
CAPITAL UNIVERSITY OF SCIENCE AND
TECHNOLOGY, ISLAMABAD

Molecular Characterization of
Termites from Azad Jammu and
Kashmir Using DNA Barcoding

by
Soufia Saeed

A thesis submitted in partial fulfillment for the
degree of Master of Science

in the
Faculty of Health and Life Sciences

Department of Bioinformatics and Biosciences

2024

www.cust.edu.pk
www.cust.edu.pk
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)


i

Copyright © 2024 by Soufia Saeed

All rights reserved. No part of this thesis may be reproduced, distributed, or

transmitted in any form or by any means, including photocopying, recording, or

other electronic or mechanical methods, by any information storage and retrieval

system without the prior written permission of the author.



ii

Dedicated to Allah Almighty, Hazrat Muhammad (S.A.W.W) and my family life.

To my mother and father, who never stopped believing in me and their prayers

have always enlightened my way throughout my life to my mother and father, who

never stopped believing in me and this can’t be possible without their unwavering

support, endless love and encouragement throughout my pursuit for education. I

hope this achievement will fulfill the dream they envisioned for me.



CERTIFICATE OF APPROVAL

Molecular Characterization of Termites from Azad Jammu

and Kashmir Using DNA Barcoding

by

Soufia Saeed

(MBS223001)

THESIS EXAMINING COMMITTEE

S. No. Examiner Name Organization
(a) External Examiner Dr. Malik Badshah QAU, Islamabad
(b) Internal Examiner Dr. Sohail Ahmed Jan  CUST, Islamabad
(c) Supervisor Dr. Sahar Fazal CUST, Islamabad

Dr. Sahar Fazal
Thesis Supervisor
September, 2024

Dr. Syeda Marriam Bakhtiar Dr. Sahar Fazal
Head Dean
Dept. of Bioinfo. & Biosciences Faculty of Health & Life Sciences
September, 2024 September, 2024



iv

Author’s Declaration

I, Soufia Saeed hereby state that my MS thesis titled “Molecular Charac-

terization of Termites from Azad Jammu and Kashmir Using DNA

Barcoding” is my own work and has not been submitted previously by me for

taking any degree from Capital University of Science and Technology, Islamabad

or anywhere else in the country/abroad.

At any time if my statement is found to be incorrect even after my graduation,

the University has the right to withdraw my MS Degree.

(Soufia Saeed)

Registration No: MBS223001



v

Plagiarism Undertaking

I solemnly declare that research work presented in this thesis titled “Molecular

Characterization of Termites from Azad Jammu and Kashmir Using

DNA Barcoding” is solely my research work with no significant contribution

from any other person. Small contribution/help wherever taken has been duly

acknowledged and that complete thesis has been written by me.

I understand the zero tolerance policy of the HEC and Capital University of Science

and Technology towards plagiarism. Therefore, I as an author of the above titled

thesis declare that no portion of my thesis has been plagiarized and any material

used as reference is properly referred/cited.

I undertake that if I am found guilty of any formal plagiarism in the above titled

thesis even after award of MS Degree, the University reserves the right to with-

draw/revoke my MS degree and that HEC and the University have the right to

publish my name on the HEC/University website on which names of students are

placed who submitted plagiarized work.

(Soufia Saeed)

Registration No: MBS223001



vi

Acknowledgement

All praises be to Allah and His blessings for the successful completion of this

thesis. I express my gratitude to Allah Almighty for the opportunities, trials, and

strength bestowed upon me throughout the writing process. This journey has

been rich with experiences, not only academically but also in terms of personal

growth. I am sincerely thankful to the Holy Prophet Muhammad (Peace be upon

him) whose life has been a continuous source of guidance for me.

I extend heartfelt appreciation to my supervisor, Professor Dr. Sahar Fazal, for

her steadfast support and guidance during the thesis completion. Her expertise,

patience and dedication to academic excellence have been fundamental to my

research journey. Her insightful feedback and constant encouragement have not

only refined my skills but also enhanced the quality of this thesis.

My deepest gratitude goes to all my teachers whose tireless efforts and knowledge

have enabled me to achieve this milestone. I also wish to thank the administrative

staff in the Faculty of Health and Life Sciences, Mr. Zia-u-Din Tanoli and Mr.

Muhammad Saeed, for their assistance and support with administrative tasks.

I acknowledge the contributions of my fellow researchers and the resources pro-

vided by our institution. Their collaborative efforts and the abundance of research

materials and opportunities available have significantly influenced the outcome

of this thesis. I am indebted to my father late Saeed Ahmad Baloch, Mother

Rashim Bi, my siblings Nawaz Saeed Baloch, Sadia Saeed Baloch and friends,

Misbah Mughal, Farhat Mushtaq and Taiba Slamat whose belief in my abilities

and encouragement have provided the emotional sustenance necessary to complete

this challenging task. Their un- wavering support has been my motivation.

(Soufia Saeed)



vii

Abstract
Termites, belonging to the order Isoptera, are cellulose-eating insects. Termites

are the present abundance in both numbers and species observed in tropical rain-

forests. Species identification and phylogenetic analysis through DNA barcodes

using mitochondrial COI gene (cytochrome c oxidase subunit I) was performed for

termites collected from District Jhelum valley, and Muzaffarabad, AJK, Pakistan.

Mitochondrial DNA was successfully extracted from termites and region of COI

gene comprising 650 bps was amplified using universal primers and PCR products

were confirmed by 1% agarose gel electrophoresis. Sequencing was carried out by

Sanger’s method. Sample sequences were analyzed using BLAST at NCBI and

BOLD database. BOLD (Barcode of Life Data System) databases were used for

molecular taxonomy. Sequence analysis was performed to establish evolutionary

relationship of study data.

The sequence analysis of 4 samples using BLAST revealed that the all sample of

termites showed similarity with Heterotermes gertrudae species. The two samples

collected from Muzaffarabad AJK labeled as H3 has percent identity 97.81% and

Che 1 with percent similarity 97.79 with query coverage 96% for both. Jhelum

valley sample J1 with sequence similarity of 98.18% and J2 98.62% with query

coverage 93% and 92% respectively. BOLD database submission showed none of

the similarity with the available BINS indicating that these sequences have not

been submitted from another part of Pakistan.

Results of phylogenetic analysis revealed that all samples were grouped together

with boot strap value of 60 and 98 indicating that these sequences are very closely

related and share a common ancestor. It further showed close relationship with

Heterotermes gertrudae and H.indicola whereas i is distant but still within the

Heterotermes genus. All the four samples processed were most distantly related

to Reticulitermes virginicus. The results of current study reveled that DNA bar-

coding can be used as effective tool in biogeographic and biodiversity of termite

species. The cytochrome c oxidase subunit I (COI) gene is commonly used for DNA

barcoding across various species. It provides high-resolution identification. Other
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mitochondrial genes and nuclear markers like ITS (Internal Transcribed Spacer)

can be used to improve accuracy and robustness. Samples collection from various

geographic regions to capture the genetic diversity within and between species can

also provide large scale information about biodiversity of different areas
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Chapter 1

Introduction

The Greek Words Iso (equal) Ptera(wings) are the source of the Order Isoptera

which is the scientific classification for termites. Termites are known by their

scientific name Isoptera, which refers to their distinctive equal-sized wings [1].

These Social Insects belong to the phylum Arthropoda and the Insect Class Insecta

knowing Termites & scientific name aids in creating a common terminology for

studying these insects [2].

Termites are known species throughout the world and they are part of the order

isoptera. Termites are divided into several families within this order, each with its

own features and behaviors. termitidae is the most common family of termites,

containing subfamilies such Macrotermitinae, Nasutitermitinae and Apicotermiti-

nae. Termites are divided into groups according to their nesting behavior, eating

habits and social structure. Workers, Soldiers, and reproductive (including Kings

and Queens) are the three main termite castes [3]. Additional castes of certain ter-

mites include nymphs and alates (Winged Reproductive Termites). Termites are

divided into several ecological groups, such as drywood termites and subterranean

termites. Termites differ from other insects due to their unique features. Their

bodies are soft their antennae are straight, and their metamorphosis is incom-

plete. Termites, who live in organized colonies with specialized castes are known

for their sociality [4]. Termites are characterized by complex behaviors including

building intricate nests and tunnel systems and they communicate by chemical

1
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signals called pheromones. Comprehending these features facilitates termite iden-

tification and management. There are around 3,000 different species of termites,

and they can be divided into three main ecological groups: subterranean, dry wood

and damp wood termites. The most prevalent and common type of termites are

subterranean ones, which depend on soil contact to survive. Drywood termites do

not need to come into contact with soil; they live in dry wood [5]. Wood contains

damp wood termites, which need high humidity levels. Identificationand control

of termites can be aided by knowledge of the many types of termites and their

habitats. Termites can cause considerable damage to structures, so finding them

early isessential to preventing further damage. Termite infestation is often indi-

cated by damaged wood, discarded wings and mud tubes or tunnels. Additional

indicators include swarming behavior, in which winged termites emerge from their

nests in search of new territories, and droppings, which are tiny pellets that re-

semble sawdust. When they notice the first signs of an infestation, homeowners

should be cautious and seek professional assistance [6].

Termites are gregarious insects that are vital to ecosystems. They may reside in

colonies with a few hundred to a million or more members [7]. A few of the indi-

cators that are used for identification include material degradation, the nitrogen

cycles and carbon cycles, the composition of soil structure, and the triggering of

microbiological activity at different levels [8]. They promote biodiversity by im-

proving the environment for plants and other living creatures [9]. Different types

of termites have a beneficial effect on the ecosystem, but they may also seriously

harm the economy by destroying wooden buildings, crops, and forest plantings

[10]. Every year, there is an increase in the number of termites attacking land-

scaping trees in Pakistani cities. Pakistan’s four provinces are home to about 52

species of termites [11]. Over the past few decades, major termite infestations in

urban trees have been recorded more frequently in Punjab, the most populated

province; this condition has been made worse by climate change [12]. The provin-

cial capital of Lahore, formerly dubbed the ”Garden City,” is today experiencing

a serious environmental crisis as a result of climate change, overcrowding, and

unsustainable construction projects [13].
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It is imperative for the management of horticulture and biodiversity in Lahore’s

parks and green belts to evaluate the prevalence and extent of termite damage

to trees. Manzoor and Mir’s study looked at Pakistani construction methods,

locally produced building materials, and termite-infested homes. However, termite

infestations in urban and landscape forestry were not addressed in this study,

which only covered 185 homes from different parts of Punjab [14]. Termites are

categorized scientifically as follows:Animalia is the KingdomClass: Arthropoda

Class: Insecta Pterygota subclass Insider: Neoptera Classification: Dictyoptera

Isoptera is the order [15].

Termites are classified into seven families and fourteen subfamilies, comprising 280

genera and approximately 2,600 species. Lower termites includes Hodotermitidae,

Mastotermitidae, Kalotermitidae, Rhinotermitidae, Termopsidae and Serritermi-

tidae and higher termites are the two groups of isopterans that are separated

phylogenetically [16]. Approximately eighty five percent among all termite genera

and seventy percent of all termite species are members of the biggest termite fam-

ily, the Termitidae [17]. This family is the most advanced group of termites; it

lacks symbiotic cellulolytic protists in its gut and is distinguished by a unique mi-

crobial flora, a complex social structure, and a variety of eating patterns [18]. The

Macrotermitinae subfamily of the over 330 species and 14 genera in the Termitidae

family [19].

The subfamily and a Termitomyces-genus basidiomycete fungus have mutualistic

relationships formed. The Palaeotropics are home to the Macrotermitinae ter-

mites, of which Africa has the greatest diversity [20]. Termites are sometimes

confused with ants and are known as ”white ants.” On closer inspection, though,

two characteristics set termites apart from ants: ants have elbowed antennae and a

narrow waist, whereas termites have straight antennae and a wide waist [21]. Sim-

ilarly, Jones and colleagues (2005) noted that merely 3% of species harm crops and

structures. India loses approximately $35.12 million year as a result of termites

damaging crops, especially maize. The precise economic impact of agricultural

losses in southern Africa is yet unknown, however reports range from 3 to 100%

[22].
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Pakistan’s termite species are divided into four families (Kalotermitidae, Hodoter-

mitidae, Rhinotermitidae, and Termitidae), with 53 species and 16 genera, accord-

ing to Ahmad and Akhtar [23]. Termites are found in many tropical regions and

a range of terrestrial habitats, making them significant invertebrate decomposers

[24].

Termites are gregarious insects with a variety of morphologies that are skilled

wood decomposers and have a significant impact on global ecology [25]. They are

vital to the carbon cycle and have the potential to yield several ecological bene-

fits. Termites can be categorized into two primary groups based on their ability

to reproduce: the castes involved in reproduction or queen castes, and the non-

reproductive castes, or worker and soldier castes [26]. Termites are omnipresent

throughout the world and play a crucial role in ecosystems across diverse habi-

tats. Within their species, they create intricate connections and are classified as

either higher or lower termites [27]. They all have a diverse gut microbiota that

is home to numerous prokaryotes and protists. A ubiquitous pest on a global

scale, termites excel at breaking down wood. More than 75% of termite species

are only members of the apical family and are categorized as top termites. Ter-

mitidae [28]. Higher termites differ from lower termites despite having a different

prokaryotic population due to the absence of intestinal protists [29]. These ter-

mites, which are common and skilled at breaking down wood, are good for the

ecosystem and are essential to the carbon cycle [30]. Lower termites are known to

have a symbiotic relationship with cellulolytic intestinal protists, whereas higher

termites acquire their energy by taking acetate from these protists [31] GHF9

termites, both higher and lower, generate endogenous cellulase enzymes from the

stomach or salivary glands, including endo-β-1,4-glucanase and B. β-glucosidase

[32]. A system that is easy to use, quick to complete, and precise is necessary

to catalog the enormous diversity of insect species. These requirements are met

by DNA barcoding, which allows for specimen identification at the species level

[33]. Recent molecular investigations have used a variety of markers, such as cy-

tochrome c oxidase subunit 1, to significantly enhance our understanding of the

evolutionary relationships among insect species., rDNA internal transcribed spac-

ers region-2, NADH dehydrogenase subunit 1, and cytochrome b [34]. Molecular
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scientists employ cytochrome c oxidase subunit 1, one of these markers, extensively

throughout the world to identify different kinds of insects [35]. Since DNA barcod-

ing is a new technology, building a reference library of DNA sequences is the first

step in any relevant research [36]. In order to build a trustworthy database CO1

sequencing must be performed on specimens that have already been identified by a

taxonomist [37]. The most effective methods .for molecular identification are phy-

logeny and molecular identification utilizing indicators for species identification,

especially cytochrome c oxidase 1 from the region of mitochondria [38]. This effi-

ciency can be attributed to a number of things, including the ease of amplification,

the availability of conserved areas for the construction of universal primers, and

enough heterogeneity to differentiate even closely related species [39]. It is signif-

icant to remember that the inheritance patterns in the nuclear and mitochondrial

genomes differ [40]. Because mitochondrial DNA is inherited maternally, develops

relatively quickly, and most nucleotide substitutions happen at neutral locations,

mitochondrial markers are utilized to shed light on the evolutionary relationships

of related groups [41]. Sequence data from CO1 marker gene amplification is used

to study intra- and inter-phylogenetic interactions using this genetic marker [42].

These associations are inferred with the use of mitochondrial cytochrome c oxidase

subunit I gene fragment sequences [43].

Many processes that together constitute concerted evolution are responsible for

maintaining relative homogeneity, as mutations swiftly disseminate to all members

of the gene family, regardless of where they are on separate chromosomes [44]. This

area has been used to identify populations inside a species and shows varied levels

of species difference [45].

DNA barcoding does not deal with species demarcation; rather, it attempts to

identify preset species. To identify species, it uses a brief, a standardized DNA

sequence, typically the 5’ end of the mitochondrial cytochrome c oxidase subunit

I gene. DNA barcoding accomplishes two key goals: [46] (i) employing a sequence

divergence threshold to identify and classify unknown specimens to already docu-

mented species; and (ii) assisting in the discovery of new species. DNA taxonomy
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can provide a database for DNA barcoding and look into the evolutionary rela-

tionships among taxa (e.g., species). It may involve one or more mitochondrial

and nuclear DNA regions [47].

In molecular systematics, the CO1 gene is widely utilized as a marker, especially

its 5’ region, which is employed in the ’Barcoding of Life’ project. This 650 nu-

cleotide region’s nucleotide sequence acts as a special identification code for every

species [48]. For the classification of unclear and unresolved taxa, standardized

identification approaches are crucial. Based on statistical taxon separation analysis

and tree-based taxon grouping, the molecular data is consistent with morpholog-

ical ideas [49]. This indicates that species identification based on DNA sequence

analysis is viable for the examined taxa.Sophisticated species identification meth-

ods, such as minuscule barcodes for archival materials and species-specific primers

for mosquito tea bugs, have been developed since DNA barcoding has proven to

be a valuable tool for DNA barcoding has shown to be an effective technique

for scientists[50] More research has been done on the organization of genes in

insect genomes than any other group of invertebrates [51]. Fifteen bug species

have had their whole genomes sequenced thus far. The double-stranded circular

genomes found in insect mitochondria range in size from 14,503 bp to 19,517 bp

[52]. However, comprehensive studies on individual species, their occurrence, and

distribution are deficient in Pakistan’s different regions. This study looked into

the diversity, distribution, and population density of termites in the area under

investigation because of their economic significance [53].

1.1 Problem Statement

Although termites are essential to the health of ecosystems, it can be difficult to

identify and categorize them remain challenging due to the morphological similar-

ity among species and the lack of reliable diagnostic traits Conventional taxonomy

techniques place a lot of emphasis on morphological traits, which can be laborious,

arbitrary, and need specific knowledge. Consequently, accurate identification of

termite species is often hindered, leading to limitations in ecological studies, pest
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management strategies, and biodiversity conservation efforts. To address these

challenges, there is a growing interest in utilizing A molecular method DNA bar-

coding is used for the rapid and accurate identification of termite species.

1.2 Aim

The aim of this research is using DNA barcoding as a molecular technique to

quickly and precisely identify termite species.

1.3 Objectives

1. To evaluate the mitochondrial cytochrome c oxidase subunit 1 (COI) gene,

for their efficacy in discriminating among termite species collected from Dis-

trict Jhelum valley, District Kotli and District Muzaffarabad, Azad Kashmir,

Pakistan.

2. To verify sequenced samples of termites from the BOLD system based on

the mitochondrial cytochrome c oxidase subunit 1 (COI) gene.

3. To establish evolutionary relationship of sequenced termite samples using

DNA barcodes.

1.4 Scope of Study

Through the use of DNA barcoding, this study can offer a thorough evaluation

of termite biodiversity. This could lead to a better knowledge of the biodiversity

of the local ecosystem by revealing species that are unknown or have not been

recorded before. Studying the diversity and molecular traits of termite species

can help us better understand their ecological roles. Termites play an essential

role in the breakdown of cellulose and the cycling of nutrients in ecosystems. Un-

derstanding how termite diversity impacts soil health and ecosystem functioning



Introduction 8

could be aided by this Certain termite species are regarded as pests because they

harm crops and wooden buildings. Accurately identifying these species via DNA

barcoding could help with the development of focused pest management plans,

minimizing environmental damage and lowering financial costs.



Chapter 2

Literature Review

Formerly, termites belonged to the Isoptera order. Based on similarities in their

symbiotic gut flagellates, suggestions that they were closely related to wood-eating

cockroaches (genus Cryptocercus, the woodroach) were reported as early as 1934.

More proof for that theory surfaced in the 1960s when F. A. McKittrick pointed

that Some termites and Cryptocercus nymphs share comparable physical traits

[54]. In 2008, it was determined by DNA study of 16S rRNA sequences that

termites belonged in the same evolutionary tree as the cockroaches, or order Blat-

todea. With the most phylogenetically similarity to termites, In 2008, it was

determined by DNA study of 16S rRNA sequences that termites belonged in the

same evolutionary tree as the cockroaches, or order Blattodea. With the most phy-

logenetically similarity to termites the cockroach genus Cryptocercus is believed

to represent a sister group to termites.

There are morphological and behavioural similarities between termites and Cryp-

tocercus. For instance, although most cockroaches lack social skills, Cryptocer-

cus tends to its young and demonstrates additional social behaviors including

allogrooming and trophallaxis [55].

9
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Figure 2.1: Map showing the distribution of termites worldwide[57]

It is believed that termites are descended from the Cryptocercus genus. A more

cautious approach, recommended by some scholars, would be to keep termites

classified as members of the cockroach order’s epifamily, the Termitoidae, which

maintains termites’ classification at the family and lower levels.

A more cautious approach, recommended by some scholars, would be to keep ter-

mites classified as members of the cockroach order’s epifamily, the Termitoidae,

which maintains termites’ classification at the family and lower levels. Fossils of

social insect nests resembling termite nests are also found in the Morrison Forma-

tion. The oldest known faecal pellets were found in West Texas during the Upper

Cretaceous, which is also thought to be the source of the oldest termite nest ever

found [56].

There has been debate about claims that termites first appeared.for example,

F. M. Weesner said that fossilised wings discovered in Kansas’ Permian layers

resemble the wings of Mastotermes, the oldest ancient living termite, and that

the Mastotermitidae termites may have evolved 251 million years ago in the Late

Permian. It’s even plausible that term‘ites evolved in the Carboniferous Period.

It’s even plausible that term‘ites evolved in the Carboniferous Period [57].
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Figure 2.2: Termites evolution [58]

Since only Mastotermes has folded wings that resemble the folded wings of the

fossil wood roach Pycnoblattina, which are organised in a convex pattern between

segments 1a and 2a, all Paleozoic and Triassic insects tentatively classified as

termites are thought to be unrelated to termites and should be removed from the

Isoptera.

Other studies suggest that termites have a more recent origin, having split out dur-

ing the Early Cretaceous, from Cryptocercus. Since only Mastotermes has folded

wings that resemble the folded wings of the fossil wood roach Pycnoblattina, which

are arranged in a convex pattern between segments 1a and 2a, all Paleozoic and

Triassic insects tentatively classified as termites are thought to be unrelated to

termites and should be removed from the Isoptera [58]. Other studies suggest that

termites have a more recent origin, having split out from Cryptocercus sometime

during the Early Cretaceous. Several cockroach-like traits are unique to the pri-

mordial giant northern termite (Mastotermes darwiniensis), including its ability

to lay eggs in rafts and its anal lobes on its wings [59].
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It has been suggested that the clade ”Xylophagodea” include the Isoptera and

Cryptocercidae. Though they are frequently called ”white ants,” termites and

ants share a basic evolutionary trait in that they are social insects. Convergent

evolution made termites the first social insects to create a caste structure more

than 100 million years ago. In comparison to other insects, termite genomes

are typically rather large. Zootermopsis nevadensis’s genome was the first to be

completely sequenced and was released in the journal Nature Communications.

Zootermopsis nevadensis’s genome was the first to be completely sequenced and

was released in the journal Nature Communications. It is approximately 500 Mb

in size. Two subsequent published termite genomes are of Macrotermes natalensis.

and Cryptotermes secundus, which weigh about 1.3 gigabytes more [60].

2.1 Distribution of Termites

Termites are found around the world, mostly in tropical rainforests close to the

equator, and they can be found in both northern and southern latitudes. The

Eastern Hemisphere has a higher diversity of termite species than the Northern

Hemisphere, and some of these species are found in hilly areas up to 2000 meters

above sea level, suggesting a wider range than the Western Hemisphere [61].

With the exception of Antarctica, termites are found on every continent, demon-

strating their extensive worldwide existence. They grow well in tropical and sub-

tropical climates with warm temperatures, as well as warm, humid lowland and

coastal locations [62]. Equatorial rainforests usually exhibit the highest termite

diversity, with diversity falling as latitude increases.

Termite species vary in terms of their diversity and propagation significantly be-

tween continents: North America: Approximately 50 species. Europe: Only ten

recognized species. South America: Over 400 recognized species. Asia: 435

species, predominantly found in subtropical and tropical regions south of the

Yangtze River. Africa: Over 1,000 of the 3,000 identified termite species, ex-

hibiting a diverse ecological distribution [63].
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Figure 2.3: Classification of temites [16]

Based on ecological distribution and species composition, seven termitesgenera

Macrotermes, Microtermes, Odontotermes, Amitermes, Angulitermes, Microceroter-

mes, and Trinervitermes have been found in Ethiopia’s central rift valley. Trinerviter-

mes and Angulitermes were uncommon and restricted to particular areas, but the

first five taxa were widely distributed over the whole study area [64].

The global distribution and diversity of termites underscore their adaptability to

various environments. This extensive distribution pattern is crucial for under-

standing their ecological roles and impacts across different regions.

This study investigates termite populations across various land use types, the

study conducted in westren Ethiopia revealed the distribution through cropland,

rangeland and protected areas, using defined belt transects and corn stalk baits

[65]. The level of human cultivation differed among these land use types, with pro-

tected areas being the least disturbed, followed by cropland and rangeland. This

variability raises concerns about the potential decline of certain termite species

due to agricultural and animal grazing practices.
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The ecological characteristics of the sampled areas influenced the frequency of ter-

mite occurrences, and the forms of land use impacted the distribution of specific

termite genera. Macrotermes was detected 20 times (32.8%) out of 61 occurrences,

with 10 of these occurrences (16.4%) specifically on rangelands. Each land use

type hosted Macrotermes, Microcerotermes, Amitermes, and Microtermes. Mi-

crotermes were more prevalent in croplands, Microtermes in protected areas, and

Macrotermes in pastures [66].

Table 2.1: Percentage of occurance of different termite species in seven forest
of Punjab [67]

Names of species Percentage

H indicola 6

C heimi 2

O obesus 15.5

O hora 10

O gurdaspurensis 5

O guptai 10.5

O assmuthi 3.5

M pakistanicus 7.5

M mycophagus 13.5

M unicolar 5.5

M obesi 19

B beesoni 2

In the Manasibu region of western Ethiopia, the research aimed to determine

the prevalence of termites and their impact on key pastures and crop s. The

study revealed that 40 percent of the 150 samples examined were Microtermes

species. Specifically, 45 termite samples showing damage were collected from 15

different corn fields. About 15 termite samples from six genera Trinervitermes,

Ancistrotermes, Macrotermes, Microtermes, Odontotermes, and Trinervitermes

were collected from pastureland [67].
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The study the impact of termite diversity on land use and distribution. The

findings suggest that agricultural and grazing practices may impact termite pop-

ulations, with potential implications for ecosystem health and agricultural pro-

ductivity. Understanding these patterns is crucial for developing sustainable land

management strategies that protect termite diversity and ecosystem functions [68].

Figure 2.4: Termite classification based on habitats [28]

Microtermes termites are commonly found infesting matu re teff roots, with an

occurrence rate of 37.5%. They are also prevalent in the roots and stems of

corn and sorghum, with occurrence rates of pseudodacanthotherms at 17.8% and

macroterms at 24.4%. Microtermes termites are characterized by their absence of

visible mounds and exhibit a seasonal pattern, becoming more active during the

cold dry season and emerging from the ground as the dry season is coming to a

close and the rains start. Their tunnels and feeding sites may be disrupted by

intense rainstorm events, which helps to maintain control over them [69].

2.2 Species Distribution

Termites are commonly distributed worldwide, particularly in tropical rainforests

near the equator, spanning both northern and southern latitudes [70]. The Eastern
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Figure 2.5: Types of termites based on food [23]

Hemisphere harbors a greater diversity of termite species compared to the North-

ern Hemisphere. In the Northern Hemisphere, numerous termite species have been

identified, with biodiversity levels higher than those found in the Southern Hemi-

sphere. Some species have even been discovered at elevations up to 2000 meters

in Eastern Hemisphere mountains, where their dispersion is more extensive than

in the Western Hemisphere [71].

Termites are found on every continent except Antarctica, indicating a widespread

global distribution of species [72]. They thrive predominantly in tropical regions,

subtropical zones, and areas with warm climates, favoring warm and moist low-

lands as well as coastal regions . Their highest diversity of species is typically

observed in equatorial rainforests, with their presence generally decreasing as one

moves towards higher latitudes.

The diversity and distribution of termite species vary significantly between conti-

nents and even among countries. In Europe, for instance, there are ten identified

species, whereas North America hosts around 50 species [73]. South America

stands out with a particularly high diversity, boasting over 400 known species. In

Asia, specifically in China, there are 435 termite species, predominantly found in

mildly regions that are tropical or subtropical south of the Yangtze River. Of the

roughly 3,000 species of termites that are identified worldwide, about 1,000 are

found in Africa, which indicates a varied ecological distribution of their mounds

[74].

In Ethiopia’s central rift valley, the ecological distribution and species compo-

sition of termites revealed the presence of there are seven genera: Microtermes,
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Figure 2.6: Isopteran phylogenetic tree [73]

Odontotermes, Amitermes, Microcerotermes, Trinervitermes, and Macrotermes.

Trinervitermes and Angulitermes were found in limited numbers and restricted to

specific locations, whereas the first five taxa were widely distributed across the

surveyed area [75].

Researchers retrieved termites from a variety of land-use types, including farm-

lands, rangelands, and protected lands, using defined belt transects and maize stalk

baiting. Humans managed these land-use groups to varying degrees; protected

lands saw the least amount of disturbance, followed by rangelands and farmlands.

This differentiation suggests that certain termite species could be experiencing

declines due to agricultural cultivation and grazing by livestock. According to a

theory, termite colonies might face starvation if the grass and straw consumed by

livestock are removed [76].
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The abundance of termites varies significantly based on the ecological characteris-

tics of the regions studied, particularly influenced by the type of land use. Among

the 61 occurrences recorded, Macrotermes was found 20 times (32.8%), with 10 of

these occurrences (16.4%) in rangelands in particular, out of a total of 20 instances

. All land-use kinds included Macrotermes, Microcerotermes, Amitermes, and Mi-

crotermes. Macrotermes were predominantly observed in rangelands, Microtermes

in agricultural areas, and Microcerotermes in protected regions [77].

Table 2.2: Taxanomical classification of termites [78]

Sr no. Particulars of classification Name of the Order/Family

1 Order Balttoda

Infraorder Isoptera

Family Cratomastotermitidae

Mastotermittidae

2 Parvorder Euisoptera

Termopsidae

Archotermopsidae

Family Hodotermitidae

Stolotermitidae

Kalotermitidae

3 Nanorder Neoisoptera

Archeoorhinotermitidae

Stylotermitidae

Family Rhinotermitidae

Serritermitidae

Termitidae

In Manasibu district, west Ethiopia, the impact of termites on important farm

crops and rangelands was evaluated. Among 150 samples assessed, Microtermes

species accounted for 40%. Specifically, 45 termite samples were collected from

damaged maize in fifteen fields, while 15 termite samples were obtained from
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rangelands. These samples represented six genera: Trinervitermes, Ancistroter-

mes, Macrotermes, Microtermes, Odontotermes, and Trinervitermes [78].

Microtermes is frequently found infesting the roots and stems of maize, as well as

the stalks of sorghum, with an occurrence rate of 37.5% at the base of matured

teff roots. Trinervitermes and Macrotermes have occurrence rates of 24.4% and

17.8%, respectively, in these crops.

Microtermes, being moundless termites, exhibit a preference for seasonal activity

especially during the beginning and closing phases of the wet and dry seasons,

respectively, particularly in colder climates.

Following the initial raindrops, these termites swiftly emerge from the soil. Intense

rainstorms can effectively control termite populations by washing away their tun-

nels and feeding sites [79].

Reticulitermes flaviceps was first discovered and named in Taipei, Taiwan. Subse-

quent evaluations, taking into account factors like population size, behavior, and

colony structure, have identified it as the most populous species [80].

R. flaviceps is distributed across several provinces in China, including Anhui,

Hubei, Yunnan, Sichuan, Shaanxi, Guizhou, Zhejiang, Guangdong, Hunan, Guangxi,

Jiangxi, and Zhejiang [81].

Figure 2.7: Termites Mounds showing the infestation of termites [27]
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2.3 Bibology/Morphology

From a phylogenetic viewpoint, termites can be classified into two main groups:

primitive and metamorphic, distinguished by their external features [82]. De-

spite variations in the appearance of soldiers, which at times resemble scorpions,

the fundamental morphology of their thorax and head remains largely unchanged

among workers and reproductive members. Termites are generally small, vary-

ing in length from 4 to 15 mm, and display a range of colors from white to tan,

occasionally appearing black [83].

Changes in morphology, particularly in the heads and thoraxes of soldiers, serve

as significant indicators for classification and recognition [84]. For example, the

transparent upper lip of Reticulitermes chinensis is sharply pointed, resembling a

needle, whereas in R. flaviceps it is slender, akin to a snail. Alates, the winged

reproductive individuals of R. flaviceps, display a gray-yellow structure on the

anterior thorax [85].

Figure 2.8: Morphology of termites [87]

Termites stand out among social insects for their unique characteristic of having

both female and male members. Some develop wing buds that gradually grow



Literature Review 21

larger. Nymphs mature into fully winged adults, destined to become upcoming

monarchs and queens. These termites’ range in color from black to pale brown,

with opaque grey to black on their wings. Events that swarm occur at varying

times depending on the species but generally follow rainfall. Termites, along with

the extensive mud structures they construct, are prominent in tropical environ-

ments. These formations function as natural air-conditioning systems and can

house millions of individual termites [86].

Termites can be categorized based on their reproductive roles into two groups: non-

reproductives, which include soldiers and workers, and reproductive, consisting of

the queen and king. The distinguishing features of the primary reproductive are

used as criteria for their classification [87].

On the other hand, secondary reproductives, which originate from older adult

nests, differ from primary reproductives. Because they reproduce and lay eggs

after molting (ecdysis), they are essential to the colony’s growth [88].

2.4 Ecology of Termites

Termites are categorized into three primary ecological groups: subterranean, dry-

wood, and dampwood termites, each exhibiting unique ecological behaviors and

habitat preferences. Australia recognizes Cryptotermes Brevis as an invasive

species of drywood termites. Both drywood and subterranean termites feed on

decomposing plant debris, such wood and leaf litter structures, soil, crops, forests,

and plantations, utilizing their gnawing mouthparts. These termites pose risks

to various objects including buildings, documents, artworks, literature, flooring,

carpets and clothing [89].

Subtereanen termites, social insects that establish colonies underground, primarily

consume dead tree matter and avoid living trees. They dominate tropical and

subtropical habitats between approximately 50 degrees north and south latitudes,

boasting significant biomass. Termites are adept at constructing diverse mound
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Figure 2.9: Identification keys of subtereanen termites[90]
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and nest structures to support their colonies. Ground-dwelling termites build tall

mounds, while arboreal termites nest in trees.

Termites are adept at constructing diverse mound and nest structures to support

their colonies. Ground-dwelling termites build tall mounds, while arboreal termites

nest in trees, using their structures to control condensation, conserve water, and

shelter eggs and developing larvae in deep brood chambers [90].

Termite mounds in tropical savannahs exhibit considerable size and shape vari-

ation. Some species construct exceptionally large mounds reaching up to nine

meters in height, predominantly found in densely forested areas with typical cone-

shaped structures measuring two to three meters in diameter. These mounds dis-

play diverse morphologies, including sculpted hard earth forms, irregular domes

or cones adorned with woody plants and grasses [91].

2.5 Life Cycle

The termite life cycle encompasses three castes: workers, soldiers, and repro-

ductives. Originating from eggs, termites progress through developmental stages

including larvae, nymphs, soldiers, and eventually reproductive adults, facilitating

a division of labor typical in social insect societies.

Pheromonal, environmental and social cues collectively influence caste differenti-

ation, determining whether a larva develops into a worker, soldier, or secondary

reproductive. Larvae undergo multiple molts before adulthood, typically three

times. Newly emerged individuals from termite eggs are known as larvae, which

bifurcate into workers or soldiers [92].

The termite larva has two potential paths that determine its life cycle outcome. It

may mature into a worker or soldier, fulfilling its role until death. Alternatively, it

can develop into a secondary reproductive or reproductive alate, which may then

become a queen or king to initiate a new colony. Queen termites have the longest

lifespan, averaging about 25 years. In contrast, the lifespans of other termite castes

range from 12 to 24 months [93].
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Figure 2.10: Life Cycle of termites [93]

Figure 2.11: Queen, Soldier and worker in termites [94]
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2.6 Reproduction of Termites

Termites, like many other species, reproduce to ensure the continuity of their gen-

erations. Thousands of termites gather in huge groups during the summer months,

led by the king and queen, in search of a mate [94]. The king and queen perform

a courtship dance after selecting a suitable companion before establishing their

individual colony. When the fertilized queen is ready to lay eggs and start creat-

ing new termites, the male, or king, helps her. During the queen can lay during

her first year of laying hundreds or thousands of eggs every day [95]. The termite

king and queen care for the colony’s initial generations jointly until there are suffi-

cient young animals or workers. The pheromones and temperature conditions that

termites are exposed to determine how they will develop into soldiers or workers

when they hatch [96]. Because they are responsible for feeding young, maintaining

colony calm, and foraging, workers are crucial to the division of labor within the

colony.

Soldiers and workers who are infertile and unable to reproduce can be either male

or female [97]. The population of the termite colony gradually increases over a

period of five years. At this point, the queen gives birth to new members of the

colony, who become the first reproductive adults. When they reach adulthood,

these reproductive salads prepare to swarm and leave the nest in the summer to

start new colonies. Through this reproductive cycle, termite colonies continue to

spread and become established [98].

2.7 Termite Mating Behavior

Termites undertake group flights as adults to reproduce, leaving their original

colony to establish new ones where they lay eggs and raise additional offspring

[99]. The dispersal process is influenced by several variables including humidity,

temperature, barometric pressure, and seasonal variations. Male reproductive

termites usually accompany females on these flights as they shed their wings. The
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Figure 2.12: Taxonomical features of solider termites [98]

formation of tandem pairs of kings and queens is a crucial genetic behavior for

termites in establishing new colonies [100].

When the king builds a new nest, the queen is crucial in choosing a good place to

build the nest. Each year, hundreds of individuals are released from established

colonies by R. flaviceps . Once a colony is established, alates locate females,

form partnerships, lose their wings after flight, and engage in tandem activities

to reproduce, lay eggs, and hatch. Through contact with the female’s abdomen,

the male initiates the tandem activity. To separate and begin building the first

colony, the female independently looks for a suitable nesting site. It begins with

dispersal flights and matures over an indefinite period [101].
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2.8 Termite Parthenogenesis

During sexual reproduction, insect eggs are activated when meiosis is completed,

and the sperm and egg nuclei fuse [102]. In some insects, parthenogenesis allows

eggs to develop without fertilization [103]. Successful bonding between male and

female is crucial for the regular functioning of the colony and directly impacts

the survival rate of female offspring [104]. Although parthenogenetic reproduction

has adaptive advantages, sexual reproduction is often considered more beneficial

because it achieves similar results with twice the effort [105]. Genetic and develop-

mental factors limit parthenogenesis resulting in generally lower offspring survival

compared to sexual reproduction [106].

Certain reproductive termites also use asexual reproductive techniques, although

parthenogenesis is only present in a small number of isopteran species [107]. Asex-

ual queen succession (AQS), a distinct process of termite parthenogenesis, has

been observed in several termite species, including R. verginicus, R. verginicus,

Cavitermes tuberosus, and Embiratermes neotenicus. Parthenogenesis is referred

to as “terminal fusion” in lower termites but as “central fusion” in higher termites

[108]. R. verginicus exhibits the phenomenon of asexual queen succession, which

leads to the production of unfertilized eggs despite the lack of an egg incubation

phase [109].

Many studies revealed the external morphology, cleavage, and Using laser scanning

and a digital microscope, the development of embryo of fertilized and unfertilized

eggs in two termite species R. verginicus and R. aculabialis was studied. Within 24

to 48 hours, significant differences in the cleavage, number of nuclei, size, breadth,

and density were seen, offering insight into both of these termite species’ egg

development processes [110].

Using laser scanning and digital imaging, researchers examined the embryonic

development of viable and unfertilized eggs in R. aculabialis and R. verginicus.

The findings, which shed light on both types of egg formation, revealed striking

variations in breadth, size, number of nuclei, volume, and cleavage within 24 to

48 hours [111].
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2.9 The Hybridization of Termites

Hybridization, a reproductive behavior involving the genetic mixing of offspring

from two termite species with different genetic backgrounds, results in the offspring

inheriting traits from both parents. This genetic diversity, demonstrated by hybrid

compounds’ ecological compatibility and success, aligns with emerging economic

factors [112]. Hybrid populations in heterozygous regions show favorable ecological

and evolutionary outcomes compared to their parental populations [113]. For

instance, the union of the two species of fire ants, Solenopsis richteri and Solenopsis

invicta in the southern United States results in progeny with dominant traits

contributing to their wide distribution [114].

In plants, hybridization enhances adaptability to challenging conditions, producing

offspring that are more resilient to stress, develop, adapt, and survive better than

their parents [115]. Hybridization typically occurs at the boundaries of neighboring

populations in different biological zones, supported by dispersal flights and the

spread of the hybrid genome during shared periods [116]. This results in new

phenotypes adapted to their natural habitats, especially in restricted and mixed

areas where interbreeding is common [117].

Gene connections between local populations, including parasite interactions be-

tween herbivorous arthropods, have been documented [118]. This interaction

can involve an invading species and a native species or two native species [119].

The combination of genes through hybridization produces unique individuals dis-

tinct from their ancestors, increasing the likelihood of adaptation and survival

for parental populations [120]. Reproductive isolation, including prezygotic and

postzygotic barriers, plays a crucial role. Prezygotic isolation factors, such as

morphology, diet, breeding season, location, and ecology, determine compatibility

for mating and fertilization [121]. Postzygotic hurdles include gamete isolation,

developmental problems, early embryonic mortality, infertility in hybrids, and

challenges in acclimatization and adaptation to hybrid life.

In termite colonies, limited interaction between soldiers and workers from different

colonies has been observed, leading to resource hostility and interspecies rivalry
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[122]. Termites with proliferating wings, called alates, compete with other species

[123]. Many organisms, including termites like R. verginicus and Zootermopsis

nevadensis, undergo hybridization; the timing of the dispersal flight season is cru-

cial for the outcomes of these hybridization events [124].

2.10 Swarming

Adult winged termites, disperse at fixed distances from established colonies to

establish termite colonies [125]. After molting, alates spend some time in specific

chambers outside the nest until they take to the skies, typically signaled by high

humidity combined with climatic conditions unique to their species [126]. Alates

are attracted to light during mating flights, are protected by soldiers at exit holes,

and rely on the wind to move, mate, shed wings, and establish new colonies [127].

Copulation and sperm storage take place in a nuptial chamber created by couples

and sealed with feces and saliva [128]. Termite colonies then produce worker and

soldier castes from young nymphs, which build complex social structures based on

the demands of the colony, the environment and nutrition. Given the differences

in colony sizes between termite groups, the transition from reproductive care to

worker and soldier tasks is critical to understanding termite colony dynamics [129].

2.11 Organization of Insect Mitochondrial

Genome

The mitochondrial genomes of insects have been more extensively studied than

those of any other group of invertebrates. So far, the complete mitochondrial

genomes of 15 insect species have been sequenced. Circular, double-stranded DNA

molecules, these genomes range in size from 14,503 bp to 19,517 bp [130] (Fig.

2.12).
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Figure 2.13: Structure of the Mitochondrial Genome of Insects [120]

Standard techniques were used to barcode a total of 60,273 insects [131]. With

sterile forceps, a larger specimen’s leg was extracted and put in a well that had

been loaded with 30 µl of 95% ethanol. Vouchers were retrieved following DNA

extraction from smaller versions already mounted on plates and ready for exami-

nations [132].

At the Canadian Centre for DNA Barcoding (CCDB), DNA extraction, PCR am-

plification, and sequencing were carried out in accordance with recognized meth-

ods. Sanger sequencing was used to sequence 73% of the specimens, and SMRT

sequencing on a Sequel platform was used to examine the remaining specimens.

The Big Dye Terminator Cycle Sequencing Kit (v3.1) was used for Sanger sequenc-

ing on an Applied Biosystems 3730XL DNA Analyzer [133].

Before being submitted to BOLD, sequences were put together, aligned, and modi-

fied via CodonCode Aligner. SMRT sequencing according to Hebert et al. (2018)’s

guidelines. Following sequence trimming, quality filtering, de-replication, and

identification, the resulting sequences were uploaded to mBRAVE for the creation

of operational taxonomic units (OTUs) and modification [134]. After editing,

the sequences were exported to BOLD for reference library construction and BIN

assignment. The ”DS-INSCTPAK” collection contains the specimen records, se-

quencing data, electropherograms, and primer details. Every DNA extract is kept

in the CBG’s DNA archive facility [135].



Literature Review 31

2.12 Termites as Edible and Medicinal Values

Complex interactions, including harmonic and antagonistic ties, between humans

and other animals have been documented from ancient times [136]. This condition

is exemplified by termites, which can have substantial economic harm in both rural

and urban areas. In addition, they are used as a source of popular medicine and as

sustenance for humans and livestock by people from all over the world. Given that

insects make up the largest group of species in nature and are therefore a major

source of food for humans, Significant biomass is not surprising [137]. Insects

are considered as essential natural resources and constitute a staple of meals for

humans and other animals [138].

They are also frequently utilised as a source of pharmaceuticals [139]. The his-

tory of human nutrition in Africa, Asia, and Latin America has been significantly

influenced by entomophagy, or the practice of consuming insects [140].

Insects are also used extensively by humans for medical purposes, including en-

tomotherapy. The widespread negative image of termites can occasionally con-

ceal their ecological significance as intermediaries in the breakdown of organic

plant matter and as agents influencing soil formation, energy, and nutrient flows—

particularly in tropical forests [141]. It is important to note that termites are fre-

quently employed insects in traditional popular medicine from a utilitarian stand-

point [142].

They are used to treat many different human diseases, such as whooping cough,

sinusitis, tonsillitis, influenza, bronchitis, asthma, and hoarseness [143]. Further-

more, because they are considered a nonconventional meal with significant eco-

nomic and social value, these creatures have traditionally been an essential source

of food that may help improve human diets, especially for those who suffer from

malnutrition owing to a lack of protein [144].

In many parts of the world, they have been ingested for centuries; in recent years,

this practice has become more and more common [145]. Although termites are
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beneficial to humans and livestock in terms of nutrition and medicine, their most

well-known function is that of a plague, with very little practical use [146].

Table 2.3: Termite species used as food or feed [147]

Species Use Country/Region

Hodotermes mossambicus Feed Botswana

Macrotermes michaelseni Food Malawi

Kalotermes flavicollis Food Brazil, Thailand

Coptotermes formosanus Food China

Microhodotermes viator Food South Africa

Reticulitermes tibialis Food Mexico

Cubitermes atrox Food Indonesia

Labiotermes labralis Food Colombia

Macrotermes acrocephalus Food China

Reticulitermes flavipes Food Thailand

Macrotermes barneyi Food China

Macrotermes bellicosus Food Many African countries

Macrotermes falciger Food Southern Africa

Macrotermes gabonensis Food Congo

Macrotermes annandalei Food China

Macrotermes herus Food Tanzania

Macrotermes lilljeborgi Food West Africa

Macrotermes gilvus Food Southeast Asia

Macrotermes natalensis Food Central Africa

Macrotermes nobilis Food West Central Africa

Macrotermes renouxi Food Cameroon

Macrotermes subhyalinus Food Sub-Saharan Africa

Macrotermes vitrialatus Food Zambia

Nasutitermes surinamensis Food Venezuela

Odontotermes feae Food India

Microcerotermes dubius Food Malaysia

Microcerotermes serrula Food Malaysia
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Table 2.3 continued from previous page

Species Use Country/Region

Nasutitermes corniger Food Venezuela

Nasutitermes ephratae Food Venezuela

Nasutitermes macrocephalus Food Venezuela

Odontotermes badius Food Southern Africa

Odontotermes capensis Food South Africa

Macrotermes muelleri Food West Central Africa

Odontotermes formosanus Food Asia

Odontotermes kibarensis Food Uganda

Odontotermes yunnanensis Food China

Pseudacanthotermes militaris Food East and Central Africa

Pseudacanthotermes spiniger Food Central and East Africa

Syntermes spinosus Food South America

Syntermes aculeosus Food South America

Syntermes parallelus Food Colombia

Syntermes tanygnathus Food Colombia

Termes fatalis Food Guyana, Indonesia

Termites serve a significant purpose, as evidenced by their usage as a medici-

nal resource. Evidence of the separated products’ antibacterial action from these

creatures have been documented, including peptides that had antifungal and an-

tibacterial properties that were extracted from Pseudocanthotermes spiniger, such

as termicine and espinigerine [148].

Based on the data that have been obtained, Nasutitermes macrocephalus (Silvestri,

1903) is widely utilised to treat a wide range of ailments. Antimicrobial peptide

synthesis is a capability of Nasutitermes termites, according to research on their

molecular biology [149].In this regard, termites suggest that these creatures should

be further studied from a pharmacological standpoint because to their extensive

usage in traditional medicinal systems globally.
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Termites’ medicinal activity may help to elevate these creatures, whose detrimen-

tal traits linked to the harm they inflict on people are frequently emphasised.

Nasutitermes corniger and its nest are potentially useful natural materials for an-

tibacterial treatment, according to Chaves et al. [150]. From a wider angle, insects

have great promise as a source of compounds with medical use [151].

Table 2.4: Termite species used in traditional folk medicines [152]

Termite Species/-

Family

Use Treated Diseases Country

Hodotermes mossambi-

cus (Hagen)

Child malnu-

trition

Not specified Zambia

Macrotermes nigeriensis

(Sjoestedt)

Various

(medicine,

rituals)

Not specified Nigeria

Macrotermes bellicosus

(Smeathman)

Wound treat-

ment

Suturing wounds Somalia

Microcerotermes exiguus

(Hagen)

Respiratory Asthma, bron-

chitis, influenza,

whooping cough

Brazil

Nasutitermes corniger

(Motschulsky)

Respiratory

and Antibac-

terial

Asthma, cough, flu,

sore throat

Brazil

Nasutitermes macro-

cephalus (Silvestri)

Respiratory Asthma, coughs, si-

nusitis, sore throat

Brazil

Pseudacanthotermes

spiniger (Sjoestedt)

Antibacterial

and Antifun-

gal

Not specified Brazil

Odontotermes feae (Was-

mann)

Respiratory Asthma India

Odontotermes for-

mosanus (Shiraki)

Various

(medicine

and health)

Ulcers, pain relief,

rheumatism

India
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2.13 DNA Barcoding

DNA barcoding was first described by Hebert et al. (2003). It is based on am-

plification of a 648-base pair (bp) section of the mitochondrial gene cytochrome c

oxidase subunit 1 (COI) using certain primers [153]. This method leverages genetic

diversity within this region to swiftly identify and classify organisms. This makes

it possible to identify a variety of biological materials quickly and accurately [154].

Following that, the Barcode of Life initiative was put up to promote DNA bar-

coding as an international standard for eukaryotic sequence-based identification.

The Consortium for the Barcode of Life (CBOL) was formally founded in 2004

with the goal of generating a comprehensive DNA barcode library and standard-

izing DNA barcoding technology [155]. The standard barcodes for plants are the

two parts of chloroplast DNA known as maturase K and mature-bisphosphate

carboxylase; other regions are called supplementary barcodes. The mitochondrial

genome contains a variety of markers that are used to differentiate between dif-

ferent species. The COI region has proven to have enough data to categorize

organisms down to the species level [156]. This study primarily focused on the

molecular characterization of different species of Passeriformes from various re-

gions of Pakistan using the COI gene [157].

The COI region of the mitochondrial genome is a short segment (∼600-800 base

pairs) located at the 5’ end of the mitochondrial gene. It serves as a DNA barcode

for identifying animal species [158]. This region is highly effective for extracting

information from small samples because each cell contains a large number of mi-

tochondrial copies [159]. A eukaryotic cell harbors over 1,000 mitochondria, each

containing approximately 10 copies of the mitochondrial genome. This contrasts

sharply with the nuclear genome, suggesting that a cell may possess more than

10,000 mitochondrial genome copies [160].

Because of this, it is easier to recover enough mitochondrial DNA (mtDNA) even

from small amounts of tissue, including non-invasive samples or materials that are

dried or decayed in the field. Therefore, a small quantity of mitochondrial DNA

sequence obtained from decayed, deceased, or denatured specimens is adequate for
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amplifying the COI sequence to differentiate between species [161]. The COI gene

can be efficiently t amplified with universal primers and Polymerase Chain Reac-

tion (PCR) that are compatible across diverse taxa [162]. In DNA-based species

identification systems, standardized techniques for DNA extraction, gene ampli-

fication (PCR), and sequencing are employed to identify any unknown organism

using an extensive collection of all Earth’s known creatures [163].

With a short, homogeneous part of the genome sequenced, the molecular barcoding

approach rapidly and accurately identifies species by focusing on the mitochondrial

gene cytochrome c oxidase subunit 1 (COI) [164]. Insects may be identified using

this DNA-based method at any stage of development, from egg to adult. Com-

plementing traditional morphological taxonomy. In agricultural settings, DNA

barcoding enables real-time detection of invasive species through regular monitor-

ing, facilitating timely implementation of control and prevention measures before

populations become uncontrollable [165]. DNA barcoding also establishes a stan-

dardized identification system for commercially used biocontrol agents, ensuring

accuracy in species identification and consistency among agents marketed as be-

longing to the same species [166]. Insect tissue samples are obtained for DNA

sequencing in order to set up a DNA barcoding system, and morphological vouch-

ers in the form of finely detailed pictures of original specimens are used. DNA

barcode sequences are safely kept in a dedicated database along with these pho-

tos and the related identification and collection data [167]. A reference library

of COI barcode sequences associated with names and photos of known species is

produced as a result of this approach. By cross-referencing unknown specimens’

COI sequences with the database, it is possible to identify them rapidly. Build-

ing a DNA barcoding system requires having an extensive reference library with

all known sequences of cytochrome c oxidase subunit 1 [168]. DNA barcode data

can be found universally in the Barcode of Life Data Systems (BOLD) web-based

platform, which also offers data analysis tools. Strict uniformity of methodology

and data management procedures is essential for the long-term viability of DNA

barcoding projects [169].

In Pakistan, which spans diverse biomes and intersects major biogeographic realms,
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its varied physiography and climate foster a rich fauna diversity. Despite hosting

over 5,000 insect species, comprehensive taxonomic assessments have been limited

by a shortage of taxonomists and the presence of many undescribed species [170].

Traditional morphological approaches face challenges in scaling up to accurately

estimate species diversity in Pakistan, a global issue [171].

To address these challenges, DNA barcoding was employed to assess insect diver-

sity across Pakistan. Between 2010 and 2019, specimens from 1,858 sites were

analyzed for sequence variation in the cytochrome c oxidase 1 (COI) gene’s 658

bp barcode region [172].

Through sequence analysis, we were able to classify about 49,000 specimens into

6,590 Barcode Index Numbers (BINs), which are proxies for species identification.

For the bulk (88%) of these BINs, sample photos were available in the Barcode of

Life Data System (BOLD) [144]. Each BIN was allocated to one of 19 orders by

combining morphological evaluations and barcode comparisons on BOLD; nearly

all (99.8%) of them were also grouped into one of 362 families. However, just 40%

of the BINs (1,375) could be identified at the genus level, and 21% (1,364) could

be identified at the species level [173].

Coleoptera, Diptera, Hemiptera, Hymenoptera, and Lepidoptera were the five or-

ders that accounted for the majority of specimens and BINs (92%) [174]. currently,

Pakistan stands as the sole nation with over half of the world’s BINs (59%) while

reports of BINs have also come from Bangladesh (13%), India (12%), and China

(8%). As the first comprehensive DNA barcode assessment of insect fauna in any

South Asian country, this work provides the groundwork for a thorough inventory

of Pakistan’s insect species. It expands the global DNA barcode reference library

with important new data [175].

2.14 Applications of DNA Barcoding

Providing a shared pool of DNA sequences for the community to utilize for tax-

onomic classification, identification, and organism discrimination is the aim of
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DNA barcoding. [176]. This technique identifies and differentiates an organ-

ism from specific species, variations, or even inter-varieties using a brief genetic

marker found in its DNA. DNA barcoding uses an existing categorization to iden-

tify unknown samples, in contrast to molecular phylogeny, which finds patterns of

evolutionary relationships [177].

The mitochondrial gene cytochrome c oxidase I (COI) has been identified as the

cornerstone of an international system of animal bio-identification. DNA barcod-

ing for plants uses internal transcribed spacer (ITS) sequences from the nuclear

ribosomal cistron and chloroplast sequences. [178]. DNA barcoding is based on

a simple principle: identify one or a few DNA regions that can distinguish be-

tween the majority of Earthly species, and sequence these regions from a range of

samples to create a comprehensive reference library containing all known species.

DNA barcoding offers a novel method to biodiversity studies by utilizing both

existing molecular biology techniques and recent advances in bioinformatics [179].

Numerous uses for this technique exist, such as safeguarding biodiversity from

harm caused by alterations in the ecosystem and the illicit trade in wildlife [180].

Using a section of (COI) has shown extremely effective at differentiating species in

a variety of groups like fish, insects and birds, first DNA barcoding investigations

were conducted on animals [181]. A brief DNA sequence found in the COI gene

has recently been used to propose and show on a wide scale, the identification of

animal biodiversity using molecular markers [182]. These ”DNA barcodes” provide

a useful, standardized method for species-level identification, supporting ecological

and life cycle research, forensic analysis, and biodiversity assessment [183]. Kress

and Hebert et al. have made strong cases for the use of DNA barcoding as a useful

foundation for specimen identification [184].

A specific region of the mitochondrial COI gene was selected for animal identifica-

tion when DNA barcoding was first proposed [185], and later pilot investigations

have shown that it is broadly applicable in animal systems [186]. Species-level

molecular investigations have shown that the internal transcribed spacer (ITS)

region of the nuclear ribosomal cistron (18S-5.8S-26S) is the most commonly se-

quenced locus in plants [187]. This area has been proposed as a possible plant
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barcode locus and is extensively utilized by fungi and photosynthetic eukaryotes

(apart from ferns) [188]. Many phylogenetic investigations using ITS have proven

species-level differentiation and simplicity of use because of the quantity of se-

quence data currently available (36,000 angiosperm sequences were in Gene Bank

as of December 2004 [189].

Because of their extreme variability, insects especially those belonging to holomet-

abolous orders—have been the subject of multiple attempts to use molecular

markers to associate life stages [190]. Apart from the characteristics of stan-

dard non-barcode molecular markers, DNA barcoding provides benefits including

primer universality, information accumulation over a broad spectrum of taxonomic

groups, and interaction with taxonomy [191]. utilising non-barcode molecular

markers, as investigated by Kathirithamby et al. (2010) [192]. The investigation

on ecologically significant insect phenomena, like aphid host plant alternation and

the high sexual dimorphism and heterotrophic heteronomy of Strepsiptera, may

benefit from these benefits [193]. Useful for identifying prospective biological con-

trol agent candidates and evaluating their dangers is DNA barcoding [194]. Grow-

ing international trade has made it more likely that non-native pests may invade,

which emphasises the need of biological control agents that either consume or in-

fest pests [195]. Long-term feeding studies have historically been necessary for the

purpose of finding, vetting, and assessing the dangers associated with these drugs

[196]. However, using DNA barcoding to identify agents based on the contents of

their stomachs can streamline and optimise this process (Symondson) [197].

Because higher plants evolve their cytochrome c oxidase I genes at a far slower rate

than animal species, the COI sequence is inappropriate for the majority of plant

species [198]. A better genomic area for blooming plants’ DNA barcoding—or

that of the broader class of land plants—was found through experiments. In 2005,

some researchers advised using the nuclear internal transcribed spacer area and the

plastid trnH-psbA intergenic spacer, while others recommended regions like matK

[199]. A sizable consortium of experts in plant DNA barcoding suggested in 2009

that the standard plant barcode be derived from the combination of two chloroplast

genes, matK and rbcL [200]. It is expected that a COI -based identification system
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will yield improved taxonomic resolution when compared to morphological studies;

nonetheless, guidelines will be needed to address such concerns [201]. By storing

their knowledge before they leave the field, creating COI profiles can assist lessen

the loss of morphological taxonomists [202]. The identification of adult male and

female insects can be confirmed by DNA barcoding, which can also provide insight

into the basic ecology of vector insects, including their habitats and larval diets

[203].
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Materials and Methods

Figure 3.1: Methodology Flow Chart

41
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DNA barcoding of termites involves using a specific region of DNA to identify and

differentiate termite species.

The standard region used for DNA barcoding in animals is the cytochrome c

oxidase subunit 1 (COI) gene. Here’s a detailed methodology for DNA barcoding

of termites:

3.1 Methodology

DNA barcoding of termites involves using a specific region of DNA to identify and

differentiate termite species.

DNA barcoding of termites involves using a specific region of DNA to identify

and differentiate termite species. The standard region used for DNA barcoding

in animals is the cytochrome c oxidase subunit 1 (COI) gene. Here’s a detailed

methodology for DNA barcoding of termites:

3.1.1 List of Equipment

Vortex, sample storage bottles, PCR thermocycler, Microscope, Shaker, centrifuge,

homogenizer.

3.1.2 List of Apparatus

Petri dishes, micro-pipette, glass rods, Eppendorf, Reagent bottles, micro-pipette

tips, filter paper, para-film tape, gloves, test tubes.

3.1.3 List of Chemicals

Agarose Gel, Elusion Buffer, ChI Buffer, lysis buffer, MerC Solution, Wash Buffers

A&B, 70% Alchohol, Ethanol, TBE buffer, Ethedium Bromide.
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3.2 Sample Collection

The specified location is situated at an elevation of 737 meters (2,418 feet) above

sea level. The residential area with the infestation of termites was identified by

visual inspection. Termites were collected in September, which, while slightly

outside the peak swarming season of late spring to early summer, still provided

valuable insights.

3.2.1 Exterior Inspection

Foundation, walls, and external wood structures for signs of termite damage were

checked by looking for mud tubes, hollow-sounding wood, blistering in wood floor-

ing, and visible swarms of termites.

3.2.2 Interior Inspection

Once above-mentioned signs were confirmed then baseboards, walls, wooden fur-

niture inside the house for similar signs of termite activity were also inspected.

Termite specimens from various locations of area Tehsil Hattian Bala, District

Jhelum, valley Muzaffarabad, Azad Kashmir were collected in glass bottles.

Table 3.1: Tags for labelling of termite sample

No. Samples Area Sample ID

1 Sample 1 Muzaffarabad H3

2 Sample 2 Muzaffarabad Che1

3 Sample 3 Kotli 1

4 Sample 4 Kotli 2

5 Sample 5 Jhelum valley J1

6 Sample 6 Jhelum valley J2

Bottles were properly labelled with collection sites, date and area. Samples were

preserved in 95-100% ethanol/freeze them at -20oC or -80oC until DNA extraction.
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Figure 3.2: Specimen of termites used for Sequencing
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Figure 3.3: Termites specimen

3.3 DNA Extraction

Termites were washed well with distilled water. After that, 5-6 termites were

picked using a sterilized wire loop and thoroughly crushed with a tissue homoge-

nizer in an Eppendorf tube.500 µL of pre-warmed lysis buffer (60-65oC) was added,

followed by 10 µL of Reagent D, 20 µL of Reagent K, and 1.6 µL of MerC Solu-

tion.The sample was incubated at 60-65oC for 1-2 hours for bacterial samples, and

overnight for tissue samples.700 µL of ChI Buffer was added, and the mixture was

centrifuged at 13,000 rpm for 10 minutes.

The aqueous layer was collected in a new tube and 950 µL of Wash Buffer A was

added. After another centrifugation at 13,000 rpm for 15 minutes, the supernatant

was discarded, and 500 µL of Wash Buffer B was added to the pellet. The sample

was then centrifuged at 8,000 rpm for 5-10 minutes. The supernatant was dis-

carded, the pellet was air-dried, and 40-45 µL of Elution Buffer was added. The

pellet was incubated for 10-15 minutes at 60oC to dissolve. The DNA was then

stored at -20oC.
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3.4 Quantification of DNA

The extracted DNA was quantified using a Nanodrop spectrophotometer to de-

termine the amount of DNA in the samples. As organic compounds exhibit char-

acteristic absorption, the nitrogenous bases in DNA show strong absorption at a

wavelength of 260 nm.

Table 3.2: Quantification of DNA

S. No. Sample ID ng/µL 260/280

1 H3 279 1.77

2 Che1 504 1.76

3 1 261 1.67

4 2 249 1.96

5 J1 376 1.95

6 J2 312 1.21

3.5 PCR Amplification

3.5.1 Primer Selection

Universal COI primers for insects, given below was used:

F’ ACGAAATCCACAACCCAACA

R’ GTGTGGCGTCTGTTTTCACT

Following PCR reaction mixture was used

• Template DNA: 1-2 µL

• Forward primer (10 µM): 1 µL

• Reverse primer (10 µM): 1 µL

• PCR buffer (10X): 2.5 µL
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• dNTP mix (10 mM each): 0.5 µL

• Taq DNA polymerase: 0.25 µL

• MgCl2 (25 mM): 1.5 µL

• Nuclease-free water: up to 25 µL

• Total Master mix: 19.7 µL

3.5.2 PCR Cycling Conditions

• Initial denaturation: 94oC for 3 min, 35 cycles of:

• Denaturation: 94oC for 30 sec

• Annealing: 48-52oC for 30 sec

• Extension: 72oC for 1 min

• Final extension: 72oC for 5 min

• Hold: 4oC

3.6 Gel Electrophoresis

Purified PCR products were run on 1.5% Agarose gel. 30ml of 1.5% gel was

prepared by adding 0.45g of Agarose in 1× TBE buffer. Solution was then heating

for 1 minute in microwave and cooled down a bit before adding 5µl Ethidium

Bromide. 2µl PCR purified Samples were then loaded on the gel and Ladder was

used for recognition.

3.7 Sequencing

The PCR products were subjected to Sanger sequencing by sending the samples

to a sequencing facility.
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3.8 Molecular Characterization Using Sequence

Alignment

After sequencing, the data quality check was performed and low-quality ends and

ambiguous bases from the sequences were removed. The edited sequences were

then aligned using the Basic Local Alignment Search Tool (BLAST) with sequences

of the same or related genera retrieved from the nucleotide database (PubMed) of

the National Center for Biotechnology Information (NCBI).

3.9 Bold Database Submission

The aligned sequences of DNA were submitted to the DNA barcode databases

BOLD (Barcode of Life Data Systems) to identify the termite species. The Bar-

code of Life Data System (BOLD) is a comprehensive online platform designed to

support the generation and application of DNA barcodes. It provides a repository

for barcode records, a suite of tools for analysing barcode data, and a reference

library for species identification [204].

3.10 Phylogenetic Analysis

A phylogenetic tree was constructed using the neighbour-joining method, with

evolutionary distances computed using the p-distance method and a bootstrap

consensus of 1000 replicates (Tamura and Nei). The constructed phylogenetic tree

was visualized using a tree viewer program [205].
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Results

4.1 Genomic DNA (gDNA) Extraction

Genomic DNA (gDNA) was successfully extracted from six samples of termites

of district jahalam valley, and Muzafarabad AJK, using the phenol-chloroform

protocol. From crushed sample, a portion (COI gene) of the mitochondrial genome

from its first half was amplified and using universal primer COX1_F and COX1_R

was sequenced.

The same primers have been used to amplify COI region in different arthropods,

mentioned in literature. Extracted gDNA was confirmed using agarose gel (1.5%)

on gel electrophoresis apparatus.

4.2 DNA Quantification

DNA quality was assessed by measuring A260/A280 ratio was assessed which

ranges from 1.76 to 1.21 ratios for genomic DNA of all extracted from three repli-

cates for each sample.

The wavelength ratio A260 was measured for purified DNA quantification. For

genomic DNA the quantity ratio ranges from 504 to 312 ng /µL of extracted

genomic DNA samples.

49



Results 50

Figure 4.1: Gel electrophoresis for gradient PCR

4.3 PCR Amplification

Genomic DNA (gDNA) was successfully extracted from six samples of Termites

of district Jahalam Valley, and Muzafarabad AJK, Pakistan.

Photographs of gels with good quality DNA bands were saved with proper reference

to be amplified by PCR. The PCR reaction for the extracted DNA of samples was

carried out by using universal primer as mentioned in chapter 3.

The optimum annealing temperature was found to be 48-52oC to amplify CO1

gene. In analysis of samples, 677 bp of CO1 gene was amplified.

The optimum annealing temperature was found to be 48-52oC to amplify CO1

gene. In analysis of samples, 677 bp of CO1 gene was amplified. The representative

gel results of 650bp segment are shown in the Figure 4.2. The samples from the

Kotli were not amplified and thus were excluded for further processing.
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Figure 4.2: Gel electrophoresis for DNA amplification analysis

4.4 DNA Sequencing

The Sanger’s sequencing of the PCR products was carried from Macrogen Korea,

and sequences were then converted into FASTA format.

These sequences of samples were further analyzed for the molecular identification

along with phylogenetic analysis.

Following sequences were obtained:

1. >H3

2. >J1
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3. >J2

4. >Che1

4.5 Molecular Characterization Using Sequence

Alignment

The sequence analysis of four samples using BLAST revealed that the all sample of

termites showed similarity with Heterotermes gertrudae species. The two samples

collected from Muzaffarabad AJK labeled as H3 has percent identity 97.81% (Fig.

4.3) and Che 1 with percent similarity 97.79 (Fig: 4.4) with query coverage 96%

for both. Jhelum valley sample J1 with sequence similarity of 98.18%.

Jhelum valley sample J1 with sequence similarity of 98.18% (Fig: 4.5) and J2

98.62% (Fig: 4.6) with query coverage 93% and 92% respectively. BOLD database

submission showed none of the similarity with the available BINS indicating that

these sequences have not been submitted.

BOLD database submission showed none of the similarity with the available BINS

indicating that these sequences have not been submitted from another part of

Pakistan (Table 4.1).



Results 53

Figure 4.3: BLAST results of sample H3

Figure 4.4: BLAST results of sample J1
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Figure 4.5: BLAST results of sample J2

Figure 4.6: BLAST results of sample Che1

Table 4.1: Molecular characterization of sequenced Samples

Sr no. Sample id Scientific name Query cover Percentage identity

1 1 Che1 96% 97.79%

2 3 H3 96% 97.81%

3 4 J1 93% 98.18 %

4 5 J2 92% 98.62%
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4.6 BOLD Database Submission

The BINs system clusters COI gene sequence data into operational taxonomic

units (OTUs) known as BINs (Barcode Index Numbers). This system helps con-

firm the similarity (concordance) between barcode sequence clusters for species

designations. The analysis validates input records against others within the same

BIN, including those submitted by other users, by comparing their taxonomy.

This analysis was conducted using the BOLD systems database.

Sequence identification through the BOLD identification engine revealed that the

sequences of sequenced samples of termites were not present in the BOLD database

from any other part of the world and have been submitted as a singleton specimen

from our study.

Figure 4.7: J1 J2 che1 H3
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Figure 4.8: Submission to BOLD database

Figure 4.9: Submission to BOLD database

4.7 Phylogenetic Analysis

Figure 4.3 shows the evolutionary relationships among different sequences based on

their similarities and differences in the cytochrome c oxidase subunit i (COI) gene.

Sequences H3, che1, J1 and J2 are grouped together with high bootstrap values
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(60 and 98). This indicates that these sequences are very closely related. They

likely to share a common ancestor. Heterotermes gertrudae Swq1A cytochrome c

oxidase subunit 1 (COI) gene sequence was slightly more distant from the sample

sequences, with a bootstrap value of 83 connecting it to the previous group. This

suggests a close, but slightly more distant, relationship to the study sequence.

Heterotermes indicola isolate BGR20 cytochrome c oxidase subunit 1 gene was

closely related to the Heterotermes gertrudae sequence, with a high bootstrap

value of 87 indicating strong support for their common ancestry. Heterotermes

malabaricus cytochrome oxidase subunit II gene partial cds mitochondrial branches

off next with a bootstrap value of 44. This suggests a less confident, but still

notable, relationship to the previous sequences, indicating it is a bit more distantly

related.

Figure 4.10: Phylogenetic Tree with the evolutionary relationship of four
samples(H3, Che1 from Muzaffarabad and J1 and J2 from Jhelum valley)
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Discussion

Termites are social insects that are divided into worker, soldier, and classes inside

colonies that are reproductive.

They are classified into seven families (order Blattodea) [206]. 3106 termite species

are known to exist, 363 of which pose a serious threat to human health status [207].

Termites are linked to significant losses in forestry, agriculture, and housing, but

they also play a significant role in a number of ecological engineering procedures

such as the decomposition and recycling organic matter, manure elimination, soil

formation, loosening, fertility, pollination, greenhouse gas emissions, and the pro-

vision of food for humans, livestock, and wildlife [208].

Japan, Thailand, Indonesia, France, USA, and Australia have reported 1.5, 11, 1,

0.5, 0.5, and 0.8–1 billion US dollars were lost to termites each year, respectively

[209]. Although termite attacks are more likely to affect older trees in forest plan-

tations, other effects include ring and root debarking , range lands, and seedlings

and saplings [210].

An estimated 15–25% of the maize crop in India is lost due to crop failure, causing

southern Africa to lose thirty five million US dollars a year. Crop losses varying

from three to hundred percent have been recorded documented, however it’s un-

clear how much money was lost annually. In Malaysia, reports of damages to
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residential, industrial, and commercial structures have been made in percentages

of 70%, 20%, and 10%, respectively [211].

Four termite pest genera, including Odontotermes (Macrotermitinae: Termitidae),

damage crops, ornamental plants, grasslands, and fruit trees in Pakistani agro-

ecosystems.

Particularly, losses have been recorded as 2–43.5% for tobacco, 8–12% for wheat,

90–100% for sugarcane, and 1-33% for ground nuts [212]. Termites severely dam-

age wood 6–8 months old Pinus roxburghii and Acacia arabica in structures, but

it has been shown that Cedrus deodara trees older than 100 years are somewhat

resistant [213].

Pakistan is a varied ecological zone for both flora and animals because of its

high-altitude ranges, varied latitudes, and geological past [214]. Recent studies

on termites in Pakistan revealed financial inadequacies in a few areas of Khyber

Pakhtunkhwa, formerly known as the NWFP [215].

However, several areas remain unexplored, including the districts of Buner, Swabi,

and Haripur (the eastern area). According to Iqbal et al. [216], the families

Rhinotermitidae and Termitidae are home to majority of the 53 termite species

that are inflicting harm in Pakistan. The eastern region’s Termitidae have been

thoroughly examined by [217], with one of the most prevalent and varied genera

being Odontotermes, which damages forests, crops, and structures in a variety of

agro-ecological zones [218]. How widespread and varied this genus is in Swabi,

Haripur and Buner, is still unclear.

While morphology plays a significant role in termite taxonomy, [219]. There are

some drawbacks. Unknown variety within taxa can make identification more dif-

ficult, and variations in phenotypic features have the potential to cause misiden-

tification [220]. Correct identification based only on morphology frequently ne-

cessitates the knowledge of experts and proficient technicians conversant with the

morphological traits of the species [221].
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On the other hand, molecular approaches are a potential tool that have already

progressed insect systematics because they do not require specialized understand-

ing [222]. Specifically, DNA barcoding has been utilised to examine enigmatic

species, discover novel species, and identifying categorise unknown specimens to

species [223].

13 species were found during the survey, including Odontotermes obesus, Odon-

totermes guptai, Odontotermes gurdasurensis, Odontotermes horai, Heterotermes

indicola, Microtermes obesi, Microtermes mycophagus, Eremotermes paradoxalis,

and Coptotermes heimi. Heterotermes indicola, Microtermes obesi, and Microter-

mes mycophagus had the 3 species that most significantly affected the economy

and caused infestations in residential timber constructions. Odontotermes obe-

sus was the most common termite species found in residential lawns and gardens,

followed by Coptotermes heimi, which was found in soil and trees When several

termite species were examined for seasonal variations, it was discovered that H.

indicola and Microtermes were more persistent, usually remaining active all year

round [224].

While the predicted divergence between distinct species is usually larger than 3%,

genetic diversity between individuals of the same species can vary from 0.0 to

0.51% [199, 200], according to [225] and other researchers. Sequencing does not

have rigorous standards for species identification, however matches with a lower

percentage than 98% are probably considered unique [226]. Four samples’ se-

quences did not match the BLAST search or sequences exactly. The sequences

in the current study exhibited 97% to 98% similarity with Heterotermes, demon-

strating the genetic diversity among termite species that has been uncovered by

sequencing. 67% of the termites belonged to the genus Heterotermes, 17% to the

genus Microcerotermes, and 16% to the genus Odontotermes, per a Tanveer study

(Diversity of Termite Fauna in District Swabi, Tanveer Ahmad*).

The termite genus Heterotermes is closely linked to the genus Reticulitermes and

is a member of the Rhinotermitidae family. Due to their propensity to establish

massive colonies, some Heterotermes species are regarded as pests. Their main

food source is cellulose, which they get from dead tree logs, stumps, and branches
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as well as from wooden objects manufactured by humans, such books, paper, and

buildings.



Chapter 6

Conclusion and Future

Recommendation

The over 3,000 termite species can be categorized into three main ecological types:

subterranean, dry wood, and damp wood termites. Subterranean termites are

the most prevalent and widespread, requiring soil contact for survival. Drywood

termites, in contrast, live in dry wood and do not need soil contact. Damp wood

termites thrive in moist wood and need high humidity levels. Understanding these

termite types and their habitats is essential for their identification and control.

In current study, COI gene has been use for DNA barcoding by collecting the

samples of termites from 3 districts of Azad Kashmir. The first objective of this

study was the molecular characterization of the termites species collected from

District Jhelum, District, Kotli and District Muzafarabad, AJK. Samples collected

from these locations showed genetic variation. The sequence analysis of 4 samples

using BLAST revealed that the all sample of termites showed similarity with

Heterotermes gertrudae species. The two samples collected from Muzaffarabad

AJK labeled as H3 has percent identity 97.81% and Che 1 with percent similarity

97.79 with query coverage 96% for both. Jhelum valley sample J1 with sequence

similarity of 98.18% and J2 98.62% with query coverage 93% and 92% respectively.

The second objective of this study was the BOLD database submission for species

verification and to check its presence in system by matching unknown specimens

62



Conclusion and Future Recommendation 63

to known species by comparing their DNA sequences. BOLD (Barcode of life

Data Systems) is a database designed and devoted specifically for generation of

sequences and DNA barcode data application. It also provides an online platform

for analysing DNA sequences . BOLD assign showed none of the similarity with

the available BINS indicating that these sequences have not been submitted from

another part of Pakistan.

The third objective of the study was to establish the evolutionary relationship

of sequenced termites samples with already reported termite species. It was con-

cluded that that all samples were grouped together with boot strap value of 60 and

98 indicating that these sequences are very closely related and share a common

ancestor. It further showed close relationship with Heterotermes gertrudae and

H.indicola whereas H. vagus is distant but still within the Heterotermes genus.

All the four samples processed were most distantly related to Reticulitermes vir-

ginicus.

The cytochrome c oxidase subunit I (COI) gene is commonly used for DNA bar-

coding across various species. It provides high-resolution identification. Other

mitochondrial genes and nuclear markers like ITS (Internal Transcribed Spacer)

can be used to improve accuracy and robustness.

Samples collection from various geographic regions to capture the genetic diver-

sity within and between species can also provide large scale information about

biodiversity of different areas.

Moreover, multiple individuals from different colonies to account for intra-species

genetic variability can be sequenced to understand the gentic diversity trends,

variations and evolutionary relationship.



Bibliography

[1] Smith, J (2018). Taxonomy and Phylogeny of Termites: A Comprehensive

Review. Entomological Review, 105(3), 275–292.

[2] Johnson, S (2021). Phylogenomics and Evolution of Termite Societies. Trends

in Ecology & Evolution, 36(4), 299–312.

[3] Evans, T (2019). Termite Functional Genomics: Progress and Prospects For

understanding polymorphism, Caste Evolution and climate adaptation. An-

nual review of Entomology, 64, 337–354.

[4] Matsuura, K. (2020). Chemical Communication in Termites: From Antenna-

tion To Nestmate Recognition. Journal of Chemical Ecology, 46(5), 427–440.

[5] Su, N (2021). Comparative Transcriptome Analysis of Two Subterranean Ter-

mites, Reticulitermes Chinensis and Reticulitermes Aculabialis. Genes, 12(2),

1–18.

[6] Thapa, R (2019). Early Detection and Monitoring of Termites in Timber

Structures: A Review.

[7] T. Abe, D. E. Bignell, and M. Higashi, Termites: evolution, sociality, sym-

bioses, ecology. Springer Science & Business Media, 2000.

[8] D. E. Bignell, Y. Roisin, and N. Lo, Biology of termites: a modern synthesis.

Springer Science & Business Media, 2010.

[9] J. Korb and K. Hartfelder, ”Life history and development-a framework for un-

derstanding developmental plasticity in lower termites,” Biological Reviews,

vol. 83, no. 3, pp. 295–313, 2008.

64



Bibliography 65

[10] S. Ahmed, T. Mustafa, M. A. Riaz, and A. Hussain, ”Efficacy of insecticides

against subterranean termites in sugarcane,” Int. J. Agric. Biol, vol. 8, no. 4,

pp. 508–510, 2006.

[11] Nisar, M. S., Nazir, T., Zaman, S., Hussain, S. I., Khan, N. A., Aslam, H.

M. U., ... & Akhtar, M. (2022). Toxicity and repellency of plant extract and

termiticide against fungus growing subterranean termites (Blattodea: Termi-

tidae). Journal of Bioresource Management, 9(2), 13.

[12] Bignell DE, Eggleton P (2000) Termites in ecosystems. In Termites: evolution,

sociality, symbioses, ecology, pp 363–387.

[13] Manzoor F, Mir N (2010) Survey of termite infested houses, indigenous build-

ing materials and construction techniques in Pakistan. Pak J Zool 42(6):693–

696

[14] Manzoor F, Chaudhary M, Sheikh N, Khan IA, Khan T (2011) Diversity

and proportion of termite species in garden trees and wheat crop in District

Bhakkar, Pakistan. Pakistan J Zool 43(1):537–541

[15] Eggleton P. and Tayasu I. (2001). Feeding groups, lifetypes and the global

ecology of termites Ecological Research 16: 941–960.

[16] Turner S., Marais E., Vinte M., Mudengp A. and Park W. (2006). Termites,

Water and Soils. Agricola 16, 7pp.

[17] Lavelle P, Decaëns T, Aubert M, Barota S, Blouin M, Bureau F, Margerie P,

Mora P, Rossi J-P. (2006) Soil invertebrates and ecosystem services. European

Journal of Soil Biology. 42: S3–S15

[18] Guedegbe H.J., Miambi E., Pando A., Roman J., Houngnandan P. and

Rouland-Lefevre C. (2009). Occurrence of fungi in combs of fungus-growing

termites (Isoptera: Termitidae, Macrotermitinae). Mycological Research 113

(10):1039-45.

[19] Kumar D. and Pardeshi M. (2011). Biodiversity of termites in agro-ecosystem

and relation between their niche breadth and pest status (2011). Journal of

Entomology 8(3): 250-258.



Bibliography 66

[20] Jouquet P, Dauber J, Lagerlo¨ f J, Lavelle P, Lepage M. (2006). Soil inver-

tebrates as ecosystem engineers: intended and accidental effects on soil and

feedback loops. Applied Soil Ecology 32: 153–164.

[21] M. Zaman, I. A. Khan, A. Usman, and A.-U.-R. Saljoqi, ”Species diversity

and damage incidence of termites (isoptera) in different agro-ecological zones

of khyber pakhtunkhwa, pakistan.” Sarhad Journal of Agriculture, vol. 38,

no. 2, 2022.

[22] M. Bhat, ”Cellulases and related enzymes in biotechnology,” Biotechnology

advances, vol. 18, no. 5, pp. 355–383, 2000.

[23] Z. Bashir, V. K. Kondapalli, N. Adlakha, A. Sharma, R. K. Bhatnagar,G.

Chandel, and S. S. Yazdani, ”Diversity and functional significance of cel-

lulolytic microbes living in termite, pill-bug and stem-borer guts,” Scientific

reports, vol. 3, no. 1, p. 2558, 2013.

[24] A. Brune, ”Symbiotic digestion of lignocellulose in termite guts,” Nature Re-

views Microbiology, vol. 12, no. 3, pp. 168–180, 2014.

[25] D. Inward, G. Beccaloni, and P. Eggleton, ”Death of an order: a compre- hen-

sive molecular phylogenetic study confirms that termites are eusocial cock-

roaches,” Biology letters, vol. 3, no. 3, pp. 331–335, 2007.

[26] H. K¨onig, L. Li, and J. Fr¨ohlich, ”The cellulolytic system of the termite

gut,” Applied microbiology and biotechnology, vol. 97, pp. 7943–7962, 2013.

[27] M. Ohkuma, ”Termite symbiotic systems: efficient bio-recycling of lignocel-

lulose,” Applied microbiology and biotechnology, vol. 61, pp. 1–9, 2003.

[28] C. Randall, ”The biology of termites and other wood destroying pests in:

Management of wood-destroying pests. retrieved date: 23/11/2013,” 2000.

[29] O. Chhotani, ”Distribution and zoogeography of the oriental termites of

families termopsidae, hodotermitidae, stylotermitidae and rhinotermitidae,”

Zeitschriftfu¨r Angewandte Entomologie, vol. 100, no. 1-5, pp. 88–95, 1985



Bibliography 67

[30] Haraguchi, N., Ishii, H., Mimori, K., Tanaka, F., Ohkuma, M., Kim, H. M.,

... & Mori, M. (2010). CD13 is a therapeutic target in human liver cancer

stem cells. The Journal of clinical investigation, 120(9), 3326-3339.

[31] M. B. Jones and M. Walsh, Miscanthus for energy and fibre. Earthscan, 2001.

[32] D. Gouge, K. Smith, C. Olson, and P. Baker, ”Drywood termites. coop- era-

tive extension, college of agriculture & life sciences, the university of arizona,”

2001

[33] Ashok Kumar, G., Jalali, S.K., Venkatesan, T., Stouthamer, R., Niranjana,

P. and Lalitha, Y. (2009) Internal transcribed spacer-2 restriction fragment

length polymorphism (ITS-2-RFLP) tool to differentiate some exotic and in-

digenous trichogrammatid egg parasitoids in India. Biol. Control 49 (3): 207-

213.

[34] Behura, S.K. (2006) Molecular marker systems in insects: current trends and

future avenues. Mol. Ecol. 15: 3087–3113.

[35] Arnheim, N. (1983) Concerted evolution of multigene families, pp. 38 D 61.

In M. Nei and R.K. Koehn (eds.), Evolution of genes and proteins. Sinauer,

Sunderland, MA, pp. 38-61.

[36] Gerbi, S.A. (1985). Evolution of ribosomal DNA, pp. 419 D517.In R. J. Mac-

Intyre (Ed.), Molecular evolutionary genetics, Plenum, New York.

[37] Tautz, D., Arctander. P., Minelli, A., Thomas, R.H and Vogler, A.P. (2002)

DNA points the way ahead in taxonomy. Nature, 418: 479.

[38] Monaghan, M.T., Balke, M., Gregory, T.R., Vogler, A.P. (2005) DNA-based

species delineation in tropical beetles using mitochondrial and nuclear mark-

ers. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 360: 1925–1933.

[39] Hebert, P.D.N., Cywinska, A., Ball, S.L., and deWaard, J.R. (2003) Biological

identifications through DNA barcodes. Proc. R. Soc. London B, 270: 313–322.



Bibliography 68

[40] Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R. (1994) DNA

primers for amplification of mitochondrial cytochrome C oxidase subunit I

from diverse metazoan invertebrates. Mol. Marine Biol. Biotech. 3: 294–299

[41] Hooper, J.N.A. Van Soest, R.W.M. (Ed.) (2002) Systema Porifera: a guide to

the classification of Sponges. Kluwer Academic Publishers: New York. ISBN

0-306-47260-0. XIX, 1-1101: 1103-1706.

[42] Rebijith, K.B., Asokan, R., Krishna, V., Krishna kumar, N.K., Ramamu-

rathy, V.V. (2012) Development of species-specific markers and molecular

differences in mitochondrial and nuclear DNA sequences of Aphis gossypii

and Myzus persicae (Hemiptera: Aphididae). Florida Entomol. 95: 674- 682.

[43] Rouland-Lefevre C. 2000. Symbiosis with fungi. In: Abe T, Bignell DE, Hi-

gashi M (eds), Termites: Evolution, Sociality, Symbioses, Ecology. Kluwer

Academic Publishers, Dordrecht, pp. 289–306.

[44] Sun J-Z. and Scharf M.E. (2010). Exploring and integrating cellulolytic sys-

tems of insects to advance biofuel technology Insect Science 17:163–165

[45] Evans TA, Gleeson PV (2001) Seasonal and daily activity patterns of subter-

ranean, wood-eating termite foragers. Aust J Zool 49(3):311–321.

[46] França TS, Stokes CE, Tang JD (2018) Evaluation of cross-laminated timber

resistance to termite attack. In Proceedings of the American Wood Protection

Association Annual Meeting 114: 266-271

[47] Gould MS, Lowe AJ, Clarke GP (1993) The frequency of termite (Isoptera)

damage to tree species in Namakutwa Forest, Tanzania. Sociobiology

23(2):189–198

[48] Haverty MI, Tabuchi RL, Vargo EL, Cox DL, Nelson LJ, Lewis VR (2010)

Response of Reticulitermes hesperus (Isoptera: Rhinotermitidae) colonies to

baiting with lufenuron in Northern California. J Econ Entomol 103(3):770–

780. https://doi.org/10.1603/EC090 88

[49] Dhaliwal, G.S., Dhawan, A.K. and Singh, R. (2007) Biodiversity and ecolog-

ical agriculture: Issues and perspectives. Indian J. Ecol. 34: 100-109



Bibliography 69

[50] Douda Bensasson, De-Xing Zhang, Daniel, L.H., and Godfrey, M. H. (2H.

(2001) Mitochondrial pseudogenes: evolution’s misplaced witnesses. Trends

Ecol. Evol. 16: 315-318.

[51] Constantino, R. (1992). Abundance and diversity of termites (Insecta:

Isoptera) in two sites of primary rain forest in Brazilian Amazonia. Biotropica,

420-430.

[52] Murthy, K. S. (2020). Diversity and abundance of Subterranean Termites in

South India. Ind. J. Pure App. Biosci, 8(5), 141-149.

[53] Afzal, M., & Zamir Rasib, K. (2022). Termite diversity and damage assess-

ment in urban trees from different parks of Lahore, Punjab, Pakistan. Envi-

ronmental Science and Pollution Research, 29(48), 72480-72492.

[54] 1. Jekl V, et al. Selected haematological and plasma chemistry parameters in

juvenile and adult Degus (Octodondegus). Vet Rec.201;169:71.

[55] Coles, E. H. (1986). Veterinary Clinical Pathology. (4th Ed.), Saunders Com-

pany, USA. 41pp

[56] Igbokwe CO, et al. Haematological and serum biochemistry profile of the

juvenile wild African giant rat (Cricetomys gambianus, Waterhouse”1840) in

Nsukka, South-Eastern Nigeria-a preliminary investigation, J Appl Anim Res.

2016;45:190-194.

[57] Avivi A, et al. Increased blood vessel density provides the mole rat physiologi-

cal tolerance to its hypoxic subterranean habitat. FASEBJ.2005;19:1314-1316.

[58] Dukes, H. H. (1955). The physiology of domestic animals (7th ed.). Baillers

Tindall and Co. London.

[59] Van Beekvelt, MC, et al. Performance of near-infrared spectroscopy in mea-

suring local Oxygen consumption and blood flow in skeletal muscle. J Appl

Physiol.200;90:511-519.

[60] Coulibaly, T., Boga, J. P., Yapi, A., & Kouassi Kouassi, P. (2013). Effects of

continuous cultivation of soil on termites (Isoptera) diversity and abundance



Bibliography 70

in savannas of Northern of Côte d’Ivoire. Asian Journal of Agriculture and

Rural Development, 3(9), 632-649.

[61] Kuja, J. O., Boga, H. I., Matiru, V., & Makonde, H. M. (2014). Diversity,

properties and ecological significance of the genus Termitomyces associated

with fungus farming termites in Africa. Internat J Micro Mycol, 2, 29-36.

[62] Lind, B. M., Hanan, N. P., Gigliotti, L. C., Allen, R. L., McHenry, A., &

Gardiner, A. (2019). Termite diversity along a catena in southern Kruger

National Park, South Africa. African journal of ecology, 57(1), 160.

[63] Joseph, G. S., Seymour, C. L., Cumming, G. S., Cumming, D. H., &

Mahlangu, Z. (2014). Termite mounds increase functional diversity of woody

plants in African savannas. Ecosystems, 17, 808-819.

[64] Aanen, D. K., Ros, V. I., de Fine Licht, H. H., Mitchell, J., De Beer, Z. W.,

Slippers, B., & Boomsma, J. J. (2007). Patterns of interaction specificity of

fungus-growing termites and Termitomyces symbionts in South Africa. BMC

Evolutionary Biology, 7, 1-11.

[65] Attignon, S. E., Lachat, T., Sinsin, B., Nagel, P., & Peveling, R. (2005).

Termite assemblages in a West-African semi-deciduous forest and teak plan-

tations. Agriculture, ecosystems & environment, 110(3-4), 318-326.

[66] G. Veera Singham, A. S. Othman, and C.-Y. Lee, ”Phylogeography of the

termite macrotermes gilvus and insight into ancient dispersal corridors in

pleistocene southeast asia,” PLoS one, vol. 12, no. 11, p. e0186690, 2017.

[67] D. R. Suiter, S. C. Jones, and B. T. Forschler, ”Biology of subterranean

termites in the eastern united states,” 2009.

[68] C. Eiseman, N. Charney, and J. Carlson, Tracks & sign of insects & other

invertebrates: a guide to north American species. Stackpole Books, 2010.

[69] Dowton, M. and Austin, A.D. (1999) Evolutionary dynamicsof a mitochon-

drial rearrangement ‘‘hotspot’’ in the Hymenoptera. Mol. Biol. Evol. 16: 298–

309.



Bibliography 71

[70] N.-Y. Su, ”Overview of the global distribution and control of the fornmosan

subterranean termıte,” Sociobiology, vol. 41, no. 1, 2003.

[71] D. G. Debelo and E. G. Degaga, ”Termite species composition in the central

rift valley of ethiopia,” Agriculture and Biology Journal of North America,

vol. 5, no. 3, pp. 123–134, 2014.

[72] O. D. Ofgaa Djirata, B. J. Bekele Jembere, E. G. Emana Getu, and S. M.

Seyoum Mengistou, ”Prevalence of termites and level of damage on major

field crops and rangelands in manasibu district, western ethiopia.” 2009.

[73] M. Tilahun, ”Subterranean termites management using different legume crops

and chomo grass (brachiaria humidicola) as green manure on tef under acidic

soil condition at nejo west wollega ethiopia.” International Journal of Agri-

culture and Biosciences, vol. 7, no. 4, pp. 200–206, 2018.

[74] H.-F. Li, J.-S. Lin, Y.-C. Lan, K. J.-C. Pei, and N.-Y. Su, ”Survey of the ter-

mites (isoptera: Kalotermitidae, rhinotermitidae, termitidae) in a formosan

pangolin habitat,” Florida Entomologist, vol. 94, no. 3, pp. 534–538, 2011.

[75] E. Perdereau, A.-G. Bagneres, S. Bankhead-Dronnet, S. Dupont, M. Zimmer-

mann, E. Vargo, and F. Dedeine, ”Global genetic analysis reveals the puta-

tive native source of the invasive termite, reticulitermes flavipes, in france,”

Molecular Ecology, vol. 22, no. 4, pp. 1105–1119, 2013.

[76] W. Booth, C. Brent, D. Calleri, R. Rosengaus, J. Traniello, and E. Vargo,

”Population genetic structure and colony breeding system in dampwood ter-

mites (zootermopsis angusticollis and z. nevadensis nuttingi),” Insectes soci-

aux, vol. 59, pp. 127–137, 2012.

[77] M. K. Rust and N.-Y. Su, ”Managing social insects of urban impor-

tance,”Annual review of entomology, vol. 57, pp. 355–375, 2012.

[78] A. V. Evans, National Wildlife Federation field guide to insects and spiders

& related species of North America. Sterling Publishing Company, 2007.



Bibliography 72

[79] M. Lenz, A. Sunden-Bylehn, B. Thorne, V. Lewis, and M. Haverty, ”Find-

ing alternatives to persistent organic pollutants (pops) for termite manage-

ment,” UNEP/FAO/Global IPM Facility Expert Group on Termite Biology

and Management, United Nations Environment Programme/Food and Agri-

culture Organization of the United Nations/Global Integrated Pest Manage-

ment Facility. United Nations Environment Programme, 2003.

[80] Y. Ye, S. C. Jones, and E.-D. Ammar, ”Reproductive characteristics of imagos

of reticulitermes flavipes (isoptera: Rhinotermitidae),” Annals of the Ento-

mological Society of America, vol. 102, no. 5, pp. 889–894, 2009.

[81] C. Wang, X. Zhou, S. Li, M. Schwinghammer, M. E. Scharf, G. Buczkowski,

and G. W. Bennett, ”Survey and identification of termites (isoptera:

Rhinotermitidae) in indiana,” Annals of the Entomological Society of Amer-

ica, vol. 102, no. 6, pp. 1029–1036, 2009.

[82] I. G. Ali, B. M. Ahmed, G. Sheridan, and J. R. French, ”Termite preferences

for foraging sites,” Termites and Sustainable Management: Volume 1-Biology,

Social Behaviour and Economic Importance, pp. 181–199, 2018.

[83] L. S. Corley, J. R. Blankenship, A. J. Moore, and P. J. Moore, ”Developmental

constraints on the mode of reproduction in the facultatively parthenogenetic

cockroach nauphoeta cinerea,” Evolution & Development, vol. 1, no. 2, pp.

90–99, 1999.

[84] Wilson, R. (2022). Effects of landscape simplification on the ecology of Aus-

tralian native bees and wasps (Doctoral dissertation, University of the Sun-

shine Coast, Queensland).U. G. Mueller and N.

[85] Gerardo, ”Fungus-farming insects: multiple origins and diverse evolutionary

histories,” Proceedings of the National Academy of Sciences, vol. 99, no. 24,

pp. 15247–15249, 2002.

[86] T. R. Hartke and R. B. Rosengaus, ”Heterospecific pairing and hybridization

between nasutitermes corniger and n. ephratae,” Naturwissenschaften, vol.

98, pp. 745–753, 2011.



Bibliography 73

[87] B. K. Gautam, Role of substrate moisture, relative humidity and tempera-

ture on survival and foraging behavior of Formosan subterranean termites.

Louisiana State University and Agricultural & Mechanical College, 2011.

[88] A. Pervez, ”Termite biology and social behaviour,” Termites and Sustainable

Management: Volume 1-Biology, Social Behaviour and Economic Importance,

pp. 119–143, 2018.

[89] T. R. Hartke, ”Breeding strategies and the reproductive ecology of nasutiter-

mes corniger,” Ph.D. dissertation, Northeastern University, 2010.

[90] Taiji Scientific Collaboration, Wu, Y. L., Luo, Z. R., Wang, J. Y., Bai, M.,

Bian, W., ... & Yang, S. (2021). Taiji program in space for gravitational uni-

verse with the first run key technologies test in Taiji-1. International Journal

of Modern Physics A, 36(11n12), 2102002.

[91] M. Rhainds, ”Ecology of female mating failure/lifelong virginity: a review of

causal mechanisms in insects and arachnids,” Entomologia Experimentalis et

Applicata, vol. 167, no. 1, pp. 73–84, 2019.

[92] M. MORGAN-RICHARDS, S. A. Trewick, and I. A. Stringer, ”Geographic

parthenogenesis and the common tea-tree stick insect of new zealand,” Molec-

ular ecology, vol. 19, no. 6, pp. 1227–1238, 2010.

[93] K. Matsuura and N. Kobayashi, ”Size, hatching rate, and hatching period

of sexually and asexually produced eggs in the facultatively parthenogenetic

termite reticulitermes speratus (isoptera: Rhinotermitidae),” Applied Ento-

mology and Zoology, vol. 42, no. 2, pp. 241–246, 2007.

[94] Chouvenc, T., Ban, P. M., & Su, N. Y. (2022). Life and death of termite

colonies, a decades-long age demography perspective. Frontiers in Ecology

and Evolution, 10, 911042

[95] Corley, L. S., Blankenship, J. R., & Moore, A. J. (2001). Genetic varia-

tion and asexual reproduction in the facultatively parthenogenetic cockroach

Nauphoeta cinerea: implications for the evolution of sex. Journal of Evolu-

tionary Biology, 14(1), 68-74.



Bibliography 74

[96] Tasaki, E., Takata, M., & Matsuura, K. (2021). Why and how do termite kings

and queens live so long? Philosophical Transactions of the Royal Society B,

376(1823), 20190740.

[97] Y. Hayashi, O. Kitade, and J.-i. KOJIMA, ”Parthenogenetic reproduction

in neotenics of the subterranean termite reticulitermes speratus (isoptera:

Rhinotermitidae),” Entomological science, vol. 6, no. 4, pp. 253–257, 2003.

[98] K. Matsuura, E. L. Vargo, K. Kawatsu, P. E. Labadie, H. Nakano, T. Yashiro,

and K. Tsuji, ”Queen succession through asexual reproduction in termites,”

Science, vol. 323, no. 5922, pp. 1687–1687, 2009.

[99] E. L. Vargo, P. E. Labadie, and K. Matsuura, ”Asexual queen succession in

the subterranean termite reticulitermes virginicus,” Proceedings of the Royal

Society B: Biological Sciences, vol. 279, no. 1729, pp. 813–819, 2012.

[100] Q. Chen, K. Wang, Y.-l. Tan, and L.-x. Xing, ”The complete mitochondrial

genome of the subterranean termite, reticulitermes chinensis snyder (isoptera:

Rhinotermitidae),” Mitochondrial DNA Part A, vol. 27, no. 2, pp. 1428–1429,

2016.

[101] Gagnon, M. P., Desmartis, M., Lepage-Savary, D., Gagnon, J., St-Pierre,

M., Rhainds, M., ... & Légaré, F. (2011). Introducing patients’ and the pub-

lic’s perspectives to health technology assessment: A systematic review of

international experiences. International journal of technology assessment in

health care, 27(1), 31-42.

[102] Trewick, S. A., Wallis, G. P., & Morgan-Richards, M. (2011). The inverte-

brate life of New Zealand: a phylogeographic approach. Insects, 2(3), 297-325.

[103] Matsuura, K., & Kobayashi, N. (2010). Termite queens adjust egg size ac-

cording to colony development. Behavioral Ecology, 21(5), 1018-1023.

[104] Hayashi, Y., Kitade, O., & Kojima, J. I. (2002). Microsatellite loci in the

Japanese subterranean termite, Reticulitermes speratus. Molecular Ecology

Notes, 2(4), 518-520.



Bibliography 75

[105] E. L. Vargo, K. Kawatsu, P. E. Labadie, H. Nakano, T. Yashiro, and K.

Tsuji, ”Queen succession through asexual reproduction in termites,” Science,

vol. 323, no. 5922, pp. 1687–1687, 2009.

[106] Matsuura, K., Mizumoto, N., Kobayashi, K., Nozaki, T., Fujita, T., Yashiro,

T., ... & Vargo, E. L. (2018). A genomic imprinting model of termite caste de-

termination: not genetic but epigenetic inheritance influences offspring caste

fate. The American Naturalist, 191(6), 677-690.

[107] D. Fournier, S. Hellemans, R. Hanus, and Y. Roisin, ”Facultative asexual

reproduction and genetic diversity of populations in the humivorous termite

cavitermes tuberosus,” Proceedings of the Royal Society B: Biological Sci-

ences, vol. 283, no. 1832, p. 20160196, 2016.

[108] G. Li, L. Liu, P. Sun, Y. Wu, C. Lei, X. Chen, and Q. Huang, ”Physiological

reason for ceasing growth of unfertilized eggs produced by unmated queens in

the subterranean termite reticulitermes chinensis,” bioRxiv, p. 037390,2016.

[109] Li, Y., Dang, Y., Han, D., Tan, Y., Liu, X., Zhang, F., ... & Sun, X. (2018).

An Angiopep-2 functionalized nanoformulation enhances brain accumulation

of tanshinone IIA and exerts neuroprotective effects against ischemic stroke.

New Journal of Chemistry, 42(21), 17359-17370.

[110] T. Chouvenc, E. E. Helmick, and N.-Y. Su, ”Hybridization of two major

termite invaders as a consequence of human activity,” PLoS One, vol. 10, no.

3, p. e0120745, 2015.

[111] N.-Y. Su, T. Chouvenc, and H.-F. Li, ”Potential hybridization between two

invasive termite species, coptotermes formosanus and c. gestroi (isoptera:

Rhinotermitidae), and its biological and economic implications,” Insects, vol.

8, no. 1, p. 14, 2017.

[112] Patel, J. S., Lee, S. B., Chouvenc, T., & Su, N. Y. (2020). Inferring termite

colony size using wood consumption in subterranean termites (Blattodea:

Rhinotermitidae) in laboratory-rearing conditions. Journal of Economic En-

tomology, 113(2), 905-910.



Bibliography 76

[113] D. Roberts, C. Gray, R. West, and D. Ayre, ”Evolutionary impacts of hy-

bridization and interspecific gene flow on an obligately estuarine fish,” Journal

of Evolutionary Biology, vol. 22, no. 1, pp. 27–35, 2009.

[114] L. Gibbons and D. Simberloff, ”Interaction of hybrid imported fire ants

(solenopsis invicta× s. richteri) with native ants at baits in southeastern ten-

nessee,” Southeastern Naturalist, vol. 4, no. 2, pp. 303–320, 2005.

[115] S. Scott Schneider, G. DeGrandi-Hoffman, and D. R. Smith, ”The african

honey bee: factors contributing to a successful biological invasion,” Annual

Reviews in Entomology, vol. 49, no. 1, pp. 351–376, 2004.

[116] K. S. Pfennig, A. L. Kelly, and A. A. Pierce, ”Hybridization as a facilitator

of species range expansion,” Proceedings of the Royal Society B: Biological

Sciences, vol. 283, no. 1839, p. 20161329, 2016.

[117] R. G. Harrison, Hybrid zones and the evolutionary process. Oxford Univer-

sity Press, USA, 1993.

[118] A. J. Chunco, ”Hybridization in a warmer world,” Ecology and evolution,

vol. 4, no. 10, pp. 2019–2031, 2014.

[119] B. Seifert, A. Buschinger, A. Aldawood, V. Antonova, H. Bharti, L.

Borowiec, W. Dekoninck, D. Dubovikoff, X. Espadaler, and J. Flegr, ”Ban-

ning paraphylies and executing linnaean taxonomy is discordant and reduces

the evolutionary and semantic information content of biological nomencla-

ture,” Insectes Sociaux, vol. 63, pp. 237–242, 2016.

[120] A. B. Harbicht, M. Alshamlih, C. C. Wilson, and D. J. Fraser, ”Anthro-

pogenic and habitat correlates of hybridization between hatchery and wild

brook trout,” Canadian Journal of Fisheries and Aquatic Sciences, vol. 71,

no. 5, pp. 688–697, 2014.

[121] R. J. Abbott, M. J. Hegarty, S. J. Hiscock, and A. C. Brennan, ”Homoploid

hybrid speciation in action,” Taxon, vol. 59, no. 5, pp. 1375–1386, 2010.

[122] D. A. Turissini, J. A. McGirr, S. S. Patel, J. R. David, and D. R. Matute,

”The rate of evolution of postmating-prezygotic reproductive isolation in



Bibliography 77

drosophila,” Molecular Biology and Evolution, vol. 35, no. 2, pp. 312–334,

2018.

[123] D. B. Lowry, ”Ecotypes and the controversy over stages in the formation of

new species,” Biological Journal of the Linnean Society, vol. 106, no. 2, pp.

241–257, 2012. D. C. Presgraves, ”The molecular evolutionary basis of species

formation,”Nature Reviews Genetics, vol. 11, no. 3, pp. 175–180, 2010.

[124] H. Du, T. Chouvenc, W. Osbrink, and N.-Y. Su, ”Social interactions in the

central nest of coptotermes formosanus juvenile colonies,” Insectes Sociaux,

vol. 63, pp. 279–290, 2016.

[125] B. Aldrich and S. Kambhampati, ”Preliminary analysis of a hybrid zone be-

tween two subspecies of zootermopsis nevadensis,” Insectes sociaux, vol. 56,

pp. 439–450, 2009. D. M. Miller, ”Subterranean termite biology and behav-

ior,” 2010.

[126] M. S. Engel and M. Gross, ”A giant termite from the late miocene of styria,

austria (isoptera),” Naturwissenschaften, vol. 96, pp. 289–295, 2009.

[127] N.-Y. Su, R. H. Scheffrahn, and B. Cabrera, ”Native subterranean termites:

Reticulitermes flavipes (kollar), reticulitermes virginicus (banks), reticuliter-

mes hageni banks (insecta: Isoptera: Rhinotermitidae): Eeny-212/in369,

5/2001,” EDIS, vol. 2004, no. 5, 2004.

[128] Krishna, K., Grimaldi, D. A., Krishna, V., & Engel, M. S. (2013). Treatise

on the Isoptera of the world. (Bulletin of the American Museum of Natural

History, no. 377).

[129] D. A. Odelson and J. A. Breznak, ”Volatile fatty acid production by the

hindgut microbiota of xylophagous termites,” Applied and Environmental

Microbiology, vol. 45, no. 5, pp. 1602–1613, 1983.

[130] B. Behera, B. Sethi, R. Mishra, S. Dutta, and H. Thatoi, ”Microbial

cellulases–diversity & biotechnology with reference to mangrove environment:

A review,” Journal of Genetic Engineering and Biotechnology, vol. 15, no. 1,

pp. 197–210, 2017.



Bibliography 78

[131] W. Qin, ”Recent developments in using advanced sequencing technologies

for the genomic studies of lignin and cellulose degrading microorganisms,”

International journal of biological sciences, vol. 12, no. 2, p. 156, 2016.

[132] B. Behera, B. Sethi, R. Mishra, S. Dutta, and H. Thatoi, ”Microbial

cellulases–diversity & biotechnology with reference to mangrove environment:

A review,” Journal of Genetic Engineering and Biotechnology, vol. 15, no. 1,

pp. 197–210, 2017.L. Biomass, ”Isolation of cellulolytic organisms from the

gut,” Journal of Biomass to Biofuel, vol. 2, 2015.

[133] T. Bourguignon, N. Lo, S. L. Cameron, J. Sobotn´ık,ˇ Y. Hayashi,

S. Shigenobu, D. Watanabe, Y. Roisin, T. Miura, and T. A. Evans,

”The evolutionary history of termites as inferred from 66 mitochondrial

genomes,”Molecular biology and evolution, vol. 32, no. 2, pp. 406–421, 2014.

[134] N. Lo and P. Eggleton, ”Termite phylogenetics and co-cladogenesis with

symbionts,” Biology of termites: a modern synthesis, pp. 27–50, 2011.

[135] Lewis, D.L., Farr, C.L., Kaguni, L.S. (1995) Drosophila melanogaster mi-

tochondrial DNA: completion of the nucleotide sequence and evolutionary

comparisons. Insect Mol. Biol. 4: 263-278.

[136] Alves RRN, Mendonça LET, Confessor MVA, Vieira WLS, Lopez LCS.

Hunting strategies used in the semi-arid region of northeastern Brazil. J Eth-

nobiol Ethnomed. 2009;5:1–16.

[137] Alves RRN. Relationships between fauna and people and the role of ethno-

zoology in animal conservation. Ethnobiology and Conservation. 2012;1:1–69.

[138] Meyer-Rochow VB, Chakravorty J. Notes on entomophagy and entomother-

apy generally and information on the situation in India in particular. Appl

Entomol Zool. 2013;48:105–12.

[139] Raubenheimer D, Rothman J. Nutritional Ecology of Entomophagy in Hu-

mans and Other Primates. Annu Rev Entomol. 2012;58:141–60.

[140] Dossey AT. Insects and their chemical weaponry: New potential for drug

discovery. Nat Prod Rep. 2010;27:1737–57.



Bibliography 79

[141] Alves RRN, Alves HN. The faunal drugstore: Animal-based remedies used in

traditional medicines in Latin America. J Ethnobiol Ethnomed. 2011;7:1–43.

[142] Alves RRN, Albuquerque UP. Animals as a Source of Drugs: Bioprospect-

ing and Biodiversity Conservation. In: Alves RRN, Rosa IL, editors. Ani-

mals in Traditional Folk Medicine: Implications for Conservation. Heidelberg:

Springer; 2013. p. 67–89.

[143] Costa-Neto EM. Entomotherapy, or the Medicinal Use of Insects. J Ethno-

biol. 2005;25:93–114.

[144] Meyer-Rochow VB. Entomophagy and its impact on world cultures: the

need for a multidisciplinary approach. In: Durst PB, Johnson DV, Leslie RN,

Shono K, editors. Forest insects as food: humans bite back. Thailand: Food

and Agriculture Organization of the United Nations; 2010. p. 23–36.

[145] Srivastava SK, Babu N, Pandey H. Traditional insect bioprospecting-As hu-

man food and medicine. Indian J Tradit Knowl. 2009;8:485–94.

[146] Costa-Neto EM. The Use of Insects in Folk Medicine in the State of Bahia,

Northeastern Brazil, With Notes on Insects Reported Elsewhere in Brazilian

Folk Medicine. Hum Ecol. 2002;30:245–63.

[147] Lee KE, Wood TG. Termites and Soils. New York: Academic Press; 1971.

[148] Solavan A, Paulmurugan R, Wilsanand V. Effect of the subterranean termite

used in the South Indian folk medicine. Indian J Tradit Knowl. 2006;5:376–9.

[149] Coutinho HDM, Vasconcellos A, Lima MA, Almeida-Filho GG, Alves RRN.

Termite usage associated with antibiotic therapy: enhancement of amino-

glycoside antibiotic activityby natural products of Nasutitermes corniger

(Motschulsky 1855). BMC Complement Altern Med. 2009;9(35):1–4.

[150] Lima JRB, Santos CAB. Recursos Animais Utilizados na medicina Tradi-

cional dos Índios Pankararu no Nordeste do Estado de Pernambuco, Brasil.

Etnobiologia. 2010;8:39–50.



Bibliography 80

[151] Alves RRN. Fauna used in popular medicine in Northeast Brazil. J Ethnobiol

Ethnomed. 2009;5:1–30.

[152] Alves RRN, Dias TL. Usos de invertebrados na medicina popular no

Brasil e suas implicações para conservação. Tropical Conservation Science.

2010;3:159–74.

[153] Levesque-Beaudin, V., Miller, M. E., Dikow, T., Miller, S. E., Prosser, S.

W., Zakharov, E. V., ... & deWaard, J. R. (2023). A workflow for expand-

ing DNA barcode reference libraries through ‘museum harvesting’of natural

history collections. Biodiversity Data Journal, 11.

[154] Beckenbach, A.T., Joy, J.B. (2009) Evolution of the mitochondrial genomes

of gall midges (Diptera: Cecidomyiidae): rearrangement and severetruncation

of tRNA genes. Genome Bio. Evol. 1: 278-287.

[155] Ekrem, T., Stur, E., Orton, M. G., & Adamowicz, S. J. (2018). DNA barcode

data reveal biogeographic trends in Arctic non-biting midges. Genome, 61(11),

787-796.

[156] Dewaard, J. R., Hebert, P. D., & Humble, L. M. (2011). A comprehensive

DNA barcode library for the looper moths (Lepidoptera: Geometridae) of

British Columbia, Canada. PLoS One, 6(3), e18290.

[157] Huxley, T. H. (1867). IV.—On Acanthopholis Horridus, a New Reptile from

the Chalk-marl. Geological Magazine, 4(32), 65-67.

[158] C. G. Sibley, J. E. Ahlquist, and B. L. Monroe Jr, ”A classification of the

living birds of the world based on dna-dna hybridization studies,” The Auk,

vol. 105, no. 3, pp. 409–423, 1988.

[159] T. S. Zemlak, M. Y. Stoeckle and C. M. Francis, ”Identification of birds

through dna barcodes,” PLoS biology, vol. 2, no. 10, p. e312, 2004.

[160] L. Fr´ezal and R. Leblois, ”Four years of dna barcoding: current advances

and prospects,” Infection, Genetics and Evolution, vol. 8, no. 5, pp. 727–736,

2008.



Bibliography 81

[161] L. Bjerrum, T. Kjær, and N. B. Ramsing, ”Enumerating ammonia-oxidizing

bacteria in environmental samples using competitive pcr,” Journal of micro-

biological methods, vol. 51, no. 2, pp. 227–239, 2002.

[162] R. Vrijenhoek, ”Dna primers for amplification of mitochondrial cytochrome

c oxidase subunit i from diverse metazoan invertebrates,” Mol Mar Biol

Biotechnol, vol. 3, no. 5, pp. 294–9, 1994.

[163] J. Keele, J. Carmon, S. F. Pucherelli, and D. Hosler, Identification of Un-

known Organisms by DNA Barcoding: A Molecular Method for Species Clas-

sification. ,2014.

[164] Pentinsaari, M., Blagoev, G. A., Hogg, I. D., Levesque-Beaudin, V., Perez,

K., Sobel, C. N., ... & Borisenko, A. (2020). A DNA barcoding survey of

an Arctic arthropod community: implications for future monitoring. Insects,

11(1), 46.

[165] Janzen DH, Hajibabaei M, Burns JM, Hallwachs W, Remigio E, Hebert PDN

(2005) Wedding biodiversity inventory of a large and complex Lepidoptera

fauna with DNA bar-coding Philosophical Transactions of the Royal Society

of London, Series B 360, 1835–1845.

[166] Check E (2006) Treasure-island: pinning down a model ecosystem. Nature

439, 378–379.

[167] Silva-Brandão KL, Lyra ML, Freitas AVL (2009) Barcoding Lepidoptera:

current situation and perspectives on the usefulness of a contentious tech-

nique. Neotropical Entomology 38, 441–451.

[168] Hebert, P.D.N., Cywinska, A., Ball, S.L. and deWaard, J.R. (2003) Biolog-

ical Identifications through DNA Barcodes. Proceedings of the Royal Society

of London. Series B: Biological Sciences, 270, 313-321.

[169] Floyd, R., Lima, J., deWaard, J., Humble, L. and Hanner, R. (2010) Com-

mon Goals: Policy Implications of DNA Barcoding as a Protocol for Identi-

fication of Arthropod Pests. Biological Invasions, 12, 2947-2954.



Bibliography 82

[170] Armstrong, K.F. and Ball, S.L. (2005) DNA Barcodes for Biosecurity: In-

vasive Species Identification. Philosophical Transactions of the Royal Society

B: Biological Sciences, 360, 1813-1823.

[171] Scheffer, S.J., Lewis, M.L. and Joshi, R.C. (2006) DNA Barcoding Applied

to Invasive Leafminers (Diptera: Agromyzidae) in the Philippines. Annals of

the Entomological Society of America, 99, 204-210.

[172] Bely, A.E. and Weisblat, D.A. (2006) Lessons from Leeches: A Call for DNA

Barcoding in the Lab. Evolution & Development, 8, 491-501.

[173] Ratnasingham, S. and Hebert, P.D.N. (2007) BOLD: The Barcode of Life

Data System. Molecular Ecology Notes, 7, 355-364.

[174] McCullough, D.G., Work, T.T., Cavey, J.F., Liebhold, A.M. and Marshall,

D. (2006) Interceptions of Nonindigenous Plant Pests at US Ports of Entry

and Border Crossings over a 17-year Period. Biological Invasions, 8, 611-630.

[175] Dinerstein E, Olson D, Joshi A, Vynne C, Burgess ND, Wikramanayake E,

Hahn N, Palminteri S, Hedao P, Noss R+39 more. 2017. An ecoregion-based

approach to protecting half the terrestrial realm. Bioscience 67(6):534-545

[176] Anwar M, Jasra AW, Ahmad I. 2008. Biodiversity conservation status in

Pakistan-a review. Pakistan Journal of Forestry 58(1):39-48

[177] Grimmett R, Roberts T, Inskipp T. 2008. Birds of Pakistan. London: A &

C Black Publishers Ltd..255

[178] Iftikhar R, Ullah I, Diffie S, Ashfaq M. 2016a. Deciphering Thysanoptera:

a comprehensive study on the distribution and diversity of thrips fauna in

Pakistan. Pakistan Journal of Zoology 48(5):1233-1240

[179] Inayat TP, Rana SA, Khan HA, Rehman K. 2010. Diversity of insect fauna

in croplands of district Faisalabad. Pakistan Journal of Agricultural Sciences

47(3):245-250

[180] Khan MS. 1976. An annotated checklist and key to the amphibians of Pak-

istan. Biologia 22(2):201-210



Bibliography 83

[181] Fattorini S. 2013. Regional Insect inventories require long time, extensive

spatial sampling and good will. PLOS ONE 8: e62118

[182] Ward D.F, Lariviere M-C. 2004. Terrestrial invertebrate surveys and rapid

biodiversity assessment in New Zealand: lessons from Australia. New Zealand

Journal of Ecology 28(1):151-159

[183] Lalis, A., Leblois, R., Liefried, S., Ouarour, A., Reddy Beeravolu, C.,

Michaux, J., ... & Nicolas, V. (2016). New molecular data favour an an-

thropogenic introduction of the wood mouse (Apodemus sylvaticus) in North

Africa. Journal of Zoological Systematics and Evolutionary Research, 54(1),

1-12.

[184] Steinke, D., DeWaard, S. L., Sones, J. E., Ivanova, N. V., Prosser, S. W. J.,

Perez, K., ... & Hebert, P. D. N. (2022). Message in a Bottle—Metabarcoding

enables biodiversity comparisons across ecoregions. GigaScience, 11, giac040.

[185] Blagoev, G. A., Dewaard, J. R., Ratnasingham, S., Dewaard, S. L., Lu, L.,

Robertson, J., & Hebert, P. D. (2016). Untangling taxonomy: a DNA barcode

reference library for C anadian spiders. Molecular Ecology Resources, 16(1),

325-341.

[186] Zemlak, T. S., Ward, R. D., Connell, A. D., Holmes, B. H., & Hebert, P. D.

(2009). DNA barcoding reveals overlooked marine fishes. Molecular Ecology

Resources, 9, 237-242.

[187] Salamin, N., Chase, M. W., Hodkinson, T. R., & Savolainen, V. (2003).

Assessing internal support with large phylogenetic DNA matrices. Molecular

Phylogenetics and Evolution, 27(3), 528-539.

[188] Hebert, P. D., Dewaard, J. R., & Landry, J. F. (2010). DNA barcodes for

1/1000 of the animal kingdom. Biology letters, 6(3), 359-362.

[189] Miller SE (2007) DNA barcoding and the renaissance of taxonomy. Proceed-

ings of the National Academy of Sciences of the United States of America 104,

4775–4776.



Bibliography 84

[190] Stoeckle, M. Y., Soboleva, L., & Charlop-Powers, Z. (2017). Aquatic envi-

ronmental DNA detects seasonal fish abundance and habitat preference in an

urban estuary. PloS one, 12(4), e0175186.

[191] Dunshea, G., Duffield, D., Gales, N., Hindell, M., Wells, R. S., & Jarman, S.

N. (2011). Telomeres as age markers in vertebrate molecular ecology. Molec-

ular Ecology Resources, 11(2), 225-235.

[192] Eaton MJ, Meyers GL, Kolokotronis S, Leslie MS, Martin AP, Amato G

(2009) Barcoding bushmeat: molecular identification of Central African and

South American harvested vertebrates. Conservation Genetics 11, 1389–1404.

[193] Ebach MC, Holdrege C (2005a) DNA barcoding is no substitute for taxon-

omy. Nature 434, 697. Ebach MC, Holdrege C (2005b) More taxonomy, not

DNA barcoding. BioScience 55, 822–823.

[194] Paul D N Hebert, Alina Cywinska, Shelley L. Ball, Biological identifications

through DNA barcodes London. B 2003, 270

[195] Dhananjeyan KJ, Paramasivan R, Tewari SC et al. (2010) Molecular identifi-

cation of mosquito vectors using genomic DNA isolated from eggshells, larval

and pupal exuvium. Tropical Biomedicine 27, 47–53.

[196] Blaxter, M. L. (2004). The promise of a DNA taxonomy. Philosophical

Transactions of the Royal Society of London. Series B: Biological Sciences,

359(1444), 669-679.

[197] Chase MW, Salamin N, Wilkinson M, et al., Land plants and DNA barcodes:

short-term and long-term goals Philos Trans R Soc B Biol Sci: 2005, 360:

1889–1895

[198] Quicke, D. L., Hebert, P. D., & Butcher, B. A. (2018). DNA barcoding

reveals the Palaearctic species Histeromerus mystacinus (Hymenoptera: Bra-

conidae: Rhyssalinae) in eastern North America. The Canadian Entomologist,

150(4), 495-498.

[199] Kress W J, Wurdack K J, Zimmer E A, et al., Use of DNA barcodes to

identify flowering plants Proc Natl Acad Sci USA, 2005, 102: 8369–8374



Bibliography 85

[200] Vences M, Thomas M, van der Meijden A, et al., Comparative performance

of the 16S rRNA gene in DNA barcoding of amphibians Front Zool, 2005, 2-

5

[201] Herbert P D N, Penton E H, Burns J M, et al., Ten species in one: DNA bar-

coding reveals cryptic species in the Neotropical skipper butterfly Astraptes

fulgerator. Proc Natl Acad Sci USA, 2004, 101: 14812–14817

[202] Thompson JD, Higgins DG, Gibbons TJ, CLUSTAL (1994) improving

the sensitivity of progressive multiple sequence alignment through sequence

weighting, position specific gap penalties and weight matrix choice. Nucleic

Acids Res 22: 4673.

[203] Tamura, K., & Nei, M. (1993). Estimation of the number of nucleotide sub-

stitutions in the control region of mitochondrial DNA in humans and chim-

panzees. Molecular biology and evolution, 10(3), 512-526.

[204] Khan, I.A.; Zaman, M.; Akbar, R.; Ali, I.; Alam, M.; Saeed, M.; Farid, A.

Efficacy of single and mixed particles sand size as physical barrier against

Heterotermes indicola under laboratory conditions. J. Entomol. Zool. Stud.

2015, 3, 106–109.

[205] Ahmed, B.M.; French, J.R.J. An overview of termites control methods in

Australia and their links to aspects of termite biology and ecology. Pak. En-

tomol. 2008, 30, 101–118.

[206] Krishna, K.; Grimaldi, D.A.; Krishna, V.; Engel, M.S. Introduction:

Neoisoptera excluding termitidae; Termitidae Part-I. Treatise on the Isoptera

of the World. Bull. Am. Mus. Nat. Hist. 2013, 377, 1–200.

[207] Jouquet, P.; Traoré, S.; Choosai, C.; Hartmann, C.; Bignell, D. Influence of

termites on ecosystem functioning. Ecosystem services provided by termites.

Eur. J. Soil Biol. 2011, 47, 215–222.

[208] Govorushko, S. Economic and ecological importance of termites: A global

review. Entomol. Sci. 2019, 22, 21–35.



Bibliography 86

[209] Ahmad, F.; Fouad, H.; Liang, S.Y.; Hu, Y.; Mo, J.-C. Termites and Chi-

nese agricultural system: Applications and advances in integrated termite

management and chemical control. Insect Sci. 2021, 28, 2–20.

[210] Mandal, B.K.; Bashar, K.; Howlader, A.J.; Rahman, K.M.Z. Incidence

of termite infestation to tree species in Jahangirnagar University Campus,

Bangladesh. Bangladesh J. Life Sci. 2010, 22, 7–15.

[211] Mugerwa, S.; Nyangito, M.; Mpairwe, D.; Bakuneeta, C.; Nderitu, J.; Zziwa,

E. Termite assemblage structure on Grazing lands in Semi-arid Nakasongola.

Agric. Biol. J. N. Am. 2011, 2, 848–859.

[212] Verma, M.; Sharma, S.; Prasad, R. Biological alternatives for termite con-

trol: A review. Int. Biodeter. Biodegrad. 2009, 63, 959–972.

[213] Salihah, Z.; Satar, A.; Farid, A.; Shakori, A.R. Termites of Pakistan and

Their Control; Zoological Society of Pakistan: Lahore, Pakistan, 2012; pp.

11–32.

[214] Chaudry, I.M.; Ahmad, M. Termites of Pakistan, Identity, Distribution and

Ecological Relationships; Final Technical Report. Project No. A17-FS-12;

Pakistan Forest Institute Peshawar-Pakistan: Peshawar, Pakistan, 1972; pp.

1–72.

[215] Iqbal, N.; Saeed, S. Toxicity of six new chemical insecticides against the ter-

mite, Microtermes mycophagus D. (Isoptera: Termitidae: Macrotermitinae).

Pak. J. Zool. 2013, 45, 709–713.

[216] Manzoor, F. Monograph on Morphometric Studies on the Termite genus

Odontotermes; Higher Education Commission: Islamabad, Pakistan, 2006; p.

154.

[217] Bahder, B.W. Taxonomy of the Soldier Less Termites (Isoptera: Termitidae:

Apicotermitinae) Of the Dominican Republic Based on Morphological Char-

acters and Genetic Analysis of MtDNA and Nuclear DNA. Master’s Thesis,

University of Florida, Gainesville, FL, USA, 2009; pp. 1–95.



Bibliography 87

[218] Jarman, S.N.; Elliott, N.G. DNA evidence for morphological and cryptic

Cenozoic speciations in the Anaspididae, ‘living fossils’ from the Triassic. J.

Evol. Biol. 2000, 13, 624–633.

[219] Blaxter, M.; Floyd, R. Molecular taxonomics for biodiversity surveys: Al-

ready a reality. Trends Ecol. Evol. 2003, 18, 268–269.

[220] Afzal, G. Phylogenetic Analysis and Prey Identification of Spiders from

Wheat Fields Using COI as Molecular Marker. Ph.D. Thesis, University of

Agriculture, Faisalabad, Pakistan, 2013; pp. 1–119.

[221] Caterino, M.S.; Cho, S.; Sperling, F.A.H. The current state of insect molec-

ular systematics: A thriving tower of Babel. Ann. Rev. Entomol. 2000, 45,

1–54.

[222] Survey of Termite Infested Houses, Indigenous Building Materials and

Construction Techniques in Pakistan Farkhanda Manzoor* and Naeem

Mir,Pakistan J. Zool., vol. 42(6), pp. 693-696, 2010

[223] Sobti, R.C.; Kumari, M.; Sharma, V.L.; Sodhi, M.; Mukesh, M.; Shouche,

Y. Sequence analysis of a few species of termites (Order: Isoptera) on the

basis of partial characterization of COII gene. Mol. Cell Biochem. 2009, 331,

145–151.

[224] Liu, L.; Guo, Z.; Zhong, C.; Shi, S. DNA barcoding reveals insect diversity in

the mangrove ecosystems of Hainan Island, China. Genome 2018, 61, 797–806.

[225] Austen, J.W.; Szalanski Allen, L.; Solorzano, C.; Magnus, R.; Scheffrahn,

R.H. Mitochondrial DNA Genetic Diversity of the Drywood Termites In-

cisitermes minor and I. snyderi (Isoptera: Kalotermitidae). Fla. Entomol.

2012, 95, 75–81.

[226] Tanveer Ahmed.2021 diversity of termites fauna in district swabi Entomol-

ogy Ornithology and Herpetology: current research. Volume 10 issue five pp

1_6.


	Author's Declaration
	Plagiarism Undertaking
	Acknowledgement
	Abstract
	List of Figures
	List of Tables
	Abbreviations
	1 Introduction
	1.1 Problem Statement
	1.2 Aim
	1.3 Objectives
	1.4 Scope of Study

	2 Literature Review
	2.1 Distribution of Termites
	2.2 Species Distribution
	2.3 Bibology/Morphology
	2.4 Ecology of Termites
	2.5 Life Cycle
	2.6 Reproduction of Termites
	2.7 Termite Mating Behavior
	2.8 Termite Parthenogenesis
	2.9 The Hybridization of Termites
	2.10 Swarming
	2.11 Organization of Insect Mitochondrial  Genome
	2.12 Termites as Edible and Medicinal Values
	2.13 DNA Barcoding
	2.14 Applications of DNA Barcoding

	3 Materials and Methods
	3.1 Methodology
	3.1.1 List of Equipment
	3.1.2 List of Apparatus
	3.1.3 List of Chemicals

	3.2 Sample Collection
	3.2.1 Exterior Inspection
	3.2.2 Interior Inspection

	3.3 DNA Extraction
	3.4 Quantification of DNA
	3.5 PCR Amplification
	3.5.1 Primer Selection
	3.5.2 PCR Cycling Conditions

	3.6 Gel Electrophoresis
	3.7 Sequencing
	3.8 Molecular Characterization Using Sequence  Alignment
	3.9 Bold Database Submission
	3.10 Phylogenetic Analysis

	4 Results
	4.1 Genomic DNA (gDNA) Extraction
	4.2 DNA Quantification
	4.3 PCR Amplification
	4.4 DNA Sequencing
	4.5 Molecular Characterization Using Sequence Alignment
	4.6 BOLD Database Submission
	4.7 Phylogenetic Analysis

	5 Discussion
	6 Conclusion and Future Recommendation
	Bibliography

