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a b s t r a c t
The economically most important group of bees is the ‘‘corbiculates’’, or pollen basket bees, some 890
species of honeybees (Apis), bumblebees (Bombus), stingless bees (Meliponini), and orchid bees (Euglossini). Molecular studies have indicated that the corbiculates are closest to the New World genera Centris,
with 230 species, and Epicharis, with 35, albeit without resolving the precise relationships. Instead of concave baskets, these bees have hairy hind legs on which they transport pollen mixed with ﬂoral oil, collected with setae on the anterior and middle legs. We sampled two-thirds of all Epicharis, a third of all
Centris, and representatives of the four lineages of corbiculates for four nuclear gene regions, obtaining
a well-supported phylogeny that has the corbiculate bees nested inside the Centris/Epicharis clade. Fossil-calibrated molecular clocks, combined with a biogeographic reconstruction incorporating insights
from the fossil record, indicate that the corbiculate clade arose in the New World and diverged from Centris 84 (72–95) mya. The ancestral state preceding corbiculae thus was a hairy hind leg, perhaps adapted
for oil transport as in Epicharis and Centris bees. Its replacement by glabrous, concave baskets represents a
key innovation, allowing efﬁcient transport of plant resins and large pollen/nectar loads and freeing the
corbiculate clade from dependence on oil-offering ﬂowers. The transformation could have involved a
novel function of Ubx, the gene known to change hairy into smooth pollen baskets in Apis and Bombus.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Most of the ca. 20,000 species of bees provision their larvae
with a mix of pollen and nectar (Danforth et al., 2013; Michener,
2007). Some 450 species in 18 genera and a few families instead
provision with a mix of pollen and fatty oils that the females obtain
from the ﬂowers of about 2000 species in 11 families on all continents except Antarctica (Buchmann, 1987; Renner and Schaefer,
2010). By far the largest oil-collecting genus is Centris with 230
species, traditionally considered as sister to Epicharis (35 species),
with both together making up the tribe Centridini (Michener,
2007; Moure et al., 2012). Centris occurs in dry and humid areas
of South America, Central America, and southern North America,
spanning a latitudinal range from 47° South to 39° North. Epicharis
occurs only in humid areas from 34° South to 23° North in Mexico.

Abbreviation: mya, million years ago.
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Species in both groups are solitary medium-sized to large bees that
build their nests in the soil, either in inclined banks or ﬂat ground
or in pre-existing holes in dead trees (Frankie et al., 1993;
Gaglianone, 2005). All Epicharis and most Centris feed their larvae
with a mix of pollen and ﬂoral oils instead of, or in addition to, nectar (Vinson et al., 1995, 2006). They collect the oil with combs of
rigid setae on the anterior and middle pair of legs (Neff and
Simpson, 1981; Vogel, 1974). In some Centris, the oil-collecting
apparatus is restricted to the anterior pair of legs and consists of
soft, absorptive hairs. A few have no oil-collecting setae, but all
of them have large bristly hind legs (scopae) (Neff and Simpson,
1981; Simpson et al., 1990; Vivallo and Melo, 2009). Based on
the morphology of their oil-collecting structures, Centris and Epicharis are very similar and unique among oil-collecting bees. The
only other bees with oil-collecting apparatuses on four legs are
the ten species of Monoeca (Tapinotaspidini), but their basi-tarsal
combs are different from those of Centris and Epicharis (Neff and
Simpson, 1981). Combs on two pairs of legs as present in all Epicharis and most Centris are associated with the exploitation of
New World Malpighiaceae ﬂowers, which have four pairs of oil
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glands located on the abaxial side of the calyx sepals such that a
bee sitting on the ﬂower can exploit them with its four legs while
touching the ﬂower’s male and female sexual organs (Anderson,
1979; Vogel, 1974). Malpighiaceae are the only oil source for Epicharis (Machado, 2004), while species of Centris exploit a wider
array of oil-offering ﬂowers (Martins et al., 2013; Simpson et al.,
1990, 1977; Vogel, 1974).
Adult morphology has traditionally been seen as supporting a
sister group relationship between Centris and Epicharis, i.e., the
tribe Centridini (Roig-Alsina and Michener, 1993), but molecular
trees have neither consistently nor strongly supported this tribe.
Instead, DNA trees that included one or two species of Epicharis,
up to six of Centris, and representatives of other Apidae showed
the so-called corbiculates as sister to Centris albeit without statistical support (Cardinal et al., 2010; Hedtke et al., 2013; with 58%
and 42% maximum likelihood bootstrap values). Cardinal and
Danforth (2013), however, recovered Epicharis and Centris as sister
to the corbiculate bees, supporting the topology of Roig-Alsina and
Michener (1993).
The corbiculates, or pollen-basket bees, consist of ca. 890 species, namely the honeybees (Apini, Apis with 7–10 species), bumblebees (Bombini, Bombus with 240 species), stingless bees
(Meliponini, with ca. 450 species), and orchid bees (Euglossini,
with 187 species), all with glabrous, concave pollen-carrying hind
tibiae. This is the commercially most important clade of bees
(Gallai et al., 2009; Klatt et al., 2014). Resolving their sister group
and likely time and place of origin thus is important for interpreting geographic, physiological and genomic evolution of apine bees
(Medved et al., 2014). If the corbiculate bees are the sister clade to
a monophyletic Centridini, this would imply that oil-collecting
setae arose in the common ancestor of the latter, because the
next-closest clades do not collect oil. However, if instead the genus
Centris alone is sister to the corbiculate bees, with Epicharis sister
to both, this implies that the corbiculates arose from an oil-collecting New World ancestor, with implications for the likely precursor
state of the corbicula (Fig. 1).
To answer these questions, we sequenced one ribosomal and
three protein-coding nuclear gene regions for 72 of 230 species
of Centris, 22 of the 35 species of Epicharis, and a representative
sample of corbiculate bees as well as further outgroups. We then
carried out a statistical biogeographic reconstruction on fossilcalibrated versions of the phylogeny of Epicharis, Centris, and
the common ancestor of corbiculates to have a time frame for
the gain or loss of oil-collecting setae on two or one pairs of
legs.
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2. Materials and methods
2.1. Taxon sampling
We sampled 72 of the 230 species of Centris and 22 of the 35
species of Epicharis (see Table A1 for species names, collection site,
and voucher information), representing all 12 subgenera of Centris
and all eight of Epicharis (Moure et al., 2012), mostly with >2 species, but in the case of subgenera Ptilocentris and Parepicharis with
only 1 species; subgenera Anepicharis, Cyphepicharis and Triepicharis are monospeciﬁc. More than 300 new sequences have been submitted the GenBank (Table A3 – a lists all GenBank accession
numbers). Other Apinae (Michener’s Apidae) representatives are
20 species from the corbiculate tribes Apini, Meliponini, Euglossini,
and Bombini and 56 species representing 22 of 33 tribes of Apinae
sensu lato (Allodapini, Ammobatini, Ancylini, Anthophorini, Caenoprosopidini, Ceratinini, Ctenoplectrini, Emphorini, Epeolini, Ericrocidini, Eucerini, Exomalopsini, Iseopeolini, Manueliini, Melectini,
Nomadini, Osirini, Protepeolini, Rhathymini, Tapinotaspidini, Tetrapediini, Xylocopini). As more distant outgroups, with included
eight species from subfamily Megachilinae sensu lato (Michener’s
Megachilidae) (Fideliini, Pararhophitini, Anthidiini, Lithurgini,
Osmiini). In total, our matrix thus comprised 174 species of Apinae
and Megachilinae, mostly with sequences from Cardinal et al.
(2010). Voucher specimens for our new sequences are housed in
the DZUP – Jesus Santiago Moure Entomological Collection at Federal University of Paraná, Brazil, or at the institutions that provided
specimens for DNA extractions (Table A1).
2.2. Sequence data, alignments, and phylogenetic analyses
Most newly sequenced specimens were ﬁeld-collected and preserved in EtOH, but some pinned specimens (up to twelve years
old) were also used. DNA was extracted using the Qiagen DNeasy
blood and tissue extraction kit, following the manufacturer’s protocol. We sequenced part of the ribosomal 28S gene (1400 base
pairs) and three nuclear protein-coding genes: LW-Rhodopsin
(800 base pairs), Elongation factor 1a – F2 copy (1000 base pairs),
and RNA-polymerase (900 base pairs). Primers sequences and speciﬁc conditions are listed in Table A4. Most PCR products were
puriﬁed and sequenced by Macrogen Inc., South Korea; some were
puriﬁed with ExoSAP-IT (USB Corporation, Cleveland, OH, USA), for
removing leftover primers and dNTPs, using a denaturation temperature of 37 °C and an inactivation temperature of 80 °C. A mixture of 1.0 ll BigDyeÒ (Applied Biosystems, Foster City, CA, USA),

Fig. 1. Comparative morphology of hindlegs in Centris, Epicharis and corbiculates. (A) Hindleg of female of Centris (Aphemisia) plumipes, showing the scopa. (B) Same, inner
view of leg. (C) Hindleg of Epicharis (Anephicharis) dejeanii, outer view. (D) Same, inner view. (E) Hindleg of an corbiculate bee, Eufriesea violacea, showing the tibial corbicula.
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0.5 ll primer, and 1.5 ll sequencing buffer was then added to this
product and, after the sequencing reaction was pipetted onto a
sequencing plate of Sephadex gel wells, which was run on an ABI
3130 (Applied Biosystems, Foster City, CA, USA). Chromatogram
quality evaluation, sequence assembling, and corrections were
done in Geneious v. 6.1 (Biomatters, 2013).
All alignments were performed in MAFFT v. 7 (Katoh and Standley, 2013) with default parameters: gap opening penalty = 1.53;
offset value = 0. The alignment of the protein coding genes EF 1a and LW-Rhodopsin, both with large introns, relied on the LINS-i strategy, which is recommended for sequences with multiple
conserved domains and long gaps. The alignment of the RNA polymerase relied on the G-INS-i strategy, recommended for sequences
with a global homology. The ribosomal 28S region was aligned
based on its secondary structure using the Q-INS-i algorithm in
MAFFT v. 7. Minor adjustments were made by eye in Geneious,
and we made sure the introns/exon boundaries of EF 1-a and
LW-Rhodopsin were maintained. Sequences from the four markers
were concatenated in Sequence Matrix v. 1.7.8 (Vaidya et al., 2010).
To assess the homogeneity of base frequencies across taxa, we
ran chi-square tests for each of the individual data sets. Results
for the four data partitions were: chi-square = 151.04, df = 519,
P = 1.0 for the 28S region; 656.58, df = 519, P = 0.000034 for RNA
polymerase; 78.56, df = 519, P = 0.05 for rhodopsin; 502.60,
df = 519, P = 0.69 for EF1alfa. Because we did four tests on the same
data, we applied a more conservative criterion for signiﬁcance,
namely P = 0.01. These results indicate that only the RNA polymerase showed signiﬁcant heterogeneity in nucleotide composition
among taxa. We therefore ran phylogenetic analyses with and
without this data partition. We also explored three data partitioning strategies. First, we treated the ribosomal gene as one partition
and the protein-coding genes as another; second, we partitioned
by gene (28S, RNA-polymerase, LW-Rhodopsin, EF 1-a); third, we
partitioned by codon (28S, nt1, nt2, nt3); the introns were added
to the third codon partition, as they often exhibit comparable substitution rates to the third nucleotide position. These models were
then compared in terms of their likelihood scores. Selection of
best-ﬁt models of nucleotide substitutions relied on the Akaike
Information Criterion and the Bayesian Information Criterion, as
implemented in jModelTest v. 2 (Darriba et al., 2012). Maximum
likelihood tree searches and bootstrapping of the combined data
using 1000 replicates were performed in RAxML (Stamatakis,
2006) using the graphical interface in raxmlGUI (Silvestro and
Michalak, 2012). The concatenated trees were visualized and edited in FigTree v. 1.3 (Rambaut, 2009).
Bayesian tree searches were performed in MrBayes 3.2
(Ronquist et al., 2012) using the CIPRES server (Miller et al.,
2010) with four data partitions, one for each gene region (28S,
RNA polymerase, LW-Rhodopsin, EF 1-a). The Markov chain Monte
Carlo (MCMC) was run for 8 million generations, with trees samples every 1000th generation. We used the default priors for MrBayes, and convergence was assessed with Tracer (Rambaut et al.,
2013). Trees obtained prior to convergence of the chain were discarded as burnin (25%), and a 50% majority rule consensus tree
was constructed from the remaining 12,000 trees.
2.3. Clock models and their calibration
Divergence times were estimated using the Bayesian approach
implemented in BEAST 1.7 (Drummond et al., 2012) using a Yule
tree prior, the GTR + G substitution model, and the uncorrelated
lognormal relaxed clock model, as recommended in the manual
when ucld.stdev values in Tracer are P0.5. We constrained Anthophorini and cleptoclade, Xylocopini and the Eucerini, and Centris
and corbiculates to be monophyletic (Fig. A1; nodes B, C and D)
based on the Bayesian and Maximum Likelihood analyses, which

consistently showed these clades (Figs. A2 and A3). The MCMC
runs, again preformed on the CIPRES server, were 50 million generations long, sampled every 1000th generations. Three separate
runs were performed, totaling 250 million generations, and were
then combined in LogCombiner (BEAST package). Convergence of
the chains was again checked in Tracer. LogCombiner was used
to combine all three tree ﬁles and to discard 25% of the trees. TreeAnnotator (BEAST package) was used to create a maximum clade
credibility tree.
Two Apinae fossils were used to calibrate the tree (shown in
Fig. A1), using a lognormal prior distribution with the age of the
fossils as the offset and a 95% conﬁdence interval as shown in
Table A5. We outline our reasoning regarding the use of these
instead of other fossils in Table A5. The upper bound for the divergence between Apinae s.l. and Megachilinae s.l. was set to
110 mya, using a mean of 100 mya and a SD of 5 mya (Fig. A1, node
A), based on the age of this node inferred by Cardinal and Danforth
(2013). The latter study enforced a bee maximum age of 145 mya,
matching the lower boundary of the Cretaceous. This more or less
matches the oldest undisputed angiosperm pollen, which dates to
ca. 133 mya (Brenner, 1996), although rare angiosperms with
cycad-like pollen, as in several early-branching angiosperm families, might easily go unrecognized in the Jurassic or Triassic
(Doyle, 1969; Hochuli and Feist-Burkhardt, 2013, 2004; Zavada,
2007).

2.4. Ancestral character state reconstruction
In a reduced data set containing only the corbiculates, Centris,
and Epicharis, we inferred the evolution of the oil-collection apparatus using the states: 4-legged apparatus, 2-legged apparatus, and
oil combs absent (Table A7). Information on the morphology of oilcollecting apparatuses was gathered from relevant literature (Neff
and Simpson, 1981; Snelling, 1984; Vivallo and Melo, 2009;
Vivallo, 2013; Vogel, 1974). We reconstructed ancestral states
using parsimony and maximum likelihood (Lewis, 2001) in Mesquite v. 2.75 (Madison and Madison, 2011), using the last 1000
trees from a Bayesian chain. We also constrained the important
node to its alternative state (e.g., no oil-collecting for the MRCA
of Epicharis + Centris + Corbiculates) and compared the likelihoods
of the two reconstructions, using a value of two log units as indicating a signiﬁcant difference.

2.5. Biogeographic analyses
For the biogeographic analysis, the clades were coded as follows: Epicharis: Neotropical, based on the occurrence of all 35 species there (Moure et al., 2012); Centris: Neotropical and Nearctic,
based on the occurrence of the sampled species, which represent
the range of the genus (Moure et al., 2012); corbiculates, Bombus:
Palearctic, based on (Hines, 2008, Fig. 2, p. 63), which shows the
early-branching Bombus in the Palearctic; Meliponini: Ambiguous,
based on (Rasmussen and Cameron, 2010); these authors leave
open whether the stingless bees have a Laurasian origin, given
their Nearctic fossils; Euglossini: Neotropics, based on the occurrence of all their species there (Ramírez et al., 2011); Apis: Ambiguous because this taxon has fossils from the Nearctic and Palearctic
(Engel et al., 2009). We reconstructed ancestral states under parsimony and maximum likelihood (MK1 model; Lewis, 2001) in Mesquite v. 2.75 (Madison and Madison, 2011), using the fossil
calibrated time tree.

A.C. Martins et al. / Molecular Phylogenetics and Evolution 80 (2014) 88–94

91

Fig. 2. Bayesian tree with posterior probabilities at nodes resulting from the analysis of 174 taxa and 4300 aligned nucleotides under the gene-partitioning scheme, rooted on
Megachilinae as outgroup. The genera Epicharis (22 species) and Centris (72 species) are collapsed to better shown the other relationships within Apinae. The main groups in
Apinae are highlighted.

3. Results and discussion
Our DNA matrix included the ribosomal 28S gene and three
nuclear protein-coding genes (Section 2). Fig. 2 shows the Bayesian
consensus tree from the combined data, using the gene-partitioning scheme (see also Figs. A2 and A3). The two alternative partitioning schemes yielded the same topology for the ingroup, with
a slightly higher bootstrap support in the ML reconstruction for
the codon-partitioned scheme. Fig. 3 shows a fossil-calibrated phylogeny the topology of which is congruent with that of a Bayesian
consensus tree and a Maximum Likelihood tree from the same data
(Fig. 2 and OSM Figs. A2 and A3). Centris is sister to the corbiculate
bees, and Epicharis sister to both, all with high support. When the
RNA polymerase, which was the only data partition with signiﬁcant heterogeneity in nucleotide composition (see Section 2), was
excluded from the ML tree search, we obtained the same topology
for the ingroup, but with slightly lower support for the Centris + corbiculates clade (73% compared to 89%). Within the corbiculates, Apis is sister to Euglossini, and Bombus to Meliponini as
found in previous studies (Cameron and Mardulyn, 2001;
Kawakita et al., 2008; Whitﬁeld et al., 2006). The paraphyly of
‘‘Centridini’’ contradicts results from a morphological cladistics
analysis (Roig-Alsina and Michener, 1993) that found several synapomorphies for Centridini, all linked to their oil-collecting apparatuses. A tree in which Centris and Epicharis are constrained to

be monophyletic had a likelihood of
92,077, compared to
92,068 for the unconstrained tree, a highly signiﬁcant difference.
Several traditional subgenera within Centris and Epicharis are
not monophyletic, but three main clades in the Centris tree are
almost congruent with the subgenera Centris (Centris), C. (Trachina)
and C. (Melacentris) (labeled in Fig. A6). The Centris and Trachina
clades each expanded into the Nearctic region during the Miocene,
and in North America they now occur mostly in xeric vegetation.
They have modiﬁed oil-collecting apparatuses adapted to ﬂowers
of Calceolaria, Krameria, and certain Plantaginaceae (Martins
et al., 2013; Simpson et al., 1990).
A molecular clock tree calibrated with fossils similar to previous
studies (Cardinal and Danforth, 2013; Cardinal et al., 2010; Hines,
2008; Litman et al., 2013; Ramírez et al., 2011; details of the fossils
and their placements are provided in online supporting Table A6)
indicates that Epicharis diverged from the Centris/corbiculate clade
in the Turonian (early Upper Cretaceous), at 91 (79–102) million
years ago (mya), and that the latter diverged from each other at
84 (72–95) mya. The crown age of Epicharis is estimated as 28
(18–39) mya, that of Centris at 46 (34–58) mya. The state reconstruction of the oil-collecting apparatus indicates that the ancestral
condition in Centris is four-legged oil collecting, which was then
repeatedly lost (Fig. 3 shows the ancestral condition in Centris
and the losses of the 4-legged or 2-legged apparatus). In North
America, oil-collecting behavior was lost at least twice, namely in
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Fig. 3. Time-calibrated phylogeny for corbiculates, Centris and Epicharis, other Apinae, and Megachilinae, showing bee hind legs, ﬂowers these bees typically forage on, and
species diversities. (A) Time-calibrated phylogeny (for full species names see Fig. A5). Pie charts indicate the ancestral states of the oil-collecting apparatus inferred over 1000
Bayesian trees, with the colors indicating the most plausible state: four-legged (purple), absent (yellow). (B) Phylogeny for the focal group with the number of species in each
of the main clades. Photos counter-clockwise from right: Epicharis cockerelli on oil-offering Byrsonima (Malpighiaceae), the arrow points the hairy hind leg; Epicharis ﬂava on
oil-offering Byrsonima; Bombus on nectar-offering Knautia arvensis (Caprifoliaceae); Apis mellifera with fully loaded pollen basket; female pollen-collecting Euglossa on
Tibouchina (Melastomataceae); Centris thelyopsis on oil-offering Angelonia pubescens (Plantaginaceae), the arrow points to the hairy hind leg with an oil-soaked pollen load;
Centris bicolor on oil-offering Angelonia eryostachis (Plantaginaceae), note pollen grains on hairy hind legs; Centris aenea on oil-offering Byrsonima, the arrow points to a hind
leg with a shiny oil load. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Centris (Paracentris) anomala at ca. 13 mya, and again in the ancestor of C. (Paracentris) pallida and C. (Paracentris) hoffmanseggiae at
ca. 14 mya (Fig. 3). In South America, it was lost in C. (Wagenknechtia) muralis at ca. 5 mya and a second time in C. (Penthemisia) tamarugalis at ca. 2 mya (Fig. 2).
Differently from the North American species, the South
American species that lack setae on the fore and mid legs still
possess many characters of an oil-collecting ancestor, such as
non-functional combs with sparse setae on the forelegs, ﬁtting
with their more recent loss of the oil-collecting behavior. Six further species have lost oil-collecting apparatuses in North America
(C. tiburonensis, C. vanduzeei, C. rhodomelas and C. californica) and
South America (C. mixta and C. moldenkei), but have not been
sequenced.

The age of 91 (79–102) mya inferred here for the Epicharis/Centris clade agrees well with the inferred origin of the Malpighiaceae
family at 86 (72–99) mya (Xi et al., 2012), a large plant clade that
ancestrally produces oil in four calyx glands (Davis and Anderson,
2010) and that based on a previous molecular clock analysis (with
extremely sparse taxon sampling) had been suggested to have codiversiﬁed with Epicharis and Centris (Renner and Schaefer, 2010).
The nesting of the corbiculate lineage inside an oil-collecting clade
implies that the ancestral provisioning behavior in corbiculates
involved the collecting and transporting of oil in setae on all pairs
of legs (Figs. 1 and 3). The transition from setose hind leg tibiae to
glabrous corbiculae may relate to the use of resins in nest construction as true of many tropical corbiculate bees (Michener, 2007;
Simone-Finstrom and Spivak, 2010). Except for bumble bees,
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females of all corbiculates harvest plant resins, carrying them back
to the nests in their concave pollen baskets (Noll, 2002; SimoneFinstrom and Spivak, 2010). While suitable for carrying oils, bristle-bearing tibiae as found in all Centris would not work for transporting sticky resin pellets back to the nest. The main gene
determining the formation of a smooth, concave, bristle-free hind
tibia in honeybees (Apis mellifera) and bumblebees (Bombus impatiens) is Ultrabithorax (Ubx); interruption of Ubx by RNAi transforms a bristle-free basket into one covered with bristles
(Medved et al., 2014). This suggests that the evolution of a glabrous
pollen carrying apparatus may be due to the acquisition of a novel
role of Ubx in the suppression of bristles on the hind leg tibia
(Medved et al., 2014). The females of both Centris and Epicharis
have unusually broad and ﬂat basitarsi in their hind legs (Fig. 1).
The genetic machinery to produce such ‘‘ﬂat legs’’ apparently
was already in place in the ancestral lineage of the corbiculates
and probably facilitated the transition to their ﬂat and glabrous
hind tibiae.
The Epicharis lineage, which relies entirely on the ﬂowers of
Malpighiaceae and therefore always has oil-collecting setae on four
legs, today comprises just 35 species in the humid tropics; it
extends no further north than central Mexico (Moure et al.,
2012). By contrast, some Centris species no longer depend on Malpighiaceae, thereby becoming free to reduce the setae on their
middle legs. Today, this genus has 230 species and ranges into
North America and the Caribbean, occupying from humid to xeric
habitats. The early-diverging Centris, however, all have oil-collecting setae on four legs and co-evolved with the four-gland-ﬂowers
of Malphigiaceae over the past 90 mya.
Biogeographically, the nesting of corbiculate bees inside a New
World clade implies that the most recent common ancestor of the
corbiculates/Centris lineage probably lived in the Americas
(Fig. A5), as also inferred by Hedtke et al. (2013) albeit without statistical support for the relevant nodes. Such an origin has never so
far been suspected based on the fossil record of corbiculates, which
stems mostly from the Northern Hemisphere in Europe and North
America, and from Caribbean amber and dates back to the Latest
Cretaceous, ca. 72 mya (Engel, 2000), ﬁtting with our inferred corbiculate stem age of 84 (72–95) mya. Cardinal and Danforth (2011)
found that the complex social behaviors that evolved twice in the
corbiculate bees (once in the honeybee, once in the stingless bees)
have evolved over an 80 million year timespan. The present study
now adds the insight that the evolution of the pollen basket, the
key trait of corbiculates allowing them to carry pollen mixed with
nectar, apparently preceded the evolution of eusociality by just a
few million years.
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