

 

 

                       

                     Figure 6. Polymerization chain reaction cyclic conditions. 
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4.2.3 Portable Sequencing 

MinION (Oxford Nanopore Technologies) is a recently developed nanopore-

based DNA sequencing platform. This technology has several advantages over 

traditional sequencing technologies, including long read results, low start-up costs 

compared to other commercial sequencers, portability, and fast real-time analysis 

(Mikheyev and Tin 2014; Laver et al. 2015). Small size (10 × 3. 2 × 2 cm), light 

weight (90 grams) and easy power and data transfer (a single USB connection to a 

standard laptop), the MinION has become a valuable tool for project sequencing 

machines. This device has been used in remote locations outside of conventional 

laboratories, including in West Africa to monitor the 2014-2015 Ebola outbreak 

(Quick et al. 2016) and in Brazil to monitor the Zika virus outbreak (Faria et al. 

2016; Faria et al. 2017). It has also been used in Antarctica for sequencing microbial 

communities (Edwards et al. 2016; Johnson et al. 2017), in Tanzania for sequencing 

frog DNA (Menegon et al. 2017), and in Snowdonia National Park, Wales, for 

genomic sequencing of closely related plant species (Parker et al. 2017) with 

shotguns. Indeed, nanopore sequencing appears to show promise for a wide variety 

of molecular experiments in this area. Scientists have pondered the possibility of a 

portable method for DNA barcoding for more than a decade (Savolainen et al. 2005). 

4.2.4 Portable laboratory equipment and setup 

The main portable laboratory equipments: two MinION devices, a USB 3.0 

cable, three SpotON flow cells (R9.5, Oxford Nanopore Technologies (ONT)), a 

miniPCR thermal cycler (miniPCR) and a benchtop centrifuge (US Scientific), as 

well as standard laboratory pipettes and sample racks. The MinKNOW standalone 

software (ONT) required to run MinION is installed and executed on a Windows-

based Sony Vaio laptop with an external SSD (VisionTek, 240 GB). The temperature 

step is performed using a miniPCR machine, which is a portable thermal cycler 

weighing 0.45 kg. Sequencing reagents must be shipped frozen from the United 

States; this is achieved by using styrofoam-wrapped ice bags and transferring them to 

a plastic freezer with additional ice bags when they arrive in Quito, Ecuador. The 

MINION flow cell must be stored at + 2–8 °C, so it has been moved to a food 

storage container. On site, reagents and consumables are stored in local refrigerators 

and freezers. 
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4.2.5 Library preparation and MinION sequencing 

DNA libraries were made from 1.5 µg of the purified PCR products. The 

double-stranded DNA molecules were terminally repaired with the NEBNext-End-

Repair-Module (New England Biolabs, Ipswich, USA), followed by a purification 

with Agencourt AMPure XP on 1.8: 1-Beads to DNA Los Purified amplicons were 

then with the NEBNext dAtailing module (New England Biolabs). Amplicons were 

used to create sequencing libraries using the ONT DNA Sequencing Kits (SQK-

LSK108). 2 μl of hairpin HP adapter (HPA) sequencing were ligated using 50 μl of 

Blunt /TA Ligase Master Mix (New England Biolabs, Ipswich, USA) in the presence 

of 10 μl of adapter mix and incubated for 10 minutes at room temperature. HPA 

consists of a linear double-stranded sequence and a hairpin sequence that connects 

the positive and negative strands of each fragment to enable sequencing of both 

strands (1D reads). After adapter ligation, the library was conjugated with 1 μl of 

hairpin tether (HPT). After 10 minutes at room temperature, the ligated DNA was 

purified with 1X Dynabeads1 MyOne ™ Streptavidin C1 (Thermo Fisher Scientific, 

Waltham, USA), which the library can screen by binding the conjugated biotins to 

the adapters on the MinION flow cell to determine the number of determine pores 

available for s primed with 500 μl Priming Mix (500 μl Run Buffer (RNB), 473.4 μl 

nuclease-free water and 26.46 μl Fuel Mix Buffer (FMX)) twice with 10 min 

incubation after each addition. Combine 8 µl library, equivalent to approximately 

200 ng, with 75 µl RNB buffer, 5.3 µl FMX and 65 µl nuclease-free water. The 

sequencing was carried out for 7 hours with the program 

NC_48Hr_Sequencing_Run_FLO_MIN106_SQKLSK108 using the MinKNOW 

software. 

4.2.6 Bioinformatics 

The SAIGA bioinformatics pipeline is available on GitHub 

(https://github.com/marisalim/Saiga) and steps are outlined in Figure 7. MinKNOW 

(ONT) was used for sequencing and the raw sequence data were base called using 

Guppy v3.5.1 (ONT) with basecalling model ―dna_r9.4.1_450bps_fast.cfg‖. 

Assigning sequencing reads to the correct sample is a critical step to avoid mixing up 

sample sequences within or between sequencing runs. Therefore we compare the 

results of two demultiplexing programs: (1) qcat v1.1.0 (ONT, 

https://github.com/marisalim/Saiga
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https://github.com/nanoporetech/qcat) and (2) MiniBar v0.21. Qcat software is 

specifically designed to demultiplex reads indexed using ONT barcode kits, while 

MiniBar is general purpose demultiplexing software that allows any set of custom 

primer and index sequences. Filters based on software recommendations, sensitivity 

analyzes and to minimize misread assignments. Qcat uses the epi2me demultiplexing 

algorithm and we trim the index and adapter sequences with the trim option. Lower 

mincore thresholds (i.e. 60-90) reduced the top-down consensus quality of the 

sequence. In MiniBar, according to the software recommendations, up to two 

nucleotide differences between the reading processes for the index sequences and 11 

nucleotide differences between the primer sequences were permitted; MiniBar 

mainly uses the index sequence information to demultiplex and trim the dual index 

and primer sequence. After demultiplexing, the reads were removed if they had 

medium Phred quality ratings and lt; 7 and were longer or shorter than the target 

amplicon length (421 bp without primer) with 100 bp (321-521 bp) in NanoFilt 

v2.5.0. After each of the above steps, we will calculate and display read quality 

statistics for raw, demultiplexed, and filtered reads with NanoPlot v1.21.0 (De Coster 

et al. 2018; Krehenwinkel et al. 2019). 

To generate the consensus sequence for each sample, all reads were first 

pooled using isONclust v0.0.4 (Sahlin and Medvedev 2018). We chose isONclust 

over the clustering tools previously used in nanopore-based DNA barcode pipelines, 

such as bugs and more efficient clustering. SAIGA then generates the number of 

reads per cluster and only keeps clusters with> 10% of the total reads (user-defined). 

Step to minimize the inclusion of high sequence error reads and potential 

contaminant reads in the subsequent analysis. Intermediate consensus sequences are 

generated with SPOA v3.0.1 (https://github.com/rvaser/spoa), which is based on an 

Order Alignment Algorithm (POA) (Lee 2003). SPOA also does bug fixes, resulting 

in more accurate consensus sequences. severed similarity (0.9; since isONclust 

breaks reads into different strand orientations, this second round of clustering groups 

reverses the complementary SPOA consensus sequences, ensuring that more filtered 

reads are used to generate the final consensus sequence. The isONclust cluster's 

SPOA consensus sequence is combined into a single file for mapping. These reads 

are then assigned by AIGA to the majority isONclust cluster's SPOA consensus 
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sequence for consensus polishing using ONT v0's Medaka software. 10.0 (https : 

//github.com/nanoporetech/medaka) (Li and Godzik 2006; Fu et al. 2012).  

4.2.7 Data analysis 

In addition, the sequences were examined with the nucleotide BLAST 

program (https://blast.ncbi.nlm.nih.gov) and the ORF search engine 

(https://www.ncbi.nlm.nih.gov/ orffinder/) to ensure the absence of spaces, indels 

(insertions / deletions) and stop codons. The generated sequences were sent to 

GenBank via the Bankit submission tool 

(https://www.ncbi.nlm.nih.gov/WebSub/?tool=genbank). 

 

 

Figure 7. Bioinformatics pipeline for nanopore sequencing raw data analysis for 

DNA barcoding (Seah et al. 2020). 

https://blast.ncbi.nlm.nih.gov/
http://www.ncbi/
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The data set was aligned using the MAFFT algorithm on the CIPRES web 

portal (Miller et al. 2010) (http://www.phylo.org/) and the noisy parts were trimmed 

from both ends into a sequence of uniform length. The NJ tree was generated in 

MEGAX (Kumar et al. 2018) with the Kimura2 (K2P) parameter model and 1000 

starter brackets. MEGAX was used to select the most appropriate model for the 

dataset. The calculation method suggested 'GTR + I + G' for the three codon 

positions with the lowest BIC value. 

 

4.2.8 Data availability 

CO1 mitochondrial gene sequences of 29 longhorn beetle species namely 

Neoplocaederus bicolor (MW590265), Dorysthenes buqueti  (MW590266), 

Xystrocera globosa (MW590267), Apriona germari (MW590268), Palimna annulata 

(MW590269), Morimus inaequalis (MW590270), Blepephaeus succinctor 

(MW590271), Moechotypa diphysis  (MW590272), Pothyne virginalis 

(MW590273), Cremnosterna aurivillus (MW590274), Monochamus sutor 

(MW590275), Pterolophia formosana (MW590276), Batocera horsfieldi 

(MT812973), Dorysthenes granulosus (MT812974), Monochamus alternatus 

(MT812975), Batocera rubus rubus (MT812976), Remphan hopei (MT812977), 

Derobrachus geminatus (MT812978), Prionomma bigibbosum (MT812979), 

Ithocritus ruber (MT812980), Megopis sinica (MT812981), Batocera lineolata 

(MW897789), Batocera rufomaculata (MW897790), Anoplophora glabripennis 

(MW897791), Apomecyna cretacea (MW897792), Aristobia reticulator 

(MW897793), Pseudonemophas versteegii (MW897794), Thylactus simulans 

(MW897795), and Epepeotes uncinatus (MW897796) were retrieved from NCBI: 

GenBank (http://www.ncbi.nlm.nih.gov/). 

4.3 CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG) 

The samples were homogenized and bulk DNA extraction was performed 

using the DNA isolation protocol mentioned above. For metabarcoding, the co1 

region was amplified with ~ 650 bp using primer pairs LCO1490 and HCO2198, 

which target the same "universal barcode" binding sites but differ in their primary 

sequence in order to achieve a greater amplitude of sequencing success. The primers 

were modified to include a cantilever adapter sequence for subsequent nested PCR, 
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as an extension of the Illumina protocol for sequencing the 16S rRNA gene in 

microbial samples (16S Library Preparation Protocol at http://support.illumina. com) 

The cox1 - PCR amplicons from each replica of each sample were pooled and 

purified, after which these primary amplicons were used as templates for limited 

cycle PCR amplification to add dual index barcodes and Nanopore sequencing 

adapters (Figure 8). For metagenomic sequencing, the concentrations of the total 

DNA extracts were measured with the Qubit dsDNA HS Assay Kit (Invitrogen, 

Waltham, MA, USA) and equimolar pooled aliquots were used to prepare 

metagenomic libraries without PCR for their subsequent sequencing on an Oxford 

Nanopore- Sequencer using a new flow cells (Figure 9). 

4.3.1 Bioinformatics and Data analysis 

Raw reads from each metabarcoding library were filtered with BLAST 

against a reference database that contained all cox1 sequences for Arthropoda from 

NCBI (February 2015) (Evalue = 10
-5

). Retained reads were filtered for quality with 

TRIMMOMATIC v0.30 (Lohse et al. 2012) and processed with 

'fastx_barcode_splitter' to split different primer reads, and with 'fastx_trimmer' to 

change the primer sequence from the 5'- Trim end. The greatest methodological 

challenge in Cox1 barcode coding on the Nanopore sequencing platform results from 

the large size of the standard Cox1 barcode fragment (> 650 bp) in relation to the 

achievable reading length, resulting in a gap of ~ 100 bp between each Pair of R1 

and. performs R2 read sequences (Figure 8) We have therefore only used R1 reads 

for the clustering steps in the OUT boundary, for which the corresponding fragments 

of the R2 pair were added in a later step (see below). R1 trimmed reads were 

trimmed to a uniform length of 270 bp at the 30 end, discarding all shorter reads. The 

resulting data set was dereplicated, classified according to reduced frequency and 

subjected to de novo detection and elimination of chimeras using the UPARSE 

process (Edgar 2013).   
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Figure 8. Schematic representation of DNA metabarcoding pipeline (Arribas et al. 

2016). 
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Figure 9. Schematic representation of DNA metagenomics pipeline (Arribas et al. 

2016). 
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OTU clustering was performed with three commonly used clustering 

algorithms: USEARCH V7 (Edgar 2010), CROP (Hao et al. 2011) and SWARM 

(Mahe et al. 2014), with two pre-clustering filter options: maxeee = 1 and nonmaxee 

(Edgar 2013) and less than 20 threshold values Similarity from 92.6 to 99.6. After 

comparing the results, the delimited OTUs for CAD and COR samples (USEARCH 

algorithm, 97% similarity threshold) were combined and compared with transAlign 

(Bininda-Emonds 2005) to generate the metabarcodecox1 data set for further 

analysis to generate. Raw reads were filtered, trimmed and compiled based on the 

MMG tubing quality (Andujar et al. 2015; Crampton-Platt et al. 2015). Protein 

coding gene sequences were extracted from the contigs were aligned with transAlign 

to produce partial and complete mitochondrial contigs (mitogenomes). The first 270 

bp of the cox1 gene (barcode fragment) were extracted from these mitogenomes to 

generate the metagenomiccox1 dataset. 

4.4 Gut microbiota of Batocera lineolata 

Adult Batocera lineolata was placed in cylindrical plastic terraria (Halffter 

and Matthews 1996). Whole gut (from proventriculus to rectum) was dissected and 

collected and completely macerated. The samples were surface sterilized with 90% 

ethanol, PBS and 0.1% Tween 20 for 1 min each, Genomic DNA was extracted using 

the DNA isolation procedure mentioned above. The V4 region of the 16S rRNA gene 

was sequenced in an Oxford Nanopore platform. 

4.4.1 Quality Filters and Sequence Analysis  

The sequencing reads obtained from the Oxford Nanopore MinIon 

sequencing run were processed with the QIIME2 pipeline (version 2018.8.0) (Bolyen 

et al. 2018). The "Impor ttools" and "Demux" plugins were used to create the 

"artifact file" and to demultiplex the paired sequencing reads. The sequences were 

Phred Q20 score and sequences of at least 400 bp in length using the Deblur 

algorithm (Amir et al. 2017) High quality sequences were grouped into Operational 

Taxonomic Units (OTUs) based on 97% identity Pairs against the Greengenes 

database (gg_13_8_otus). The "uchime denovo" and "filter features" methods were 

used to identify and exclude chimeric sequences. OTUs were classified 

taxonomically with the Green genes database (ver.13.8) and the "feature classifier" 

plugin with the "classifiersklearn". In order to increase the taxonomic resolution, the 
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sequences not classified taxonomically at the genus level were compared with the 

NCBI database and the Silva 16S rRNA database (version 132). For the analysis of 

taxonomic diversity, the total OTUs ("OTs") (filtered and diluted OTUs), defined as 

these OTUs, were used. To assess and visualize the diversity, QIIME2 was used. 

4.5 Whole mitochondria genome sequence of longhorn beetles 

4.5.1 Preparation of stock solutions 

4.5.1.1 Acetic acid (2 M): To obtain 100 ml of 2 M acetic acid solution, combine 

11.48 ml glacial acetic acid with 88.52 ml distilled water. 

4.5.1.2 DNase I: Dissolve DNase I (5 mg/ml) by weight in an appropriate volume of 

5 mM CaCl2 (diluted from a stock solution of 1 M CaCl2, for example 7.5 μl 1 M 

CaCl2 in 1.5 ml distilled H2O) to obtain a 5 mg/ml DNase I solution and divide into 

aliquots and store at -20 °C. DNase I activity can decrease if the storage time exceeds 

several months. 

4.5.1.3 dNTPs (1.25 mM): Combine 250 µl of each dNTP (100 mM supply) and add 

19 ml of distilled H2O to make a solution containing 1.25 mM of each dNTP and 

aliquots and store at -20 °C. 

4.5.1. 4 EDTA (0.5 M, pH 8.0): Dissolve 18.1 g EDTA in 80 ml distilled H2O, 

adjust the pH to 8.0 with NaOH and bring the volume up to 100 ml with distilled 

H2O. 

4.5.1.5 Ethanol (EtOH, 70%): Measure 35 ml of absolute EtOH and 15 ml of 

distilled H2O separately and mix to make approximately 48 ml of 70% EtOH. 70% 

EtOH is hygroscopic i.e. it evaporates and over time absorbs water, reducing its 

concentration. Always use a freshly prepared 70% EtOH solution. 

4.5.1.6 NaOH (15 M): Dissolve 600 g NaOH in 600 ml distilled water. Increase the 

volume to 1 liter with distilled water. The reaction is exothermic. During the 

preparation process, the solution can be stored on ice. 

4.5.1.7 Potassium acetate (6 M): Dissolve 58.92 grams of potassium acetate in 40 

milliliters of distilled water. Adjust the pH to 7.5 with 2 M acetic acid. Increase the 

volume to 100 ml with H2O. Long-term storage at -20 °C is recommended. 

4.5.1.8 Proteinase K (10 mg/ml): Prepare 10 ml of distilled water and dissolve 100 

mg Proteinase K in it. Divide into aliquots, and then place at -20°C. 
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4.5.1.9 RNase A (9.09 mg/ml): Dissolve 10 mg/ml RNase A in 10 mM sodium 

acetate, pH 5.2 (for example, dissolve 100 mg RNase A in 1 ml distilled water and 

dilute 100 µl RNase A solution with 890 µl distilled water and 10 µl 1 M sodium 

acetate) . Incubate aliquots in a heat block at 100°C for 15 minutes. Let the test tube 

slowly cool to room temperature. Adjust the pH by adding 100 µl (i.e 0.1 volume) of 

1 M Tris (pH 7.4) to obtain a 9.09 mg/ml RNase A solution. Dispense and store at - 

20°C. 

4.5.1.10 SDS (10%): Add 80 ml of distilled water to 10 g of SDS and bring the 

volume up to 100 ml. 

4.5.1.11 Sodium acetate (1 M, pH 5.2): Dissolve 24.61 g of sodium acetate in 50 ml 

of distilled water, adjust to pH 5.2 with glacial acetic acid, cool to room temperature, 

adjust to pH 5.2 with glacial acetic acid again, and add distilled water to make the 

volume up to 100 ml.  

4.5.1.12 Tris (1 M, pH 7.4): Dissolve 12.11 g Tris in 80 ml distilled water, adjust 

the pH to 7.4 with HCl, allow the solution to cool to room temperature and adjust the 

pH again with HCl, and dilute to 100 ml with distilled water. 

Tris (1 M, pH 8.0): Adjust pH to 8.0, just as required for 1 M Tris, pH 7.4. 

4.5.2 Buffers for Mitochondrial DNA isolation 

4.5.2.1 Lysis buffer: 20 mM Tris, 150 mM NaCl, 20 mM EDT, 1% SDS, pH 8.75 

Dissolve 0.877 g of NaCl in 60 ml of distilled water. Add 2 ml Tris (1 M, pH 8.0), 4 

ml EDTA (0.5 M, pH 8.0) and 10 ml SDS (10%). Adjust the pH to 8.75 with NaOH 

at room temperature. Make up to 100 ml with distilled water. High concentrations of 

NaCl and SDS are ineffective. The pH of Tris depends on temperature: the pH at 

room temperature is 8.75 and corresponds to pH 7.8 at an operating temperature of 

56 °C. 

4.5.2.2 Mitochondria isolation buffer (MIB, 2x concentrate): Dissolve 219 g of 

sucrose (640 mM), 4.58 g of Tris (40 mM), and 0.76 g of EGTA (2 mM, pH 7.2) in 

950 ml of distilled water. Adjust the pH to 7.2 with HCl, and then dilute the solution 

to 1 liter with distilled water. Dilute 2x MIB concentrate at 20 °C and store until use. 

The pH value of Tris is related to temperature: a pH value of 7.2 at room temperature 

corresponds to a pH value of about 7.8 at an operating temperature of 0-4 ℃. 2x 

MIB Stock Solution can be frozen and stored for a long time (> 12 months). 
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4.5.2.3 Mitochondria isolation buffer (MIB02, pH 7.2): Thaw 2x concentrated 

MIB and dilute with the same volume of distilled water to produce 1x MIB solution. 

Add 0.2% (w/v) BSA to make MIB02 solution and store at 4°C for a short time (12 

days). MIB solutions should always be prepared fresh on the day of use and stored 

on ice or at 4 ℃. 

4.5.2.4 Mitochondria isolation buffer (MIB1, pH 7.2): Thaw 2x concentrated MIB 

and dilute with the same volume of distilled water to produce 1x MIB solution. Add 

1% (w/v) BSA to make MIB1 solution. The thawed MIB is only stored for a short 

time (12 days) at 4 °C. MIB solutions should always be prepared fresh on the day of 

use and stored on ice or at 4 °C. 

4.5.2.5 Mito-DNase buffer base (pH 7.5): Dissolve 10.27 g sucrose (300 mM), 

0.203 g MgCl2 (10 mM) and 0.243 g Tris (20 mM) into 90 ml distilled H2O. Adjust 

the pH to 7.5 with HCl and bring the solution to 100 ml with distilled H2O. Aliquot 

and store the Mito-DNase buffer base at -20 ℃ until use. Tris pH is temperature 

dependent: pH 7.5 at room temperature corresponds to pH ca. 7.2 and 8.1 at the 

usage temperatures of 37 ℃ and 0-4 ℃, respectively. 

4.5.2.6 Mito-DNase buffer: Thaw the MitoDNase buffer base and add 0.15% (w/v) 

BSA. Add 0.03 or 0.02 mg/ml DNase I or RNase A immediately before use. BSA 

solutions containing MitoDNase should always be prepared fresh on the day of 

application and stored on ice or 4 ℃. 

4.5.3 Mitochondrial DNA Extraction from longhorn beetles 

4.5.3.1 Tissue collection and homogenization 

Sacrifice a mouse and collect 500-800 mg of liver tissue or whole brain tissue 

(approximately 430 mg). Wash the tissue with ice-cold PBS. Store the tissue in 510 

ml ice-cold PBS in a 50 ml Falcon tube until homogenized. Use PTFE mortar to 

perform 5 strokes at a speed of 200 rpm to homogenize the structure. Remove the 

PBS and transfer the tissue to a glass homogenization tube containing 15 ml ice-cold 

MIB1. Transfer the homogenate back to a 50 ml Falcon tube and add 15 ml ice-cold 

MIB1. 

4.5.3.2 Mitochondria isolation 

Remove cell debris by centrifugation at 800 g 4 ℃ for 10 minutes. Pour the 

supernatant into a clean 50 ml Falcon tube and repeat the centrifugation. Carefully 
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pour the supernatant into a clean 50 ml Falcon tube. The mitochondria were 

harvested by centrifugation at 8,500 g 4 ℃ for 10 minutes. 

4.5.3.3 Nuclear DNA removal 

Add 0.03 mg/ml DNase I and 0.02 mg/ml RNase A to the ice-cold 

MitoDNase buffer. By pipetting up and down, carefully dissolve the mitochondrial 

pellet in 600 μl MitoDNase buffer. Put the test tube on ice. Divide the dissolved 

mitochondrial solution into sub-fractions: the number of fractions depends on the 

number of afferent tissues, so each fraction contains approximately 100 to 150 mg of 

tissue in 600 μl of mitochondrial enzyme buffer. Test tube Incubate the test tube at 

37 °C for 11.5 hours. The mitochondria were harvested by centrifugation at 13,000 g 

for 30 minutes at 4 °C. Discard the supernatant. Thoroughly rinse the remaining 

MitoDNase buffer by resuspension. The mitochondria were carefully pelleted in 500 

μl MIB02 and pushed back by centrifugation at 13000 g 4 °C for 15 minutes. Repeat 

the above washing steps.Discard the supernatant, centrifuge the excess liquid and 

aspirate the remaining liquid. Freeze precipitation in liquid nitrogen and store at 

80°C until DNA extraction. Mitochondrial particles can be stored at 80°C for at least 

a few hours. Extended storage (weeks/months) is not expected to affect mtDNA 

extraction. 

4.5.3.4 DNA extraction 

Add 100 or 200 µg RNase A (i.e. 11 or 22 µl for samples). Complete removal 

of RNase A may require an additional chloroform purification step: isoamyl alcohol 

instead of ethanol precipitation alone. However, additional purification steps reduce 

the final productivity and are not necessary for successful Illumina sequencing. 

Incubate the tube at 37°C for 4560 minutes. Add 1 ml (2 volumes) of ice-cold 

absolute ethanol, and gently invert the test tube 5 times. For example, if the tissue is 

less than the tissue recommended in this protocol and the DNA concentration is 

expected to be low, glycogen can be used as a carrier to increase the DNA yield in 

ethanol precipitation. Even colored glycogen (such as Glycoblue) is compatible with 

Illumina sequencing. The incubation time can be up to 23 hours at 80°C for no less 

than 30 minutes.Alternatively, incubate at 20°C for a longer period of time (for 

example, overnight). Precipitate 16,000 g DNA for 15 minutes at room temperature. 

Remove the supernatant with a pipette and wash the DNA with 500 μl 70% EtOH. 
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Centrifuge the DNA at 16,000 g at room temperature. 5 minutes. Repeat the washing 

steps to improve the purity of the DNA. Do not modify the particles. After the last 

wash, centrifuge the excess ethanol and remove all traces by pipetting. Dry the 

precipitate for a short period of time (12 minutes) until all traces of ethanol have 

evaporated. Excessive drying of the DNA will result in the formation of a precipitate 

that does not dissolve and does not damage the DNA. It is not recommended to heat 

and dry the pellets, as higher temperatures will also damage the DNA.According to 

the size of the DNA pellet and the desired final concentration, dissolve the DNA 

pellet by adding 1830 μL of Elution Buffer AE (5 mM Tris / HCl, pH 8.5). Incubate 

the tube overnight at room temperature. Temperature can damage DNA. DNA has 

poor stability under H ~ 2 ~ O. The pH of H ~ 2 ~ O may not be the best condition 

for DNA storage, and EDTA-TE buffer may not be suitable for downstream 

applications, such as Illumina sequencing. The release of mtDNA may appear as 

brown particles, which can also be seen in the dissolved DNA solution. This will 

affect the spectrophotometric measurement of DNA concentration, so fluorescence 

should be used to measure the concentration more reliably. If necessary, it is 

recommended to use 5 mM Tris buffer. The DNA concentration can then be doubled 

by evaporating half the sample volume to a final concentration of 10 mM Tris, which 

is suitable for most subsequent applications. It is recommended to store at 4°C for 

short-term storage and 20°C for long-term storage. Avoid multiple freezing cycles. 

Proceed to the next step before dissolving the DNA, or exit the protocol here, and 

store the DNA at 4 or 20°C according to the length of the break. However, it is 

recommended to continue QC measurement and final sample mixing before long-

term storage of DNA samples at 20°C to avoid unnecessary freezing cycles. Use 

Qubit HS Kit to measure twice the concentration of a 1 μl sample, and take the 

average value as the sample concentration. If the sample is too concentrated, measure 

again with the appropriate dilution (Eckert and Kunkel 1991; Frezza et al. 2007; 

Wieckowski et al. 2008; Hazkani-Covo et al. 2010; Ameur et al. 2011; Calabrese et 

al. 2012; Li et al. 2012; Costello et al. 2013; Kennedy et al. 2013; Samuels et al. 

2013; Payne et al. 2015; Ni et al. 2015; Quispe-tintaya et al. 2015; Malik et al. 2016; 

Chen et al. 2017; Isokallio et al. 2018). 

 



70 

 

4.5.4 Mitochondrial DNA confirmation by PCR  

Check for nDNA contamination by performing a 20 μl PCR reaction (Table 4 

and Table 5) with primers designed for the encoded nDNA target (here we use PolgA 

specific primers (expected product size of 520 bp). The concentration of samples 

varies greatly, and it is recommended to standardize the quantity the incoming DNA 

genomic DNA was used as a fast tail extract as a positive control. A 20 µl PCR 

reaction was completed on a 1% agarose gel in 0.5x TBE buffer, containing 0.5 

µg/ml of EtBr. Do not load more than 5 µl Positive control. There should be no DNA 

bands on the gel or should be clearly visible. Fractions contaminated with nDNA 

should not be used for further analysis. The separation scheme should be optimized, 

usually starting from the homogenization step to adjust the amount to reduce nDNA 

contamination and mitochondrial DNA enrichment the collection can be checked by 

the PCR reaction, using specific primers to encode the gene in mt DNA. Combine 

the parts of the same tissue that are free of nDNA contamination or less 

contaminated, and then use Qubit HS to measure the final concentration of the 

sample again. Samples should be stored at -20 °C. If a higher concentration (double 

maximum) is required for subsequent applications, please concentrate the sample in 

vacuum at 45 °C. Check the quality of the mtDNA sample by adding 100 ng 

(measured by Qubit HS concentration) to the 1% agarose gel. 

  Table 4. PCR Master Mix. 

Volume (µl) Reagents Final concentrations 

8.9   H2O adjust according to the 

sample volume 

4.0 5x Green GoTaq reaction buffer 1x 

3.2 dNTPs (1.25 mM each) 200 μM 

1.2 MgCl2 (25 mM) 1.5 mM 

0.8 PolgA_F (10 μM) 0.4 μM 

0.8 PolgA_R (10 μM) 0.4 μM 

0.1 GoTaq DNA polymerase (5u/μl) 0.5 units 

1.0 mtDNA sample 50 ng 

 



71 

 

           Table 5. PCR cyclic conditions. 

Steps in PCR Temperature and time 

Initial Denaturation 95 °C for 1 min (1 cycle) 

Denaturation 95 °C for 30 sec 

Annealing 58 °C for 30 sec 

Extension 72 °C for 45 sec 

Final Extension 72 °C for 7 min (1 cycle) 

Step 2 to step 4 repeats 30 cycles 

Hold at 4 °C 

 

4.5.5 Oxford Nanopore Sequencing run 

The MinION device is used for total DNA sequencing using the 1D-SQK-

LSK108 sequencing kit. The sequencing library preparation procedures for the 

experiment are the same to the above, and the specific operations are as follows: 

about 3 µg of total DNA (measured by the fluorescence method using Qubit 3. 0 

dsDNA BR assay) is nuclease digested to a volume of 45 µl- Nuclease free water 

(NFW). Use NEBNext Ultra II End Repair/Data Processing Module (NEB E7546S) 

to add 7 µl reaction buffer, 3 µl enzyme mix, and 5 µl NFW DNA. Incubate the 

mixture for 5 minutes at 20°C and purify 1 x volume (60 μl) of AMPure XP at 65°C, 

and elute the DNA with 31 μl NFW. Qubit quantifies 1 μL aliquots to ensure that at 

least 700 ng DNA is retained. Connect the adapters by adding 20 µl of the adapter 

mix (SQKLSK108: AMX1D) and 50 µl of NEB Blunt/TA Master Mix (NEB 

M0367S) to the final 30 µl. Purify the DNA bound to the adapter by adding 0.4 × (40 

μl) AMPure XP beads, incubate at room temperature for 5 minutes, and then 

resuspend the pellet twice in 140 μl ABB buffer (SQKLSK108: ABB). Resuspend 

the purified DNA by adding 15 μl of elution buffer (SQKLSK108: ELB), resuspend 

the pellet, incubate at room temperature for 10 minutes, re-precipitate the pellet and 

transfer the supernatant (predicted sequence mixture) to a new tube. Qubit quantifies 

1 μL aliquots to ensure that at least 430 ng DNA is retained. Sequencing using 

MinION R9 flow cell: FLOMIN106 (Chemistry R9.4) for (a) samples processed with 

commercial GenElute DNA extraction kit and FLOMIN107 (Chemistry R9.5) for (b) 
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samples processed with HMWDNA Protocol. Load 800 μl of seed (48% v/v working 

fuel buffer in NFW (SQK-LSK108: RBF) in NFW) into the flow cell through the 

start port, wait 5 minutes and lift up the SpotON sample port to prepare the flow 

before sequencing Pool. Cap and load 200 μL of primer mixture through the primer 

port, always avoiding air bubbles. The sequencing libraries from these two 

experiments were prepared by adding 35 µl RBF, 25.5 library loading beads 

(EXPLLB001: LLB library loading kit), and 0.5 NFW to the 14 µl prediction 

sequence mixture. Use a P100 tip set to 75 μl to load the library drop wise into the 

SpotON sample port and introduce it into the flow cell by capillary action. The 

MinION sequencing sequence is monitored by MinKNOW software (version 1.4.2), 

and the running time of each experiment is specified as 48 hours, without the need to 

call real-time bases. Albacore ONT sequencing pipeline software (version 2.1.10), 

used to obtain sequencing reads (including sequence data) in FASTQ and FAST5 

formats. These tasks were performed using NanoStat 1.1.0, NanoComp 0.16.4, and 

NanoPlot 1.13.0, which are NanoPack tools (De Coster et al. 2018). 

4.5.6 Mitochondrial genome assembly 

Use IDBA UD v.1.1.1 (Peng et al. 2012) and SPAdes v.3.1.1 (Bankevich et 

al. 2012) to perform de novo genome assembly procedures on the output files (raw 

data) corresponding to the sequencing reads of each species evaluated. DIAMOND 

(Buchfink et al. 2014) selects regions corresponding to the mitotic genome of each 

species, and these regions are visualized by MEGAN6 (Huson et al. 2007). 

4.5.7 Sequence analysis 

The obtained sequence is annotated with the online tool Mitochondrial 

Genome Annotation Server (MITOS-https://mitos.bioin f.unileipz ig.de/) (Bernt et al. 

2013), which can also predict the secondary structure of tRNA. Use the online tool 

GenomeVx (https://wolfe.ucd.ie / Genom eVx /) (Conant and Wolfe 2008) to create 

circle for manual sequence management and mitotic genome graphics. The 

nucleotide content value of each sequence was obtained with MEGA X (Kumar et al. 

2018). The composition distortion based on the asymmetry value (whole genome, 

chain PCG, individualized PCG, chain tRNA and chain rRNA) is estimated using the 

formula: ATskew = (A%-T%) / (A% + T%) and GCskew = (G%-C%) / (G% + C%) 
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(Perna and Kocher 1995). In PCG, the relative usage of synonymous codons (RSCU) 

was estimated using MEGA X. 

4.5.8 Phylogenetic analysis 

Using Geneious v.9.1.8 (Kearse et al. 2012) and using the MAFFT algorithm 

(Katoh et al. 2002), 13 PCG sequences were extracted from 9 mitotic genomes 

obtained from the alignment using the maximum likelihood of the connection model 

to construct the distance matrix in MEGA X (Kumar et al. 2018). According to the 

Akaike Information Criteria (AIC), the best nucleotide substitution model for 

phylogenetic reconstruction is determined using jModelTest v.2.1.7 (Darriba et al. 

2012). Bayesian inference is performed in two independent and simultaneous runs 

using MrBayes v.3.2.7a (Ronquist et al. 2012). The maximum likelihood analysis 

was performed with RaxML v.8.2.11 (Stamatakis 2014), and the bootstrap value was 

repeated 1000 times. The generated topology is visualized in FigTree v.1.4.4 

(Rambaut 2020). 

4.5.9 Data availability 

Complete mitochondrial DNA sequences of 9 longhorn beetle species namely 

Batocera lineolata (MZ073344), Dorysthenes granulosus (MZ073345), 

Monochamus alternatus (MZ073346), Megopis sinica (MZ073347), Xystrocera 

globosa (MZ073348), Blepephaeus succinctor (MZ073349), Monochamus sutor 

(MZ073350), Anoplophora glabripennis (MZ073351) and Aristobia reticulator 

(MZ073352) were retrieved from NCBI: GenBank. (http://www.ncbi.nlm.nih.gov/). 

 

 

 

 

 

 

 

 

 

 

 



74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER-5 

 

RESULTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 

 

5. Results 

5.1 Longhorn Beetle Biodiversity study 

From 18 collection sites in 5 states in Northeast India geographic regions of 

India, a total of 2050 specimens representing 29 morphological taxa in 16 tribes of 3 

subfamilies of the Cerambycidae were identified (Table 6). 

Table 6. Tribe and subfamilies of Cerambycidae beetle species collected from 

Northeast India during the study period (2018 – 2021). 

Longhorn beetle species Subfamily Tribe 

Anoplophora glabripennis 

Lamiinae 

  

Lamiini 

Apomecyna cretacea Apomecynini  

Apriona germari Batocerini  

Aristobia reticulator  Lamiini 

Batocera horsfieldi Batocerini  

Batocera lineolata  Batocerini  

Batocera rubus Batocerini  

Batocera rufomaculata Batocerini  

Blepephaeus succinctor Lamiini  

Cremnosterna Aurivillius Monochamini  

Epepeotes uncinatus Lamiini 

Ithocritus ruber Petrognathini 

Moechotypa diphysis Crossotini 

Monochamus alternatus Monochamini 

Monochamus sutor Monochamini 

Morimus inaequalis Phrissomini 

Palimna annulata Ancylonotini 

Pseudonemophos versteegi Lamiini 

Pterolophia formosana Pteropliini 

Pothyne virginalis  Agapanthiini 

Thylactus simulans Xylorhizini 

Derobrachus geminatus 

Prioninae 

Prionini 

Dorysthenes buqueti  Prionini 

Dorysthenes granulosus Prionini 

Prionomma bigibbosum Prionini 

Megopis sinica Aegosomatini 

Remphan hopei  Remphanini 

Neoplocaederus bicolor 
Cerambycinae 

Cerambycini 

Xystrocera globosa Xystrocerini 

 

There are 21 species of Lamiinae, followed by six species in Prioninae and two in 

Cerambycinae (Figure 10). 

https://en.wikipedia.org/wiki/Batocerini
https://en.wikipedia.org/wiki/Batocerini
https://en.wikipedia.org/wiki/Batocerini
https://en.wikipedia.org/wiki/Batocerini
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Figure 10. Subfamily wise longhorn beetle species abundance. L = Lamiinae; P = 

Prioninae; C = Cerambycinae. The Lamiinae species number was significantly (p < 

0.0001) more as compared to the other two subfamilies such as Prioninae and 

Cerambycinae. 

Of these 2050 longhorn beetle specimens, 1077 specimens were collected from 

Mizoram (Mz), followed by 350 from Arunachal Pradesh (AP), 275 from Assam (A), 

248 from Nagaland (N) and 100 from Meghalaya (M) respectively (Figure 11). State 

wise relative abundance of longhorn beetle specimens was significantly (p < 0.0001) 

highest (53%) in Mizoram (Mz) as compared to the other states of Northeast India 

(Figure 12).In Arunachal Pradesh with 17% of species abundance, followed by 

Assam with 13%, Nagaland with 12% and Meghalaya with 5% respectively. The 

significant number of longhorn beetle species was found in Mizoram (Mz) with 29 

species, followed by Nagaland with 19, Arunachal Pradesh with 15, Meghalaya with 

12, and Assam with 10 respectively (Figure 13).        
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Figure 11. Number of specimens were collected from five states of Northeast India 

during the study period (2018 – 2021). The data were expressed as mean ± Standard 

Error (S.E). The significant value was set at p < 0.05. AP = Arunachal Pradesh; A = 

Assam; M = Meghalaya; N = Nagaland; and Mz = Mizoram respectively. 

Total number of longhorn beetle species was collected from each state of 

Northeast India (Table 7). 75 Xystrocera globosa species were found in Mizoram, 

followed by Apriona germari (44) in Assam and Mizoram and Thylactus simulans 

(40) in Arunachal Pradesh. Most dominant species were Thylactus simulans and least 

dominant species were Dorysthenes buqueti and Pothyne virginalis respectively 

(Table 7). The cumulative dominant species were Thylactus simulans (188) and least 

dominant species were Blepephaeus succinctor (22). Species abundance (%) was 

observed from the Northeast Indian states during the study period 2018 – 2021 

(Table 8). Thylactus simulans species abundance was more (9.17%), followed by 

Batocera horsfieldi with 8.44%, Xystrocera globosa with 6.59% and Aristobia 

reticulator with 6.15% respectively.  
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Figure 12. Relative abundance (RA) of longhorn beetle specimens from five states 

of Northeast India during the study period (2018 – 2021). The data were expressed as 

percentage (%). The significant value was set at p < 0.05. AP = Arunachal Pradesh; 

A = Assam; M = Meghalaya; N = Nagaland; and Mz = Mizoram respectively. 

All species had the widest distribution range, which represented a high 

percentage of species occurrence (% SO), with those having more than 60%. Five 

species density (D) was more than 5 such as Thylactus simulans (10.44), Batocera 

horsfieldi (9.61), Xystrocera globosa (7.5), Aristobia reticulator (7.0), and Apriona 

germari (6.06) respectively. Rest of the species had a density of less than 5 (Table 9). 

Total number of lamiinae, prioninae, and cerambycinae subfamily species were 

significantly (p < 0.0001) higher in Mizoram (Mz) state. The lamiinae species were 

782 species in Mizoram, followed by Arunachal Pradesh (AP), Assam (A), Nagaland 

(N), and Meghalaya (M) were 288, 252, 171, and 76 respectively (Figure 14). The 

prioninae species were 192 species in Mizoram, followed by Nagaland (N), 

Arunachal Pradesh (AP), Assam (A), and Meghalaya (M) were 48, 37, 23, and 8 

respectively (Figure 15). The cerambycinae species were 103 species in Mizoram, 
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followed by Nagaland (N), Arunachal Pradesh (AP), Meghalaya (M)), and Assam 

(A) were 29, 25, 16, and 0 respectively (Figure 16).   

 

Figure 13. Number of longhorn beetle species from five states of Northeast India 

were collected during the study period (2018 – 2021). The data were expressed as 

mean ± Standard Error (S.E). The significant value was set at p < 0.05. AP = 

Arunachal Pradesh; A = Assam; M = Meghalaya; N = Nagaland; and Mz = Mizoram 

respectively. 

The relative abundance (%) of lamiinae, prioninae, and cerambycinae 

subfamily species were significantly higher in Mizoram (Mz) state was 50%, 62%, 

and 60% respectively. The relative abundance of lamiinae species was 50% in 

Mizoram, followed by Arunachal Pradesh (AP), Assam (A), Nagaland (N), and 

Meghalaya (M) were 18%, 6%, 11%, and 5% respectively (Figure 17). The relative 

abundance of prioninae species was 62% species in Mizoram, followed by Nagaland 

(N), Arunachal Pradesh (AP), Assam (A), and Meghalaya (M) were 16%, 12%, 7%, 

and 3% respectively (Figure 18). The relative abundance of cerambycinae species 

was 60% species in Mizoram, followed by Nagaland (N), Arunachal Pradesh (AP), 

Meghalaya (M)), and Assam (A) were 17%, 14%, 9%, and 0 respectively (Figure 

19). 
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Table 7. Number of longhorn beetle species were collected from the each state of 

Northeast India during the study period (2018 -2021). 

  

Longhorn beetle 

species 

Arunachal 

Pradesh 

Assam Meghalaya  Nagaland Mizoram Total 

A.glabripennis 20 0 0 10 35 65 

A.cretacea 25 0 0 8 35 68 

A.germari 21 44 0 0 44 109 

A.reticulator  27 28 7 18 46 126 

B.horsfieldi 33 35 18 15 72 173 

B.lineolata  22 23 0 8 36 89 

B.rubus 17 24 0 14 31 86 

B.rufomaculata 18 0 0 0 35 53 

B.succinctor 0 0 0 0 22 22 

C.Aurivillius 0 0 0 15 20 35 

D.geminatus 17 0 0 5 32 54 

D.buqueti  0 0 3 0 39 42 

D.granulosus 20 23 5 15 30 93 

E.uncinatus 19 0 0 0 26 45 

I.ruber 0 0 4 0 32 36 

M.sinica 0 0 0 0 35 35 

M.diphysis 0 0 0 0 29 29 

M.alternatus 21 0 5 12 54 92 

M.sutor 0 0 5 14 36 55 

M.inaequalis 0 0 5 0 34 39 

N.bicolor 0 0 0 10 28 38 

P.annulata 0 0 0 6 27 33 

P.bigibbosum 0 0 0 10 27 37 

P.versteegi 25 16 7 11 27 86 

P.formosana 0 30 0 0 37 67 

P.virginalis  0 27 3 14 29 73 

R.hopei  0 0 0 18 29 47 

T.simulans 40 25 22 26 75 188 

X.globosa 25 0 16 19 75 135 

Total 350 275 100 248 1077 2050 
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Table 8. Longhorn beetle (Coleoptera: Cerambycidae)  species abundance (%) from 

each state of Northeast India during the study period (2018 -2021).  

Longhorn beetle 

species 

Arunachal 

Pradesh 

Assam Meghalaya Nagaland   Mizoram Total 

A.glabripennis 5.71 0.00 0.00 4.03 3.25 3.17 

A.cretacea 7.14 0.00 0.00 3.23 3.25 3.32 

A.germari 6.00 16.00 0.00 0.00 4.09 5.32 

A.reticulator  7.71 10.18 7.00 7.26 4.27 6.15 

B.horsfieldi 9.43 12.72 18.00 6.05 6.69 8.44 

B.lineolata  6.29 8.36 0.00 3.23 3.34 4.34 

B.rubus 4.86 8.72 0.00 5.65 2.88 4.20 

B.rufomaculata 5.14 0.00 0.00 0.00 3.25 2.59 

B.succinctor 0.00 0.00 0.00 0.00 2.04 1.07 

C.Aurivillius 0.00 0.00 0.00 6.05 1.86 1.71 

D.geminatus 4.86 0.00 0.00 2.02 2.97 2.63 

D.buqueti  0.00 0.00 3.00 0.00 3.62 2.05 

D.granulosus 5.71 8.36 5.00 6.05 2.79 4.54 

E.uncinatus 5.43 0.00 0.00 0.00 2.41 2.20 

I.ruber 0.00 0.00 4.00 0.00 2.97 1.76 

M.sinica 0.00 0.00 0.00 0.00 3.25 1.71 

M.diphysis 0.00 0.00 0.00 0.00 2.69 1.41 

M.alternatus 6.00 0.00 5.00 4.84 5.01 4.49 

M.sutor 0.00 0.00 5.00 5.65 3.34 2.68 

M.inaequalis 0.00 0.00 5.00 0.00 3.16 1.90 

N.bicolor 0.00 0.00 0.00 4.03 2.60 1.85 

P.annulata 0.00 0.00 0.00 2.42 2.51 1.61 

P.bigibbosum 0.00 0.00 0.00 4.03 2.51 1.80 

P.versteegi 7.14 5.81 7.00 4.44 2.51 4.20 

P.formosana 0.00 10.90 0.00 0.00 3.44 3.27 

P.virginalis  0.00 9.81 3.00 5.65 2.69 3.56 

R.hopei  0.00 0.00 0.00 7.26 2.69 2.29 

T.simulans 11.43 9.09 22.00 10.48 6.96 9.17 

X.globosa 7.14 0.00 16.00 7.66 6.96 6.59 

 

The total relative abundance (%) of lamiinae, prioninae, and cerambycinae 

subfamily species were significantly higher in Mizoram (Mz) state was 50% (Figure 

20A), 62% (Figure 20B), and 60% (Figure 20C) respectively, compared to other 

states of Northeast India (Figure 20).  

 

https://en.wikipedia.org/wiki/Beetle
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Table 9. Density (D) and frequency of species occurrence (SO %) of longhorn beetle 

(Coleoptera: Cerambycidae) species from Northeast India. 

 

Longhorn 

beetle species 

Total  Number of 

Collection 

sites 

Density 

(D) 

No. of sites 

with species 

occurrence 

Total 

No. of 

sites 

SO 

(%) 

A.glabripennis 65 18 3.61 15 18 83.33 

A.cretacea 68 18 3.78 15 18 83.33 

A.germari 109 18 6.06 15 18 83.33 

A.reticulator  126 18 7.00 18 18 100.00 

B.horsfieldi 173 18 9.61 18 18 100.00 

B.lineolata  89 18 4.94 17 18 94.44 

B.rubus 86 18 4.78 17 18 94.44 

B.rufomaculata 53 18 2.94 13 18 72.22 

B.succinctor 22 18 1.22 11 18 61.11 

C.Aurivillius 35 18 1.94 13 18 72.22 

D.geminatus 54 18 3.00 15 18 83.33 

D.buqueti  42 18 2.33 12 18 66.67 

D.granulosus 93 18 5.17 18 18 100.00 

E.uncinatus 45 18 2.50 13 18 72.22 

I.ruber 36 18 2.00 12 18 66.67 

M.sinica 35 18 1.94 11 18 61.11 

M.diphysis 29 18 1.61 11 18 61.11 

M.alternatus 92 18 5.11 16 18 88.89 

M.sutor 55 18 3.06 14 18 77.78 

M.inaequalis 39 18 2.17 12 18 66.67 

N.bicolor 38 18 2.11 13 18 72.22 

P.annulata 33 18 1.83 13 18 72.22 

P.bigibbosum 37 18 2.06 13 18 72.22 

P.versteegi 86 18 4.78 18 18 100.00 

P.formosana 67 18 3.72 13 18 72.22 

P.virginalis  73 18 4.06 16 18 88.89 

R.hopei  47 18 2.61 13 18 72.22 

T.simulans 188 18 10.44 18 18 100.00 

X.globosa 135 18 7.50 16 18 88.89 

Total 2050 18 113.89 18 18 100.00 

 

SO = Species Occurrence. 

https://en.wikipedia.org/wiki/Beetle
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Figure 14. Total abundance of lamiinae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 2021). The data were 

expressed as mean ± Standard Error (S.E). The significant value was set at p < 0.05. 

AP = Arunachal Pradesh; A = Assam; M = Meghalaya; N = Nagaland; and Mz = 

Mizoram respectively. 

Total number of species, collected from this study was 29. Among them, 21 

species were belonging to lamiinae subfamily whereas 6 species were belonging to 

prioninae subfamily and 2    species were belonging to cerambycinae subfamily 

respectively (Figure 21). Total and species wise relative abundance of each 

subfamily was shown in Figure 22. The total (Figure 22A) and individual (Figure 

22B) Lamiinae species relative abundance was more (77% and 72%) as compared to 

the prioninae (15% and 21%) and cerambycinae (8% and 7%) subfamilies (Figure 

22).  
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Figure 15. Total abundance of prioninae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 2021). The data were 

expressed as mean ± Standard Error (S.E). The significant value was set at p < 0.05. 

AP = Arunachal Pradesh; A = Assam; M = Meghalaya; N = Nagaland; and Mz = 

Mizoram respectively. 

 

Figure 16. Total abundance of cerambycinae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 2021). The data were 

expressed as mean ± Standard Error (S.E). The significant value was set at p < 0.05. 

AP = Arunachal Pradesh; A = Assam; M = Meghalaya; N = Nagaland; and Mz = 

Mizoram respectively. 
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Figure 17. The relative abundance of lamiinae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 2021). The data were 

expressed as percentage (%). AP = Arunachal Pradesh; A = Assam; M = Meghalaya; 

N = Nagaland; and Mz = Mizoram respectively. 

 

Figure 18. The relative abundance of prioninae subfamily species from five states of 

Northeast India were collected during the study period (2018 – 2021). The data were 

expressed as percentage (%). AP = Arunachal Pradesh; A = Assam; M = Meghalaya; 

N = Nagaland; and Mz = Mizoram respectively. 
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Figure 19. The relative abundance of cerambycinae subfamily species from five 

states of Northeast India were collected during the study period (2018 – 2021). The 

data were expressed as percentage (%). AP = Arunachal Pradesh; A = Assam; M = 

Meghalaya; N = Nagaland; and Mz = Mizoram respectively. 

 Total number of taxa was observed in five states of northeast India 

and at specific collection site was shown in Table 10. A species accumulation curve 

(individual rarefaction) based on species numbers (Figure 23) shows a non-

asymptotic curve in each state and at each collection point, called under sampling at 

all collection points. Shannon (H) and simpson (1-D) indices of longhorn beetles 

were observed highest in Mizoram when compared to the other states (Table 10). 

Berger index was observed low in Mizoram whereas brillouin index was more in 

Mizoram when compared to the other states (Table 10). Evenness, Equitability, 

Margalef and Menhinick indices of longhorn beetles were showed in Table 10. Alpha 

diversity and Chao-1 results were shown in Table 10. Alpha diversity and Chao-1 

indices were observed highest in Mizoram state while Missionveng was showed 

highest alpha diversity and Chao-1 as compared to the other collection sites (Table 

10). 
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Figure 20. The total relative abundance of lamiinae (A), prioninae (B), and 

cerambycinae (C) subfamily species from five states of Northeast India were 

collected during the study period (2018 – 2021). The data were expressed as 

percentage (%). AP = Arunachal Pradesh; A = Assam; M = Meghalaya; N = 

Nagaland; and Mz = Mizoram respectively. 
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Figure 21. The total number of longhorn beetles was collected from each subfamily 

from five states of Northeast India was collected during the study period (2018 – 

2021). L = lamiinae; P = prioninae; and C = cerambycinae subfamily species. The 

data were expressed as mean ± Standard Error (S.E). The significant value was set at 

p < 0.05. 

 

     A                                                              B 

 

 

Figure 22. The total (A) and individual (B) subfamily wise relative abundance of 

longhorn beetles collected from each subfamily from five states of Northeast India 

was collected during the study period (2018 – 2021). L = lamiinae; P = prioninae; 

and C = cerambycinae subfamily species. 
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Table 10. Biodiversity indices of longhorn beetles (Ceramycidae) collected from 

Northeast Indian states. 

Biodiversity 

indices 

AP A M N Mz 

Dominance_D 0.071 0.107 0.129 0.06 0.04 

Simpson_1-D 0.929 0.893 0.870 0.94 0.96 

Shannon_H 2.677 2.269 2.246 2.87 3.30 

Evenness_e^H/S 0.969 0.967 0.787 0.93 0.94 

Brillouin 2.582 2.189 2.052 2.72 3.23 

Menhinick 0.801 0.603 1.2 1.20 0.88 

Margalef 2.390 1.602 2.389 3.26 4.01 

Equitability_J 0.988 0.985 0.904 0.97 0.98 

Fisher_alpha 3.186 2.035 3.561 4.79 5.49 

Berger-Parker 0.114 0.16 0.22 0.10 0.06 

Chao-1 15 10 12 19 29 

  

 

 

Figure 23. Biodiversity indices of longhorn beetles collected by the light trap from 5 

states (A) and 18 collection sites (B) of Northeast India. Species cumulative curve 

(individually-based rarefaction) with 95% confidence interval. B = Arunachal 

Pradesh; C = Assam; D = Meghalaya; E = Nagaland; and F = Mizoram respectively. 

N = Namsai; P = Papunpare; T =  Tinsukia; L = Lakhimpur; G = Garo Hills; Tz = 

Tizit; M = Mon; A = Aizawl; Mi = Missionveng; k =  Kananveng; S = 

Sakawrtuichhun; MU = Mizoram University; Cv = Collegeveng; Th = Tanhril; R = 

Reiek; D = Dampa; Lu = Lunglei; and S = Saiha respectively. 
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The cumulative SHE profiles (Figure 24) show that all indices are likely to 

curve asymptotically for a short period of initial volatility, but all indices are 

represented by a single value. At higher values, the more unstable and patchy SHE 

curve (indicated by dots on the line) between collection sites (biotope) indicates that 

many other longhorn beetle species go undetected in the states as well as at 

collection points in Northeastern India. The beta diversity indices values of state wise 

were Whittaker: 0.70588, Harrison: 0.17647, Cody: 21, Routledge: 0.15774, Wilson-

Shmida:  1.2353, Mourelle: 0.30882, Harrison 2: 0, and Williams: 0 

respectively.  

 

 

 

 

Figure 24. SHE profiles are accumulation curves of lnS, H, and ln E (Y-axis = log 

diversity value, Shannon_H index and log uniformity; (X-axis = number of 

individuals)) of barbel beetles collected by light traps from 5 states (A) and 18 

collection points (B) in Northeast India. 

Areas of dominance are located at medium altitudes (501-1000 m above sea 

level), and all of them show high diversity and abundance of species (Figure 25). 

GLM (General Linear Model) shows a significant negative relationship (y = -

0.0056x + 13.903),  p < 0.05, and, R
2
 = 0.1314) between the species richness and the 

altitude gradient (Figure 25B). The hump shape depends on the number of species, 

which increased at altitude in the early period, reached a maximum at medium 

altitudes (501-1000 m above sea level), and then decreased at high altitude (1001-

1300 m above sea level) (Figure 25A). 
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Figure 25. (A) The richness of species along elevation (1001–1300 m asl = high 

elevation, 1001–1000 m asl = middle elevation, 1001–500 m asl = low elevation), 

(B) The relationship between species richness and elevation. 

Seasonal species richness (Figure 26A) and longhorn beetle abundance 

(Figure 26B) peaked in the northern, northeastern, central, eastern and western 

regions of northeastern India throughout the winter (October-February) and continue 

until the onset of rain (May), then peaks again during the warm season (April), while 

the species richness and abundance in the southern region is higher during the rainy 

season than during the hot season. In component and ordination analyses, PCA 

(Principal component analysis) (Figure 27), PCoA (Principal coordinate analysis) 

(Figure 28), CCA (Canonical corresponding analysis) (Figure 29), CA (Coordinate 

analysis) (Figure 30), and cluster analysis (Figure 31) indicated that most species of 

longhorn beetles were distributed in Mizoram region. 
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Figure 26. (A) Seasonal species richness. (B) Seasonal abundance of the longhorn 

beetle, collected by the light trap from 5 states in Northeast India. B = Winter season; 

C = Hot season; D = Rainy season; 2 = Mizoram; 3 = Nagaland; 4 = Meghalaya; 5 = 

Arunachal Pradesh; and 6 = Assam. 

 

Figure 27. Principal component analysis (PCA) of the longhorn beetle, collected by 

the light trap from 5 states in Northeast India. B = Arunachal Pradesh; C = Assam; D 

= Meghalaya; E = Nagaland; and F = Mizoram respectively. 
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Figure 28. Principal coordinate analysis (PCoA) of the longhorn beetle, collected by 

the light trap from 5 states in Northeast India. B = Arunachal Pradesh; C = Assam; D 

= Meghalaya; E = Nagaland; and F = Mizoram respectively. 

 

Figure 29. Canonical corresponding analysis (CCA) of the longhorn beetle, collected 

by the light trap from 5 states in Northeast India. B = Arunachal Pradesh; C = 

Assam; D = Meghalaya; E = Nagaland; and F = Mizoram respectively. 
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Figure 30. Coordinate analysis (CA) of the longhorn beetle, collected by the light 

trap from 5 states in Northeast India. B = Arunachal Pradesh; C = Assam; D = 

Meghalaya; E = Nagaland; and F = Mizoram respectively. 

 

Figure 31. Bray–Curtis similarity analysis of the longhorn beetle, collected by the 

light trap from 5 states in Northeast India. B = Arunachal Pradesh; C = Assam; D = 

Meghalaya; E = Nagaland; and F = Mizoram respectively. 
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5.2 DNA Barcoding, CO-1 Metabarcoding, and Mitochondrial Metagenomics 

(MMG) 

After DNA isolation, PCR was performed, and the 698bp product size was 

resulted (Figure 32). 

 

Figure 32. Agarose gel image of PCR products. M = 100 bp ladder; S1 – S12 = 

Samples from 1 to 12. 

29 sequences were retrieved from NCBI and performed multiple sequence 

alignment for DNA barcoding data analysis (Figure 33). 

 

Figure 33. Representative multiple sequence alignment by MUSCLE algorithm. 

The entropy of DNA sequences were estimated and showed in Table 11 and Figure 

34 with average entropy was 0.12. 
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Table 11. Conserved regions found in the CO1 gene sequences of 29 longhorn beetle 

species. 

Gene Conserved regions found Position Sequence Segment length 

CO1 1 274-278 ATAAG 5 

 

 

Figure 34. Entropy plot of 29 barcode sequences. 

 

Each entry is the probability of substitution (r) from one base (row) to 

another base (column). Substitution pattern and rates were estimated under the 

General Time Reversible model. Rates of different transitional substitutions are 

shown in bold and those of transversionsal substitutions are shown in italics. 

Relative values of instantaneous r should be considered when evaluating them. For 

simplicity, sum of r values is made equal to 100, the nucleotide frequencies are A = 

29.42%, T/U = 34.99%, C = 18.82%, and G = 16.77%. For estimating ML values, a 

tree topology was automatically computed. The maximum Log likelihood for this 

computation was -9547.876. This analysis involved 29 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd+Noncoding. There were a total of 922 

positions in the final dataset. The estimated Transition/Transversion bias (R) is 0.92 

(Table 12). 
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                            Table 12. Maximum Likelihood Estimate of Substitution Matrix. 

  A T/U C G 

A - 15.45 3.67 5.92 

T/U 12.99 - 12.44 0.85 

C 5.74 23.13 - 3.62 

G 10.38 1.76 4.06 - 

  

Each entry shows the probability of substitution (r) from one base (row) to 

another base (column). For simplicity, the sum of r values is made equal to Rates of 

different transitional substitutions are shown in bold and those of transversionsal 

substitutions are shown in italics.  The nucleotide frequencies are 27.20% (A), 

36.10% (T/U), 21.23% (C), and 15.48% (G). This analysis involved 29 nucleotide 

sequences.  Codon positions included were 1st+2nd+3rd+Noncoding. All positions 

containing gaps and missing data were eliminated (complete deletion option). There 

were a total of 344 positions in the final dataset. The transition/transversion rate 

ratios are k1 = 1.491 (purines) and k2 = 2.551 (pyrimidines). The overall 

transition/transversion bias is R = 1.056, where R = [A*G*k1 + 

T*C*k2]/[(A+G)*(T+C)] (Table 13). 

 

                                Table 13. Maximum Composite Likelihood Estimate of the     

                                Pattern of Nucleotide Substitution. 

 A T C G 

A - 8.81 5.18 5.63 

T 6.63 - 13.21 3.78 

C 6.63 22.47 - 3.78 

G 9.89 8.81 5.18 - 
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Relative synonymous codon usage (RSCU) was determined to know the 

codon usage of the given sequences (Table 14). Lysine (L) amino acid was coded in 

the given sequences, followed by Arginine (R) and Valine (V) with an average codon 

usage was 201. 

Table 14. Relative synonymous codon usage is given in parentheses following the 

codon frequency. 

Codon Count RSCU Codon Count RSCU Codon Count RSCU Codon Count RSCU 

UUU(F) 10.4 1.5 UCU(S) 4.3 2.18 UAU(Y) 2.2 1.19 UGU(C) 0.7 1.73 

UUC(F) 3.5 0.5 UCC(S) 1 0.5 UAC(Y) 1.5 0.81 UGC(C) 0.1 0.27 

UUA(L) 13.5 2.86 UCA(S) 4 2.03 UAA(*) 0.6 0.26 UGA(*) 4.9 2.32 

UUG(L) 2 0.42 UCG(S) 1 0.49 UAG(*) 0.9 0.42 UGG(W) 0.4 1 

CUU(L) 5 1.06 CCU(P) 4.6 1.53 CAU(H) 1.9 1.52 CGU(R) 1 0.56 

CUC(L) 1.4 0.31 CCC(P) 3.3 1.11 CAC(H) 0.6 0.48 CGC(R) 0.1 0.06 

CUA(L) 5.6 1.18 CCA(P) 3 1 CAA(Q) 1.5 0.93 CGA(R) 2.8 1.65 

CUG(L) 0.8 0.18 CCG(P) 1.1 0.36 CAG(Q) 1.8 1.07 CGG(R) 0.3 0.2 

AUU(I) 13.4 1.42 ACU(T) 4.9 1.48 AAU(N) 7.9 1.5 AGU(S) 0.7 0.33 

AUC(I) 3.3 0.35 ACC(T) 2.9 0.89 AAC(N) 2.6 0.5 AGC(S) 0.9 0.47 

AUA(I) 11.6 1.23 ACA(T) 5.2 1.59 AAA(K) 2.2 1.88 AGA(R) 5.7 3.3 

AUG(M) 0.9 1 ACG(T) 0.1 0.04 AAG(K) 0.1 0.12 AGG(R) 0.4 0.22 

GUU(V) 5.4 1.65 GCU(A) 5.5 1.61 GAU(D) 3.9 1.51 GGU(G) 2.8 0.65 

GUC(V) 1 0.29 GCC(A) 2.9 0.84 GAC(D) 1.3 0.49 GGC(G) 0.9 0.2 

GUA(V) 5.6 1.7 GCA(A) 4.8 1.41 GAA(E) 1.3 0.72 GGA(G) 11.2 2.64 

GUG(V) 1.2 0.36 GCG(A) 0.5 0.14 GAG(E) 2.3 1.28 GGG(G) 2.1 0.51 

  

For phylogenetic analysis of DNA barcoding data, first we have done model 

test. The best fit DNA model was General Time Reversible Gamma distribution 

invariable (GTR + G + I), found the lowest BIC scores (Bayesian Information 

Criterion) with a value 17447.326. The probability of rejecting the null hypothesis 

that sequences have evolved with the same pattern of substitution, as judged from the 

extent of differences in base composition biases between sequences (Disparity Index 

test, A Monte Carlo test (500 replicates) was used to estimate the P-values, which are 

shown below the diagonal. P-values smaller than 0.05 are considered significant 

(marked with yellow highlights) the estimates of the disparity index per site are 

shown for each sequence pair above the diagonal. This analysis involved 30 

nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. 

There were a total of 922 positions in the final dataset. Disparity Index per site is 

shown for all sequence pairs. Values greater than 0 indicate the larger differences in 

base composition biases than expected based on evolutionary divergence between 
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sequences and by chance alone. This analysis involved 29 nucleotide sequences. 

Codon positions included were 1st+2nd+3rd+Noncoding. There were a total of 922 

positions in the final dataset. The difference in base composition bias per site is 

shown. Note that even when the substitution patterns are homogeneous among 

lineages, the compositional distance will correlate with the number of differences 

between sequences. This analysis involved 29 nucleotide sequences. Codon positions 

included were 1st+2nd+3rd+Noncoding. There were a total of 922 positions in the 

final dataset. The number of base substitutions per site from between sequences is 

shown. Standard error estimate(s) are shown above the diagonal and were obtained 

by a bootstrap procedure (500 replicates). Analyses were conducted using the 

Kimura 2-parameter model. This analysis involved 29 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and 

missing data were eliminated (complete deletion option). There were a total of 344 

positions in the final dataset. The probability of rejecting the null hypothesis of strict-

neutrality (dN = dS) (below diagonal) is shown. Values of P less than 0.05 are 

considered significant at the 5% level and are highlighted. The test statistic (dN - dS) 

is shown above the diagonal. dS and dN are the numbers of synonymous and 

nonsynonymous substitutions per site, respectively. The variance of the difference 

was computed using the analytical method. Analyses were conducted using the Nei-

Gojobori method. This analysis involved 29 nucleotide sequences. All positions 

containing gaps and missing data were eliminated (complete deletion option). There 

were a total of 97 positions in the final dataset. The number of base substitutions per 

site from averaging over all sequence pairs are shown. Standard error estimate(s) are 

shown in the second column and were obtained by a bootstrap procedure (1000 

replicates). Analyses were conducted using the Kimura 2-parameter model. This 

analysis involved 29 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were 

eliminated (complete deletion option). There were a total of 344 positions in the final 

dataset (Table 15). 
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                             Table 15. Estimates of Average Evolutionary Divergence over all   

                              Sequence Pairs. 

  Distance Std. Error 

Overall 0.28 0.02 

 

The evolutionary history was inferred by using the Maximum Likelihood 

method and General Time Reversible model. The tree with the highest log likelihood 

(-9545.81) is shown. Initial tree(s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of 

pairwise distances estimated using the Maximum Composite Likelihood (MCL) 

approach, and then selecting the topology with superior log likelihood value. The 

proportion of sites where at least 1 unambiguous base is present in at least 1 

sequence for each descendent clade is shown next to each internal node in the tree. 

This analysis involved 29 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. There were a total of 922 positions in the final dataset 

(Figure 35). The consistency index is 0.360887 (0.296337), the retention index is 

0.344025 (0.344025), and the composite index is 0.124154 (0.101947) for all sites 

and parsimony-informative sites (in parentheses). The MP tree was obtained using 

the Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in which the 

initial trees were obtained by the random addition of sequences (10 replicates). This 

analysis involved 29 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. There were a total of 922 positions in the final dataset 

(Figure 36). 
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Figure 35. Maximum likelihood phylogenetic tree analysis of 29 sequences retrieved 

from NCBI.    

 

 Figure 36. Maximum Parsimony phylogenetic tree analysis of 29 sequences 

retrieved from NCBI. 
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This analysis involved 29 nucleotide sequences. Codon positions included 

were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were 

eliminated (complete deletion option). There were a total of 344 positions in the final 

dataset (Table 16). 

                         Table 16. Tajima's Neutrality Test. 

m S ps Θ π D 

29 243 0.706395 0.179874 0.223651 0.948982 

   

Abbreviations: m = number of sequences; n = total number of sites; S = Number of 

segregating sites; ps = S/n; Θ = ps/a1; π = nucleotide diversity; and D is the Tajima 

test statistic. 

CO-1 Metabarcoding and Mitochondrial Metagenomics results were showed 

2.44Mb total output sequencing reads (Figure 37). 

 

 Figure 37. Cumulative output of sequencing reads in 48h of sequencing run. 

After 48 h of sequencing run, total 2.03 Gb bases were generated (Figure 38). 

Read length histogram was used to determine the N50 was 754b (Figure 39). Duty 

time was grouped and categorized into number of pores available, number sequences 
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run, and active and inactive pores in the flow cell (Figure 40). The sequencing 

channel was available for sequencing in starting (Figure 41A) as well as after 

sequencing run (Figure 41B). After sequencing filtering and trimming, only 195 

unique sequences were available. Among them, 29 sequences were unique sequences 

with maximum length of sequence 705 with a mean 631.5 (Table 17). The Krona 

visualization results showed 29 species with 100% identity at the Taxa level (Figure 

42). 

 

 Figure 38. Cumulative output of nucleotide bases in 48h of sequencing run. 
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Figure 39. Estimated N50 of estimated bases. 

 

 

Figure 40. Percentage of sequencing and available pores with time equivalent. 
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A                                                          

   

B 

 

 

Figure 41. (A) Channel count with time interval. (B) Mux scan categorization with 

time interval. 

Alpha diversity and biodiversity indices of OTU‘s of metabarcoding and 

MMG were showed in Figure 43 and Table 18.  
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Table 17. Summary of the unique sequences. 

 

 

 

Figure 42. Visualization of different longhorn beetle taxa. 
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Figure 43. Alpha diversity of number of OTU‘s. 

 

Table 18. Estimation of biodiversity indices between OTU‘s. 

Label ace chaos sobs Berger parker Simpson Q stat Shannon 

0.03 378 189.5

0 

27 0.072 0.003 19.47 3.29 

 

Sobs = Observed species; Q stat = Quality of reads. 
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5.3 Whole mitochondria genome of longhorn beetles and Gut microbiome of 

Batocera lineolata 

Nine sequences Batocera lineolata (MZ073344), Dorysthenes granulosus 

(MZ073345), Monochamus alternatus (MZ073346), Megopis sinica (MZ073347), 

Xystrocera globosa (MZ073348), Blepephaeus succinctor (MZ073349), 

Monochamus sutor (MZ073350), Anoplophora glabripennis (MZ073351) and 

Aristobia reticulator (MZ073352) were retrieved from NCBI and performed multiple 

sequence alignment. After multiple sequence alignment, total 15 conserved regions 

were observed in the given sequences (Table 19). The entropy of mitochondrial DNA 

sequences were estimated and showed in Figure 44. 

 

 Figure 44. Entropy plot of mitochondrial genome sequence alignment of 9 longhorn 

beetle species. Entropy analysis of mitochondrial genome: Participated nucleotides: 

from nucleotide position 1 to 17509. X- axis = alignment position; Y- axis = entropy. 

Whole mitochondria genome of Batocera lineolata (Figure 45), Dorysthenes 

granulosus (Figure 46), Monochamus alternatus (Figure 47), Megopis sinica (Figure 

48), Xystrocera globosa (Figure 49), Blepephaeus succinctor (Figure 50), 

Monochamus sutor (Figure 51), Anoplophora glabripennis (Figure 52), and Aristobia 

reticulator (Figure 53) contains 37 genes and origin of replication was present in AT 

rich region. Batocera lineolata with 35.79%, Dorysthenus granulosus with 31.90%, 

Monochamus alternatus with 39.27%, Megapis sinica with 32.13%, Anoplophora 

glabripennis with 38.73%, Aristobia reticulator with 39.24%, Blepephaeus 
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succinctor with 36.88%, Monochamus sutor with 38.13%, and Xystrocera globosa 

with 34.36% of AT skew values respectively (Table 20).       

Table 19. Conserved regions found in the mitochondrial genome sequences of 9 

longhorn beetle species. 

 

 

Genome Conserved regions 

found 
Position Sequence Segmen

t length 

Mitochon

dria 
15 

3822-

3836 
AAAAATTTAGTTAAA 15 

5530 - 

5560 
ATTATATTTGACTTCCAATCAAAAAATCTAG 31 

6017 - 

6033 
TTTAGTTTCGACCTAAA 17 

6090 - 

6106 
TATCACTGTTAATGATA 17 

8866 - 

8882 
AAATGAACAAAAAATAT 17 

12735 

- 

12751 

AAACCAACCTGGCTCAC 17 

12766 

- 
12782 

AGATCATGTAAAATTTT 17 

12784 

- 

12801 

AAGGTCGAACAGACCTAA 18 

12832 

- 

12855 

TTTAATCCAACATCGAGGTCGCAA 24 

12887 

- 

12910 

ATTACGCTGTTATCCCTAAGGTAA 24 

13065 

to 

13081 

AAACTCTATAGGGTCTT 17 

13795 

- 

13812 

CCCTGATACACAAGGTAC 18 

14079 

- 
14096 

TGTTACGACTTATTTCAC 18 
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14389 
- 

14404 

ACAGGTTCCTCTGAAT 16 

  

14482 

- 

14505 

AATAATAGGGTATCTAATCCTAGT 24 

 

Table 20. Compute of nucleotide composition (%) in mitochondrial genome of 9 

longhorn beetle species. 

  

 

T C A G AT skew GC skew 

Batocera lineolata 35.71 16.22 38.77 9.30 35.79 -0.27 

Dorysthenus granulosus 31.70 17.85 39.54 10.91 31.90 -0.24 

Monochamus alternatus 39.26 12.30 39.76 8.68 39.27 -0.17 

Megapis sinica 31.98 18.57 37.75 11.70 32.13 -0.23 

Anoplophora glabripennis 38.71 13.08 39.62 8.59 38.73 -0.21 

Aristobia reticulator 39.24 12.76 39.33 8.67 39.24 -0.19 

Blepephaeus succinctor 36.84 15.47 38.48 9.21 36.88 -0.25 

Monochamus sutor 38.10 13.16 39.31 9.43 38.13 -0.17 

Xystrocera globosa 34.25 15.53 38.41 11.81 34.36 -0.14 

Avg. 36.18 15.00 39.00 9.81 36.25 -0.21 
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Figure 45. Whole mitochondria genome of Batocera lineolata. 

 

       Figure 46. Whole mitochondria genome of Dorysthenus granulosus. 
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Figure 47. Whole mitochondria genome of Monochamus alternatus. 

 

 

             Figure 48. Whole mitochondria genome of Megopis sinica. 
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             Figure 49. Whole mitochondria genome of Anoplophora glabripennis. 

 

 

            Figure 50. Whole mitochondria genome of Aristobia reticulator. 
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         Figure 51. Whole mitochondria genome of Blepephaeus succinctor. 

 

                Figure 52. Whole mitochondria genome of Monochamus sutor. 
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           Figure 53. Whole mitochondria genome of Xystrocera globosa. 

The probability of rejecting the null hypothesis that sequences have evolved 

with the same pattern of substitution, as judged from the extent of differences in base 

composition biases between sequences (Disparity Index test,). A Monte Carlo test 

(500 replicates) was used to estimate the P-values, which are shown below the 

diagonal. P-values smaller than 0.05 are considered significant (marked with yellow 

highlights) The estimates of the disparity index per site are shown for each sequence 

pair above the diagonal. This analysis involved 9 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd+Noncoding. There were a total of 17932 

positions in the final dataset (Table 21). 

Table 21. Test of the Homogeneity of Substitution Patterns between Sequences. 
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Each entry is the probability of substitution (r) from one base (row) to 

another base (column). Substitution pattern and rates were estimated under the 

General Time Reversible model. Rates of different transitional substitutions are 

shown in bold and those of transversionsal substitutions are shown in italics. 

Relative values of instantaneous r should be considered when evaluating them. For 

simplicity, sum of r values is made equal to 100, The nucleotide frequencies are A = 

39.00%, T/U = 36.18%, C = 15.00%, and G = 9.81%. For estimating ML values, a 

tree topology was automatically computed. The maximum Log likelihood for this 

computation was -91277.258. This analysis involved 9 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd+Noncoding. There were a total of 17932 

positions in the final dataset. The estimated Transition/Transversion bias (R) is 0.66 

(Table 22). Each entry shows the probability of substitution (r) from one base (row) 

to another base (column). For simplicity, the sum of r values is made equal to 100. 

Rates of different transitional substitutions are shown in bold and those of 

transversionsal substitutions are shown in italics. The nucleotide frequencies are 

39.09% (A), 35.39% (T/U), 15.33% (C), and 10.20% (G). This analysis involved 9 

nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All 

positions containing gaps and missing data were eliminated (complete deletion 

option). There were a total of 12842 positions in the final dataset. The 

transition/transversion rate ratios are k1 = 1.399 (purines) and k2 = 2.748 

(pyrimidines). The overall transition/transversion bias is R = 0.819, where R = 

[A*G*k1 + T*C*k2]/[(A+G)*(T+C)]. This analysis involved 9 nucleotide sequences. 

Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing 

gaps and missing data were eliminated (complete deletion option). There were a total 

of 12842 positions in the final dataset (Table 23). 
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                               Table 22. Maximum Likelihood Estimate of Substitution Matrix. 

  A T/U C G 

A - 12.09 3.05 3.68 

T/U 13.03 - 8.81 2.16 

C 7.92 21.23 - 2.16 

G 14.62 7.96 3.30 - 

  

                                 Table 23. Maximum Composite Likelihood Estimate of the  

                                 Pattern of Nucleotide Substitution. 

  A T C G 

A - 8.67 3.75 3.5 

T 9.57 - 10.31 2.5 

C 9.57 23.82 - 2.5 

G 13.39 8.67 3.75 - 

 

Disparity Index per site is shown for all sequence pairs. Values greater than 0 

indicate the larger differences in base composition biases than expected based on 

evolutionary divergence between sequences and by chance alone. This analysis 

involved 9 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. There were a total of 17932 positions in the final dataset 

(Table 24). 
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Table 24. Estimates of Net Base Composition Bias Disparity between Sequences. 

 

The difference in base composition bias per site is shown. Note that even 

when the substitution patterns are homogeneous among lineages, the compositional 

distance will correlate with the number of differences between sequences. This 

analysis involved 9 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. There were a total of 17932 positions in the final dataset 

(Table 25). 

Table 25. Estimates of Base Composition Bias Difference between Sequences.  

 

 Relative synonymous codon usage (RSCU) was determined to know the 

codon usage of the given sequences (Table 26). Lysine (L) amino acid was coded in 

the given sequences, followed by Arginine (R) and Valine (V) with an average codon 

usage was 5101. For phylogenetic analysis of whole mitochondria genome data, first 

we have done model test. The best fit DNA model was General Time Reversible 

Gamma distribution invariable (GTR + G + I), found the lowest BIC scores 

(Bayesian Information Criterion) with a value 173468.822. The number of base 

substitutions per site from between sequences are shown. Standard error estimate(s) 

are shown above the diagonal and were obtained by a bootstrap procedure (500 

replicates). Analyses were conducted using the Kimura 2-parameter model. This 

analysis involved 9 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were 
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eliminated (complete deletion option). There were a total of 12842 positions in the 

final dataset. Estimates of Average Evolutionary Divergence over all Sequence Pairs 

was 0.24 (Table 27). The evolutionary history was inferred by using the Maximum 

Likelihood method and General Time Reversible model. 

 

Table 26. Relative synonymous codon usage is given in parentheses following the 

codon frequency. 

Codon Count RSCU Codon Count RSCU Codon Count RSCU Codon Count RSCU 

UUU(F) 296 1.45 UCU(S) 100.9 1.47 UAU(Y) 225.6 1.51 UGU(C) 53.8 1.31 

UUC(F) 111 0.55 UCC(S) 62.8 0.91 UAC(Y) 73.4 0.49 UGC(C) 28.3 0.69 

UUA(L) 240.9 2.46 UCA(S) 103.2 1.5 UAA(*) 328.2 2.05 UGA(*) 75.2 0.47 

UUG(L) 64.9 0.66 UCG(S) 29.6 0.43 UAG(*) 77.6 0.48 UGG(W) 40.8 1 

CUU(L) 115.6 1.18 CCU(P) 68 1.48 CAU(H) 74 1.35 CGU(R) 10.2 0.33 

CUC(L) 46 0.47 CCC(P) 49.7 1.08 CAC(H) 35.8 0.65 CGC(R) 8 0.26 

CUA(L) 92.9 0.95 CCA(P) 54.9 1.19 CAA(Q) 102.6 1.57 CGA(R) 18.3 0.59 

CUG(L) 28.1 0.29 CCG(P) 11.3 0.25 CAG(Q) 28 0.43 CGG(R) 10 0.32 

AUU(I) 299.4 1.45 ACU(T) 88.9 1.53 AAU(N) 315.9 1.51 AGU(S) 56.1 0.82 

AUC(I) 82.4 0.4 ACC(T) 56.6 0.97 AAC(N) 101.6 0.49 AGC(S) 60.3 0.88 

AUA(I) 239.1 1.16 ACA(T) 70.3 1.21 AAA(K) 370.6 1.67 AGA(R) 77.8 2.52 

AUG(M) 50.9 1 ACG(T) 16.6 0.29 AAG(K) 73.7 0.33 AGG(R) 60.6 1.97 

GUU(V) 43.2 1.78 GCU(A) 27.9 1.66 GAU(D) 55 1.46 GGU(G) 15 1.07 

GUC(V) 12.9 0.53 GCC(A) 17.1 1.02 GAC(D) 20.6 0.54 GGC(G) 11.1 0.79 

GUA(V) 30.7 1.26 GCA(A) 19.9 1.18 GAA(E) 92.9 1.56 GGA(G) 18.8 1.34 

GUG(V) 10.2 0.42 GCG(A) 2.3 0.14 GAG(E) 26 0.44 GGG(G) 11.2 0.8 

 

The tree with the highest log likelihood (-91277.26) is shown. Initial tree(s) 

for the heuristic search were obtained automatically by applying Neighbor-Join and 

BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum 

Composite Likelihood (MCL) approach, and then selecting the topology with 

superior log likelihood value. The proportion of sites where at least 1 unambiguous 

base is present in at least 1 sequence for each descendent clade is shown next to each 

internal node in the tree. This analysis involved 9 nucleotide sequences. Codon 

positions included were 1st+2nd+3rd+Noncoding. There were a total of 17932 
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positions in the final dataset (Figure 54). The evolutionary history was inferred using 

the Maximum Parsimony method. The most parsimonious tree with length = is 

shown. The consistency index is 0.679108 (0.575564), the retention index is 

0.384882 (0.384882), and the composite index is 0.261376 (0.221524) for all sites 

and parsimony-informative sites (in parentheses). The MP tree was obtained using 

the Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in which the 

initial trees were obtained by the random addition of sequences (10 replicates). This 

analysis involved 9 nucleotide sequences. Codon positions included were 

1st+2nd+3rd+Noncoding. There were a total of 17932 positions in the final dataset 

(Figure 55). 

Table 27. Estimates of Evolutionary Divergence between Sequences. 

  

Gut microbiota of Batocera lineolata results were showed 539.62 Kb total 

output sequencing reads (Figure 56). After 48 h of sequencing run, total 889.61 Mb 

bases were generated (Figure 57). Read length histogram was used to determine the 

N50 was 1.94kb (Figure 58). Duty time was grouped and categorized into number of 

pores available, number sequences run, and active and inactive pores in the flow cell 

(Figure 59). The sequencing channel was available for sequencing in starting (Figure 

60A) as well as after sequencing run (Figure 60B). After sequencing filtering and 

trimming, only 1269993 unique sequences were available. Among them, 663918 

sequences were unique sequences with maximum length of sequence 1600 with a 

mean 936.554 (Table 28 and Table 29). The Krona visualization results showed 29 

species with 100% identity at the Taxa level (Figure 61). 
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Figure 54. Evolutionary analysis by Maximum Likelihood  method. 

 

Figure 55. Maximum Parsimony analysis of taxa. 
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Figure 56. Cumulative output of sequencing reads in 48h of sequencing run. 

 

Figure 57. Cumulative output of nucleotide bases in 48h of sequencing run. 
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A 

  

B  

 

Figure 58. Estimated N50 of estimated bases. (A) Total estimated bases (B) Total 

Basecalled bases. 
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Figure 59. Percentage of sequencing and available pores with time equivalent. 

        

        A                                                         
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B 

 

 
 

Figure 60. (A) Channel count with time interval. (B) Mux scan categorization with 

time interval. 

 

Alpha diversity and biodiversity indices of OTU‘s of gut microbiota were 

showed in Figure 70 and Table 29.  
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Figure 61. Visualization of different gut microbial taxa of Batocera lineolata. 

 

Table 28. After trimming, unique sequences present in representative data.  
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Table 29. Number of unique sequences present in given sequences. 

 

 

Figure 62. Alpha diversity of number of OTU‘s. 

 

Table 30. Estimation of biodiversity indices between OTU‘s. 

Label chaos sobs Berger parker Shannon 

0.03 14356761 5358 0.000187 8.59 
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6. Discussion 

6.1 Biodiversity of longhorn beetles 

This current study provides some data on the diversity, distribution and 

seasonal variation of beetles in Northeastern India, with 29 species of beetles being 

detected using only light traps over a 36-year period over vast areas of Northeastern 

India. This compares to other cerambicide studies conducted using multiple 

harvesting methods in Thailand, which found 87 species (Pase et al. 1973), 62 

(Beaver 1975) and 308 (Ponpinij 2011) species respectively. The results of this study 

show that a small percentage of real species occurs among the putative species, 

indicating that many of the 85% of beetle species in Thailand are not congregated 

with support for asymptotic species accumulation curve. This trend is similar to 

previous studies, which reported that between 20 and 50% of the estimated number 

of camphor species had not been recorded (Skvarla and Dowling 2017; Martínez-

Hernández et al. 2019; Burington et al. 2020), and other entomological studies show 

different proportions of species that have not yet been recorded for example, 24% to 

44% of ant species in the western Amazon rainforest in Ecuador (Wilkie et al. 2010); 

10-20% Auchenorrhyncha and Diptera in the tropical forests of Thailand (Plant et al. 

2018); and 18% of empidoid communities in Doi Inthanon National Park, Thailand 

(Plant et al. 2019). Therefore, in order to assess the fauna of the family 

Cerambycidae in Thailand, more research is needed using several combined 

sampling methods. The estimated species richness of camphor beetles from this 

study is generally similar to those reported in tropical countries that have a high 

insect biodiversity (Erwin 1982; Stork 2017), such as Laos with 1,156 species 

(Gressitt et al. 1970), Borneo, Indonesia with over 1,300 cataloged species and over 

2,000 expected species (Heffern 2005), South Yunnan, China with 220 species 

(Meng et al. 2013), India with 1536 species (Kariyanna et al. 2017), Australia with 

536 Lamiinae species (Slipinski and Escalona 2013) and Mexico with over 1600 

species (Pérez-Flores and Toledo-Hernández 2020). 

This study shows that many species are caught in small numbers, which 

represent a significant proportion of individuals and insects. Similarly, in other 

studies of longhorn beetle  communities, 19.5 to 56% were represented by separate 

organisms (Peris-Felipo and Jimenez-Peydro 2010; Peris-Felipo et al. 2011; Hanks et 
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al. 2014; Handley et al. 2015; Skvarla and Dowling 2017; Noguera et al. 2020). A 

study carried out in the southern part of Yunnan, China, showed that 166 of 193 

species inhabiting the forest zone are represented by only 1–6 individuals (Meng et 

al. 2013). In addition, this tendency is also found in other groups of insects with a 

high proportion of unique species in the sample, especially in tropical insects due to 

the insufficient number of samples (Stork 2017). The small number of camphor 

beetles caught in this study can be attributed to the limitations of the collection 

method used. The collection sites in this study are located at different heights from 

10 to 2200 m and are subdivided into three regions: low-lying (10-500 m above sea 

level), middle (501-1000 m above sea level), and high-altitude (1001-1300 m above 

sea level). The results of this study show that the relationship between species 

richness and height is significantly negative for hump structure, and the number of 

species increases with height in the early period; it then peaks at medium altitudes 

and then falls at high altitudes. These features are accepted as a general pattern 

(Rahbek 1995) found in several examples of insect distribution, including the 

richness of plant species, which decreases with increasing height (McCoy 1990; 

Hodkinson 2005; Maveety et al. 2011; Bouzan et al. 2015; Srisuka et al. 2015; 

Lefebvre et al. 2018; Burington et al. 2020; Fontana et al. 2020). Average altitude 

has many factors that make it suitable for insects, such as optimal temperature, 

greater host diversity, or food availability. 

The dominant collection sites with the highest species richness and diversity 

index of longhorn beetles (45% or 90 species of the total number of species from 

three sites) were the Loei forest unit, the Mae Fang and Panerntung hot springs found 

in lowlands and at medium altitudes (273-950 m above sea The first two plots are 

buffer zones located at the edge of the gardens, and the third plot is in a natural 

forest. Gardens, croplands, and natural forests support a high biodiversity of 

longhorn beetles (Meng et al. 2013), as well as the influence of forest edges (Duelli 

et al. 2020) on the distribution of beetles. Similarly, saproxyl beetles with higher 

species richness have been reported in temperate lowlands than in mountain forests 

(Weiss et al. 2016). In general, it can be assumed that cerbicides feed on living, dead 

or dead wood, as well as flowers, because these food supplies are more readily 

available in agricultural areas associated with agriculture of the local people of the 
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country. In addition, the dominant forests of both the Loei block and the Mae Fang 

hot springs suffer from forest fires, which increase the food source, i.e. the trees 

(Costello et al. 2011). 

The peak of the abundance and abundance of beetle species occurs during the 

warm season (from March to April) and the beginning of the rainy season (May). 

These seasonal patterns are similar to those reported (Ponpinij 2011) in a study of 

cerbicides in northern Thailand. A report from a study of tropical dry forests in 

Mexico found that the greatest species richness and abundance of cermbicides were 

found during the rainy season (Martínez-Hernández et al. 2019), while a study from 

Illinois, USA, showed that the cerbicide summer season began -March, when the 

abundance and species richness increase to a peak in mid-July and decline until the 

end of August (Hanks et al. 2014). In addition, the herbivorous beetle Galerucinae 

reaches its maximum abundance and abundance in tropical forests during the rainy 

season (Bouzan et al. 2015). Seasonality of the number of tropical insects is 

influenced by seasonal fluctuations between dry and wet seasons, which affect the 

availability of food resources (Wolda 1988; Da Silva et al. 2011; Bouzan et al. 2015; 

Martínez-Hernández et al. 2019; Ramos-Robles et al. 2020). The increase in forage 

often coincides with red leaves and forest blooming that occurs at the end of 

Thailand's dry or rainy season. When the structure of the Cerambycidae community 

was considered in this study, the level of the subfamily was compared with previous 

studies in Northern Thailand (Ponpinij 2011), the proportional number of species in 

each subfamily was generally similar. The largest number of species in the subfamily 

Lamiinae, followed by Cerambycinae and Prioninae, respectively; however, in 

several different subfamilies, three species from the same subfamily, Dorcasominae, 

while the former subfamilies Philinae and Aseminae did not perform satisfactorily in 

these studies. In terms of different collection methods, this study only used 

interfering traps, but previous studies used combined collection methods such as 

scanning, lamp trapping and direct search in habitats suitable for the Cerambycidae 

family.  

Principal component analysis, Detrended corresponding analysis, and 

Ordination analysis showed that most long beetle species are distributed over specific 

regions, and most are highly correlated with the low to medium height forest type 



132 

 

(with little similarity) among the selected biomes). We concluded that beetles are 

specific to narrowly distributed habitats. However, it is equally likely that these 

results are a consequence of the original TIGER sampling plan, designed specifically 

for the different locations. Here, data on the biodiversity of cerbicides in Thailand 

come from passive collection of nasty traps. , has no bait and acts as a barrier to get 

out without bias. The trap provides interesting data not only on the number of species 

and their abundance, but also on their distribution, which can be useful for 

agriculture and forestry, including as a conservation issue. Light traps are easy to 

use, set up and sample. It is an effective trap for catching a large number and variety 

of flying insects, it is usually used to monitor the diversity of insects (McCravy 2018; 

Plant et al. 2018; Plant et al. 2019), parasitic wasps (hymenoptera), bee communities 

(Fraser et al. 2008; Ngo et al. 2013) and is suitable for flying insects. While the nasty 

trap is not the best tool for collecting longhorn beetles, it has been used along with 

other methods to study the diversity of the Cerambycidae family, providing 

comprehensive information such as light traps, direct tree searches, and trap banging, 

bowls and cleaners as reported in several previous studies (Grootaert et al. 2010; 

Meng et al. 2013; Skvarla and Dowling 2017; Martínez-Hernández et al. 2019; 

Noguera et al. 2020). For further study, this work recommends combining interfering 

traps with other methods that can lead to better understanding and more complete 

information about the fauna of long-horned beetles is an important topic in the future 

as many species are bred as morphological species. This study collected cermbycide 

in forest areas where cermbicide larvae are likely to play an important role as 

primary plant decomposers. We hope to conduct further research on collections of 

fruit trees, rubber trees or commercial plantations to assess their impact on the 

economic relationship between the crop and the host tree. Finally, in this study, a 

large number of insects were trapped in an unpleasant trap. Only target insects 

(beetles) are classified. The order of Diptera, Membrane, aphids and other suborders 

was also assembled, as previously reported (Van Achterberg et al. 2010; Boulter et 

al. 2011; Geiger et al. 2016; Henry et al. 2018; Karlsson et al. 2020).We have 

classified these non-target insects into orders or families and kept them in good 

condition at low temperatures in the entomology section, Departmental Museum, 



133 

 

Department of Zoology, Mizoram University, Mizoram, where all entomology 

students interested in using the material for their research are open and welcome. 

6.2 DNA barcoding of longhorn beetles 

This study examined the effectiveness of DNA barcoding as a tool for 

identifying a significant portion of the northeastern cerambycidae fauna. The 

percentage of species with diagnostic barcode sequences is very high - 98.3%. The 

few cases of barcode recognition errors that we have observed involved closely 

related species, which are often also difficult to identify by morphological 

characteristics. In fact, even the species status of some of these taxa is controversial. 

For example, rove beetles Rybaxis laminate (Motschulsky, 1836) were considered to 

be synonymous with R. longicornis by Besuchet (Leach, 1817), but have recently 

been isolated based on differences in male genitalia as well as external 

characteristics. Although females are clearly morphologically indistinguishable 

(Ødegaard 2001). Another controversial case is that the monophasic weevil Cakile 

feeding Ceutorhynchus cakilis (Hansen, 1917) differs from its common and 

multispecies sister species C. typhae (Herbst, 1795) only because of its slightly larger 

size and slight difference in the elite puberty (Lohse 1983). However, interspecies 

division seems to explain only a small fraction of the 15 common barcoding cases 

that we have observed. Most of these taxa probably reflect an incomplete taxonomy 

of lineages after recent identification. Another possible explanation for the exchange 

of haplotypes is penetrance, but distinguishing between them will require more 

detailed genetic analysis, including nuclear markers. 

Although no previous study has examined such a large number of beetle 

species, analysis of Central European beetle species showed similar identification 

results (73 out of 75 species). They can be easily identified using DNA barcoding 

(Raupach et al. 2010), some animal groups have been reported to be 100% 

successful, but in general they deal with a much smaller number of species (7-260 

bird species and some insect groups studied by the authors (Hebert et al. 2004; Hogg 

and Hebert 2004; Ball et al. 2005; Chang et al. 2009; Zhou et al. 2009). North 

America has been studied on a similar scale by Hebert et al. 2010, with 99.3% of the 

1327 selected species possessing a DNA diagnostic barcode. A recent study by 

Noctuoidea (Zahiri et al. 2014) found that 90% of 1541 species (which is 99.1% of 
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Canada's owl species) can be clearly identified at the national level and 95.6% at the 

provincial level. 

The difference in closest neighbours between species in our study was 

significantly higher than that of species found in other groups. This difference may in 

part be due to sampling issues (Hebert et al. 2010), the divergence was significantly 

higher in coleoptera. Comparing differences between species is a bit difficult because 

early barcoding studies often reported average rather than minimal differences 

between species, which overestimated the distance between barcodes (Meier et al. 

2008), use the distance to the nearest neighbor. The overall average K2P difference 

between the nearest neighbouring species was 11.99% according to our data and was 

higher in general for the Polyphaga lines. This is more than the value reported by 

Hebert et al. (2010) as the average interspecific difference for the majority of 

Lepidoptera families (the average interspecific difference for all families in this study 

was 11.72%. Zahiri et al. (2014) reported that mean differences in K2P nearest 

neighbours ranging from 3.01% to 5.80% in Canadian Noctuoidea families. At least 

between these two main orders of insects, the difference in discrepancy seems to be 

real, since the distance between NNs in Coleoptera is much higher than in 

Lepidoptera. It may reflect differences in the mean age of species, different 

frequencies of COI mutations in the orders Coleoptera and Lepidoptera, or 

differences in nucleotide composition and patterns of nucleotide substitutions. 

Since the animal kingdom is dominated by allopatric traits, sister species often have 

little or no overlap in the hierarchy (Barraclough and Vogler 2000). Therefore, any 

regional study like ours often does not include sister taxa for many species. As the 

geographic sample size increases, the maximum difference between species will 

increase, and the distance to the nearest neighbor will decrease as more closely 

related pairs of species are selected and observed. Bergsten et al. (2012) observed 

this pattern in their work on the Dytiscidae of the western Palaearctic, and Hausmann 

et al. (2013) observed a similar trend in the European survey of geometric moth 

barcodes. The proportion of non-monophyletic species also increased with the 

increase in the geographic range of the sample in both studies. In geographically 

restricted subsets like Hausmann et al. (2013) and Bergsten et al. (2012) observed 

high success rates in barcode recognition. However, geographic scaling also poses 
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challenges in delineating species boundaries and therefore interpreting results. The 

species status of biological populations is difficult to assess because the concept of 

biological species can only be applied to sympathetic populations. This issue was 

discussed by Mutanen et al. (2012) show that some of the Arctic Lepidoptera pairs 

have been clearly misinterpreted as distinct species, while perplexing and 

misidentified examples of diversity preclude interpretation in other cases. Bergsten et 

al. (2010) suggested that including geographic distribution of species in the global 

barcode database would improve the accuracy of identity requests, but also noted that 

geographic restrictions on identity requests would be problematic in some situations, 

such as quarantine programs to intercept closely related species. 

The effect of sampling on the observed genetic differences both within and 

between species is clearly visible even on a local scale. Insufficient selection of 

species in a clade will inevitably lead to overestimation of the distance between 

barcodes. Our study of repeated sampling of Carabidae shows that the distance to the 

nearest neighbor decreases by about 30% (from 10.7% to 7.5%) as the species cover 

increases by a factor of 9 (from 20 to 180 species). as evidenced by an average NN 

interval of 7.28% in the Carabidae family and 8.66% in the Dytiscidae family, the 

main Adephaga family, compared to 11.37% in Staphylinidae and 11.74% in 

Chrysomelidae, the two Polyphaga families. Interestingly, previous studies have 

shown that the rate of nucleotide substitutions in the mitochondrial gene is lower in 

the Adephaga subunit than in the Polyphaga (Pons et al. 2010). This model also 

implies that the influence of geographic scale on barcode differentiation may differ 

between Adephaga and Polyphaga. 

Our research shows that the maximum difference within one species slowly 

but steadily increases with the number of analyzed samples. Bergsten et al. (2010) 

showed that to observe 95% of genetic variation in Agabus bipustulatus (Linnaeus, 

1767) on a continental scale, about 250 samples were required if random samples 

and 70 samples were used to optimized for checking geographic deviations. The 

required sample size is certainly much smaller for regional studies like ours, but we 

certainly see only a small fraction of the total regional genetic variation in most 

species. They are unlikely to be significantly reduced even when sampling over large 

areas. 
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Several barcoding studies (Hausmann et al. 2013; Mutanen et al. 2013; Zahiri et al. 

2014) have found species previously omitted even within taxa and regions believed 

to be well studied. This was the case in this study as well, as 5.7% of the species 

formed two or more separate barcoding groups, some of which also differed 

markedly in morphology. For example, our specimens of Hydrobius fuscipes 

(Linnaeus, 1758) (family Hydrophilidae), divided into three BINs, upon closer 

examination fully correspond to the three "genera" of this species known from the 

Nordic countries (subrotundus Stephens, 1829, Gerhardt rotbergii, 1872 and fuscipes 

s.str.). Fossen (2014) recently studied this species complex in more detail, combining 

morphological features with one mitochondrial and two nuclear loci and concluding 

that the three ―breeds‖ are in fact different Dictyoptera species. Aurora (Herbst, 

1784) (family Lycidae) is divided into two BINs with monomorphic differences, 

while Cassida nobilis Linnaeus, 1758 (family Chrysomelidae) consists of two BINs 

with contoured and colored components, clearly different bodies. These and similar 

cases will be discussed in more detail in future publications with a wider geographic 

sample, more barcode samples and detailed morphological research. In addition to 

missing species, some specific deep subdivisions may reflect infection by several 

Wolbachia strains or other endophytic species (Hurst and Jiggins 2005) or a mixture 

of previously isolated populations in different frost shelters. 

The fauna of northern beetles is relatively small and one of the most studied 

in the world, with a long history of intensive taxonomic research dating back to the 

time of Linnaeus. Regardless, our research has shown the likelihood that a stream 

will miss at least 20 species. As reported by Wirta et al. (2014), DNA barcoding can 

complement or even surpass traditional food web construction methods, even when 

related species are few and can be easily identified morphologically. Beetles are 

often the subject of forest ecological studies, as beetles, trees and fungi form the 

well-known 'ecological triangle'. Specimen identification currently requires 

significant time and money, and results can be obtained more efficiently by 

combining next generation sequencing techniques with the complete DNA barcode 

library, similar to the method used for biological monitoring of aquatic insects by 

Hajibabaei et al. (2011). 
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DNA barcoding demonstrates very high potential as a beetle identification 

tool, as well as a complement to the beetle taxonomist's toolbox. Even in those rare 

cases where the barcode did not allow identification of a species in this study, it 

reduced the sample to a pair (or triplets in one case) of closely related species and the 

life history of the beetle is the key to a deeper understanding of the structure and 

functions of the ecosystem projects in different geographic scales and classifications. 

Since DNA barcoding appears to be very effective in differentiating beetle species, 

our results offer hope for a comprehensive identification system for this group. 

Undoubtedly, the mapping of the diversity of undescribed insect species could be 

greatly accelerated if DNA barcoding became a regular part of this process. 

6.3 CO-1 Metabarcoding and Mitochondrial Metagenomics of longhorn beetles 

Metabarcoding and metagenomics protocols for terrestrial arthropods require 

further optimization and adaptation to new sequencing platforms. Previous studies 

have highlighted the importance of using cox1 as a target gene for eukaryotic 

hypercoding (Tang et al. 2012), especially in the case of soil arthropods (Ramirez 

Gonzalez et al. 2013). We demonstrate that two sets of primers and PCR conditions 

in bulk samples lead to continuous amplification on different Acari and Collembola 

lines showed no clear categorical bias during amplification. Several OTUs have also 

been found in other orders of soil arthropods, including Coleoptera, Isoptera, or 

Diptera, probably as a result of amplification of additional samples or tissues in the 

original common sample. Therefore, the primers and PCR conditions used to encode 

the cox1 metabarcoding seem to suggest a largely complete soil arthropod fauna. 

An important step in our approach to cox1 hypercoding is the use of two nested 

PCRs to label libraries, which allows processing a large number of samples in one 

cell, which is potentially necessary for studying biodiversity samples and long-term 

monitoring of arthropod soils. The NexteraXT Tracer Kit is widely used to amplify 

superbugs encoding the 16S rRNA gene and is based on the Illumina Sequencing 

Primer Secondary PCR protocol, which also includes dual tracers validated with each 

sample. Amplicon marker assemblies can be created and ordered with each other. 

This system has been applied here to cox1 barcodes for the first time and provides an 

accurate and easy way to process multiple community samples at the same time. 

Secondary PCR labeling reduces the efficiency of the differential primer and the 
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label skipping problems associated with conventional simple PCR super coding 

techniques (Schnell et al. 2015). An additional advantage is that, at current price, this 

method is an order of magnitude cheaper per sample than alternative protocols that 

use ligation to add primers to the library tag sequence. 

In addition, we developed a protocol using Illumina MiSeq yield up to 300 bp 

to characterize cox1 fragmentation ~ 650 bp. High quality 270 bp part of R1 reads 

was used to delineate OTUs where R2 reads were linked through shotgun splicing 

and mitochondrial genome information to produce an almost complete barcode for 

each OUT almost identical in terms of biodiversity profiles. Similarly, OTU 

differentiation was performed when reading the R1 super code in various parameter 

settings to filter the read quality, clustering algorithms and similarity thresholds. 

Showed a very consistent result for all three methods and the OTU count was nearly 

constant below the similarity. Therefore, the 97% threshold, which is widely used 

here, is supported as the general limit for classification determine the OTU in cox1 

supercoding, although the effects of the parameter setting and clustering method 

sometimes affect the diversity estimate (Flynn et al. 2015).Our results can show that 

the hypercoding technique is reliable, even based on a single read length, and can be 

easy for longer fragments, although the methods are close. Here, for sequencing a 

full cox1 barcode using internal primers (Shokralla et al. 2015) may improve 

phylogenetic position and identification at the species level, but the mitochondrial 

genome is sized. For this purpose, a full length, e.g. from MMG, is more desirable. 

In parallel to metabarcoding, we therefore conducted mitogenome assembly in Acari 

and Collembola from bulk samples and demonstrated the potential of the MMG 

approach for studying the extremely diverse soil mesofauna and possibly any 

complex metazoan community. Approximately 4% of all reads in the shotgun 

sequencing from bulk extraction were identified as mitochondrial, which was much 

higher than the proportion found in existing studies on beetles (Andujar et al. 2015; 

Crampton-Platt et al. 2015). We obtained contigs of  >8000 bp for around 30 species 

each of Acari and Collembola from a range of major lineages and thus greatly 

increased the available mitogenomes in the NCBI data base currently limited to one 

mitogenome for oribatid Acari and 10 for all of Collembola. The success of 

mitogenome assembly is greatest if DNA concentrations of individual DNA 
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extractions in the pool are equimolar (Gillett et al. 2014), and assembly success was 

shown to be greatly reduced by variation in DNA concentrations and intraspecific 

genetic variation in the bulk samples (Gomez-Rodrıguez et al. 2015). Working with 

complex mixtures of soil arthropod presumably created similar problems, but we still 

obtained a considerable number of long mitogenomes from these bulk samples. The 

results could likely be improved further by higher sequencing depth beyond the 25% 

of a MiSeq flow cell allocated per sample and in particular could recover the low 

biomass components of communities. 

The combined metabarcoding and metagenome library includes over 100 

Acari and Collembola species from just two acres of land. It is believed that the 

greatest diversity of soil arthropods is found in the surface layers (epidermal and 

hemiedaph regions; Burges and Raw 1967), which served as the starting point for the 

development of the database. A phylogenetic standard for Acari and Collembola has 

been chosen. MMGs provide this information through de novo aggregation of total 

and partial mitogenomes directly from mixtures and therefore quickly eliminate the 

lack of molecular resources for soil mesoderm. Binding to mitogenomes collected 

from mass samples can provide an evolutionary context for each of the OTUs, which 

become the endpoints of a phylogenetic tree in which morphological and ecological 

features are displayed. 

Thus, metabarcoding and metagenomics work together to characterize soil 

biomes and the species that make them up. Most of the voucher sequences 

corresponded to OTU clusters from coding supersets, but also from molecular 

clusters. However, the use of supramolecular codes without careful filtering or 

matching with established reference sequences (PCR-based cox1 barcodes or whole 

mitochondrial genomes) carries the risk of contamination and / or misidentification. 

Metabarcoding resulted in the largest number of species in our samples, of which 

only 75% or 85% be fully confirmed by metagenomic reading mapping for 

Collembola and Acari, respectively. Entities represented only by supercoding can be 

species that contribute very low biomass to the group, but can also be false, for 

example, due to PCR artifacts or nuclear pseudo-mitochondrial artifacts. They are 

assumed to be members of a low biomass community consisting of sample debris or 

free DNA, nutritional factors or internal parasites and symbionts from the target 
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samples, whereas laboratory contaminants cannot be excluded assembly) is resistant 

to recovery from these non-target groups and / or contamination. It is also important 

to note that all matching OTU ticket sequences correspond to objects retrieved using 

all three sequencing approaches, including the assembly of the measurement system. 

This may again indicate that some objects discovered only by hypercoding are sparse 

or small components of the sample, but most are consistently detected by all 

methods. 

6.4 Whole mitochondria genome and GUT Microbiota of longhorn beetles 

The mitochondrial genome of Ugyops sp. length is 15,259 bp, making it the 

smallest mitotic gene fully sequenced in modern Fulgoroidea. The mitotic system 

contains 37 genes (13 PCG genes, 22 tRNA genes and two rRNA genes) and one 

control region, as found in most insects (Boore 1999). The mitotic system is identical 

to that of Drosophila yakuba in that gene arrangement is considered to be the 

hereditary genetic order of insects (Clary and Wolstenholme 1985; Boore 1999). In 

Hemiptera, most species support the ancestral mitotic organization of insects (Song 

et al. 2012; Cui et al. 2013; Wang et al. 2013; Liu et al. 2014; Li et al. 2016) families 

Aleyrodidae (Sternorrhyncha) (Thao et al. 2004), Cicadellidae (Auchenorrhyncha) 

(Du et al. 2017), Delphacidae (Auchenorrhyncha) and five families of true insects 

(Heteroptera) (Hua et al. 2008; Li et al. 2012; Jiang et al. 2016; Song et al. 

2016).Alterations in the ordering of mitochondrial genes as a form of genomic 

alteration provide additional markers with significant potential for molecular 

systematization (Rokas and Holland 2000). In most orders of insects, conjugated 

conformational rearrangements occur at different taxonomic levels (Cameron 2014a) 

is observed in species of the derived subfamily Delphacinae, and gene order is 

unknown in other subfamilies such as Vizcayinae, Plesiodelphacinae, Kelisiinae, 

Stenocraninae, and nonDelphacinae. 

Mitochondrial genomes often show chain-specific aberrations in nucleotide 

composition due to asymmetric mutational pressures (Hassanin et al. 2005). Both 

sequences show that a subset of minority genes is highly distorted in each species, 

but the AT bias of all major genes was different for different species. Six of the 

species being compared the mitotic set of Ugyops sp. contains 13 PCGs, typical of 

the standard start codon ATN (Met) / Ile in the mitochondrial genome of animals, 
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assigned to 11 of all PCGs. Three genes (atp8, atp6, and cox2) begin with ATA, 

three genes (nad2, nad3, and nad6) with ATT, and five genes (cox3, cytb, nad1, 

nad4, and nad4l) with ATG. The exceptions are cox1 and nad5, which use non-

standard start codons CTG and GTG, respectively. In Hemiptera, the use of GTG as 

the start codon nad5 was also found in the white grasshopper S. furcifera (Zhang et 

al. 2014) and in the kissing insect Triatoma dimidiata (Dotson and Beard 2001). In 

addition, GTG is used as the source code for nad5 in many insects, such as several 

Diptera (Zhang et al. 2016b), Mecoptera (Beckenbach 2011), and Plecoptera 

(Stewart and Beckenbach 2006). Seven genes (atp6, cox1, cox3, nad1, nad4, nad5, 

and nad6) terminate in incomplete T-stop codons, presumably terminated by post-

transcriptional polyadenylation (Ojala et al. 1981). The rest of the genes have full 

TAA stop codons (atp8, cox2, cytb, nad2, nad4l, and nad6), with the exception of 

nad3, where TAG is used. 

The Do. paradoxical mitochondrial genome has a typical set of 22 tRNA 

genes (1 for each amino acid and 2 for each of the leucine and serine genes). These 

tRNAs are scattered throughout the mitogenome, between rRNA and PCG, ranging 

in size from 63 bp. for tRNACys up to 73 bp for TRNKAsp. Antodons are identical 

to those of other insects, Cerambycidae. With the exception of tRNASer (AGN), 

which lacks a stable root ring structure in the DHU arm, the other 21 tRNAs can fold 

into the typical secondary structure of the clover leaf. The tRNASer (AGN) structure 

has been observed in many species of multicellular animals, including insects 

(Wolstenholme 1992). Two rRNA genes (srRNA and lrRNA) were identified, 

located between tRNALeu (CUN) and tRNAVal, and between tRNAVal and the A + 

T rich region, respectively, in the Do. paradox mitogenome. The lrRNA and srRNA 

lengths were 1289 and 804 bp, respectively, within the range observed in fully 

sequenced Cerambycidae insects. 

The non-coding region is found in maximum insect mitochondrial DNA, 

despite the fact that the nucleotide sequence may be pretty divergent (Cameron and 

Whiting 2008; Kim et al. 2009). This motif has been recommended to be a possible 

recognition site for mtTERM protein, the transcription termina- tion peptide 

(Taanman 1999). The Do. paradoxus mitogenome has a complete of 10-bp overlap- 

ping sequences that adjust in length from 1 to 7 bp in 4 regions. The longest overlap 
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of 7-bp overlap become determined with the reading frames of ATP8/ATP6, that is 

not unusual place in insect mitogenomes (Boore 1999). The ultimate 3 overlaps are 

worried in tRNAs. The 1,180-bp A+T-rich region, positioned among srRNA and 

tRNAIle, famous the very best A+T content material of 82.71% (A 44.07%, G 

6.95%, T 38.64%, C 10.34%) with inside the mitogenome. In coleopteran insects, the 

presence of tandem repeats with inside the mitochondrial A+T-rich region has been 

observed, including 21 copies of a 58-bp repeat element in Trachypachus holmbergi 

(Coleoptera: Trachypachidae), 6 tandem repeats of a 312-bp sequence in Priasilpha 

obscura (Herbst) (Coleoptera: Phloeostichidae), 396-bp tandem repeat copies in 

Chaetosoma scaritides Westwood (Coleoptera: Melyridae), and seven copies of 57-

bp tandem repeats in Psacothea hilaris Pascoe (Coleoptera: Cerambycidae) 

(Sheffield et al. 2008; Kim et al. 2009). It has been tested that the latter poly-T 

stretch is a structural sign for the popularity of proteins that are involved in 

replication initiation, at the least amongst holometabolous insects (Zuker et al. 1999). 

The phylogenetic study produced virtually identical topology, showing two separate 

groups, the Cerambycidae and the Chrysomelidae, agreeing with the morphological 

analysis and the prior results (Nie et al. 2017). Both BI and ML analyses corroborate 

the Cerambycidae subfamily ranks (100% BI and 63% ML), the monophyly of 

Lamiinae, the most closely related between Philinae (Sp. Spinicornis) and 

Prioninae/Cerambycinae, which is of strong support values (100% for BI and 63% 

for ML) The Lamiinaes's monophyly. The BI analysis validated Prioninae and 

Cerambycinae's monophyly and 100 percent later probability for the closest 

connection between Prioninae and Philinae. But Prioninae's and Cerambycinae's 

monophyly and closest relationships were not reclaimed by ML analysis. The ML 

study was not successful. These results showed that in the future the monophysical 

nature and relationships of Prioninae and Cerambycinae and Prioninae should be 

further investigated. 

The microbial communities of A. glabripennis larvae sampled here were 

relatively different from those collected in previous studies of A. glabripennis larvae 

collected in Worcester, Massachusetts (range covered) imported (Scully et al. 2013) 

or from China. (Native Range) (Schloss et al. 2006); instead, the larvae selected for 

this study closely resembled the microbial communities of A. glabripennis larvae 
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collected in Brooklyn, NY (Geib et al. 2009). In the bacterial communities of A. 

glabripennis larvae from Worcester, Massachusetts, and China, Bacilli predominated 

(Schloss et al. 2006; Scully et al. 2013), while in the communities sampled in New 

York, they mainly belonged to the class Gammaproteobacteria. The population was 

introduced separately and descended from different Asian parent populations (Carter 

et al. 2010). These approaches facilitate biomonitoring programs based on entire 

arthropod communities to study responses to environmental change. Taxonomic 

characterization of biome composition was achieved using cox1 metabarcoding, 

while MMG also provided relative abundance (biomass) information over shotgun 

reads to study community dynamics. The MMG method also contributes to 

phylogenetic guide trees for evolutionary research linking ecosystem processes and 

functional diversity. explore the diversity and distribution of terrestrial animals and 

thus understand the significant and important part of the global biodiversity under 

our feet. 
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7. Summary  

 

 Total 2050 longhorn beetle specimens were collected from five states of 

Northeast India. Among them, 1077 from Mizoram followed by 350 from 

Arunachal Pradesh, 275 from Assam, 248 from Nagaland, and 100 from 

Meghalaya respectively. 

 Total 29 species were found. Among them 29 from Mizoram followed by 19 

from Nagaland, 15 from Arunachal Pradesh, 12 from Meghalaya, and 5 from 

Assam respectively. 

 These 29 species belong to 16 tribes (Lamiini, Apomecynini, Batocerini, 

Monochamini, Petrognathini, Crossotini, Phrissomini, Ancylonotini, 

Pteropliini, Agapanthiini, Xylorhizini, Prionini, Aegosomatini, Remphanini, 

Cerambycini, and Xystrocerini) of 3 subfamilies (Lamiinae, Prioninae, and 

Cerambycinae) respectively. 

 Among 29 species, 22 species belong to Lamiinae subfamily followed by 5 

belong to Prioninae, and 2 belong to Cerambycinae. 

 Thylactus simulans was the highest density (188) and species occurrence 

(100%, SO%), followed by Batocera horsfieldi density was (173) and species 

occurrence (100%). 

 The relative abundance (%) of longhorn beetles was highest in Mizoram 

(53%) followed by Arunachal Pradesh (17%), Assam (13%), Nagaland 

(12%), and Meghalaya (5%) respectively. 

 The relative abundance (%) of subfamilies such as Lamiinae, Prioninae, and 

Cerambycinae was highest in Mizoram (50%, 62%, and 60%). 

 Relative abundance (%) of subfamilies like 77% of Lamiinae, 15% of 

Prioninae, and 8% of Cerambycinae respectively. 

   Species wise subfamily relative abundance (%) was 72%, 21%, and 7% of 

Lamiinae, Prioninae, and Cerambycinae respectively. 

 The negative correlation was observed with elevation with an equation y = -

0.0056x + 13.903 and R² = 0.1314. 
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 The biodiversity indices such as Shannon (H), Simpson (1-D), Berger index, 

Brillouin, Evenness, Equitability, Margalef and Menhinick indices of 

longhorn beetles, Alpha diversity and Chao-1 results were observed highest 

in Mizoram state  

 A species accumulation curve (individual rarefaction) based on species 

numbers shows a non-asymptotic curve in each state and at each collection 

point, called under sampling at all collection points. 

 The cumulative SHE profiles show that all indices are likely to curve 

asymptotically for a short period of initial volatility, but all indices are 

represented by a single value. At higher values, the more unstable and patchy 

SHE curve (indicated by dots on the line) between collection sites (biotope) 

indicates that many other longhorn beetle species go undetected in the states 

as well as at collection points in Northeastern India. 

 Seasonal species richness and longhorn beetle abundance peaked in the 

northern, northeastern, central, eastern and western regions of northeastern 

India throughout the winter (October-February) and continue until the onset 

of rain (May), then peaks again during the warm season (April), while the 

species richness and abundance in the southern region is higher during the 

rainy season than during the hot season. 

 In component and ordination analyses, PCA (Principal component analysis), 

PCoA (Principal coordinate analysis), CCA (Canonical corresponding 

analysis), CA (Coordinate analysis), and cluster analysis indicated that most 

species of longhorn beetles were distributed in Mizoram region. 

 We have demonstrated the feasibility of barcode sequencing, which could be 

a step forward in biodiversity research. Genetic data are becoming an 

increasingly central component of evolutionary and ecological research, 

providing valuable information about the relationships between types, but 

only limited data are available on the diversity produced in different species. 

 Lower taxonomic levels, such as those described here, can help solve some of 

the problems. The above information is missing. In addition, if the quality of 

data obtained using mobile sequencing technology continues to improve, this 



147 

 

could affect the assessment of biodiversity by accelerating the rate of 

collection of genetic data even in extreme environmental conditions. 

 Rapid access to genetic data transfer can assist in the rapid identification of 

taxa in biodiversity research, as well as in the quantification of habitats, key 

drivers of population genetic diversity for the formulation of conservation 

strategies. 

 First, previous constraints on the time and resources required to identify 

regional and global biodiversity of longhorn beetles can be easily overcome 

(including sample size and sample size), and this work can now be extended 

to phylogenetic studies. Community ecology by incorporating phylogenetic 

information associated with cox1 genes through mitogenome. 

 Second, these approaches facilitate biomonitoring programs based on entire 

arthropod communities to study responses to environmental change. The 

taxonomic characterization of the community composition was achieved 

using cox1 metabarcoding, while the MMG also provided additional 

information on relative abundance (biomass) according to weapon readings to 

study of community dynamics. 

 Finally, the MMG method also contributes to phylogenetic guide trees for 

evolutionary research linking ecosystem processes and functional diversity. 

The successful application of the cox1 metabarcoding and MMG to a number 

of arthropod communities represents a powerful approach to addressing 

emerging issues and reviewing previous research on diversity and diversity. 

The spread of terrestrial animals, and thus we understand a large and 

important part of global biodiversity under our feet. 

 Mitogenomes has an average length of 15,038 bp, an average AT content of 

79.3%, positive ATskews, negative GCskews and consisted of 37 functional 

subunits (13 PCG, 22 tRNA, and 02 rRNA). PCG showed ATN as a start 

codon, TAA as typical clover-shaped tRNAs, with the exception of 

tRNASer1. Longhorn beetles were assigned to the known taxon of the 

considered taxon on the basis of external morphological aspects. The 

information obtained on the mitogenome of longhorn beetles evaluated here 
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may be useful for future taxonomic and evolutionary studies of longhorn 

beetles. 

 Despite the growing interest in studying insect gut microbiota, a wide variety 

of longhorn beetle species and the ecological functions they perform, 

microbial communities associated with microbiota and their overall gut 

biology remains unresolved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



149 

 

VIII. APPENDIX 

1. LIST OF ACRONYMS 

ABBREVIATED FULL FORM 

˚ Degree 

% Percent 

µL Micro litre 

mg Mili gram 

µg Micro gram 

ng/ mL Nano-grams per milli Liter 

kg Kilo gram 

C Celsius 

DNA Deoxyribonucleic acid 

RNA Ribonucleic acid 

dNTPs Deoxinucleotide Triphosphate 

EDTA Ethylene-diamine tetra-acetic acid 

Kb Kilo base pair 

PCR Polymerized Chain Reaction 

rpm Rotation per minute 

TAE Trisbase acetic acid EDTA 

SDS Sodium Dodecyl Sulfate 

h Hour 

M Molar 

Min Minutes 

bp Base pair 

CO1 Cytochrome oxidase -1  

MMG Mitochondrial Metagenomics 

GUT 

PCR 

Gastro intestrinal tract 

Polymerase Chain Reaction 
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Antioxidative, anti-inflammatory and anti-apoptotic action of ellagic acid 
against lead acetate induced testicular and hepato-renal oxidative damages 
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A B S T R A C T   

Lead (Pb), is an environmental toxicant, causes multi-organ dysfunction including reproductive impairments. 
This study designed to investigate the prospective antioxidative, anti-inflammatory and anti-apoptotic effects of 
ellagic acid (EA) on Pb-mediated testicular and hepato-renal toxicity. Four experimental groups of five male 
Long-Evans rats each were used: control, Pb (60 mg/kg), EA (30 mg/kg), and Pb + EA groups. All groups were 
given their respective treatment orally for 30 days. Pb exposure altered body and organs weight, food and water 
consumption, rectal temperature, Pb residue levels in tissues, liver and kidney function, sperm quality param-
eters, serum metabolic and hematology profiles, and impaired the oxidative/antioxidative balance in the 
testicular and hepato-renal tissue, as shown by the decreased antioxidant proteins (superoxide dismutase, 
catalase, glutathione peroxidase, and reduced glutathione) and increased the oxidative (MDA, lipid hydroper-
oxides, conjugated dienes, protein carbonyl, fragmented DNA and GSH:GSSG ratio) stress and inflammatory (IL- 
1, IL-6, TNF-α, prostaglandin, LTB4, NO, myeloperoxidase, LDH) markers. Moreover, a dysregulation in the stress 
response (HSP-70) and apoptotic-regulating proteins (BAX, BCL-2, and active Caspase-3) were recorded upon Pb 
exposure. Remarkably, EA oral administration reduced the Pb residue levels in tissues, improved the liver and 
kidney function, revived the spermatogenesis and sperm quality, restored redox homeostasis, suppressed the 
oxidative stress, inflammatory and apoptotic responses in the liver, kidney and testis tissue. Our findings point 
out that EA can be used as a phyto-chelator to overcome the adverse effects of Pb exposure due to its potent 
antioxidant, anti-inflammatory, and anti-apoptotic effects.   

1. Introduction 

Lead (Pb) has become a global health hazard (0.6%) because of 
exposure to animals and human beings with ingestion of feed and food, 
inhalation of industrial emissions, food chain, environment, and water 
resources (Ericson et al., 2016; Rehman et al., 2018). Globally, blood 
lead levels of 1 in 3 children (800 million) are estimated to be ≥ 5 μg/dL 
and over 275 million children in India suffer mild to severe effects of 
lead poisoning (Rees and Fuller, 2020). Pb is absorbed by the duodenum 
via DMT1 (divalent metal transporter 1), combined with erythrocyte 

protein and later dispensed to tissues and organs (García-Niño and 
Pedraza-Chaverri, 2014). One third of the total absorbed Pb is stored in 
the liver due to hepatic conjugation, followed by the kidney and finally 
the residual quantity is accumulated in various tissues and organs 
causing biomolecules (DNA, lipid, protein, RNA) injury, cell damage and 
cell death (Flora et al., 2006; Chen et al., 2019). Pb is multi-organ cu-
mulative toxicants that cause oxidative damage, hemato-biochemical 
alterations (Al-Omair et al., 2017) and interrupts organ functions 
causing various metabolic disorders (Caito et al., 2017; Gandhi et al., 
2017; Park et al., 2019). Inflammation and oxidative stress that play a 
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significant role in signaling pathways of Pb-induced cellular injury, 
necrosis and organ damage, which cause disproportionate generation of 
oxygen radicals and reactive oxygen species (ROS) resulting in harmful 
effects of altered cytokines activity, DNA damage, weakened use of 
oxygen, increased lipid peroxidation, protein oxidation and apoptosis 
(Bhattacharjee et al., 2021; Mutlu et al., 2021). The existing clinical 
treatment for Pb poisoning includes the use of chelation therapy with 
drugs (Offor et al., 2017) that has several side effects and hepato-renal 
malfunction (Kim et al., 2019). Considering limitations in the efficacy 
of chelating agents, there is still a demand and must find potent chela-
tors from plant origin in alleviating the chronic Pb intoxication. 
Furthermore, abundant evidence suggests that plant polyphenols have 
been reported in alleviating Pb toxicity by scavenging of free radicals 
and Pb removal from different organs (Li et al., 2020). 

Ellagic acid (dilactone of hexahydroxydiphenic acid, 2,3,7,8-tetrahy-
droxy-1-benzopyran-5,4,3-cde-1-benzopyran-5,10-dione, EA) is one of 
the natural polyphenolic antioxidants present in numerous fruits 
(pomegranate, persimmon, raspberry, black raspberry, strawberry, 
peach, plumes, almonds, walnuts, mango kernel), vegetables and nuts to 
the tune of 100–1900 mg/kg and contributes significantly to the dietary 
consumption as nutraceuticals or functional foods (Derosa et al., 2016; 
Shakeri et al., 2018; Evtyugin et al., 2020). EA demonstrates a broad 
array of biological roles including anti-inflammatory, anti-carcinogenic, 
anti-fibrosis, anti-diabetic, anti-ulcer, anti-viral, anti-microbial, anti--
apoptotic, anti-mutagenic and cardio-, hepato-renal and 
neuro-protective together with defense against oxidative stress, lipid 
peroxidation and free radical damage (Chen et al., 2019; Alfei et al., 
2020; Djedjibegovic et al., 2020; Mohammed et al., 2020; Zheng et al., 
2020; Aishwarya et al., 2021; Gupta et al., 2021). Because of its 
multi-target pharmacological properties endowed with multiple mech-
anisms of action, EA represents a potential therapeutic agent against 
heavy metal toxicity particularly organ damage and disorders. The 
purpose of this study was to investigate the potential anti-oxidative, 
anti-inflammatory and anti-apoptotic effects of ellagic acid and to 
explore the underlying mechanisms, i.e., how these effects act on male 
Long-Evans rats in modulating oxidative stress, inflammation and 
apoptosis induction by Pb. 

2. Materials and methods 

2.1. Animal experiments, design and sample collection 

2.1.1. Animal ethics 
All animal experiments were carried out in compliance with the 

ARRIVE guidelines for the care and use of Laboratory animals and 
approved by the Mizoram University Institutional Animal Ethical 
Committee, Mizoram University, Aizawl, Mizoram, India (Approval 
Number: MZU-IAEC/2018/04 dt. March 26, 2018). All efforts were 
completed to minimize suffering and distress of male Wistar albino rats. 

2.1.2. Animal maintenance 
Adult male Long-Evans rats (a cross between a female albino from 

the WISTAR Institute and a wild male Rattus norvegicus, strain code 006 - 
Charles River Laboratories India Pvt. Ltd., India, 13 weeks old, 105–139 
g) were accommodated in polypropylene rat cages (421 × 290 × 190 
mm) and were kept in a temperature-controlled room at 25 ± 2 ◦C, 50 ±
10% relative humidity, and 12h dark/12h light cycle. Rats were fed ad 
libitum with standard pellet diet, sterile water and acclimatized to the 
laboratory condition for two weeks. 

2.1.3. Experimental design and dose selection 
The adult Long-Evans male rats were randomly divided into four 

groups of six rats in each group. Both the untreated and treated rats 
group (4 group × 5 rats/group = 20 rats) received their relevant dose 
treatment orally once daily by oral gavage feeding needle for rat curved 
(18G × 15 mm) for 30 days. Lead (II) acetate trihydrate (Pb, 60 mg/kg, 

Sigma-Aldrich, USA, ≥99% purity) and EA (30 mg/kg, Sigma-Aldrich, 
USA, ≥95% purity) were dissolved in isotonic saline (0.9%) and 0.2% 
dimethyl sulphoxide (DMSO, Sigma-Aldrich, USA, ≥99.9% purity), 
respectively. The Pb and EA doses used were selected to be comparable 
to the doses used in preceding study (Offor et al., 2017). Pb and EA were 
dissolved in the vehicle (1000 μL each) administered sequentially with a 
gap of 30 min. 

Group 1 (Control): The negative control group of rats received 
isotonic saline (0.9%) and DMSO (0.2%) orally once daily by oral 
gavage tube for 30 days. 
Group 2 (Pb): The lead acetate treatment group of rats was treated 
with lead acetate (Pb, 60 mg/kg/day dissolved in 0.9% saline solu-
tion, p.o) for 30 days. 
Group 3 (Pb þ EA): Lead acetate + ellagic acid group of rats was 
administered with Pb (60 mg/kg/day dissolved in 0.9% saline so-
lution, p.o.) and EA (30 mg/kg/day dissolved in 0.2% DMSO, p.o.) 
for 30 days. 
Group 4 (EA): The positive control ellagic acid group of rats was 
treated with EA dissolved in the DMSO (0.2%) at a dose of 30 mg/kg/ 
day, p.o. for 30 days. 

2.1.4. Necropsy, collection and processing of serum and tissue samples 
All the male rats in the four treatment groups were killed by cervical 

dislocation after mild anesthesia using ketamine (60 mg/kg) after 30 
days of treatment. Blood collection was executed by retro-orbital sinus 
puncture method and blood samples were separated into two servings as 
one portion was assorted well with the anticoagulant, dipotassium EDTA 
for hematological analysis and the other portion without anticoagulant 
was maintained for 20 min for clotting at room temperature and then 
contained at 4 ◦C for 4 h. The serum was acquired by centrifugation at 
1198×g for 10 min, and later serum samples were aspirated and stored 
at − 20 ◦C for biochemical analysis. Liver, kidney and testis were 
immediately excised from each male rat and washed twice in ice-cold 
saline buffer (20 mM Tris–HCl, 0.14 M NaCl buffer, pH 7.4). After 
weighing, one part of the liver, kidney and testis tissue samples were 
fixed in the Bouin’s fixative for 24 h and then processed for histopa-
thology and immuno-histochemical analyses. The testis of each male rat 
was excised and processed for daily sperm production, sperm concen-
tration, sperm motility, sperm transit time and sperm DNA damage 
analyses. The liver, kidney and testis tissue (10% w/v) were homoge-
nized in an ice-cold 50 mM Tris-HCl (pH 7.4) using a tissue homoge-
nizer, sonicated (given 10 bursts, for 15 s each interval) using a sonicator 
(PCI Analytics, India, model: 500F) and then centrifuged for 15 min at 
3000×g at 4 ◦C. After centrifugation, supernatants were collected 
carefully and stored at − 20 ◦C for assays of hepatic, renal and testicular 
oxidative stress, inflammatory and antioxidant parameters (Al-Megrin 
et al., 2019; Abdelhamid et al., 2020). 

2.2. Body weight, organ indices, food and water consumption and rectal 
temperature 

Body weight (g), food consumption (g), water consumption (mL) and 
rectal temperature (◦F) were computed once in 2–3 days between 08:00 
h and 11:00 h for 30 days. Rectal temperature was measured using a 
greased thermocouple (2 mm) implanted 2.0 cm into the rectum of the 
Long-Evans rat for 1 min. The probe was connected to a digital device, 
which showed the temperature at the tip of the probe with ±0.1 ◦C 
precision and the values were documented manually. The per cent 
weight gain/loss was calculated as the following: [Final body weight on 
30th day (g) − initial body weight (g))/initial body weight (g)] × 100. 
The relative organ weight of liver, kidney, testis and accessory organs 
tissue samples was calculated as relative organ weight (g/100g) =
{[organ weight/body weight] × 100}. 
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2.3. Pb concentrations in liver, kidney and testis tissue samples 

The tissue Pb level assessed by flame atomic absorption spectro-
photometry Model 3100 (PerkinElmer, USA) and the Zeeman back-
ground correction system can accurately determine Pb in tissue samples. 
Initially, each group liver, kidney and testis samples (0.5–1 g) were 
oven-dried at 120 ◦C overnight. After overnight drying, again the sam-
ples were kept it in a cool muffle furnace and increased the temperature 
gradually to 450 ◦C with an increment of 50 ◦C/h. After cooling, the 
samples were then subjected for digestion by using ultra-pure concen-
trated nitric acid:perchloric acid at a ratio of 6:1and placed the ash on a 
hot plate to get dried. Consequently, the samples were resumed back to 
the muffle furnace at 450 ◦C, kept it for 1 h, and allowed to cool after 
completion of drying process. The ash dried sample was dissolved in 1 N 
HCl (1 g ash/1 mL HCl) and then, were diluted in 0.2% nitric acid. The 
instruments conditions used for measuring Pb concentration were 
wavelength 283.3 nm, slit 0.7 nm, atomization 2000 ◦C, read time 3s, 
sample volume 10 μL, and modifier volume 20 μL. The calibration curve 
was prepared using a blank and working standards solution (10–60 μg/ 
L). The Pb concentration in the liver, kidney and testis tissue samples 
was expressed as μg/g (wet tissue weight) (Szkoda and Zmudzki, 2005). 

2.4. Hematological analysis 

The hemocytometer and cyanmethemoglobin protocols were fol-
lowed to estimate the red blood cell (RBC) count, total white blood cell 
(TWBC) counts, packed cell volume (PCV) and hemoglobin (Hb) con-
centration, respectively (Thrall and Weiser, 2002; Higgins et al., 2008). 
The red blood cell indices, i.e., the mean corpuscular volume (MCV), the 
mean corpuscular hemoglobin (MCH), and the mean corpuscular he-
moglobin concentration (MCHC) were then computed. Additionally, 
differential leukocyte count was done manually by using blood smears 
stained with Giemsa stain (Feldman et al., 2000). 

2.5. Serum biochemical analysis 

Serum total protein (Lowry et al., 1951), aspartate amino trans-
aminase (AST, EC.2.6.1.1, Reitman and Frankel, 1957), alanine 
aminotransferase (ALT, EC.2.6.1.2, Reitman and Frankel, 1957), alka-
line phosphatase (ALP, EC.3.1.3.1, Kind and King, 1954), lactate dehy-
drogenase (LDH, EC. 3.1.3.1, King, 1959), urea (Fawcett and Scott, 
1960), creatinine (Bonsnes and Taussky, 1945), uric acid (Caraway, 
1955), nitric oxide (Raso et al., 1999), cholesterol (Trinder, 1969) and 
triglycerides (Trinder, 1952) levels of the four treatment groups were 
measured using commercially available diagnostic kits (Coral Clinical 
systems, Goa, India) as per the manufacturer’s instructions. The AST: 
ALT ratio and blood urea nitrogen (mg/dL) were calculated as AST 
(IU/mL)/ALT (IU/mL) and serum urea × 0.467, respectively. The serum 
testosterone assayed by ELISA kit (cat# AAE-1798, Labor Diagnostika 
Nord, Germany) as per the manufacturer instructions and the absor-
bance was observed at 450 nm using a microplate reader (SpectraMax 
M2e, Molecular Devices, USA). 

2.6. Sperm production, efficiency, quality and DNA damage 

The daily sperm production (DSP, the number of days that 
homogenization-resistant spermatids present in the seminiferous 
epithelium, × 106 sperms/testis/day) was computed as the number of 
homogenization-resistant spermatids/6.1 (Robb et al., 1978). Sperm 
production efficiency (DSPr, the daily sperm production relative to testis 
weight, × 106 sperms/testis/day/g) was calculated by dividing DSP with 
the testis weight. The sperm transit time over the epididymis (cauda and 
caput) was estimated by dividing the number of sperm in each portion 
by the DSP (Robb et al., 1978). The sperm concentration was calculated 
as mean no. of sperm counted (N) × multiplication factor (10,000) ×
dilution factor (20) and expressed as × 106 sperms/mL. Motility was 

scored from 50 random non-overlapping fields and calculated as 
motility (%) = {[No. of motile sperm/Total number of sperm] × 100}. 
The sperm viability was computed as viability (%) = {[No. of viable 
unstained sperm/Total No. of unstained live and pinkish stained dead 
sperm] × 100} (World Health Organization, 1999). 

Sperm morphology was assessed and the head (amorphous, banana 
and detached) and tail (coiled and broken) abnormalities were catego-
rized as described earlier (Roychoudhury et al., 2010). The sperm ab-
normality was weighed as percent abnormality = {[No. of abnormal 
sperm/Total no. of sperm] × 100} (Filler, 1993). Sperm head and tail 
abnormalities (Eosin Y staining) and DNA damage (acridine orange 
[AO] staining) were computed by following the methods of Talebi et al. 
(2011), respectively. DNA fragmentation index (DFI, %) was calculated 
as the ratio of denatured ssDNA to the sum of dsDNA and ssDNA and 
measured as normal when DFI is <30% (Sergerie et al., 2005). 

2.7. Inflammatory, oxidative stress and antioxidant defense biomarkers 

Inflammatory markers as interleukin (IL)-1, IL-6, IL-10, tumor ne-
crosis factor alpha (TNF-α), prostaglandin, leukotriene B4 (LTB4), nitric 
oxide (NO), myeloperoxidase, lactate dehydrogenase (LDH) were 
assayed in serum using Bioassay Technology Laboratory, (China) ELISA 
kits. Oxidative stress markers namely malondialdehyde (MDA, Ohkawa 
et al., 1979), lipid hydroperoxides and conjugated dienes (Reilly and 
Aust, 2001), protein carbonyl (Levine et al., 1990), fragmented DNA 
(Burton, 1956), superoxide dismutase (SOD, Asada et al., 1974), 
reduced glutathione (GSH, Ellman, 1959), catalase (CAT, Aebi, 1984), 
glutathione peroxidase (GPx, Tappel, 1978), glutathione disulfide 
(GSSG, Hissin and Hilf, 1976) and GSH:GSSG ratio were estimated in 
liver, kidney and testis tissue homogenates. Native polyacrylamide gel 
electrophoresis technique was performed in testis tissue for expression 
profiling of CAT (Treadwell and Hall, 1948), SOD (Ornstein, 1964; 
Davis, 1964) and GPx (Lin et al., 2002) and quantified. 

2.8. Histopathological and histomorphometric alterations and tissue 
damage assessment 

Liver, kidney and testis tissue samples were collected from the 
treatment groups, fixed in Bouin’s solution for 24 h and then, washed 
with lithium carbonate in 70% ethanol for 6 h. Paraffin-embedded 
sections (5 μm thickness) from each tissue block were dehydrated in 
ethyl alcohol, cleared in xylene, stained with hematoxylin and eosin 
stain and mounted in molten DPX (Dibutylphthalate polystyrene 
xylene). Tissue sections were examined using a microscope (Leica DM 
2500) with a digital camera (model-DFC 450C) (Leica Microsystems, 
Wetzlar, Germany) (Bancroft and Gamble, 2008). 

Liver, kidney and testis tissue damages were assessed using a method 
of blind to the source group and scored in all tissue sections using 10 
random non-overlapping fields from each slide at × 40 and × 100 
magnifications, respectively. Lesion scoring system was followed for the 
liver, kidney and testis tissues damage assessment (Hur et al., 2013; 
Abdelhamid et al., 2020). Testis injury and spermatogenesis were 
measured using Johnsen’s mean testicular biopsy score (JMTBS) 
criteria, the mean seminiferous tubule diameter (MSTD), and number of 
germinal epithelial cells (spermatogonia, spermatocytes, spermatids, 
Sertoli cells), and testicular interstitial tissue cells (Leydig cells) per 
seminiferous tubule (Johnsen, 1970; Russell et al., 1990). The tubule 
differentiation index (TDI) was calculated as TDI (%) = Percentage of 
tubules presenting type A or type B differentiation in 600 seminiferous 
tubules for each treatment group (6 tissue sections/group) (Meistrich 
and Van Beek, 1993). 

2.9. Immunohistochemical and western blot assay 

2.9.1. HSP70 and BAX 
Immunoreaction of HSP70 (testis) and BAX (liver, kidney, testis) was 
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detected in by the avidin-biotin-peroxidase complex (ABC) method (Hsu 
et al., 1981) using normal goat serum (1:500 dilution), mouse mono-
clonal HSP70 (1:200) primary antibody with biotinylated donkey 
anti-goat IgG-HRP conjugated secondary antibody (1:400) and mouse 
monoclonal BAX (1:50) primary antibody with goat anti-rabbit IgG-HRP 
conjugated secondary antibody (1:400) (Santa Cruz Biotechnology, 
USA) and 3,3′diaminobenzidine tetra hydrochloride (DAB) as per the 
manufacturer’s instructions. All tissue sections were scored using 10 
random non-overlapping fields from each slide at × 10 and × 40 mag-
nifications (Mobaraki et al., 2018) for HSP70. Intensity of Hsp70 
immunoreaction was graded (Rajabzadeh et al., 2011). The BAX stained 
area in the liver, kidney and testis was obtained using ImageJ and 
percent area of BAX staining ( × 40 magnification) was computed 
(Jensen, 2013). 

2.9.2. BCL-2 and active Caspase-3 
Western blotting of BCL-2 and active Caspase-3 was performed (N =

5) by following the method described earlier (Annie et al., 2020). 
Briefly, tissue homogenate (50 μg) from the liver, kidney and testis was 
separated on a 10% sodium dodecyl sulfate (SDS)–polyacrylamide gel 
and transferred to a polyvinylidene difluoride membrane (PVDF, Milli-
pore, India) using semi-dry apparatus for 30 min. To prevent nonspecific 
binding, the membranes were blocked (5% skim milk, Sigma-Aldrich, 
USA) for 30 min and incubated at 4 ◦C overnight with the respective 
primary antibodies, i.e., BCL-2 (1:500; rabbit polyclonal antibody, 
Elabscience, China) and active Caspase-3 (1:1000, mouse polyclonal 
antibody, St. John’s Lab, UK). Later, the membranes were incubated 
with appropriate HRP-conjugated secondary antibody (goat anti-mouse, 
1:4000, Merck Specialties, India) for 3 h at room temperature and 
visualized by ECL detection method. β-tubulin was used as the internal 
control. Expression levels of BCL-2 and active Caspase-3 were computed 
by densitometric analysis using ImageJ. 

2.10. Statistical analysis 

All data were presented as the mean ± standard error mean and 
statistical analysis was performed using SPSS (Windows version 20, 
USA). The results evaluated for normality and homogeneity by the 
Kolmogorov and Smirnoff test and Levene tests, respectively. Multiple 
variable comparisons were examined by one-way analysis of variance 
(ANOVA). Tukey’s multiple range post hoc test was used for the com-
parison of significance between groups. Correlation and regression 
analysis was performed to exemplify the relationship between the pro-
tective action of ellagic acid and lead acetate induced testicular and 
hepato-renal oxidative complications and their pathophysiological 
changes. Liver, kidney and testis tissues damage parameters and local-
ization of Hsp70 immunoreactivity results were analyzed with a 
nonparametric test (Kruskal–Wallis) and Dunn post-comparison test 
(Mohammadi et al., 2013). Probability level of p < 0.05 was considered 
significant. Multivariate analysis of variance (MANOVA) comprising of 
principal component analysis (PCA), hierarchical cluster analysis 
(Euclidean distance measure), and detrended correspondence analysis 
(DCA) was employed to validate the ameliorative action of ellagic acid 
on restoration of organ oxidative damage and strengthening of antiox-
idant defense system using PAST (PAleontological Statistics, 4.03 
version) software (Hammer et al., 2001). 

3. Results 

3.1. Protective effect of EA on Pb residue levels in blood, liver, kidney and 
testis 

A significant increase in Pb concentrations was observed in the liver 
(92.83 fold), kidney (44.04 fold), blood (25.25 fold) and testis (22.88 
fold) tissue samples collected from the Pb treated group rats (p <
0.0001) compared with the untreated control group rats. While, Pb 

intoxicated rats along EA-treated group (Pb + EA) significantly reduced 
(p < 0.0001) the Pb residue levels in the liver (3.99 fold), kidney (3.77 
fold), blood (3.71 fold) and testis (1.86 fold) tissues, compared to that of 
Pb treatment (Table 1). 

3.2. Modulatory action of EA on body weight, food and water 
consumption and rectal temperature 

A significant reduction in body (Fig. S1A) and organ weights 
(Table S1) and food and water consumption (Fig. S1B,C) were recorded 
in the Pb-administered group, while rectal temperature (Fig. S1D) was 
increased significantly. In contrast, EA supplementation alleviated the 
toxic effects of Pb on alterations in food and water consumption, rectal 
temperature and restored the body and organ weights in Pb + EA and EA 
group rats that were at par with the control group and no significance 
was observed (Fig. S1 and Table S1). 

3.3. Effect of EA on hematological parameters 

A significant reduction (p < 0.0001) in the RBC counts (1.89 fold), 
Hb concentration (1.61 fold) and PCV (1.38 fold) and an increase in the 
TWBC counts (1.54 fold) and lymphocytes (1.65 fold) were detected in 
Pb-intoxicated group rats than the negative control group. Meanwhile, 
no significant difference was noticed in the aforementioned parameters 
in the Pb + EA and EA group rats compared to the negative control 
group rats. The red blood cell indices (MCV, MCH and MCHC) and dif-
ferential leukocyte counts (neutrophils and monocytes) counts were 
insignificantly different from the negative control group in all test 
groups (Table S2). 

3.4. Effect of EA on hepato-renal biomarkers 

Pb induced oxidative stress and hepato-renal and testis tissue dam-
ages reflected by a significant increase (p < 0.0001) in the serum liver, 
kidney and testis metabolic disorder marker levels (AST - 3.57 fold; ALT 
- 5.23 fold; ALP - 2.23 fold; LDH - 2.17 fold; urea and urea nitrogen - 2.21 
fold; creatinine - 3.27 fold; uric acid - 2.65 fold; nitric oxide - 1.77 fold; 
cholesterol – 1.37 fold; triglycerides – 1.34 fold) of the Pb-intoxicated 
group rats compared to the normal untreated control group rats. The 
serum levels of the total protein were significantly repressed in the Pb- 
intoxicated group compared to the control group. In contrast, no sig-
nificant difference was detected in the aforementioned serum 
biochemical parameters in Pb + EA and EA treated group rats 
(Table S3). 

3.5. Effect of EA on sperm production, efficiency, transit time, quality and 
DNA damage 

Pb-intoxicated group rats exhibited a significant decrease (p <
0.0001) in sperm count in testis (absolute count: 1.81 fold; relative 
count: 1.66 fold) as well as caput (absolute count: 1.87 fold; relative 
count: 1.71 fold) and cauda (absolute count: 1.72 fold; relative count: 
1.58 fold) portions of epididymis about absolute and relative counts, 
respectively, compared to the control group rats (Table S4). Also, there 
was a significant reduction (p < 0.0001) in sperm motility (2.61 fold, 
Fig. S2A), DSP/testis (1.66 fold, Fig. S2B) and DSPr/sperm production 
efficiency (1.52 fold, Table S4) in Pb-treated rats than the control 
groups. As regards the sperm motility, less motile sperms with or 
without progressive movement was observed accompanied by more 
immotile sperms in the Pb-treated rat group compared with the control 
group. Epididymal sperm viability (3.88 fold, Table S4) and sperm 
concentration in cauda (1.72 fold, Fig. S2C) and caput (1.87 fold, 
Fig. S2D) were declined significantly (p < 0.0001) in Pb-treated group 
rats compared to the control group. In the Pb-treated rats, sperm transit 
time was decreased significantly in cauda (1.03 fold, p < 0.05, Fig. S2E) 
and caput (1.12 fold, p < 0.0001, Fig. S2F) compared to the control 
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group rats. However, there was a significant restoration in the sperm 
production, efficiency, viability and quality parameters in the EA sup-
plemented Pb-intoxicated rat group (Pb + EA group) than the only Pb- 
treated rat group. No significant change was noted on the sperm qual-
ity, quantity and sperm transit time in the Pb + EA and EA treated 
groups, compared to the control group (Fig. S2 and Table S4). 

Sperm morphology assessment showed a significant increase in 
sperm head (2.16 fold) and tail (2.46 fold) abnormalities in Pb-treated 
group rats compared with the control group. Banana head and coiled 
tail were the predominant phenotypes observed between the head and 
tail abnormalities (Table S5). EA supplementation alone or along with 
Pb (Pb + EA and EA groups) caused a significant decline from sperm 
abnormalities and shielded the sperm categorically from the harmful 
effects of Pb (Table S5). The high number of abnormally denatured 
ssDNA (orange/red fluorescent, AO+) was identified by AO staining 
method in the Pb-treated rat group whereas normal native dsDNA (green 
fluorescent, AO− ) was detected to be high in the other treatment groups 

as control, EA and Pb + EA (Fig. S4E-H). Additionally, sperm DNA 
damage was significantly high in Pb treated group rats (p < 0.0001) to 
the tune of 2.73 fold while it was decreased to 2.16 fold in EA- 
supplemented Pb-intoxicated rats (Pb + EA group) compared with the 
untreated control group. No significant difference was noticed between 
EA and control groups (Fig. S3A). DFI was observed to be 88.83% in Pb- 
treated group rats revealing the magnitude of sperm DNA damage to-
ward DNA integrity and chromatin condensation while, in the EA- 
supplemented Pb + EA group rats recorded 13.86% indicating its safe-
guarding and conservation role in sperm integrity (Table S5). 

The Pb-induced oxidative stress, tissue injury and organ toxicity led 
to a significant reduction (p < 0.0001) in serum testosterone levels in the 
Pb-treated group rats (6.75 fold) compared with the control rats. How-
ever, when the Pb-intoxicated rats were supplemented with the EA (Pb 
+ EA group), a significant regain and revitalization were evident in the 
serum testosterone levels at par with the control group rats (Fig. S3B). 
Positive correlation and regression was witnessed between serum 

Table 1 
Mitigated effects of ellagic acid treatment on the levels of lead accumulation, tissue damage parameters and Hsp70 immunoreactivity expression levels following lead 
acetate exposure in male Long-Evans rats for 30 days (p.o).  

Parameters Control Lead acetate (60 mg/kg/ 
day) 

Lead acetate (60 mg/kg/ 
day) +
Ellagic acid (30 mg/kg/ 
day) 

Ellagic acid (30 mg/kg/ 
day) 

F value$/ 
KW# 

P value 

Lead (Pb) concentration levels (wet tissue weight) 

Blood (μg/mL) 0.16 ±
0.01a 

4.04 ± 0.33b 1.09 ± 0.15c 0.15 ± 0.01a 102.93$ <0.0001 

Liver (μg/g) 0.24 ±
0.07a 

22.28 ± 1.92b 5.58 ± 1.74c 0.31 ± 0.09a 64.597$ <0.0001 

Kidney (μg/g) 0.25 ±
0.07a 

11.01 ± 1.44b 2.92 ± 0.52a 0.22 ± 0.06a 44.218$ <0.0001 

Testis (μg/g) 0.17 ±
0.02a 

3.89 ± 0.63b 2.09 ± 0.23c 0.06 ± 0.01a 29.289$ <0.0001 

Tissue damage score 

Liver tissue damage score 0a 3.80 ± 0.07b 0.70 ± 0.10c 0a 69.468# <0.0001 
Kidney tubular degeneration (TD) score 0a 3.71 ± 0.10b 0.91 ± 0.05c 0a 74.334# <0.0001 
Kidney tubular necrosis (TN) score 0a 3.86 ± 0.09b 0.86 ± 0.10c 0a 71.629# <0.0001 
Kidney tubulointerstitial inflammation (TIN) 

score 
0a 3.92 ± 0.07b 0.93 ± 0.05c 0a 74.839# <0.0001 

Kidney total histologic score (THS) 0a 7.65 ± 0.94b 1.79 ± 0.26c 0a 71.836# <0.0001 
Testis tissue damage score 0a 3.95 ± 0.08b 0.85 ± 0.08c 0a 73.28# <0.0001 
Johnsen’s mean testicular biopsy score 

(JMTBS) 
8.60 ±
0.16a 

6.17 ± 0.07b 7.88 ± 0.15a 8.25 ± 0.16a 28.396# <0.0001 

HSP70 reaction intensity level score in the germinal epithelium cells and testicular interstitial tissue 

Spermatogonia 0.92 ±
0.18a 

3.28 ± 0.20b 1.63 ± 0.26a 1.05 ± 0.21a 24.206# <0.0001 

Spermatocytes 0.70 ±
0.15a 

3.43 ± 0.22b 1.31 ± 0.21a 0.62 ± 0.16a 27.258# <0.0001 

Spermatids 0.40 ±
0.16a 

3.70 ± 0.15b 1.07 ± 0.19a 0.30 ± 0.12a 27.535# <0.0001 

Sertoli cells 0.31 ±
0.11a 

2.74 ± 0.30b 1.14 ± 0.25a 0.43 ± 0.16a 23.424# <0.0001 

Leydig cells 0.65 ±
0.18a 

3.21 ± 0.19b 1.50 ± 0.34a 0.60 ± 0.26a 23.718# <0.0001 

$Data are presented as mean ± standard error mean (n = 5 rats/treatment). Statistical comparison was performed using one-way ANOVA followed by Tukey’s post hoc 
tests for all pair-wise multiple comparisons. Different letters column wise indicate that treatment groups are significantly different at p < 0.05 and with similar letters 
indicate that treatment groups are not statistically significant at p > 0.05. 
#KW - Nonparametric Kruskal Wallis test and Dunn post-comparison test were performed. Data are presented as mean ± standard error mean (n = 10 random non- 
overlapping fields/treatment). Different letters row wise indicate that treatment groups are significantly different at p < 0.05 and with similar letters indicate that 
treatment groups are not statistically significant at p > 0.05. 
Liver and Testis tissue damage score: Normal: score - 0; <25% damage: score 1; 25–50% damage: score 2; 50–75% damage: score 3; 75–100% damage: score 4. 
Tubular degeneration (TD) and Tubular necrosis (TN) score: Absence - score 0; Mild (0–10%) - score 1; Moderate (10–25%) - score 2; Severe (25–50%) - score 3; 
Very severe (>50%) - score 4. 
Tubulo-interstitial inflammation (TIN) score: Absence - score 0; Mild (0–5%) - score 1; Moderate (5–10%) - score 2; Severe (15–25%) - score 3; Very severe (>50%) - 
score 4. 
Total kidney histologic damage score (THS = TD/2 + TN + TIN/2) score: Normal - score 0–2; Mild - score 3–5; Moderate - score 6–8; Severe - 9–10. 
HSP70 intensity score: no reaction = 0, poor reaction and very low intensity level = score 1, moderate reaction and low intensity level = score 2, strong reaction and 
moderate intensity level = score 3 and severe reaction and high intensity level = score 4. 
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testosterone and DSP (r = 0.93; y = 1.438 + 2.4528x, Fig. S3C), sperm 
transit time in cauda (r = 0.79; y = 444.1 + 0.3001x, Fig. S3D) and caput 
(r = 0.65; y = 9.233 + 0.2421x, Fig. S3E) and sperm motility (r = 0.91; 
y = 0.7077 + 7.5612x, Fig. S3F), respectively. As a whole EA supple-
ment restored the liver, kidney and testis integrity by modulating the 
levels of serum testosterone levels and other biochemical and physio-
logical indices. Thus, confirming the normal functioning of the liver, 
kidney and testis and further resist from oxidative stress. 

3.6. Mitigated action of EA on inflammatory, oxidative stress and 
antioxidant defense markers 

Compared with the control group, the levels of inflammatory (IL-1, 
IL-6, IL-10, TNF-α, prostaglandin, LTB4, NO, myeloperoxidase, LDH; 
Fig. 1A–I, respectively) and oxidative stress (MDA, lipid hydroperoxides, 
conjugated dienes, protein carbonyl, fragmented DNA, GSSG, GSH:GSSG 
ratio; Fig. S4A; Fig. S5A,F and Fig. 2A–F, respectively) markers in the 
testis, kidney and liver of Pb-intoxicated rats were significantly 
increased (P < 0.0001), which indicates that the Pb intoxication caused 
a significant systemic and local chronic inflammatory and oxidative 
stress syndrome in hepato-renal and testicular tissue. In contrast, EA 

supplementation significantly decreased the levels of inflammatory and 
oxidative stress markers and alleviates the inflammatory and oxidative 
stress state induced by Pb. 

The antioxidant defense (SOD, GPx, CAT, GSH) markers activities of 
the testis (Fig. S4B-D), kidney (Fig. S5B-E), and liver (Fig. S5G-J) tissue 
in the Pb-treated group showed significant reduction (P < 0.05) 
compared to the control group. However, these antioxidant defense 
markers in the liver, kidney and testis tissue were significantly increased 
and restored by treating the Pb-intoxicated rats with EA (Pb + EA group) 
(Fig. S4 and S5). A strong negative correlation and regression line was 
observed between MDA levels in the liver and kidney and the activities 
of CAT (Fig. S6A,E), GPx (Fig. S4B,F), SOD (Fig. S4C,G) and GSH 
(Fig. S4D,H). Thus, EA act as an antioxidant and play a crucial role in the 
scavenging of free radicals and ROS to strengthen the antioxidant de-
fense system by which alleviate oxidative stress and inflammation. 

3.7. Alleviative effect of EA on histopathological alterations and tissue 
damage 

Liver histopathological observations in the control (Fig. 3A and B) 
and EA (Fig. 3G and H) groups showed the normal arrangement of intact 

Fig. 1. Modulatory effects of ellagic acid treatment on inflammation in the testis, liver and kidney tissues of lead acetate intoxicated rats. (A) Interleukin (IL)-1 (pg/ 
mL). (B) IL-6 (pg/mL). (C) IL-10 (pg/mL). (D) Tumor necrosis factor alpha (TNF-α, pg/mL). (E) Prostaglandin (pg/mL). (F) Leukotriene B4 (LTB4, pg/mL). (G) Nitric 
oxide (NO, nmol/mg protein). (H) Myeloperoxidae (U/min/mg protein). (I) Lactate dehydrogenase (LDH, U/mg protein). Values are mean of five observations (n =
5). Statistical comparison was performed using one-way ANOVA followed by Tukey’s multiple comparison tests. Bar graph with different letter means statistical 
significant difference at p < 0.05 and similar letters are not significant. Control: Normal group; Pb: Lead acetate group (60 mg/kg); Pb + EA: Lead acetate (60 mg/kg) 
and ellagic acid (30 mg/kg) combined group; EA: Ellagic acid (30 mg/kg) group. 
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central veins with hepatocytes without any noticeable abnormalities in 
morphological structures. In contrast, Pb-treated group demonstrated 
the disorganization of the hepatic parenchyma, the damaged central 
vein (CV), vacuolated cytoplasm, hyperemia of the portal vein (P), 
hydropic degeneration producing sinusoidal occlusion (&), degenerated 
and vacuolated peripheral hepatocytes (DC) with focal necrosis along 
with neutrophil and lymphocyte infiltrations around the peri-portal 
areas (Fig. 3C and D) along with very high liver tissue damage score 
(3.80) and graded as severe. EA treatment remarkably alleviated the 

hepatic pathological alterations (Fig. 3E and F), showed a maximum 
protective effect, maintained the liver tissue integrity and lowering the 
tissue damage score (0.70) with normal grade for tissue architecture 
(Table 1). 

Renal histopathology of the control (Fig. 4A and B) and EA (Fig. 4G 
and H) groups showed normal sized renal structures of proximal con-
voluted tubule, distal convoluted tubule (#), Bowman’s capsule (B), 
Bowman’s space (BS) and glomeruli (G) while the Pb-treated group 
demonstrated structural distortions like interstitial congestion, 

Fig. 2. Protective effects of ellagic acid treatment on lead acetate induced oxidative stress in the testis, liver and kidney tissues of Long-Evans rats. (A) Lipid hy-
droperoxides (nmol/mg protein) level. (B) Conjugated dienes (nmol/mg protein) level. (C) Protein carbonyl (nmol/mg protein) level. (D) Fragmented DNA (%) level. 
(E) Glutathione disulfide (nmol/mg protein) concentration. (F) Reduced glutathione and Glutathione disulfide (GSH:GSSG) ratio. Values are mean of five obser-
vations (n = 5). Statistical comparison was performed using one-way ANOVA followed by Tukey’s multiple comparison tests. Bar graph with different letter means 
statistical significant difference at p < 0.05 and similar letters are not significant. Control: Normal group; Pb: Lead acetate group (60 mg/kg); Pb + EA: Lead acetate 
(60 mg/kg) and ellagic acid (30 mg/kg) combined group; EA: Ellagic acid (30 mg/kg) group. 
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infiltration, necrosis, hemorrhage, degenerated glomerulus with wide 
space (G) and detached basement membrane, degeneration and severe 
necrosis of the renal parenchymal cells with chronic inflammatory cells 
infiltration, interstitial congestion around glomerulus, high dilatation in 
inter tubular blood vessel, distal tubule with wide lumens (#), and 
deformed proximal tubule with detached brush border (Fig. 4C and D) 
together with very high damage score of TD (3.71), TN (3.86), TIN 
(3.92), and THS (7.65) and graded as severe (Table 1). EA-supplemented 
Pb intoxicated rat group showed a substantial decline in the 

pathophysiological changes and also rejuvenation of renal architecture 
(Fig. 4E and F) with very low damage score of TD (0.91), TN (0.86), TIN 
(0.93) and THS (1.79) and graded as normal (Table 1). 

Various spermatogenic stages of testicular germinal epithelial and 
interstitial cells, seminiferous tubules (SFT) separated from each other 
by the interstitial tissue (IT) and lumen fully packed with closely ar-
ranged seminiferous tubules (AC) were observed in the control (Fig. 5A 
and B) and EA groups (Fig. 5G and H) testis tissue sections while Pb- 
treated group exhibited symptoms of disrupted spermatogenesis as 

Fig. 3. Histological features of the liver tissue 
displaying the hepato-protective effects of ellagic 
acid on lead induced hepato-toxicity in male 
Long-Evans rats. (A, B) Control group. (C, D) 
Lead acetate treated group (60 mg/kg). (E, F) 
Lead acetate + Ellagic acid treated group (60 
mg/kg and 30 mg/kg, respectively) (G, H) Ellagic 
acid treated group (30 mg/kg). H&E: Hematox-
ylin and eosin staining, scale bar = 10 μm for ×
10 magnification (A, C, E, G) and 50 μm for × 40 
magnification (B, D, F, H); CV: Central vein; HC: 
Hepatocytes; P: Portal vein; &: Area of hemor-
rhage; DC: Degeneration of cells.   
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seminiferous tubule atrophy with complete loss of both germ and Sertoli 
cells, vacuolation, sloughing of germ cells, empty lumen, multinucleated 
cells, and wide interstitial space (Fig. 5C and D). The disordered sper-
matogenic events were remarkably reversed the uniformity of sper-
matogenesis (Fig. 5E and F) in the EA supplemented Pb-treated group 
showing its ameliorative effect of Pb-induced testicular injuries. Very 
low testis tissue damage score and high JMTB score in the Pb + EA 
treatment (0.85 and 7.88) compared with Pb-treated (3.95 and 6.17) 
groups signifying the gonado-protective effects of EA on Pb induced 
testicular toxicity (Table 1). 

3.8. Ameliorative action of EA on histomorphometric alterations of 
seminiferous tubules 

A significant reduction in TDI (rejuvenation of spermatogenesis 
estimated by counting the type B spermatogonia differentiation in 
seminiferous tubules) was observed in the Pb-treated group (16%) by 
impeding the differentiation of the surviving spermatogenic stem cells 
while EA supplemented Pb-intoxicated group significantly (39.67%, P <
0.0001) restored the competence of the testis to sustenance stem cell 
differentiation compared with the EA group (41.47%) and control group 

Fig. 4. Histopathological characteristics of the 
kidney tissue showing the restorative effects of 
ellagic acid on lead induced renal toxicity in 
male Long-Evans rats. (A, B) Control group. (C, 
D) Lead acetate treated group (60 mg/kg). (E, F) 
Lead acetate + Ellagic acid treated group (60 
mg/kg and 30 mg/kg, respectively) (G, H) Ellagic 
acid treated group (30 mg/kg). H&E: Hematox-
ylin and eosin staining, scale bar = 10 μm for ×
10 magnification (A, C, E, G) and 50 μm for × 40 
magnification (B, D, F, H); G: Glomerulus; B: 
Bowman’s capsule; BS: Bowman’s space; *: 
Mesangial cells; #: Distal Convoluted tubule.   
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(42.76%) rats (Table S5). 
Sustained exposure of Pb resulting in severe morphological changes 

in the seminiferous tubules of the Pb-treated group than the control 
group were observed including a significant reduction in the MSTD 
(139.32 and 264.15 μm), TTA (14.47 and 26.14 μm), and STEH (23.77 
and 76.14 μm), whereas an increase in the IS (12.48 and 8.79 μm) and TL 
(52.86 and 12.66 μm) (Table S6). EA supplemented Pb-treated group 
showed significant restorative effects on morphological alterations in 
the MSTD, TTA, STEH, IS and TL of seminiferous tubules, respectively 
(Table S6). 

The enumeration of number of testicular germinal epithelial cells 
(spermatogonia - 62.16%; spermatocytes - 58.24%; spermatids - 
36.74%; Sertoli cells - 40.81%) and interstitial tissue cells (leydig cells - 
70.25%) showed a significant reduction (P < 0.0001) in Pb treatment 
group compared to the control group while the extent of germinal cell 
changes in testis restored to varying degrees by EA treatment (Table S6). 

3.9. Influence of EA on testis HSP70 expression 

A severe immunoreaction (Fig. 6C and D) and high intensity-level 
score of Hsp70 immunolocalization (Table 1) were detected in testis 
germinal (spermatogonia: 3.28, primary and secondary spermatocytes: 
3.43, spermatids: 3.70 and Sertoli cells: 2.74) and interstitial cells 
(leydig cells: 3.21) of the Pb-treated group displaying the state of 
oxidative stress and inflammation in the testis due to Pb toxicity than the 
control (Fig. 6A and B) and EA (Fig. 6G and H) treatment groups while 
moderate immunoreaction (Fig. 6E,F) and a low intensity-level score 
(spermatogonia: 1.63, primary and secondary spermatocytes: 1.31, 
spermatids: 1.07, Sertoli cells: 1.14 and Leydig cells: 1.50) were marked 
in the Pb + EA treated group (Table 1) depicting anti-inflammatory and 
anti-apoptotic role of EA. 

Fig. 5. Histological illustrations of testis tissue 
sections viewing the mitigated effects of ellagic 
acid on lead induced testicular toxicity in male 
Long-Evans rats. (A, B) Control group. (C, D) 
Lead acetate treated group (60 mg/kg). (E, F) 
Lead acetate + Ellagic acid treated group (60 
mg/kg and 30 mg/kg, respectively). (G, H) Ella-
gic acid treated group (30 mg/kg). H&E: Hema-
toxylin and eosin staining, scale bar = 10 μm for 
× 10 magnification (A, C, E, G) and 50 μm for ×
40 magnification (B, D, F, H); SC: Spermatocytes; 
St: Spermatids; SC: Sertoli cells; L: Leydig cells; 
SFT: Seminiferous tubules; IT:, Interstitial tissue; 
MNC: Multinucleated cells; V: Vacuolated cells.   

R.M. Bidanchi et al.                                                                                                                                                                                                                            



Environmental Pollution 302 (2022) 119048

11

3.10. Influence of EA on mitochondria-dependent apoptotic pathway in 
Pb-induced organ toxicity 

To determine whether the Pb-induced organ toxicity in liver, kidney 
and testis is related to apoptosis, mitochondrial-associated cell death 
was examined by immunohistochemical and Western blotting for the 
expression of BAX, BCL-2, and active Caspase-3, respectively (Figs. 7 and 
8). BAX (Fig. 7) and active Caspase-3 (Fig. 8 B,D,F) expression levels in 
the liver, kidney and testis of the Pb-treated group were significantly 
higher (P < 0.0001), while BCL-2 expression was significantly lower 
than the control group (P < 0.0001). EA supplementation in the Pb- 
intoxicated group significantly suppressed the Bax and active Caspase- 

3 expression levels along with increased BCL-2 expression validating 
anti-apoptotic effects of EA (Figs. 7 and 8). The full Western blot of the 
BCL-2 (Fig. S7), and active Caspase-3 (Fig. S8) has been given in the 
supplementary file (Fig. S7 and S8) for reference. 

3.11. PCA, DCA and cluster analysis 

The PCA plot categorized the organ toxicity induced by Pb in the 
order of liver (Fig. S9A) > kidney (Fig. S9B) > testis (Fig. S9C) and 
further the EA supplementation significantly retrieved the Pb toxicity 
effect in Pb + EA group rats as displayed by three discrete clusters (liver, 
kidney and testis) as denoted by circle along with EA and control groups 

Fig. 6. Mitigated effects of ellagic acid treatment 
on Hsp70 expression levels in the testis of lead 
acetate exposed rats. (A, B) Control group. (C, D) 
Lead acetate treated group (60 mg/kg). (E, F) 
Lead acetate + Ellagic acid treated group (60 
mg/kg and 30 mg/kg, respectively). (G, H) Ella-
gic acid treated group (30 mg/kg). Scale bar =
10 μm for × 10 magnification (A, C, E, G) and 50 
μm for × 40 (B, D, F, H) magnification.* (A, B & 
G, H): Poor reaction and very low intensity in 
control and EA groups; *(E, F): Moderate reac-
tion and low intensity in Pb + EA group; #(C, D): 
Severe reaction and high intensity in Pb group.   
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Fig. 7. Immunoreactivity of BAX in the rat liver, kidney and testis tissue section. Untreated control group: liver (A), kidney (F) and testis (K) showing almost negative 
BAX immunoreactivity, respectively; Lead acetate treated group (60 mg/kg): liver (B), kidney (G) and testis (L) displaying strong BAX immunoreactivity (arrows), 
respectively; Lead acetate + Ellagic acid treated group (60 mg/kg and 30 mg/kg): liver (C), kidney (H) and testis (M) representing weak BAX immunoreactivity, 
respectively; Ellagic acid treated group (30 mg/kg): liver (D), kidney (I) and testis (N) viewing more or less negative BAX immunoreactivity, respectively. The 
quantification of Bax stained area in the liver (E), kidney (J) and testis (O) tissue by ImageJ showed significant (different alphabet letter, p < 0.0001) increase in the 
BAX staining in Pb group while Pb + EA, EA and control group showed significant decrease in the BAX staining, respectively. Scale bar = 50 μm for × 40 
magnification. 
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in the PCA plot (Fig. S9D). 
The DCA plot significantly exhibited the main factors (serum 

biochemical parameters, lipid peroxidation, antioxidant enzymes and 
sperm production and quality assessments) responsible for the mitiga-
tion of Pb organ toxicity in liver (Fig. S10A), kidney (Fig. S10B) and 
testis (Fig. S10C) tissues. Also DCA was categorized the treatment 
groups in the ascending order as Control > EA > Pb + EA > Pb in terms 
of alleviation of Pb toxicity in liver, kidney, and testis, respectively 
(Fig. S10D). 

Hierarchical cluster analysis was performed to catalogue the 
uniqueness of Pb tissue damage and organ toxicity in different treatment 
groups and mitigated effects of EA on rejuvenation of Pb-induced liver 

(Fig. S11A), kidney (Fig. S11B) and testicular (Fig. S11C) toxicity by 
Euclidean similarity index via UPGMA dendrogram and witnessed 
strong cophenetic correlation coefficient in terms of antioxidant defense 
by EA against Pb organ toxicity (Fig. S11D). 

4. Discussion 

Pb exposure has turn into a universal environmental pollution 
problem and intimidates the human and animal health in several ways 
(Javorac et al., 2021). Prolonged Pb exposure generated free radicals 
and ROS that causes organ damages because of oxidative stress toxicity 
and weakening of antioxidant defense system. The persistent 

Fig. 8. Alleviative action of ellagic acid on the expression of BCL-2 and active caspase-3 in the lead acetate intoxicated rats. The histogram signifies densitometric 
analysis of BCL-2 and active caspase-3 (mean ± SEM, n = 5). Ellagic acid significantly increased the expression of BCL-2 in the liver (A), kidney (C) and testis (E) 
tissue (p < 0.0001), whereas ellagic acid significantly decreased the expression of active caspase-3 in the liver (B), kidney (D) and testis (F) tissue (p < 0.0001). 
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accumulation of Pb in the body lead to Pb-intoxication and deaths, 
unless elimination of Pb via the therapeutic application of chelating 
drugs to restore metabolic imbalance and treat the heavy metal associ-
ated diseases (Kontoghiorghes, 2020). Several functional foods and 
plant nutraceuticals are not only having metal chelating properties and 
antioxidant activity but also involving in physiological events of metal 
transport, delivery and detoxification (Kontoghiorghes, 2020). As 
recognized antioxidants and phytochelators, EA and EA derivatives are 
signifying increasing importance toward commercial exploitation as 
natural antioxidants and phyto-chelators in metal detoxification, rein-
stating heavy metal metabolic imbalance and treating the allied diseases 
(Evtyugin et al., 2020). 

Pb is absorbed into the body via ingestion (20–70%) developing Pb 
poisoning and organ toxicity affecting mainly liver, kidney, reproduc-
tive organs and brain (Li et al., 2020). Liver and kidney are the main 
excretory sites of Pb and Pb is accumulated in these organs because of 
the presence of high affinity proteins (thymosin β4, metallothionein, and 
acyl-CoA binding protein) for Pb binding (Mabrouk et al., 2016). In this 
study, Pb residue analysis in the serum and tissue samples of Long Evans 
rats revealed a significant portion of absorbed Pb is stored in the 
hepato-renal tissues followed by circulating blood and testis tissue of the 
Pb intoxicated rats. This outcome agreed with earlier reports (BaSala-
mah et al., 2018; Al-Megrin et al., 2019). Besides, EA supplementation in 
Pb intoxicated group rats showed a significant reduction in hepatic, 
renal and testicular Pb concentrations because of its promising 
metal-chelating ability to minimize the binding of Pb to OH/CO groups 
by forming EA-Pb metal complex. This chelate complex possesses high 
water solubility and accelerates the detoxification (Kontoghiorghes, 
2020) during biotransformation process. Further, in-depth research is 
warranted in the line of binding of Pb by ellagic acid in the digestive 
system and their interaction in the detoxification of Pb. 

Polyphenols present in the functional foods, nutraceuticals and food 
supplements are playing a vital role in balancing the excessive produc-
tion of free radicals or ROS over oxidative stress induced by Pb exposure 
through mechanisms of enhancing redox homeostasis for protection 
against oxidative stress (Hartman et al., 2006). Our experimental data 
on inflammatory, oxidative stress and antioxidant defense markers 
evidenced that the testicular and hepato-renal protective properties of 
EA related to their strong anti-inflammatory and antioxidant efficacy to 
scavenge free radicals (Kusakabe et al., 2008; Abdelkader et al., 2020). 

Our results revealed that Pb exposure caused a significant decrease in 
the body weight and absolute and relative weights of liver, kidney, and 
reproductive organs of male Long Evans rats, as well as an elevation in 
serological liver, kidney and testis metabolic disorder marker levels 
which are a characteristic feature of Pb organ toxicity. Chen et al. 
(2019), Mohammed et al. (2020), and Bhattacharjee et al. (2021) 
demonstrated that EA protected the liver, kidney and testis tissue by 
restoring organ integrity and regenerative capacity and decreasing the 
elevated metabolic disorder marker levels in response to exposure to Pb. 

In this study, Pb treatment instigated a significant decrease in total 
RBCs count, Hb concentration, and PCV representing normocytic nor-
mochromic anemia by inhibition of aminolevulinic acid dehydratase 
(ALAD) that further prevents heme synthesis and generation of free 
radicals affecting iron metabolism due to Pb toxicity (Offor et al., 2017; 
Andjelkovic et al., 2019; El-Boshy et al., 2019). Increased production of 
WBCs and lymphocytes was noticed in Pb-administered rats showing the 
symptoms of leukocytosis and lymphocytosis which are associated with 
the Pb toxicity on leucopoiesis in lymphoid organs (Alwaleedi, 2016) as 
well as inflammation (Aladaileh et al., 2020). 

High oxidative stress (MDA, lipid hydroperoxides, conjugated di-
enes, protein carbonyl, fragmented DNA and GSH:GSSG ratio) and in-
flammatory (IL-1, IL-6, TNF-α, prostaglandin, LTB4, NO, 
myeloperoxidase, LDH) marker level in the testis, kidney and liver tissue 
reflects the generation of ROS (superoxide ion, peroxyl radicals, and 
hydroxyl radical) and RNS following Pb intoxication. These oxidative 
stress and inflammatory markers exert a harmful cytotoxic impact 

through its active by-product, peroxynitrite radicals (Albasher et al., 
2019). The reduced-to-oxidised glutathione ratio (GSH:GSSG) is an in-
dicator of the mitochondrial or cellular redox state. The increased GSH: 
GSSG in the liver, kidney and testis of rats exposed to Pb predispose the 
rats to oxidative stress (Cardoso et al., 2012). Protein carbonyls cause 
irreversible oxidative modification of cellular proteins. A significant 
increase in protein carbonyl level indicates oxidative degeneration of 
cellular proteins (Dalle-Donne et al., 2003). Prolonged exposure of Pb 
exhibited severe hepatic histopathologic alterations, hepatic tissue 
damage, significant alterations in serum liver enzymes, lipid profiles and 
total protein levels resulting in the possible complications of: 1) loss of 
hepatocytes membrane integrity and induction of lipid peroxidation 
(Laamech et al., 2017), 2) disruption of protein synthesis and liver 
dysfunction (Shalan et al., 2005), 3) damage the lipoproteins cell surface 
receptors and prevent the action of hepatic lipoprotein lipase enzyme 
(Liu et al., 2018), and 4) impede the cytochrome P-450 activity, bile acid 
biosynthesis and the removal of cholesterol (Dewanjee et al., 2013; Lu 
et al., 2018). Further, these interpretations are in corroboration with the 
findings of Offor et al. (2017), Abdelhamid et al. (2020) and Javorac 
et al. (2021). High serum NO and low SOD levels in the Pb group are the 
signs of induction of oxidative stress by Pb in hepato-renal and testicular 
tissues via reactive nitrogen species (RNS) formation and surplus NO 
responds with the superoxide anion (O2•-) generating the peroxynitrite 
(ONOO-) radical (Dkhil et al., 2020) that causes tyrosine residues in 
proteins (ATSDR, 2020). This study demonstrated a significant increase 
in serum biochemical profiles in the Pb group because of the degener-
ation of liver, kidney and testis tissue by necrosis through enhancement 
in ROS levels and in turn reducing the antioxidant enzyme reserve (CAT, 
SOD, GST, GPx and reduced GSH) (Orr and Bridges, 2017; Mitra et al., 
2017). Interestingly, EA administration along with Pb was found to 
amend the oxidative and inflammatory status by restoring the activity of 
antioxidant enzymes and lowering the levels of pro-oxidant molecules in 
the testicular and hepato-renal tissue. 

Pb toxicity mainly interrupted the germinal cell differentiation, 
impaired spermatogenesis, altered the histopathology and testis func-
tion by decreasing serum testosterone level and as a result affected the 
sperm quality with abnormal sperm morphology and DNA damage, 
which was in agreement with the observations of Hassan et al. (2019), 
El-Khadragy et al. (2020). Hormonal reduction resulting from Pb 
exposure is accredited to the impairment of the 
hypothalamus-pituitary-gonadal axis (Gandhi et al., 2017). Pb exposure 
induces degeneration of the pituitary gland gonadotrophic cells (Ham-
adouche et al., 2013) and induces apoptotic signals in the Leydig cells 
(He et al., 2016). Additionally, Pb inhibits steroidogenic enzyme pro-
duction in Leydig cells resulting in reduced testosterone secretion 
(Huang and Liu, 2004). EA supplementation has significantly restored 
the serum testosterone level, spermatogenesis, sperm morphology, DNA 
integrity, sperm quality, testis ultrastructure and testicular function 
(Sharma et al., 2018; BaSalamah et al., 2018; Abdelhamid et al., 2020). 

Pb treatment led to Pb binds with the sulfhydryl group of antioxidant 
enzymes and deactivating their action (Abdel-Moneim, 2016), inhibit-
ing the function by substituting their metal cofactors and down-
regulating the antioxidant enzymes mRNA expression (Al-Megrin et al., 
2019). This decreased antioxidant activity is associated with an imbal-
ance between the prooxidants (MDA, lipid hydroperoxides, conjugated 
dienes, protein carbonyl, fragmented DNA and GSH:GSSG ratio) and the 
endogenous antioxidants (SOD, CAT, GPx, and GSH) in the liver, kidney 
and testis resulting in overproduction of ROS (superoxide ion, peroxyl 
radicals, and hydroxyl radical, reactive nitrogen species), oxidative 
degeneration of cellular proteins and DNA fragmentation involved in the 
induction of oxidative damage (Cardoso et al., 2012; Ajiboye et al., 
2015; Abdel-Daim et al., 2020; Baty et al., 2020). EA treatment 
ameliorate the oxidative stress damage caused by Pb because of their 
cytoprotective and antioxidant effect on the liver, kidney and testis 
tissue, presumably through different mechanisms such as ROS quench-
ing and enhancing the content of glutathione and its associated 
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antioxidant enzymes and their mRNA expression (Mallya et al., 2017). 
Inflammatory (IL-1, IL-6, IL-10, TNF-α, prostaglandin, LTB4, NO, 

myeloperoxidase, LDH) markers are involved in oxidative stress. These 
markers are crucial in the progression of oxidative stress linked with 
ROS production and the triggering of activated NF-κB to translocate to 
the nucleus and regulate the expression of pro-inflammatory genes 
involved in inflammatory and immune responses, and the susceptibility 
to fibrosis, apoptosis, and acute phase responses that cause tissue and 
organ damage (Hritcu et al., 2015; Al-Megrin et al., 2019, 2020). Since 
the levels of these inflammatory markers were significantly lower in the 
EA supplemented Pb-treated group compared to the Pb-treated group 
suggesting that EA also has a potent anti-inflammatory activity through 
down regulating the inflammatory mediators ((IL-1, IL-6, TNF-α), via 
JNK-MAPK pathway (Chao et al., 2010; Chen et al., 2019; Bhattacharjee 
et al., 2021). 

Heavy toxic metal and oxidative stress cause changes in the pattern 
of HSPs and HSP70 is responsible for protein function (folding, assembly 
and translocation), anti-apoptosis, and anti-inflammatory (Housby 
et al., 1999; Kusakabe et al., 2008). Overexpression of Hsp70 in the testis 
of Pb-treated group was used as a biomarker of oxidative stress and may 
be correlated with the defense mechanism of cellular apoptosis against 
Pb-induced oxidative stress in seminiferous tubules. In contrast EA 
supplementation downregulated the HSP70 expression involved in 
protection against Pb-induced oxidative stress. 

Earlier studies shown that oxidative stress and inflammation caused 
by heavy metals result in induction of mitochondrial ROS and activation 
of mitochondrial apoptotic proteins (BAX BCL-2 and active Caspase-3), 
leading to cellular apoptosis and organ damage. Apoptosis is regulated 
by BAX, BCL-2 and active Caspase-3. BAX (accelerating apoptosis) and 
Bcl-2 are apoptotic and anti-apoptotic proteins, respectively, and the 
ratio of those two proteins determines the occurrence of cell apoptosis. 
Caspase-3 is one of the major effectors of apoptosis and activation of 
caspase-3 designates irreversible cell apoptosis (Feng et al., 2016; Chen 
et al., 2019). The BCL-2 is a significant protein molecule to inhibit 
apoptosis and its overexpression can effectively prevent the apoptosis 
induced by oxidative stress and inflammatory markers (Abdel-Daim 
et al., 2020). 

Pb treatment downregulated the BCL-2 expression that act upstream 
of BAX and active Caspase-3, and thus, apoptosis is triggered by acti-
vating the Caspase-3 leading to irreplaceable cell death While EA 
treatment had anti-apoptotic effects on the Pb-induced organ damage on 
the liver, kidney and testis by declining the percentage of BAX and 
increasing the percentage of BCL-2, which is viewed as a key factor of 
cell survival, through the inhibition of the activation of caspase-3 (Chen 
et al., 2019; Bhattacharjee et al., 2021). 

EA has the capacity to induce detoxifying enzymes by regulating 
multiple pathways (García-Niño and Zazueta, 2015) including: (i) trig-
gering of the antioxidant response through the nuclear erythroid 
2-related factor 2 (Nrf2) (Ding et al., 2014) which regulates the 
biosynthesis of glutathione, involved in the regulation of the expression 
of several cytoprotective genes that antagonize oxidative and inflam-
matory damage; (ii) inhibition of proinflammatory agents, such as 
cyclooxygenase (COX-2) and cytokines by nuclear factor-kappa B 
(NF-κB) (Al-Megrin et al., 2019); (iii) suppressive effect on the formation 
of ROS and stimulatory effect on endogenous antioxidant activity by its 
free radical scavenging property (García-Niño and Zazueta, 2015); (iv) 
reduces LPO via interference with oxidation processes by removal of 
excess of O2 and H2O2 through restoring the reduced CAT and SOD 
activity (Vijaya Padma et al., 2014) and (vii) modulating the SOD levels 
by protecting hepato-renal and testicular tissues from the toxic effects of 
Pb (Fan et al., 2020). In the present study, the co-administration of EA 
with Pb significantly improved the Pb toxicity complications possibly by 
aforementioned mechanisms. 

5. Conclusion 

Our study has proven that Pb administration in male long Evans rats 
at a dose of 60 mg/kg p.o. for 30 days prompted Pb accumulation in the 
liver, kidney and testis tissues that intensified oxidative/nitrosative 
stress resulting in a significant increase in the rectal temperature, liver 
and kidney function parameters, leukocytes and lymphocytes, serum 
lipid profiles, lipid peroxidation, anomalies in liver, renal and testis 
histology, liver, kidney and testis damage scores, HSP70 inflammatory 
markers, sperm abnormality and sperm DNA damage. In contrast, body 
and organs weights, RBC, Hb and PCV profiles, serum total protein 
levels, sperm quality, sperm production and tissue antioxidant enzymes 
were significantly reduced compared to the control rats. On the con-
trary, oral supplementation of EA a) prevents Pb accumulation in liver, 
kidney and testis tissues and acting as a phyto-chelator, b) rejuvenates 
the system functions by maintaining body and organ weights via proper 
intake of diet, c) facilitates the normal functioning of liver and kidney by 
improving the hematological, serum lipid and biochemical profiles, d) 
restores the histopathological and histo-morphological anomalies of 
liver, kidney and testis, e) refurbishes the testis function, spermato-
genesis and sperm quality, f) alleviates the oxidative stress and inflam-
mation by strengthening the antioxidant defense system in liver, kidney 
and testis, g) protects the liver, kidney and testis tissues via HSP70, BAX, 
BCL-2 and active Caspase-3 proteins to inhibit inflammatory and 
apoptotic pathways, and h) guard the cells against stress and injuries 
and resistant to Pb interactions (Fig. S12). Against this backdrop, it is 
concluded that EA has antioxidant, anti-inflammatory, anti-apoptotic as 
well as hepato-renal and testicular protective activities and can be used 
as a phyto-chelating agent against Pb toxicity in alternative therapeutic 
strategy after extensive clinical trials. 
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Abstract
DNA isolation is critical in many molecular biology studies, including genetics and genomics. Various DNA isolation 
techniques have been established to extract DNA from beetle species with DNA isolation kits available on the market. The 
polymerase chain reaction (PCR) success rate depends on the quality of DNA extracted from biological samples. In this study, 
four DNA isolation methods were compared, Chelex 100, N-cetyl-N, N, N,—trimethyl ammonium bromide (CTAB), Sodium 
Dodecyl Sulphate (SDS), and Tris, NaCl, EDTA, SDS (TNES), to determine the amount and quality of DNA obtained, the 
amount of time it took, and the effects of ethanol volume, incubation time, and temperature on DNA precipitation. The Chelex 
100 method was the most successful compared to other methods and proved to be the superior DNA isolation method. We 
obtained the best amplification results for the beetle cytochrome oxidase 1 (CO1) gene at A1 Master Mix concentrations 
and A5 PCR cycle conditions. This study provides a road map for selecting the optimum DNA isolation methods for beetle 
species based on DNA quality, quantity, time consumption, cost, protein contamination, and success rate. The DNA isolated 
by the four DNA isolation techniques was suitable for further molecular studies like conservation genetics and genomics.

Keywords Beetles · Chelex 100 · DNA purity · DNA isolation · PCR

Introduction

DNA isolation is the first step for DNA barcoding, molecular 
identification, genomics, and the genetic studies of insects 
(Moritz and Cicero 2004; Allen et al. 2006; Schill 2007; 
Miller et al. 2009; Lagisz et al. 2010; Dittrich-Schroder et al. 
2012; Athanasio et al. 2016). A variety of techniques have 
been developed and established to isolate DNA from insects 
to identify the conserved regions in mitochondrial, riboso-
mal, and nuclear DNA molecules using PCR (Kocher et al. 
1989; Milligan 1998; Fitzpatrick et al. 2010; Albers et al. 
2013). Commercial insect DNA isolation kits are fast but 
expensive, with low yields, and may require costly labora-
tory equipment not readily available everywhere (Gupta and 
Preet 2012). Laboratory experts and researchers need a rela-
tively fast, inexpensive, and high throughput DNA extrac-
tion protocol (Minas et al. 2011). Therefore, an optimised 

and efficient protocol for DNA extraction from insect tis-
sues is essential for molecular entomology studies (Dittrich-
Schroder et al. 2012; Asghar et al. 2015; Kranzfelder et al. 
2016). Hence, it is crucial to optimise DNA extraction meth-
ods to obtain high quality and quantities of DNA free of 
contamination, with minimal degradation and no inhibitors, 
that are quick and cost-effective (Queipo-Ortuno et al. 2008; 
Chen et al. 2010; Knebelsberger and Stoger 2012; Gupta 
and Preet 2012).

This study compared the four cost-effective DNA iso-
lation methods:  Chelex® 100, CTAB, SDS, and TNES. In 
the  Chelex® 100 DNA isolation method, Chelex 100 resin 
is made up of styrene divinylbenzene copolymers, which 
act as a chelating agent with an affinity towards metal ions. 
This resin prevents DNA degradation at higher temperatures 
(Singer-Sam et al. 1989; Ip et al. 2015; Josue et al. 2019). 
In the CTAB DNA isolation method, the CTAB buffer 
separates DNA from proteins due to its cationic properties 
(Chen et al. 2010; Muhammad et al. 2013; Josue et al. 2019). 
Methods like SDS (sodium dodecyl sulphate), TNES, and 
CTAB DNA are relatively expensive compared to  Chelex® 
100 method.
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PCR is used to amplify small target genes of inter-
est. Nowadays, numerous PCR related research involves 
insects (Snounou et al. 1993; Chanteau et al. 1994; Hebert 
et al. 2003; Crochu et al. 2004; Pentinsaari et al. 2014; Oba 
et al. 2015; Sire et al. 2019). The successful amplification 
of PCR depends on DNA quality and quantity, which is 
affected by the DNA isolation method used (De Armas 
et al. 2005; Sagar et al. 2014; Dai et al. 2017). Various 
PCR technique characteristics can influence its accuracy 
and efficacy, including the concentration of DNA template, 
magnesium ion concentration, the temperature of the PCR 
thermal cycling settings, and the presence and concentra-
tion of PCR additives (Grunenwald 2003; Roux 2009).

Beetles (Order: Coleoptera) are insects found in all 
environmental conditions (Banerjee 2014). In addition to 
aiding reproduction and decomposition, beetles actively 
devour plant and fungal tissues, which amplify their eco-
logical influence. The overall number of beetle species is 
estimated to be in the millions (Stork et al. 2015; Adamski 
et al. 2019). Adult beetles are distinguishable from other 
insects by their stiffened forewings, which produce elytra. 
Aerial elytra protect the hind wings and body against 
mechanical injury and other factors that reduce habitat 
usage and lifespan in other insects. Beetles primarily 
feed on dead animals and decayed plant materials and are 
considered bio-engineers (McKenna et al. 2009, 2016). 
Beetles are also regarded as pests throughout the world 
and negatively affect plant nutrition and plant economy 
(Spochacz et al. 2018; Adamski et al. 2019).

DNA isolation is an essential technique for genetics, 
genomics, parasite detection, molecular toxicology, and 
molecular mechanisms of resistance to insecticides and 
transgenic Bacillus thuringiensis (Bt) corn (Miller et al. 
2009; Lagisz et al. 2010; Dittrich-Schroder et al. 2012; 
Athanasio et al. 2016). We observed that both DNA qual-
ity and quantity from beetle species varied between DNA 
isolation techniques, which affected PCR success. Hence, 
several DNA isolation techniques were evaluated to opti-
mise DNA extraction and PCR techniques.

In the current study, we evaluated the DNA concen-
tration and efficiency of four DNA isolation techniques 
and compared the time needed to process each sample. 
Amplification of the beetle cytochrome oxidase subunit 
1 (CO1) locus was used to assess the quality of DNA at 
different PCR cycle conditions and at different Master Mix 
concentrations. We used 2-propanol for DNA isolation, but 
ethanol can also be used. Therefore, a separate experiment 
was performed to determine the impact of ethanol volume, 
incubation temperature, and incubation time on DNA pre-
cipitation. The main objectives of the present study are to 
assess four DNA isolation methods and optimise the PCR 
technique for beetle species.

Materials and methods

Ethical Statement

Ethical permission was obtained from the Chief Wildlife 
Warden, Environment and Forest Department, Sikulpui-
kawn, Tuikhuahtlang Rd, Aizawl, Mizoram to collect bee-
tle specimens in and around Mizoram (Permission number. 
A.33011/2/2012-CWLW/Vol.II/79).

Study Sites, collection of beetle species, 
identification, and storage

In 2020, adult beetles were collected from five study sites, 
Mission Veng, Kanan, Sakawrtuichhun, Tanhril, and College 
Veng in Aizawl district, Mizoram, India, using the light trap 
method (Hebert et al. 2000) (Fig. 1). Geographical coordi-
nates of the study sites (latitude, longitude, and elevation) 
are shown in Supplementary Table 1. A total of 100 beetle 
specimens were collected. Twelve families were identified 
based on morphological identification keys (Bosquet 1990; 
Bouchard et al. 2017). After morphological identification, 
the specimens were stored in 70% ethanol (Merck, Darm-
stadt, Germany) at -20 °C for further analysis.

Evaluation of total genomic DNA isolation protocols 
from beetle leg tissues

Four different genomic DNA isolation methods were tested 
to determine the most successful genomic DNA isolation 
method: CTAB,  Chelex®100, SDS, and TNES. In each 
method, tissue from six individual beetle legs was used. 
Each beetle leg was placed in a 1.5 ml Eppendorf tube for 
DNA isolation and quantification. Before DNA isolation, the 
leg tissue from each beetle was washed twice with 1X PBS 
(phosphate buffer saline: 8 g of 0.137 M NaCl, 200 mg of 
0.0027 M KCl, 1.44 g of 0.01 M of  Na2HPO4, and 240 mg 
of 0.0018 M  KH2PO4, pH 7.4) and stored in 70% ethanol. 
The beetle specimens with washed and air dried for 30 min 
to remove the ethanol. All experiments were performed in 
the barcoding and meta-barcoding laboratory at the Depart-
ment of Zoology, Mizoram University, Aizawl, Mizoram.

CTAB DNA isolation method

A slightly modified CTAB method was used to extract DNA 
from beetle leg tissues (Doyle and Doyle 1987, 1990; Cullings 
1992; Milligan 1998; Tel-Zur et al. 1999). CTAB (cationic 
detergent) has the strength to precipitate DNA from homogen-
ate samples. Three per cent (w/v) CTAB extraction buffer was 
prepared by dissolving 3 g of CTAB (HiMedia Laboratories, 
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Mumbai, India) in 200 mM Tris HCl (pH 8.0), 20 mM EDTA 
(pH 8.0), 1.4 M NaCl, and 2% (v/v) β- mercaptoethanol etha-
nol (should be added to the extraction buffer just before use). 
In this method, the individual beetle legs (50 mg of tissue) 
were ground in 450 µl of the CTAB extraction buffer using 
mortar and pestle (single use). The homogenised samples 
were immediately transferred to labelled 1.5 ml Eppendorf 
tubes. Then, 20 µl of Proteinase K solution (20 mg/ml, Sisco 
Research Laboratories Pvt. Ltd, Mumbai, India) was added 
to the homogenised samples and vortexed for 30 s. After vor-
texing, the samples were incubated at 56 °C for 90 min in a 
Thermo  Mixer® C (Eppendorf India Pvt. Ltd, Chennai, India). 
After incubation, the samples were allowed to cool at room 
temperature for 30 min.

Chelex®100 DNA isolation method

The  Chelex®100 DNA isolation protocol was performed 
with slight modifications (Arrivillaga et al. 2002; Golczer 
and Arrivillaga 2008; Gang et al. 2009; Nagdev et al. 2010; 
Musapa et al. 2013). Fifty milligrams of dried beetle leg tis-
sues were ground in 300 µl of buffer H (200 mM Tris HCl 
(pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl, 1% SDS, 
and 250 mM sucrose), 300 µl of TEX buffer (200 mM Tris 
HCl (pH 8.0), 20 mM EDTA (pH 8.0), 2% Triton X-100), 
and 300 µl of 10%  Chelex®100 resin (Catalog no. 95577, 
Merck, Darmstadt, Germany) using mortar and pestle. After 
grinding, the homogenised samples were transferred to new 
1.5 ml Eppendorf tubes with 20 µl of Proteinase K solution 
(20 mg/ml, Sisco Research Laboratories Pvt. Ltd, Mumbai, 
India). The samples were incubated at 56 °C for 60 min in 
a Thermo  Mixer®C (Catalog no. 5382000015, Eppendorf 

India Pvt. Ltd, Tamilnadu, India) then allowed to cooled at 
room temperature for 30 min.

SDS DNA isolation method

A modified SDS DNA isolation method (Milligan 1998) was 
performed to extract DNA from individual beetle leg tissues 
(50 mg). According to this method, the beetle leg tissues 
were ground in 600 µl of 2% (w/v) SDS extraction buffer, 
prepared by dissolving 2 g of SDS (HiMedia Laboratories, 
Mumbai, India) in 200 mM Tris HCl (pH 8.0), 20 mM 
EDTA (pH–8.0), and 1.4 M NaCl using mortar and pestle. 
The homogenised samples were immediately transferred to 
labelled 1.5 ml Eppendorf tubes. Then 20 µl of Proteinase K 
solution (20 mg/ml, Sisco Research Laboratories Pvt. Ltd, 
Mumbai, India) was added to the homogenised samples and 
vortexed for 30 s. After vortexing, the samples were incu-
bated at 56 °C for 2 h in a Thermo  Mixer® C (Eppendorf 
India Pvt. Ltd, Chennai, India). After incubation, the sam-
ples were allowed to cool at room temperature for 30 min.

TNES DNA isolation method

The TNES DNA isolation method was performed according 
to Asahida et al. (1996) with modifications. Fifty milligrams 
of individual beetle leg tissues were crushed in 500 µl of 
TNES extraction buffer, which was prepared with 200 mM 
Tris HCl (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M NaCl, 5 M 
Urea, 2% SDS, and 2% (v/v) β- mercaptoethanol ethanol 
(added to the extraction buffer just before use). The homog-
enised samples were immediately transferred to labelled 
1.5 ml Eppendorf tubes. Then 20 µl of Proteinase K solution 

Fig. 1  Sampling sites of beetles in Aizawl, Mizoram, India. The five sampling sites in Aizawl district in Mizoram are marked as black rotundities
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(20 mg/ml, Sisco Research Laboratories Pvt. Ltd, Mumbai, 
India) was added. The samples were vortexed for 30 s. and 
incubated at 56 °C for 2 h in a Thermo  Mixer® C (Eppendorf 
India Pvt. Ltd, Chennai, India). After incubation, the sam-
ples were allowed to cool at room temperature for 30 min.

The rest of the DNA isolation steps were the same for all 
four DNA isolation methods. After 30 min of cooling, 15 µl 
of RNase A solution (4 mg/ml, Promega Corporation, Madi-
son, USA) was added. The sample was inverted for 30 s and 
incubated at 37 °C for 15 min. Then 300 µl of phenol/chloro-
form/isoamyl alcohol (25:24:1, Sisco Research Laboratories 
Pvt. Ltd, Mumbai, India) was added to the sample and mixed 
by inversion for 3 min. The supernatant was separated by 
centrifugation at 13,000 rpm for 10 min at 4 °C. The clear liq-
uid (supernatant) was transferred to a new 1.5 ml Eppendorf 
tube, and 300 µl of 2-propanol (Sisco Research Laboratories 
Pvt. Ltd, Mumbai, India) and 60 µl of 3 M sodium acetate 
(pH-7.2) (HiMedia Laboratories, Mumbai, India) were added 
to precipitate the DNA at -20 °C for 30 min. The sample 
was centrifuged at 13,000 rpm for 10 min at 4 °C, and the 
supernatant was poured off. The pellet was washed twice 
with 350 µl of 70% ethanol (Merck, Darmstadt, Germany) 
at 13,000 rpm for 10 min. The supernatant was removed and 
airdried at room temperature for 1 h. Finally, the DNA pel-
let was dissolved in 20 µl of nuclease-free water (Thermo 
Fisher Scientific, MA, USA) and kept at -20 °C for further 
analyses.

Measurement of DNA concentration and purity 
and visualisation of isolated DNA

After genomic DNA isolation, the concentration (ng/µl) 
was measured as per manufacturer instructions using Qubit 
4 Fluorometer (Invitrogen, Thermo Fisher Scientific) and 
Qubit dsDNA HS assay kit (Invitrogen, Thermo Fisher Sci-
entific). Briefly, in the Qubit assay, 2 µl of genomic DNA 
was mixed with 198 µl of fluorescent reagent and allowed 
to incubate for 2 min at room temperature in the dark. 
After incubation, the DNA concentration/yield was meas-
ured in ng/µl at 260 nm. The absorbance values at 230 nm 
(for RNA), 260 nm (for DNA), and 280 nm (for proteins) 
were estimated using a NanoDrop spectrophotometer (Nan-
oDrop, Thermo Fisher Scientific). The ratios of 260/280 and 
260/230 were also measured to determine the DNA purity 
obtained. Usually, the 260/280 ratio of pure genomic DNA 
should range from 1.7–2.0 (Linton et al. 2001; Miller et al. 
2009). To compare the efficacy of the DNA isolation meth-
ods, 50 ng of each sample was loaded on an 0.8% agarose gel 
(HiMedia Laboratories, Mumbai, India), stained with 3 µl 
of ethidium bromide (EtBr, HiMedia Laboratories, Mum-
bai, India). The electrophoresis was performed at 80 V for 
45 min (Ayazi et al. 2013; Yari et al. 2013). After electro-
phoresis, the agarose gel was visualised and photographed 

using a ChemiDoc MP imaging system (Bio-Rad, Alfred 
Hercules, California, USA).

Effect of time, ethanol volume and incubation 
temperature on DNA precipitation and success rate

To compare the efficacy of the DNA isolation methods, 
success rate and time required by each method were also 
assessed (Chen et al. 2010). A separate experiment was per-
formed to evaluate the effect of different ethanol volumes 
(50 µl, 150 µl, and 250 µl) and different incubation tempera-
tures (room temperature (22 °C), 4 °C, and -20 °C) at differ-
ent time intervals (30 min and 1 h) on total genomic DNA 
precipitation (Table 1). This experiment was performed 
according to Chen et al. (2010) with slight modifications. 
In this experiment, the  Chelex®100 DNA isolation protocol 
was used to extract DNA from individual beetles. The super-
natant from a single beetle was aliquoted into nine parts in 
1.5 ml Eppendorf tubes. Each aliquot contained 25 µl of 
supernatant. We assumed that each aliquot had equal DNA 
concentrations (Table 1). After DNA isolation, the pellet 
in each tube was dissolved in 20 µl of nuclease-free water 
(Thermo Fisher Scientific, MA, USA) and stored at -20 °C 
for further analysis.

Amplification of barcode region by PCR

The PCR amplification of universal primers (LCO1490 
and HCO2198) was performed using a thermal cycler 
 (Mastercycler® nexus gradient, 230 V/50 – 60 Hz, Eppen-
dorf India Private Limited, Ambattur, Chennai, India) with 
minor alterations (Folmer et al. 1994). Each PCR reaction 
contained 25 µl of Master Mix and 50 ng of DNA tem-
plate. PCR cycle conditions (Table  2) and Master Mix 
concentrations (Table 3) were modified to determine the 
optimal conditions to achieve optimum results in terms of 
the band quality (sharpness and intensity), the presence of 
non-specific bands and primers excess were considered 
(Echeverria-Fonseca et al. 2015). The forward (LCO1490-
5'-GGT CAA CAA ATC ATA AAG ATA TTG G-3') and reverse 

Table 1  Effect of ethanol volume, incubation temperature, and time 
on total genomic DNA precipitation

Temperature Ethanol volume

50 µl 150 µl 250 µl

At room temperature (22 °C) 30 min 30 min 30 min
At room temperature (22 °C) 1 h 1 h 1 h
4 °C 30 min 30 min 30 min
4 °C 1 h 1 h 1 h
- 20 °C 30 min 30 min 30 min
- 20 °C 1 h 1 h 1 h
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(HCO2198-5'-TAA ACT TCA GGG TGA CCA AAA AAT 
CA-3') primer sequences were used. Thirty-five PCR cycles 
were used in all PCR cycle and Master Mix conditions. 
Finally, the PCR amplicons were observed on 1.8% of the 
agarose gel against 100 bp DNA ladder (Invitrogen, Thermo 
Fisher Scientific) and photographed using the ChemiDoc 
MP imaging system (Bio-Rad, Alfred Hercules, California, 
USA).

Statistical analyses

All statistical data were expressed as the mean ± standard 
error mean (SEM) of the number of experiments (n = 6). The 
general linear model (GLM) was used to check the effect of 
each DNA isolation method on the DNA yield (ng/µl) and 
absorbance at 230 nm, 260 nm, and 280 nm, as well as the 
absorbance ratio and success rate (%). One-way analysis of 
variance (ANOVA) was performed to determine statistical 
significance. Tukey’s pairwise comparisons were used to 
compare DNA concentration (ng/µl), absorbance at 230 nm, 
260 nm, and 280 nm, and the absorbance ratio and success 

rate (%) between the methods. Values were considered sta-
tistically significant when p < 0.05. GLM was also used to 
check the effect of ethanol volume and incubation tempera-
ture on DNA precipitation conditions. The statistical data 
were analysed using SPSS software v16.0 (Norusis 2008).

Results

Quantification of DNA concentration 
and comparison of cost and time needed for each 
method

In this study, we compared four DNA isolation methods. 
The modified  Chelex®100 method was the best. (Table 4). 
The DNA yield was significantly  (F(3,23) = 5.954; p < 0.05) 
more than that found with the other DNA isolation meth-
ods (Table  4). The DNA yield with  Chelex®100 was 
241 ± 41.25 ng/µl. The yield was 165 ± 38.65 ng/µl with 
the CTAB method, 124 ± 25.36 ng/µl with the SDS method, 
and 58 ± 10.26 ng/µl with the TNES method (Table 4). The 

Table 2  Evaluation of primer 
amplification at different PCR 
cycle conditions and their 
qualitative results obtained for 
beetle DNA samples after 35 
PCR cycles

‘ − ’ denotes absent of bands/absent of non-specific bands/absent of primer excess; ‘ + ’ denotes poor inten-
sity of bands/poor non-specific bands/poor primer excess; ‘ +  + ’ denotes moderate intensity of bands/mod-
erate non-specific bands/moderate primer excess; and ‘ +  +  + ’ denotes good intensity of bands/more non-
specific bands/more primer excess. A1-A5 denotes PCR cycle conditions

Steps in PCR A1 A2 A3 A4 A5

Initialization 95 °C for 5 min 95 °C for 2 min 95°C for 3 min 95°C for 3 min 95°C for 3 min
Denaturation 95 °C for 1 min 95 °C  for 30 s 95°C for 10 s 95°C for 1 min 95°C for 30 s
Annealing 56.5 °C  for 45 s 40 °C  for 30 s 45°C for 4 min 56.5°C for 1 min 52°C for 40 s
Extension 72 °C for 1 min 72 °C for 1 min 72°C for 45 s 72°C for 1 min 72°C for 1 min
Elongation 72 °C for 7 min 72°C for 7 min 72°C for 3 min 72°C for 7 min 72°C for 5 min
Bands - - - -  +  +  + 
Excess primer - -  +  +  +  +  +  +  + 
No amplification  +  +  +  +  +  + - _ _

Table 3  Final concentrations of 
the various PCR Master Mixes 
checked and the qualitative 
results obtained for beetle DNA 
samples after 35 PCR cycles

‘ − ’ denotes absent of bands/absent of non-specific bands/absent of primer excess; ‘ + ’ denotes poor inten-
sity of bands/poor non-specific bands/poor primer excess; ‘ +  + ’ denotes moderate intensity of bands/mod-
erate non-specific bands/moderate primer excess; and ‘ +  +  + ’ denotes good intensity of bands/more non-
specific bands/more primer excess. A1-A12 denotes various Master Mix concentrations

Master mix A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

Nuclease free water - - - - - - - - - - - -
Buffer (X) 1 1 1 1 1 1 1 1 1 1 1 1
MgCl2 (mM) 25 15 4 2 1.5 2 2.5 1.8 2.5 1.8 3 2.5
dNTPs (mM) 1.25 4 0.8 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3
LCO 1490 (pMol) 10 20 15 0.5 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6
HCO 2198 (pMol) 10 20 15 0.5 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Taq polymerase (U/µl) 2.5 5 0.4 0.03 0.04 0.04 0.04 0.04 0.05 0.05 0.04 0.04
Bands  +  +  +  +  +  + - -  +  +  +  +  +  +  +  +  + - -
Non-specific bands -  + - - - - - -  + - - -
Excess primer  +  + - - - - - -  +  +  +  +  +  +  + 
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absorbances (at 230 nm, 260 nm, and 280 nm) and absorb-
ance ratio (at A260/A280 and A260/A230) values were 
highest in the  Chelex®100 method (Table 4). The DNA pel-
let colour and the cost and total time needed for DNA extrac-
tion varied with each method (Table 4). The success rate (%) 
of the  Chelex®100 method was 100%, whereas success rates 
dropped to 83.33%, 66.66%, and 16.66% with the CTAB, 
SDS, and TNES methods, respectively (Table 4).

Quality of DNA

Gel (0.8%) images for the four DNA extraction methods are 
shown in Fig. 2. The  Chelex®100 method showed a sharp, 

clear band compared to the other methods (Fig. 2). In the 
 Chelex®100 method, the gel image showed six bands for six 
samples (Fig. 2d). The TNES method showed one (Fig. 2a), 
the SDS method showed four (Fig. 2b), and the CTAB 
method (Fig. 2c) showed five.

Ethanol volume, incubation time, and temperature 
on DNA precipitation

Ethanol volume and incubation temperatures significantly 
affected DNA quality and quantity (Fig. 3). The mean 
DNA yield rate (ng/µl) increased significantly (p < 0.05; 

Fig. 2  Agarose gel (0.8%) 
electrophoresis analysis of 
extracted total genomic DNA 
from six adult beetle specimens 
by using four different DNA 
extraction methods at 80 V for 
45 min. a, TNES method; b, 
SDS method; c, CTAB method; 
d,  Chelex®100 method. 1–6, 
Beetle species; NC, Negative 
control

Table 4  DNA concentration, 
absorbance, absorbance ratio, 
time duration, and recovery rate 
of genomic DNA isolated by 
using four different isolation 
methods, from beetle specimens

Data was expressed in Mean ± Standard error (SE). Different alphabet letters show significant variations 
among DNA isolation methods (p < 0.05)

Parameters CTAB Chelex®100 SDS TNES

DNA concentration (ng/µl) 165 ± 38.65a 241 ± 41.25a 124 ± 25.36b 58 ± 10.26b
Absorbance at 260 nm 4.63 ± 0.45a 6.01 ± 1.05a 4.41 ± 0.38a 4.24 ± 0.31a
Absorbance at 280 nm 2.83 ± 0.21a 2.95 ± 0.23a 2.78 ± 0.16a 2.59 ± 0.11a
Absorbance at 230 nm 5.93 ± 0.54a 6.85 ± 0.89a 5.85 ± 0.48a 5.41 ± 0.38a
Absorbance ratio (A260/A280) 1.64 ± 0.12a 2.04 ± 0.16a 1.59 ± 0.14a 1.64 ± 0.12a
Absorbance ratio (A260/A230) 0.78 ± 0.08a 0.88 ± 0.09a 0.75 ± 0.06a 0.78 ± 0.08a
Total time (hr) per sample 3.44 h 2.40 h 3.44 h 3.44 h
Estimated cost (USD) per sample 0.6–0.9 0.4–0.5 0.5–0.8 0.5–0.7
Specimens with successful DNA isolation 5 6 4 1
Successful DNA isolation (%) 83.33 ± 15.24a 100 ± 20.54a 66.66 ± 10.25a 16.66 ± 4.25b
Number of samples (N) 6 6 6 6
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 R2 = 0.9496) with increases in ethanol volume (50 µl 
vs 150 µl vs 250 µl), showing a positive relationship 
between DNA yield and ethanol volume (Fig. 3a). The 
mean DNA yield (ng/µl) decreased significantly (p < 0.05; 
 R2 = 0.9111) with an increase in incubation temperature 
(-20 °C vs 4 °C vs 22 °C), showing a negative relationship 
between DNA yield and incubation temperature (Fig. 3b). 
However, the incubation time (30 min vs 1 h) had negli-
gible effects on DNA and precipitation yields.

Optimisation of PCR cycle conditions

A total of five PCR cycle conditions were tested to amplify 
the CO1 gene. The A5 cycle showed good amplicon bands 

(Fig. 4c and Table 2) on a 1.8% agarose gel. PCR cycles 
A1-A4 showed no bands or only primer dimers (Table 2). 
Figure 4a and b show the gel visualisations of the A1 and 
A3 cycles. The size of the CO1 gene was 698 bp against 
the 100 bp DNA marker (Fig. 4c).

Fig. 3  Correlation analyses of ethanol volume (µl) and temperature 
(°C) with mean DNA concentration (ng/µl)

Fig. 4  Illustration of PCR amplicons in 1.8% of the agarose gel, from 
beetle specimens. a, A1 PCR cycle condition; b, A3 PCR cycle con-
dition; c, A5 PCR cycle condition. Lane M, 100  bp DNA ladder; 
Lane 1–6, PCR amplicon products of six beetle specimens; Lane NC, 
Negative control
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Optimisation of PCR Master Mix concentrations

Among 12 master mix concentrations (A1-A12), the A1 
Master Mix concentration showed the best results (Table 3 
and Fig. 5a). The A2-A12 mixtures showed no bands, primer 
dimers, non-specific bands, or bands with excess primers, or 
bands with non-specific bands and excess primers (Table 3). 
The A2 Master Mix contained non-specific bands and excess 
primers (Fig. 5b). While the A3 (Fig. 5c) and A12 (Fig. 5d) 
Master Mix concentrations showed no bands and excess 
primers, respectively.

Discussion

This study compared four DNA isolation methods to deter-
mine the best methods to optimise DNA extraction and 
PCR for beetle specimens. DNA extraction and quality 
and the time, effort, and cost needed are important con-
siderations in molecular biology (Allen et al. 2006; Chen 
et al. 2010; Lagisz et al. 2010; Dittrich‐Schroder et al. 
2012). In the present study, we confirmed the best DNA 
isolation method for 70% of alcohol preserved beetle spec-
imens. Acceptable DNA quality and yields were found 
in all four DNA isolation methods. We used laboratory 
prepared buffers for the studied DNA isolation methods 
 (Chelex®100, CTAB, SDS, and TNES). Among the four 
methods, the  Chelex®100 method was the most efficient 
method to obtain good quality and quantity of DNA from 

insects (Gadau 2009; Lienhard and Schaffer 2019), espe-
cially the beetle species. The application of several steps 
and buffers quickly helped obtain suitable DNA extracts 
with better PCR amplification. As a result, the reagents 
cost less than other approaches due to the proper sequence 
of the various protocol steps.

All four methods were simple to perform. CTAB is a cati-
onic detergent. This method involves lysis, CTAB/chloro-
form phase segregation, 2-propanol precipitation, two etha-
nol washing steps, and a dry resuspending step. CTAB is a 
challenging, toxic, and time-consuming method (Lienhard 
and Schaffer 2019). Chelex is a chelating resin that prevents 
the degradation of DNA. Chelex resins are composed of 
styrene–divinylbenzene copolymers containing paired imi-
nodiacetate ions, which act as chelating groups in binding 
polyvalent metal ions (Ip et al. 2015; Josue et al. 2019). The 
SDS DNA extraction method usually uses adult specimens 
to isolate DNA. However, this is not useful for extracting 
pure DNA due to contamination of plant digestive debris and 
phenols in the insect gut (Juen and Traugott 2006; Calderon-
Cortes et al. 2010).

The DNA concentration in animal tissues varies from 
1000–5000 ng/mg, depending on the type of species, tis-
sue, preservation method, extraction procedure, and pre-
cipitation methods used for DNA isolation (Chen et al. 
2010). In adult mosquitos, the DNA concentration was 
between 292.4–459.7 ng/μl (Josue et al. 2019). For mealy-
bugs, the DNA concentrations ranged between 1422 and 
12,718 ng/mg (Wang et al. 2019). In this study, the DNA 

Fig. 5  Illustration of PCR 
amplicons in 1.8% of the aga-
rose gel, from beetle specimens. 
a, A1 Master Mix concentra-
tion; b, A2 Master Mix con-
centration; c, A3 Master Mix 
concentration; d, A12 Master 
Mix concentration. Lane M, 
100 bp DNA ladder; Lane 1–6, 
PCR amplicon products of six 
beetle specimens; Lane NC, 
Negative control
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concentrations were greater than other methods. Our 
results correlated with previous studies (Chen et al. 2010; 
Josue et al. 2019; Lienhard and Schaffer 2019). Possi-
ble reasons include manual cell homogenisation and the 
presence of contaminants like lipids, polysaccharides, 
and proteins (Josue et al. 2019). Another reason is that 
chelex resin prevents DNA degradation by binding (chelat-
ing) the metal ions  (Mg2+) that catalyse the breakdown 
of DNA (Lienhard and Schaffer 2019). The  Chelex®100 
DNA extraction method is recommended over other DNA 
extraction methods when studying arthropods (Casquet 
et al. 2011; Sahu et al. 2012; Wang and Wang 2012; Josue 
et  al. 2019; Wang et  al. 2019; Lienhard and Schaffer 
2019). These results were similar to our study results.

As per Beer-Lambert law, the optimum absorbance val-
ues of extracted DNA ranged from 0.1 -1 at 260 nm. In 
this study, we obtained high values because of the presence 
of DNA and RNA. The 260/280 and 260/230 ratios were 
higher in the  Chelex® 100 method than the other methods 
in this study. Our results coincide with previous reports 
(Linton et al. 2001; Chen et al. 2010; Wang et al. 2019). 
DNA quality and quantity also depend on the incubation 
time and temperature of lysates. In previous studies, it was 
reported that high DNA concentrations were obtained at 37 
°C. In contrast, very low DNA concentrations were obtained 
at 19, 65, and 80 °C (Shahjahan et al. 1995). In our study, 
we used beetle specimens lysate. We incubated at 55 °C for 
45 min and obtained good quality and quantity of DNA. Our 
results were similar to previous studies because the incuba-
tion temperatures could vary from species to species and 
tissue to tissue (Milligan 1998; Gilbert et al. 2007; Chen 
et al. 2008). Fluctuations in optical density measures indi-
cated intervention/association of the distinct components of 
the sample (Chen et al. 2010).

To estimate the cost for DNA extraction for a certain 
number of samples via different methods, one can use the 
cost for each method in Table 4 multiplied by the number 
of samples to be extracted. However, the time estimated in 
Table 4 must be adjusted by the number of incubation and 
centrifugation steps used to finish all the samples. Studies 
to create rapid, inexpensive, safe, and optimised proto-
cols for high-quality DNA from insects have increased 
in recent years (Harvey 2005; Watts et al. 2007; Lagisz 
et al. 2010). Because of the high concentration of second-
ary compounds such as polyphenols and polysaccharides 
in insect tissues, the method for DNA isolation must be 
optimised for different insect species and even for each 
insect tissue.

Compared to the other DNA extraction techniques, the 
 Chelex®100 technique used fewer chemicals and reagents. 
It was also cheaper, faster (Musapa et al. 2013; Josue et al. 
2019), and safer while producing more desirable results. 
According to the comparison of four DNA extraction 

methods in this study, the  Chelex®100 DNA extraction 
method is recommended because it is the cheapest and 
fastest, with readily available chemicals and reagents, 
which produces the greatest quantity of DNA.

To optimise PCR findings, the modification of PCR cycle 
conditions and the final concentrations of the chemical com-
ponents in the Master Mix resulted in amplicons with excel-
lent quality according to the criteria tested (quality of bands, 
non-specific bands, and primer excess). Further research is 
needed to find potential inhibitors in the sample. In this 
study, the best results were obtained with the A1 master 
mix (Table 3 and Fig. 5a) and A5 PCR cyclic conditions 
(Fig. 4c and Table 2). Our results were similar to previous 
studies (Echeverría-Fonseca et al. 2015). In this study, good 
quality PCR amplicons were obtained at higher concentra-
tions of  MgCl2 and DNA polymerase and at optimum PCR 
cycle conditions (Echeverría-Fonseca et al. 2015). If stand-
ard PCR settings fail to produce the desired amplicon, PCR 
optimisation is required to improve results. The specificity of 
a reaction can be modified by changing variables (e.g., rea-
gent concentrations, cycle settings) that affect the amplicon 
profile’s output (Lorenz 2012). If the reaction is not strict 
enough, several spurious amplicons of varying lengths will 
be created. However, no product will be produced if the reac-
tion is too strict. PCR reaction troubleshooting can be a frus-
trating task. However, careful analysis and knowledge of the 
chemicals used in a PCR experiment might cut down on the 
time and trials required to achieve the desired results. Of all 
the factors that affect PCR stringency, titration of  Mg2+ and/
or adjusting annealing temperatures are likely to fix most 
issues. However, before making any changes, double-check 
that an incorrect result was not caused by a human mistake.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42690- 022- 00736-3.

Acknowledgements Authors are very grateful to Science and Engi-
neering Research Board (SERB), India for financial support to carry 
out this work. Grant Sanctioned Number is EMR/2017/001604/ Dated 
12/12/2018.

Author contributions Meesala Krishna Murthy and Guruswami 
Gurusubramanian contributed to the study conception and design. 
Rest of the authors including Meesala Krishna Murthy were per-
formed material preparation, data collection and data analysis. The 
first draft of the manuscript was written by Meesala Krishna Murthy 
and all authors read and approved the final manuscript.

Funding This work was supported by Science and Engineering 
Research Board (SERB), India for financial support to carry out 
this work. Grant Sanctioned Number is EMR/2017/001604/ Dated 
12/12/2018.

Declarations 

Conflict of interest Authors declared that there is no conflict.

AQ2

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512
513

514
515
516
517

518
519
520
521
522
523

524
525
526
527

528

529

https://doi.org/10.1007/s42690-022-00736-3


UNCORRECTED PROOF

Journal : Large 42690 Article No : 736 Pages : 12 MS Code : 736 Dispatch : 22-1-2022

 International Journal of Tropical Insect Science

1 3

References

Abdel-latief M, Hoffmann KH (2014) Functional activity of allatotro-
pin and allatostatin in the pupal stage of a holometablous insect, 
Tribolium castaneum (Coleoptera, Tenebrionidae). Peptides 
53:172–184

Adamski Z, Bufo SA, Chowański S, Falabella P, Lubawy J, Marciniak P, 
Pacholska-Bogalska J, Salvia R, Scrano L, Słocińska M, Spochacz 
M (2019) Beetles as model organisms in physiological, biomedical 
and environmental studies - a review. Front Physiol 10:319

Albers CN, Jensen A, Bælum J, Jacobsen CS (2013) Inhibition of DNA 
polymerases used in Q-PCR by structurally different soil-derived 
humic substances. Geomicrobiol J 30(8):675–681

Allen GC, Flores-Vergara MA, Krasynanski S, Kumar S, Thompson 
WF (2006) A modified protocol for rapid DNA isolation from 
plant tissues using cetyl trimethyl ammonium bromide. Nat Protoc 
1:2320–2325

Arrivillaga J, Norris D, Feliciangeli M, Lanzaro G (2002) Phylogeog-
raphy of the Neotropical sand fly Lutzomyia longipalpis inferred 
from mitochondrial DNA sequences. Infect Genet Evol 2:83–95

Asahida T, Kobayashi T, Saitoh K, Nakayarma I (1996) Tissue pres-
ervation and total DNA extraction from fish stored at ambient 
temperature using buffers containing of urea. Fish Sci 62:727–730

Asghar U, Malik MF, Anwar F, Javed A, Raza A (2015) DNA extrac-
tion from insects by using different techniques: A review. 
Advances in Entomology 3:132–138

Athanasio CG, Chipman JK, Viant MR, Mirbahai L (2016) Optimi-
sation of DNA extraction from the crustacean Daphnia. Peer J 
4:e2004

Ayazi G, Pirayesh M, Yari K (2013) Analysis of interleukin-1β gene 
polymorphism and its association with generalized aggressive 
periodontitis disease. DNA Cell Biol 32(7):409–413

Banerjee M (2014) Diversity and composition of beetles (order: 
Coleoptera) of Durgapur, West Bengal, India. Psyche 2014:1–6

Bingsohn L, Knorr E, Vilcinskas A (2016) The model beetle Tribolium 
castaneum can be used as an early warning system for transgen-
erational epigenetic side effects caused by pharmaceuticals. Comp 
Biochem Physiol C Toxicol Pharmacol 18:57–64

Bosquet Y (1990) Beetles associated with stored products in Canada: 
An identification guide. Publication-Agriculture Canada (English 
ed.). 1837, Ottawa, Ontario

Bouchard P, Smith AB, Douglas H, Gimmel ML, Brunke AJ, Kanda 
K (2017) Biodiversity of coleoptera. Insect Biodiversity: Science 
and Society. Second edition. John Wiley & Sons, Ltd., West Sus-
sex. 21:337–417

Calderón-Cortés N, Quesada M, Cano-Camacho H, Zavala-Páramo G 
(2010) A simple and rapid method for DNA isolation from xylo-
phagous insects. Int J Mol Sci 11(12):5056–5064

Casquet J, Thebaud C, Gillespie RG (2011) Chelex without boiling, 
a rapid and easy technique to obtain stable amplifiable DNA 
from small amounts of ethanol-stored spiders. Mol Ecol Resour 
12(1):136–141

Chanteau S, Luquiaud P, Failloux AB, Williams S (1994) Detection 
of Wuchereira bancrofti larvae in pooled mosquitoes by the poly-
merase chain reaction. Trans R Soc Trop Med Hyg 88(6):665–666

Chen H, Rangasamy M, Tan SY, Wang H, Siegfried BD (2010) Evalu-
ation of five methods for total DNA extraction from western corn 
rootworm beetles. PLoS one 5(8):e11963

Chen M, Zhu Y, Tao J, Luo Y (2008) Methodological comparison of 
DNA extraction from Holcocerrus hippophaecolus (Lepidoptera: 
Cossidae) for AFLP analysis. For Study China 10:189–192

Crochu S, Cook S, Attoui H, Charrel RN, De Chesse R, Belhouchet M, 
Lemasson JJ, de Micco P, de Lamballerie X (2004) Sequences of 
flavivirus-related RNA virus persist in DNA from integrated in the 
genome of Aedes spp. mosquitoes. J Gen Virol 85(7):1971–1980

Cullings KW (1992) Design and testing of a plant-specific PCR primer 
for ecological and evolutionary studies. Mol Ecol 4(1):233–240

Dai Z, Webster TM, Enders A, Hanley KL, Xu J, Thies JE, Lehmann J 
(2017) DNA extraction efficiency from soil as affected by pyroly-
sis temperature and extractable organic carbon of high-ash bio-
char. Soil Biol Biochem 115:129–136

De Armas R, Rodríguez MM, Bisset JA, Fraga J (2005) Modification of 
a method to extract genomic DNA from Aedes aegypti (Diptera: 
Culicidae). Rev Colomb Entomol 31(2):203–206

De Loof A, Lindemans M, Liu F, De Groef B, Schoofs L (2012) Endo-
crine archeology: do insects retain ancestrally inherited counter-
parts of the vertebrate releasing hormones GnRH, GHRH, TRH, 
and CRF? Gen Comp Endocrinol 177:18–27

Dittrich-Schroder G, Wingfield MJ, Klein H, Slippers B (2012) DNA 
extraction techniques for DNA barcoding of minute gall-inhabiting 
wasps. Mol Ecol Resour 12:109–115

Doyle JJ, Doyle JL (1987) A rapid DNA isolation procedure for small 
quantities of fresh leaf tissue. Phytochemical Bulletin 19:11–15

Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tissue. 
Focus 12:13–15

Echeverria-Fonseca G, Mera-Ruiz PA, Carrillo-Toro J, Rodriguez-
Hidalgo R (2015) A new DNA extraction protocol for screwworm 
fly Cochliomyia species (Diptera: Calliphoridae). Front Environ 
Sci 2:68

Fitzpatrick KA, Kersh GJ, Massung RF (2010) Practical method for 
extraction of PCR quality DNA from environmental soil samples. 
Appl Environ Microbiol 76(13):4571–4573

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA prim-
ers for amplification of mitochondrial cytochrome c oxidase subu-
nit I from diverse metazoan invertebrates. Mol Mar Biol Biotech 
5(3):294–299

Gadau J (2009) DNA isolation from ants. Cold Spring Harbor Proto-
cols, 2009 (7), pdb-prot 5245

Gang O, Wenjuan H, Pinfang Y, Hong W, Sili C, Chaoyuan W, Jin L 
(2009) Optimization of preparation condition of DNA template by 
Chelex-100 for PCR-RFLP. Journal of South-Central University 
for Nationalities (natural Science Edition) 28:38–41

Ghannem S, Touaylia S, Boumaiza M (2018) Beetles (Insecta: Coleop-
tera) as bioindicators of the assessment of environmental pollu-
tion. Hum Ecol Risk Assess 24:456–464

Gilbert MTP, Moore W, Melchior L, Worobey M (2007) DNA Extrac-
tion from Dry Museum Beetles without Conferring External Mor-
phological Damage. PLoS One 2:e272

Golczer G, Arrivillaga J (2008) Modification of a standard protocol for 
DNA extraction from smaller sand flies (Phlebotominae: Lutzo-
myia). Rev Colomb Entomol 34:199–202

Grunenwald H (2003) Optimization of polymerase chain reactions. In: 
Bartlett JMS, Stirling D, editors. Methods in Molecular Biology. 
PCR Protocols, second edition, Totowa, NJ: Humana Press Inc

Gupta S, Preet S (2012) Protocol optimization for genomic DNA 
extraction and RAPD PCR in mosquito larvae (Diptera: Culici-
dae). Ann Biol Res 3(3):1553–1561

Hartenstein V (2006) The neuroendocrine system of invertebrates: a devel-
opmental and evolutionary perspective. J Endocrinol 190:555–570

Harvey ML (2005) An alternative for the extraction and storage 
of DNA from insects in forensic entomology. J Forensic Sci 
50(3):1–3

Hebert C, Jobin L, Frechette M, Pelletier G, Coulombe C, Germain C, 
Auger M (2000) An efficient pit-light trap to study beetle diversity. 
J Insect Conserv 4(3):189–200

Hebert PDN, Cywinska A, Ball S, deWaard JR (2003) Biological iden-
tifications through DNA barcodes. Proc R Soc Lond B Biol Sci 
270(1512):313–321

Ip S, Lin SW, Lai KM (2015) An evaluation of the performance of 
five extraction methods: Chelex 100,  QIAamp® DNA Blood 

530

531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593

594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658



UNCORRECTED PROOF

Journal : Large 42690 Article No : 736 Pages : 12 MS Code : 736 Dispatch : 22-1-2022

International Journal of Tropical Insect Science 

1 3

mini kit,  QIAamp® DNA investigator kit,  QIAsymphony® DNA 
 Investigator® kit and DNA IQTM. Sci Justice 55(3):200–208

Josué M, Hernández-Triana LM, García-De la Pena C, González-
Álvarez VH, Weger-Lucarelli J, Siller-Rodríguez QK, Rámos 
FJS, Rodríguez AD, Ortega-Morales AI (2019) Comparison of 
two DNA extraction methods from larvae, pupae, and adults of 
Aedes aegypti. Heliyon 5(10):e02660

Juen A, Traugott M (2006) Amplification facilitators and multi-
plex PCR: Tools to overcome PCR-inhibition in DNA-gut-
content analysis of soil-living invertebrates. Soil Biol Biochem 
38(7):1872–1879

Knebelsberger T, Stöger I (2012) DNA extraction, preservation, and 
amplification. In: Kress WJ, Erickson DL (eds) DNA Barcodes: 
Methods and Protocols. Humana Press, Totowa, pp 11–338

Kocher TD, Thomas WK, Meyer A, Edwards SV, Paabo S, Villa Blanca 
FX, Wilson AC (1989) Dynamics of mitochondrial DNA evo-
lution in animals: amplification and sequencing with conserved 
primers. Proc Natl Acad Sci 86(16):6196–6200

Kranzfelder P, Ekrem T, Stur E (2016) Trace DNA from insect skins: 
A comparison of five extraction protocols and direct PCR on chi-
ronomid pupal exuviae. Mol Ecol Resour 16(1):353–363

Lagisz M, Port G, Wolff K (2010) A cost-effective, simple and high-
throughput method for DNA extraction from insects. Insect Sci-
ence 17(5):465–470

Lienhard A, Schäffer S (2019) Extracting the invisible: obtaining 
high quality DNA is a challenging task in small arthropods. Peer 
J 7:e6753

Linton Y, Harbach RE, Seng CM, Anthony TG, Matusop A (2001) 
Morphological and molecular identity of Anopheles (Cellia) 
sundaicus (Diptera: Culicidae), the nomino typical member of a 
malaria vector species complex in Southeast Asia. Sys Entomol 
26:357–366

Lorenz TC (2012) Polymerase chain reaction: basic protocol plus trou-
bleshooting and optimization strategies. J Vis Exp 63:e3998

Lubawy J, Marciniak P, Kuczer M, Rosi´nski G (2018) Myotropic 
activity of allatostatins in tenebrionid beetles. Neuropeptides 
70:26–36

McKenna DD, Scully ED, Pauchet Y, Hoover K, Kirsch R, Geib SM 
et al (2016) Genome of the Asian longhorned beetle (Anoplophora 
glabripennis), a globally significant invasive species, reveals key 
functional and evolutionary innovations at the beetle-plant inter-
face. Genome Biol 17:227

McKenna DD, Sequeira AS, Marvaldi AE, Farrell BD (2009) Temporal 
lags and overlap in the diversification of weevils and flowering 
plants. Proc Natl Acad Sci USA 106:7083–7088

Miller NJ, Guillemaud T, Giordano R, Siegfried BD, Gray ME et al 
(2009) Genes, gene flow and adaptation of Diabrotica virgifera 
virgifera. Agric for Entomol 11:47–60

Milligan BG (1998) Total DNA isolation. In: Hoelzel AR (ed) Molecu-
lar Genetic Analysis of Population: A Practical Approach, 2nd 
edn. Oxford University Press, Oxford, New York, Tokyo, pp 
29–64

Minas K, McEwan NR, Newbold CJ, Scott KP (2011) Optimization 
of a high-throughput CTAB-based protocol for the extraction of 
qPCR-grade DNA from rumen fluid, plant and bacterial pure cul-
tures. FEMS Microbiol Lett 325(2):162–169

Monteleone AM, Castellini G, Volpe U, Ricca V, Lelli L, Monteleone 
P et al (2018) Neuroendocrinology and brain imaging of reward 
in eating disorders: a possible key to the treatment of anorexia 
nervosa and bulimia nervosa. Prog Neuropsychopharmacol Biol 
Psychiatry 80:132–142

Moritz C, Cicero C (2004) DNA barcoding: promise and pitfalls. PLoS 
Biol 2:e354

Muhammad I, Zhang T, Wang Y, Zhang C, Quing M, Zhang L, Lin F 
(2013) Modification of CTAB protocol to maize. Res J Biotech 
8(1):41–45

Musapa M, Kumwenda T, Mkulama M, Chishimba S, Norris D, Thuma 
P et al (2013) A simple Chelex protocol for DNA extraction from 
Anopheles spp. J Vis Exp e3281

Nagdev K, Kashyap R, Deshpande P, Purohit H, Taori G, Daginawala 
H (2010) Determination of polymerase chain reaction efficiency 
for diagnosis of tuberculous meningitisin Chelex-100® extracted 
DNAsamples. Int J Tuberc Lung Dis 14:1032–1038

Norusis M (2008) SPSS 16.0 advanced statistical procedures compan-
ion. Prentice Hall Press

Oba Y, Ohira H, Murase Y, Moriyama A, Kumazawa Y (2015) DNA 
barcoding of Japanese click beetles (Coleoptera, Elateridae). PLoS 
One 10(1):e0116612

Osman W, Shonouda M (2017) X-ray metal assessment and ovarian 
ultrastructure alterations of the beetle, Blaps polycresta (Coleop-
tera, Tenebrionidae), inhabiting polluted soil. Environ Sci Pollut 
Res 24:14867–14876

Pacholska-Bogalska J, Szymczak M, Marciniak P, Walkowiak-Nowicka 
K, Rosinski G (2018) Heart mechanical and hemodynamic param-
eters of a beetle, Tenebrio molitor, at selected ages. Arch Insect 
Biochem Physiol 99:e21474

Panaitof SC, Yaeger JDW, Speer JP, Renner KJ (2016) Biparental 
behavior in the burying beetle Nicrophorus orbicollis: a role for 
dopamine? Curr Zool 62:285–291

Pentinsaari M, Hebert PD, Mutanen M (2014) Barcoding beetles: 
a regional survey of 1872 species reveals high identification 
success and unusually deep interspecific divergences.  PLoS 
One 9(9):e108651

Queipo-Ortuno MI, Tena F, Colmenero JD, Morata P (2008) Compari-
son of seven commercial DNA extraction kits for the recovery of 
Brucella DNA from spiked human serum samples using real-time 
PCR. Eur J Clin Microbiol Infect Dis 27(2):109–114

Roux KH (2009) Optimization and troubleshooting in PCR. Cold 
Spring Harb Protoc 2009(4):pdb ip66

Sagar K, Singh SP, Goutam KK, Konwar BK (2014) Assessment of five 
soil DNA extraction methods and a rapid laboratory-developed 
method for quality soil DNA extraction for 16S rDNA-based 
amplification and library construction. J Microbiol Methods 
97:68–73

Sahu SK, Thangaraj M, Kathiresan K (2012) DNA extraction protocol 
for plants with high levels of secondary metabolites and polysac-
charides without using liquid nitrogen and phenols. ISRN Mol 
Biol 2012:1–6

Schill RO (2007) Comparison of different protocols for DNA prepara-
tion and PCR amplification of mitochondrial genes of tardigrades. 
J Limnol 66:164–170

Shahjahan RM, Hughes KJ, Leopold RA, DeVault JD (1995) Lower 
incubation temperature increases yield of insect genomic DNA 
isolated by the CTAB method. Biotechniques 19:333–334

Shonouda M, Osman W (2018) Ultrastructural alterations in sperm 
formation of the beetle, Blaps polycresta (Coleoptera: Tenebrio-
nidae) as a biomonitor of heavy metal soil pollution. Environ Sci 
Pollut Res 25:7896–7906

Singer-Sam J, Tanguay RL, Rjggs AO (1989) Use of Chelex to improve 
PCR signal from a srnall number of cells. Amplifications: A 
Forum for PCR Users 3:11

Sire L, Gey D, Debruyne R, Noblecourt T, Soldati F, Barnouin T, 
Parmain G, Bouget C, Lopez-Vaamonde C, Rougerie R (2019) 
The Challenge of DNA Barcoding saproxylic beetles in Natural 
History collections-Exploring the potential of parallel multiplex 
sequencing with Illumina MiSeq. Front Ecol Evolution 7

Snounou G, Viriyakosol S, Jarra W, Thaithong S, Brown KN (1993) 
Identification of the four human malaria parasite species in 
field samples by the polymerase chain reaction and detection of 
a high prevalence of mixed infections. Mol Biochem Parasitol 
58(2):283–292

659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724

725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789



UNCORRECTED PROOF

Journal : Large 42690 Article No : 736 Pages : 12 MS Code : 736 Dispatch : 22-1-2022

 International Journal of Tropical Insect Science

1 3

Spochacz M, Chowa´nski S, Walkowiak-Nowicka K, Szymczak M, 
Adamski Z (2018) Plant-derived substances used against beetles - 
pests of stored crops and food - and their mode of action: a review. 
Compr Rev Food Sci 17:1339–1366

Stork NE, McBroom J, Gely C, Hamilton AJ (2015) New approaches 
narrow global species estimates for beetles, insects, and terrestrial 
arthropods. Proc Natl Acad Sci USA 112:7519–7523

Szymczak M, Marciniak P, Rosi´nski G (2014) Insect myocardium - 
model in biomedical studies. Post Biol Kom 41:59–78

Tel-Zur N, Abbo S, Myslabodski D, Mizrahi Y (1999) Modified CTAB 
procedure for DNA isolation from epiphytic cacti of the genera 
Hylocereus and Selenicereus (Cactaceae). Plant Mol Biol Report 
17(3):24–254

Wang YS, Dai TM, Tian H, Wan FH, Zhang GF (2019) Comparative 
analysis of eight DNA extraction methods for molecular research 
in mealybugs. PloS one 14(12):e0226818

Wang Q, Wang X (2012) Comparison of methods for DNA extrac-
tion from a single chironomid for PCR analysis. Pak J Zool 
44(2):421–426

Watts PC, Thompson DJ, Allen KA, Kemp SJ (2007) How useful is 
DNA extracted from the legs of archived insects for microsatellite-
based population genetic analyses? J Insect Conserv 11(2):195–208

Yari K, Afzali S, Mozafari H, Mansouri K, Mostafaie A (2013) Molec-
ular cloning, expression and purification of recombinant soluble 
mouse endostatin as an anti-angiogenic protein in Escherichia 
coli. Mol Biol Rep 40(2):1027–1033

Zhu S, Han Z, Luo Y, Chen Y, Zeng Q, Wu X et al (2017) Molecular 
mechanisms of heart failure: insights from Drosophila. Heart Fail 
Rev 22:91–98

Zodl B, Wittmann KJ (2003) Effects of sampling, preparation and def-
ecation on metal concentrations in selected invertebrates at urban 
sites. Chemosphere 52:1095–1103

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808

809
810
811
812
813
814
815
816
817
818
819
820
821

822
823

824



http://doi.org/10.22232/stj.2018.06.01.06

Science and Technology Journal   Vol. 6  Issue: I  January 2018   ISSN: 2321-3388  

Monosodium Glutamate Toxicity and the  
Possible Protective Role of L–Carnitine

Lalrinzuali Sailo1, Meesala Krishna Murthy2, Khandayataray Pratima3,  
Vikas Kumar Roy4 and Guruswami Gurusubramanian5*

1,2,3,4,5Department of Zoology, School of Life Sciences, Mizoram University,  
Aizawl-796004,  India

E-mail: *gurus64@yahoo.com

Abstract—Monosodium glutamate is naturally available non-essential amino acids, which found in naturally occurring 
foods and used as lavour enhancer worldwide. Monosodium glutamate is believed to be lin ed with diverse health 
problems. The aim of the study was toxic effects of monosodium glutamate (MSG) and the protective role of L-carnitine, 
light on the available literature from last 25 years about diverse toxicity studies which had been carried out on animal 
and human models. Google scholar, NCBI, PUBMED, EMBASE, Wangfang databases, and Web of Science databases were 
used to retrieve the available studies. MSG was lin ed with deleterious effects particularly in animals including induction 
of obesity, diabetes, hepatotoxic, neurotoxic and genotoxic effects showed in Literature. Few reports revealed increased 
hunger, food inta e, and obesity in human subjects due to MSG consumption. epatotoxic, neurotoxic, and genotoxic effects 
of monosodium glutamate on humans carried out very limitedly. igh consumption of monosodium glutamate may be 
lin ed with harmful health effects showed in available literatures. So, it is recommended to use common salt instead of 
MSG. Furthermore, intensive research is required to explore monosodium glutamate–related molecular and metabolic 
mechanisms. L-carnitine can protect from epatotoxic, neurotoxic, renal impairment and genotoxic effects functionally, 
biochemically and histopathologically with a corresponding reduction of oxidative stress.

Keywords: Monosodium Glutamate, L-carnitine, Genotoxicity, Reproduction toxicity, Central Nervous System Toxicity

INTRODUCTION

Monosodium glutamate (MSG, C5 8NO4Na, CAS No. 142-47-
2, Molecular Weight 169.11), a crystalline powder, is one 
of the most widely used lavour enhancers throughout the 
world (Rim, 2017). Monosodium glutamate (MSG), which is 
called as AJI—NOMOTO is the sodium salt of glutamic acid, 
is naturally occurring non-essential amino acid (Ewe a, 
2007).

MONOSODIUM GLUTAMATE  
AND THEIR PROPERTIES

MSG meaty taste arises from contaminants in crude 
glutamates, sweet-salty taste in large concentrations, 
and 1% or more is liable to produce a sweetish taste. It 
is sparingly soluble in alcohol (O’Neil, 2001) and has a 
solubility of 385,000 mg/L in water at 25°C, and is also 

soluble in oil or organic solvents. This monohydrate 
forms needles, with the lavor becoming perceptible at a 
concentration of 0.03% in distilled water. It emits toxic 
fumes of oxides including sodium oxide when it decomposes 
with heat (Budavari, 1989). Glutamic acid was discovered 
and identi ied in 1866 by the German chemist arl einrich 
Ritthausen, who treated wheat gluten (after which it was 
named) with sulfuric acid (Lewis, 2004). The FDA has given, 
MSG generally recognized as safe (GRAS) in consumption 
(FDA, 2014). 

TASTE OF UMAMI

Glutamate is also produced in the body and plays 
an essential role in human metabolism. It is a major 
component of many protein-rich food products either 
in free or bound state of animals such as meat, fish, mil  
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and cheese or vegetable origins such as mushroom and 
tomato (IFIC, 1994). i unae I eda isolated glutamic 
acid as a taste substance in 1908 from the seaweed 
Laminaria japonica (kombu) by aqueous extraction and 
crystallization, calling its taste umami. e noticed that 
dashi, the Japanese broth of katsuobushi and kombu, had 
a unique taste that has not yet scientifically described 
(Plimmer, 2012). To verify that ionized glutamate is 
responsible for umami, he studied the taste properties of 
glutamate salts such as calcium, potassium, ammonium, 
and magnesium glutamates. All these salts elicited umami 
and a metallic taste because of the other minerals. Of 
these, sodium glutamate was the most soluble, palatable, 
and easiest to crystallize. I eda called his product 
“monosodium glutamate (MSG),” and filed a patent to 
produce it (Lindemann et al. 2002). The Suzu i brothers 
began commercial production of MSG in 1909 as Aji-no-
moto (“essence of taste”) (I eda, 1908). MSG is abundant 
and excess in other food ingredients without otherwise 
appearing on the label. This shows that MSG can be ta en 
un nowingly and without intention. It can remain subtle 
but the damage caused can never be neglected. Thus, it 
could be abused inadvertently. It is mar eted under such 
trade names including A-One, Ajinomoto or Vedan and is a 
popular condiment in West African dishes (Obasei i-Ebor 
et al. 2003). MSG added to foods produces a flavouring 
function similar to the glutamate that occurs naturally 
in foods.  It adds a fifth taste, called “umami” which is 
best described as a savoury, broth-li e or meaty taste, 
although traditional East Asian cuisine had often used 
seaweed extract, which contains high concentrations 
of glutamic acid, it was not nown until 1908 that MSG 
was isolated by I eda. It was subsequently patented by 
Ajinomoto Corporation of Japan in 1909. In its pure form, 
it appears as a white crystalline powder that, as a salt 
dissociates into sodium cations and glutamate anions 
while dissolving glutamate is the anionic form of glutamic 
acid (Sano, 2009). As University of To yo chemistry 
professor I eda discovered in 1908, MSG is the most 
stable salt formed from glutamic acid, and one that best 
delivers the sought-after ‘umami’ taste. ‘Umami’—which 
translates as ‘savoury’—is associated with a “meaty” 
flavour, and was also discovered by I eda, who pursued 
it believing that there was something more than the  
four basic tastes of sweet, salty, sour and bitter 
(Yamaguchi, 1998). Modern commercial MSG is produced 
by fermentation of starch, sugar, beet sugarcane or 
molasses (Wal er and Lupien, 2000). A fluorometric 
method was used to determine MSG in foods (Ang, 1981).

USAGE OF MONOSODIUM GLUTAMATE 

MSG is used by consumer and institutional food service 
providers in a negligible amount in animal feed, food 
processing industry, and restaurants. Now, a new chelating 
agent, glutamic acid N,N, diacetic acid tetra sodium salt 
(GLDA), is also used in some countries. Asia (Taiwan, 
Indonesia, China, Thailand, and Vietnam) was the largest 
producer (94%) of MSG due to high demand, economic and 
abundant wor force, and its use in feed stoc s. China is top 
throughout worldwide in MSG production (65%), consumer 
(55%), and exporter (44%) followed by Indonesia (16%), 
Middle East (4%) Africa (4%), Europe (3%), North America 
(2%), central and South America (2%) (i S, 2015). In Asian 
countries, MSG demand was increased because of changed 
dietary patterns, increased urbanization, improved living 
standards, and continuous development in food processing 
industry. Another reason of increased MSG consumption in 
West Africa may be its common use in their diet li e soup, 
rice, noodles, and potatoes. Increased participation of 
women at wor  place, expansion of the middle class, and 
busier lifestyles are considered to be the possible causes 
behind increased MSG consumption in Brazil and many 
other countries. Contrary to this, MSG was forbidden in 
some countries li e the United States, Mexico, and Canada 
due to increasing concerns about obesity. Some advantages 
of MSG usage are as follows: i) its taste is umami; ii) it 
reduced the use of salts and fats without altering the taste; 
iii) due to the presence of one-third of sodium, it can be used 
as a substitute of table salt; iv) it is used in some patient’s 
(who have lost the apatite) diet to develop favourable taste; 
v) MSG consumption increased in food industry due to its 
easy availability, consumer li eness, and cost-effectiveness; 
vi) it is used as a fuel for digestive system to enhance body 
metabolism (Staples, 2016).

BIOCHEMISTRY OF MONOSODIUM 
GLUTAMATE 

Multiple glutamate transporters and receptors are found in 
gut; particularly intestine is the main site for several amino 
acids catabolism (glutamine, glutamate, and aspartate. 
Glutamate is transported from intestine to lumen across 
the apical membrane by various transporters namely 
EAAC-1 (small intestine), GLT-1, and GLAST-1 (stomach) 
( anai and ediger, 2003; Fan et al. 2004; Iwanaga  
et al. 2005). Glutamate metabolized as an end product of 

- etoglutarate in enterocytes by aspartate aminotransferase, 
alanine aminotransferase, branched-chain aminotransferase, 
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and glutamate dehydrogenase (GD ) enzymes. The 
- etoglutarate enters TCA cycle (Windmueller and Spaeth, 

1976; Windmueller and Spaeth, 1978; Stoll et al. 1999). In 
mitochondria, glutamate carrier proteins act as anti-porters 
for protons or aspartate.  In normal dietary conditions most 
of the dietary glutamate is either metabolized or oxidized 
to carbon dioxide by the gut in irst pass, reported earlier. 

owever, if glutamate inta e is increased, then it is mainly 
used in ATP generation or in conversion of other amino acids 
other than carbon dioxide, ornithine, glutamine, and aspartate 
(nonessential amino acids) are the main products (Burrin 
and Stoll, 2009; Frigerio et al. 2008) of glutamate metabolism  
(Fig. 1, 2).

Fig. 1: Metabolic Cycle of Glutamate in the Intestine

                          

Fig. 2: Metabolic Cycle of Glutamate in Enterocyte 

CONSUMPTION OF MSG

In 1991, the average inta e of MSG in United ingdom was 
580 mg/day for general population individual and 4.68 g/
day for extreme users ( usarova and Ostatni ova, 2013). 

The estimated average daily MSG inta e per person in 
industrialized countries is 0.3–1.0 g, but it depends on the 
MSG content in foods and an individual’s taste preferences 
(Geha et al. 2001). According to a joint inquiry by the 
governments of Australia and New Zealand in 2003, a 
typical Chinese restaurant meal contains between 10 and 
1500 mg of MSG per 100 g. The oral dose that is lethal to 
50% of subjects (LD50) in rats and mice is 15800 mg/ g 
body weight (I eda, 1917). The consumption of MSG had 
been reported to be associated with numerous adverse 
toxic effects (Raiten et al. 1995). MSG is locally and globally 
used as favor enhancer; it may be present in pac aged 
foods without appearing on the label. MSG contains 78% 
of glutamic acid and 22% of sodium (Samuels, 1999). As 
of 2009, the world production of MSG was estimated to 
be 2 million tonnes per year (Geha et al. 2001). The mean 
percentage of MSG contained in various food items ranged 
from 0.06 % in cured por  to 8.7% in meat and yeast 
extracts (Chia i, 2009). 

REGULATION AND HEALTH RISK

In the mid-1950s The Joint FAO/W O Expert Committee 
on Food Additives (JECFA) was established by the Food 
and Agriculture Organisations of the United Nations (FAO) 
and the World ealth Organisation (W O) (W O, 1992) 
in order to assess the safety of chemical additives in food 
on an international basis. Its brief has been broadened 
subsequently to include contaminants and veterinary drug 
residues. Its primary aims were to protect the health of 
the consumers and facilitate international trade in food in 
matters relating to food additives. As MSG is a worldwide 
lavour enhancer food additive, it is also protected by 

JECFA. But MSG has a long history of use in foods as a 
lavour enhancer. Some reports indicated that MSG was 

toxic to human and experimental animals (Biodun and 
Biodun, 1993). 

In August 1995, the Federation of American Societies 
for Experimental Biology, or FASEB, published its indings 
regarding possible MSG-related reactions. Commissioned 
by the FDA, the report listed a range of possible symptoms 
associated with MSG consumption: a burning sensation in 
the bac  of the nec , forearms and chest; facial pressure 
or tightness; chest pain; heart palpitations; headache; 
nausea; numbness in the bac  of the nec  radiating to 
the arms and bac ; tingling or warmth in the upper 
body; drowsiness; and wea ness. FASEB referred to 
these symptoms collectively as MSG symptom complex. 
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MSG is an exitotoxin, which may cause damage to the 
brain especially by oral inta e i.e., without food and other 
edibles. MSG could produce symptoms such as numbness, 
wea ness, lushing, sweating, dizziness and headaches.
In addition, ingestion of MSG has been alleged to cause 
or exacerbate numerous conditions, including asthma, 
urticaria, atopic dermatitis, ventricular arrhythmia, 
neuropathyand abdominal discomfort (Onyema et al. 
2006). MSG adversely showed toxic effects on reproductive 
systems, central nervous system, hepatic system, endocrine 
and renal system respectively.

OXIDATIVE STRESS AND ANTIOXIDANTS

Various studies have examined metabolic and toxic effects 
of MSG, with a number of reports that showing induction 
of oxidative stress in different tissues of experimental 
animals after administration of chronic doses of MSG. The 
serum malondialdehyde (MDA) concentration, a mar er 
of lipid peroxidation (LPO), increased in MSG-treated 
rats (Tomita and O uyama, 1994; Farombi and Onyema, 
2006)    probably due to the generation of reactive oxygen 
species as previously suggested by (Tomita and O uyama, 
1994) Tomita and O uyama (1994). MSG inta e 4 mg/g 
body weight and above in normal and alcoholic animals 
increased the oxidative stress by altering the levels of 
oxidative stress mar ers li e LPO, OD, SOD, CAT, GS , GPx 
and GR in cardiac tissue of adult male mice ence, MSG 
might act as an additional factor along with alcohol for 
the initiation of atherosclerosis (Onyema et al. 2012).The 
reduced glutathione/oxidized glutathione (GS /GSSG) is 
one of many cellular redox couples that directly contribute 
to the redox status; its decrease suggests oxidative stress. 
Others studies have found increased lipid peroxidation with 
decreased levels of GS  and of antioxidant enzymes in the 

idney of chronic MSG exposed rats (Rhodes, 1991; Paul  
et al. 2012; Sharma, 2015).

MALE REPRODUCTIVE TOXICITY

MSG has a toxic effect on the testis by causing a signi icant 
oligozoospermia and increases abnormal sperm 
morphology in dose-dependent fashionin male Wistar 
rats (Ona ewhor et al. 1998). It has been implicated 
in male infertility by causing testicular haemorrhage, 
degeneration and alteration of sperm cell population and 

morphology (Oforofuo et al. 1997). Previous scienti ic 
investigations aimed at determining the effect of MSG 
on testes (Das and Ghosh, 2010; Igwebui e et al. 2011). 
MSG caused a reduction in the sperm count recorded MSG 
reduction in testicular weight and decrease in the sperm 
count in rats treated with MSG (Nayanatara  et al. 2008). 
Treating rats with MSG caused increase in body weight 
due to obesity, decrease in testicular weight, decrease in 
tubular diameter, reduction in germinal epithelium height, 
decrease in the spermatic count and abnormalities of 
sperms morphology (Nosseir et al. 2012). Oral MSG inta e 
in rats leads to changes in antioxidant systems and renal 
mar ers including lipid peroxidation by products (Das and 
Ghosh, 2011).

FEMALE REPRODUCTIVE TOXICITY

It is observed that the number of primary follicles was 
increased without any alterations in the number of Graa ian 
follicle in ovary of MSG-exposed mice (Erb, 2006). An 
estrous cycle of the rat comprises four phases, such as 
proestrus, estrus, metestrus and diestrus (Mondal et al. 
2017), which repeats 5–6 times in a month and normally 
ta es four to ive days to complete a cycle. During female 
rat reproduction, MSG impairs ovary and uterus functions 
(Fig. 3). Previous reports suggested that time duration of 
proestrus, estrus and metestrus phases was decreased and 
diestrus phase was increased considerable in MSG treated 
rats in comparison with control ( e et al. 2008).

ENDOCRINE TOXICITY

To determine the toxic effects of MSG on pituitary- 
gonadal axis, the serum levels of testosterone, L , FS  
and estradiol have been determined in MSG-exposed rats. 
Anterior pituitary and ovarian follicles enhanced L , FS  
and estradiol secretion due to MSG impairs the function 
of hypothaloamo-pituitary-gonadal axis (Erb, 2006). MSG 
plays excitatory neurotransmitter in brain due to presence 
of glutamatergic neurons, which in turn enhanced release 
of L R  and FS R  releasing hormones that increases 
the secretion of L  and FS  respectively. Earlier studies 
reported that hypothalamic lesions, appetite regulation and 
hypothalamic neuronal circuitries in MSG treated animal 
models (Flegal et al. 2002).
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Fig. 3: Schematic Representation Showing Probable 
Mechanism of Action of MSG in Impairing the Functions 
of Uterus and Ovary.

OBESITY

Obesity is a chief health disorder in all age groups, all 
ethnic and socioeconomic bac grounds for both men and 
women (Flegal et al. 2002; Raben et al. 2003). Energy 
balance is a basic principle to reduce body weight. Earlier 
studies recommended that energy imbalance depends 
on food composition ( ermanussen and Tresguerres, 
2003; Zemel, 2004). MSG-treated mice showed signi icant 
Weight gain in comparison with control due to imbalance 
in lipid metabolism ( ermanussen and Tresguerres, 2003; 

ermanussen et al. 2006). MSG consumption has become 
a health concern worldwide with respect to overweight/
obesity with impaired glucose tolerance and insulin 
resistance and allergenic effects (Flier et al. 1997). In 
China, MSG is a common food additive in home food 
preparation, which was quanti ied in the International Study 
of Macro-/Micro-nutrients and Blood Pressure (INTERMAP) 
in 1997 (Flegal et al. 2002). MSG inta e as a cause of 
hypothalamic damage has been debated for decades. Some 
animal studies reformulated, MSG-obesity hypothesis is 
administration of MSG may damage several brain regions 
including the hypothalamus assumed as a potential site 

of action for leptin, causing leptin resistance associated 
with overweight/obesity ( ermanussen and Tresguerres, 
2003; ermanussen et al. 2006). A further mechanism 
for the possible lin age of MSG to obesity is that MSG may 
regulate adipsin and depressed adipsin expression has 
been lin ed with obesity in animal models, thereby change 
in body composition. Adipsin is synthesized and secreted 
by adipocytes. (Spurloc   et al. 1996). MSG treated mice 
showed 50% lower serum adipsin and higher percentage 
of body fat in comparision with control. It showed positive 
association between MSG inta e and overweight due to 
MSG or leptin resistance can stimulate appetite (Al-Mamary 
et al. 2002). MSG increased the expression of several genes 
(interleu in-6, tumor necrosis factor-alpha, resistin and 
leptin) implicated in adipocytes  in visceral adipose tissue, 
it caused elevated serum free fatty acids, triglycerides, 
minsulin and bile synthesis ( ermanussen and Tresguerres, 
2003; ermanussen et al. 2006),which inturn impaired 
glucose tolerance.

HEPATOTOXICITY

MSG inta e at a low dose could be toxic on selected 
hepatocellular functional enzymes (ALT,AST and ALP) 
of male albino rats (Farombi and Onyema, 2006). 
Serum alanine aminotransferase (ALP), aspartate 
aminotransferase (AST), aspartate aminotransferase -to 
-alanine aminotransferase (AST: ALT) ratio were enhanced 
signi icantly and serum al aline phosphatase (ALP) was 
diminished signi icantly in the MSG-treated rats compared 
to the control rats. Therefore, the enhanced levels in the 
serum ALT activity are a sensitive mar er of liver damage 
(Chung et al. 2003). MSG could dissociate easily to 
release free glutamate. The deamination of GLU produces 
ammonium ion (N 4 ) that could be toxic unless detoxi ied 
in the liver via the reactions of the urea cycle. Farombi and 
Onyema, (2006) and Onyema et al. (2006) reported that 
enhanced serum ALT levels in male rats that were fed MSG 
probably due to MSG induced oxidative stress in the liver 
(Tomita and O uyama, 1994; Farombi and Onyema, 2006). 
Furthermore, since ALT was a strong positive indicator of 
insulin resistance, diabetes mellitus and obesity (Chung 
et al. 2003) which are ris  factors for coronary heart 
disease (Wilson et al. 1999; Bain, 2003), the use of MSG at a 
low dose should not be encouraged because of the possible 
untoward health implications. An increase in serum AST 
activity is a mar er to predicting liver and other organs 
damage including the brain, heart and lungs with high 
metabolic activity (Rodwell and ennelly, 2003) where 
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as the serum AST activity may be indicative of myocardial 
infarction (Bush, 1991). Johnston, (1999) reported that 
elevated levels serum AST-to-ALT ratio in MSG-treated 
rats indicating possible cirrhosis (hardening) of the major 
organs (Johnston, 1999). This appears to suggest the 
inherent ris  in the use of MSG even at a low dose in rats. 
Therefore, caution should be exercised in the use of MSG 
over time till further studies are carried out to elucidate 
the effect in humans. The reduced levels in the serum ALP 
activity in MSG treated rats may indicate possible absence 
of adverse effects of MSG inta e on the pathologies of 
the bone since increased serum ALP activity has been 
associated with bone diseases (Sharma et al. 2013). In 
addition, the signi icant decrease in serum ALP activity 
by MSG may perhaps indicate the absence of cholestasis 
( ansen et al. 2001) (lac  of bile low) as previously 
reported by ane o (1989). Cholestasis may result from 
the bloc age of the bile duct or from a disease that impairs 
bile formation in the liver itself (Rodriguez Iturbe et al. 
2004). owever, increases in the mar ers of liver damage 
without an increase in the mar er of cholestasis have been 
reported in rats and interpreted as evidence of ongoing 
hepatocellular toxicity in the absence of signi icant 
cholestasis (Meldrum, 2000; Dixit et al. 2014). 

RENAL TOXICITY

The effects of oral inta e of MSG emerge to cause al aline 
urine with higher urinary sodium excretion and citrate, 
leads to increase the ris s of idney stones (Mattson, 2008).
The oxidation of reduced GS  to GSSG leads to reduction 
from the cell, which could be significantly affect the 
overall redox potential of the cell (Collison et al. 2010).
The depletion of renal GS  proposed that the MSG would 
be a main factor that contributes to the degree of renal 
injury. Earlier studies reported that MSG might induce 
morphological damage (glomeruli, mesangial cells, 
fibrosis in Bowman‘s capsule and cortical tubules) and 
atrophy or dilatation of tubules with tubulointersticial 
injury that would favor Na retention in MSG treated rats 
due to immune cells accumulating in the idney may 
be responsible for mediating sodium retention and for 
development of hypertension (S ultetyova  et al. 1998). 
In previous findings, long term consumption of MSG has 
been shown to induce altered histoarchitecture, increase 
tubule-interstitial fibrosis, glomerular hypercellularity, 
tubular swelling and infiltration of inflammatory cells 
in rat idneys (Collison et al. 2010; Dixit et al. 2014; 
Sharma, 2015).

CENTRAL NERVOUS SYSTEM CNS

Glutamate is playing an important role in both physiological 
and pathological processes. Glutamate receptors include 
three families of ionotropic receptors and three groups 
of metabotropic receptors namely NMDA—N-methyl-
D-aspartate, AMPA— -amino-3-hydroxy-5-methyl-4-
isoxazo1lepropionic acid, ainite and mGluR respectively 
(Mis owia  and Party a, 2000; Gonzalez-Burgos et al. 
2001). They are distributed and regulate many vital 
metabolic and autonomic functions throughout the central 
nervous system including amygdala, hippocampus and 
hypothalamus (Rivera-Cervantes et al. 2004). MSG inta e 
(4 mg/g, subcutaneously, on postnatal days 1, 2, 3, 4, 5, 
6, 7 and 8) causes neuronal necrosis, prefrontal cerebral 
cortex changes, including fewer neurons, shorter and less 
rami ied dendritic processes, loss of cortical cell number, 
30–40% reduction of pituitary gland weight, increased 
proopiomelanocortin mRNA levels and adrenocorticotropic 
hormone concentration in the adenopituitary respectively 
(Ta asa i,1978; Niijima et al. 1990; Reeds et al. 1996; 
Freeman, 2006; ashem et al. 2012). FAO/W O Expert 
Committee on Food Additives (JECFA) in 1988 noted that 
blood levels of glutamate associated with lesions of the 
hypothalamus in the neonatal mouse were not approached 
in humans even after bolus doses of 10 g MSG in drin ing 
water (Mis owia  and Party a, 2000). No pathological 
changes in the hypothalamic arcuate nuclei of pregnant 
and lactating female rats and their fetuses, suc lings, and 
weanling mice were observed after MSG inta e in diet 
(14.0, 42.8 or 42.0 g/ g) (Beausoleil et al. 2007). This 
can be explained by the results of the study in pigs which 
has shown that less than 5% of ingested glutamate was 
absorbed from the gut into the portal blood ( onrad  
et al. 2012). owever, contradictory results in different 
brain areas have been found in male albino rats fed by a 
lower dose of MSG (3 g/ g/day) mixed with their foods 
for 14 days. istological examination of cerebellar cortex 
showed degenerative changes as py notic Pur inje and 
granule cells with areas of degeneration surrounded by 
in lammatory cells in granular layer (Boonnate et al. 2015). 
Contradictory results needs further research to clarify the 
mechanisms of MSG action in the CNS after absorption in 
humans. Moreover, the ingested glutamate effects on CNS 
must be researched also in its connection with signalling 
from the gastrointestinal tract. In rats, activation of both 
the gastric and the celiac branches of the vagus nerve 
led to the activation of the insular cortex, limbic system, 
hypothalamus and nucleus tractus solitaries. 
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GENOTOXICITY

Farombi and Onyema (2006) reported that intraperitonially 
treated MSG rats at dose of 4 mg/g body weight showed 
potential genotoxicity (Farombi and Onyema, 2006), 
enhanced apoptotic rate of thymocytes, DNA damage 
and anthine oxidase mediated by oxidative stress. In 
addition, genotoxic effect was monitored as formation of 
micronucleus in rat bone marrow cells. 

OTHER MSG EFFECTS

MSG inta e and its harmful effects have been proposed 
also in the connection with several other systems. MSG 
inta e was also associated with increased levels of leucine, 
isoleucine, valine, lysine, cysteine, alanine, tyrosine, and 
tryptophan amino acids compared with controls (Niijima 
et al. 1990), triggers asthma (Freeman, 2006; Beausoleil  
et al. 2007). MSG induced obesity which inurn increases  
the mean arterial blood pressure leads to reduction of 
heart rate variability, bradycardic responses, vagal and 
sympathetic effects. ( onrad et al. 2012).

ROLE OF L CARNITINE 

L-carnitine is an amino acid (a building bloc  for proteins) 
that is naturally produced in the body. Carnitine is 
an amino acid derivative and nutrient involved in lipid (fat) 
metabolism in mammals and other eu aryotes. L-carnitine 
is a non-protein amino acid ( -hydroxy- -trimethyl-amino-
butyric acid), that is synthesized from the essential amino 
acids lysine and methionine (Boonnate, et al. 2015). It is 
in the chemical compound classes of -hydroxyacids and 
quaternary ammonium compounds, and because of the 
hydroxyl substituent, it exists in two stereoisomers, the 
biologically active enantiomer L-carnitine, and the essentially 
biologically inactive D-carnitine. In such eu aryotic cells, it 
is speci ically required for the transport of fatty acids from 
the inter-membraneous space in the mitochondria into the 
mitochondrial matrix during the catabolism of lipids, in 
the generation of metabolic energy. It is roughly similar in 
structure to choline, facilitates the transfer of activated long-
chain fatty acids from the cytoplasm to the mitochondria, 
where they are processed by oxidation to produce ATP 
( endler, 1986). L-Carnitine plays an important role in 
many biological processes and it can protect against a 
number of diseases. It reduced sperm abnormalities by 
chemicals (Steiber et al. 2004). L-carnitine is essential 

for normal testicular development, spermatogenesis and 
spermatozoa motility and functions (Fahmy et al. 2008). It 
is reported that L-carnitine supplementation in sub fertile 
men with low L-carnitine status could improve sperm 
motility and increase the chance of successful conception 
(Messaoudi et al. 2010). L-carnitine has also been to have 
the protective effects against the toxicity of metals in the 
male reproductive system of experimental animals (Ursini 
et al. 1999). In spite of some studies on the effects of   
L-carnitine on spermatogenesis on rodent testis (Fig. 4), 
little is nown about the effects of L-carnitine on testicular 
testosterone. It has been suggested that L-carnitine have a 
protective role in peroxide damage to the sperm cell (Singh 
and Ahluwalia, 2012). The carnitine exerts a substantial 
antioxidant action, thereby providing a protective effect 
against lipid peroxidation of phospholipid membranes 
and against oxidative stress induced at the myocardial 
and endothelial cell level (Said et al. 2010). L-carnitine 
prevents the oxidative damage of sperms, improving 
sperm quality (Marin-Guzman et al. 2000) and   shown 
to have bene icial effects in the treatment of varicocele, 
a major cause of male infertility (Cavazza, 2002). Also, 
supplemental doses of L-carnitine effectively counteracts 
the toxic effects of chronic nicotine administration on 
thyroid, liver, heart, bone, muscle, urinary bladder, and 

idney functions and attenuates the oxidative damage 
possibly by its antioxidant action (Lenzi et al. 2003; Seo  
et al. 2010). L-carnitine helps the body in energy production. 
Patients with cancer will li ely bene it from L-carnitine 
as well. Most people who undergo chemotherapy and/or 
radiation report signi icant fatigue. In addition, advanced 
disease is associated with cachexia, or muscle wasting and 
weight loss, and low carnitine levels may well contribute 
to this. L-carnitine is not a cancer therapy, but it has been 
reported to improve fatigue and quality of life—and that’s 
reason enough to use it. ( u et al. 2004) It is important 
for heart and brain function, muscle movement, and many 
other body processes. L-carnitine supplements are used to 
increase L-carnitine levels in people whose natural level of 
L-carnitine is too low because they have a genetic disorder, 
are ta ing certain drugs (valproic acid for seizures), 
or because they are undergoing a medical procedure 
(hemodialysis for idney disease) that uses up the body’s 
L-carnitine. It is also used as are placement supplement 
in strict vegetarians, dieters, and low-weightor premature 
infants (Zadeh et al. 2008). L-carnitine is used for conditions 
of the heart and blood vessels including heart-related chest 
pain congestive heart failure (C F), heart complications of 
a disease called diphtheria, heart attac , leg pain caused 
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by circulation problems (intermittent claudication), 
and high cholesterol. Although it de initely improves body 
composition in older people, many of the studies in younger 
people aren’t   so positive, probably because they already 
have optimal carnitine stores. It can, however, enhance 
exercise endurance and capacity in all age groups by 
increasing muscle carnitine levels and improving energy 
metabolism. L-carnitine is by no means a magic bullet, but 
if you’re willing to exercise regularly—especially if you 
follow the mini-fast with exercise protocol—it may help. 
Carnitine, derived from an amino acid, is found in nearly all 
cells of the body. Its name is derived from the Latin carnus or 
lesh, as the compound was isolated from meat. Carnitine is 

the generic term for a number of compounds that include 
L-carnitine, acetyl-L-carnitine, andpropionyl-L-carnitine 
(Chan et al. 2007).

Carnitine was originally found as a growth 
factor for mealworms and labelled vitamin B, although 
carnitine is not by biochemical de inition a true vitamin. It 
is used ef icaciously, clinically, in the treatment of some 
conditions, e.g. systemic primary carnitine de iciency and 
it is available over the counter as a nutritional supplement, 
though its ef icacy for most conditions for which it is 
advertised is controversial or not yet established. Other 
health bene its of L-carnitine, especially acetyl-L-carnitine, 
include improved memory in older people and slowing 
of Alzheimer’s progression. The acetyl group in this type of 
L-carnitine can be used to form acetylcholine, an important 
neurotransmitter that mar edly declines as dementia 
advances. Both forms, however, increase mitochondrial 
energy production and power up energy-starved brain cells. 
(Rebouche, 1999)

L-carnitine is an amino acid compound that performs three 
very important functions that enhance athletic performance:

1. L-carnitine is the nutrient, the “ferry” so to spea , 
that shuttles fatty acids from the blood into the 
mitochondria—the energy producing “furnaces” in 
the cells—so that they can be used as energy. If fat is 
used as a fuel ef iciently and effectively as possible, 
L-carnitine is required.

2. L-carnitine also helps to improve endurance by 
inhibiting the build-up of lactic acid, which is one of the 
primary causes of fatigue.

3. L-carnitine has been shown to reduce the accumulation 
of metabolic wastes during exercise, helping increase 
wor load output during exercise and enhancing 
recovery post-exercise (Pettegrew et al. 1995)

The body can convert L-carnitine to other amino acids 
namely acetyl-L-carnitine and propionyl-L-carnitine. 
But, no one nows whether the bene its of carnitine are 
interchangeable. Until more is nown, one form of carnitine 
should not be substituted for another.

MSG

food consumption

Lipid 
peroxidation

SOD

Carnitine

sperm motility

sperm motility

PCNA

PCNA

Lipid
peroxidation
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Fig. 4: Effect of MSG on food consumption, sperm 
parameter, oxidation and Antioxidant status and the 
Number of Positive Cells (PCNA) and the Ameliorative 
Role of Carnitine on Spermatogenesis.

CONCLUSION

Monosodium glutamate (MSG) is one of the world’s most 
widely used food additives which enhance the lavour of 
food. MSG toxic effects on central nervous system, adipose 
tissue, hepatic tissue and reproductive organs were shown 
in numerous animal studies; however the method of 
administration and the used doses in most of them were not 
comparable with human MSG inta e. MSG administration 
showed that metabolism disturbances including insulin, 
fatty acids, triglycerides, increased expression of genes 
in adipocytes which inturn affected the liver, idney, CNS, 
testes, ovaries and fallopian functions which led to oxidative 
stress. The review clearly shows that oxidative stress plays a 
prominent role in MSG-induced organ toxicity, reproductive 
toxicity, endocrine toxicity, central nervous system (CNS) 
toxicity, obesity, diabetes and genotoxicity, as demonstrated 
by induction of lipid peroxidation in the organs, altered 
antioxidant status of the cells and antioxidant protection. 
MSG utilization up to certain level does not have any 
adverse effects because glutamate is a nutritionally 
indispensable amino acid. ence vigorous studies are 
required to chec  the underlying cause of aforementioned 
drastic health effects. Studies should be designed to reveal 
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the truth behind the complexity of MSG-related regulatory 
mechanisms. Therefore, studies which brought the evidence 
about the deleterious effects of MSG administration led to 
further research of potential protective effects of different 
molecules, especially dietary antioxidants rich in L-carnitine 
may signi icantly modulate the toxic effects on MSG-induced 
toxic changes.
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Abstract
Bergenin is one of the phytochemical constituents in marlberry (Ardisia colorata Roxb.) having antioxidant, anti-diabetic, and
anti-inflammatory properties. A. colorata has been used as an herbal medicine in Southeast Asia particularly in Northeast India to
treat diabetes. Bergenin was isolated from methanol extract of A. colorata leaf (MEACL) by column chromatography and TLC
profiling. Characterization and structural validation of bergenin were performed by spectroscopic analyses. A LC-ESI-MS/MS
method was developed for the quantitation of bergenin and validated as per the guidelines of FDA and EMA. The validated
method was successfully utilized to quantify bergenin concentration in MEACL samples. Therapeutic efficacy of bergenin was
investigated on streptozotocin-induced diabetic rats by following standard protocols. Bergenin supplementation significantly
improved the physiological and metabolic processes and in turn reverses diabetic testicular dysfunction via increasing serum
testosterone concentrations and expression pattern of PCNA, improving histopathological and histomorphometric manifesta-
tions, modulating spermatogenic events and germ cell proliferation, restoring sperm quality, reducing sperm DNA damage, and
balancing the antioxidant enzymes levels. Hence, A. colorata leaf is one of the alternate rich resources of bergenin and could be
used as a therapeutic agent for diabetic testicular complications.
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Abbreviations
B100, B200, and B400 Diabetic rats treated with 100,

200, and 400 mg/kg of bergenin
isolated from Ardisia colorata
methanol leaf extract, respectively

AC Ardisia colorata
ALT Alanine aminotransferase
AO+ Abnormal DNA fluoresce, yellow

or red
AO− Normal DNA fluoresce, green
AST Aspartate aminotransferase
C Healthy untreated normal control

(0.5% carboxy methyl cellulose)
CMC Carboxy methyl cellulose
CPCSEA Committee for the Purpose of

Control and Supervision of
Experiments on Animals

DC Diabetic control (streptozotocin,
60 mg/kg)

DCA Detrended correspondence analysis
DEPT Distortedness enhancement by

polarization transfer
DFI DNA fragmentation index
DM Diabetes mellitus
DSP Daily sperm production
DSPr Daily sperm production relative

to testis weight
EMA European Medicine Agency
FDA Food and Drug Agency
FPG Fasting plasma glucose
GC Diabetic rats treated with

glibenclamide (0.1 mg/kg)
GST Glutathione S-transferase
HPLC High-performance liquid

chromatography
JTBS Johnsen’s testicular biopsy score
LC Liquid chromatography grade
LC-ESI-MS/MS Liquid chromatography

and electrospray ionization
mass spectrometry

LOD Limit of detection
LOQ Limit of quantification
MANOVA Multivariate analysis of variance
MDA Malondialdehyde equivalents
MEACL Methanol extract of Ardisia

colorata leaf
MRM Multiple-reaction monitoring
MSTD Mean seminiferous tubule diameter
MZUAEC MizoramUniversity Animal Ethical

Committee
OECD Organization for Economic

Co-operation and Development
PCA Principal component analysis

PCNA Proliferating cell nuclear antigen
QC Quality control
ROS Reactive oxygen species
RSD Relative standard deviation
SD Standard deviation
SOD Superoxide dismutase
STZ Streptozotocin
TDI Tubule differentiation index
TLC Thin layer chromatography

Introduction

Herbal medicine, a chemically defined constituent of an herbal
preparation (European Medicines Agency 2011), is being
widely used by the inhabitants of remoteness areas in Asia,
Africa, and Latin America for their primary health care re-
quirements (WHO 2013). Herbal medicines can be used as
sources of direct therapeutic agent as well as an alternative
strategy to find a substitute for presently used drugs and val-
idation of traditional medicinal plants in terms of their safety
and efficiency (WHO 2013; Roy et al. 2015). Ardisia colorata
Link (Primula ceae) is found in tropics and temperate regions
(Fig. S.1A, 1B) and has been used in the form of a decoction
to cure many lifestyle diseases. Hence, this plant is considered
one of the important medicinal plants in traditional medicine
for its antioxidant, anti-inflammatory, and anti-diabetic prop-
erties. Boiled leaf extract has been used for DM therapy by
Meitei and Meitei-pangal tribes in Manipur, Northeast India
(Khan and Yadava 2010). Phytochemical studies on chemical
characterization of fruits ofA. colorata demonstrated bergenin
was the principal compound contributing to the therapeutic
activity (Sumino et al. 2002). Bergenin is an isocoumarin
and has several pharmacological properties. It has been isolat-
ed from different parts of a number of plants and is one of the
active ingredients in herbal and ayurvedic formulations
(Bajracharya 2015).

Diabetes mellitus (DM) is a metabolic syndrome that alters
protein, carbohydrate, and lipid homeostasis, induces oxida-
tive stress in the organs, and produces deviations in numerous
intracellular signaling pathways (Kilarkaje et al. 2014). β cell
deterioration in type 1 diabetes is rapid in children while slow
in adults. Ketoacidosis is the manifestation of type 1 diabetes
due to degeneration of β cells. In some patients, ketoacidosis
condition is precluded for many years due to the retaining of
residual β cell function. At a later stage, they become insulin-
dependent and/or at risk of ketoacidosis (Atkinson et al.
2014). In episodic ketoacidosis patients, the level of insulin
deficiency may vary depending on the deterioration ofβ cells.
These patients may not require regular insulin therapy
(American Diabetes Association 2018). Intensive insulin ther-
apy may cause adverse events as hypoglycemic episodes.
Hence, therapeutic strategies focus on the modulation of
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glucose metabolism in order tomaintain normal blood glucose
levels and avoid diabetic complications and long-term damage
by using oral anti-hypoglycemic agents either from a plant
source or synthetic drugs (biguanide, glitazone, or
sulphonylureas) (Frandsen et al. 2016). Glibenclamide
(glyburide) is an anti-diabetic sulfonylurea, which activates
insulin secretion commonly by binding to the regulatory
SUR1 subunits of the ATP-sensitive potassium channels of
pancreatic β cells. Glibenclamide also stimulates islet expres-
sion and function of connexion 36, a gap junction protein
which significantly helps to regulate the secretion and survival
of pancreatic β cells in autoimmune type 1diabetes (Ashcroft
and Rorsman 2013; Lamprianou et al. 2016). The regenerative
effect of bergenin on pancreatic β cells was demonstrated in
streptozotocin-induced diabetic rats (Kumar et al. 2012).
Sustained hyperglycemia with poorly managed DM results
in the production of reactive oxygen species (ROS) and atten-
uates antioxidant defense systems leading to oxidative stress
in different types of tissues causing long-term damages, dys-
functions, and failures of various organs as diabetic complica-
tions in due course (Ricci et al. 2009; Ding et al. 2015).
Augmented oxidative stress in DM adversely disturbs male
reproductive system at multiple levels particularly spermato-
genesis, histology of testes, steroidogenesis, altered pituitary-
testicular hormonal axis, sperm DNA integrity, sperm quality,
and fertility both in men with diabetes and experimental dia-
betic animals (Rashid and Sil 2015).

The purposes of this study were (i) isolation of bergenin
from the methanol extract of A. colorata leaf (MEACL) by
column chromatography and TLC profiling, (ii) characteriza-
tion and structural validation of bergenin through spectroscop-
ic analyses (IR, 1H NMR, and 13C NMR), (iii) validation of
procedures for the quantification of bergenin by LC-ESI-MS/
MS, and (iv) evaluation of therapeutic efficacy of bergenin on
testicular dysfunction and sperm quality in streptozotocin-
induced diabetic male rats in terms of spermatogenesis, testis
histology and histomorphometrics, sperm quality, sperm
DNA damage, lipid peroxidation, antioxidant and serum tes-
tosterone levels, and immunolocalization of proliferating cell
nuclear antigen (PCNA).

Materials and methods

Chemicals and reagents

Streptozotocin (STZ) and bergenin were obtained from
Sigma-Aldrich, USA. Liquid chromatography grade (LC)
methanol and water were procured from Merck (Darmstadt,
Germany). Ultra-pure water was obtained from a Millipore
Direct-Q3 system water dispenser (Molsheim, France). All
the chemicals and solvents used were of analytical grade pur-
chased fromMerck Specialities Private Ltd., Mumbai. For the

estimation of blood glucose and other biochemical tests, tes-
tosterone kits and PCNA antibody were obtained from Life
Scan Johnson and Johnson, Mumbai, India; Tulip Diagnostics
Private Ltd., Pune, India; Elab Science Biotechnology
Company Ltd., China; and Labor Diagnostika Nord,
Germany.

A. colorata plant collection and identification

The leaves of A. colorata (English name: marlberry/
coralberry; local name: Uthum (Manipur), Hnunthlum
(Mizoram), Fig. S.1A, 1B) were collected from Nambol
Maibam Chingning (latitude: 24° 70′ 0409″ N; longitude:
93° 83′ 6024″ E), Bistmupur district, Manipur (February–
March, 2016), identified, authenticated by a taxonomist, and
deposited a voucher sample (MZU/ZOO/MYR/L/2016/3011)
in the Department of Zoology, Mizoram University, Aizawl,
Mizoram.

Isolation and identification of bergenin from MEACL

The air-dried A. colorata leaves were powdered with an aver-
age particle size of 0.2 mm using a mixer grinder. The coarsely
powdered leaf of A. colorata (1 kg) was extracted with
3000 mL of methanol (Merck grade, 99.8%) in a Soxhlet ex-
tractor for 5 days. Themethanol extract of A. colorata leaf was
filtered through Whatman no. 1 filter paper and concentrated
to one fourth of its volume using a rotary evaporator (Buchi,
Germany) under reduced pressure at 40 °C for 6 h. The meth-
anol extract yielded 31.68 g (w/w) dark greenish brown semi-
solid residue which was kept at room temperature (28 °C) for
5 days for forming a crystalline solid. This crystalline solid
was separated from the container, washed with acetone, and
crystallized frommethanol. Repeated recrystallization of com-
bined crystalline solids with methanol yielded a colorless crys-
talline compound (15.365 g) (Kumar et al. 2012).

Characterization of bergenin by TLC, IR, 1H NMR,
and 13C NMR mass spectroscopy

The homogeneity and purity of the isolated compound were
confirmed by TLC using ethyl acetate:methanol (7:3 v/v) as
the mobile phase in comparison with standard bergenin
(Sigma-Aldrich, USA). The sample solution (10 μL) was ap-
plied on TLC plate pre-coated with silica gel 60 F254 (E.
Merck) of 0.2 mm thickness. The plate was developed in the
solvent system in a chamber (previously saturated with sol-
vent vapor for 30 min) until the solvent rises to a distance of
8 cm, dried in the air, and scanned densitometrically at
272 nm. The fraction obtained from TLC was then subjected
t o s i l i c a g e l c o l um n c h r om a t o g r a p h y w i t h
chloroform:methanol (4:1) for the isolation of bergenin. The
isolated compound bergenin fromMEACL was characterized
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using various spectroanalytical techniques (IR, 1H NMR, 13C
NMR, and mass spectroscopy). Colorless crystals, recrystal-
lized in methanol, melting point was found to be 236 °C, UV
(methanol) λ max: 229 nm and 274 nm. Proton nuclear mag-
netic resonance (1HNMR) spectra and 13C NMRwere record-
ed at 400 MHz and 100 MHz, respectively, using DMSO as
the internal standard with a DDR X-500 m/z Bruker
Deltonics, Germany NMR spectrophotometer in deuterated
solutions. The LC-ESI-MS/MS was recorded on a hybrid
quadrupole linear ion trap mass spectrometer QTRAP®
3200 (AB Sciex, USA) having an Agilent 1200 Series
capillary pump connected to it, and acetonitrile was used as
a solvent at 80 °C source temperature. The IR spectra study
was performed in SHIMADZUFT/IR 8400 infrared spectro-
photometer using KBr disk method for sample preparation.
Melting point was recorded by using Sonar melting point
apparatus, ISO 9001-2000 in open capillary tubes. All melting
points were collected on a melting point apparatus (YRT-3,
Jing Tuo, China). All yields reported were isolated yields.

HPLC-ESI-MS/MS instrumentation
and chromatographic conditions

HPLC-ESI-MS/MS system equipped with a binary gradi-
ent solvent pump, a degasser, an autosampler, and QTRAP
3200 Mass spectrometer (AB Sciex, USA) provided with
an electrospray ionization source (ESI) and a triple
quadrupole-ion trap detector. The chromatogram peaks
we re quan t i f i ed by the Ana ly s t 1 . 5 so f twa r e .
Chromatography separation for pure bergenin and
bergenin isolated from MEACL was employed on Zorbax
SB-C18 column (2.1 × 50 mm, 1.8-μm particle size;
Agilent Technologies, USA) maintained at ambient tem-
perature. The mobile phase consisted of water (A) and
methanol (B) using isocratic elution with a mixture of 30
volumes of solvent A and 70 volumes of solvent B. The
flow rate was 0.6 mL/min, and the injection volume was
20 μL. The time for each analysis run was only 16 min,
and a divert valve was used to divert the eluent to waste
from 0 to 10 min, and to MS from 10 to 16 min. The mass
spectrometer was operated in negative ESI scan mode for
pure bergenin and bergenin isolated from MEACL.
Quantification was obtained using multiple-reaction mon-
itoring (MRM) transition, which was selected as m/z
327.9→m/z 192.5 for pure bergenin as internal standard
(Fig. 2). Chromatograms were quantified at 272 nm. MS/
MS conditions were optimized as follows: gas temperature,
300 °C; gas flow, 10 L/min; nebulizer, 30 psi; and collision
gas (N2), 0.35 Pa. The fragment energy was set at 110 V
and 160 V for the bergenin isolated from MEACL and pure
bergenin, respectively. The collision energy was optimized
to be 15 eV and 18 eV for the bergenin isolated from
MEACL and pure bergenin, respectively (Li et al. 2013).

Validation procedures

A strong validation according to the FDA and EMA protocols
was carried out for linearity range, precision, accuracy, robust-
ness, limit of detection (LOD), limit of quantification (LOQ),
and recovery assay in bergenin isolated from MEACL
(European Medicines Agency 2011; Bioanalytical Method
Validation 2013). Standard stock solution of 100 mg/mL
bergenin was accurately prepared by dissolving appropriate
amounts of the standard in acetonitrile. All solutions were
stored at 4 °C. Different concentrations of bergenin were pre-
pared inmethanol from a solution of 1.0 mg/mL by successive
dilutions at final concentrations of 100–800 ng/mL.
Calibration curves of bergenin were constructed by triplicate
intra-day and inter-day analyses to ensure the robustness of
the method. Precision (inter- and intra-day) and accuracy of
the assay were evaluated by performing replicate analyses
(n = 3) of samples at three quality control (QC) levels low,
medium, and high of 150, 300, and 600 ng/mL, respectively,
for bergenin. Inter-day precision and accuracy were deter-
mined by repeating the intra-day assay on three different days.
Precision was expressed as % CVof measured concentrations
for each calibration level, whereas accuracy was expressed as
percentage recovery. Robustness was studied in triplicate at
300 ng/mL by making small changes to flow rate (600 and
598 μL/min), mobile phase volume (water:methanol in the
ratio of 30:70, 32:68, 28:72 mL), and injection volume (20
and 19 μL). The results were examined in terms of relative
standard deviation (RSD %) and standard error of peak areas.
The LOD and LOQ were calculated based on the standard
deviation (SD) of the response and the slope (S) of the cali-
bration curve at levels approaching the LOD according to the
formulae: [LOD= 3.3 (SD/S) and LOQ = 10 (SD/S)]. The SD
of the response was determined based on the SD of y-inter-
cepts of regression lines. Recovery and matrix effect were
studied by applying the method to samples to which known
amounts of marker corresponding to 50, 100, and 150% of the
bergenin had been added. Each level was analyzed in tripli-
cates. This was to check the recovery and matrix effect of
bergenin at different levels in the extracts. All stability studies
were conducted at two concentration levels, i.e., QC low
(150 ng/mL) and QC high (600 ng/mL), using three replicates
at each concentration levels. Replicate injections of processed
samples were analyzed up to 12 h to establish auto-sampler
stability of analyte at 4 °C. The peak area of analyte obtained
at the initial cycle was used for the reference to determine the
stability at subsequent points. The stability of bergenin in the
biomatrix during 2 h exposure at room temperature in
MEACL (bench top) was determined at ambient temperature
(25 ± 2 °C). Freeze/thaw stability was evaluated up to three
cycles. In each cycle, samples were frozen for at least 24 h at
− 20 °C. Freezer stability of bergenin inMEACLwas assessed
by analyzing the QC samples stored at − 20 °C for at least

Environ Sci Pollut Res

https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwj98NqplaLYAhVHpI8KHTA_AyAQFgg6MAM&url=https%3A%2F%2Fwww.agilent.com%2Fcs%2Flibrary%2Fusermanuals%2Fpublic%2FG1376-90012_CapPumpUser_ebook.pdf&usg=AOvVaw10T-ohZ9yizYUyubLX2EJt
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&cad=rja&uact=8&ved=0ahUKEwj98NqplaLYAhVHpI8KHTA_AyAQFgg6MAM&url=https%3A%2F%2Fwww.agilent.com%2Fcs%2Flibrary%2Fusermanuals%2Fpublic%2FG1376-90012_CapPumpUser_ebook.pdf&usg=AOvVaw10T-ohZ9yizYUyubLX2EJt


30 days. Samples were considered to be stable if assay values
were within the acceptable limits of accuracy (i.e., 15% SD)
and precision (i.e., 15% RSD).

Quantification of bergenin in MEACL samples

The above-proposed validated method was successfully ap-
plied for the quantification of bergenin isolated from
MEACL samples. The air-dried A. colorata powdered leaf
samples (500 g) were extracted with 1500 mL of methanol
(Merck grade, 99.8%) in a Soxhlet extractor for 5 days (Roy
et al. 2015). The extracts were combined, filtered through
Whatman no. 1 filter paper, and evaporated to dryness using
a rotary evaporator (Buchi, Germany) under reduced pressure
at 40 °C for 4 h. The extract yielded 1.584 g (w/w) solid
residue and stored at 4 °C until analysis. Quantification of
bergenin was carried out using LC-ESI-MS/MS following
the above-described chromatographic conditions.

Ethical permit and animal maintenance

Approval was obtained from the Animal Ethical Committee
(MZUAEC), Mizoram University, Aizawl, Mizoram, India
(Permit Number: MZU/IAEC/15-16/11) for animal care and
handling (CPCSEA Registration No. 1999/GO/ReBi/S/18/
CPCSEA) as per the guidelines of National Institute of
Health and Indian Medical Council of India. Male rats
(3 months old) were maintained at 25–27 °C, 12 L:12 D,
and 80–90% RH conditions, and all rats had access to food
and water ad libitum.

Acute toxicity

Initially, six doses of bergenin isolated from MEACL admin-
istered (0, 100, 200, 400, 800, and 1000 mg/kg) with 0.5%
carboxy methyl cellulose (CMC, 5 mL/kg) as the vehicle to
rats and found no mortality. Hence, in the second trial,
overnight-fasted rats (20 male rats) were administered
bergenin isolated from MEACL at doses of 0, 750, 1500,
and 3000 mg/kg to find a safe dose of bergenin. Food was
withdrawn for 3 to 4 h after the administration of the bergenin
to the rats and observed the symptoms of toxicity, body
weight, food and water consumptions, and mortality up to
15 days (OECD 2001). After15 days, all the rats were
sacrificed and serum was collected to analyze total proteins,
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), urea, and creatinine (Cheesbrough 2009).

Generation of diabetic condition in rats

Streptozotocin (STZ, 60 mg/kg b.w., i.p., single dose) was
used to induce diabetic condition in rats (n = 5 rats/
treatment group). After STZ administration, 5% glucose

was given to rats orally to avert hypoglycemic mortality
by STZ. On the seventh day, fasting blood glucose (FBG)
levels were checked to ensure diabetic status, and >
350 mg/dL FBG was considered to be diabetic and used
for the experiment (Gurusubramanian and Roy 2014). Pre-
and post-treatment body weight (0 and 16th day) and FBG
levels (before treatment, 1 and 30th day using glucose
strips) were measured.

Dose and treatment groups

There were six treatment groups (n = 5) and the experiment
duration was 30 days. The details of each experimental group
were given below:

1. Group C: control group having healthy rats administered
orally with 0.5% CMC for 30 days;

2. Group DC: diabetic control group containing STZ-
diabetic rats (60 mg/kg, single dose, i.p.) administered
orally with 0.5% CMC for 30 days. Streptozotocin dose
was chosen as per the protocol described (Han et al.
2017).

3. Group GC: glibenclamide (GC)-positive control group
comprises STZ-diabetic rats administered orally with
glibenclamide (0.1 mg/kg) in 0.5% CMC for 30 days;

4. Groups B100, B200, and B400: bergenin groups consist
of STZ-diabetic rats administered orally with bergenin at
doses of 100, 200, and 400 mg/kg in 0.5% CMC for
30 days, respectively. Bergenin dose was selected as de-
scribed earlier (Lim et al. 2001).

Tail vein method was adapted to measure FBG levels (be-
fore treatment, 1st and 30th day) in all the six treatment
groups, respectively (Table S.4). All the rats in the six treat-
ment groups were sedated with ketamine (90 mg/kg) and
sacrificed through cervical dislocation method after 30 days.
The serum was separated and kept at − 20 °C until further
analysis. Reproductive organs were collected and weighed
for histopathological and biochemical analysis.

Sperm quality, production, and sperm DNA damage

Sperm quality

The testis parenchyma, cauda, and caput epididymis portions
were excised and washed in ice-cold phosphate-buffered sa-
line buffer (pH 7.4, 1:2 w/v) and pressed softly to acquire the
fresh semen and subjected to liquefaction process (incubated
at 37 °C for half an hour) to observe sperm motility, sperm
viability, and sperm morphology by following standard proto-
cols (Filler 1993).
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Sperm production and sperm transit time in the epididymis

Robb et al. (1978) method was followed to assess daily sperm
production (DSP), sperm production efficiency (DSPr), and
sperm transit time. DSP and DSPr were computed by the sum
of homogenization-resistant step 19 spermatids/6.1 inferring
the presence of spermatids in the seminiferous epithelium at a
period of time (× 106 sperms/testis/day) and DSP/testis weight
(× 106 sperms/testis/day/g), respectively. The sperm transit
time was estimated by the number of spermatozoa in cauda
or caput/DSP.

Sperm DNA damage

Sperm DNA damage was evaluated by acridine orange cyto-
chemical test wherein green (AO−) color infers intact sperm,
while yellow or red (AO+) color shows DNA-damaged
sperms. DNA fragmentation index (DFI, %) was computed
based on the ratio between AO+ and AO−. The threshold value
DFI is as follows: 0–15%, low level of DNA damage; 16–
30%, moderate level of DNA damage; and more than 30%,
high-level DNA damage. For instance, DFI 30% is considered
as damaged which means 30% of the sperm have damage and
70% have no detectable damage (Sergerie et al. 2005;
Khushboo et al. 2018).

Testis histopathology and histomorphometrics

Histology

For histology, haematoxylin and eosin staining method was
followed (Bancroft and Gamble 2002). Briefly, left testis tis-
sues were collected and kept in Bouin’s solution for a day and
the next day, the testis tissues were moved to ethanol (70%).
Dehydration process was completed in graded series of etha-
nol and xylene treatment; the testis tissues were implanted in
the paraffin wax. Testis slices (5 μm) were prepared using
microtome (Leica, model RM2125 RTS) and deparaffinized
in xylene. Initially, the testis sections were stained in
haematoxylin (8 min) and counterstained with eosin
(15 min). Histopathological variations were observed under
Leica light microscope (DM 2500) attached with a Leica dig-
ital camera (DFC 450C).

Scoring and evaluation of tubule damage and recovery
of spermatogenesis

One hundred seminiferous tubules sections/treatments were
randomly sampled to assess the damage. Scoring was done
(between 1 and 4, expressed in %) to categorize the level of
tubular damage (Cabral et al. 2014). Differentiation of semi-
niferous tubules (≥ 3 cells reached the type B spermatogonia
stage or later) was used as an indicator to evaluate

spermatogenesis recovery. Differentiation of tubules (100 tu-
bules/rat/treatment) was observed to compute tubule differen-
tiation index (TDI, %) (Meistrich and Beek 1993).

Histomorphometrics

Mean seminiferous tubule diameter (MSTD), Johnsen’s tes-
ticular biopsy score (JTBS), and quantification of germ cells
and Sertoli cells were assessed using the testis sections (upper,
mid, and lower portions × 3 slides = 9 slides). Observations
were made under blindfold conditions using 100 seminiferous
tubules at random order (Khushboo et al. 2018). MSTD was
measured under Olympus light microscope (CX41, ×100)
along with a micrometric ocular lens. JTBS scoring grades
(Johnsen 1970) were employed to weigh testis injury and
disorder in spermatogenesis. Lesser JTBS score indicates an
impairment of spermatogenesis. Quantification of spermato-
gonia, spermatocytes, spermatids, and Sertoli cells was per-
formed to observe the alteration in spermatogenic events in
each treatment group. Due to differentiation in germ cells
stages between I–VIII and IX–XIV, both the stages were
counted (50 tubules/stage/rat) and given equal weightage to
reduce α-error (Roy et al. 2017).

Proliferating cell nuclear antigen and serum
testosterone

Immunohistochemical staining of proliferating cell nuclear
antigen (PCNA) and the estimation of serum testosterone
(No AA E-1300, Labor Diagnostika Nord, Germany) were
performed by following the manufacturer’s guidelines.
PCNA index was measured by dividing the number of
PCNA positive cells with the total count of observed germ
cells (Roy et al. 2015; Jeremy et al. 2017).

Lipid peroxidation and antioxidant enzymes

Lipid peroxidation (Ohkawa et al. 1979), superoxide dismut-
ase (SOD; Asada et al. 1974), glutathione S-transferase (GST;
Habig et al. 1974), and total protein contents (Lowry et al.
1951) were estimated in the testis tissues of each treatment
group. Oxidative stress in the testis tissues was evaluated by
quantifying the generation of TBARS (thiobarbituric acid re-
active substances) and expressed as MDA nmol/mg protein
(malondialdehyde equivalents) using the standard 1,1,3,3
tetramethoxy propane. Nitro blue tetrazolium and 1-chloro-
2,4-dinitrobenzene substrates were used to measure SOD
and GST activities.

Univariate and multivariate statistical analyses

Kolmogorov-Smirnov test was used to test normal probability
distribution of the variables, and all the experimental data
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were specified as mean ± standard error mean. One-way anal-
ysis of variance (ANOVA, p < 0.05) followed by Tukey’s test
for post hoc test and correlation and regression analyses was
performed to illustrate the relationship between diabetic tes-
ticular complications and impairment in sperm quality and
suppression of spermatogenic process. The ameliorative ac-
tion of bergenin on restoration of testis damage and preserva-
tion of sperm quality was validated through multivariate anal-
ysis of variance (MANOVA, Fig. S.7–S.9) by employing prin-
cipal component analysis (PCA), hierarchical cluster analysis
(Euclidean distance measure), and detrended correspondence
analysis (DCA) using PAST software (Hammer et al. 2001).

Results

Isolation, characterization, and identification
of bergenin (column chromatography, TLC, IR,
and NMR) from MEACL

Bergenin obtained by recrystallization in methanol was
chromatographed over silica gel (TLC profiling), and sulfuric
acid (10% in methanol) was sprayed over the dried TLC
plates. A blue dot was marked over the plates showing the
presence of phenols (hydroxyl groups). Rf value of the isolat-
ed compound from MEACL was found to be 0.16. The iso-
lated colorless crystalline compound (15.365 g) was con-
firmed as bergenin by TLC analysis in comparison with the
standard bergenin (Fig. S.2).

The spectral analyses of the isolated compound from A.
colorata are summarized as follows: the colorless crystalline
compound melting point was 237 °C; UV (MeOH) λ max:
272 nm; and an ion peak at m/z 327.9 (M-H), and a molecular
formula of C14H16O9 was derived from the mass spectral data.
FTIR bands (KBr method, υ cm−1) validated the bergenin
tricyclic structure based on TOF-MS ES+: m/z 327.3 (M+1)
with base peak atm/z 192 (707 (C = 0), 1093, 790 (C6H6OH),
1413, 1375 (C\H bend, CH2, CH3), 1612, 1525, 1460 (C=C,
Ar), 1673, 1471 (C6H6), 1728 (C=O), 2891, 2727 (C\H, CH2,
CH3), 2926 (CH3), and 3429, 3425 (Ar\OH)) (Fig. S.3).

The proton nuclear magnetic resonance spectrum of
bergenin inferred the existence of whole 16 protons. 1H NMR
(400MHz, DMSO-d6): 2C: 3.66 (1 H, t, J = 6.0 Hz, 2-H); C-3:
5.46 (1 H, br s, 3-OH), 3.19 (1 H,m, 3-H); C-4: 5.67 (1 H, br s,
4-OH), 4.93 (1 H, m, 4a-H), 3.99 (1 H, t, J = 6.0 Hz, 4-H);
C-4a: 4.97 (1H, dd, H-4a); C-7: 6.98 (1 H, s, 7-H); C-8: 9.75 (1
H, br s, 8-OH); C-10: 8.48 (1 H, br s, 10-OH); C-10b: 5.60 (1
H, d, J = 12 Hz, 10b-H); C-11: 3.84 (1 H, br s, 11-OH), 3.22 (1
H, m, 11a-H), 3.31 (1 H, m, 11b-H); OCH3: 3.98 (3 H, s,
OCH3). The

1H NMR spectral analysis confirmed that all the
five other carbon atoms of the aromatic rings are substituted
based on the presence of methoxy group (a singlet signal for
three protons at δ 3.98) and aromatic region (one proton singlet

at δ 6.98). Broad singlets at δ 8.48 and 9.75 established the
incidence of two phenolic groups. Signals at δ 5.60, 4.97,
3.66, and 3.99 for each proton evidenced the H atoms attached
to glucopyranosyl moiety and at δ 3.31 and 3.22 for protons
recognized CH2OH group of glucopyranosyl moiety. Further,
the three OH groups of glucopyranosyl were confirmed at δ
3.99 (1H, t, J = 1.01), δ 5.25(1H, d, J = 1.01), and δ 5.59 (1H,
d, J = 1.08) (Fig. S.4).

13C NMR spectral data of bergenin showed the presence of
14 carbons peaks, and by DEPT technique (distortedness en-
hancement by polarization transfer), the nature of each carbon
was ascertained. The details of the nature of each carbon were
as follows: δ163.3 (C-6, C=O); 150.9 (C-8, ArC); 148.0
(C-10, ArC); 140.5 (C-9, ArC); 118.0 (C-6a, ArC); 115.9
(C10a, ArC); 112.6 (C-5); 109.4 (C-7, ArCH); 81.7 (C-2,
CH2OH); 79.7 (C-4a, Alkyl CH); 73.6 (C-4, Alkyl CH);
72.1 (C-10b, Alkyl CH); 70.7 (C-3, Alkyl CH); 61.1 (C-11,
Alkyl CH); 59.8 (C-12, O-CH3) (Fig. S.5).

1H NMR and 13C
NMR spectral data are given in Table S.1.

Optimization and validation of LC-ESI-MS/MS method
and quantification of bergenin from MEACL

A LC-ESI-MS/MS method was developed, optimized, and
validated for the quantification of bergenin from MEACL
samples. Mobile phase composition, flow rate, and injection
volume of the chromatographic profiles system were evaluat-
ed to accomplish short run time, resolution, and intensity for
the quantification of bergenin. Different mobile phase combi-
nations (methanol:water, 30:70, 32:68, 28:72 mL) were veri-
fied and linked to ascertain the suitable mobile phase for the
quantification of bergenin. During LC-MS/MS optimization,
a ratio of 30:70 (water:methanol), flow rate of 0.6 mL/min,
injection volume of 20 μL, wavelength at 272 nm, and nega-
tive ESI mode were recognized to be suitable (Table S.2) and
facilitated for the quantification of standard bergenin at m/z
327.9/192.5 amu transition in multiple reactions monitoring
mode (Fig. S.2). A trial run was performed with the standard
bergenin after method development and optimization, and a
major peak was detected during 15.82 min retention time at
272 nm (Fig. 1).

Validation procedures

Linearity, LOD, and LOQ Linear regression equation and cor-
relation coefficient were used to validate the linearity of stan-
dard bergenin. Bergenin concentrations ranging between 100
and 800 ng/mL fit well with regression line of the peak area.
Regression equation (y = 6.399x + 52.946) and r2 value
(0.995) have shown the goodness of fit in terms of linearity
for the method developed to quantify bergenin (slope, 6.449 ±
0.004 and intercept, 53.026 ± 0.011) (Table S.2). A significant
difference was not noticed on the slopes of standard plots. The
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developed method showed a better sensitivity for the quantifi-
cation of bergenin based on the acquired LOD (26.87 ng/mL)
and LOQ (80.97 ng/mL) values (Table S.2).

Precision and accuracy By calculating the relative standard
deviation for quality control at three concentration levels
(150, 300, and 600 ng/mL) of bergenin, intra-day (1.40–
1.78) and inter-day (1.61–1.74) precisions of the method were
resolved. The accuracy of the method ranged between 97.04
and 98.49% for inter-day and between 96.65 and 97.82% for
intra-day at each quality control level validating the accuracy
and precision of the developed method (Table S.2).

Robustness, recovery, matrix effect, and stability Robustness
of the method was also evaluated based on standard deviation
(SD) and percent relative standard deviation at 300 ng/mL
concentration level of bergenin and obtained low values after
modifications in the optimization in terms of flow rate (0.6 and
0.8 mL/min), mobile phase volume (30:70, 32:68, 28:72 mL),
and injection volume (20 and 19 μL) of the method
(Table S.2). Recovery and matrix effect studies of bergenin
were conducted, and the addition of bergenin at three quality
control levels (450, 600, and 750 ng/mL) to the sample
showed 98.95–99.74% recovery and 98.1–99.3% matrix
effect (Table S.2). Short-term (2 h), long-term (30 days),
and post-preparative stability (12 h) studies confirmed the
stability of bergenin (Table S.2). As a whole, the method
developed is consistent and appropriate for the quantifica-
tion and quality control of bergenin in plant samples and
herbal preparations.

Quantification of bergenin in MEACL samplesQuantitation of
bergenin was carried out to estimate the levels of bergenin
in MEACL samples. The chromatograms of MEACL are
showing bergenin as the major compound at 272 nm with
a retention time of 15.82 min (Fig. 2). The typical repre-
sentative spectrum of bergenin isolated from MEACL was
analogous with the standard bergenin (Figs. 1 and 2) at m/
z 327.9/192.5 amu transition (Fig. SA.2). The dried
MEACL sample was analyzed and bergenin content was
determined as being 34.82 mg/g (Table S.2).

Therapeutic efficacy of bergenin on restoration
of morphological and functional alterations
in diabetic rat testes

Acute toxicity of bergenin isolated from MEACL

No toxicity and mortality were observed at a dose of
3000 mg/kg of bergenin. There was no significant change
in the body weight (146.51–166.25 mg/kg) and blood
glucose levels (95.17–98.25 mg/dL). Normal ranges of
serum total protein (133.33–135.12 g/L), serum ALT
(52.47–53.40 IU/L), A0ST (151.60–153.01 IU/L), urea
( 5 . 0 2–5 . 4 1 μmo l /L ) , a n d c r e a t i n i n e ( 5 1 . 3 3–
53.17 μmol/L) levels were observed at different doses
(750, 1500, and 3000 mg/kg) of bergenin treatments
(Table S.3). Bergenin isolated from MEACL is observed
to be safe for consumption (3000 mg/kg) based on acute
toxicity test.

Fig. 1 Liquid chromatography
coupled to tandem mass
spectrometry and electrospray
ionization (LC-ESI-MS/MS)
chromatogram of pure bergenin at
272 nm (retention time =
15.82 min; mobile phase: water
:methanol (30:70 v/v; flow rate,
0.6 mL/min; injection volume,
20 μL)
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Body and reproductive organs weight and FBG levels

Body weight and absolute and relative reproductive organs
weights (testes, epididymis, full and empty seminal vesicles,
ventral prostate, and vas deferens) were significantly reduced
in the DC group compared to the C group (Table S.4).
Bergenin administration significantly alleviates the reproduc-
tive organs weights of diabetic rats by regulating spermato-
genic events. FBG levels were increased in the DC group
indicating metabolic disorder in glucose uptake and causing
testicular atrophy and damage (Table S.4), while no change in
the body weight, reproductive organs weight, and FBG levels
were found in bergenin (B100, B200, and B400) and GC
treatment group rats in comparison with the C group, inferring
modulatory action of bergenin in normal glucose uptake and
spermatogenic events (Table S.4).

Sperm quality

High motile sperms were observed in the C group (59.36%),
while a significant decrease in sperm motility was seen in the
DC group rats (6.52%). Majority of the spermatozoa were
noticed to be dead in the DC group. Nonetheless, a significant
increase in a number of motile sperms was noticed in the
bergenin (49.46–81.9%) and the GC (66.7%) treatments in
comparison with the DC group indicating the protective and
restoring role of bergenin (Fig. 3a). Sperm viability (21.35%)
was observed to be decreased in the DC group compared to
the C group (93.25%), GC (91.26%), and bergenin treatment
groups (85.82–92.35%). A significant decrease in sperm

concentration in testis, caput, and cauda of the DC group rats
(testis, 43.12; caput, 3.57; and cauda, 1.37 × 106/mL) in com-
parison with the C group (testis, 168.87; caput, 6.8; and cauda,
9.85 × 106/mL) favored the harmful effects of hyperglycemic
condition on the sperm concentration (Fig. 3b, d). Conversely,
bergenin administration (B100, B200, and B400 mg/kg) sig-
nificantly restored sperm concentrations at par with the C
group rats. Likewise, the treatment of bergenin validated a
significant increase in epididymal (cauda and caput) sperm
concentrations than the DC group establishing the rejuvenat-
ing nature of bergenin on sperm quality (Fig. 3b, d).

DSP, DSPr, and sperm transit time

DSP and DSPr were significantly lowered (DSP, 7.06 × 106

sperms/mL; DSPr, 15.69 × 106/g) in the DC rats (Fig. 3c)
compared to the C group (DSP, 27.68 × 106 sperms/mL;
DSPr, 43.6 × 106/g). Conversely, bergenin administration
(B100, B200, and B400 mg/kg) showed an increase in DSP
(18.21–40.47 × 106 sperms/mL) as well as DSPr (29.36–
43.84 × 106/g) compared to the C group proving its efficacy
in renewing the sperm quality (Fig. 3c). Sperm transit time
was significantly reduced in the cauda (5.6 days) and caput
(4.1 days) regions in the DC group than in the C group (cauda,
9.1 days; caput, 8.3 days), whereas no significant change was
noticed in the bergenin-supplemented group (cauda, 8.1–
9.8 days; caput, 6.3–7.4 days) (Fig. 3e). The sperm transit time
was significantly reduced in caput and cauda in the DC rats
which may possibly attenuate the sperm reserves in the cauda
and impede the reproduction.

Fig. 2 Liquid chromatography
coupled to tandem mass
spectrometry and electrospray
ionization (LC-ESI-MS/MS)
chromatogram of bergenin
isolated from methanol extract of
Ardisia colorata leaf at 272 nm
(retention time = 15.82 min;
mobile phase: water:methanol
(30:70 v/v; flow rate, 0.6 mL/min;
injection volume, 20 μL)
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Sperm abnormality and DNA damage

The common sperm abnormalities observed were banana
head, two heads, small/big head, untied head, amorphous
head, lack of hook, separated flagellum, coiled tail, broken
tail, and spiral twisted tail (Table S.5). Sperm abnormalities
were found to be increased in the DC group than the C group
(Table S.5). The occurrence of normal motile sperms was
significantly decreased in the DC treatment (51.45%)
(Table S.5), whereas the bergenin treatment group showed a
significantly high number of motile (92.95–96.60%) sperms
as observed in the C group (95.65%). Within head abnormal-
ities observed in DC rats, banana head was the leading type
(14.82%) followed by detached head (8.16%) and amorphous
head (3.63%). Regarding tail abnormalities in DC treatment
group, bent tail forms were observed mostly (13.91%) follow-
ed by broken tail sperms (2.11%). As a whole, diabetic con-
dition significantly affected the sperm morphology in rats to
the tune of 26.62% head and 16.02% tail abnormalities
(Table S.5). The harmful effects of DM on sperm morphology
were completely protected by bergenin treatment as a low
incidence of sperm abnormalities were manifested
(Table S.5). Compared to control rats, sperm DNA damage

was observed to be high in DC rats, while reverse trend was
noticed in bergenin treatment groups. A significant increase in
DFI was observed in the DC group (73.18%) showing the
impact of diabetic complications on sperm DNA damage.
Meanwhile, the bergenin treatment indicated a significant re-
duction in DFI (11.48–11.76%) demonstrating the modulatory
action of bergenin on sperm quality and damage (Table S.5).

Histopathology of the testis, damage scoring,
and spermatogenic recovery

Similar to the C group (Fig. 4a, b), consistent histological
structures were observed in GC (Fig. 4d, e) and bergenin
(Fig. 4g–l)-treated rat testes. In contrast to the C group, the
following histological alterations were observed in the DC
group: uneven tubules with extended spaces, tubules filled
with vacuoles, disorder and reduction in the germ cells as well
as Leydig cells, deterioration of seminiferous tubules, casting
or shedding of germinal cells, empty lumens or absence of
mature sperms, interruption in the stages of spermatogenesis,
and cessation of spermatogenesis because of the influence of
testicular diabetic complications (Fig. 4b, c). Interruption of
spermatogenesis and testis damage was scaled as follows:

Fig. 3 Effect of bergenin, isolated from methanol extract of Ardisia
colorata leaf (MEACL), on sperm quality and serum testosterone
concentrations of streptozotocin-induced diabetic adult albino male rats
for 30 days. a Epididymal sperm motility (n = 15 observations/group). b
Sperm number in caput and cauda. c Daily sperm production (DSP) and
efficiency of sperm production (DSPr) in testis. d Sperm number in testis
and sperm number relative to testis weight. e Sperm transit time in caput
and cauda. fQuantification of serum testosterone concentrations. Data are

presented as mean ± standard error mean (n = 5 rats/treatment). Statistical
comparison was performed using one-way ANOVA followed by Tukey’s
post hoc tests for all pairwise multiple comparisons. Bars with different
letters indicate that treatment groups are significantly different at p < 0.05.
C Control group, DC Diabetic control group, GC Glibenclamide group,
B100, B200, and B400, Bergenin (isolated fromMEACL) group at doses
of 100, 200, and 400 mg/kg, respectively
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Fig. 4 Comparison of histopathological alterations in the normal rat testis
(a, b), streptozotocin-induced diabetic rat testis (c, d), glibenclamide-
treated diabetic rat testis (e, f), and bergenin-treated 100 mg/kg (g, h),
200 mg/kg (i, j), and 400 mg/kg (k, l) diabetic rat testis. Haematoxylin
and eosin staining, ×10 eyepiece magnification (a, c, e, g, i, k scale bar =
50μm) and ×40 eyepiece magnification (b, d, f, h, j, l scale bar = 50 μm).

(a) type A spermatogonia, (b) type B spermatogonia, (Ep) seminiferous
epithelium, (IT) interstitial tissue, (L) tubular lumen, (Le) Leydig’s cells,
(S) Sertoli cells, *Accentuated depletion in the seminiferous epithelium,
^Vacuolization, @No mature sperms in the lumen and empty lumen with
cellular debris, #Stages of spermatogenesis interrupted and atrophy of
seminiferous tubules
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score 1 for the C, GC, and bergenin treatment (nil germ cell
depletion, 4.08–7.75% vacuolization and < 8% sloughing of
germ cells, Table S.6) and score 4 for the DC group (72.38%
sloughed cells, 69.30% vacuolization, and 46.55–56.88% de-
pletion of germ cells along with degeneration of many semi-
niferous tubules, Table S.6). Significant reduction and recov-
ery in tubules damage were observed in the bergenin treat-
ment. TDI was reduced significantly in the DC group rats
(12.16%), while treatment with the bergenin (p < 0.05) in-
creased the TDI (50–60%) showing restorative capacity of
the testis (Table S.6).

Histomorphometric analyses

Testis damage and spermatogenesis were evaluated by JTBS,
MSTD, and quantification of germ cells and Sertoli cells. A
JTBS score between 7 and 8 was found in the GC and
bergenin treatment groups compared to the C group (9.8
score) signifying bergenin treatment alleviated the testis dam-
age and histopathological alterations, while a score of 5.5 was
observed for the DC group indicating the interruption of

spermatogenesis and impairment in testis function. MSTD of
the testis of the DC group was significantly reduced illustrat-
ing atrophic condition of testis due to diabetic syndrome. In
contrast, MSTD of the bergenin-treated testis was at par with
the C group showing the protective action of bergenin on testis
function. Besides, in the DC group, the number of germ cells
(spermatogonia, spermatocytes, spermatids) and Sertoli cells
was reduced significantly compared to the C group exempli-
fying the interference of spermatogenic process (Fig. 5a–c).

PCNA expression in testis

Immunolocalization of PCNA expression was downregulated
(Fig. 5d), and positive cells were weakly spotted (Fig. 6c, d) in
the DC group rat testis. This is an indication of DNA damage
and disruption in the proliferation of germ cells and spermato-
genesis. Finally, GC and bergenin-treated diabetic rats exhib-
ited a significantly higher number of PCNA immuno-stained
cells (Fig. 5d) in the tissues of the testis, indicating upregula-
tion of PCNA expression (GC: Fig. 6e, f; bergenin: Fig. 6g–l).

Fig. 5 Effect of bergenin on histomorphometric analysis and
quantification of proliferating cell nuclear antigen (PCNA) in rat testis.
a Jhonsen’s mean testicular biopsy score. b Mean seminiferous tubule
diameter (μm). c Occurrence of spermatogonia, spermatocytes, sperma-
tids, and Sertoli cells (n = 10 observations/group). d Quantification of
PCNA positive cells (n = 10 observations/group). Data are presented as
mean ± standard error mean (n = 5 rats/treatment). Statistical comparison

was performed using one-way ANOVA followed by Tukey’s post hoc
tests for all pairwise multiple comparisons. Bars with different letters
indicate that treatment groups are significantly different at p < 0.05. C
Control group, DC Diabetic control group, GC Glibenclamide group,
B100, B200, and B400, Bergenin (isolated fromMEACL) group at doses
of 100, 200, and 400 mg/kg, respectively
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Serum testosterone, lipid peroxidation,
and antioxidant enzymes

Serum testosterone concentrations were decreased significant-
ly in DC rats (2.26 ng/mL) than the C group rats (6.97 ng/mL),
signifying the diabetic complications on spermatogenesis,
while the bergenin treatment groups (4.27–6.85 ng/mL)
showed a significant increase in testosterone levels compared
to the C group, signifying that bergenin has an influence on
steroidogenesis (Fig. 3f).

Lipid peroxidation was significantly increased in the DC
group of the testis, epididymis, seminal vesicle, and prostate
with regard to the controls, indicating ROS generations in the
testis and accessory organs and generation of oxidative stress.
Bergenin treatment groups significantly restored oxidative
stress parameters (lipid peroxidation) toward the normal level
(Fig. 7a–d). An acute impediment on antioxidant status (SOD
and GST) and protein levels was witnessed on the testis as
well as accessory organs of the DC group rats than the C group
signifying the repressed testicular and accessory organs’ anti-
oxidant defense system against oxidative stress. Bergenin
treatment significantly recuperated these testicular and

accessory organs’ antioxidant enzymes SOD (Fig. 7e–h) and
GST activities (Fig. 8a–d) and protein levels (Fig. 8e–h) to-
ward the normal levels. The present work demonstrated that
treatment with bergenin attenuated testicular and accessory
organs MDA together with protected testicular GST and
SOD activities in diabetic rats, illustrating the antioxidant ac-
tion of bergenin (Figs. 7 and 8).

Univariate and multivariate analyses

Lipid peroxidation (oxidative stress) in reproductive or-
gans tissues showed an inverse relationship with serum
testosterone levels, DSPr, sperm concentration in cauda,
and PCNA cell proliferation, respectively. In contrast, pos-
itive interactions were found between lipid peroxidation
and sperm abnormalities (Fig. S.6). The PCA, DCA, and
Euclidean distance measure loading plot diagrams (Figs.
S.7–S.9) clearly indicating the testis dysfunction due to
diabetic complications as well as restoration activity of
bergenin on the retrieval of testes function and sperm qual-
ity. Complete separation of the bergenin treatment groups
from the DC group in the loading plot presents the

Fig. 6 Immunohistochemical localization of proliferating cell nuclear
antigen (PCNA) proteins in normal rat testis (a, b), streptozotocin-
induced diabetic rat testis (c, d), glibenclamide-treated diabetic rat testis
(e, f), and bergenin-treated 100 mg/ kg (g, h), 200 mg/kg (i, j), and

400 mg/kg (k, l) diabetic rat testis, respectively. Immuno-staining with
PCNA antibody, ×10 eyepiece magnification (a, c, e, g, i, k scale bar =
50 μm) and ×40 eyepiece magnification (b, d, f, h, j, l scale bar = 50 μm)
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Fig. 7 Evaluation of lipid peroxidation and superoxide dismutase
antioxidant enzyme (SOD) levels in the testes (a, e), epididymis (b, f),
seminal vesicle (c, g), and prostate (d, h) of the rats. Data are presented as
mean ± standard error mean (n = 5 rats/treatment). Statistical comparison
was performed using one-way ANOVA followed by Tukey’s post hoc

tests for all pairwise multiple comparisons. Bars with different letters
indicate that treatment groups are significantly different at p < 0.05. C
Control group, DC Diabetic control group, GC Glibenclamide group,
B100, B200, and B400, Bergenin (isolated fromMEACL) group at doses
of 100, 200, and 400 mg/kg, respectively
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Fig. 8 Quantification of glutathione S-transferase antioxidant enzyme
(GST) and total protein concentrations in the testes (a, e), epididymis
(b, f), seminal vesicle (c, g), and prostate gland (d, h) of the rats. Data
are presented as mean ± standard error mean (n = 5 rats/treatment).
Statistical comparison was performed using one-way ANOVA followed

by Tukey’s post hoc tests for all pairwise multiple comparisons. Bars with
different letters indicate that treatment groups are significantly different at
p < 0.05.CControl group,DCDiabetic control group,GCGlibenclamide
group,B100, B200, andB400, Bergenin (isolated fromMEACL) group at
doses of 100, 200, and 400 mg/kg, respectively

Environ Sci Pollut Res



modulatory activity of bergenin in a dose-dependent man-
ner against diabetic testicular dysfunction in rats (Fig. S.7).

Discussion

A. colorata has long been utilized as an anti-diabetic drug by
the ethnic tribes of Northeast India and also in Southeast Asia
(Khan and Yadava 2010). This plant comprises bergenin as
one of the main phyto-constituents (Sumino et al. 2002) and
exhibits antioxidant and anti-inflammatory activities (Kumar
et al. 2012). The quality of herbal medicines could be
assessed by the use of validated analytical methods for iden-
tification and quantification of the active ingredients present
(Hwang et al. 2017). Based on the earlier reports, bergenin
was extracted and isolated from the rhizome of Bergenia
purpurascens; in the woods of Diospyros sanjaminika
(3.64%); rhizomes (3.2%) of B. ligulata, B. ciliata, and B.
stracheyi; and roots of Rodgersia sambucifolia (3.12%)
(Bajracharya 2015). This is the first report to explore the
alternative source for isolation of bergenin (3.48%) from the
leaves of A. colorata which can add more value to herbal
research. In addition, a method (LC-ESI-MS/MS) was
established and authenticated for quantification of bergenin
fromMEACL samples. The isolated bergenin compound was
structurally characterized and validated by spectroscopic
analyses (Subramanian et al. 2015; Khan et al. 2016). The
developed method serves as a precise and robust tool for
quantitative determination of bergenin and can be adopted
to assess the quality of the herb samples, extracts, formula-
tions, and drugs containing bergenin as one of the ingredients
(European Medicines Agency 2011).

Bergenin has been documented in the Chinese
Pharmacopoeia and is described to have anti-inflammatory
and antioxidant effects at a dose of 0.375 g/day clinically
(National Pharmacopoeia Committee 2015; Ren et al. 2016).
However, therapeutic efficacy and their mechanism are not
recognized with special reference to diabetic testicular com-
plications and sperm quality. Therefore, diabetic rat testis
model study was performed to explore the efficacy of
bergenin, isolated from MEACL. The diabetic state results
in upregulation of oxidative stress, decreased body, testis
and accessory organs weights, induction of dramatic changes
in the testis morphology, decreased concentrations of testos-
terone, abnormal spermatogenesis, and changes in sperm
quality due to glucotoxicity and oxidative stress (Navarro-
Casado et al. 2010; Alves et al. 2013; Jangir and Jain 2014;
Kilarkaje et al. 2014; Roy et al. 2015; Roy et al. 2017). These
testicular impairments and sperm damage were significantly
alleviated by the bergenin administration in diabetic rats.
Sperm quality (motility, viability, concentration, morphology,
and integrity) was significantly decreased in the DC group
because of impairment in spermatogenesis (a few spermatids

inflowing into spermiogenesis), lesser sperm transit time,
sperm maturation deficiency, apoptosis of germ cells and ma-
ture sperms, and interruptions in transmembrane mitochondri-
al potential (La Vignera et al. 2012; Rama Raju et al. 2012;
Ding et al. 2015; Abdelali et al. 2016). Bergenin administra-
tion alleviates diabetes-induced testicular dysfunction, recov-
ery in sperm quality, and restores the sperm DNA integrity by
preventing oxidative stress due to its antioxidant and anti-
inflammatory properties (Faid et al. 2015). Prevalence of
sperm abnormalities in diabetic rats was probably due to in-
creased levels of advanced glycation end products that influ-
ence sperm DNA damage (Kilarkaje et al. 2014).
Histopathological analysis confirmed that chronic diabetic
condition influencing abnormal histology, atrophy of the sem-
iniferous tubules, decreased the tubules’ diameter, germinal
epithelium height, change in spermatogenic stages, and inter-
ruption of spermiation process and lumen with few matured
sperms. Our findings are in corroboration with the earlier re-
ports (La Vignera et al. 2012; Ding et al. 2015; Aguirre-Arias
et al. 2017). JTBS criteria have been used as an indicator for
testicular injury, spermatogenesis, and sperm retrieval (Kanter
et al. 2013; Roy et al. 2015; Roy et al. 2017; Omar et al. 2018)
and further validated the testicular diabetic complications
studied in this work. The morphometric analyses of rat testis
(reduction of MSTD, JTBS, germ cells, and Sertoli cells) lend
a scientific validation to the poor sperm quality observed in
DC rats (Kianifard et al. 2012). Immunohistochemical expres-
sion of PCNA has been employed as a tool to assess spermato-
genesis, diagnosis of germinal arrest (DNA synthesis deterio-
ration) (Altay et al. 2003), and to characterize germ cell pro-
liferation in testis tissues (Kanter et al. 2013). Earlier reports
have demonstrated that the decrease in PCNA expression in
testis of diabetic rats is an indication of low proliferative ac-
tivity and interruption of spermatogenic events (Altay et al.
2003; Kanter et al. 2013; Dkhil et al. 2016; Omar et al. 2018).
Our study demonstrated that the negative effect of downreg-
ulated PCNA expression in DC group rats is recovered by
treatment with bergenin. Thus, bergenin is playing a major
role in the modulation of germ cell proliferation in diabetic
rat testis (Fig. 9). Testosterone is vital for normal physiology
of seminiferous tubules to regulate spermatogenesis (Atta
et al. 2017). In support of this inference, significant alterations
in serum testosterone concentrations were observed in
bergenin treatment. Earlier reports indicated that hyperglyce-
mia could induce oxidative stress as well as apoptosis by the
generation of ROS which inhibits the effectiveness of the an-
tioxidant defense system (Navarro-Casado et al. 2010; Long
et al. 2015; Dkhil et al. 2016).Modifications in the antioxidant
defense system cause diabetic complications including repro-
ductive and sexual dysfunction (Long et al. 2015). In accor-
dance with previous reports, diabetic testicular damage in the
current study was associated with enhanced lipid peroxidation
products (MDA levels) and depletion of antioxidant defenses
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including SOD and GST activities in testicular and other ac-
cessory reproductive tissues. But, bergenin treatment alleviat-
ed this disorder illustrating its antioxidant action (Fig. 9).

Bergenin treatment may regenerate pancreatic β cells by
which glucose metabolism is modulated in STZ-induced dia-
betic rats showing upregulatory role in the stimulation of insulin
release. The possible mechanism of bergenin therapeutic

efficacy on type 1 diabetes and their complications is of three
ways: (1) works by binding to and inhibiting the ATP-sensitive
potassium channels (KATP) inhibitory regulatory subunit sul-
fonylurea receptor 1 in pancreatic beta cells, resulting in an
increase in intracellular calcium in the pancreatic beta cell and
subsequent stimulation of insulin release (Ding et al. 2015;
Lamprianou et al. 2016), (2) upregulation of insulin signaling

Fig. 9 Therapeutic value of bergenin as a potent modulator of diabetic reproductive complications in streptozotocin-induced diabetic male rats
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by augmenting the tyrosine phosphorylation of IR-β and IRS-1
and improving PI3K/Akt activation and GLUT 2 translocation
in liver ofWistar albino rats (Ambika and Saravanan 2016), and
(3) activins (components of the TGF-β family) are the modu-
lators of differentiation and activity of the insulin-producing
pancreatic β cells and diabetes-induced reproductive complica-
tions. Activation of the insufficient insulin levels triggers Smad
signaling pathway (increase in testicular activin A levels) along
with pro-inflammatory cytokine IL-6 causing diabetic testicular
dysfunction in Ins2Akita+/−mice model (Maresch et al. 2017).
Lack of insulin results in downregulation of insulin receptor
(InsR), and receptor for insulin like growth factor 1 (Igfl1r)
may explicitly disturb Sertoli cell function leading to 75% re-
duction in testis size and daily sperm production in adult mice
(Pitetti et al. 2013). Bergenin supplementation may reverse the
Smad signaling pathway and restores the insulin-producing
pancreatic β cells as well as normal spermatogenesis and
Sertoli cell function. A limitation of the present study is to
investigate the Smad and insulin signaling pathways in an in-
depth way to unravel the mechanism.

Conclusions

This is the first report to explore the separation of bergenin from
A. colorata as alternative bio-resources. Bergenin was isolated,
characterized, and identified from MEACL by TLC, IR, and
NMR spectroscopic analyses. A competent LC-MS bioanalytical
method was developed for the quantitation of bergenin in
MEACL and validated (sensitivity, precision and accuracy, ro-
bustness, recovery, matrix effect, and stability) by following pro-
tocols of FDA and EMA. Finally, bergenin concentration in
MEACL samples was estimated by using the recommended
method. This method may possibly be employed for quality
assessment of herbal preparations, formulations, and drugs for
quantification of bergenin. Therapeutic efficacy of bergenin was
examined in STZ-induced diabetic male rats in terms of testes
dysfunction and sperm quality. Spermatogenesis and testis func-
tion was significantly impaired in STZ-induced diabetic rats be-
cause of diabetic testicular complications. The reduction in body
and reproductive organs weights, hormone (serum testosterone)
levels, and antioxidant defense enzymes (SOD andGST) and the
elevation of ALT, AST, urea, and creatinine profiles were noticed
in the DC group rats. Sperm motility, viability, number, DSP,
DSPr, DNA integrity, DFI, and TDI were significantly reduced
and witnessed abnormal sperms. The sperm transit time in caput
and cauda was significantly speeded up and caused in unfinished
spermatogenic course, due to which defective and undeveloped
spermatozoa was formed causing sterility complications.
Diabetic-related reproductive complications in rat testes were
significantly rejuvenated via restoration of spermatogenesis,
sperm quality, and testes function by bergenin treatment showing
its significant therapeutic action. Bergenin administration in

diabetic rats significantly recovered the morphological and func-
tional alterations in diabetic rat testes and sperm quality (Fig. 9).
Thus, bergenin could be extracted from A. colorata as an added
bio-resource and effectively utilized as a remedial agent for dia-
betic reproductive complications in rats. These current findings
stimulate further to optimize and develop bergenin as a potential
drug candidate for clinical studies to treat diabetic reproductive
complications.
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Abstract
The aim of this study relates to the modulatory role of ferulic acid (FA) against cadmium (Cd)-induced oxidative stress in the liver
and kidney of male Wistar albino rats. Cd is an extremely toxic industrial and environmental pollutant and is well known for its
varied toxic clinical manifestations. FA is a derivative of curcumin and a ubiquitous phenolic compound having a wide range of
therapeutic activities. In the current study, Cd (10 mg/kg) was administered subcutaneously for 15 and 30 days to induce hepato-
renal toxicity. Cd concentration was found to be significantly high in Cd-intoxicated rats (liver > kidney) while the supplemen-
tation of FA (50 mg/kg) significantly reduces the Cd concentration in liver and kidney tissues. Reduced body and organ weights
and food and water consumption and increased rectal temperature were noticed in Cd-treated rats while these parameters were
significantly ameliorated in FA-supplemented rats. Liver and kidney damage induced by Cd was significantly revealed by the
reduction in serum total protein contents (TPC) and increased activities of serum nitric oxide (NO) levels and hepato-
nephrotoxicity marker enzymes, namely aspartate transaminase (AST), alanine transaminase (ALT), alkaline phosphatase
(ALP), lactic dehydrogenase (LDH), AST:ALT ratio, uric acid, urea, urea nitrogen, and creatinine, along with the increased
levels of hepatic and renal oxidative stress markers, namely lipid peroxidation (MDA levels), lipid hydroperoxides (LOOH),
protein carbonyl content (PCC), total oxidant status (TOS), and oxidative stress index (OSI) in liver and kidney tissues. In
addition, the toxicity of Cd was also evidenced by a significant decrease in the levels of total thiols (TTH), total antioxidant
concentration (TAC), enzymatic antioxidants (superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)),
and non-enzymatic antioxidants (reduced glutathione (GSH) and total free sulfhydryl groups (TSH)). Administration of FA
significantly restored the serum total protein levels and activities of serum NO levels and hepatic and renal marker enzymes to
normal levels in comparison with Cd-intoxicated rats. Furthermore, FA significantly reduced the oxidative stress markers and
recuperated the levels of antioxidant defense in the liver and kidney as evidenced by native PAGE and spectrophotometric assays,
correlation and regression analysis and multivariate analysis of variance (MANOVA), and inferring the antioxidant role of FA.
Histopathological damage due to Cd intoxication in the liver and kidney is demonstrated as vasodilatation and congestion in
central veins and sinusoids as well as around the glomerulus, infiltration of mixed inflammatory cells and peripheral hemorrhage,
hemorrhagic and enlarged sinusoids, disorganization of the hepatic parenchyma, focal necrosis, swelling of hepatocytes, calcified
tissue inside blood vessels, hepatocyte degeneration and vacuolization of liver cells, hyaline casts, degenerated glomerulus with
wide space and detached basement membrane, distal tubule with wide lumen, deformed proximal tubules with detached brush
border, and degeneration and hyalinization of glomerular tuft. But, FA significantly reduced the toxicity of Cd and protected the
normal histological architecture of the liver and kidney tissues. Cd-intoxicated rats were associated with a significant upregula-
tion of TNF-α, COX-2, and HSP70 proteins, whereas treatment with FA caused downregulation of the above inflammatory
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markers indicating the anti-inflammatory role of FA. Principal component analysis (PCA) and Euclidean similarity measure
studies clearly indicate that the liver is more prone to Cd toxicity than the kidney and FA supplementation significantly prevents
oxidative stress, augmenting antioxidative status, and regaining histological parameters of the liver and kidney to normal,
indicating hepato-nephroprotective, antiradical, antioxidant, and anti-inflammatory effects of this phenolic compound.

Keywords Cadmium toxicity . Histopathology . Hepato-renal enzyme markers . Antioxidant status . Oxidative stress markers .

Inflammatorymarkers

Introduction

Cadmium (Cd) is one of the extremely toxic industrial and
environmental pollutants and ranked the seventh toxicant in
the priority list of hazardous substances of the BAgency for
Toxic Substances and Disease Registry^ (ATSDR 2012). Cd
released into the environment from both natural and anthro-
pogenic sources including mining; fossil fuel combustion; ag-
riculture fertilizers; alloy processing units; paint industries;
production of batteries, plastics, metal coatings, and pigments;
consumption of contaminated foods or through the use of
tobacco products; municipal wastes; smelting; and other in-
dustrial processes are accountable for human and animal ex-
posure (Jarup and Akesson 2009; Patra et al. 2011; Adefegha
et al. 2016) resulting in the pollution of water, air, and soil
(Chen et al. 2008). This heavy metal categorized as a group
1/2a/B1 human carcinogen by IARC (1993), EPA (1999), and
ATSDR (2012). Cd is reported as a co-pollutant leading to
simultaneous exposure to humans and animals with resultant
synergistic detrimental health effects (Patra et al. 2011;
ATSDR 2012). Cd is recognized to cause a variety of health
risks in humans and experimental animals due to its capability
to induce severe damage to the lung, liver, kidney, testis, brain,
placenta, fetus, and nervous system, following either acute or
chronic exposure (Renugadevi and Prabu 2010; Shagirtha
et al. 2017; Everson et al. 2018). Whatsoever the route of
exposure of Cd, the kidney and liver are most affected by
Cd-induced cellular toxicities (Ashour 2014; Yuan et al.
2014; El-Boshy et al. 2015). The toxic mechanisms that cause
these associations are not clear, while Cd is recognized to act
as an endocrine disruptor (Jimenez-Ortega et al. 2012), induce
oxidative stress and inflammation, interfere with cell-cycle
regulation, and alter apoptotic signaling (Valko et al. 2016;
Everson et al. 2018).

Oxidative stress has been associated with the execution of a
role in heavy metal toxicities in animals. Overgeneration of
reactive oxygen species (ROS) and free radicals (•O2, H2O2

and •OH) beyond the cell’s inherent capacity to counterbal-
ance xenobiotics exposure leads to a state of oxidative stress
and ensuing lipid peroxidation, membrane protein damage,
altered antioxidant system, DNA damage, inhibition of
DNA repair enzymes, altered gene expression, and apoptosis
(Stohs et al. 2000; Lee et al. 2006; Ye et al. 2007).

Furthermore, some of the specific alterations that lead to tissue
damage and death from chronic exposure to Cd have been
associated with oxidative stress. As a consequence of toxicity
of Cd, several pro-inflammatory factors are released, namely
heat shock protein 70 (HSP 70) and cyclooxygenase-2 (COX-
2), in turn activating the macrophages to produce cytokines
(tumor necrosis factor, TNF-α) (Olszowski et al. 2015).
TNF-α is a cytokine playing a major role in the redox process,
inflammation, cell survival and proliferation, and apoptosis
(Natarajan et al. 2018). Cyclooxygenase-2 (COX-2) is an en-
zyme highly inducible by pro-inflammatory cytokines and the
main source for prostanoid synthesis as inflammation pro-
gresses due to Cd toxicity (Olszowski et al. 2015). Heat shock
proteins (HSPs) are a family of polypeptide proteins
consisting of several members, which undertake key house-
keeping functions (Friedman 2000, 2008). HSP70 protein is
promoting protein-folding processes, preventing aggregation,
refolding of misfolded proteins, regulating cell apoptosis and
autophagy, reducing oxidative stress, resisting inflammation
,and protecting the body organs against acute and sub-acute
injury by xenobiotics (Reus et al. 2003; Shiber and Ravid
2014).

The related toxic effects of Cd attributed to suppression of
free radical scavenging function and the enhancement of ROS
contribute to Cd-induced oxidative stress and lipid peroxida-
tion (El-Boshy et al. 2015; Abarikwu et al. 2017). Several
ameliorative processes to counteract the oxidative damage to
the human and animal system outcome or during exposure to
Cd heavy metal toxicant has been evaluated with the use of
antioxidants such as naringenin (Renugadevi and Prabu
2010), caffeic acid phenethyl ester (Gong et al. 2012),
hesperitin (Pari and Shagirtha 2012; Shagirtha et al. 2017),
and rutin (Abarikwu et al. 2017). Ferulic acid (4-hydroxy-3-
methoxy cinnamic acid, FA) is a derivative of curcumin and a
ubiquitous phenolic compound present in rice bran, whole
grain foods, citrus fruits, banana, beet root, cabbage, spinach,
and broccoli. It is one of the natural antioxidants which have
been reported to exert their therapeutic effects in different
disease models such as antioxidant, antihypertensive, anti-hy-
perlipidemic, anti-microbial, anti-carcinogenic, anti-diabetic,
an t i - in f lammatory, ant i -v i ra l , hepa topro tec t ive ,
cardioprotective, neuroprotective, and radioprotective proper-
ties and also proven therapeutics as a hormetin for age-related
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diseases (Srinivasan et al. 2007; Barone et al. 2009; Roy et al.
2014; Chowdhury et al. 2016; Ghosh et al. 2017, 2018). It has
unique pharmacokinetic properties for being retained in the
blood circulation for several hours and found to be absorbed
in intact form in murine models (Ghosh et al. 2017). Though
numerous studies that have been carried out until now report-
ed on the different adverse health effects of Cd, none has dealt
with the modulatory action of FA on Cd-induced oxidative
stress in the liver and kidney of Wistar albino rats.
Accordingly, the current study was focused to shed some light
on the restorative potential of FA on hepatic and renal damage,
alterations in histopathology, oxidative stress, and antioxidant
status in rats.

Materials and methods

Animal ethics and maintenance

Three-month-old adult male Wistar rats, weighing approxi-
mately180–190 g, were acclimatized under laboratory condi-
tions of the animal house facility in the Department of
Zoology, Mizoram University, Aizawl, Mizoram, for 2 weeks
before carrying out the experiments. All rats were individually
housed in plastic Btub^ cages (26.5 cm × 17 cm × 12 cm) with
a stainless steel grid lid, and wood shavings scattered on the
floor. The vivarium was maintained at 23 ± 2 °C, 50 ± 10%
relative humidity on a 12-h light/12-h dark cycle. The rats
were fed with standard pellet diet (Agro Corporation Private
Ltd., Bangalore, India) containing 24.5% protein, 4.4% fat,
and 3.7% fiber (by weight; metabolizable energy content,
3.1 kcal/g), and water ad libitum. All the experiments were
conducted following the guidelines approved by the
MZUIAEC (Mizoram University Institutional Animal
Ethical Committee), Mizoram University, Aizawl, Mizoram
(MZUIAEC/ZOO/14/2017) and the study was approved by
both CPCSEA (Committee for the Purpose of Control &
Supervision on Experiments on Animals), Ministry of
Environment and Forests, New Delhi, India (CPCSEA
Registration No. 1999/GO/ReBi/S/18/CPCSEA), and
MZUIAEC.

Experimental design and sample collection

The dose selection criterion for the CdCl2 in rat was based on
the oral LD50 dose (88 mg/kg body weight, Paksy et al. 1996;
OECD 2012). In this study, 10 mg/kg body weight of cadmi-
um chloride was selected, dissolved in 0.9% saline and ad-
ministered subcutaneously for 15 and 30 days (Pari and
Shagirtha 2012). Ferulic acid (FA, 50 mg/kg body weight)
was dissolved in 0.1% CMC and administered orally for 15
and 30 days, on the basis of earlier reports in rats (Suzuki et al.
2002).

The adult male rats were randomly divided into four groups
of ten rats in each group:

& Group 1 Control (C): control rats treated subcutaneously
with isotonic saline (0.9%) and orally with CMC for 15
and 30 days.

& Group 2 CdCl2 (Cd): rats subcutaneously (s.c.) received
10 mg/kg/day of Cd in isotonic saline for 15 and 30 days.

& Group 3 CdCl2 and ferulic acid (Cd + FA): rats received
Cd (10 mg/kg/day s.c.) followed by oral administration of
FA (50 mg/kg/day) in CMC for 15 and 30 days.

& Group 4 Ferulic acid (FA): rats received FA (50 mg/kg/
day) suspended in CMC administered orally for 15 and
30 days, using an intragastric tube.

At the end of the experimental period, animals in dif-
ferent groups were sacrificed by cervical decapitation un-
der ketamine (60 mg/kg body weight) anesthesia. The
blood samples were collected in tubes, without heparin
for serum separation. Serum was separated by centrifuga-
tion and used for various biochemical estimations. The
liver and kidney tissues were dissected, outweighed, and
washed using ice-cold saline solution. Tissues were stored
in − 80 °C until use for all assays, except for histology for
which the liver and kidney tissues were fixed in the
Bouin’s fixative for 24 h. A 10% homogenate of the tissue
was prepared using a tissue homogenizer and sonicated
(given 10 bursts, for 15 s each interval) using a sonicator
(PCI Analytics, India, model: 500F) and used for protein,
antioxidant, and immunoblotting assays. All the assays
were performed at 15 and 30 days, to assess the amelio-
rative action of FA on CdCl2-induced toxicity.

Body weight and food and water consumption

Individual body weights (g), food consumption (mg),
and water consumption (mL) were measured daily
throughout the experimental period of 30 days between
the hours of 0800 and 1100. Absolute food consumption
(g/rat/day) and water consumption (mL/rat/day) were
calculated as cage means. Food consumption of all rats
was measured by subtracting the leftover weights from
the initial weights. Water intake was measured with a
feeder containing a known volume of water, attached to
the cage. After each day, the volume of water remaining
in the feeder was deducted from the initial volume to
obtain the average daily consumption of water/rat.

Measurement of rectal temperature

Rectal temperatures of rats in the treatment and control groups
were measured daily using a lubricated thermocouple (exter-
nal diameter 2 mm) inserted 2.0 cm into the rectum of the
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Wistar rat for 1 min. The probe was linked to a digital device,
which displayed the temperature at the tip of the probe with ±
0.1 °C precision and the values were recorded manually.

Assessment of hepatic and renal Cd concentrations

The concentration of Cd in the liver and kidney was estimated
by atomic absorption spectrophotometry (AAS, Perkin-Elmer
A.A. Model 800) with a Zeeman effect for background cor-
rection. Briefly, 0.5 g of each liver and kidney samples was
homogenized and digested with ultra-pure concentrated nitric
acid:perchloric acid at a ratio of 6:1, then completely dried
using a hot plate. The liver and kidney samples were analyzed
for Cd using AAS after dilution with deionized water (AOAC
1984).

Biochemical assays

Serum total protein, nitric oxide, and hepatic and renal
marker enzyme status

The activities of serum nitric oxide (NO, Raso et al. 1999),
aspartate aminotransferase (AST, EC.2.6.1.1, Reitman and
Frankel 1957), alanine aminotransferase (ALT, EC.2.6.1.2,
Reitman and Frankel 1957), alkaline phosphatase (ALP,
EC.3.1.3.1, Kind and King 1954), lactate dehydrogenase
(LDH, EC. 3.1.3.1, King 1959), urea (Fawcett and Scott
1960), creatinine (Bonsnes and Taussky 1945), uric acid
(Caraway 1955), and total protein (Lowry et al. 1951) were
assayed spectrophotometrically according to standard proce-
dures using commercially available diagnostic kits (Coral
Clinical systems, Goa, India). The AST:ALT ratio was calcu-
lated from the results of the serum AST and ALT activities
obtained from the four treatment groups. Blood urea nitrogen
(mg/dl) was calculated by using the formula (serum urea ×
0.467).

Hepatic and renal oxidant and antioxidant status

Lipid peroxidation (malondialdehyde, MDA), lipid hydro-
peroxides (LOOH), protein carbonyl content (PCC), total
oxidant status (TOS), total antioxidant capacity (TAC),
and total thiol (TTH) and total protein content (TPC)
levels in the liver and kidney samples were estimated
spectrophotometrically by following the methods of
Ohkawa et al. (1979), Harma et al. (2003), Levine et al.
(1990), Erel (2004, 2005), Motchnik et al. (1994), and
Lowry et al. (1951). Oxidative stress index (OSI) is the
percent ratio of TOS to TAC level used for determining
the level of oxidative stress (Aycicek et al. 2006).

Estimation of non-enzymatic (GSH and TSH) and enzymatic
(SOD, CAT, GPx) antioxidants by spectrophotometric and gel
assays

Superoxide dismutase (SOD, Asada et al. 1974), reduced glu-
tathione (GSH, Ellman 1959) and total sulphydryl group
(TSH, Sedlak and Lindsay 1958) activities of liver and kidney
tissues were quantified spectrophotometrically by following
standard methods. Qualitative expression of enzymatic anti-
oxidants, catalase (CAT, Treadwell and Hall 1948), SOD
(Ornstein 1964; Davis 1964), and glutathione peroxidase
(GPx, Lin et al. 2002) in the liver and kidney tissues was
performed using native the PAGE gel assay technique and
the amount of enzymatic antioxidants was quantified by mea-
suring the density of each band using the NIH ImageJ
software.

Histopathology of the liver and kidney

Rats were dissected and liver and kidney tissues were
quickly excised and washed in ice-cold saline and extra-
neous tissue material was removed. The liver and kidney
tissues of each treatment group were cut across the mid-
line and placed in Bouin’s fixative solution for 24 h. After
24 h, both the liver and kidney tissues were washed with
lithium carbonate in 70% ethanol for 6 h. Then, the tis-
sues were trimmed, dehydrated through ascending grades
of ethanol (50, 70, and 90%) and absolute ethanol for
about 1 h each two times followed by xylene treatment
and infiltration with molten paraffin wax, embedded in
the paraffin blocks, and kept in a deep freezer until sec-
tioning. Thick sections (5 μm) were acquired by using a
rotary microtome (Leica, model RM2125 RTS) and
followed hematoxylin and eosin staining protocol
(Bancroft and Gamble 2002). The liver and kidney tissues
were evaluated for histopathological alterations under
standard light microscope (Leica DM 2500) with a digital
camera (model-DFC 450C) (Leica Microsystems, Wetzlar,
Germany).

Assessment of liver and kidney damage by staging
and grading

A semi quantitative evaluation of staging and grading of liver
and kidney histological features was carried out to assess the
liver damage (necroinflammatory scores, piecemeal necrosis,
confluent necrosis, focal lytic necrosis and focal
inflammation, portal inflammation and total liver
histological damage score, Ishak et al. 1995) and kidney dam-
age (tubular degeneration, tubular necrosis, tubulointerstitial
inflammation, and total kidney histologic damage score, Hur
et al. 2013) due to Cd supplementation.
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Western blot analysis of inflammatory markers HSP70, Cox2,
and TNF-α

The total protein content of the 10% homogenized liver and
kidney tissues of the four treatment groups was measured
using bovine serum albumin as a standard (Lowry et al.
1951). Immunoblot of HSP70, Cox2, and TNF-α was per-
formed as per the protocol of Cheng et al. (2011). An equal
amount of protein (50 μg) was loaded onto sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE-
10% gel) (Himedia, Mumbai, India) for electrophoresis.
Thereafter, proteins were transferred electrophoretically to a
polyvinylidene fluoride membrane (Millipore India Pvt., Ltd.,
Bangalore, India) overnight at 4 °C. Membranes were blocked
for 60 min with phosphate-buffered saline (PBS; pH 7.4,
0.2 M monobasic sodium phosphate, 0.2 M dibasic sodium
phosphate, 0.02% Tween 20) containing 5% skimmed milk
and incubated with primary rabbit polyclonal antibodies of
HSP70, (Cat. No. sc-32,239, Lot # H0613, 1:750, Santa
Cruz Biotechnology, St. Louis, MO, USA), TNF-α (Cat.
No. E-AB-27380, Lot # AC500, 1:1000, Elab Science,
USA) and Cox2 (Cat. No. E-AB-27666, Lot # AC5010,
1:500, Elab Science, USA) and anti-β-actin (1:500, Cat #
622102, Biolegend, USA) for 1 h at room temperature.
Membranes were then washedwith three changes of PBS over
30 min. Immunoreactive bands were detected by incubating
the membranes with horse radish peroxidase (HRP) conjugat-
ed goat anti-rabbit secondary antibody (at a dilution of 1:3000
(HSP70), 1:5000 (Cox2), 1:4000 (TNF-α) and 1:2000
(anti-β-actin); Santa Cruz Biotechnology, St. Louis, MO,
USA) for 4 h. Finally, the blot was washed three times with
PBS and immunoreactive proteins were detected by enhanced
chemiluminescence ECL) detection system (cat #170-5060,
BIORAD, USA). All blots were probed with anti-β-actin an-
tibody as an internal control and were repeated five times. The

densitometric analysis of the blots was performed by scanning
and quantifying the bands for density value by using
computer-assisted image analysis (Image J 1.38×, NIH,
Bethesda, MD, USA). The densitometric data were presented
as the mean of the integrated density value ± SEM.

Statistical analysis

All data were expressed as mean ± SEM of the number of
experiments (n = 5) except in the liver (necroinflammatory
scores) and kidney (tubular inflammation and necrosis) histol-
ogy activity index grading and staging (n = 10). Normality
distribution of the variables was verified using one-sample
Kolmogorov-Smirnov test. The statistical significance was
calculated by one-way analysis of variance (ANOVA) using
SPSS Version 20.0 (SPSS, Chicago, IL, USA). The individual
comparisons were attained by Tukey’s multiple range test
(TMRT). Values were considered statistically significant when
p < 0.05. Correlation and regression analysis were performed
to find the association between oxidative stress generation
(lipid peroxidation, nmol/mg) and imbalance of GSH
(U/mg) and SOD (U/mg) in the liver and kidney.
Multivariate analysis of variance (MANOVA) including prin-
cipal component analysis (PCA) and hierarchical cluster anal-
ysis (Euclidean distance measure) was performed using the
PAST (version 1.86b) software (Hammer et al. 2001).

Results

Clinical signs, food and water consumption, rectal
temperature, and body and organ weights

The Cd treatment group showed varying degrees of clinical
signs such as inappetence, dullness, weakness, lethargy, loss

Fig. 1 Effect of ferulic acid and cadmium on food consumption, water
intake, and rectal temperature of adult albino rats at two different (15 and
30 days) time points. a Food consumption (g/rat/day). b Water
consumption (mL/rat/day). c Rectal temperature (°F). Values are the
mean of five observations (n = 5). Statistical comparison was performed
using one-way ANOVA followed by Tukey’s multiple comparison tests.
The line graphs with different letter mean statistical significant difference
at p < 0.05 and similar letters are not significant. Control control rats

treated subcutaneously with isotonic saline (0.9%) and orally with
CMC (0.1%), Cd Cadmium chloride group rats received Cd (10 mg/kg/
day) subcutaneously for 30 days,Cd+ FACd and FA combined rat group
received Cd (10 mg/kg/day s.c.) followed by oral administration of FA
(50mg/kg/day) in CMC for 30 days,FA ferulic acid rat group received FA
(50 mg/kg/day) suspended in CMC administered orally for 30 days using
an intragastric tube
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of hair, poor fur condition, change in behavior, and disinclina-
tion to move after 15 and 30 days of exposure, while these
symptoms subsided in Cd + FA-treated rats. From Fig. 1a–c,
it is obvious that Cd solely has reduced food and water con-
sumption and increased rectal temperature at both time points
(day 15 and 30) compared to controls. Although Cd + FA
treatment reverts the investigated parameters at day 30, there
was no significant effect on day 15. Altogether, the degree of
Cd toxicity in terms of clinical toxic signs, food and water
consumption, and rectal temperature was significantly modu-
lated by oral administration of FA in Cd-intoxicated rats (Fig.
1). Table 1 shows the effect of Cd + FA treatment on body
weight, organ absolute and relative weights (liver and kidney),
and feed conversion ratio, in control and experimental rats. The
rats intoxicated with Cd showed a significant decrease in body
weight and liver and kidney weights after 15 and 30 days of
exposure compared to the control group, while in Cd + FA- and
FA-alone-treated rat groups, body and organ (liver and kidney)
weights were at par with the control group and no significance
difference was observed. Significant alterations in the relative
weights of the liver and kidney were also observed in Cd-
intoxicated rats, but all these variations were attenuated effec-
tively by FA supplementation. Feed conversion ratio was ob-
served to be in increasing trend in Cd-intoxicated rat groups
(p < 0.05) compared to controls (Table 1).

Cd concentrations in rat liver and kidney

The concentration of Cd in the liver and kidney was signifi-
cantly increased in rats exposed to Cd at two different time
points (15 and 30 days) when compared with other treatment
groups, while the Cd concentration was significantly reduced
in Cd + FA-treated rat group compared to Cd-alone-treated
group, respectively (Fig. 2a, b). Accumulation of Cd was
found to be high in concentration in the liver than in the kid-
ney after 15 and 30 days of exposure.

Serum total protein, NO, and hepatic and renal
marker enzyme status

The serum total protein, NO, and hepatic and renal marker
enzyme levels of control and experimental rats are shown in
Table 2. Subcutaneous administration of Cd (10 mg/kg) caused
abnormal liver and kidney functions in treated rats. There was a
significant decrease in the levels of serum total protein in the
Cd group after 15 and 30 days of exposure, when compared
with the Cd + FA group. However, no significant change in
serum protein levels was noticed in the Cd + FA group and FA
post-treated group compared with the control group (Table 2).
Serum NO levels were significantly reduced in Cd + FA treat-
ment group than Cd-alone treatment group after 15 and 30 days
of exposure. The levels of serum hepato- and renal-specific
enzymes such as AST, ALT, ALP, AST:ALT ratio, LDH, urea,

uric acid, urea nitrogen, and creatinine were significantly in-
creased (p < 0.05) in Cd-intoxicated rats for 15 days of expo-
sure when compared with control rats (Table 2). But these
serum hepato- and renal-specific enzyme levels were signifi-
cantly augmented further in 30 days of exposure to Cd
predicting damage to the liver and kidney with high metabolic
activity. Supplementation of FA alone or with Cd significantly
decreased (p < 0.05) the levels of serum total protein, NO, and
hepato- and renal-specific enzymes when compared to Cd-
alone-treated rats (Table 2).

Hepatic and renal oxidative insult-associated markers

The alterations in the levels of hepatic and renal oxidative
insult-associated markers in control and experimental rats
treated with Cd and FA after 15 and 30 days of exposure are

Fig. 2 Cadmium concentrations in adult albino rats exposed to cadmium
chloride and/or ferulic acid at two different (15 and 30 days) time points.
a, b Cadmium concentration (μg/g) in liver and kidney tissues after 15
and 30 days of exposure, respectively. Values are the mean of five obser-
vations (n = 5). All values are expressed as the mean ± standard error of
the mean. Statistical comparison was performed using one-way ANOVA
followed by Tukey’s multiple comparison tests. The bar graphs with
different letters mean statistical significant difference at p < 0.05 and sim-
ilar letters are not significant
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shown in Figs. 3 and 4. A significant elevation in the levels of
LOOH, PCC, MDA, TPC, TOS, and OSI and a reduction of
TAC express the state of intracellular oxidative stress condi-
tions in liver and kidney tissues of Cd-treated rats whereas
these oxidative insult-associated markers were significantly
restored (p < 0.05) to normal levels in Cd + FA treatment
(Figs. 3 and 4). It was observed that FA-alone treatment in-
creases lipid peroxidation (MDA levels) in the liver and kid-
neys in comparison with controls (Fig. 3e, f). No significant
difference was noticed at both time points with respect to
oxidative stress markers.

Hepatic and renal antioxidant status

Both qualitative native PAGE and quantitative spectrophotomet-
ric assays of TTH and enzymatic (CAT, SOD, and GPx) and
non-enzymatic (TSH and GSH) antioxidants levels in liver and
kidney tissues showed the restorative action of cellular antioxi-
dant capacity by Cd + FA-treated group rats at different time
points in comparison with Cd-alone-treated rats (Figs. 5 and 6).
There was a significant negative correlation observed between
lipid peroxidation products (MDA) and non-enzymatic (GSH,
liver: r = 0.56; kidney: r = 0.60, Fig. 7a, c) and enzymatic (SOD,

Fig. 3 Role of ferulic acid on
parameters related to oxidative
insult in liver and kidney tissues
of control and experimental rats at
two different (15 and 30 days)
time points. a, b Lipid
hydroperoxide (LOOH, μmol/L)
levels in liver and kidney tissues,
respectively. c, d Protein carbonyl
concentration (PCC, nmol/g pro-
tein) levels in liver and kidney
tissues. e, f Lipid peroxidation
levels (MDA, nmol/mg) in liver
and kidney tissues. g, h Total
protein concentration (TPC, μg
protein/mg tissue) levels in liver
and kidney tissues. Values are the
mean of five observations (n = 5).
All values are expressed as the
mean ± standard error of the
mean. Statistical comparison was
performed using one-way
ANOVA followed by Tukey’s
multiple comparison tests. The
bar graphs with different letters
mean statistical significant differ-
ence at p < 0.05 and similar letters
are not significant. Control con-
trol rats treated subcutaneously
with isotonic saline (0.9%) and
orally with CMC (0.1%), Cd
cadmium chloride group rats re-
ceived Cd (10 mg/kg/day) subcu-
taneously for 30 days, Cd + FA
Cd and FA combined rat group
received Cd (10 mg/kg/day s.c.)
followed by oral administration of
FA (50 mg/kg/day) in CMC for
30 days, FA ferulic acid rat group
received FA (50 mg/kg/day)
suspended in CMC administered
orally for 30 days using an
intragastric tube
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liver: r = 0.87; kidney: r= 0.68, Fig. 7b, d) antioxidants in liver
and kidney tissues indicating the extent of oxidative stress in-
duced by Cd in liver and kidney, and in turn, there was an
imbalance in the antioxidant status. This disproportion was sig-
nificantly rejuvenated by FA supplementation (Fig. 7) showing
its antioxidant property. There was no significant difference at
both time points (15 and 30 days) in terms of antioxidants levels.

Liver histopathology

The control group rat liver sections show normal hepato-
cyte architecture with normal central vein (CV), normal
hepatic cells (NHC), sinusoids (S), and Kupffer Cells

(KC) (Fig. 8a, b). Histological sections of rat liver after
15 days of subcutaneous administration of Cd showed
signs of liver congestion (CON) and infiltration (I),
hyperparenchyma central vein (HPCV), vasodilatation
and congestion (VC), vacuolization of liver cells (VLC),
and hydropic changes (HC). The following histopatholog-
ical symptoms were prominent in the Cd group after
30 days of exposure: dilation of blood vessels (D), edema
(E), damage of portal vein (PV), periportal inflammation
(PPI), haemorrhagic and enlarged sinusoids (HES) and
hyperemia of centrilobular vein (HCV), inflammatory in-
filtrate (II) and disorganization of the hepatic parenchyma
(DHP), and calcified tissue inside blood vessels (CB),

Fig. 4 Effect of ferulic acid on cadmium-induced alterations in the total
oxidants and antioxidants levels in liver and kidney of control and exper-
imental rats at two different (15 and 30 days) time points. a, b Total
antioxidant capacity (TAC, μmol/L) levels in liver and kidney tissues,
respectively. c, d Total oxidant status (TOS, μmol/L) levels in liver and
kidney tissues, respectively. e, f Oxidative stress index (OSI) in liver and
kidney tissues. Values are the mean of five observations (n = 5). All
values are expressed as the mean ± standard error of the mean.
Statistical comparison was performed using one-way ANOVA followed

by Tukey’s multiple comparison tests. The bar graph with a different letter
means statistical significant difference at p < 0.05 and similar letters are
not significant. Control control rats treated subcutaneously with isotonic
saline (0.9%) and orally with CMC (0.1%), Cd cadmium chloride group
rats received Cd (10 mg/kg/day) subcutaneously for 30 days,Cd+FACd
and FA combined group rats received Cd (10 mg/kg/day s.c.) followed by
oral administration of FA (50 mg/kg/day) in CMC for 30 days, FA ferulic
acid group rats received FA (50 mg/kg/day) suspended in CMC admin-
istered orally for 30 days using an intragastric tube
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necrosis (N), vacuolization of liver cells (V) (Fig. 8c, d).
These Cd-induced histopathological alterations were ame-
liorated in the Cd + FA-treated rat group (Fig. 8e, f). The
FA-alone-treated group of rats showed a normal arrange-
ment of liver histopathology (Fig. 8g, h).

Kidney histopathology

A normal histological structure of the glomerulus (G),
glomerular space (GS), proximal convoluted tubule
(PT), distal convoluted tubule (DT), and macula densa
(MD) was observed in the kidney section of control rats
(Fig. 9a, b). The kidney sections of the Cd group
(10 mg/kg, s.c. , daily) after 15 days of CdCl2

administration showed the following pathophysiological
symptoms: (i) mononuclear cell infiltration (MI), (ii)
interstitial congestion (IC) around the glomerulus DT
with wide lumen (L), (iii) pyknotic nuclei (Pn), (iv)
high dilatation in intertubular blood vessel (BV) impact-
ed with hemolysed blood, and (V) cellular infiltration
(CI) in PT. But after 30 days of Cd exposure, there
was an upsurge in the pathological events such as (i)
congestion (C) and inflammation (I) around degenerated
glomerulus, (ii) fatty degeneration, (iii) degenerated glo-
merulus with wide space (GS) and detached basement
membrane (DB), (iv) DT with wide lumen, (v) de-
formed PT with detached brush border, and (vi) degen-
eration and hyalinization of glomerular tuft (GT) as well

Fig. 5 Expression patterns (native PAGE assay) of antioxidant enzymes
of liver and kidney tissues of albino rats exposed to cadmium chloride
and/or ferulic acid for 30 days, respectively. a, b Superoxide dismutase
(SOD) levels in liver and kidney tissues, respectively. c, d Catalase (CAT)
levels in liver and kidney tissues. e, fGlutathione peroxidase (GPx) levels
in liver and kidney tissues, respectively. Values are the mean of five
observations (n = 5). All values are expressed as the mean ± standard
error of the mean. Statistical comparison was performed using one-way
ANOVA followed by Tukey’s multiple comparison tests. The bar graph

with a different letter means statistical significant difference at p < 0.05
and similar letters are not significant. IRDV integrated relative density
value. C control rats treated subcutaneously with isotonic saline (0.9%)
and orally with CMC, Cd cadmium chloride group rats received Cd
(10 mg/kg/day) subcutaneously for 30 days, Cd + FA Cd and FA com-
bined group rats received Cd (10 mg/kg/day s.c.) followed by oral ad-
ministration of FA (50mg/kg/day) in CMC for 30 days, FA ferulic acid rat
group received FA (50 mg/kg/day) suspended in CMC administered oral-
ly for 30 days using an intragastric tube
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as (vii) hyaline casts (HC) in PT lumen (Fig. 9c, d). In
the kidney section of the Cd + FA group after 15 days
of FA treatment showing more or less normal architec-
ture of G, PT, and DT and lesser congestion, cell infil-
tration, and inflammation. There was a significant de-
cline in the pathophysiological events as described
above and rejuvenation of G, DT, and PT lumen struc-
tures was noticed (Fig. 9e, f) in the Cd + FA treatment
rat group after 30 days of exposure. No significant path-
ophysiological symptoms were observed in the FA-alone
treatment rat group (Fig. 9g, h).

Liver (necroinflammatory scores) and kidney (tubular
inflammation and necrosis) histology activity index
grading and staging

Liver damage was graded by using necroinflammatory scores.
Liver damage scores in terms of inflammation and necrosis
were observed to be high in the Cd-treated rat group compared
with the control rat group. The Cd + FA treatment rat group
showed a significantly low liver damage score than Cd treat-
ment rat group indicating the rejuvenated action of FA
(Fig. 10a). The prevalence of confluent necrosis was observed

Fig. 6 Modulatory role of ferulic
acid on total antioxidants and
antioxidant enzymes in liver and
kidney tissues of control and
experimental rats at two different
(15 and 30 days) time points. a, b
Total thiol levels (TTH, mM) in
liver and kidney tissues,
respectively. c, d Superoxide
dismutase (SOD) levels
(nmol/mg) in liver and kidney
tissues, respectively. e, f Total free
sulfhydryl levels (TSH, mM) in
liver and kidney tissues. g, h
Reduced glutathione (GSH)
levels (U/mg) in liver and kidney
tissues, respectively. Values are
mean of five observations (n = 5).
All values are expressed as the
mean ± standard error of the
mean. Statistical comparison was
performed using one-way
ANOVA followed by Tukey’s
multiple comparison tests. The
bar graph with a different letter
means statistical significant dif-
ference at p < 0.05 and similar
letters are not significant. Control
control rats treated subcutaneous-
ly with isotonic saline (0.9%) and
orally with CMC (0.1%), Cd
Cadmium chloride group rats re-
ceived Cd (10 mg/kg/day) subcu-
taneously for 30 days, Cd+FA
Cd and FA combined group rats
received Cd (10 mg/kg/day s.c.)
followed by oral administration of
FA (50 mg/kg/day) in CMC for
30 days, FA ferulic acid group rats
received FA (50 mg/kg/day)
suspended in CMC administered
orally for 30 days using an
intragastric tube
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to be high in Cd-treated rat liver followed by focal (spotty)
lytic necrosis and focal inflammation, piecemeal necrosis, and
portal inflammation. Liver inflammation and necrosis were
noticed within 15 days of exposure to Cd (Fig. 10a). FA sup-
plementation significantly reduced liver inflammation and ne-
crosis in Cd-intoxicated rats at both time points (Fig. 10a, b).
The features to be considered for staging include fibrosis,
architectural disturbance, and cirrhosis. Histological sections
of the Cd-treated rat group showed fibrous expansion of portal
areas with marked bridging (portal to portal (P–P) as well as
portal to central (P–C) after 30 days of exposure of Cd and
observed a score of 2.7–3.4 while these conditions were sig-
nificantly improved in the FA-supplemented Cd-intoxicated
rat group and attained a score of 1.3–1.7 (Fig. 10b).

Kidney damage histological scores of tubular degeneration,
tubular necrosis, and tubulointerstitial inflammation were in-
creased significantly in Cd-treated rat groups at 15 and 30 days
compared with the control group, inferring Cd-induced nephro-
toxicity. These inflammatory and necrosis occurrences were sig-
nificantly decreased in the Cd + FA treatment rat group at two
time points (Fig. 10c, d). A significant difference was observed
betweenCd andCd+ FAgroups regarding total liver and kidney
histological damage scores at both the time points (Fig. 10e, f).

Modulatory role of FA on inflammatory marker
expression of HSP 70, COX2, and TNF-α in Cd-induced
rats

A significant downregulation of expression levels of HSP
70 (Fig. 11a, b), COX2 (Fig. 11c, d), and TNF-α
(Fig. 11e, f) was observed in the liver and kidney tissues
of the Cd + FA treatment group compared with the Cd-
alone-treated group. This finding may be associated with
the protective effects of FA against Cd-induced hepatic
and renal toxicity.

MANOVA, PCA, and Euclidean similarity measure

MANOVA data matrix included four treatment groups as in-
dependent variables and their effect on 32 morphological,
physiological, and metabolic variables as dependent variables
to illustrate the relationship (1) between Cd toxicity and their
magnitude in liver and kidney damage and (2) the ameliorative
role of FA supplementation on restoration of liver and kidney
damage (Fig. 12). The PCA and Euclidean distance measure
loading plot diagram indicate that the chosen oxidant, antiox-
idant, and inflammatory variables generated two principal

Fig. 7 Correlation and regression analysis. a, b Interrelationship between
oxidative stress (lipid peroxidation, nmol/mg) and reduced glutathione
(GSH) levels (U/mg) in liver and kidney tissues of albino rats exposed
to cadmium chloride and/or ferulic acid for 30 days, respectively. b, d

Association between oxidative stress (lipid peroxidation, nmol/mg) and
superoxide dismutase (SOD) levels (nmol/mg) in liver and kidney tissues
of albino rats exposed to cadmium chloride and/or ferulic acid 30 days
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component axes based on liver and kidney damage caused by
Cd treatment as well as restoration activity of FA supplemen-
tation on retrieval of liver and kidney damage and function.
The distant and isolated variables in the plot, i.e., Cd treatment
groups (CdL andCdK; Fig. 12a) indicate a strict and extremely
significant correlation between Cd toxicity and organ damage.
The PCA plot significantly isolated the Cd treatment groups
signifying that the liver organ is more prone to Cd toxicity than

the kidney. The FA treatment groups were separated in the
PCA plot completely from the Cd groups showing the modu-
lating activity of FA against Cd-mediated liver and kidney
toxicity in rats (Fig. 12a). Euclidean distance measure analysis
distinctly showed a very distinct and unique separation and
there was a significant variation between treatment groups
and organ toxicity. The results indicated that the Cd group
showed a variation in biochemical, histopathological,

Fig. 8 Illustrative photographs
from the liver showing the
protective effect of ferulic acid on
cadmium-induced hepatotoxicity
in rats after 30 days exposure. a, b
Control rat liver (H&E × 10 and
× 40 eyepiece magnification, re-
spectively) section displaying
normal hepatic parenchyma. c, d
Cadmium (10 mg/kg, s.c.) treated
rat liver (H&E × 10 and × 40
eyepiece magnification, respec-
tively) section showing extensive
degeneration of hepatocytes with
focal necrosis, vacuolated cyto-
plasm, inflammatory cell infiltra-
tion, and damaged central vein. e,
f Cadmium (10 mg/kg, s.c.) +
ferulic acid (50 mg/kg, oral)-
treated rat liver (H&E × 10 and ×
40 eyepiece magnification, re-
spectively) section exhibiting
normal appearance of hepatocytes
with mild sinusoidal dilation. g, h
Ferulic acid (50 mg/kg, oral)-
treated rat liver (H&E × 10 and ×
40 eyepiece magnification, re-
spectively) section demonstrating
normal appearance of hepatocytes
around the central vein as control
rat liver. H&E hematoxylin and
eosin staining, scale bar = 50 μm
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immunohistochemical, and metabolic profiles than the FA-
supplemented group and these profiles were not affected and

were back to normal as a result of the hepato-renal protective
action of FA (Fig. 12b).

Fig. 9 Illustrative photographs from the kidney showing the protective
effect of ferulic acid on cadmium-induced nephrotoxicity in rats after
30 days exposure. a, b Control rat kidney (H&E × 10 and × 40 eyepiece
magnification, respectively) section revealing normal histological struc-
ture of glomerulus (G), glomerular space (GS), proximal convoluted tu-
bule (PT), distal convoluted tubule (DT), and macula densa (MD). c, d
Cadmium (10 mg/kg, s.c.)-treated rat kidney (H&E × 10 and × 40 eye-
piece magnification, respectively) section showing mononuclear cell in-
filtration (MI), interstitial congestion (IC) around glomerulus, DT with
wide lumen (L), pyknotic nuclei (Pn), high dilatation in inter tubular
blood vessel (BV), impacted with hemolysed blood and (V) cellular infil-
tration (CI) in PT, congestion (C) and inflammation (I) around

degenerated glomerulus, degenerated glomerulus with wide space (GS)
and detached basement membrane (DB), and degeneration and
hyalinization of glomerular tuft (GT) hyaline casts (HC) in PT lumen. e,
f Cadmium (10 mg/kg, s.c.) + ferulic acid (50 mg/kg, oral) treated rat
kidney (H&E × 10 and × 40 eyepiece magnification, respectively) section
presenting normal appearance of G, PT, and DT and lesser congestion,
cell infiltration, and inflammation. G, H Ferulic acid (50 mg/kg, oral)
treated rat kidney (H&E × 10 and × 40 eyepiece magnification, respec-
tively) section demonstrating normal appearance of G, PT, and DT as
control rat kidney. H&E hematoxylin and eosin staining, scale bar =
50 μm
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Discussion

Earlier reports support the influence of oxidative insult, inflam-
mation, apoptosis, and autophagy play a crucial role in the
etiology and pathophysiology of Cd-induced hepato-nephro-
toxicity (Patra et al. 2011; Milton et al. 2011; Shati 2011; Pari

and Shagirtha 2012; Yuan et al. 2014; El-Boshy et al. 2015).
Hence, alternative approaches are explored using a plant-based
phenolic compound, FA, to combat oxidative stress and inflam-
mation due to Cd toxicity. FAwas permitted officially as a drug
by the State Drugs Administration of China and Japan for the
remedy of various lifestyle, neurodegenerative, and

Fig. 10 Assessment of liver and kidney damage of adult albino rats
exposed to cadmium chloride and/or ferulic acid at two time points (15
and 30 days) using histological sections by staging and grading. a, b
Liver damage grading through necroinflammatory scores (piecemeal ne-
crosis, confluent necrosis, focal lytic necrosis and portal inflammation) at
two time points (15 and 30 days), respectively. c, d Kidney damage
grading through degeneration and necrosis scores (tubular degeneration,
tubular necrosis, and tubulointerstitial necrosis) at two time points (15 and
30 days), respectively. e, f Total liver and kidney damage scores at two
time points (15 and 30 days), respectively. Values are the mean of ten
observations (n = 10). All values are expressed as the mean ± standard

error of the mean. Statistical comparison was performed using one-way
ANOVA followed by Tukey’s multiple comparison tests. The bar graphs
with different letters mean statistical significant difference at p < 0.05 and
similar letters are not significant. C control rats treated subcutaneously
with isotonic saline (0.9%) and orally with CMC, Cd cadmium chloride
group rats received Cd (10 mg/kg/day) subcutaneously for 30 days, Cd +
FA Cd and FA combined group rats received Cd (10 mg/kg/day s.c.)
followed by oral administration of FA (50 mg/kg/day) in CMC for
30 days, FA ferulic acid group rats received FA (50mg/kg/day) suspended
in CMC administered orally for 30 days using an intragastric tube
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inflammatory diseases (Qin et al. 2013; Zdunska et al. 2018;
Chowdhury et al. 2019). In this report, the modulatory role of
FA, to combat Cd-induced adverse effects on liver and kidney
tissues, was examined and discussed that (i) FA treatment sig-
nificantly alleviated Cd-mediated hepato-renal injury, as eval-
uated by morphological, physiological, and histopathological
measures as well as by biochemical analysis of serum hepato-
renal markers viz. AST, ALT, ALP, LDH, AST:ALT ratio, uric
acid, urea, urea nitrogen, and creatinine; (i i) FA

supplementation significantly inhibited Cd accumulation in
the liver and kidney, as estimated by elemental analysis; (iii)
administration of FA reduced oxidative stress parameters
(MDA, LOOH, NO, PCC, TOS, and OSI) in Cd-intoxicated
rats by enhancing the activity of antioxidants (TTH, TAC,
SOD, CAT, GPx, TSH, and GSH) and combating ROS gener-
ation; and (iv) FA treatment repressed the inflammation in Cd-
intoxicated rats by regulating the inflammatorymarkers as HSP
70, COX-2, and TNF-α expressions.

Fig. 11 Ameliorative effects of ferulic acid (FA) on the expression pat-
terns of inflammatory markers (HSP 70, COX-2 and TNF-α) in liver and
kidney tissues of albino rats exposed to cadmium chloride and/or ferulic
acid for 30 days, respectively. a, b Expression levels of HSP 70 in liver
and kidney tissues, respectively. c, d Expression levels of COX-2 in liver
and kidney tissues, respectively. e, f Expression levels of TNF-α in liver
and kidney tissues, respectively. All values are expressed as the arbitrary
units mean ± standard error of the mean. Statistical comparison was
performed using one-way ANOVA followed by Tukey’s multiple

comparison tests. The bar graph with different letters mean statistical
significant difference at p < 0.05 and similar letters are not significant.
AU Arbitrary unit, C control rats treated subcutaneously with isotonic
saline (0.9%) and orally with CMC, Cd Cadmium chloride group rats
received Cd (10mg/kg/day) subcutaneously for 30 days, Cd + FACd and
FA combined group rats received Cd (10mg/kg/day s.c.) followed by oral
administration of FA (50 mg/kg/day) in CMC for 30 days, FA ferulic acid
group rats received FA (50 mg/kg/day) suspended in CMC administered
orally for 30 days using an intragastric tube
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In the present study, two time points (15 and 30 days)
were chosen to check the impact of time points on the
antioxidant and anti-inflammatory effects of FA against
Cd-induced liver and renal oxidative damage in rats. But
majority of the data obtained are similar at both the time
points and no significant difference was noticed. We have
validated that rats fed with the Cd + FA diet at two different
time points showed lesser or nil signs of clinical symptoms

and a significant improvement in the signs of metabolic
syndrome including body and organ weights, food and wa-
ter consumption, rectal temperature, oxidative stress, and
inflammation. It was found that oral supplementation of
FA could reverse almost all the deleterious changes in
Cd-intoxicated rats within the time point of 30 days. In this
report, accumulation of Cd in the liver and kidney was
significantly decreased in FA-administered Cd-intoxicated

Fig. 12 Assessment of cadmium chloride induced liver and kidney
toxicity and protective action of ferulic acid through multivariate
analysis of variance (MANOVA). a Principal component analysis
(PCA) indicating of cadmium toxicity in liver and kidney and their degree
of response and ameliorative action of ferulic acid supplementation in
exhibiting antioxidant and anti-inflammatory properties. b Euclidean
cluster analysis categorizes the treatment groups based on magnitude of
cadmium toxicity in liver and kidney and protective action of ferulic acid.

MANOVA data matrix consists of four treatment groups as independent
variables and 32 dependent variables (metal concentration, body and
organ weights, food and water consumption, rectal temperature, tissue
damage scores, antioxidant, oxidant, anti-inflammatory, serum
biochemical parameters) to exemplify the association between the cadmi-
um toxicity on liver and kidney and hepato-renal protective action of
ferulic acid

20648 Environ Sci Pollut Res (2019) 26:20631–20653



rats probably due to the slowing down of the process of
binding of Cd with metallothioneins in the liver and kidney
and assisting the instant excretion of free Cd ions through
the kidney (Salinska et al. 2013). Further studies are war-
ranted to explore the mechanism of FA on Cd accumula-
tion in the liver and kidney.

FA has the potential to inhibit the formation of ROS or
RON, neutralizing the free radicals, chelating protonated
Cu (II) or Fe (II) metal ions, inhibiting the enzymes re-
sponsible for catalyzing free radical generation, and en-
hancing scavenging enzyme activities (Rice-Evans et al.

1996; Lodovici et al. 2001; Zdunska et al. 2018).
Antioxidant properties of FA are predominantly interrelat-
ed to the scavenging activity of free radicals, binding with
Fe and Cu transition metals and prevention of lipid per-
oxidation (Masella et al. 2004). The mechanism of anti-
oxidant activity of FA is as follows: (i) occurrence of
hydroxyl groups in the benzene ring besides ortho substi-
tution with the electron donor methoxy group which in-
tensifies the resonance stability of the phenoxy radical
which inhibit the commencement of reaction cascade for
the generation of free radicals (Aguilar-Hernández et al.

CADMIUM 
Toxic environmental & Occupa�onal Pollutant

Adult male Wistar albino rats (3 months old) 

CdCl2 administra�on (10 mg/kg) subcutaneous for 30 days
Ferulic acid (50 mg/kg) orally for 30 days

Cadmium intoxicated rats Cadmium intoxicated rats fed 
with Ferulic acid 

Cadmium concentra�on in liver & kidney
Body & Organs Weights   
Food & Water Consump�on
Rectal Temperature
Anomalies in liver & renal Histology
Liver & Kidney inflamma�on and Necrosis score
Serum Total Protein Levels
ALT, AST, ALP, LDH Levels
Urea, Uric acid, Urea Nitrogen, Crea�nine
Oxidants – MDA, LOOH, NO, PCC,TOS,OSI
An�oxidants (SOD, CAT,TTH,TSH,GSH,TAC & GPx)
Inflammatory markers–HSP 70, TNF-α, COX-2

Expression

Hepato-renal toxicity 

Cadmium concentra�on in liver & kidney NIL
Body & Organs Weights Normal
Food & Water Consump�on Normal
Rectal Temperature Normal
Anomalies in liver & renal Histology NIL
Liver & Kidney inflamma�on and Necrosis score
Serum Total Protein Levels
ALT, AST, ALP, LDH Levels Normal
Urea, Uric acid, Urea Nitrogen, Crea�nine Normal
Oxidants – MDA, LOOH, NO, PCC, TOS, OSI
An�oxidants (SOD, CAT, TTH, GSH, TSH, TAC & GPx
Inflammatory markers– HSP 70, TNF-α, COX-2

Ferulic Acid Ameliorative Action 
[Hepato-Renal Protective, Anti-Inflammatory And Antioxidant]

Decreasing Liver &
Kidney 

Oxidative Stress
markers (MDA, LOOH, 

NO, TOS, PCC, OSI)

Sustaining serum
ALT, AST, ALP, LDH, 
Urea, Urea nitrogen,
Creatinine, UA levels

Regaining 
Histological 
Parameters 
To Normal

Reducing
Inflammation
markers
(TNF- , COX-2)

Restoring
Liver &
Kidney

Function

Inhibiting 
Inflammatory 
Cells infiltration

Regulation of
Antioxidant Defense
System (TTH, TSH, 

GSH, SOD, CAT, 
GPx)

Modulation
of HSP70
Expression

Expression

Fig. 13 Mechanism of action of
ferulic acid on cadmium-induced
liver and kidney toxicity inWistar
albino rats
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2017; Bezerra et al. 2017; Chowdhury et al. 2019); (ii)
protecting the cell membrane lipid acids from autoxida-
tion processes by acting as a H2 donor to provide atoms to
the radicals (Kiewlicz et al. 2015); (iii) binding ability of
FA with transition metals to prevent the formation of toxic
hydroxyl radicals as well the cell membrane peroxidation
(Kiewlicz et al. 2015); (iv) inhibition of xanthine oxidase
and cyclooxygenase-2 to avoid the metabolic alterations
caused by oxidative stress (Higgins et al. 2009); (v) mod-
erates the quantity of ROS generated by the enzyme-
catalyzed transformation (Nile et al. 2016); and (vi) sup-
pressing the binding of Cd with sulfhydryl groups to pre-
vent the alteration of mitochondrial membrane transition
and inhibit the leakage of superoxide anions (Matovic
et al. 2015). FA is substantiated to be an effective antiox-
idant and anti-inflammatory agent that provides protection
to HEK293 cells against oxidative damage and apoptosis
and homeostasis of intracellular antioxidant defense sys-
tem and guards HSPs from degradation triggered by H2O2

(Calabrese et al. 2008; Pluemsamran et al. 2012; Bian
et al. 2015). In the present study, the MDA levels were
found to be high in liver and kidney tissues of the FA-
alone treatment group as compared to the control group,
which may be due to FA’s low toxicity under normal met-
abolic conditions of the rat, while under induced stress
conditions, the low toxic nature of FA may be altered as
a drug. Altogether, in the current investigation, FA-
supplemented Cd-intoxicated rats showed lower accumu-
lation of Cd in the liver and kidney and protection against
Cd-induced damage by regulating oxidative insult and
inflammation.

Pro-inflammatory cytokines play a significant role in
regulating various stresses. This response mediator of the
pro-inflammatory system opens a series of cascades includ-
ing cell proliferation, differentiation, and apoptosis (Liu
et al. 2017). FAwas earlier reported to be capable of upreg-
ulating SOD expression (Das et al. 2017); inactivating nic-
otinamide adenine dinucleotide phosphate; reducing
(NADPH) oxidase, nuclear factor kappa-activated B cells
(NF-κB), and cyclooxygenase-2 (COX-2); and inhibiting
expression of several pro-inflammatory cytokines including
interleukin (IL)-1β and IL-6 (Sadar et al. 2016). It is already
reported that Cd induces oxidative stress and influences the
inflammatory cascade through TNF-α which augments and
elongates the inflammatory response by triggering NO,
COX-2, eicosanoids, and ROS, thus causing additional liver
and kidney tissue damage (Olszowski et al. 2012). High
levels of oxidative stress-inducing agents and production
of ROS and RNS intermediates in the liver and kidney tis-
sues due to Cd toxicity induce protective oxidative stress
responses by stimulating HSPs (Natarajan et al. 2018). It is
well established that HSP 70 protects cells against a wide
variety of environmental stresses, promoting cell survival

and proliferation and suppressing apoptosis during periods
of both acute and chronic heavy metal stress (Olszowski
et al. 2015). HSP 70 participates in transmitochondrial pro-
tein transport, increasing the expression of Toll-like recep-
tor (Friedman 2000) and functions as a vital cytoprotectant
(He et al. 2015) and major producers of extracellular matrix
proteins (Kanemura et al. 2009). TNF-α are supposed to be
an important cytokine in the stimulation of the redox-
sensitive transcription factor, NF-κB, which results in the
activation of the NF-κB signaling pathway that plays an
important role in inflammation (Natarajan et al. 2018).
The upregulation of liver and kidney Hsp70, COX-2, and
TNF-α proteins was observed in numerous adverse circum-
stances such as thermotherapies, drugs and metabolic poi-
sons, ischemia-reperfusion, oxidative stress, apoptosis, and
oncogenic activity (Cui et al. 2010; González-Ramos et al.
2013; Kahloon et al. 2013). The outcomes of the current
study validated that Cd intoxication in rats significantly in-
creased the expression levels of Hsp70, COX-2, and TNF-α
proteins in the liver and kidney, compared with the control
group. Treatment with FA, further upregulated the expres-
sions of CAT, SOD. and Gpx and downregulated the Cd-
induced expression of Hsp70, COX-2, and TNF-α proteins
in the liver and kidney, compared with the Cd-induced
group. These findings designated that FA attenuated hepatic
and renal oxidative stress through the modulation of the
expression of antioxidant enzymes and inflammatory stress
proteins. Denoting results of the current study, it is realisti-
cally presented for the first time that oral supplementation of
FA ameliorated acute liver and renal damage induced by Cd
administration. FA shows this effect by balancing oxidant/
antioxidant system, inhibiting neutrophil infiltration, and
reducing inflammation by downregulation of HSP70,
COX-2 and TNF-α proteins in liver and kidney tissues. In
concordance with the studies of Bami et al. (2017), oral
supplementation of FAwas found significant in preventing
oxidative stress, increasing antioxidative status, and
regaining histological parameters to normal, indicating
hepato- and nephron-protective, anti-inflammatory, and an-
tioxidant effects of this phenolic compound (Fig. 13). In
conclusion, a significant decrease or increase in the levels
of the serum and tissue hepato-renal, oxidative stress, anti-
oxidant, and anti-inflammatory markers is in agreement
with the extant literature suggesting the ameliorative role
of FA against Cd-induced hepatic and renal damages and
dysfunctions is indicative of its candidacy to perform as a
prospective therapeutic agent.

Conclusions

Taken altogether, our outcomes indicate that Cd administra-
tion severely damages the liver and kidney tissues by inducing
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oxidative stress and inflammation, depleting natural antioxi-
dant defense s tatus , damaging l iver and kidney
histoarchitecture, and enhancing inflammatory markers
(Fig. 13). On the contrary, the administration of FA in Cd-
intoxicated rats neutralized the oxidative hepatic and renal
dysfunction hallmarked by Cd. The administration of FA sig-
nificantly reduced the detrimental alterations induced by Cd
and reinstated the biomarker value of oxidative stress and
hepato-renal toxicity to normal levels. This ameliorative ac-
tivity was validated by the restoration in the levels of serum
hepato-renal marker enzymes, upsurge in the enzymatic and
non-enzymatic antioxidant cascade events along with the de-
clining levels of NO, LOOH, PCC, MDA, TOS, and OSI, and
increasing the levels of TAC, TTH, and TPC in the liver and
kidney. The hepato-renal protective nature of FA against Cd
was further supported by the upgrading in the histopatholog-
ical changes in the liver and kidney induced by Cd as well as
downregulation of HSP 70, COX2, and TNF-α proteins. In
this point of view, it is inferred that FA performs multifaceted
roles of antioxidant, antiradical, and anti-inflammatory there-
by reviving the liver and kidney cells from Cd intoxication
which deciphered its utility as a feasible therapeutic agent in
Cd-induced hepato-renal toxicity (Fig.13).
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Abstract Copper is a persistent toxic and bio-accumulative
heavy metal of global concern. Continuous exposure of copper
compounds of different origin is the most common form of
copper poisoning and in turn adversely altering testis morphol-
ogy and function and affecting sperm quality. L-carnitine has a
vital role in the spermatogenesis, physiology of sperm, sperm
production and quality. This study was designed to examine
whether the detrimental effects of long-term copper consump-
tion on sperm quality and testis function of Wistar albino rat
could be prevented by L-carnitine therapy. The parameters in-
cluded were sperm quality (concentration, viability, motility,
and morphology), histopathology, serum aspartate aminotrans-
ferase (AST), serum alanine aminotransferase (ALT), serum
urea, serum creatinine, serum testosterone and testis antioxidant
enzyme levels (superoxide dismutase and glutathione-S-trans-
ferase), and biomarkers of oxidative stress (lipid peroxidation
and expression of heat shock protein 70 in testis). Three-month-
old male Wistar rats (n = 30) were divided into six groups as

group 1 (G1, 0.9% saline control), group 2 (G2, CuSO4
200 mg/kg dissolved in 0.9% saline water), groups 3 and 4
(G3 and G4, L-carnitine 50 and 100 mg/kg dissolved in 0.9%
saline water, respectively), and groups 5 and 6 (G5 and G6,
CuSO4 200 mg/kg plus L-carnitine, 50 and 100 mg/kg dis-
solved in 0.9% saline water, respectively). Doses of copper
(200 mg/kg) and L-carnitine (50 and 100 mg/kg) alone and in
combinations along with untreated control were administered
orally for 30 days. The followingmorphological, physiological,
and biochemical alterations were observed due to chronic ex-
posure of copper (200 mg/kg) to rats in comparison with the
untreated control: (1) generation of oxidative stress through rise
in testis lipid peroxidation (12.21 vs 3.5 nmol MDA
equivalents/mg protein) and upregulation of heat shock protein
(overexpression of HSP70 in testis), (2) liver and kidney dys-
function [elevation in serum ALT (81.65 vs 48.08 IU/L), AST
(156.82 vs 88.25 IU/L), ALP (230.54 vs 148.16 IU/L), urea
(12.65 vs 7.45 mmol/L), and creatinine (80.61 vs 48.25 μmol/
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L) levels], (3) significant decrease in body (99.64 vs 106.09 g)
and organ weights (liver—3.48 vs 4.99 g; kidney—429.29 vs
474.78 mg; testes—0.58 vs 0.96 g), (4) imbalance in hormonal
and antioxidant enzyme concentrations [significant decline in
serum testosterone (0.778 vs 3.226 ng/mL), superoxide dismut-
ase (3.07 vs 8.55 μmol/mg protein), and glutathione-S-
transferase (59.28 vs 115.58 nmol/mg protein) levels], (5) se-
vere alterations in the testis histomorphology [sloughed cells
(90.65%, score 4 vs 15.65%, score 1), vacuolization (85.95%,
score 4 vs 11.45%, score 1), cellular debris along with degen-
erative characteristics, accentuated germ cell depletion in the
seminiferous epithelium, severe damage of spermatogonia and
Sertoli cells (73.56%, score 3 vs 0%, score 1)], (6) suppression
of spermatogenic process [hypospermatogenesis (low Jhonsen
testicular biopsy score 4 vs 9.5), decrease in tubules size
(283.75 vs 321.25 μm in diameter), and no. of germ cells
(81.8 vs 148.7/100 tubules), Leydig cells (5.2 vs 36.65/100
tubules), and Sertoli cells (8.1 vs 13.5/100 tubules)], (7) sperm
transit time was shorter in caput and cauda and ensued in in-
complete spermatogenic process and formation of immature
sperm leading to infertility, (8) sperm quality was affected sig-
nificantly [decreased daily sperm production (13.21 vs
26.9 × 106 sperms/mL), sperm count (96.12 vs 154.25 × 106/
g), sperm viability (26.88 vs 91.65%), and sperm motility
(38.48 vs 64.36%)], and (9) increase of head (32.82 vs
2.01%) and tail (14.85 vs 0.14%) morphologic abnormalities
and DNA fragmentation index (88.37 vs 11.11%). Oxidative
stress and their related events appear to be a potential
mechanism involved in copper testicular toxicity and L-
carnitine supplementation significantly modulated the
possible adverse effects of copper on seminiferous tu-
bules damage, testes function, spermatogenesis, and sperm
quality. It was validated that the use of L-carnitine at doses
of 50 and 100 mg/kg protects against copper-induced testicu-
lar tissue damage and acts as a therapeutic agent for copper
heavy metal toxicity.

Keywords Copper toxicity . L-carnitine supplementation .

Therapeutic agent . Sperm quality . Spermatogenesis . HSP70
expression

Introduction

Heavy metals are the major environmental contaminants of
food chain not only negatively influences soil, air, and water
but also become a considerable human, animal, and wild life
threat due to its widespread use, persistence in nature, and po-
tential toxic effects on human and animal health. Copper is one
of heavy metals which are essential for utilization of iron, elas-
tin and collagen synthesis, melanin production, integrity of the
central nervous system, activation of numerous metalloprotein
enzymes and non-enzymes, antioxidant defense, neuropeptide

synthesis, and immune function (Harrison et al. 2000; Gaetke
and Chow 2003; Uriu-Adams and Keen 2005; Bost et al.
2016). Nevertheless, this is a notable eco-environmental heavy
metal contaminant due to its extensive usage in many enter-
prises like manufacturing of pesticides, leathers, electronic
equipments, building and construction supplies, electric
welding, water pipes, wood preservatives, transportation mate-
rials, and intrauterine contraceptive devices that causes unde-
sirable effects including copper toxicity to the environment as
well as human health (Saravu et al. 2007; Roychoudhury et al.
2016). The common route of toxic exposure of copper to
humans and animals is in the form of copper sulfate through
skin, eye, and inhalation. Copper content in food items, bever-
ages, and drinkingwater is found to be above permissible levels
and has been toxic when ingested at a dose of > 2 mg/kg.
Chronic copper exposure is increasingly recognized as a public
health issue; its early effects remain largely unknown. Ingestion
of significant quantities of copper carries a risk of multi-organ
failure and death. Copper sulfate (CuSO4) is a strong oxidizing
agent, passively diffuses into mucous membranes of small in-
testine, binds to cells during high load, and causing corrosive
damage. Hemolytic anemia, oliguria, anuria, methemoglobine-
mia, liver failure, jaundice, coma, and convulsions are the clin-
ical manifestations of copper toxicity (Sokol et al. 1990; Babaei
and Abshenas 2013). Initially, copper accumulates in the liver
and disrupts the liver’s ability to detoxify elevated copper con-
centration in the body, thus it adversely affects the nervous
system, reproductive system, adrenal function, connective tis-
sue, and learning ability (Babaei et al. 2012). Liver and kidney
tissue damage are the indication of Cu toxicity. Increment of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), urea, and creatinine levels
in serum is the indicator of liver and kidney tissue damage and
consequently can be used to measure Cu toxicity (El-Masry
2012). High doses of copper sulfate (200 mg/kg) have an ad-
verse effect on their accumulation in large amounts in epididy-
mis, testes, and scrotum of mammals for severe structural alter-
ations and metabolic disruptions which in turn could affect
sperm quality that may ultimately lead to infertility (Sakhaee
et al. 2012; Tvrda et al. 2015). Reactive oxygen species derived
lipid peroxidation is the active members in degradation of poly-
unsaturated fatty acids present in sperm membrane due to cop-
per toxicity (Abdul-Rasheed, 2010; Tvrda et al. 2011).
Antioxidant enzymes, SOD and CAT, are playing a vital role
in sperm quality parameters including motility, viability, and
sperm concentration (Tvrda et al. 2015). In the testis,
heat shock proteins (HSPs) are essential for spermato-
genesis and also guard cells from environmental con-
taminants. HSPs are induced by oxidative stresses and
accountable in repair and defensive mechanisms in several
tissues. HSP-70 plays a significant role in the testis and func-
tions as a spermatogenic shaperone during germ cell differen-
tiation and as a defensive protein in the process of stress-
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induced Leydig cell apoptosis (Rockett et al. 2001; Koeva
et al. 2005).

L-carnitine is an important quaternary amine (β-
hydroxy-γ-trimethylaminobutyrate) involved in fatty acid
metabolism and transports the chains of fatty acids into the
mitochondrial matrix. Thus allowing the cells to break down
fat and get energy from the stored fat reserves which are also
the key fuel source for tissues function indicating its relative
significance (Kelly 1998; Pekala et al. 2011). This process is
vital in binding/removing abnormal organic acids in several
organic acidemias and explains the secondary carnitine
deficiency that can result from them (Longo et al.
2006). The major exogenous dietary source of L-
carnitine is from meat, fish, poultry, and milk, and also gen-
erated endogenously in the liver by methylation of lysine and
methionine in the presence of iron, ascorbic acid, niacin,
and vitamin B6 (Ng et al. 2004). L-Carnitine demon-
strates a broad array of biological activities including
anti-inflammatory, neuroprotective, cardioprotective,
gastroprotective, cytoprotective, and antiapoptotic proper-
ties (Tarladacalisir et al. 2009; Sayed-Ahmed 2010). L-
carnitine is extremely accrued in the male reproductive
system, especially in the epididymis. It is involved in male
gamete maturation (Ng et al. 2004), production of energy for
sperm motility, DNA repair (Garcia et al. 2005), germ cell
recovery (Tarladacalisir et al. 2009), and Sertoli cell metabo-
lism (Palmero et al. 2000).

Attempt has been made to prevent the occurrence of the
copper poisoning by dietary supplementation with molybde-
num and sulfate but these supplements induced a copper de-
ficiency state (Sakhaee et al. 2012). The utilization of L-
carnitine and its derivatives in therapy has been recommended
for treatment of male infertility, and numerous studies have
been published in human (Lenzi et al. 2003, 2004; Seo et al.
2010; Pekala et al. 2011) and animal (Ramadan et al. 2002;
Stradaioli et al. 2004; Tarladacalisir et al. 2009; Alshabanah
et al. 2010; Cabral et al. 2014) that signify promising L-
carnitine application. However, no reports so far on the ame-
liorative role of L-carnitine against copper-induced testis sem-
iniferous tubules damage in rats and further the mecha-
nisms by which L-carnitine recuperates male fertility are
yet to comprehend. In the present study, we hypothe-
sized that L-carnitine therapy (50 and 100 mg/kg) recovers
adverse effects of chronic administration of copper
(200 mg/kg oral treatment for 30 days) on body and
organs weight, food and water consumption, hepatic
and renal functions (serum ALT, AST, ALP, urea, and
creatinine levels), spermatogenesis, testis histomorphology,
histomorphometrics, sperm parameters (sperm concentration,
viability, motility, daily sperm production, sperm transit time,
and sperm head and tail abnormalities), sperm DNA fragmen-
tation, testis lipid peroxidation, serum testosterone and anti-
oxidant enzymes (superoxide dismutase and glutathione-S-

transferase), and immunohistochemical expression of heat
shock protein, HSP 70.

Materials and methods

Laboratory animals and ethical permit

Sixty adult male Wistar albino rats (3 months old) weighing
170–200 g were acquired from the Animal Care Facility at the
Department of Zoology, Mizoram University, Aizawl,
Mizoram, India and were maintained on rat standard pellet
diet (Pranav Agro Industries, Maharashtra, India). Food and
sterile filtered water were available ad libitum throughout the
experiment. The rats were housed in clean filter-top polypro-
pylene plastic cages (40 × 30 × 15 cm) under a well regulated
12-h light, 12-h dark cycle at a controlled temperature of
25 ± 1 °C and relative humidity between 45 and 55% air
conditioned room. All animal experiments were carried
out in compliance with the Guide of the Institute of
Laboratory Animal Resources, National Research Council,
Washington (Clark et al. 1996) and the institutional guidelines
for the care and use of experimental animals approved by the
Committee on the Ethics of Animal Experiments of the
Mizoram Univers i ty Animal Ethica l Commit tee
(MZUAEC), Mizoram University, Aizawl, Mizoram, India
(University of Mizoram, Ethics permit No. MZUIAEC/29/
03/2016-17/13/ZOO/SLS).

Study design and sample collection

A total of 30 mature (3 months old, 170–200 g) male Wistar
albino rats were scrutinized rigorously and weighed before the
beginning of experimentation. They were arbitrarily divided
into six groups (G1–G6) and each group contained five rats.
Each of the animals in the group was assigned a number by a
concentrated solution of eosin stain on their dorsal body
(Korkmaz et al. 2010). A single dose of copper sulfate
(200 mg/kg, CuSO4·5H2O, Sigma-Aldrich, St. Louis, MO)
was used for inducing copper toxicity in rats due to its dele-
terious effects on the morphology of testes which appeared
within 2 weeks as reported by Babaei and Abshenas (2013)
and Kumar et al. (2015).

Group 1 (G1, control group, n = 5) Each rat of this group
neither received CuSO4 nor L-carnitine but received 0.9%
saline orally as placebo along with regular diet and sterile
filtered water for 30 days to obtain their morphological, bio-
chemical, and histopathological parameters as the reference
comparable values.

Group 2 (G2, CuSO4 group, 200 mg/kg, n = 5) Each rat
was gavaged orally with CuSO4 at a daily dose of
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200 mg/kg b.w./day dissolved in 0.9% saline water for
30 days, respectively.

Groups 3 and 4 (G3 and G4, L-carnitine alone group, 50
and 100 mg/kg) (5 rats/group) These two group rats were
gavaged orally with L-carnitine at a daily dose of 50 and
100 mg/kg b.w./day dissolved in 0.9% saline water for
30 days, respectively.

Groups 5 and 6 (G5 and G6, CuSO4 200 mg/kg plus L-
carnitine 50 and 100 mg/kg groups, respectively) (5
rats/group) These two group rats were gavaged orally with
CuSO4 200 mg/kg b.w. plus L-carnitine at a daily dose of 50
and 100 mg/kg b.w./day dissolved in 0.9% saline water for
30 days, respectively.

After exposure to individual and combined CuSO4 and L-
carnitine for 30 days, the rats of all groups were anesthetized
with light ether anesthesia and venous blood samples were
obtained from them by means of capillary glass tubes from
the retroorbital venous plexus as described by Nemzek
et al. (2001) for the separation of serum samples. Serum
samples were stored at − 20 °C until further use for biochem-
ical analysis. All rats were sacrificed by decapitation,
the reproductive organs were removed by laparotomy,
and testes were decapsulated rapidly and stored in − 80 °C
until used for all assays, except for the histology and immu-
nohistochemistry for which the testes were fixed in the
Bouin’s fixative for 24 h.

Body and organs weights, food and water consumption,
liver and kidney tissue damage assays

The bodyweight (G1–G6 groups, n = 5/group) of each rat was
measured daily for 30 days. Food and water consumption
were estimated by weighing the amount of food and water
provided daily to each cage of rats. Data on body weight
and food and water consumption were pooled and represented
as mean ± standard error. After 30 days treatment, all
rats were anesthetized (90 mg/kg ketamine) and were
sacrificed by cervical dislocation. The liver, kidney,
and reproductive organs (testis, epididymis, seminal vesicle,
and vas deferens) were collected and weighed. The serum
concentration of AST, ALT, total protein (TP), ALP, urea,
and creatinine (CR) were determined by following standard
methods (Cheesbrough 2009).

Testis and epididymal sperm assessment

The reproductive organs (testis parenchyma, epididymides,
and caudae and caput epididymis) of each rat were sep-
arated immediately after euthanasia, cleaned and minced
in ice-cold phosphate-buffered saline (PBS, 1:2 w/v,
pH 7.4; 37 °C), and squeezing it gently to obtain the fresh

undiluted semen in a clean Petri dish and incubated at 37 °C
for half an hour for liquefaction to proceed to the following
examinations:

Sperm quality analysis: sperm concentration, motility,
morphology, and viability

Sperm samples were acquired from each group at the end of
30 days. The testes and epididymis were gently excised and
weighed and the cauda and the caput part of epididymis were
isolated and placed in an Eppendorf tube containing 500μL of
PBS. The tissue of cauda and caput epididymis portions was
minced by using sharp scissors to release sperms. Sperm qual-
ity was determined by three parameters: sperm concentration,
motility, morphology, and viability (World Health
Organization 1999).

Sperm concentration

Sperm concentration was analyzed using the hemocytometer
method (World Health Organization 1999). Sperm suspen-
sions from each treatment group of testis parenchyma and
caudal and caput epididymis were diluted to 1:20 with sper-
micidal solution (4 g sodium bicarbonate plus 1 g phenol in
100 mL distilled water) and transferred into microcentrifuge
tubes. The dilution was made using a white blood cell pipette.
The sperm suspension from each treatment group was drawn
to the 0.5 mark halfway up the stem and the spermicidal so-
lution subsequently to the 11 mark at the top of the bubble
chamber. The preparation was then thoroughly mixed and one
drop of it was added to both sides of the hemocytometer. The
sperms were allowed to settle optimally by keeping the hemo-
cytometer in a humid chamber for 30 min. The humid cham-
ber was constructed by placing a wet sponge inside a fairly air
tight ice box. The number of sperm was counted in four corner
squares of the hemocytometer with improved doubles
Neubauer ruling under a light microscope ( × 40 magnifica-
tions, Binocular, Olympus CX41, Tokyo, Japan).When sperm
crossed the lines of the grid, only those at the top and right
hand sides of the squares were counted. Sperm on both sides
of the hemocytometer were counted and the average number
was recorded. The sperm concentration was calculated as av-
erage no. of sperm counted (N) × multiplication factor
(10,000) × dilution factor (20) and expressed as × 106

sperms/mL (N × 0.2 × 106 sperm).

Sperm motility

Sperm motility was analyzed by placing a drop of sperm sus-
pension (10 μL) from epididymis on a clean glass slide and
covers with a cover slip and allowed it to stand for about a
minute. The slide was examined under light microscope at
× 40 magnifications and motility was scored from 50

Environ Sci Pollut Res



different fields. Sperm showing any degree of movement are
considered motile and scored 200 sperm/group (motile as well
as immotile). Sperm motility was calculated as follows: mo-
tility (%) = {[No. of motile sperm/Total number of
sperm] × 100} and expressed as the percent motility (World
Health Organization 1999).

Sperm viability

Epididymal sperm viability (percent of viable sperm) was
assessed by the supra-vital staining technique. One drop of
well-mixed liquefied sperm suspension was placed on a clean
glass slide on which a drop of eosin-nigrosin stain (5% eosin
Y plus 10% nigrosin, 1:1) was added and mixed well. A thin
smear was made from this mixture by pipetting 10 μL of
mixture onto a clean glass slide and allowed to air dry. The
prepared slide was covered with cover slip and examined.
Pink-stained dead sperms and unstained live sperms were
counted (200 sperm/group) under the light microscope at × 40
magnifications. The viability of sperm was expressed as the
percent of viable sperm and computed as viability (%) = {[No.
of viable unstained sperm/Total No. of unstained live and
pinkish stained dead sperm] × 100} (World Health
Organization 1999).

Sperm morphology

For evaluation of sperm morphology, the same preparations
(testes parenchyma and cauda and caput portions of epididy-
mis) as used for sperm viability test were examined (Filler
1993). Two hundred normal and abnormal sperm were count-
ed from different fields for each group of rat semen smear. The
abnormalities were categorized by the percentage of head and
tail abnormalities of sperm considering the following types of
modifications: (i) the head shape, including lighter or accen-
tuated curvature; (ii) intermediate piece defects resulting in
untied (isolated) heads; (iii) small heads; (iv) lack of
usual hook; (v) banana, amorphous, or two heads; (vi)
head larger/smaller than normal sperm (macro/micro ce-
phalic); (vii) tail defects, including separated flagellum,
flagellum torso, flagellum ball and short, folded, spiral
twisted, coiled, or broken tails (Zemanova et al. 2007;
Slivkova et al. 2009; Roychoudhury et al. 2016). The
percent abnormality = {[No. of abnormal sperm/Total no. of
sperm] × 100}.

Daily sperm production, sperm production efficiency,
and sperm transit time in the epididymis

The left and right testes of rats were excised from the each
treatment group and were homogenized in 5mL of NaCl 0.9%
containing Triton X-100 0.5% and sonicated for 30 s. After a
10-fold dilution, one sample was transferred to Neubauer

chambers (four fields per animal) and the late spermatids
(stage 19) were counted. Homogenization-resistant step 19
spermatids and sperm from both caput/corpus and cauda
epididymis were scored as previously described (Robb
et al. 1978). The number of homogenization-resistant
spermatids obtained was divided by 6.1 to calculate
the daily sperm production (DSP), which refers to the number
of days that these spermatids are present in the seminiferous
epithelium ( × 106 sperms/testis/day). The daily sperm pro-
duction relative to testis weight (DSPr) or sperm production
efficiency was calculated by dividing DSP with the testis
weight and expressed as × 106 sperms/testis/day/g. The sperm
transit time through the epididymis (cauda and caput) was
determined by dividing the number of sperm in each portion
by the DSP (Robb et al. 1978).

Sperm chromatin and DNA evaluation

DNA integrity and chromatin condensation assessments were
assessed by standard cytochemical technique including
Acridine Orange Test. Acridine orange is a metachromatic
fluorescence probe for demonstration of degree of sperm nu-
clear DNA susceptibility to in situ acid-induced denaturation
by distinction between normal native double-stranded DNA
(green fluorescent) and abnormally denatured single-stranded
DNA (orange/red fluorescent) (Talebi et al. 2012). Briefly, the
sperm suspensions of epididymis were prepared for each treat-
ment group as described in sperm quality analysis. A drop of
sperm suspension was placed on a clean glass slide and ac-
cordingly a thin smear was prepared for each treatment group.
After drying the sperm smear, it was fixed in Carnoy’s solu-
tion (methanol and glacial acetic acid, 3:1) for 5 h or over-
night. Then, the slides were washed in distilled water and
allowed to air dry for 5–10 min before staining. The sperm
smear was stained for 5 min in acridine orange freshly pre-
pared solution (10 mL of 1.0% acridine orange in distilled
water was added to a mixture of 40 mL of 0.1 M citric acid
and 2.5 mL of 0.3 M disodium hydrogen phosphate, pH 2.5)
kept in the coupling jar. After 5 min staining, the slide was
gently rinsed in distilled water and mounted with distilled
water. Smears were assessed on the same day to determine
the sperm DNA damage by computing 200 sperms under a
fluorescence microscope with × 40 magnifications (Leica DM
2500, model-DFC 450C, Leica Microsystems, Wetzlar,
Germany) with excitation of 450–490 nm. Spermwith normal
DNA fluoresce green and those abnormal DNA fluoresce yel-
low or red. Scoring of DNA normality was done immediately
after staining (Tejeda et al. 1984; Talebi et al. 2011). DNA
fragmentation index (DFI), which is the ratio of abnormally
denatured single-stranded DNA (orange/red fluorescent,
AO+) over the sum of double-stranded DNA (green fluores-
cent, AO−) and single-stranded DNA (orange/red fluorescent,
AO+). The results of the DFI were expressed as percentages
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and considered normal when they were below 30% (Sergerie
et al. 2005).

Testis histology, damage score, and histomorphometrics

Histopathological observation

The left testis of each treatment group animal were collected,
cut across the midline, and placed in Bouin’s fixative solution
for 24 h. The tissue pieces were then washed with lithium
carbonate in 70% ethanol for 6 h. Then, testes were trimmed,
dehydrated through ascending grades of ethanol (50, 70, and
90%) and absolute ethanol for about 1 h each for two times
followed by xylene treatment, infiltration with molten paraffin
wax, embedded in the paraffin blocks, and placed in a refrig-
erator until sectioning. Thick sections (5 μm) were obtained
by using a rotarymicrotome (Leica, model RM2125 RTS) and
were moved to a water bath maintaining a temperature of 45–
50 °C. Folds in the acquired sections were eliminated using a
camel hairbrush. The sections were transferred to the glass
slides coated with albumin. For hematoxylin and eosin stain-
ing, the slides were placed in an oven to warm them, and the
slides were then hydrated using descending grades of
ethanol: 100, 80, 70, and 50%, each for 1 min. Then,
the slides were washed with distilled water for 2 min.
The slides were then placed in hematoxylin (stains neg-
atively charged nucleic acids (ribosomes and nuclei) a
deep purplish-blue color) dye for 8 min, dipped in acid-
ic alcohol, and neutralized in ammoniacal water.
Subsequently, the slides were counterstained in eosin
(an acidophilic dye that colors the cytoplasmic material or-
ange-pink) for 16 min and then dehydrated using ascending
grades of ethanol. After staining, the slides were cleaned one
by one in xylene, mounted with DPX, and covered with cover
slips that were placed gently to avoid air bubbles (Bancroft
and Gamble 2002). The testis tissues were evaluated for his-
topathological alterations under standard light microscope
(Leica DM 2500) with a digital camera (model-DFC 450C)
(Leica Microsystems, Wetzlar, Germany) following the proto-
cols of Bancroft and Gamble (2002).

Seminiferous tubule damage scoring and evaluation
of spermatogenic recovery

Histopathological alterations in the seminiferous tubules were
randomly sampled in 100 tubular sections per treatment
group. The level of damage was categorized by a crescent
score between 1 and 4 and expressed in percent score as fol-
lows: 1 = 0–25%; 2 = 26–50%; 3 = 51–75%; 4 = 76–100%
(Oliva and Miraglia 2009), with somemodifications. The spe-
cific histopathological alterations scored were as follows:
intraepithelial vacuolation, cellular debris, sloughed cells into
the tubular lumen, and different levels of germ cell depletion,

which were determined based on the number of seminiferous
epithelium layers and on the cellular types found in this epi-
thelium (Cabral et al. 2014).

The level of spermatogenesis after CuSO4 and CAR treat-
ment was assessed by determining repopulation index in rats
killed at 30 days after treatment. The recovery of spermato-
genesis was evaluated based on differentiation of tubules
which contained three or more cells that had attained
the type B spermatogonia (dense clumps of heterochro-
matin around the periphery of the nucleus, while type A
characterized and differentiated by pale staining nucleus
with a fine dusty distribution of heterochromatin) stage
or later. The tubule differentiation index (TDI) was com-
puted as the percent of tubules showing differentiation
using 100 seminiferous tubules in one section from each
rat, thus 600 tubules for each treatment group (Meistrich
and van Beek 1993).

Mean seminiferous tubule diameter, Johnsen’s testicular
biopsy score, and quantification of germ cells and Sertoli cells

Nine slides (3 parts × 3 slides) from upper, mid, and lower
parts of right testis were prepared to calculate mean seminif-
erous tubule diameter (MSTD), Johnsen’s testicular biopsy
score (JTBS), and number of spermatogenic cells per tubule.
All the observations were made at random order in 100 tu-
bules of the right testis tissue sections under blindfold condi-
tions. Only cells with whole nuclei were considered for
counting. Same testis tissue sections were used to compute
MSTD, JTBSs, and number of germ cells and Sertoli cells
per tubule. MSTD was measured on H&E-stained paraffin
sections at × 100 magnification under light microscope
(Olympus CX41) using a micrometric ocular lens. Testis in-
jury and disorder in spermatogenesis were appraised histo-
pathologically using JTBS criteria (Johnsen 1970). The scor-
ing grades for JTBS were as follows: score 10, complete sper-
matogenesis with regular tubules; score 9, many sperms, ir-
regular germinal epithelium; score 8, few sperms; score 7, no
sperms, many spermatids; score 6, few spermatids; score 5, no
sperm or spermatids; score 4, few spermatocytes; score 3,
presence of spermatogonia; score 2, presence of Sertoli cells;
score 1, no cells. JTBS was computed as sum of all scores in
each treatment group/total number of seminiferous tu-
bules. A decrease in the average value of JTBS was
assessed as an impairment of spermatogenesis. In addi-
tion, average number of germ cells (spermatogonia,
spermatocytes, and spermatids) and Sertoli cells/tubule was
examined and quantified. Only Sertoli cells exhibiting distinc-
tive morphologic features and clear nucleolus were quantified.
Since the number of germ cells in tubular section at stages I–
VIII is different from those at stages IX–XIV, 50 tubules at
stage I–VIII and 50 tubules at stage IX–XIV per rat were
counted (Roy et al. 2017).
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Immunohistochemistry

Immunohistochemical staining was performed according to
the avidin-biotin-peroxidase complex (ABC) method (Hsu
et al. 1981). Embedded testes in paraffin wax were sectioned
at 5 μm and de-waxed with xylene followed by rehydrated
through a graded series of ethanol to a final wash in water.
Tissue sections were treated with 3% H2O2 in methanol for
10 min to inhibit endogenous peroxidase activity. The tissue
sections were washed in distilled water for 10 min and were
incubated with normal goat serum (Lot#D2514; Santa Cruz
Biotechnology, Santa Cruz, CA, USA, 1:500 dilution in PBS)
for 1 h to block non-specific binding of antibodies. The testis
tissue sections were incubated with heat shock protein antigen
(HSP 70) primary antibody (mouse monoclonal HSP70 (3A3)
antibody, FL-261, Cat# SC-32239, Lot# H0613, Santa Cruz
Biotechnology, St. Louis, MO, USA) diluted 1:200 for 12 h at
4 °C. The sections were then washed and incubated with the
biotinylated donkey anti-goat IgG-HRP conjugated secondary
antibody (SC-2020, Lot# D2514; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 30 min at room temperature. The
sections were incubated again with the chromagen substrate
(0.1% 3,3′diaminobenzidine tetra hydrochloride (DAB) in
0.5 M Tris 7.6 and 0.01% H2O2) for 10 min and counter-
stained with hematoxylin for 30 s as per the manufacturer’s
instructions. Slides were analyzed under a light microscope
(Leica DM2500) with a digital camera (model—DFC 450C)
(Leica Microsystems, Wetzlar, Germany) and photographed.
To test the specificity of the immunoreactivity in the negative
control section, the primary antiserum was replaced with 1%
normal rabbit serum.

Serum testosterone assay

The serum testosterone was measured by using human
enzyme-linked immunosorbant assay (ELISA) kit (cat# AA
E-1300, Labor Diagnostika Nord, GmbH, Am Eichenhain,
Nodhorn, Germany) as per the instructions of the manufactur-
er. In brief, for testosterone assay, standard, control, or sam-
ples (50 mL) were added in each well of the ELISA plate.
Subsequently, conjugate solution (100 mL) and testosterone
antiserum (100 mL) were added to each of these wells. The
ELISA plate was then incubated with mild shaking (500–
700 rpm) in an incubator shaker (model—SLM-INC-OS-
250, Shalimar Specialty Chemical Ltd., Bangalore,
Karnataka, India) at room temperature for 1 h. The wells were
then aspirated and washed five times with a wash solution.
Then tetramethyl benzidine (TMB) substrate (cat# AA
E-0055, Labor Diagnostika Nord, GmbH, Am Eichenhain,
Nodhorn, Germany) chromogen solution (100mL) was added
to each well and the plate was incubated at room temperature
for 30 min. Finally, stop solution (0.2 M sulphuric acid,
100 mL) was added and the absorbance was taken at

450 nm using a microplate reader (SpectraMax M2e, micro-
plate reader, Molecular Devices, Sunnyvale, CA).

Processing of testes tissues, lipid peroxidation,
and antioxidant enzyme assays

The reproductive organs (testis, epididymis—caput and cauda
portions) were harvested from each treatment group, and ho-
mogenized with ice-cold Tris-EDTA suspension buffer in a
glass homogenizer to produce 10% (w/v) homogenate. The
homogenates were filtered and centrifuged for 30 min at
10,000 × g at 4 °C and the supernatants were frozen at
− 80 °C in aliquots until used for biochemical assays. The
protein content of the supernatant was determined using the
Lowry method (Lowry et al. 1951).

The lipid peroxidation product (LPP) formation in the tes-
tes tissues was estimated by measuring the thiobarbituric acid
reactive substances and quantified as malondialdehyde
(MDA) formed (nmol/mg protein) by using 1,1,3,3-
tetramethoxypropane as the standard following the spectro-
photometric method of Ohkawa et al. (1979). Testes tissue
homogenates (10%) were prepared in potassium chloride
(1.5%). The testes tissue protein contents were precipitated
by adding 2.5 mL of trichloroacetic acid (TCA) to 1 mL of
the homogenate. The precipitated proteins were centrifuged at
2500 × g for 10 min at 4 °C. The resultant pellet was
suspended in 2.5 mL of 0.05 M sulfuric acid and to this,
3 mL of 2 M thiobarbituric acid (TBA) was also added. The
whole suspension was incubated with TBA for 30 min in
boiling water bath (100 °C). The contents were cooled to room
temperature, and pink color was extracted into 4 mL of n-
butanol. The color obtained was read at 530 nm using a spec-
trophotometer (Eppendorf UV-9200) against the blank.

Testicular SOD was assayed by the method of Asada et al.
(1974) which involves the inhibition of photochemical reduc-
tion of nitro blue tetrazolium (NBT) at pH 8.0. SOD activity
was defined as the quantity of superoxide dismutase required
to produce 50% inhibition of photochemical reduction of
NBT. Briefly, the reaction mixture containing 100 μL of
phenazene methosulfate (PMS, 0.06 mg/mL), 300 μL of
NBT (2.5 mg/mL), and 200 μL of NADH (0.6 mg/mL of n-
butanol) was incubated at 30 °C for 90 s. Reaction was
stopped by adding 1 mL of acetic acid and after that 4 mL
of n-butanol was added. The absorbance was read at 560 nm
against a blank using UV–Vis spectrophotometer. The activity
was expressed as micromole/milligram protein.

Glutathione-S-transferase (GST) activity was quantified by
checking formation of a thioether bond between GSH and 1-
chloro-2,4-dinitrobenzene (CDNB as a substrate, Sigma-
Aldrich, St. Louis, MO, USA) using a spectrophotometer
(Warholm et al. 1985). The formation of the product of 1-
chloro-2,4-dinitrobenzene, S-2,4-dinitro-phenyl glutathione,
was monitored by measuring the net increase in absorbance
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at 340 nm against the blank. The enzyme activity was calcu-
lated using the molar extinction coefficient of = 9.6 M/cm
and expressed as nanomole/milligram of protein.

Univariate and multivariate statistical analyses

All data were expressed as mean ± SEM. Normality
distribution of the variables was tested using one sample
Kolmogorov-Smirnov test. Differences in measured pa-
rameters among the groups were analyzed by one-way
analysis of variance (ANOVA) test due to normal distri-
bution. The results were analyzed by one-way ANOVA
followed by Tukey’s test for post hoc comparisons using
SPSS for Windows (SPSS, Inc. Chicago, IL, USA, ver.
20.0). Correlation and regression analysis were made to find
the relationship (i) between serum testosterone levels and
JTBS, MSTD, sperm number in cauda, and DSP, respectively,
and (ii) between oxidative stress (lipid peroxidation) and se-
rum testosterone, sperm motility, DSP, sperm number in
cauda, and sperm head and tail abnormalities, respectively.

Multivariate analysis of variance (MANOVA) including
principal component analysis (PCA), hierarchical cluster anal-
ysis (Euclidean distance measure), and detrended correspon-
dence analysis (DCA) was performed using PAST (version
1.86b) software (Hammer et al. 2001). PCA was performed
to investigate and ordinate the relationship between supple-
mentation of L-carnitine dose and their remedial measures of
copper-induced clinical complications in the rat testis. Thus,
the axes derived correspond to gradients of modulatory action
of L-carnitine and copper toxicity impairment in testes and
dysfunction of spermatogenesis in relation to morphological,
histopathological, histomorphometric, hormonal, biochemi-
cal, immunohistochemical, and sperm quality assessments.
Hierarchical cluster analysis was carried to classify the
uniqueness and differences of the L-carnitine treatment groups
and their impact on restoration of copper-induced testicular
toxicity using Bray-Curtis distance measure. In addition, L-
carnitine treatment groups were classified according to dose
and their modulation effects on revival of copper-induced tes-
tis toxicity by DCA (Hammer et al. 2001).

Results

Clinical assessments, body and organs weight, food
and water consumption, and hepatic and renal functions

Clinical manifestations of copper toxicity

The CuSO4 (200mg/kg) administered rats (G2 group) showed
the following copper toxicity signs and symptoms as follows:
(1) slow activity; (2) paleness of mucous membranes of eyes
and pads extremities; (3) rough dried skin with alopecia

especially in the abdominal region; (4) enlargement of liver
with dark spots and its borders were swollen, friable, and
yellow in color; (5) bilateral enlargement of kidney with a
dark brown in color; (6) congested spleen and enlarged in size;
(7) swollen, congested, and edematous brain; (8) flabby, en-
larged, and congested heart; (9) thickened stomach wall with
corrugated mucosa; and (9) rough and dry skin coat. No signs
ofmorbidity or mortality or adverse effects were noticed either
in the L-carnitine alone treated rats (G3 and G4 groups, 50 and
100 mg/kg) or L-carnitine + CuSO4 treated rats (G5 and G6
groups, 50 and 100 mg/kg + 200 mg/kg) evidencing the po-
tential benefits of L-carnitine supplements in alleviation of
clinical manifestations of copper toxicity.

Body weight, food and water consumption, and serum
biochemical parameters

A significant decrease (p < 0.05) in body weight (99.64 vs
106.09 g), food consumption (18.62 vs 26.41 g), and water
intake (30.28 vs 51.45 mL) were observed in CuSO4 treated
rats (G2 group, 200 mg/kg) compared to controls (G1 group)
(Table 1). No significant differences were observed between
L-carnitine supplemented treatment groups (G3–G6 groups)
and control groups, respectively in terms of body weight, food
and water consumption (Table 1).

A significant increase in serumALT (81.65 vs 48.08 IU/L),
AST (156.82 vs 88.25 IU/L), ALP (230.54 vs 148.16 IU/L),
urea (12.65 vs 7.45 mmol/L), and creatinine (80.61 vs
48.25 μmol/L) levels were noticed in G2 group (CuSO4,
200 mg/kg) while these parameters were found to be within
the normal reference ranges in the L-carnitine alone (G3 and
G4 groups) and L-carnitine + CuSO4 (G5 and G6 groups)
treatment. This observation confirmed the good health and
normal functioning of the liver and kidney of the L-carnitine
supplemented treatment groups (Table 1).

Liver, kidney, and reproductive organs weights

The absolute and relative weights of the liver and kidney were
significantly decreased (p < 0.05) in CuSO4 treated G2 group
rats as compared with the G1 control group. While, L-
carnitine alone treated rats (groups G3 and G4) as well as L-
carnitine + CuSO4 administered rats (groups G5 and G6)
showed no statistically (p > 0.05) significant alterations in
the organs weights in comparison with the controls indicating
the rejuvenation and restoration ability of L-carnitine supple-
ment (Table 2).

A significant reduction in absolute and relative reproduc-
tive organs weight (testes, epididymis, seminal vesicle, and
vas deferens) was noticed in CuSO4 treated rats (G2 group)
in comparison with the G1 control group indicating testicular
atrophy and damage. However, L-carnitine alone (G3 and G4
groups) and in combination with CuSO4 (G5 and G6 groups)
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significantly improved the absolute and relative reproductive
organs weight when compared with the rats treated only with
CuSO4 (G2 group) (Table 2).

Sperm quality analysis

Epididymal sperm motility

Motile sperms of the epididymal contents were observed to be
high in the control G1 group rats (64.36%) while a significant
reduction in the number of motile sperms was noticed
(p < 0.05) with CuSO4 treated G2 group rats (38.48%).
Most of the sperm were observed to be dead in CuSO4 treated
G2 group. But, significantly high number of motile sperms
was seen in L-carnitine alone (G3 group—64.6% and G4
group—65.93%) and L-carnitine + CuSO4 (G5 group—
62.59% and G6 group—63.4%) treated groups in comparison
with CuSO4-administered G2 group rats indicating the protec-
tive and restoring role of L-carnitine supplement on sperm
quality. The frequency of number of motile sperms in L-
carnitine supplemented groups (G3–G6) was at par with the
control G1 group (Fig. 1a).

Epididymal sperm viability

Oral administration of CuSO4 (G2 group, 200 mg/kg) for
30 days significantly decreased (p < 0.05) the percent live
viable sperms (26.88%) and proportionately increased the
dead sperms (73.12%) in CuSO4 treated G2 group compared
to the G1 control group (live sperms, 91.65% and dead
sperms, 8.35%). A significant increase (p < 0.05) was
observed in sperm viability in rats exposed to L-carni-
tine alone (live sperms: G3 group—90.48%, G4 group—
92.77% and dead sperms: G3 group—7.23, G4 group—
9.52%) and L-carnitine + CuSO4 groups (live sperms: G5
group—88.62%, G6 group—93.66% and dead sperms: G5
group—6.34%, G6 group—11.38%) compared to CuSO4

treated G2 group (Fig. 1b).

Sperm number in testis, cauda, and caput

Sperm number in the testis (Fig. 1c, d), cauda (Fig. 1e, f), and
caput (Fig. 1g, h) was observed in terms of per organ (×106

sperms/mL) and per gram of organ (×106/g) and found a sig-
nificant decrease (p < 0.05) in the CuSO4 treated rats (G2
group—testis: 96.12 × 106 and 98.64 × 106/g; caput:
84.38 × 106 and 544.36 × 106/g; cauda: 84.63 × 106 and
564.17 × 106/g) in comparison with the untreated control rats
(G1 group—testis: 154.25 × 106 and 164.09 × 106/g; caput:
221.63 × 106 and 2318.25 × 106/g; cauda: 224.25 × 106 and
2038.64 × 106/g) supported the detrimental effects of copper
on the sperm number (Fig. 1c–h). However, L-carnitine coad-
ministration with CuSO4 (G5 and G6 groups) significantlyT
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reinstates sperm counts toward the normal untreated control
group rats. Moreover, the coadministration of L-carnitine with
CuSO4 demonstrated a significant higher count of epididymal
(cauda and caput) sperms when compared with the CuSO4

treated rats (G2 group), which confirmed the additional pro-
tective role of L-carnitine on copper-induced testicular sperm
degeneration (Fig. 1c–h).

DSP and DSPr in testis and sperm transit time in epididymis

DSP per testis (the number of homogenization-resistant step
19 spermatids) and sperm production efficiency (DSPr) were

significantly lower (DSP, 13.21 × 106 sperms/mL; DSPr,
13.76 × 106/g) in CuSO4 treated G2 group rats (Fig. 2a, b)
in comparison with those from the G1 control group rats (DSP,
26.90 × 106 sperms/mL; DSPr, 21.29 × 106/g). On the other
hand, L-carnitine coadministration with CuSO4 (G5 and G6
groups) demonstrated a significant increase in DSP (25.14–
29.08 × 106 sperms/mL) as well as DSPr (21.83–22.39 × 106/
g) toward the control G1 group level which confirmed its
effectiveness in restoring the sperm quality (Fig. 2a, b). In
addition, the sperm transit time in the epididymal cauda and
caput/corpus regions was significantly lower in the CuSO4

treated G2 group rats (cauda, 6.41 days; caput, 6.39 days) than

Fig. 1 Effect of L-carnitine on
sperm motility, sperm viability
and sperm count of adult albino
rats exposed to copper sulfate
(200 mg/kg) and/or L-carnitine
(50 and 100 mg/kg) for 30 days. a
Epididymal sperm motility (%). b
Epididymal sperm viability (%). c
Sperm number in testis (×106

sperms/mL). d Sperm number
relative to testis weight (×106

sperms/g). e Sperm number in
cauda (×106 sperms/mL). f Sperm
number relative to caudal weight
(×106 sperms/g). h Sperm number
in caput (×106 sperms/mL). i
Sperm number relative to caput
weight (×106 sperms/g). Values
are mean of five observations
(n = 5). All values are expressed
as the mean ± standard error of the
mean. Statistical comparison was
performed using one-way
ANOVA followed by Tukey’s
multiple comparison test. Bar
with different letter means
statistical significant difference at
p < 0.05 and similar letters are not
significant. G1, control group
(0.9% saline); G2, CuSO4 group
(200 mg/kg); G3, L-carnitine
group (50 mg/kg); G4, L-
carnitine group (100 mg/kg); G5,
CuSO4 + L-carnitine group
(200 mg/kg + 50 mg/kg); G6,
CuSO4 + L-carnitine group
(200 mg/kg + 100 mg/kg)
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in the control G1 group (cauda, 8.34 days; caput, 8.24 days)
while no significant alterations were found in the L-carnitine
alone (G3 and G4) and L-carnitine + CuSO4 (G5 and G6)
supplement groups rats (cauda—G3 and G4 group: 8.02–
9.50 days; G5 and G6 group: 8.07–9.23 days; and caput—
G3 and G4 group: 8.64–9.72 days; G5 and G6 group: 8.58–
10.32 days) (Fig. 2c).

Sperm head and tail abnormalities

The sperm head and tail abnormalities were monitored to en-
sure the detrimental effect of copper on sperm. The sperm head
and tail abnormalities were increased significantly after copper
treatment (G2 group) when compared with the G1 controls
(Table 3). The normal sperm phenotypes were significantly
decreased to 54.70% in CuSO4 treated G2 group and most of
the sperms were observed to be dead (Fig. A.1A). L-carnitine
supplemented groups [L-carnitine (G3 and G4) and L-carnitine
+ CuSO4 (G5 and G6)] significantly restored (97.73–98.37%)
this parameter toward the G1 control level (98.20%). The com-
mon abnormality encountered during the morphological exam-
ination of the sperms was banana heads (Fig. A.1B), two heads
(Fig. A.1E, H), small/big head (Fig. A.1G, I), untied head (Fig.
A.1B), amorphous head (Fig. A.1D), lack of usual hook (Fig.

A.1G), separated flagellum (Fig. A.1I), coiled tails (Fig. A.1C),
broken tails (Fig. A.1E), and spiral twisted tails (Fig. A.1D).
Within head abnormalities observed in CuSO4 exposure (G2
group), banana head were the predominant form of sperms
(17.01%, Fig. A.1B, E, H) followed by head without hook
(5.79%, Fig. A.1D, G, H), detached head (5.65%, Fig. A.1B,
I), and amorphous head (3.41%, Fig. A.1D, G). Regarding tail
abnormalities in CuSO4 treated G2 group, coiled tail forms
were observed mostly (10.57%, Fig. A.1C, F) followed by
broken tail sperms (3.76%, Fig. A.1E, F, I). All together
CuSO4 exposure significantly damaged the sperm morphology
and in turn noticed more number of morphologically (G2
group: 32.82% total head abnormalities and 14.85% total tail
abnormalities) abnormal sperm (Table 3). L-carnitine + CuSO4

supplementation (G5 and G6 groups) significantly protected
the sperm completely from the detrimental effects of CuSO4

as a lower percentage of sperm head and tail abnormalities were
evident in both the groups of animals treated with L-carnitine
along with CuSO4 (Table 3).

Sperm chromatin and DNA evaluation

In acridine orange staining, the chromatin quality of sperm
was assessed according to metachromatic fluorescence

Fig. 2 Modulatory action of L-carnitine on daily sperm production,
efficiency of sperm production, sperm transit time, and sperm DNA and
chromatin integrity of adult albino rats administered with copper sulfate
(200 mg/kg) and/or L-carnitine (50 and 100 mg/kg) for 30 days. a Daily
sperm production in testis (×106 sperms/testis/day). b Efficiency of sperm
production in testis (×106 sperms/testis/day/g). c Sperm transit time in
caput and cauda (×106 sperms/mL). d Sperm DNA and chromatin
integrity assessment using acridine orange staining (% DNA damaged
sperm cells). Values are mean of five observations (n = 5). All values

are expressed as the mean ± standard error of the mean. Statistical
comparison was performed using one-way ANOVA followed by
Tukey’s multiple comparison test. Bar with different letter means
statistical significant difference at p < 0.05 and similar letters are not
significant. G1, control group (0.9% saline); G2, CuSO4 group (200
mg/kg); G3, L-carnitine group (50 mg/kg); G4, L-carnitine group (100
mg/kg); G5, CuSO4 + L-carnitine group (200 mg/kg + 50 mg/kg); G6,
CuSO4 + L-carnitine group (200 mg/kg + 100 mg/kg)
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staining of sperm heads and demonstrated the degree of sperm
nuclear DNA susceptibility to in situ acid-induced denatur-
ation by distinction between normal native double-stranded
DNA (green fluorescent) and abnormally denatured single-
stranded DNA (orange/red fluorescent) (Fig. 3). In acridine
orange staining, the presence of normal native double-
stranded DNA (green fluorescent, AO−) was observed to be
high in the treatment groups of untreated G1 control (Fig. 3a),
L-carnitine alone (G3 and G4 groups, Fig. 3c, d), and L-
carnitine + CuSO4 (G5 and G6 groups, Fig. 3e, f) while re-
verse trend was noticed in CuSO4 treated rats (G2 group, Fig.
3b), i.e., detection of high number of abnormally denatured
single-stranded DNA (orange/red fluorescent, AO+). CuSO4

treatment significantly increased the sperm DNA damage (de-
natured single-stranded DNA, orange/red fluorescent) to the
tune of 7.69% while the percent sperm DNA damage was
significantly decreased to 1.62–1.92% in L-carnitine alone
(G3 and G4 groups) and L-carnitine + CuSO4 (G5 and G6
groups) treated rat groups, respectively (Fig. 2d). Significant
increments in DFI (%) were observed in CuSO4 group (G2
group) revealed the influence of copper toxicity on sperm
DNA integrity and chromatin condensation. While, rats in
the L-carnitine +CuSO4 treatment (G5 and G6 groups)
showed a significant decrease (p < 0.05) in DFI signifying
the protective role of L-carnitine on sperm integrity and dam-
age (Table 3).

Fig. 3 DNA integrity and
chromatin condensation
assessments by acridine orange
staining for demonstration of
degree of sperm nuclear DNA
susceptibility to in situ acid-
induced denaturation by
distinction between native
double-stranded DNA (green
fluorescent, AOˉ) and denatured
single-stranded DNA (yellow/red
fluorescent, AO+). a Control
group (0.9% saline). b CuSO4

group (200 mg/kg). c L-Carnitine
group (50 mg/kg). d L-Carnitine
group (100 mg/kg). e CuSO4 + L-
carnitine group (200 mg/kg +
50 mg/kg). f CuSO4 + L-carnitine
group (200 mg/kg + 100 mg/kg).
Acridine orange staining, ×40
eyepiece magnification, scale
bar = 20 μm. Frequency of green
fluorescent sperms was more in
treatment groups a and c–f while
group b showing more sperms
with yellow or red fluorescent,
respectively
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Testis histopathology

Untreated control (0.9% saline) G1 group

Histopathological assessment of untreated control group G1
demonstrated all the stages of spermatogenesis with the follow-
ing architecture details: (i) intact and normal seminiferous tu-
bules (Ep, Fig. 4a) visibly lined with germinal epithelium; (ii)
evenly distributed spermatogonia near the basement membrane
in whirls; (iii) primary spermatocytes with dark stained nuclei;
(iv) round and elongated spermatids after the stage of primary
spermatocytes; (v) lumens of seminiferous tubules (L) filled
with mature sperm or sperm; (vi) heads of sperms along with

the spermatids and secondary spermatocytes; (vii) groups of
Leydig cells (Le) in the interlobular spaces of seminiferous
tubules; and (viii) profiles of seminiferous tubules separated
by compact interstitial tissues (IT) were noted (Fig. 4a).

CuSO4 treated (200 mg/kg) G2 group

In contrast to untreated G1 control group, the profile of sem-
iniferous tubules in copper sulfate group G2 viewed as fol-
lows: (i) irregular with wide spaces in between them (IT); (ii)
marked disorganization and depletion of germ cells (*); (iii)
sloughing and desquamation of germinal cells (^); (iv) arrest
of spermatogenesis (#); (v) splitting of spermatogonia from

Fig. 4 Histopathological
alterations in the testis of rats
exposed to copper sulfate
(200 mg/kg) and/or L-carnitine
(50 and 100 mg/kg). a Control
group (0.9% saline). b CuSO4

group (200 mg/kg). c L-Carnitine
group (50 mg/kg). d L-Carnitine
group (100 mg/kg). e CuSO4 + L-
carnitine group (200 mg/kg +
50 mg/kg). f CuSO4 + L-carnitine
group (200 mg/kg + 100 mg/kg).
Hematoxylin and eosin staining,
×10 eyepiece magnification, scale
bar = 50 μm. Control a and L-
carnitine supplemented c and d
groups of animals showed normal
histological characteristics while
sloughing of germ cells,
vacuolization, and germ cell
depletion were observed in
copper sulfate treated group b.
Restoration and recuperation of
seminiferous tubules damage
were seen in copper sulfate plus
L-carnitine treated groups e and f.
Abbreviation: a type A
spermatogonia, b type B
spermatogonia, Ep seminiferous
epithelium, IT interstitial tissue, L
tubular lumen, Le Leydig’s cells,
S Sertoli cells, * accentuated
depletion in the seminiferous
epithelium, ^ vacuolization, @ no
mature sperms in the lumen and
empty lumen with cellular debris,
# stages of spermatogenesis
interrupted and atrophy of
seminiferous tubules
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the intact membrane and were scant; (vi) separation and
lesser number of spermatogenic cells; (vii) no mature
sperms in the lumen (@); (viii) vacuolization of tubules
(^); (ix) low number of Leydig’s and germ cells; (x)
lumen was empty or filled with debris (@); and (xi)
the stages of spermatogenesis were interrupted and atro-
phy of seminiferous tubules (#) due to the effect of copper
toxicity (Fig. 4b).

L-carnitine alone (50 and 100 mg/kg) treated G3 and G4
groups

Similar to the G1 control group, nearly normal histological
features of rat testis were observed in the L-carnitine alone
administered G3 group (50 mg/kg) and G4 group (100 mg/
kg) wherein (i) the seminiferous tubules (Ep) were normal and
lined with germinal epithelium, (ii) Leydig cells (Le) were
observed in the interlobular spaces, and (iii) all sequence of
spermatogenesis were present along with all types of sper-
matogenic cells, spermatogonia, primary spermatocytes, sec-
ondary spermatocytes, spermatids, and mature sperms were
present (Fig. 4c, d).

L-carnitine plus CuSO4 treated G5 (50 mg + 200 mg/kg)
and G6 (100 mg + 200 mg/kg) groups

L-carnitine with CuSO4 treatment, group G5 (L-carnitine
50 mg/kg + CuSO4 200 mg/kg) and group G6 (L-carnitine
100 mg/kg + CuSO4 200 mg/kg), restored and recuperated
the testis histomorphology and histopathological changes.
After 30 days of treatment, most of seminiferous tubules had
attained relatively normal structure with resumption of com-
plete spermatogenesis in the L-carnitine treated rats (Fig. 4e,
f). The arrangement of tubules was round and spermatogonia
were present along with the germinal epithelium, as in the G1
control group. The severity of degenerative changes in the
seminiferous tubules was less (score 1, Table 4) in G5 and
G6 groups than those in the CuSO4 treated G2 group (score
3 or 4) rats. Vacuolization in the seminiferous tubules was
significantly decreased in the G5 and G6 groups (score 1 or
2) compared to G2 group (score 4, Table 4). Tubules exhibited
regeneration in L-carnitine treated rats, whereas some of the
seminiferous tubules were atrophic in the dose of 50 mg/kg L-
carnitine +200 mg/kg CuSO4 (Group G5). Germ cells (sper-
matogonia, spermatocytes, spermatids), Leydig cells, and
Sertoli cells were significantly increased in number in G5
and G6 groups compared to G2 CuSO4 treated group. The
lumens of some tubules were empty and were in the process
of refurbishment in some tubules. The germ cell population of
CuSO4 treated G2 group rats comprised of essentially only
surviving stem spermatogonia, the most advanced cell popu-
lations detected in the repopulated tubules of L-carnitine treat-
ment were mostly primary spermatocytes. The number ofT
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repopulated tubules was more in G5 and G6 groups than those
in the CuSO4 treated G2 group rats (Fig. 4b, e, f).

Seminiferous tubule damage scoring and evaluation
of spermatogenic recovery after L-carnitine supplement

Histopathological scores were computed to categorize semi-
niferous tubules damage due to copper treatment and to eval-
uate the protective role of L-carnitine supplement in the pre-
vention of tubules damage induced by copper toxicity. The
histopathological damages considered for evaluation were
sloughing of germ cells, vacuolization, and three different
levels of germ cell depletion (Table 4). The untreated control
G1 group and L-carnitine alone treatment groups (G3 and G4)
exhibited normal histological characteristics of the seminifer-
ous epithelium and scaled the level of damage as score 1, i.e.,
nil germ cell depletion, 10–11% vacuolization, and < 15%
sloughing of germ cells (Table 4). In the CuSO4 treated G2
group animals, a vast quantity of sloughed cells (90.65%,
score 4), vacuolization (85.95%, score 4), and cellular debris
along with degenerative characteristics was noticed in
the tubular lumen of many seminiferous tubule sections.
Accentuated germ cell depletion was frequently pronounced
in the seminiferous epithelium of rats from this group G2,
characterizing (i) depletion level 1, which were considered
severe damage (Sertoli cell-only, 51.78%, score 3); (ii) some
sections showed only depletion level 2 (spermatogonia and
Sertoli cells, 73.56%, score 3); and (iii) depletion level 3 (oc-
currence of two layers of cells, 66.86%, score 3) (Table 4).
The L-carnitine (50 mg/kg) supplementation with CuSO4

(200 mg/kg) treated G5 group showed lower quantity of sec-
tions with moderate damage and with moderate germ cell
depletion (score 2, Table 4). While L-carnitine 100 mg/kg
along with CuSO4 200 mg/kg treatment G6 group exhibiting
a lower frequency of tubular sections with germ cell depletion
(depletion level 1, damage—5.10%, score 1), which were
considered as significantly restored group from tubule damage
(Table 4). Thus, L-carnitine therapy significantly (p < 0.05)
reduced the seminiferous tubules damage as well as protecting
the tubules effectively.

The recovery of spermatogenesis was evaluated based on
differentiation of tubules which contained three or more cells
that had attained the type B spermatogonia (Table 4).
Histological analysis of testis of CuSO4 treated G2 group an-
imals showed that CuSO4 at a dose of 200 mg/kg significantly
prevented the differentiation of the surviving spermatogenic
stem cells in terms of tubule differentiation index (TDI %).
The TDI reduced significantly in the CuSO4 treatment
(17.03%) whereas treatment with the L-carnitine (50 and
100 mg/kg) along with CuSO4 (200 mg/kg) significantly
(p < 0.05) restored the ability of the testis to support stem cell
differentiation to 40% (intensifying the TDI) at 30 days post
treatment, respectively (Table 4).

MSTD, JTBS, and quantification of germ cells and Sertoli
cells

The testicular biopsy score (JTBS, 4; Fig. 5a) and seminiferous
tubule diameter (MSTD, 283.75 μm; Fig. 5b) were observed
with the lowest scores being evident in rats treated with a high
dose of CuSO4 tested. The L-carnitine alone (groups G3 and
G4) and L-carnitine plus CuSO4 treatment (G5 and G6 groups)
showed significantly higher MSTD (292.5–318 μm, respec-
tively) and JTBS (7.6–9.3, respectively) score when compared
with those from CuSO4 treated G2 group rats (Fig. 5a, b). In
addition, the number of spermatogonia (Sg: 11 nos.), spermato-
cytes (Sc: 21.8 nos.), spermatids (Sd: 49 nos.), and Sertoli cells
(St: 8.1 nos.) in the CuSO4 treated G2 group rats was found to
differ significantly (p < 0.05) than the L-carnitine alone G3 and
G4 groups (Sg: 15–17.5 nos.; Sc: 25.1–28.7 nos.; Sd: 56.9–
62.9 nos.; St: 9.1–10.1 nos., respectively) and L-carnitine along
with CuSO4 G5 and G6 groups (Sg: 21.6–25.1 nos.; Sc: 33–
39.7 nos.; Sd: 53.2–63.9 nos.; St: 10.4–11.3 nos., respectively)
(Fig. 5c, d). Histomorphometric analyses of copper-treated rat
testes showed a significant (p < 0.0001) decrease in the MSTD
(F5,29 value = 5.948), JTBS (F5,29 value = 58.473), number of
spermatogonia (F5,29 value = 33.478), spermatocytes (F5,29 val-
ue = 12.477), spermatids (F5,29 value = 10.989), and Sertoli
cells (F5,29 value = 5.108) which exemplify the impairment of
spermatogenesis and dysfunction of testicular activity in rats by
copper while these parameters restored significantly with L-
carnitine supplementation showing its protective role on recov-
ery of spermatogenesis (Fig. 5).

Immunolocalization of HSP70 protein in rat testis

Immunohistochemical staining of rat testes with an antibody
directed against HSP70 revealed that HSP70 was localized in
the cytoplasm of prespermatogonia (germ cells), spermatogo-
nia, spermatocytes, spermatids, and Sertoli cells within the
seminiferous tubules and Leydig cells in the interstitium
(Fig. 6). The expression level of HSP70 protein in the rat testis
indicated reduced expression (down regulated) in the control
(Fig. 6a, G1 group), L-carnitine alone (Fig. 6c, d, G3 and G4
groups), and L-carnitine plus CuSO4 (Fig. 6e, f, G5 and G6
groups) treated rats; however, overexpression (upregulated) of
HSP70 protein appeared in rats treated with CuSO4 at a dose
of 200 mg/kg (Fig. 6b, G2 group).

Testis lipid peroxidation, antioxidant enzymes, and serum
testosterone levels

The testis MDA content (a product of lipid peroxidation of the
polyunsaturated fatty acid present in cell membrane) was sig-
nificantly (p < 0.05) increased (12.21 nmol MDA/mg protein)
after chronic CuSO4 administration (200 mg/kg, G2 group) to
rats with respect to the G1 control group (3.5 nmol MDA/mg
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protein), indicating the testicular ROS generations and induc-
tion of oxidative stress. L-carnitine alone treatment (G3
group—4.65 and G4 group—5.58 nmol MDA/mg protein)
and L-carnitine cotreatment with CuSO4 (G5 group—3.55
and G6 group—4.09 nmol MDA/mg protein) significantly
restored these parameters toward the level of control, though
a significant higher value was also noted in these parameters
(Fig. 7a).

A severe inhibitory response on the testicular antioxidant
status was observed, followed by chronic CuSO4 exposure to
rats (G2 group, Fig. 7b, c). The testicular activities of SOD
(3.07 μmol/mg protein) and GST (59.28 nmol/mg protein)
were significantly (p < 0.05) decreased in CuSO4-exposed rats
(G2 group) than the G1 control group (SOD, 8.55 μmol/mg
protein and GST, 115.58 nmol/mg protein) signifying the sup-
pressed testicular antioxidant defense against ROS, which
assisted the generation of oxidative stress. The GST and
SOD are the major antioxidant enzymes in testis tissue, which
defend sperm cells by scavenging ROS generated through the
exposure of environmental toxicants and pollutants. L-
carnitine cosupplementation with CuSO4 (G5 and G6 groups:
SOD, 9.17–9.61 μmol/mg protein and GST, 117.58–
118.65 nmol/mg protein) and L-carnitine alone treatment
(G3 and G4 groups: SOD, 8.04–9.07 μmol/mg protein and

GST, 123.58–128.65 nmol/mg protein) significantly recuper-
ated these testicular antioxidant enzymes activities toward the
control level (Fig. 7b, c).

The oral exposure of CuSO4 to rats significantly decreased
the serum testosterone concentrations (0.778 ng/mL, G2 group)
in comparison with the G1 control rats (3.226 ng/mL), suggest-
ing the inhibitory role of CuSO4 on testicular androgenesis
(Fig. 7d). However, L-carnitine alone administration (G3 and
G4 groups, 3.43–3.68 ng/mL) significantly restored the serum
testosterone concentrations to the G1 control group level.
Moreover, significant higher values of serum testosterone con-
centrations were noted in the L-carnitine with CuSO4 group
(G5 and G6 groups, 3.32–3.74 ng/mL) when compared with
the G1 control groups, suggesting that L-carnitine at a high
dose of 100 mg/kg has a stronger influence on testicular andro-
genesis than the lower dose 50 mg/kg (Fig. 7d).

Univariate and multivariate analyses

Interactions between serum testosterone and spermatogenesis
and sperm quality

A strong positive correlation was observed (1) between serum
testosterone and testis damage in relation to JTBS (y = 2.825 +

Fig. 5 Histomorphometric analysis of testis of rats exposed to copper
sulfate (200 mg/kg) and/or L-carnitine (50 and 100 mg/kg). a Jhonsen’s
mean testicular biopsy score, JTBS to assess the testis damage. b Mean
seminiferous tubule diameter (MSTD, μm). c Occurrence of
spermatogonia and spermatocytes. d Incidence of spermatids and Sertoli
cells. Values are mean of five observations (n = 5). All values are
expressed as the mean ± standard error of the mean. Statistical comparison

was performed using one-way ANOVA followed by Tukey’s multiple
comparison test. Bar with different letter means statistical significant
difference at p < 0.05 and similar letters are not significant. G1, control
group (0.9% saline); G2, CuSO4 group (200 mg/kg); G3, L-carnitine group
(50 mg/kg); G4, L-carnitine group (100 mg/kg); G5, CuSO4 + L-carnitine
group (200 mg/kg + 50 mg/kg); G6, CuSO4 + L-carnitine group
(200 mg/kg + 100 mg/kg)
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1.708x; r2 = 0.8549, Fig. A.2A) in the testis tissue; (2) between
serum testosterone levels and tubule diameter (μm), MSTD
(y = 278.40 + 8.585x; r2 = 0.8622, Fig. A.2B); (3) between
serum testosterone levels and sperm number in cauda
(×106 sperms/mL) (y = 47.122 + 52.341x; r2 = 0.9760, Fig.
A.2C); and (4) between serum testosterone levels and daily
sperm production in testis (×106 sperms/testis) (y = 9.174 +
5.060x; r2 = 0.9455, Fig. A.2D) inferring the magnitude of
copper toxicity and their influence on serum testosterone
levels, spermatogenesis and sperm production, and how these
physiological conditions were restored by L-carnitine
supplementation.

Interactions between lipid peroxidation and serum
testosterone and sperm quality

Generation of lipid peroxidation radicals (nmolMDA/mg pro-
tein) due to copper toxicity significantly disrupted the serum
testosterone levels (y = 4.828–0.3211x; r2 = 0.9093, Fig.
A.3A), epididymal sperm motility (y = 76.840–0.3028x;
r2 = 0.9139, Fig. A.3B), daily sperm production
(y = 13.924–0.3624x; r2 = 0.9304, Fig. A.3C), and sperm
concentration in cauda (y = 302.61–17.311x; r2 = 0.9415,
Fig. A.3D) and found with inverse relationship between the
independent (lipid peroxidation) and dependent (serum testos-
terone, sperm motility, DSP, and sperm count) variables, re-
spectively. While, a strong positive correlation and regression
relationships were computed between MDA levels and head
(y = −12.634 + 3.621x; r2 = 0.9550) and tail (y = −7.104 +
1.742x; r2 = 0.9559) abnormalities (Fig. A.3E, F).

MANOVA—PCA, cluster analysis, and DCA

MANOVA data matrix included of treatment groups: normal
control (0.9% saline), CuSO4 (200 mg/kg), L-carnitine (50
and 100 mg/kg), and L-carnitine plus CuSO4 (50 and
100 mg/kg L-carnitine and CuSO4 200 mg/kg) groups as in-
dependent variables and their effect on 47 variables as depen-
dent variables: (i) body weight; (ii) food consumption; (iii)
water intake; (iv) ALT, AST, ALP, urea, and creatinine; (v)
absolute and relative organ weights: liver, kidney, testes, epi-
didymis, seminal vesicle, vas deferens; (vi) sperm count in
testis, caput, and cauda and count relative to testis weight;
(vii) epididymal sperm motility and viability; (viii) DSP and
DSPr in testis; (ix) sperm transit time in caput and cauda; (x)
total head and tail abnormalities; (xi) histomorphometrics:
JTBS, MSTD, no. of spermatogonia, spermatocytes,
spermatids, and Sertoli cells; (xii) percent sperm DNA
damage, DFI and TDI; (xiii) serum testosterone; (xiv)
oxidative stress: lipid peroxidation—MDA; and (xii) antioxi-
dant enzymes: SOD and GST to illustrate the relationship (1)
between copper toxicity and their magnitude in testis damage,
suppression of spermatogenic process, impairment in sperm

quality; and (2) the protective role of L-carnitine supplemen-
tation on restoration of testis damage and preservation of
sperm quality (Fig. 8).

The PCA loading plot diagram indicates that the chosen 47
variables generated two principal component axes based on
testicular injury by copper exposure as well as restoration
activity of L-carnitine supplementation on protection of testis
and sperm quality, PCA 1 accounting for 76.17% variance and
Eigen value of 17,068.4 determined mainly by higher doses of
L-carnitine (100 mg/kg) in CuSO4 (200 mg/kg) treated rats
indicating highest degree of protection of testis and sperm
quality by L-carnitine supplement and PCA 2 with 17.40%
variance and Eigen value of 3899.02 determined by other
treatment groups. The distant and isolated variables in the plot,
i.e., treatment groups, indicate a strict and extremely signifi-
cant correlation between the variables (Fig. 8a). The L-
carnitine plus CuSO4 treatment G5 and G6 groups were sep-
arated in the PCA plot completely from the CuSO4 treated G2
groups showing the modulating activity of L-carnitine against
copper-induced testicular toxicity in rats and this effect is
exerted by L-carnitine could be due to the broad array of
biological activities including male gamete maturation, pro-
duction of energy for sperm motility, DNA repair, germ cell
recovery, and Sertoli cell metabolism (Fig. 8a).

The cluster analysis (Euclidean distance measure) divided
the treatment groups into two major clusters according to their
protective activity with the most protective group (L-carnitine
+ CuSO4 treatment and L-carnitine alone treatment groups) in
one sub-cluster under cluster group 1, untreated control group
in the second sub-cluster of cluster group 1, and no protection
high risk group (CuSO4 treated rats) by the cluster group 2
(Fig. 8b). The cluster analysis clearly visualized the protective
action of L-carnitine against testis dysfunction and sperm
quality impairment.

The detrended analysis removes the effects of accumulat-
ing data sets from a trend and forecasting only the absolute
changes in values and to allow potential cyclical patterns to be
identified. The DCA and PCA analyses also detrended sepa-
rated the L-carnitine supplement high dose (L-carnitine
100mg/kg plus CuSO4 200mg/kg) along with normal control
group from the low dose L-carnitine supplement group (L-
carnitine 50 mg/kg plus CuSO4 200 mg/kg) in a hierarchical
fashion based on the protective action: axis 1 ranked the L-
carnitine doses from more restoration of testis histology and
function to less restoration groups (Fig. 8c). The PCA score
plot, Euclidean distance measure, and DCA analyses distinct-
ly showed a very good separation and there was a significant
dose-dependant variation between L-carnitine supplementa-
tion and their antioxidant and protective action in comparison
with the CuSO4 treated group. The results indicated that the
CuSO4 exposure (200 mg/kg) group showed variation in bio-
chemical, histopathological, immunohistochemical, and met-
abolic profiles than L-carnitine supplemented group rats and
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these profiles were not affected and back to normal as a result
of modulatory action of L-carnitine (Fig. 8).

The modulatory action of L-carnitine is determined by the
following: (i) decreasing the testicular ROS generations and
oxidative stress via inhibiting the generation of lipid peroxida-
tion radicals (MDA), (ii) sustaining the serum testosterone levels
to regulate spermatogenic process and preserving sperm quality
(sperm concentration, motility, morphology, and viability), (iii)
restoring the testicular function through germ cell regeneration,
recovery of spermatogenic events, and retrieval of sperm DNA
and chromatin integrity, (iv) regulating the antioxidant defense
system for normal functioning of testis and preserving the sperm
quality, and (v) inducting HSP70 proteins to perform
cytoprotective role to reduce the gonadotoxicity (Fig. 9).

Discussion

Adverse effects of copper heavy metals on male reproductive
health have gained much attention and can be used as a bio-
marker of environmental hazards. Copper testicular toxicity
and its pathological features have been well corroborated in
rats (Babaei et al. 2012; Babaei and Abshenas 2013). Intake of
high levels of Cu adversely affected the liver and kidney
which results in the rapid increase of the serum levels of
ALT, AST, ALP, urea, and creatinine interpreted as an indica-
tor of hepatic and renal dysfunction (Almansour 2006; Guclu
et al. 2011). In the present study, administration of 200 mg/kg
of CuSO4 significantly increased serumALT, AST, ALP, urea,
and creatinine activities indicating malfunctioning of the liver

Fig. 6 Immunolocalization of
HSP 70 proteins in rat testis
exposed to copper sulfate
(200 mg/kg) and/or L-carnitine
(50 and 100 mg/kg). a Control
group (0.9% saline). b CuSO4

group (200 mg/kg). c L-Carnitine
group (50 mg/kg). d L-carnitine
group (100 mg/kg). e CuSO4 + L-
carnitine group (200 mg/kg +
50 mg/kg). f CuSO4 + L-carnitine
group (200 mg/kg + 100 mg/kg).
Immunostaining with HSP 70
antibody, ×10 eyepiece
magnification, scale bar = 50μm.
Down regulation of HSP 70 was
observed in control a and
carnitine supplemented c and d
and copper sulfate plus L-
carnitine treated groups e and f
while upregulation of HSP 70was
observed in copper sulfate treated
group b. Abbreviation: Ep
seminiferous epithelium, IT
interstitial tissue, L tubular lumen
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and kidney while L-carnitine supplemented rat groups did not
reveal any significant alteration in the activities of these
biochemical parameters indicating the modulator effect
of L-carnitine.

Malfunctioned endocrine system both at hypophysis and
testicular levels is competent enough to adversely influence
the spermatogenesis. As a result, the luteinizing and follicle-
stimulating hormones stimulate the testicular endocrine activ-
ities (Akkoyunlu et al. 2007). Consequently for impaired en-
docrine interactions, testicular tissue experience to ROS and
reactive nitrogen species (RNS)-dependent stresses (Agarwal
et al. 2008). Testosterone is found to be indispensable for
normal spermatogenesis as it promotes the switching of round
spermatids into elongated spermatids between stage VII and
stage VIII of the spermatogenetic cycle. Androgen insufficien-
cy perturbs the spermiation process (Saito et al. 2000) by
shifting spermatid-Sertoli cell junctions, which outcomes in
premature detachment of round spermatids from Sertoli cells
and seminal epithelium (Beardsley and O’Donnell 2003),
along with apoptosis and activation of caspases (Tesarik
et al. 2002). In this study, the observation that chronic inges-
tion of CuSO4 significantly reduced serum testosterone levels
in group 2 was in accordance with the aforementioned

findings. This decrease in testosterone levels led to a decrease
in spermatogenesis. In this line, the correlation between gen-
eration of ROS/RNS and infertility has been documented
well. Hammami et al. (2009) hypothesized that steroidogene-
sis is inhibited in three different ways: (i) disorder in free
cholesterol mobilization toward Leydig cell mitochondria,
(ii) interruption of cholesterol mitochondria translocation with
the steroidogenic acute regulatory (STAR) protein as an effec-
tor, and (iii) prevention of cholesterol conversion into testos-
terone by impairing activities of key regulatory enzymes of
steroidogenesis. Possibly the reduction in serum testosterone
level observed in this study may have been caused by one of
these hypothesized mechanisms, but this is the issue of future
research.

L-carnitine has antioxidative, antiperoxidative, and free
radical scavenging properties which protect the cellular
DNA and membranes against cellular damage induced by free
oxygen radicals (Ferrari et al. 1988; Izgut-Uysal et al. 2003).
L-carnitine protects the germ cells from oxidative stress by
preventing the formation of ROS produced by the xanthine/
xanthine oxidase system and decreases damage to the cell
membrane (Bertelli et al. 1994). The assessment of sperm
chromatin integrity along with the sperm head and tail

Fig. 7 Changes in serum testosterone concentrations and lipid peroxidation
and antioxidant enzymes in the testis of rats treated with copper sulfate
(200 mg/kg) and/or L-carnitine (50 and 100 mg/kg). a Assessment of
generation of lipid peroxidation radicals (nmol MDA equivalents/mg
protein). b Estimation of superoxide dismutase concentrations in the testis
(SOD, μmol/mg protein). c Evaluation of testis glutathione-S-transferase
(GST, nmol/mg protein). d Quantification of serum testosterone
concentrations (ng/mL). Values are mean of five observations (n = 5). All

values are expressed as the mean ± standard error of the mean. Statistical
comparison was performed using one-way ANOVA followed by Tukey’s
multiple comparison test. Bar with different letter means statistical
significant difference at p < 0.05 and similar letters are not significant. G1,
control group (0.9% saline); G2, CuSO4 group (200mg/kg); G3, L-carnitine
group (50 mg/kg); G4, L-carnitine group (100 mg/kg); G5, CuSO4 + L-
carnitine group (200 mg/kg + 50 mg/kg); G6, CuSO4 + L-carnitine group
(200 mg/kg + 100 mg/kg)
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morphological alterations is important for ascertaining and
scoring germ cell toxicants and the generation of single and
double strand breaks in the sperm DNA is characteristically
associated with genotoxic agents, including heavy metals
(Trivedi et al. 2010). In our observation, exposure of CuSO4

significantly elevated the lipid peroxidation (a biomarker of
oxidative stress), impaired the antioxidant defense system by
reducing the antioxidant enzymes (SOD and GST), sup-
pressed the germ cell proliferation and damaged the DNA

chromatin integrity by increasing sperm DNA damage and
decreasing DFI (more AO+, yellow/red fluorescent sperms,
single strand breaks). Thus, it was confirmed that copper is
toxic to germ cells and acts as a genotoxic agent. Conversely,
these parameters were significantly restored and regulated by
L-carnitine supplementation inferring its modulatory action.

Besides, L-carnitine participates in sperm cell metabolism
and supply energy for sperms, which significantly influences
maturation and motility of sperms and the spermatogenic

Fig. 8 Assessment of testicular
toxic nature of copper and
protective action of L-carnitine
through multivariate analysis of
variance (MANOVA). a Principal
component analysis (PCA)
indicating of copper toxicity and
their degree of response and
ameliorative action of L-carnitine
supplementation in exhibiting
antioxidant and anti-
inflammatory properties.
MANOVA data matrix consists of
six treatment groups as
independent variables and 47
dependent variables (refer test) to
exemplify the association
between the toxic effect of copper
on testis and gonadoprotective
action of L-carnitine. b Euclidean
cluster analysis categorizes the
treatment groups based on
magnitude of copper toxicity and
gonadoprotective action of L-
carnitine. c Detrended
correspondence analysis (DCA)
separates the treatment groups in
a hierarchical fashion reflecting
the gonadotoxic nature of copper
and restorative action of
L-carnitine. Loadings plot reveal
the variables responsible for the
discrimination of the
treatment groups
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process (Matalliotakis et al. 2000; Ruiz-Pesini et al. 2001).
These findings are in corroboration with our study outcomes
in L-carnitine supplemented rat groups as: (1) revitalization of
sperm quality (motility, viability, number, DSP, and DSPr), (2)
restoration of histological alterations (germ cell depletion,
sloughing of germ cells, vacuolization, and degeneration), and
(3) rejuvenation of spermatogenesis in terms of increase in
JTBS, MSTD, TDI, and number of germ cells (spermatocytes,

spermatogonia, spermatids, Sertoli cells, Leydig’s cells) than
CuSO4 treatment group. Morphological abnormality of sperm
(head and tail abnormalities) is the characteristic feature that
persuade with weak sperm motility (Roychoudhury et al.
2008; Slivkova et al. 2009; Pekala et al. 2011). Several meta-
bolic and biochemical profiles interfered with spermatogenesis
and reduce sperm quality and production in Wistar rats. The
abnormal sperm, damaged germinal epithelium, and infiltration
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Fig. 9 Modulatory action of L-carnitine against copper-induced testicular toxicity in adult Wistar albino rats
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of immune cells are the consequences of generation of elevated
amounts of ROS in the testis (Forlenza and Miller 2006).
Conversely, the increase of ROS are accountable for oxidating
the NO into peroxynitrate, which is causing gonadotoxicity
(Agarwal et al. 2008). Moreover, the high generation of ROS/
RNS results in significant damages in sperm DNA integrity,
motility, and plasma membrane fluidity (Rezazadeh-Reyhania
et al. 2015). Exposure of copper to rats significantly increased
the lipid peroxidation radicals which in turn affecting sperm
DNA quality, yielding sperm head and tail abnormalities, and
finally upsetting the sperm quality. While these metabolic and
physiological conditions were revert back significantly by L-
carnitine treatment. Optimal sperm transit time (8–15 days)
through epididymis is required for sperm to attain maturation
andmotility which is vital for sperms to fertilize ova (Bellentani
et al. 2011). The sperm transit time in caput and cauda was
accelerated in CuSO4 treated rats which may decrease the
sperm reserves in the caudal portion of epididymis and interfere
with the reproductive process of rats. This condition
was revived with L-carnitine coadministration. HSP70
proteins have an important role in the male testis as
trafficking and translocating proteins through mem-
branes during stress conditions to protect the cellular
functions. It can be used as a biomarker to assess the
oxidative stress (Biggiogera et al. 1996; Wu et al. 2011).
Localization of HSP70 was upregulated in CuSO4 treat-
ed rat testis to protect the germ cell proliferation as well as to
maintain the testis function while it was downregulated in L-
carnitine supplemented rat testis. Hence, HSP70 can be used
as an oxidative stress marker for testicular toxicity.

Conclusions

CuSO4 at a dose of 200 mg/kg severely affected the spermato-
genesis (histological alterations), testis function and caused
testicular toxicity. The body and organs weights, food con-
sumption, water intake, serum biochemical profiles (ALT,
AST, ALP, urea, and creatinine), serum testosterone levels,
and antioxidant enzymes (SOD and GST) were significantly
disturbed and altered. Sperm quality (motility, viability, con-
centration, DSP, DSPr, DNA integrity, and DFI) was signifi-
cantly affected and observed defective sperms with head
and tail abnormalities. The sperm transit time in caput
and cauda was accelerated and resulted in incomplete
spermatogenic process and formation of immature sperm
leading to infertility. L-carnitine supplementation signif-
icantly improved the physiological and metabolic pro-
cesses and in turn recovered the spermatogenic process, germ
cell proliferation, DNA repair, and sperm quality. Based on
these findings, L-carnitine could be used as a therapeutic as
well as protective agent for copper heavy metal testicular tox-
icity in rats.
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1. Introduction 

 

1.1. Longhorn beetle biodiversity 

Kingdom Animalia has 1,552,319 species belonging to less than 40 phyla. 

Among them, arthropods represent only 1,242,040 species, which is about 80% of 

the total. The most successful group Insecta (1,020,0007 species) is around 66%. The 

most diverse and successful order of insects, the order of beetles (387,100 species), 

accounts for about 38% of all insect species (Zhang 2011). The family Cerambycidae 

is one of the largest families of coleoptera, with more than 35,000 described species 

belonging to 4,000 genera (Laurence and Newton Jr 1982). The Cerambycidae 

family comes from the Greek word Ceranibis, meaning horned beetle. 

Longhorn beetles (Coleoptera: cerambycidae) are a group of insects in a 

morphologically diverse family of beetles and a more interesting taxon, of which 

contain many species of vegetation on woody vegetation in the larval stage. 

Depending on the taxonomy used, this family currently includes 35,000 species 

worldwide (Lawrence 1982) and possibly many more (Sama et al. 2010). In some 

species, it can be more than twice that in males. Adults are long, cylindrical beetles 

ranging in length from 2 mm to over 160 mm. Beetles of the cerambycidae family 

are increasingly recognized as pests of crops, forests and shade trees, shrubs and 

unprocessed wood products, as well as vectors of plant diseases. Cermbicide larvae 

usually feed on phloem tissues and then on the xylem fraction and cause economic 

losses. The Northeastern Himalayas (India) are one of the components of a large 

hotspot of biodiversity and therefore are especially rich in flora and fauna (Azad 

Thakur et al. 2012). 

Longhorn beetles (Coleoptera: Cerambycidae) have been used to identify 

areas of high conservation value and biodiversity in cultural landscapes, which often 

consist of heterogeneous mosaics, different types of land use (Holland 2007; Jansson 

et al. 2009; Sugiura et al. 2009). The relationship between beetles and host plants is 

often very specific, but there are many host plant species that can be used by 

different species of larvae (Hanks 1999). Therefore, these are also referred to as 

"ecosystem engineers" (Buse et al. 2008). In addition, many adult longhorn beetles 

visit flowers to feed on nectar and / or pollen and thus act as pollinators. 
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The diversity and distribution of longhorn beetles has been influenced by 

forest management practices (Maeto et al. 2002; Taki et al. 2010; Ulyshen et al. 

2004; Vodka et al. 2009; Hjältén et al. 2012), invasive tree species (Sugiura et al. 

2009), habitat destruction and degradation (Baur et al. 2002; Baur et al. 2005), 

habitat fragmentation (Collinge et al. 2001), environmental gradients (Baselga 2008), 

erratic fires, droughts and wind storms (Muona and Rutanen 1994; Moretti et al. 

2004; Moretti and Barbalat 2004; Bouget 2005; Campbell et al. 2008; Moretti et al. 

2010), spatial heterogeneity (Talley 2007) and the influence of host species 

preferences (Hanks et al. 1993). These studies show that the majority of longhorn 

beetle species are concentrated in undisturbed or primary forests, while secondary 

forests and artificial plantations have fewer species. In addition, increased 

intensification and disturbance led to a decrease in the number of specialized species 

of long beetles and homogenization of beetle combinations in different types of 

habitats. Most of the research is carried out in temperate regions where the original 

vegetation has disappeared or has been radically altered by prolonged cultivation; 

however, very little research has been done to analyze the impact of land-use change 

on clusters of beetles in relatively young arable landscapes of tropical forests. Larvae 

of longhorn beetles tend to pick up dead or rotting wood, and some species are 

considered pests (Noerdjito 2010). The structure of the community of longhorn 

beetles in the area is closely related to the composition and growth of plants. 

Different species of longhorn beetles will select different tree or shrub species 

(Sakenin et al. 2011). Some beetle species live only on certain host plants, while 

others can live on a variety of plants (WaqaSakiti et al. 2014). The lifespan of beetles 

depends on the presence of trees and, therefore, can be used as an indicator of the 

state of forests (Osawa 2010; Noerdjito 2011; Lachat et al. 2012). 

1.2. DNA Barcoding 

Molecular identification methods such as DNA barcoding are an alternative 

to morphological identification. Barcodes can make identification information 

cheaper, faster, and more accurate. DNA barcodes use a short DNA sequence agreed 

by the scientific community to identify organisms. The mitochondrial cytochrome 

oxidase (COI) subunit 1 gene was adopted as the barcode region for animal survival 

(Hebert et al. 2003; Ratnasingham and Hebert 2007). Other markers are used for 
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plants, fungi and bacteria. Since COI is a mitochondrial sequence, there are more 

copies available than nuclear DNA sequences. COI varies greatly between animals, 

provides well-defined energy and is surrounded by conservative areas that make 

good bait spots. It is also short, only 658 bp, which simplifies sequencing. Even 

shorter areas, called minibar codes, were effective for identification (Hajibabaei et al. 

2006; Meusnier et al. 2008). Short amplicons have the advantage of being 

compatible with current next generation sequencing technology. Identification is 

performed using DNA barcoding by comparing the query string against a library of 

previously identified sequences. Today's barcode libraries are still incomplete, but 

they are evolving. Other genes, such as the 16S and 28S ribosomal genes, do not 

have large databases for identification purposes and are not considered barcoding 

genes, but are valuable for providing higher taxonomy and are usually used in 

phylogeny construction (Yao et al. 2010; Dupuis et al. 2012). There are limitations 

on the use of COI as barcoding, including possible confusion with mitochondrial 

nuclear descriptors, Wolbachia-mediated entry, hybridization, and incomplete clone 

classification (Rubinoff et al. 2006; Trewick 2008; Calvignac et al. 2011; Klopfstein 

et al. 2016). However, the huge and ever-growing COI sequence libraries and other 

currently mentioned advantages make COI the best candidate for DNA barcoding 

despite its limitations.A variety of taxa have been reviewed and investigated using 

DNA barcoding (Hajibabaei et al. 2006; Meier et al. 2006; Raupach et al. 2014; 

Hebert et al. 2016; Schmidt et al. 2016; Sikes et al. 2017). 

GenBank and BOLD are the most widely used DNA barcoding libraries. The 

gene bank contains many sequences, but provides less relevant data and does not 

have a research procedure to ensure accurate identification of species. The Life Data 

Systems (BOLD) Barcode Database has been specifically designed to support DNA 

barcodes. Complete BOLD library record including a photo of the sample location 

and all collection information (location, date, collector, etc.), raw sequencing data 

(process trace file), Sanger sequence and a consistent sequence information 

associated with the DNA library, along with information on sequence matches 

(Ratnasingham and Hebert 2007).Very similar sequences are grouped into BINs that 

act as putative species, just as approximate morphological groups can be used as 

morphological species (Ratnasingham and Hebert 2013). The cost of creating 
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barcodes this way varies but can be as little as $ 3 Price (Meier et al. 2015). There 

are currently over 4.5 million barcode sequences in bold, representing approximately 

440,000 suspected species. Most of the barcoded species not currently included in 

the BOLD database can still be identified by genus, family, or higher order (Munch 

et al. 2008; Wilson et al. 2011).The recognition of DNA libraries will increase as 

new species are added, but the collection site will become an important factor to 

consider when performing identification (Bergsten et al. 2012). 

No taxonomist has argued that identification based solely on COI barcodes is 

as reliable as identification when considering morphological, biological and multiple 

genes, but the fact is that identification can be performed without special training or 

biological context and has proven to be accurate for over 90% of the species 

analyzed, they made barcoding a very powerful tool (Hajibabaei et al. 2006; Lin et 

al. 2015; Grebennikov et al. 2017; Ortiz et al. 2017). In many cases, differences 

between species with a DNA barcode and morphological estimates lead to errors in 

taxonomic morphological hypotheses, rather than barcode errors for completely 

isolated species (Hebert et al. 2004; Smith et al. 2008). Why can't the same concept 

be extended to descriptions of new species? Nothing in the International Code of 

Zoological Nomenclature precludes or precludes DNA-based descriptions. 

Ichneumonoidea are particularly good candidates for DNA characterization. This 

group is extremely rich in species, includes a large number of rare species, is often 

perplexing, and specimens are often collected with little or no environmental 

information. In addition, DNA barcoding has been used to detect many mysterious 

braconids and ichneumonids (Smith et al. 2008; Veijalainen et al. 2011; Quicke et al. 

2012; Schwarzfeld and Sperling 2015). 

1.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG) 

The most promising genetic methods for improving biodiversity assessment 

are barcoding and metabarcoding, which involves the appropriate classification of a 

single sample or a mixture of samples contained in the bulk of the sample using a 

short normalized DNA fragment (barcode) compared to a reference database (Hebert 

et al. 2003a; Taberlet et al. 2012a). Barcoding has been used to conserve 

biodiversity, manage the environment, and study nutrient interactions (Valentini et 

al. 2009; Taylor and Harris 2012). However, this process is rather laborious, as it 
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requires individual treatment of each species (Cameron et al. 2006; Stein et al. 2014; 

Creer et al. 2010), in addition to overcoming the dependence on classification 

experience, allows for quick analysis of some samples and, therefore, reduces 

monitoring costs and allows large-scale studies (Yu et al. 2010). 

The successful application of metabarcoding analysis in the terrastail 

biodiversity assessment is based on several prerequisites that must be met. First, you 

need to select a barcode that is present in all target views. Barcodes must have 

enough sequence variation to allow discrimination between related species (Hebert et 

al. 2003a), and must be surrounded by conserved regions so that primers are shared 

for their amplification. Both target organisms during amplification by polymerase 

chain reaction (PCR) can be engineered (Leray et al. 2013; Lobo et al. 2013). 

Second, a database containing barcode and taxonomy correspondences must exist in 

order to be able to classify the maximum number of unknown barcodes within 

species (Zepeda Mendoza et al. 2015). In fact, species identification using 

metabarcoding has proven to be good and reliable, since the reference database is 

comprehensive and accurate, the data should provide a reliable characterization of 

the target population and allow matching generation and results (Creer et al. 2016). 

Molecular data on endogenous groups are also scarce in the NCBI database; For 

example, for Oribatida, a large group of soil mites, only one sequence of the 

mitochondrial genome is available. This lack of knowledge has hindered the study of 

soil biodiversity even in relatively well-known regions such as Europe, leaving great 

uncertainty about total species and abundance. phylogenetic diversity, geographic 

structure, temporal dynamics, and the role of arthropod communities in the 

functioning of the soil ecosystem (Fierer et al. 2009; Wu et al. 2011; Bardgett and 

van der Putten 2014). 

Metabarcoding, the simultaneous amplification of a species-specific 

normalized DNA fragment from total DNA isolated from environmental samples, 

makes it possible to quickly, accurately and economically identify of the total 

taxonomic composition of thousands of samples simultaneously (Zepeda Mendoza et 

al. 2015) is especially relevant for monitoring programs based on application of 

benthic indices, species-based Indicators or ecological groups of species are 

classified according to their sensitivity to stress (Aylagas et al. 2014) Monitoring 
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programs require procedures, laboratory standardization and data analysis to 

compare results studies (Tedersoo et al. 2015) using protocols described in Fonseca 

and Lallias (2016), Bourlat et al. (2016) and Leray et al. (2016) We will focus on 

barcodes based on two most commonly used gene regions for Metazoa, 

mitochondrial cytochrome oxidase I (COI) ( Hebert et al. 2003b): "long region" 658 

bp. was amplified using the primer pair LCO1490 HCO2198 (Folmer et al. 1994), 

dgLCO1490 dgHCO2198 (Meyer 2003) or jgLCO1490 jgHCO2198 (Geller et al. 

2013), and the “short region” of 313 bp was amplified using the mlCOIintF forward 

primer (Leray et al. 2013) with reverse primers HCO2198, dgHCO2198, or 

jgHCO2198. Analyzing the long region is particularly difficult because, unlike the 

short region, reads are not duplicated, which requires additional read and preparation 

steps from database. 

Short mitochondrial sequences obtained by PCR often do not contain 

sufficient information for studying population biology, biodiversity, and especially 

phylogenetics. Meanwhile, until recently, it was difficult to obtain complete 

mitochondrial genomes, which required a tedious and lengthy PCR amplification 

process with the subsequent launch of the bait (Sheffield et al. 2008). These 

procedures are not suitable for high-performance biodiversity applications, and also 

limit the ability to mitophylogenomics. Some of the initial disruptions in partial 

mobility may be a by-product of this production bottleneck, as the sampling of taxa 

is denser (Gillett et al. 2014; Timmermans et al. 2016) and the use of viable models. 

More complex functions (Li et al. 2015) increasingly demonstrate the usefulness of 

mitochondrial genomes at different levels. The advent of high throughput sequencing 

(HTS) now removes several practical limitations, allowing both cheaper sequencing 

of molecular gene fragments obtained by PCR and de novo assembly of molecular 

short read sequences obtained by sequencing the increasingly cheap genomic DNA 

of the "shotgun" (Cameron 2014). 

Mitochondrial metagenomics (MMG) (Tang et al. 2014; Crampton-Platt et al. 

2015) is a special form of skimming of the metagenome system (Linard et al. 2015) 

that targets the mitochondrial portion of bulk sequencing of a sample. MMG is a 

simple and inexpensive method for high-throughput generation of mitotic gene 

sequences for taxonomy and is particularly well suited for studying natural, 
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convenient arthropod communities. The utility of complete mitochondrial genomes 

in population genetics, species identification, and phylogenetic studies has been 

shown large-scale and methodological problems of working with mixtures of 

samples of different types. We also present some of the first results of studying insect 

communities and outline immediate targets for further development. 

1.4. Whole Mitochondria genome of longhorn beetles 

Mitochondria are organelles found in most eukaryotic cells. A proton gradient 

across the inner mitochondrial membrane, supported by a complex of oxidative 

phosphorylation enzymes, is used to control the production of ATP from ADP and 

phosphate in the inner mitochondrial matrix. 

Complete mitochondrial DNA sequences are generated and placed into the 

sequence database at a very high rate. As of June 2005, complete (or nearly 

complete) NCBI reference sequences (RefSeq, Pruitt et al. 2005) were available in 

GenBank for 721 species of plants, animals, fungi, and various protozoa objects. The 

animal sequences were overexpressed by 649 (90%) sequences of the mt gene. 

Besides the Chordata species of our species (with 484 sequences of the mt genome), 

arthropods are the best of the species, with 95 mt genomic sequence. Among 

arthropods, insects and other hexagons are best represented by the mt gene sequence 

with 49 representative species (45 species of the insect class and four species of 

tails). The remaining major arthropods show fewer genomic specimens at present: 4 

Myriapoda (millipedes and millipedes), 17 Chelicerata (spiders, ticks, scorpions and 

horseshoe crabs) and 25 crustaceans. The first sequences of insect mitochondrial 

genomes were obtained for Drosophila yakuba and D. melanogaster. The mt D. 

yakuba genome was terminated earlier than the D. melanogaster genome, mainly due 

to the large and complex coding region (4.6 kb) found in D. melanogaster, which 

makes cloning and sequencing difficult (Goddard and Wolstenholme 1980; Clary 

and Wolstenholme 1985a; Lewis et al. 1994). It has been shown that the order of the 

mitochondrial genes originally observed in Drosophila coincides with the order of 

the ancestral genes of haploids and crustaceans, since the representatives have a 

similar arrangement. This arrangement of genes was observed in each of them. This 

gene order is usually conservative, with random tRNA rearrangements in random 
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copy / loss order (Moritz et al. 1987), apparently, occur independently (Flook et al. 

1995; Yukuhiro et al. 2002). 

Mosquitoes and membranes appear to have undergone tRNA translocations 

associated with the order of inherited genes (Moritz et al. 1987; Crozier and Crozier 

1993; Flook et al. 1995; Dowton and Austin 1999; Dowton et al. 2003). 

Rearrangements of proteins and rRNA genes are rare for insects and are currently 

apparently limited to the group known as Paraneoptera (Shao et al. 2001; Shao and 

Barker 2003; Shao et al. 2003; Thao et al. 2004) A unique feature was found in these 

early insect genomes that distinguishes insect mitochondria from those of standard 

mitochondria (Wolstenholme 1973; de Bruijn 1983). In response to this unusual 

situation, a four-base start codon “ATAA” was described, including the TAA 

infrastructure breakpoint plus the 5'-encoded nucleotide A at position 1470-1473 in 

both Drosophila species. Subsequent analyzes of other Drosophila species did not 

confirm the retention of the 4-base ATAA start codon (Satta et al. 1987). As more 

sequences accumulate, it becomes clear that a multi-base start codon is not a suitable 

model for translation. Such an unusual mechanism would have been well preserved, 

but the proposed multi-base start codon was not conserved among the insects studied 

(Beard et al. Uncertainty persists. And the coxl annotation has become a difficult 

problem for researchers of the insect genome (Mitchell et al. 1993; Flook et al. 1995; 

Lessinger et al. 2000; Spanos et al. 2000; Nardi et al. 2001; Yukuhiro et al. 2002; 

Friedrich and Muqim 2003; Nardi et al. 2003a; Stewart and Beckenbach 2003; 

Junqueira et al. 2004; Yamauchi et al. 2004; Coates et al. 2005).  

The imaginary thrips encodes the same mysterious start codon (Shao and 

Barker 2003). Aside from annotation issues, these unusual genes raise interesting 

questions about the transcription and translation of these genes. The sequence of 

insects was determined by molecular evolution and molecular phylogenetic studies. 

Insects are a very diverse class of animals with more living species than all other 

animal groups (Kristensen 1991). This rich diversity has proven to be very 

problematic when deciphering the mutual relationships between orders of insects 

using more classical methods of taxonomy, disputes between orders are very popular 

(Boudreaux 1979; Hennig 1981; Kristensen 1991). Molecular evolution studies are 

expected to be able to discern phylogenetic hypotheses and thus resolve some of 
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these relationships. Tests using nuclear genes have so far failed to resolve 

phylogenetics at the ordinal level and have caused serious controversy in the 

literature. (Whiting and Wheeler 1994; Carmean and Crespi 1995; Huelsenbeck 

1997; Whiting et al. 1997; Huelsenbeck 1998; Hwang et al. 1998; Whiting 1998; 

Wheeler et al. 2001). It has been suggested that a more complete sampling of insect 

mt genomes would provide sufficient data to resolve relationships at the insect order 

level and help resolve these ambiguous relationships (Friedrich and Muqim 2003; 

Nardi et al. 2003b; Stewart and Beckenbach 2003; Bae et al. 2004; Cameron et al. 

2004; Castro and Dowton 2005; Kim et al. 2005). 

1.5. GUT Microbiota 

Insects are by far the most diverse and numerous group of animals in terms of 

the number of species worldwide, ecological habits, and biomass (Basset et al. 2012). 

The diversification and evolutionary success of insects depends in part on their 

myriad relationships with microorganisms, which are known to promote a low-

nutrient diet; helps to digest persistent food ingredients; protection against predators, 

parasites and pathogens; promote interstate and internal communication; affect 

effectiveness as a disease vector; and they control the reproductive and mating 

systems. For almost all animals, microbial communities are especially noticeable in 

the gastrointestinal tract, where they can be key mediators of the diverse lifestyle of 

host insects. 

The contribution of microorganisms, especially gut microbiota, to insect 

function is very important from a variety of perspectives, including medicine, 

agriculture and ecology. Several insect species provide useful laboratory models for 

experimental work with microbial communities and their interactions with the host, 

especially for understanding immune and metabolic interactions (Lemaitre and 

Hoffmann 2007). In the case of insect vectors, symbionts can affect the efficiency of 

vectorization (McMeniman et al. 2009; Ricci et al. 2012) or development time 

(Chouaia et al. 2012), and thus provide targets for potential disease control are 

responsible for large agricultural losses as well as the pollination of many food crops, 

and microorganisms associated with herbivores and pollinators can affect their 

impact on crops. insects and their intestinal microbial communities as mediators of 

biogeochemical cycles; For example, an intermediate between insects and 
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microorganisms can play an important role in the degradation of plant biomass and 

the carbon cycle (Bignell et al. 1997; Fierer et al. 2009), as well as in the rate of 

nitrogen fixation and the carbon-nitrogen cycle (FoxDobbs et al. 2010). While there 

are good reasons to learn more about gut insect communities, and despite the recent 

significant increase in research into the microbiota that lives in insect gut, general 

rules for how this organized community are just beginning to form. Numerous 

related studies have been published over the past decade, from community diversity 

studies to molecular studies of how gut bacteria interact with the host's immune 

system. Thus, this is the first report on the biodiversity, ecology and molecular 

phylogeny of longhorn beetles in Northeast India. 
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2. Review of literature 

 

2.1. Biodiversity of longhorn beetles 

It is important to understand the biodiversity and ecology of insects, 

especially their seasonal activity and distribution patterns, the largest components of 

ecosystems, due to their impact on agriculture and the economy. The family 

(Cerambycidae) is one of the most numerous, with a wide geographical distribution, 

over 37,000 species in 5,000 genera have been recorded. This group of beetles is 

charismatic, biodiverse with diverse ecological niches, and of great economic 

importance. Most members are vegetative or xylophagous, and many species are 

pests of crops, ornamental plants and wood products, causing millions of dollars in 

losses annually (Slipinski and Escalona 2013; Monne et al. 2017; Wang et al. 2019; 

Nearns et al. 2020). It is reported that about 200 species worldwide affect agriculture, 

forestry and horticulture, resulting in crop loss due to direct ingestion of plants or the 

transmission of plant diseases (Monne et al. 2017). In addition, many species of 

beetles are widespread invasive species (CABI 2020). Invasive alien species can 

become destructive pests because they are difficult to detect and expensive. In total, 

19 exotic arachnids were recorded in Europe, America and Canada (Michael et al. 

2009; Monteys and Tutusaus 2018). The native Asian species, Psacothea hilaris 

(family Cerambycidae: Lamiinae), has been reported as an invasive alien pest of 

morus, mulberry, and ficus in Italy and Germany (Loni et al. 2015). Several species 

of beetles are reported to be of agricultural and ecological origin: Alosterna 

tabacicolor is the main pollinator of the orchid (Dactylorhiza fuchsii) in Poland 

(Gutowski 1990), and during the larval stage the beetle plays an important role in the 

nutrient cycle of the Forest (Monteys and Tutusaus 2018). In addition, studies of the 

morphology and material composition of oral larvae were carried out on several 

species, which can be used for the development of biotechnologies and structural 

concepts (Martínez et al. 2020). For example, secretions from the jaws of camphor 

beetle larvae can be used to develop wood preservatives (Martínez et al. 2020). 

However, longhorn beetles also cause economic damage to agriculture and forestry. 

Therefore, a better understanding of the ecosystem, its distribution and its 

relationship with the environment is needed to prevent this problem. 
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The overall results for the abundance and abundance of beetle species in 

various habitat types in the surveyed landscape clearly show that there is only one 

type of land use, a natural forest with toxic levels, unique in species diversity. 

forests, there are 780 individuals representing 193 species, out of 220 registered 

species; In addition, the number of beetle species in forests is related to the diversity 

of tree species in the respective regions; however, only 6 forest species have been 

identified. In practice, the number of forestry specialists may be greater than the 

number of species estimated by the Chao estimator, because most species are 

represented by only a few individuals, which is not enough to obtain statistically 

significant results. For example, out of 193 species recorded in forests, 166 are 

represented by numbers from one to six individuals. Although these species are not 

designated as indicator species, most are likely to be forestry professionals, but they 

are simply rare (Økland et al. 1996; Martikainen et al. 2000). Several beetle species 

have previously been reported in pine forests such as P. melanura (Makihara et al. 

2002), Arhopalus coreanus, Cephalallus unicolor, Phloeopsis bioculata, B. satoi, 

Monochamus alternatus (Sugiura et al. 2008), M. saltuarius (Kim et al. 2006) and 

Tragosoma depsarium (Wikars 2004). Several species have been found in Schima 

forests, including Psephactus scabripennis, Ceresium signaticolle, Xylotrechus 

ogasawarensis, Chlorophorus boninensis, and C. kobayashii (Sugiura et al. 2008); 

and in the forests of Agathis, i.e. Sormida cinerea (WaqaSakiti et al. 2014). 

The greatest variety of longhorn beetles occurs in natural forests, followed by 

pine forests, mixed forests, Schima forests, and Agathis forests. The wide variety of 

beetles in natural forests is associated with the structure of the vegetation. The 

natural forest here includes many plant species; In contrast, agathis forests tend to be 

monoculture, mostly with ferns and orchids, and this finding is supported by 

Keszthely (2015), who showed that the greatest variety of longhorn beetles occurs in 

natural forests, especially in monocultures. The survival of camphor beetles in their 

habitats is influenced by trees or vegetation (Ohsawa 2004 and 2010). In addition, 

different types of beetles choose different types of trees or shrubs. Although many 

species of beetles live on different plants, some species only live on or on a specific 

host plant (Noerdjito 2011). Meng et al. (2013) reported that there is a positive 

relationship between the number of beetle species and the number of tree species in 
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the habitat. The variety of trees reflects the presence of different types of dead wood. 

The results of this study show that the pine forest is also home to many species of 

camphor beetles. These results are supported by PerisFelipo et al. (2011), who 

showed that the diversity of beetles in pine forests is higher than in quercus forests, 

mixed forests and bushy vegetation. Vance et al. (2003) also reported that pine 

environments are potentially important for maintaining long-term beetle diversity. In 

our study, a pine forest is located near a natural forest, and mysterious plant species 

can be found here, it can increase, for example, when mixing pine with broadleaf 

trees, for example oaks in the basement (Buse et al. 2010). Arthropod biodiversity 

varies by region and climate. Despite the fact that beetles of the Northeastern Region 

(NER), India is rarely studied and described in detail; however, few reports are 

available from some parts of Northeast India (Kumawat et al. 2015; Mitra et al. 

2016a) and they are based on limited surveys from a single study at certain times of 

the year; this limits species diversity, host range, and geographic information. Thus, 

such limited information is available on these aspects of Northeast India. 

2.2. DNA Barcoding 

Traditionally, regardless of the concept of species used (often not explicitly 

stated in publications), species delineation and taxonomic modifications have relied 

heavily on comparative morphology, but this is still the case. To a large extent 

(Assing 2014; Shi and Liang 2015), although it was possible to extract and sequence 

DNA from museum specimens, including obsolete material, without damaging 

morphological features (Gilbert et al. 2007; Hernández Triana et al. 2014; Price et al. 

2015). Given the relatively high cost and the need for a clean laboratory to sample 

DNA sequences from ancient museum records, genetic analysis of ancient samples is 

not yet feasible as a standard approach to research. Moreover, if only very short 

sequences are obtained, the interpretation of the results can be difficult, especially in 

complexes of closely related species, due to the limited information content in the 

short sequences. However, with the further development of laboratory methods in the 

future, it may become easier and cheaper to extract DNA barcodes and other genetic 

information from old material. A recent study by Prosser et al. (2016) shows great 

prospects for such development. The use of genetic data in taxonomy is becoming 

more common due to advances in sequencing technology and has led to a rapid 
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decline in the cost of base pair sequencing (see http://www.genome.gov/ Sequencing 

costs /). For a long time, it was the only widely available source of taxonomic 

information (Moonvan der Staay et al. 2001; Sogin et al. 2006). Ten years ago, it was 

suggested that all taxonomy should be based primarily or exclusively on sequence 

data (Tautz et al. 2002 and 2003; Hebert and Gregory 2005; Will et al. 2005; 

Teletchea 2010). 

Several sophisticated DNA-based species identification methods have 

recently been developed (Yang and Rannala 2010; Ence and Carstens 2011; Leaché 

et al. 2014; Grummer et al. 2014). They often require multi-class data, and the 

approach of Leaché et al. (2014) SpedeSTEM by Ens and Carstens (2011) is 

specially designed for genome-wide single nucleotide polymorphism data. 

SpedeSTEM Ence and Carstens (2011) was developed to validate the division of 

user-defined samples into predefined groups and therefore is not applicable for 

purely exploratory species boundary analysis. Grummer et al. (2014) used a Bayesian 

factor approach to quantitatively compare a limited number of distribution 

alternatives. Although these methods are very effective for species identification in 

cases of accurate and concentrated sampling, their requirements for the range of 

sampling of loci and individuals make them impractical for large-scale studies of 

mostly unknown taxa (Tänzler et al. 2012) or the identification of very rare species 

(Lim et al. 2012). 

For large-scale datasets without prior knowledge of face clustering, the 

choice of viable classification methods is still very limited. Methods have been 

developed that can use data from a single location, such as a DNA barcode, but some 

require a tree-building step on multiple computers before analyzing the actual 

boundary (Pons et al. 2006; Zhang et al. 2013). Purely distance-based methods such 

as ABGD (Puillandre et al. 2012) are less computationally intensive and therefore 

easier to apply to large datasets within and between species are likely to differ 

between loci and reflect the age of the species and the history of the studied loci, and 

a plausible distance threshold for species status cannot be determined (Ferguson 

2002; Meier 2008). Classification methods use more sophisticated clustering 

algorithms instead of simple fixed thresholds (Puillandre et al. 2012; Ratnasingham 

and Hebert 2013). Data from a single site is insufficient for taxonomic studies, but 
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when combined with morphological or other independent data sources, they can 

speed up the process and identify species that would otherwise be unavailable. 

Attention (Riedel et al. 2013; Mutanen et al. 2013). Characters identified using data 

from only one location are better known as active taxon (OTU) than species (Blaxter 

et al. 2005), and this term is also used to refer to such characteristics in this thesis. 

As with species identification, identification of known species is often 

difficult. Morphology often changes during ontogeny (sometimes strongly, as in 

unisexual insects and many marine invertebrates) and often varies widely within a 

species, for example, between animal kingdoms or depending on the conditions of 

the place of growth. In plants for these reasons, identification keys usually include 

only a certain stage of life, and diagnostic characters are sometimes presented for 

only one sex, usually in male insects. One of the main advantages of using genetic 

data for identification is that the DNA sequence does not change during ontogenesis, 

and, with a few exceptions, all living cells in the body contain information. The 

genetics are the same, so DNA-based identification can be applied to all life stages 

without the need to look for different diagnostic traits for adults and juveniles. The 

association of problematic and largely undescribed juvenile stages with adults is 

possible without the need to advance the juvenile stage to adulthood (Miller et al. 

2005). It is impossible, or at least extremely difficult to classify as a species such as 

fragments of gastrointestinal tissue or feces of predators and parasites (Wirta et al. 

2014). This could revolutionize the study of food web. 

Along with proposals for a taxonomy based solely on DNA, Hebert et al. 

(2003) DNA-based identification is not a new idea (Sperling et al. 1995; Wells and 

Sperling 2001). The essence of the proposal by Hebert et al. (2003), the animal 

kingdom is the same as product barcodes used to identify items at the supermarket 

checkout. Thus, Hebert et al. (2003) called their proposed identification system 

"DNA barcoding". Even the word "barcode" has previously been used in this context, 

albeit for more limited research systems (Plasmodium strain: Arnot et al. 1993; soil 

nematode: Floyd et al. 2002). Marker of choice Hebert et al. (2003) this is a ~ 650 bp 

fragment from the 5'-end of the mitochondrial cytochrome oxidase I (COI) subunit 

gene. Since then, it has become the standard area of DNA barcoding for animals of 

Life Data Systems (bold, http://www.boldsystems.org; Ratnasingham and Hebert 
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2007) currently includes approx. 4.4 million animal COI barcodes. A distinct 

“barcode gap” (Meyer and Paulay 2005) can often be seen between pairwise genetic 

distances measured within and between species, with little overlap (Hebert et al. 

2004b; Hajibabaei et al. 2006a). This may be a sampling phenomenon, as increasing 

geographic scale or denser sampling in branches tends to decrease distances and 

increase overlap (Bergsten et al. 2012; Hausmann et al. 2013). The effect of size on 

distance distribution or recognition success (Lukhtanov et al. 2009; Humer et al. 

2014b). A separate barcode spacing is not required if more sophisticated approaches 

are used instead of simple distance measurements. For example, Lou and Golding 

(2010) developed a Bayesian approach to assigning sequences to species. His method 

worked remarkably well for the identification of Drosophila species, despite the 

existence of many problematic sister species complexes and the high frequency of 

taxa of incomplete lineages. One of the main targets of criticism in DNA barcoding 

research is the use of distance-based analytical techniques, in particular Neighbor 

Joining (NJ) trees, which some see as a renaissance of the school of systems (Will 

and Rubinoff 2004; Will et al. 2005; Wheeler 2008). New Jersey concerns include 

sensitivity to variation in pedigrees and the order in which taxa are included in the 

data matrix (Farris et al. 1996; Felsenstein 2004). The main reason it continues to be 

used in the context of a barcode is probably the speed of the algorithm compared to, 

for example, maximum likelihood output, especially in large datasets of several 

thousand lines. The aim of barcoding research is not to create phylogeny, as short 

and often fast growing barcode loci contain a limited phylogenetic signal, especially 

at deeper levels (Hajibabaei et al. 2006b). Trees are mainly used to quickly and 

easily visualize grouping by sequence. The widespread use of Kimura's two-

parameter model of nucleotide substitution, usually without model testing, has also 

been criticized (Srivathsan and Meier 2012), despite the impact of model selection on 

model growth. "Barcode spacing" does not appear to be in effect very dramatic 

(Srivathsan and Meier 2012). DNA barcodes can also be based on characters rather 

than gaps. One of the limitations of distance-based identification is that the "best 

match" for any query string will always be found in the barcode master database. On 

the other hand, if the identification is based on specific combinations of types of 

diagnostic characters in the barcode sequence, the presence or absence of such 
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characters facilitates the interpretation of the recognition results. Form (DeSalle et al. 

2005). DNA barcoding is mainly used as a pattern recognition tool and should be 

distinguished from DNA classification. Confusion between the two initiatives and 

their goals by both supporters and opponents is one reason for the heated and 

polarizing debate over barcodes (Goldstein and DeSalle 2011) or as an initial 

screening tool for finding species boundaries (Mutanen et al. 2013; Huemer et al. 

2014a; Kekkonen and Hebert 2014). 

2.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG) 

The characterization of previously immeasurable diversity has made 

significant progress with the introduction of high throughput sequencing (HTS) for 

metabarcoding and metagenomics on environmental samples (Zepeda Mendoza et al. 

2015). Communities of soil microbes, primarily for coding superbugs of bacterial 

and archaeal biodiversity (Orgiazzi et al. 2015), is usually carried out by direct DNA 

extraction in the soil matrix and amplification of the 16S rRNA gene. Only recently 

have HTS approaches been extended to macro diversity analysis (Ji et al. 2013) and 

soil mesoderm hyperpolarization was performed using primers. Universal for 

Metazoa (Wu et al. 2011; Yang et al. 2013 and 2014) or targeting specific strains 

such as nematodes (Griffiths et al. 2006). HTS now offers unprecedented 

opportunities to overcome past limitations for studying soil mesofauna. HTS-based 

procedures for characterizing the soil communities of currently used metazoans have 

been borrowed from soil microbial and marine mesofauna studies (Fierer and 

Jackson 2006; Fonseca et al. 2010). In these procedures, the amount of cultivated soil 

is small (about 200 g per acre), but it is likely that this mass is not enough to cover 

the diversity of mesofauna (and especially arthropods), along with a high content of 

CRP inhibitors in humus. Moreover, the widely used 18S rRNA (SSU) gene has been 

used as a target marker for soil mesoderm, although it is not variable enough to 

identify molecular species (Tang et al. 2012) was limited to batch collection samples 

using the legacy 454 platform (Ramirez Gonzalez et al. 2013). 

For the MMG, DNA from each sample was extracted separately and fractions 

pooled at approximately equal concentrations prior to sequencing with a shotgun. 

The short reads were assembled into full-sized contigs using standard genome 

assembly software with the original samples by comparing them with the sequences 
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of “primers” in silico (Timmermans et al. 2010) of individual DNA samples 

amplified by PCR. Typically this will be the cox1 (cox15 ') barcode area, although 

cox13', cob, nad5, and rrnL have also been used. In this way, MMG-associated 

mitogenomes become the meta-barcode reference dataset associated with physical 

samples with taxonomic information. Primer sequences may already be available for 

some or all of the combined species, avoiding the need for additional Sanger 

sequencing and MMG DNA validation that can be obtained from existing barcoding 

studies, simplifying the process of creating metabarcode libraries. In bulk MMG, 

DNA is massively extracted from the soup sample prior to sequencing the shotgun 

and assembling contigs, generating a few molecules or portions of them. Avoiding 

this step poses new challenges as to how to use the information obtained without the 

proper taxonomic or phylogenetic context, and how to cope with the increased 

analytical complexity due to species biomass, heterogeneity and genetic variation. 

Sequences generated by massive MMGs often fail to identify a species due to the 

incompleteness of the existing barcode database, but they can at least be given some 

taxonomic rank compared to the rapidly growing database of short mitochondrial 

sequences from fully identified samples (Chesters et al. 2015) and/or include 

complete or partial mitogenomes in a larger phylogenetic system with existing 

metabarcodes (Crampton-Platt et al. 2015). 

The mitogenome coverage required to safely detect the presence of species on 

a readable map is much less (at least tenfold) than required for de novo assembly. 

Therefore, reading-mapping sequencing data with low coverage makes the detection 

of species with low abundance / biomass more reliable than contig sets (Gómez-

Rodríguez et al. 2015). Moreover, there is a strong correlation between the biomass 

of the introduced species and the readings displayed on the map(Gómez-Rodríguez et 

al. 2015). The occurrence of species, biomass, and species richness were 

extrapolated, and the structure of the biome was reconstructed with fewer errors than 

in the course of meta-analysis applied to bee communities (Tang et al. 2015) 

collected through long-term surveillance programs (Tang et al. 2015). 

2.4. Whole Mitochondria genome of longhorn beetles 

Several previous studies have attempted to examine the relationship between 

basal winged insects and the Palaeoptera problem based on molecular sequence 
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(Misof et al. 2007; Zhang et al. 2008; Comandi et al. 2009; Simon et al. 2009; 

Ishiwata et al. 2010; Lin et al. 2010; Regier et al. 2010; Zhang et al. 2010; Li et al. 

2014; Misof et al. 2014; Rutschmann et al. 2017; Cai et al. 2018) and / or 

morphological data (Kjer et al. 2006; Blanke et al. 2012), however, conflicting 

results have been obtained due to the limited selection of taxa and the use of different 

analytical methods. Two previous studies based on whole mitochondria DNA 

molecules (Zhang et al. 2008; Cai et al. 2018) have confirmed the basic hypothesis of 

Ephemeroptera; however, other mitotic studies with a sample of different taxa have 

confirmed the basal position of Odonata, thus previous studies based on total mitosis 

(Lin et al. 2010; Zhang et al. 2010; Li et al. 2014) have yielded conflicting results, 

conflicting phylogenetic relationships between the most abundant units. In this study, 

using the site-homogeneous GTR pattern, all ML trees restored the sister group 

relationship between Odonata and most Neoptera with weak to moderate support. 

The unusual arrangement of Plecoptera was preserved in ML plants, where 

Plecoptera settled away from other neoplastic insects and a sister group of 

monophyletic Ephemeroptera arose. Both Plecoptera and Ephemeroptera are brothers 

to all other orders of the Pterigoths. This arrangement is similar to the basal 

hypothesis of Ephemeroptera and is consistent with the studies of Zhang et al. (2008)  

and Cai et al. (2018). 

In current bioinformatics data, Bayesian inference analysis with the 

heterogeneous site model CATGTR consistently yielded topologies supporting the 

Palaeoptera hypothesis and suggested that the monophyletic Ephemeroptera were a 

sister group to the monophyletic Odonata. In addition, Bayesian findings led to the 

monophyletic Neoptera, in which El Plecoptera is the sibling of all other Neoptera 

lineages. Both previous studies (Li et al. 2015; Li et al. 2017) and the cross-

validation analysis performed in this study have shown that the site-heterogeneous 

CAT GTR model implemented in the PhyloBayes software is more suitable for 

modeling insect evolution than the site-homogeneous GTR model. In addition, the 

CATGTR model with a heterogeneous site has been shown to be less sensitive to the 

long limb absorption phenomenon (Lartillot et al. 2007; Li et al. 2015; Li et al. 2017; 

Song  et al. 2016; Song et al. 2018). From a morphological point of view, a previous 

study by Blanke et al. (2012) rejected the possibility of a relationship between 
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Plecoptera and Ephemeroptera. All lines with a branching sequence at the base of the 

tree had relatively low levels of visible substitutions, including Plecoptera and 

Ephemeroptera. The similarity in common sequences may contribute to a 

convergence pattern that can lead to an artificially deep branching site in Plecoptera. 

In ML trees, therefore, the phylogenetic results of Bayesian logic analysis using the 

CAT GTR model are heterogeneous, so they are closer to the species tree. 

2.5. GUT Microbiota 

Insects are one of the oldest and most diverse forms of life on Earth and can 

cause serious destruction if their population exceeds a certain threshold. On a 

geological time scale, their existence dates back to the Paleozoic era, when 

Orthoptera and Semipterans first appeared on Earth. (Misof et al. 2014) Since then, 

they have progressed and successfully survived even in various extreme weather 

conditions. While insects are of great ecological and economic importance, pests, by 

contrast, are largely capable of creating changeable habitats, and many of them are 

the result of climate change, which is associated with the destruction of crops by 

more than 20% annually (Deutsch et al. 2018). In addition, changes in climatic 

conditions affect the nature of insect migration, the duration of their life cycles and 

the dynamics of populations. By overcoming these challenges, it also allows them to 

expand their host range, influencing their behavior and biology, and thereby helping 

them invade and colonize various agro-climatic zones. All over the world (Shrestha 

2019), high reproductive performance allowed them to successfully cope with all 

adverse conditions. Due to their low body weight, which is light enough to be carried 

by wind currents, they colonized various regions of the planet and now inhabit most 

of the ecosystems on Earth.  

In addition, the complex relationship they share with beneficial bacteria has 

been instrumental in their diversification and evolutionary success (Janson et al. 

2008). Insects are known to be associated with microorganisms such as bacteria and 

fungi throughout their evolutionary history. Bacterial species live in specialized cells 

within insects known as bacterial cells and called “intracellular”, while other species 

reside on the surface of the body and are called “ectosymbionts” (Thompson and 

Simpson 2009), are mainly present in the gastrointestinal tract, where they act as key 

regulators of the various lifestyles (both dietary and ecological) of their insect hosts. 
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Insect gut microbiota (1) is known to promote nutrition even with unreasonable 

eating habits; (2) provides immunity and protection against various predators, 

pathogens and parasites; (3) compensate for poor nutrition (for example, in the case 

of insects sucking sap); (4) mediation between institutions and internal 

communications; (5) monitor mating and reproductive success; (6) aids digestion; 

and (7) provides essential amino acids, metabolic compounds and nutrients (Russell 

et al. 2014; Douglas 2015; Arbuthnott et al. 2016; Wielkopolan et al. 2016; Engl and 

Kaltenpoth 2018). In fact, Jing et al. (2020) showed that providing essential nutrients 

is the primary task of symbionts, followed by digestion and detoxification, implying 

that insects are highly dependent on the gut microbiota, their life and normal 

operations related to their life cycle, the degree of dependence, its relationship can be 

divided into mandatory (or primary) and optional (or secondary) (Baumann 2005; 

Moran et al. 2008); However, there is no clear distinction between them, because in 

special cases bacteria can become obligate (Ferrari and Vavre 2011). 

Previous studies have elucidated the mechanisms involved in receiving, 

maintaining, and transmitting data in endoscopy; however, we have limited 

information about the mechanisms governing this entire transition, that is, the 

transition from a free bacterium to an obligate symbiote that lives in insects. It is 

known that bacterial genomes undergo changes in order to adapt to the intestinal 

environment, not only is it modifiable, but some bacteria can even manipulate host 

insects to survive (Yuval 2017) and the insect microbiome in particular, our 

understanding of the interactions between the insect microbiome and the microbiome 

has also improved over the past decade. Researchers have shown that insects and 

their cousins are closely related to each other at most levels of their evolution. The 

host insect is known to play an important role in shaping its microbiome (Engel and 

Moran 2013), and now these endosymbiotic bacteria have become an integral part of 

the insect's body microbiome so that it fuses with the host. This review is an attempt 

to summarize our current understanding of the fate of insect gut microbiota and 

highlight the physical, physiological, and functional effects on host insects. We 

believe that analyzing the mechanisms governing the evolution of insect symbionts 

and the microbiome will not only help us better understand this relationship, but will 
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also allow us to apply this information to the development of sustainable pest control 

strategies. 

 

3. Objectives 

 

 

1. Cox1 metabarcoding and mitochondrial metagenomics (MMG) of longhorn 

beetles from Northeast India. 

 

2. Diversity estimation, species identification and molecular phylogenetic 

analysis of longhorn beetles.  
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4. Materials and methods 
 

4.1. Sampling sites and methods 

 

Populations of longhorn beetles were monitored through light traps, hand 

sorting, pitfall trap, and sweep net capture installed in five states of Northeast India, 

in 2018-2021. Arunachal Pradesh (Latitude: 27° 10' N and Longitude: 93° 61' E), 

Assam (Latitude : 26° 74’and Longitude : 94° 21’), Meghalaya (Latitude: 25° 57' N 

and Longitude: 91° 88' E), Mizoram (Latitude: 23° 71' N and Longitude: 92° 72' E), 

and Nagaland (Latitude: 25° 66' N and Longitude: 94° 11'E), with altitude ranging 

from 500 - 2089 m amsl. The collection methods were installed either in forest areas 

or farmlands. Collection permit no. A.33011/2/2012-CWLW/Vol.II/79 was issued 

for this study by the PCCF (WL) & Chief Wildlife Warden, government of Mizoram 

(Figure 1). Insect specimens were collected during 2018–2021 from 18 collecting 

sites (Table 1) of the Northeast India (Figure 2). Latitude, longitude and altitude were 

measured using GPS instrument (Garmin ETrex 20) in each sampling site of each 

state of Northeast India respectively. 

4.1.2. Light Trap method 

In order to catch the night longhorn beetle, a simple light trap is used, which 

is composed of a funnel, a collecting container, and a light source, and an 

incandescent lamp (18 W x 2) is placed on the whiteboard (1.8 x 1.2 m) so that it 

protrudes to its background (Figure 3). The funnel is placed in the jar, and the light 

source is suspended slightly above the funnel. Insects flying towards the light source 

fall into the funnel and into the glass. The spout of the funnel is large enough to 

https://www.indiamart.com/proddetail/garmin-etrex-20-9390169233.html
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contain insects. The jar is filled with 70% alcohol and added with preservatives such 

as ethyl acetate to prevent insects from escaping.  

 

Table 1. Longhorn beetle specimens were collected during 2018–2021 from 18 

collecting sites. 

Collection site Latitude Longitude Altitude (MSL) 

Arunachal Pradesh 

Namsai (N) 27⁰40'10.49"N 95⁰51'51.85"E 156m 

Papunpare (P) 27⁰10'29.51"N 93⁰42'11.70"E 1200m 

Assam 

Tinsukia (T) 27⁰29'18.79"N 95⁰21'20.73"E 116m 

Lakhimpur (L) 27⁰12'22.89"N 94⁰09'04.96"E 101m 

Meghalaya 

Garo Hills (G) 25⁰30'00.00"N 90⁰20'00.00"E 1400m 

Nagaland 

Tizit (Tz) 26⁰54'11.82"N 95⁰04'57.48"E 135m 

Mon (M) 26⁰43'59.15"N 95⁰03'41.44"E 898m 

Mizoram 

Aizawl (A) 23⁰43'50.58"N 92⁰43'02.32"E 1132m 

Missionveng 23⁰42'50.56"N 92⁰43'05.86"E 1046m 

Kananveng 23⁰44'02.90"N 92⁰42'35.09"E 1025m 

Sakawrtuichhun 23⁰45'40.07"N 92⁰40'15.81"E 596m 

Mizoram University 23⁰44'11.38"N 92⁰39'51.28"E 797m 

Collegeveng 23⁰43'25.28"N 92⁰43'48.30"E 917m 

Tanhril (Th) 23⁰44'26.32"N 92⁰40'37.06"E 732m 

Reiek (R) 23⁰40'39.58"N 92⁰36'13.38"E 1465m 

Dampa (D) 23⁰30'29.53"N 92⁰28'36.83"E 1100m 

Lunglei (Lu) 23⁰44'57.35"N 92⁰44'05.00"E 1222m 

Saiha (S) 23⁰02'53.69"N 92⁰53'13.78"E 1225m 
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Figure 1. Application of permission to collect soil and insect samples.  
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Figure 2. Map of the study sites showing 18 collection sites for longhorn beetles in 5 

states of Northeast India. Closed circles indicate the regions. 

 

Note: P - Papunpare (Arunachal Pradesh); N – Namsai (Arunachal Pradesh); T – 

Tinsukia (Assam); L – Lakhimpur (Assam); Tz – Tizit (Nagaland); M – Mon 

(Nagaland); G – Garo Hills (Meghalaya); A – Aizawl (Mizoram); Ta – Tanhril 

(Mizoram); R – Reiek (Mizoram); D – Dampa (Mizoram); Lu – Lunglei (Mizoram); 

S – Saiha (Mizoram). 
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In addition, there are longhorn beetles directly attracted by the light falling on 

the leaves and directly caught by the benzene killer bottle; and they are dry, on large 

samples (> 1 cm); or soaked in 70% alcohol Obtain a small sample (< 1 cm). This 

nocturnal trap helps to identify the presence of nocturnal species and the nocturnal 

activity of diurnal species (Pearson and Vogler 2001). The sampling was done during 

night time for one and a half hours a day (from 19:30 to 21:00 pm) to increase the 

catch. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3. The light trap in a typical forest setting. 

 

Beetle monitoring was conducted on these sampling sites during the winter 

(October–February), summer (March–April) and monsoon (May–September) months 

of the three seasons from 2018 to 2021 to obtain consistent and reliable data 

(Mizoram Meteorological Department 2020; Regional Meteorological Centre 2020). 

The different collection methods described above are used in each experimental area, 
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ie Sweep traps, Hand sorting, Pitfal traps collectors and light traps are used along the 

central axis of each sample location. The sampling distance is about 10 m from the 

starting point and about 5 m from the median. A light trap is placed in the middle of 

each sample plot on the central axis to sample the beetles in each habitat at night. 

 

   

    
 

 
 

Figure 5. Illustrations of longhorn beetle (Coleoptera: Cerambycidae) species 

collected from this study.  

 

 

 

 

 

https://en.wikipedia.org/wiki/Beetle


29 

 

4.1.3. Data Analysis 

The relationship between S (biodiversity), H (information, Shannon-Wiener 

diversity index), and E (uniformity, measured by Shannon-Wiener uniformity index, 

also known as Pielou J) in the sample using Estimate S (MacArthur and MacArthur 

1961; MacArthur and Wilson 1967; MacArthur 1972; Colwell 2006). Therefore, one 

approach is to consider the contribution of species population and equity to diversity 

changes. SHE analysis tracks how these parameters change as sampling increases. It 

can also be used to identify interlaced zones (regions where different ecological 

communities overlap, such as at the edge of lakes) (Hayek and Buzas 1997). 

The non-parametric estimation of Chao1 and Jacknife2 was used to estimate 

the species richness for each habitat type and regional data set by using Estimate S 

7.0 (Colwell 2006) to generate a cumulative curve after 100 randomizations. Chao1 

estimates the absolute number of species in the community based on the number of 

rare species (single and dual) in the sample. The species richness assessment Chao1 

is recommended for inventory completeness values. Completeness is the ratio 

between the observed frequency and the estimated frequency (Sorensen et al. 2002; 

Sharff et al. 2003; Buddle et al. 2005; Baltanas 1992; Brose et al. 2003; Petersen et 

al. 2003; Chiarucci et al. 2003). 

4.2. DNA barcoding of longhorn beetles 

All voucher specimens examined and deposited in the Departmental 

Museum, Department of Zoology, School of life science, Mizoram University, 

Aizawl, Mizoram. 
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4.2.1. Chelex®100 DNA isolation method 

Chelex®100 DNA isolation protocol was performed with slight 

modifications (Arrivillaga et al. 2002; Golczer and Arrivillaga 2008; Gang et al. 

2009; Nagdev et al. 2010; Musapa et al. 2013). The 50 mg of dried beetle leg tissues 

were grounded in 300 µl of buffer H (200 mM Tris HCl (pH–8.0), 20 mM EDTA 

(pH–8.0), 1.4 M NaCl, 1% SDS, and 250 mM sucrose), 300 µl of TEX buffer (200 

mM Tris HCl (pH–8.0), 20 mM EDTA (pH–8.0), 2% Triton X-100), and 300 µl of 

10% Chelex®100 resin (Catalog no. 95577, Merck, Darmstadt, Germany) using 

mortar and pestle. After grinding, the homogenized samples were transferred to 1.5 

ml new eppendorf tubes, and added 20 µl of Proteinase K solution (20 mg/ml, CAS 

no. 39450-01-6, Sisco Research Laboratories Pvt. Ltd, Mubai, India). The samples 

were allowed to incubation at 50⁰ C for 45 min in Thermo Mixer® C (Catalog 

no. 5382000015, Eppendorf India Pvt. Ltd, Tamilnadu, India) with continuous 

shaking at 1500 rpm, and allowed to room temperature for 15 min. Finally, the 

samples were centrifuged at 13000 rpm for 10 min, and the clear supernatant was 

transferred to 1.5 ml new eppendorf tubes. 300 µl of 2-propanol (Catalog no. 

62986, Sisco Research Laboratories Pvt. Ltd, Mubai, India) and 60 µl of 3 M 

sodium acetate (pH-7.2) (Catalog no. MB048, HiMedia Laboratories, Mumbai, 

India) were added to the supernatant to precipitate DNA at - 20⁰ C for 30 min, 

and was centrifuged at 13000 rpm for 10 min and the supernatant was poured 

off. The pellet was washed twice with 350 µl of ethanol (Catalog no. 

#1070172511, Merck, Darmstadt, Germany) at 13000 rpm for 10 min, and the 

supernatant was removed and air-dried at room temperature for 1hr. Finally, 

the DNA pellet was dissolved in 20 µl of nuclease free water (Catalog no. 
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#AM9916, Thermo Fisher Scientific, MA, USA) and kept at -20⁰ C for further 

analyses. 

4.2.2. Amplification of barcode region through PCR 

The PCR (polymerase chain reaction) amplification of universal primers 

(LCO1490 and HCO2198) was performed using thermal cycler (Catalog 

no. 6331000017, Mastercycler
®
 nexus gradient, 230 V/50 – 60 Hz, Eppendorf 

India Private Limited, Ambattur, Chennai, India) with minor alterations (Folmer et 

al. 1994; Barrett and Hebert 2005; Miller et al. 2013).  The DNA barcode region of 

the mitochondrial cytochrome oxidase subunit I gene (mtCOI) was amplified using 

the primer pairs: LCO1490 and HCO2198. 25 µl total reaction volume with 10 

picomoles of each primer, 2.0 mM MgCl2, 0.25 mM of each dNTP, and 1 U of Taq. 

Polymerase (Takara BIO Inc., Japan) with the following heat profile: 5 min at 95 °C; 

followed by 5 cycles of 30 s at 95 °C, 40 s at 47 °C, 1 min at 72 °C and 40 cycles of 

1 minute at 95 °C, 40 s at 51.2 °C and 90 sec at 72 °C and last extension for 7 min at 

72 ° C (Figure 6). The primer sequences were shown in Table 3. Finally, the PCR 

amplicons were observed on 1.8% of the agarose gel against 100 bp DNA ladder 

(Catalog no. SM0242, Invitrogen, Thermo Fisher Scientific), and photographed in 

ChemiDoc MP imaging system (Catalog no. 17001402, Bio-Rad, Alfred Hercules, 

California, USA). 

Table 3. Primer name and sequence used in the current study for PCR amplification 

 

Primer name 5' - 3' primer sequence 

LCO1490 5'-GGTCAACAAATCATAAAGATATTGG-3' 

HCO2198 5'-TAAACTTCAGGGTGACCAAAAAATCA-3' 

 

 

https://www.thermofisher.com/order/catalog/product/AM9916
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                     Figure 6. Polymerization chain reaction cyclic conditions 

4.2.3. Portable Sequencing 

MinION (Oxford Nanopore Technologies) is a recently developed nanopore-

based DNA sequencing platform. This technology has several advantages over 

traditional sequencing technologies, including long read results, low start-up costs 

compared to other commercial sequencers, portability, and fast real-time analysis 

(Mikheyev and Tin 2014; Laver et al. 2015). Small size (10 × 3. 2 × 2 cm), light 

weight (90 grams) and easy power and data transfer (a single USB connection to a 

standard laptop), the MinION has become a valuable tool for project sequencing 

machines. This device has been used in remote locations outside of conventional 

laboratories, including in West Africa to monitor the 2014-2015 Ebola outbreak 

(Quick et al. 2016) and in Brazil to monitor the Zika virus outbreak (Faria et al. 

2016; Faria et al. 2017). It has also been used in Antarctica for sequencing microbial 

communities (Edwards et al. 2016; Johnson et al. 2017), in Tanzania for sequencing 

frog DNA (Menegon et al. 2017), and in Snowdonia National Park, Wales, for 

genomic sequencing of closely related plant species (Parker et al. 2017) with 

shotguns. Indeed, nanopore sequencing appears to show promise for a wide variety 

95°C 

51.2°C 

95°C 

72°C 
72°C 
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1.30  
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of molecular experiments in this area. Scientists have pondered the possibility of a 

portable method for DNA barcoding for more than a decade (Savolainen et al. 2005). 

4.2.4. Bioinformatics 

The SAIGA bioinformatics pipeline is available on GitHub 

(https://github.com/marisalim/Saiga) and steps are outlined in Figure 7. MinKNOW 

(ONT) was used for sequencing and the raw sequence data were base called using 

Guppy v3.5.1 (ONT) with basecalling model “dna_r9.4.1_450bps_fast.cfg”. 

Assigning sequencing reads to the correct sample is a critical step to avoid mixing up 

sample sequences within or between sequencing runs. Therefore we compare the 

results of two demultiplexing programs: (1) qcat v1.1.0 (ONT, 

https://github.com/nanoporetech/qcat) and (2) MiniBar v0.21. Qcat software is 

specifically designed to demultiplex reads indexed using ONT barcode kits, while 

MiniBar is general purpose demultiplexing software that allows any set of custom 

primer and index sequences. Filters based on software recommendations, sensitivity 

analyzes and to minimize misread assignments. Qcat uses the epi2me demultiplexing 

algorithm and we trim the index and adapter sequences with the trim option. Lower 

mincore thresholds (i.e. 60-90) reduced the top-down consensus quality of the 

sequence. In MiniBar, according to the software recommendations, up to two 

nucleotide differences between the reading processes for the index sequences and 11 

nucleotide differences between the primer sequences were permitted; MiniBar 

mainly uses the index sequence information to demultiplex and trim the dual index 

and primer sequence. After demultiplexing, the reads were removed if they had 

medium Phred quality ratings and lt; 7 and were longer or shorter than the target 

amplicon length (421 bp without primer) with 100 bp (321-521 bp) in NanoFilt 

https://github.com/marisalim/Saiga
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v2.5.0. After each of the above steps, we will calculate and display read quality 

statistics for raw, demultiplexed, and filtered reads with NanoPlot v1.21.0 (De Coster 

et al. 2018; Krehenwinkel et al. 2019). 

4.2.5. Data analysis 

In addition, the sequences were examined with the nucleotide BLAST 

program (https://blast.ncbi.nlm.nih.gov) and the ORF search engine 

(https://www.ncbi.nlm.nih.gov/ orffinder/) to ensure the absence of spaces, indels 

(insertions / deletions) and stop codons. The generated sequences were sent to 

GenBank via the Bankit submission tool 

(https://www.ncbi.nlm.nih.gov/WebSub/?tool=genbank). 

4.3. CO-1 Metabarcoding and Mitochondrial Metagenomics (MMG) 

The samples were homogenized and bulk DNA extraction was performed 

using the DNA isolation protocol mentioned above. For metabarcoding, the co1 

region was amplified with ~ 650 bp using primer pairs LCO1490 and HCO2198, 

which target the same "universal barcode" binding sites but differ in their primary 

sequence in order to achieve a greater amplitude of sequencing success. The primers 

were modified to include a cantilever adapter sequence for subsequent nested PCR, 

as an extension of the Illumina protocol for sequencing the 16S rRNA gene in 

microbial samples (16S Library Preparation Protocol at http://support.illumina. com) 

The cox1 - PCR amplicons from each replica of each sample were pooled and 

purified, after which these primary amplicons were used as templates for limited 

cycle PCR amplification to add dual index barcodes and Nanopore sequencing 

adapters (Figure 8). 

 

https://blast.ncbi.nlm.nih.gov/
http://www.ncbi/
https://www.ncbi.nlm.nih.gov/WebSub/?tool=genbank
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Figure 7. Bioinformatics pipeline for nanopore sequencing raw data analysis (Seah et al. 

2020). 

For metagenomic sequencing, the concentrations of the total DNA extracts 

were measured with the Qubit dsDNA HS Assay Kit (Invitrogen, Waltham, MA, 

USA) and equimolar pooled aliquots were used to prepare metagenomic libraries 

without PCR for their subsequent sequencing on an Oxford Nanopore- Sequencer 

using a new flow cells (Figure 9). 
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4.3.1. Bioinformatics and Data analysis 

Raw reads from each metabarcoding library were filtered with BLAST 

against a reference database that contained all cox1 sequences for Arthropoda from 

NCBI (February 2015) (Evalue = 10
-5

). Retained reads were filtered for quality with 

TRIMMOMATIC v0.30 (Lohse et al. 2012) and processed with 

'fastx_barcode_splitter' to split different primer reads, and with 'fastx_trimmer' to 

change the primer sequence from the 5'- Trim end. The greatest methodological 

challenge in Cox1 barcode coding on the Nanopore sequencing platform results from 

the large size of the standard Cox1 barcode fragment (> 650 bp) in relation to the 

achievable reading length, resulting in a gap of ~ 100 bp between each Pair of R1 

and. performs R2 read sequences (Figure 8) We have therefore only used R1 reads 

for the clustering steps in the OUT boundary, for which the corresponding fragments 

of the R2 pair were added in a later step (see below). R1 trimmed reads were 

trimmed to a uniform length of 270 bp at the 30 end, discarding all shorter reads. The 

resulting data set was dereplicated, classified according to reduced frequency and 

subjected to de novo detection and elimination of chimeras using the UPARSE 

process (Edgar 2013).   
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Figure 8. Schematic representation of DNA metabarcoding pipeline (Arribas et al. 

2016). 
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Figure 9. Schematic representation of DNA metagenomics pipeline (Arribas et al. 

2016). 
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4.4. Gut microbiota of Batocera lineolata 

Adult Batocera lineolata was placed in cylindrical plastic terraria (Halffter 

and Matthews 1996). Whole gut (from proventriculus to rectum) was dissected and 

collected and completely macerated. The samples were surface sterilized with 90% 

ethanol, PBS and 0.1% Tween 20 for 1 min each, Genomic DNA was extracted using 

the DNA isolation procedure mentioned above. The V4 region of the 16S rRNA gene 

was sequenced in an Oxford Nanopore platform. 

4.4.1. Quality Filters and Sequence Analysis  

The sequencing reads obtained from the Oxford Nanopore MinIon 

sequencing run were processed with the QIIME2 pipeline (version 2018.8.0) (Bolyen 

et al. 2018). The "Impor ttools" and "Demux" plugins were used to create the 

"artifact file" and to demultiplex the paired sequencing reads. The sequences were 

Phred Q20 score and sequences of at least 400 bp in length using the Deblur 

algorithm (Amir et al. 2017) High quality sequences were grouped into Operational 

Taxonomic Units (OTUs) based on 97% identity Pairs against the Greengenes 

database (gg_13_8_otus). The "uchime denovo" and "filter features" methods were 

used to identify and exclude chimeric sequences. OTUs were classified 

taxonomically with the Green genes database (ver.13.8) and the "feature classifier" 

plugin with the "classifiersklearn". In order to increase the taxonomic resolution, the 

sequences not classified taxonomically at the genus level were compared with the 

NCBI database and the Silva 16S rRNA database (version 132). For the analysis of 

taxonomic diversity, the total OTUs ("OTs") (filtered and diluted OTUs), defined as 

these OTUs, were used. To assess and visualize the diversity, QIIME2 was used. 
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4.5. Whole mitochondria genome sequence of longhorn beetles 

4.5.1. Mitochondrial DNA Extraction from longhorn beetles 

Sacrifice a mouse and collect 500-800 mg of liver tissue or whole brain tissue 

(approximately 430 mg). Wash the tissue with ice-cold PBS. Store the tissue in 510 

ml ice-cold PBS in a 50 ml Falcon tube until homogenized. Use PTFE mortar to 

perform 5 strokes at a speed of 200 rpm to homogenize the structure. Remove the 

PBS and transfer the tissue to a glass homogenization tube containing 15 ml ice-cold 

MIB1. Transfer the homogenate back to a 50 ml Falcon tube and add 15 ml ice-cold 

MIB1. 

Remove cell debris by centrifugation at 800 g 4 ℃ for 10 minutes. Pour the 

supernatant into a clean 50 ml Falcon tube and repeat the centrifugation. Carefully 

pour the supernatant into a clean 50 ml Falcon tube. The mitochondria were 

harvested by centrifugation at 8,500 g 4 ℃ for 10 minutes. Add 0.03 mg/ml DNase I 

and 0.02 mg/ml RNase A to the ice-cold MitoDNase buffer. By pipetting up and 

down, carefully dissolve the mitochondrial pellet in 600 μl MitoDNase buffer. Put 

the test tube on ice. Divide the dissolved mitochondrial solution into sub-fractions: 

the number of fractions depends on the number of afferent tissues, so each fraction 

contains approximately 100 to 150 mg of tissue in 600 μl of mitochondrial enzyme 

buffer. Test tube Incubate the test tube at 37 °C for 11.5 hours. The mitochondria 

were harvested by centrifugation at 13,000 g for 30 minutes at 4 °C. Discard the 

supernatant. Thoroughly rinse the remaining MitoDNase buffer by resuspension. The 

mitochondria were carefully pelleted in 500 μl MIB02 and pushed back by 

centrifugation at 13000 g 4 °C for 15 minutes. Repeat the above washing 

steps.Discard the supernatant, centrifuge the excess liquid and aspirate the remaining 
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liquid. Freeze precipitation in liquid nitrogen and store at 80°C until DNA extraction. 

Mitochondrial particles can be stored at 80°C for at least a few hours. Extended 

storage (weeks/months) is not expected to affect mtDNA extraction. 

Add 100 or 200 µg RNase A (i.e. 11 or 22 µl for samples). Complete removal 

of RNase A may require an additional chloroform purification step: isoamyl alcohol 

instead of ethanol precipitation alone. However, additional purification steps reduce 

the final productivity and are not necessary for successful Illumina sequencing. 

Incubate the tube at 37°C for 4560 minutes. Add 1 ml (2 volumes) of ice-cold 

absolute ethanol, and gently invert the test tube 5 times. For example, if the tissue is 

less than the tissue recommended in this protocol and the DNA concentration is 

expected to be low, glycogen can be used as a carrier to increase the DNA yield in 

ethanol precipitation. Even colored glycogen (such as Glycoblue) is compatible with 

Illumina sequencing. The incubation time can be up to 23 hours at 80°C for no less 

than 30 minutes.Alternatively, incubate at 20°C for a longer period of time (for 

example, overnight). Precipitate 16,000 g DNA for 15 minutes at room temperature. 

Remove the supernatant with a pipette and wash the DNA with 500 μl 70% EtOH. 

Centrifuge the DNA at 16,000 g at room temperature. 5 minutes. Repeat the washing 

steps to improve the purity of the DNA. Do not modify the particles. After the last 

wash, centrifuge the excess ethanol and remove all traces by pipetting. Dry the 

precipitate for a short period of time (12 minutes) until all traces of ethanol have 

evaporated. Excessive drying of the DNA will result in the formation of a precipitate 

that does not dissolve and does not damage the DNA. It is not recommended to heat 

and dry the pellets, as higher temperatures will also damage the DNA.According to 

the size of the DNA pellet and the desired final concentration, dissolve the DNA 
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pellet by adding 1830 μL of Elution Buffer AE (5 mM Tris / HCl, pH 8.5). Incubate 

the tube overnight at room temperature. Temperature can damage DNA. DNA has 

poor stability under H ~ 2 ~ O. The pH of H ~ 2 ~ O may not be the best condition 

for DNA storage, and EDTA-TE buffer may not be suitable for downstream 

applications, such as Illumina sequencing. The release of mtDNA may appear as 

brown particles, which can also be seen in the dissolved DNA solution. This will 

affect the spectrophotometric measurement of DNA concentration, so fluorescence 

should be used to measure the concentration more reliably. If necessary, it is 

recommended to use 5 mM Tris buffer. The DNA concentration can then be doubled 

by evaporating half the sample volume to a final concentration of 10 mM Tris, which 

is suitable for most subsequent applications. It is recommended to store at 4°C for 

short-term storage and 20°C for long-term storage. Avoid multiple freezing cycles. 

Proceed to the next step before dissolving the DNA, or exit the protocol here, and 

store the DNA at 4 or 20°C according to the length of the break. However, it is 

recommended to continue QC measurement and final sample mixing before long-

term storage of DNA samples at 20°C to avoid unnecessary freezing cycles. Use 

Qubit HS Kit to measure twice the concentration of a 1 μl sample, and take the 

average value as the sample concentration. If the sample is too concentrated, measure 

again with the appropriate dilution (Eckert and Kunkel 1991; Frezza et al. 2007; 

Wieckowski et al. 2008; Hazkani-Covo et al. 2010; Ameur et al. 2011; Calabrese et 

al. 2012; Li et al. 2012; Costello et al. 2013; Kennedy et al. 2013; Samuels et al. 

2013; Payne et al. 2015; Ni et al. 2015; Quispe-tintaya et al. 2015; Malik et al. 2016; 

Chen et al. 2017; Isokallio et al. 2018). 
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4.5.2. Mitochondrial DNA confirmation by PCR  

Check for nDNA contamination by performing a 20 μl PCR reaction (Table 4 

and Table 5) with primers designed for the encoded nDNA target (here we use PolgA 

specific primers (expected product size of 520 bp). The concentration of samples 

varies greatly, and it is recommended to standardize the quantity the incoming DNA 

genomic DNA was used as a fast tail extract as a positive control. A 20 µl PCR 

reaction was completed on a 1% agarose gel in 0.5x TBE buffer, containing 0.5 

µg/ml of EtBr. Do not load more than 5 µl Positive control. There should be no DNA 

bands on the gel or should be clearly visible. Fractions contaminated with nDNA 

should not be used for further analysis. The separation scheme should be optimized, 

usually starting from the homogenization step to adjust the amount to reduce nDNA 

contamination and mitochondrial DNA enrichment the collection can be checked by 

the PCR reaction, using specific primers to encode the gene in mt DNA. Combine 

the parts of the same tissue that are free of nDNA contamination or less 

contaminated, and then use Qubit HS to measure the final concentration of the 

sample again. Samples should be stored at -20 °C. If a higher concentration (double 

maximum) is required for subsequent applications, please concentrate the sample in 

vacuum at 45 °C. Check the quality of the mtDNA sample by adding 100 ng 

(measured by Qubit HS concentration) to the 1% agarose gel. 

Table 4. PCR Master Mix. 

Volume (µl) Reagents Final concentrations 

8.9 H2O adjust according to the sample 

volume 

4.0 5x Green GoTaq reaction buffer 1x 

3.2 dNTPs (1.25 mM each) 200 μM 

1.2 MgCl2 (25 mM) 1.5 mM 

0.8 PolgA_F (10 μM) 0.4 μM 
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0.8 PolgA_R (10 μM) 0.4 μM 

0.1 GoTaq DNA polymerase 

(5u/μl) 

0.5 units 

1.0 mtDNA sample 50 ng 

 

Table 5. PCR cyclic conditions. 

Steps in PCR Temperature and time 

Initial Denaturation 95 °C for 1 min (1 cycle) 

Denaturation 95 °C for 30 sec 

Annealing 58 °C for 30 sec 

Extension 72 °C for 45 sec 

Final Extension 72 °C for 7 min (1 cycle) 

Step 2 to step 4 repeats 30 cycles 

Hold at 4 °C 

 

4.5.3. Oxford Nanopore Sequencing run 

The MinION device is used for total DNA sequencing using the 1D-SQK-

LSK108 sequencing kit. The sequencing library preparation procedures for the 

experiment are the same to the above, and the specific operations are as follows: 

about 3 µg of total DNA (measured by the fluorescence method using Qubit 3. 0 

dsDNA BR assay) is nuclease digested to a volume of 45 µl- Nuclease free water 

(NFW). Use NEBNext Ultra II End Repair/Data Processing Module (NEB E7546S) 

to add 7 µl reaction buffer, 3 µl enzyme mix, and 5 µl NFW DNA. Incubate the 

mixture for 5 minutes at 20°C and purify 1 x volume (60 μl) of AMPure XP at 65°C, 

and elute the DNA with 31 μl NFW. Qubit quantifies 1 μL aliquots to ensure that at 

least 700 ng DNA is retained. Connect the adapters by adding 20 µl of the adapter 

mix (SQKLSK108: AMX1D) and 50 µl of NEB Blunt/TA Master Mix (NEB 

M0367S) to the final 30 µl. Purify the DNA bound to the adapter by adding 0.4 × (40 

μl) AMPure XP beads, incubate at room temperature for 5 minutes, and then 

resuspend the pellet twice in 140 μl ABB buffer (SQKLSK108: ABB). Resuspend 
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the purified DNA by adding 15 μl of elution buffer (SQKLSK108: ELB), resuspend 

the pellet, incubate at room temperature for 10 minutes, re-precipitate the pellet and 

transfer the supernatant (predicted sequence mixture) to a new tube. Qubit quantifies 

1 μL aliquots to ensure that at least 430 ng DNA is retained. Sequencing using 

MinION R9 flow cell: FLOMIN106 (Chemistry R9.4) for (a) samples processed with 

commercial GenElute DNA extraction kit and FLOMIN107 (Chemistry R9.5) for (b) 

samples processed with HMWDNA Protocol. Load 800 μl of seed (48% v/v working 

fuel buffer in NFW (SQK-LSK108: RBF) in NFW) into the flow cell through the 

start port, wait 5 minutes and lift up the SpotON sample port to prepare the flow 

before sequencing Pool. Cap and load 200 μL of primer mixture through the primer 

port, always avoiding air bubbles. The sequencing libraries from these two 

experiments were prepared by adding 35 µl RBF, 25.5 library loading beads 

(EXPLLB001: LLB library loading kit), and 0.5 NFW to the 14 µl prediction 

sequence mixture. Use a P100 tip set to 75 μl to load the library drop wise into the 

SpotON sample port and introduce it into the flow cell by capillary action. The 

MinION sequencing sequence is monitored by MinKNOW software (version 1.4.2), 

and the running time of each experiment is specified as 48 hours, without the need to 

call real-time bases. Albacore ONT sequencing pipeline software (version 2.1.10), 

used to obtain sequencing reads (including sequence data) in FASTQ and FAST5 

formats. These tasks were performed using NanoStat 1.1.0, NanoComp 0.16.4, and 

NanoPlot 1.13.0, which are NanoPack tools (De Coster et al. 2018). 

4.5.4. Sequence analysis 

The obtained sequence is annotated with the online tool Mitochondrial 

Genome Annotation Server (MITOS-https://mitos.bioin f.unileipz ig.de/) (Bernt et al. 
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2013), which can also predict the secondary structure of tRNA. Use the online tool 

GenomeVx (https://wolfe.ucd.ie / Genom eVx /) (Conant and Wolfe 2008) to create 

circle for manual sequence management and mitotic genome graphics. The 

nucleotide content value of each sequence was obtained with MEGA X (Kumar et al. 

2018). The composition distortion based on the asymmetry value (whole genome, 

chain PCG, individualized PCG, chain tRNA and chain rRNA) is estimated using the 

formula: ATskew = (A%-T%) / (A% + T%) and GCskew = (G%-C%) / (G% + C%) 

(Perna and Kocher 1995). In PCG, the relative usage of synonymous codons (RSCU) 

was estimated using MEGA X. 

4.5.5. Phylogenetic analysis 

Using Geneious v.9.1.8 (Kearse et al. 2012) and using the MAFFT algorithm 

(Katoh et al. 2002), 13 PCG sequences were extracted from 9 mitotic genomes 

obtained from the alignment using the maximum likelihood of the connection model 

to construct the distance matrix in MEGA X (Kumar et al. 2018). According to the 

Akaike Information Criteria (AIC), the best nucleotide substitution model for 

phylogenetic reconstruction is determined using jModelTest v.2.1.7 (Darriba et al. 

2012). Bayesian inference is performed in two independent and simultaneous runs 

using MrBayes v.3.2.7a (Ronquist et al. 2012). The maximum likelihood analysis 

was performed with RaxML v.8.2.11 (Stamatakis 2014), and the bootstrap value was 

repeated 1000 times. The generated topology is visualized in FigTree v.1.4.4 

(Rambaut 2020). 
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5. Summary of results  

 
 

 Total 2050 longhorn beetle specimens were collected from five states of 

Northeast India. Among them, 1077 from Mizoram followed by 350 from 

Arunachal Pradesh, 275 from Assam, 248 from Nagaland, and 100 from 

Meghalaya respectively. 

 Total 29 species were found. Among them 29 from Mizoram followed by 19 

from Nagaland, 15 from Arunachal Pradesh, 12 from Meghalaya, and 5 from 

Assam respectively. 

 These 29 species belong to 16 tribes (Lamiini, Apomecynini, Batocerini, 

Monochamini, Petrognathini, Crossotini, Phrissomini, Ancylonotini, 

Pteropliini, Agapanthiini, Xylorhizini, Prionini, Aegosomatini, Remphanini, 

Cerambycini, and Xystrocerini) of 3 subfamilies (Lamiinae, Prioninae, and 

Cerambycinae) respectively. 

 Among 29 species, 22 species belong to Lamiinae subfamily followed by 5 

belong to Prioninae, and 2 belong to Cerambycinae. 

 Thylactus simulans was the highest density (188) and species occurrence 

(100%, SO%), followed by Batocera horsfieldi density was (173) and species 

occurrence (100%). 

 The relative abundance (%) of longhorn beetles was highest in Mizoram 

(53%) followed by Arunachal Pradesh (17%), Assam (13%), Nagaland 

(12%), and Meghalaya (5%) respectively. 

 The relative abundance (%) of subfamilies such as Lamiinae, Prioninae, and 

Cerambycinae was highest in Mizoram (50%, 62%, and 60%). 

 Relative abundance (%) of subfamilies like 77% of Lamiinae, 15% of 

Prioninae, and 8% of Cerambycinae respectively. 

   Species wise subfamily relative abundance (%) was 72%, 21%, and 7% of 

Lamiinae, Prioninae, and Cerambycinae respectively. 

 The negative correlation was observed with elevation with an equation y = -

0.0056x + 13.903 and R² = 0.1314. 
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 The biodiversity indices such as Shannon (H), Simpson (1-D), Berger index, 

Brillouin, Evenness, Equitability, Margalef and Menhinick indices of 

longhorn beetles, Alpha diversity and Chao-1 results were observed highest 

in Mizoram state  

 A species accumulation curve (individual rarefaction) based on species 

numbers shows a non-asymptotic curve in each state and at each collection 

point, called under sampling at all collection points. 

 The cumulative SHE profiles show that all indices are likely to curve 

asymptotically for a short period of initial volatility, but all indices are 

represented by a single value. At higher values, the more unstable and patchy 

SHE curve (indicated by dots on the line) between collection sites (biotope) 

indicates that many other longhorn beetle species go undetected in the states 

as well as at collection points in Northeastern India. 

 Seasonal species richness and longhorn beetle abundance peaked in the 

northern, northeastern, central, eastern and western regions of northeastern 

India throughout the winter (October-February) and continue until the onset 

of rain (May), then peaks again during the warm season (April), while the 

species richness and abundance in the southern region is higher during the 

rainy season than during the hot season. 

 In component and ordination analyses, PCA (Principal component analysis), 

PCoA (Principal coordinate analysis), CCA (Canonical corresponding 

analysis), CA (Coordinate analysis), and cluster analysis indicated that most 

species of longhorn beetles were distributed in Mizoram region. 

 We have demonstrated the feasibility of barcode sequencing, which could be 

a step forward in biodiversity research. Genetic data are becoming an 

increasingly central component of evolutionary and ecological research, 

providing valuable information about the relationships between types, but 

only limited data are available on the diversity produced in different species. 

 Lower taxonomic levels, such as those described here, can help solve some of 

the problems. The above information is missing. In addition, if the quality of 

data obtained using mobile sequencing technology continues to improve, this 
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could affect the assessment of biodiversity by accelerating the rate of 

collection of genetic data even in extreme environmental conditions. 

 Rapid access to genetic data transfer can assist in the rapid identification of 

taxa in biodiversity research, as well as in the quantification of habitats, key 

drivers of population genetic diversity for the formulation of conservation 

strategies. 

 First, previous constraints on the time and resources required to identify 

regional and global biodiversity of longhorn beetles can be easily overcome 

(including sample size and sample size), and this work can now be extended 

to phylogenetic studies. Community ecology by incorporating phylogenetic 

information associated with cox1 genes through mitogenome. 

 Second, these approaches facilitate biomonitoring programs based on entire 

arthropod communities to study responses to environmental change. The 

taxonomic characterization of the community composition was achieved 

using cox1 metabarcoding, while the MMG also provided additional 

information on relative abundance (biomass) according to weapon readings to 

study of community dynamics. 

 Finally, the MMG method also contributes to phylogenetic guide trees for 

evolutionary research linking ecosystem processes and functional diversity. 

The successful application of the cox1 metabarcoding and MMG to a number 

of arthropod communities represents a powerful approach to addressing 

emerging issues and reviewing previous research on diversity and diversity. 

The spread of terrestrial animals, and thus we understand a large and 

important part of global biodiversity under our feet. 

 Mitogenomes has an average length of 15,038 bp, an average AT content of 

79.3%, positive ATskews, negative GCskews and consisted of 37 functional 

subunits (13 PCG, 22 tRNA, and 02 rRNA). PCG showed ATN as a start 

codon, TAA as typical clover-shaped tRNAs, with the exception of 

tRNASer1. Longhorn beetles were assigned to the known taxon of the 

considered taxon on the basis of external morphological aspects. The 

information obtained on the mitogenome of longhorn beetles evaluated here 
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may be useful for future taxonomic and evolutionary studies of longhorn 

beetles. 

 Despite the growing interest in studying insect gut microbiota, a wide variety 

of longhorn beetle species and the ecological functions they perform, 

microbial communities associated with microbiota and their overall gut 

biology remains unresolved. 
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