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Social insects use cuticular hydrocarbons (CHCs) to convey different social sig-
nals, including colony or nest identity. Despite extensive investigations, the
exact source and identity of CHCs that act as nest-specific identification signals
remain largely unknown. Perhaps this is because studies that identify CHC
signals typically use organic solvents to extract a single sample from the
entire animal, thereby analysing a cocktail of chemicals that may serve several
signal functions. We took a novel approach by first identifying CHC profiles
from different body parts of ants (Iridomyrmex purpureus), then used behav-
ioural bioassays to reveal the location of specific social signals. The CHC
profiles of both workers and alates varied between different body parts, and
workers paid more attention to the antennae of non-nest-mate and the legs
of nest-mate workers. Workers responded less aggressively to non-nest-mate
workers if the CHCs on the antennae of their opponents were removed with
a solvent. These data indicate that CHCs located on the antennae reveal
nest-mate identity and, remarkably, that antennae both convey and receive
social signals. Our approach and findings could be valuably applied to chemi-
cal signalling in other behavioural contexts, and provide insights that were
otherwise obscured by including chemicals that either have no signal function
or may be used in other contexts.

1. Introduction

The vast majority of signals in social insect colonies are mediated by chemical com-
pounds [1], among which cuticular hydrocarbons (CHCs) play the central role
in various signalling contexts. The glandular source and chemical identity of
signals associated with alarm pheromones [2,3], sex pheromones [4-6] and trail
pheromones [7] are well known. By contrast, the source and identity of CHCs
associated with nest-mate recognition signals are poorly understood, despite
their crucial significance in maintaining the social integrity of the colony [8-10].
While the variation in nest-mate recognition signals has been investigated
extensively [11-13], the identity and function of the specific chemical compounds
remain elusive, perhaps because the source of these signals is rarely considered.
Typically, chemical analyses of CHC signals in social and other insects involve
using organic solvents to extract a single sample from the entire animal
[10,14,15]. A disadvantage of this approach is that it results in an unnecessarily
complex pool of chemicals from all body parts, comprising a cocktail of signals
that are likely to have diverse functions in different contexts.

By contrast, the variety and roles of the exocrine glands across the ant body
have long been described [16], including Dufour’s gland, the pygidial gland,
the postpharyngeal gland (PPG) and various subepithelial glands. The PPG
is thought to be the primary source of CHCs that subsequently disperse
across the body [17]. The subepithelial glands, which are distributed across
different body parts of ants, were suspected to produce hydrocarbons, but
their role in hydrocarbon signalling was not confirmed [18]. The distribution
and diversity of these exocrine glands suggest the possibility of differentiated
hydrocarbon profiles on the cuticle of the ant. To the best of our knowledge,
this possibility has not been examined comprehensively.

Here, we examine the location-specific diversity of the CHC profile across the
body of Australian meat ants Iridomyrmex purpureus, and the roles of antennae as a

© 2016 The Author(s) Published by the Royal Society. Al rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2016.0310&domain=pdf&date_stamp=2016-03-30
mailto:wangqike123@gmail.com
http://dx.doi.org/10.1098/rspb.2016.0310
http://dx.doi.org/10.1098/rspb.2016.0310
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org
http://orcid.org/
http://orcid.org/0000-0001-8012-027X
http://orcid.org/0000-0001-7392-3891
http://orcid.org/0000-0003-0861-6064

Downloaded from https://royal societypublishing.org/ on 10 November 2024

(@) (b) body parts
34 e | ® abdomen
® antenna
- LL_ Jo il | j,_)_Antenna :{mad
e e e — 5 ] . eg
°
[ ! ! u i \ head « . .
= 14 ° head
9 = %
s °
=]
leg g 0 N + antenna .. .
S
e . ° %bd""‘i“:
° +
abdomen -14 leg
SO I S 1Y | 4,1. M R °
e e L e o -
-2 4 ]
I | * ! whole body . : = - ‘
T _8 _6 4 2 0 2
canonical 1
()
@i 5 - (ii) (iii) colony
44 . 41 ; 41 : S Colony
3 ’ e colony 1 H gg}g%?t
* 9 .4" = & 24 . . ® colony 5
24 '-Eol'onyl N 3 x ¢ "%colonyZ. e '[: 1
3 F Bl - 3 ‘ 3 fplnys -« 1T
S 1 +Folony 3, S 0 “*olony 2 S 01 .- plpny3, .
2 o O O . 2 .. 2 oo oy d
g 0- + eea jcolony2 . g . Folony 4 g j_c‘o?.ny
2 whlaet | B | o Y B
_ e - E L. AL
hd - . :‘EglonyS ©-24 'cp]on?f & ° colony 3
-2 ':&)lony4 -4
-3 . s ® 4
—4 +— . el - . : -6
-6 4 2 -0 2 4 -4 -2 0 2 4 -4 2 0 2 4 6
canonical 1 canonical 1 canonical 1

Figure 1. Discriminant analysis using chemical signals. (a) Chromatogram (GC-FID) of the CHCs from different ant body parts and from the entire ant, all from the
same colony. (b) Discriminant analysis plot of pooled body parts extractions (20 individuals from each of five colonies). Signals on each body part are clustered, and
antennal signals are well separated from the rest of the body parts. This model correctly classifies 87.5% body parts, despite the colony difference (cross indicates
group centroid). (¢) Discriminant analysis plots of (i) antennae (correctly classifies 90.0% individuals), (ii) legs (correctly classifies 93.1% individuals) and (jii) abdo-
mens (correctly classifies 88.89% individuals). Each point represents the body part profile from a single ant from five different colonies distinguished by colours.
(For statistics see the electronic supplementary material. Online version in colour.)

source and in the detection of chemical social signals, using
chemical analyses and behavioural experiments.

2. Material and methods

Workers of I. purpureus were collected from near the entrances of
20 mature colonies (electronic supplementary material S1). We
compared the variation in the CHC profile of different body
parts with the profile of the whole body, by pooling dissected
antennae, heads, legs and abdomens from each of 20 workers
from six colonies. The CHCs on the dissected body parts and
the whole bodies were extracted with hexane, and analysed
with GC-FID and GC-MS (electronic supplementary material
S1). We also compared between-colony differences in the CHC
profile for each body part by taking individual samples of the
antennae, legs and abdomens from 15 workers collected from
each of five colonies. The CHC profiles were analysed using
a procedure described earlier (electronic supplementary material
S1). CHC profiles on antennae, heads, wings, legs and abdomens
of alates (males and females) of I. purpureus were analysed
using the protocols described above (electronic supplementary
material S3).

We examined whether workers direct their antennation behav-
iour towards different body parts of other workers by conducting
two-on-two aggression assays in containers lined with fluon.
Workers from 12 colonies, assigned into six colony pairs, were
tested against nest-mates and non-nest-mates. The first 3 min of
the behaviour of the marked ants were recorded, allowing us to cal-
culate the number of antennations of the focal individuals towards

different body parts of their opponents (electronic supplementary
material S1).

We examined the role of antennae as a source of chemical
social signals in nest-mate recognition behaviour by conducting
two-on-two aggression assays (as above) in two experiments.
First, we placed two marked, focal ants from one colony of
each colony pair (1 = 6 pairs of colonies) in the assay container
with two other, unmarked ants. The unmarked ants were nest-
mates with intact antennae, non-nest-mates with intact antennae,
and non-nest-mates or nest-mates whose antennae had been
amputated at the base. The second experiment followed the
same protocol as above, except that in the antennal manipulation
treatments, the antennae of the workers were dipped in either
hexane (to remove surface chemicals) or in pure water (as con-
trols) (electronic supplementary material S1). The behaviour of
the marked individuals was recorded and analysed with the
observer blind to the origin of the opposing ants (electronic
supplementary material S1).

3. Results

There is significant variation in the CHC profiles between the
antennae, heads, legs and abdomen of I. purpureus (figure 1a).
Discriminant analysis indicated that the chemical profile
of antennae strongly separates from that of the other body
parts (function 1 explains 86.7% of the variation, canonical
correlation = 0.94, Wilks's A = 0.043, )(2 =6.35,df.=15p<
0.001; function 2 explains 7.6% of the variation, canonical
correlation = 0.64, Wilks’'s A =0.383, XZ =261, df.=8§,
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Figure 2. Worker antennation interest in different body parts of nest-mates and non-nest-mates. (a) Display behaviour of /. purpureus. (b) The variation in antenna-
tion frequency was explained by a significant colony identity x body part interaction (error bars indicate s.e.m.), with differences between nest-mates and non-
nest-mates when the behaviour is directed to the antennae only (F;gs= 269.5, p << 0.001). (Online version in colour.)

p = 0.02; figure 1b). The model correctly classifies 87.5% of the
body parts, with the antennae profile clearly distinguishable
from that of the other body parts, supporting the use of our iso-
lated body part approach. In the pooled body part samples,
this variation is due to differences in relative quantities,
rather than the types of components (figure 14; electronic sup-
plementary material, table S2.1). Unsurprisingly, a whole-body
extract yielded the greatest variety of CHCs, and the antennae
yielded the least (figure 1a; electronic supplementary material,
table S2.2; the diagnostic power of each component on whole
body, antenna, leg and abdomen samples is provided in the
electronic supplementary material, table 52.2).

Our discriminant analysis showed that it is possible to
distinguish between colonies with the chemical profile on
the antennae, legs and abdomens (figure 1c) from individual
ants (antennae: 90.0% correct classification; legs: 93.1% cor-
rect classification; abdomens: 88.9% correct classification;
electronic supplementary material S2). It is likely that not
all of the body parts are involved in nest-mate recognition
signalling. Conventionally, the whole-body wash of ants is
used to separate colonies [11-13,19], but clearly, studying
the whole-animal CHC components cannot discern the
sources of individual body part variation.

When workers encounter other workers, they brush their
antennae over the body of the other individual [20]. When
workers encounter non-nest-mates, they sometimes engage
in a ritualized display behaviour [20] (figure 2a). The fre-
quency with which I. purpureus workers antennate different
body parts reflected the between-body variation in chemical
profiles. Over 90% of the antennation was directed to the
antennae or legs. Workers antennate the antennae (but not
the legs or abdomens) of non-nest-mates more frequently
than those of nest-mates (F; g6, = 269.5, p < 0.001; figure 2b).
This suggests that although colonies may be distinguished stat-
istically by extractions from various body parts, the antennae
provide the important colony identity cues.

The antennae ablation experiments confirmed that the
CHCs used in colony identity are sourced on the antennae.
Workers of I. purpureus failed to respond aggressively to non-
nest-mates whose antennae had been amputated (figure 3a;

Fr94= 12351, p<0.001) or washed with hexane (figure 3c;
Fp94=21.70, p < 0.001), and instead their reaction was simi-
lar to that shown towards unmanipulated nest-mates
(figure 3b,e). Chemical analysis confirmed that the quantity
of CHC on the antennae was significantly reduced after
washing with the solvent (figure 34).

4. Discussion

We discovered significant location-specific diversity of CHC
profile of both worker and reproductive castes of ants, and
that the antennae of workers can act as both a receiver and
source of social chemical signals. These results considerably
narrow the search to identify social identity signals in ants
and, given that I. purpureus is unremarkable in the context of
nest-mate recognition, probably also other clades of social
insects. Our approach of identifying where the ‘receiver’ directs
most interest in detecting cuticular signals, and then isolating
the identity of the CHCs, could be applied to chemical signalling
in other social contexts, including task cues [21]. More broadly, it
may also reveal patterns that were otherwise obscured
by including chemicals that either have no signal function
or may be used in other contexts. Indeed, location-specific
chemical signals also seem likely in solitary insects, where
hydrocarbon-based contact or short-range pheromones may
provide multiple signals, including for mate choice [22,23],
species recognition [24] and other behavioural contexts [25-27].

Although it is possible to distinguish between colonies
based on CHCs from the antennae, legs and abdomens, our
behaviour assays clearly show that nest-mate recognition in
I. purpureus is achieved through differences in the CHCs
found only on the antennae. The compounds on the antennae
are not inherently better sources of information, but are just
used differently. Indeed, compounds located on the antennae
were also found on other body parts (electronic supplemen-
tary material, table S2.1) and the signalling functions of
these chemicals have not yet been identified. The presence
of the same compounds on different body parts raises the
intriguing possibility that these compounds may provide
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Figure 3. Workers fail to distinguish non-nest-mates after manipulation of their opponents’ antennae. (a,b) The duration of display behaviour and number of
antennations, when intact ants encounter nest-mates and non-nest-mates with antennae amputated. The duration of display behaviour and antennation frequency
were compared by ANOVA (significant differences, *p << 0.001; error bars indicate s.e.m.). (¢,d) Duration of display behaviour and antennation frequency, when intact
ants encounter nest-mates and non-nest-mates with antennal signals washed (the duration of display behaviour, and antennation frequency were compared by
ANOVA (significant differences, *p << 0.001; error bars indicate s.e.m.). (e) Box plot of quantity of total CHCs on intact and washed antennae (line, median; box,

25th and 75th percentiles; whiskers, data range). (Online version in colour.)

different signals when detected on different body parts—an
efficient means of differentiating cuticle-derived chemical
signals, given a finite number of metabolic products [28].

The typical method of identifying CHC signals usually
involves extracting the hydrocarbons of the entire individual
insect. Our study clearly shows that the diversity of CHC pro-
files on different body parts of a single ant exceeds that of
ants from different colonies, indicating a more complicated
CHC signalling than previously recognized [13]. We suspect
that location-specific CHC signals will be a common feature
of social insects: we found similar differences in male and
female alates of I. purpureus (electronic supplementary
material S3, figure S3.1), where the profiles of different
body parts can be clearly separated, regardless of the sex of
the individual. Interestingly, earlier reports of CHC profiles
on the body parts of two formicine ants [29,30] are also
consistent with this view.

Conventional models of nest-mate recognition signals [31]
suggest that colonies acquire a distinctive gestalt colony
odour, as hydrocarbons are distributed across the body
parts of individuals [17,32] and among individuals within
the colony [33,34] by trophallaxis, self-grooming, allo-
grooming and physical contact. These models predict a
largely invariant chemical profile between the body parts of
individuals and among individuals within the colony. Our
data suggest a more precise mechanism of colony identity
signals that are sourced on the antennae. Other social signals
may be similarly derived from various exocrine glands found

on other body parts [35,36]. It also raises the fascinating
possibility that antennation behaviour, especially in species
like I. purpureus that are characterized by colony-wide dis-
plays [37], allows a worker to simultaneously obtain and
convey information from her opponents.

Over 125 years ago, Auguste Forel demonstrated that anten-
nae detect social signals by experimentally removing the
antennae of workers of four species of ants, and then placing
the ants together in a container. He found the ants huddled
‘piously together, one on top of another, despite the diversity
of species’ [38, p. 88]. Since then, it has become widely under-
stood that the antennae comprise the key sensory organ
specialized to receive chemical signals in ants [39] and other
insects [40]. Our study makes the novel discovery that antennae
can act as both a source and sensor of chemical social signals.
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