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A B S T R A C T

The longhorn bee tribe Eucerini (Hymenoptera: Apidae) is a diverse, widely distributed group of solitary bees
that includes important pollinators of both wild and agricultural plants. About half of the species in the tribe are
currently assigned to the genus Eucera and to a few other related genera. In this large genus complex, comprising
ca. 390 species, the boundaries between genera remain ambiguous due to morphological intergradation among
taxa. Using ca. 6700 aligned nucleotide sites from six gene fragments, 120 morphological characters, and more
than 100 taxa, we present the first comprehensive molecular, morphological, and combined phylogenetic
analyses of the ‘Eucera complex’. The revised generic classification that we propose is congruent with our
phylogeny and maximizes both generic stability and ease of identification. Under this new classification most
generic names are synonymized under an expanded genus Eucera. Thus, Tetralonia, Peponapis, Xenoglossa,
Cemolobus, and Syntrichalonia are reduced to subgeneric rank within Eucera, and Synhalonia is retained as a
subgenus of Eucera. Xenoglossodes is reestablished as a valid subgenus of Eucera while Tetraloniella is synony-
mized with Tetralonia and Cubitalia with Eucera. In contrast, we suggest that the venusta-group of species, cur-
rently placed in the subgenus Synhalonia, should be recognized as a new genus. Our results demonstrate the need
to evaluate convergent loss or gain of important diagnostic traits to minimize the use of potentially homoplasious
characters when establishing classifications. Lastly, we show that the Eucera complex originated in the Nearctic
region in the late Oligocene, and dispersed twice into the Old World. The first dispersal event likely occurred
24.2–16.6 mya at a base of a clade of summer-active bees restricted to warm region of the Old World, and the
second 13.9–12.3 mya at the base of a clade of spring-active bees found in cooler regions of the Holarctic. Our
results further highlight the role of Beringia as a climate-regulated corridor for bees.

1. Introduction

The longhorn bee tribe Eucerini is one of the most species-rich tribes
in the family Apidae, with approximately 780 species distributed
widely over most regions of the world, excluding Australia (Ascher and
Pickering, 2016; Michener, 2007). Eucerine bees show particularly high
generic diversity in the Western Hemisphere, where all three subtribes
(Eucerina, Canephorulina, Eucerinodina) are found, including two
early-diverging, monotypic lineages (Michener, 2007; Praz and Packer,
2014). Bees in this tribe form an important guild of long-tongued pol-
linators in some areas, such as in the Middle East and Mediterranean
regions, where bumble bees are virtually absent (Dafni and O'Toole,
1994). Other species, such as the squash bees, are important pollinators
of cucurbit crops in North and South America (Hurd and Linsley, 1970;

López-Uribe et al., 2016).
Despite their ecological importance, the phylogenetic relationships

among the different lineages of this tribe have not been investigated in
detail. Our current knowledge comes from studies that have focused on
the higher level classification of the family Apidae. For example, Praz
and Packer (2014) investigated the phylogenetic placement of the sister
lineage to eucerines, the genera Tarsalia and Ancyla, which form the
tribe Ancylaini (sensu Michener, 2007). In that study, they confirmed
the monophyly of the tribe Eucerini and its sister-group relationship to
the tribe Ancylaini. Other genera, including Svastra, Melissodes, Svas-
trides, Martinapis, and Melissoptila, were found to form a strongly sup-
ported clade based on molecular data, which was sister to another
strongly supported clade that includes Eucera, Tetralonia, Tetraloniella,
Peponapis, and Xenoglossa (Cardinal et al., 2010; Praz and Packer,
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2014).
The latter group of genera, including half of the species diversity of

the tribe (390 species of the ca. 780 species included in the Eucerini),
consists of a large complex in which generic boundaries are ambiguous
due to morphological intergradation among taxa (Michener, 2007, page
708). It is the last important group of bees considered as part of the
‘problematic groups’ described by Michener (2007: page 120) that has
yet to receive a phylogenetic treatment (Trunz et al., 2016 and refer-
ences therein). This complex, henceforth referred to as ‘the Eucera
complex’, is the focus of the present study (Table S1).

The classification of the Eucera complex has a convoluted history
(Table 1). The genus Eucera has traditionally included all species with
two submarginal cells in the forewing, a morphological characteristic
separating this taxon from all other members of the tribe that have
three submarginal cells. The two-celled species are endemic to the Pa-
learctic region, and thus most European authors have traditionally re-
cognized only two main eucerine genera: Eucera (two-celled species)
and Tetralonia (three-celled species; Table 1). This classification is
sometimes still in use for the Palearctic taxa (e.g., Westrich, 1989;
Amiet et al., 2007), although Westrich and Dathe (1997) and Westrich
(2011) have included Tetralonia in Eucera. A second small genus with
two submarginal cells is Cubitalia, largely restricted to the Eastern
Mediterranean region (Michener, 2007). In the New World, the absence
of two-celled Eucerini has led to a strikingly different classification
(Table 1) that resulted in multiple generic names being used, including:
1. Tetraloniella and Xenoglossodes, which were originally proposed to
distinguish supposedly closely related forms from the Old and New
World, respectively (Ashmead, 1899); 2. Peponapis and Xenoglossa for a
group of bees that specialize on the pollen collection of plants in the
family Curcubitaceae and are commonly referred to as the ‘squash bees’
(Robertson, 1902); and 3. additional generic names such as Synhalonia,
Cemolobus, and Syntrichalonia, for morphologically distinctive groups of
species (Michener, 1944; LaBerge, 1957; Michener 2000).

Michener (2000) suggested affinities between the Holarctic, three-
celled Synhalonia and the Palearctic, two-celled Eucera and thus in-
cluded the former as a subgenus of the latter. Michener’s (2000) clas-
sification also restricted Tetralonia to those Old World species with
sparse scopal hair on the hind tibia and basitarsus of the female
(Eardley, 1989; Westrich, 1989). Consequently, Tetralonia was mostly
limited to the Afrotropical region with the exception of the single Pa-
learctic species Tetralonia malvae (in cidentally the type species of
Tetralonia); other three-celled species from both the Old and NewWorld
were placed into Tetraloniella. The latter, in its new delineation, con-
stituted an especially diverse group, which Michener suspected to be
paraphyletic. Michener (2000) admitted that “this classification is
anything but satisfying but represents the current stage of knowledge of
the group”, and refrained from further revising the group in the absence
of a sound phylogenetic treatment.

In this study, we use a combination of ca. 6700 aligned nucleotide
sites from six gene fragments, 120 morphological characters, and more
than 100 taxa to reconstruct the evolutionary history of the lineages in
the ‘Eucera complex’. Our specific aims are to: 1. investigate the phy-
logenetic relationships among taxa of the Eucera complex, including
most previously proposed generic/subgeneric names and morphologi-
cally divergent species groups, from all biogeographical regions where
the tribe is found; 2. delineate stable generic and subgeneric bound-
aries, and propose a new classification for the group; and 3. reconstruct
the biogeographic history of this clade with particular focus on the
timing of Old World-New World faunal exchanges.

2. Methods

2.1. Taxon sampling

We included 103, and 102 taxa from the tribe Eucerini in model-
based analyses of the molecular dataset, and in parsimony analyses ofTa
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the morphological dataset, respectively (Table S1). In both types of
analyses we also used the bee genera Ancyla and Tarsalia of the tribe
Ancylaini to root the trees (Praz and Packer, 2014). We did not include
the genus Canephorula, the sole representative of the subtribe Cane-
phorulina, because of lack of fresh material, and excluded from the
morphological analysis additional taxa outside the Eucera complex as
mentioned below. The Eucera complex was represented by the fol-
lowing ingroup genera in the molecular dataset: Simanthedon (1 spe-
cies); Cemolobus (1); Syntrichalonia (1); all three subgenera of Tetralonia
(9); all subgenera of Tetraloniella (18) except for Loxoptilus (but see
below); representatives from the Palearctic, Afrotropical, Oriental, and
Nearctic regions for Tetraloniella s. str.; all subgenera of Peponapis (7)
and Xenoglossa (3) sensu Hurd and Linsley (1970), except for Xer-
opeponapis and Austropeponapis; Synhalonia, and eight of the 11 sub-
genera of Eucera with two submarginal cells (49) recognized by
Sitdikov and Pesenko (1988); and two of the three subgenera of Cubi-
talia (2). In total, we provide new sequence data for 83 species (see in
Table S1). Our taxon selection includes most of the morphological
variation found in each genus, although the genera Tetralonia and
Tetraloniella may include additional forms from the little known Or-
iental fauna, which is less well represented by our dataset. For mor-
phologically heterogeneous genera, notably for Tetralonia and Tetra-
loniella (see in the Introduction, Section 1), we included the type genus
upon which designation of these taxa was made (Table S1).

Eleven taxa that were not available for molecular analysis were
included only in the morphological analysis (listed in Table S1). The
following rare monotypic taxa were not available for inclusion in either
the molecular or morphological analyses: Notolonia, endemic to Kyr-
gyzstan; Ulugombakia, endemic to West Malaysia; Cubitalia (Opacula),
endemic to Turkmenistan; Eucera (Oligeucera), endemic to Tadjikistan
(Michener, 2007); and Tetraloniella (Melissina), endemic to Karachi in
Pakistan (Baker, 1998).

Our morphological dataset was based on the same taxa used for
molecular analysis except in four cases, in which both sexes were not
available for examination. In those cases, we used a different, closely
related species (listed in Table S1). We excluded from the morpholo-
gical analyses the distantly related lineages Eucerinoda, Alloscirtetica,
Svastrina, Thygater, Svastrides, and Melissoptila to obtain a manageable
data matrix and facilitate rigor interpretation of character homology
among the taxa of the Eucera complex (Table S1).

2.2. Morphological character examination

We selected morphological characters mainly by reevaluating the
external characters from previous cladistic analyses (Praz and Packer,
2014; Roig-Alsina and Michener, 1993; Sitdikov and Pesenko, 1988).
We also dissected, and made extensive use of the structurally diverse
genital complex of the male. Given the lower level phylogenetic re-
lationships examined in this study (including between subgenera and
species-groups) relative to the studies mentioned above, many char-
acters used previously were reformulated or discarded, and additional
characters were added based on published taxonomic revisions (Ayala
and Griswold, 2012; Baker, 1998; Eardley, 1989; Hurd and Linsley,
1964, 1970; LaBerge, 1957, 1989, 1994, 2001; Michener, 2007; Risch,
1999, 2003; Timberlake, 1969; Tkalců, 1978, 1979, 1984; Zavortink,
1975, 1982) and on our own character exploration. An annotated list of
the characters used and the morphological matrix assembled are pro-
vided as supplementary material.

2.3. DNA sequencing and alignment

DNA was extracted from two types of samples: 1. the thorax of
specimens preserved in 100% ethanol, in which case conspecifics col-
lected on the same site were preserved as vouchers; and 2. one to three
legs from museum specimens up to 10 years old, which allowed these
specimens to be preserved as vouchers. (See Table S1 for list of

vouchers and their depository collections.) DNA was obtained using
phenol-chlorophorm extractions following Danforth (1999). PCR reac-
tions were performed with Go-Taq Flexi DNA polymerase (Promega) in
a Biometra T1 thermocycler, with a blank sample as negative control.
PCR products were examined visually using agarose gel electrophoresis
and purified enzymatically with a mix of exonuclease (New England
BioLabs) and shrimp alkaline phosphatase (USB Corporation). Se-
quencing reactions were performed using BigDye Terminator v3.1
(Applied Biosystems), sequencing products were then purified using
DTR hydrated gel filtration kit (Performa), and analyzed using an Ap-
plied BioSystems 3730xl DNA sequencer at the Cornell University
Biotechnology Resource Center (BRC; http://www.biotech.cornell.edu/
brc/genomics-facility).

We sequenced fragments of three nuclear protein-coding genes:
RNA-polymerase II (hereafter Pol II, 841 bp), sodium potassium ade-
nosine triphosphatase (NaK, 1441 bp), and LW-Rhodopsin (Opsin,
1156 bp), and the ribosomal gene 28S (1556 bp) (Table S2). We also
used the two protein-coding mitochondrial genes Cytochrome oxidase I
(COI, 1318 bp) and Cytochrome b (Cytb, 433 bp) which were in-
formative to investigate generic and subgeneric-level relationships of
different groups of bees (Danforth, 1999; Gibbs et al., 2012; Schwarz
et al., 2004; Schaefer and Renner, 2008). For PCR amplification, we
used primer pairs cited in previous studies, including primers modified
for NaK to optimize amplification in Eucerini (Praz and Packer, 2014)
(Table S2). Similarly, we designed two sets of internal primers for Opsin
and COI allowing amplification of the entire COI region and the first
and second introns of Opsin, found to be unusually long among taxa of
the Eucera complex (585 bp and 221 bp, respectively). We sequenced
gene fragments in both directions to ensure accurate reading at both
primer ends, except for the relatively short Cytb in which the reading
signal was strong at both ends. Chromatograms were trimmed, as-
sembled and edited with Sequencher 5.4 for Macintosh (Gene Codes
Corp.). Sequences were aligned using Mafft (Katoh and Standley, 2013)
and each alignment was corrected visually in Mesquite 3.02 (Maddison
and Maddison, 2015). Reading frames of all genes were established by
comparison with published sequences for Apis mellifera, and coding
sequence of protein coding genes converted to amino-acid sequence to
ensure the absence of stop codons. The intron regions of Opsin were
relatively conserved among the Eucera complex allowing unambiguous
alignment after removal of few ambiguously aligned regions (as de-
termined by visual inspection of the matrix) and a few short indels (i.e.,
at most 10 bp indels); a few such ambiguous regions were removed
from the taxa outside the Eucera complex (such as Thygater and Me-
lissoptila) and kept only for the Eucera complex. To avoid biases, two of
the authors independently aligned and visually corrected sequences for
each gene; the different genes were also concatenated twice. We tested
for heterogeneous base composition among the gene fragments using
the Chi-square test implemented in a beta version of Paup 4.0
(Swofford, 2002). Separate tests of the three nucleotide positions of
each of the protein coding genes showed that only the third position of
the mitochondrial genes COI and Cytb were significantly hetero-
geneous. We therefore performed comparable analyses with and
without a partition including these sites. Following the methods de-
scribed in Praz and Packer (2014), we also explored analyses with a
separate partition including the mitochondrial third positions de-
generated to RY (all T and C transformed to Y and all A and G to R,
which was found to remove the heterogeneity).

2.4. Phylogenetic analyses of the morphological dataset, and ancestral state
reconstruction of characters mapped onto the molecular phylogenetic tree

Parsimony analyses were performed in TNT v.1.1 (Goloboff et al.,
2003, 2008) with the tree-bisection reconnection (TBR) swapping al-
gorithm, using maximum length as the collapsing rule (collapsing rule
3), under equal weights, and with 500 replicates, holding 200 trees per
replication. (Modifying the number of replicates and the number of
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trees held at each replicate resulted in similar tree topology and length.)
As measures of branch support we used both Bremer supports (BSP)
(Bremer, 1994) and bootstrap support (BS) with 1000 replicates. For
calculating BSP values, we first determined the upper limit of support,
then increased the number of suboptimal trees stepwise to obtain ac-
curate measures of support as described in Gavish-Regev et al. (2013).
Retention index (RI) and consistency index (CI) values were also cal-
culated with TNT.

To further explore patterns of morphological trait evolution relative
to the molecular phylogeny, we mapped the morphological characters
onto the tree of our preferred phylogenetic model and constructed their
ancestral character states in Mesquite (Maddison and Maddison, 2015)
using the command “Trace character history” and parsimony as the
construction method. The resulting tree was then exported to WinClada
v.1.00.08 (Nixon, 2002) to visualize character state changes across the
tree branches, using unambiguous character optimizations only (the
default setting).

2.5. Phylogenetic analyses of the molecular dataset, and combined
molecular and morphological analyses

Maximum Likelihood (ML) analyses were first performed with each
of the genes separately, with data sets divided into three partitions for
the protein-coding genes, corresponding to each of the codon positions,
and a fourth partition for the introns in Opsin. We then concatenated
the genes and analyzed the entire dataset, and the datasets with the
mitochondrial nt3 recoded to RY or excluded, using five partitions:
three partitions for each of the codon positions (excluding the RY-re-
coded nucleotides), a fourth partition comprising all nucleotide sites of
the ribosomal gene 28S, and a fifth partition for the introns of Opsin; a
sixth partition was added for the RY-recoded nucleotides if applicable.

In addition, we performed three ML analyses of the concatenated
dataset partitioned by gene: with the entire dataset, and with the mi-
tochondrial nt3 either excluded or recoded to RY, thus including six
partitions, or seven partitions with the RY-recoded partition. We also
explored a third partition regime recommended by the program
PartitionFinder (Lanfear et al., 2012): the first and second nucleotide
positions of the nuclear and mitochondrial protein coding genes plus
28S; the third positions of the nuclear protein coding genes and the
Opsin introns; and the mitochondrial third nucleotide positions in a
separate partition. Analyses were performed in RAxML v.8 (Stamatakis,
2014a) on the CIPRES server (Miller et al., 2010), using 1000 bootstrap
replicates and applying GTR+G model to each partition. We did not
apply both a proportion of invariant sites (I) and a gamma distribution
(G) to the same partition in any of the analyses because both para-
meters model base heterogeneity in different ways (see discussion in
Stamatakis, 2014b, pages 58–59). The RY-recoded partition was ana-
lyzed by enforcing a binary model (“BIN”) after recoding all nucleotides
of that partition to 0 and 1.

For ML analyses of the combined molecular and morphological
analyses we used one selected analysis (the matrix of the entire dataset
with the mitochondrial nt3 excluded) to which we added the mor-
phological data as a separate multi-state (“MULTI”) partition using the
MK model (enforced by the “K-MK” command). The inclusion of taxa
with only morphological data resulted in lower support for some basal
nodes, possibly due to the large amount of missing data. We therefore
repeated the analysis with the morphological data of only the existing
terminals in our molecular matrix.

Bayesian analyses of the concatenated dataset were performed in
MrBayes v.3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003) with the same data matrices mentioned above for
ML analyses, partitioned by codon with additional partitions for 28S,
the Opsin introns, and the RY-recoded mitochondrial nt3; and with the
same partition regime recommended by PartitionFinder; in both cases
each partition was allowed to evolve under its own rate of substitution
by using the command ‘prset ratepr= variable’. The RY-recoded

partition was recoded as 0 and 1 and analyzed using a binary (“re-
striction”) model with the default settings in MrBayes (“coding= all”).
The combined molecular and morphological analyses were done with
the entire dataset excluding the mitochondrial nt3, adding the mor-
phology data as a separate, numerical (“standard”) partition, also using
a model with default settings (“coding= variable”). For each analysis,
we first performed short exploratory runs of five million generations, in
which an independent substitution model was selected for each of the
partitions. Because convergence and high ESS values (> 300) were
obtained for all parameters with the GTR+G model we did not explore
more simple models. Our final analyses included two independent runs
of 100 million generations each, sampling trees every 10,000 genera-
tions. We used Tracer v.1.6 (Rambaut et al., 2014) to examine trace
files, determine appropriate burn-in, assess convergence of each para-
meter, and calculate ESS values. Maximum clade credibility trees were
computed using TreeAnnotator (Drummond et al., 2012), and visua-
lized in FigTree v.1.4.0. (Rambaut, 2012).

2.6. Divergence time estimation and biogeographic reconstruction

We used BEAST v.1.8.0 to estimate divergence times in our phylo-
geny. We first explored analyses based on two completely independent
sets of calibration points: 1. Two calibration points taken from Praz and
Packer (2014): the age of the tribe Ancylaini (sensu Michener, 2007)
and the node uniting the tribes Ancylaini and Eucerini. We enforced
normal prior for the nodes: 1. Ancylaini: mean 47, Stdev 11; 2. Ancy-
laini+ Eucerini: mean 69, Stdev 7.3. The age estimates obtained by
Praz and Packer (2014) were based on a bee phylogeny inferred with
seven nuclear genes and calibrated exclusively with bee fossils
(Cardinal and Danforth, 2013); 2. Three calibration points taken from a
recently published phylogeny of all Hymenoptera based on tran-
scriptome data and calibrated mostly with non-bee fossils (Peters et al.,
2017). Because these three points are in the young portion of our tree
(16.5–12.0 mya), we additionally enforced a lognormal prior on the
root node to limit the confidence interval of our date estimates. As
lower bound limits for this prior we used the age of Tetralonia berlandi
(Théobald, 1937), a bee fossil not used as a calibration point by
Cardinal and Danforth (2013). Although currently placed in Eucerini,
the tribal assignment of this fossil is questioned: its early dating to the
Ludian age of the upper Eocene (37.2–33.9mya; Théobald, 1937) as
well as new morphometric evidence suggest that in fact it may belong
to the Ancylaini (Manuel Dehon, unpublished data). Consequently this
fossil is an appropriate calibration point for our entire dataset, which
consists of the tribes Ancylaini plus Eucerini. As upper bound limits we
used the median age of the bee family Apidae found in Peters et al.
(2017)’s analyses. The prior on the root node was thus the following:
lognormal distribution, mean of 2.25, Stdev of 1, zero offset of 33.9
Mya; 95% HPD: 35.83–83.15. For the remaining nodes we placed
normal priors with values corresponding to the ages (median and 95%
confidence intervals) found in Peters et al. (2017) as follows: 1. the
Eucera complex excluding the venusta-group plus Simanthedon: mean
16, Stdev 1.8; 2. the genus Eucera sensu Michener (2007): mean 15,
Stdev 2.4; 3. the clade uniting the Palearctic Tetralonia plus Tetra-
loniella: mean 14, Stdev 3.

The analyses under the two independent sets of calibration points
yielded very similar ages for the lineages within the Eucera complex
(difference in median values: 0.53–1.52 My, Table S3). We therefore
ran a third analysis combining the calibration point at the node Ancy-
laini+ Eucerini from Praz and Packer (2014) as the root node of our
tree, and the three internal nodes mentioned above based on Peters
et al. (2017). This third analysis was run twice independently for 100
million generations and used for biogeography reconstructions.

In our BEAST analyses, we used the same model of DNA evolution as
in the Bayesian analyses performed in MrBayes (see Section 2.5 above).
Our nucleotide dataset was partitioned by codon; substitution models
were unlinked across all partitions. The clock model was linked across
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all partitions (lognormal uncorrelated clock model; prior for the
UCLD.mean parameter: lognormal distribution, log mean=0, log
Stdev=1, Initial value=1), although each partition was allowed to
evolved under its own rate by implementing rate multipliers for each
partition; this was achieved by manually editing the xml file. Each
analysis was run for 100 million generations with trees and parameters
sampled every 10,000 generations; convergence of each parameter was
assessed using Tracer (Rambaut et al., 2014), ensuring that ESS values
were above 300 for each parameter. The analysis used for biogeography
reconstructions was run twice independently and trees from both runs
were combined to produce a maximum clade credibility tree after re-
moval of an appropriate burn-in.

Probabilistic inference of ancestral range was performed in
Lagrange (Ree and Smith, 2008) to infer the geographic origin and
reconstruct the biogeographic history of the Eucera complex. We re-
cognized five biogeographical regions as interpreted by Michener
(2007): the Palearctic (Pal), Nearctic (Nea), Afrotropical (Afr), Neo-
tropical (Neo), and Oriental (Ori) regions. Maximum range size was set
to two and the possible ranges were the following: Pal, Pal-Afr, Pal-Ori,
Afr, Afr-Ori, Ori, Nea, Nea-Neo, Neo. We followed Trunz et al. (2016) in
allowing the Afrotropical and Oriental regions to be adjacent because as
in Megachilini, some Eucera complex lineages (such as Tetralonia
(Thygatina)) are distributed in both these regions but absent from the
Palearctic. Each terminal was coded to reflect the lineage it represents
in the phylogeny (either a subgenus, as currently understood, or a
species group based on current morphological knowledge). Our dense
taxon and geographic sampling allowed most terminals to be coded
unambiguously. An exception was Tetraloniella in the Oriental region;
this group is little studied but known to include similar forms with
affinities to Afrotropic and Palearctic faunas. Thus corresponding
terminals for Tetraloniella from the two latter regions were coded either
as Afr-Ori or Pal-Ori, respectively, even if the particular species group is
not known to us from the Oriental region. We implemented only one
time period (thus with dispersal probabilities constant throughout the
tree), and scaled dispersal probabilities between adjacent regions by
value of 1.0, except between the Nearctic and either the Palearctic or
the Oriental regions, where values of 0.5 and 0.1 were used, respec-
tively, to account for the geographic distance and possible biogeo-
graphic barriers between Old and New World. Analyses where all dis-
persal parameters were equal yielded nearly identical results.

3. Results

3.1. Phylogenetic analyses of the morphological dataset

Altogether, we scored 120 morphological characters (see annotated
list of characters and character states in the supplementary material)
from both females and males, with the exception of three unnamed
species available in only one sex (numbers: ad43, ad55, ad67, in Table
S1). Our parsimony analysis yielded 12 most parsimonious trees with
minimum length of 1266 steps (CI= 0.23; RI= 0.60). The strict con-
sensus calculated for all trees (Fig. 1) placed the Eucera complex
lineages in an unresolved polytomy with both Simanthedon and Marti-
napis, although the latter appeared more distantly related in previous
phylogenetic studies (see Introduction, Section 1). Also, Bremer sup-
ports were minimal (=1 or 2) for most basal nodes, and no bootstrap
values above 50 were found for any of the basal nodes, indicating re-
latively weak support for the different lineages of the Eucera complex.

The topology recovered does not support the current classification.
In particular, the Palearctic members of the genera Tetralonia and
Tetraloniella formed a paraphyletic assemblage from which most other
members of the Eucera complex were derived; Xenopeponapis, currently
part of the genus Peponapis, did not cluster within Peponapis but formed
a strongly supported group with Xenoglossa; the genus Cubitalia ap-
peared nested within Eucera s.str. (i.e., the subgenus Eucera s.str. in
Michener, 2007); the Afrotropical species of Tetralonia appeared closely

related to the squash bees; and Simanthedon appeared sister to Marti-
napis, and both taxa formed a clade together with Syntrichalonia and the
venusta-group of Synhalonia.

We also performed analyses under implied weights, using the same
search parameters, and different concavity constant values (k values).

Fig. 1. Strict consensus of 12 most parsimonious trees found in parsimony analysis of the
morphological dataset (all 12 trees 1266 steps long under equal weights; CI = 0.23; RI =
0.60). Branch support values indicated above the branches are Bremer supports (BSP,
12,000 trees, cut 0), and below the branches are bootstrap values (BS, 1000 replicates).
The root node was modified to accommodate a polytomy among the outgroups Ancyla
and Tarsalia for more accurate presentation. Nodes discussed in the text: nodes giving rise
to taxa with sparse pollen scopa on the hind tibia and basitarsus of the female, indicated
with a yellow asterisk; corresponding terminals are colored in green; node giving rise to
taxa with two submarginal cells in the forewing, indicated with a black asterisk (mind
that Eucera (Synhalonia) presents reversal to three submarginal cells); node giving rise to
taxa with large keirotrichiate area on the hind tibia of the female, indicated with red
asterisk; corresponding terminals are colored in red. Taxon classification to genera ac-
cording to Michener (2007): Tetralonia, highlighted in green; Tetraloniella, highlighted in
blue; Xenoglossa, highlighted in yellow; Peponapis, highlighted in orange; Type species of
the morphologically heterogeneous Tetralonia and Tetraloniella are indicated with red
underline. Terminals are labeled following our revised classification.
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Although many of the phylogenetic relationships were similar to those
found under equal weights they resulted in different tree topologies and
lengths, and recovered some unlikely relationships (between taxa inside
and outside the Eucera complex and taxa from the Western and Eastern
hemispheres of the world). We therefore favored analyses based on
equal weights over analyses with implied weighting.

3.2. Phylogenetic analyses of the molecular dataset

The aligned and edited concatenated data matrix included a total of
6641 nucleotide positions. Missing data among all nucleotide sites
amounted to 13.5%, partly due to the absence of mitochondrial se-
quence data for some groups outside the Eucera complex that were not
available for DNA sequencing, and to 9.7% among the Eucera complex
taxa alone. Single gene ML analyses suggested that Opsin, including two
intron fragments, was the most informative gene for the relatively low-
level phylogeny in this study. Analysis with Opsin alone recovered the
monophyly of most clades recovered by the complete dataset of the
Eucera complex and was congruent with the concatenated gene ana-
lyses. The nuclear genes Pol II and NaK also showed support for some of
these nodes but support values were overall lower. In contrast, the ri-
bosomal gene 28S was relatively conserved, resulting in largely un-
resolved trees. ML analyses of the different concatenated matrices all
yielded highly congruent topologies; in contrast to the analysis of
morphological characters, the Eucera complex was recovered as a well-
supported monophyletic group (Fig. 2). RY conversion or exclusion of
the heterogeneous mitochondrial third positions, and alternative par-
titioning strategies both had little impact on the topology, or on support
values (Table S4). Based on support values for morphologically re-
cognized clades (Table S4), and because we prefer to exclude sig-
nificantly heterogeneous partitions, we selected the analysis of the
matrix partitioned by codon with the mitochondrial nt3 excluded as our
preferred analysis (Fig. 2). Bayesian analyses yielded trees that were
highly congruent with those based on ML analyses (Fig. S3).

3.3. Phylogenetic relationships within the Eucera complex

Our preferred phylogenetic analysis (Results Section 3.2) supported
a number of taxonomically important nodes (numbered from 1 to 20 in
Fig. 2). For each node mentioned below, the corresponding support
values in various analyses are also given in Table S4 (ML bootstrap
support [BS], and BA posterior probability [PP]). In all analyses of the
molecular dataset, the genus Simanthedon did not group with the genus
Martinapis, with which it shares many morphological traits. Si-
manthedon was always placed within the Eucera complex (clade 2:
79–89 BS, 0.99–1.0 PP) while Martinapis was in a clade, sister to the
Eucera complex, comprising the genera Svastrides, Melissoptila, Svastra
and Melissodes. Unexpectedly, the venusta-group, hitherto included in
the Eucera subgenus Synhalonia, was consistently placed as sister to
Simanthedon (Clade 3), and never clustered with other species of Syn-
halonia including in all single gene analyses. Support for the sister re-
lationship of the venusta-group to Simanthedon was weak to moderate
(clade 3: 35–69 BS, 0.51–0.98 PP).

All lineages of the Eucera complex minus Simanthedon and the ve-
nusta-group, formed a strongly supported clade (clade 4: 96–98 BS, 1.0
PP). Species of the Old world genus Tetralonia and all Old-world species
of Tetraloniella (sensu Michener, 2007), including the type species of
these two taxa, together formed a monophyletic group (clade 5: 90–97
BS, 0.99–1.0 PP), although both were not reciprocally monophyletic:
Tetralonia, as delineated by Michener (2007), formed four independent
lineages in our trees, and the Old World Tetraloniella six different
lineages.

The Nearctic species of Tetraloniella formed at least four distinct
lineages in all analyses, including all single-gene analyses: 1. the species
known as Tetraloniella lippiae constituted a different lineage; 2. T. spissa
and T. eriocarpi consistently formed a monophyletic group (clade 10:

100 BS, 1.0 PP), 3. T. salviae and T. albata consistently formed a well-
supported clade although each of them is representing a different
subgenus (Clade 11: 99–100 BS, 1.0 PP); and 4. An undescribed species
(number ad67), which was identified as Tetraloniella according to the
current classification, always formed a well-supported clade with
Syntrichalonia (clade 17: 100 BS, 1.0 PP).

The squash bees (Xenoglossa and Peponapis) were reciprocally
monophyletic (clades 14 and 15, respectively: 100 BS, 1.0 PP), and
constituted a well-supported monophyletic group (clade 13: 100 BS, 1.0
PP) sister to Cemolobus (clade 12: 73–84 BS, 0.5–0.99 PP). These two
lineages were always nested within a paraphyletic Tetraloniella, in-
cluding in all single gene analyses.

In all analyses, Cubitalia, the two-celled Eucera, and the three-celled
Synhalonia formed a strongly supported group (clade 18: 98–100 BS,
0.99–1.0 PP) sister to the Syntrichalonia clade (clade 17). However,
support for the deeper relationships between these groups was mod-
erate (clade 16: 60–74 BS, 0.98–0.99 PP). All analyses also recovered a
monophyletic Synhalonia (89–96 BS, 1.0 PP), while the monophyly of
the two-celled lineages was not found in ML analyses, but was strongly
supported in most BA (clade 19: 33–49 BS, 0.96–0.99 PP). Finally, our
analyses recovered the two-celled genus Cubitalia as a monophyletic
group (100 BS, 1.0 PP) nested within Eucera.

Our phylogeny further indicated the following notable infra-generic
level relationships. The Afrotropical subgenera of Tetralonia (i.e.,
Eucara and Thygatina) formed a highly supported monophyletic group
(clade 6: 89–100 BS, 1.0 PP), although neither subgenus was mono-
phyletic (Fig. 2). Within the squash bee clade, Xenopeponapis, pres-
ciently named and still placed as subgenus of Peponapis by Hurd and
Linsley (1964, 1970), clustered together with Xenoglossa (clade 14) in
all analyses. Finally, Eucera s. str. and Hetereucera, the largest Eucera
subgenera retained by Michener (2007) were both polyphyletic,
forming mixed clades. Adding the morphological data to our preferred
molecular matrix (Results Section 3.2) resulted in a tree topology si-
milar to that in Fig. 2, with only a few changes among the Eucera
subgenera. The two-celled Eucera was paraphyletic in relation to the
three-celled Synhalonia in ML and was weakly supported in BA (Table
S4), and Cubitalia was sister to a clade including most members of Eu-
cera s. str. and Hetereucera compared to sister to Agatheucera (sensu
Sitdikov and Pesenko, 1988) in analyses based on molecules alone.
Further, adding the taxa with only morphological data (Fig. S4) showed
the following results: Xeropeponapis as separate branch sister to Eope-
ponapis, Loxoptilus nested within a paraphyletic Pectinapis, Pileteucera
nested within a paraphyletic Hetereucera, and Hemieucera and Stilbeu-
cera sisters, nested within a paraphyletic Atopeucera. Finally, an un-
determined Oriental Tetralonia species clustered as sister to all Afro-
tropical Tetralonia.

3.4. Patterns of morphological trait evolution relative to the molecular
phylogeny

Apomorphic characters and character states for the Eucera complex
and other related clades inferred by our preferred phylogenetic analysis
are presented in the supplementary material (Fig. S1 and Table S5). We
identified a combination of character states for the venusta-group, in-
cluding one apomorphy, together setting this taxon apart from mem-
bers of the Eucera complex and other distantly related taxa (Table S5).
The genus Simanthedon exhibited five autapomorphies; no unique sy-
napomorphies were found for the combined Simanthedon and venusta-
group (Table S5, Fig. S1). For the remaining taxa of the Eucera complex
(minus the venusta-group and Simanthedon) a combination of synapo-
morphies were found, two of which were unique (Table S5, Fig. S1). No
unique synapomorphies were found for other main clades within the
Eucera complex (Table S5, Fig. S1).

Our ancestral state reconstruction analysis also showed that many
characters traditionally considered as diagnostic characters for the
genera Tetralonia, Tetraloniella, Xenoglossa, Peponapis, Syntrichalonia,
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and Eucera (sensu Michener, 2007) are in fact highly homoplasious
(Table S5). The reduction of the number of submarginal cells in the
forewing from three to two, the first character used in the classification
of this group, did support a group made up of Eucera (the subgenus
Synhalonia excepted) and Cubitalia (Clade 19), although this group was
not recovered in all analyses. Two-celled Eucera were nested within a
paraphyletic group of three-celled lineages.

3.5. Dating and biogeographic analyses

Results from our BEAST dating analysis (Fig. 3) and inferred an-
cestral ranges (Table S6) favored a scenario (Scenario 1a) where the
MRCA of the Eucera complex (24.2mya, 95% confidence interval,
hereafter CI, 18.3–30.7) was restricted to the Nearctic region (Fig. 3).
With respect to the Old World-New World interchanges, scenario 1a

Fig. 2. Best tree found in maximum likelihood analysis of the molecular matrix partitioned by codon position, with the significantly heterogeneous mitochondrial nt3 excluded; branch
supports values are bootstrap values (only values ≥50%) based on 1000 bootstrap replicates. Outgroup taxa have been removed and the branch leading to the sister group of all ingroups
has been modified for better graphic representation. Numbers in grey squares indicate 20 nodes referred to in the text for which no taxonomic name is available. Nodes of interest
recovered in ancestral state construction analysis: nodes 5, 12, giving rise to taxa with sparse pollen scopa on the hind tibia and basitarsus of the female, indicated with a yellow asterisk;
corresponding terminals are colored in green; node 19, giving rise to taxa with two submarginal cells in the forewing, indicated with a black asterisk; taxa with large keirotrichiate area on
the hind tibia of the female are colored in red. Type species of the traditional Tetralonia, Tetraloniella, and Xenoglossodes (as in Michener, 2007) are indicated with red underline. Eucera
lippiae and E. sphaeralceae, constituting isolated lineages, are nevertheless assigned to the paraphyletic Eucera subgenus Xenoglossodes. Terminals are labeled following our revised
classification. Pictures are by Achik Dorchin: Simanthedon linsleyi, Eucera amoena; Nicolas J. Vereecken: Eucera (Tetralonia) graja, Eucera (Synhalonia) spectabilis, Eucera (Eucera s.str.)
nigrescens; John S. Ascher/www.discoverlife.org: Eucera (Xenoglossodes) eriocarpi, Eucera (Syntrichalonia) exquisita; and Hadel Go/www.discoverlife.org: Eucera (Peponapis) pruinosa.
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implies two dispersal events from the Nearctic into the Palearctic (in-
dicated with yellow stars in Fig. 3). The first exchange occurred at the
MRCA of clade 4 (16.6 mya, CI 19.1–13.9) between 24.2 and 16.6 mya,
giving rise to clade 5, a lineage largely restricted to the warm regions of
the Old World (mean annual temperature, hereafter MAT, of 11 and
above), including Tetralonia and all Old World species of Tetraloniella.
Our analysis suggests a Palearctic – Oriental origin for clade 5, with two
subsequent dispersal events into the Afrotropical region during the
period between 12.3 and 7.0mya (subsequent dispersal events into the
Oriental zone may have taken place within clade 5, either from the

Palearctic or from the Afrotropic but determining the number of these
events is not possible given the poor knowledge of the Oriental fauna;
see Methods Section 2.6).

The second faunal exchange from the Nearctic to the Palearctic
occurred according to the favored scenario in the MRCA of clade 18
(12.3 mya, CI 14.5–10.1), that is, Eucera sensu Michener (2007) be-
tween 13.9 and 12.3mya (Fig. 3). According to this scenario (Fig. 3),
the MRCA of clade 18 had a Holarctic distribution. In contrast to clade
5, numerous species in this clade inhabit cooler regions of both the
Palearctic and the Nearctic regions (with MAT as low as 5 °C; European

Fig. 3. Maximum clade credibility tree found in the dated BEAST analysis of the matrix partitioned by codon position, with the significantly heterogeneous mitochondrial nt3 removed,
with calibration of the root node and three internal nodes combined from two different sources (see Methods Section 2.6); branch support values represent posterior probabilities (only
values ≥0.5) based on one million generations. Letters in color-coded squares at the nodes indicate ancestral range reconstructions according to the most likely reconstruction of the
Lagrange model. The different color codes represent five geographic ranges A–E and polymorphic ranges. Two dispersal exchanges between the Nearctic and the Palearctic regions
inferred by the most likely reconstruction of the Lagrange model (scenario 1a) are indicated with yellow stars. A second most likely scenario that could not be excluded in the model
(scenario 1b) suggests a Palearctic origin for clade 18, indicated by squares marked with red margins, and a third dispersal exchange within Synhalonia.
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Climate Assessment and Dataset, 2017; Hijmans et al., 2005).
A third faunal exchange from the Palearctic to the Nearctic within

clade 18 is suggested by scenario 1b. This alternative scenario could not
be excluded in our model given that it was within 1.5 Ln-likelihood
units of scenario 1a presented above (LnL=−145.2 in Table S6).
Contrary to scenario 1a implying the ancestor of Eucera (Synhalonia)
was distributed over both the Palearctic and Nearctic regions con-
tinuously between 12.3 and 3.9 mya (Fig. 3), scenario 1b infers an
entirely Palearctic ancestry, and colonization of the Nearctic within
Synhalonia between 10.6 and 3.9mya (the particular nodes are in-
dicated in Fig. 3).

Another alternative scenario that could not be excluded in our
model is scenario 2 (LnL −145.2 to −146.1 in Table S6). According to
scenario 2, the Eucera complex also has its origin in the Nearctic, but
the MRCA of ancient clades in the Eucera complex (nodes 4, 16 and 18)
were distributed over both the Nearctic and the Palearctic (Fig. 3, Table
S6). Scenario 2 therefore implies a single dispersal event from the
Nearctic into the Palearctic at the MRCA of clade 4. We consider this
scenario less likely given that no existing species currently has a Ho-
larctic distribution in the Eucera complex.

4. Discussion

In this study, we provide the first comprehensive examination of the
phylogenetic and systematic relationships among most currently re-
cognized genera, subgenera, and species groups of the Eucera complex
(9/11= 81%, 19/23=82%, and 32/38= 84%, respectively). Our re-
sults contribute to resolving a long-standing systematic controversy in
the generic classification of bees. Our molecular phylogeny confirms
the monophyly of some of the lineages of the Eucera complex (e.g., the
squash bees, the subgenus Synhalonia, and the two-celled Eucera at least
in BA) but shows that these taxa derive from a paraphyletic assemblage
of three-celled lineages that have been placed in the genera Tetraloniella
and Tetralonia. Although trees based on our morphological matrix were
poorly resolved, they also suggest paraphyly of the genera Tetraloniella
and Tetralonia. Combining these large molecular and morphological
data enables us to propose a complete reorganization of the generic
classification of this group.

4.1. Generic classification

Results from our molecular and morphological phylogenies make
the current classification of the Eucera complex untenable. Perhaps the
most striking is the placement of the venusta-species group (previously
considered a member of Eucera, subgenus Synhalonia) as sister to
Simanthedon, and the two combined as sister to all other Eucera complex
lineages, thereby suggesting the recognition of a new taxon, largely
overlooked in previous taxonomic revisions. Unique features of the
venusta-group were actually identified in previous revisions
(Timberlake, 1969; Zavortink, 1982): the male seventh sternal plate is
unlike that of any Synhalonia but closely resembles that of Martinapis (a
more distantly related taxon in our study; compare Fig. S2e and f); and
Michener (2000) noted E. venusta as exceptional in his key to the North
and Central American genera of Eucerini based on the unique structure
of the female pygidial plate. All these authors however retained the
group in Synhalonia, despite these distinct characteristics, possibly due
to a number of other derived character states homoplasiously shared
with Synhalonia (see Results Section 3.4).

Vences et al. (2013) recently developed criteria for taxonomic re-
visions and suggested that to achieve stable and informative classifi-
cations, classificatory decisions should be based on taxon monophyly,
and consider clade stability together with phenotypic diagnosability.
We follow their considerations in evaluating the three following clas-
sification proposals found in keeping with our phylogenetic results, and
that account for other practical aspects such as the number of homo-
nymies created (Table 2). 1. Recognition of one large genus Eucera for

all taxa of the Eucera complex (clade 2 in Fig. 2), emphasizing their
close relationship and distinctiveness from the genera outside the Eu-
cera complex; 2. Recognition of three genera: Simanthedon and the ve-
nusta-group as two small genera sisters to a large genus Eucera, which
would include all the remaining taxa of the Eucera complex (clade 4 in
Fig. 2); and 3. Thirteen genera, resulting from further breaking Eucera
in proposal 2–11 genera: Tetralonia (clade 5), an unnamed genus of
Nearctic Tetraloniella (clade 10), Xenoglossodes (clade 11), Cemolonus,
Xenoglossa (clade 14), Peponapis (clade 15), Syntrichalonia (clade 17),
Synhalonia, and Eucera (clade 19), as well as unnamed genera for Tet-
raloniella lippiae and T. sphaeralceae, each separated as a monotypic
genus.

All three classification proposals would result in monophyletic (or
monotypic) genera based on our analyses of the molecular and com-
bined molecular+morphology datasets, but would entail moderate to
considerable modifications to the present classification. Proposal 3
minimizes changes relative to the present classification; it retains most
currently recognized genera, and splits the paraphyletic Tetraloniella
into six genera. A similar classificatory decision was adopted by
Almeida and Danforth (2009), who decided to break the massive and
paraphyletic colletid genus Leioproctus (sensu Michener, 2007) to many
small genera, but still with at least two large paraphyletic lineages re-
maining, Leioproctus s.str. and Perditomorpha. Such arrangement for
Tetraloniella would however have a major disadvantage in terms of
generic diagnosability because many of the genera recognized are vir-
tually impossible to separate based on morphological criteria. Despite
mapping 120 morphological characters on our phylogenetic tree, we
could not find a single synapomorphy (let alone a unique synapo-
morphy) for Tetralonia, the unnamed Tetraloniella clade, and Xe-
noglossodes (clades 7, 10, and 11 in Fig. 2, respectively, and compare to
Fig. S1), comprising the majority of the species originally placed in
Tetraloniella. Due to the lack of diagnostic characters for these clades, it
is also unclear which of the Nearctic Tetraloniella species would actually
belong to the unnamed Tetraloniella clade and which should be trans-
ferred to Xenoglossodes.

Proposals 1 and 2 both suggest downgrading all currently re-
cognized genera (except the genus Simanthedon in proposal 2) to sub-
genera under one large heterogeneous genus Eucera, thus avoiding
over-splitting of Tetraloniella and the use of multiple generic names for
morphologically similar taxa. A disadvantage of these proposals would
be the increased number of nomenclatural changes (173 and 172 spe-
cies would need to be transferred into Eucera, respectively, according to
Ascher and Pickering (2016), and six homonymies would be created).
The idea of recognizing large genera is not unusual in bees, it was the
tradition among early bee taxonomists (e.g., the bee genera Andrena,
Lasioglossum, Nomada, and Megachile). The rationale behind both these
classificatory decisions is broader than only bees considering that genus
names, which are based on types and regulated by nomenclatural code,
should be easily interpreted phenotypically by more than bee tax-
onomists, to improve their function as communication tools among
biologists and the general society (Vences et al., 2013). The recognition
of three genera (proposal 2), namely Simanthedon, the venusta-group,
and Eucera (the latter corresponding to clade 4 in Fig. 2) would increase
stability due to the high support for each genus, and would also result in
improvement in diagnosis given that a number of morphological apo-
morphies, including unique character states, were found for each of
these three lineages (Fig. S1 and Table S5). The lone genus recognized
under proposal 1 (clade 2 in Fig. 2) is supported by fewer apomorphies
(four and none unique comparing to 8, 16, and 9, respectively for each
of the three genera in proposal 2 mentioned above; Fig. S1 and Table
S5). In agreement, clade 2 was not recovered in our analyses of the
morphological dataset (Fig. 1).

Our favored classification is proposal 2, which maximizes generic
stability and ease of identification, despite the substantial changes re-
quired to the present classification (Table 2). This arrangement solves
the paraphyly of Tetraloniella, comprising species divided between

A. Dorchin et al. Molecular Phylogenetics and Evolution 119 (2018) 81–92

89



various different taxa, a condition unlikely to be resolved with a more
dense sampling. In keeping with our phylogeny, the venusta-group
should be removed from Eucera (Synhalonia) and recognized as a new
genus; a description and revision of this new genus, based on the
morphological apomorphies inferred by our phylogeny (Table S5) and
on morphological comparisons to the original type specimens of all
included species, will be provided in a future paper. We retain Si-
manthedon as a valid genus; and relegate the following taxa as sub-
genera within an expanded genus Eucera (Table 3): Syntrichalonia,
Tetralonia, Cemolobus, Xenoglossa, Peponapis, and Xenoglossodes, as well
as Notolonia and Ulugombakia (syn. nova). Additional taxa, such as
Tetraloniella, are considered as species groups (syn. nova) (see complete
list of synonyms in Table 3). Our revised generic classification may be
criticized by some bee systematists for the invalidation of generic
names representing morphologically distinct lineages, such as Peponapis
and Xenoglossa, However, our proposed classification not only reflects
the phylogenetic relationships in the group, but is practical in terms of
diagnosability (see Results Section 3.4), and results in only six homo-
nymies out of the 172 species here included (according to Ascher and
Pickering, 2016). In fact, this classification has already been im-
plemented within Old-World Eucerini by some authors (Westrich and
Dathe, 1997; Westrich, 2011).

4.2. Subgeneric classification

To reflect existing phylogenetic relationships and the morphological
variation accounted for in numerous previous revisions (see
Introduction, Section 1), we retain seven names as valid subgenera of
the genus Eucera: Tetralonia, Cemolobus, Xenoglossa, Peponapis, Syn-
trichalonia (synonymized above), Synhalonia, and Eucera s.str. (the
latter including all subgenera of Eucera with two submarginal cells plus

Cubitalia, despite the paraphyly of this taxon in ML and morphology-
based analyses). In addition we reestablish Xenoglossodes as an eighth
subgenus, the only name available for the paraphyletic unit including
all species of Tetraloniella in the Nearctic region (Table 1); based on the
positions of the type species of Tetralonia and Tetraloniella (Fig. 2), the
latter becomes a junior synonym of the former and cannot be applied to
these Nearctic species. Future phylogenetic investigations of Xe-
noglossodes, including species from the associated Syntrichalonia and
squash bee clade, should contribute to further partitioning Xe-
noglossodes to several monophyletic subgenera and complete the pro-
posed revision. A similar classificatory compromise was made by Gibbs
et al. (2012), who retained the paraphyletic taxon Lasioglossum sub-
genus Evylaeus until the group was revised and a new classification
proposed (Gibbs et al., 2013).

4.3. Patterns of morphological trait evolution

Our ancestral state construction analysis found that many characters
traditionally used in generic classification of the Eucera complex are in
fact homoplasious (Table S5). For example, our results suggest that the
sparse pollen scopa of the female is an apomorphy arising once in the
ancestor of all squash bees, and at least once more in parallel in the
subgenus Tetralonia (Fig. 2). Most likely this trait constitutes an adap-
tation to collecting pollen from flowers with particularly large pollen
grains: the Malvaceae for some Tetralonia species (Eardley, 1989;
Westrich, 1989) and Cucurbitaceae for the squash bees (Hurd and
Linsley, 1970).

Similarly, the presence and size of the keirotrichiate area, an area of
short, blunt hairs on the inner surface of the hind tibia of the female,
thought to be used for cleaning the wings (Michener, 2007), may be
linked to the mode of pollen transport. We found the keirotrichiae vary

Table 2
Three alternative classification proposals for genera of the Eucera complex found in agreement with the molecular and combined phylogenies (Fig. 2) and their implications. Genera are
followed with the estimated number of species in parenthesis (based on Ascher and Pickering, 2016) and the corresponding clade in Fig. 2 in square brackets. Genera not delimited by
morphological characters under proposal 3 are indicated with an asterisk. Mind that proposal 3 is excluding the rare monotypic genera Notolonia and Ulugombakia that were not studied,
and which are predicted to fall within the genus Tetralonia (clade 5 in Fig. 2).

Proposal Number of
genera

Diagnosability Changes to current
classification

Homonymies
created

Included genera

1 1 Good Major 6 Eucera (393)
2 3 Good Major 6 Simanthedon (1), venusta-group (3), Eucera (389)
3 13 Poor Moderate 1 Simanthedon (1), venusta-group (3), Tetralonia* [clade 5, incl. Tetraloniella] (20),

unnamed group of Nearctic Tetraloniella* [clade 10] (< 31), Xenoglossodes* [clade
11, incl. Tetraloniella albata, Pectinapis, Loxoptilus] (> 7), T. lippiae* (1), T.
sphaeralceae* (1), Cemolobus (1), Xenoglossa [clade 14] (8), Peponapis [clade 15]
(14), Syntrichalonia* [clade 17] (2), Synhalonia* (99), Eucera [clade 19, incl.
Cubitalia] (129)

Table 3
New classification corresponding to proposal 2 in Table 2 for genera of the Eucera complex, with the genus Eucera further partitioned to subgenera. Clades corresponding to taxa are
according to the phylogeny in Fig. 2. Eucera subgenera poorly delimited by morphological traits are indicated with an asterisk. The subgenus Xenoglossodes, including all species of the
present genus Tetraloniella in the Nearctic region, is retained as a paraphyletic unit until studied in more detail. Notolonia and Ulugombakia that were not studied are predicted to fall in the
Eucera subgenus Tetralonia, and Austropeponapis in the subgenus Peponapis, but this should be confirmed in separate studies. Inapplicable data are marked with (–).

Genus (subgenus) Correspondence to clade Available names for species-groups according to the phylogeny

Simanthedon – –
venusta-group – –
Eucera Clade 4 –
Eucera (Tetralonia)* Clade 5 Eucara (incl. Thygatina), Tetraloniella (graja-grp.), Glazunovia
Eucera (Xenoglossodes)* Clade 9 Loxoptilus, Pectinapis
Eucera (Cemolobus) – –
Eucera (Xenoglossa) Clade 14 Xenoglossa, Eoxenoglossa, Xenopeponapis
Eucera (Peponapis) Clade 15 Peponapis, Eopeponapis, Colocynthophila, Xeropeponapis
Eucera (Syntrichalonia)* Clade 17 –
Eucera (Synhalonia)* – Tricincta-grp.
Eucera (Eucera s.str.) Clade 19 Eucera (incl. Hetereucera, Pileteucera, and Pareucera), Pteneucera, Rhyteucera, Agatheucera, Atopeucera (incl. Stilbeucera and

Hemieucera), Cubitalia
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across lineages, particularly among species in the subgenus Eucera s.str.
as newly delimitated (clade 19 in Fig. 2). Thus, a conspicuous keiro-
trichiate area was not phylogenetically conserved in our study. Recently
Portman and Tepedino (2017) demonstrated that transport of pollen
moistened with nectar was associated with long scopal hairs only on the
outer surface of the hind tibia, thus with relatively large keirotrichiate
area, in most species of the bee genera Perdita (Andrenidae) and He-
sperapis (Melittidae). In contrast, certain lineages in both these distantly
related genera that transport dry (or at most “glazed”) pollen were
found to have long scopal hairs also on the inner surface of their hind
tibia, resulting in a reduced keriotrichiate area (Portman and Tepedino,
2017). Thus, bee lineages that transport dry pollen tend to have the
keirotrichiae reduced, and instead have expanded, and often long and
elaborate scopal hairs that alter the binding properties of nectar in
moist-transporting lineages. Similarly, females of the traditional Eucera
s.str. (as in Michener, 2007), like Cubitalia, have a large keirotrichiate
area (Figs. 1 and 2) and appear to transport moistened pollen, while
those species in Hetereucera or Synhalonia that have a small keiro-
trichiate area transport dry pollen (AD, personal observations on the
species presented in Figs. 1 and 2).

4.4. Biogeography

Our results indicate the Eucera complex originated in the Nearctic
region, in line with the limitation of early diverging lineages of this
complex, the venusta-group and Simanthedon, to the Nearctic, and with
the higher generic diversity of the Eucerini in general in the Western
Hemisphere (Michener, 2007; Praz and Packer, 2014). Our analyses
favored a scenario (scenario 1a) with at least two faunal exchanges
between Old and New World. Interestingly, the older of these ex-
changes occurred between 24.2 and 16.6mya in the MRCA of a clade of
late emmerging summer bees currently restricted to warm regions of
the Old World (Clade 5, the subgenus Tetralonia as here understood).
The younger colonization of the Old World from the Nearctic was in-
ferred to have occurred between 13.9 and 12.3mya in the MRCA of
Eucera s.str. + Synhalonia, a clade of mostly early emmerging spring
flying bees inhabiting comparatively cool regions of the Holarctic,
northwards to Scandinavia and Russia in Euro-Asia (Kuhlmann et al.,
2017) or southern Canada in North America (Ascher and Pickering,
2016). Wolfe (1994) estimated that the MAT at paleolatitude 60°N, the
latitude of Beringia, declined to 7 °C at the beginning of the Homerian
period of the Miocene (13–8mya). He, however, mentions that while
winter average temperatures fluctuated around ∼4 °C, summer tem-
peratures remained around 14 °C (Wolfe, 1994). Thus, dispersal via the
Bering land bridge was the most likely route of dispersal for both the
warm-adapted Eucera (Tetralonia), at a time of a climatic optimum, and
the cold-adapted ancestor of Eucera s.str. + Synhalonia at the initiation
of a global cooling period. Taken together, our results join the con-
clusions of previous studies documenting the role of Beringia as a cli-
mate-regulated corridor for trans-hemispheric dispersal in bees (Hines,
2008; Praz and Packer, 2014; Trunz et al., 2016).

A third dispersal event, the colonization of the Nearctic by Eucera
(Synhalonia) originating in the Palearctic, is suggested by a second most
likely scenario of the Lagrange model (scenario 1b). We consider sce-
nario 1b more likely than scenario 1a preferred by the model as sce-
nario 1a implies that ancestors of Synhalonia would have maintained
their Holarctic distribution for nearly 10 million years, throughout a
period of rapid global climate change.

5. Conclusions

In this study we present the first comprehensive phylogeny of the
diverse and widely distributed Eucera complex, and include a biogeo-
graphic hypothesis for this important clade of pollinators. We propose a
new generic and subgeneric classification for the group by comparing
morphological and molecular evidence. Conspicuous morphological

characters traditionally used in the generic classification of bees (e.g.,
external structures of various body parts, wing venation, and various
forms of hairs) may prove of limited value because of sometimes ram-
pant homoplasy across distantly related lineages as demonstrated here
and shown in other speciose long-tongued bee groups (Litman et al.,
2016; Trunz et al., 2016; Rightmyer et al., 2013). We show that two
submarginal cells, the first characteristic used for the delineation of
genera in the Eucerini, is an apomorphy that may have arisen more
than once, shared by a group derived from a paraphyletic assemblage of
three-celled lineages. Also in the Eucerini, the density of scopal hairs
and the size of the keirotrichiate area are homoplasious characters
possibly associated with the different pollen types collected or the
pollen transport method used. An emphasis on the function of char-
acters, and an evaluation of whether convergent loss or gain of char-
acters can be easily attained may help avoiding the use of potentially
homoplasious characters for the establishment of classifications.
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