
ORIGINAL ARTICLE

Sympatric lineage divergence in cryptic Neotropical sweat bees
(Hymenoptera: Halictidae: Lasioglossum)

Patricia Landaverde-González1 & Humberto Moo-Valle2 & Tomás E. Murray1,3 &

Robert J. Paxton1,4
& José Javier G. Quezada-Euán2

& Martin Husemann1,5

Received: 15 February 2016 /Accepted: 4 October 2016 /Published online: 26 October 2016
# Gesellschaft für Biologische Systematik 2016

Abstract Given ongoing biodiversity decline, an important
concern is that a large fraction of species diversity is not yet
documented. Correct delimitation of species remains a
challenge, especially for small and morphologically uni-
form groups such as sweat bees (Halictidae). Here, we
applied an integrative taxonomic approach to study diver-
sity within the Neotropical sweat bee subgenus Dialictus
(genus Lasioglossum). We used four statistical methods to
delimit species based on cytochrome oxidase subunit I gene
sequences: Automatic Barcode Gap Discovery (ABGD), two
variants of the General Mixed Yule Coalescent (single-thresh-
old (stGMYC) and Bayesian (bGMYC)) and the Refined Single
Linkage analysis (RESL). We detected eight principal molecu-
lar operational taxonomic units (mOTUs). Subsequently, these
lineages were evaluated using ten nuclear microsatellite loci
and morphological and ecological analyses. Most mOTUs
could be differentiated using microsatellites and morphology

(82 % identified correctly), further supporting the status of
mOTUs as independent biological units. For the two most
widespread mOTUs, we analysed intra-lineage geographic
variation using microsatellites but did not detect additional
substructuring. We further tested if the lineages showed pre-
dictable patterns of co-occurrence and habitat preferences.
While we did not find any evidence of preferential association
or disassociation between taxa, we detected a slight positive
effect of high crop cover favouring the abundance of some
lineages. We show that integrated approaches using statistical
analysis of DNA barcodes jointly with additional data can
provide robust and objective means of delimiting species in
morphologically difficult groups.
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Introduction

In the face of global diversity decline, fast, objective and
correct delimitation of species remains a major challenge
(Beheregaray and Caccone 2007). To date, we have only
discovered and described a fraction of the world’s biodi-
versity and, while we still lack a complete picture of the
species diversity of temperate regions, much less is known
about hyper-diverse tropical areas (Pimm and Raven 2000;
Beheregaray and Caccone 2007). This is particularly
concerning as many of the global biodiversity hotspots,
like the Yucatan Peninsula, are located in tropical regions
(Myers et al. 2000). Biodiversity hotspots hold about 50%
of the world’s plant species and 42 % of all terrestrial verte-
brate species (Brooks et al. 2002;Mittermeier et al. 2004). Yet,
rather little is known about their insect diversity, and it has
been suggested that many species remain undescribed
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(Bickford et al. 2006). Unfortunately, these areas are also
heavily impacted by anthropogenic pressure, causing a se-
rious conflict between nature conservation and human
needs (Ricketts et al. 2005). Thus, describing tropical diversity
needs to be a priority of biodiversity and conservation
research.

Bees (Hymenoptera, Apiformes) not only are important
from a biodiversity standpoint, but also represent the main
pollinators of many crops and wild plants and thus represent
an important fraction of functional diversity, providing the
essential ecosystem service of pollination (Klein et al. 2007).
Furthermore, on the Yucatan Peninsula, native bees have an
important role in the traditions of Mayan culture (González-
Acereto 2008). Many bee species are threatened by a variety
of factors, including emergent pathogens, pesticides and
habitat destruction (Brown and Paxton 2009; Vanbergen
et al. 2013). On the Yucatan Peninsula in particular,
several native bee species are threatened by deforestation
and the loss of traditional bee management practices
(González-Acereto et al. 2006).

One bee genus that appears to be less affected by the trans-
formation of natural habitat into agricultural land is
Lasioglossum. It is abundant even at relatively intensively
used agricultural sites (Landaverde et al. unpublished data).
However, species are difficult to distinguish in the field and
hence it is not clear if just a few species remain common while
others decline. Lasioglossum is among the most species-rich
genera of bees worldwide and includes many small and incon-
spicuous species, which are often hard to distinguish morpho-
logically. Recently, studies have suggested that the genus may
be even more diverse than thought, comprising many ad-
ditional cryptic species in North and Central America; it is
further considered one of the most difficult groups for
taxonomic identification (Gibbs 2009, 2010), especially
when analyses are entirely based on morphological traits.
Hence, the genus calls for additional, integrative ways of
species delimitation.

One of the most commonly employed methods for molec-
ular species identification in animals is DNA barcoding
(Herbert et al. 2003; Shokralla et al. 2014). DNA barcoding
is a tool to identify (and possibly even delimit) taxa within
groups in which diagnostic morphological characters are sub-
tle or undescribed. It is based on the DNA sequence of the
cytochrome oxidase subunit I gene (COI), which can be used
for identification and even delimitation of molecular opera-
tional taxonomic units (mOTUs). It is a fast method, indepen-
dent of taxonomic knowledge, and is specifically useful when
many cryptic species with inconspicuous morphological
differences are studied (Herbert et al. 2003). Nonetheless,
the method has been criticized due to many problems, e.g.
introgression and selective sweeps (Ballard and Whitlock
2004; Galtier et al. 2009). To overcome some of the limita-
tions that DNA barcoding by itself has, molecular taxonomic

units arising from barcoding studies need to be further evalu-
ated with nuclear genetic and phenotypic data (Goldstein and
DeSalle 2010).

To gain a better understanding of the diversity of
Lasioglossum (subgenus Dialictus, Robertson, 1902) on the
Yucatan Peninsula, we used an integrative approach. Bees
were sampled from 21 sites scattered across the peninsula, at
which we also recorded three landscape variables. We
used a combination of DNA barcoding, nuclear micro-
satellite genotyping, morphology and ecological analyses
in order to gain an insight into the diversity and distri-
bution of this subgenus in the area. Specifically, we
pose the following questions: (1) how many differentiated
mOTUs of Dialictus can be found on the Yucatan Peninsula?
(2) Do nuclear (microsatellite) genetic markers support these
mitochondrial lineages? (3) Are widespread lineages geo-
graphically further subdivided? (4) Do morphological data
confirm the existence of different biological units? Finally,
(5) are mOTUs randomly distributed across the landscape or
are there predictable patterns of co-occurrence based on land-
scape and distribution data of other mOTUs?

Materials and methods

Study area

The Yucatan Peninsula in south-eastern Mexico is one of
the global hotspots of biodiversity (Mittermeier et al.
2004) with large protected areas of seasonally dry tropical
forest (Ramírez-Delgado et al. 2015). The peninsula repre-
sents 7.1 % of the Mexican territory and is characterized
by approximately 82 % forest cover (a mixture of successional
stages and mature forest) and 18 % intensively managed land
(agriculture and pastures) (Ramírez-Delgado et al. 2015).
However, as for many other biodiversity hotspots, it is threat-
ened by habitat deterioration and loss (Brooks et al. 2002).
Although local communities try to conserve the original forest,
there is a tendency for increasing use of the available area for
agriculture, with a concomitant increase in fallow land (Abizaid
and Coomes 2004).

The Yucatan Peninsula is further characterized by the pro-
duction of Henequen (Agave fourcroydes), maize and citrus
and ranching of cattle (INEGI 2006). The dominant Maya
subsistence production system in the Yucatán Peninsula is a
kind of traditional slash-and-burn swidden agriculture (called
‘milpa’), which has been suggested to be beneficial for biodi-
versity conservation (Chazdon 2003; Wyman et al. 2007;
Padoch, and Pinedo-Vasquez 2010; Diemont et al. 2011).

We collected Lasioglossum sweat bees at 21 sites within
Habanero chilli crops in the northern part of the Yucatán
Peninsula (see Fig. 1, Table S1). Sites were chosen to be at
least 2 km apart to ensure independence of samples (nearest
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neighbour distance, mean 21 km, range 2–210 km). We quan-
tified the landscape around sampling sites by characterizing
the percentage of each of three land-use variables (forests,
crops, and a composite: fallow-garden-pasture (FGP)) within
a 2-km buffer zone. In a previous study, we determined the
scale to which species diversity responded to be 300 m
(Landaverde et al. unpublished data). Therefore, we used this
scale to analyse the effect of landscape on Lasioglossum
(Dialictus) species diversity. Overall, the study region was
composed of 20 % forest, 27 % crops and 53 % FGP
(Landaverde et al. unpubl. data).

Study species

Lasioglossum Curtis, 1833 is a diverse genus of primarily
ground-nesting sweat bees, with more than 1800 species and
including more than 650 species of the subgenus Dialictus
(Michener 2007) known worldwide (Ascher and Pickering
2015). For constructing their fossorial nests, most species re-
quire open ground (Cane 2001), which is common in degrad-
ed forest. The genus is taxonomically very difficult due to the
lack of distinct phenotypic traits (Gibbs 2009). Lasioglossum
bees have been suggested to be important pollinators for a
variety of plant species (e.g. Landaverde et al. unpublished
data; Li et al. 2008). Thus, correct identification of bees at
the species level is important to understand the ecology and
pollination service provision by this genus (Cane 2001; Brosi
et al. 2008).

Bee sampling and morphological identification

At each site (Fig. 1, Table S1), Lasioglossum bees visiting
chilli flowers were collected along transects using insect nets
during May, June or October 2011. A total of 1089
Lasioglossum individuals were collected; 65 % of the samples
were preserved in 70 % ethanol and stored at −4°C. The other
35 % were pinned and stored in the reference collection of the
Autonomous University of Yucatan (UADY), and only the
two hind legs of each specimen were stored in 70 % ethanol
for DNA analysis.

As good identification keys are lacking for Lasioglossum
in the region, specimens from the 21 sites were chosen
randomly with a mean of nine individuals per site (range,
3–23 individuals; see Table S1). A first taxonomic assess-
ment was done by Ricardo Ayala (Estación de Biología
Chamela -Colima-, UNAM); the final identification of all
individuals was performed by PLG and HMV. For each of
the nine morpho-groups found (seven belonged to subgenus
Dialictus and two to the subgenus Evylaeus), 15 % of
individuals were selected for molecular analyses. Two spec-
imens belonging to the genus Sphecodes were used as
outgroup.

Molecular analyses

DNA isolation

DNAwas extracted from two hind legs of each individual in
96-well plates. First, ethanol residues were removed by rins-
ing the legs with distilled water for 1 h on an orbital shaker at
200 rpm. DNAwas isolated with a standard Chelex protocol
(Walsh et al. 1991); 100 μl of a 5 % Chelex solution and 5 μl
of proteinase K (10 mg/ml) were added to each well. The
samples were incubated in a thermocycler (Biometra
TProfessional basic gradient) with the following conditions:
1 h at 55°C, 15 min at 99°C, and 1 min at 37°C. Subsequently,
the sample was spun at ∼2200 g for 3 min; the supernatant was
then used as template for PCR.

Mitochondrial DNA

We amplified the barcoding fragment of the cytochrome oxi-
dase I (COI) gene from a total of 220 individuals using
primers described by Folmer et al. (1994): LCO: 5′
GGTCAACA AATCATAAAGATATTGG3′ and HCO: 5′
TAAACTTCAGGGTGACCAAAAAATCA3′. These consis-
tently amplified a fragment of 710 bp. Reactions were carried
out in a 10μl reactionmix containing 1× Promega PCR buffer,
1.5 mM MgCl2, 200 μM of each of dNTP, 0.4 μM of each
primer, 1.5 U Promega Taq-Polymerase and 2 μl template
(ca. 25–50 ng). PCRs were performed with a thermocycler
(Biometra TProfessional basic gradient) and the following
conditions: 3 min at 94°C denaturation, followed by 36
cycles of 30 s at 94°C, 45 s annealing at 51°C and 1 min
at 72°C for elongation. Cycling was terminated with a final
elongation step at 72°C for 8 min. PCR products were
checked for product length with a QiAxcel (Qiagen, Hilden,
Germany) and were sequenced by GATC Biotech (Cologne,
Germany).

Mitochondrial sequences were checked by eye and aligned
using the MUSCLE algorithm implemented in Geneious
v.7.1.7 (Kearse et al. 2012). We used jModelTest v.2.1.2
(Darriba et al. 2012) to determine themost suitable substitution
model; the program suggested the HKY model (Hasegawa
et al. 1985) with invariant sites and a gamma distributed rate
variation (HKY+I+G). Haplotype diversity and a neutrality test
(Tajima’sD) were calculated with DnaSP v.4.10.9 (Rozas et al.
2003). All unique haplotypes were blasted in NCBI GenBank
and BOLD systems v.3 (Ratnasingham and Hebert 2007) to
check if specimens could be identified to species with existing
records in these databases.

To determine the relationships between haplotypes, we per-
formed phylogenetic analyses using Bayesian Inference and
Maximum Likelihood approaches. For the Bayesian analysis,
we used MrBayes v.3.1.2 (Huelsenbeck and Ronquist 2001);
the program was run for 100,000,000 generations, sampling
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trees every 1000 generations. The Maximum Likelihood anal-
ysis was run in RAxML v.8.2.4 (Stamatakis 2014) with 1000
bootstrap replicates. The resulting trees were visualized with
FigTree v.1.4.2 (Rambaut 2014).

Molecular species delimitation

As species of Lasioglossum (Dialictus) are difficult to identify
morphologically and cryptic diversity is expected, we used the
mitochondrial data to determine the most likely number of
molecular operational taxonomic units (mOTUs) in our data
set. A variety of methods are available to delimit mOTUs.
They are based on varying assumptions and perform differ-
ently depending on the evolutionary dynamics of the focal
taxon (Carstens et al. 2013; Dellicour and Flot 2015). Here,
we used four different methods to delimit mOTUs.

First, we used the Automatic Barcode Gap Discovery
(ABGD) (Puillandre et al. 2011), a method that delimits spe-
cies based on the ‘barcode gap’ in the distribution of pairwise
differences within and between taxa. More specifically, a
barcode gap exists when the divergence among individuals
belonging to the same species is smaller than the divergence
among individuals from different species. As the HKY model
is not available in the ABGD program, it was run using both
the JC69 and the K80 models. The priors for intraspecific
divergence ranged from Pmin=0.001 to Pmax=0.1; the de-
fault relative gap width of 1.0 was used. The results were
similar across settings, though the K80 model tended to split
the groups in many partitions representing single individuals;
we conservatively decided to use JC69.

Secondly, we used the single threshold General Mixed Yule
Coalescent (stGMYC), a likelihoodmethod for delimiting spe-
cies that fits within-and-between-species branching models
with different speciation and coalescent categories to recon-
structed gene trees (Pons et al. 2006; Fujisawa and
Barraclough 2013). The method assumes that species are
monophyletic and uses a set of the most recent common an-
cestors (MRCA) to determine branching events. We applied
the HKY+I+G model and a speciation Yule process tree prior.
To infer the species tree for species delimitation, we used
Bayesian analysis implemented in BEAST (Drummond
et al. 2012). Input files for BEAST were generated with
BEAUti v.1.8.1, implemented in the BEAST v.1.8.1 package
(Drummond et al. 2012). We pruned identical sequences and
ran BEAST for 10 million generations, sampling every 1000
generations. The resulting tree files were analysed with
TREEANNOTATER v.1.8.1 to generate the tree with the
maximum clade credibility using common ancestor node
heights (Drummond et al. 2012). Then, to estimate the number
of mOTUs, we used the packages APE (Paradis et al. 2004)
and SPLITS (Fujisawa and Barraclough 2009) that optimize
the GMYC likelihood function specifying the probability of

branching intervals. Analyses were performed in R studio
v.3.1.0 (R Development Core Team 2015).

Thirdly, we used the Bayesian version of the GYMC
approach (bGMYC) that employs MCMC to determine the
probability that two specimens belong to the same cluster
(Drummond et al. 2012). For this method, we again used
BEAST (as above) and ran the program for 10 million gener-
ations, sampling every 1000 iterations and discarding the first
1000 trees as burn-in. To estimate the number of mOTUs by
bGMYC, the sampled trees were run in R with the package
bGMYC (Reid and Carstens 2012) for 50,000 generations,
discarding the first 40,000 as burn-in and sampling every
100 iterations. Both GMYC methods have been reported to
be very efficient for the delimitation of species, especially in
datasets with more than three taxa (Dellicour and Flot 2015).

Our fourth approach was the Refined Single Linkage anal-
ysis (RESL), as implemented in the Barcode of Life database
(BOLD) (Ratnasingham and Hebert 2007). COI protein se-
quences were first aligned using a profile Hidden Markov
Model (HMM). RESL then uses single linkage clustering
for a preliminary assignment of specimens to mOTUs by
generating a distance matrix for all pairs of sequences,
followed by a clustering step based on an internal threshold
(2.2 % differences; see Ratnasingham and Hebert 2007).
Subsequently, a network analytical approach based on a
Markov clustering algorithm (MCL) for graphs was applied.
This method corrects the estimated number of species for
clusters that have a different threshold value than the one
assigned by BOLD (2.2 %); it is based on the existence of
discontinuities independent of the variation within a cluster
(Ratnasingham and Hebert 2013). After this, a Barcode Index
Number (BIN) was assigned (Table S1) to each mOTU
(Fujisawa and Barraclough 2009).

We based our final mOTU delimitation on the criterion of
reciprocal monophyly across the four delimitation approaches
(de Quieroz 2007). Finally, the inter- and intra-group genetic
distances (p-distance) between the final clusters were calcu-
lated with MEGA v.6 (Tamura et al. 2013).

Differentiation between lineages at nuclear markers

To test if mitochondrial lineages were also differentiated at
nuclear loci, we genotyped an average of 13 (range 13–14)
individuals for each of the eight main mitochondrial lineages
at ten microsatellite loci. Microsatellite markers originally de-
signed for Lasioglossum hemichalceum (Cockerell, 1923)
(Kukuk et al. 2002), Lasioglossum malachurum Kirby, 1802
(Paxton et al. 2003) and Halictus rubicundus Christ, 1791

�Fig. 1 Location of the 21 sites at which Lasioglossum spp. were
collected. The coloured pie charts show the frequencies of mOTUs at
the respective sites. The designation of areas as west, east and centre
corresponds to the location of the sites on the Yucatán Peninsula
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(Soro and Paxton 2009) (Table 2) were amplified in multiplex
PCRs in 10μl reaction volumes consisting of 1× PCR buffer
(Promega), 2.0 mMMgCl2, 0.15–0.3 μM of each microsatel-
lite primer (forward primer labelled with fluorescent dyes
FAM, TET or HEX), 200 μM of each dNTP, 1.5 U Taq poly-
merase and 1 μl of template DNA (ca. 25–50 ng). PCR con-
ditions were as follows: initial denaturation of 3 min at 94°C,
followed by 35 cycles of 30 s denaturation at 94°C, 30 s an-
nealing at primer specific temperatures (between 50 and 60°C;
see Table S2) and 45 s extension at 72 °C; the PCR was
finished with a final extension step of 10 min at 72°C. A
ROX size standard was added to PCR products, and frag-
ment analyses were performed at the Biocenter of the
Ludwig-Maximillian University, Munich, Germany.
Alleles were called using Genemarker v.2.6.0 (Softgenetics,
State College, USA). We tested for genotyping errors due to
null alleles, large allele dropout and stutter peaks using
MICROCHECKER v.2.2.3 (Oosterhout et al. 2004) and for
linkage disequilibrium (LD) and Hardy-Weinberg equilibrium
with Genepop on the Web v.4.2 (Raymond and Rousset
1995).

In order to test if mitochondrial lineages also clustered at
nuclear loci, we performed principal coordinate analyses
(PCoA) based on Nei’s genetic distance matrix in the program
GenAlEx v.6.5 (Peakall and Smouse 2012). For seven of the
eight mitochondrial lineages (for one lineage, microsatellites
could not be amplified consistently), we plotted the mean and
standard deviations from the two principal axes. The differen-
tiation between lineages was examined with an analysis of
molecular variance (AMOVA) using a distance method (the
number of different alleles) and 1000 permutations in
Arlequin v. 3.5.1.2 (Excoffier et al. 2005).

Geographic differentiation within the most abundant lineages

To test for further geographic subdivision within lineages, we
genotyped several individuals (n>10) frommultiple locations
(n> 6) for the two most common mitochondrial lineages
(mOTU1-6 sites with a total of 135 individuals and 13–38
individuals per site, average N=22, max. distance between
sites of 45 km, and mOTU7-7 sites with a total of 141 indi-
viduals and 11–30 individuals per site, average N=20, max.
distance between sites of 191 km) at the same 10 microsatel-
lite loci. To infer the number of genetic clusters and the level
of admixture within the mOTUs, we used the Bayesian-based
program STRUCTURE v.2.3.3 (Pritchard et al. 2000). The
program was run under the admixture model without informa-
tive priors about the sampling location. We ran the program
for 100,000 iterations with a burn-in of 50,000 and performed
20 runs for each K tested. We tested for K between 1 and 7 for
mOTU1 and for K between 1 and 8 for mOTU7. The optimal
number of genetic clusters (K) was determined using the
Evanno method (Evanno et al. 2005) as implemented in

STRUCTURE HARVESTER v.0.6.94 (Earl and vonHoldt 2012).
To visualize the results, a barplot of membership coefficients
was generated with CLUMP (Jakobsson and Rosenberg
2007). To infer the amount of molecular variance within and
between sites, AMOVA was performed for each of the two
mOTUs using Arlequin (Excoffier et al. 2005). We further
calculated Fst and Dest indexes with MSA v.4.05 (Dieringer
and Schlötterer 2003) and SMOGD v.1.2.5 (Crawford 2010),
respectively, to determine differentiation between sites within
each lineage (mOTU1 and mOTU7).

Phenotypic differentiation

Further, we investigatedwhether mitochondrial lineages could
be distinguished based on subtle morphological features. For
this, we measured 17 quantitative and 13 qualitative morpho-
logical traits (for a description of traits, see Table S3 and
Table S4; for visualization, see and Fig. S1A and S1B) previ-
ously identified as informative for Lasioglossum (Dialictus)
from North America (Gibbs 2010). The morphological data
were analysed by non-metric multidimensional scaling
(NMDS) in PAST v.3.06 (Hammer et al. 2001). The means
and standard deviations of the similarity index for each mito-
chondrial lineage derived from NMDS were plotted.

To assess the reliability of the assignment of the specimens
to taxa using morphological and nuclear genetic data
(microsatellites), we tested both data sets with a discriminant
function analysis. To test the model, the data were cross-
validated (original assignment against a prediction generated
by jackknifing the original data) using SPSS v.22 (IBM Corp
2013).

Co-occurrence of mitochondrial lineages and ecological
differentiation

We tested if the identified mitochondrial lineages co-occurred
in a predictable manner and if the percentage of the three
characterized land-use variables (forest, crop and FGP) could
predict their presence.We used the first measure as a proxy for
potential interactions between species and the latter as a proxy
for ecological differentiation. However, we are aware that
these are only rough proxies for these ecological parameters
and that further differences may be present. In order to test for
habitat differentiation, we ran linear models (LMs), correlat-
ing abundance of lineages and land-use variables. The data
were plotted as bubble plots with the R packages mass and
ggplot2 to visualize potential patterns (Venables and Ripley
2002; Wickham 2009). Lastly, we used the R package
cooccur, which applies a probabilistic model of species co-
occurrence (Veech 2013), to test for relationships (competitive
or cooperative) between mitochondrial lineages.
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Results

Molecular characterization and species delimitation using
mtDNA

We obtained a 660bp fragment (after trimming) of the mito-
chondrial COI gene for 193 of the 220 individuals fromwhich
DNAwas extracted (87 % success). From the 193 sequences,
134 represented unique haplotypes (Table S1, Fig. 2),
resulting in a haplotype diversity of 0.923. Tajima’s D was
not significant (Tajima’s D −1.32, P>0.10). The 134 haplo-
types were blasted against NCBI’s GenBank and the Barcode
of Life database (BOLD); sequences with >99 % identity
were considered as a correct identification of the subge-
nus. All specimens belonged to the subgenera Dialictus
and Evylaeus of Lasioglossum, (Halictidae) (Table S1).
Of all the 134 haplotypes, only specimens in mOTU5
showed a high similarity to three database accessions
(Lasioglossum lepidii—GenBank >99 %, BOLD >98 %;
Lasioglossum nr. perparvum—BOLD >99 %; and
Lasioglossum cri-black1 (ID=B03749H04-CRI)—BOLD
>98%). However, definitive assignment to any of these species
was not possible.

Members of the subgenus Dialictus were most abundant;
therefore, we focused our analyses on this subgenus and used
Evylaeus together with Sphecodes only as outgroup (OG)
taxa. Phylogenetic reconstruction based on Maximum
Likelihood and Bayesian Inference yielded the same eight
major clusters (Fig. 2), with only differences in the values of
support.

The four methods of species delimitation yielded different
numbers of mOTUs, yet the main mOTUs were identical.
ABGD showed the lowest number of mOTUs (ABGD=8),
whereas the RESL method implemented in the BOLD
system yielded the largest number (RESL= 24). Both the
stGMYC and the bGMYC yielded intermediate estimates
(stGMYC=9, bGMYC=12). All methods detected the same
eight mOTUs identified by ABGD (Figs. 2, 3 and 4), yet with
different subdivisions that were inconsistent between delimi-
tation methods. We proceeded in our analyses with the most
conservative estimate (as suggested by Carstens et al. 2013) of
eight independent lineages, as they were consistently sup-
ported by all delimitation methods. The mean pairwise
intra-group generic variability and inter-group genetic dis-
tances (p-distances) of these eight lineages were 1.45 %
(0.31–4.23 %) and 5.8 % (2.78–9.38 %), respectively
(Table S5).

Differentiation of mOTUs at nuclear markers

We used microsatellites to test if the mitochondrial lineages
could be recovered with nuclear markers. As the microsatellite
loci were developed originally for other sweat bee species, not

all amplified consistently across all of our samples. However,
10 of 13 microsatellite loci that we tested amplified in most of
our Lasioglossum (Dialictus) samples and were used for the
analyses. mOTU6 could not be examined with these markers
due to a lack of amplification for several individuals at eight of
ten microsatellites (only Rub55 and Rub59 amplified consis-
tently). Hence, we proceeded with the remaining seven
mOTUs.

All 10 microsatellite loci were polymorphic in all mOTUs,
except for LMHs14 in mOTU5. MICROCHECKER provided no
evidence for scoring errors, large allele dropout, or null alleles
for most primer/mOTU combinations. However, a significant
deviation from Hardy-Weinberg equilibrium (P<0.025) was
detected for Rub73 in mOTU7 and potential null alleles
were suggested for Rub55 after Bonferroni correction in
mOTU8. Yet, as no loci or populations showed consis-
tent deviations, we maintained all markers for subse-
quent analyses. No linkage disequilibrium was found
for any of the ten microsatellite loci. The mean number
of alleles per locus across all mOTUs ranged between 8
and 22, with an observed heterozygosity between 0.55
and 0.89 (Table S2).

There was significant differentiation of the seven mOTUs
at the 10 microsatellite loci (Fst=0.24 (0.097–0.41), P<0.05;
Dest=0.39 (0.059–0.80), P< 0.01), with an average inter-
group genetic divergence (pairwise genetic distance) of 0.19
(0.09–0.29) (Table S6). PCoA revealed largely discrete clus-
ters for all taxa. However, two individuals (mOTU2-85 and
mOTU7-89 determined with COI as mOTU2 and mOTU7,
respectively) clustered with other mOTUs (mOTU2-85 with
mOTU4 and mOTU7-89 with mOTU1) for the microsatellite
data.

Geographic differentiation within the most abundant
lineages

The intra-lineage analyses of the two most abundant lineages,
mOTU1 and mOUT7, revealed no further differentiation be-
tween sites. STRUCTURE analyses suggested two clusters
for mOTU1 (delta K= 2; likelihood = 6.20) and three for
mOTU7 (delta K=3; likelihood=14.71) (Fig. S2). However,
no subdivision was evident from the admixture plots (Fig. 5).
Even though the levels of genetic differentiation between sites
within each of the two lineages were significant, they were
low (mOTU1; Fst=0.022, P<0.001; Gst=0.039, P=0.12;
Dest = 0.073; P = 0.07/mOTU7 Fst = 0.036, P < 0.001;
Gst= 0.087, P< 0.001; Dest= 0.124, P < 0.01) (Table S7).
Further, AMOVA analysis revealed that, for both mOTUs,
the majority of genetic variation was found within sites
(mOTU1=98.33 %, P<0.05; mOTU7=95.83 %, P=0.23),
while variation among sites within a lineage accounted for less
than 5 % of the total genetic variance (Table 1).
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Fig. 2 Phylogenetic tree
constructed with maximum
likelihood (bootstrap support on
the left, Bayesian posterior
probabilities on the right)
showing the relationships
between molecular operational
taxonomical units (mOTUs). The
coloured bars show the mOTU
designations by the four methods
of species delimitation: ABGD
Automatic Barcode Gap
Discovery; stGMYC single
threshold General Mixed Yule
Coalescent; bGMYC Bayesian
General Mixed Yule Coalescent;
BIN Barcode Index Number with
refined single linkage analysis
(RESL)
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Phenotypic differentiation of mOTUs

We further tested if mOTUs detected using mtDNA data were
morphologically differentiated. For this, we measured 30 mor-
phological characters covering major parts of the morphology as

described in Table S3, Table S4, Fig. S1A and S1B in members
of all 8 lineages (mean=6.5 individuals, range=3–11 individ-
uals). Some of the morphological traits were considered non-
independent (the ratio of head size to length and to round-
ness; Spearman correlation coefficient rho=0.92, P<0.01;

Fig. 3 Principal coordinate analysis (PCoA) of ten microsatellite loci and 13 individuals per mOTU. The colours represent mOTUs as in Fig. 2

Fig. 4 NMDS analysis ofmorphological data.Means and standard deviations are shown for each of the 8mOTUs from the analysis of 30morphological
traits in the Lasioglossum taxa. Colours represent mOTUs as in Fig. 2
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mesepisternum with decoration and mesepisternum surface
structure (rugulose to tessellate or strongly rugose),
rho=−0.60, P<0.01; marked in red in Table S3 and S4)
and therefore we repeated the analysis without them. Results
were qualitatively similar. The first two axes of the NMDS
analysis explained 91.11 % (axis 1 = 82.23 % and axis
2=8.88 %) of the total variance. We found that the patterns of
mOTU designation by mtDNA data were generally well sup-
ported by morphology (stress value =0.097; Fig. 4). Only
mOTU6 andmOTU7 could not be separated based onmorphol-
ogy (Fig. 4).

To test the reliability of the assignment of specimens to taxa
using morphology or microsatellites, we performed discriminant
function analyses. Individuals were assigned to the correct line-
ages for both sources of data with high confidence (morpholog-
ical data: F=2.28, P=0.037; microsatellites: F=110, P<0.001;
82 % correct reassignment based on the combined data). The
morphological characters that were most informative for the cor-
rect assignment of specimens to taxa were the ratio of the punc-
tuations of the scutum (character 5), the ratio of mesoscutal
punctation close to the parapsidal line (character 7), the
shape of the propodeal triangle (character 17) and the shape

Fig. 5 STRUCTURE analyses for the two most abundant mOTUs (mOTU1 and mOTU7): mOTU1with 135 individuals (K = 7) and mOTU7with 141
individuals (K= 8); the phylogeny resembles Fig. 2.

Table 1 Analyses of molecular variance (AMOVA using Arlequin v. 3.5.1.2; Excoffier et al. 2005) for the two most abundant mOTUs (mOTU1 and
mOTU7), partitioning the genetic variance within and between sites

Source of variation mOTU1 mOTU7

d.f. Sum of squares Variance
components

Percentage
of variation

d.f. Sum of
squares

Variance
components

Percentage
of variation

Among sites within lineage 20 34.10 0.023 1.67** 8.00 13.34 0.05 4.17**

Within sites 337 448.55 1.33 98.33** 271.00 267.14 1.14 95.83**

Total 357 482.65 1.357 279.00 484.03 1.37

**P< 0.01
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of the metatibial spur (character 29; Table S3). Some
mOTUs could, however, only be identified with low preci-
sion (e.g. mOTU6=30 % confidence and mOTU7=50 %
confidence). These were also genetically closely related.

Ecological differentiation and patterns of co-occurrence
of mOTUs

Our test of predictable co-occurrence patterns suggested that
the distributions of all lineages were independent with regard
to each other (P>0.05) (Table S9). Our test for ecological
differentiation showed a slight signal; the LMs suggested that
mOTU3 (t value=3.57,P=0.002) andmOTU5 (t value=2.78,
P=0.01) were more abundant at sites surrounded by agricul-
ture (Fig. S3 and Table S10).

Discussion

We investigated the diversity of sweat bees of the subgenus
Dialictus (genus Lasioglossum) on the Yucatan Peninsula of
Mexico using a combined approach of genetic, morphological
and ecological data. We consistently detected eight major
mitochondrial lineages, with several subdivisions that
varied across delimitation methods. With the goal to
strengthen the inference of mOTUs, we assessed the mito-
chondrial delimitation using nuclear DNA (microsatellites),
which largely supported the mtDNA lineages. Intra-lineage
analyses with microsatellites suggested no further geographic
sub-division within a lineage. Further, most major mitochon-
drial lineages could be distinguished using morphological
criteria. Co-occurrence patterns suggested an indepen-
dent distribution of lineages with respect to each other.
However, there was weak support for the idea that spe-
cific lineages occur in specific habitats, with a slight
tendency for two lineages to occur in areas with a higher
amount of crops.

Molecular characterization of mOTUs
using mitochondrial DNA

We used DNA barcoding data and four statistical approaches
(ABGD, stGMYC, bGMYC and RESL) to delimit mOTUs of
Dialictus on the Yucatan Peninsula. COI has been shown before
to be effective in the delimitation of cryptic bee species (Ricklefs
and Travis 1980;Murray et al. 2008; Gibbs 2009;Williams et al.
2012; Rambaut 2014) and proved to be effective in this study as
well. All methods consistently indicated the existence of several
mOTUs, ranging from 8 to 24. However, eight principal mOTUs
were consistently identified across the different methods, coin-
ciding with the assignment by ABGD. In our study, stGMYC,
bGMYC and RESL suggest the existence of additional
subdivisions within mOTUs, though these subdivisions were

not found to be consistent between the different delimitation
methods.

Carstens et al. (2013) discussed in detail the problem of
false delimitation of taxa that do not represent actual species
and suggested that conservative interpretations are preferable
rather than overestimating the number of taxa. Differences
between methods of delimitation arise from distinct assump-
tions, any of which could be violated in particular groups,
leading to the wrong assignment of putative species
(Carstens et al. 2013). Therefore, we consider the mOTUs that
were consistently detected and strongly supported by the di-
verse statistical methods as putative species.

The genetic distance betweenmOTUswas consistently above
2.78 %, and with the exception of mOTU7 and mOTU8, the
intraspecific variability was consistently under 1.26 %,
supporting the existence of a barcode gap in our molecular
data. This barcode gap is an important assumption for the
accurate use of ABGD and GMYC (Dellicour and Flot
2015). GMYC was used successfully for the delimitation
and identification of cryptic species in Bombus spp.
(Murray et al. 2008; Williams et al. 2012), Scaptotrigona
spp. (Ricklefs and Travis 1980) and cicadas (Wade et al.
2015). However, both GMYC and RESL are known to fail
in the determination of mOTUs under certain circumstances;
GMYC tends to overestimate the number of taxa when a
pronounced structure in populations exists due to their non-
random distribution, that is, geographic structure or non-
random sampling of the populations (Dellicour and Flot
2015). We tested for geographic structure in the two most
common lineages, but could not detect marked differentiation
at nuclear loci (Fujisawa and Barraclough 2013). However,
we cannot exclude the substructure in some of the rarer
mOTUs with poor representation of individuals (e.g.
mOTU6 and mOTU8).

RESLmay overestimate or underestimate the number of taxa
depending on whether the ‘real’ genetic threshold within a spe-
cific taxonomic group is met (Fujisawa and Barraclough 2009).
But, as the nucleotide differentiation between most of the line-
ages in our data is greater than the recommended threshold of
2.2 %within the BOLD system (min=2.78%, average=5.8 %)
(Fujisawa and Barraclough 2009) and 1.7 % is considered the
minimum percentage of divergence in Lasioglossum (Dialictus)
from North America (Gibbs 2009, but see Gibbs 2010, diver-
gence of 0 % for some North American Lasioglossum
(Dialictus)), we consider our lineage delimitation for most of
the taxa to be robust. Yet, the intra-group variation of mOTU7
and mOTU8 (mOTU7=2.32 %, mOTU8=4.23 %, Table S5)
was greater than the threshold implemented in the BOLD
system, which may cause an overestimation of groups using
RESL (Fujisawa and Barraclough 2009). Our data may
nevertheless contain additional lineages, which were under-
represented in our sampling. This may be reflected by the
large number of singletons designated as taxa by some

Diversity in cryptic Neotropical sweat bees 261



methods. As sampling is a limitation, which often cannot
be overcome, the use of techniques based on genetic dis-
tances, such as ABGD, may be more reliable for our and
similar datasets (Puillandre et al. 2011).

Differentiation of mOTUs at nuclear markers

Seven of eight mOTUs detected using mitochondrial DNA
were recovered with the microsatellite data (Fig. 3 and
Table S6). mOTU6 could not be included in the analyses
because of the consistent lack of amplification at several loci;
lack of amplification suggests that this lineage may also be
genetically differentiated. The consistency of differentiation
for both mtDNA and nuclear DNA supports the existence of
distinct species.

Interestingly, two individuals were assigned to different
lineages based onmtDNA andmicrosatellites, potentially sug-
gesting hybridization (Fig. 3). If this is the case, these data
would represent the first evidence of hybridization between
Lasioglossum species. However, hybridization has been ob-
served for other bees, e.g. Bombus spp. (Duennes et al. 2012)
and Tetragonisca spp. (Francisco et al. 2014). Our data
highlight the importance of supplementing mitochondrial
barcoding data with additional nuclear information, as such
potential introgression events would otherwise remain unde-
tected (Ballard and Whitlock 2004; Galtier et al. 2009).

Geographic substructure within the most abundant
mOTU lineages

We found no evidence of geographic structure within the two
most widespread lineages, mOTU1 and mOTU7, despite dis-
tances up to 191 km separating populations. This suggests that
they represent panmictic populations without further geo-
graphical differentiation. Lack of geographic structure appears
to be a common feature of tropic bee species; Partamona
helleri in Brazil, for example, showed limited population dif-
ferentiation across a large geographic scale (Arantes Borges
et al. 2010). Similarly, Brazilian Trigona spinipes did not
show any differentiation regardless of geographic distances
of more than 200 km (Jaffé et al. 2015). Further, in a review
of 27 euglossine species, no or weak genetic differentiation
despite distances of >500 km was observed (Souza et al.
2009). These studies suggest that population sizes may be
large in tropical bee species and their dispersal potential may
be high, negating effects of genetic drift and preventing ge-
netic differentiation (Soro et al. unpublished data).

Phenotypic differentiation of mOTUs

Cryptic diversity may be expected as Lasioglossum is largely
understudied in the tropics. Further, Gibbs (2009) already
demonstrated the existence of cryptic species within this

genus in North America. Other native bees such as Bombus
(Duennes et al. 2012), Melipona (Rambaut 2014), Halictus
ligatus-Halictus townsendi-H. poeyi (which could not be
differentiated morphologically; Packer et al. 2016) and
Scaptotrigona (Ricklefs and Travis 1980) also exhibit cryptic
species diversity in the Neotropics. Our study supports the
existence of hidden species diversity within the cryptic
Lasioglossum (Dialictus) group in Yucatan, Mexico, both
with molecular and morphological data.

Most of the mitochondrial lineages could also be distin-
guished usingmorphological data, which are going to be extend-
ed for further taxonomic studies. This was not true for mOTU6
and mOTU7, which could not be differentiated on the basis of
the measured morphological traits, yet these two mOTUs were
not even sister taxa based on the mitochondrial data. This con-
tradiction of both datasets is not surprising, as neutral genetic
and phenotypic variation evolve under different evolutionary
regimes; sequence variation and microsatellites are consid-
ered to be largely neutral, whereas morphology may be
principally affected by selection (Hedrick 2011; Whitlock
2014). In our case, the morphological similarities between
the unrelated mOTU6 and mOTU7 may be the result of
similar selective forces resulting in matching morphological
features (Clegg et al. 2002: Whitlock 2014). An alternative
explanation may be the introgression of mitochondrial DNA
of a different mOTU into one of the lineages. This, however,
could not be tested as amplification of microsatellites was
unsuccessful for mOTU6. Hence, the forces driving morpho-
logical variation in the subgenus cannot be determined un-
equivocally with our data, but this was also not the focus of
this study.

Nevertheless, our morphological data represented an addi-
tional powerful tool to distinguish mitochondrial lineages. The
use of subtle morphological characters has been shown before to
be effective for the delimitation of cryptic taxa of the same group
in North America (Gibbs 2009, 2010). The difficulties of differ-
entiating mOTU6 and mOTU7 may be resolved by examining
additional morphological characters in a larger number of
samples.

Ecological differentiation and patterns of co-occurrence
of mOTUs

Finally, we were interested in any ecological differentiation of
our newly detected lineages. Ecological theory predicts that
closely related sympatric species should be reproductively
and ecologically isolated. Ecological differentiation can be
achieved even by very minor ecological differences (Ricklefs
and Travis 1980; Husemann et al. 2014). Our finding of mor-
phological differentiation may suggest slightly different selec-
tive regimes, which could be caused by different (micro)habitat
choices. Yet, this does not represent a direct test for ecological
differentiation. To further check for potential ecological
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divergence, we tested for differences at two ecologically rele-
vant variables, co-existence with congeners and distribution
with respect to landscape parameters.

Our co-occurrence analysis showed that the associations of
species were independent and none of the mOTUs showed
significant positive (mutualistic) or negative (competitive) as-
sociations to each other. This suggests that interspecific com-
petition has little influence on the distribution of lineages on
the Yucatan Peninsula. However, despite the lack of evidence
for inter-lineage competition in sympatric cryptic species, we
suggest that lineages may differ in other ecological factors
such as specific microhabitat (Tinglei et al. 2008; Husemann
et al. 2014).

Comparable patterns of co-existence of similar species
were observed for grasshoppers (manipulated experiments)
(Beckerman 2000) and eagles (field observation) (Katzner
et al. 2003), for which environmental factors (land use, niche
specificity) explained species co-occurrence. Hence, we also
looked at preference for specific landscape features of our
mOTUs. Only the distributions of two mOTUs, mOTU3 and
mOTU5, were positively related to an environmental variable:
the percentage of surrounding land covered with crops. This
may indicate that these mOTUs possess specific preferences
and hence may be able to better cope with agricultural inten-
sification and take advantage of the additional pollen and nec-
tar provided by crops (Ollerton et al. 2011). An alternative
explanation may be that the genetic differentiation that we
observe is a product of selection or drift in past isolation
followed by secondary contact. However, our land-use mea-
sures were rather crude and do not allow for testing which
alternative is more likely. Besides, it is likely that the
mOTUs are differentiated in other parameters related to
microhabitat, for example, preference for different semi-natu-
ral/successional areas around crops (Taki et al. 2013).
Nevertheless, even if contact is secondary, ecological and re-
productive isolation are necessary to maintain the integrity of
sympatric taxa as separate evolutionary units and stable com-
munities. Future studies need to record more fine-scale habitat
characteristics and temporal analyses of community composi-
tion and dynamics to define the ecological requirements of
specific lineages.

Conclusions

Using mitochondrial sequences, we detected eight mOTUs
of Lasioglossum (Dialictus) on the Yucatan Peninsula in
Mexico. Additional lineages are likely, as some delimita-
tion methods suggested further splits within these mOTUs.
The eight mOTUs were largely supported by nuclear and
morphological data, providing evidence for the strength
and objectivity of DNA barcoding in this taxonomic
group. Population genetic analyses of the most abundant

lineages (mOTU1 and mOTU7) suggested no further geo-
graphic subdivision within lineages in the area. The co-
occurrence patterns of the different mOTUs were found to be
independent, suggesting a lack of interspecific competition or
mutualistic interactions between taxa. Finally, some lineages
appeared to be positively associated with crops, supporting the
idea that ecological differences may contribute to the differ-
entiation of lineages. However, fine-scale habitat charac-
terization is necessary to test this hypothesis. Overall, our data
show the value of approaches integrating different types of
data to evaluate species diversity within cryptic groups.
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