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Identification and phylogenetic analysis of various termite species
distributed across southern Haryana, India
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Abstract: Termites are highly abundant and vital insects that directly and indirectly influence local soils. The present study investigated
the morphological and molecular phylogenetics of termite species collected from study fields in southern Haryana, India, from 2020 to
2021. Samples were subjected to integrated systematic analyses, taking into account the mandible features of soldiers for morphological
systematics and 16S rRNA gene-based phylogeny for molecular systematics. Based on the external phenotype and relations to reference
sequences in NCBI GenBank, 21 species were identified; these included five species each from Odontotermes and Microcerotermes, four
species from Coptotermes, two species each from Microtermes and Eremotermes, and one species each from Amitermes, Angulitermes,
and Neotermes. 16S rRNA gene sequences were utilized to construct phylogenetic trees to explore the relatedness among identified
species. The results of the different molecular phylogenetic approaches including maximum parsimony, maximum likelihood, and
neighbor-joining revealed nearly identical topological relations between the species and grouping of individuals in relation to their genera.
The maximum parsimony tree based on mandible features has been found to be effective in clustering multiple species of a given genus
in a clade in at least three termite genera.

Keywords: 16S rRNA gene, Kalotermitidae, mandible, molecular analysis, morphological taxonomy, phylogenetic tree, Rhinotermitidae,
Termitidae.
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ldentification and phylogenetic analysis of various termite species

INTRODUCTION

Isopterans are one of the most significant insect
groups, serving as key decomposers of wood and
other materials, and termites can also be serious pests
of wood and other crops (Bignell & Eggleton 2000;
Ackerman et al. 2007; Pooja et al. 2017; Govorushko
2019; Korb et al. 2019). Termites are eusocial insects,
with colonies exhibiting caste specialization and division
of labour. Around 3,106 species are listed worldwide,
of which 337 have been reported from India and 39
from Haryana State (Bignell et al. 2010; Krishna et al.
2013; Pooja et al. 2017; Paul et al. 2018; Effowe et al.
2021; Bhanupriya et al. 2022a,b). Since termites are
highly diverse it is important to identify them properly
and classify them into well-defined groups, typically via
multiple approaches.

Classical systematics has been used to classify
termite species using morphological features of worker
and soldier castes (Donovan et al. 2000; Aldrich et al.
2007; Rocha et al. 2019), which is useful to the genus
level. To accurately discern species, a combination of
molecular and morphological approaches have proven
useful (Wallman & Donnellan 2001; Austin et al. 2005;
Yeap et al. 2007), especially in cases where only partial
or damaged samples are available (Judith & Nicola
2008). Molecular systematics based on mitochondrial
DNA sequences has proven especially effective in
unravelling termite taxonomy (Wells & Sperling 2001;
Roy et al. 2006). Studies have been carried out using
a variety of mitochondrial genes, including those for
cytochrome oxidases and ribosomal RNAs (e.g., 12S and
16S rRNA; Murthy 2020). Mitochondrial genes tend to
vary more rapidly than those in nuclear DNA, and they
are inherited maternally (Behura 2006). 16S rRNA-based
trees have been used to understand the taxonomy and
evolution of termite species (Kambhampati et al. 1996;
Vidyashree et al. 2018).

The present study was designed to characterize
termite species collected from southern Haryana, India,
based on morphological and molecular data. Termites
were classified using phylogenetic trees built on the basis
of 16S rRNA gene sequences, and maximum parsimony
trees based on soldier mandible features. The results of
molecular identification and morphological assessments
are compared.

Bhanupriya et al.

METHODS AND METHODS

Collection of Termite Samples

A total of 168 termite samples (soldiers and
workers) were collected from several localities of
southern Haryana, India, situated between 28.25° N &
76.29° E during a 2-year study period (Table 1; Figure
1), via random sampling (Bhanupriya et al. 2022a,b)
of microhabitats that included dung cakes, common
rush, vegetation, leaf litter, tree bark, stumps, mounds,
bamboo fencing and tree logs. Collections were
completed at three-month intervals from March 2020
to November 2021. Each sample contained around
50 individuals and their distribution in study sites was
mapped based on the collective data of the current
study. The voucher specimens were well-maintained in
10ml of 70% ethanol mixed with 2—3 drops of glycerol
in 20 ml glass vials for morphological and molecular
analysis. Samples kept in the vials were labeled with the
day and date of collection, name of the study sites and
source of isolation, and retained in the Department of
Zoology, IIHS, Kurukshetra University, Kurukshetra, India.

Morphological identification of termite species

Identification of specimens was done using
identification keys (Roonwal & Chhotani 1989; Chhotani
1997; Krishna et al. 2013) based upon different diagnostic
characteristics of soldier caste: head length, head width,
head shape, mandible length, mandible plus head length,
body length, body width, body-colour, tibial spur, tarsal
segments and antennae segments (Wang et al. 2009;
Bhanupriya et al. 2022a,b). These measurements were
examined under the light compound microscope and
photographs were also collected. And complete analysis
of body measurements was performed by calculating
mean and SD.

Parsimony tree based on mandible features

For construction of parsimony tree based on
mandible characters, observations were made on
features like mandible without a tooth, mandible with
serrations, serrated mandibles without any large tooth,
mandibles strongly incurved at distal half, mandible with
incurved apex, cylindrical mandibles, tooth present at
mid of the mandible, tooth present at the near tip of the
mandible, tooth present at near base of the mandible,
left mandible with a single tooth, right mandible with
a single tooth, left mandible with six marginal teeth,
right mandible with two teeth, left mandible with four
crenulations, right mandible with two crenulations, right
mandible with three crenulations and right mandible
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Figure 1. Various locations where termite samples included in this study were collected. Numbers (depicting species) mentioned in Table 1.

with four crenulations. The presence and absence of the
above mentioned characters were assigned values of 1
and 0 respectively, and the strings of 1’s and 0’s were
used as vectors to define a particular termite species.
Maximum parsimony tree was constructed based on
these strings of 1’s and Q’s using PAST 4.10 software.

MOLECULAR IDENTIFICATION
Extraction of Genomic DNA, PCR and Sequencing

The genomic DNA of termites was isolated from
worker castes using Qiagen mini kits as per manufacturer
instructions. The polymerase chain reaction was
conducted using 16S rRNA gene-specific forward and
reverse primers (16SF 5’-CGCCTGTTTATCAAAAACAT-3’
16SR5’-CCGGTCTGAACTCAGATCACGT-3’) by the protocol
of Szalanski et al. (2004) with some modifications.
Approximately, 500 bps amplicon of 16S rRNA gene was
obtained for each termite species. The PCR reaction was
performed in 0.2 ml of PCR tubes with a 25 ul reaction
mixture consisting of 5 pl genomic DNA, 12.5 pl PCR mix,
1.0 pl primers (16SF & 16SR), and 6.5 pl of nuclease-
free water. The PCR reactions were repeated in thermal
cycles 40 times. In thermal cycles initial denaturation
occurred at 95° C for 5 minutes, denaturation, annealing,
and extension at 94° C, 55° C, and 72° C, respectively,

for 30 seconds each, followed by final extension at 72° C
for 7 minutes. The sequence of amplified DNA segments
was approved using both the primers using Applied
Biosystems BigDye Terminator V3.1 Cycle Sequencing
kit. These sequences were further copied and analyzed
using ChromasPro v 1.34.

Data Analysis

The 16S rRNA gene sequences were assembled
using ChromasProV3.1 sequence assembly software.
The assembled sequences were edited to remove
uncertain bases and revised sequences were subjected
to BLAST analysis in the NCBI database, for molecular
identification. Since these were partial sequences, the
overall identification of termites relied on both molecular
as well as morphological characters. Hereafter, these
16S rRNA gene sequences were submitted to NCBI to get
the accession numbers (Table 1). The 21 sequences were
aligned using MAFFT (Katoh et al. 2019) and trimmed
and edited in Jalview (Procter et al. 2021). Cryptocercus
(cockroach) mtDNA sequences were included to be used
as the outgroups. To explore the genetic relatedness
of given termite species, phylogenetic (NJ, ML and
MP) trees were constructed using the PHYLIP package
version 3.695 (Felsenstein 2008).
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Table 1. Source of collection of termites, geographical coordinates of the location, and GenBank accession numbers of the sequenced 16S rRNA

gene fragments.

Source of collection Latitude & Longitude Date of collection Molecular identity Accession No.
1 Kikar tree 28.12352 N 77.89224 E 28.vi.2020 Amitermes belli MZ269706
2 Mango tree 28.225932 N 77.082438 E 24.iv.2020 Coptotermes gestroi 0OK606100
3 Woody thing 28.226763 N 77.084916 E 22.vi.2020 Microtermes mycophagus 0OK606129
4 Sheesam wood 28.2288656 N 77.0883974 E 23.vi.2020 Coptotermes kishori 0L335912
5 Wood 28.2287955 N 77.0885184 E 23.vi.2020 Coptotermes heimi 0OK606090
6 Woody thing 28.23808 N 77.04488 E 25.vi.2020 Angulitermes akhorisainensis 0OL780326
7 Wood log 28.2233547 N 77.0803697 E 02.vi.2020 Eremotermes paradoxalis 0L335913
8 Common rush 28.39208 N 77.01185 E 28.vi.2020 Microcerotermes newmani ON385997
9 Peepal tree 28.39208 N 77.28196 E 28.vi.2020 Coptotermes emersoni 0OK181907
10 Woody thing 28.09059 N 77.01185 E 30.viii.2021 Odontotermes obesus 0L721750
11 Cattle dung 27.45184 N 77.82596 E 03.vii.2020 Eremotermes neoparadoxalis 0L335910
12 Soil mound 28.35496 N 77.2624 E 11.vii.2020 Odontotermes redemanni 0L454814
13 Wooden block 28.22636 N 77.80092 E 06.viii.2020 Odontotermes guptai 0L335911
14 Common rush 28.8804 N 77.4924 E 17.iii.2021 Microcerotermes raja 0L470522
15 Common rush 28.3324N 77.4812 E 23.v.2021 Microcerotermes cameroni 0OL470529
16 Common rush 28.0088 N 77.1048 E 18.iii.2021 Microcerotermes baluchistanicus 0L454819
17 woody logs 28.3072 N 77.4848 E 23.v.2021 Microtermes obesi 0L454826
18 Kikar tree 28.239467 N 77.051106 E 29.viii.2021 Odontotermes parvidens 0L454829
19 Sheesham tree 28.201364 N 76.72994 E 04.ix.2021 Neotermes kemneri 0L780345
20 Kikar tree 28.225001 N 76.545022 E 04.ix.2021 Odontotermes assmuthi OL721753
21 Common rush 28.325773 N 76.277785 E 14.x.2021 Microcerotermes beesoni 0M241964

500 replicates of the DNA sequence alignment
were generated using Seqboot. For constructing MP
tree, the output of Segboot was fed to the program
Dnapars and the resultant MP trees were obtained. The
majority rule consensus tree was built from MP trees
using Consense program. For constructing ML tree, the
output of Segboot was fed to the program Dnaml and
ML trees were obtained from the datasets which were
fed to Consense to arrive at majority rule consensus ML
Tree. For constructing NJ tree, the output of Seqboot
was fed to the program Dnadist to compute the distance
matrices for the given datasets. The output of Dnadist
was fed to the program Neighbor to obtain the NJ trees
from the given datasets. The output of Neighbor was fed
to Consense to construct the majority rule consensus NJ
tree.

RESULTS AND DISCUSSION

Taxonomic Account of Termites:
Based on aforementioned morphological keys, 168
termite samples were identified into 21 species (Image 1)

belonging to three families (Termitidae, Rhinotermitidae,
and Kalotermitidae), four subfamilies (Amitermitinae,

Termitinae, Macrotermitinae, and Coptotermitinae)
and eight genera (Amitermes, Eremotermes,
Microcerotermes, Angulitermes, Odontotermes,

Microtermes, Coptotermes, and Neotermes) as shown
in Table 2. Species M. baluchistanicus is an arid zone
species that is restricted to only Rajasthan (Rathore &
Bhattacharyya 2004). Parihar (1981) reported that this
species destroyed the guar crop. In the Nuh region of
Haryana, M. baluchistanicus has been discovered for the
first time.

Morphological tree

Investigation of the intra and intergenic relatedness
in termites was carried out on the basis of mandible
features of soldier castes by using parsimony analysis
(Image 1). The mouthparts (mandibles) of termites are
sclerotized structures that are adapted according to the
substrate on which they feed. These adaptations are
helpful for mechanically breaking down the hardwood
substrates of their diet (Wilson & Jessica 2019).
Therefore, mandibles are significantly important in
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Table 2. Body parameters of the soldier castes of the studied termite species (n = 5).

TBL** HL HML ML HW BW Mandible features
Amitermes belli 5.0240.24* 1.1340.11 1.940.14 0.77+0.08 1.1840.26 1.04£0.12 Z'qg‘i'gi;’:th on each
Coptotermes gestroi 4.87+0.31 1.4710.03 2.380.08 0.91:0.06 1.1840.06 1.09¢006 | Mehtmandible with3
crenulations
Microtermes mycophagus 4306 0.9240.08 1.4840.11 0.5840.05 0.83£0.12 0.84£0.05 Z'qr;‘i'ji;‘l’:th on each
Coptotermes kishori 4.5:0.45 1.1540.05 1.930.05 0.78+0.05 1.010.09 1.02¢00g | Mghtmandible with 4
weaker crenulations
Coptotermes heimi 5.58+0.42 1.33£0.05 2.14£0.20 0.82£0.16 1.18£0.08 1041004 | Mghtmandible with 4
crenulations
Angulitermes 4.560.19 1.3410.04 2.6940.05 1.36$0.04 0.9410.05 0.9£0.03 Mandibles long, rod like,
akhorisainensis distally pointed and incurved
Eremotermes paradoxalis 3.8440.24 0.95+0.08 1.76£0.15 0.81£0.07 0.68+0.07 0.7240.08 ;Z'ilji;‘l’:th on each
finely serrated, a prominent
Microcerotermes beesoni 4.8+0.4 1.32+0.13 2.13+0.2 0.81+0.12 0.84+0.12 0.82+0.08 denticle present near the
base of each mandible
Coptotermes emersoni 5.18+0.55 1.1+0.1 1.96+0.12 0.86+0.05 0.96£0.12 1.08+0.08 2 teeth on right mandible
Odontotermes assmuthi 5.64:0.4 1.5740.12 2.3:0.16 0.75£0.07 1.210.05 1.18£0.08 tjztt?a”d'b'e with single
Microcerotermes 4.56:0.4 1.240.13 210.2 0.8£0.12 0.9£0.12 0.8+0.08 coarsely serrated
newmani
Eremotermes single tooth on each
) 3.8440.22 0.7740.06 1.75£0.11 0.88+0.04 0.7310.11 0.67+0.06 :
neoparadoxalis mandible
. Left mandible with single
Odontotermes redemanni 4.64+0.41 1.21+0.07 1.9240.15 0.79+0.07 1+0.1 0.87+0.05 tooth
Neotermes kemneri 8.04£0.27 2.55£0.13 4.1940.13 1.64+0.04 1.9240.11 2462012 | Mghtmandible with 2 and
left with 6 teeth
. Left mandible with single
Odontotermes guptai 4.92+0.08 1.04£0.12 1.64£0.18 0.6£0.08 0.95£0.05 091:006 | "7
Microcerotermes coarsely serrated, with a
. X 4.72+0.58 1+0.07 1.96+0.05 0.96+0.05 0.67+0.08 0.88+0.08 larger tooth-like serration in
baluchistanicus .
the middle
Microcerotermes raja 4.76+0.28 1.1840.11 2.0140.14 0.83+0.05 0.81+0.01 0.80.1 Coarsely serrated, without
any large tooth.
Microcerotermes coarsely serrated with one
‘ 4.9840.22 1.5240.16 2.41£0.18 0.89:0.04 0.94£0.09 0.82£0.08 | larger tooth-like serration
cameroni .
near the middle
Microtermes obesi 43035 0.98+0.08 1.5240.09 0.54+0.04 0.83£0.08 0.8840.08 ::;i'gﬁgth on each
Odontotermes parvidens 6+0.38 1.99£0.07 3.1740.25 1.23£0.11 1.76£0.21 2.3440.24 tjztt?a”d'b'e with single
Odontotermes obesus 5.14£0.70 1.3240.13 2.240.16 0.88£0.11 1.15£0.05 1.1440.09 't'zztﬂ’:‘a”d'b'e with single

*All values represented in mm | **TBL—Total Body Length | HL—Head Length | HML—Head Mandible Length | ML—Mandible Length | HW—Head Width | BW—

Body Width.

feeding biology, i.e., pulling, cutting, scraping, pounding,
and grinding the wooden structures (Matsuoka et al.
1996; Wilson & Jessica 2019).

As termites are cryptic species, hence for
identification, soldiers’ mandible features were
counted as a valuable or noticeable parameter for
their characterization (Donovan et al. 2000; Engel et
al. 2009). This is also because of the higher range of
disparity displayed by soldier caste in their conspicuous
morphological characters associated with the head
and mandibles compared to either the alate or worker
castes (Ishikawa et al. 2008; Wang et al. 2009; Ahmed et

al. 2011; Ke et al. 2017). Wang et al. (2009) identified
five species of the genus Reticulitermes (R. flavipes, R.
virginicus, R. arenincola, R. tibialis, and R. hageni) by
utilizing soldiers and alates body features. One species,
i.e., Heterotermes indicola (Mahapatro & Kumar 2013),
two species of the genus Neotermes (N. koshunensis and
N. sugioi) (Yashiro et al. 2019) and seven species of three
genera (Odontotermes, Macrotermes, and Microtermes)
(Kassaye et al. 2021) were also identified with soldiers
and Imago’s morphological features. Vidyashree et
al.  (2018) also utilized soldiers’ features and
characterized 12 species of termites from the Western
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Ghats of Karnataka, India.

In earlier phylogenetic studies, imago-worker’s
mandible characters were utilized for parsimony
analysis. However, this usually resulted in inconsistencies
in the results, which were more apparent in the family
Termitidae (Ahmad 1950). Similarly, mandibular
forms seem to have changed numerous times with
modifications in feeding strategies like in the case of
the Nasutitermes group (Donovan et al. 2000; Chiu
et al. 2018; Govorushko 2019). Hence, traditional
morphological phylogenies are difficult to rely upon
always, since they have been built on restricted subsets
of characters, e.g., the mandibles of worker-imago caste
(Ahmad 1950) and the worker gut (Johnson 1979; Noirot
1995; Donovan et al. 2001). Rocha et al. (2017) also had
the same view that workers’ mandible characters alone
are not good enough as phylogenetic markers. But
according to Carrijo et al. (2020) termite species can be
easily identified with the combination of the soldier as
well as worker caste characters, as they showed in the
classification of Heterotermes longiceps species.

Termites can also be classified on the basis of
soldier’s mandibles into different types of defense
categories including Biting/Crushing, Slashing
(Rhinotermitidae, Serritermitidae, and Termitidae),
Slashing/ Snapping, Symmetrical Snapping (Termes,

Figure 2. Maximum Parsimony tree based on
mandibular features of termites soldiers. (*Bootstrap
values obtained from 100 replicates datasets displayed
at nodes; 100=100%)

Cavitermes, Homallotermes, Dentispicotermes,
and Orthognathotermes), Asymmetrical Snapping
(Capritermes and Neocapritermes), Piercing (Amitermes,
Armitermes, Rhynchotermes, and Rhinotermes), Vestigial
(Nasutitermitinae and Rhinotermitidae), Ejected
Secretion (Nasutitermes) and Vestigial Labral Brush
(Acorhinotermes) (Prestwich 1984). But Rocha et al.
(2017) reconstructed the classification of termites into
three categories (biting/crushing, piercing and slashing)
based on their defense behavior.

In the present study, the importance of mandibular
features in soldiers was investigated in determining
the taxonomy of termite species. The soldier caste is
the main caste on which consistent amount of termite
taxonomic work has been focused (Seid et al. 2008; Kuan
et al. 2020; Amina et al. 2020). The MP tree based on
mandible features exhibited certain clusters which were
consistent with the DNA based tree, as it can be observed
that the species of Microcerotermes, Odontotermes,
and Coptotermes are falling in their respective clades
with significant bootstrap values (Figure 2); earlier
investigators have also emphasized on the importance
of mandible features in the determination of taxonomic
position of different termite species (Donovan et al.
2000; Carrijo et al. 2020). So, the tree based on mandible
features though not completely defined the relationship
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between different termite families, but at genus level,
proper clustering of three genera was obtained. First
cluster comprised species of genus Coptotermes (C.
kishori, C. heimi, C. gestroi, and C. emersoni), second
comprised Odontotermes species (0. obesus, O.
assmuthi, and O. redemanni) and the third comprised
species of the genus Microcerotermes (M. beesoni, M.
baluchistanicus, and M. cameroni). The clustering of
rest of the species included in our study was chiefly
dependent on the morphometric features.

Rocha et al. (2017) also notified such anomalies
when he reported that, based on head morphology,
Rhynchotermes nasutissimus and Uncitermes
teevani came closer, though, phylogenetically, U.
teevani is closer to Labiotermes labralis. Inward et al.
(2007) commented that the defense morphologies
in termites vary from species to species and evolved
autonomouslyamongalllsopterans. Similarly,Hare (1937)
stated that soldiers of a few genera—Miicrocerotermes,
Termes, and Nasutitermes (Termitidae)—lack a marginal
tooth in their mandibles, while in some others,
including Amitermes, Eremotermes, and Odontotermes,
a distinct tooth is present at the edge of the soldier
mandible (Chhotani 1997). Such observations pointto the
fact that there might have been a convergent evolution
in the case of mandible features where similarities are
indicative more of similar defense behavior and other
habits rather than phylogenetic.

MOLECULAR IDENTIFICATION
Sequence analysis

About 500 bps of PCR products of 16S rRNA gene
were sequenced for 21 species. These sequences were
BLAST-searched in NCBI databases to determine the
identity of termite samples. The sequences of these 21
species were deposited to the NCBI GenBank and the
accession number of each termite species was obtained
(Table 1).

Nucleotide-composition analysis

The nucleotide composition in the mtl6S rRNA
gene fragment was calculated for the 21 termite
species using MEGA11 software (Tamura et al. 2021).
It exhibited considerably high frequencies of A+T
base composition that ranged from 61.08 to 68.56%
compared to G+C composition (31.44-38.92 %). These
nucleotide arrangements showed bias towards adenine
and thymine in their composition which is consistent
with data on 16S rRNA mitochondrial gene studies in
various insects (Kambhampati et al. 1996; Vidyashree et
al. 2018). The individual nucleotide frequencies for each

Ehawuprhda et al.

Table 3. Maximum composite likelihood estimates the pattern of
nucleotide substitution.

A T C G
A - 5.34 3.69 9.54
T 6.75 12.52 2.85
C 6.75 18.08 - 2.85
G 22.61 5.34 3.69

* transitional substitutions were 22.61, 18.08, 12.52, and 9.54, and transversional
substitutions were 6.75, 5.34, 3.69, and 2.85.

species have been plotted in Supplementary Figure S3.
High AT frequencies have also been reported by other
groups like Kambhampati et al. (1996); Vidyashree et
al. (2018), Austin et al. (2002), Ohkuma et al. (2004), and
Murthy (2020).

The entire gene analysis of investigated termite
species was done using the maximum composite
likelihood (MCL) estimates method. The MCL estimates
calculate the probability of substitution of one base with
another base (Tamura et al. 2021). Substitution rates
were assessed using MEGA11 (Tamura et al. 2021). The
rates of different transitional substitutions were 22.61,
18.08, 12.52, and 9.54, and the rates of transversional
substitutions were 6.75, 5.34, 3.69, and 2.85 (Table 3).
The nucleotide frequencies were found to be 36.24%
(A), 28.65% (T), 19.84% (C), and 15.28% (G), respectively.
The transition and transversion rate ratios were obtained
as k1 =3.35 (purines) and k2 = 3.388 (pyrimidines). The
overall transition/transversion bias (R) came out to be
1.513, where R = [A*G*k1 + T*C*k2]/[(A+G)*(T+C)].

Distance analysis

Based on sequence alignment, the divergence
was calculated to investigate the intergenic variations
among termite species by using MEGA11 software.
The sequences of 16S rRNA gene from the termite
species under this study were used to calculate pairwise
genetic distance values (Kimura 2 parameter) using
MEGA11 (Table 4). The K2P distance matrix values
in species of the Odontotermes genus ranged from
0.031 to 1.256. It was found to be lowest (0.031)
between O. redemanni and O. obesus and highest
(1.256) between O. parvidens and O. obesus. The K2P
interspecific distances in the genus Coptotermes ranged
0.005-1.015, recorded maximum (1.015) between C.
gestroi and C. emersoni, and minimum (0.005)
between C. kishori and C. heimi. However, divergence
in genus Microcerotermes was ranged highest (0.081)
between M. raja and M. beesoni and lowest (0.0)
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Figure 3. Phylogenetic tree built on Maximum Parsimony method to know the relatedness between isopterans; Cryptocercus sequences being
taken as an outgroups. (*Bootstrap values obtained from 500 replicates datasets displayed at nodes; 500 = 100%).

between M. cameroni and M. newmani (Table 4).

Phylogenetic analysis

The molecular phylogenetic trees were constructed
from the aligned sequences of mt16S rRNA gene using
maximum likelihood (ML), neighbor-joining (NJ), and
maximum parsimony (MP) methods taking Cryptocercus
mt gene sequences as an outgroup. All the methods
yielded highly similar results and genetic relatedness
between different termite species was established
(Figure 3, Supplementary Figures S1 & S2).

As evident in the maximum parsimony tree, all
the termite sequences are distinctly different from
the Cryptocercus sequences, which cluster separately
at the base of the tree. Amitermes belli, C. gestroi, M.
mycophagus, O. guptai, O. parvidens, and O.
assmuthi together form a well-bootstrap value (500)
supported clade (Clade A) in the MP tree as well as
in ML and NJ trees. Neotermes kemneri associates
with this clade in both NJ and ML trees, which could
be indicative of relatedness between Neotermes
kemneri and various members of this clade. In clade
A, species O. guptai, O. parvidens, O. assmuthi, M.
mycophagus, and A. belli, all belong to the same
family Termitidae, and C. gestroi belongs to the family
Rhinotermitidae; their clustering being strongly
supported by 100% bootstrap value. Our findings were
broadly consistent with those of Vidyashree et al. (2018)

(based on 16S rRNA) who stated that the species of
genera Microtermes and Odontotermes (belonging
to family Termitidae and subfamily Macrotermitinae)
form a major cluster together as they showed higher
resemblance with each other on morphological basis.
The rest of the termite sequences are clustered
togetherinalarge clade (Clade B) which is well supported
with bootstrap values in all the trees examined. This
clade could be further subdivided into two subclades,
i.e., B1 and B2 with a 495.4 bootstrap value at the
node joining them. Subclade B1 having six members of
two genera (Microcerotermes and Angulitermes) that
belong to the same family Termitidae, i.e., Angulitermes
akhorisainensis, M. cameroni, M. newmani, M.
beesoni, M. raja, and M. baluchistanicus. Species M.
raja and M. baluchistanicus are highly related with a 500
bootstrap value, while Angulitermes akhorisainensis, M.
cameroni, M. newmani, and M. beesoni are also
clustered together at 499.7 bootstrap value. The same
relationships are observed in ML and NJ trees as well.
Subclade B2 having members, i.e., E. paradoxalis, E.
neoparadoxalis, 0. obesus, O. redemanni, M.
obesi, C. emersoni, C. kishori, and C. heimi. Therefore,
subclade B2 comprises species from three subfamilies
(Amitermitinae, Coptotermitinae, and Macrotermitinae)
and four genera (Eremotermes, Coptotermes,
Odontotermes, and Microtermes) of two families,
Termitidae and Rhinotermitidae. B2 is further subdivided
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Image 1. Micrographs of mandibles of soldier caste of 21 morphologically identified species.
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Image 1 contiued. Micrographs of mandibles of soldier caste of 21 morphologically identified species.

into two sub-subclades, i.e., B2a and B2b. In the subclade
B2a, E. paradoxalis and E. neoparadoxalis are clustered
together with 100% bootstrap value. However, in B2b,
members of two families named Rhinotermitidae and
Termitidae clustered together with almost 42% bootstrap
value. Rhinotermitidae family is represented by
C. emersoni, C. kishori, and C. heimi, whereas the
Termitidae family is represented by O. redemanni, O.
obesus, and M. obesi. Species O. obesus, O. redemanni,
and M. obesi could also be considered related to each
other since this clustering is common in both MP and ML
trees, and the cluster is well supported with bootstrap
values in the ML tree.

Species of genera Coptotermes, Odontotermes, and
Microtermes were clustered on separate clades, i.e.,
A and B2. One possible explanation of this separate
clustering comes from the morphological features of
the members of these two groups, which differ in the
location of tooth on the either side of mandibles and
shape of the head. In O. redemanni and O. obesus,
mandibles are sickle shaped and head is oval shaped. M.
mycophagus possesses one tooth like projection near
the tip of the mandibles while M. obesi don’t have tooth.
O. obesus is always found to cluster with the species M.
obesi (Vidyashree et al. 2018), whereas, species of the
genus Microcerotermes of subfamily Amitermitinae
tend to fall in a separate cluster (Bourguignon et al.
2014; Vidyashree et al. 2018).

Findings from the present investigation broadly

validate the results of Thompson et al. (2000) and
Ohkuma et al. (2004) who described Asian termite’s
phylogeny, based on COIl gene, taking 31 genera of
Termitidae and Rhinotermitidae families.

The present work was designed to study the
morphology and carry out genetic analysis of different
termite species belonging to the family Termitidae,
Rhinotermitidae and Kalotermitidae based on the mt16S
rRNA gene. This integrated analysis was done to solve the
problem that occursin the identification of these puzzling
species (Austin et al. 2005, 2012; Yeap et al. 2007; Ke et
al. 2017; Ghesini et al. 2020). Significant similarities were
observed in certain cases regarding the clustering of
individual species in both the phylogenetic tree and the
tree based on mandible features, for example, species
of genus Microcerotermes and Coptotermes formed
separate clades in mandible-based tree just like in the
phylogenetic tree. Rhinotermitidae family clustered
distinctly from Termitidae which is in equivalence with
morphological identification (Vidyashree et al. 2018).

Lee et al. (2005) also verified morphological and
phylogenetic analyses of Malaysian termites of the
Termitidae family (Isoptera) with COIll gene sequence.
The first few combined studies at both the molecular
and morphological levels between the major groups
of isopterans were performed by Lo et al. (2004)
and Inward et al. (2007). Their analysis showed
Kalotermitidae, Hodotermitidae and Termitidae to be
monophyletic, while Rhinotermitidae and Termopsidae
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were found to be paraphyletic. This was further verified
by Legendre et al. (2008) using seven gene sequences
(12S rDNA, 16S rDNA, 18S rDNA, 28S rDNA, COI, COll,
and cytb) establishing phylogenetic connections
between the termite species. Their findings revealed
that the genera of Rhinotermitidae (Heterotermes,
Reticulitermes and Coptotermes) forms a sister group
with the Termitidae. Rhinotermititdae and Termitidae
members exhibited sister relations in our investigation as
well (Figure 3; Clade B). Inanother study, Rhinotermitidae
family shared paraphyletic relations with the family
Termitidae whereas Kalotermitidae was found to be
monophyletic with the Rhinotermitidae, Serritermitidae
and Termitidae (Bourguignon et al. 2014). In the present
research with limited members of termite species,
members of Kalotermitidae, Rhinotermitidae and
Termitidae also showed common ancestry (Figure 3;
Clade A)

Overall, from our studies, it could be concluded
that morphological and molecular systematics both
considered together generates a better template for
termite identification and classification.
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Communications

Presence of medium and large sized terrestrial mammals highlights the
conservation potential of Patharia Hill Reserve in Bangladesh

— M. Aminur Rahman, Ai Suzuki, M. Sunam Uddin, M. Motalib, M. Rezaul Karim
Chowdhury, Ameer Hamza & M. Abdul Aziz, Pp. 23283-23296

Diversity and abundance of aquatic birds in Koonthankulam village pond, Tamil
Nadu, India

— Selvam Muralikrishnan, Esakkimuthu Shanmugam, Natarajan Arun Nagendran
& Duraisamy Pandiaraja, Pp. 23297-23306

Plastral deossification zones in the Endangered Spiny Hill Turtle Heosemys
spinosa (Testudines: Geoemydidae) on Borneo
— Siti Nor Baizurah & Indraneil Das, Pp. 23307-23314

Addition of four new records of pit vipers (Squamata: Crotalinae) to Manipur,
India

— Premijit Singh Elangbam, Lal Biakzuala, Parag Shinde, Ht. Decemson, Mathipi
Vabeiryureilai & Hmar Tlawmte Lalremsanga, Pp. 23315-23326

Addition to the Odonata fauna of Tripura, India
— Dhiman Datta, B.K. Agarwala & Joydeb Majumder, Pp. 23327-23337

Occurence and distribution of two new libellulids (Odonata: Insecta) of
the Kashmir Valley, India: Orthetrum sabina (Drury, 1770) and Palpopleura
sexmacaluta (Fabricius, 1787)

— Tahir Gazanfar & Mehreen Khaleel, Pp. 23338-23343

Rayed Thistle Fly Tephritis cometa Loew (Diptera: Tephritidae) a new record to
India
— Rayees Ahmad, Tarig Ahmad & Barkat Hussain, Pp. 23344-23349

New state records of some Dermaptera De Geer, 1773 (Insecta) species in India
— Tanusri Das, Kochumackel George Emiliyamma & Subhankar Kumar Sarkar, Pp.
23350-23358

Moth diversity of Guindy, Chennai, India and DNA barcoding of selected erebid
moths

— Sreeramulu Bhuvaragavan, Mani Meenakumari, Ramanathan Nivetha &
Sundaram Janarthanan, Pp. 23359-23372

New record of the sphingid moth Acherontia styx Westwood, its parasitoid
Trichogramma achaeae in Jasmine Jasminum sambac L., and its bioecology
— . Merlin K. Davidson, Pp. 23373-23381

Identification and phylogenetic analysis of various termite species distributed
across southern Haryana, India

— Bhanupriya, Shubhankar Mukherjee, Nidhi Kakkar & Sanjeev K. Gupta, Pp.
23382-23396

Survey of Black Band Disease-affected scleractinian corals via drone-based
observations in Okinawa, Japan

— Rocktim Ramen Das, Parviz Tavakoli-Kolour, Sanaz Hazraty-Kari & James Davis
Reimer, Pp. 23397-23402

Trace elements in Penaeus shrimp from two anthropized estuarine systems in
Brazil

— Ana Paula Madeira Di Beneditto, Inacio Abreu Pestana & Cassia de Carvalho,
Pp. 23403-23407

Aquatic Hemiptera inhabiting rice fields in Karaikal, Puducherry, India
— M. Kandibane & L. Gopianand, Pp. 23408-23415
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Leaf defoliation and Tabernaemontana rotensis (Asterids: Gentianales:
Apocynaceae) flower induction and fruit development
—Thomas E. Marler, Pp. 23416-23424

Short Communications

First record and DNA barcode of a scarab beetle, Adoretus kanarensis Arrow,
1917 (Coleoptera: Scarabaeidae: Rutelinae), from Maharashtra, India

— Pranil Jagdale, Sujata Magdum, Aparna Sureshchandra Kalawate, Swapnil
Kajale & Yogesh Shouche, Pp. 23425-23430

New record of Lucilia cuprina (Wiedemann, 1830) (Diptera: Calliphoridae) from
the Trans-Himalayan Region, cold arid desert of Kargil Ladakh, India

— Mohd Hussain, Altaf Hussain Mir, Hidayatullah Tak & Nassreen Fatima Kacho,
Pp. 23431-23435

On the occurrence of Nitella myriotricha A.Braun ex Kitzing, 1857 ssp.
acuminata D.Subramanian, 1999 (Charophyceae: Charales: Characeae), from
eastern India

— Kailash Mondal & Jai Prakash Keshri, Pp. 23436-23440

Notes

Dark Clouds Ahead? Anecdotal evidence for an illegal live trade in

Sunda Neofelis diardi and Indochinese N. nebulosa Clouded Leopards
(Mammalia: Carnivora: Felidae)

— Anthony J. Giordano, Leah M. Winstead, Muhammad Ali Imron, Rustam, Jephte
Sompud, Jayaraj Vijaya Kumaran & Kurtis Jai-Chyi Pei, Pp. 23441-23445

Further photographic record of Asiatic Brush-tailed Porcupine Atherurus
macrourus Linnaeus, 1758 (Mammalia: Rodentia: Hystricidae) from Manas
National Park, Assam, India

— Urjit Bhatt, Bilal Habib & Salvador Lyngdoh, Pp. 23446-23448

Predation of the Nicobar Shrew Crocidura nicobarica by a Cattle Egret Bubulcus
ibis
— G. Gokulakrishnan, C.S. Vishnu & Manokaran Kamalakannan, Pp. 23449-23451

War prompts distress symptoms in Israeli Blind Snake
— Shahar Dubiner, Shai Meiri & Eran Levin, Pp. 23452-23454

Further distribution records of Varadia ambolensis (Stylommatophora:
Helicarionoidea) from the state of Goa

— Nitin Sawant, Shubham Rane, Sagar Naik, Seema Vishwakarma & Mayur Gawas,
Pp. 23455-23457

Eleocharis acutangula ssp. neotropica D.J.Rosen (Cyperaceae): a new record for
southern Western Ghats, India

- Kavya K. Nair& A.R. Viji, Pp. 23458-23460

Book Review

Putting wetland science to practice: a review
— Review by Tiasa Adhya & Partha Dey, Pp. 23461-23462
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