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Abstract Most ants live in closed societies from which non-members are excluded
through fighting or ritualized displays to protect colony resources. Nestmate recogni-
tion is the process by which ants discriminate nestmate from non-nestmate ants. Ants
use cues coded in mixtures of long-chain hydrocarbon compounds on the cuticle as
nestmate recognition cues. Pavement ants (Tetramorium caespitum) form conspicuous
wars between neighboring colonies that are organized after workers meet and make the
decision to fight after assessing nestmate recognition cues. These wars involve thou-
sands of individuals. Fighting is ritualized and few ants die in the process. We identified
24 cuticular hydrocarbon compounds, above 1% in relative abundance, in the profile of
pavement ants with chain lengths ranging from 15 to 31 carbon atoms. Cuticular lipids
contained, in order of abundance: mono-methyl alkanes (45-56%), n-alkanes (range:
16-40% relative abundance), and alkenes (10-20%), with small or trace amounts of di-
methyl, tri-methyl alkanes and fatty acids. Results from behavioral tests show that
pavement ants assess information in cuticular hydrocarbon profiles to recognize both
conspecific and heterospecfic (Pogonomyrmex occidentalis and Camponotus modoc)
non-nestmate ants and that the relative abundance of methyl-branched alkanes and
alkenes codes for nestmate status, at least for conspecific interactions. Our data add to a
growing body of knowledge about how ants use cuticular hydrocarbon based nestmate
recognition cues to prevent the intrusion of non-nestmates in to colony space.
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Introduction

Most ants live in closed societies, called colonies, from which workers prevent the
intrusion of non-nestmates into colony space to avoid competition or exploitation of
colony resources. Nestmate recognition is the process used by social insects to recognize
and discriminate nestmates from non-nestmates (Espanoda and Gordon 2015; Sturgis
and Gordon 2012; vander Meer 1998; van Zweden and d'Etorre 2010). Responses to
non-nestmate ants often, but not always, lead to agonistic behavior directed at a non-
nestmate intruder, including biting, stinging, and spraying of formic acid, in order to
prevent the non-nestmate ant from accessing colony resources (Roulston et al. 2003;
Bjoerkman-Chiswell et al. 2008). Nestmate recognition also acts to maintain colony
cohesiveness and cooperation (Crozier and Pamilo 1996; Sturgis and Gordon 2012).

Ants recognize both conspecific and heterospecfiic non-nestmates through the detection
of hydrocarbon cues (Akino et al. 2004; Astruc et al. 2001; Buchowski et al. 2005; Ichinose
1991; Ichinose and Lenoir 2010; Lahav et al. 1999; Liang and Silverman 2000; Liang et al.
2001; Lucas et al. 2005; Greene and Gordon 2007; Martin et al. 2008; Menzel et al. 2009;
Ozaki et al. 2005; Roux et al. 2009; Torres et al. 2007; van Wilgenburg 2010; Wagner et al.
2000). Cuticular hydrocarbons serve a primary function of preventing trans-cuticular water
loss and abrasion to the cuticle (Gibbs 1998; Gibbs and Rajpurohit 2010). Over 1000
different ant hydrocarbon compounds from over 78 ant species have been described
(Martin and Drijthout 2009b). The major structural classes of ant hydrocarbons, in order
of abundance, include n-alkanes, mono- and di-methyl-alkanes, and alkenes (Martin and
Dirjthou 2009b). The majority of ant cuticular hydrocarbon compounds range from 19 to
33 carbons in chain-length with odd-numbered n-alkanes of 25 to 33 carbons in chain-
length being especially prominent (Martin and Drijthout 2009b). Ants of the same species
share most hydrocarbon compounds in their profiles although the relative proportions of
the compounds can differ among colonies. Ants of different species also exhibit qualitative
differences in their profiles along with quantitative differences in the relative abundance of
shared compounds (Martin and Drijthout 2009b). Experimental approaches have typically
assessed the ability of focal ants to discriminate between cuticular hydrocarbon profiles
from nestmates and non-nestmates (Roulston et al. 2003). Hydrocarbon profiles, or, the
mixture of hydrocarbons on the cuticle, are often presented on non-living ant mimics or are
used to supplement the profiles of living ants (e.g., Greene and Gordon 2003; Greene and
Gordon 2007; Roulston et al. 2003; Roux et al. 2009; Brandsteater et al. 2011; van
Wilgenburg 2010).

Cuticular hydrocarbon based nestmate recognition cues have been shown to be
detected by specialized sensilla on the antennae (Ozaki et al. 2005; Sharma et al.
2015). Information in cues detected by sensilla are compared to a template; mis-
matches between the cue and template trigger nestmate recognition behavior (Bos
and D’Ettore 2012). Ants can detect hydrocarbons at low amounts; workers of the
ant Aphaenogaster senilis can discriminate non-nestmate hydrocarbon profiles at very
low concentrations equivalent to 10™* workers-worth of hydrocarbons (Ichinose and
Lenoir 2010).
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Although most ant species fight territorial intruders after nestmate recognition
responses in effort to kill, some species use ritualized fighting and displays during
conflicts with neighbors in order to minimize the costs of fighting, especially death of
workers, yet communicate colony size. Honeypot ant (Myrmecocystus mimicus) colo-
nies participate in tournaments in which colonies recruit workers to an area at which
workers form two colonies perform displays to each other (Holldobler 1976). Tourna-
ments end when one colony has recruited more displaying workers. Meat ants
(Iridomyrmex purpureus) line up at territorial boundaries and display to ants of
neighboring colonies in order to prevent intrusion (Ettershank and Ettershank 1982;
van Wilgenbrug et al. 2005). Tournaments can involve hundreds of ants and last for
days. Displays begin after two ants antennate and last for about 15 s. Less commonly,
meat ants will engage in fighting with neighbors; territory holders were more often
initiate fighting while territorial intruders were more likely to initiate displays
(Ettershank and Ettershank 1982; van Wilgenbrug et al. 2005). Forelius pruinosis
display to conspecific intruders by shaking and aligning their bodies but do not do
not engage in fighting behavior (Ettershank and Ettershank 1982; Holldobler 1982).

The pavement ant, Tetramorium caespitum (subfamily Myrmicinae) is a tramp ant
species and a pest to human structures and agriculture (McGlynn 1999; Scharf et al.
2004). It is commonly found in urban and suburban habitats in the Northern Hemi-
sphere. Colonies are uni-modal, can be polygynous and commonly nest under foun-
dations, sidewalks, and pathways (Steiner et al. 2003). Colonies of this species are well-
known for their ant wars which involve thousands of ants fighting for the purpose of
establishing colony boundaries (Hoover et al. 2016; Plowes 2008). In these wars, ants
almost always fight in pairs, grasping mandibles, and fighting for hours. Fighting in
pavement ant wars is ritualized and few ants die in the process (Plowes 2008). Some
ants do not fight but recruit workers from colonies to the war using pheromone trails
and wars establish quickly, on a timeframe of about 30 min (Hoover et al. 2016; Plowes
2008). Pavement ant wars are likely ritualized tournaments to display colony size at
territorial boundaries, like has been reported for some other ants (Holldobler 1976;
Ettershank and Ettershank 1982; van Wilgenbrug et al. 2005).

Methods
Research Sites

Pavement ants were collected by aspiration along foraging trails in urban areas of
Denver, Colorado, including on Auraria Campus, home to University of Colorado
Denver. Colonies were most often found on sidewalks or near cement foundations
adjacent to irrigated grass. Ants were collected during their typical seasonal foraging
activity period, most often at or after dusk, by using food bait and aspirating the ants.
Pavement ants recruit in high numbers to foods with high levels of sugar and the
workers are attracted to fats (Colignon and Detrain 2010). Pavement ant colonies are
monodomous; we collected workers from colonies that were separated by at least 10 m,
a distance that ensured we collected from distinct colonies.

Western harvester ant (Pogonomyrmex occidentalis) and carpenter ant (Camponotus
modoc) foragers were collected by hand using clean forceps at colonies found in central
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Denver. In the Denver, Colorado area, 7. caespitum interacts with both species as it can
be found nesting near P. occidentalis nest mounds and tends to be active with C. modoc
in evenings along curbs and sidewalks.

Ants collected for surface lipid extraction were frozen after collection at —20 °C until
used for solvent extraction. Behavioral bioassays using live ants were always initiated
up to 24 h after capture.

Extraction of Surface Lipids and Isolation of Cuticular Hydrocarbons

To extract and isolate the cuticular hydrocarbon component of the surface lipids,
thawed ants were immersed in 1.0 ml of 100% pentane for 10 min with occasional
mild agitation (Howard and Blomquist 2005; Nelson and Blomquist 1995; Greene and
Gordon 2003, 2007). Cuticular hydrocarbons were isolated from more polar lipids by
eluting surface lipid extracts through a 2-cm column of silica gel (Sigma-Aldrich,
Grade 60, 70-230 mesh, 60 A) packed in a 5 % inch Pasteur pipette plugged with filter
paper. Before adding cuticular hydrocarbon extracts to columns, the silica gel was
activated with about 1 ml of 100% pentane. Three ml of 100% pentane was used to
elute the cuticular hydrocarbon fractions into clean tubes. This processes yielded
approximately 1.5 micrograms of cuticular hydrocarbon per ant. Cuticular hydrocarbon
extracts were stored at —20 °C until used in an experiment or another chemical
procedure.

For structural analysis, hydrocarbons were collected from 200 workers each from
five colonies and another pooled sample of ants containing 1000 workers from three
colonies. We used the pooled samples to create an injectable sample that would have
clear peaks relative to background noise. The pooled samples also allowed us to better
capture all CHC compounds in the population.

Separation of Cuticular Hydrocarbon Structural Classes

Separation of n-alkanes, methyl branched-alkanes, and alkenes was conducted according
to methods detailed by Nelson and Blomquist (1995) and Greene and Gordon (2007). To
separate saturated cuticular hydrocarbons from the unsaturated n-alkane fraction, cuticular
hydrocarbon extracts were eluted through a 2 cm silica gel column (Sigma-Aldrich, Grade
60, 70230 mesh, 60A) impregnated with a silver nitrate solution (10:1, v:v; Sigma-
Aldrich). The column was covered with aluminum foil to avoid exposure of silver nitrate
to light. The column was activated with 1 ml of 100% pentane. The cuticular hydrocarbon
extracts were added and saturated hydrocarbons (n-alkanes and methyl-branched alkanes)
were eluted with 3.0 ml of 100% pentane. Unsaturated hydrocarbons (n-alkenes) were
eluted with 3.0 ml of 10% ethyl acetate/90% pentane.

n-alkanes were separated from methyl-branched alkanes using 5 A molecular sieves
(Sigma, M-0258; 1/16th inch pellets, nominal pore diameter 5 A; Nelson and
Blomquist (1995) and Greene and Gordon (2007)). Prior to separation, the molecular
sieves were desiccated by baking them at 170 °C for 48 h. The sieves were washed with
isooctane twice after desiccation and stored in an Erlenmeyer flask covered in isooc-
tane. The saturated hydrocarbon fractions were dried and re-solvated with about 1 ml of
100% isooctane. Fractions in isooctane were placed in a capped tube with the 5 A
sieves for 48 h on a heater block set to 75 °C. The sieves were then washed with
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isooctane, separated from the solvent, and discarded. The isooctane in the methyl-
alkane fraction was allowed to evaporate and the hydrocarbons were re-solvated with
100% pentane. The methyl-alkane fraction in pentane was eluted through a 2 cm silica
gel column, as above, to remove contaminants from the molecular sieves.

Because n-alkanes could not be recovered efficiently from the molecular sieves, an
n-alkane fraction was re-constructed by dissolving of each of the following in 40 ml of
100% pentane: 5.0 mg pentadecane (Fluka), 3.4 mg of tricosane (Aldrich), 4.3 mg of
tetracosane (Fluka), 2.7 mg of pentacosane (Fluka), 5 mg of hexacosane (Supelco),
3.1 mg of heptacosane (Aldrich), and 3.1 mg of henitriacontane (Aldrich). This sample
was aliquoted into 10 test tubes and the solvent was allowed to evaporate.

Previous use of these fractionation techniques confirmed that the fractionation
techniques lead to pure structural class fractions (Greene and Gordon 2007). Here,
we confirmed separation of the hydrocarbon structural classes by comparing retention
times of peaks from gas chromatograms. For this study, the n-alkane fraction was
created using synthetic hydrocarbons and was composed of 100% n-alkane molecules.
No methyl-alkane or n-alkene peaks were found in the n-alkane fraction. Furthermore,
the methyl-alkane fraction was found to contain 98% methyl-alkanes, with only n-
pentacosane found as a contaminant (see supplementary data). The n-alkene fraction
was composed of 85% n-alkenes with n-alkanes accounting for the majority of
contaminants (supplemental data).

Creation of Ant Mimics

Interactions with hydrocarbon-coated glass beads can mimic chemical interactions with
live ants (e.g., Greene and Gordon 2003, 2007, 2013; Roulston et al. 2003). Ant mimics
were prepared by placing 5 mm diameter glass beads (Fisher Scientific) in the vials
containing isolated cuticular hydrocarbons in 100% pentane as in Greene et al. (2007,
2013). The glass beads were left in the solvent overnight at room temperature to allow
pentane to evaporate. Thus the cuticular hydrocarbons from the ants were isolated and
then transferred to the surface of glass beads. The beads were stored at —20 °C until the
day of experiment, performed one to 2 days after extraction.

For the nestmate recognition bioassays, cuticular hydrocarbons from 10 pavement
workers from each colony were extracted and added to a single ant mimic. A total of 30
colonies were sampled for all experiments. For the species recognition bioassay, 5 workers
of P. occidentalis (from one colony) worth of hydrocarbon were applied to each glass bead
and 5 Camponotus workers worth of (from one colony) hydrocarbon were added to each
glass bead. The number of ant-equivalents used per mimic was designed to provide similar
amounts of hydrocarbons on all beads as 7. caespitum are much smaller ants than C. modoc
or P. occidentalis workers and to account for hydrocarbons coating the tube walls rather
than the surface of the bead. As a blank control, beads were treated with 100% pentane
which was allowed to completely evaporate.

Chemical Analyses
In order to measure relative abundances of known peaks, analysis by gas chromatography

was conducted using a Varian 3900 gas chromatograph with a DB-5 fused silica capillary
column (30 m, 0.25 um ID, 0.25 um film thickness; J&W Scientific). Oven temperature was
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held at 170 °C for 5 min during split-less injection, raised to 220 °C at 25 °C per min, and
then to 310 °C at a rate of 3 °C-min per min with a 5 min hold. The injection temperature
was 280 °C. The carrier gas was helium, set to a flow of 1.0 ml/min, and flame ionization
detector was used. The relative abundances of the major hydrocarbon peaks were measured
on gas chromatograms by dividing the area of each peak by the sum of all peak areas.

Identification of cuticular hydrocarbons was performed using gas chromatography mass
spectrometry (GCMS; Agilent 6890 N/5973 MSD). Two microliter samples were injected
by splitless injection onto a capillary column (OV-5 fused silica capillary column, 30 m,
0.32 mm ID, 0.5 pm; Ohio Valley). Samples were purged after 1 min. The carrier gas was
helium with the flow rate set to 1.1 ml/min. The injection temperature was 280 °C. For
electron ionization, the initial oven temperature was 170 °C for 1 min, and then the
temperature was increased from 170 °C to 300 °C at 100 °C/min, then more slowly from
300 °C to 330 °C at 15 °C/min with a 10 min hold. To ensure of the consistency of retention
time between runs, a mixture of n-alkane standard (C10, C20, C22, C24, C26, C28, C30,
C32, C34, C36, C38, and C40, Sigma-Aldrich) were injected before sample runs. For
chemical ionization GC, the initial temperature was 75 °C, after 2 min the temperature was
increased from 75 °C to 330 °C at 15 °C /min and held at 330 °C for 10 min.

N-Alkanes were identified by [M-15]"/base peak in CI spectra and EI mass spectra
library search with ECL and Kovats Indices as references. Mono-methyl alkanes were
first identified by [M-15]"/base peak in CI spectra and EI mass spectra. Di-methyl
alkanes were characterized by [M-15]"/base peak in CI mass spectra and EI mass
spectra. Cuticular hydrocarbons were quantitatively analyzed by measuring the peak
areas of the resulting chromatograms using Agilent MSD ChemStation Software. RTE
Integrator was selected for integration. Only the peak area > 1% of the largest peak area
were selected for integration for quantitation. We manually checked and corrected all
peak identifications used for the integration methods to provide the most accurate
estimate of relative abundance for each peak. Both Kovats indices and equivalent chain
length analyses were conducted to confirm the identity of compounds. When available,
mass spectra of unknowns were compared to standards.

Experiment 1: Do Pavement Ants Use Cues in Cuticular Hydrocarbons
to Discriminate Nestmates from Conspecific and Heterospecfic Non-Nestmates?

The following stimuli were tested at 14 focal colonies of 7. caespitum: 1) nestmate
hydrocarbon coated mimics, 2) two randomly assigned non-nestmate conspecific hydro-
carbon coated mimics, 3) heterospecific hydrocarbon coated mimics from P. occidentalis,
4) heterospecific hydrocarbon coated mimics from C. modoc, and 5) a blank control mimic.

The agonistic behavior exhibited by focal ants was measured towards treated ant
mimics. The mimics were placed about 10 cm from the nest entrances of focal
T caespitum colonies to ensure a high interaction rate with workers entering and
exiting the colonies and also because fights with non-nestmate ants often occur in the
vicinity of a nest entrance. All the behavioral tests were performed in the evening,
between 7:00 PM and 12:00 AM when colonies were active and foraging. All
behavioral tests were conducted as blind tests; the observer did not know which type
of stimuli was being measured while recording data. At each colony, the stimuli were
presented in a random sequential order all on the same evening, with about 3 min
breaks between tests, to control for the effect of treatment order.
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After placement of mimics, aggressive behavioral responses of all ants that made
antennal contact with the mimics were measured during a 10 min observation period.
Every 30 s, behavioral measurements were made by observing a focal ant for 10 s.
During each 10 s duration, aggression was quantified by assigning a score = 0 for ants
that antennated the mimic without flaring mandibles or biting the mimic; a score = 1 for
ants that antennated the mimic and flared mandibles; and, score =2 for ants that
antennated the mimic and bit it. We chose these behaviors to measure as they are
easily observed, even with a small ant like 7. caespitum, and they are commonly
observed in ant recognition responses including, as we had previously observed, by
T caespitum in fights in the field, also in Plowes (2008). For each replicate, and
following Hefetz et al. (1996), an aggression score was calculated by summing the
aggression scores measured every 30 s and dividing by the total number of observations
of antennal contact made by the focal ant with the ant mimic.

Median scores of aggressive ants were compared using a Kruskal-Wallis test and post-
hoc analyses were conducted using Wilcoxon Paired-Sample tests with a revised alpha =
0.0033 (Bonferroni correction). A non-parametric test was used because the data distribu-
tions did not mimic a normal distribution (raw data displayed in Fig. 2 as filled dots).

Experiment 2: How are Nestmate Recognition Cues Coded in Pavement Ant
Cuticular Hydrocarbon Profiles?

Supplementation of Cuticular Hydrocarbon Profiles of Live Ants

The cuticular hydrocarbon profiles of pavement ant nestmates were supplemented with
hydrocarbon structural classes — n-alkanes, n-alkenes, methyl-branched alkanes — in
order to determine which structural class of hydrocarbon coded for nestmate recogni-
tion cues in 7. caespitum. Two hundred workers were used from each of 8 colonies. Six
sets of 20 ants from each colony were created and housed in Petri dishes for hydro-
carbon supplementation. From five of the sets for each colony, ants were vortexed for
1 min using a Scientific Industries VWR Scientific Vortex Genie 2 model # G-560 on
its lowest setting of 1 in a test tube containing: 1) evaporated pentane (blank control), 2)
400 ant-equivalents of pooled non-nestmate hydrocarbons, 3) 400 ant-equivalents of
synthetic n-alkanes, 4) 400 ant-equivalents of non-nestmate methyl-alkanes, or 5) 400
ant-equivalents of non-nestmate n-alkenes (Torres et al. (2007)). Following vortexing,
groups were placed back in their respective petri dish. The same vortexing process was
performed on two subsequent mornings. This process allowed supplementation of
cuticular hydrocarbons on workers with what appeared to be minimal or no obvious
damage to the ants. Blank control ants were neither vortexed or treated with hydrocar-
bons. The 6th set was saved to be used as un-treated focal ants in the following
behavioral bioassay; these ants were contained in a Petri dish for 3 days. In each Petri
dish, a damp cotton ball and approximately 0.5 g of cream cheese for food were added.

Bioassay to Test for Aggression
Similar to the bioassay used by Chen and Nonacs (2000), an arena was created by
placing a bottomless Fluon-coated polystyrene Petri dish (Fisherbrand, 60 mm x

15 mm) on a sidewalk placed about 10 cm from nest entrances of focal colonies. Putty
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was placed around the outside of the arena in order to keep ants from escaping. Ten ants
from the focal colony were placed inside the arena and allowed to acclimate for 1 min
after which 10 treated ants were placed in the arena as opponents. Each of the following
were tested as opponents in the using 8 colony replicates: 1) 10 nestmates that had been
isolated from the mother colony for 3 days; 2) 10 nestmates vortexed in a clean test
tube previously treated with pentane that was allowed to evaporate; 3) 10 nestmate
supplemented with non-nestmate cuticular hydrocarbons; 4) 10 nestmate supplemented
with n-alkanes; 5) 10 nestmate supplemented with methyl-alkanes; and, 6) 10 nestmate
supplemented with n-alkenes. Here we used treated live ants instead of ant mimics
because, unlike for the ant mimics used in experiment 1, live ants fight back, allowing
for easier identification of aggression.

Fighting was defined to have occurred when an ant clasped another’s body with its
mandibles; this usually occurs immediately after antennating a non-nestmate ant
(Bubak et al. 2016; Hoover et al. 2016; Plowes 2008). Fighting was measured from
two digital pictures taken 30 s and 1 min into the assay, time scales similar to other ant
nestmate recognition assays (e.g., Morel et al. 1988; Roulston et al. 2003; Whitehouse
and Jaffe 1995). The number of ants fighting, out of 20, in each picture was counted.
We analyzed the average number of ants fighting from the two pictures. We predicted
that increasing, or changing, the relative abundance of a structural class would cause
treated nestmate ants to fight at a high rate compared to control-treated nestmate ants.

Results
Identification of 7. caespitum Cuticular Hydrocarbon Profile

We measured 24 common hydrocarbon peaks on the cuticle of pavement ants, all with a
relative abundance greater that 1% (Fig. 1). The chain length in pavement ant cuticular
hydrocarbon ranges from 21 to 31 carbon atoms. Cuticular lipids contain n-alkanes
(range: 16-40% relative abundance), mono-methyl alkanes (45-56%) and alkenes (10—
20%), with small or trace amounts of di-methyl, tri-methyl alkanes and fatty acids. The
most abundant compound was 11-methylpentacosane (11-meC,s) in mono-methyl
alkanes; n-pentacosane in n-alkanes, and heptacosene in alkenes.

Experiment 1: Do Pavement Ants Use Cues in Cuticular Hydrocarbons
to Discriminate Nestmates from Conspecific and Heterospecfic Nestmates?

Workers displayed high levels of aggression to both conspecific non-nestmate
hydrocarbon samples and hydrocarbon samples from heterospecific ants in comparison
to blank controls and nestmate hydrocarbon samples when presented on mimics
(Kruskal-Wallis, X? =60.396, df=5, p <0.0001; Fig. 2). All alpha levels were
adjusted to 0.0033 using a Bonferroni correction. Mimics coated with conspecific
non-nestmate hydrocarbons stimulated more workers to fight compared to the glass
beads coated with nestmate hydrocarbon (Wilcoxon test, p <0.00012 for both tests)
and the blank control (Wilcoxon test, p < 0.00012). Mimics coated with heterospecific
non-nestmate hydrocarbons also stimulated a higher proportion of aggressive ants score
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Fig. 1 Gas chromatogram of pavement cuticular hydrocarbons. The sample was extracted from 200 workers
of the same colony. Peaks are identified by number

compared to the glass beads coated with nestmate hydrocarbon (Wilcoxon test, p <
0.00012 for both tests) and the blank control (Wilcoxon test, p <0.00012). There was
no difference in the median responses to the conspecific non-nestmate ant stimuli and
heterospecific ant stimuli (Wilcoxon test, all p-values >0.0033). There was not a
significant difference in responses to the nestmate cuticular hydrocarbon stimulus and
the blank control (Wilcoxon test, p >0.0033).

Experiment 2: How are Nestmate Recognition Cues Coded in Pavement Ant
Cuticular Hydrocarbon Profiles?

The median number of aggressive ants was affected by the hydrocarbon supplementa-
tion of nestmate cuticular hydrocarbon profiles (Kruskal-Wallis, X2 =52.85,df=5, p<
0.0001; Fig. 3). Supplementation with methyl-branched alkanes elicited aggression
from a mean of 5.5 ants (range: 3.715 to 7.285), supplementation with n-alkenes
elicited aggression from a mean of 2.4 ants (range: 0.822 to 3.978), and n-alkanes
elicited aggression from a mean of 0 ants. The blank control treatment elicited
aggression from a mean of 0 ants, the vortex control treatment elicited aggression from
a mean of 0.2 ants (range: 0 to 2), and the pooled cuticular hydrocarbon treatment
elicited aggression from a mean of 7.35 ants (range: 0.822 to 3.978). There was no
difference in the levels of aggression among the n-alkane fraction treatment, the vortex
control, and the blank control (Wilcoxon rank-sum test; p > 0.05; adjusted alpha=
0.003 (Bonferroni)). Supplementation with pooled hydrocarbons, the methyl-alkane
fraction and the n-alkene fraction stimulated mean levels of aggression higher than for
the non-vortex blank control, vortex control, and the n-alkane fraction (Wilcoxon rank-
sum test; p <0.0001; adjusted alpha=0.003 (Bonferroni)). There was a difference in
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Fig. 2 Pavement ants displayed higher levels of aggression to ant mimics treated with conspecific non-
nestmate cuticular hydrocarbons (CHC) (TeNonCHC1 and TeNonCHC2) and CHCs from Camponotus
modoc (CmCHC) and Pogonomyrmex barbatus (PoOCHC) compared to the blank control and nestmate
CHC (TcNMCHC) treated mimics. Bars display the median aggression score for each treatment. Boxes
display the 25% and 75% inter-quartile ranges. Outliers are plotted as open circles. Raw data are plotted as
filled dots

aggression levels with supplementation with methyl-alkanes and n-alkenes (Wilcoxon
rank-sum test; p <0.0007; adjusted alpha = 0.003 (Bonferroni)). Supplementation with
an intact non-nestmate pooled hydrocarbon fraction elicited higher levels of aggression
than all other treatments except for supplementation with the methyl-alkane fraction
(Wilcoxon rank-sum test; p <0.0003; adjusted alpha = 0.003 (Bonferroni)).

Discussion

Our data provide evidence that cues in cuticular hydrocarbons are sufficient to code for
nestmate and non-nestmate identity in pavement ants. Pavement ant workers recognize
cues present in cuticular hydrocarbons during interactions with both conspecific non-
nestmates and heterospecific non-nestmate ants to discriminate nestmates from non-
nestmates. More specifically, our data provide evidence that nestmate recognition cues
for T caespitum are specifically coded in the relative abundance of methyl-branched
alkanes and n-alkenes in conspecific nestmate recognition cues. Our results, using live
ants modified with hydrocarbon structural classes, could have resulted from either the
response of the receiver ant or the treated ant, or perhaps both, to the hydrocarbon
supplementation treatments, although each explanation provides evidence of the role of
methyl-branched and n-alkenes as recognition cues. Pavement ants also use cues in their
cuticular hydrocarbon profile to recognize nestmate ants, an important aspect to the
collective-organization of ant wars between neighboring colonies (Hoover et al. 2016;
Bubak et al. 2016).

Mono-methyl alkanes, di-methylalkanes and tri-methylalkanes, referred to as
methyl-branched alkanes, and their isomers exist in all insect cuticular lipids (Nelson
and Blomquist 1995; Martin and Drijthout 2009b). Methyl-alkanes are the most
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Fig. 3 A higher number of pavement ants were aggressive towards live nestmates that had their cuticular
hydrocarbon (CHC) profiles supplemented with non-nestmate CHCs (Pooled CHC), methyl-branched CHCs
(Methyl-Branched), and n-alkenes (n-Alkenes) compared to the blank control, vortex control, and supple-
mentation with n-alkanes (n-Alkane). Bars display the median aggression score for each treatment. Boxes
display the 25% and 75% inter-quartile ranges. Outliers are plotted as open circles. Raw data are plotted as
filled dots

abundant hydrocarbon component found on the surface lipids of most ants (Martin and
Drijfhout 2009b). These data add to a growing body of research showing the impor-
tance of cues coded in ant cuticular hydrocarbon profiles (reviewed in Sturgis and
Gordon 2012; van Zweden and d’Ettorre 2010).

It has been found that many species encode these group identification signals in
methyl-branched alkanes and n-alkenes. In a closely related species, Tetramorium
bicarinatum, colonies differ only in methyl-branched alkanes, not in n-alkenes or n-
alkanes, implying that only methyl-branched alkanes can serve as recognition cues
(Astruc et al. 2001). Guerrieri et al. (2009) demonstrated that supplementing the ant
Camponotus herculeanus with 3,11-di-methylheptacosane was enough to disrupt
colony and species signatures. Martin et al. (2008) found that proportions of di-
methylalkanes, with chain lengths ranging from 27 to 35, are putative species signals
for Formica uralensis, Formica lugubris, Formica aquilonia, Formica pratensis,
Formica polyctena, Formica rufa, and Formica truncorum. Mono-methylalkanes also
serve as recognition cues in Formica sanguinea (Martin et al. 2008).

n-alkenes are also used as nestmate recognition cues in ants. Formica exsecta and
Formica lemani use only the (Z)-9-alkene component of the cuticular hydrocarbon
profile as species and nestmate cues (Martin and Drijthout 2009a). (Z)-9-alkenes are
also used to designate nest-membership in Formica japonica although (Z)-9-alkenes
alone are not sufficient to elicit aggression in this species (Akino et al. 2004). Formica
Japonica relies on colony-specific ratios of five n-alkanes as well as five (Z)-9-alkenes
(Akino et al. 2004). An analogous mechanism could be used by 7. caespitum.

Supplementing 7. caespitum hydrocarbon profiles with n-alkanes did not induce
aggression with untreated nestmates. This suggests that n-alkanes are not involved in
the nestmate recognition response. n-alkanes are ubiquitous and readily fluctuate in
response to environmental stimuli (Martin & Drijthout 2009a). These qualities make
them excellent candidates for conveying task membership as has been demonstrated in
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the harvester ant Pogonomyrmex barbatus (Greene and Gordon 2003). These same
qualities make n—alkanes a poor choice to use in species and colony recognition (Sturgis
and Gordon 2012). This may explain why Tetramorium caespitum do not respond with
aggression to nestmates supplemented with n-alkanes. This is consistent with behavior
seen in honeybees that attack nestmates when their n-alkene profile is changed but
ignore nestmates when their n-alkane profile is altered (Dani et al. 2005). In the ant
Linepihithema humile supplementation with pharmacological amounts of n-alkanes can
result in aggressive nestmate recognition responses, however, the response is stimulated
by increasing the relative abundance of n-alkanes beyond the range seen in nature
(Greene and Gordon 2007).

Tetramorium caespitum workers respond with similar recognition responses to cues
from conspecific and heterospecfic non-nestmate ants. Ant species seem to differ in their
comparative response to conspecific and heterospecific cues. Lucas et al. (2005) showed
differences in reactions of three species in the genus Polychondicyla to intra-specific and
inter-specific hydrocarbon profiles; species that were more closely related in a cluster
analysis of hydrocarbon profiles were less aggressive towards each other. Another tramp
ant species, Linepithema humile, also showed similarly high levels of aggression to
heterospecific non-nestmate hydrocarbons and nestmate hydrocarbon, but only with very
high, non-physiological levels of n-alkanes standards (Greene and Gordon 2007). A
congener of 7. caespitum, Tetramorium bicarinatum, exhibits similar hydrocarbon profiles
at different colonies in an invaded area and does not show aggression towards conspecific
non-nestmates, but the ants are aggressive towards ants of different species (Astruc et al.
2001). Our data suggest that 7. caespitum workers simply exclude all non-nestmate ant
regardless of their species membership. A similar response occurs even though there are
both qualitative and quantitative differences in cuticular hydrocarbon profiles between
T. caespitum workers and workers of P. occidentalis, at least.

Ritualized fighting by pavement ants is initiated if: 1. antennal contact is made with
an opponent — during which the ants assess colony membership using cues coded in the
relative abundance of methyl-alkanes and n-alkenes — and; 2. after they have had a
recent history of interactions with nestmate ants (Bubak et al. 2016; Hoover et al.
2016). Interactions with nestmates increase brain levels of 5-HT and octopamine while
dopamine increases in brains correlate to fighting behavior (Bubak et al. 2016; Hoover
et al., 2016). The decision of a pavement ant to fight depends upon its brain state;
elevated brain levels of the monoamines serotonin (5-HT) and octopamine above a
threshold make it likely an ant will fight a non-nestmate when they meet and assess
colony membership using the cuticular hydrocarbon coded cues (Hoover et al. 2016).
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