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Colletes Latreille (Hymenoptera: Colletidae) is a diverse genus with 518 valid species distributed in all biogeographic realms, except Australasia and Antarctica. Here we provide a comprehensive dated phylogeny for
Colletes based on Bayesian and maximum likelihood-based analyses of DNA sequence data of six loci: 28S rDNA,
cytochrome c oxidase subunit 1, elongation factor-1α copy F2, long-wavelength rhodopsin, RNA polymerase II
and wingless. In total, our multilocus matrix consists of 4824 aligned base pairs for 143 species, including 112
Colletes species plus 31 outgroups (one stenotritid and a diverse array of colletids representing all subfamilies).
Overall, analyses of each of the six single-locus datasets resulted in poorly resolved consensus trees with conflicting phylogenetic signal. However, our analyses of the multilocus matrix provided strong support for the
monophyly of Colletes and show that it can be subdivided into five major clades. The implications of our phylogenetic results for future attempts at infrageneric classification for the Colletes of the world are discussed. We
propose species groups for the Neotropical species of Colletes, the only major biogeographic realm for which no
species groups have been proposed to date. Our dating analysis indicated that Colletes diverged from its sister
taxon, Hemicotelles Toro and Cabezas, in the early Oligocene and that its extant lineages began diversifying only
in the late Oligocene. According to our biogeographic reconstruction, Colletes originated in the Neotropics (most
likely within South America) and then spread to the Nearctic very early in its evolutionary history. Geodispersal
to the Old World occurred soon after colonization of the Northern Hemisphere. Lastly, the historical biogeography of Colletes is analyzed in light of available geological and palaeoenvironmental data.

1. Introduction
With 518 valid described species, the cellophane bee genus Colletes
Latreille (Hymenoptera: Colletidae) is the seventh-most diverse of all
bee genera and second among colletids, after Hylaeus Fabricius (Ascher
and Pickering, 2019). The actual species richness of Colletes, however,
has been estimated to be closer to 700 (Kuhlmann et al., 2009). The
genus has received a significant amount of taxonomic attention over the
past decade resulting in a large number of new species (> 70 spp.)
being described (Kuhlmann, 2014a,b; Kuhlmann and Proshchalykin,
2011, 2013, 2014a, 2015, 2016; Kuhlmann and Pauly, 2013;
Proshchalykin and Kuhlmann, 2015; Niu et al., 2013a, b, 2014; Ferrari
and Silveira, 2015; Hall et al., 2016; Balboa et al., 2017; Ferrari, 2017,
2019). Unlike most colletid genera, which have a comparatively restricted geographic distribution, Colletes is found in all biogeographic
realms except Australasia and Antarctica (Michener, 1989, 2007;
⁎

Kuhlmann et al., 2009; Bystriakova et al., 2018; Ascher and Pickering,
2019). A recent analysis of the environmental factors determining the
global distribution of Colletinae demonstrated that their highest species
richness is in the semi-arid regions located at middle latitudes
(Bystriakova et al., 2018). Contrary to Colletes, the other genera of
Colletinae—Hemicotelles Toro and Cabezas (2 spp.), Mourecotelles Toro
and Cabezas (12 spp.) and Xanthocotelles Toro and Cabezas (11
spp.)—are all confined to South America, most of them to the subtropical and temperate portions of Chile and Argentina (Moure et al.,
2007, 2012). It is important to emphasize that the generic classification
of Colletinae is controversial, with the number of genera accepted
varying from two to six among authors (Toro and Cabezas, 1977, 1978;
Michener, 1989, 2007; Moure and Urban, 2002; Moure et al., 2007,
2012; Ascher and Pickering, 2019).
Colletes are typically robust, mid-sized (8–15 mm) bees with relatively dense pubescence compared to most other colletids (Michener,
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1989, 2007). Morphological synapomorphies supporting the monophyly of the genus include the form of the subhorizontal surface of the
metapostnotum which has a series of longitudinal carinae or sinuous
striae in both sexes (unique within Colletinae), forewings with a sigmoidal second recurrent vein in both sexes (unique among all bees),
and T1 subequal in length to T2 in males (unique within Colletinae).
Colletes is also monophyletic according to maximum parsimony
(Kuhlmann et al., 2009) and Bayesian (Almeida and Danforth, 2009;
Almeida et al., 2012, 2019) analyses of DNA sequence data; the former
publication provided the most comprehensive phylogeny for Colletes so
far (91 spp.; Kuhlmann et al., 2009) based on two genes (28S rDNA and
cytochrome c oxidase subunit 1).
With the exception of the subgenus Ptilopoda Friese, which was
proposed for an unusual species (C. maculipennis Friese [= C. spilopterus
Cockerell]) with spotted wings from Central America (Friese, 1921), no
infrageneric classification for Neotropical Colletes has been suggested
(Michener, 2007; Kuhlmann et al., 2009). All subgroups proposed
within the genus so far—the species groups defined by Noskiewicz,
Stephen and Kuhlmann as well as all other subgenera (Albocolletes
Warncke, Denticolletes Noskiewicz, Elecolletes Warncke, Nanocolletes
Warncke, Pachycolletes Bischoff, Rhinocolletes Cockerell and Simcolletes
Warncke)—cover exclusively the Nearctic and/or Old World (OW)
faunas (Noskiewicz, 1936; Stephen, 1954; Stoeckhert, 1954; Warncke,
1978; Kuhlmann, 2014). All subgenera were subsequently ignored with
the justification that they had been described for either a single unusual
species (Denticolletes, Ptilopoda and Rhinocolletes) or for artificial groups
of rather ordinary species (Pachycolletes and Warncke’s subgenera) with
a restricted geographic distribution in the western Palaearctic
(Michener, 1989, 2007). More recently, Kuhlmann et al. (2009) reassessed the status of the available subgenera from the OW and proposed an updated infrageneric classification for the lineages found
there, based on their phylogenetic results. Meanwhile, the phylogenetic
relationships among the New World (NW) lineages of Colletes remain
poorly understood. The Neotropical Colletes in particular have historically received much less taxonomic attention compared to those from
the other biogeographic realms (Michener, 2007: 169). However, a
series of recently published revisions have significantly augmented our
knowledge of Neotropical Colletes, thus reducing the taxonomic impediment pertaining to them (Toro, 1999; Genaro, 2003; Ferrari and
Silveira, 2015; Balboa et al., 2017; Ferrari, 2017, 2019).
Resolving the relationships among Neotropical species of Colletes, in
particular those found in South America where the genus most likely
arose (Michener, 1979, 1989, 2007; Kuhlmann et al., 2009; Almeida
et al., 2012), would be pivotal in attempting to understand the historical biogeography of the genus and the subfamily as a whole. The hypothesis that the ancestral Colletes may have inhabited South America
was first suggested by Michener (1979), but only recently has it become
supported by phylogenetic evidence (Kuhlmann et al., 2009; Almeida
et al., 2012). It has been hypothesized that from South America Colletes
spread to North America and then to the OW (Kuhlmann et al., 2009).
The crown age of Colletes has been dated to the early Oligocene (c. 30
million years ago [Mya]; Almeida et al., 2012), which coincides approximately with the timing of the complete fragmentation of Gondwana (Upchurch, 2008). Molecular biogeographic studies have revealed that the processes that culminated in the formation of the
current southern continents (Africa, Antarctica, Oceania and South
America) played an important role in the diversification of many animal groups (e.g. ratites [Cooper et al., 2001], chironomids [Krosch
et al., 2011], osteoglossiform fishes [Lavoué, 2016], frogs [Feng et al.,
2017]), including bees (e.g. megachilids [Litman et al., 2011] and, more
specifically, colletids [Almeida et al., 2012, 2019]).
In this study, the evolutionary and biogeographic histories of
Colletes are investigated. Here we provide a comprehensive phylogeny
for the genus based on Bayesian and maximum likelihood-based (ML)
analyses of nuclear and mitochondrial DNA data for 112 species, representing groupings from throughout the range of the genus. We do

this with the following objectives: (i) to determine the little known
relationships among the NW lineages of Colletes and thus provide a
basis for future systematic studies; (ii) to assess the validity of the
currently available subgenera from the OW; and (iii) to reconstruct a
biogeographic scenario that explains the current distribution of the
genus around the globe in light of geological and palaeoenvironmental
data.
2. Material and methods
2.1. Taxon sampling and specimens studied
The subfamilial classification of Colletidae adopted herein follows
Almeida et al. (2019), in which Paracolletes Smith is a member of Diphaglossinae, Callomelitta Smith is in its own subfamily, and the other
genera traditionally classified in Paracolletinae (e.g. Michener, 2007, as
Paracolletini) are considered to belong to Neopasiphaeinae. Our taxon
sampling comprises 143 species, 31 of which were sampled as outgroups and 112 are Colletes (Table S1). Among the outgroups, 22 species were chosen to represent the diversity within all colletid subfamilies based on previous phylogenetic analyses (Magnacca and
Danforth, 2006; Packer, 2008; Almeida and Danforth, 2009; Almeida
et al., 2012, 2019). They belong to the following subfamilies: Callomelittinae (1 sp.), Diphaglossinae (3 spp.), Euryglossinae (3 spp.), Hylaeinae (4 spp.), Neopasiphaeinae (5 spp.), Scrapterinae (2 spp.) and
Xeromelissinae (4 spp.). We also sampled eight species of the other
genera of Colletinae – Hemicotelles (1 sp.), Mourecotelles (2 spp.) and
Xanthocotelles (5 spp.) – the closest relatives of Colletes (Michener, 1989,
2007; Kuhlmann et al., 2009). The generic classification of Colletinae
follows Toro and Cabezas (1977, 1978), in which Hemicotelles and
Xanthocotelles are recognized as genera (as opposed to subgenera of
Mourecotelles; as in Michener, 2007) and Rhynchocolletes Moure is a
junior synonym of Colletes (rather than a senior synonym of Mourecotelles; as in Moure et al., 2007, 2012). Finally, one stenotritid (Stenotritus sp.) was sampled to root the trees given that Stenotridae is the
sister taxon of Colletidae (McGinley, 1980; Danforth et al., 2006a,
2006b; Almeida and Danforth, 2009; Almeida et al., 2012, 2019;
Branstetter et al., 2017; Sann et al., 2018). Among the sampled Colletes,
74 species are from the NW resulting in the most comprehensive sampling of NW fauna of the genus assembled by a phylogenetic study to
date. Of these, 30 species are from the Nearctic, representing 13 of the
18 species groups proposed by Stephen (1954) for North American
Colletes (the single representative of the C. impunctatus Nylander group
actually belongs in the C. clypearis Morawitz group from the Palaearctic; see Kuhlmann et al., 2009); the other 44 species are from the
Neotropics. With regard to the OW Colletes, we included 38 species,
ensuring that all major clades recovered in Kuhlmann et al.’s (2009)
phylogeny were represented in our analyses. All subgenera, including
Rhinocolletes (which was not sampled by those authors), as well as 30 of
the 40 species groups that have been proposed for the OW Colletes
(Noskiewicz, 1936; Kuhlmann et al., 2009; Kuhlmann, 2014b) were
included.
The locality, taxonomic and repository information of all studied
specimens is listed in Table S2. Most were collected by the authors of
the present study; however, some were either borrowed from museums
or donated by collaborators (listed under Acknowledgements). The
Neotropical Colletinae were identified by the senior author (RF) with
available keys (Cockerell, 1913, 1914; Toro and Cabezas, 1977, 1978;
Genaro, 2003; Ferrari and Silveira, 2015; Balboa et al., 2017) and/or by
comparison with primary types, as part of the revisions by Ferrari
(2017, 2019). Identifications of Nearctic Colletes were made by TO and
corroborated by RF with reference to the original descriptions and
available keys (Stephen, 1954; Mitchell, 1960; Ascher and Pickering,
2019) and examination of the male seventh sternum, which is usually
diagnostic. All OW Colletes had been identified by an expert on the
genus (M. Kuhlmann, Kiel University), except for a few species which
2
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were identified by RF with the keys for the Eastern European
(Proshchalykin and Kuhlmann, 2012; Kuhlmann and Proshchalykin,
2014b) and Ethiopian (Kuhlmann and Pauly, 2013) faunas. Specieslevel identification of most specimens was subsequently confirmed
through DNA barcoding.

amplifications are in Tables S3 and S4, respectively.
2.3. DNA extraction, amplification and sequencing
The bee specimens from which we extracted DNA were collected in
the field, where they were killed and preserved in individual scintillation vials containing absolute ethanol. These were then kept in a
−20 °C freezer until the specimens were further processed. In most
cases, muscle tissue was obtained by grinding the entire specimen’s
mesosoma with a polypropylene pellet pestle after immersing both in
liquid nitrogen within an Eppendorf tube. To permit subsequent morphological analysis of rare specimens, we detached the head, prosternum, propleura and forelegs and then removed as much muscle
tissue as possible from the inside of the exposed mesosomal cavity using
extrafine forceps that had previously been flame-sterilized. The obtained tissue was then ground as above. Total DNA was extracted using
a Mag-Bind® Blood DNA HDQ 96 Kit in Professor Amro Zayed’s laboratory at York University, as outlined in detail in Onuferko et al.
(2019).
The fragments of the five nuclear loci were amplified with the following primers: 28S – Bel28S-For (Belshaw and Quicke, 1997) and
28SD4-Rev (Danforth et al., 2006a); EF1a – HaF2For1 and F2-rev1
(Danforth et al., 1999); opsin – Opsin-For and Opsin-Rev (Mardulyn and
Whitfield, 1999); pol II – polfor2a and polrev2a (Danforth et al.,
2006a); wingless – Wg-Collet-For (Almeida and Danforth, 2009) and
Lep-Wg2a-Rev (Brower and DeSalle, 1998). The primer sequences are
given in Table S4 and the amplification protocols followed Onuferko
et al. (2019). We assessed the quality of the crude PCR products by
running 5 μL of each sample in agarose-gel electrophoresis. Goodquality, contaminant-free PCR products, represented as single well-defined bands of the appropriate size, were sent to Bio Basic Inc. for
purification and Sanger sequencing. PCR products were sequenced in
both directions with the same primers used in the PCRs.

2.2. Gene locus selection
The dataset used in our phylogenetic analyses consisted of fragments of four nuclear protein-coding genes (elongation factor-1α copy
F2 [EF1a], long-wavelength rhodopsin [opsin], RNA polymerase II [pol
II], and wingless) as well as a 658 bp segment of one mitochondrial
protein-coding gene (cytochrome c oxidase subunit 1 [COI]—the DNA
barcode region), and one nuclear ribosomal RNA locus (28S rDNA large
subunit [28S]). A combination of these loci has been extensively employed in molecular phylogenies of bees over the past two decades
(Leys et al., 2002; Brady and Danforth, 2004; Danforth et al., 2004,
2006a, 2006b, 2008; Brady et al., 2006, 2011; Larkin et al., 2006;
Cameron et al., 2007; Almeida et al., 2008, 2012, 2019; Kawakita et al.,
2008; Praz et al., 2008; Almeida and Danforth, 2009; Cardinal et al.,
2010; Flores-Prado et al., 2010; Rasmussen and Cameron, 2010; Litman
et al., 2011, 2016; Payne, 2014; Praz and Packer, 2014; Martins and
Melo, 2016; Trunz et al., 2016; Onuferko et al., 2019), including Colletes (Kuhlmann et al., 2009).
Given that the vast majority of the currently available DNA data for
Colletes had been obtained from OW species (see Kuhlmann et al.,
2009), we focused our efforts on sequencing as many NW species of the
genus as possible. In total, we sequenced 63 NW Colletes species for at
least five of our six targeted genes (Table S1). Additional Colletinae for
which a full (or nearly full) dataset was available included eight OW
species of Colletes and eight species from among the other three genera
of the subfamily (Table S1). The xeromelissine Chilicola longiceps
(Ashmead), which belongs in the same subgenus (Hylaeosoma Ashmead) as the only two known colletid fossils—Ch. gracilis Michener and
Poinar and Ch. electrodominica Engel (Michener and Poinar, 1996;
Engel, 1999; Miklasevskaja, 2017)—was also sequenced. Most barcodes
used in our analyses are published here for the first time (see Table S3);
the remainder have either been published in a recent taxonomic revision of the Colletes species found in Eastern South America (Ferrari,
2019) or as part of a comprehensive phylogenetic study of the associated cuckoo-bee genus Epeolus Latreille (Hymenoptera: Apidae;
Onuferko et al., 2019). Data for all other outgroups and OW species of
Colletes were obtained from GenBank. While sequences of all loci were
available for nearly all outgroups, only COI and 28S sequences were
available for most OW Colletes. Sequences of three South American
species of Colletes – C. bicolor Smith, C. furfuraceus Holmberg and C. sp.
1 – were also obtained from GenBank (see Table S1).
To augment our taxon sampling for Neotropical Colletes, we added
DNA barcodes for 15 species from six different countries (Tables S1 and
S2), all of which had been assigned separate Barcode Index Numbers,
which represent operational taxonomic units (OTUs) that closely correspond with real species (Ratnasingham and Hebert, 2013). The use of
DNA barcodes to maximize the representability of highly diverse genera
in molecular phylogenies has recently been shown to yield useful results (e.g. Trunz et al., 2016; Onuferko et al., 2019). Due to a lack of
revisions and keys, we could not confirm the species-level identities of
these 15 OTUs and instead identified them by numbers. All previously
obtained DNA barcodes available through collaborators (see Acknowledgements) and new DNA barcode sequences were generated at the
Canadian Centre for DNA Barcoding (CCDB) at the University of Guelph
Centre for Biodiversity Genomics (Guelph, Canada) using standard
protocols (as in Gibbs, 2009). Resulting DNA barcodes were uploaded
to the Barcode of Life Data System (BOLD) online database
(Ratnasingham and Herbert, 2007), where their trace files were inspected for quality. The list of the species for which DNA barcodes were
obtained from BOLD and the primer sequences used in the

2.4. Sequence assembly and alignment
The resulting two strands of each sequenced sample were assembled
into single sequences in Sequencher v.5 using the default parameters of
the automatic assembling option (Dirty data, with ReAligner, 3′ gap
placement: minimum overlap 20, minimum match 85%). Final sequences were then exported to Mega v.5.2.2 (Tamura et al., 2011)
where they were aligned with the algorithm Muscle v.3.3.2 (Edgar,
2004) using default parameters (gap open −400, gap extend 0, lambda
24). This procedure was done for each gene separately. We trimmed the
longest sequence(s) within each single-locus block to eliminate regions
that were poorly represented (i.e. present in fewer than half of the
sampled taxa). In particular, the sequences of the outgroup species
obtained from GenBank were often longer than the newly generated
sequences presented herein. Regions of 28S where the alignment was
ambiguous were also discarded. The boundaries between exons and
intron(s) of EF1a (one intron) and opsin (two introns) were assessed by
comparing our sequences with those of Apis mellifera Linnaeus
(Danforth et al., 2006a, b). Introns of opsin sequences of outgroups
(non-Colletes Colletinae excepted) could not be satisfactorily aligned
and were also discarded. Lastly, the nucleotide sequences were translated into peptide sequences to establish correct reading frames and
verify the absence of stop codons in exons. The final length of each
single-locus sequence matrix was as follows: 28S (1266 bp), COI
(657 bp), EF1a (1004 bp), opsin (667 bp), pol II (811 bp) and wingless
(419 bp) for a total of 4824 bp.
2.5. Data partitioning and undated phylogeny estimation
First, each single-locus matrix was individually exported to
Mesquite v.3.6 (Maddison and Maddison, 2018) to be converted into
appropriate CFG files for subsequent analyses. The best partitioning
3
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scheme and model of DNA evolution was selected for each locus using
PartitionFinder v.2.1.1 based on the Bayesian Information Criterion
(BIC) using the ‘greedy’ algorithm (Lanfear et al., 2016). The partitions
and respective models determined for each single-locus matrix were as
follows: 28S – not partitioned (SYM + Γ + I); COI – 1st and 2nd positions (GTR + Γ + I), 3rd positions (HKY + Γ + I); EF1a – 1st and 2nd
positions of exons, 3rd positions of exons, intron (HKY + Γ + I); opsin
– 1st and 2nd positions of exons, 3rd positions of exons, introns
(K80 + Γ + I); pol II – 1st and 2nd positions, 3rd positions (HKY + G);
wingless – 1st and 2nd positions, 3rd positions (GTR + Γ + I).
Single-locus trees were then estimated through Bayesian phylogenetic analyses with the models indicated above. All analyses were
conducted remotely in the CIPRES Science Gateway v.3.3 (Miller et al.,
2010) using MrBayes v.3.2.6 (Huelsenbeck and Ronquist, 2001;
Ronquist et al., 2012). The number of species included in each analysis
varied from 73 (pol II) to 130 (COI) depending on the amount of
missing data. We performed two independent MCMC runs (each containing four chains) for 5 × 107 generations, sampling trees and model
parameters every 103 generations. The samples obtained during the
initial 5 × 106 generations (10%) were discarded as burn-in. Convergence of the two runs, stationarity of the model parameters and
length of burn-in were assessed in Tracer v.1.7.1 (Rambaut et al.,
2018a, 2018b). Additional convergence diagnostics included the standard deviation of split frequencies (threshold 10-2), minimal estimated
sample sizes (threshold 104) and potential scale reduction factor (equal
or very close to 1). Trees were visualized and annotated in FigTree
v.1.4.4 (Rambaut, 2016). Support for the clades indicated in the trees
was represented by their posterior probabilities, which, in turn, were
calculated as the percentage of sampled trees from the stationary distribution in which a given clade was recovered.
We also investigated the evolutionary history of Colletes by performing multilocus phylogenetic analyses. The individual single-locus
matrices were concatenated into a single matrix 4824 bp in length
while maintaining the 13 partitions (and corresponding best models of
DNA evolution) that had previously been indicated by PartitionFinder.
A multilocus Bayesian tree was then estimated in MrBayes following the
aforementioned phylogenetic methods. Additionally, we conducted a
ML analysis of the multilocus matrix using RAxML v.8 (Stamatakis,
2014) in CIPRES. The ML analysis was performed through 103 bootstrap (BS) replicates in which the GTR model with a gamma distribution
was applied for each partition.

electrodominica from Miocene amber (Michener and Poinar, 1996;
Engel, 1999). BEAST 2 was run for 108 generations, with sampling
occurring every 103 generations. Resulting trace files were imported
into Tracer to check for convergence and stationarity and identify the
appropriate burn-in. After discarding the trees sampled during the
burn-in phase (10%), a maximum clade credibility (MCC) tree was
sampled in TreeAnnotator v.2.5.2 using common ancestor heights
(Drummond et al., 2012). The resulting MCC tree was then visualized
and edited in FigTree.
2.7. Biogeographic analysis
We investigated the historical biogeography of Colletes by reconstructing ancestral geographic ranges for its nodes. This approach
allowed us to infer the events (vicariance, geodispersal) that best explain the current distribution of Colletes globally. To accomplish this,
we performed likelihood-based dispersal-extinction-cladogenesis (DEC;
Ree et al., 2005; Ree and Smith, 2008) analysis in RASP v.4.1 (Yu et al.,
2015) using the package BioGeoBEARS (Matzke, 2013). We did not
incorporate into our DEC analysis the J-parameter, which allows for
speciation through long-distance geodispersals (Matzke, 2014), for two
reasons. First, such geodispersal events appear very improbable for
ground-nesting Colletes which usually fly for short distances (Peakall
and Schiestl, 2004). Second, Ree and Sanmartín (2018) demonstrated
empirically that the DEC + J model may be highly unparsimonious in
some biogeographic reconstructions. Ancestral ranges were plotted
onto the MCC tree from BEAST 2. Herein, five biogeographic areas were
recognized – (A) Neotropics, (B) Nearctic, (C) Palaearctic, (D) Afrotropics and (E) Indo-Malayan – following the boundaries of Olson et al.
(2001: see Fig. 1). The sources of the geographic data for the Colletinae
were threefold: (i) comprehensive online databases of bee records
(Moure et al., 2012; Ascher and Pickering, 2019), (ii) recently published revisionary studies of South American Colletes (Ferrari and
Silveira, 2015; Ferrari, 2017, 2019) and (iii) discussions with an expert
on OW Colletes (M. Kuhlmann, pers. comm.). We constrained the analyses to allow no ancestral species to occupy more than two areas (as in
Voelker, 1999; Praz and Packer, 2014; Trunz et al., 2016). Doing so
ensured that unrealistic combined ranges (e.g. Nearctic plus IndoMalay) were excluded. Probabilities were set to 1.0 for geodispersal
among adjacent areas (e.g. Palaearctic and Indo-Malay).
3. Results

2.6. Dated phylogeny estimation

3.1. Power of resolution and phylogenetic signal of different loci

A dated multilocus phylogeny for the sampled taxa was estimated in
a Bayesian framework, using an uncorrelated lognormal relaxed clock
model (Drummond et al., 2006) in BEAST 2 (Bouckaert et al., 2014).
This analysis was also conducted remotely in CIPRES. First, the multilocus matrix was imported into BEAUti v.2.5.2 (Bouckaert et al., 2014)
where the ‘BEAST Model Test’ option was selected for each partition to
search for the best models of DNA evolution. Unlike other methods in
which the best models are determined a priori, with this option the best
models are determined simultaneously with phylogenetic estimation.
Substitution models were unlinked across partitions, whereas the trees
and clock models were linked (see Drummond et al., 2015). The ‘Calibrated Yule Model’ with a random starting tree was defined as the tree
prior, and two calibration points were used to time-calibrate the tree, as
follows. The node representing the most recent common ancestor
(MRCA) of Colletidae and Stenotritidae was given a lognormal distribution (log[mean] 4.249, log[SD] 0.153 [which corresponds to a
95% quantile of 90 Mya, with a median value of 70 Mya]) based on the
phylogenomic analysis of Apoidea by Sann et al. (2018). A second
lognormal distribution (log[mean] 3.41, log[SD] 0.247 [which corresponds to a 95% quantile of 45 Mya, with a median value of 30 Mya])
was assigned for the MRCA of Ch. longiceps and Ch. rostrata (Friese),
based on the estimated age of the fossil species Ch. gracilis and Ch.

Our results showed that the power of resolution of each of the six
single-locus analyses (Figs. S1–S6) was relatively low, even though
support for the retrieved clades was moderate to strong overall—the
proportion of highly-supported clades (PP 90–100) varied between 53
and 68% among loci. While opsin yielded the most resolved tree (Fig.
S4), which contained roughly 81% of the maximum possible number of
internal nodes (68 of 84), the analysis of 28S resulted in a largely unresolved tree (Fig. S1) with merely 49% of the maximum possible
number of internal nodes being recovered (59 of 120; note that the
denominator depended on the number of taxa for which sequences were
available). The analyses of the other four loci yielded intermediate results (see Figs. S2, S3, S5 and S6). In general, the nuclear protein-coding
genes and 28S were very efficient at resolving the deeper relationships
(including those among the outgroups), whereas COI resolved mostly
the shallower ones.
Overall, the phylogenetic signal was incongruent across single-locus
datasets (Fig. 1). COI (Fig. S1) and 28S (Fig. S2) yielded the most
contradictory topologies in comparison to the one resulting from the
multilocus analysis (Fig. 1), although it should be noted that for c. 35%
of the sampled species these were the only data available (Table S1). In
turn, the phylogenetic signal of both EF1a and pol II were largely
4
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Fig. 1. Bayesian tree obtained through
analysis of the multilocus data matrix
in MrBayes. Phylogenetic signal of, and
topological congruence between, each
individual locus with respect to the
multilocus analysis are depicted according to the colour codes shown in
the box on the left. ‘Not applicable’
means that topological congruence
could not be assessed because taxon
sampling for the corresponding locus
was insufficient. Numbers below internal branches are posterior probabilities of the clades retrieved in the
multilocus analysis. The positions of C.
acutus, C. cunicularius, C. graeffei and C.
sierrensis (grey) are questionable. Boxed
numbers from 1 to 5 indicate the five
major clades of Colletes. Exemplars illustrating some of the diversity of
Colletes are: female C. cyaniventris
(clade 1), female C. clypeonitens (clade
2), female C. zuluensis (clade 3), female
C. halophilus (clade 4) and female C.
petropolitanus (clade 5).

congruent with that of the multilocus dataset (Fig. 1; see also Figs. S3
and S5, respectively). However, an important exception to the aforementioned patterns is that, while Colletes was recovered as monophyletic with maximum support in both analyses of 28S (Fig. S1) and

the multilocus dataset (Fig. 1), its monophyly was contradicted by the
analysis of EF1a (Fig. S3). In the latter, Hemicotelles ruizii (Herbst) was
recovered as the sister species of C. cyanescens (Haliday) plus C. musculus Friese, suggesting paraphyly of Colletes (Fig. S3). Additionally, the
5
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Fig. 2. Maximum clade credibility tree inferred through Bayesian analysis of the multilocus data matrix in BEAST 2. Colour-coded, vertical bars on the right depict
the infrageneric classification of Colletes proposed in this paper. Numbers below internal branches are posterior probabilities of the corresponding clades. The
positions of C. acutus, C. cunicularius, C. graeffei and C. sierrensis (grey) are questionable. Boxed numbers from 1 to 5 at nodes show the five major clades of Colletes;
boxes with numbers followed by letters indicate other clades of relevance mentioned in the text. The exemplar at the node of Colletes is a female C. zuluensis.
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analysis of COI placed the species of Mourecotelles within a large
polytomy containing the bulk of the species of Colletes, thus also rendering the latter paraphyletic (Fig. S2). However, while analysis of pol
II (Fig. S5) was inconclusive, Colletes was recovered as a strongly-supported monophyletic group in both separate analyses of opsin (Fig. S4)
and wingless (Fig. S6).

remain unplaced in subgenera, a number of them belong in Pachycolletes. Colletes albomaculatus (Lucas) is an isolated taxon in the phylogeny—the type species of the subgenus Albocolletes. Colletes albomaculatus was recovered as the sister species of all Colletes excluding those
of clade 1 with maximum support. The second isolated branch corresponds to C. acutus, whose relationship to other Colletes remains unclear
as the node placing it as sister to clade 4 plus clade 5 was weakly
supported.

3.2. Multilocus analyses
The Bayesian (Figs. 1 and 2) and ML (Fig. S7) analyses conducted
with the multilocus dataset resulted in trees with very similar topologies. The monophyly of Colletes and its placement as sister to Hemicotelles were strongly supported (PP 100 and BS > 90) in all analyses.
Together, the two genera were placed as sister to the clade containing
Mourecotelles and Xanthocotelles, which, in turn, were also recovered as
reciprocally monophyletic with strong support (PP 100 and BS 92).
There, however, were some topological differences between the Bayesian and ML trees (in the following the first and second patterns were
those from the Bayesian and ML analyses, respectively): (i) C. fulvipes
Spinola was recovered as sister to either C. chusmiza Rojas and Toro
(Fig. 2) or C. flaminii Moure (Fig. S7); (ii) C. nigropilosus Ferrari formed
a monophyletic group with either C. atacamensis Janvier plus C. striginasis Vachal (Fig. 2) or with C. alocochila Moure (Fig. S7); (iii) C. acutus
Pérez was placed in either a separate branch (Figs. 1 and 2) or as sister
to the clade containing the largest representatives of Pachycolletes, the
members of Nannocolletes plus the Afrotropical Colletes except C. somereni Cockerell (Fig. S7); (iv) the C. fodiens (Fourcroy) group either was
rendered paraphyletic by C. nasutus Smith plus C. wolfii Kuhlmann
(Fig. 2) or constituted a monophyletic group (Fig. S7); (v) C. annejohnae
Kuhlmann plus C. roborovskyi Friese were recovered as more closely
associated with the C. conradti Noskiewicz plus C. clypearis groups
(Fig. 2) than with the C. succinctus (Latreille) plus C. caspicus Morawitz
groups (Fig. S7); and (vi) C. perileucus Cockerell was placed as sister to
either the clade containing the C. willistoni Robertson and C. consors
Cresson groups (Fig. 2) or to the one which included the C. intermixtus
Swenk and C. cunicularius (Linnaeus) groups (Fig. S7).
Our preferred phylogenetic tree (Fig. 2) indicated that Colletes can
be divided into five major clades and two isolated single-species
lineages, as follows. A strongly-supported clade (clade 1) containing
exclusively South American species was recovered as the sister group to
all remaining Colletes. Clade 1 encompassed four subclades (clades
1A–1D) each of which was retrieved with maximum support; none
belong to any of the previously described subgenera of Colletes. A
second, small clade (clade 2) was recovered with maximum support and
included four species from the Nearctic/northern Neotropics: two of
them, C. clypeonitens Swenk and C. compactus Cresson, remain unplaced
to subgenus at present (the identity of the other two species could not
be determined). A third, weakly-supported clade (clade 3) consisted of
three members of Pachycolletes (clade 3A), all sampled Nanocolletes
(clade 3B) and all but one of the included Afrotropical species (clade
3C) that belong in none of the currently available subgenera. While
clade 3A was relatively weakly supported, clades 3B and 3C as well as
the sister-group relationship between the two were recovered with
maximum support. A fourth, relatively weakly supported clade (clade
4) included species from a range of named subgenera. Clade 4A was
well supported and included all species of Elecolletes that we sampled. It
was placed as sister to a weakly-supported clade (clade 4B) which included, among others, the type species of four different available subgenera: C. graeffei Alfken (Denticolletes), C. nasutus (Rhinocolletes), C.
succinctus (Colletes s. str.) and C. similis Schenk (Simcolletes). Within
clade 4B, the species of the C. similis group formed a monophyletic
group with C. nasutus and C. wolfi (clade 4Bi), which does not include
the other species of Simcolletes (placed in clade 4Bii). The fifth clade
(clade 5), which was recovered with moderate support, consisted solely
of NW Colletes with the exception of C. cunicularius, a widespread species in the Palaearctic. While the bulk of species included in clade 5

3.3. Divergence time estimates and historical biogeography
Our analysis in BEAST 2 (Figs. 2 and S8) suggested that the MRCA of
Colletinae arose in the early Eocene (stem age 51.2 Mya, 95% highest
probability density [HPD] 68.4–38.2 Mya). The extant colletines,
however, likely began diversifying only in the middle Eocene (crown
age 39.9 Mya, 95% HPD 51.2–27.8 Mya). The analysis also suggested
that Colletes and Hemicotelles diverged from one another in the late
Eocene (stem age 35.8 Mya, 95% HPD 47.4–25.7 Mya), and that the
diversification of extant Colletes began in the early Oligocene (crown
age 30.7 Mya, 95% HPD 40.1–21.4 Mya). The crown ages of all five
major clades of Colletes (clades 1–5) date to the early to middle Miocene
(16.7–15.1 Mya), except the South American clade 1, the crown age of
which was placed in the late Oligocene (26.8 Mya, 95% HPD
35.1–18.1 Mya).
The DEC analysis (Fig. 3a) inferred that the MRCA of Colletes
probably had a Pan-American distribution (i.e. its geographic range
included both the Neotropics and Nearctic) during the early Oligocene
(crown age 30.7 Mya). The probability of this ancestral range reconstruction based on our data was 98.5%. In total, six lineage interchanges between these two realms were suggested (Fig. 3b): two geodispersal events from the Neotropics to the Nearctic (crown ages 30.7
and 5.1 Mya), and four events in the opposite direction (crown ages
11.7, 11.2, 7.1 and 6.5 Mya). The DEC analysis also inferred that Colletes first colonized the Palaearctic from the Nearctic likely during the
late Oligocene (crown age 26.5 Mya). There were two additional geodispersal events each from the Nearctic into the Palaearctic (crown ages
12.4 and 2.0 Mya) and from the latter to the former (crown ages 11.0
and 10.8 Mya). From the Palaearctic, Colletes spread into the Afrotropics twice, once in the middle Miocene (crown age 12.8 Mya) and
then in the latest Miocene (crown age 5.8 Mya); no geodispersal was
inferred as having occurred in the opposite direction (Fig. 3b). The
Indo-Malay was probably the last realm to be colonized by Colletes;
however, we could not verify when this event first occurred because no
ancestral range including this realm was reconstructed: rather two of
the sampled Palaearctic species have independently extended their
ranges into the Indo-Malay (Fig. 3b).
4. Discussion
4.1. Phylogenetic analyses
In this paper, we provided the most comprehensive phylogeny of
Colletes to date; comprehensive both in terms of number of species included (112 spp., > 20% of the known total) and the amount of data
employed (six loci, 4824 bp in total). In particular, we performed dense
taxon sampling regarding the NW fauna of the genus (74 spp., c. 66% of
the total) which allowed us to shed light on the largely unknown relationships among these lineages for the first time. All analyses conducted with the multilocus data matrix (Figs. 1, 2 and S7) yielded very
similar topologies, in which five major clades were recovered. Overall,
support for these clades varied from weak (e.g. clade 3, posterior
probability [PP] 0.58–0.61 and BS < 50) to maximum (e.g. clade 2).
Some subclades, most notably those within clades 4 and 5, were composed of relatively long terminal branches connected by short internodes (Fig. S8), which likely explained, at least partially, their weak
support (for a detailed discussion on the topic, see Alfaro et al., 2003).
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Fig. 3. A pruned maximum clade credibility chronogram (without outgroups) obtained through dated Bayesian analysis of the multilocus matrix in BEAST 2. (A) Piecharts depict ancestral geographic ranges of corresponding nodes inferred by the BioGeoBEARS analysis under the DEC model in RASP. The positions of C. acutus, C.
cunicularius, C. graeffei and C. sierrensis (grey) are questionable. Boxed numbers from 1 to 5 indicate the five major clades of Colletes. (B) Map illustrating the five
biogeographic areas (A–E) considered in the analysis; polymorphic ranges are shown within rectangles. Arrows and corresponding numbers in the diagram below the
map represent the lineage exchanges among geographic areas inferred by the DEC model; the bee resting on the diagram is a female C. petropolitanus. On the
timescale, Pli. = Pliocene; Qua. = Quaternary; Mya = million years ago.

(2009). For instance, in both studies (i) the C. daleae Cockerell and C.
compactus groups were recovered as the Nearctic groups of earliest divergence (clade 2); (ii) the Colletes albomaculatus group was placed on
an isolated branch as sister to all Colletes excluding the basalmost
Neotropical lineages; and (iii) the clade containing all but one Afrotropical species appeared as sister to Nanocolletes (clade 3). Nevertheless, there are some important topological differences between the
phylogenies proposed in the two studies. For example, the early-diverging South American lineages of Colletes formed a strongly-supported monophyletic group (clade 1) in our multilocus analysis,
whereas the ones sampled by Kuhlmann et al. (2009) came out as a
series of isolated clades near the MRCA of Colletes. Also, the sampled
members of the C. fodiens group formed a monophyletic group with C.
nasutus (Rhinocolletes) and C. wolfi (Colletes s. str.) in our analysis (clade
4Bi) rather than with the other Simcolletes as in Kuhlmann et al.’s
(2009) phylogeny. Therefore, in light of our phylogenetic results we
argue that a new infrageneric classification for Colletes is warranted and
should be the subject of a future study (Table S6).

It appears safe to assume that our phylogenetic analyses were, at
least to some extent, negatively affected by the large amount of missing
data (sometimes also referred to as ‘incomplete taxa’; see Kearney,
2002; Wiens, 2003) contained in our multilocus matrix. Of the 112
Colletes species we sampled, 61 (c. 54%) were sequenced for the nuclear
protein-coding genes (EF1a, opsin, pol II, wingless) (see Table S1). The
reasons for the missing data for the other 51 species were twofold: first,
only 28S and COI data were available for 30 of the 38 OW species of
Colletes, all of them originally sequenced by Kuhlmann et al. (2009),
except C. nasutus (Schmidt et al., 2015). Perhaps this is why clades 3
and 4, in which nearly all OW Colletes were nested, were recovered with
PP 0.61 and 0.84, respectively (Fig. 2). Another explanation would be
that both clades 3 and 4 are actually not monophyletic and that the
missing data associated with their constituent taxa contributed to the
recovery of a spurious topology (see Lemmon et al., 2009). Second, we
adopted an approach of using DNA barcodes to augment our taxon
sampling, as Trunz et al. (2016) did with regards to Megachilini and
Onuferko et al. (2019) to Epeolus. If on the one hand this approach
allowed us to include a series of Neotropical species from otherwise
poorly-sampled regions (most notably tropical Mexico, see Tables S1
and S2), on the other it added substantially to the amount of missing
data. Nevertheless, the use of DNA barcodes in combination with
slowly-evolving nuclear genes resulted in a mostly well-supported
phylogeny that permitted us both to propose an updated infrageneric
classification for Colletes (Fig. 2; Section 4.2, below) and carry out a
more accurate assessment of its historical biogeography (Fig. 3; Section
4.3, below).

4.2.1. Clade 1
Clade 1 is an exclusively South American one which included, as far
as we could determine, 67 of the 124 valid species (c. 54%) of Colletes
found on the continent (for an updated checklist, see Table S5). Clade 1
was, in turn, comprised of four subclades (1A–1D), none of which fit in
any of the currently available subgenera (Fig. 2); therefore, four new
subgenera will need to be described for the species in these subclades in
a future systematic study (Table S6). To further convey the taxonomic
complexity within clade 1, we recommend the use of 15 species groups
(Table S5). As argued by Kuhlmann et al. (2009), species groups are
informal, yet useful, alternatives to describing large numbers of subgenera which can be redefined whenever further phylogenetic evidence
is available. This approach has been adopted in the taxonomy of other
species-rich bee genera, such as Euglossa Latreille (Dressler, 1978,
1982a, 1982b, 1982c; Roubik, 2004; Ferrari et al., 2017), Nomada
Scopoli (Alexander, 1994) and Epeolus (Onuferko et al., 2019).
It is very likely that the type species of Rhynchocolletes (C. albicinctus
[Moure]) would have been placed within Colletes had the species been
included in our phylogenetic analysis. Colletes albicinctus possesses two
of the three morphological features that distinguish Colletes from the
other genera of Colletinae—the basal area of the metapostnotum
bearing a series of short longitudinal carinae in both sexes, and T1
longer than broad dorsally in males. This is why Rhynchocolletes is
herein seen as a synonym of Colletes (as in Michener, 1989, 2007). In C.
albicinctus, however, the second recurrent vein of the forewing is only
slightly arcuate posteriorly, rather than strongly sigmoidal as it is in
almost all species of the genus (it appears to have also reversed to its
ancestral condition in several other species that are unambiguously
members of the genus, such as C. atripes Smith [RF, pers. obs.]). It
moreover seems probable that C. albicinctus is a member, or the sister
species, of either clade 1A or clade 1C given that in the males the
metasomal terga (most notably T1–T4) are metallic dark blue, a very
rare feature within Colletes only exhibited (to the best of our knowledge) by members of those two clades. If this conjecture proves correct
through further analysis, the nominal taxon Rhynchocolletes will be
available to name one of the two South American clades at the subgeneric level.

4.2. Infrageneric classification
Constructing a phylogeny with a comprehensive sampling of the
Neotropical Colletes permitted us to, for the first time, allocate all species currently accepted as valid in the realm to species groups (Table
S5). All 19 species groups proposed herein include exclusively Neotropical Colletes, although a significant proportion of other species
found in this realm belong to groups that were originally described for
the Nearctic (Stephen, 1954; see also Table S5). Placement of the
Neotropical species into species groups was done based on the results of
our preferred phylogenetic analysis (Fig. 2) in combination with a
comparative study of the male S7, which has been widely recognized as
the most useful feature for species delimitation and identification
within Colletes (e.g. Mitchell, 1960; Kuhlmann, 2007; Kuhlmann and
Proshchalykin, 2011; Proshchalykin and Kuhlmann, 2012; Ferrari,
2017). Although the shape of the male S7 tends to be species-specific
throughout the genus, interspecific variation in the structure is not
random and relatively similar forms are usually shared by sets of closely-related species (Noskiewicz, 1936; Stephen, 1954; Kuhlmann et al.,
2009). Relevant characteristics of the male S7 used by us to delineate
the 19 Neotropical groups included, for example, the relative length of
the neck in relation to the disc, general shape of the disc (e.g. subtriangular, subquadrate), density and distribution of short pubescence,
and absence/presence of laterobasal expansions and medially-directed
folds (following mostly Stephen, 1954). For a number of species (mostly
from Argentina, Central America and tropical Mexico) only the original
descriptions were available and, therefore, their placement is only
tentative (indicated by question marks in Table S5).
The major relationships within Colletes found herein (Fig. 2) were
relatively similar to those previously reported by Kuhlmann et al.
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4.2.2. Colletes albomaculatus
Colletes albomaculatus is the type species of the subgenus Albocolletes
which includes an additional three Palaearctic species: C. alfkeni
Noskiewicz, C. dorsalis Morawitz and C. punctatus Mocsáry (Kuhlmann,
2000), none of which were available for sequencing. In our multilocus
analysis, C. albomaculatus was recovered as not belonging to any of the
five major clades that constituted the phylogenetic tree of Colletes; instead it was placed (with maximum support; Fig. 2) on an isolated
terminal branch sister to all of its congeners, except those of clade 1.
Thus, the maintenance of the subgeneric status of Albocolletes as currently understood (Table S6) is supported by the present study.

of our clade 3A (as in Kuhlmann et al., 2009).
4.2.6. Clade 4
Clade 4 included two subclades: all representatives of Elecolletes,
which formed a relatively strongly-supported monophyletic group
(clade 4A, PP 0.92) and its sister group (i.e. clade 4B; Fig. 2). Although
the type species of Elecolletes, C. elegans Noskiewicz, could not be included in our analysis, we included C. omanus Kuhlmann, which is the
most probable sister species of C. elegans (Kuhlmann et al., 2009).
Elecolletes is herein circumscribed (Table S6) exactly as it was by
Kuhlmann et al. (2009), containing the C. carinatus Radoszkowski, C.
caspicus, C. hylaeiformis Eversmann, C. nigricans Gistel and C. squamosus
Morawitz groups (Table S6). All sampled species of Elecolletes are
confined to the Palaearctic, except C. somereni (C. squamosus group),
which is Afrotropical (Kuhlmann, 1998; Ascher and Pickering, 2019).
Classification of clade 4B was particularly challenging as it included
the type species of four subgenera. Furthermore, nodal support for its
constituent clades was very weak overall (Fig. 2). Within clade 4B, the
members of the C. fodiens group (including C. similis, type species of
Simcolletes) formed a monophyletic group (clade 4Bi) with the type and
single species of Rhinocolletes (C. nasutus) but without the remaining
species of Simcolletes (Fig. 2). Kuhlmann et al. (2009) predicted that C.
nasutus (which was not included in their analysis) would be a close
relative of C. albomaculatus, presumably based on morphological data.
However, none of our analyses confirmed this prediction; instead they
showed that C. albomaculatus and C. nasutus belong to distantly-related
lineages within Colletes (Figs. 1, 2 and S7). Here, we suggest that Simcolletes be synonymized with Rhinocolletes; the latter would then include
the following Palaearctic species groups: the C. nasutus, C. anchusae
Noskiewicz (Colletes s. str.) and C. fodiens (Simcolletes) groups, and
possibly the C. senilis (Eversmann), C. tardus Noskiewicz and C. uralensis
Noskiewicz groups (Simcolletes). However, the sister-group relationship
between C. daviesanus Smith plus C. nasustus and C. wolfi was very
poorly supported (PP 0.17). Therefore, it would also be sensible to
maintain Simcolletes as a valid subgenus while expanding Rhinocolletes
to also include the C. anchusae group.
Within clade 4Bii, C. succinctus and C. hederae Schmidt and Westrich
(Colletes s. str.) formed a monophyletic group with the type and single
species of Denticolletes, C. graeffei (Fig. 2). Based on this result, we
suggest that the monotypic Denticolletes be synonymized with Colletes s.
str. We must emphasize, however, that the nodal support for this arrangement was very low (PP 0.31). Moreover, C. graeffei shares derived
morphological features with members of clade 4Bi, particularly C. nasutus and C. wolfi (see Proshchalykin and Kuhlmann, 2012). Therefore,
the actual position of C. graeffei within the phylogenetic tree of Colletes
requires further investigation. If its sister-group relationship with the
members of the C. succinctus group is confirmed in the future, then
Denticotelles will have to be synonymized under Rhinocolletes rather
than with Colletes s. str.
In turn, the clade containing C. succinctus/C. hederae plus C. graeffei
was recovered as sister to the one which included C. annejohnae (C.
mixtus Radoszkowski group), C. roborovskyi (C. roborovskyi group) and
all species currently classified within Simcolletes, except those of the C.
similis group. If our classificatory scheme is to be followed, then Colletes
s. str. must be expanded to also include the C. mixtus and C. roborovskyi
groups (neither is currently placed in a subgenus), and the C. clypearis,
C. conradti, C. marginatus Smith and C. simulans Cresson groups of
Simcolletes (Table S6). Lastly, it is important to note that the position of
the Palaearctic C. sierrensis Frey-Gessner (C. marginatus group) as sister
to the Nearctic C. phaceliae Cockerell (C. hyalinus Provancher group) is
questionable in light of morphological data. Colletes sierrensis shares
seemingly derived characteristics associated with the male S7 with
members of the C. succinctus group, particularly to its nominal species,
and thus should in theory belong to a branch of earlier divergence
within clade 4Bii, potentially as sister to all Nearctic species (M.
Kuhlmann, pers. comm.).

4.2.3. Clade 2
Clade 2 is a small, exclusively North American group which does not
fit into any of the currently available subgenera of Colletes (Fig. 2).
Therefore, a new subgenus is needed to accommodate its constituent
species (Table S6). Clade 2 had maximum support and included the
Nearctic C. compactus and C. clypeonitens (the former is the sole member
of the C. compactus group while the second belongs in the C. daleae
group which contains nine valid species (Stephen, 1954)) as well as two
unidentified species from tropical Mexico. In Kuhlmann et al.’s (2009)
phylogeny, both C. compactus and C. clypeonitens were recovered as
more closely related to Neotropical Colletes, however, they were here
shown to be closer to the OW species belonging to clade 3 (Fig. 2).
4.2.4. Clade 3
Clade 3 consisted of three major monophyletic groups (Fig. 2): one
included three of the largest species of Pachycolletes (clade 3A), another
the representatives of Nanocolletes (clade 3B), and the third all Afrotropical species, except C. somereni (clade 3C). There currently are no
subgeneric nominal taxa available for clade 3A and clade 3C, thus both
will need to be described in the future. Our phylogenetic analyses
provided further support for the status of Nanocolletes as proposed by
Kuhlmann et al. (2009), that is, containing only the C. diodontus Benoist, C. foveolaris Pérez and C. nanus Friese groups (see Table S6).
It, however, should be noted that the placement of C. acutus and C.
cunicularius outside clade 3A by our Bayesian phylogenetic analyses
(Figs. 1 and 2) contradicts morphological evidence, which strongly
suggests placement of the two species within that clade. Hence, future
phylogenetic studies, preferably of an integrative total evidence approach, should aim to resolve this discrepancy (see further discussion
on this topic, below).
4.2.5. Colletes acutus
The second isolated terminal branch in our tree was C. acutus which,
together with C. acutiformis Noskiewicz, composes the Palaearctic C.
acutus group (Noskiewicz, 1936; Kuhlmann, 2000). Colletes acutus has
historically been classified within Pachycolletes (Warncke, 1978;
Kuhlmann et al., 2009), but our analysis showed that it does not in fact
belong to any of the currently available subgenera of Colletes (Fig. 2).
Even though it may appear sensible to recommend the description of a
new subgenus to accommodate the members of the C. acutus group, the
nodal support for the recovered arrangement (i.e. C. acutus as sister to
clade 4 plus clade 5; see Fig. 2) was very weak. Thus, we opted to place
both C. acutus and C. acutiformis as incertae sedis (Table S6).
It is noteworthy that in a previous comprehensive phylogeny of
Colletes (Kuhlmann et al., 2009), C. acutus was recovered as sister to the
clade containing the members of the C. formosus Pérez, C. inaequalis Say
and C. lacunatus Dours groups (which herein constituted clade 3A),
although with low support (BS < 50). This hypothesis is nonetheless
further supported by there being significant morphological similarity
among them, including in the male S7 (M. Kuhlmann, pers. comm.).
Therefore, more data (particularly from slowly-evolving loci) are
needed to verify whether C. acutus belongs to a separate branch within
the phylogenetic tree of Colletes (as inferred by our analyses), or,
whether it actually comprises a monophyletic group with the members
10
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4.2.7. Clade 5
Clade 5 included the bulk of the sampled Pachycolletes (including its
type species, the Palaearctic C. cunicularius) although most of its constituent species are not currently placed in any of the available subgenera (Tables S5 and S6). Colletes cunicularius was recovered as more
closely related to some of the exclusively NW groups of Colletes (particularly to the C. intermixtus group) than to the Palaearctic ones that
are currently classified within Pachycolletes (see Fig. 2 and Table S6).
However, as previously noted, the position of C. cunicularius within our
phylogenetic trees should be interpreted with caution when morphology is considered: its male S7 appears to share some derived features with that of the members of the C. inaequalis group, particularly C.
thoracicus Smith and C. validus Cresson (see Stephen, 1954; Kuhlmann
and Proshchalykin, 2011), thus suggesting that C. cunicularius would
instead belong to clade 3A.
The analysis also showed, for the first time, that various Nearctic
groups proposed by Stephen (1954) should be considered to belong to
Pachycolletes; these are: the C. hyalinus, C. intermixtus, C. latitarsis Robertson, C. nudus Robertson, C. productus Robertson, C. robertsonii Dalla
Torre and C. willistoni groups (Table S6). Kuhlmann et al. (2009) had
already proposed that the C. americanus Cresson and C. consors groups
belong to Pachycolletes. Also, three of the Neotropical species groups
proposed herein that are not members of Clade 1—C. bombiformis Metz,
C. petropolitanus Dalla Torre and C. rugicollis Friese—also belong in
Pachycolletes according to our phylogenetic results (Table S6).
Based on the morphology of the male S7, it is likely that the
Neotropical C. spilopterus Cockerell (the type species of Ptilopoda) would
have been placed as sister to, or even within, the C. latitarsis group had
the species been available and included in our analysis (see Michener,
1954: Fig. 1 and Stephen, 1954: Fig. 10). If this conjecture is supported
in future phylogenetic studies, the members of clade 5 will have to be
regarded as belonging to Colletes (Ptilopoda).

et al., 2009). In our phylogenetic analyses, however, the two groups
were recovered as reciprocally monophyletic (Figs. 1, 2 and S7), which
supported a single early geodispersal event into the Nearctic. In theory,
two possible geodispersal routes could have been used by Colletes to the
Nearctic: either via the Isthmus of Panama (IP) or the Antilles. The
complete formation of the IP, and the consequent closure of the Central
American Seaway (CAS), most likely took place 4–3 Mya (Coates and
Stallard, 2013). Whereas we estimated the crown age of the MRCA of
Colletes to be c. 31 Mya (Fig. 3a), a geodispersal through the IP thus
appears improbable. However, more recent studies have unraveled a
rather complex geological history according to which a version of the IP
may have formed much earlier than currently thought, either in the
middle Miocene (Montes et al., 2015) or near the Oligocene-Miocene
boundary (Bacon et al., 2015). Even less conservative estimates have
suggested the IP was present as a chain of islands during the late Eocene
(Montes et al., 2012). Thus, the possibility of stepping-stone geodispersal through islands where the IP is currently located cannot be ruled
out. Alternatively, the MRCA of Colletes could have geodispersed to the
Nearctic via the Antilles which, in spite of their gradual movement
eastwards since the late Eocene, have maintained a fairly uniform
configuration over the past 40 Ma (Graham, 2018). This scenario,
however, is weakened by the fact that the MRCA of all Colletes species
currently found in the Antilles – C. granpiedrensis Genaro, C. hicaco
Genaro, C. montefragus Raw and C. submarginatus Cresson (Raw, 1984;
Genaro, 2001, 2003; Ascher and Pickering, 2019) – is of fairly recent
divergence (crown age 3.9 Mya; see clade 5 in Fig. 3a). There are numerous examples of pre-3.5 Mya geodispersals across the CAS by terrestrial animals documented in the literature (compiled by Bacon et al.,
2015), including bees (Hines, 2008; Ramírez et al., 2010; Rasmussen
and Cameron, 2010). Although it seems reasonable to consider that the
MRCA of Colletes could have colonized the Nearctic in the early Oligocene, it is nonetheless highly unlikely that a continuous Pan-American distribution could have been maintained, as suggested by our DEC
analysis (Fig. 3a), given the tenuous connection between North and
South America at that time.
Four late Miocene, back geodispersals into the Neotropics from the
Nearctic were inferred by our biogeographic reconstruction (Fig. 3b).
The earliest of these were associated with the MRCA of C. intermixtus
plus C. latitarsis (crown age 11.7 Mya), and that of the C. nudus group
(crown age 11.2 Mya); whereas the most recent ones were associated
with the MRCA of C. bombiformis plus C. gilensis Cockerell (crown age
7.1 Mya), and with that of the C. compactus group (crown age 6.5 Mya).
This time span coincided with the formation and expansion of savannah-like and grassland biomes in the Nearctic west, which gradually
replaced mixed mesophytic forest that had dominated most of the
landscape from 35 to 10 Mya (Pound et al., 2012; Meseguer et al.,
2015). This change in vegetation was likely boosted by the drastic
transition from the warm Middle Miocene Climatic Optimum to the
glaciation event that lasted from 15 to 13 Mya (Zachos et al., 2008). By
the beginning of the late Miocene, the open-vegetation biomes extended from the North American Great Plains to what is now southwestern Mexico (Pound et al., 2012; Meseguer et al., 2015) and possibly
constituted the geodispersal route used by these four lineages of Colletes
to reach the Neotropics. The same route may have been taken by the
MRCA of C. latitarsis and C. submarginatus (crown age 5.1 Mya) in the
opposite direction. Intriguingly, no lineage interchange between the
two realms was inferred for the time period corresponding to the Great
American Biotic Interchange (i.e. after 3 Mya; Marshall, 1979, 1982;
Web, 2006; Woodburne, 2010), although this event lies within the 95%
HDP for the last three geodispersals.
The Andes are the longest and second highest cordillera on the
planet (Graham, 2009), extending along almost the entire north-south
axis of South America, from Venezuela to southern Chile and Argentina
(Morrone, 2018). Not surprisingly, they have contributed to diversification of both plant (e.g. Antonelli et al., 2009; Struwe et al., 2009;
Strelin et al., 2017) and animal (e.g. Brumfield and Edwards, 2007;

4.3. Divergence times and historical biogeography
Our DEC analysis indicated that the divergence between Colletes and
Hemicotelles in the late Eocene (stem age 35.8 Mya) took place somewhere in the Neotropics (Fig. 3a). Whereas both Hemicotelles and the
earliest-diverging lineage of Colletes (clade 1) are confined to South
America (Fig. 3a), it is very likely that the two genera diverged within
that continent. The fact that their closest relatives (i.e. Mourecotelles and
Xanthocotelles) are also South American further supports this hypothesis. A South American origin of Colletes has long been suspected
(Michener, 1979, 1989, 2007), although it has only recently been
supported by phylogenetic evidence (Kuhlmann et al., 2009; Almeida
et al., 2012). Colletes likely arose at the onset of a major Antarctic
glaciation event—the Eocene-Oligocene transition—which resulted
from a prolonged period of global cooling initiated in the middle Eocene (Zachos et al., 2001, 2008; Houben et al., 2012; Mudelsee et al.,
2014; Pound and Salzmann, 2017). As a consequence, tropical forest
that covered South America almost entirely in the Palaeocene began to
be gradually replaced with Nothofagus-dominated forest at high latitudes, with open-vegetation biomes arising towards the centre of the
continent (Iglesias et al., 2011; Meseguer et al., 2015). The combination
of these biotic and abiotic factors likely played an important role in the
diversification of the Colletes lineages that remained isolated in South
America.
Arguably the most unexpected result of our DEC analysis was the
inference of a Pan-American distribution for the MRCA of Colletes
(Fig. 3a). The reconstruction implied a very early geodispersal (crown
age 30.7 Mya) to the Nearctic from the Neotropics during the early
Oligocene. Based on their findings, Kuhlmann et al. (2009) suggested
that the Nearctic species groups of earliest divergence – C. dalaea and C.
compactus groups – would be descendants of two different Neotropical
ancestors; in other words, that the Nearctic would have been colonized
at least twice independently by Colletes in its early evolution (Kuhlmann
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Weir and Price, 2011; Blandin and Purser, 2013; Almeida et al., 2019)
taxa through vicariance. The Andes uplift has drastically changed the
precipitation regime (Rech et al., 2006, 2010), atmospheric CO2 content (Graham, 2009) and western fluvial system (Hoorn et al., 1995) in
South America, ultimately driving continental landscape evolution over
the last c. 65 Ma (Hoorn et al., 2010; Coudurier-Curveur et al., 2015)
and providing the conditions for the diversification of an endemic biota
(Morrone, 2018). Our ancestral-range reconstruction detected three
cladogenetic events within Colletes that could potentially be linked to
the Andean orogeny, namely, at the nodes corresponding to the MRCAs
of C. arthuri Ferrari plus C. ferenudus Ferrari (crown age 11.4 Mya), C.
rufipes Smith plus C. atacamensis (crown age 9.2 Mya), and C. cyaneus
Holmberg plus C. cyanescens Spinola (crown age 6.8 Mya). Even though
the Andes may have begun rising as early as 100 Mya (Cobbold et al.,
2007; Armijo et al., 2015), the most pronounced uplift period did not
occur until c. 12–11 Mya (Hoorn et al., 2010; Jordan et al., 2014),
which could potentially explain why the trans-Andean sister groups are
considerably more recent.
Based on our biogeographic reconstruction, Colletes would have first
geodispersed to the Palaearctic from the Nearctic in the late Oligocene.
This event was inferred for the MRCA of all Colletes except clade 1
(crown age 26.5 Mya), which suggested geodispersal to the OW soon
after colonization of the Northern Hemisphere (crown age 30.7 Mya).
The Bering Land Bridge (BLB) which had been connecting Alaska and
Siberia, at least intermittently, since the late Cretaceous (Sanmartín
et al., 2001) was likely the route used by Colletes. The estimated arrival
of the genus in the Palaearctic coincides very closely with a relatively
warm period (c. 27–25 Mya) that preceded a major glaciation event in
the Oligocene-Miocene boundary (Mudelsee et al., 2014). Given its high
latitude and position relative to the Arctic Circle, climatic conditions in
the BLB during the late Oligocene might have nonetheless been unlikely
to permit geodispersal of terrestrial organisms (Sanmartín et al., 2001;
Zachos et al., 2001, 2008), particularly ectotherms such as bees.
However, the BLB has been acknowledged to have served as an important refugium for boreal species during the various Pleistocene
glaciations (DeChaine, 2008) and so perhaps it acted similarly during
earlier cold periods. Two alternative, trans-Atlantic geodispersal routes
may also have been available at that time: the Thulean Bridge, which
connected the Queen Elizabeth Islands to southern Europe, and the De
Geer Bridge, which united the Canadian Arctic Archipelago and the
Fennoscandian peninsula, both through Greenland (Brikiatis, 2014 and
references therein). The former had a warmer climate due to its
southern position in relation to the latter (~45°N and > 70°N, respectively) and, consequently, has been widely acknowledged as a more
likely geodispersal route for terrestrial organisms (e.g. Sanmartín et al.,
2001; Irving, 2005; Praz and Packer, 2014). The Thulean and De Geer
Bridges are thought to have existed until the early (c. 50 Mya) and late
(c. 40 Mya) Eocene, respectively (Sanmartín et al., 2001; Condamine
et al., 2013), both too early for Colletes geodispersal. However, it is
possible that they may have persisted as island chains up until the early
Miocene (Baskin and Baskin, 2016), which could have allowed for
stepping-stone geodispersal of cold-adapted Colletes.
Lineage exchanges between the NW and OW appear to have completely ceased from c. 25–13 Mya, but since then Colletes geodispersed
between the two at least twice in each direction (Fig. 3a). The earliest
among the four was found at the node corresponding to the MRCA of
the Eurasian species C. cunicularius plus its NW closest relatives, which
would have geodispersed from the Nearctic to the Palaearctic near the
middle-late Miocene boundary (crown age 12.4 Mya). This finding
corroborated the first biogeographic scenario regarding the origin of C.
cunicularius hypothesized by Kuhlmann et al. (2009), which implied a
single geodispersal event of the ancestor of C. cunicularius from the
Nearctic to the Palaearctic. However, as noted previously, the position
of C. cunicularius in our tree should be interpreted with caution when
the available morphological evidence is considered (see Stephen, 1954;
Kuhlmann and Proshchalykin, 2011), which suggests a closer

association with the C. inaequalis group (clade 3A) than with the C.
intermixtus group (clade 5). Thus, both the evolutionary and biogeographic histories of C. cunicularius (and its closest allies) require further
investigation. Later, two Palaearctic ancestors would have reached the
Nearctic virtually at the same period in the late Miocene: the MRCA of
the C. inaequalis group (crown age 11.0 Mya), and that of C. impunctatus
plus C. phaceliae (crown age 10.8 Mya). At that time, the only available
route connecting the two realms would have been the BLB (Sanmartín
et al., 2001; Brikiatis, 2014; Graham, 2018). Along with the high latitude regions across the Holarctic, the BLB would have been almost
entirely covered with boreal forest, which by then had largely replaced
the Oligocene mixed mesophytic forest (Pound et al., 2012; Meseguer
et al., 2015; Graham, 2018). It should be noted that if C. cunicularius is
sister to the C. inaequalis group, as suggested by morphological data,
then the most parsimonious biogeographic explanation for clade 3A
would be a single geodispersal of the MRCA of the C. inaequalis group
from the Palaearctic into the Nearctic. The latest geodispersal event was
inferred for the MRCA of C. phaceliae plus C. sierrensis (crown age
2.0 Mya), which may have geodispersed from the Nearctic to the Palaearctic across the BLB in the early Pleistocene. The BLB was likely
already exposed in the late Pliocene, and although it became submerged in the earliest Pleistocene, it was repeatedly exposed during
that period as a result of a series of glaciation events (Sanmartín et al.,
2001; Ehlers and Gibbard, 2007). The highly derived position of the
Palaearctic species C. sierrensis within clade 4Bii, as sister to the
Nearctic C. phaceliae, is also doubtful if one takes morphology into
consideration. As previously noted, the morphology of the male S7 of C.
sierrensis points to a closer association with the C. succinctus group,
rather than with the C. hyalinus and C. simulans groups (M. Kuhlmann,
pers. comm.), as suggested by our analyses (Figs. 1, 2 and S7). In biogeographic terms, such an arrangement would imply that C. sierrensis is
instead a descendant of a Palaearctic (not Nearctic) ancestor and that
lineage exchanges between the two realms ended in the mid-late Miocene boundary (c. 11–10 Mya), not in the early Pleistocene (c. 2 Mya) as
inferred by our biogeographic reconstruction (Fig. 3).
Our biogeographic reconstruction indicated that the Afrotropical
species of Colletes are descendants of at least two Palaearctic ancestors
that geodispersed to the Afrotropics in the Miocene (Fig. 3a), as previously suggested by Kuhlmann et al. (2009). The earliest arrival was
inferred for the MRCA of C. escalerai Noskiewicz/C. nanus plus C.
antecessus Cockerell/C. aureocinctus Cockerell (crown age 12.6 Mya)
which would have invaded the Afrotropics in the middle Miocene.
According to our analysis, this ancestor would have later given rise to
the bulk of the species that inhabit the realm at present (Fig. 3a). Most
of these are endemic to the South African Greater Cape Floristic Region,
which has been detected as the globally most important centre of species richness of Colletes in relative terms (Bystriakova et al., 2018). The
most recent arrival in the Afrotropics was found at the node corresponding to the MRCA of C. somereni plus C. merceti Noskiewicz/C.
omanus (crown age 5.9 Mya), which likely arrived in the realm in the
latest Miocene. It is possible that both events would have occurred via a
long, arid corridor encompassing central Asia, the Arabian Peninsula
and northern Africa, areas which have been mostly covered with
grasslands and savannahs since the Miocene (Senut et al., 2009;
Meseguer et al., 2015), a biogeographic scenario that was also discussed
by Kuhlmann et al. (2009). With the increase of aridification initiated
earlier in the Miocene (Meseguer et al., 2015), these biomes came to
replace mixed mesophytic forest (Asia) and tropical forest (Africa),
likely facilitating southward geodispersal of Colletes.
Unfortunately, no ancestral range including the Indo-Malay was
inferred in our biogeographic analysis, which prevented us from inferring when Colletes first colonized this realm (Fig. 3a). This was likely
a result of us having only two species from this realm, C. esakii Hirashima and C. lacunatus, which are primarily Palaearctic in distribution
(Kuhlmann, 1998, 2000; Kuhlmann et al., 2009; Ascher and Pickering,
2019) and appear to have reached the Indo-Malay only more recently.
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This hypothesis is supported by two facts: first, most of their geographic
ranges lie within the Palaearctic, and their known occurrence records
within the Indo-Malay are close to the border between the two realms
(Ascher and Pickering, 2019; M. Kuhlmann, pers. comm.). Second, the
ancestral ranges of the MRCAs which C. esakii and C. lacunatus share
with their respective sister species were inferred to include only the
Palaearctic (Fig. 3a). It is nonetheless certain that the Indo-Malayan
realm has been invaded at least five times independently by Palaearctic
ancestral Colletes given that representatives of five species groups of
unequivocal Palaearctic origin – C. caspicus, C. clypearis, C. lacunatus, C.
marginatus and C. succinctus groups – are known to occur there
(Kuhlmann, 1998, 2000; Kuhlmann et al., 2009; Ascher and Pickering,
2019).

specimens preserved in ethanol. Julio Genaro and Berry Brosi are
thanked for generously allowing us to use the DNA barcodes of the
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Romualdo Hernández, Alfredo Ugarte, Eduardo Almeida, André
Nemésio and Antonio Aguiar for facilitating fieldwork in South
America, and to Javier Cañote, Marina Pucci, Stephanie Téssier, Marcos
Ramos, Heron Hilário and Felipe Freitas for the help provided in the
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5. Conclusion
In accordance with previous studies, our phylogenetic analyses
provided further support for the monophyly of Colletes and for its sistergroup relationship to Hemicotelles. The approach of using DNA barcodes
to augment our taxon sampling allowed us to consolidate the basis for
future classification attempts regarding the Colletes of the world. Even
though our preferred phylogeny (Fig. 2) was mostly well supported,
more data (especially from slowly-evolving loci) are needed to verify
whether the poorly-supported groupings recognized herein are truly
monophyletic. More specifically, it will be important to verify whether
(i) the C. acutus group belongs in none of the currently available subgenera, (ii) the members of the C. similis group are more closely related
to C. nasutus rather than to the other groups traditionally considered in
Simcolletes, and (iii) C. graeffei is sister to the C. succinctus group. Of
particular relevance is that we placed the large majority of the Neotropical Colletes into a monophyletic suite of species groups for the first
time. Nevertheless, the position of a number of species from the NW
Colletes remains unresolved and therefore further work is needed.
Our attempts to reconstruct the historical biogeography of Colletes
at a global scale revealed with high confidence that the genus originated somewhere within the Neotropics, most likely within South
America, about 36 Mya. The biogeographic scenario described herein
includes an early geodispersal to the Nearctic (c. 31 Mya) followed by
an early arrival in the Palaearctic (26.5 Mya). From there, Colletes colonized both the Afrotropic and Indo-Malay realms; the former was
likely invaded for the first time about 13 Mya but, unfortunately, we
could not date the latter event. Future studies should aim to elucidate
which of the South American biogeographic dominions (sensu Morrone,
2014) corresponds to the point of origin of Colletes, and when the genus
first colonized the Indo-Malay.

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ympev.2020.106750.
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