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The tachykinins are a family of neuropeptides that influence a range of behavioral
phenotypes in both vertebrates and invertebrates; they appear to have a conserved
role in the processing of stimuli, and in the control of aggression in a wide range
of animals. Expression of tachykinin in a cluster of neurons was recently shown to
determine the stimulus response threshold for aggressive behavior in Drosophila (1).
Varying response thresholds are often implicated in division of labor within social insect
colonies, so we hypothesized that Tachykinin could play a role in the organization of
colony defense by affecting individual response thresholds to non-nestmate stimuli. We
used quantitative-PCR in combination with behavioral assays to test for associations
between the expression of Tachykinin and its receptor, and the aggressive division of labor
among the castes of the leaf-cutting ant Acromyrmex echinatior, a species with multiple
worker castes. After correction for differences in brain size among castes, we found that
the most aggressive large worker caste had the highest Tachykinin expression levels, but
that no such effect was apparent for breeding and virgin queens. To further evaluate these
deviating results for the reproductive caste, we manipulated the aggression threshold
of virgin-queens by removing their wings, which is known to make them express a
soldier-like behavioral phenotype. Despite heightened aggression, expression levels of
Tachykinin remained unaffected, suggesting that aggression levels in reproductive caste
phenotypes are controlled by differential expression of other genes.

Keywords: tachykinin, aggression, division of labor, colony defense, attine ants

INTRODUCTION

The great success of the insect societies is often attributed to their complex colony organization
(Wilson, 1971; Holldobler and Wilson, 1990; Seeley, 1995, 2010). Within a social insect colony, the
behavior of potentially millions of individuals is coordinated to produce a cohesive whole, with each
individual in the colony interpreting environmental stimuli and making local decisions that sum
to create a self-organized division of labor that is flexible to the varying needs of the colony (e.g.,
Bourke and Franks, 1995; Beshers and Fewell, 2001). However, it is essential to distinguish between
two distinct kinds of division of labor: the reproductive division of labor between egg-laying queens
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and the unmated workers, which may be subject to reproductive
conflicts (Bourke and Franks, 1995; Ratnieks et al., 2006), and
the “somatic” services provided by the unmated workers, either
by division of labor of different tasks or by serial partitioning of
complex single tasks (Hart et al., 2002).

In later years, the study of caste has focused primarily
on gene expression differences, both among behavioral caste
phenotypes and among physically differentiated castes (see Toth
and Robinson, 2007; Johnson and Linksvayer, 2010, for reviews)
and most recently such studies are increasingly benefitting from
the availability of completely sequenced reference genomes (e.g.,
Simola et al., 2013; Kapheim et al., 2015; Patalano et al., 2015).
Since the early pioneering studies (Oster and Wilson, 1978)
research on caste differentiation has also taken a number of
different directions, emphasizing neurobiological differentiation
(e.g., Seid and Traniello, 2005), behavioral differentiation (e.g.,
Johnson, 2010) and specific loci (e.g., Ben-Shahar, 2005; Nelson
et al., 2007; Amdam and Page, 2010) or quantitative traits (e.g.,
Hughes et al., 2010) associated with caste. Another approach
has emphasized the collective benefits of caste differentiation
by highlighting individual variation in response thresholds for
stimuli inducing specific behaviors (reviewed by Beshers and
Fewell, 2001; Duarte et al., 2011).

These threshold models propose that a colony workforce
consists of individuals that perform a given task when a stimulus
exceeds some internal threshold (Beshers et al., 1999): individuals
with a lower threshold are more likely to perform the task and
end up being specialists (Myerscough and Oldroyd, 2004). For
example, in Pheidole pallidula colonies the major and minor
workers are differentially recruited to nest-defense and foraging
in a manner that suggests threshold-like dynamics (Detrain
and Pasteels, 1991, 1992). The idea of thresholds has also been
used to explain why a number of derived eusocial lineages
have secondarily evolved multiple queen mating, as genetic
chimerism of colonies increases the diversity of available stimulus
thresholds, facilitating more efficient division of labor under
variable conditions for resource acquisition, disease control,
and colony homeostasis (reviewed in Robinson et al., 1989;
Boomsma, 2013).

The proximate mechanisms controlling division of labor are
often connected to genetic or hormonal factors that alter an
individual’s sensitivity to stimuli or her internal motivational
state to perform tasks. Division of labor should thus be
directly related to systematic neurological differences among
workers according to caste, consistent with the many studies of
peptide titers and gene expression that have implicated genes
that specifically affect neurological functions in bees and ants.
For example, the manganese transporter malvolio appears to
control sensitivity to sucrose and therefore foraging behavior
in honeybees—with the least sensitive individuals collecting the
most sucrose-rich forage (Ben-Shahar et al,, 2004). Similarly,
the levels of neurotransmitters, such as the biogenic amines,
serotonin, dopamine and octopamine, often correlate with task
in both bees and ants. Honeybee nurses show higher octopamine
titers than foragers (Schulz et al., 2002). Likewise in ant workers,
serotonin levels have been linked to switching to tasks performed
outside the nest (Seid and Traniello, 2005), both serotonin and

octopamine have been linked to aggression (Kravitz, 2000; Smith
et al,, 2013; Kambhi et al., 2015), and dopamine levels may be
involved in processing olfactory stimuli (Boulay et al., 2000; Seid
and Traniello, 2005). This suggests that substantial differences in
behavior may be the result of differential expression of relatively
few genes with wide-ranging effects.

The tachykinin-related proteins (TRPs) are an ancient family
of neuropeptides with wide-ranging functions throughout the
animal kingdom (Severini et al., 2002). They act to modulate
neurotransmission, and affect many processes in the central and
peripheral nervous system, as well as the gastrointestinal tract
(Nissel, 1999; Maggi, 2000; Severini et al., 2002). Relatively little
is known of invertebrate TRPs compared to their mammalian
homologs, although they appear to have similarly broad
effects. In insects, as in mammals (Pennefather et al., 2004),
multiple TRPs are produced from fewer larger pro-tachykinins.
Drosophila, for example, has 6 TRPs transcribed from a single
Tachykinin gene (Poels et al., 2009), while 15 TRPs have been
identified in the American cockroach, Periplaneta americana
(Neupert et al., 2012). In locusts and Drosophila, some TRPs have
been found to be involved in lipid metabolism (Nissel, 1999; Song
et al., 2014), while others can trigger rhythmic firing in ganglia
of the decapod gut (Nassel, 1999). TRPs have also been found in
the salivary glands of a mosquito, where they act as vasodilators
within the host (Champagne and Ribeiro, 1994), and similarly as
a venom in the common octopus (Kanda et al., 2003).

Despite such diverse functions, TRPs appear to have a
conserved role in the perception and processing of stimuli.
Tachykinin expression is commonly observed in the centers of
the insect brain associated with olfaction (Néssel and Homberg,
2006; Fusca et al., 2015) and higher-level information processing
(Takeuchi et al.,, 2004), as in Drosophila where RNAi knock-
down of Tachykinin impairs olfactory sensitivity and increases
locomotory activity (Winther et al, 2006). Pertinently, in
the honeybee brain, it has been suggested that Tachykinin is
expressed at higher levels in queens and foragers than in nurses,
suggesting a role as a regulator of social phenotypes (Takeuchi
et al.,, 2003). A recent screen of 19 neuropeptides in Drosophila
implicated Tachykinin as a controller of sex-specific aggression
(Asahina et al., 2014; Pavlou et al., 2014), finding that higher
Tachykinin expression in a subset of Tachykinin-expressing
neurons increased aggression and prompted aggressive responses
in scenarios where they are not normally observed, and that
lower expression in the same neurons greatly reduced aggression
(Asahina et al., 2014).

Here, we used quantitative-PCR to measure the expression
levels of Tachykinin and its receptor Tachykinin-R99D across the
morphologically distinct castes of Acromyrmex echinatior. To
evaluate its potential role with respect to colony defense, we used
both a comparative and an experimental approach. A. echinatior
belongs to the leaf-cutting crown-group of the attine fungus-
growing ants (Schultz and Brady, 2008) and lives in nutritional
symbiosis with a fungus garden cultivar (Weber, 1972). Colonies
of Acromyrmex ants are among the most complex insect societies,
as they combine advanced fungus farming with extensive caste
differentiation (Holldobler and Wilson, 1990). The small (minor)
workers mainly complete tasks within the nest, caring for brood
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and tending the fungus, while the large (major) workers forage
and defend the colony (Camargo et al., 2007). The intermediate
workers (media) are less distinct in size and may represent the
upper tail end of the minor worker size distribution (Hughes
et al., 2003). They appear to be intermediate in their typical
spectrum of tasks, so have also been sampled here, as in a previous
study (Larsen et al., 2014).

Previous behavioral work has shown that the major workers
of A. echinatior respond more aggressively to foreign intruders
than the smaller worker castes (Larsen et al., 2014), which was
attributed to enhanced motivation in the major workers, and
reduced sensitivity to non-nestmate stimuli in the less aggressive
minor workers, consistent with caste-dependent differences
in stimulus response thresholds. Another study showed that
aggression thresholds can also be experimentally manipulated in
virgin queens (gynes) by clipping their wings, which prompts
a switch to a soldier-like behavioral phenotype with increased
aggression and exhibition of brood retrieval behavior (Nehring
et al, 2012). These soldier-like gynes are observed naturally,
and are hypothesized to be gynes that miss their nuptial flights,
subsequently shed their wings, and adopt the role of nursing
soldiers within the colony (Nehring et al., 2012). Such gynes have
not been observed in Atta, the sister genus of Acromyrmex, which
possesses a morphologically specialized soldier caste (Holldobler
and Wilson, 1990). Although we could rely on previously
established routines for the behavioral part of this study, we had
to resolve some challenges to adequately measure the expression
of brain-related genes, as the castes of A. echinatior differ greatly
in body and brain size—in fact, a study comparing 40 myrmicine
ant species showed that A. echinatior had both the largest and the
smallest brains within this comparative sample (Seid et al., 2011).
As we know of no confirmed neuron-specific housekeeping genes
for A. echinatior, differential expression of brain-related genes
will primarily reflect differences in relative brain size among
castes, so statistical adjustments were required to account for this
confounding variable.

METHODS

Sample Collection, Dissections, and

Behavioral Trials

Twelve founding-queens were collected in May of 2014 and 2015
in Gamboa, Panama along with their nascent fungus garden,
and housed in 5 c¢cm petri dishes with a small amount of
damp cotton wool to maintain humidity. In three cases where
the natural fungus was missed upon collection queens were
offered a replacement fungus-garden from a mature colony that
was quickly adopted as expected (Poulsen et al., 2009). After
acclimatizing for at least 24 h, an allospecific A. octospinosus
major worker from a sympatric colony was introduced and
host behavior observed for the next 3 min. After removing the
intruder, the resident queens were left for 12 h to ensure as much
as possible that the trials themselves did not directly influence
gene expression. Queens were then frozen for 5 min at —80°C
and decapitated, after which the heads were stored in RNAlater.
One trial was aborted because the queen was obviously not in

good health. In both years, queens were collected before noon,
and the behavioral trials conducted in the early afternoon.

Similar behavioral trials were conducted with lab colonies
using 20 ants for each of the four castes (gynes, major, media,
and minor workers) across two colonies (Ae226 and Ae263)
that had been kept under controlled conditions in Copenhagen
since 2003 and 2006, respectively, at ca. 25°C, 75% RH and
on a diet of bramble leaves, apple and dry rice. Worker castes
were differentiated according to head width (majors >2.0 mm,
1.6 mm < media <2.0 mm, minors < 1.2mm; Larsen et al.,
2014). Half of the hosts were subjected to intrusion by a nestmate
control and the other half by an allospecific A. octospinosus
major worker. Each A. echinatior individual was confronted with
a with a major worker from a paired A. octospinosus colony
(A0604 and A0273, respectively, collected in 2012 and 2006). Five
additional individuals of each caste, with the exception of the
minor caste where 10 individuals were taken, were collected from
the two A. echinatior colonies. Additional ants were collected
from a further four colonies: Ael60 (originally collected in
2002), Ae322 (2007), Ae331 (2007), and Ae372 (2008). The
ants were flash frozen in liquid nitrogen, after which the heads
were removed and stored at —80°C. Workers from each colony
were collected concurrently, but each colony was collected on
different days.

Video recordings of aggression were randomized and scored
using JWatcher (Blumstein and Daniel, 2007) without knowledge
of the intruder’s identity. As in Larsen et al. (2014) and Nehring
et al. (2012) behaviors were scored as 0 for antennation, 1 for
the mandibles being opened, and 2 for biting. The aggression
indices were then calculated as in Guerrieri et al. (2009) by
multiplying the score of each behavior by the proportion of trial
time spent conducting the behavior. The total score was then
used as an aggression index, ranging from 0 (completely peaceful
interactions) to 2 (continuous biting).

For brain dissection, individuals were selected at random from
two colonies (Ae226 and Ae263, also used above) and chilled
at 5°C for 15 min; the heads were then removed, weighed,
submerged in 96% ethanol for 1-2s, dried on lens paper, and
dissected in PBS buffer. Following the protocol of Seid et al.
(2011), isolated brains were transferred to a microbalance by
pipette, placed on a small piece of parafilm, after which the buffer
was removed using a piece of finely twisted KimTech wipe, and
the brain was weighed within 4. Seid et al. (2011) found weight-
loss during sample preparation to vary between approximately
0.9 and 2.4%, and there was no obvious correlation with brain
size, so weight-loss was deemed not to have adversely affected our
measurements.

We selected a further three colonies (Ael50, Ae356, and
Ae394) that had also been housed under laboratory conditions
since 2002, 2008, and 2009, removed all reproductive individuals,
discarded the males, and chilled the gynes at 5°C for 15 min. We
then removed the wings from one third of the gynes, a middle
leg from another third, and left the remainder unharmed. The
thorax of each gyne was marked with a spot of paint, using a
different color for each treatment. Gynes were left to recover for
30 min before being returned to their colony. After 1 week within
the colony to ensure the behavioral switch, aggression trials were
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conducted as in Nehring et al. (2012). A gyne was placed in a
circular arena of 5cm diameter with fluon-coated walls and a
floor lined with filter paper that had spent at least 24 h in the
gyne’s colony. She was then left for 5 min to acclimatize before
a large worker from either the natal nest (control) or from an
A. octospinosus colony was introduced, and the gyne’s behavior
was recorded for the next 3 min. Again each A. echinatior colony
was paired with a specific A. octospinosus colony (Ael150-A0512,
Ae394-A0615, and Ae356-A0615) and aggression indices were
calculated as above without prior knowledge of the intruder’s
identity.

Another subset of the treated gynes was tested for their
tendency to retrieve brood, as an indicator of a shift to a
“soldier/nurse phenotype™: each gyne was placed in an 8.5 cm
diameter petri dish, along with a small amount of fungus from
the gyne’s nest and 5-8 minor workers, and left for 30 min
to acclimatize before a large larva (>4 mm) was placed in
the dish some distance away from the fungus garden. Large
larvae were used to prevent retrieval by the minor workers.
The position of the larvae was recorded after 2 h, and the trial
was considered successful if the larva had been moved to the
fungus garden. This was repeated for all three colonies, and an
additional 20 trials were conducted without a gyne present, to
ensure that the small workers were indeed unable to retrieve
the larva (correct in all cases). After the trials, the gynes were
flash frozen in liquid nitrogen and their heads were stored
at —80°C.

RNA Extraction and Gene Expression

Quantification

RNA was extracted from individual heads for the founding
queens, and from pools of individuals according to caste and
colony for the gynes and worker castes (five individuals for the
larger gynes, major and media workers and 10 for the minor
workers), assuming that variation among individuals within
castes would be minor relative to variation among castes. We also
pooled five gyne heads from the brood-retrieval trials according
to treatment and colony. To ensure that the gene expression
changes reflected behavioral shifts, treatment gynes were not
selected randomly: only individuals who successfully retrieved a
larva were used for the wing-mutilated treatment, and only gynes
that failed to retrieve a larva were used for the unmanipulated
and leg-mutilated treatments.

All RNA was extracted using the RNEasy kit (QIAGEN)
following the manufacturer’s protocol. Extraction success was
evaluated using a Nanodrop spectrophotometer and RNA
integrity was checked using a 2% agarose gel. To obtain cDNA
for gPCR, 500 ng of RNA was reverse transcribed in a 10 pl
reaction containing 5.25 pl RNA sample, 0.5 il SuperScript IIT
(Invitrogen), 2 pl 5X first strand buffer, 1 ul ANTP, 1 pul DTT,
0.125 ]l RNASin, and 0.125 pul Primer Qt (CCA GTG AGC AGA
GTG ACG AGG ACT CGA GCT CAA GCT TTT TTT TTT
TTT TTT TVN). RNA was heated to 65°C for 3 min before
mixing the reagents. The thermal protocol consisted of 42°C for
60 mins, 50°C for 10 mins, and 70°C for 15 min. Following
reverse transcription, the cDNA was treated with RNase H at

37°C for 20 min to remove any residual RNA before a 10-fold
dilution in TE buffer.

Four primer pairs were designed using the A. echinatior
genome (Nygaard et al, 2011): [F: CAA TGA GTT TTC
AAG GGA TG, RTCT ATT GCT CCT TCC TTG AT] for
Tachykinin (Tac); [F:GTT GCA TGA ATA CTA GAT TCC,
R:TAC CAT TCC GCG ATA TTC TG] for Tachykinin-receptor
99D (TacR99D); [F:CCC ACA GTT ATT GCC AAA TCG,
R:CCA CTG GGA CAA GTT TTG ATG] for the housekeeping
gene Elongation factor 1-f (EF1f); and [F:TCC CCA AGT TGA
CGG TAT G, R:=CCC TGC ATT AAG ACT GTA CG] for the
housekeeping gene Ribosomal Protein L18 (RPL18). EF1f and
RPL18 were chosen as they have previously been shown to be
stably expressed across castes and tissues in another myrmicine
ant, Solenopsis invicta (Cheng et al., 2013). The primers were
designed to span an intron, as these are spliced from the
mRNA after transcription, preventing erroneous amplification
of genomic-DNA and ensuring more accurate quantification of
the mRNA.

The efficacy of the designed primers and the success of
the reverse-transcription were determined using PCR, and
subsequent agarose gel electrophoresis. Reactions consisted of 10
pl RedTaq polymerase, 1 pl each of the two primers (10 pM), 7 il
H,0, and 1 pl of the cDNA template. The thermocycler protocol
was 94°C for 5 min, 30 cycles of 94°C for 20 s, 55°C for 30 s, and
72°C for 1 min, followed by a final elongation step of 72°C for
10 min.

Quantitative-PCR reactions were conducted on the Strategene
Mx3005P system using SYBR-Green dye. Each reaction totaled
20 pl: 10 pl System Ex Taq, 0.4 pl of both the forward and
reverse primers, 0.4 pl ROX reference dye, and 2 pl cDNA
template, and 6.8 1 water. The same reaction cycle was used in
all cases: 95°C for 2 min, followed by 40 cycles of 95°C for 30
s, 55°C for 30s and 72°C for 30 s. The reactions were followed
by a dissociation curve and any reactions with spurious peaks
were removed from analysis. All reactions were conducted in
triplicate.

A common fluorescence threshold of 0.0121 dRN was used
across all reactions to standardize the threshold cycle values
(Ct). Efficiencies for each gene were calculated for each plate,
thereby accounting for systematic differences among both runs
and genes, by fitting a curve to the exponential portion of
the fluorescence curve (Guescini et al., 2008) with the package
“qPCR” in R 3.2.2. The geometric means of efficiencies, by gene
and plate, were then used to correct for differences in efficiency
using [efficiency] ~“'. Unsuccessful reactions were identified as
kinetic outliers and removed from the calculations (Bar et al.,
2003). The ReadQPCR and NormQPCR packages were then
used to combine technical replicates and to calculate ACt values
relative to the geometric mean of the two housekeeping genes
(Perkins et al, 2012). The validity of EF1f and RPL18 as
housekeeping genes was verified using the geNorm algorithm
(Vandesompele et al., 2002). Although only two candidate house-
keeping genes were tested, they were deemed appropriate as
they were more stable with respect to one another than the
recommended stability cut-off (Vandesompele et al., 2002),
(maximum M = 0.099, recommended-threshold = 0.15).
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RESULTS

Using a general linear mixed model, with caste of the host
and identity of the opponent (nestmate or allospecific) as
fixed explanatory variables and host-colony as a random factor,
all castes were found to be more aggressive toward non-
nestmates than nestmates (Tukey Kramer, p-value always <
0.015) (Figure 1). Host caste significantly affected aggression
when compared to a similar model without the host caste variable
(parametric bootstrap test, 500 simulations, p = 0.002): the major
and media workers were found to be most aggressive toward non-
nestmates while the gynes, minor workers and founding queens
did not significantly differ in their responses. The same results
were obtained with a non-parametric Kruskal-Wallis test (p <
0.0001). Likewise, the major and media workers were found to

be the most aggressive toward non-nestmates, while the gynes,
minor workers and founding queens did not significantly differ
in their response (pairwise Wilcoxon test, p-value cut-off = 0.05).
Also here, the same results were obtained when a non-parametric
Kruskal-Wallis test was used (p < 0.0001).

The relative expression of Tachykinin and TacR99D across the
four castes is shown in Figure S1. Data were log, transformed
for analysis to normalize distributions. The relative expression
levels of both Tachykinin and TacR99D differed significantly
among castes (ANOVA, Tac: [F(4 23 = 42.71, p < 0.0001],
TacR99D: [F4, 25y = 10.97, p < 0.0001]. A Tukey-Kramer
pairwise comparison indicated that Tachykinin expression in
founding-queens was significantly lower than in all other castes,
while expression in gynes also differed from expression in
the media and minor workers (Figure S1A) (p < 0.05). For
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FIGURE 1 | Aggression indices for three worker castes (major, media and minor) and two life-stages of the reproductive caste (gynes and
founding-queens). All castes attacked non-nestmates (B) more than nestmates (A), with the major and media workers being most aggressive. Letters indicate
significantly different pairs (Tukey-Kramer, p < 0.05) and numbers underneath boxes are sample sizes. There are no data for founding-queens challenged with
nestmates (NA) because they do not yet have nestmates.
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TacR99D, the minor workers had higher expression than the
gynes, major workers and founding-queens, while the founding-
queens also differed from the major workers (Figure S1B).
Variation in relative expression of Tachykinin and TacR99D
was lowest among founding queens for which heads were not
pooled and considerably higher in minor workers, suggesting
that our assumption that gene expression variation within castes
would be small relative to variation across castes was correct
because variation was obviously not negatively correlated with
the number of individuals pooled per sample (Figure S1), as one
would expect when individual differences average out.

In order to explore whether castes exhibited differences
in expression of Tachykinin and TacR99D independent of the
differences in relative brain size, we investigated the relationship

between their mutual expression levels (Figure2) by fitting
lines with a standardized major axis (SMA) model II regression
(Warton et al., 2006, 2012; Taskinen and Warton, 2011). The
slopes were not significantly different, with a common slope of
1.114 £ 0.291 (x2 = 0.1973, p = 0.99), but the intercepts differed
significantly (W4 = 9.626, p = 0.047). The major workers had
the highest intercept (0.364 & 0.71) and the gynes the lowest
(0.073 £ 0.664) after analyses based on log-transformed values.
When the data were separated according to caste, the correlation
between Tachykinin and TacR99D became non-significant within
all castes except the gynes (p = 0.01), although Tachykinin
expression increased proportionally with increasing TacR99D
levels across all castes (p < 0.0001, R? = 0.72). That the major
workers have the highest intercept suggests they have higher

Caste
0.10 — ® gyne
major

[

® media
® minor
[

founding queen

Relative Tachykinin Quantity

0.01 —

Relationship Between Tachykinin and Tachykinin—Receptor 99D Expression

workers tended toward significance.

Relative TacR99 Quantity

FIGURE 2 | Relationship between expression of Tachykinin and Tachykinin-Receptor 99D. Lines were fitted using standardized major axis regression on log
transformed data, showing that slopes were not significantly different (Likelihood ratio, p = 0.99), but that intercepts differed overall (Wald Statistic, p = 0.047).
However, no pairs of intercepts were significantly different at p < 0.05 even though the intercepts of founding-queens and media (p = 0.063) and major (o = 0.0742)
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levels of Tachykinin relative to TacR99D than we might expect
based on the relationship observed in the other castes. Although
a pairwise comparison did not find any pairs that significantly
differed, the two larger worker castes (majors and media)
appeared to be different from the founding-queens, differences
that tended toward significance (p = 0.074 and p = 0.063,
respectively).

Absolute brain sizes decreased toward the smaller castes,
but relative brain sizes increased (Figure 3) when using SMA
regression lines (Warton et al., 2006, 2012; Taskinen and Warton,
2011) (p < 0.0001, R? = 0.93). Comparing Figure 3 to Figure S1,
it is notable that the expression levels of both genes in the minor
workers were lower than one would expect from their relative
brain size; the minor workers have significantly larger brains than
the other castes (Figure 3B), but do not differ in expression levels
of either gene (Figure S1).

An analysis of aggression among the different gyne treatments
(Figure S3A), similar to the linear model constructed for the
caste differences above but with treatment replacing caste as a
fixed explanatory variable, showed that treatment groups differed
in aggression toward allospecifics (parametric bootstrap test, 500
simulations, p = 0.006), whereas confrontations with nestmate
control workers did not produce significant differences (p >
0.05). Only the wingless gynes responded differently to the
identity of the intruder (Tukey Kramer, p = 0.0001), and were
found to be significantly more aggressive to non-nestmates than
both the leg-mutilated (Tukey Kramer, p = 0.049) and the
unmutilated gynes (p = 0.0007).

A final linear mixed model was constructed for the brood
retrieval, with treatment as a fixed variable and the gyne’s
colony as a random variable, using a binomial error distribution.
Treatment was indeed found to affect whether a gyne retrieved
a larva to the fungus garden (Figure S3B; parametric bootstrap

test, 500 simulations, p = 0.002), consistent with results found
previously (Nehring et al., 2012). The wingless gynes were
significantly more likely to move a larva than the leg-mutilated
gynes (Tukey Kramer, p = 0.0004) and unmutilated gynes
(p = 0.0007), but no difference was found between the leg-
mutilated and unmutilated gynes (p = 0.85). In contrast, wing-
removal did not have a significant effect on the expression of
either Tachykinin or TacR99D (Figure S4) (paired t-tests, p >
0.05) and no consistent pattern could be discerned between the
expression-levels of either gene and the two behavioral traits
measured.

DISCUSSION

Our study on the leaf-cutting ant Acromyrmex echinatior set
out to test whether and to what degree Tachykinins and
their receptors regulate division of labor in the expression
of aggression. The inspiration for this work came from
these neuropeptides having been implicated in the control
of behavioral phenotypes with potential impact on social
organization (Takeuchi et al., 2003), either through influencing
olfaction (Nissel and Homberg, 2006; Winther et al., 2006; Fusca
et al, 2015) or modulating neuronal activity in the insect brain
(Takeuchi et al., 2004). Suggestive of a role for Tachykinin in
division of labor, we found that its expression correlated broadly
with aggression levels across the worker castes, consistent with
previous evidence showing that Tachykinin controls aggression in
Drosophila (Asahina et al., 2014) and appears to be differentially
expressed in honeybee castes (Takeuchi et al., 2003). However,
we also found that Tachykinin does not control the aggressive
responses of reproductive individuals, both in direct comparisons
between virgin and inseminated queens and after experimentally
manipulating virgin queen phenotypes in a way that has
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previously been shown to enhance aggression (Nehring et al,
2012). We discuss and interpret these findings in the sections
below.

Patterns of Aggression and Their

Interpretation

The aggression results we obtained (Figure 1) largely agree with
previous work (Larsen et al., 2014): the major workers were
found to be more aggressive than the minor workers, but we
did not reconfirm a difference in aggression between the major
and media workers. This may be because we used experimental
arenas with fungus present, making them more nest-like than
the ants-only arenas used by Larsen et al. (2014) or because our
sample sizes were much smaller (the trend was in the predicted
direction). As found previously (Nehring etal., 2012; Larsen et al.,
2014), the gynes were generally passive toward non-nestmates,
with very few individuals showing any aggression.

There appears to be an increase in aggression in the founding-
queens relative to the gynes, although this was not significant
due to the high variance in aggression among the founding
queens. Intermediate aggression of founding queens is perhaps
not surprising, since they stand to lose much more than any
of the other castes if they are injured in a conflict, but must
defend the nest as they cannot yet rely on workers. They might,
therefore, remain careful toward a large worker who is unlikely to
steal their fungus garden, and we may expect higher aggression
if the intruder had been another founding queen that is able
to adopt a novel fungal symbiont (Poulsen et al., 2009) or steal
a fungus garden from neighbors (Howe, Unpublished data).
However, while gynes only showed defensive aggression after
being attacked, the experimental founding-queens would often,
but far from always, pursue and lunge at intruders.

Tachykinin Expression Correlates with
Aggression across Worker Castes, But Not

in Queens

Overall, our results are consistent with the suggestion that
Tachykinin and its receptor are involved in the expression of
aggressive behavior in A. echinatior leaf-cutting ants, but only in
the worker castes that routinely express more or less aggression
throughout their lives. The aggressive major and media workers
appear to have higher Tachykinin levels than expected from the
expression levels of the minor workers and the reproductive
castes (Figure 2) when the relationship between the expression
of the two genes is evaluated. However, there was no relationship
between aggression and either direct or adjusted Tachykinin
expression among the life stages of the reproductive gyne/queen
caste, where both Tachykinin and TacR99D levels tended to be
reduced in founding queens that expressed modest aggression
toward intruding large workers (Figure 4; Figure S1). The minor
workers displayed similarly low aggression levels as the founding
queens (Figure1) and had Tachykinin expression levels in
between those of virgin and founding queens (Figure 4). This
tentative association appears more clearly when considering the
residuals of the linear models for both aggression levels and gene
expression; when compared to the mean aggression levels and the

expected Tachykinin:Tachykinin-Receptor 99D levels, we see that
the castes with higher aggression than the mean, also tend have
higher than expected Tachykinin levels (Figure S2), although
this just failed to reach formal 5% significance (p = 0.055).
Together, these results suggest that Tachykinin may have a role
in mediating aggression in worker castes, but that it does not in
either gynes or queens. The manipulation experiment confirmed
the result obtained by Nehring et al. (2012) that wing-clipping
both induces soldier-like aggressive behavior (Figure S$3) and
enhanced brood retrieval behavior (Figure $3), but the frequency
of these behaviors was not associated with any aspect of
Tachykinin expression (Figures S3, S4).

We interpret these results to imply that aggression in the
reproductive caste is mediated by other genes. At this stage
we can only speculate about the identity of these genes, but
genes that have been associated with aggression of social and
non-social insects would appear good candidates, because it
seems likely that genes regulating founding nest defense behavior
are evolutionarily conserved. For example, octopamine has
previously been linked with aggression in ants (Kambhi et al,
2015), bees (Robinson et al., 1999), and crickets (Stevenson et al.,
2005), although octopamine titers in bees were only positively
associated with aggression toward non-nestmates and in fact
decreased aggression toward nestmates (Robinson et al., 1999).
Octopamine also appears to be involved in switching from
nursing to foraging tasks in bees (Schulz et al., 2002). As worker
castes evolved independently in ants and bees and involve very
different behavioral syndromes, it is perhaps not surprising that
other genes were coopted. This would lead to the expectation
that worker aggression in related myrmicine ants may also be
mediated by Tachykinin expression, but in phylogenetically basal
ants where workers are more queen-like, or in bees or wasps,
worker aggression may be regulated through different means.

The Multiple Roles of Tachykinin in Social

and Non-social Insects

We currently do not know how many TRPs are produced
from the Tachykinin gene in Acromyrmex leaf-cutting ants,
but there may be many—15 were identified in the brain of
the American cockroach Periplaneta americana (Neupert et al.,
2012). However, it is likely that Tachykinin also influences
many other physiological and behavioral traits (Néssel, 1999),
and that any differences responsible for aggression changes
may be masked by changes affecting other behaviors. To
explore this possibility, it would be necessary to evaluate the
spatial distribution of Tachykinin-expressing neurons among
the different castes, to determine whether Tachykinin has
qualitatively different effects in the brains of different castes as
Asahina et al. (2014) suggest may be the case for the sexes in
Drosophila. However, no such differences have been observed
in spatial expression patterns in the honeybee (Takeuchi et al.,
2004).

Tachykinin expression is often also implicated in olfactory
processing, both in direct observations (Takeuchi et al., 2003) and
in manipulative experiments (Winther et al., 2006; Ignell et al.,
2009). The attine ants have a huge array of olfactory glomeruli,
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with numbers for seven other Acromyrmex species ranging from
369 to 477, 1i.e., an order of magnitude more than the 43 glomeruli
in Drosophila and substantially above the ca. 164 of the honey bee
Apis mellifera (Kelber et al., 2009). There is therefore considerable
potential for Tachykinin-mediated olfactory processes to affect
other ant behaviors. In A. echinatior, major workers are better
able to recognize non-nestmates by dissimilarity of cuticular
chemical profiles (Larsen et al., 2014), more likely to reject a
foreign strain of the symbiotic fungus (Ivens et al., 2008), and
less likely to show aggression toward nestmates contaminated
with waste (Waddington and Hughes, 2010) when compared
to minor workers. Similarly, differently-sized worker castes
of the phylogenetically related Atta leaf-cutting ants differ in
their sensitivity to components of trail pheromones with the
large workers showing the greatest sensitivity, and therefore
greatest propensity to forage (Kleineidam et al., 2007). This
difference appears to result from a trail-pheromone-sensitive
macro-glomerulus that is only found in the large worker antennal
lobes (Kleineidam et al., 2005; Kelber et al., 2009, 2010; Kuebler
et al., 2010). Something similar may also occur in Acromyrmex
where the major workers also possess macro-glomeruli (Kelber
etal., 2009) that must contribute to their division of labor, as they
are the only caste that forages (Kooij et al., 2014).

Tachykinin appears to also be involved in locomotion
(Winther et al., 2006) and spatial orientation (Kahsai et al.,
2010) in Drosophila, and is thought to be differentially expressed
between forager and nurse bees (Takeuchi et al., 2004), further
implicating Tachykinin in foraging behaviors. The higher levels

of Tachykinin that we found in the major and media workers
can in fact be interpreted as being associated with the foraging
phenotypes of A. echinatior, so it will be worth exploring changes
in Tachykinin expression as age-dependent polyethism unfolds.
Much like honeybee workers, major workers of Acromyrmex
subterraneus brunneus tend to stay in the nest while young, before
switching to foraging when older (Camargo et al., 2007), a pattern
in Acromyrmex that is also associated with growing extensive
cuticular covers of antibiotic-producing actinomycete bacteria in
the first few weeks of adult life, that are greatly reduced later in life
(Poulsen et al., 2003; Andersen et al., 2013). The workers selected
in our present study were chosen exclusively from outside the
nest, so a different pattern might be observed with younger
workers.

Along these lines, it is possible that foraging and aggression are
neurologically linked, and that both behaviors potentially interact
with Tachykinin. The forager gene encodes a cGMP-dependent
protein kinase (PKG) known to correlate with aggression across
the workers of Pheidole pallidula (Lucas and Sokolowski, 2009;
Lucas et al., 2010) with higher PKG activity being observed in
the brains of aggressive major workers compared to foraging
minor workers (Lucas et al., 2010). Tachykinin appears able to
influence cGMP levels in the cytosol of the neurons that express
the receptor (Birse et al., 2006), meaning that Tachykinin could
act upstream of forager in the control of foraging behavior.
However, the founding-queens of Acromyrmex also provide a
difficulty for this interpretation, as they forage during colony
foundation (Fernandez-Marin et al., 2004), perhaps suggesting
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again that Tachykinin expression is unlikely to be associated with
behavioral changes of reproductives.

CONCLUSION

In sum, Tachykinin expression levels are consistent with
aggression across the worker castes of the leaf-cutting ant
A. echinatior, but are inconsistent with aggression in the
reproductive gynes/queens. Tachykinin and its receptor may also
have significant roles in other aspects of behavioral differentiation
among the worker castes of A. echinatior as well as other
social insects. Thus, to refine our understanding of the role that
Tachykinin may have in producing division of labor phenotypes,
an estimate of the number of tachykinin-related peptides across
brains of Acromyrmex castes would be needed. It would also be
useful to explore the spatial distribution of expression across and
within castes, particularly among unmated, mated and mature
queens (the latter were missing in our present sample), and
between winged and wingless gynes. Finally, expression should
also be explored with respect to the age-dependent sequences of
typical worker behaviors (Camargo et al., 2007), similar to studies
conducted in honeybees (Oldroyd and Thompson, 2006) that
have so far been neglected in ants with morphological castes.
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