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Introduction

Taxonomy is a highly significant branch of biological 
sciences which mainly aims to classify the different species 
and understand their relationships between them. Currently, 
scientists believe that taxonomy’ existence is under crisis 
and its future protection is required in coming times (Wheel-
er et al. 2004). It is estimated that around 10 million more 
species exist in nature which still remain to be discovered 
and in order to do this, we must clarify the nature of primar-
ily two taxonomic tasks, namely delineating and classifying 
species (Wheeler et al. 2004). These two scientific tasks are 
currently performed by taxonomists in different ways. 

Earlier species diversity and identification studies 
completely relied on the traditional taxonomy based on 
morphological characters. Currently, phylogenetic study is 
a major approach of taxonomists for classification of dif-
ferent species an to reconstruct innate relationships among 
living organisms; though, in early 1970s, phylogenetic 
method was a challenge to the taxonomists (Felsenstein 

1979). Traditional taxonomists, however were not only 
in consonant with population biologists and phylogeog-
raphers but they also disagreed methodology developed 
by them for delimiting species (Sites & Marshall 2003). 
The communication gap between different disciplines in-
volved in delimiting species resulted in ‘taxonomy crises’. 
In order to solve this, scientists believed on integrative tax-
onomy proposing that this amalgamation will decide the 
future of taxonomy in coming times.

The term ‘Integrative taxonomy’ came into existence 
in 2005 implying a comprehensive framework for delim-
iting and describing taxa through integrated information 
using various data and methodologies (Will et al. 2005).
The diversity and phylogenetic relationships studies on the 
families of various major insect groups, such as Coleop-
tera (Bhardwaj & Jyoti 2018), Hymenoptera (Sharkey et al. 
2011), Diptera (Cameron et al. 2007) and Hemiptera (Me-
deiros et al. 2013) have been carried out by many research-
ers worldwide. However, the suspect of many systematists 
that majority of species would remain undescribed using 
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sults are expected through collaboration with disciplines; 
like comparative anatomy, phylogeography, ecology, pop-
ulation genetics and behavioral biology. 

Relationships of bees and other families

Worldwide, bees comprise more than 20,000 extant species 
and their relationship with all angiosperms represents the 
most successful and efficacious co-evolutionary alliance 
on the Earth (Soltis et al. 2018). The occurrence of co-evo-
lution in bees and angiosperms has demanded an adequate 
understanding of bee biodiversity, diversification and phy-
logeny. The availability of efficient molecular data and 
phylogenetic analysis methods, like maximum-likelihood 
and Bayesian methods, has dramatically improved the un-
derstanding of bee phylogeny and evolution (Huelsenbeck 
& Ronquist 2001). Additionally, fossil data combined with 
molecular phylogenies provide supportive evidence for 
better understanding of phylogenetic relationships of the 
bees (Drummond & Rambaut 2009). 

Earlier studies have confirmed that bees arose within a 
paraphyletic group of hunting wasps viz., sphecoid wasps 
(Prentice 1998), apoid wasps (Melo 1999), and spheciform 
wasps (Michener 2007). Though, bees are placed in Super-
family Apoidea, their origin with apoid wasps is not clear 
yet. The monophyly of the long-tongued bees (Apidae and 
Megachilidae) has been contradicted by the paraphyly of 
short-tongued bees (Halictidae, Colletidae, Melittidae, An-
drenidae and Stenotritidae) (Danforth et al. 2006). Thus, 
integrative taxonomy comprising multiple analyses can 
provide new insight into bee family-level phylogeny. 

Utility of integrative taxonomy approaches for non-
Apis bees

The integrative taxonomy approaches for validating mor-
phological and molecular data, and correctly identifying 
the species and their interspecific/intraspecific phyloge-
netic relationships can provide conclusive answers for the 
controversies in bee phylogeny. A few such approaches are 
discussed below.

1. Comparative morphology

Comparative morphology is one of the important branches 
of morphology that is closely related to evolutionary bi-
ology and phylogeny. It primarily analyses the structural 
patterns within the body plan of an organism and forms the 
basis of taxonomical categorization (Gaucher et al. 2010). 
Morphological comparison in Hymenoptera, especially 
bees and their relatives, has been studied extensively. The 
antenna cleaner (strigilis), a distinctive character of the ac-

any sole approach (Costello et al. 2013) and there is chance 
that some will become extinct before getting described 
(Barnosky et al. 2011), led to integration of approaches.

The taxonomists have realized that study of speciation, 
origin of species and their evolutionary trajectories, could 
be a better aid to understand the diversification of species. 
Moreover, the propositions that the using molecular tools, 
specific molecular barcoding (Hebert et al. 2003) will ease 
this “taxonomic impediment” were welcomed by the tax-
onomists. In addition, synergistic integration of taxonomy 
with update knowledge and phylogenetics, methods of the 
populated biology, and all other evolutionary disciplines 
involving morphological taxonomists, naturalists, field 
ecologists, and statisticians; possesses the potential to 
provide a toolkit for proficient taxonomy. Thus, it is now 
widely known that integrating several paths of evidenc-
es, instead of relying on one, is productive and theoretical 
way to determine new species (Yeates et al. 2011).

Traditional versus Integrative Taxonomy

The traditional morphology-based taxonomy relied on the 
discrimination of ‘morpho-species’ by studying the ‘mor-
pho-diversity’ of living organisms bearing in mind their 
multiple facets (Cain 1954). However, lack of contempla-
tion that morpho-species are never valid species led them 
to hypothesize about diversity which needs testification via 
various biological approaches with multiple kinds of data 
set. According to new hypothesis, the sole morphological 
approach to discover and identify the species is not enough. 
Instead, the multidisciplinary approach of integrative tax-
onomy is necessitated for the validation of species which is 
based on the initial analysis of the variable morphological 
features. It has been advocated to thoroughly address in-
traspecific, interspecific as well as individual variation in 
morphology before proposition of morpho-species (Step-
pan et al. 2003). The proposed hypothetical morpho-species 
are filtered by employing other approaches like molecular, 
behavioral, developmental, ecological, etc. supplementing 
the information (Will & Rubinoff  2004).

Since last three decades, various novel methods for de-
lineating species have been developed for testing species 
hypotheses (Marshall 2003). Use of these new approach-
es has not only helped to discover the cryptic species but 
also cleared the doubt about interspecific and intraspecific 
morphological variations. Researchers have already start-
ed using an integrated approach instead of sole tradition-
al taxonomy for studying species diversity (Malhotra & 
Thorpe 2004). They have realized the need of integrative 
approach in taxonomy due to the requirement of multi-
ple and complementary perspectives in the complexity of 
species biology. Moreover, species identification through 
multiple data raises the level of confidence in comparison 
to the single method of identification. More efficient re-
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includes captured size and shape of analysed organ employ-
ing outline or landmark-based methods. Landmark technique 
using multivariate statistical approach was used for distin-
guishing populations and subspecies of Bombus (Bombinae) 
(Aytekin et al. 2007), stingless bees and others (Villemant 
et al. 2007). Researchers consider geometric morphometric 
approaches superior to traditional morphometrics. It is con-
sidered a powerful, alternative and useful tool to analyse 
shapes, and refine molecular characters of species or popula-
tions (Adams et al. 2004; Smith et al. 2008).

A few quantifiable wing characters have been used to 
recognize euglossine (male) bees. Landmark-based method 
and outline-based method were applied together to identi-
fy five species of the genus Euglossa (subgenus: Glossura, 
piliventris group). Landmark-based method could classify 
84% samples and 77%, respectively. In contrast, utilization 
of integrated analysis could classify 91% samples (Francoy 
et al. 2012). On the other hand, when wing cell was only 
under contour consideration, some insect species showed 
significantly high re-classification percentages. In addition, 
all the specimens who had damaged wing have also been 
correctly identified by using this methodology (Francoy et 
al. 2012). Subsequently, the outline-based morphometrics 
was used to assess the phenotypic variation in similar eu-
glossine bees (Roubik 2004), followed by investigations on 
morphological information gained through combination of 
outline-based methods and landmark. 

Utilization of quantitative characters for the phyloge-
netic studies is still under deliberation (Klingenberg & Gi-
daszewski 2010). It is suggested that phylogenetic signal 
could be detected by wing morphology, but did not capture 
any phylogenetic information further. However, the big-
gest problem faced by all researchers is the limitation of 
specialized taxonomists who can identify specimens (Sil-
veira et al. 2006). Ironically, the biology and taxonomy 
of Euglossine bees, which play immense role in ecology 
and conservation, is still less known (Roubik & Hanson 
2004). Non-specialists try to identify species by using keys 
and photographs developed by specialists (Nemesio 2010) 
along with molecular techniques describing the species 
specific DNA sequences (Ramírez et al. 2010). 

Currently, integrative approach, a blend of morpho-
logical features, ecological data as well as genetic data, 
has successfully solved many uncertainties in taxonomic 
cases (Gibbs 2009; Monaghan et al. 2009). DNA barcod-
ing of mitochondrial gene sequencing has been definitely 
useful to limit the evolutionary unit boundaries (Hebert et 
al. 2003; Murray et al. 2008), followed by species delimi-
tation algorithms development (Williams et al. 2012).

3. Cryptic species identification

Integrative taxonomy is also considered as a reliable tool 
for identifying and classifying pseudo-cryptic species. In 

uleate Hymenoptera, shows signifcantly derived morphol-
ogy in some groups such as, Apterogynini, Bradynobaeni-
nae and Scoliidae (Brothers 1975). The antennae cleaners 
of 175 species of bees belonging to more than 50 analyzed 
genera revealed the presence of ancestral kind of antenna 
cleaners in most of the short-tongued bees as well as in 
Ceratini, Nomadinae and some Megachilidae (except Ox-
aeidae and Ctenoplectridae) (Schönitzer 1986).

The subsequent studies were primarily focused on the 
body fluid and its chemical composition (Williams et al. 
1987). Later, 46 species of the male carpenter bees belong-
ing to three genera were investigated for the comparative 
morphological characters of the mesosomal gland (Minckley 
1994). Except 6 species of Xylocopa, males of rest of the spe-
cies exhibit an invagination lined by cuticle. The arrangement 
of tubules and size of reservoir were observed to be consistent 
within subgenera (with a single exception in Nodula). 

Comparative morphology in bees and their related gen-
era has also been supported by phylogenetic relationships. 
Nevertheless, phylogenetic relationships of corbiculate bees 
are still controversial since the past three decades. Previous-
ly, morphological characters explored mouth parts (Plant & 
Paulus 1987), legs (Michener 1981; Schönitzer 1986) and 
wings (Roig-Alsina & Michener 1993). Similarly, internal 
exoskeleton structures (like tentorium, apodemes, internal 
ridges, phragmata and furcae) were also studied extensive-
ly in other hymenopterans groups (Karlsson & Ronquist 
2012). The investigations on the morphology of internal 
head capsule structure, analysing phylogenetic relationships 
in corbiculate and other bees effectively, could solve the 
corbiculate controversy to some extent (Porto et al. 2016). 
The last-mentioned study proposed and optimized 33 char-
acters and resulted in 7-derived character states advocating 
the monophyly of the Meliponina, Apina, Bombina, while 
9-characterstates backed the Apina + Meliponina clades. 
In addition, two previously undescribed character states 
on sitophore and hypostoma supported the Bombina and 
Meliponina clades (Porto et al. 2016). The investigations 
concluded that inclusion of new character states helped to 
solve the corbiculate controversy in bees. Similar compara-
tive morphology studies were conducted on the bee mesoso-
ma and its internal structures (e.g., propleuron, prosternum, 
mesophragma and mesofurca/metafurca). The study pro-
posed a total of 28 characters and demonstrated that proster-
num has the largest number of distinct characters, showing 
changes with nine transformations (Porto et al. 2016). 

2. Correct identification

Morphometric methodology is a foremost approach in tax-
onomy for identification of bee species. The “traditional 
morphometrics” analyses several variables, like height, ra-
tios, counts, width, angles and length through multivariate 
statistics (Marcus 1990), while “geometric morphometrics” 
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Use of state-of-the-art techniques, such as generation 
of DNA barcodes can be easily used for identification of 
cryptic species. In Apis, the artificial bee colony (ABC) al-
gorithm has been studied to solve the single and multi-ob-
jective optimization problems (Mishra et al. 2013). DNA 
based phylogeny clearly indicates the success of modern 
approach in Halictidae family (Gibbus et al. 2012; Pauly 
et al. 2019).  In North America, quantitative morphomet-
ric approach was utilized to separate queens and workers 
of three Bombus species based on the measurement of the 
cheek length and width, and antennal segments which were 
validated utilizing DNA barcoding (Milam et al. 2020).

4. Phylogeographical studies

Comparative phylogeography studies include role of ge-
ographic shifts on the distribution of genetic diversity 
across sympatric species (Schneider et al. 1998). By study-
ing biogeographic histories, comparative phylogeography 
gives information on historical assemblage of ecological 
communities which not only helps in understanding the 
origin, derivation and preservation of local bee species 
diversity but also provides supportive information on the 
bee species composition variation across the landscapes 
(Ricklefs 2004).

Dick et al. (2004) studied the comparative phylogeog-
raphy in 14 Euglossine bee species based on mitochondri-
al DNA (mtDNA) analysis across the Amazon basin and/
or Andes and reported low divergences of mtDNA within 
the species. In two Eulaema species uniform cross Andean 
conspecific CO1 haplotypes were observed. The gene flow 
across the cross-Amazon haplotypes also differed from the 
Amazon basin found in five species (Dick et al. 2004). The 
phylogeographic patterns investigated in five species of 
Eurasian bumblebees with the help of mitochondrial and 
two nuclear DNA fragments (~2380 bp) established asso-
ciation of stronger species fragmentation with the stronger 
geographic differentiation (Dellicour et al. 2015). They 
proposed the role of specialized diet which apparently in-
creased the population structure at the landscape level.  

Diversity studies on Neotropical bee biome have dis-
covered a compounded evolutionary history impacted by 
tectonic and paleoclimatic events (Carnaval et al. 2014). 
Phylogeographic studies confirmed influence of the Pleis-
tocene climatic changes on the Neotropical biome rich-
ness of species, spatial distribution, endemism, historical 
demography, biogeographic patterns, and genetic diver-
sity (Carnaval et al. 2008). An integrative approach has 
been utilized to re-establish the evolutionary history of 
an endemic stingless bee Partamona rustica, from the 
Brazilian forests. Miranda et al. (2016) sequenced eight 
microsatellite loci and four mitochondrial genes, and rec-
ognized two population groups; namely east and west of 
São Francisco River Valley (SFRV), assumed to break in 

non-Apis bees, species identification based on morphologi-
cal criteria was apparent and subtle, once supported by oth-
er methods of identification (Kress et al. 2015; Lajus et al. 
2015; Struck et al. 2017). Molecular data is combined with 
ecological, geographical and morphological data, to provide 
powerful support for cryptic species identification, and set 
down species boundary with estimation of bee diversity 
(Bossert et al. 2016; Gibbs 2018).

Among halictid bees, Lasioglossum villosulum (Kir-
by 1802) species complex shows highest variability with 
worldwide distribution. Other species complexes like 
Bombus lucorum (Bossert et al. 2016) or Andrena bicolor 
(Praz et al. 2019) reveal combination of some morpholog-
ical characters. Genetic analysis information of L. villo-
sulum complex revealed exclusive species patterns pro-
viding conclusive information for correct identification. 
Pauly and co-workers (2019) analysed morphological and 
allozymes data for incidence in the L. villosulum species 
complex (Kirby 1802). Morphological examination and 
DNA analysis provided supplementary information re-
sulting in recognition of two species, L. berberum and L. 
medinai, different from all of the other specimens of L. 
villosulum studied. The tree-based species delineation ap-
proaches, such as Bayesian Poisson Tree Process (bPTP) 
and Generalized Mixed Yule Coalescent (GMYC) model, 
recognized 5 to 10 species within the L. villosulum species 
group, with L. berberum and L. medinai separated from 
other species. The study concluded that both morphologi-
cal and genetic analysis support the extant of L. berberum 
and L. medinai, which differs from L. villosulum (Pauly et 
al. 2019). 

Utilization of molecular tools during ecological stud-
ies on cryptic species of bumble bees has revealed differ-
ences in the ecology, abundance and distribution of these 
species. In Middle Europe, the Bombus subgenus includes 
four distinct species, B. terrestris, B. lucorum, B. cryptar-
um and B. magnus. Murray et al. (2008) investigated this 
widespread bumble bee complex and studied the cryp-
tic species diversity by using mitochondrial DNA RFLP. 
Earlier, the taxonomic status of the latter three species, 
forming the B. lucorum complex, was uncertain for a long 
period until notable methods like nucleotide sequences 
were used for their correct identification. Similar studies 
were carried out in Austria by Bossert et al. (2016) who 
investigated the B. lucorum group of cryptic species with 
the help of DNA-based identification methods. They used 
CO1 sequence data for investigating the distribution of the 
B. lucorum complex and exact species composition. The 
species status of some taxa was confirmed with the use of 
CO1 barcoding which was then considered a productive 
tool for the species identification within the same group. 
Earlier, Ellis et al. (2006) were able to separate the mor-
phologically indistinguishable Bombus ruderatus and B. 
hortorum, based on the restriction enzyme digestion of cy-
tochrome B region of mtDNA. 
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all colletid bees except Diphaglossinae. Cocoon-spinning 
lost and evolutionary change from semi-liquid to firm pro-
visions took place while members of subfamily Hylaeinae 
added silk to their cell lining. It was believed that there was 
a possibility of sole shift from soil-nesting to wood-nesting, 
followed by many soil nesting; but this hypothesis it is not 
very clear yet (Eduardo & Almeida 2008).

6. Phylogenetic analysis

Phylogenetic relationship study in corbiculate bee tribes 
was first explored by Michener (1944) who studied in-
clusive phylogeny of bees primarily based on their ex-
ternal morphology. He found that the bees belonging to 
Euglossini were the first lineage to diverge and they were 
followed by Bombini, Meliponini and Apini. Engel (2001) 
used morphological data including data regarding fossil 
corbiculate tribes and supported the Michener’s phyloge-
ny. Studies conducted by Fernandes-Salomão et al. (2005) 
investigated the phylogenetic relationships of Melipona 
bees. They analysed 8 species of Melipona using Internal 
transcribed spacer 1 (ITS-1) sequences (394 to 496 bp) of 
the nuclear rDNA, while 3 species were studied with com-
plete ITS-1 along with flanking regions. Variability among 
these species was compared using PCR amplification 
method. Studies revealed only low levels of variability 
between M. mandacaia and M. quadrifasciata sequences 
indicating their recent divergence. Constructed phyloge-
netic tree demonstrated monophyly of the Melipona genus 
with 4 well-defined clades. The ITS-1 sequences-based 
phylogenetic relationships validated the taxonomic classi-
fication of Melipona along with morphological characters 
(Fernandes-Salomão et al. 2005).

Kawakita et al. (2008) analysed phylogenetics of cor-
biculate bee tribes by using 12 sets of nuclear protein cod-
ing genes. Similar studies were performed by Almeida 
& Danforth (2009) who analysed four nuclear gene loci 
(wingless, opsin, 28S rRNA, and elongation factor-1a (F2 
copy)) for 122 species of Colletid bees. They employed 
Bayesian, maximum likelihood, and parsimony methods 
for studying phylogenetic relationships within Colletidae 
and obtained consistent phylogenetic trees. Their results 
demonstrated monophyly in Colletidae as well as in all 
subfamilies (excepting Paracolletinae) recognized con-
ventionally. In earlier studies, cellophane-like cell lin-
ing character was considered as the supreme evidence 
of monophyly of the Colletidae bee family because of 
its uniqueness and unreversed nature, found only among 
colletid bees (Almeida 2008). Molecular phylogenetic 
analysis of relationships up to family-level in bees was 
conducted using various nuclear genes and placed the 
Halictidae as a sister group to Colletidae + Stenotritidae 
(Danforth et al. 2006; Brady et al. 2011). The relation-
ships and monophyly of family Halictidae have been 

the late Pleistocene. The Approximate Bayesian Compu-
tation (ABC) access and the phylogenetic reconstruction 
showed that P. rustica originated in the west SFRV, after-
wards colonising the eastern region. They proposed the 
compatibility of both genetic data analyses and spatial 
distribution modelling with historical demographic stabil-
ity in this bee species (Miranda et al. 2016).

5. Behavioural studies 

Evolutionary studies have shown differential behaviour in 
bees. Repeated evolutionary transitions in bees might have 
association with their escape from enemies or competitors. 
Evolution in nocturnal bee’s foraging on the night-bloom-
ing flowers unlocked a new niche for them, though these 
all-evolutionary transformations are not enough to gener-
ate succeeding radiations. In ancestors of solitary bee the 
origin of eusociality is considered a big evolutionary tran-
sition (Bourke 2011a), and has been a matter of longstand-
ing biological interests (Dugatkin 2006). 

Evolutionary inconsistency in organisms has been ex-
plained by appropriate ecological conditions and inclusive 
fitness theory which advocates that individuals gain fitness 
by reproducing collaterally with those with which they 
share their genes (Bourke 2011b). However, the underly-
ing mechanism that drives the transition to eusociality has 
received low attention till date (Field et al. 2012). It has 
been observed that multiple mating and nest usurpation or 
worker drifting in some species can reduce relatedness be-
tween bee workers (Brand & Chapuisat 2016). Moreover, 
dead queen replacement by workers in their social system 
can express that all these workers are not sisters to all the 
reproductive brood females (Brand & Chapuisat 2016). 

Eusocial behaviour in Augochlora s. str. was explained 
by investigating nests of A. isthmii Schwarz and A. amphi-
trite (Schrottky) in the fields (Wcislo et al. 2003; Dalmaz-
zo & Roig-Alsina 2012, 2015). They suggested that this 
subgenus may exhibit more frequent eusocial behaviour, 
and that solitary forms could be derived from eusocial an-
cestral behaviour. A nest of the genus Patellapis (s. str.) in 
the western South African winter rainfall area, was inhab-
ited by 8 females indicating a communal nesting behav-
iour in this group. Analyses of all nest cells with scopal 
pollen loads of females decoded the polylectic (generalist) 
behaviour collecting pollen from large number of flower 
species, namely Asteraceae, Oxalidaceae and Zygophyl-
laceae (Ritchie et al. 2016).      

Most Xylocopa species make nests in decaying woods 
or deadwoods, with an exception of Proxylocopa hedicke, 
which makes nest in soil (Gottlieb et al. 2005). Colletid bees 
are known for the specific brood cell lining, designated as 
“cellophane-like” by Michener (2000). It is suggested that 
the cell lining (polyester) present with the ancestor of colle-
tid bees modified subsequently into the clade formed by 
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7. Molecular biology studies

The molecular techniques can efficiently address the taxo-
nomic problems that could hamper bee ecological research 
and monitoring efforts. These techniques provide comple-
mentary approach to identify natural bees and allow novel 
visions into the bee population statistics, habitat preferenc-
es and inclinations for foraging areas (Vaudo et al. 2018). 
Use of genetic information for studying population struc-
ture, genetic variability, gene flow, and the past events can 
help in the placement of bees at correct taxonomic position 
(Lozier & Zayed 2017). 

Microsatellite markers are extensively practiced in the 
research on social evolution. Parsons et al. (2017) con-
ducted molecular investigations on Palaearctic sweat bee, 
Lasioglossum malachurum. They identified and success-
fully optimized a total of 24 new highly polymorphic mi-
crosatellite loci. On amplification these loci across 23–40 
unrelated females, they obtained 3 to 17 alleles/locus and 
0.45 to 0.95 heterozygosity. These studies implicate that 
significant deviation from Hardy–Weinberg equilibrium 
could help researchers in understanding the intraspecific 
colony relationships and some aspects of the eusociality 
origin. Similar studies conducted on Lasioglossum calcea-
tum resulted in successful amplification of 22 loci, assist-
ing in examining the ecology and evolution of sweat bees.

It is well known that DNA methylation plays an impor-
tant role in gene imprinting, gene silencing, inactivation of 
X-chromosome and other important biological processes 
(Hellman & Chess 2007). Nowadays, DNA cytosine meth-
ylation has been recommended in understanding the caste 
differentiation in social insects and behavioural plasticity 
in bumblebees (Elango et al. 2009). Li et al. (2018) recog-
nized six genes facilitating the alteration in DNA methyla-
tion and established their expression in Bombus terrestris. 
Many genes were highly expressed in the fat bodies and go-
nads; while in adult antennae and brains, low expression of 
genes was noticed. They observed that in queens there was 
higher transcription levels than in the drones and workers 
and proposed that these genes mainly govern bumble bees’ 
caste-specific expression patterns (Li et al. 2018). These in-
vestigations concluded that in bumble bees’ caste differenti-
ation, DNA methylation-related genes have significant role.

8. Population genetics

Significant genetic differentiations can occur between 
populations at small geographic scales due to distance 
isolation among populations. The genetic differentiation 
due to isolation by distance was studied with the help of 
multi-locus genotype assignment tests. Studies showed 
that migrants of 11 first-generation Lasioglossum oe-
notherae sub-populations have experienced gene flow 
(Zayed & Packer 2007). It was also revealed that southern 

intensely supported by the molecular sequencing (Dan-
forth et al. 2008) and morphological synapomorphies 
(Rozen 2008). Cameron et al. (2007) performed compre-
hensive phylogenetic studies on 250 species of bumble 
bees, belonging to 38 genera. They analysed 4 nuclear 
genes (opsin, EF-1α, PEPCK- Phosphoenolpyruvate 
carboxykinase and arginine kinase) and mitochondrial 
(16S) sequences to study species phylogeny. Analysis 
of results using Bayesian statistical paradigm revealed 
monophyly of almost all traditional morphology-based 
subgenera supporting phylogeny from base to top. Most 
of the subgenera belonged to two distinct clades (long-
faced and short-faced) indicating variation in head mor-
phology. The short-faced clade comprised almost 25% of 
the currently recognized subgenera and was considered 
as diverse New World clade. This inclusive phylogenetic 
study provided the basis for evaluation of character evo-
lution and re-classification of bumble bees.

Similar molecular phylogenetic studies were carried 
out on Xylocopa, the large carpenter bees (Leys et al. 
2000). A total of 22 subgenera of Xylocopa were inves-
tigated based on the sequencing of mitochondrial genes 
with cytochrome b and cytochrome oxidase 1. Results 
determined three clades, a South American group contain-
ing Xylocopa s. str. and Ctenoxylocopa, and an Ethiopian 
group. They also demonstrated divergence of Ethiopian 
group from African and the Oriental taxa. Gondwana vi-
cariance studies explained the present-day distribution of 
subgenera confirming the occurrence of recent divergenc-
es between geographic groups.

Limitations of DNA barcoding in taxonomy to tackle 
the problematic cases of species delimitation in bees has 
been addressed with the use of nuclear genomic marker, 
such as Ultraconserved Elements (UCEs). Utilizing this 
robust approach, Gueuning et al. (2020) assessed six dif-
ferent bee species complexes with cryptic diversity, and 
mitochondrial introgression and paraphyly. The explicit 
species delimitation was demonstrated by sequencing of 
UCEs recovered between 686 and 1,860 homologous nu-
clear loci. Shimodaira-Hasegawa (SH) test has been used 
as a modern approach in phylogenetic studies of bees and 
wasps. Branstetter et al. (2017) used UCE phylogenom-
ics and analysed the taxon-rich 187-taxon dataset and a 
taxonomically balanced 100-taxon dataset. Based on the 
analyses, such as the rejection of alternative topologies 
(p < 0.01) and their current level of taxon sampling, they 
evidently concluded ants as the sister group to the Super-
family Apoidea, and nesting of bees with a paraphylet-
ic crabronid wasps. Bossert et al. (2018) used a blended 
approach of UCEs and transcriptomes in analysing the 
phylogenetic relationship between 79 bees. Using concat-
enation- and coalescent-based methods, they constructed 
phylogenetic trees and clarified the relationships among 
the genera of orchid bees (Euglossini) and the monophyly 
of the Centridini. 
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cies-level problems (Padial et al. 2010). During past years, 
taxonomic impediment has reduced and confusions about 
different species concepts were minimized by consent on 
the view of species as lineages (Wiens 2007). Now, DNA 
sequencing data is considered the stronger basis for identifi-
cation of cryptic and candidate species (Lahaye et al. 2008). 
It is believed that these advances will help to surge the spe-
cies description annual rates at 14,000-25,000 in spite of de-
cline in the number of taxonomists (Lords 2008). 

Improving taxonomic protocols can assist in providing 
stable names and accelerating the pace of taxonomic de-
scriptions (De Carvalho et al. 2008). Nowadays, efficient 
tools have been designed by population geneticists to esti-
mate linkage disequilibrium which occurs if only combi-
nations of the alleles occur more regularly than expected 
(Slatkin 2008). These methods can be more efficiently used 
for the identification of cryptic species in bees (Lukhtanov 
& Shapoval 2008). Novel approach like CONCATERPIL-
LAR (Leigh et al. 2008) considers differential evolution-
ary rates of dissimilar loci for identification. Extending 
these approaches to non-molecular characters proves more 
stable protocols of integrative taxonomy.

Improvement of phylogenetic software, like Mesquite 
(Maddison & Maddison 2010) provides statistical mod-
ules for morphological data analysis that can extract char-
acters evidence from the bi- and tridimensional imagery 
(La Salle et al. 2009) and also from sequence data for ge-
ographical and ecological modelling and mapping. This 
kind of software can be used for bee species delimitation, 
description and publishing. Another latest approach in 
taxonomy includes genomic analysis in taxonomy (Geno 
Taxonomy) which uses automatic identification of regions 
in insect genome as diagnostic characters and accelerate 
species discovery, through modular taxonomic software 
(Butlin 2010). Latest next-generation sequencing of bee 
transcriptomes and genomic data can provide concrete ev-
idences for bee and wasp phylogeny. Future studies with 
wider axon testing across the apoid wasps could help in 
recognizing the sister group to the bees. 

Conclusions

Future of the taxonomy is integrative approach in all 
branches of biology. Indeed, there is a need to study species 
diversity using multiple approaches. Thus, taxonomists be-
lieve to integrate the recent approaches as a synthetic ap-
proach in order to delimit the species boundaries. Though, 
it is high time that discipline evolves as an entire unit and 
becomes integrative and inclusive. Using multiple disci-
plines to solve taxonomic problems can ensure increased 
rigor in bee species delimitation. Nevertheless, employing 
integrative taxonomy approach to recognize bees is not 
an easy task and requires efforts and inputs from all the 
sides. Earlier conflicts and difference in opinions between 

population of L. oenotherae diverged from Hardy–Wein-
berg equilibrium and also from genotypic equilibrium 
significantly. They suggested the involvement of regional 
difference in the gene flow and inbreeding of these bees 
(Zayed & Packer 2007).

Population genetic studies can examine the relevance 
of bee conservation to the population genetic parameters 
(Packer et al. 2005), ecological speciation (Funk et al. 
2002) and patterns of bee diversity. Population genetics 
investigations on the sweat bee L. oenotherae (Oligolec-
tic), revealed eight species, all known for pollen collec-
tion on evening primroses (McGinley 2003). The females 
were found to have a specialized scopa (pollen collecting 
hairs) adapted for pollen collection, held together by viscin 
threads. Furthermore, female foraging activity was record-
ed at night, which is rare amongst bees (McGinley 2003).

A study by Oppenheimer et al. (2018) used eight micro-
satellite loci as markers for illustration of the genetic consti-
tution of three different populations of Ceratina australen-
sis at Murray–Darling River basin. A total of 57 female 
bees were genotyped, exhibiting geographically significant 
variation in allelic diversity and heterozygosity. This study 
also analyzed the chances of dispersal of male-biased and 
less interpopulation migration in the species. These authors 
also established the spread of C. australensis into dry re-
gions created due to severe anthropogenic disturbances. 
Their hypothesis provided evidences that diffusion of C. 
australensis into Australia might be due to the invasive 
pithy stemmed plant species (Oppenheimer et al. 2018).

Nowadays, whole-genome sequencing is very popular 
for population genetic studies. It provides maximal data 
but the approach has limited applications as it usually as-
sesses only a few samples. In contrast, sufficient data can 
be provided by sequencing a pool of samples (pool-seq). 
Chen et al. (2022) studied 14 populations of bee workers 
and concluded that while pool-seq offers genome-wide pol-
ymorphism data at relatively much lower costs, individual 
sequences (ind-seq) can also provide supplementary infor-
mation. They proposed that the though pool-seq is a cost-ef-
ficient approach, the ind-seq population genetic structure 
can provide alike advantage with additional insight into 
individual-based admixture. Population genetic studies sup-
plemented with Next Generation sequencing has allowed 
researchers to identify potential genes under selection, puta-
tively perilous to species’ survival in their rapidly changing 
environment. Kelemen & Rehan (2021) proposed that while 
genetic studies provide perceptions about bee biology, ad-
ditional studies focusing on a bigger phylogenetic and life 
history extent of species are also necessary.

Future perspectives 

Integrative taxonomy mainly relies on evolutionary biolog-
ical and can help the evolutionary biologists to address spe-
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