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Social animals must communicate to define group membership and
coordinate social organization. For social insects, communication is
predominantly mediated through chemical signals, and as social
complexity increases, so does the requirement for a greater diversity
of signals. This relationship is particularly true for advanced eusocial
insects, including ants, bees, and wasps, whose chemical communication systems have been well-characterized. However, we know
surprisingly little about how these communication systems evolve
during the transition between solitary and group living. Here, we
demonstrate that the sensory systems associated with signal perception are evolutionarily labile. In particular, we show that differences
in signal production and perception are tightly associated with
changes in social behavior in halictid bees. Our results suggest that
social species require a greater investment in communication than
their solitary counterparts and that species that have reverted from
eusociality to solitary living have repeatedly reduced investment in
these potentially costly sensory perception systems.
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ommunication is crucial for social life because individuals require signals to mediate many aspects of colony organization.
More complex social organizations require a greater diversity of
signals to accommodate the correspondingly complex coordination
of activities, including task allocation, care of offspring, reproductive
status, nest defense, and food acquisition (1). For social insects, this
information is typically conveyed by chemical signals, including
pheromones, which can vary in both the molecular composition and
the relative proportions of the constituent chemical compounds;
their interpretation is often context-dependent (2). The chemical
composition and function of these pheromones have been extensively characterized in many of the advanced social insect species,
including honey bees and ants (3–7). Perhaps as a result of their
social complexity, the chemical communication systems of these
species are among the most elaborate yet described (8).
Despite the detailed characterization of the chemical communication systems in a few highly social species, we know surprisingly
little about how these systems change during transitions between
solitary and group living (9, 10). In highly social insects, queens
produce a pheromone that signals their reproductive status and
also inhibits worker reproduction (11–15). Some of these pheromones contain compounds that can be highly conserved across
species, suggesting that there may be some aspects of these blends
that have been coopted from the mating or defense signals of their
solitary ancestors (16). Although several comparative studies have
examined the evolution of these compounds across social insect
species (17–20), the focus has been primarily on their role as either
reliable indicators of reproductive status or a mechanism of queen
manipulation to render workers sterile (21, 22).
Even fewer studies have examined the complementary role of
signal perception in chemical communication, despite the fact that
the sensory systems will be subject to significant selective pressures
(23–25). Insects detect chemical signals with sensilla lining the
antennae and legs. Each olfactory sensillum houses one or more
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sensory neurons, each of which expresses a single olfactory receptor and coreceptor. These receptors bind odor molecules and
activate the corresponding sensory neurons, which project to specialized brain regions for their decoding (26, 27).
Sensilla are not trivial structures: Each requires the development
and maintenance of a variety of sensory neurons and supporting
glial cells (28, 29). Antennal sensilla are varied in function although
chemo- and mechanosensory sensilla dominate (30). Poor diets
during development can negatively impact sensilla production (31).
Differences in sensilla numbers and types are associated with differences in foraging ecology, nestmate recognition, caste, and sex in
the social insects (32–36). Importantly, the number and density of
antennal sensilla influence the perception of social signals. For
example, workers of Oecophylla ants with fewer sensilla are less
aggressive to nonnestmates (37). Similarly, antennal sensilla density
is positively correlated with increased sensitivity to chemical signals
and with body size in some bee species (38, 39).
In addition to sensilla, several genetic studies have examined the
expression and evolution of the olfactory receptor genes in social
insect genomes. These studies have found that these genes evolve
rapidly among species and that some olfactory receptors show
lineage-specific signatures of positive selection. Interestingly, the
frequency of positive selection on these genes seems to be greater in
eusocial species than in their solitary ancestors (40), suggesting that
chemical sensory systems play an important role in social evolution.
Halictid bees are an ideal group for investigating how communication systems change as social complexity evolves because
they encompass the full range of social behaviors, from solitary to
eusocial (41). Solitary females produce only reproductive offspring
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Sensilla Density in Halictidae. Life history changes, such as social

behavior, may require adjustments to investment in mechanisms of
signal perception, which is likely to be reflected in antennal morphology, where many of the sensilla lining the antennae receive
chemical signals. We used a phylogenetic generalized least squares
(PGLS) analysis to test for differences in the densities of hair-like
sensilla across 36 halictid bee species. We classified species into
three behavioral types: ancestral solitary, eusocial, or secondarily
solitary (representing a loss of social behavior). Our results
revealed significantly higher densities of hair-like sensilla in social
species compared with secondarily solitary species (P = 0.001)
(Fig. 1). Ancestral solitary species were not significantly different
from social species (P = 0.867) and had sensilla densities significantly higher than the secondarily solitary species (P = 0.015). The
maximum likelihood value for λ was λ = 0 (consistent with no
phylogenetic structure in the measured traits), with an upper
bound for the 95% confidence interval estimated at 0.409. There
were no significant differences in pore-plate sensilla between social
and solitary species (Fig. S1). Density of all sensilla types increased
distally along the length of the antennae and was not significantly
correlated with body size (Fig. S2). To exclude the possibility that
differences in sensilla density were driven solely by host specialization, we reran the analysis including only polylectic (i.e., generalist) bee species. There was still a significant correlation between
social behavior and sensilla density (PGLS, R2 = 0.218, P = 0.04).
Sensilla Density in L. albipes. The intraspecific comparisons among
social and solitary populations of L. albipes yielded similar patterns
to those found across the halictids, with significantly greater density
of sensilla in females from social populations (Fig. 2). The different
types of sensilla were similarly distributed across the entire antenna
as described in other halictids (39). Again, we found no significant
relationship between body size and sensilla density (Fig. S3). We
assigned individuals to castes based on the timing and location of
their collection. To confirm these groupings, we measured five
physiological traits commonly used for caste assignments (ovary
development, mandible wear, wing wear, fat body stores, and
mating status) (45, 46) and used these in a linear discriminant
analysis (LDA). The LDA was able to significantly discriminate
among castes (dimension 1, 66.0%; dimension 2, 34.0%; Wilk’s
lambda, P = 0.032), and cross-validation was able to correctly assign individuals to their respective groups 83% of the time.
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whereas eusocial females first produce a worker brood that help to
rear the subsequent, reproductive generation. Within halictids,
there have been two to three gains of eusociality and at least
12 reversions to solitary behavior (42). These repeated gains and
losses allow the identification of common changes in communication systems against phylogenetically independent changes in
social structure. Furthermore, the same variation in social and
solitary life histories occurs within some species among geographically distinct populations. In the socially polymorphic species, Lasioglossum albipes, this variation has a genetic component
(43), where genes associated with the production and perception
of chemical cues might diverge among behavioral forms (44).
Here, we explored covariation in signal and receiver components of chemical communication in this socially diverse group of
bees and asked whether evolutionary transitions in social behavior
correlate with differential investments in communication systems
within and among species. We used a phylogenetic comparative
study across 36 halictid species to examine how changes in peripheral sensory systems correlate with sociality, and then we focused on
an intraspecific comparison of a single, socially polymorphic species (L. albipes) to determine whether changes in social behavior
are correlated with changes in both peripheral detection and
signal production.

Fig. 1. Phylogeny of halictid bees used in this study. Halictids encompass the
full range of social behavior, from solitary to eusocial. Social behavior in this
group has originated at least twice independently (indicated with asterisks).
Solitary species are depicted in orange, social species in blue; and the size of
the circle is relative to the mean sensilla density for each species. PGLS analysis
revealed a strong trend of correlated evolution in antennal traits, independent
of the species’ shared phylogenetic history (R2 = 0.2125), F(2, 33) = 4.45, P =
0.019. This difference is driven primarily by the decrease in sensilla density in
secondarily solitary species that have reverted to a solitary life history compared with their eusocial ancestors (P = 0.0096). Ancestrally solitary species
have densities intermediate to eusocial and secondarily solitary forms, which is
perhaps driven by oligolecty in the ancestral, solitary lineages.

Signaling Chemistry in L. albipes. Changes in social behavior are
correlated with changes in signaling chemistry in L. albipes (42). In
halictids, two major sources of chemical signals have been described: the cuticle and the Dufour’s gland. The insect cuticle is
covered in cuticular hydrocarbons (CHCs) that have two major
functions: CHCs form a waxy layer on the insect cuticle that is
important for preventing desiccation (47, 48) and can also play an
important role in nestmate recognition and mating in social insects
(10). The role of the Dufour’s gland in the production of social
signals is significant and varied. The gland produces chemical secretions that contain sex pheromones and other compounds used
in colony signaling (49, 50). These secretions are also used to
create a hydrophobic cell lining (51) and to mark the nest entrance
(52) of in-ground nests. We thus characterized the chemical profiles of both the cuticle (Table S1) and the Dufour’s gland (Table
S2) in L. albipes.
We found that there were measurable differences in both the
cuticular (Fig. 3) and Dufour’s gland (Fig. 4) chemical profiles of
solitary and social L. albipes populations, and our linear discriminant analysis accurately differentiated between behavioral forms
(Figs. 3A and 4A), as well as among different castes (Figs. 3B and
4B). These differences are unlikely to be caused by genetic or
geographic variation alone: The profiles of females from social
populations seemed more similar to each other than did those of
bees from solitary populations even though the two social populations sampled were the most geographically distant from each
other (Fig. S4).
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Discussion
We documented evidence that evolutionary transitions between
solitary and social living are associated with complimentary
changes in signaling chemistry and antennal morphology. We
observed consistent changes in sensilla density as social behavior
changed within this group. Moreover, signal production and
perception changed rapidly within a single, socially polymorphic species (L. albipes), where both the chemical profiles as
well as antennal morphology differed between social and solitary
behavioral forms. Taken together, these results suggest that there
is a strong link between the evolution of social behavior and investment in communication.
Interestingly, we did not observe an increase in sensilla
density as social behavior is gained. Rather, the ancestrally
solitary halictids seemed to have sensilla densities similar to
eusocial species. Importantly, most of the ancestrally solitary
species included in this study were from the subfamily Rophitinae, and most species in this group are oligolectic and
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Fig. 3. L. albipes females have distinguishable cuticular chemical profiles as
exhibited both by behavior (solitary versus social) and by caste (workers,
social foundresses, and solitary reproductives). (A) The LDA accurately differentiated social vs. solitary forms of L. albipes: dimension 1, 100%; Wilk’s
lambda, P = 1.901e−05. Cross-validation was able to correctly classify 100%
of the samples. (B) The LDA was able to accurately discriminate individuals
by caste (dimension 1, 89.2%; dimension 2, 10.8%; Wilk’s lambda, P = 0.001),
and cross-validation correctly classified 93.8% of the samples.
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pled were required for accurate discrimination among social forms
and castes in this species. For social forms, the best-fitting model
included 11 of 40 compounds, and cross-validation could accurately
predict group membership in 100% of individuals (Fig. 3A). For
caste-level differences, 9 of 40 were included in the best-fitting
model, and cross-validation correctly classified 93.8% of individuals.
Dufour’s glands. We also found differences in the relative abundances of a number of chemical compounds in the Dufour’s gland
between social and solitary forms of L. albipes. Seven of 44 compounds were included in the best-fitting model, and they could
correctly classify all our specimens as social or solitary with crossvalidation (Fig. 4A). Ten of 44 compounds were included in the
best-fitting model for caste-related differences (Fig. 4B), and crossvalidation correctly assigned the caste of individuals 96.4% of
the time.
In both the cuticle and the Dufour’s glands, the compounds that
were most informative to caste and social form were not the most
abundant compounds, but rather those found at intermediate
levels (Tables S1 and S2). The differences in the cuticular compounds were primarily in the relative abundances of long-chain
hydrocarbons, and, in the Dufour’s glands, differences were
found in macrocyclic lactones, hydrocarbons, and ethyl esters.
Macrocyclic lactones are considered a hallmark of halictine
Dufour’s gland secretions and show remarkable variation within
and among species (50). Ethyl esters have been documented in
closely related halictid species, and the relative abundances of
similar ethyl esters (including ethyl octadecanoate) differ between
virgin and ovipositing queens (53).

Dimension 2 (10.8%)

CHCs. A relatively small number of the cuticular compounds sam-

−3

Fig. 2. Differential investment in antennal sensilla in social and solitary
populations of L. albipes. Boxplot of antennal sensilla density across social
and solitary populations of L. albipes. There is a significant difference of
mean sensilla density among the two behavioral morphs (F1,21 = 29.9, P =
2.00e-05).
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specialize on pollen collection from a small number of closely
related plants (54). It is possible that this specialization selects
for increased antennal receptors to accurately identify host
species. Another possibility is that a higher sensilla density may
be an important precursor to the evolution of social behavior
and could help to explain the repeated gains of eusociality in
this group of bees.
We observed consistent decreases in sensilla density as social
behavior is lost. This pattern was observed both across halictid
species as well as within a single, socially polymorphic species. The
reduction in sensilla numbers in secondarily solitary species relative
to their social ancestors may indicate a functional redundancy in
antennal sensilla in halictids. A similar reduction in sensory systems
occurs in cave-dwelling animals, where their visual system is greatly
reduced and individuals are often blind (55). Importantly, the reduction we observed in this group is not a complete vestigilization.
Instead, it represents a decreased investment in antennal sensilla,
perhaps in the absence of complex communication associated with
group living.
There were, however, some interesting outliers in both the social and the solitary species. For example, Halictus scabiosae has
one of the lowest measures of sensilla density among all species
examined. Recent behavioral studies may shed some light on this
observation. Although this species is eusocial, individuals also
show a large degree of drifting among nests, and females will often
leave their natal nests to reproduce in nests of unrelated individuals (56, 57). Many halictids mark nests with chemical cues, and
these odors are used by guards to distinguish nestmates and
nonnestmates (58, 59). It is possible that the high degree of
drifting in this species could be associated with a decrease in olfactory cues or perception although work is needed to determine
whether this is indeed the case. Lasioglossum vierecki had the
highest density of antennal sensilla among the solitary halictids
and exceeded the observed densities of several of the eusocial
species. Although nest excavations have suggested that it is indeed
solitary (60, 61), little else is known about the nesting biology of
this species.
A large proportion of filiform sensilla are associated with the
detection of chemical odors. Although both solitary and social
individuals use chemical odors to perceive signals and cues (e.g., in
mate finding and foraging), social bees must also perceive social
signals, including those used to identify nestmates and infer information about social organization. A greater number of antennal
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Fig. 4. L. albipes females have distinguishable Dufour’s gland chemical
profiles as exhibited both by behavior (solitary versus social) and by caste
(workers, social foundresses, and solitary reproductives). (A) The LDA accurately differentiated social vs. solitary forms of L. albipes: canonical 1, 100%;
Wilk’s lambda, P = 2.169e-05. Cross-validation was able to correctly classify
100% of the samples. (B) The LDA was able to accurately place individuals by
caste (dimension 1, 89.1%; dimension 2, 10.9%; Wilk’s lambda, P = 0.0074),
and cross-validation correctly classified samples 96.4% of the time.

sensilla may confer two functional benefits specific to the needs of
social living. The first is an increase in surface area, which could
increase the speed of discrimination. Previous work with ants
supports this prediction: Workers with a greater density of sensilla
more accurately recognized nonnestmates and responded with
greater levels of aggression than workers with fewer sensilla (37).
The extra sensilla found in social species may also represent an
increase in the variety of chemoreceptors present on the antennae
without compromising sensitivity and could accommodate more
precise or complex signals used in social interactions. In fact,
several studies have suggested that the evolution of eusociality is
correlated with an expansion of the chemoreceptor gene families
(40, 62). Similarly, the genomic data available for L. albipes suggest
that several olfactory receptors are subject to positive selection in
this lineage, compared with other social insect species (40), and
initial analyses of divergence between social and solitary forms
within this species have identified differences accumulating in a
putative olfactory receptor (63).
In addition to chemoreception, filiform sensilla can also have
mechanosensory functions. We were unable to distinguish between
these different sensory functions, and it is possible that differences
in sensilla density could similarly be associated with differences in
the mechanosensory abilities of social and solitary bees. These
differences could also be explained by differences in the requirements of social interactions because, along with chemical cues, social hierarchies in halictids are also frequently maintained through
physical interactions between the dominant female and workers (64,
65). In eusocial colonies, queens can use aggressive behavior, such
as nudging or ramming workers, to elicit subordinate behavior and
maintain a reproductive division of labor in the group (66).
Nevertheless, the differences in the chemical profiles of social
and solitary L. albipes individuals suggest that the variation observed in sensilla density is likely to have a chemosensory component. Mirroring the patterns in sensilla density, differences in the
chemical composition of the cuticle and Dufour’s gland could accurately discriminate among different castes and social forms
within this species. This variation in signal production was driven
by changes in the relative abundances of these compounds rather
than differences in the total number or absolute amounts of the
chemicals produced. These observations are consistent with other
studies that have documented intraspecific variation in chemical
production, where changes in relative abundances of particular
compounds are associated with differences in sex pheromones and
6572 | www.pnas.org/cgi/doi/10.1073/pnas.1620780114

attractiveness to mates (67–69), colony membership and nestmate
recognition (33, 70), caste, and task allocation (71–73). For example, in one halictid species, Lasioglossum malachurum, changes
in both the total amounts and relative abundances of volatiles on
the cuticle surface and in the Dufour’s gland correlate with the
reproductive status of gynes and old foundresses (53), and the
cuticular extracts seem to contain the compounds most attractive
to males during mating (74). Solitary bees may not require such
dynamic or detailed chemical odors as social females. For example,
it may be sufficient for solitary bees to identify self and nonself and
to recognize potential mates whereas social bees may require a
greater degree of signal lability to further distinguish additional
social signals, such as nestmates from nonnestmates and/or signals
associated with a social hierarchy.
A relatively consistent subset of the compounds examined were
associated with social behavior in L. albipes. Cuticular differences
associated with behavioral types were largely driven by variation in
long-chain hydrocarbons, primarily alkanes and alkenes. Caste- and
behavior-related differences in the Dufour’s glands were largely
associated with differences in the relative amounts of macrocyclic
lactones, a key component of halictid Dufour’s secretions (75). Two
compounds were included in all of the best-fitting models constructed: 16-hexadecenolide and heptacosene. 16-Hexadecenolide is
a lactone often associated with the subgenus Eyvlaeus and with
L. albipes in particular (76) although little is known of its
function. Heptacosene is a long-chain hydrocarbon that is associated with differences in mating status in the closely-related
L. malachurum (74).
In conclusion, the rapid changes in chemical signaling within a
single, socially polymorphic species, coupled with the repeated
reduction in features associated with signal perception within and
between species, suggest that there are trade-offs associated with
communication in social groups. By investing in higher numbers of
sensilla, social bees may increase the number of receptors available and thereby increase the speed and accuracy of their response
to social signals. In contrast, solitary females can still recognize
relevant stimuli but no longer require dense, costly sensilla to
perceive complex social signals. This pattern of divestment in
sensory systems as group living is lost highlights the tight links
between communication systems and social behavior.
Materials and Methods
If changes in sensory systems are a common feature of changes in social structure,
then they should be evident among the independent gains and losses of social
behavior within the Halictidae. We imaged antennae of adult females from
36 focal species that span all of the gains and a large proportion of the losses of
social behavior in this clade (Fig. 1). No socially polymorphic species were included
in the interspecific comparisons. We analyzed the data with a PGLS model and
used existing, molecular data for Halictidae (77–81) to generate a maximumlikelihood tree for our focal species with RAxML using a mixed/partition model
with GTRGAMMA for bootstrapping with autoMRE. The majority-rule consensus
tree was used for all downstream analyses. This tree was nearly identical to previously published phylogenies (77–81).
Antennal Imaging and Sensilla Quantification. We used environmental scanning
electron microscopy (eSEM) to quantify sensilla density on the 9th and 10th
segments of antennae across 36 halictid species (solitary, n = 19; social, n = 17)
representing all origins of eusociality in this group, as well as the majority of
reversals to solitary living (Fig. 1) (81). Sensilla density increases distally across the
length of the antenna (39), and the last segments are most likely to come into
contact with other workers and be responsible for detecting social signals. Given
this functional importance, this study focused on sensilla density of the 9th and
10th segments only. To evaluate whether or not these changes can also occur
within a single species, we also compared sensilla density of individuals sampled from two social and two solitary populations of L. albipes.
Specimens used for eSEM were pinned specimens borrowed from the
American Museum of Natural History and the Harvard Museum of Comparative
Zoology. L. albipes samples were obtained from Cecile Plateaux-Quénu,
Audresselles, France; these samples were collected midsummer from established social and solitary populations. Antennal morphology was imaged using
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Statistical Tests for Sensilla Density. PGLS analysis was performed in R version
3.3.0 (84), using the package “caper” (85). Pagel’s λ was estimated concurrently
by maximum likelihood.
Compound Identification and Characterization in L. albipes. Females were handnetted during foraging bouts. Social females were sampled at two time points
during the field season: during nest initiation in April to May 2014 and midseason in June to July 2014. Solitary females were sampled throughout June to
July 2014; these populations initiate their nests later in the season and were not
active before this time. See Caste Assignment for more details.
Females were flash-frozen in liquid nitrogen and stored at −80C until they
were processed for the chemical analyses. Insect cuticles and Dufour’s glands
were dissected and placed into glass vials with 100 μL of hexane. Extracts were
then processed using GC-MS and GC-flame ionization detection (FID). Samples
were first analyzed by combined gas chromatography/mass spectrometry
(GC-MS) (GC 7890A, MS 5975C; Agilent) using an HP-5MS capillary column, with
temperature programmed from 60 °C to 300 °C at 10 °C /min. Compounds were
identified by their mass fragmentation and retention times compared with
synthetic standards when available. Compound quantification across samples was thereafter performed by gas chromatography with flame ionization
detection (GC-FID) (CP 3800; Varian) using a DB-1 fused silica capillary column
(30 m × 0.25 mm i.d.), temperature programmed as above, using peak integration. Analysts were blind with respect to sample identity and social behavior. Peaks quantifiable in fewer than nine samples were removed from
downstream analysis. Known contaminants were also excluded from subsequent analyses. All remaining peaks were used in a multivariate analysis, and
jack-knife values were calculated to identify outliers. Forty compounds from
cuticular extracts and 44 compounds from Dufour’s gland extracts remained for
subsequent analysis. Finally, the relative proportions of each compound were
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then transformed by taking the centered log ratio of the relative proportions to
better approximate a normal distribution for subsequent statistical tests (86).
Statistical Tests for Chemical Analyses. One-way ANOVAs were performed on
the centered, log ratio-transformed data for each compound to assess differences between social forms (social vs. solitary) and castes (solitary reproductive,
social foundress, and social worker). To account for multiple testing, a false
discovery rate (FDR) correction was applied to the results of each model across
all tested compounds. To assess the best-fitting models for the chemical datasets, we used the glmnet package in R to use an elastic net (87). We then used
these best-fitting models to conduct linear discriminant analyses for each behavioral group using the lda function in R. Last, we conducted cross-validation
to assess model performance. Stepwise, linear discriminant analyses and penalized LDA were also implemented in R; in all instances, behavioral and caste
groupings were successfully distinguished.
Caste Assignment. Behavioral morphs of L. albipes are allopatric: Solitary populations are found in eastern France and eusocial nests in western France. This
difference seems to be genetic: When individual females from these populations
were reared in the laboratory under common and reciprocal conditions, they
maintained the social behaviors observed in the field (43). We determined caste
based on the timing and location of our field collections. Social reproductives
were collected in the spring (April to May), and social workers were collected in
the summer (June to July). Solitary reproductives were also collected in summer
from the solitary populations. During dissection, a number of physiological traits
were recorded, including ovarian development, fat body size, mandible wear,
and wing wear. These traits are often used as biomarkers to assign caste based
on field-collected specimens (45, 46), and an LDA was able to categorize our
collected females successfully into each of three groups: foundress, social worker,
or solitary reproductive, based on these four traits alone.
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