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ABSTRACT
In the context of Indian zoogeography, the DNA barcode data of short-horned grasshoppers (family
Acrididae) are limited in global databases. Hence, the present study was aimed to collect selected
Acridid species from the Indian Himalayan regions and generate DNA barcode data to enrich the glo-
bal database. The estimated K2P genetic distances, Bayesian analysis (BA) topology and multiple spe-
cies delimitation methods (ABGD, bPTP, and GMYC) clearly discriminate all the studied species. Based
on high genetic distance (7.5%), multiple clades, and more than one molecular operational taxonomic
unit, the present study elucidates the allopatric speciation and presence of possible cryptic diversity of
Oxya japonica within India, China, and Russia. The present study suggests the collection of multiple
specimens from different geographical locations and the generation of more DNA barcode data would
facilitate the actual diversity of this insect group.
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Introduction

Orthoptera is one of the oldest living insect lineages with
28,418 described species and contributes almost half of the
total arthropods diversity globally (Grimaldi and Engel 2005;
Cigliano et al. 2020). They are generally inhabits in the grass-
land ecosystems and play an important role in maintaining
the food chain (Belovsky and Slade 1993; Joern et al. 2006).
Due to their high mobility across different geographical loca-
tions and ecological sensibilities, this group of insects also
acts as a bio-indicator (Samways and Sergeev 1997; Bazelet
and Samways 2014). Among the extant diversity, most of the
species were considered as major pests in agriculture, animal
husbandry, and forest ecosystem (Uvarov 1966; COPR 1982).
In recent past, the United Nations’ Food and Agriculture
Organization (FAO) declared that a single Acridid species has
made upsurge invasion and worst outbreak as well as dam-
aged several crops in India and neighboring countries.
However, few of them were used as a bio-control agent; e.g.
the semi-aquatic grasshopper species, Cornops aquaticum has
been used as a bio-control agent on aquatic plant (Bownes
et al. 2013) and the meadow purple-striped grasshopper,
Hesperotettix viridis feed the noxious snakeweeds which can
harm cattle and other livestock (Thompson and Richman
1993). Besides its ecological and economic significance, the
family Acrididae also has a biogeographic history and
assumed to have originated in the early Cenozoic Era and
diversified through mid to late Cenozoic (Song et al. 2015).

The short-horned grasshopper (family Acrididae) is the larg-
est and most diverse lineage within the suborder Caelifera and
comprised around 6700 species within 26 subfamilies world-
wide (Cigliano et al. 2020). So far, India shares 2.4% of the glo-
bal orthopteran diversity, and the family Acrididae is
represented by 285 species under 135 genera (Shishodia et al.
2010). In the last 100 years, the uncommon specimens of
orthopterans confronted taxonomic challenges or cover-
splitting on the systematics concepts, which often forcefully
sorted them as Acrididae members (Eades 2000; Song 2010).
Nevertheless, the species identification of Acridid orthopterans
is often challenging due to high phenotypic plasticity
(Simpson and Sword 2009), polymorphism (Ichikawa et al.
2006), and lack of identification keys for sub-adults (Bellmann
2006). Molecular tools such as DNA barcoding have been
largely supplemented with systematics studies for addressing
species identification and other biological questions (Hebert
et al. 2003; Tyagi et al. 2017). This advanced technology has
also evidenced to discriminate different taxonomic groups
including orthopterans (Huang et al. 2013; Singha et al. 2019;
Tyagi et al. 2019). As of now, several studies have been con-
ducted to elucidate the accurate species identification, estima-
tion of genetic divergence, phylogenetic relationship,
detection of cryptic diversity, and species complexes of this
insect group (Wang et al. 2008; Chapco and Contreras 2011;
Song et al. 2018). However, majority of the studies have
been focused on three subfamilies, Melanoplinae (Chapco
et al. 2001; Am�ed�egnato et al. 2003), Oedipodinae
(Chapco et al. 1997; Fries et al. 2007), and Gomphocerinae
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(Bugrov et al. 2005; Chapco and Contreras 2011). Nevertheless,
the generation of DNA barcode data of several Acrididae spe-
cies is still underway from different geographical regions espe-
cially from India, which restrict the assumption on their actual
diversity. Hence, the present study was attempted to generate
20 partial mitochondrial cytochrome c oxidase subunit I
(mtCOI) sequences of six morphologically identified Acridid
species from the Indian Himalayan regions (IHRs). We used
genetic distance matrix, Bayesian analysis (BA), and multiple
species delimitation methods to elucidate their genetic diver-
sity. This is the first and preliminary attempt which advocated
further large-scale effort to illuminate the extant orthopteran
diversity from the IHRs.

Materials and methods

Total 20 short-horned grasshoppers specimens were sampled
from five different locations (27.49N 96.39E, 27.54N 96.44E,
27.53N 91.67E, 27.71N 91.73E, 27.53N 91.72E) in Arunachal
Pradesh state in the eastern Himalayan region (Figure 1(A)).
The expedition was conducted under the National Mission on
Himalayan Studies project entitled ‘Biodiversity Assessment
through Long-term Monitoring Plots in Indian Himalayan
Landscape’ project ID: NMHS/2015-16/LG-05; project grant
number: NMHS/LG2016/0011/8509 at Zoological Survey of
India (ZSI) (Kolkata, India). The hind leg of each specimen
was dissected through surgical blade and preserved in 70%
ethanol at �20 �C for further molecular analysis. The speci-
mens were dried, pinned, preserved, and identified up to
species level by reviewing the available literatures (Bol�ıvar
1914; Kirby 1914; Ramme 1940; Hollis 1971; Jago 1984; Hollis
2009; Swaminathan et al. 2018) (Table S1). Nikon digital cam-
era (D-7000) was used to acquire the photograph of the rep-
resentative species. The voucher specimens were stored in
the National Zoological Collections of the Orthoptera section,
ZSI (Kolkata, India).

Total genomic DNA was extracted from each morphologic-
ally identified specimen in 500 ml of tissue lysis buffer con-
taining 50mM Tris–HCl, 25mM EDTA, 150mM NaCl, and
proteinase K (200 mg/ml) through phenol–chloroform extrac-
tion method (Sambrook and Russell 2006). To generated
the barcode data, degenerative primer pair: COBU (50-
TYTCAACAAAYCAYAARGATATTGG-30) and COBL (50-
TAAACTTCWGGRTGWCCAAARAATCA-30) was used to amplify
the partial fragment of mitochondrial cytochrome c oxidase
subunit I (COI) gene (Pan et al. 2006). The amplification was
performed in 30 ll reaction mixture of 100 ng of DNA tem-
plate, 1� PCR buffer, 2mM MgCl2, 10 pmol of each primer,
0.25mM of each dNTPs, 0.25 U of high-fidelity Taq DNA poly-
merase (Applied Biosystems Inc., Foster City, CA), and nucle-
ase free water. The amplification was carried out in VeritiVR
Thermal Cycler (Applied Biosystems, Foster City, CA) with the
following thermal profile: an initial denaturation step at 95 C
for 5min, followed by 30–35 cycles of denaturation at 94 C
for 45 s, annealing at 48 C for 45 s, and extension at 70 C for
1min 30 s, and a final extension at 72 C for 10min and then
held at 4 C. The PCR products were purified by QIAquickR
Gel extraction kit (Qiagen Inc., Germantown, MD) with

manufactures protocol. The cycle-sequencing was performed
by using BigDyeVR Terminator ver. 3.1 Cycle Sequencing Kit
(Applied Biosystems, Inc., Foster City, CA) and 3.2 pmol of
each primer on the same thermal cycler. The cycle-sequenc-
ing products were purified by using BigDye X-terminator kit
(Applied Biosystems Inc., Foster City, CA, USA) and sequenced
bi-directionally through 48 capillary ABI 3730 Genetic
Analyzer housed at ZSI (Kolkata, India).

Both forward and reverse contigs of each sample were
screened by Sequence Scanner (Applied Biosystems, Foster
City, CA, USA) to generate the consensus sequences. Each
sequence was examined through the nucleotide BLAST pro-
gram (https://blast.ncbi.nlm.nih.gov) and ORF finder (https://
www.ncbi.nlm.nih.gov/orffinder/) to diminish the indels, mis-
matches, and start-stop codons. The generated sequences
were submitted in the GenBank database through Bankit
submission tool (https://www.ncbi.nlm.nih.gov/WebSub/
?tool=genbank) to acquire the accession numbers. Further, to
make an analytical dataset, total 26 barcode sequences of
same or related species under four targeted subfamilies were
downloaded from GenBank database. The barcode sequence
of Dericorys annulata: accession no. NC_046555 (Family:
Dericorythidae) was also acquired from GenBank and used as
an out-group in the present topology analysis to test the
monophyletic criterion. The final dataset were aligned using
ClustalX program (Thompson et al. 1997) and the genetic
divergences were estimated by Kimura 2 parameter (K2P) in
MEGA7 (Kumar et al. 2016). The best fit model for all three
codon positions ‘GTRþ IþG’ was estimated by observing the
lowest BIC value through PartitionFinder version 2.1.1
(Lanfear et al. 2012). To check the monophyletic clustering of
the studied taxa, BA was followed by using Mr Bayes 3.1.2
(Ronquist and Huelsenbeck 2003). The dataset was run for
50,000,000 generations with 25% burn-in with trees saving at
every 100 generation. The Markov Chain Monte Carlo
(MCMC) analysis was used to generate the convergence met-
rics, till the standard deviation of split frequencies reached
0.01 and the potential scale reduction factor for all parame-
ters bordered on 1.0. To visualize the topology with better
representation, the tree was modified through web based
iTOL tool (https://itol.embl.de/) (Letunic and Bork 2007). In
addition to understand the below species-level diversity,
three species delimitation methods: Automatic Barcode Gap
Discovery (ABGD) (Puillandre et al. 2012), the General Mixed
Yule-coalescent (GMYC) (Fujisawa and Barraclough 2013), and
Poisson-Tree-Processes (bPTP) (Zhang et al. 2013) were exe-
cuted to estimate the molecular operational taxonomic units
(MOTUs). The ABGD analysis was carried out on the web
interface (www.abi.snv.jussieu.fr/public/abgd/) with Simple,
K80 Kimura, and JC69 Jukes-Cantor Distance with relative
gap width (X¼ 1.5). The ultrametric tree was generated by
BEAST program (Drummond and Rambaut 2007 ) with
GTRþ IþG model and the Tree Annotator was used for visu-
alizing the output tree. For GMYC analysis, multiple threshold
was carried out in RStudio (https://www.r-project.org/) using
packages like ‘ape’ and ‘splits’ (Paradis et al. 2004; Ezard et al.
2009). The maximum-likelihood tree was further built in
RAxML (Stamatakis 2006) to execute the bPTP analysis on
web interface (http://species.h-its.org/ptp/).
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Results and discussion

Many large-scale attempts have been made to generate the
DNA barcode data of orthopterans from diverse geographical
regions around the world. However, a single attempt has
been made from India focusing on the family Tettigoniidae

so far (Muhammedali et al. 2017). This restricts the know-
ledge on the actual diversity of orthopterans from the Indian
biogeography, especially from the IHRs. The present study
intended to enrich the global barcode library of the orthop-
teran insect through an integrated approach from the IHRs.

Figure 1. (A) The collection locality map of the studied Acrididae species in IHRs. (B) The vouchered specimens of the morphologically identified six Acrididae spe-
cies. (C) The Bayesian analysis showed distinct clades of all the studied Acrididae species with high posterior probability support. The generated sequences are
marked by color dots. Gray shades color bars beside the tree indicate the delineated MOTUs by different species delimitation methods (ABGD, bPTP, and GMYC).
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The 20 studied samples were identified as six morphospecies
under four Acrididae subfamilies (Acridinae, Catantopinae,
Oedipodinae, Oxyinae) (Figure 1(B)). Among the generated
DNA barcodes, seven sequences of Phlaeoba sikkimensis are
novel contributions to the global database. To confirm the
molecular identification of the studied taxa and monophyletic
criteria, the genetic divergence and topological clustering
were tested for the final dataset (46 DNA barcode sequences
of 20 species under four Acridid subfamilies). The overall
mean genetic distance of the studied dataset was 13.9%.
Excluding the singleton taxa, the mean intra-species genetic
distance was ranging from 0% (Ceracris kiangsu, Phlaeoba
tenebrosa) to 7.5% (Oxya japonica).

The highest inter-species genetic distance (20.8%) was
depicted between Xenocatantops humilis and Heteropternis
couloniana. Further, the significantly low genetic distances
were observed in few Oxyinae species: Oxya chinensis and
Oxya velox (0.3%), Oxya sinuosa and O. velox (0.2%), as well
as O. sinuosa and O. chinensis (0.5%). The low genetic dis-
tance was also detected for two Acridinae species, Phlaeoba
infumata and Phlaeoba albonema (0.5%). Due to the low sam-
ple coverage and use of single gene analysis, we suggest
multiple specimens and additional molecular information is
required to validate the systematics status of these species.
The present BA analysis showed distinct clades for all the
studied species with high posterior probability support which
is congruent with the earlier cladistics hypothesis (Song et al.
2018). The multiple species delimitation methods: ABGD,
GMYC, and bPTP yielded 17 (Table S2), 19 (Table S3), and 22
(Table S4) MOTUs, respectively (Figure 1(C)).

Moreover, the previous studies suggested that >3% intra-
species genetic distances can be used as a threshold for
delimiting arthropod species (Hebert et al. 2003; Huang et al.
2013). However, this barcode gap may vary among different
taxa due to the unlike molecular evolutionary rate within the
mitochondrial genes (Wiemers and Fiedler 2007; Meier et al.
2008). Adding to this, a recent molecular study also implied
different species delimitation methods for resolving cryptic
species and species complex among different Orthopteran
families (Zhou et al. 2019). However, the present study
detected considerable high intra-species genetic distance
(7.5%) and more than one MOTU in O. japonica, which indi-
cates the presence of possible cryptic diversity (Figure 1(C)).
This Oxyinae species is commonly known as rice grasshopper
and originally described from Japan. The species act as a
pest on rice and widely distributed throughout Asia, Africa,
Northern Africa, and Algeria (Cigliano et al. 2020). A total of
two specimens of O. japonica were collected from Tawang,
Arunachal Pradesh in the eastern Himalayan region. The
studied specimens of O. japonica along with the available
database sequences (KC261378 collected from Russia and
MF125299 collected from China) showed polytomy in BA tree
and more than one MOTU in ABGD, bPTP, and GMYC analy-
ses. By superimposing all species delimitation methods, the
present molecular-based investigation presumed the pres-
ence of cryptic diversity of O. japonica in India, China, and
Russia. Further, the collection localities of O. japonica from
distant geographical areas suggest the occurrence of allopat-
ric speciation of this species within its range-distribution. In

conclusion, the present study contributed first DNA barcode
data of morphologically identified selected Acridid species
from the IHRs. We encourage more rigorous sampling of this
taxonomic group from different geographical regions and
generation of more barcode data to elucidate their actual
species diversity.
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