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SUMMARY

How social complexity evolved remains a long-standing enigma. In most animal groups, social complexity is
typically classified into a few discrete classes. This approach is oversimplified and constrains our inference of
social evolution to a narrow trajectory consisting of transitions between classes. Such categorical classifica-
tions also limit quantitative studies on the molecular and environmental drivers of social complexity. The
recent accumulation of relevant quantitative data has set the stage to overcome these limitations. Here,
we propose a data-driven, high-dimensional approach for studying the full diversity of social phenotypes.
We curated and analyzed a comprehensive dataset encompassing 17 social traits across 80 species and
studied the evolution of social complexity in bees. We found that honey bees, stingless bees, and bumble
bees underwent a major evolutionary transition ~80 mya, inconsistent with the stepwise progression of
the social ladder conceptual framework. This major evolutionary transition was followed by a phase of sub-
stantial phenotypic diversification of social complexity. Other bee lineages display a continuum of social
complexity, ranging from solitary to simple societies, but do not reach the levels of social complexity seen
in honey bees, stingless bees, and bumble bees. Bee evolution, therefore, provides a remarkable demonstra-
tion of a macroevolutionary process in which a major transition removed biological constraints and opened
novel evolutionary opportunities, driving the exploration of the landscape of social phenotypes. Our
approach can be extended to incorporate additional data types and readily applied to illuminate the evolution

of social complexity in other animal groups.

INTRODUCTION

One of the most fascinating examples of increased complexity in
biological systems is the evolution of animal societies. Sociality
has evolved multiple times across independent taxonomic
groups and has played a key role in the evolution of animals.’™
Despite the remarkable variation among animal societies,
comparative studies have typically classified levels of social
complexity based on a few qualitative traits, such as group
composition, reproductive skew, or parental care (e.g., in pri-
mates,”® in birds,”'° and in insects’'''®). This approach was
crucial for the development of influential theories such as kin se-
lection,’ major transitions in evolution,’® and developmental
plasticity.'® However, focusing on a few qualitative traits forces
social phenotypes to fit into a small number of coarsely defined
classes (e.g., pair-living, subsocial, and eusocial) assumed to
represent a set of evolutionary transitions.'”~" This limited set
of transitions imposes a narrow trajectory for the evolution of so-
cial complexity.'” Such qualitative classifications fail to capture
the full diversity of social phenotypes within these classes. For
example, most ants and termites are typically classified as
“advanced eusocial” or “superorganismal,” despite including
species with small colonies, limited queen-worker dimorphism,

and sexually reproducing workers (“gamergates”).’®?* The
commonly used qualitative approach may mask important
evolutionary processes such as phenotypic diversification.
Insects from the order Hymenoptera provide a powerful sys-
tem with which to study the evolution of social complexity
because species within the same taxonomic lineage often
exhibit diverse social phenotypes.’"*>?* Theories on the evolu-
tion of social complexity in insects can be divided into two main
frameworks. The first framework emphasizes a single pivotal in-
crease in the level of social complexity that leads to an irrevers-
ible point of no return, known as “superorganismality.”% %1925
This framework focuses on caste differentiation processes pro-
ducing highly fertile castes (queens and kings), which function
as the reproductive entity of the superorganism, and workers
with severely reduced reproductive potential, which are func-
tionally analogous to somatic cells in a multicellular organism.
The second framework, commonly termed “the social ladder,”
assumes a stepwise evolutionary trajectory passing through a
few key levels of sociality.'’"'**® The less complex societies
are viewed as primitive states, metaphorically comparable to
lower rungs on a ladder.?*® Despite the long tradition and
significant contribution of the social ladder framework, it
remains debated whether sociality in insects evolved along
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similar evolutionary trajectories across different taxonomic
Iineages.17,18,20,29—31

Both theories have suffered from repeated semantic disagree-
ments regarding their definitions, ®?%?"*! a discussion that
hampered the use of comparative methods to identify factors
associated with variation in social complexity.'”'®?* Indeed,
recent attempts to understand the molecular underpinnings of
the evolution of social complexity have had partial suc-
cess.”5%?7% Thjs lack of substantial progress might be attributed
to the limited inference that can be made when using a small
number of traits as proxies for social complexity,'”'® given
that traits contributing to complex phenotypes may be shaped
by various selection pressures, ecological niches, preadapta-
tions, pleiotropic effects, and developmental constraints.®”~*°
Previous attempts to apply quantitative indices for social
complexity focused on only a few traits and were restricted by
both the number of species included and the range of taxonomic
sampling,'®*'~*° limiting their capacity to identify and charac-
terize macroevolutionary processes.
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appropriate computational methods,
sets the stage for quantitative investiga-
tions of social complexity pheno-
types.*®! Here, we adopt a data-driven
approach to untangle the evolutionary
history of social complexity in bees, which does not assume
that there are specific social classes or predetermined evolu-
tionary trajectories. Such a model-free approach enables the
analysis of complex interactions among traits in a high-dimen-
sional space,”>>® and can potentially resolve controversies
arising from a qualitative representation of social complexity.

RESULTS

We generated a quantitative dataset consisting of 17 traits
related to social complexity for 80 bee species exhibiting diverse
levels of social complexity (Figure 1; see Figure S1 for species
names). Through an extensive literature survey, we identified
reliable quantitative social traits that are comparable across
species (Figure 1A; Table S1). Our dataset includes colony-level
traits (e.g., colony size, colony longevity [CL], colony reproduc-
tive skew, and level of brood care [BC]), life-history traits
(e.g., overlap of generations [OG] and colony founding [CF]),
and morphological traits (e.g., queen-worker [QS] and
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worker-worker [WS] size polymorphism). We did not include
traits that cannot be properly compared across species (e.g.,
behavioral repertoire) or that are not available for many taxa
(e.g., detailed morphological and anatomical traits). The 80 bee
species in our dataset were selected based on the availability
and quality of published information, aiming to accurately repre-
sent the broad spectrum of social complexity and phylogeny
(Figure 1C). Some clades are characterized by a single level of
social complexity (e.g., honey bees, stingless bees, and bumble
bees), while other clades encompass multiple levels of social
complexity (e.g., sweat bees, orchid bees, and Xylocopinae
bees; Figure 1C). To allow the full potential of quantitative anal-
ysis for our dataset, missing data were imputed while accounting
for correlations between traits and between species (see STAR
Methods).

Phylogeny significantly accounted for variation in social
complexity. There is a statistically significant phylogenetic signal
(p < 0.001) for all traits using two complementary measures: Pa-
gel's lambda, which quantifies the phylogenetic signal from 0 to
1, and Blomberg’s K, which allows values >1 to indicate higher-
than-expected phylogenetic similarity between species (Fig-
ure 1A). Both approaches measure the extent to which trait evo-
lution follows a Brownian motion model of neutral evolution (see
STAR Methods). The three traits with the lowest phylogenetic
signal were ovarioles ratio (OR), percentage of workers mated
(WM), and queen-worker size ratio (QS). For seven traits, Blom-
berg’s K values were >1: colony size-related traits (CA, CM, and
CF), queen fecundity (QF), queen-worker polymorphism (QW),
the percentage of worker-produced males (PM), and nest
complexity (NC), which is consistent with higher-than-expected
similarity based on phylogenetic relatedness alone. NC showed
the highest Blomberg’s K value, probably due to its high score in
stingless bees, which build remarkably elaborate nests. The
strong phylogenetic signals for the social traits are consistent
with the occurrence of similarly high levels of social complexity
in honey bees, stingless bees, and bumble bees, which are rep-
resented by a relatively large number of species in our dataset
(Figure 1C).

Traits can be influenced by common evolutionary history, and
we therefore computed the correlations between all pairs of
traits while accounting for shared ancestry (Spearman’s correla-
tion coefficients using phylogenetically independent contrasts
(PICs) method to account for phylogenetic relationships). Many
traits in our dataset, including colony size-related traits, QF,
and NC (NC), are highly correlated (Figure 1B). This group of
traits is also negatively correlated with sex ratio (SX) and traits re-
flecting worker reproduction. Interestingly, the defining charac-
teristics of eusociality’*— BC, OG, and QW—were clustered
together in the hierarchical clustering analysis and were corre-
lated with each other, but not with many of the other social traits
in our dataset. Likewise, Colony and queen longevity (CL and QL)
are correlated with each other but not with other traits. Related-
ness (R) between females, a putative driver for social evolution,
was not correlated with most traits and shows a low (r =
—0.38) but statistically significant negative correlation with BC.
This relationship is perhaps indirect, driven by honey bees, which
have the lowest relatedness values but show a high degree of
BC. Interestingly, the hierarchical clustering analysis does not
group traits based on the broad trait categories we defined

¢ CellP’ress

(colors in Figure 1B), reflecting the complex correlation structure
of the data. Overall, the correlation matrix suggests that not all
social traits are necessarily positively correlated and that multi-
ple combinations of traits may contribute differently to an in-
crease in social complexity. Nonetheless, the interpretation of
specific correlations between traits based on this analysis
should be made with caution, and we therefore focus our anal-
ysis on broad patterns that are not trait-specific.

The phenotypic space of social complexity in bees

We used dimensionality reduction analyses to describe the
phenotypic space of social complexity using the 17 traits in our
dataset. We employed both principal-component analysis
(PCA) and uniform manifold approximation and projection
(UMAP). These analyses are complementary, and PCA de-
scribes the global structure of the phenotypes of the species in
our dataset, whereas UMAP emphasizes within-group variation,
which can add fine resolution to clustering in the phenotypic
space. Given the significant phylogenetic signals for all traits in
our dataset (Figure 1A), we applied a phylogenetic correction
for all downstream analyses. This correction accounts for the
shared evolutionary history among species, aiming to minimize
the bias generated by the phylogenetic relatedness among spe-
cies. The clustering in UMAP was consistent over a range of pa-
rameters of the analysis (Figure S2A), indicating that the overall
structure of the species clustering is robust regarding the rela-
tions between species. We used the broken stick method®* to
find the number of informative principal components (PCs) in
our PCA (the method determines how many PCs are informative
by comparing the variance explained by each PC to a threshold
of random variance, and only the PCs with variance exceeding
the threshold are considered informative). We find four informa-
tive PCs, which together explain ~70% of the variation in the so-
cial phenotype space, with PC1 and PC2 accounting for 28%
and 15% of the variation, respectively (Figures 2A, S2B, and
S2C). Both the PCA and UMAP identify clusters of species occu-
pying clear areas in the phenotypic space, but the composition
and structure of the clusters differed to some extent across an-
alyses (Figure 2A).

In the UMAP (Figures 2B and S2A), clustering suggested a
clear separation between (1) honey bees and stingless bees,
(2) bumble bees, and (3) the remaining species. In the PCA plots
(Figures 2A and S2C), bumble bees and stingless bees overlap-
ped in PC1 and PC2 but not in PC3 and PC4, whereas honey
bees were clustered separately. In addition, solitary, communal,
and subsocial species were clustered separately from parasocial
(often termed facultatively social®>°®) and non-Bombus primi-
tively eusocial species in PC1. Considering both PCA and
UMAP, we identified four main phenotypic groups that occupy
well-defined areas in the phenotypic space representing
different social complexity phenotypes (hereafter termed
“groups”; gray shaded areas labeled groups A-D in Figures 2A
and 2B). The main groups correspond to (A) solitary, communal,
and subsocial species; (B) parasocial and non-Bombus primi-
tively eusocial species; (C) bumble bees; and (D) honey bees
and stingless bees. The clearest and widest separation in both
the UMAP and PCA is between the monophyletic group within
corbiculate bees—honey bees, stingless bees, and bumble
bees (groups C and D)—and the rest of the species (groups A
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and B; Figures 2A and 2B). Thus, even after phylogenetic
correction, social complexity is still associated with phylogeny,
specifically for honey bees, stingless bees, and bumble bees.
Additionally, the partition between C and D to A and B reflects
the separation of species with obligate sociality (C and D) from
species with mostly facultative or no social lifestyle (A and B).
Notably, facultative and obligate sociality were not one of the
traits included in our dataset, indicating that our data-driven
approach successfully captured key attributes of social
complexity that were not explicitly defined.

The clusters in our phenotypic space differ from the commonly
used social ladder classification (color-coded in the phenotypic
spaces in Figures 2 and S2). Bees with different classifications
are clustered together within our phenotypic space. The change
from solitary lifestyle (group A) to parasocial and non-Bombus
primitively eusocial species (group B) was gradual rather than
stepwise as predicted by social ladder models. Another
apparent disagreement with social ladder models is that species
that are classified as primitively eusocial do not occupy a defined
phenotypic area but rather are separated into two different clus-
ters: one that includes bumble bees and one that includes the
other primitively eusocial species as well as some species that
are typically classified as parasocial or facultatively social; how-
ever, bumble bees do overlap with species commonly classified
as having lower levels of sociality in PC3 and PC4. Exoneurella
tridentata (Allodapini, typically classified as advanced eusocial)
and Lasioglossum marginatum (Halictidae; typically classified
as primitively eusocial) were the only species that do not belong
to the honey bees, stingless bees, and bumble bees, that in
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Figure 2. The phenotypic space of social
complexity in bees

(A) Phylogenetically corrected PCA. The plot
shows PC1 and PC2, which together account for
43% of the variation among species in our data-
set. Symbol color corresponds to the commonly
used social ladder classification, and its shape to
the species taxonomic clade (legend on the bot-
tom right). Habropoda labriosa and Megachile
rotundata are not included in the main clades in
our dataset and were therefore marked as “other.”
(B) Phylogenetically corrected UMAP. We visually
identified four putative phenotypic groups,
marked with capital letters A to D.

(C) The variable correlation plot describes the
contribution of traits to PC1 and PC2, with label
abbreviations detailed in Figure 1A. The direction
of each vector corresponds to the PCA in (A) and
indicates the proportion of its contribution to PC1
and PC2, and its length indicates the amount of
contribution. See Figures S2 and S3 for additional

Lineage analyses.
Honey bees
Stingless bees

© Stingless bees
(Melipona)
Bumble bees
Orchid bees
Sweat bees
Xylocopinae
Other

some analyses clustered within groups
C or D. It should be noted, however,
that these two species were associated
with different clusters across analyses
(Figures S2A, S2C, S2D, and S2F).

The species clusters in the PCA are not
tight, with each occupying a large area
in the phenotypic space. Notably, the
within-group variation is as large as the between-group variation
(i.e., the size of each group in the PCA is as large as the distances
between the groups), highlighting substantial variation in social
complexity that is entirely overlooked in the commonly used qual-
itative classifications. An important example is the large pheno-
typic space occupied by advanced eusocial species and bumble
bees, suggesting that species typically assigned to this class vary
substantially in social traits (groups C and D in Figures 2 and S2C).
To compare areas within the phenotypic spaces, we calculated
the convex hulls of the regions occupied by groups C + D (honey
bees, stingless bees, and bumble bees) and A + B (the remaining
species), using all four PCs. Our analysis revealed that the area
occupied by groups C + D is 6 times larger than that of groups
A + B. PC3 and PC4 accounted for much of this trend (Figure 2G),
which can be attributed to the large variation in OR and queen and
colony longevity (QL and CL, respectively), which is most evident
in stingless bees. Group D can be further partitioned into three
subgroups: honey bees, Melipona genus stingless bees, and
non-Melipona stingless bees (Figures 2A and 2B). The bumble
bee group was consistently partitioned along the common distinc-
tion between mass provisioners (pocket-making) and progressive
provisioners (pollen-storers; shown in UMAP analysis Figure S2A).
We evaluated the robustness of our phenotypic space by running
a set of sensitivity analyses, in which we tested how manipulations
of the data structure affect the results. Taken together, these an-
alyses suggest that there is no substantial bias in the phenotypic
space of the PCA due to taxonomy representation, missing data,
phylogenetic tree construction, and inclusion of specific traits
(Figure S3).



(2025), https://doi.org/10.1016/.cub.2025.01.009

Please cite this article in press as: Peled et al., Diversification of social complexity following a major evolutionary transition in bees, Current Biology

Current Biology

©- [ Honey bees
[ stingless bees
@ Bumble bees
[0 orchid bees
@ Sweat bees
(0 Xylocopinae
@ Other

Point of no return

PC1
2

¢? CellPress

Figure 3. Ancestral state reconstruction for
the evolution of social complexity

Values were obtained from the PCA (Figure 2A).
(A) A phenogram of the evolutionary trajectory of
PC1 over time. Shaded gray area represents the
95% confidence interval. Colors represent the
main taxonomic lineages in our dataset, broadly
aligning with the color scheme of Figure 2. A
dashed line indicates a putative point of no return
beyond which species are not likely to revert to
lower levels of social complexity.

(B) Integration of the PCA phenotypic space with
ancestral state reconstruction analysis of PC1 and
PC2. Arrows depict the inferred evolutionary route
of species within the phenotypic space. The ar-
rowheads and the black dots mark the position of
extant species in our dataset. Gray dots denote
the assumed social phenotype of putative ances-
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tral species (i.e., internal nodes in the phylogeny).
Large gray dot depicts the most recent common
ancestor (MRCA) of all species. The red star marks
the putative common ancestor of superorganismal
corbiculate bees. Gray dashed arrows illustrate a
stepwise increase in social complexity as pre-
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Figures S4 and S5 for analyses on all four PCs.
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to gain insight into the evolutionary his-
tory of social complexity (Figures 3A
and S4). To visualize the evolutionary
reconstruction in more than a single
dimension, we projected the ancestral
state reconstruction into different
combinations of the four main PCs
(Figures 3B and S5). The reconstructed

PC1

The largest separation in the phenotypic space of the PCA is
between clusters A + B and C + D. Assessment of the contribu-
tion of each trait suggests that colony size-related traits (CA, CM,
CF, and QF), QS, QW, WM, and SX, or some combinations of
these traits, likely contribute to this separation (Figures 2C and
S2B). Honey bees and non-Melipona stingless bees have a
high drone-to-gyne ratio, which may contribute to the significant
effect of SX on PC2. Species in groups A + B (i.e., sweat bees,
orchid bees, and Xylocopinae bees) align along an apparent di-
agonal line in the PCA of PC1 and PC2, an axis correlated with
BC, PM, and OG (Figure 2C), but other traits may interact to
further contribute to this pattern. Interestingly, these three traits
that are primarily associated with the variability observed in spe-
cies with the simpler societies are consistent with the definition
of eusociality according to Wilson. '

The evolutionary history of social complexity in bees
We conducted ancestral state reconstruction using PC values
as a quantitative estimate for the social complexity phenotype

evolutionary trajectory leading to the
monophyletic honey bees, stingless
bees, and bumble bees showed a rela-
tively constant trend of increase in social complexity values
along PC1 over time (Figure 3A). By contrast, the reconstruction
of species from groups A + B showed no consistent directional
changes with increases and decreases along the 4 major PCs,
and particularly in PC1. We identified a putative point of no re-
turn that is consistent with an irreversible phenotypic threshold
in PC1 and was crossed by all honey bees, stingless bees, and
bumble bees (dashed line in Figure 3A). Hence, we refer to this
group as the “superorganismal corbiculate bees.” The pheno-
typic threshold was also crossed by E. tridentata and
L. marginatum. The evolutionary reconstruction of PC2 (Fig-
ure S4), which mainly reflects the traits QW, QS, SX, and R (Fig-
ure S2B), suggests an early separation of the superorganismal
corbiculate bees from most other lineages, but the overlap with
species from other lineages is larger than for PC1. Taken
together, these analyses suggest that both PC1 and PC2
contributed to the increase in social complexity that separates
the superorganismal corbiculate bees from the other lineages
(Figure 3B).
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Figure 4. Adaptive evolutionary shift of social complexity

On the left, a single shift detected on the phylogenetic tree. The green circle indicates the inferred position of adaptive regime shift from PC1 and PC2, marking the
ancestor of the superorganismal corbiculate bees. On the right, bars show the PC1 and PC2 values for each species. See additional results for shift-detection

analysis in Figure S6.

After the split of the superorganismal corbiculate bees from the
remaining lineages, the social complexity of bumble bees, sting-
less bees, and honey bees diversified within the phenotypic
space of PC1 and PC2. For example, the Melipona stingless
bees diverged from the rest of the stingless bees to occupy a
distinct phenotypic space (Figure 3B). The superorganismal cor-
biculate bees show the largest phenotypic expansion during the
reconstruction of PC3 and PC4, with PC3 (influenced by OR, R,
CF, and QF) also separating honey bees from all other lineages
(Figures S4 and S5). Our evolutionary reconstructions suggest
that the high social complexity of E. tridentata and
L. marginatum reflects a later increase in social complexity
through different evolutionary routes than that leading to high so-
cial complexity in the superorganismal corbiculate bees (Fig-
ure S4). Due to the increase in uncertainty as we approach the
root of the phylogeny, we refrain from interpreting information
about the inferred social phenotype of the ancestor of bees
and, more specifically, about the ancestor of the superorganis-
mal corbiculate bees. Yet, the overall results remain consistent
concerning the unique evolutionary route separating the superor-
ganismal corbiculate bees from the rest of the species.

A shift-detection analysis using the values of PC1 and PC2 re-
vealed a single major evolutionary shift, which occurred in the
ancestor of the superorganismal corbiculate bees (green dot in
Figure 4), and the same result was obtained by analyzing the
specific social traits instead of PCs (see Figure 1C for the distri-
bution of traits among species). Models assuming a larger num-
ber of shifts, for example, as may be predicted by social ladder
models, received less support (Figure S6A). We did find addi-
tional phenotypic shifts when including all four main PCs, but
these were in the specific branches leading to honey bees,
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stingless bees, Melipona genus, and bumble bees (Figure S6B).
This suggests that PC3 and PC4 offer a more detailed descrip-
tion of phenotypic changes in these taxonomic lineages. Sensi-
tivity analysis based on a dataset with less missing data sup-
ported this trend and suggested an additional shift in honey
bees (Figure S6C). These analyses are consistent with the notion
that, after the superorganismal corbiculate bees crossed a
presumed major evolutionary transition in social complexity,
they were subjected to further diversification in social
complexity. This diversification may reflect selection pressures
at the superorganism level rather than the individual level.

Evolutionary transition leading to phenotypic
diversification

To quantitatively study the directionality of the evolutionary tra-
jectories and phenotypic diversifications, we analyzed the angle
of change and the size of each step in the phenotypic space in
the reconstructed trajectories (illustrated in Figure 5A). We
used the trajectories in the high-dimensional phenotypic space
of PCs 1-4. A directional evolutionary trajectory is expected to
have a mean angle closer to 7 radians (equivalent to 180°),
with low variance among angles (Figure 5A). Before the
divergence of the superorganismal corbiculate bees from other
species, the variance in the mean angle of the evolutionary tra-
jectory of all species was higher (F test, p < 0.001), and the
mean angle was lower (t test, p < 0.001) compared with after
the divergence (Figure 5B). When comparing the mean angle
of the evolutionary trajectory after the divergence between the
superorganismal corbiculate bees and other lineages, we found
that the superorganismal corbiculate bees had a mean angle
closer to 7 (3.03 + 0.09 radians) compared with other species



(2025), https://doi.org/10.1016/.cub.2025.01.009

Please cite this article in press as: Peled et al., Diversification of social complexity following a major evolutionary transition in bees, Current Biology

Current Biology

¢ CellP’ress

Figure 5. The directionality and rate of

A B
All species before divergence
Random walk = p 9
N | Corbiculate bees
§ 2 /@ Non-corbiculate bees
aQ
2]
Q
g /S Low variance
[S) Degree=m 1
o
©
e
o - Directional evolution
Step size o
T T
. 5
Phenotypic space 1 % %
Degree (radians)
& o6
©
i)
=
&2
o =
SN
S E 04
o O
= N
Sw
o o
2o
[T
5~ 02
o
o
: _,_:—"”‘—*
©
o

120 90 60
Time (mya)

(2.59 + 0.64 radians; t test, p < 0.001). The variance in angles was
significantly lower in the superorganismal corbiculate bees
compared with the remaining species (F test, p < 0.001). These
findings are consistent with the hypothesis that the increase in
social complexity over time was more directional and less vari-
able in the superorganismal corbiculate bees compared with
the phylogenetic branches leading to social sweat bees, orchid
bees, and Xylocopinae species.

Undergoing a major transition may remove biological con-
straints and open novel evolutionary opportunities, generating
a phase in which the phenotypic space is rapidly explored, lead-
ing to a significant diversification. Our findings are consistent
with this notion: The rate of phenotypic diversification in the
superorganismal corbiculate bees substantially increases ~80
mya, coinciding with the directed adaptive regime shift (green
line in Figure 5C). The phenotypic diversification of social
complexity in the superorganismal corbiculate bees quadrupled
in rate for a short period, then decreased to about half. By
contrast, the remaining species show a rather constant low
rate of diversification during this period. The later increase at
~30 mya may be attributed to the higher phylogenetic resolution
we have closer to the present.

Testing for selection signals in socially related genes

The hypothesis that complex sociality evolved in a narrow evolu-
tionary trajectory across lineages suggests strong selection on a
limited number of genes or pathways. We examine this idea by
analyzing a limited set of 12 genes, which have been linked to
the evolution of sociality in insects in several studies,”’°° and
for which there is genomic data for a sufficient number of species
in our dataset (Table S2). To evaluate signals of selection in these
genes, we used a branch-site model to compare the molecular
evolutionary rate (dN/dS values) of each branch on a phylogeny

assumed evolutionary trajectories in the
phenotypic space of social complexity
Analyses are based on PCs 1-4.
(A) Schematic representation of evolutionary tra-
jectories under a directional evolution and a
random walk. The mean and variance of the angles
are used as measures for the directionality in the
evolution of social complexity. The step sizes are
used to measure the degree of phenotypic change
w 15m along a branch.
10 (B) Density plot of the turn degrees in the re-
constructed evolutionary routes.
(C) The phenotypic diversification rates across
time before and after the inferred major evolu-
tionary transition (indicated with a red asterisk).
The gray line shows the average diversification of
all species before the split, and after the split, the
rate for the superorganismal corbiculate bees is
shown in green and that for the remaining taxo-
nomic lineages in yellow. The rate of phenotypic
diversification is computed by dividing the lengths
of the steps in the phenotypic spaces by the
phylogenetic branch length (time).

30 0

of the subset of 22 species (Table S3). We found that the dN/dS
ratio is above 1 for 6 out of the 12 genes, but for none of the
genes was the test statistically significant after correction for
multiple comparisons (Table S4). In a complementary and less
conservative approach, we used the likelihood-ratio test (LRT)
values as a quantitative estimate for the evidence of positive se-
lection acting on specific internal or terminal branches in our
phylogeny. Using this approach, the evolution of superorganis-
mal corbiculate bees did not show more directional selection
signals compared with the remaining lineages (Table S5). We
next used the values of our main PCs as proxies for social
complexity and tested the correlation between PCs 1-4 and
the LRT values of each species. We did not find a statistically sig-
nificant correlation for any of the genes (Table S6).

DISCUSSION

We applied a bottom-up data-driven approach to analyze so-
cially related traits, generating a high-dimensional phenotypic
space of social complexity for 80 species of bees. By using mul-
tiple quantitative traits, we avoided the semantic inconsistencies
and a priori assumptions inherent in qualitative classifications,
which currently dominate the research on the evolution of social
complexity. Quantitative data also enabled rigorous analysis of
social complexity and its evolution using a broad toolkit of statis-
tical and analytical methods that cannot be applied to qualitative
data. Using this novel approach, we found that indices of social
complexity are not necessarily positively correlated. These
findings are consistent with recent findings showing trade-
offs between social traits®®°°°%; for example, a discrete in-
crease in foundress adult life span in the transition from non-eu-
sociality to eusociality is independent of colony size.®® Together,
these results are consistent with the notion that there is no
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single or narrow evolutionary trajectory for increasing social
complexity.’”'®7% We identified clusters of species occupying
defined areas in the phenotypic space of social complexity, cor-
responding to different social phenotypes (Figures 2 and S2).
Importantly, there is substantial variability within each of these
clusters that is typically overlooked in prevailing qualitative ana-
lyses. Ancestral state reconstructions suggest a single major
transition toward a substantially higher level of social complexity,
which occurred in the common ancestor of honey bees, sting-
less bees, and bumble bees (Figures 3, 4, and 5). This transition
into complex societies was followed by considerable phenotypic
diversification (Figure 5C). Two non-corbiculate species with
relatively complex societies followed a different evolutionary tra-
jectory. Notably, bumble bees, a group whose social complexity
level is constantly debated, '®'%?*" align more closely with hon-
ey bees and stingless bees in our phenotypic space and are
clearly separated from other species typically classified as prim-
itively eusocial.

Amber fossil evidence from ~45 mya is consistent with our
findings suggesting that complex sociality in corbiculate bees
dates back to their common ancestor.”"”? These fossils from
extinct corbiculate tribes are apparently worker bees, with a
barbed sting and reduced metasoma. There are no other bee
groups with fossil evidence of a morphological caste system,
which highlights the strong effect of phylogeny on levels of social
complexity in bees. Additionally, except for social parasites, no
extant superorganismal corbiculate bee species have reverted
from social to genuinely solitary lifestyles. This suggests that
high levels of social complexity represent an evolutionary adap-
tive peak in the phenotypic landscape,””* making a reversion to
a less complex lifestyle unlikely.® Social parasitism has evolved
multiple times in bumble bees, most notably in the genus Psithy-
rus. Parasitic females do not rear their own workers but instead
invade an already-established bumble bee colony, where they
kill or dominate the resident queen. They then manipulate the
workers of the colony into treating them as the new queen and
caring for their offspring.”® A parasitic lifestyle is also found in
other social Hymenoptera, including Lestrimelitta robber sting-
less bees, ants, and wasps.®""®"” While the origins of this para-
sitic lifestyle remain largely obscure, it has been proposed to
evolve from the hosts themselves (i.e., Emery’s rule’®"®). This
adaptive lifestyle is considered an independent replicate for un-
derstanding the mechanisms of social dominance®® and likely
represents a new adaptive peak rather than a genuine reversion
to a solitary lifestyle.”""®

The superorganismal corbiculate bees exhibit extensive
phenotypic diversity in social complexity, highlighting the poten-
tial of multiple trait combinations to generate novel phenotypes.
One intriguing example is the variability in sex ratio with honey
bees and non-Melipona stingless bees showing a substantial
male-biased ratio. A high proportion of male production in these
lineages may have been driven by factors such as breeding
structure,®’ relatedness asymmetry,®® or colony foundation by
swarming.®® Our results suggest that extant diversity among
superorganismal corbiculate bees is the result of phenotypic
diversification following an adaptive and directional evolutionary
regime shift estimated to occur approximately 70-80 mya (Fig-
ures 4 and 5). Conservative estimates based on fossil records
suggest that clade diversity among social corbiculate bees
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was higher in the past, experiencing at least a 50% reduction
in social bee clades during the Eocene epoch (55-35 mya).” "+’
This trend is consistent with the idea that the major transition
has opened novel evolutionary opportunities, driving the
occupation of new niches in the social complexity phenotypic
landscape. Such a macroevolutionary process likely involves
overcoming neurobiological, morphological, developmental, or
ecological barriers, similar to the explosion of multicellular life
following the development of sexual reproduction and division
of labor,?*° or the rapid speciation observed after the coloniza-
tion of remote islands.®®®” Recent molecular evolution analyses
showing that selection on social phenotypes acts on different
genes and processes in superorganismal species compared
with species that have not crossed the point of no return are in
line with this notion.®%:8°

Sweat bees, orchid bees, and Xylocopinae bees exhibit lower
levels of social complexity compared with superorganismal
corbiculate bees, with phylogeny having a more variable influ-
ence on their social complexity. In our analyses (Figures 2 and
S2), none of the clades in these lineages is restricted to a single
group in our social phenotypic space. The evolutionary recon-
struction of PCs 1-4 suggests both increases and decreases in
these lineages, and our directionality analysis points to higher
variability compared with the superorganismal lineages (Fig-
ure 5). This high variability is consistent with the notion that these
lineages have not crossed the point of no return and aligns with
previous suggestions for “gains and losses” of sociality in these
groups.”%?*°0%5 The |abile social phenotype may be evident
even within the same species in which solitary and social
lifestyles are expressed under different environmental condi-
tions.”® % The evolutionary increases in social complexity in
these taxonomic groups were relatively continuous, without
evidence for stepwise (rungs on a ladder) changes. There is
molecular evidence that increases in social complexity in these
species are associated with incremental linear changes such
as SNPs, indels, and differential gene expression.>”'%°"'%% By
contrast, there is some evidence that the major transition to a
superorganism may be associated with more substantial
genome rearrangements, genome duplications, supergenes,
and the emergence of novel genes. %% The rapid increase in
the availability of social complexity and genomics datasets
sets the stage to rigorously explore the molecular evolutionary
processes underlying the major transition from organismal to
superorganismal social organization.®°

Two species, the Xylocopinae E. tridentata and the sweat bee
L. marginatum, are commonly classified as eusocial®* %%
and show a high level of social complexity in our analyses, but
it is not as high as in stingless bees or honey bees. Their evolu-
tionary trajectories toward high sociality occurred later and are
different from that in the superorganismal corbiculate, question-
ing whether they indeed passed the point of no return. It is also
notable that their social phenotype was inconsistent across our
dimensionality reduction analyses (Figures 2 and S2). Their
evolutionary trajectories also appear to differ from that of their
close sister taxa, perhaps reflecting their unusual nesting
biology. For example, E. tridentata displays strong queen-worker
polymorphism but yet exhibits facultative social nesting, small
colony size (only ~10 workers on average), and can have repro-
ductive and mated workers."'"® Similarly, L. marginatum has
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large colonies and long-lived queens,’®® but lacks apparent
queen-worker castes. Additional studies are needed to better
understand their social lifestyle and robustly reconstruct their
evolutionary history to determine whether these species indeed
show independent origins of superorganismality.®2113

The increased availability of life history, morphological, and
social behavior data for an increasing number of species
enabled us to describe, for the first time, the phenotypic space
of social complexity in bees and to study it using rigorous
quantitative methods. Our data-driven approach circumvents
the need to rely on explicit or implicit assumptions, facilitating
unconstrained evolutionary inference.'”"'82%2°=" Gontrary to
expectations of the social ladder perspective, our findings do
not support a continuous®* or stepwise’"?%'"* progression to-
ward the highest levels of sociality across independent bee
groups. Our findings shed light on an important macroevolu-
tionary process—traversal of a substantial phenotypic distance
and subsequent diversification within superorganismal corbicu-
late bees. Our high-dimensional data-driven framework can be
expanded to additional animal groups, including primates and
birds.'®""> Our approach is especially promising for studies on
the molecular underpinnings of social complexity because it is
more likely to capture the relationship between proxies of
social complexity and genomic, epigenetic, or proteomic data,
as demonstrated in the limited genomic analysis we conduct-
ed here.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Raw and analyzed data This paper Database: https://github.com/Greenbaum-Lab/bees.git;
RRID:SCR_026102
https://hymenopteramine.rnet.missouri.edu/
hymenopteramine/begin.do

Hymenoptera Genome Database Torres et al.’'®

Software and algorithms

R project Team'"’ https://www.r-project.org/
Godon Proux et al.''® https://bitbucket.org/Davydov/godon/
GUIDANCE2 Sela et al.''?; Landan et al.,'*® https://taux.evolseq.net/guidance/
Privman et al.,"?’
MAFFT Katoh et al.'?? https://mafft.cbrc.jp/alignment/server/index.html
MACSE v2.0 Ranwez et al.'**'%° https://github.com/ranwez/MACSE_V2_PIPELINES.git

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The social complexity trait data were retrieved following an extensive literature review detailed in Data S1. The coding domain se-
quences of social complexity related genes were taken from Hymenoptera Genome Database (HGD).

METHOD DETAILS

Curating a dataset of social complexity traits in bees

We conducted an extensive literature survey using Google Scholar for any paper that includes relevant names of species and specific
search words for each trait. Table S1 details the social traits that we used, their ecological context (e.g., field, lab, etc.), the keywords
used to find relevant publications, and the references supporting the significance of the trait to social complexity. Overall, we sur-
veyed >1000 articles, of which 219 were identified as providing relevant information, and were incorporated into our dataset. Based
on the biology and life history of each focal species, we designed strict and consistent quality control guidelines to minimize the risk of
including erroneous data that could introduce noise into our dataset (see Table S1 for details). For example, for average colony size to
be included in the dataset, we required that it be measured for a healthy colony sampled during favorable conditions (e.g., in the
spring) when food sources are abundant and the climate is suitable for colony growth. Similarly, colony longevity values were
included only when measured in a natural setting or a field study, without intervention (e.g., supply of artificial food, disease control,
etc.). In species with social polymorphism (i.e., when individuals can nest solitarily or socially), we used data for the most putatively
advanced social form, unless stated otherwise.

We included in the dataset traits that are commonly used in the literature to describe various aspects of sociality, allowing us to
acquire consistent data across multiple species. When determining which traits to include, we aimed to choose quantitative, infor-
mative, and comparable traits. For example, the percentage of workers with “active ovaries” can provide information on the degree
of reproductive skew in a colony; however, the degree of ovary activation or development is often only qualitatively described and is
measured differently across species; therefore, the latter trait was rejected. Furthermore, some traits are similar and complementary
to one another, allowing us to obtain a comprehensive description of sociality aspects instead of assuming that one trait is indicative
of another. For example, to measure the degree of reproductive skew in a colony, we used the percentage of mated workers, which
indicates the totipotency of females, as well as the percentage of worker-produced males, which represents a more functional mea-
sure of the reproductive skew. Several traits that cannot be quantified but are important in the literature on insect sociality were coded
as ordinal values (e.g., overlap of generations). Because our correlation matrix (Figure 1B) showed that traits are not necessarily
correlated, the inclusion of similar traits does not inflate their importance in downstream analyses. To verify that no single trait biases
our results, we conducted a sensitivity analysis in which we reanalyzed the data after removing every trait from the dataset
(Figure S3C).

Our dataset includes species from all bee groups in which considerable information on social behavior has been reported (Apinae,
Xylocopinae, Lasioglossum, Halictus, and Augochlorini). In choosing the species, we aimed to include as much variation as possible
across the social complexity phenotype of bees. Therefore, our focus was more on sampling many different sociality phenotypes
rather than extensively sampling the phylogeny. For example, stingless bees were found to be excellent candidates for diverse
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sampling and were indeed overrepresented in our dataset. On the other hand, many social species of sweat bees and Xylocopineae
bees, which do not add additional information (i.e., they are similar to the species we included), were not overly sampled to avoid
redundancy. Only two known species: Hasinamelissa minuta (Allodapine) and Lasioglossum umbripenne (Halictidae), might repre-
sent an informative sociality type'"'?®; however, insufficient data did not allow their inclusion. Furthermore, our sensitivity analyses
with more equal sampling (Figure S3A) only reduced the variation within the phenotypic space but did not alter our results.

For each species in our dataset, we also provide the social complexity category using the common classification of Michener.""
Because we wanted to minimize a priori assumptions, we did not include these classifications in our analyses but only used them as a
reference to which we compared our findings. Overall, we gathered information on 80 species and 17 social traits, with 15% missing
data in total. Four indices: colony average, colony maximum, colony founding, and queen’s fecundity were log-transformed due to a
high degree of variation that could skew the results (e.g., 1-80,000 for colony maximum). Additional details on the data curation pro-
cedure and the social traits and species included in our dataset are provided in Table S1 and Data S1.

To impute missing data, we selected methods that offer sufficient statistical power while preserving the original data distribution.
For example, we avoided approaches such as omitting all species with missing data or replacing missing data with the mean of the
trait value, because this may bias or distort data distribution, respectively.'?” Based on our data structure, we used iterative PCA for
imputation, which was found to perform well for data structures similar to ours, and specifically for PCA analyses.'?” For missing data
imputation, we used the R package missMDA.'?® Each imputed data value was manually examined to verify that it was within the
accepted ranges found in the literature on the relevant species. For example, we ensured that imputed values for colony longevity
of known annual species are indeed of up to a year. Fourteen imputed entries (1% of the entries in our dataset) that did not meet this
requirement or were not legitimate (e.g., negative values), were replaced manually with an approximated value based on the literature
(e.g., species with reported colony longevity of “few months” without more accurate information was assigned a value of three
months).

Correlations and phylogenetic patterns of traits in the dataset
We used two methods to estimate the phylogenetic signal in the dataset: (i) Pagel’s which we estimated with maximum likeli-
hood procedures using the phylosig function from the R package phytools."*° Pagel’s A value ranges from 0 (the trait evolves inde-
pendently from phylogeny) to 1 (the trait fully depends on phylogeny and its evolution fits a neutral Brownian motion); (ii) Blomberg’s
K,"®" which is not constrained to be between values 0 and 1, and K>1 implies that species are more similar to one another than
expected under a Brownian motion process. In other words, values higher than 1 indicate a constrained, lineage-specific trait.
Additionally, the flexibility of Blomberg’s K allows us to capture the effects of changing evolutionary rates (e.g., non-Brownian motion
processes).'*? For both A and K, we performed a likelihood-ratio test to evaluate the statistical significance of the phylogenetic signal.
To test whether the different social traits are correlated, as implied by the social ladder model, we computed Spearman’s
correlation coefficient between all trait pairs, while accounting for the shared evolutionary history between the species (i.e., non-in-
dependent data points). We first computed the phylogenetically independent contrasts (PICs) using the R package ape,'** which
implements the method described by Felsenstein.'>* This method computes the contrasts, or differences, in traits between each
pair of sister taxa, generating a set of statistically independent values. We then computed Spearman’s correlation coefficients for
these contrasts, allowing us to measure the strength and direction of the monotonic relationship between all pairs of variables. To
account for the possibility of spurious correlations, we used the Benjamini-Hochberg method, '® which controls the false discovery
rate, as implemented in the p.adjust function. Only significant correlations (p<0.05) were considered as indicating correlated traits.
Importantly, interpreting any specific correlation as potentially causative requires additional analyses, and is beyond the scope of the
current study; we therefore avoid inferring causality based on our findings.

129
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Dimensionality reduction visualization

We used two procedures of dimension reduction, PCA and UMAP, to visualize and investigate the social phenotypic space of
the species in our dataset. Principal component analysis (PCA) maximizes the variation in principal components and is useful for
visualizing and quantifying a phenotypic space that captures the global structure of the dataset along a few major axes. In contrast,
Uniform Manifold Approximation and Projection (UMAP) emphasizes local structures (e.g., within-group variation) in the dataset,
while still accounting for the global structure (i.e., the between-group variation), and is more effective in visualizing tight clusters.'*®
The combination of PCA and UMAP analyses provides us with a comprehensive reflection of a phenotypic space from our social
complexity dataset (other dimensionality reduction techniques that focus primarily on local structures, such as t-SNE, would be
less useful for this purpose).

For PCA, we used the R packages FactoMineR for visualization,*” and MissMDA for performing PCA with missing data.'® Before
analysis, we standardized the trait values as z-scores. To correct the PCA for phylogeny, we applied pPCA using the phyl.pca
function of the R package phytools, '*° which estimates the ancestral states of the traits using maximum likelihood under the A model.
This model allows variation in rates of evolution through time'?® and was preferred over the passive Brownian motion model with
equal rates. Finally, we used the broken stick method, as implemented in the R package PCDimension,* to determine the number
of informative PCs. This is done by randomly selecting n breakpoints (n being the number of variables in the dataset, 17 in our case)
from a uniform distribution; under this method, a PC is considered informative if it explains more variance than the randomly broken
sticks. To understand the effect of traits on our phenotypic space, we examined the PCA loadings. Lastly, we computed the
Euclidean space of the convex hull occupied by species in the phenotypic space. We considered the 4-dimensional volume which
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represents the four informative PCs. Normalizing the PCs by weighting each one according to the variance it explains will not affect
the results because the geometry of the convex hull changes uniformly for all species, as the same scaling factor is applied across all
dimensions. We compared the convex hull volume of the superorganismal corbiculate bees to that of the remaining species.

Analysis of UMAP was implemented in the R package umap'*® with parameters set to a minimum distance of 0.2 and number of
neighbors of 20. Because phylogenetic correction has not yet been developed for UMAP, we established a phylogenetic procedure
that uses the methods for PCA phylogenetic correction. This was achieved by taking the phylogenetically corrected PCA values from
the first ten principal components and using them as input for the UMAP algorithm.

Estimating the evolutionary trajectories of social complexity

We investigated the phenotypic trajectories by which social complexity increased throughout bee evolution. We performed ancestral
state reconstruction using the fastAnc function in the phytools package'*° and considered the PCA values (PCs 1-4) as describing
the social complexity phenotype of the species, which together represent most of the variation of social complexity found in our data-
set (~70% of the variation). Because UMAP, unlike PCA, allows for data-dense regions to be stretched out in the representation, it is
more challenging to interpret distances between species in the UMAP space, and therefore we did not use UMAP values for down-
stream analyses.'*%'“° Because our main goal was to provide a data-driven approach, we performed the reconstruction without
including any a priori assumption regarding the evolution of sociality in bees. Hence, we did not fix the state of the common ancestor
of bees or limit the transitions allowed between social complexity phenotypes. This approach introduces greater uncertainty in the
reconstruction, especially near the root of the phylogeny. To quantify the extent of this uncertainty, we calculated 95% confidence
intervals for the ancestral node estimates using the ‘phenogram95’ option in the ‘fancyTree’ function from the phytools package.

Identifying shifts in social complexity

Maximum likelihood model fitting approaches have been widely used to quantify and compare evolutionary patterns in continuous
traits (e.g., geometric morphometrics, functional morphology, biomechanical indices, etc.) based on categorical explanatory states
(e.g., diet, habitat, life history, etc.).'*'~"%> These methods are based on the adaptive evolution process of Ornstein-Uhlenbeck
(OU).”*"%¢ OU models are a modified Brownian motion process where the trait is attracted toward an optimum value. If the trait value
at the root of the phylogeny is different from the optimum, the mean trait value of the lineages will tend to increase or decrease over
time, eventually converging to around the optimum. In other words, OU models describe processes where trait values are con-
strained around one or several optima that can be considered adaptive peaks in a macroevolutionary landscape. However, this
model-fitting approach still relies on a priori assumptions for species classification and, more importantly, forces qualitative
transitions between states, which might not always be appropriate for reversible and small fluctuations in trait values. Recently devel-
oped methods'*"~"°° have applied similar multi-peak OU models to detect shifts in the pattern of trait evolution, creating an adaptive
landscape of trait values that reflects Simpson’s framework of adaptive zones across multivariate trait spaces and multiple selective
optima.'®" This approach is particularly relevant for our framework because it does not require an a priori hypothesis of shift locations
(e.g., with changes in ecology or environments), nor classification of species and directionality of transitions between states (e.g.,
based on their social complexity level).

We used the PhylogeneticEM R package - a shift detection method that identifies phenotypic shifts along the phylogeny.
account for trait correlations (i.e., interdependencies), PhylogeneticEM uses a simplified scalar OU (scOU) model which assumes that
all traits evolve at the same rate towards their optimal values, if such optimum exists. This assumption facilitates the inference of the
selection strength and drift rate for traits. The evolutionary trajectory of traits is modeled on a time-calibrated phylogenetic tree, with
shifts in traits interpreted as responses to developmental, environmental, or phylogenetic changes. These shifts are integrated into
the model as changes in the primary optimum. To determine the most supported number of shifts in the tree, the approach involves
fixing the number of shifts and finding the best solution for that number, iterating this for various values of K (the number of shifts). An
Expectation-Maximization (EM) algorithm'*® is used for this process, which involves ancestral trait reconstruction and determining
shift positions and magnitudes. The true number of shifts is estimated using a penalized likelihood criterion. We used two maximum
likelihood methods to determine the number of shifts, both aim to balance between simple and weak models to complex overfitting
models: LINselect evaluates how well each model predicts new data, instead of just how well it fits the data we have.'** Djump (Jump
Heuristic) looks for a jump in the model’s complexity that leads to a significant improvement in performance.’*®

150,152 To

Estimation of directionality and phenotypic diversification in evolution

To explore the difference between species in the main sociality phenotypes (groups A-D; Figure 2), we implemented a method from
movement ecology to evaluate the directionality of the evolutionary routes of species in the phenotypic space. In the original method,
the assumption is that movement is a correlated random walk, and movement directionality can be estimated by computing and
analyzing the turning angle distributions of movement in a landscape.'*® Here, we used the high-dimensional phenotypic space
of PCs 1-4 as the landscape and computed the turning angle between vectors along the evolutionary route of each species based
on our ancestral reconstruction. When the angle equals 7t (180°), we interpret this as no change in the direction of evolution; when the
absolute value of the turning angle is higher or lower than =, evolutionary directionality is lower. We compared the distributions of
angles between three groups of trajectories: all species before the divergence of superorganismal corbiculate bees, superorganismal
corbiculate bees after divergence, and the remaining species after divergence. This comparison was to test whether putative
trajectories that have crossed a major evolutionary transition display more directional evolution than trajectories that have not
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crossed it and show more flexible evolution. We performed an F-test to compare the variances between the groups and a t-test to
compare the means.

We evaluated the phenotypic change in social complexity across time to estimate the rate of phenotypic diversification of extant
taxonomic lineages. To compute phenotypic diversification, we again used the phenotypic space of PCs 1-4 and the evolutionary
trajectories within this space. For each branch in the phylogeny, we calculated the Euclidean distance between the positions of
the nodes defining the branch in the four-dimensional phenotypic space (i.e., the change in PC values; APC). The distance between
points represents the amount of phenotypic change along that branch. The rate of phenotypic diversification per million years is
calculated by dividing the APC by the temporal length of the branch, in mya:

_ phenotypic change (APC)

rate of phenotypic diversification = time (branch length) (Equation 1)

Phylogenetic tree

We used species from across all the major social taxonomic lineages of bees: Apidae (honey bees-Apini, stingless bees-Meliponini,
bumble bees-Bombini, orchid bees—Euglossini), Xylocopinae (Allodapini, Xylocopa and Ceratina), and Halictidae (sweat bees;
including the tribe Augochlorini and the genus Lasioglossum and Halictus). Each of these lineages is commonly considered to
have evolved complex sociality (eusociality) independently."°° Time-calibrated phylogenetic tree to be used in our analyses was
taken from ‘beetreeoflife’*® and included all species in our dataset except Scaptorigona postica, which was replaced with its closest
sister taxa Scaptotrigona polysticta and Augochlorella striata which was replaced by its closest sister taxa Augochlorella aurata. The
phylogeny we used is based on the most comprehensive and up-to-date analysis of bee phylogenetics, constructed from a
supermatrix of molecular data of more than 4500 species of bees across all families.*

Sensitivity analysis

To evaluate the robustness of our results, we conducted a series of sensitivity analyses. These tests were conducted to verify whether
our qualitative conclusions remained consistent under various assumptions and data structures.

Removal of traits

First, to assess whether specific traits bias our results, we reanalyzed the data after excluding each trait individually. We performed 17
separate PCA analyses and generated a single PCA plot showing the 95% confidence interval ellipse for each species, calculated
based on the mean and standard deviation from all 17 analyses. To generate a single plot that remains coherent across multiple
analyses, we preserved the orientation of the original PCA axes (i.e., multiplying the axes by -1) in cases of axis rotation.

Missing data threshold

Our dataset includes ~15% missing data, and the number of missing data entries ranged from 0-47% per species. To assess the
influence of missing data on our conclusions, we repeated our analyses using subsets of the data that included only 10%, 8%,
and 6% total missing data. Applying these thresholds resulted in the removal of 14, 24, and 32 species from the original dataset,
respectively.

Taxonomic bias

Our dataset was limited by the availability of information in the literature for different species. As a result, species of honey bees,
stingless bees, and bumble bees were overrepresented compared to species of orchid bees, sweat bees, and Xylocopinae bees.
This unequal representation could introduce bias in our results, particularly in comparative phylogenetic analyses. To address this
issue in a sensitivity analysis, we repeated our PCA analysis with an equal number of superorganismal corbiculate species (honey
bees, stingless bees, and bumble bees) and non-superorganismal corbiculate species (orchid bees, sweat bees, and Xylocopinae
bees).

Phylogenetic tree

The phylogenetic tree used in our main analyses was the consensus tree selected from a set of 1,000 bootstrap trees from the
‘beetreeoflife’ analysis.*® Although all trees in this set are derived from the same analysis, they may differ in their topology and
time calibration. To ensure our results are not affected by the values of a specific phylogenetic tree, we repeated our PCA analysis
using a subset of 100 randomly chosen phylogenetic trees from the original set.

Selection in candidate genes of social complexity

To start investigating the potential association between dimensions in the social complexity phenotypic space with genomic signals,
we used selection tests based on the non-synonymous to synonymous substitution ratio (dN\dS)."*”°® We focused on several
candidate genes that were associated with aspects of social complexity in previous studies (e.g., regulation of reproduction, caste
determination, dominance, brood care; Table S2). To avoid incorrect comparisons (e.g., caused by neofunctionalization or subfunc-
tionalization), we only used single-copy genes (one-to-one orthologs). Orthologs for 22 species were taken from Hymenoptera
Genome Database (HGD)."''® Species with no identified orthologs in certain genes were excluded only for the focal gene. Following
Yang, "> we used the coding domain sequence (CDS) for all the tested genes, and when multiple transcripts were available for a given
gene due to alternative splicing, the longest transcript was kept.'®*'®" We performed multiple sequence alignment of coding
sequences using the MAFFT webserver,'” and then fine-tuned the alignment using MACSE v2.0 software which accounts for
frameshifts and stop codons.'?*'?* This approach is suitable for dealing with protein-coding sequences because it considers the
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corresponding amino acid translations during computation.'?® To further reduce alignment errors that can affect downstream infer-
ence, we filtered the data using GUIDANCE2 webserver, which provides reliability scores for the alignment of each gene.' %2012 To
increase the likelihood of detecting signals of selection and to avoid unnecessary data loss, nucleotides with low confidence scores
(below 0.93) were masked (replaced with N)."?" Overall, we consider the sequences generated with this approach conservative, i.e.,
more robust and error-prone but less powerful to detect signals of positive selection.

To test for a signature of positive selection we used the godon software''® (https://bitbucket.org/Davydov/godon/, version 2020-
02-17, option BS —ncat 4), which allows codon substitution rate variation along the sequence.'®® In codon analysis, the dN\dS ()
value can be <1, =1, or >1, indicating purifying (negative) selection, neutral evolution, and positive selection, respectively.'*® We
used the branch-site model, which detects positive selection acting on particular branches of the tree and particular sites in the
sequence.'® We compared the selection pattern of all branches relative to the background selection of the remaining branches.
Each branch was tested iteratively, in one run per gene tree, using the species tree with branch lengths.'®>1%°

Usually, tested branches (w. in the analysis) that have a class of sites with a dN/dS ratio > 1 are candidates for positive selection.
Although the strength of positive selection can, in principle, be estimated by the ratio w, or by the proportion of sites in this class,
previous studies have found the likelihood ratio (AlnL, also termed final D in the godon software) to be a good estimator of the evi-
dence for positive selection.’®” """ In more detail, for each branch, the maximum likelihood of the data is estimated under two
models: one that allows for positive selection (H1), and one that only allows negative selection and neutral evolution (HO), and a
log-likelihood ratio statistic AlnL = 2(InLH1 — InLHO) is computed. To determine their significance, we took two approaches. First,
for each test, we performed the standard likelihood ratio test (LRT) to attain a p-value by comparing AlnL with a chi-square (y?) dis-
tribution with one degree of freedom. The resulting p-values were corrected for multiple comparisons using Benjamini and Hoch-
berg’s algorithm implemented in R, with «=0.05 (Table S4).

Second, to link the LRT values to our social complexity phenotypic space, we also used LRT as a quantitative estimator of positive
selection, without applying any a priori significance cut-off. Using the non-parametric Mann-Whitney rank test, also compared the
LRT values for all internal and terminal branches (i.e., species) between our two main social groups: superorganismal corbiculate
bees and the remaining species (Table S5). We also tested the association between the LRT values with PCs 1-4 using the Spearman
correlation test, implemented in the cor.test function in R (Table S6). Four out of the 22 species for which we had genetic sufficient
data were not included in our trait analysis (Eufriesea mexicana, Lasioglossum lativentre, Lasioglossum morio, and Lasioglossum
albipes); we therefore replaced them for this analysis with the mean values of socially and phylogenetically similar species from
our dataset (Table S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise, statistical analyses were performed in R v.4.2.1.""" The details are presented in the results and STAR
Methods sections.
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