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Coloration is an important phenotypic trait for taxonomic studies and has been widely used for identifying
insect species and populations. However, coloration can be a poor diagnostic character for insect species
that exhibit high polymorphism in this trait, which can lead to over-splitting of taxonomic units. In orchid
bees, color variation has been interpreted by different taxonomists as either polymorphism associated with
Mullerian mimicry complexes or diagnostic traits for species identification. Despite this uncertainty, inte-
grative approaches that incorporate multiple independent datasets to test the validity of hair coloration as
a character that identifies independent evolutionary units have not been used. Here, we use phylogenomic
data from Ultraconserved Elements (UCEs) to explore whether color phenotypes in the widespread orchid
bee species complexes Eulaema meriana and Eulaema bombiformis (Hymenoptera: Apidae: Euglossini)
correspond to independent lineages or polymorphic trait variation within species. We find that lineages
within both species are structured according to geography and that color morphs are generally unassoci-
ated with evolutionarily independent groups except for populations located in the Atlantic Forest of Brazil.
We conclude that there is compelling evidence that E. atleticana and E. niveofasciata are subspecies of E.
meriana and E. bombiformis, respectively, and not different species as previously suggested. Therefore,
we recognize Eulaema meriana atleticana comb. n. and Eulaema bombiformis niveofasciata comb. n. and
discuss their morphological characteristics. We make recommendations on the use of color traits for orchid
bee taxonomy and discuss the significance of subspecies as evolutionary units relevant for conservation
efforts.

Key words: coloration, Eulaema, intraspecific variation, polymorphism, UCEs

Introduction morphological variation other than color (Ghisbain et al. 2020).
Coloration, however, can also be a poor trait for delimiting and
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because lack of color variation can lead to distinct species being

Ghisbain et al. 2020). Color patterns have been especially important
for the taxonomic identification of groups of insects that are mor-
phologically challenging due to their small size (Perry and Heraty
2019) or that are structurally monotonous, exhibiting little to no
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incorrectly lumped under one name (Chan and Grismer 2019).
Conversely, over-estimation occurs in polymorphic species that ex-
hibit significant variation in color because morphs are incorrectly
split into taxonomic units (Grando et al. 2018, Lhomme et al. 2020,
Van Dam et al. 2022).

In polymorphic species, color variation can have a simple or
complex genetic basis whereby polymorphism is maintained via
balancing selection (Plowright and Owen 1980, Baxter et al. 2010,
Ando et al. 2018, Gautier et al. 2018). This mechanism is known
to occur in insects that belong to Millerian mimicry complexes
(Williams 2007, Ferrari and Melo 2014, Grando et al. 2018). In these
groups of species, intraspecific color variation can often be greater
than interspecific variation, even for distantly related lineages [e.g.,
bumblebees (Hymenoptera: Apidae) (Hines and Williams 2012,
Lecocq et al. 2015), and velvet ants (Hymenoptera: Mutillidae)
(Wilson et al. 2015)]. In other cases, species with widespread, dis-
junct distributions can exhibit different phenotypes in allopatry
and sympatry, complicating the interpretation of color variation
for species identification [e.g., Heliconius butterflies (Lepidoptera:
Nymphalidae) (Brown 1981, Kozak et al. 2015, Merrill et al. 2015)].
However, the alpha-taxonomy of some groups is still often defined
by differences in setae or integument coloration because color vari-
ation can be involved in sexual selection and reproductive isolation
(Gordon et al. 2018).

Due to the unreliability of using color variation alone to delimit
and diagnose species, molecular data are being increasingly inte-
grated into taxonomic studies to test morphology-based delimita-
tions (Sites and Marshall 2004, Padial et al. 2010). Specifically, the
use of phylogenetic inference from genome-wide markers in combin-
ation with morphological characters and life-history traits provides
a powerful approach to resolve challenging taxonomic questions. A
methodological framework based on independent datasets facilitates
the interpretation of color variation in an evolutionary context to
understand the processes behind the generation and maintenance of
these color morphs. This approach has been powerful for resolving
the taxonomy of enigmatic groups of ants (Longino and Branstetter
2020, Williams et al. 2022), parasitic wasps (Zhang et al. 2022), and
bees (Lecocq et al. 20135, Freitas et al. 2018, Gueuning et al. 2020).
Despite increasing evidence that color can be highly misleading in
insect taxonomy, species continue to be diagnosed based mainly on
coloration. One charismatic group where this is likely a problem is
in the orchid bees (Nemésio 2009, Eltz et al. 2011, Ferrari and Melo
2014).

Orchid bees (Hymenoptera: Apidae: Euglossini) comprise a
group of over 200 species endemic to the Neotropics with the
highest number of species found in low-land wet forests (Roubik
and Hanson 2004). The tribe comprises five genera: Euglossa (135
spp.), Eufrisea (70 spp.), Eulaema (29 spp.), Exaerete (9 spp.), and
Aglae (1 spp.). Within the genus E. Lepeletier, several species have
been described and formally named based largely on color variation
(Moure 1967, 2000, Nemésio 2009). Some researchers, however,
have disagreed with these delimitations due to lack of evidence and
have lumped the various species/color morphs under species com-
plexes, informal assemblages of phylogenetic related taxa that share
morphological similarities, with unclear boundaries between them
(Dressler 1979, Sousa-Paula et al. 2021). Within Eulaema species
complexes, there is currently a lack of clarity on whether different
color morphs represent different evolutionary units or if they repre-
sent distinct forms within single, polymorphic species.

In this study, we aim to integrate genomic and phenotypic in-
formation into the taxonomy of two species complexes of Eulaema
orchid bees to shed light on their diversification and the evolution

of coloration in each group. The first complex includes the species
Eulaema bombiformis (Packard) and Eulaema niveofasciata (Friese)
and is frequently named the ‘E. bombiformis’ species complex.
Eulaema bombiformis is distributed from Guatemala to the Amazon
basin, and E. niveofasciata is restricted to the Atlantic Forest in
Brazil. The second complex is named the ‘E. meriana’ species com-
plex and includes Eulaema meriana (Olivier), Eulaema terminata
(Smith), Ewulaema flavescens (Friese), Eulaema quadrifasciata
(Friese), Eulaema pallescens Moure, and Eulaema atleticana
Nemésio. Eulaema meriana is widely distributed across the Amazon
basin, Choco region, and Central America. Although the names E.
quadrifasciata and E. pallescens continue to be used in the orchid
bee literature, they have been previously synonymized as morphs
of E. meriana that occur in Costa Rica and Ecuador, respectively
(Moure 1967, Nemésio 2009), and we treat them here as synonyms.
Eulaema terminata, E. flavescens, and E. atleticana are restricted
to Trinidad and Tobago, northern South America, and the Atlantic
Forest, respectively. Species in both complexes exhibit aposematic
colors (red, orange, yellow, and black) on the setae of the metasoma.

In a previous study, Lopez-Uribe et al. (2014) investigated the
phylogeographic history of these two species complexes and found
multiple mitochondrial lineages that coincide with climatically
stable areas during the Pleistocene. The congruence of these lin-
eages with color phenotypes was not explored. Here, we combine
molecular (UCEs) and morphological (coloration and body meas-
urements) data to investigate whether the different color pheno-
types within these two complexes are congruent with mitochondrial
lineages previously identified and/or putative species boundaries
(Lépez-Uribe et al. 2014). UCEs are highly conserved genomic re-
gions with adjacent variable regions (flanking DNA) that can be
used to reconstruct the evolutionary history of taxa at multiple time
scales (Zhang et al. 2019). For each individual in our UCE dataset,
we recorded the coloration of the setae in the metasoma and meas-
ured a series of morphological characters that are important in the
taxonomy of the focal species to analyze whether these non-color-
related characters can separate lineages. As mentioned previously,
the literature indicates that color polymorphism is common in in-
sects and therefore our initial hypothesis is that phenotypic variation
observed in Eulaema does not represent separately evolving lineages.
Additionally, we compare phylogenetic reconstructions generated
with mtDNA and UCEs to make inferences about the evolutionary
history of E. meriana and E. bombiformis complexes and use these
results for the interpretation of incipient species divergence in these
groups of widespread Neotropical bees.

Materials and Methods
Study System and Sampling

The E. meriana and E. bombiformis species complexes ex-
hibit aposematic colors (red/orange, yellow, and black) on their
metasoma. Moure (1967, 2000) named several species and sub-
species within these complexes based on coloration, but Dressler
(1979) recognized only the nominal species, E. bombiformis and
E. meriana, and described the existence of color morphs asso-
ciated with mimicry rings that covary geographically (Fig. 1).
While the E. bombiformis complex shows mainly two color pat-
terns throughout its range, the E. meriana complex exhibits three
frequent color forms in most of its distribution and only one in
the Atlantic Forest (east coast of Brazil). In the Amazon basin,
most individuals of E. meriana have a similar phenotype to E.
bombiformis with hairs on the terminal segments displaying red
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Fig. 1. Geographic distribution of the different color phenotypes in the E. meriana and E. bombiformis species complexes. (A) Colored areas in the map indicate
approximate distribution for both species complexes as well as the different areas that correspond to lineages recovered in Lopez-Uribe et al. (2014), including
Central America (green), Choco region (orange), Amazon Forest (blue), and Brazilian Atlantic Forest (pink). (B) Photos of color phenotypes are shown for each
species and the geographic region in which that phenotype is present. Photos of E. meriana and E. bombiformis by Nash Turley, photos of E. niveofasciata and

E. atleticana by Marcelo de Oliveira Gonzaga.

coloration. West of the Andes (in the Choco Region and Central
America), in addition to the red/orange morph, another E. meriana
phenotype characterized by yellow bands on a black background
is found in high frequencies. This phenotype is sometimes referred
to as the ‘E. flavescens pattern’ (subspecies E. meriana flavescens;
Dressler 1979) but it is currently recognized as a separate species
restricted to northern Venezuela (E. flavescens; Moure 2000) and
has been named differently in other parts of the distribution such
as Costa Rica (E. quadrifasciata) and Ecuador (E. pallescens). In
this study, we included specimens from Costa Rica and Ecuador
that have the ‘flavescens’ yellow pattern, but we were not able to
include specimens from northern Venezuela. In the Atlantic Forest,
on the east coast of Brazil, E. atleticana is colored similarly to
E. flavescens but the yellow-colored bands on the metasoma are
noticeably narrower (Nemésio 2009). Finally, E. terminata, al-
though frequently included in this species complex, is restricted to
Trinidad and Tobago and presents a very distinct morphology that
clearly separates it from the other species (Moure 2000) and was
therefore not included in this study.

To generate the UCE dataset, we selected 20 individuals from
the E. meriana complex and nine from the E. bombiformis com-
plex that represent the full range of the color variation in this group
(Supplementary Table S1, Fig. 1), as well as lineages from across the
distribution of the species that were recovered by Lopez-Uribe et al.
(2014) using mitochondrial data. These specimens were collected by
Lépez-Uribe et al. (2014) and permits for collecting are described
in their methods. The mitochondrial lineages are distributed in the
geographic regions highlighted on the map (Fig. 1). We selected a
smaller number of individuals of E. bombiformis because the color
patterns are more uniform across their distribution compared to
E. meriana. In addition, following previous phylogenetic analyses
of Euglossini (Cameron 2004, Ramirez et al. 2010) we included

individuals of Eulaema chocoana Ospina and Sandino, and Eulaema
sororia Dressler and Ospina-Torres, to improve resolution of the
phylogenetic reconstruction within our ingroup and two individuals
of Eulaema cingulata (Fabricius) were used as the outgroup.

Generation of the UCE Dataset

The UCE dataset was generated following the methodology de-
scribed in Branstetter et al. (2021) combining targeted enrichment
of UCE loci with multiplexed next-generation sequencing. The DNA
extracts came from the study by Lopez-Uribe et al. (2014), in which
the front or hind legs of each individual were used for DNA extrac-
tion using the DNeasy blood and tissue extraction kit (QIAGEN)
for fresh samples and phenol-chloroform for museum specimens
(Danforth 1999). The concentration of the extracted DNA was
measured using a Qubit 3.0 fluorometer (Thermo Fisher Scientific)
and up to ~250 ng of genomic DNA was used as input into the
UCE pipeline. Subsequently, library preparation, library pooling
(10 samples per sequencing pool), UCE enrichment, qPCR quan-
tification, final pooling (up to 110 samples per sequencing pool),
and sequencing were performed. For UCE enrichment we used a re-
cently published bait set that is specific to bees, ants, and other apoid
wasps, but that targets loci inferred to be shared across the entire
order Hymenoptera [hym-v2-bee-ant-specific; Grab et al. (2019)].
This bait set is a subset of the principal Hymenoptera bait set first
reported in (Branstetter et al. 2017) and includes 9,068 unique baits
targeting 2,545 UCE loci, plus an additional 264 baits targeting 12
exons from eight “legacy” markers (ArgK, CAD, EF1a-F1, EF1a-F2,
LwRh, NaK, POLD1, Topl). Sequencing was performed on ei-
ther an Illumina HiSeq 2500 (2 x 125 bp) at the University of Utah
Genomics Core facility or on a HiSeq X (2 x 150 bp) at Novogene
Inc, Sacramento, CA.
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UCE Processing and Matrix Assembly
The data were cleaned, assembled, and aligned using PHYLUCE
v1.6 [https://github.com/faircloth-lab/phyluce; (Faircloth 2016)],
following a tutorial by Faircloth (2016) and the process outlined in
Branstetter et al. (2021). Within PHYLUCE, we used Illumiprocessor
v2.0 (Faircloth 2013) and Trimmomatic v0.4 (Bolger et al. 2014) for
quality trimming raw reads, SPAdes v3.1 (Bankevich et al. 2012) for
de novo assembly of reads into contigs, and LASTZ v1.0 (Harris
2007) for identifying UCE contigs from all contigs. For the LASTZ
step, we specified the min-identity and min-coverage to 70 and 75,
respectively, since these settings recover the highest number of UCE
loci in bees when using the hym-v2-bee-ant UCE probes and bait file
(Branstetter et al. 2021). To calculate assembly statistics, we used the
PHYLUCE command phyluce_assembly_get_fasta_lengths.
Alignment of each UCE locus was performed using a stand-alone
version of the program MAFFT v7.13 (Katoh and Standley 2013)
and the L-INS-I algorithm. Subsequently, we used Gblocks v0.91b
(Talavera and Castresana 2007) to trim flanking regions and poorly
aligned internal regions, with the following parameters: b1:0.5,
b2:0.5, b3:12, b4:7. Additionally, we used a PHYLUCE script to
filter the initial set of alignments to test for differences in results
due to different completeness matrices. We created three matrices
requiring loci to have 75, 90, and 100% taxon completeness. For
each set of filtered loci, we used the script phyluce_align_get_align_
summary_data to generate descriptive statistics for the data, and
phyluce_align_format_nexus_files_for_raxml to concatenate the loci
into a supermatrix for analysis.

Phylogenetic Analyses

For the UCE dataset, we partitioned each of the concatenated
matrices using the Sliding-Window Site Characteristics based on
Entropy method [SWSC-EN; Tagliacollo and Lanfear (2018)]. This
method partitions the UCE loci into three regions corresponding to
core, right and left flank, and has been suggested as the best way to
account for the UCE composition since core regions are conserved
while flanking regions are variable. The resulting data subsets were
merged using ModelFinder v2.0 when evolving under the same
model within IQ-TREE v2.0 (Minh et al. 2020) using the rclusterf
algorithm (checking only the top 10% of merging schemes), the cor-
rected Akaike information criterion (AICc) and the GTR+G model.
At this step we also calculated the models of sequence evolution
for each matrix; in all cases, GTR+F+G4 was selected as the best
model. We then performed maximum likelihood (ML) phylogenetic
analyses for each matrix using IQ-TREE, performing 1000 ultrafast
bootstrap replicates [UFB; Hoang et al. (2017)] and 1,000 replicates
of the Shimodaira-Hasegawa (SH) approximate likelihood ratio test
[aLRT; Guindon et al. (2010)].

Additionally, we inferred a Bayesian phylogeny of the mitochon-
drial dataset from Lopez-Uribe et al. (2014) using only the taxa in-
cluded in the UCE analysis to ease comparison between datasets.
This includes the partial sequences of two mitochondrial regions,
cytochrome oxidase subunit 1 (CO1, 825 bp) and cytochrome b
(Cytb, 429 bp). The Bayesian phylogenetic reconstruction was con-
ducted in BEAST2 v2.6.6 (Bouckaert et al. 2019) using the XSEDE
computing cluster through the CIPRES Science Gateway v3.3 (Miller
et al. 2010). We found the best-fit model of molecular evolution for
each locus, including an analysis of different codon partitions based
on the Bayesian Information Criterion implemented in jModelTest2
v2.1 (Darriba et al. 2012). We used Beauti to create the configur-
ation file specifying HKY+I+G as the site model, a strict clock with
a rate of 2.69% per million years (Papadopoulou et al. 2010) and

a Markov Chain Monte Carlo (MCMC) run for 50 million gener-
ations saving trees every 1,000 generations. Parameter convergence
was verified in Tracer v1.6 (Rambaut et al. 2018). We generated a
maximum clade credibility tree (MCC) with mean heights and a
20% burn-in using TreeAnnotator v2.6.6 (Bouckaert et al. 2019).
The final tree was visualized in FigTree v1.4.4 (https://github.com/
rambaut/figtree/releases).

Finally, to explore the impact of individual UCE gene histories
and the effects of incomplete lineage sorting on our dataset, we used
*Beast (Heled and Drummond 2010) in BEAST2 v2.6.6 to estimate
a species tree under the Multi-Species Coalescent model (MSC). Due
to computational constraints associated with the parameter space
in species tree analyses, we selected the 50 most informative UCE
loci from our 100% completeness matrix using the PHYLUCE
script phyluce_align_get_informative_sites. The individual nexus
alignments of each UCE locus were then loaded into BEAUti v2.6.6
(Bouckaert et al. 2019) as individual unlinked genes. The taxon sets
were set up with each individual as its own putative species so that
the analysis was not biased by predefined species names. GTR+G4
was used as the site model using empirical frequencies. For the clock
model, we selected a strick clock and asked the program to estimate
the clock rate. We specified a multispecies coalescent model with a
population mean = 1, pop function = linear with constant root, and
all genes were specified as autosomal nuclear. We used a Yule model
with default parameters as priors. We ran eight replicates of 200 mil-
lion MCMC sampling every 10,000 generations using the CIPRES
Science Gateway v3.3. Parameter convergence of each independent
run and joint runs were verified in Tracer v1.6. We combined the
tree files using LogCombiner v2.6.6 (Bouckaert et al. 2019) and
generated a MCC tree with mean heights and a 20% burn-in using
TreeAnnotator v2.6.6 (Bouckaert et al. 2019). The final tree was
visualized using FigTree v1.4.4.

Estimation of Divergence Times

We inferred a time calibrated tree using BEAST2 v2.6.6. Because
dating phylogenies is computationally intensive, we simplified the
analysis by using a subset of the total available UCE loci and a
constraint tree. We selected 500 random UCE loci from the 100%
completeness matrix using the PHYLUCE script randomly_sample_
and_concatenate. We then concatenated the 500 loci into a single
supermatrix without partitioning. For the constraint tree, we used
the topology obtained in our ML analysis of the 100% completeness
matrix alignment. Before providing the tree to BEAUti, we converted
it to an ultrametric tree using the chronopl function in the R package
“ape” v5.6-2 (Paradis et al. 2004), which reduced the chances that
our analysis would fail during the initialization phase of each run.
To make our tree ultrametric and for the subsequent dating analyses,
we used a secondary calibration from a re-analysis of Ramirez et al.
(2010) dataset based on Sandoval-Arango (2018) (Supplementary
Fig. S1). This was necessary because there are no fossils of Eulaema,
but fossils of other orchid bees have been described. We placed
our calibration point at the node that connects the ingroup and E.
cingulata, using a normal distribution with a mean (M) set to 12
Mya and a confidence interval (S) of 0.5. We used a GTR+G4 sub-
stitution model with empirical frequencies, a relaxed log normal
clock model and the birth-death model for the tree prior. Most
parameters in the prior were set as default except for the ucldMean
parameter which we specified as exponential. All the tree topology
search parameters were set to zero, and we set starting values for the
ucldMean and ucldStdev to 0.001 and 0.01, respectively. For each
run, we set the MCMC length to 200 million generations, sampling
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every 5,000 generations. We ran a total of six independent replicates
using CIPRES Science Gateway v3.3. Parameter convergence verifi-
cation as well as the generation of the MCC tree was performed as
in our *Beast analysis.

Morphological Analyses and Visualization

We used two different approaches to analyze the morphological
variation of characters that are associated with species identifica-
tion in both complexes. First, we collected the morphological meas-
urements from additional individuals in the E. bombiformis (n =
70) and E. meriana complexes (n = 197): body length (BL), head
width (HW), intertegular distance (ID), width of colored bands on
tergum II (WTII) and width of colored bands on tergum III (WTTIII)
(Supplementary Tables S2 and S3). We chose these morphological
characters because they are used to differentiate species within the
two complexes (Nemésio 2009). We visualized the morphological
divergence between individuals grouped based on their geographic
distribution using a multivariate Principal Component Analysis
(PCA). Significant differences between groups were tested using one-
way ANOVA and Tukey’s honest tests. All statistical analyses were
conducted in the R package “agricolae” v1.3-5 (De Mendiburu and
Yaseen 2020).

Second, we mapped the measured characters on both phylogenies
obtained from mtDNA and UCEs to determine whether there is a
correlation between the morphological variation and the phylogen-
etic clusters. We also included the coloration of the setae on tergum
V (T-V) in the analyses to observe whether different morphs (yellow,
orange, and red) group together or separately in the phylogeny and
if we can infer when and how often each color pattern has evolved
(color patterns in Supplementary Table S1). We pruned the tree to
include only E. meriana and E. atleticana because E. bombiformis
and E. niveofasciata present only one color phenotype each in our
dataset. We used the R package “phytools” v1.0-3 (Revell 2012) to
plot the measured characters and color phenotypes in a comparative
way using the Phyloheatmap function.

Results

Phylogenetic Relationships Within the E.

bombiformis and E. meriana Complexes

Our mtDNA dataset included a total of 1,272 bp of which 159 bp
were variable. In the UCE dataset, we recovered an average of
41,950,575 bp per individual after the SPAdes assembly. Following
the assembly and extraction of UCE contigs, we aligned the data
using MAFFT and trimmed the sequences using Gblocks, resulting
in 2415 UCE loci with a mean alignment length of 845.93 bp per
loci, a total of 49,602 informative sites, and an average of 20.54 in-
formative sites per loci. The UCE data matrices included 2205, 2139,
and 2022 loci for the 75, 90, and 100% taxon completeness, re-
spectively. Detailed sequencing and assembly statistics can be found
in Supplementary Table S4. We found no differences between the
IQ-TREE results of the three completeness matrices (Supplementary
Figs. S2 and S3), therefore subsequent analyses were performed on
the 100% matrix and datasets.

For both molecular datasets, we recovered several monophy-
letic lineages that are mostly congruent with geography (Fig. 2,
Supplementary Figs. S4 and S5), and with previous results based on
mitochondrial data only (Lépez-Uribe et al. 2014). These geographic
clades have high support values and only some internal clades show
low support (indicated by asterisks). However, we found incongru-
ences between the two datasets, particularly for E. meriana. The

mitochondrial Bayesian phylogeny recovered six main clades for the
E. meriana complex, while the UCE ML phylogeny from IQ-TREE
recovered three main clades for the E. meriana complex (Fig. 2). The
main difference in the topology is explained by a split of the individ-
uals corresponding to the Choco and Central American regions in the
mitochondrial dataset (Fig. 2A). In both cases, E. meriana bees from
the Amazon and E. atleticana bees from the Atlantic Forest formed
one monophyletic group sister to either a clade that contains all the
Central American individuals (Fig. 2B) or to both Central American
and Choco individuals (Fig. 2A). For the E. bombiformis complex
results were very similar between the two datasets. Individuals of E.
niveofasciata formed a monophyletic group that was either sister to
all the E. bombiformis individuals (Fig. 2A) or that was clustered in
a clade that contains both E. bombiformis and E. niveofasciata bees
(Fig. 2B).

Our species tree analysis included 50 UCE loci and recovered
a topology similar to that of our IQ-TREE analyses with some in-
congruences in the internal nodes of most clades (Fig. 3). Within
the E. meriana complex, there is support for an independent lineage
that contains all the individuals from the Choco Region. Although
without support, most individuals in the other clades grouped ac-
cording to their geographic regions, except for one individual of E.
meriana from Central America (ML172). The E. atleticana individ-
uals were grouped with individuals from the Amazon Forest similar
to our IQ-TREE analysis. In the E. bombiformis complex, the only
clade that was supported by most trees was a lineage containing all
the E. bombiformis and E. niveofasciata individuals. Clades within
that lineage had low support, signaling incongruence between the
species trees from independent runs and the gene trees of individual
UCE loci.

The results of our divergence dating (Fig. 4) indicate that most
diversification within the E. meriana complex occurred during the
late Pliocene and early Pleistocene (Mean age: 3.88 Mya, 5-2.5 Mya
95% HDP). Additionally, the MCRA of the chocoan lineage of E.
sororia and E. chocoana separated from the E. meriana complex ap-
proximately in the late Miocene [Mean age: 7.09 Mya, 9.5-4.5 Mya
95% highest posterior density (HDP)]. Finally, the E. bombiformis
complex is likely to be an older lineage (7.5-3 Mya 95% HDP) com-
pared to E. meriana, which radiated at the end of the Miocene and
early Pliocene.

Coloration and Morphological Measurements

For the E. meriana complex, mapping color phenotypes onto the
phylogeny shows that coloration does not separate well-defined
groups for neither the mtDNA (Fig. 5A) nor the UCE phylogeny
(Fig. 5B). Instead, individuals with yellow, orange, and red colors
can be observed across clades. However, variation in the color of
the last tergites of the metasoma was higher in the lineages from
Central America and Choco, while specimens from the Amazon were
completely red, and the Atlantic Forest specimens were completely
yellow as described previously in the literature (Dressler 1979). For
the continuous characters, we did not find clear groups based on
morphology that coincide with the phylogenies. Eulaema atleticana
individuals have narrower bands on tergum III (WTIII) when com-
pared to E. meriana from other regions, and their body size meas-
urements of the head width (HW) and intertegular distance (ID) are
larger than those of individuals from other regions.

To investigate if individuals from the different geographic regions
were morphologically different based on quantitative measurements,
we performed an analysis of variance of the scaled PCA that showed
significant morphological differences between the groups outlined
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Fig. 2. Phylogenetic relationships of the E. meriana and E. bombiformis species complexes based on (A) mitochondrial data (mtDNA; CO7 and Cytb) and
(B) ultraconserved elements (UCE; 2022 loci). The mtDNA phylogeny was estimated using Bayesian inference in BEAST2, posterior probabilities on nodes
were all above 0.9 except for nodes with asterisks (*). The UCE phylogeny was estimated with maximum likelihood using IQ-TREE and a concatenated 100%
completeness matrix. Support values on nodes indicate ultrafast bootstrap (UFB) and SH-like (SH) approximate likelihood ratio test scores (SH-aLRT). All
support values were above 95/95 except for nodes indicated with asterisks (* or **). One of the E. cingulata individuals (TA12) was pruned to improve the
cophylogenetic visualization. The colors of the clades correspond to geographic regions outlined in Fig. 1. Green: Central America, Orange: Choco region, Blue:

Amazon Forest, and Pink: Atlantic Forest.

by different regions (E. bombiformis: F; = 21.96, P-value < 0.001;
E. meriana: F, ;. = 5.79, P-value< 0.001; Fig. 6). These quantitative
morphologicai measurements indicated three clearly differentiated
morphological groups: (i) individuals of E. bombiformis from the
Choco region and Central America (Fig. 6A) and (ii) of E. atleticana
from the Atlantic Forest (Fig. 6B). The strongest morphological dif-
ferentiation was supported by the width of the color bands on TII

and TIII. For E. bombiformis Choco region, individuals showed

broader color bands on these tergites. E. atleticana individuals had
narrower color bands on TII and TIII when compared to E. meriana
individuals.

Discussion

Our results indicate that there is incongruence between color vari-
ation, morphological traits, and the phylogenetic relationships
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Fig. 3. Maximum clade credibility (MCC) species tree of the phylogenetic relationships in the E. meriana and E. bombiformis species complexes estimated under
the multi-species coalescent model (MSC) using *BEAST in BEAST2. The species tree was estimated using the 50 most informative UCE loci from the 100%
completeness dataset. Nodes without labels had posterior probabilities < 0.5.The colors of the clades correspond to geographic regions outlined in Fig. 1. Green:
Central America, Orange: Choco region, Blue: Amazon Forest, and Pink: Atlantic Forest.

of lineages within the E. meriana and E. bombiformis complexes.
Instead of clustering by color phenotype, both the mtDNA and UCE
datasets recovered lineages that correspond to different biogeo-
graphic regions in the Neotropics: the Central American, Chocoan,
Amazonian, and Atlantic tropical forests. These geographic areas
are congruent with Pleistocene climatically stable areas previously
identified by Lopez-Uribe et al. (2014). Additionally, we found par-
tial morphological differentiation of some of these lineages based
on measurements of body size and the size of bands in tergites II
and III of the metasoma. For the E. meriana complex, we found
that E. atleticana individuals are morphologically distinct with nar-
rower colored bands in T-II and T-III. For the E. bombiformis com-
plex, we did not find any differentiation in the measurements for E.
niveofasciata compared to the Amazonian lineage, but individuals
from the Choco and Central American regions had slightly wider
colored bands in T-IT and T-III.

Taken altogether, our results suggest that different color pheno-
types in these complexes represent color polymorphism within
species rather than distinct species. It could be that color indicates
early stages of divergence in some cases but for the most part inde-
pendent lineages have not yet evolved (Moure 2000, Nemésio 2009).
Dressler (1979) conducted a detailed examination of individuals of
E. meriana, E. bombiformis and E. seabrai across their distributions
to interpret color polymorphism in the context of divergence of these
species. Before Dressler’s work, these three species were very difficult
to differentiate since taxonomists had been long using the metasoma
coloration to delimit species. However, morphological characters on
the hairs in the sternum V of males and the clypeo-orbital distance in

both males and females are currently the most accurate and widely
used characters to differentiate species (Dressler 1979, Roubik and
Hanson 2004). Our results add to Dressler’s interpretation that E.
bombiformis, E. seabrai and E. meriana form Miillerian mimetic
complexes across their distributions and that the frequency of the
different color morphs might be driven by the relative abundance
of co-mimics (Dressler 1979). In Eulaema bees, Miillerian mimicry
is hypothesized to be the result of selection on a unique aposem-
atic color morph that warns predators about the painful sting of
Eulaema females. This warning coloration has likely driven one
common phenotype in the Amazon region, which is dominated by
red colors of E. bombiformis and E. meriana. In contrast, the yellow
form is common west of the Andes in Colombia, Ecuador, and
southern Central America but it is also found in northern Central
America and the Atlantic Forest of Brazil which is referred to as the
‘flavescens’ pattern. Since the ‘flavescens pattern’ is present in the
peripheral areas of distribution of E. meriana and not in the Amazon
basin, Dressler hypothesized that this pattern might be relictual and
was replaced by the ‘bombiformis’ red pattern in the Amazon due to
the mimicry complexes.

Our results contribute to the growing literature describing color
polymorphism likely driven by Millerian mimicry. Examples in-
clude species of poison dart frogs (Comeault and Noonan 2011),
wood tiger moths (Gordon et al. 2018), velvet ants (Wilson and
Jahner 2015), and bumblebees. In a phylogenetic study of Bombus
trifasciatus, Hines and Williams (2012) found that lineages within
this species showed sub-lineages with several color patterns
adhering to different mimetic groups, but that have no or very little
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Fig. 4. Chronogram of the phylogenetic relationships in the E. meriana and E. bombiformis species complexes estimated using BEAST2 and 500 UCE loci. All
nodes had a posterior probability of 1. The arrow indicates the node used for calibration of the tree and acronyms correspond to geographic regions outlined
in Fig. 1. CA, Central America; CR, Choco Region; AM, Amazon Forest; AF, Atlantic Forest. In the calibration point, M = mean age, and S = confidence interval.

mitochondrial genetic variation. They also found intermediate color
morphs that occur in neighboring areas of each sub-lineage. These
intermediate color morphs in bumblebees are considered an indica-
tion of past gene flow between the neighboring populations or the
result of later convergence due to local mimicry groups (Hines and
Williams 2012). In our study, we identified an intermediate morph
between the yellow (‘flavescens’) and the red (‘bombiformis’) pat-
terns of E. meriana that occurs in the Central America and Choco
regions. Dressler (1979) recognized a “brownish-yellow” morph that
he included within the ‘flavescens’ pattern and that might refer to the
orange individuals that we examined in this study.

Something important to note is that although we classified color
polymorphism as a discrete character, the color variation is likely to
be a continuum that varies from yellow to red, which is illustrated
by the presence of the intermediate orange morph. We also found
great variation in the tones of red, orange, and yellow exhibited by
different specimens. Ezray et al. (2019) found that in some species
of bumblebees the mimicry complexes exhibit continuous color vari-
ation instead of discrete patterns. This continuum is likely to result
from transition zones where selection is relaxed, and mimicry is im-
perfect, making it subjective to score coloration as a discrete char-
acter. In our study, we did not sample individuals continuously across
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Fig. 5. Color phenotypes and phyloheatmap of the morphological characters of E. meriana and E. atleticana, visualized using the (A) mtDNA and (B) UCE
phylogenies. Circles at the end of individual names indicate the color phenotype of that individual. Names above the phyloheatmaps indicate the character that
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region, Blue: Amazon Forest, and Pink: Atlantic Forest.

the space and it is not possible to affirm that intermediate patterns
are more abundant in transition zones which would require a larger
sampling. A more detailed study of color patterns and frequencies in
Eulaema and other species of orchid bees that are part of these mi-
metic complexes [e.g., Eufriesea spp., Dressler (1979), Roubik and
Hanson (2004)] with methods such as machine learning (Ezray et al.
2019) could help us disentangle how mimicry complexes are formed
and maintained in orchid bees.

The incongruencies we found between the mtDNA and UCE
phylogenies highlight some of the limitations of using few genes
in molecular datasets for species delimitation studies (Gueuning
et al. 2020). In the previous Eulaema phylogeographic study by
Lopez-Uribe et al. (2014), the authors found population structure
with the mitochondrial markers, but their microsatellite data did
not show any differentiation between individuals in different geo-
graphic regions suggesting long-term male biased dispersal. Because
male orchid bees fly long distances to collect aromatic compounds
used in reproductive displays (Wikelski et al. 2010), this behavior
may facilitate less genetic structuring in the nuclear compared to
the mitochondrial markers. While the mitochondrial barcoding
region is generally used as a marker for species identification and
phylogeographic studies in insects (Packer et al. 2009), information
from COI can both under and over-split species (Gibbs 2018). For
example, in ants Prebus (2021) found that the inclusion of mito-
chondrial information in their datasets led to over-splitting of taxo-
nomic units. Additionally, Gibbs (2018) found that COI barcodes
of Lassioglosum (Dialictus) species (Hymenoptera: Halictidae) were
only able to distinguish some species but in other cases, there was
either under or over-estimation of species diversity within different
species groups. Another potential driver of the incongruence between
COI and genome-wide markers is that the effective population size
of the mitochondrial genome is smaller than the nuclear genome.
Thus, phylogeographic structure found with the mitochondrial data

can result from a signature of recent gene flow that is not being cap-
tured by the nuclear UCE dataset (French et al. 2021). Nonetheless,
using complete mitogenomes instead of only COI might be more
informative and should be explored in future studies. Regardless of
the causes of incongruence, our UCE dataset likely represents a more
complete evolutionary history of the species under study, and it is
a more robust dataset because it includes more loci and incorpor-
ates the maternal and paternal dynamics of the species evolutionary
history.

Our estimated divergence times support the hypothesis that most
of the lineage diversification in the highly polymorphic E. meriana
occurred during the Pleistocene likely as a result of climatic instability
associated with glaciations during this period. Eulaema meriana and
E. bombiformis are primarily found in tropical rain forests and were
likely susceptible to these climatic changes. Specifically, we found
that divergence in the lineages of the E. meriana complex occurred
sometime between ~5 and 2.5 Mya, similar to previous estimates
based on mitochondrial evolutionary rates (Lopez-Uribe et al. 2014).
In the Pleistocene, the cycles of expansion and contraction of glaciers
produced expansions and contractions of dry and wet environments
which led to alternation of habitats. When the dry and cold wea-
ther expanded, the areas occupied by tropical and subtropical biota
were reduced, leading to population differentiation (Hewitt 2004).
Dressler (1979) hypothesized that the patterns of color variation in
Eulaema might have originated in the Pleistocene due to these cli-
matic changes. This might be possible considering our results but
further investigation including a larger dataset with representatives
from transition zones such as the Andean region would be necessary
to test this hypothesis.

Despite the incongruence between the mitochondrial and nu-
clear data for the lineages with geographically restricted distribu-
tions, we found evidence for genetic differentiation of the Chocoan
lineage from the rest of the E. meriana complex (Figs. 2B and 3).
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Fig. 6. Scatterplots of first against second principal component of the
morphological measurements of the (A) E. bombiformis and (B) E. meriana
complexes. Insets display boxplots of the first principal component between
groups outlined by geographic regions: CA, Central America (Green); CR,
Choco Region (Orange); AM, Amazon Forest (Blue); AF, Atlantic Forest (Pink).
The letters above boxplots represent groups that are statistically differentiated
after a Tukey’s honest significant test. Colors represent individuals grouped
by geographic regions.

Our dated phylogeny estimated that this lineage separated from the
other populations sometime between ~6 and 2.5 Mya, which is con-
gruent with the divergence of Chocoan and Amazonian populations
as a result of a vicariant event due to the final uplift of the Andean
mountains [~5 to 2.5 Mya, Hoorn et al. (2010)]. This would imply
a later disconnection between the Choco and Central America while
the Amazonian population has somehow maintained gene flow with
the Central American lineage. Alternatively, the geological history
of the Choco suggests that the modern tropical rainforest land-
scape was only established by the early Pleistocene [~2.7 Mya,
Pérez-Escobar et al. (2019)] and that individuals from the Amazon
Forest might have dispersed to the Choco after the Andean uplift
without exchanging much gene flow with the Central American lin-
eage. We did not find evidence of morphological differentiation of
this lineage compared to the other populations of E. meriana but it
could certainly represent a case of incipient speciation (Mayr 1942,
De Queiroz 2007) in which the Choco lineage is in the process of
diverging but there is still ongoing gene flow (Chou et al. 2021) and

there are no clear color patterns or morphological characters that
separate them (Ghisbain et al. 2020). To confirm whether there is
an ongoing speciation process, a detailed sampling should be con-
ducted in this region in the area between Ecuador (Choco Region)
and Costa Rica (Central America).

For the E. bombiformis complex, we estimated older dates
(7.5-3 Mya 95% HDP) which differs greatly from dates estimated
by Lépez-Uribe et al. (2014) using mitochondrial data. This could be
an artifact of our sampling since we did not include a comprehensive
number of individuals from all the geographic regions, or it could
be an indicator of earlier diversification in this clade. The generation
of more genomic data from individuals across the distribution of
this species would help us disentangle the real time of diversification
within this lineage. The species tree analysis did not show support for
clades inside the E. bombiformis complex demonstrating incongru-
ence between the genes and species trees on the structuration of these
individuals. Although the mtDNA phylogeny shows E. niveofasciata
as a clade separated from E. bombiformis, our ML and species tree
analyses show no support for E. niveofasciata as a different lineage
from E. bombiformis. The incongruence in the species tree might be
due to a signature of gene flow between the different populations of
E. bombiformis which might be missing from the IQ-TREE phyl-
ogeny due to incomplete lineage sorting. Our results for both the
E. meriana and E. bombiformis complexes suggest either ancestral
polymorphism or that there could have been recent gene flow be-
tween the Amazon and the Atlantic Forests populations. The latter
has been confirmed for other taxa by ecological and palynological
niche models that show historical connections during the Last
Interglacial (LIG, 120 ka) and Last Glacial Maximum (LGM, 20
ka) that allowed migration (Ledo and Colli 2017). However, con-
temporary gene flow might be reduced due to the dry habitats that
currently represent barriers between these two forests which might
explain the difference in the mtDNA phylogeny (Lépez-Uribe et al.
2014).

Taxonomic Recommendations

The phylogenetic and morphological analyses indicate that E.
atleticana and E. niveofasciata represent Atlantic Forest popula-
tions of E. meriana and E. bombiformis, respectively, and not sep-
arate species. Eulaema atleticana was described relatively recently
by Nemésio (2009) on the base of the bands of coloration in the
metasoma being yellow but thinner than those of E. flavescens, and
because this lineage is restricted to the Brazilian Atlantic Forest. This
indicates that although we did not include samples from northern
Venezuela, E. flavescens might also represent a lineage of E. meriana
and not a different species since the yellow coloration pattern is pre-
sent in other areas of the distribution and there are no other mor-
phological characters that differentiate them. Eulaema niveofasciata
was considered by Moure (2000) as a valid species but was later
synonymized with E. bombiformis by Oliveira (2006). However,
Nemésio (2009) reinstated the species status based on differences in
coloration (pale-yellow/cream bands in the Atlantic individuals) and
due to their presence being restricted to the Brazilian Atlantic Forest,
similar to his justification to describe E. atleticana.

Given the unstable taxonomic history of E. meriana and E.
bombiformis and the genetic, morphological and distribution
data here presented, we propose to designate E. atleticana and E.
niveofasciata as subspecies. The rank of subspecies represents a
lower unit of biological organization that is relevant in conservation
(Braby et al. 2012). Patten (2015) defined a subspecies as “a (mor-
phologically) diagnosably distinct, geographically circumscribed
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clade that does not form a distinct (neutral) genetic cluster or is
not reciprocally monophyletic in relation to other such clades”.
Considering this definition and the recommendations by Phillimore
and Owens (2006) and Braby et al. (2012) on better practices to
designate subspecies, we think that E. atleticana and E. niveofasciata
meet the requirements. Both lineages occur only in the Atlantic
Forest which has suffered high levels of forest loss and fragmenta-
tion with only 14.5% of its original forested area remaining (Rosa et
al. 2016). Although there have been historical connections between
the Amazon and Atlantic Forests, currently gene flow is restricted
by deforestation and the presence of dry habitats that separate them
(Cerrado and Caatinga). Additionally, both lineages have been al-
ways recovered as a clade of closely related individuals in all our
analyses and present morphological features that can differentiate
them from other lineages. We then recognize the subspecies Eulaema
meriana atleticana comb. n., which can be identified by the yellow
coloration of hairs on the metasoma, the configuration of these hairs
into very thin bands, and by the pattern of hairs on sternite V of
males typical of E. meriana (Dressler 1979, Nemésio 2009). We also
recognize the subspecies Eulaema bombiformis niveofasciata comb.
n., which can be identified by the pale-yellow/cream coloration of
hairs on the metasoma and by the pattern of hairs on sternite V of
males typical of E. bombiformis (Dressler 1979, Moure 2000).

In general, our findings expand on the body of knowledge sug-
gesting that coloration should not be used as a character for spe-
cies identification in orchid bees. In E. meriana and E. bombiformis,
other morphological characters such as the hairs on sternite V
and the clypeo-orbital distance represent consistent characters for
their identification (Dressler 1979). Additionally, the use of wing
geometric morphometrics seems to be a promising approach for
the morphological delimitation of cryptic or polymorphic species
in mimicry complexes (Quezada-Eudn et al. 2015). Our study il-
lustrates the need for further examination of other species groups
within Eulaema such as the Eulaema seabrai species complex, as
well as several groups within the genus Euglossa in which delimita-
tion is based on differences in integument coloration (Roubik and
Hanson 2004). Additionally, future studies should consider a thor-
ough taxonomic revision of the genus Eulaema, including specimens
from all relevant biogeographic regions and detailed morphological
studies that can clarify species status.
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