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The metabolic expense of producing and operating neural tissue required
for adaptive behaviour is considered a significant selective force in brain evol-
ution. In primates, brain size correlates positively with group size, presumably
owing to the greater cognitive demands of complex social relationships in
large societies. Social complexity in eusocial insects is also associated with
large groups, as well as collective intelligence and division of labour among
sterile workers. However, superorganism phenotypes may lower cognitive
demands on behaviourally specialized workers resulting in selection for
decreased brain size and/or energetic costs of brain metabolism. To test this
hypothesis, we compared brain investment patterns and cytochrome oxidase
(COX) activity, a proxy for ATP usage, in two ant species contrasting in social
organization. Socially complex Oecophylla smaragdina workers had larger brain
size and relative investment in the mushroom bodies (MBs)—higher order sen-
sory processing compartments—than the more socially basic Formica subsericea
workers. Oecophylla smaragdina workers, however, had reduced COX activity
in the MBs. Our results suggest that as in primates, ant group size is associated
with large brain size. The elevated costs of investment in metabolically expens-
ive brain tissue in the socially complex O. smaragdina, however, appear to be
offset by decreased energetic costs.

1. Introduction

The costs of producing and operating neural tissue needed for socially and ecolo-
gically adaptive behaviour are critically important to brain evolution. Although
brains are metabolically expensive [1-3], brain size has been found to increase
with group size in primates probably because of cognitive challenges associated
with more varied and complex interactions and increased demands of processing
social information [4]. Eusocial insects such as bees, wasps, ants and termites also
form large and complex societies, but workers are typically sterile and their
labour benefits the fitness of the colony as a whole rather than individual repro-
ductive interests. Reproductive competition, mate selection and pair bonding,
which are considered to be among the primary drivers of brain evolution in ver-
tebrates [4], are thus absent or reduced in most eusocial insects. Although
behavioural challenges confronting social insect workers do not appear to be
similar to those that characterize members of large primate societies, highly coor-
dinated and integrated worker behaviour in large colonies may nevertheless
involve social selection that affects brain evolution. Our understanding of
how colony-level processes contributing to social complexity impact brain size,
structure and metabolism is very limited [5-9].

In contrast to primate social brain theory, social complexity in insect societies
has been predicted to be associated with a decrease in the size of brains and
regions involved in higher order processing [7,10,11]. Large colony size and div-
ision of labour [12-14], sophisticated communication systems that coordinate
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Figure 1. (a) Confocal micrographs of synapsin-labelled brains of an 0. smaragdina major worker and (b) F. subsericea worker. Labels in one hemisphere of (a)
demarcate functionally distinct neuropil regions: optic lobes (OL), antennal lobes (AL), mushroom body (MB) lateral and medial calyces (MB-LC and MB-MC, respect-
ively) and peduncle and lobes (MB-lobes), central complex (CC), and the rest of the central brain (unlabelled neuropil). The subesophageal zone (SEZ) is not pictured
due to its ventral location with respect to the central brain. Images of () 0. smaragdina major worker and (d) F. subsericea worker brain stained for COX. Darker
staining indicates greater COX activity. Scale bars, 100 m. (Online version in colour.)

group behaviour [15-17], emergent collective action [18,19]
and ecological dominance [20-23] are characteristics of socially
complex ant species. Division of labour is often based on the
evolution of morphologically differentiated workers and age-
related schedules of behavioural development, both of which
may result in task specialization (reviewed in [24,25]) and
fewer cognitive challenges to individuals. Worker morphologi-
cal phenotypes, or subcastes, and worker chronological age are
underscored by mosaics of neuropil volume variation and
brain compartment covariance [6,8] that appear to reduce
brain metabolic costs through adaptive investment in function-
ally specialized brain regions in accordance with worker
social roles [7,8,10,26]. Furthermore, self-organization theory
suggests that simple components are sufficient for coordinated
worker action and group decision-making [27,28] and thus
predicts that workers may not require significant cognitive
abilities. Collective intelligence, which may provide fitness
benefits by enabling groups of workers to rapidly render
more precise and accurate decisions than those of individuals
[27,29-32], could thus collaterally reduce brain investment
in individual workers by lowering behavioural performance
demands [33].

To test this hypothesis, we quantified patterns of neural
investment in workers by measuring brain mass and volumes
of functionally distinct neuropil regions (figure 1a,b) to esti-
mate brain investment (production and development) costs.
We measured the activity of cytochrome oxidase (COX;
figure 1c,d), a catalyst for ATP synthesis and thus an endo-
genous metabolic marker [34-37], as a proxy for operation
costs in brain regions. We defined operational metabolic
costs as the energy usage needed for neural maintenance and

functioning [3,38], including but not limited to costs of sustain-
ing membrane resting potential, synthesizing macromolecules
necessary for signalling and recovery (‘housekeeping’, [39]),
and activating neural circuitry. We contrasted neuropil invest-
ment patterns and metabolic activity in the brains of workers of
the socially complex ant Oecophylla smaragdina and the socially
basic sister clade Formica subsericea, two species that have
significant evolutionary and socioecological divergence [40].
Oecophylla  smaragdina is considered a pinnacle of social
complexity in ants [20]: colonies contain as many as approxi-
mately 500000 workers that show size-based specialization
in task performance. Major workers (average head width
(HW) 157 mm, range 1.31-1.71 mm) are task generalists,
whereas smaller minor workers (average HW 1.02 mm, range
0.93-1.16 mm) specialize in brood care within the nest (elec-
tronic supplementary material). We focused our analysis on
the more behaviourally complex major workers, which
forage throughout the large arboreal territories they collec-
tively defend and cooperatively build leaf nests by forming
chains with their bodies to draw leaves together and bind
them in place with larval-secreted silk. Formica subsericea
workers are monomorphic (average HW 1.46 mm, range
1.2-1.7 mm), and in sharp contrast, show generalized behav-
ioural repertoires that encompass nursing, foraging and
rudimentary nest construction in soil or decayed wood,
and live in relatively small colonies (several 100 to approx.
8000 workers). In this socially basic species, cooperation in
groups of more than two workers does not enhance overall
work effort [41], suggesting that collective capabilities are
very limited. The striking differences in colony and worker
phenotypes in these species provide an excellent opportunity
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to comparatively analyse neurobiological correlates of social
complexity and test the hypothesis that increased division of
labour through subcaste evolution and a greater reliance
on group behaviour are associated with decreased invest-
ment and operation costs in the brain and its higher order
Pprocessing regions.

Based on current theory [7,10,11,42], we predicted that
O. smaragdina major workers would have reduced total
investment in the brain, and specifically, in the mushroom
bodies (MBs), a region that functions in sensory integration,
learning and memory [43], owing to colony-level division
of labour and emergent collective actions that could decrease
investment costs. Oecophylla smaragdina majors were also pre-
dicted to invest substantially in sensory input regions
involved in visual navigation and pheromonal coordination
integral to territorial defence and foraging. By contrast, F. sub-
sericea workers were predicted to invest more in sensory,
motor and integrative processing regions and thus larger
brains overall because of concurrent cognitive demands for
brood care and other intranidal behaviours, as well as fora-
ging and related tasks performed outside the nest. Primary
sensory processing regions thus were hypothesized to have
similar investment patterns in both species, while investment
in the MB was predicted to decrease with increasing division
of labour in the more socially complex weaver ants.

2. Material and methods
(a) Colony collection and maintenance

Oecophylla smaragdina nests were collected from savannah wood-
lands on the James Cook University campus (19°19'40.3"S,
146°45'31.3” E) in Townsville, Queensland, Australia. Workers
collected for brain volume and body mass analyses were
obtained directly from the field. For other analyses, colonies of
several hundred O. smaragdina workers were transported to
Boston University. Samples from workers in queenless nests
were processed shortly after collection. Formica subsericea queen-
right colonies of several dozen workers were collected in
temperate mixed-hardwood forests in Hammond Woods
(42°19'37.1" N, 71°10'26.8” W) and the Middlesex Fells Reser-
vation (42°27'18.3" N, 71°06'30.1” W) in Massachusetts, USA.
All colonies were housed in Fluon®-lined plastic boxes and fed
carbohydrates (1:3 honey water or 1 M sugar water) and insect
prey ad libitum every other day. Colonies were maintained on
a 12 L:12 D cycle at 55% humidity and 25.5°C.

(b) Brain and body mass scaling

Brain scaling was determined by measuring the brain and body
mass of fully pigmented, mature workers of both species. We
used O. smaragdina brain mass data from Kamhi et al. [44],
using major and minor workers from two colonies (n = 41).
Brains were dissected in insect Ringer’s [45] after HW was
measured at the widest point of the head capsule, excluding
the eyes. Brains were placed in a tin capsule of known weight,
dried at 55°C, and weighed at 48 h. Following the same protocol,
F. subsericea worker brains from three colonies (n =27) were
measured. Brain mass and HW displayed a significant linear cor-
relation (O. smaragdina: brain mass = (30.43 x HW) + 14.83;
Fi30=1222, R%=0.24; p < 0.0183; F. subsericea: brain mass =
(24.72 x HW) + 7.62; Fi06 =643, R>=0.71; p <0.001). Body
masses were obtained by placing whole, intact bodies in tin cap-
sules of known weight. The same drying and weighing protocol
was used as noted above. Three O. smaragdina colonies (1 = 296)
and four F. subsericea colonies (n = 52) were used. Brain weight

measurements were acquired during prior neural studies; brain
and body mass therefore were quantified in separate individuals.
Body mass and HW also showed a highly significant linear
correlation (O. smaragdina: body mass = (4.18 x HW) - 3.68;
F1 94 = 2010.88, R%2=10.87; p < 0.001; F. subsericea: body mass =
(9.65 x HW) — 8.15; F; 5= 110.12, R* = 0.69; p < 0.001). Using
the equations describing the correlation between body mass and
HW, we estimated body mass for workers of known brain mass
for each species. Standardized major axis regression was used to
compare scaling of species and subcaste measurements with
the program (S)MATR v. 2.0 [46]. Between-group effects were
tested using ANCOVA [6]. Analyses were performed using JMP
Pro v. 11 statistical software unless otherwise specified.

() Immunohistochemical and statistical analysis of
neuropil investment

Fully pigmented, mature O. smaragdina major worker (1 = 16)
and F. subsericea worker (n = 11) brains from four colonies for
each species were dissected in HEPES buffer and tissue was
fixed in zinc 4% paraformaldehyde. Whole brains were pro-
cessed according to a modified protocol based on Muscedere
et al. [6] to visualize the pre-synaptic protein synapsin (3C11,
anti-SYNORF1, DSHB; detailed methods in the electronic sup-
plementary material). Brains were imaged using a confocal
microscope (Zeiss LSM 710) with a 10x objective and optically
sectioned at 12.34 pm intervals. Brains of F. subsericea workers
were optically sectioned at 3.1 pm intervals using an Olympus
FluoView 1 confocal microscope with a 10x objective.

Brain images on confocal scans were traced blind using AmirA
v. 3.1 to measure the volume of the following functionally distinct
neuropil regions (figure 1a,b): the lobula and medulla of the optic
lobe (OL, visual processing), antennal lobe (AL, olfactory input
[47]), subesophageal zone (SEZ, mandible and mouthpart func-
tion [48]), MB (higher order regions of sensory input, learning
and memory, partitioned into the lateral and medial calyces
(MB-LC and MB-MC, respectively) and the peduncle and lobes
(MB-lobes) [43]), the central complex (CC, visual and motor
aspects of navigation, sensory integration and learning [49]) and
the remainder of the undifferentiated central brain (ROCB). The
MB-LC and MB-MC were measured separately due to possible
functional differences [50]. For bilateral structures, one
hemisphere selected at random was measured; for regions located
along the brain midline (SEZ and CC) the whole structure
was measured.

Relative volumes were calculated by dividing the volume of
the region of interest by the total brain volume. The ROCB was
used as a baseline measurement for relative brain compartment
comparisons because of its multifunctionality. Compartments
were compared using repeated measures ANOVA with mixed
models, with the eight brain regions as the within-subjects
factor and species as the between-subjects factor. The effect of
colony was not significant; therefore, colonies were combined
for analyses. Student’s t-tests were performed for post-hoc com-
parisons between groups (species) and brain regions. Additional
analyses were performed to include O. smaragdina minor workers
in comparisons of brain region volumes (see the electronic sup-
plementary material). Analyses were performed using JMP Pro
v. 11 statistical software.

(d) Histochemical and statistical analysis of brain
operation

The COX staining provides a qualitative neuroanatomical
approach to mapping the presence or the absence of prominent
COX activity in brain circuits (e.g. [51]). Histochemical measure-
ments of COX also provide information about the metabolic
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status of the brain and metabolic differences in discrete brain
regions [52]. Most of the energy provided by COX is required
for ion pumps that maintain neuronal membrane balances and
thus allow neuronal information processing in the form of
graded potentials and action potentials [34]. Fully pigmented
mature workers of each species were analysed for COX activity.
Two colonies of O. smaragdina (n=10) and three colonies of
F. subsericea were used (n = 10). Brains were dissected in HEPES
buffer and fixed in 4% paraformaldehyde in 0.01 M phosphate
buffered saline (PBS) for 40 min. Following PBS washes, tissue
was sectioned at 30 um on a cryostat and incubated in cytochrome
¢ and diaminobenzindine solutions for visualizing COX activity
(detailed protocol in the electronic supplementary material). Sec-
tions were imaged with a 10x objective using a Canon Rebel t3i
with an adaptor for an Olympus BX40 light microscope.

Images were quantified using IMAGE] 1.48s. Whole brain
sections were first outlined to determine minimum and maxi-
mum intensity owing to variability in overall staining among
sections. The COX activity is concentrated in neuropil [34];
neuropils measured for volume analyses were also measured
for COX activity. Individual brain regions of each section
were delimited and average staining intensity was recorded.
Similar to volume analyses, whole measurements of the SEZ
and CC were made while all other brain regions were
measured in one hemisphere selected at random. Staining
intensity of each brain region in a section was scaled to the
range of staining intensity in that section. Regions were
measured in 1-6 sections, as available. The COX activity per
unit area for each brain region was calculated by averaging
the scaled intensities of each compartment across sections. We per-
formed repeated measures ANOVA with mixed models using the
eight brain regions as within-subjects factors and species as the
between-subjects factor. No differences were found between
brains of workers from queenright and queenless O. smaragdina
colonies or between F. subsericea colonies; therefore, colonies
were combined for analyses. Additional analyses including
O. smaragdina minors were performed to compare COX activity
as well as COX activity scaled to both absolute and relative brain
region volumes between both O. smaragdina subcastes and F. sub-
sericea workers (see the electronic supplementary material).
Student’s t-tests were performed for post-hoc comparisons
between groups and brain regions. JMP Pro v. 11 statistical
software was used for all statistical analyses.

3. Results
(a) Relationships between brain and body mass

Workers in both species had a common brain mass to HW scal-
ing slope not statistically different from 1 (mean slope 1.13, range
0.95-1.37; x* =198, p=0.16). There was a significant grade
shift (W? =104.27, p < 0.001) and x-axis shift (W?=5.38, p<
0.05) indicating that O. smaragdina workers of both subcastes
have significantly larger brains than F. subsericea workers when
scaled for body size (F; = 78.22, p < 0.001). There was insuffi-
cient statistical evidence to support a common slope between
species with respect to body mass to HW scaling (p < 0.05);
further group comparisons therefore could not be performed.
A statistically significant linear relationship of brain mass to esti-
mated body mass was found for both species (O. smaragdina:
brain mass = (7.28 x body mass) + 41.63; F; 39 = 12.22, R*=
0.24; p<0.01 (brain mass: average 55.73 ug, range 33-
93.5 ng; body mass: average 1.67 mg, range 0.23-4.45 mg);
F. subsericea: brain mass = (2.56 x body mass) + 28.50; F; 55 =
60.43, R>=0.71; p <0.001 (brain mass: average 43.28 ug,
range 33 - 51 pg; body mass: average 5.34 mg, range 2.20-
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Figure 2. Regression of brain mass scaled to estimated body mass for
F. subsericea and both 0. smaragdina subcastes. (Online version in colour.)

9.38 mg)), and they shared a common slope that was signifi-
cantly different from 1 (mean slope 0.38, range 0.32-0.46;
x> ="78.01, p < 0.001; figure 2). There was a significant grade
shift between species (W? = 187.74, p < 0.001) and a significant
shift along the x-axis (W2 = 5.55, p < 0.05), indicating that there
were species differences in both brain and body mass. Between-
group analyses showed that O. smaragdina workers had
significantly greater brain mass for their body size than
F. subsericea workers (F; = 93.19, p < 0.001).

(b) Neuropil investment patterns

Oecophylla smaragdina majors showed significantly greater
investment in all brain compartments, excluding the ROCB,
relative to the size of the whole brain than F. subsericea workers
(repeated measures ANOVA, F; 5537, =7.83, p <0.01). There
was a significant interaction of species by brain region
(Fe,150.7 = 31.12, p < 0.001; figure 3a; electronic supplementary
material, table S2). Oecophylla smaragdina majors had propor-
tionally larger MB calyces than F. subsericea workers after
accounting for larger brain size of O. smaragdina majors
(post-hoc student’s t-tests, MB-LC: t15036 = 7.30, p < 0.001;
MB-MC: ty5036 = 7.99, p < 0.001). The MB-lobes were also sig-
nificantly larger in O. smaragdina majors than F. subsericea
workers (f15036 = 2.70, p < 0.01). Formica subsericea workers
had significantly larger OL (t15036 = 3.45, p < 0.001). There
was no difference in relative AL volume between species
(t15036 = 0.80, p=0.42). The SEZ was relatively larger
in F. subsericea than in O. smaragdina majors (t15036 = 8.26,
p < 0.001). There were no significant differences between
species in relative CC volume (1503 = 0.01, p = 0.99).

(c) Patterns of brain COX activity

Oecophylla smaragdina major workers had lower total brain
COX activity than F. subsericea workers although this
effect was not statistically significant (repeated measures
ANOVA, F;153=3.80, p=0.07). A significant interaction
effect was found for species and regional COX activity
(F7126 = 3.46, p <0.01; figure 3b; electronic supplementary
material, table S1). Oecophylla smaragdina major workers had
significantly lower COX activity than F. subsericea workers
in both the MB-LC (post-hoc student’s t-test, ts76 = 3.54,
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Figure 3. Box plots for each functionally distinct brain region for 0. smaragdina major and F. subsericea monomorphic workers of (a) relative brain region volumes
and (b) COX normalized by unit volume. Asterisks indicate statistical significance. (Online version in colour.)

p <0.001) and MB-MC (ts5176 = 3.13, p <0.01). Oecophylla
smaragdina major workers had lower COX activity than F. sub-
sericen workers in the ALs (t5176=1.89, p =0.06) but this
difference was not significant. All other brain regions had simi-
lar COX activity levels when compared across species (all p >
0.10). No significant difference between O. smaragdina major
and F. subsericea workers in the MB-LC or MB-MC were
found when COX activity was scaled to either absolute or rela-
tive neuropil volume (all p > 0.2; details in the electronic
supplementary material).

4. Discussion
(a) Social brain theory and ant brain evolution

Our study suggests that brain investment and operations
costs, estimated from tissue volumes and COX activity,
respectively, are associated with colony size and the complex-
ity of social organization with respect to worker social roles
and variation in their cognitive demands, as well as the emer-
gent behavioural capabilities of coordinated worker groups.
Contrary to the hypothesis that greater social complexity
correlates with smaller brains and lower investment in
higher order processing regions [7,10,11], our results show
that O. smaragdina major workers had significantly larger
brains and MBs than F. subsericea workers, although they
are nearly identical in body size. The MB calyx COX activity
in O. smaragdina majors was significantly lower, suggesting
that selection for lower operation costs may compensate for
higher neural production costs potentially associated with
large colony size and complexity and/or related variation
in worker cognitive demands.

Social brain theory predicts a positive correlation between
group size and individual brain size [53]. Ecological factors
such as diet and energy intake and community-level inter-
actions that vary among species, may also contribute to
differences in brain size [33]. Additionally, brain size

comparisons could be affected by whether the species studied
have ancestral or derived neural traits. Perhaps because of
these multiple influences on brain size evolution, support for
this hypothesis in ants is mixed. Worker brain size in fungus-
growing ants decreased in larger colonies of monomorphic
species, but brain size and its covariation with some brain
regions, colony size and task specialization is inconsistent
and thus appears to be complex [11]. Similar to our findings,
a significant positive relationship between colony size and
individual worker brain mass was found in the ant genus
Cataglyphis [54]; in this case, brain size does not appear to be
an adaptive response to the cognitive demands associated
with interspecific variation in foraging range size and related
navigational challenges. Larger colonies, rather, may have
more resources available to support larger worker brains and
increased social interactions have been hypothesized to be
the driving force of brain evolution in this genus [54].

In vertebrates, large group size positively correlates with
brain size, hypothetically owing to the higher level of cogni-
tion required for individualized social interactions [53], mate
choice [4] and parental care [55]. Although some eusocial
insects may have social life histories and colony structures
generating cognitive demands similar to those of vertebrates
[7], it appears difficult to directly apply the social brain
hypothesis to ants using the same behavioural variables [9]
because workers are often sterile. The relative demands of
alloparental care in ants and parental care in other eusocial
insects are probably similar but are not known. However,
ant workers do not appear to be able to recognize individuals
[24,56] and associated social selection is therefore unlikely.
Recognition per se may not demand extensive higher order
processing, but the recall of long-term relationships and
interaction outcomes that are dependent on recognition are
thought to require greater cognitive capability [57,58]. How-
ever, no neuroanatomical or physiological evidence exists
suggesting which brain components or circuits might be
involved in such processing in insects. Nevertheless, cuticular
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hydrocarbons function in nestmate [59-61] and social role
[62] discrimination; these recognition mechanisms may be
more highly developed in socially complex species because
advanced division of labour can generate morphologically
or behaviourally variable worker groups and thus require
greater discriminatory capabilities to support colony-level
functions. The neural mechanisms underlying these social
processes and others remain unclear [63], and it is therefore
difficult to determine their precise role in brain evolution.

(b) Colony-level social organization and brain evolution
We considered that brain size would be relatively small in
O. smaragdina due to what we assume are lower cognitive
demands placed on morphologically differentiated and behav-
iourally specialized workers that function as components of a
complex system. Neurometabolic costs that may limit investment
in total brain size of individual workers and cognitive processing
centres could also be lowered if behaviourally ‘simple” workers
are sufficient to assemble collectively functioning groups
whose capabilities exceed those of individual workers. Alterna-
tively, behavioural algorithms coordinating collective action
may be simple, but the underlying neural mechanisms of indi-
vidual action could be sophisticated. For example, weaver ant
nest construction is governed by a positive-feedback system
[64]; O. smaragdina have a relatively large number of chemical
communication systems involving tactile and pheromonal
cues [17], which also may be involved in this coordinated
action (J. F. Kambhi, J. F. A. Traniello 2016, which also may be
involved in this coordinated action). Collective actions of this
type may thus require substantial sensory perception and
processing and perhaps more neural tissue and/or specialized
circuitry, even if decisions are made at the level of the group.
We used COX staining, which has resulted in path-breaking
discoveries in invertebrate and vertebrate brain research
[51,65,66], as a proxy for operation costs in worker brains.
Given the strong evolutionary conservation of this enzyme
[35], the temporal and spatial activity profiles and distribution
of COX in the brains of animals in diverse taxa is most probably
similar. Indeed, patterns of COX activity in different honeybee
[67,68] and fly [69] brain compartments resemble those we pre-
sent here for ants. Oecophylla smaragdina major workers tended
to have lower total brain metabolic activity than F. subsericea
workers, as revealed by COX analyses. This pattern was most
notable in the MB, and the AL also showed this trend. Other
factors such as neuron size and number and the density and
size of synapses [70—73] may influence brain metabolism. The
number of neurons in the MB and AL appear to be similar in
our study species; O. smaragdina majors, however, have larger
MB neurons (J. F. Kamhi, J. F. A. Traniello 2016, unpublished
data). This appears counterintuitive, although neurons may
be optimized to reduce ATP consumption [74] and thus COX
activity, which is linked to neural activation [35] and not necess-
arily directly correlated with neuron size. Behavioural
phenotype also may be related to brain metabolic activity
[75]. The variation in total brain metabolic activity in our
study species indicates that F. subsericea worker task perform-
ance within and outside the nest may contribute to increased
brain operation costs. Interspecific overlap in behavioural reper-
toire and general neurobiological requirements, however, may
be high in O. smaragdina majors and F. subsericea workers. To
examine variation in task specialization in our comparisons,
we performed additional analyses that included both

O. smaragdina majors and specialist minor workers. Results [ 6 |

showed that O. smaragdina majors had lower MB calyx and
AL operation costs than minors and minors had similar brain
and MB calyx operation costs as F. subsericea workers (electronic
supplementary material, figure S1 and table S1). By accounting
for variation in brain region size between species and subcaste
in metabolic activity, we infer that the larger MB size in O. smar-
agdina majors could be compensated for in part by lower
operations costs because MB COX activity scaled to absolute
and relative volume revealed no significant species differences
(electronic supplementary material, figure S2).

Our COX staining results can be interpreted in respect
to the time course of translation and transcription of the
enzyme subunits in neurons [35], supporting the inferences
we draw from our data. COX precursor subunits may be
present within distal mitochondria and can be activated
upon demand when neurons are more active for shorter
periods (roughly 5 h [35]). Downregulation as a consequence
of strongly reduced neuronal activity, by contrast, requires
approximately 2 days [76]. Therefore, COX is not well suited
to visualize short-term changes in neuronal activity [77], but
serves as an appropriate proxy for neuronal operation costs.
We assume that activity variation across the brains of workers
we sampled (figure 3) may to some degree represent individual
differences in COX activity, hence differences in neuronal elec-
trical activity, perhaps reflecting worker experience and stress
during sampling. However, we compare long-term overall
differences across different brain regions and between two
species. Average COX activity does not vary significantly on
a short-term basis because it relies on the transport of
mitochondria from cell bodies [35]. In most invertebrates,
including ants, neuronal cell bodies are located in the brain’s
cell body rind, relatively far from the neuropil. Although dra-
matic changes in COX activity can result from artificially
reduced or increased long-term neuronal activity, such
changes are temporally slow, in the order of hours or days to
weeks rather than minutes [76,77]. Long durations of time
are thus required to modify the overall COX activity of brain
regions. We therefore are confident that our average COX
activity measures represent ‘standard’ activity conditions of
the respective brain regions and species and are not influenced
by minor handling effects or other immediate stimuli that
workers may have been exposed to before their brains were
dissected and fixed.

One prominent distinguishing characteristic of O. smaragdina
majors is their engagement in collective actions that serve
important colony functions in nest construction, territory main-
tenance and cooperative foraging. Although the association of
neural circuits and such emergent colony-level behaviours is
unknown [78], our data suggest that O. smaragdina majors
have larger brains than F. subsericea workers, indicating
more circuitry, yet the collective action pre-eminent in the
organization of work by O. smaragdina majors could decrease
neural operation costs. Brain metabolic costs can be reduced
by decreasing redundancy in neural circuitry, leading to a
lower signal-to-noise ratio [71]. In the context of worker col-
lective action, any resulting decrease in worker processing
capability may not have a colony-level cost because of
cooperation: groups of workers acting in concert may be
able to compensate for potential cognitive deficiencies in indi-
vidual workers [18]. Our results suggest that the relationship
between behavioural ability and brain size may be complex
and manifest in multiple ways [79-81]. We hypothesize that
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controlling behavioural responses by collective cognition may
be less energetically expensive than the cost of producing a
brain capable of generating greater individual behavioural
performance capabilities.

(c) Worker neuroecology

Additional analyses of relative brain region volumes that
include O. smaragdina minors elucidate how brain region
investment corresponds to variation in behavioural repertoire
and associated information-processing needs. Our results
suggest that cognitive demands faced by workers may affect
sensory processing region volumes (electronic supplementary
material, figure S3 and table S2). For example, O. smaragdina
majors visually navigate and chemically orient between nests
and worksites in large territories and F. subsericea workers
appear to primarily rely on visual orientation during foraging
[20,82,83]. Accordingly, OL volume was greater in F. subsericea
and O. smaragdina major workers than minors, whose social
role appears to be limited to caring for brood within leaf nests.

Selection in socially basic monomorphic species such as
F. subsericea appears to have favoured diverse worker task
repertoires [84,85], leading to more totipotent and plastic
task performance in different sensory environments inside
and outside the nest. Formica subsericea workers were there-
fore predicted to invest more in the MB in response to
increased needs for greater higher-order processing ability.
Our results did not support this hypothesis: both O. smarag-
dina majors, which are task generalists, and specialist minors
had significantly larger MB volume than F. subsericea,
suggesting that behavioural plasticity may not affect MB cir-
cuitry and modify neuropil volume, or O. smaragdina workers
may in fact be more behaviourally flexible than predicted and
thus require greater higher order processing ability than
F. subsericea. Oecophylla smaragding MBs may undergo
experience-dependent growth [86] that is absent or less sub-
stantial in F. subsericea. Additional comparisons between ant
sister clade species that contrast in division of labour and
other elements of social structure are crucial to fully under-
stand the relationship between behavioural specialization
and MB investment and identifying macroevolutionary
patterns of brain evolution.

Organization and development of the MB in relation to
behavioural plasticity could underlie sensory processing
requirements for task performance. Enhanced visual input,
rather than social complexity, has been suggested to be associ-
ated with increased MB calyx size [9], but our findings do not
corroborate this prediction. In our study species, OL size, a
correlate of input into the MB calyces [87], did not appear to
directly influence MB calyx volume. Our findings alternatively
suggest that worker behavioural repertoire in the context of
colony organization is associated with MB size. Oecophylla
smaragdina major worker behaviour, for example, may require
significant sensory integration, thus contributing to MB
calyx size. Weaver ants mark territories with colony-specific
secretions; major workers collectively defend their territory
and fight more intensively when they recognize their colony’s
scent [88]. This scaling of aggression to social context requires
perception of a chemical signature probably acquired during
development as well as higher order processing and neural
signalling between brain compartments to control motor pat-
terns of fighting under different social conditions. Further
neuroecological studies are needed to determine the extent of

behavioural and neural plasticity and sensory integration in
relation to MB circuitry.

5. Conclusion

Our data are, to our knowledge, the first to demonstrate an
association between brain size and brain region volume,
COX activity and behaviour in relation to the level of complex-
ity of a society. Previous studies have suggested that larger
colony size is associated with greater task specialization and
lower brain investment [7-11], which should reduce brain
metabolic cost. However, our comparative study of formicine
ant sister clades suggests that components of social complexity
such as division of labour, large colony size and collective intel-
ligence may be among the driving forces of brain evolution and
could have compensatory effects. Consistent with the social
brain hypothesis, the O. smaragdina colony phenotype appears
to be associated with the requirement for greater MB and total
brain investment in individual workers, indicating that integra-
tive processing is important to living in large and more
complex social groups. The greater food intake probably
required for producing this tissue may be possible through
living in large, cooperative colonies [61]. However, increased
brain volumes do not seem to be associated with higher meta-
bolic costs; rather this greater investment may be compensated
for by lower COX activity, an estimate of operational metabolic
costs, in weaver ant major workers. Collective intelligence,
which is associated with large colony size and socially
advanced colony organization, may be one mechanism
enabling ant colonies to conserve metabolic investment in
the brain, particularly in the MB. The size of primary and
higher order sensory input regions appears to reflect sensory
requirements of worker task performance, thus providing a
neuroecological basis for patterns of neuropil investment. Indi-
vidual action in the context of division of labour and the
ecology of individual task performance may also drive the
evolution of information-processing circuitry, represented in
brain mass, compartment size and ATP usage.

Ethics. Animals were collected in Australia in accordance with permits
WITK09412611 and WITK14544014 and exported with Wildlife
Trade permits WT2012-4106, PWS2013-AU-000415, and PWS2014-
AU-001493. Animals were imported into the USA and contained
according to the conditions of USDA permit P526P-12-04067 and
cultured under containment conditions simulating a tropical environ-
ment. Experiments minimized pain and used universally accepted
methods of euthanizing ants.

Data accessibility. The datasets supporting this article have been
uploaded to Dryad (http://dx.doi.org/10.5061/dryad.39gb2) [89].
Authors” contributions. J.EK., W.G. and J.E.A.T. co-conceived of this study;
J.EK. performed experiments; J.FK. and S.K.A.R. analysed results;
J.EK. and J.F.A.T. drafted the manuscript, and all authors contributed
to the design of the study and gave final approval for publication.

Competing interests. There are no competing interests.

Funding. This work was supported by a National Science Foundation
(NSF) East Asia and Pacific Summer Institute grant 1209967 to
JJEK,, NSF grants 10B-0725013 to J.F.A.T. and I0S-1354291 to
J.EA.T. and W.G,, and Australian Research Council Discovery grant
1093553 to S.K.A.R.

Acknowledgements. We thank Darcy Gordon for generously assisting in
imaging F. subsericea brains for volume analyses, Jodie Nodine for
measuring O. smaragdina body mass, and Aynsley Sandridge for
assisting with F. subsericen body mass measurements. We are very
grateful to Dr Iulian Ilies for statistical advice. Dr Sara Arganda Car-
reras, Andrew Hoadley and Darcy Gordon provided thoughtful
discussions.

6v619L07 €87 § 205 Y 20id  biorbuiysiigndfranosiesorqdsi H


http://dx.doi.org/10.5061/dryad.39gb2
http://dx.doi.org/10.5061/dryad.39gb2
http://rspb.royalsocietypublishing.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on October 25, 2016

References

Laughlin SB, van Steveninck RRD, Anderson JC.
1998 The metabolic cost of neural information. Nat.
Neurosci. 1, 36—41. (doi:10.1038/236)

Aiello LC, Wheeler P. 1995 The expensive-tissue
hypothesis: the brain and the digestive-system in
human and primate evolution. Curr. Anthrapol. 36,
199—-221. (doi:10.1086/204350)

Attwell D, Laughlin SB. 2001 An energy budget for
signaling in the grey matter of the brain. J. Cereb.
Blood Flow Metab. 21, 1133—1145. (doi:10.1097/
00004647-200110000-00001)

Dunbar RIM, Shultz S. 2007 Evolution in the social
brain. Science 317, 1344—1347. (doi:10.1126/
science.1145463)

Kamhi JF, Traniello JFA. 2013 Biogenic amines and
collective organization in a superorganism:
neuromodulation of social behavior in ants. Brain
Behav. Evol. 82, 220—236. (doi:10.1159/000356091)
Muscedere ML, Traniello JFA. 2012 Division of labor
in the hyperdiverse ant genus Pheidole is associated
with distinct subcaste- and age-related patterns of
worker brain organization. PLoS ONE 7, e31618.
(doi:10.1371/journal.pone.0031618)

0'Donnell S, Bulova SJ, DeLeon S, Khodak P, Miller
S, Sulger E. 2015 Distributed cognition and social
brains: reductions in mushroom body investment
accompanied the origins of sodiality in wasps
(Hymenoptera: Vespidae). Proc. R. Soc. B 282,
20150791. (doi:10.1098/rsph.2015.0791)

llies I, Muscedere ML, Traniello JF. 2015
Neuroanatomical and morphological trait clusters in
the ant genus Pheidole: evidence for modularity
and integration in brain structure. Brain Behav. Evol.
85, 63—76. (doi:10.1159/000370100)

Farris SM. 2016 Insect societies and the social brain.
Curr. Opin. Insect. Sci. 15, 1—8. (doi:10.1016/j.cois.
2016.01.010)

Gronenberg W, Riveros AJ. 2009 Social brains and
behavior — past and present. In Organization of
insect societies: from genome to sociocomplexity
(eds J Gadau, JH Fewell), pp. 377-401. Cambridge,
MA: Harvard University Press.

Riveros AJ, Seid MA, Wcislo WT. 2012 Evolution of
brain size in class-based societies of fungus-growing
ants (Attini). Anim. Behav. 83, 1043 —1049. (doi:10.
1016/j.anbehav.2012.01.032)

Holbrook CT, Barden PM, Fewell JH. 2011 Division of
labor increases with colony size in the harvester
ant Pogonomyrmex californicus. Behav. Ecol. 22,
960—966. (doi:10.1093/beheco/arr075)

Thomas ML, Elgar MA. 2003 Colony size affects
division of labour in the ponerine ant Rhytidoponera
metallica. Naturwissenschaften 90, 88—92.
Ferguson-Gow H, Sumner S, Bourke AFG, Jones KE.
2014 Colony size predicts division of labour in attine
ants. Proc. R. Soc. B 281, 20141411. (doi:10.1098/
rspb.2014.1411)

Holldobler B. 1999 Multimodal signals in ant
communication. J. Comp. Physiol. A 184, 129—141.
(doi:10.1007/5003590050313)

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2].

28.

29.

30.

Billen J, Morgan ED. 1998 Pheromone
communication in social insects: sources and
secretions. In Pheromone communication in social
insects: ants, wasps, bees, and termites (eds RK
Vander Meer, MD Breed, KE Espelie, ML Winston),
pp. 3—33. Boulder, CO: Westview Press.
Holldobler B, Wilson EQ. 1978 Multiple recruitment
systems of African weaver ant Oecophylla longinoda
(Latreille) (Hymenoptera Formicidae). Behav. Ecol.
Sociobiol. 3, 19—60. (doi:10.1007/BF00300045)
Couzin ID. 2009 Collective cognition in animal
groups. Trends Cogn. Sci. 13, 36—43. (doi:10.1016/j.
tics.2008.10.002)

Sumpter DJT. 2006 The principles of collective
animal behaviour. Phil. Trans. R. Soc. B 361, 5—22.
(doi:10.1098/rsth.2005.1733)

Crozier RH, Newey PS, Schluns EA, Robson SKA.
2010 A masterpiece of evolution: Oecophylla weaver
ants (Hymenoptera: Formicidae). Myrm. News 13,
57-71.

0'Donnell S. 1998 Dominance and polyethism in the
eusocial wasp Mischocyttarus mastigophorus
(Hymenoptera: Vespidae). Behav. Ecol. Sociobiol. 43,
327-331. (doi:10.1007/5002650050498)

Holldobler B, Wilson EQ. 2011 The leafcutter ants:
civilization by instinct. New York, NY: W.W. Norton &
Company. Inc.

Kronauer DJC. 2009 Recent advances in army ant
biology (Hymenoptera: Formicidae). Myrm. News
12, 51-65.

Holldobler B, Wilson EQ. 1990 The ants. Cambridge,
MA: Harvard University Press.

Mertl AL, Traniello JFA. 2009 Behavioral evolution in
the major worker subcaste of twig-nesting Pheidole
(Hymenoptera: Formicidae): does morphological
specialization influence task plasticity? Behav. Ecol.
Sociobiol. 63, 1411-1426. (doi:10.1007/500265-
009-0797-3)

Muscedere ML, Djermoun A, Traniello JFA. 2013
Brood-care experience, nursing performance, and
neural development in the ant Pheidole dentata.
Behav. Ecol. Sociobiol. 67, 775—784. (doi:10.1007/
500265-013-1501-1)

Jeanson R, Dussutour A, Fourcassie V. 2012 Key
factors for the emergence of collective decision in
invertebrates. Front. Neurosci. 6, 121. (doi:10.3389/
fnins.2012.00121)

Anderson C, McShea DW. 2001 Individual versus
social complexity, with particular reference to ant
colonies. Biol. Rev. Camb. Philos. Soc. 76, 211-237.
(doi:10.1017/51464793101005656)

Sasaki T, Pratt SC. 2011 Emergence of group
rationality from irrational individuals. Behav. Ecol.
22, 276-281. (doi:10.1093/beheco/arq198)

Sasaki T, Granovskiy B, Mann RP, Sumpter DJT,
Pratt SC. 2013 Ant colonies outperform

individuals when a sensory discrimination task is
difficult but not when it is easy. Proc. Natl Acad. Sdi.
USA 110, 13 769—13 773. (doi:10.1073/pnas.
1304917110)

3N

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

4.

44,

Sasaki T, Pratt SC. 2012 Groups have a larger
cognitive capacity than individuals. Curr. Biol. 22,
R827-R829. (doi:10.1016/j.cub.2012.07.058)
Seeley TD. 2010 Honeybee democracy. Princeton, NJ:
Princeton University Press.

Feinerman 0, Traniello JFA. 2015 Social
complexity, diet, and brain evolution: modeling
the effects of colony size, worker size, brain size,
and foraging behavior on colony fitness in ants.
Behav. Ecol. Sociobiol. 69, 1-12. (doi:10.1007/
$00265-014-1812-x)

Wong-Riley MT. 1989 Cytochrome oxidase: an
endogenous metabolic marker for neuronal activity.
Trends Neurosci. 12, 94—101. (doi:10.1016/0166-
2236(89)90165-3)

Wong-Riley MT. 2012 Bigenomic regulation of
cytochrome ¢ oxidase in neurons and the tight
coupling between neuronal activity and energy
metabolism. Adv. Exp. Med. Biol. 748, 283—-304.
(doi:10.1007/978-1-4614-3573-0_12)

Li YF, Park JS, Deng JH, Bai YD. 2006 Cytochrome ¢
oxidase subunit IV is essential for assembly and
respiratory function of the enzyme complex.

J. Bioenerg. Biomembr. 38, 283—291. (doi:10.1007/
$10863-006-9052-)

Hall CN, Klein-Flugge MC, Howarth C, Attwell D.
2012 Oxidative phosphorylation, not glycolysis,
powers presynaptic and postsynaptic mechanisms
underlying brain information processing. J. Neurosci.
32, 8940-8951. (doi:10.1523/JNEUR0SCI.0026-
12.2012)

Bassett DS, Bullmore ET, Meyer-Lindenberg A, Apud
JA, Weinberger DR, Coppola R. 2009 Cognitive
fitness of cost-efficient brain functional networks.
Proc. Natl Acad. Sci. USA 106, 11 747—11752.
(doi:10.1073/pnas.0903641106)

Du F, Zhu X-H, Zhang Y, Friedman M, Zhang N,
Ugurbil K, Chen W. 2008 Tightly coupled brain
activity and cerebral ATP metabolic rate. Proc. Nat!
Acad. Sci. USA 105, 6409—6414. (doi:10.1073/pnas.
0710766105)

Moreau CS, Bell (D, Vila R, Archibald SB, Pierce NE.
2006 Phylogeny of the ants: diversification in the
age of angiosperms. Science 312, 101-104.
(doi:10.1126/science.1124891)

Klotz JH. 1986 Social facilitation among digging
ants (Formica subsericea). J. Kansas Entomol. Soc.
59, 537-541.

Amador-Vargas S, Gronenberg W, Wcislo WT,
Mueller U. 2015 Specialization and group size: brain
and behavioural correlates of colony size in ants
lacking morphological castes. Proc. R. Soc. B 282,
20142502. (doi:10.1098/rsph.2014.2502)

Fahrbach SE. 2006 Structure of the mushroom
bodies of the insect brain. Annu. Rev. Entomol.
51, 209-232. (doi:10.1146/annurev.ento.51.
110104.150954)

Kamhi JF, Nunn K, Robson SKA, Traniello JFA. 2015
Polymorphism and division of labour in a socially
complex ant: neuromodulation of aggression in the

6v619107 €82 g 20S Y o0id  biobuiysigndAianosiedorqdss H


http://dx.doi.org/10.1038/236
http://dx.doi.org/10.1086/204350
http://dx.doi.org/10.1097/00004647-200110000-00001
http://dx.doi.org/10.1097/00004647-200110000-00001
http://dx.doi.org/10.1126/science.1145463
http://dx.doi.org/10.1126/science.1145463
http://dx.doi.org/10.1159/000356091
http://dx.doi.org/10.1371/journal.pone.0031618
http://dx.doi.org/10.1098/rspb.2015.0791
http://dx.doi.org/10.1159/000370100
http://dx.doi.org/10.1016/j.cois.2016.01.010
http://dx.doi.org/10.1016/j.cois.2016.01.010
http://dx.doi.org/10.1016/j.anbehav.2012.01.032
http://dx.doi.org/10.1016/j.anbehav.2012.01.032
http://dx.doi.org/10.1093/beheco/arr075
http://dx.doi.org/10.1098/rspb.2014.1411
http://dx.doi.org/10.1098/rspb.2014.1411
http://dx.doi.org/10.1007/s003590050313
http://dx.doi.org/10.1007/BF00300045
http://dx.doi.org/10.1016/j.tics.2008.10.002
http://dx.doi.org/10.1016/j.tics.2008.10.002
http://dx.doi.org/10.1098/rstb.2005.1733
http://dx.doi.org/10.1007/s002650050498
http://dx.doi.org/10.1007/s00265-009-0797-3
http://dx.doi.org/10.1007/s00265-009-0797-3
http://dx.doi.org/10.1007/s00265-013-1501-1
http://dx.doi.org/10.1007/s00265-013-1501-1
http://dx.doi.org/10.3389/fnins.2012.00121
http://dx.doi.org/10.3389/fnins.2012.00121
http://dx.doi.org/10.1017/S1464793101005656
http://dx.doi.org/10.1093/beheco/arq198
http://dx.doi.org/10.1073/pnas.1304917110
http://dx.doi.org/10.1073/pnas.1304917110
http://dx.doi.org/10.1016/j.cub.2012.07.058
http://dx.doi.org/10.1007/s00265-014-1812-x
http://dx.doi.org/10.1007/s00265-014-1812-x
http://dx.doi.org/10.1016/0166-2236(89)90165-3
http://dx.doi.org/10.1016/0166-2236(89)90165-3
http://dx.doi.org/10.1007/978-1-4614-3573-0_12
http://dx.doi.org/10.1007/s10863-006-9052-z
http://dx.doi.org/10.1007/s10863-006-9052-z
http://dx.doi.org/10.1523/JNEUROSCI.0026-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0026-12.2012
http://dx.doi.org/10.1073/pnas.0903641106
http://dx.doi.org/10.1073/pnas.0710766105
http://dx.doi.org/10.1073/pnas.0710766105
http://dx.doi.org/10.1126/science.1124891
http://dx.doi.org/10.1098/rspb.2014.2502
http://dx.doi.org/10.1146/annurev.ento.51.110104.150954
http://dx.doi.org/10.1146/annurev.ento.51.110104.150954
http://rspb.royalsocietypublishing.org/

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Downloaded from http://rspb.royalsocietypublishing.org/ on October 25, 2016

Australian weaver ant, Oecophylla smaragdina.
Proc. R. Soc. B 282, 20150705. (doi:10.1098/rspb.
2015.0704)

Nation J. 2002 Insect physiology and biochemistry.
Boca Raton, FL: CRC Press.

Warton DI, Wright 1J, Falster DS, Westoby M. 2006
Bivariate line-fitting methods for allometry. Biol.
Rev. Camb. Philos. Soc. 81, 259-291. (doi:10.1017/
$1464793106007007)

Hansson BS, Anton S. 2000 Function and
morphology of the antennal lobe: new
developments. Annu. Rev. Entomol. 45, 203-231.
(doi:10.1146/annurev.ento.45.1.203)

Chapman RF. 2013 The insects: structure and
function, 5th edn. Cambridge, UK: Cambridge
University Press.

Pfeiffer K, Homberg U. 2014 Organization and
functional roles of the central complex in the insect
brain. Annu. Rev. Entomol. 59, 165—184. (doi:10.
1146/annurev-ento-011613-162031)

Riveros AJ, Gronenberg W. 2010 Brain allometry and
neural plasticity in the bumblebee Bombus
occidentalis. Brain Behav. Evol. 75, 138—148.
(doi:10.1159/000306506)

Hubel DH, Livingstone MS. 1987 Segregation of
form, color, and stereopsis in primate area 18.

J. Neurosci. 7, 3378—3415.

Melendez-Ferro M, Rice MW, Roberts RC, Perez-
Costas E. 2013 An accurate method for the
quantification of cytochrome ¢ oxidase in tissue
sections. J. Neurosci. Meth. 214, 156—162. (doi:10.
1016/j.jneumeth.2013.01.010)

Dunbar RIM. 1998 The social brain hypothesis. Evol.
Anthrapol. 6, 178—190. (doi:10.1002/(SICI)1520-
6505(1998)6:5 << 178::AID-EVAN5 >3.0.(0;2-8)
Wehner R, Fukushi T, Isler K. 2007 On being small:
brain allometry in ants. Brain Behav. Evol. 69,
220-228. (doi:10.1159/000097057)

Shultz S, Dunbar RIM. 2010 Social bonds in birds
are associated with brain size and contingent on
the correlated evolution of life-history and increased
parental investment. Biol. J. Linnean Soc. 100,
111-123. (doi:10.1111/j.1095-8312.2010.01427.x)
Vander Meer RK, Morel L. 1998 Nestmate
recognition in ants. In Pheromone communication in
social insects (eds RK Vander Meer, M Breed, M
Winston, KE Espelie), pp. 79—103. Boulder, CO:
Westview Press.

Molina Y, 0'Donnell S. 2008 Age, sex, and
dominance-related mushroom body plasticity in the
paperwasp Mischocyttarus mastigophorus. Dev.
Neurobiol. 68, 950—959. (doi:10.1002/dneu.20633)
0'Donnell S, Molina Y. 2007 Mushroom body volume
is related to social aggression and ovary development
in the paperwasp Polistes instabilis. Brain Behav. Evol.
70, 137—-144. (doi:10.1159/000102975)

Blomquist GJ, Bagnéres A. 2010 Insect hydrocarbons:
biology, biochemistry, and chemical ecology.
Cambridge, UK: Cambridge University Press.
Newey PS, Robson SKA, Crozier RH. 2010 Weaver
ants Oecophylla smaragdina encounter nasty

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

neighbors rather than dear enemies. Ecology 91,
2366—2372. (doi:10.1890/09-0561.1)

Hélldobler B, Wilson EQ. 1977 Colony-specific
territorial pheromone in African weaver ant
Oecaphylla longinoda (Latreille). Proc. Natl

Acad. Sci. USA 74, 2072—-2075. (doi:10.1073/pnas.
74.5.2072)

Greene MJ, Gordon DM. 2003 Social insects:
cuticular hydrocarbons inform task decisions. Nature
423, 32. (doi:10.1038/423032a)

Lihoreau M, Latty T, Chittka L. 2012 An exploration
of the social brain hypothesis in insects. Front.
Physiol. 3, 442. (doi:10.3389/fphys.2012.00442)
Bochynek T, Robson SKA. 2014 Physical and
biological determinants of collective behavioural
dynamics in complex systems: pulling chain
formation in the nest-weaving ant Oecophylla
smaragdina. PLoS ONE 9, €95112. (doi:10.1371/
journal.pone.0095112)

Agin V, Chichery R, Chichery MP. 2001 Effects of
learning on cytochrome oxidase activity in cuttlefish
brain. Neuroreport 12, 113-116. (doi:10.1097/
00001756-200101220-00030)

Livingstone MS, Hubel DH. 1982 Thalamic inputs to
cytochrome oxidase-rich regions in monkey visual
cortex. Proc. Nat/ Acad. Sci. USA 79, 6098—6101.
(doi:10.1073/pnas.79.19.6098)

Deglise P, Dacher M, Dion E, Gauthier M,
Armengaud C. 2003 Regional brain variations of
cytochrome oxidase staining during olfactory
learning in the honeybee (Apis mellifera). Behav.
Neurosci. 117, 540—547. (doi:10.1037/0735-7044.
117.3.540)

Decourtye A, Armengaud C, Renou M, Devillers J,
(luzeau S, Gauthier M, Pham-Delégue M-H. 2004
Imidacloprid impairs memory and brain metabolism
in the honeybee (Apis mellifera L.). Pestic.
Biochem. Physiol. 78, 83—92. (doi:10.1016/j.pestbp.
2003.10.001)

Mimura K. 1988 Cytochrome oxidase histochemistry
in the effect of light deprivation on the fly visual
system. Brain Res. 445, 228-233. (doi:10.1016/
0006-8993(88)91183-3)

Niven JE, Anderson JC, Laughlin SB. 2007 Fly
photoreceptors demonstrate energy-information
trade-offs in neural coding. PLoS ONE 5, e116.
(doiz10.1371/journal.pbio.0050116)

Niven JE, Laughlin SB. 2008 Energy limitation as a
selective pressure on the evolution of sensory
systems. J. Exp. Biol. 211, 1792—1804. (doi:10.
1242/jeb.017574)

Sengupta B, Faisal AA, Laughlin SB, Niven JE. 2013
The effect of cell size and channel density on
neuronal information encoding and energy
efficiency. J. Cereb. Blood Flow Metab. 33,
1465—1473. (doi:10.1038/jchfm.2013.103)

Niven JE, Farris SM. 2012 Miniaturization of nervous
systems and neurons. Curr. Biol. 22, R323-R329.
(doiz10.1016/j.cub.2012.04.002)

Sengupta B, Stemmler M, Laughlin SB, Niven JE.
2010 Action potential energy efficiency varies

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

among neuron types in vertebrates and
invertebrates. PLoS Comput. Biol. 6, €1000840.
(doi:10.1371/journal.pchi.1000840)

Li-Byarlay H, Rittschof CC, Massey JH, Pittendrigh
BR, Robinson GE. 2014 Socially responsive effects of
brain oxidative metabolism on aggression. Proc. Natl
Acad. Sci. USA 111, 12 53312 537. (d0i:10.1073/
pnas.1412306111)

Liang HL, Ongwijitwat S, Wong-Riley MTT. 2006
Bigenomic functional requlation of all 13
cytochrome ¢ oxidase subunit transcripts in rat
neurons in vitro and in vivo. Neuroscience 140,
177-190. (doi:10.1016/j.neuroscience.2006.01.056)
Hevner RF, Liu S, Wongriley MTT. 1995 A metabolic
map of cytochrome-oxidase in the rat brain:
histochemical, densitometric and biochemical
studies. Neuroscience 65, 313 —342. (doi:10.1016/
0306-4522(94)00514-6)

Buhl J, Rogers S. 2016 Mechanisms underpinning
aggregation and collective movement by insect
groups. Curr. Opin. Insect. Sci. 15, 125—-130.
(doi:10.1016/j.c0is.2016.04.011)

Healy SD, Rowe C. 2013 Costs and benefits of evolving
a larger brain: doubts over the evidence that larger
brains lead to better cognition. Anim. Behav. 86,
e1-e3. (doi:10.1016/j.anbehav.2013.05.017)

Healy SD, Rowe C. 2007 A critique of comparative
studies of brain size. Proc. R. Soc. B 274, 453 -464.
(doi:10.1098/rspb.2006.3748)

Chittka L, Niven J. 2009 Are bigger brains better?
Curr. Biol. 19, R995—R1008. (doi:10.1016/j.cub.
2009.08.023)

Jander R, Jander U. 1998 The light and magnetic
compass of the weaver ant, Oecophylla smaragdina
(Hymenoptera: Formicidae). Ethology 104, 743—758.
(doi:10.1111/).1439-0310.1998.th00108.x)

Wallis DI. 1964 The foraging behaviour of the ant,
Formica fusca. Behaviour 23, 149—176. (doi:10.
1163/156853964X00120)

Traniello JFA. 1978 Caste in a primitive ant: absence
of age polyethism in Amblyopone. Science 202,
770-772. (doi:10.1126/science.202.4369.770)
Jaisson P, Fresneau D, Taylor RW, Lenoir A. 1992
Social organization in some primitive Australian
ants. |. Nothomyrmecia macrops Clark. Insectes Soc.
39, 425-438. (doi:10.1007/BF01240625)

Fahrbach SE, Moore D, Capaldi EA, Farris SM,
Robinson GE. 1998 Experience-expectant plasticity
in the mushroom bodies of the honeybee. Learn.
Mem. 5, 115-123.

Gronenberg W. 1999 Modality-specific segregation
of input to ant mushroom bodies. Brain Behav. Evol.
54, 85—95. (doi:10.1159/000006615)

Holldobler B. 1983 Territorial behavior in the green
tree ant (Oecophylla Smaragdina). Biotropica 15,
241-250. (doi:10.2307/2387648)

Kamhi JF, Gronenberg W, Robson SKA, Traniello JFA.
2016 Data from: Social complexity influences brain
investment and neural operation costs in ants.
Dryad Digital Respiratory. (http://dx.doi.org/10.
5061/dryad.39gb2)

6v619107 €82 g 20S Y o0id  biobuiysigndAianosiedorqdss H


http://dx.doi.org/10.1098/rspb.2015.0704
http://dx.doi.org/10.1098/rspb.2015.0704
http://dx.doi.org/10.1017/S1464793106007007
http://dx.doi.org/10.1017/S1464793106007007
http://dx.doi.org/10.1146/annurev.ento.45.1.203
http://dx.doi.org/10.1146/annurev-ento-011613-162031
http://dx.doi.org/10.1146/annurev-ento-011613-162031
http://dx.doi.org/10.1159/000306506
http://dx.doi.org/10.1016/j.jneumeth.2013.01.010
http://dx.doi.org/10.1016/j.jneumeth.2013.01.010
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1520-6505(1998)6:5%3C178::AID-EVAN5%3E3.0.CO;2-8
http://dx.doi.org/10.1159/000097057
http://dx.doi.org/10.1111/j.1095-8312.2010.01427.x
http://dx.doi.org/10.1002/dneu.20633
http://dx.doi.org/10.1159/000102975
http://dx.doi.org/10.1890/09-0561.1
http://dx.doi.org/10.1073/pnas.74.5.2072
http://dx.doi.org/10.1073/pnas.74.5.2072
http://dx.doi.org/10.1038/423032a
http://dx.doi.org/10.3389/fphys.2012.00442
http://dx.doi.org/10.1371/journal.pone.0095112
http://dx.doi.org/10.1371/journal.pone.0095112
http://dx.doi.org/10.1097/00001756-200101220-00030
http://dx.doi.org/10.1097/00001756-200101220-00030
http://dx.doi.org/10.1073/pnas.79.19.6098
http://dx.doi.org/10.1037/0735-7044.117.3.540
http://dx.doi.org/10.1037/0735-7044.117.3.540
http://dx.doi.org/10.1016/j.pestbp.2003.10.001
http://dx.doi.org/10.1016/j.pestbp.2003.10.001
http://dx.doi.org/10.1016/0006-8993(88)91183-3
http://dx.doi.org/10.1016/0006-8993(88)91183-3
http://dx.doi.org/10.1371/journal.pbio.0050116
http://dx.doi.org/10.1242/jeb.017574
http://dx.doi.org/10.1242/jeb.017574
http://dx.doi.org/10.1038/jcbfm.2013.103
http://dx.doi.org/10.1016/j.cub.2012.04.002
http://dx.doi.org/10.1371/journal.pcbi.1000840
http://dx.doi.org/10.1073/pnas.1412306111
http://dx.doi.org/10.1073/pnas.1412306111
http://dx.doi.org/10.1016/j.neuroscience.2006.01.056
http://dx.doi.org/10.1016/0306-4522(94)00514-6
http://dx.doi.org/10.1016/0306-4522(94)00514-6
http://dx.doi.org/10.1016/j.cois.2016.04.011
http://dx.doi.org/10.1016/j.anbehav.2013.05.017
http://dx.doi.org/10.1098/rspb.2006.3748
http://dx.doi.org/10.1016/j.cub.2009.08.023
http://dx.doi.org/10.1016/j.cub.2009.08.023
http://dx.doi.org/10.1111/j.1439-0310.1998.tb00108.x
http://dx.doi.org/10.1163/156853964X00120
http://dx.doi.org/10.1163/156853964X00120
http://dx.doi.org/10.1126/science.202.4369.770
http://dx.doi.org/10.1007/BF01240625
http://dx.doi.org/10.1159/000006615
http://dx.doi.org/10.2307/2387648
http://dx.doi.org/10.5061/dryad.39gb2
http://dx.doi.org/10.5061/dryad.39gb2
http://rspb.royalsocietypublishing.org/

	Social complexity influences brain investment and neural operation costs in ants
	Introduction
	Material and methods
	Colony collection and maintenance
	Brain and body mass scaling
	Immunohistochemical and statistical analysis of neuropil investment
	Histochemical and statistical analysis of brain operation

	Results
	Relationships between brain and body mass
	Neuropil investment patterns
	Patterns of brain COX activity

	Discussion
	Social brain theory and ant brain evolution
	Colony-level social organization and brain evolution
	Worker neuroecology

	Conclusion
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References


