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Abstract: In the current study, two euglossine species, Exaerete smaragdina and 
Eulaema nigrita, a cleptoparasite bee and its host, respectively, were used as models to: 
(i) access the genetic diversity and population structure of both species, sampled along 
a wide latitudinal range of Atlantic Forest, where the distribution of El. nigrita and Ex. 
smaragdina co-occurs; (ii)  investigate the evolutionary history of these species through 
the Atlantic Forest, and in a wider scenario, to examine the evolutionary history of these 
species across others forest domains. Analyses involved males of El. nigrita and Ex. 
smaragdina sampled through Brazilian territory, including 19 sites in the Atlantic Forest. 
Bayesian Skyline Plot (BSP) was used to infer possible climate oscillations on population 
of both species over time. The BSP revealed stability in effective population size for 
both species in most of the Plio-Pleistocene period. However, BSP results aligned to 
the starlike configuration in the haplotype network, neutrality test, and population 
diversity patterns indicated population expansion of the two species during the late 
Pleistocene. Our findings suggest areas of potential refugia to the climatic oscillations 
of the Pleistocene in the Atlantic Forest in the Brazilian states of Espírito Santo for El. 
nigrita and Pernambuco for Ex. smaragdina. 

Key words: ecological interaction, evolutionary history, orchid bees, parasitism, 
Pleistocene.

INTRODUCTION
Orchid bees (Hymenoptera: Apidae: Euglossini) 
are a group of Neotropical pollinators known 
for their affinity with humid tropical forests 
(Dressler 1982), which have their origin 
attributed to Amazon basin (Ramírez et al. 
2010). The tribe encompasses five living 
genera: Eufriesea Cockerell, Euglossa Latreille, 
Eulaema Lepeletier, Aglae Lepeletier & Serville 
and Exaerete Hoffmannsegg, (Dressler 1982, 
Roubik & Hanson 2004). While the first three 
show free living habits, Aglae and Exaerete are 
cleptoparasites of other euglossine genera. 
Specifically, Aglae, a monotypic genus, is an 

exclusive nest cleptoparasite of Eulaema, and 
Exaerete species are cleptoparasites of both 
Eulaema and Eufriesea (Dressler 1982, Roubik & 
Hanson 2004).

In the cleptoparasitic relationship, the 
female invades the nest of other species and 
lays her eggs in the cells of host bees (Garófalo 
& Rozen 2001, Danforth et al. 2019). Among orchid 
bees, one of the best known cleptoparasitic 
relationships is between the species Exaerete 
smaragdina (Guérin) and Eulaema nigrita 
Lepeletier. In the first review on orchid bee 
nesting biology, Zucchi et al. (1969) highlighted 
that 50% of the cells in a nest of El. nigrita 
were parasitized by Ex. smaragdina, revealing a 
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high ability of females of this latter species to 
lay their eggs in the cells of the host species. 
Subsequently, the cleptoparasitic behavior of 
Ex. smaragdina in the nest of El. nigrita was 
described in detail by Garófalo & Rozen (2001).

Eulaema nigrita and Ex. smaragdina have a 
broad geographic range, occurring from Mexico 
to southern Brazil (Nemésio 2009). Across the 
Brazilian territory, both species are also widely 
distributed and commonly found together in 
inventories conducted in different vegetation 
formations (Storck-Tonon et al. 2009, 2013, 
Silveira et al. 2015, Martins et al. 2018).

It has been suggested that favorable rates 
of parasitism are usually density-dependent 
and, consequently, will be enhanced where host 
populations are large (Wcislo 1987). Despite 
this, studies revealed that abundances of El. 
nigrita and Ex. smaragdina are not necessarily 
positively associated along their distribution. 
For instance, along the Atlantic Forest domain, 
it was demonstrated that while the frequency 
in number of males of El. nigrita, surveyed in 
inventories, is high towards the South whereas 
no correlation was found between frequencies of 
Ex. smaragdina and latitude (Nemésio & Silveira 
2006). In fact, in several studies carried out 
through Atlantic Forest, the relative frequency 
of Ex. smaragdina varied consistently, in most 
studies independently from the frequencies 
of its host (Rebêlo & Garófalo 1997, Aguiar & 
Gaglianone 2012, Cordeiro et al. 2013). Despite 
this, a significant positive association between 
host–parasite ratio, involving both species, and 
latitude was found by Nemésio & Silveira (2006), 
who demonstrated that the frequencies of the 
parasite relative to its host are higher near 
the equator. They also suggested that there is 
some trend in frequencies of Ex. smaragdina 
decrease going further south across the Atlantic 
Forest (Nemésio & Silveira 2006). While it has 
been suggested that variations in abundance of 

some species of orchid bees, probably, reflects 
variables on smaller spatial scales (Lopes et al. 
2022), it is still necessary further investigations 
on this theme before any generalization.

In this context, studies on the genetic 
diversity and population structure of these 
species and their evolutionary history could 
be helpful to better understand the current 
abundance and distribution of Ex. smaragdina 
and El. nigrita across the Atlantic Forest. 
Furthermore, considering that the relationship 
between cleptoparasitic bees and their hosts 
are usually specialized, and the parasitism 
successful is dependent on both presence and 
abundance of the hosts, population genetic 
studies involving parasites and their hosts can 
be valuable for supporting future conservation 
and management measures.

Many studies have shown the effects 
of Pleistocene, a period of climatic changes 
and geomorphological alterations in the 
Neotropical region, on the population structure 
and demography of different organisms in the 
Atlantic Forest, including different groups of 
bees (Batalha-Filho et al. 2010, Frantine-Silva 
et al. 2017). The current literature indicates that 
paleoclimatic instability, occurring during the 
Quaternary Period, impacted the Atlantic Forest, 
shaping the genetic structure of some orchid bee 
species (López-Uribe et al. 2014, Frantine-Silva et 
al. 2017). Moreover, it was suggested that species 
showing narrower physiological tolerance 
probably experienced less suitable habitats 
during the Quaternary climatic oscillations 
(López-Uribe et al. 2014). Thus, orchid bees 
are excellent models to investigate the effect 
of climatic oscillations of the Plio-Pleistocene 
(between 5.3 million years ago–mya and 11,600 
years ago) (López-Uribe et al. 2014). 

Taking the above into consideration, the 
aims of the present study were: (i) to investigate 
genetic diversity and population structure of 
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El. nigrita and Ex. smaragdina populations, 
sampled along a wide latitudinal range of 
Atlantic Forest, where the distribution of both 
species is co-occur; (ii) to make inferences on 
the evolutionary history of both species across 
the Atlantic Forest, and (iii) lastly, considering 
the wide distribution of both species through 
the Brazilian territory, we also investigated 
the evolutionary history of El. nigrita and Ex. 
smaragdina in a wider scenario, which included 
samples from others Brazilian forest domains.

MATERIALS AND METHODS
Study area and samplings
Bee samplings were carried out between 2012 
and 2019, in 19 localities within the Atlantic 
Forest (Supplementary Material - Figure S1). Of 
these 19 localities, males of Ex. smaragdina and 
El. nigrita were collected in 12, not necessarily 
coincident (Supplementary Material - Table SI). 
As mentioned above, aiming to compare the 
set of haplotypes surveyed in areas of Atlantic 
Forest with other regions and biomes were both 
species are found, we included localities in the 
Amazon Forest (AM), and the Brazilian Caatinga 
and Cerrado biomes. One area of the Andean 
Montane Forest located in the municipality of 
Santa Fé de Antioquia in Colombia was included 
(Table SI). Two methods of collection were 
used, active collection (e.g., Nemésio 2010) and 
passive collection (PET bottle traps) (e.g., Santos 
Júnior et al. 2014, Martins et al. 2018), both using 
aromatic compounds (1,8-cineole, eugenol, 
methyl benzoate, methyl trans-cinnamate, 
methyl salicylate, skatole, p-tolyl and vanillin) for 
attraction. The specimens collected were stored 
in alcohol in the freezer at -20°C, or directly in 
the freezer. Finally, to complete the sampling, 15 
pinned (dry material) males of Ex. smaragdina, 
deposited in the collection of insects from 
the “Centro de Coleções Taxonômicas da 

Universidade Federal de Minas Gerais” – CCT-
UFMG, were included in the analyses (Table SII).

The DNA was extracted from the thoracic 
musculature or the hind leg of the bees, using 
the phenol-chloroform method (Sambrook 
& Russel 2001). In total, 118 specimens of El. 
nigrita and 81 of Ex. smaragdina were surveyed 
in our study. However, of these 97 of El. nigrita 
and 74 of Ex. smaragdina, since not all these 
specimens produced high-quality sequences 
(see Table SIII and Table SIV). The DNA pellet 
was re-suspended in 40 µl of LOW TE buffer (10 
mM Tris-HCl, pH 8.0, 1 mM EDTA) and 1 μl was 
used for spectrophotometer quantification 
(NanoDrop Thermo Scientific 2000). After this, 
the material was diluted in a solution at 20 ng/
μl concentration.

DNA processing
Two mitochondrial markers, COI and 16S genes, 
were chosen for our analysis, since they have 
shown some variation in other studies of orchid 
bees, e.g., COI (Dick et al. 2004, Nemésio et al. 
2013) and 16S (Frantine-Silva et al. 2017). In 
addition, we also analyzed a segment of the 
Opsin nuclear gene (Michel-Salzat et al. 2004).

Amplifications of all genes were performed 
in a final volume of 15 μl PCR reaction mix, 
including 0.1 μl Taq Polymerase Platinum – 5u/μl 
(Platinum, Invitrogen, Brazil), 0.6 μl MgCl2 – 50mM, 
0.6 μl primers – 25 μM, 1.5 μl reaction buffer – 10X, 
1.2 μl dNTPs – 2.5mM, and 1 μl DNA – ~20 ng /μl. 
The process was conducted in the thermocycler 
using different annealing temperatures (48-57°C 
see below). The amplification cycles were: 1 cycle 
of denaturation at 95°C for 5 min; 37 cycles of 
denaturation at 95°C for 45 s, primer annealing 
temperature for 30 s and extension at 72°C for 
90 s; and the last pass of final extension at 72°C 
for 10 minutes. For mitochondrial DNA, the COI 
(Hebert et al. 2004) and 16S genes (Cameron 
et al. 1992) were used. In the case of nuclear 
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DNA, the Opsin gene was chosen (Mardulyn & 
Cameron 1999) (Table SV). All PCR products were 
visualized in 0.8% agarose gel.

The positive samples were purified through 
the polyethylene glycol 20% (PEG) method 
according to Santos Júnior et al. (2015). For 
the sequencing reactions, the same primers 
were applied as in the PCR reactions. After 
purification, the PCR products were sequenced 
through the ABI 3130x1 sequencer following the 
manufacturer’s guidelines (Applied Biosystems). 
All the fragments were sequenced in forward 
and reverse directions. Sequenced fragments 
of the nuclear and mitochondrial genes were 
checked in Seqscape software 2.6 v. (Applied 
Biosystems, Darmstadt).

Genetic data analysis
The alignment of DNA sequences was made with 
the aid of the online tool MAFFT v. 7.475 (Katoh et 
al. 2017). For the alignment of the 16S sequence, 
the option Q-INS-i (the secondary structure of 
RNA is considered) was selected. After this, the 
Gblocks program (Dereeper et al. 2008) was used 
to remove regions of ambiguous alignment of 
this mitochondrial gene. Other fragments were 
performed in the MAFFT default.

Genetic diversity and population structure
For both species, we estimated the genetic 
diversity parameters, including the number of 
haplotypes (h), haplotype diversity (Hd), and 
nucleotide diversity (π), using the set of samples 
from each locality with DnaSP software (Librado 
& Rozas 2009). Firstly, we estimated these 
parameters based on sequences of the three 
gene-segments amplified for the set of samples 
from all localities. In this latter analysis genetic 
diversity measures were obtained for different 
clusters of each species, which were defined by 
spatial delimitation analyses performed in R 
software, using the package Geneland, version 

4.0.8 run (Guillot et al. 2005). These same genetic 
diversity parameters were calculated separately 
for El. nigrita and Ex. smaragdina surveyed only 
in the Atlantic Forest areas. 

Due to sample limitations, the uncorrelated 
haplotype frequency model (UHF) was chosen 
for some localities. The UHF model uses the 
Metropolis-Hasting algorithm to start from 
arbitrary values for all unknown parameters and 
to modify them in such a way that after many 
iterations, these values are close to the true 
values (Guillot et al. 2005). To identify genetic 
spatial discontinuities among populations of 
both species, the Geneland was used in three 
independent rounds. In the first, the number 
of possible population ranges from 1 to 10 was 
defined in the software. After this, based on the 
results, the software (i.e., K = 2) was executed 
again two times, using the number of clusters 
obtained for the program, to confirm the 
clustering. In all rounds, 10 million iterations 
were used of the Markov chain Monte Carlo 
(MCMC) and thinning by 100 to estimate the 
number of populations and geographic limits of 
the individuals.

The Analysis of Molecular Variance (AMOVA), 
calculated through 10,000 iterations, was carried 
out based only in sequences of COI gene, since 
amplified of this gene showed the highest genetic 
diversity for both orchid bee species. Based on 
the result from Geneland analysis, a hierarchical 
AMOVA was run, using the Tamura and Nei model, 
to consider variable base frequencies with equal 
transversion rates and variable transition rates, 
calculated using Arlequin for the results of each 
species (Excoffier & Lischer 2010).

To view the spatial distribution of the 
haplotypes that constructed the network, 
DnaSP was used to create the haplotype data 
file, removing the invariable sites to run in 
the Network v. 5 based on the Median-joining 
algorithm (Bandelt et al. 1999). This network 
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was used to view the spatial distribution of 
haplotypes, e.g., the clusters found by Geneland.

The population structure from the species 
was examined based on the ΦST statistic, 
calculated in Arlequin. To test the existence of the 
correlation between genetic and geographical 
distances of observations across a landscape, 
the Mantel test in Alleles in Space software was 
used, with 10,000 permutations (Miller 2005).

Population demography and migration
The neutrality tests of Tajima’s D and Fu and Li’s 
D were carried out in Arlequin v. 3.5.2.2 (Excoffier 
& Lischer 2010). In both cases, only the COI 
sequences used were used in the analyses of 
both species. 

The PartitionFinder 2 program was used to 
find the best partitioning scheme for each data 
set (Lanfear et al. 2016). From the PartitionFinder 
2 results, Beast v. 2.6.0 software (Bouckaert et 
al. 2014) was run, using the Bayesian Skyline 
Plot method (BSP) to infer possible oscillations 
in the effective population size (Ne) over time 
between both species. Three independent 
runs were performed in Beast, one for each 
type of posterior distribution of data (normal, 
exponential, and strict). Each run was performed 
according to the following parameters for the 
dataset of each species: 100 million steps of 
MCMC, incrementing 100 steps, UPGMA initial tree, 
and F81+I (El. nigrita) and F81 (Ex. smaragdina) 
substitution model. To calibrate the molecular 
clock, the date of the most recent common 
ancestor of El. nigrita and Ex. smaragdina (9 
mya; sd = 1 mya) was used, as shown only by 
Ramírez et al. (2010).

Tracer software was used to plot the BSP 
results of the posterior distribution (only 
when the effective sample size was ESS > 200) 
(Rambaut et al. 2013). The determination of 
best models of the posterior distribution of 

both species was based on the corrected Akaike 
Information Criterion (AICc). 

To estimate the migration rate (M) between 
the clusters found in the Geneland results for 
each species, migration analysis was run in 
Migrate software, version 4.4.3 (Beerli 2016). This 
software uses the Metropolis-Hastings algorithm 
to calculate effective population sizes (Θ) and 
migration rates based on the coalescence 
theory. The following parameters were used 
for MCMC: inheritance scalers of 0.25, recording 
50,000 steps, incrementing 1,000 steps, number 
of concurrent chains three replicates, visiting 
parameter values 150,000,000, and the first 
10,000 genealogies were discarded as burn-
in. The UPGMA tree was used as the starting 
genealogy and static heating with 4 automatic 
changes (temperatures were 1.0; 1.5; 3.0; 1011) for 
each species.

Five models were evaluated to understand 
the migration dynamics of the groups found in 
Geneland (see Figures 1 and 3): (1) a model with 
one population (panmictic population); (2) – a 
full model with two population sizes and two 
migration rates, from cluster 1 to cluster 2, and 
from cluster 2 to cluster 1 (El. nigrita: AF+AM ↔ TN; 
Ex. smaragdina AF ↔ AM); (3) a model with two 
population sizes and one migration rate from 
cluster 2 to cluster 1 (El. nigrita: AF+AM ← TN; Ex. 
smaragdina  (AF) ← (AM); (4) a model with two 
population sizes and one migration rate from 
cluster 1 to cluster 2 (El. nigrita: AF+AM → TN; 
Ex. smaragdina  AF → AM; (5) a model with two 
separate groups of populations or independent 
evolutionary lineages. To find the best migration 
model indicated by Migrate for these species, 
the value of model probability from the Bezier 
approximation score was calculated for the 
different models (ΔBAS), as proposed by Beerli 
& Felsenstein (2001).
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RESULTS
Genetic diversity and population structure
In total, 97 males of El. nigrita were analyzed 
for COI (586 bp), 77 for 16S (~576 bp), and 58 
for Opsin (585 bp) genes (Table I). The COI was 
conspicuously the most variable region for the 
number of haplotypes (h = 29) and haplotype 
diversity (Hd = 0.732). The highest value of 
nucleotide diversity was found for the 16S 
segment (π = 0.037). The neutrality test of the 
COI gene showed no significant values for El. 
nigrita (Table I). 

The spatial delimitation of the clusters 
based on the Geneland UHF model (only for COI 
gene) pointed to the existence of a range from 

K = 2 clusters for El. nigrita, with the haplogroup 
AF+AM encompassing all localities in the 
Amazon and Atlantic forests (AC2, AC4, AL, BA1, 
BA2, BA3, BA4, BA5, ES1, ES2, ES3, GO, MG1, MG2, 
MG3, MG4, and RO1) and only the Transitional 
areas (TN) in the northeast Brazil haplogroup 
in the states of Ceará and Maranhão (CE, MA1, 
MA2, MA3, MA4, MA5, and MA6) (Figure 1). The 
AF+AM cluster showed Hd = 0.484 and π = 0.0071. 
Analyzing separately the set of 56 males of El. 
nigrita sampled only along the AF, the number 
of haplotypes (h = 12) and estimates of Hd (0.438 
± 0.007) and π (0.002) were very close to those 
found for AF+AM. Distinctively from the results 
found for AF+AM, the neutrality values of Tajima’s 

Figure 1. Population Clusters (K=2) identified using the UHF model implemented in Geneland Software for the COI 
gene of Eulaema nigrita. Cluster 1 includes the Amazon and Atlantic forests together, Cluster 2 showed areas of the 
Maranhão and Ceará in the area called, in this paper, Transitional area in northeastern Brazil (a), (b), and (c). The 
Lighter Colors Indicate Higher Probability Values >0.09. Diagrams and graph of the cluster formations (d).
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(D = -2.029; p < 0.05) and Fu and Li’s tests (D = 
-3.089; p < 0.05), obtained for El. nigrita samples 
from AF, were statistically significant. Concerning 
to TN cluster, the value of Hd (0.873) found for 
TN was noticeably higher when compared to 
AF+AM cluster. Respectively, 13 and 10 private 
haplotypes were found to TN and AF+AM.

Among the total of 29 haplotypes found for 
the COI gene of El. nigrita, H1 (50.51%) was the 
most common among the localities sampled, 
being predominant in populations that inhabit 
the Amazon and Atlantic forests (Figure 2). On 
the other hand, 23 private haplotypes were 
identified for this species (Figure 2a). The 
Median-joining network haplotypes showed a 
starlike configuration close to H1, with several 
departing private haplotypes, evolving from one 
to two mutational steps, following a complex 
network with two medium vectors and several 
mutational steps (Figure 2b). The pattern in the 
frequency of H1 in these analyzed populations 
showed a breakup in the frequency of this 
haplotype between the humid tropical forests.

For Ex. smaragdina, 74 males were analyzed 
for the COI gene (660 bp), 39 for 16S (~511 bp), and 
19 for Opsin (668 bp). In this species, the number 
of haplotypes and Hd were more variable for COI 
(h =14 haplotypes; Hd = 0.677), followed by 16S 
(h = 9; Hd = 0.567), and Opsin (h = 3; Hd = 0.433); 
the highest measure of nucleotide diversity (π = 
0.002) was also found for the COI region (Table I). 
The demographic scenario analysis, performed 
through the neutrality tests of Tajima’s D and Fu 
and Li’s D, indicated population expansion only 
for Ex. smaragdina (COI: Tajima’s D= -2.1840, p < 
0.01 and Fu and Li’s D = -3.8445, p < 0.01). In this 
species, the UHF identified two haplogroups (K 
= 2), which separate the Amazon and Atlantic 
Forest regions (Figure 3). The AF haplogroup 
includes the localities CE, PB1, PB2, PE1, PE2, PE3, 
PE4, BA1, BA2, ES1, and ES2 in the Atlantic Forest. 
The AM haplogroup includes localities in the 

Amazon Forest (AC1, AC2, AC4, AC5, CO, MA4, MA5, 
MS, PA, RO1, RO2, and SP). AM showed h = 7, Hd 
= 0.485, and π = 0.0079 while the AF haplogroup 
showed h= 9, Hd =0.551, and π = 0.0013. The 
private haplotypes for the two clusters were, 
respectively, seven and five haplotypes.

Analyzing the haplotype network for Ex. 
smaragdina, it is possible to notice that the H2 
(41.89%) and H3 (39.18%) haplotypes were the 
most frequent (Figure 4a). The network haplotypes 
showed a double starlike configuration, with the 
H2 haplotype predominant in localities in the 
Amazon Forest and some sites in the Atlantic 
Forest (Figure 4b), while the H3 haplotype was 
present mainly in the population from the east 
and northeast of Brazil in the Atlantic Forest. This 
haplotype was also present in a single locality 
in west Brazil (RO2). Twelve private haplotypes 
from one to five mutational steps from H2 and 
H3 were randomly present along the sampling 
areas.

For both species, the highest value of genetic 
structuring was found among populations within 
clusters (El. nigrita - ΦST = 0.840; p < 0.001 and Ex. 
smaragdina - ΦSC = 0.374; p < 0.001) (Tables SVI 
and SVII). Our data point to different patterns of 
population structure in population levels for both 
species. In the case of the El. nigrita, the highest 
difference was found for the TN haplogroup 
(Table SVIII), whereas for the Ex. smaragdina the 
highest structuring was revealed for localities in 
the Amazon Forest compared to other points in 
the Atlantic Forest (Table SIX). Eulaema nigrita 
did not show a significant correlation between 
genetic and geographic distances (r = 0.031; p > 
0.05). Exaerete smaragdina exhibited a positive 
correlation between these variables (Mantel 
test: r = 0.452; p < 0.05) (Figure S2), indicating 
the existence of greater gene flow among 
geographically closer populations.
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Table I. Genetic diversity measures obtained for Eulaema nigrita and Exaerete smaragdina along the Atlantic 
Forest (above), and for samples of different 37 localities distributed in Brazilian territory and one site from 
Colombia (below). Diversity measures shown by samples of both species surveyed in the Atlantic Forest neutrality 
tests of Tajima’s D and Fu and Li’s D only for the most variable gene (COI). Sample sizes (N), number of haplotypes 
(h), haplotype diversity (Hd), nucleotide diversity (π), and standard deviation (sd). *p < 0.05; **p<0.01; ***p<0.001. 
Values for the clusters were generated in Geneland software. In the superior part of the table are shown the 
genetic diversity values obtained based only in COI sequences from samples of both species surveyed across 
Atlantic Forest. In the inferior part are shown results from mtDNA genes (16S, COI) and one nuDNA (Opsin) 
estimated from samples of 38 localities indicated in Table SI.

Species COI gene Genetic measures AF only

Eulaema nigrita
COI (586 bp)

N 56
h 12

Hd
(± sd)

0.438
(± 0.007)

π 0.002
Tajima’s D -2.600***

Fu and Li’s D -4.642**

Exaerete 
smaragdina COI (660 bp)

N 36
h 8

Hd
(± sd)

0.556
(± 0.008)

π 0.001
Tajima’s D -2.029*

Fu and Li’s D -3.089*

Species Three genes Genetic measures
Cluster 1 Cluster 2

TotalAF + AM TN
N 64 33 97

Eulaema nigrita

COI (586 bp)

h 14 16 29

Hd
(± sd)

0.484
(± 0.006)

0.873
(± 0.002)

0.732
(± 0.002)

π 0.007 0.012 0.017
Tajima’s D -1.411 0.179 0.840

Fu and Li’s D 0.391 0.467 -0.763

16S (~576 bp)

N 45 32 77
h 3 2 3

Hd
(± sd)

0.279
(± 0.006)

0.125
(± 0.005)

0.234
(± 0.003)

π 0.039 0.024 0.037

Opsin (585 bp)

N 30 28 58
h 8 5 9

Hd
(± sd)

0.595
(± 0.01)

0.381
(± 0.010)

0.495
(± 0.006)

π 0.001 0.001 0.001

Genes Genetic measures
Cluster 1 Cluster 2

Total
AF AM
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Exaerete 
smaragdina

N 36 38 74

COI (660 bp)

h 9 7 14

Hd
(± sd)

0.551
(± 0.009)

0.485
(± 0.009)

0.677
(± 0.001)

π 0.001 0.007 0.002
Tajima’s D -2.100* -1.840* -2.183*

Fu and Li’s D -3.311** -1.541 -3.844**

16S (~511 bp)

N 9 30 39
h 2 6 8

Hd
(± sd)

0.222 
(± 0.027)

0.310
(± 0.011)

0.567 
(± 0.006)

π 0.0004 0.001 0.001

Opsin (668 bp)

N 3 16 19
h 1 2 3

Hd
(± sd)
(± sd)

0.000
(± 0.000)

0.400 
(± 0.012)

0.433 
(± 0.013)

π 0.001 0.001 0.001

Table I. Continuation.

Population demography and migration
The BSP revealed stability in effective 
population size (Ne) for both species in most of 
the Plio-Pleistocene period, with demographic 
expansion of about 0.5 mya (Figure 5). The full 
(AF+AM ↔ TN) model was selected by Migrate 
as the best model for El. nigrita, indicating that 
migration between the AF+AM and TN groups of 
populations was the more likely explanation for 
our data set. In the case of Ex. smaragdina, the 
best model shows that migration from the AM 
to AF (AF ← AM) groups of populations is more 
explanatory than the other hypotheses (Table 
II).

DISCUSSION
Pleistocene climate oscillations may have 
contributed to the current genetic structuring of 
the species studied here, as reported for other 
orchid bees (López-Uribe et al. 2014, Frantine-
Silva et al. 2017), as well as other bee groups 
(Carvalho & Del Lama 2015, Miranda et al. 2016, 
2017). The network configuration patterns, spatial 
delimitation reported by Geneland, migration 

models, and BSP, indicated that the distribution 
of genetic diversity in populations of El. nigrita 
and Ex. smaragdina throughout the Atlantic 
Forest would have a distinct evolutionary 
history relative to the TN and Amazon Forest, 
respectively. In both cases, possibly influenced 
by isolations and subsequent population 
expansions from refugia areas, enabling 
demographic expansion of both species during 
the Pleistocene, and corroborating with data 
reported for bees (Santos Júnior et al. 2015, 
Miranda et al. 2016, 2017), and other organisms 
(Haffer 1969, Carnaval et al. 2009).

Genetic structure and genetic diversity
Although the present study focused on 
information from the mitochondrial COI region, 
which is less variable than non-genic regions 
(introns and microsatellites), the haplotypic 
diversity values found for the TN cluster of El. 
nigrita were higher when compared to what 
has been reported for the mitochondrial DNA 
of other orchid bee species (López-Uribe et 
al. 2014, Frantine-Silva et al. 2017). At the same 
time, data obtained here for both species also 
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suggest clues to recent population expansions 
throughout the Atlantic Forest, markedly 
influencing the distribution of genetic diversity 
among populations of El. nigrita and Ex. 
smaragdina.

Population demography and migration
Data from the present study place the 
population expansions of Ex. smaragdina and 
El. nigrita during the Pleistocene, a period that 
included sequences of glaciation events that 

changed forest patterns around the world. The 
cycles of glaciations promoted expansion and 
retraction of the arid environments of South 
America (Haffer 1969, Werneck 2011), providing 
opportunities for species from more forested 
environments (e.g., Ex. smaragdina) and adapted 
to open areas (e.g., El. nigrita) to establish 
(Carvalho & Almeida 2011). 

Dick et al. (2004), studying the possible effect 
of the Andean cordilleras on the same species, 
did not find a phylogeographical structure in 

Figure 2. Twelve sites and frequency of haplotypes present in a fragment of the COI gene of Eulaema nigrita from 
Atlantic Forest and other different forest domains in the South America. (a) Pie charts indicate the frequency 
and distribution of each haplotype. Common haplotypes (black), haplotypes shared by at least 2 sites (gray), and 
private haplotypes (white). (b) Median-joining haplotype network for 29 haplotypes (H1-H29) for two haplogroups 
(Cluster 1 and 2), the blue color represents cluster 1 that includes the Amazon and Atlantic forests, while the 
yellow color is cluster 2 which represents the localities of northeast Brazil (CE, MA1, MA2, MA3, MA4, MA5, and 
MA6), and medium vectors (mv). Site codes are the same as in Table I, where AC, AL, BA, CE, ES, GO, MA, MG, and RO 
correspond to the usual abbreviations of the following Brazilian states Acre, Alagoas, Bahia, Ceará, Espírito Santo, 
Goiás. Maranhão, Minas Gerais, and Rondônia.
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Amazon euglossines. This fact may be explained 
by the recent population expansion of the 
bees through different environments in South 
America. Another possible explanation for this 
expansion may be the permanence of large areas 
of Amazon formation that remained unchanged 
by the events of climatic oscillations in the 
Pleistocene (Colinvaux et al. 2000). Following 
this line, the BSP showed stability between 2 
and 7 mya for the two species (see Figure 5), 
which may have represented a period of great 
climatic instability on the demographic pattern 
of populations during the Plio-Pleistocene. 
There was expansion in the effective size of both 
species only in the late Pleistocene, when the 
climatic changes seem to have similarly affected 

the historical demography patterns of both El. 
nigrita and Ex. smaragdina, as reported for other 
bee species (Miranda et al. 2016, 2017, Frantine-
Silva et al. 2017). When there was climate stability, 
a higher Ne (Ne=~80) was observed for the Ex. 
smaragdina compared to El. nigrita. Concerning 
this fact, it has been suggested that El. nigrita is 
not the only host of Ex. smaragdina throughout 
the distribution of both species (Nemésio & 
Silveira 2006). These latter authors highlight for 
the high abundance of Ex. smaragdina in several 
areas where El. nigrita is absent in the Amazon 
Basin, pointing out El. cingulata (Fabricius) or 
El. meriana (Olivier) as potential hosts of Ex. 
smaragdina, a supposition still to be proved 
(Nemésio & Silveira 2006).

Figure 3. Population Clusters (K=2) identified using the UHF model implemented in Geneland Software for the 
COI gene of Exaerete smaragdina. Cluster 1 includes the localities in the Amazon biome, while Cluster 2 showed 
localities in the Atlantic Forest (a), (b), and (c). The Lighter Colors Indicate Higher Probability Values >0.09. 
Diagrams and graph of the cluster formations (d).
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Overall, clearer evidence of population 
expansion was obtained for Ex. smaragdina, 
which revealed significant values for Tajima’s 
D and Fu and Li’s D, as well as the starlike 
configuration in the haplotype network. In 
addition, the combination Hd > 0.5 together with 
π < 0.5%, according to Grant & Bowen (1998), 
may suggest a population bottleneck followed 
by rapid population growth and accumulation 
of mutations. In the case of El. nigrita, the 
population expansion was also indicated by 

both Tajima’s D and Fu and Li’s D estimates 
and the starlike configuration, readily apparent 
among the Atlantic Forest in the haplotype 
network, including most haplotypes separated 
by only one mutational step. On the other hand, 
the haplotypic (Hd < 0.5) and nucleotide (π > 
0.5%) diversities of the AF+AM cluster suggest 
divergence among geographically subdivided 
populations (Grant & Bowen 1998), which seems 
plausible since the AF+AM analysis included 
haplotypes H3 (RO1) and H2 (GO) that belong 

Figure 4. Twelve sample sites and frequency of haplotypes present in a fragment of the COI gene of Exaerete 
smaragdina from Atlantic Forest and other different forest domains in the South America. (a) Pie charts indicate 
the frequency and distribution of each haplotype. Haplotypes common (black), haplotypes shared by at least 2 
sites (gray) and private haplotypes (white). (b) Median-joining network haplotype for 14 haplotypes (H1-H14) for 
two haplogroups (Cluster 1 and 2), light blue color represents the cluster 1 which is part the Atlantic forests with 
the localities CE, PB1, PB2, PE1, PE2, PE3, PE4, BA1, BA2, ES1, and ES2. Orange color in the network is represented 
by the other west of Brazil in the Amazon domain. Site codes are the same as in the Table I AC, BA, CE, ES, GO, MA, 
MS, PA, PB, PE, RO and SP correspond to usual abbreviations of the following Brazilian states, Acre, Bahia, Ceará, 
Espirito Santo, Maranhão, Mato Grosso do Sul, Pará, Paraíba, Pernambuco and Rondônia. The CO site correspond a 
localition of Santa Fe de Antioquia in the Colombia country. 
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to the TN cluster haplogroup, and this possibly 
influenced the genetic diversity estimates and 
neutrality tests. In any case, BSP results agreed 
that both species possibly had expansion in the 
effective size in the late Pleistocene, starting 
about 500,000 years ago, although the times of 
onset of expansion and the routes taken may 
present important differences between the 
species.

In the case of El. nigrita, comparisons 
between AF+AM and TN brought information 
within the evolutionary history of the species. 
The TN group, besides showing haplotypic 
diversity twice as high as AF+AM, and with 13 
of its 16 haplotypes being private, also showed 
no signs of recent evolutionarily population 
expansions. In fact, the Hd > 0.5 and π > 0.5% 

values obtained for TN suggest a large and 
stable population with a long evolutionary 
history or secondary contact between different 
lineages (Grant & Bowen 1998). At the same time, 
TN showed no significant values in neutrality 
tests and its haplotypes are less related than 
those in AF+AM, including several mutational 
steps, indicating distinct and longer-established 
populations than those in the Atlantic Forest. 
Due to failures during the sequencing process 
of the Ex. smaragdina samples, the sampling of 
the TN region for this species was very limited, 
which affects comparisons for this area.

Indeed, expansions from populations that 
remained in refuge areas during the Pleistocene 
climatic oscillations seem plausible for both 
species in the present study. This scenario is not 

Figure 5. Bayesian Skyline Plot 
(BSP) based on the changes 
in effective population size 
of Eulaema nigrita (a) and 
Exaerete smaragdina (b). The 
strict clock was used to infer 
the demographic history of 
populations. The dark blue 
horizontal line shows median 
BSP estimate, and the blue area 
shows upper and lower 95% 
limits of the posterior density.
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new and has already been reported for stingless 
bees (Carvalho & Del Lama 2015, Miranda et 
al. 2016, 2017), as well as in other taxa, such as 
mammals (Vivo 1997, Leite et al. 2016), lizards 
(Werneck 2011, Pellegrino et al. 2011), birds 
(Haffer 1969, Batalha-Filho et al. 2013), and 
plants (Pennington et al. 2004, Martini et al. 
2007), reinforcing the role of these areas as a 
shelter for high genetic diversity. 

The Pleistocene models of identification 
of stable (refuge areas) versus unstable areas 
are one of the hypotheses to explain the high 
diversity of species in the Neotropical region 
(Haffer 1969, Carnaval & Moritz 2008, Carnaval 
et al. 2009). These areas have an important role 
in the conservation of bees, sheltering high 
genetic diversity (Carvalho & Del Lama 2015). 
In this sense, some studies on orchid bees in 
different scales such as transcontinental (López-
Uribe et al. 2014) and Atlantic Forest areas found 
these areas to be important refuges for orchid 
bee species (Garraffoni et al. 2017, Miranda et al. 
2019). Among the other several theories trying 
to explain the biodiversity of South America, the 

Forest refuge hypothesis is the most accepted 
(Haffer 1969).

In the Pleistocene, refuges corresponded to 
stable environments during the climatic change 
of this epoch (Carnaval & Moritz 2008, Carnaval 
et al. 2009). López-Uribe et al. (2014) tested the 
effect of climatic instability of the Pleistocene in 
three Eulaema species, using mitochondrial (COI 
and Cyt b) and nuclear (microsatellites) markers 
allied to niche modeling. The authors suggested 
three predictions for the orchid bee species 
with respect to historical climatic instability; (1) 
there was an uneven reduction in the number of 
forest refuge areas during the dry period of the 
Pleistocene for all orchid bee species, (2) orchid 
bees species with low physiological tolerance 
may show a stronger spatial phylogeographical 
structure following the refuge hypothesis, and 
(3) the spatial patterns of genetic diversity of 
these bees are the consequence of isolation 
and colonization events during several cycles of 
forest contraction and expansion. Both species 
studied here seem to fit these hypotheses. 

Table II. Comparison of migration models generated in Migrate 4.4.3 from the COI gene of two species of orchid 
bees (El. nigrita and Ex. smaragdina) in a cleptoparasite and host relationship. The arrows indicate the direction of 
migration between the groups, and * the best model.

Eulaema nigrita (AM+AF/ TN)

Models (n) Bezier approximation score ΔBAS Model probability

1 Panmictic population -1531,668.691 358,22627 0.000

2 (AF+AM) ↔ (TN) -1352,555.556 0 0.994*

3 (AF+AM) ← (TN) -1373,405.241 41,699.37 0.000

4 (AF+AM) → (TN) -1357,654.873 10,198.634 0.006

Exaerete smaragdina (AM/ AF)

Models (n) Bezier approximation score ΔBAS Model probability

1 Panmictic population -1106,657.717 145,91671 0.000

2 (AF) ↔ (AM) -1035,972.831 4,546.938 0.081

3 (AF) ← (AM) -1033,699.362 0 0.786*

4 (AF) → (AM) -1035,475.257 3,551.79 0.133
*p < 0.05.
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Although the genetic data from the present 
study do not clearly show the refuge area from 
which the population of El. nigrita expanded 
in the Atlantic Forest, it seems quite plausible 
that TN is within or near one of these areas, 
maintaining ancestral genetic diversity patterns 
and possibly influencing other areas in the 
Amazon region, as suggested by haplotype H3 in 
RO1 and H2 in GO.  In fact, López-Uribe et al. (2014) 
found a suitable area during the Last Glacial 
Maxima (LGM, 21kya) on the Maranhão coast (TN 
cluster) for El. cingulata. Currently, El. nigrita and 
El. cingulata cohabit in several ecosystems from 
rainforest environments to open formations of 
Cerrado and Caatinga in South America (Silveira 
et al. 2015, Martins et al. 2018), which may suggest 
possible cohabitation of these species in the 
suitable area of the Maranhão coast during the 
LGM, in the same area as the TN cluster (López-
Uribe et al. 2014). Studying refuge areas for 
stingless bees (Meliponini), Camargo & Pedro 
(2003) also pointed out areas in Maranhão and 
Pará states as regions of climate stability during 
the Pleistocene. In addition, Martins et al. (2021) 
found high levels of genetic structuring for 
Euglossa cordata (Linnaeus, 1758), reinforcing 
the importance of the TN refuge in this region 
for bee conservation.

Starting from the idea that the Amazon 
Basin is the original center of the Euglossini 
(Dressler 1982, Ramírez et al. 2010), it is possible 
that El. nigrita was isolated in the TN due to 
unfavorable environmental conditions during 
the glaciation events in the Pleistocene. After 
these climate oscillations, the species studied 
found conditions to establish themselves and 
exhibited high demographic expansion due 
to the high dispersion capacity of the males, 
in different moments during the Pleistocene. 
Concurrently, it seems clear that populations 
of El. nigrita from the Atlantic Forest expanded 
from a refuge area different from TN, including an 

evolutionary history that involves the previous 
dispersion of the species to the east coast of 
South America, as demonstrated by Miranda et 
al. (2019) who identified priority areas for the 
conservation of ten orchid bee species, among 
these the two studied here, through ecological 
niche modeling.

In the case of Ex. smaragdina, genetic data 
suggest expansion from at least two refuges, 
one influencing the Amazon populations more 
markedly and the other more evident among 
the Atlantic Forest populations. Although more 
conclusive discussions require further studies, 
one of the areas of highest genetic diversity for 
Ex. smaragdina was in one of the Pernambuco 
sites (PE3), precisely within one of the suggested 
refuge areas for the Atlantic Forest suggested 
for both species by Miranda et al. (2019). In this 
context, it seems plausible that the current 
distribution of genetic diversity of mitochondrial 
DNA of Ex. smaragdina included reflections of 
an expansion from Pernambuco, dispersing over 
generations towards the south of the Atlantic 
Forest formation. Concurrently, populations still 
dispersing in the north-south direction could be 
facing more difficulty establishing in the current 
scenario, and this may be contributing to the 
lower frequency in smaller latitudes.

In some Euglossini genera, such as Eulaema 
and Exaerete, the dispersion capacity is directly 
related to body size (Janzen 1971, Dick et al. 2004, 
Pokorny et al. 2015). In this case, larger bees have 
higher advantages such as thermal tolerance, 
high energy to fly long-distances, and the 
capacity to colonize new areas (founder effect) 
(Dick et al. 2004). Thus, the best migration model 
was full (AF+AM ↔ TN) for El. nigrita, indicating 
that migration between clusters occurs in both 
directions. For Ex. smaragdina, the best model 
showed dispersion in the direction (AF ← AM), 
and this pattern appears to reflect the historical 
pattern that the whole group follows (Nemésio 
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2009), which seems plausible since the Amazon 
is reported as the original center of the Euglossini 
(Dressler 1982, Ramírez et al. 2010). Eulaema 
nigrita did not show this pattern because AM 
and AF were grouped, and TN showed different 
haplotypes.

In fact, AM and AF clusters examined for Ex. 
smaragdina showed similar values of genetic 
diversity and very close haplogroups separated 
by only one mutation. This also indicates 
common founder populations for AM and AF, 
and these data suggest that the populations of 
this species are well established in these forest 
formations (Nemésio & Silveira 2006). However, 
the lack of higher genetic diversity values is 
probably the consequence of the non-sampling 
of the original center of Ex. smaragdina, due to 
limitations in our sampling and failures during 
the sample sequencing process.

According to López-Uribe et al. (2014), 
the higher structuration observed in mtDNA 
and correlation of geographical and genetic 
distance is the result of a different dispersion 
capacity of Euglossini males (up to 40 km in a 
few days) (Dressler 1982, Pokorny et al. 2015) and 
females (up to 23 km in the same day) (Janzen 
1971). Moreover, the genetic transmission of 
the material of the mtDNA that is exclusively 
maternal (Avise 2009), associated with the higher 
intraspecific mutation rate, is the possible cause 
of the structuration reported for some studies 
(López-Uribe et al. 2014, Penha et al. 2015).

Interestingly, the samples of Ex. smaragdina 
in the present study showed a direct relationship 
between genetic and geographical variables 
(Mantel test: r = 0.452; p<0.05), corroborating 
isolation by distance, which is possibly influenced 
by the dispersal pattern after population 
expansion. A clear pattern of genetic divergence 
was observed for populations separated by more 
than 418 km, highlighting samples from Espírito 
Santo with the highest isolation levels. In the 

case of El. nigrita, the absence of this correlation 
was already expected, since TN and AF+AM 
populations include different haplogroups.

CONCLUSION
Despite the closely related ecological 
relationship between El. nigrita and Ex. 
smaragdina, our data reveal different patterns 
of structure for these orchid bee species, 
suggesting different evolutionary history for 
both species throughout their distribution. On 
the other hand, the concomitant patterns of 
population expansion for the studied species, 
such as the starlike configuration, the presence 
of few mutations between haplotypes, and 
significant values for neutrality tests suggest 
similar response patterns to climate oscillations 
during the Pleistocene for both species. The 
highest values of genetic diversity detected for 
El. nigrita within the Atlantic Forest (ES1 and 
ESP3) and TN region, outside the AF, point out 
these areas as potential refuges for this during 
Pleistocene. For Ex. smaragdina, Pernambuco 
(PE3) may have provided suitable conditions for 
the survival and maintenance of the high genetic 
diversity of orchid bees, as highlighted for other 
orchid bee species. Thus, the preservation 
of these environments becomes vital for 
the maintenance of the populations of these 
important elements of the Neotropical fauna.
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