N
N

N

HAL

open science

Phylogenetic analysis of the corbiculate bee tribes based
on 12 nuclear protein-coding genes (Hymenoptera:
Apoidea: Apidae)

Atsushi Kawakita, John S. Ascher, Teiji Sota, Makoto Kato, David W. Roubik

» To cite this version:

Atsushi Kawakita, John S. Ascher, Teiji Sota, Makoto Kato, David W. Roubik. Phylogenetic anal-
ysis of the corbiculate bee tribes based on 12 nuclear protein-coding genes (Hymenoptera: Apoidea:
Apidae). Apidologie, 2008, 39 (1), pp.163-175. hal-00891935

HAL Id: hal-00891935
https://hal.science/hal-00891935
Submitted on 11 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00891935
https://hal.archives-ouvertes.fr

Available online at:
www.apidologie.org

Apidologie 39 (2008) 163-175

© INRA/DIB-AGIB/ EDP Sciences, 2008

DOI: 10.1051/apido:2007046
Original article

Phylogenetic analysis of the corbiculate bee tribes based
on 12 nuclear protein-coding genes (Hymenoptera:
Apoidea: Apidae)*

Atsushi KAWAKITA', John S. ASCHER?, Teiji SOTA?, Makoto KATO!,
David W. ROUBIK*

! Graduate School of Human and Environmental Studies, Kyoto University, Kyoto, Japan
2 Division of Invertebrate Zoology, American Museum of Natural History, New York, USA
3 Department of Zoology, Graduate School of Science, Kyoto University, Kyoto, Japan
4 Smithsonian Tropical Research Institute, Balboa, Ancon, Panama

Received 2 July 2007 — Revised 3 October 2007 — Accepted 3 October 2007

Abstract — The corbiculate bees comprise four tribes, the advanced eusocial Apini and Meliponini, the
primitively eusocial Bombini, and the solitary or communal Euglossini. Recovering a robust phylogeny for
the four tribes is of considerable importance for understanding the evolution of eusociality, yet previous
morphological and molecular studies reached strikingly different conclusions. We study an expanded data
set consisting of 12 nuclear genes to explore lines of support for the molecular hypothesis. Results corrob-
orate previous molecular studies; support increases as more genes are added. Across genes, support for the
molecular hypothesis is positively correlated with the number of informative sites and the relative substitu-
tion rate. Phylogenetic signals supporting the molecular tree rest almost entirely upon synonymous changes
at the first and third codon positions. We discuss possible future approaches for resolving the frustratingly
persistent corbiculate bee controversy.

advanced eusociality / bumble bee / corbiculate bee / honey bee / nuclear genes / orchid bee / phylogeny
/ stingless bee

1. INTRODUCTION and maximize their foraging efficiency by us-
ing sophisticated communication and rapid
recruitment of nestmates to food sources. A
myriad of fascinating biological features of
the bees and their economic importance as
pollinators and honey producers have sparked
numerous ecological, behavioral, neural, ge-

netic, and genomic studies, and led the western

The advanced eusocial colonies of the
honey bees and stingless bees are among the
most elaborate of the insect societies (Wilson,
1971; Michener, 1974; Winston, 1987). In
these colonies, the morphologically differ-
entiated queens are devoted to producing

offspring, and the non-reproductive workers
gather and process food, feed larvae, and build
and defend nests. Workers specialize through
division of labor by age, size, and genetics,
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honey bee, Apis mellifera L., to become one
of the first insect species to have its genome
sequenced (The Honeybee Genome Sequenc-
ing Consortium, 2006). Despite the widely ac-
cepted paradigms of social evolution repre-
sented by such bees (e.g., division of labor,
sterile workers, overlap of generations), and
several recent phylogenetic studies of tribal
relationships, the origin of their advanced
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societies remain unexplained (Schultz et al.,
1999, 2001; Ascher et al., 2001; Cameron and
Mardulyn, 2001; Engel, 2001a; Lockhart and
Cameron, 2001).

The first study that rigorously explored the
phylogenetic relationships among the corbic-
ulate tribes was by Michener (1944), who
used adult external morphology to investi-
gate the overall phylogeny of bees. He con-
cluded that Euglossini were the first lineage
to diverge, followed by Bombini, and then
the advanced eusocial Meliponini and Apini
(Fig. 1a), a view consistent with that of ear-
lier authors such as Darwin (1859). Under
this hypothesis, general eusociality arose once
among corbiculate bees in the common ances-
tor of Bombini, Meliponini, and Apini. Ad-
vanced eusociality also arose only once among
bees, in the common ancestor of Meliponini
and Apini. Later studies explored a broad ar-
ray of adult and larval morphological char-
acters (Maa, 1953; Michener, 1974, 1990,
Winston and Michener, 1977; Kimsey, 1984;
Prentice, 1991; Roig-Alsina and Michener,
1993; Chavarria and Carpenter, 1994), and
some of them reached more or less differ-
ent conclusions (e.g., Fig. 1b, Michener, 1974,
Fig. 1c, Winston and Michener, 1977). How-
ever, all recent analyses of extant corbiculate
morphology (Michener, 1990; Prentice, 1991;
Roig-Alsina and Michener, 1993; Chavarria
and Carpenter, 1994; Schultz et al., 1999;
Ascher et al., 2001) are consistent with the hy-
pothesis proposed by Michener (1944). More
recently, Engel (2001a, b) significantly ex-
panded the morphological data set by includ-
ing fossil corbiculate tribes; the combined data
set lent further support to the Michener (1944)
phylogeny. Cardinal and Packer (2007) studied
a new set of morphological characters derived
from the sting apparatus. Their results were
perfectly congruent with the previous morpho-
logical studies. Noll (2002) analyzed a large
series of behavioral characters and arrived at
the same phylogenetic interpretation.

Despite the near unanimity of morpho-
logical, palaeontological, and behavioral
data, phylogenetic analyses using DNA
sequences suggest strikingly different rela-
tionships among the four tribes (Sheppard
and McPheron, 1991; Cameron, 1991,

1993; Koulianos et al., 1999; Mardulyn and
Cameron, 1999; Cameron and Mardulyn,
2001). Most notably, Bombini and Meliponini
are nearly always recovered as sisters, a
clade not supported by known morphological
data (Figs. 1d-f). Sheppard and McPheron
(1991) and Cameron (1991, 1993) were the
first to propose this alternative phylogeny, in
which sequences of nuclear and mitochondrial
ribosomal RNA were used to reconstruct the
corbiculate bee tribal relationships. Under this
hypothesis, advanced eusociality arose twice,
independently, in Meliponini and Apini;
reversals from advanced eusociality to other
stages, while equally parsimonious, were
considered very unlikely to occur because the
queens of advanced eusocial colonies have
lost the ability to survive on their own without
workers. Later studies utilized several other
genes, from both mitochondrial and nuclear
genomes (Koulianos et al., 1999; Mardulyn
and Cameron, 1999; Cameron and Mardulyn,
2001; Cameron, 2003). These studies con-
sistently recovered Bombini and Meliponini
as a monophyletic group excluding Apini.
The most comprehensive study was that of
Cameron and Mardulyn (2001), who analyzed
a data matrix of four genes (cytochrome b,
16S rRNA, opsin, and 28S rRNA). Their
results gave Bombini and Meliponini strong
support as sister groups, although the rela-
tionship of this clade to the remaining two
tribes remained unresolved. Cha et al. (2007)
recently analyzed the complete mitochon-
drial genome of Bombini, Meliponini, and
Apini, also finding that the first two tribes
are unambiguously recovered as sisters (the
mitochondrial genome of Euglossini is still
unavailable).

Resolving the controversy over tribal re-
lationships in corbiculate bees has proven
to be remarkably difficult (Schultz et al.,
1999, 2001; Ascher et al., 2001; Lockhart and
Cameron, 2001), and additional data from new
sources are needed to broaden our perspective
on the issue and to allow for more sophisti-
cated analyses of molecular evolution. Recent
publication of the honey bee genome had fa-
cilitated assembly of orthologous sequences
of previously unexplored nuclear genes in
many bees (Danforth et al., 2004). Because
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nuclear genes evolve more slowly and have
a more even base composition (and thus a
larger character state space) than do mitochon-
drial genes, they are generally better mark-
ers for inferring deeper or more ancient di-
vergences among taxa (Lin and Danforth,
2003). In addition, the base composition of
bee mitochondrial genomes has the highest
AT-bias among the more than 40 complete
insect mitochondrial genomes sequenced to
date (Cha et al., 2007). The resulting lim-
ited character state space could easily result in
spurious phylogenetic inference (Nardi et al.,
2003; Simmons et al., 2004). Therefore, ex-
tensive additional data from nuclear genes are
needed to help refine results obtained from
previous molecular studies, which often re-
lied on mitochondrial sequences (Cameron,
1991, 1993; Koulianos et al., 1999; Cameron
and Mardulyn, 2001), ribosomal sequences for
which alignment can be a confounding fac-
tor (Sheppard and McPheron, 1991), and/or

Bombini

Meliponini

165

Bombini

Figure 1. Previously proposed rooted phy-
logenies of the four corbiculate tribes (a—
f) and the three theoretically possible un-
rooted topologies for the four tribes (g—i). a.
Phylogeny favored by the majority of mor-
phological data sets (Michener, 1944, 1990;
Maa, 1953; Prentice, 1991; Roig-Alsina and
Michener, 1993; Chavarria and Carpenter,
1994; Schultz et al., 1999; Ascher et al.,
2001; Engel, 2001a, b). b. Phylogenetic hy-
pothesis of Michener (1974). ¢. Hypoth-
esis proposed by Winston and Michener
(1977) and Kimsey (1984). d—f. Phyloge-
netic hypotheses proposed by molecular
data (Cameron, 1991, 1993; Sheppard and
McPheron, 1991; Koulianos et al., 1999;
Mardulyn and Cameron, 1999; Cameron
and Mardulyn, 2001).

Meliponini

only limited nuclear data (i.e., a single gene
such as opsin; Mardulyn and Cameron, 1999;
Ascher et al., 2001). In this study, we con-
struct a data matrix consisting of 12 nuclear
protein-coding genes, four newly sequenced,
a significant addition to molecular studies of
the bee tribes considered here. Using the ex-
panded data set, we set a goal of identifying
more precisely the components of the molec-
ular data that support the sister grouping of
Bombini and Meliponini.

2. MATERIALS AND METHODS

2.1. Phylogenetic analysis of the
combined 12-gene data set

Detailed information on taxon sampling,
the 12 genes sequenced, and molecular
protocols are provided in the supplemen-

tary methods and primer sequences are de-
scribed in the supplementary tables and figure
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(http://www.apidologie.org/article/apido/olm/2008/
01/m07101/m07101.html). We first analyzed the
combined 12-gene data for all taxa to determine
whether or not the results are compatible with
the previous molecular hypothesis. Phylogenetic
trees were estimated using parsimony, maximum
likelihood, and Bayesian methods following the
procedures detailed in the supplementary mate-
rials. We also conducted phylogenetic analyses
using only the corbiculate ingroup sequences.
As discussed previously (Ascher et al.,, 2001),
phylogenetic analysis of the corbiculate tribes
using molecular data is often complicated by
spurious non-monophyly of the corbiculate bees.
Because the corbiculate bees are among the most
well-established clades of bees, supported by a
significant number of synapomorphies (Roig-
Alsina and Michener, 1993), such results are
likely artifacts due to systematic sources of error
(but see Cameron and Mardulyn (2003), who
suggested that non-monophyly of corbiculate bees
may be genuine). The crux of controversy over
corbiculate bee phylogeny are incongruencies of
tribal relationships between the molecular and non-
molecular data, regardless of where the outgroup
is connected to the ingroup. Figure 1 illustrates
the three theoretically possible topologies for a
four-tribe phylogeny. Morphological, behavioral,
and palaeontological data overwhelmingly support
the first topology (Fig. 1g), whereas molecular
data favor Bombini and Meliponini as sisters
(Fig. 1h) regardless of root position. To explore
the source of phylogenetic conflict underlying
the ingroup phylogeny is our stated purpose here,
while outgroup issues would more appropriately
be treated separately. We therefore analyzed the
combined ingroup sequences using parsimony,
maximum likelihood, and Bayesian methods.

To statistically assess whether the molecular
data are incongruent with traditional morphologi-
cal hypothesis, we performed the likelihood-based
Shimodaira-Hasegawa test (SH-test; Shimodaira
and Hasegawa, 1999) using trees estimated with and
without the outgroup. The alternative topologies for
the tests were defined by constraining Meliponini
and Apini as monophyletic and performing likeli-
hood heuristic searches.

2.2. Analysis of individual gene
partitions

To determine whether individual genes recover
different tribal relationships, we also analyzed each

gene using parsimony, likelihood, and Bayesian
analyses. Only the ingroup sequences were used for
the analyses. In addition, we compared nodal sup-
port values provided by each gene for the Bombini
+ Meliponini group, and tested whether the strength
of support for this topology was correlated with
the following six parameters: number of informa-
tive sites, base composition (proportion of A +
T), consistency index (CI; excluding uninformative
characters), relative substitution rate, shape param-
eter of the gamma distribution (@), and the pro-
portion of invariable sites (PI). The following four
support indices were used to assess the correla-
tion between the above parameters and phyloge-
netic performance: parsimony and likelihood non-
parametric bootstrap support, Bayesian posterior
probability, and partitioned Bremer support (PBS;
Bremer, 1994). Because PBS is dependent on the
amount of signal content of a given partition, we
divided PBS by the minimum number of steps for
that gene (Baker et al., 2001) to obtain a standard-
ized comparative measure of relative contribution of
each gene to the node of interest. Detailed methods
for calculating the parameters and support indices
are given in the supplementary materials.

2.3. Analysis by codon positions
and amino acid sequences

To determine whether molecular characters with
different evolutionary constraints vary in their con-
tributions to the Bombini + Meliponini group, we
partitioned the combined 12-gene data set by codon
positions and analyzed each partition under parsi-
mony, likelihood, and Bayesian methods. Most sub-
stitutions at the third codon position do not change
the amino acid and thus are synonymous, whereas
most changes at the first position and all changes
at the second position are non-synonymous, thus
potentially constrained by protein function. We
also analyzed the combined data by translating nu-
cleotide sequences into amino acids to assess the
contribution of non-synonymous substitutions to
overall phylogenetic resolution (but see Simmons
(2000) for confounding effect of homoplasy inher-
ent in the amino acid coding). Methods for the anal-
ysis of amino acid sequences are given in the sup-
plementary materials.

Because the above analysis of codon positions
resulted in contrasting patterns of support for the
Bombini + Meliponini group, we tested whether
this variation occurs from differences in the amount
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by using the data decisiveness index (DD; Goloboff,
1991). Data decisiveness can be calculated as:

DD = (S* - S)/(S* = M)

where S* is the mean length of 10 000 random tree
topologies, S is the length of the shortest tree, and
M is the minimum number of steps possible for each
data set. More decisive data sets (higher DD value)
allow the investigator to more confidently choose
some topologies over others. In addition, we calcu-
lated PBS for each codon position to obtain a com-
parative measure of phylogenetic contribution, by
each partition, to the Bombini + Meliponini group.

2.4. Analysis of the effect of gene
number on nodal support

We further explored the impact of character sam-
pling on phylogenetic performance by analyzing the
pattern of increase in nodal support as more genes
were included in the data set. We created data sets
consisting of one to 12 genes and calculated non-
parametric bootstrap values with 1000 replications
for the Bombini + Meliponini group. Twenty ran-
dom gene combinations were produced for each
data set size category, which were used to obtain
the mean and standard deviation of support values
(there are only 12 possible combinations for 1-gene
and 11-gene data sets and one combination for 12-
gene data). Due to computational intensity, support
indices were calculated using only the parsimony
criterion. Analyses were done using the data set
with all positions included and those partitioned by
codon positions.

Basic sequence statistics are provided in
Supplementary Table I. Simultaneous analy-
sis of the combined 12-gene data set produced
a well-corroborated phylogeny (Fig. 2). All
methods of analysis were mutually congruent
except for the parsimony analysis, which dif-
fered from the likelihood and Bayesian analy-
ses in the relative branching order within Eu-
glossini, which was only weakly supported
by any of the methods. The corbiculate bees
were recovered as monophyletic, and Eu-
glossini + Apini and Bombini + Meliponini
formed two pairs of strongly supported sister
tribes. Analysis performed without the non-
corbiculate outgroups also produced a well-
resolved topology consistent with these tribal
relationships (Fig. 3). Constraining the two ad-
vanced eusocial tribes (Meliponini and Apini)
as monophyletic resulted in a significant de-
crease in likelihood score both with and with-
out the outgroups (SH-test, P < 0.001).

In contrast, analyses of individual gene par-
titions and excluding outgroups resulted in
variable results (Fig. 4), and all three theo-
retically possible tribal groupings (Figs. 1g—i)
were recovered: two genes recovered (Eu-
glossini + Bombini) + (Meliponini + Ap-
ini), three genes supported (Euglossini +
Meliponini) + (Bombini + Apini), and the re-
maining seven genes favored (Euglossini +
Apini) + (Bombini + Meliponini). However,
statistical support for the tribal groupings by
individual genes was generally very low, ex-
cept for CAD, Nak, and Pol II, all of which
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supported the group Bombini + Meliponini
(Fig. 4).

We then analyzed whether support values
provided by each partition to the Bombini +
Meliponini group were correlated with any
statistical properties of the data themselves
(Fig. 5; Supplementary Tab. IT). Number of in-
formative sites and relative evolutionary rates
were positively correlated with all measures of
nodal support (parsimony and likelihood boot-
strap, Bayesian posterior probability, and stan-
dardized PBS values; Spermann’s rank corre-
lation test, P < 0.05). Proportion of A + T
was also positively correlated with nodal sup-
port (P < 0.05), except for the likelihood boot-
strap values (Fig. 5). There was no correlation
between other parameters and nodal support
values provided for the Bombini + Meliponini
group.

When each codon position was analyzed
separately, strong support for the Bombini +
Meliponini group was found only in the first
and third codon positions (Tab. I). In contrast,
the second codon position and also the amino
acid sequences provided very weak support to
this relationship. The lack of strong support
in the second position data is not due solely
to insufficient phylogenetic signal, because the
data decisiveness index indicated that the sec-
ond position data provide the most decisive
data of the three codon positions (Tab. II). The
second codon position had the highest pro-
portion of A + T, and the third position had
significantly heterogeneous base composition

Eufriesea pulchra

Apis florea

Apis dorsata

Apis cerana

Figure 3. Unrooted maximum likeli-
hood phylogram resulting from simulta-
neous analysis of 12 genes. Nodal sup-
port values as in Figure 2.

across taxa (Tab. II). Overall, the first codon
position sites contributed most strongly per
site to supporting the Bombini + Meliponini
group, as judged by the standardized PBS val-
ues (Tab. II).

Support for the Bombini + Meliponini
group provided by all-codon-position data
steadily increased as more genes were added
to the data set (Fig. 6). Similar trends were
found for the first and third position data sets,
although the third position data varied greatly
in support they provided, especially with data
sets consisting of fewer genes. In contrast, the
data set containing only the second positions
provided consistently weak support, and there
was no obvious trend of increased support
values (bootstrap analysis was not performed
with data sets of one and two genes due to the
limited number of informative sites).

4. DISCUSSION

4.1. Phylogenetic support for the
Bombini + Meliponini group

Overall, the present phylogenetic analy-
ses based on 12 nuclear protein-coding genes
strongly corroborated the results of previ-
ous molecular studies that recovered Bombini
and Meliponini as a putative monophyletic
group (Figs. 2, 3). Constraining Meliponini
and Apini as monophyletic, consistent with
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the traditional view of corbiculate bee rela-
tionships, resulted in significant (P < 0.001)
decrease in likelihood score, indicating that
phylogenetic signals in the sequence data sup-
porting the Bombini + Meliponini group are
significantly stronger than those supporting
the traditional morphological hypothesis. In
contrast, phylogenetic analyses of individual
gene partitions and excluding outgroups re-
sulted in variable tree topologies, with all
the three theoretically possible tribal relation-
ships recovered (Fig. 4). Nodal support val-
ues (Fig. 6) clearly indicate that robustness
of the Bombini + Meliponini group steadily
improves as more genes are sampled. This
suggests that an expanded molecular data set
would likely converge on the same result, as
long as standard phylogenetic methods are em-
ployed for reconstructing the phylogeny, but
such convergence does not entail that the phy-
logenetic result is correct (see below).

Our sampling of the 12 genes also al-
lowed the examination of statistical properties
in molecular data that are likely responsible
for supporting for the Bombini + Meliponini
group (Fig. 5). The tests of correlation be-
tween various parameters and support values
for the Bombini + Meliponini group indicated
that the number of informative sites, relative
substitution rate, and to a lesser extent AT-bias
are associated with the strength of nodal sup-
port (Fig. 5). The number of informative sites
and substitution rate likely reflect the amount
of phylogenetic information contained in each
gene partition. Thus, these results suggest that
nodal support becomes stronger as more infor-
mation is present in the data, which is consis-
tent with our finding that support values in-
creased with gene number (Fig. 6). Also, an
AT-bias is known to correlate positively with
base substitution rate in insect DNA (Lin and
Danforth, 2003), which further suggests that
information content alone determines the like-
lihood of providing support for the Bombini +
Meliponini group.

When the three codon positions were ana-
lyzed separately, only the first and third po-
sition data provided support for Bombini +
Meliponini (Tab. I, Fig. 6). Lack of sup-
port by second position data is not due to
absence of phylogenetic signal in the parti-

tion, as shown by strong decisiveness (Tab.
II). In fact, the second position data were the
most decisive of all codon positions (high-
est DD), yet provided very weak support to
the tribal relationship (Tabs. I, II). This in-
dicates that substitutions in the second posi-
tion data contain signals for other nodes on the
phylogeny (e.g., monophyly of each tribe) but
do not contribute to robustness of the tribal
relationship. The first and third codon posi-
tions contained more informative sites than the
second position, which is likely one reason
for their higher support values. Overall, the
first codon position contributed roughly five
times more signal than the third position, as
judged from standardized PBS values. In turn,
amino acid sequences did not provide mean-
ingful support for the Bombini + Meliponini
sister relationship. This indicates that the ma-
jority of phylogenetic signals supporting the
observed tribal relationship come from syn-
onymous substitutions at the first and third
codon positions, at least with our data matrix
of 12 genes. Although the vast majority (96%)
of all possible first position substitutions are
non-synonymous, this position yielded results
much more consistent with the third position,
rather than the second position for which all
substitutions are non-synonymous. This fur-
ther indicates that support for the Bombini +
Meliponini relationship is largely contributed
by synonymous substitutions. It thus remains
to be determined whether non-synonymous
substitutions also yield the same topology
when even more characters are sampled for the
analysis.

4.2. Resolving the corbiculate
controversy

Overall, the results of our present analy-
sis provide strong support for the previous
molecular hypothesis and therefore fuel rather
than resolve the existing controversy over
the phylogenetic relationships of corbiculate
tribes. Resolving the controversy would ulti-
mately require identifying the source of error
that has led either morphological or molec-
ular data to mislead phylogenetic inference.
There has been a long history of, and
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Figure 5. Relationships between various phylogenetic statistics of individual gene partitions and maximum
likelihood bootstrap values provided for the Bombini + Meliponini group. Correlations were assessed by

Spearman’s rank correlation test.

Table I. Parsimony and likelihood bootstrap and Bayesian posterior probability values for the Bombini +
Meliponini group in the simultaneous analysis of 12 genes using the ingroup sequences. Values are indicated

in bold when 95 or above.

Partition Parsimony  Likelihood Bayesian
All positions 99 100 100

1st position 99 97 100

2nd position 46 51 47

3rd position 95 100 100
Amino acid 51 44 74

considerable debate that has been devoted
to, morphological systematics of the corbicu-
late bees (Michener, 1944, 1974, 1990, 2000;
Winston and Michener, 1977; Kimsey, 1984;
Prentice, 1991; Roig-Alsina and Michener,
1993, Chavarria and Carpenter, 1994; Schultz
et al.,, 1999; Ascher et al., 2001; Engel,
2001a, b; Cardinal and Packer, 2007). There-
fore, we do not discuss the robustness of
morphological hypothesis here other than to

note that no strong morphological charac-
ter has been identified that might support
Meliponini + Bombini. In turn, molecular phy-
logenetic analyses using large data sets have
only recently become routine, and thus it is
possible that the molecular results are mislead
by undetected, or as yet unknown, systematic
biases.

The difficulty of inferring corbiculate phy-
logenetic relationships using molecular data
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Table II. Statistics of different codon position data calculated for the ingroup sequences. Partitioned Bremer
support (PBS) is given for the node supporting Bombini + Meliponini.

Informative  Data PBS/ A +T Base comp.
sites decisiveness PBS  min steps® CI° (%)  heterogeneity?
All positions 1114 0.702 31 0.018 0.685 0.547 0.725
Ist position 134 0.798 13 0.061 0.760  0.497  1.000
2nd position 54 0.865 0 0.000 0.792 0.608  1.000
3rd position 926 0.683 18 0.012 0.672 0535 < 0.001

# Partitioned Bremer support divided by minimum number of steps.
b Consistency index excluding uninformative characters.

¢ Proportion of A’s and T’s in the partition.

4 P-values of the chi-square test of homogeneity in base composition. across taxa.
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Figure 6. Relationships between number of sampled genes and parsimony bootstrap support for the
Bombini + Meliponini group (means + SD). Support values were calculated for 20 randomly sampled

gene sets for each size category.

stems from the fact that there have been
repeated extinctions of ancient corbiculate
lineages after the extant four tribes diverged
from their common ancestors (Engel, 2001a,
b). This resulted in very long branches lead-
ing to the extant crown group within each
tribe (the four long branches in Fig. 3), rel-
ative to short internal branches separating
them. This juxtaposition of long branches con-
nected by short internodes makes it difficult to

distinguish true historical signals in the molec-
ular data from those originated by secondary
convergence. In an extreme example where in-
ternal branches have effectively zero length
with respect to the characters sampled (i.e., the
four tribes diverged almost simultaneously),
two tribes could still be strongly recovered
as a group if they share similar patterns of
base substitution that occurred after they had
split from the common ancestor. It is therefore
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important to determine if there is any sig-
nificant heterogeneity in patterns of molecu-
lar evolution among tribes, which could easily
lead to artifactual groupings irrespective of un-
derlying true historical signals. Empirical ex-
amples of such biases include divergent evolu-
tionary rate (Philippe et al., 2005) and hetero-
geneous base composition across taxa (Gruber
et al., 2007). Although no strong evidence for
such biases is detected yet in the corbiculate
bees (see Supplementary Tab. IV for compar-
ison of base composition across taxa), future
studies should rigorously investigate the pos-
sibility that heterogeneous patterns of molec-
ular evolution may have misled the interpre-
tation of their phylogenetic relationships (see
also Ascher et al., 2001).

In addition to exploration of systematic bi-
ases, studies that employ novel approaches
may greatly facilitate our understandings of
corbiculate relationships. With the honey bee
genome now available, there is a flood of new
information that can be exploited for stud-
ies of corbiculate bee phylogeny. Such novel
approaches involving genome-level analyses
would likely reveal characters less likely to be
prone to simple artifacts and therefore particu-
larly relevant for choosing between alternative
phylogenetic hypotheses, thereby finally bring
about a clear resolution to the long-lasting cor-
biculate controversy.
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Analyse phylogénétique des tribus d’abeilles cor-
biculées sur la base de 12 génes nucléaires codant
pour des protéines (Hymenoptera : Apoidea: Ap-
idae).

abeille domestique / Apini / bourdon / Bombini
/ abeille sans aiguillon / Meliponini / abeille eu-
glossine / Euglossini / abeille corbiculée / géne
nucléaire / phylogenése / eusocialité avancée

Zusammenfassung — Phylogenetische Analyse
der corbiculaten Bienen auf der Grundlage von

12 Kernprotein-Genen (Hymenoptera: Apoidea:
Apidae). Die Volker der hocheusozialen Honig-
bienen und der Stachellosen Bienen zihlen zu
den hochstentwickelten Insektensozietiten. In die-
sen Volkern fillt den morphologisch differenzier-
ten Koniginnen die Aufgabe der Reproduktion zu,
wihrend die nichtreproduktiven Arbeiterinnen die
Larven fiittern, das Nest bauen und verteidigen
und mittels fortgeschrittener Kommunikationssy-
steme Futter sammeln. Die Honigbienen und Sta-
chellosen Bienen sind eng verwandt mit den pri-
mitiv eusozialen Hummeln und den solitdren oder
kommunalen Prachtbienen. Diese vier Gruppen bil-
den die corbiculaten Bienen, benannt nach der
auf Pollentransport spezialisierten Struktur auf den
Hinterbeinen, dem Pollenkorbchen oder Corbicu-
la. Die Aufdeckung der Beziehungen innerhalb die-
ser vier Gruppen mittels einer robusten Phyloge-
nie ist wichtig fiir das Verstindnis des Ursprungs
der fortgeschrittenen Eusozialitit. Morphologische,
paldontologische, molekulare und Verhaltensstudi-
en kamen hier jedoch zu sehr unterschiedlichen
Schliissen. Wihrend die nichmolekularen Studien
im allgemeinen eine Schwestergruppenbeziehung
von Honigbienen und Stachellosen Bienen stiit-
zen und damit auf einen einmaligen Ursprung fort-
geschrittener Sozialverhaltens verweisen, lieferten
molekulare Studien Hinweise auf eine enge Bezie-
hung von Hummeln und Stachellosen Bienen und
damit auf einen zweifachen Ursprung hoher Euso-
zialitdt. Wir fiihrten hier eine molekulare phyloge-
netische Analyse mit einem erweiterten Set aus 12
fiir Kernproteine kodierenden Genen durch. Die Er-
gebnisse bestitigen nicht nur die fritheren moleku-
laren Analysen, sondern dieses erweiterte Genset
erhoht sogar die Signifikanzwerte fiir die Richtig-
keit der molekularen Hypothese. Die Schwester-
gruppenbeziehung von Hummeln und Stachellosen
Bienen ist positiv korreliert mit der Zahl phyloge-
netisch informativer Positionen und mit den rela-
tiven Basensubstitutionsraten. Das phylogenetische
Signal, das die Hummeln + Stachellosen Bienen
Gruppierung stiitzt, beruht vor allem auf der ersten
und dritten Kodon-Position, mit geringem Beitrag
seitens der zweiten Position. Auch die Aminosiu-
rensequenzen liefern keine starke Unterstiitzung fiir
diese Gruppierung. Der grosste Teil der phylogene-
tischen Information kommt daher von synonymen
Basensubstitutionen in der ersten und zweiten Posi-
tion, die keine Veridnderungen in der Aminoséduren-
sequenz zur Folge haben. Wir diskutieren mogliche
zukiinftige Ansitze fiir die Kldrung dieser frustrie-
renden Kontroverse zur Phylogenie der corbiculaten
Bienen, die aus der Inkongruenz zwischen Morpho-
logie (einschliesslich Verhalten und Paldontologie)
und DNA hervorgeht.

Fortgeschrittene Eusozialiit / Hummeln / Corbi-
culate Bienen / Honigbiene / Kerngene / Pracht-
bienen / Phylogenie / Stachellose Bienen
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SUPPLEMENTARY METHODS
1. Taxonomic sampling

The corbiculate bees are a monophyletic group
of long-tongued bees within Apinae, defined most
notably by the specialized pollen transporting struc-
tures on the hind legs known as pollen bas-
kets or corbicula (Sakagami and Michener, 1987;
Roig-Alsina and Michener, 1993; Michener, 2000).
The corbiculate bees include four tribes: the solitary
or communal Euglossini (orchid bees; 210 species
in five genera; Roubik and Hanson, 2004; Ascher,
2007), the primitively eusocial Bombini (bumble
bees; 246 species in the genus Bombus; Williams,
1998; Ascher, 2007), and the advanced euso-
cial Meliponini (stingless bees; 471 species in
20-40 or more genera depending on the classi-
fication; Michener, 2000; Camargo and Roubik,
2005; Ascher, 2007) and Apini (honey bees; six
to 11 species in the genus Apis; Engel, 1999;
Michener, 2000).

A list of taxa examined in the present study
is given in Supplementary Table I. The mono-
phyly of each extant corbiculate tribe is well es-
tablished both by morphology (Roig-Alsina and
Michener, 1993; Michener, 2000) and molecular
data (Cameron and Mardulyn, 2001; Michel-Salzat
et al., 2004; Arias and Sheppard, 2005; Cameron
et al., 2007; Rasmussen and Cameron, 2007), so
use of exemplars is appropriate. Because our focus
was to sequence more genes rather than to sam-
ple more taxa, sampling was limited to two or
three exemplars per tribe. However, an effort was
made to sample across a greater diversity of gen-
era and species, as corroborated by recent molec-
ular phylogenetic analyses of each tribe (Kawakita
et al., 2004; Michel-Salzat et al., 2004; Arias and
Sheppard, 2005; Cameron et al., 2007; Rasmussen
and Cameron, 2007). Outgroup taxa were sampled
from four tribes that are suggested as closely re-
lated to the corbiculate bees by morphology (Mich-
ener, 1990; Roig-Alsina and Michener, 1993) and
a recent molecular phylogenetic analysis (Danforth
et al., 2006a).

2. Genes analyzed and primers for
the polymerase chain reaction (PCR)

We assembled sequences of 12 protein-coding
nuclear genes for this study (Supplementary
Tab. II). The following seven genes have been pre-
viously utilized in bee phylogenetics: arginine ki-
nase (Argk; Kawakita et al., 2003), CAD (Danforth

et al., 2006b), elongation factor 1-alpha F2 copy
(EF-1a; Danforth and Ji, 1998), sodium-potassium
ATPase (NaK; Danforth et al., unpublished), RNA
polymerase II (Pol II; Danforth et al., 2006a,b),
long-wavelength rhodopsin (Rh; Mardulyn and
Cameron, 1999) and wingless (Wg; Danforth et al.,
2004a). The primer sequences have been previ-
ously published and those used in the present
study are listed in Supplementary Table II. The
white (W) gene has been used in insect systemat-
ics, e.g., mosquitoes (Besansky and Fahey, 1997);
Danforth et al. (2004b) designed the primer for
bees. The remaining four genes have not been ex-
plored previously for phylogenetic analysis and
were newly developed for this study: mitotic check-
point control protein (Bub3), Ca’*/calmodulin-
dependent protein kinase II (CamkII), deoxyribonu-
cleoside kinase (Dnk), and glycerol kinase (Gyk).
For these four loci, we compared the sequences de-
rived from the genomic databases of Apis mellif-
era and Drosophila melanogaster and those con-
tained in the ETS database of Heliconius butterflies
(Papanicolaou et al., 2005) to identify conserved
regions within the exons for designing degenerate
primers. Because our aim was to sample more genes
but not longer sequences from individual loci, care
was taken to keep the length of a PCR fragment, in-
cluding introns, to about 1000 bp in order to facili-
tate direct sequencing. Primer sequences and maps
showing primer and intron positions for these four
genes are provided as Supplementary Figure.

The Argk, EF-la, and Rh sequences of the
following species have been previously pub-
lished and were retrieved from the GenBank
database:  Euglossa  imperialis  (AY267176/
AY267144/  AY267160), Exaerete  frontalis
(AY267175/ AY267143/ AY267159), Bombus
ardens (AF492897/ AF492964/ AF493031), Bom-
bus diversus (AF492894/ AF492961/ AF493028),
Meliponula bocandei (AY267177/ AY267145/
AY267161), Apis dorsata (AY267178/ AY267146/
AY?267162), and Centris cockerelli (AY267180/
AY267148/ AY267164). The remaining sequences
were newly obtained in this study and deposited in
the GenBank database under accession numbers
EU184704-EU184857.

3. Molecular methods

Genomic DNA was extracted from thoracic tis-
sue of ethanol-preserved or pinned specimens with
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Supplementary Table I. Taxa examined.

Tribe Species Locality
Ingroup
Euglossini Euglossa imperialis Cockerell, 1922 Panama
Exaerete frontalis (Guérin-Méneville, 1845)  Panama
Eufriesea pulchra (Smith, 1854) Panama
Bombini Bombus ardens Smith, 1879 Kyoto, Japan
Bombus diversus Smith, 1869 Kyoto, Japan
Meliponini Trigona fuscipennis Friese, 1900 Costa Rica
Cephalotrigona capitata (Smith, 1854) Costa Rica
Meliponula bocandei (Spinola, 1853) Gabon
Apini Apis florea Fabricius, 1787 Mahaxai, Laos
Apis dorsata Fabricius, 1793 Laksao, Laos
Apis cerana Fabricius, 1793 Kyoto, Japan
Outgroup
Centridini Centris cockerelli Fox, 1899 New York, USA
Ericrocidini Epiclopus gayi Spinola, 1851 Chile
Melectini Thyreus takaonis (Cockerell, 1911) Okinawa, Japan
Anthophorini  Anthophora plumipes (Pallas, 1772) Kyoto, Japan

standard phenol/chloroform methods. PCR amplifi-
cations were carried out with the following reaction
conditions: initial denaturation at 94 °C for 5 min,
30 cycles of denaturation at 94 °C for 30 sec, an-
nealing for 30 sec, and extension at 72 °C for 1 min,
and final extension at 72 °C for 7 min. Annealing
temperatures depended on primers used and are pro-
vided in Supplementary Table II. All PCR amplifi-
cations were aided by Ex Taq polymerase (TaKaRa,
Otsu, Japan) and carried out using a GeneAmp PCR
System 9700 (Perkin-Elmer, Foster City, CA). Am-
plified PCR products were purified using a Nu-
cleoSpin Extract II Kit (Macherey-Nagel, Diiren,
Germany). Sequencing reactions were performed
using an ABI Prism BigDye Terminator Cycle Se-
quencing Ready Reaction Kit (Perkin-Elmer), and
eloctrophoresis was conducted on an ABI 3100
sequencer (Perkin-Elmer). The CamklIl gene dis-
played extensive length variation in the first intron;
full-length sequences could not be obtained by us-
ing only the PCR primers in some taxa. We there-
fore designed internal sequencing primers located
at the boundaries between the first intron and the
flanking exons, and used them to obtain sequences
of only exons and the second intron.

4. Phylogenetic analysis

Because the intron sequences varied greatly in
length among taxa, only exon sequences were used

for analyses. Alignment of the exon sequences was
straightforward. Only a single, three-base insertion
in the CAD gene of Thyreus takaonis was neces-
sary. The number of nucleotide sites for each gene
partition varied between 166 and 942 (Supplemen-
tary Tab. III), and the combined data matrix con-
sisted of 6018 aligned nucleotide sites. The number
of parsimony-informative characters for the corbic-
ulate ingroup ranged between 16 and 196 for each
partition, and in total, 1387 sites were informative
(Supplementary Tab. III). Within the ingroup, se-
quences could not be obtained in Trigona fuscipen-
nis and Meliponula bocandei for CAD, Trigona
Sfuscipennis and Euglossa imperialis for CamklI,
and Apis cerana and Apis florea for Dnk. In the out-
group, Epiclopus gayi could not be sequenced for
Dnk, EF-1a, and Gyk, Thyreus takaonis for Argk
and EF-1e, and Anthophora plumipes for Argk and
Dnk.

All phylogenetic analyses were done using
PAUP* version 4.0b10 (Swofford, 2002), un-
less otherwise stated. Parsimony, likelihood, and
Bayesian analyses for the nucleotide characters
were performed with the following procedures.
We constructed the most parsimonious trees by
heuristic searches with 100 random addition anal-
yses and tree bisection-reconnection (TBR) branch-
swapping. Robustness of the trees was validated
with non-parametric bootstrap analysis with 1000
replications. For the maximum likelihood analysis,
we used the program Modeltest 3.0 (Posada and
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Supplementary Table IV. Comparison of base compositions among the ingroup taxa for the combined
12-gene data set. There is no significant heterogeneity in base composition as judged by the chi-square test

(x* = 25.0096, df = 30, P = 0.7246).

Taxon Sites A C G T

Euglossa imperialis 5620 0.2886  0.2155 0.2354  0.2605
Exaerete frontalis 5786 0.2814 0.2157 0.2421 0.2608
Eufriesea pulchra 6003 0.2909 0.2096 0.2351 0.2645
Bombus ardens 5896 0.2808 0.2144 0.2388  0.2660
Bombus diversus 5841 0.2851 0.2111 0.2371  0.2668
Trigona fuscipennis 5084 0.2797 0.2182 0.2469  0.2552
Cephalotrigona capitata 5944  0.2784  0.2221  0.2470  0.2525
Meliponula bocandei 5379 0.2814 0.2172 0.2460 0.2554
Apis florea 5420 0.2832 0.2137 0.2391 0.2639
Apis dorsata 5820 0.2944 0.2049  0.2298  0.2709
Apis cerana 5568 0.2827 0.2132 0.2378  0.2664

Crandall, 1998) to select an appropriate model of
base substitution and to estimate model parameters,
which were used in maximum likelihood heuris-
tic searches with 10 random addition analyses and
TBR branch-swapping. Likelihood node support
was assessed by performing 100 non-parametric
bootstrap replications. The Bayesian analysis was
performed using MrBayes 3.1.2 (Ronquist and
Huelsenbeck, 2003) and appropriate substitution
models selected by MrModeltest 2.2 (Nylander,
2004). In the simultaneous analysis of the 12 genes,
we partitioned the data set by genes, and substi-
tution models were selected separately by using
MrModeltest. The unlink command was used to ob-
tain parameter estimates separately for each par-
tition. In the Bayesian tree searches, we ran four
simultaneous chains for 5 X 10° generations, sav-
ing trees every 100 generations for a total of 5001
trees. We plotted In-likelihood of the sampled trees
against generation time to identify the region of the
analysis in which the parameter estimates were sta-
ble. We discarded the burn-in region (trees and pa-
rameter estimates obtained before equilibrium; the
initial 1001 tree), and the remaining 4000 samples
were used to obtain the posterior distribution of tree
topology, branch lengths, and substitution parame-
ters. To ensure that analyses were not trapped on
local optima, we carried out two independent runs
and compared the results for consistency.

Parsimony analysis of amino acid sequences was
performed using PAUP* as described for nucleotide

sequences. The best-fit model of amino acid se-
quence for the likelihood analysis was selected us-
ing Modelgenerator (Keane et al., 2006), and the
likelihood search and 100 replications of bootstrap
analysis were performed with MultiPhyl (Keane
et al., 2007) using the nearest neighbor interchange
(NNI) swapping algorithm. The Bayesian search
was performed using MrBayes and by setting the
prior for the amino acid model to “mixed” under
which the program estimates the relative contribu-
tion of different amino acid models according to
their posterior probabilities. The shape parameter of
the gamma distribution and proportion of invariable
sites were also estimated as suggested by Model-
generator.

4.3. Analysis of correlation between
nodal support values and statistical
properties of individual gene
partitions

Because individual gene partitions supported
variable tribal relationships, we compared nodal
support values provided by each gene for the
Bombini + Meliponini group, and tested whether
the strength of support for this topology was cor-
related with the following six parameters: num-
ber of informative sites, base composition (pro-
portion of A + T), consistency index (CI; exclud-
ing uninformative characters), relative substitution
rate, shape parameter of the gamma distribution
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Supplementary Figure. Gene map showing positions of exons (boxes) and introns (lines), and the primers
newly designed in this study. Exons are proportional to their lengths, and the number of nucleotide sites is
given for each exon. Regions sequenced in this study are indicated in gray. Approximate lengths of introns
in species examined in this study are given for the regions sequenced. Lengths for other introns are those of

Apis mellifera.

(@), and the proportion of invariable sites (PI). The
first three parameters were calculated using PAUP*.
The remaining three parameters were estimated
within the Bayesian framework. The advantage of
the Bayesian approach is that various substitution
parameters can be estimated (without assuming a
particular tree topology a priori) and compared
across different partitions when analyzed simulta-
neously using the same model (Lin and Danforth,
2003; Danforth et al., 2005). We first estimated
relative substitution rate and @ by employing the
GTR+G model to all gene partitions and perform-
ing Bayesian searches. Parameter estimates were
obtained separately for each gene by using the un-
link command. We then obtained estimates of PI
using the GTR+I model across all genes. We did
not estimate « and PI simultaneously (GTR+G+I
model) because the two parameters are dependent
on each other and thus would more appropriately
be compared across partitions when estimated sep-
arately.

The following four support indices were used
to assess the correlation between the above pa-
rameters and phylogenetic performance: parsimony
and likelihood bootstrap support, Bayesian pos-
terior probability, and partitioned Bremer support
(PBS; Bremer, 1994). The command file for calcu-
lating PBS was produced using TreeRot version 2
(Sorenson, 1999). Because PBS is dependent on the
amount of signal content of a given partition, we
divided PBS by the minimum number of steps for
that gene (Baker et al., 2001) to obtain a standard-
ized comparative measure of relative contribution of
each gene to the node of interest.
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