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Abstract

Social interactions may shape brain development. In primitively eusocial insects, the mushroom body (MB), an area of the brain
associated with sensory integration and learning, is larger in queens than in workers. This may reflect a strategy of neural
investment in queens or it may be a plastic response to social interactions in the nest. Here, we show that nest foundresses—
the reproductive females who will become queens but are solitary until their first workers are born—have larger MBs than
workers in the primitively eusocial sweat bee Augochlorella aurata. Whole brain size and optic lobe size do not differ between
the two groups, but foundresses also have larger antennal lobes than workers. This shows that increased neural investment in
MBs precedes social group formation. Larger MBs among foundresses may reflect the increased larval nutrition provisioned to

future queens and the lack of social aggression from a dominant queen upon adult emergence.
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Introduction

Reproductive division of labor is one of the defining charac-
teristics of eusociality: queens reproduce and their sterile
worker daughters gain indirect fitness by helping to provision
the queen’s offspring, who are their sisters (Michener 1974).
Physiological differences between queens and workers also
extend to the brain (Molina and O’Donnell 2008, O’Donnell
et al. 2007, 2017, Smith et al. 2010, Rehan et al. 2015). In
insects, a brain area responsible for sensory integration, learn-
ing, and memory is the mushroom body (MB) (Fahrbach
2006). In bees and wasps that are primitively eusocial, mean-
ing queens establish and maintain worker sterility through
physical dominance, the queens have larger MBs than
workers (Rehan et al. 2015; O’Donnell et al. 2017). This re-
lationship is not seen in advanced eusocial species, such as
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honeybees, where reproductive division of labor is maintained
through pheromonal signals (Roat and da Cruz Landim 2008).
The larger MBs of queens in primitively eusocial insects may
be a plastic response to the social interactions involved in
establishing dominance, or result from developmental differ-
ences between queens and workers before a social colony is
established.

Adult foraging experience and social interactions can lead
to enlargement of the MBs (Heisenberg et al. 1995,
Gronenberg et al. 1996, Withers et al. 2008, Rehan et al.
2015, Seid and Junge 2016). Age may also play a role. In
some, but not all, species of bees, ants, and wasps studied,
MBs continued enlarging throughout adult life (Withers
et al. 1993; Withers et al. 2008; Molina and O’Donnell
2008; Seid and Junge 2016). Thus, queen-worker MB dif-
ferences may reflect queens’ increased age and experience
rather than social status per se. In one previously studied
species, the bee Ceratina australensis, social groups are
comprised of same-age sister pairs, rather than mother-
daughter associations. Dominant females had larger MBs
than subordinate ones, although it is not clear if size dif-
ferences preceded or resulted from social dominance in-
teractions (Rehan et al. 2015).

Here, we compare early-season foundresses of a primitive-
ly eusocial bee, Augochlorella aurata, with late-season
workers. An A. aurata foundress emerges, mated, from
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diapause in the spring or early summer. She initiates a new
nest as a solitary female and forages for pollen and nectar to
provision her first generation of daughters. These daughters
mature into workers and assume foraging duties. The
foundress is now a queen and remains in the nest laying eggs
to be provisioned by the foraging efforts of her workers. Thus,
females foraging in early season are foundresses, while those
in mid-summer are workers. Foundresses sometimes die dur-
ing the summer, in which case one worker becomes a repro-
ductive replacement queen (Mueller 1996). Thus, foundresses
and workers both have foraging experience.

We predict that if queen-worker differences result from
experience, there should be no differences between worker
and foundress MBs because both forage. If social interactions
per se influence MB development, then workers, who are part
of a social group, should have larger MBs than solitary
foundresses. If queen-worker MB differences result from de-
velopmental differences between queens and workers, then
foundresses should have larger MBs than workers. To test
these predictions, we measured the volume of the MB calyces,
as well as the optic lobes (OL) and antennal lobes (AL), to test
if differences are reflected in these sensory neuropils (Fig. 1).
In addition, we measured the central complex (CX), which is
also involved in sensory integration and learning and may
increase in volume with sensory experience (Grob et al. 2017).

Although foundresses and workers each has foraging ex-
perience, foundresses are much older, having overwintered
underground in diapause as adults from the previous summer,
which may confound our analyses. Overwintering, non-
diapausing honeybees showed no increase in MB develop-
ment (Fahrbach et al. 2003), but the effect of diapause has
never been explicitly tested (Withers et al. 2008). This is the
first study to compare the brain morphology of foundresses,
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Fig. 1 Confocal micrograph of an A. aurata brain showing mushroom
bodies (MB), antennal lobes (AL), optic lobes, and central complex (CX)
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rather than active queens, with that of workers, in a primitively
eusocial species.

Materials and methods

We collected 8 foundresses (between 4 and 14 June 2017 and
12 April-15 June 2018) and 8 workers (between 27 July and
19 August 2018) of A. aurata while they were foraging at
flowers in and near Washington DC, USA (38.9299° N,
77.1143° W). We used autofluorescence through confocal mi-
croscopy and calculated volume from the resulting micro-
graphs using serial reconstruction. We also scored ovary de-
velopment (1-5; following Michener (1974)) and wing wear
(number of nicks or tears on the wing) and measured body size
(Iength of costa vein in right forewing) for all bees. Bees were
divided into foundresses and workers based on collection date,
confirmed by ovary dissections. See ESM for detailed
methods.

Results

Foundresses were larger than workers (¢=3.09, p =0.004;
foundress wing length mean =2.39 mm+0.11 SD, worker =
2.21 mm+0.13). All early-season bees (foundresses) had re-
productive ovaries (scores 3—5) except for one individual col-
lected 12 April with undeveloped ovaries (score=1). All
later-season bees (workers) had undeveloped ovaries
(scores 1-2) except for one individual collected 3
August with developed ovaries (score=4). Ovary devel-
opment score significantly differed between foundresses
(4.13+£1.46) and workers (1.75+1.04; Mann-Whitney
U=17.5, p=0.008). Wing wear did not significantly dif-
fer between foundresses (3.38 £2.77 nicks) and workers
(2.88 £2.23; Mann-Whitney U=30, p=0.87).

Whole brain size was similar between foundresses and
workers (1=0.45, p=0.66; Fig. 2a). Foundresses of
A. aurata had significantly larger MB calyces relative to
whole brain than workers (z=1.78, p =0.0007; Fig. 2b).
There was no correlation between body size and MB calyx
to whole brain ratio (»=0.18, p=0.52). The foundress with
undeveloped ovaries did not have small MB calyces (rank = 8,
out of 16) and was collected a month earlier than any other
foundress. The worker with developed ovaries had the
smallest MB calyces and the second smallest body size in
the study. Foundresses showed greater investment in ALs as
well (AL:whole brain, =3.50, p = 0.008; Fig. 2¢c). There was
neither a difference in OL size between foundresses and
workers (OL:whole brain ratio, =1.15, p=0.27; Fig. 2d)
nor a difference in CX size (CX:whole brain ratio, r=0.27,
p=0.79; Fig. 2e).
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Discussion

Our results show that foundresses of A. aurata invest more
neural tissue in MB calyces than workers do. Similar queen-
worker differences in MB size have been shown in other bees
and wasps, but in all previous cases, queens and workers were
collected from existing social groups (reviewed in O’Donnell
et al. 2017). However, in our study, foundresses were collect-
ed before any workers emerged. This means that those indi-
viduals had no social interactions influencing their MB
development.

It is not clear why foundresses have larger ALs than
workers (Fig. 2¢). Keeping track of nestmates and maintaining
dominance in addition to the demands of foraging may be
cognitively challenging (Tibbetts et al. 2018) and require in-
creased investment in chemical communication (Wittwer et al.
2017), but this remains to be tested.

One foundress had undeveloped ovaries. She may have
recently emerged from diapause and not yet enlarged her
ovaries; the fact that she was collected more than a month
carlier than any other foundress supports this interpreta-
tion. One worker had developed ovaries. She may have
been a replacement queen from a colony with a weak or
deceased foundress queen, which is consistent with her
small body size (Mueller 1996). Our foundress-worker
MB calyx comparisons remain statistically significant
even if these individuals are excluded.
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Wing wear data suggest that foraging experience is similar
between groups. Queens were much older than the foragers,
due to diapause. No study has tested whether time in diapause
affects MB size (Withers et al. 2008), although honeybee
workers that overwintered in the hive showed no MB size
differences relative to younger nestmates with similar foraging
experience (Fahrbach et al. 2003). Unlike workers,
foundresses also mate (at the end of the previous season)
and initiate nests, as well as forage for pollen and nectar. We
do not know if this expanded behavioral repertoire is associ-
ated with increased MB investment.

The developmental history of foundresses and workers is
quite different. Although we do not know the details for
A. aurata, in other sweat bees, worker females are reared on
significantly smaller pollen provisions compared with repro-
ductives that are provisioned with extra nutrition for diapause
(Brand and Chapuisat 2012). Larval nutrition affects brain
morphology in honeybees, with queens having larger and
more rapidly growing brains in the larval stage (Moda et al.
2013) and food-restricted workers having smaller MB calyces
(Steijven et al. 2017), but this has not been studied in primi-
tively eusocial groups. Moreover, workers are typically sub-
ject to aggressive dominance from the queen during their first
days of adult life (Michener and Brothers 1974; Kapheim et al.
2016). Differences in nutrition and social aggression dramat-
ically affect physiology, producing the reproductive queen
and sterile worker phenotypes (Kapheim 2017). Brain
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development may also be affected by the increased larval nu-
trition provided to foundresses and the social environment free
of maternal domination enjoyed by foundresses. Experimental
manipulations of larval nutrition and queen removal experi-
ments to create replacement queens from the worker ranks
(Mueller 1996), as well as comparisons in other primitively
eusocial species, will illuminate caste-based developmental
differences in the brain.
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