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Abstract- Bees are a wonderful creatures on earth; contributing to 73% of pollination services provided by
all animals. Although the economic value of domesticated bees is calculated through several scientific
methods, but the actual value of wild bees in terms of economy, ecology and biodiversity are rarely
estimated due to lack of distinct taxonomic keys. Considering the above backdrops, we decided to
molecularly characterize three species of Ceratina native to Indian Himalayas. Three species were reported
as C. sutepensis, C. smaragdula and C. similima based on phylogenetic analysis and comparison with the NCBI
database. The COI sequence of C. similima was submitted to the NCBI database for the first time. Nucleotide
frequency analysis showed that partial COI gene sequences were A+T biased (>75%), while the amino acid
frequency analysis showed higher frequency of leucine (16.01%) and serine (11.77%). Multiple sequence
alignment of COI sequences of three species illustrated the total variation in 117 SNP’s. Moreover, the
pairwise genetic distance analysis reported that C. sutepensis and C. smaragdula were genetically less distant
when compared toC. similima. Suchkinds of studies are essential to analyze the biodiversity of location,

distinguish cryptic species and develop distinct taxonomic tools for integrative taxonomy of bees.

INTRODUCTION

Bees are among the most important organisms on
the earth both ecologically and economically due to
their ability to pollinate the crops. They contribute
up to 73% pollination services provided by animals
in total (Michener, 2007; Abrol, 2009; Ollerton et al.,
2011). Apart from the ecosystem services provided
by the domesticated bees like Apis mellifera and Apis
indica the wild bees also contribute enormously in
cross pollination of the entomophilic crops and
maintenance of balance in the ecosystem (Slaa et al.
2006; Quezada-Euan, 2009; Brown, 2011). The wild
bees stand in a clear distinction over domesticated
bees for their stingless nature, less harmful to
humans and animals and effective pollinators in the
polyhouses (Kakutani et al., 1993; Heard, 1999; Del
Sarto et al., 2005), but the major disadvantage in the

study of wild bees is the lack of availability of
taxonomic keys for their actual identification and
lack of distinguishing morphological characters in
the alpha taxonomyof bees (Weeks et al., 1999;
Gotelli, 2004; Packer et al., 2009).

Recently several identification strategies like
developing the database of prototypes and
comparing the unknown specimen with the well
identified specimen within the database are
practiced but, with only probable accuracy
(Ratnasingham and Hebert, 2007). The two such
systems are Automated Bee Identification (Schroder
et al., 2002) and Digital Automated Identification
System (DAISY) (Weeks et al., 1999), but they are
rarely successful because the new specimen whose
prototype doesn’t exist in the library cannot be
identified with cent per cent identity. However, the
molecular characterization techniques like, DNA
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barcoding with the mitochondrial cytochrome
oxidase I genes has found some certainty in
identification of the bee biota (Murray et al., 2008;
Bertsch 2009; Sheffield et al., 2009; Magnacca and
Brown, 2010; Magnacca and Brown, 2012). Apart
from mere identification, the molecular techniques
also provide various other information’s like
identification of the sympatric and cryptic species
within a locality (Packer and Taylor, 1997),
association of sexes in dimorphic species
classification (Gibbs, 2009; Sheffield et al., 2009),
characterizing morphologically difficult to identify
species (Gibbs, 2009; Rehan and Sheffield, 2011;
Williams et al., 2012) and determining the
evolutionary relationship and genetic distances
among the targeted insect species (Will and
Rubinoff, 2004; Kekkonen and Hebert, 2014).

The Indian subcontinent is expected to house a
very wide variety of bee fauna with more than 766
species under 71 genera and six families (Saini and
Chandra, 2019) but, the actual number may be much
higher. Even in the Indian Himalayas, the wild bees
contribute to most of the pollination services over
the domesticated bees, but they are the least studied
because of non-availability of distinct taxonomic
tools (Weeks et al., 1999). Nevertheless, the recent
surveys and molecular characterization of
Himalayan bee fauna carried out by Pakrashi et al.
(2020) showed the huge diversity of bees in the
Indian Himalayas. Out of the 156 bee species
collected through extensive surveys, the bees
belonging to the four major families Apidae (40
species), Halticidae (five species), Megachilidae
(nine species), and Melittidae (one species) were
reported to be widely distributed throughout the
Himalayas. Moreover, Saini et al. (2020) reported a
new species (Melitta sp.) belonging to family
melittidae for the first time from Indian Himalayas,

indicating the potential for study of wild bees in this
undisturbed ecosystem.

Keeping in mind the above developments and
opportunities, we decided to molecularly
characterize the three species of small carpenter bees
belonging to genus Ceratina, and we could
surprisingly find them as entirely different species;
with C. similima being reported from the Indian
Himalayas for the first and its partial mitochondrial
COlI sequence submitted to the NCBI database for
the first time. Moreover the comparison of genetic
diversity between these three species showed very
huge variation. This study could help the
taxonomists in future to develop distinct taxonomic
keys for identification of three Ceratina species and
provide the suitable database to study bee diversity
of small carpenter bees in the North Western
Himalayan region.

MATERIALS AND METHODS

Test insects

The specimens of three Ceratina species
(Ceratinasutepensis, C. similima and C. smargdula) were
collected from the bee hotels (Plate 1-4) established
at the Experimental Farm, Hawalbagh of ICAR-
Vivekananda Parvatiya Krishi Anusandhan
Sansthan (VPKAS), Almora situated at 29°372 N and
79°402E with an altitude of 1310 m in Uttarakhand
state of North Western (NW) Himalayan Region,
India. The Ceratina species were allowed to harbor in
the twigs of mulberry (Morusalba) during peak
flowering periods of May and June, 2020 and one
adult bee of each species was collected manually
with a test tube for molecular characterization and
the second specimen of respective species was dry
mounted as a voucher specimen.

DNA extraction

Plate 1-4. Different species of small carpenter bees and bee hotels established
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The standard modified CTAB method described by
Subbanna et al. (2019) was followed for extraction of
genomic DNA from the insect specimens. The three
pairs of legs were ground in liquid nitrogen by
autoclaved pestle and mortar and the crushed
material was transferred to a micro-centrifuge tube.
600 ul of CTAB solution (20 parts of 1M Tris-HCI, 8
parts of 0.5 M EDTA, 56 parts of 5M NaCl and 4
parts of CTAB and the final volume made to 1000ml
and the pH adjusted to 8. Added 0.4 parts of f3-
mercaptaethanol after autoclaving the contents)
along with 1 mg/ml of proteinase K was transferred
to the tube and incubated in a water bath at 57 °C for
3 hours. The contents were vertexed manually after
every 20 minutes for thorough degradation of the
tissues. The degraded material was treated twice
with phenol-chloroform-isoamyl solution (25:24:1)
to extract the genomic DNA and chilled isopropyl
alcohol was used to precipitate the DNA at -20 °C for
30 minutes. The DNA pellet obtained after
centrifugation at 10000rpm for 7 minutes was
washed with 70% chilled ethyl alcoholto remove the
excess salts and was suspended in 40 ul of TE buffer.
DNase-free RNase A treatment was followed for 1 h
at 37°C to remove the RNA residues. Electrophoresis
with 0.8% agarose gel was carried out to visualize
intact genomic DNA and the DNA samples were
diluted if required to obtain a working solution of
20-25 ng/ul.

PCR protocol

The insect specific universal mitochondrial
cytochrome oxidase I primers (JM 76 (5-
GAGCTGAATTAGG(G/A)ACTCCAGG-3) and ]M
77 (5-ATCACCTCC(A/T)CCTGCAGGATC-3)) were
used for amplification of the target region from
three Ceratina species. The PCR reaction mix used
for the study was as follows, 50 ng of DNA template,
200nM of dNTPs, 1ImM of each primer, 2.5 units of
TagDNA polymerase and 5ul of PCR reaction buffer
was added to make the make a final volume of 50 pl
The PCR reactions were performed in a thermal
cycler (Biorad) with an initial 3 min denaturation
step at 95 °C, followed by 35 amplification cycles
consisting of 1 min denaturation at 95 °C, 45 seconds
annealing at 52 °C and 1 min extension at 72 °C with
an additional final step of extension for 10 min at 72
°C. The presence of amplified PCR product was
visualized and confirmed in the gel documentation
system (Alpha Image Analyzer, Alpha Innotech
Corporation) by 1.2% agarose-EtBr10mg/ml gel
electrophoresis with 2.5 ul PCR product.

Sequencing and data analysis

Gel elution columns (Sigma) were used for
purification of the amplified products of the target
gene. The purified products were sequenced
directly by an automated DNA sequencer (ABI 377)
following manufacturers guidelines for the Big Dye
terminator kit (Applied Biosystems). The sequence
thus obtained were aligned with Clustal Omega
(1.2.2) multiple sequence alignment (Sievers and
Higgins, 2018). Further analysis on phylogenetic
and molecular evolutionary analyses, pairwise
genetic distance among three species, variation in
nucleotide sequences as well as transition/
transversion rate ratios were calculated by
comparing with the CO1 sequences of other closely
related Ceratina spp. in the NCBI GenBank database
by BLASTN. The MEGA X 10.0.5software
(Molecular Evolutionary Genetic Analysis version
X) (Kumar et al., 2018) was used for the construction
of Minimum evolution tree (Saitou and Nei, 1987)
utilizing the distance matrix from the alignment.
The confidence level of each branch was tested by
bootstrapping 1000 replicates generated with
random seed. The nucleotide sequences were
translated into amino acid sequences with the help
of invertebrate mitochondrial genetic code through
the ExPASy translate: SIB bioinformatics resource
portal (Artimo et al., 2012) and were aligned using
Clustal omega software (Sievers and Higgins, 2018).
The variation in the amino acid concentration within
and among the species was estimated by computing
the amino acid composition by MEGA X 10.0.5
software. The generated sequences of partial
mitochondrial COI region were further submitted to
NCBI GenBank database through Bankit submission
tool (https://www.ncbi.nlm.nih.gov/WebSub/
?tool=genbank) to acquire the individual accession
number (Yet to receive the accession numbers).

RESULTS

The partial mitochondrial COI regions of 684 bp of
C.sutepnsis and 686 bp each of C. similima and C.
smargdula respectively, were amplified. The three
wild bee Ceratina species native to Uttarakhand
Himalayas were morphologically characterized but
to clear the ambiguity at molecular level, the
molecular characterization with partial
mitochondrial Cox 1 gene were carried out.
Through BLASTn analysis of the obtained
sequences, it was observed that our specimen
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Fig. 1. Minimum Evolution tree with bootstrap support (1000 replicates) showing clustering of different species of

Ceratina, constructed using partial COI sequences

Ceratina sutepensis voucherspecimen_Almora
showed 99.83% identity to Ceratina sutepensis
voucher CDT_NMH_2809 (NCBI accession number
MK904769) reported earlier from Indian Himalayas
by Pakrashi et al. (2020). While, the Ceratina
smargdula voucherspecimen_Almora recorded
99.83% identity with the Ceratina smargdula isolate
PSBor01 specimen (NCBI accession number
KU664397) which was introduced into Hawaiian
archipelago for range expansion and competitive
exclusion of yellow masked bees (Hylaeus spp.)
(Shell and Rehan, 2016). However, the Ceratina
similima voucher specimen_Almora showed only
92.03% identity to Braunsapismixta isolate
BRP_MAXPUT (NCBI accession number
MW135190) that was reported to pollinate cashew
flowers in the southern parts of India (Ashika et al.,
2020 unpublished). Although both C. similima and B.
mixta belong to same family Apidae and sub-family
Xylocopinae, their classification at the tribe level
varies, wherein the Ceratina species belongs to tribe
Ceratinini and Braumnsapis belongs to tribe

Allodapini. When the phylogenetic tree was
constructed with the MEGA X 10.0.5 software (Fig.
1), it was observed that the three species of Ceratina
native to Indian Himalayas formed three separate
groups in the minimum evolution tree. The node
support estimated wusing 1000 bootstrap
pseudoreplicates, showed that C. sutepensis and C.
smargdula species evolved together as they showed
100% node value. However, as no sequences of C.
similima were obtained from the NCBI database, the
phylogenetic analysis was carried out with the
available closely related species of Braunsapis.
Theresults showed that the C. similima species
showed only 82% relatedness to Braunsapis species
during the evolutionary analysis.

The pairwise genetic distance analysis carried out
between the three Ceratina species, recorded that C.
sutepensis and C. smargdula had least genetic distance
of 0.114 while the genetic distance between C.
sutepensis and C. similima was the highest with the
value 0.169.

Further to understand the inter-specific diversity
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Fig. 2. Multiple sequence alignment of three species of Ceratina for analyzing the variation in single nucleotide
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Table 1. Pair-wise genetic distance analysis between three species of Ceratina

C. sutepensis
voucher_Almora

C. similima
voucher_Almora

C. smaragdula
voucher_Almora

C. sutepensis voucher_Almora 1.000
C. similima voucher_Almora 0.169 1.000
C. smaragdula voucher_Almora 0.114 0.150 1.000
Table 2. Average nucleotide frequency among the three species of Ceratina

A T(U) G C Total
C. sutepensis voucher_Almora 32.02 43.71 10.96 13.30 100.00
C.similima voucher_Almora 31.68 43.36 11.53 13.43 100.00
C. smaragdula voucher_Almora 31.68 45.69 11.24 11.39 100.00

among the three species on the basis of 684 bp CO1
sequence, the variation in single nucleotide
polymorphism (SNPs) was estimated by aligning
the three sequences in CLUSTAL Omega (1.2.4)
multiple sequence alignment software (Fig. 2). It
was observed thata total variation in 117 SNP’s were
recorded, which was large enough to differentiate
the species at inter-specific level.

The average nucleotide frequency among the
three species of Ceratina was also analyzed (details
in Table 2) and it was noticed that the COI sequences

Table 3. Maximum Composite Likelihood Estimate of
the Pattern of Nucleotide Substitution of 14
species of Ceratina

A T C G
A - 6.31 1.89 5.93
T 4.49 - 10.75 1.38
C 4.49 35.96 - 1.38
G 19.23 6.31 1.89 -

were usually A+T biased with the concentration of
A+T exceeding 75%, while the concentration of G+C
well below 25%. Besides nucleotide frequencies, the
transition/transversion rate ratios were also
calculated (Table 3) for the 14 species of Ceratina and
Braunsapis and it was reported that the ratios were
k1 =4.286 (purines) and k2 = 5.698 (pyrimidines) and
the overall transition/transversion bias was R=1.962,
where R = [A*G*k1 +T*C*k2]/[(A+G)*(T+C)]. MCL
estimate of nucleotide substitutions also showed
maximum base substitution between C to T and vice
versa with a maximum value of 35.96.

To further analyze the variation in amino acid
composition among the three sequences of Ceratina
species, the sequences were translated by ExPASy
translate software and the nucleotide compositions
were estimated by MEGA X software (Fig 3). The
per cent amino acid composition among the three
Ceratina species showed that Leucine and Serine
were found at the highest frequencies viz., 16.01%
and 11.77% respectively. Moreover it was observed

=)

=%

s

[}

B Ceratina sutepensis
voucher Almora

=

B Ceratina similima

o0

Amino acid frequency (in %o)
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voucher Almora

Gln Arg Ser Thr Wal Trp Twvr

Fig. 3. Variation in amino acid composition of three Ceratina species native to North Western Himalayas
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that the amino acid frequency among the three
species was almost similar, except for metheonine
and serine, whose concentration varied greatly and
was found in highest concentration in C. similima
(8.92%) and C. sutepensis (12.67%) respectively, these
results indicate the huge variation among the three
Ceratina species native to Indian Himalayas.

DISCUSSION

Although more than 20,355 species of domesticated
and wild bees are reported worldwide (Ascher and
Pickering, 2019), their identification through
taxonomic tools is still in infant stages due to lack of
distinguishing morphological characters in bee
taxonomy (Packer et al., 2009), presence of cryptic
species and huge biodiversity has made
identification of bees a herculean task for biologists
all over the world (Hines and Williams, 2012;
Vamosi et al., 2017). Recently, Saini et al. (2019)
discovered a new species of wild bee (Melitta indica)
(Hymenoptera: Melittidae) from Western
Himalayan region of Uttarakhand through
molecular characterization and DNA barcoding
(Hebert et al., 2003) methods that has sparked the
importance of molecular techniques in
understanding the species delimitation of wild bees
in various regions of the world (Smith et al., 2008;
Butcher et al., 2012), association of sexes in
dimorphic species classification (Gibbs, 2009;
Sheffield et al., 2009), characterizing
morphologically difficult to identify species (Gibbs
2009; Rehan and Sheffield, 2011; Williams et al.,
2012), proper identification of the specimens up to
species level (Schmidt et al., 2015), determining the
evolutionary relationship and genetic distances
among the targeted insect species (Kekkonen and
Hebert, 2014), clarifyinglevel speciation of several
species associated with various taxonomic levels
(Trunz et al., 2016; Oh et al., 2013) and cryptic species
detection (Packer and Taylor, 1997). Apart from the
above mentioned applications of molecular
techniques in species identification, they also
support the taxonomists in integrative taxonomy to
decipher the biodiversity of a locality (Dayrat, 2005).

In our present study to characterize the three
species of Ceratina, native to Indian Himalayas;
molecular tools like DNA barcoding and
phylogenetic analysis with the closely related
Ceratina species obtained from NCBI data base was
carried out. The results obtained showed that, the
presence of Ceratina sutepensis in the Indian

Himalayas was recently reported by Pakrashi et al.
(2020) which closely corroborated with our results.
However, the other two species C. similima and C.
smargdula were reported for the first time from this
region and their partial CO1 sequences were
submitted to the NCBI database (Accession numbers
yet to be received) which can be of prime
importance to the molecular taxonomists working
on wild bees in the Indian Himalayas.

Moreover the studies carried out by
Oppenheimer et al. (2018) to molecularly analyze the
Phylogeography and population genetics of the
Australian small carpenter bee, Ceratina australensis
showed the significant decrease in genetic diversity
in Sothern Australia (SA). Based on differences
between nucDNA and mtDNA of native ceratina
species, they could conclude that C. australensis
thought to have dispersed out of Asia, moved south
and east along Australia’s coast, and then headed
south and west through to SA. Similar kind of study
needs to be undertaken for the native Himalayan
wild bees because, one of the species reported in our
study (C. smargadula) shows very close identity to
the C. smaragdula species introduced into Hawaiian
archipelago for range expansion and competitive
exclusion of yellow masked bees (Hylaeus spp.)
(Shell and Rehan, 2016).

Similarly Rehan and Sheffield (2011) investigated
the importance of molecular tools for the delineation
of a new species in the Ceratina dupla species-group
(Hymenoptera: Apidae: Xylocopinae) of eastern
North America. They worked on an important
aspect of verifying the taxonomic characters of wild
bees in order to morphologically differentiate
genetically distinct species of Ceratina. Their study
added a new species (C. mikmagi) to the Ceratina
dupla species-group and raised another form,
formerly C. duplafloridana, to C. floridana to full
species status in the eastern North American region.
Our study forms a close concurrence with the study
of Rehan and Sheffield (2011), wherein, the two
native species C. sutepensis and C. similima were
earlier thought to be same species C. similima and
their morphological differentiation was not only
difficult, but was often neglected during the faunal
surveys due to non-availability of crystal clear
taxonomic keys for species identification. Based on
our molecular characterization studies; now we can
easily differentiate the two species of Ceratina and in
turn formulate taxonomic keys to characterize the
wild bee species native to Indian Himalayas.
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CONCLUSION

The world of bees is very fascinating and highly
diverse. But, their scientific classification based on
morphology has not gained much importance due
to lack of taxonomic tools and presence of cryptic
species in a given locality. However, the recent
advances in molecular taxonomy like, DNA
barcoding and phylogenetic analysis has paved the
path for integrative taxonomy. The databases like
BOLD, DAISY and ABI have also created a ray of
hope for study of wild bees in various unexplored
locations. The present study not only generated the
information about the wild bees, but also reported
the presence of three different species of Ceratina.
Moreover, the Indian Himalayas are undisturbed as
well as unexplored ecosystems on the earth whose
biodiversity analysis has not been studied
extensively so far because of the hilly terrains and
difficult to survey areas. Our study not only forms
the point of inception for study of wild bees in
Indian Himalayas, but also opens the doors of
opportunities to explore the faunal diversity of the
Himalayas.
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