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Abstract - Ants communicate via an arsenal of different pheromones produced in a variety of 18 
exocrine glands. For example, ants release alarm pheromones in response to danger to alert their 19 
nestmates and to trigger behavioral alarm responses. Here we characterize the alarm pheromone 20 
and the alarm response of the clonal raider ant Ooceraea biroi, a species that is amenable to 21 
laboratory studies but for which no pheromones have been identified. During an alarm response, 22 
ants quickly become unsettled, leave their nest pile, and are sometimes initially attracted to the 23 
source of alarm, but ultimately move away from it. We find that the alarm pheromone is released 24 
from the head of the ant and identify the putative alarm pheromone as a blend of two compounds 25 
found in the head, 4-methyl-3-heptanone and 4-methyl-3-heptanol. These compounds are 26 
sufficient to induce alarm behavior alone and in combination. They elicit similar, though slightly 27 
different behavioral features of the alarm response, with 4-methyl-3-heptanone being 28 
immediately repulsive and 4-methyl-3-heptanol being initially attractive before causing ants to 29 
move away. The behavioral response to these compounds in combination is dose-dependent, 30 
with ants becoming unsettled and attracted to the source of alarm pheromone at low 31 
concentrations and repulsed at high concentrations. While 4-methyl-3-heptanone and 4-methyl-32 
3-heptanol are known alarm pheromones in other more distantly related ant species, this is the 33 
first report of the chemical identity of a pheromone in O. biroi, and the first alarm pheromone 34 
identified in the genus Ooceraea. Identification of a pheromone that triggers a robust, consistent, 35 
and conserved behavior, like the alarm pheromone, provides an avenue to dissect the behavioral 36 
and neuronal mechanisms underpinning chemical communication. 37 
 38 
Key Words - Chemical communication, Formicidae, Ooceraea biroi, social behavior, 4-methyl-39 
3-heptanone, 4-methyl-3-heptanol 40 
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INTRODUCTION 41 
 42 
Many animals use alarm signals to alert conspecifics to danger, yet the modality of these signals 43 
varies. Some animals use auditory alarm calls, while others use visual or chemosensory signals 44 
or a combination of signals from multiple modalities (Hollén and Radford 2009). Ants use alarm 45 
pheromones to alert their nestmates to danger (Blum 1969; Hölldobler and Wilson 1990; Vander 46 
Meer and Alonso 1998). 47 
 48 
Alarm pheromones are generally present in detectable quantities in ants, which makes them 49 
tractable for chemical characterization (Blum 1969). Chemical components of the alarm 50 
pheromone are most commonly synthesized in the mandibular gland, Dufour9s gland, and/or 51 
poison gland. Some alarm pheromones are multicomponent, and sometimes a single chemical 52 
compound is sufficient to induce a behavioral effect (Blum 1969). Components of the alarm 53 
pheromone are generally volatile, low molecular weight compounds, often terpenes, ketones, and 54 
aldehydes (Amoore et al. 1969; Blum 1969; Brückner et al. 2018; Pokorny et al. 2020; Han et al. 55 
2022). 56 
 57 
Alarm behaviors, which are triggered by alarm pheromones, are robust, innate, and present 58 
across ant species. However, alarm behaviors can be difficult to quantify, because <alarm 59 
behavior= is often used to describe diverse behavioral responses to danger. Broadly, alarm 60 
behaviors are characterized by increased alertness, sometimes in combination with moving away 61 
from or towards the dangerous stimulus (Hölldobler and Wilson 1990). Some behaviors that 62 
occur as part of alarm responses, such as trail-following, aggression, and recruitment, also occur 63 
independently from alarm responses, further complicating the characterization of alarm behavior 64 
in ants (Hölldobler and Wilson 1990). 65 
 66 
Alarm behaviors are broken down into two broad categories, panic and aggressive alarm 67 
responses (Blum 1969). Behaviors associated with panic alarm responses include rapid non-68 
directional movement, moving away from the source of alarm, and sometimes nest evacuations. 69 
Behaviors associated with aggressive alarm responses include rapid movement towards the 70 
source of alarm, assumption of defensive postures, and attack of foreign objects. Different alarm 71 
behaviors can be elicited depending on the species of ant, the blend and concentration of 72 
pheromone components, and the context in which alarm pheromone is released (Blum 1969; 73 
Hölldobler and Wilson 1990; Vander Meer and Alonso 1998). 74 
 75 
Many ants use multicomponent alarm pheromones, which can include chemical components that 76 
elicit different behavioral responses (Blum 1969; Hölldobler 1995). In the case of the carpenter 77 
ant, Camponotus obscuripes, alarm behavior is triggered by a blend of formic acid, which is 78 
repulsive and released from the poison gland, and n-undecane, which is attractive and found in 79 
the Dufour9s gland (Fujiwara-Tsujii et al. 2006). Alarm behavior in these ants has different 80 
intensities which may depend, at least in part, upon the ratio and volatility of components in the 81 
alarm pheromone. In the weaver ant, Oecophylla longinoda, alarm pheromone is released from 82 
the mandibular gland, which has over thirty compounds present in detectable quantities 83 
(Bradshaw et al. 1975). Major chemical components of the mandibular gland secretion, 1-84 
hexanol and hexanal, trigger alert and attraction, and less volatile minor components are thought 85 
to be markers for attack (Bradshaw et al. 1975, 1979).  86 
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 87 
Situation-specific differences in alarm responses have also been described for some ant species. 88 
When Pogonomyrmex badius harvester ants are alarmed, they can have high or low intensity 89 
alarm responses. The principal alarm pheromone of these ants is a ketone, 4-methyl-3-heptanone, 90 
that is released by the mandibular gland (McGurk et al. 1966). The low intensity behavioral 91 
response includes an increase in locomotion, antennae and head waving, movement in loops and 92 
circles, and periodic lowering of the gaster to the ground. During high intensity behavioral 93 
responses, there is more locomotion, tighter circling, mandible opening, and less antennae/head 94 
waving. High intensity behavioral responses are more likely to occur close to the nest, while 95 
lower intensity responses generally occur farther from the nest in the foraging area (Wilson 96 
1958; McGurk et al. 1966).  97 
 98 
Here, we describe the alarm behavior of the clonal raider ant Ooceraea biroi, identify its putative 99 
alarm pheromone, and validate it using electroantennography and behavioral assays. O. biroi is a 100 
queenless species where all workers reproduce asexually and clonally (Ravary and Jaisson 2004; 101 
Kronauer et al. 2012), making it genetically accessible (Trible et al. 2017). O. biroi is thus a 102 
promising system to study the genetic and neuronal underpinnings of social behavior. However, 103 
so far, no pheromones have been identified in this species.  104 
 105 

METHODS AND MATERIALS 106 
 107 
Colony maintenance. Stock colonies of clonal line B O. biroi ants, a lineage originally collected 108 
in Jolly Hill, St. Croix (Kronauer et al. 2012), were maintained in the laboratory at 25°C in 109 
Tupperware containers with a plaster of Paris floor. O. biroi colonies are phasic and alternate 110 
between reproductive and brood care phases. As described previously (Trible et al. 2017), during 111 
the brood care phase, stock colonies were fed with frozen Solenopsis invicta brood. For each 112 
round of experiments, 12-15 colonies of mixed age ants were established without brood from a 113 
single stock colony while the ants were in brood care phase. 114 
 115 
Experimental arena and colony setup. Behavior experiments were conducted in arenas 116 
constructed from cast acrylic with a plaster of Paris floor. Each arena was made of four layers; 117 
the base layer, a layer of plaster of Paris, a layer with two cut out areas separated by a tunnel, and 118 
a top layer of clear acrylic with lids. The arenas were 7 cm x 2 cm in total, with a 2 cm x 0.3 cm 119 
tunnel separating two 2.5 cm x 2 cm areas (Fig S1). Each area contained a 0.5 cm x 2 cm 120 
<stimulus chamber= separated from a 2 cm x 2 cm <nest chamber= by a cast acrylic mesh wall. 121 
The wall was laser cut from 0.8 mm thick cast acrylic with multiple holes with a diameter of ~50 122 
µm, as described previously (Chandra et al. 2021). The clear acrylic lids of the nest and stimulus 123 
chambers were separate, allowing the experimenter to open the stimulus chamber without 124 
opening the nest chamber, thereby decreasing the likelihood of alarming the ants due to 125 
increased airflow. The floor of the tunnel was covered with vapor-permeable Tyvek paper to 126 
dissuade ants from forming their nest in the tunnel, as described previously (Chandra et al. 127 
2021). 128 
 129 
In each arena, 30 ants were introduced without any brood. For the live ant and crushed body 130 
experiments (see below), 30 additional ants from the same stock colony were kept in a separate 131 
Petri dish with a plaster of Paris floor. These ants were used as the stimulus during experiments. 132 
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Ants were fed every 1-2 days with S. invicta brood and allowed to lay eggs. About 7-10 days 133 
after introducing ants into the arenas, once ants had settled, laid eggs, and clustered into a tightly 134 
packed pile (the <nest=) in one of the two nest chambers (Fig S1), we began behavioral 135 
experiments.  136 
 137 
Behavioral assays with agitated ants and body parts. On each day of behavioral experiments, the 138 
acrylic lid of the stimulus chamber on the same side as the ants9 nest was removed. Alarm arenas 139 
were placed into an enclosed container with controlled light-emitted diode lighting (STN-140 
A40K80-A3A-10B5M-12V; Super Bright LEDs Inc, Earth City, Missouri, USA) and videos 141 
were taken using webcams (Item #V-U0021; Logitech V-U0021, Lausanne, Switzerland). 142 
Images were taken at a rate of 10 frames per second and 2,592 × 1,944-pixel resolution. Prior to 143 
adding a stimulus, baseline behavior was recorded for 5 minutes. Behavior was recorded for 144 
another 5 minutes after exposure to the stimulus. 145 
 146 
For the live alarmed ant experiments, 4 minutes and 30 seconds into the recording, an ant from a 147 
separate dish was agitated by repeatedly picking her up and putting her down with forceps. This 148 
<alarmed ant= was then added to the open stimulus chamber at 5 minutes into the recording. In 149 
control experiments, a folded piece of filter paper was added into the stimulus chamber instead. 150 
 151 
For the body part experiments, the head of an ant was removed using forceps. After recording 152 
baseline activity for 5 minutes, the head or headless body of the ant was crushed using forceps 153 
and then quickly added to the open stimulus chamber. 154 
 155 
After each assay, the arena was removed, and the behavioral recording box was left open for 1-5 156 
minutes prior to adding the next arena. The total number of ants in the arena was manually 157 
counted. Behavioral assays were performed every other day to allow ants to re-settle into a nest 158 
after being alarmed. After each behavioral assay, ants were fed with frozen S. invicta brood. The 159 
following day, the remaining food was removed. 160 
 161 
Chemical analysis. To identify candidate alarm pheromone components from the head, we 162 
placed 5 dissected O. biroi heads, mesosomas, gasters, or full bodies in a glass-wool-packed 163 
thermodesorption tube and added it in the thermodesorber unit (TDU; TD100-xr, Markes, 164 
Offenbach am Main, Germany). The thermodesorption tube was heated up to 260°C for 10 165 
minutes. The desorbed components were transferred to the cold trap (5 °C) to focus the analytes 166 
using N2 flow in splitless mode. The cold trap was rapidly heated up to 310 °C at a rate of 60 °C 167 
per minute, held for 5 minutes, and connected to the gas-chromatography/mass-spectrometry unit 168 
(GC-MS, Agilent 7890B GC and 5977 MS, Agilent Technologies, Palo Alto, CA, USA) via a 169 
heated transfer line (300 °C). The GC was equipped with a HP-5MS UI capillary column (0.25 170 
mm ID × 30 m; film thickness 0.25 ¿m, J & W Scientific, Folsom, CA, USA). Helium was the 171 
carrier gas using 1.2874 ml/min flow. The initial GC oven temperature was 40 °C for 1 minute, 172 
then raised to 300 °C at 5 °C per min, where it was held for 3 minutes. The transfer line 173 
temperature between GC and MS was 300 °C. The mass spectrometer was operated in electron 174 
impact (EI) ionization mode, scanning m/z from 40 to 650, at 2.4 scans per second. Chemical 175 
compounds were first identified using the NIST library and later confirmed with co-elution of 176 
synthetic 4-methyl-3-heptanone (Pfaltz and Bauer M19160) and 4-methyl-3-heptanol (Sigma 177 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2022. ; https://doi.org/10.1101/2022.12.04.518909doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.04.518909
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

Aldrich M48309). Compounds eluting after 30 minutes were excluded from the analysis due to 178 
lack of volatility. 179 
 180 
To estimate the absolute amount of alarm pheromone in one ant head we injected 75ng of 4-181 
methyl-3-heptanone and 25ng of 4-methyl-3-heptanol into a glass-wool-packed 182 
thermodesorption tube and analyzed it using the same method as was used for the ant body parts. 183 
We then calculated the area under the peak for the two compounds and compared it to the area 184 
under the peak of the sample of 5 O. biroi heads (Fig. 2). 185 
 186 
Chemicals. 96% 4-methyl-3-heptanone (mixture of stereoisomers) was purchased from Pfaltz and 187 
Bauer (Item #: M19160) and g99% 4-methyl-3-heptanol (mixture of stereoisomers) was purchased 188 
from Sigma-Aldrich (Item #: M48309). Compounds were freshly diluted on each day of behavioral 189 
experiments. Dilutions were made using 100% pentane purchased from Sigma-Aldrich (Item #: 190 
236705) as the solvent and diluted compounds were kept in glass vials with a silicone/PFTE 191 
magnetic screw cap (Gerstel 093640-079-00) to prevent evaporation. 192 
 193 
Electroantennographic recordings with chemical compounds. For the electroantennographic 194 
(EAG) recordings, the head of O. biroi was excised and inserted into a glass capillary (ID 1.17 195 
mm, Syntech, Kirchzarten, Germany) filled with Ringer solution (Ephrussi and Beadle, 1936) 196 
and attached to the reference silver electrode. The tip of the antenna was inserted into the 197 
recording glass electrode, which was also filled with Ringer solution. The antennal signal was 10 198 
times amplified, converted to a digital signal by a high input impedance DC amplifier interface 199 
(IDAC-2, Syntech) and recorded with GC-EAD software (GC-EAD 2014, version 1.2.5, 200 
Syntech). Synthetic pheromone candidates (4-methyl-3-heptanone and 4-methyl-3-heptanol) 201 
were applied at 1, 10 and 100 ¿g doses on a square filter paper (1x1 cm), which was inserted into 202 
a Pasteur-pipette. Stimulus air (2 liters/min) was led into a constant, humidified and charcoal 203 
filtered air stream (2 liters/min) using a Stimulus Controller CS-55 (Syntech). Each stimulation 204 
was given for 0.5 s. N-pentane, the solvent of the components, was used as a control stimulus. 205 
Three different doses of the pheromone candidates and the control were randomized and tested 206 
on 9 antennae. 207 
 208 
Statistical analyses were performed in GraphPad Prism 9.0. To account for differences between 209 
individual antennae, we analyzed data using mixed-effects analysis with a Geisser-Greenhouse 210 
correction which treats each antenna as a random factor in the model. This method uses a 211 
compound symmetry covariance matrix and is fit using Restricted Maximum Likelihood 212 
(REML), and results can be interpreted like repeated measures ANOVA in cases with missing 213 
values. We then compared each compound/ amount to the pentane solvent, using Dunnett9s 214 
multiple comparisons test. 215 
 216 
Behavioral assays with chemical compounds. The alarm behavioral assay was performed as 217 
described above. Four minutes and thirty seconds after starting the experiment, 50 µl of the 218 
compound diluted in pentane or pentane alone (vehicle control) were added onto a small square 219 
of filter paper (~1 cm2) using a syringe. The pentane was allowed to evaporate for 30 seconds 220 
and then the paper was folded and placed into the open stimulus chamber 5 minutes into the 221 
recording.  222 
 223 
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Behavioral data analysis. Behavioral recordings were analyzed by hand based on three metrics 224 
of interest, (1) number of ants outside the nest pile, (2) number of ants outside the nest chamber, 225 
and (3) number of ants touching the mesh wall of the stimulus chamber. A single frame of the 226 
recording was scored according to these metrics every 30 seconds for the duration of the 10-227 
minute recording. Ants were scored as being outside the nest pile if they were not touching any 228 
other ant within the region of the nest pile (Fig S1). Ants were scored as being outside the nest 229 
chamber if at least half of their body was outside of the chamber that contained the nest. Ants 230 
were scored as touching the mesh wall if any part of their body was in contact with the mesh 231 
wall. When nests were touching the wall prior to adding a stimulus, only ants that were outside 232 
the nest pile were counted as touching the wall. The proportions of ants outside the nest pile, ants 233 
that left the nest chamber, and ants touching the mesh wall were calculated by dividing the 234 
number of ants performing each behavior by the total number of ants in the arena. Assays were 235 
excluded from further analysis if the average proportion of ants outside the nest pile prior to 236 
adding the stimulus was over 0.5, if there was more than one nest pile, or the nest pile was in the 237 
tunnel.  238 
 239 
Statistical analyses were performed in GraphPad Prism 9.0. We limited the formal statistical 240 
analyses to the time window starting 1 minute before the addition of the stimulus and ending 2 241 
minutes after the stimulus had been added, because this was when relevant behavioral changes 242 
occurred. These analyses are fully consistent with behavioral dynamics across the entire time 243 
course (Fig S2&3). To evaluate the effect of the stimulus over time, we performed a two-way 244 
repeated measures ANOVA. The effect of the stimulus at each timepoint was then analyzed with 245 
aídák's multiple comparisons test when comparing two stimuli (live alarmed ant and crushed 246 
body part assays) and Dunnett9s multiple comparisons test when comparing to the control 247 
stimulus (candidate alarm pheromone assays). To compare features of the behavioral response to 248 
4-methyl-3-heptanone, 4-methyl-3-heptanol, and the blend of compounds, we calculated the area 249 
under the curve in the two minutes following addition of each stimulus. Because the different 250 
synthetic compounds were tested in different sets of experiments, we also compared the vehicle 251 
controls across these three sets of experiments to confirm there were no significant differences in 252 
ants outside the nest pile, ants that left the nest chamber, and ants touching the stimulus chamber 253 
wall. To evaluate the effect of the compound/blend across concentrations, we performed two-254 
way ANOVAs with Tukey9s multiple comparisons tests on the areas under the curves. 255 
 256 

RESULTS 257 
 258 

Characterization of the clonal raider ant alarm behavior. We began characterizing the alarm 259 
behavior of O. biroi by quantifying features of the behavioral response of colonies to a live 260 
alarmed ant (Video S1). Prior to adding the alarmed ant to the stimulus chamber, ants were 261 
primarily settled in a nest pile on one side of the arena. When the live alarmed ant was added, 262 
ants left the nest pile (Fig 1a, Table S1), and some also left the chamber that initially contained 263 
the nest pile (Fig 1b, Table S1). This response was absent when adding a control, a piece of 264 
paper meant to mimic the potential increase in airflow from opening and adding an item into the 265 
stimulus chamber. Ants were not attracted to the live alarmed nestmate (Fig 1c, Table S1).  266 
 267 
Localization of the clonal raider ant alarm pheromone. To determine from where in the body the 268 
alarm pheromone is released, we tested the behavioral response of colonies to crushed ant heads 269 
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or to crushed bodies without heads (Video S2). We hypothesized that the alarm pheromone is 270 
coming from the mandibular glands within the head of the ant, or from the Dufour9s and/or 271 
poison gland in the abdomen based on studies in other ant species (Blum 1969). In response to 272 
crushed heads, O. biroi colonies displayed alarm responses like those elicited by live alarmed 273 
ants, with an increase in ants outside the nest pile (Fig 1d, Table S1) and ants leaving the nest 274 
chamber (Fig 1e, Table S1). Interestingly, unlike in the response to live alarmed ants, ants were 275 
initially attracted to the crushed heads (Fig 1f, Table S1). No response was evident when the 276 
ants were exposed to crushed bodies without the head (Fig 1d-f, Table S1). These data indicate 277 
that the volatile compound(s) found in the head of the ant are necessary and sufficient to induce 278 
an alarm response, meaning that the alarm pheromone is likely released from the head of O. 279 
biroi. We therefore conducted GC-MS analyses of the head contents and identified two main 280 
compounds, 4-methyl-3-heptanone (80.1% of the head contents) and 4-methyl-3-heptanol 281 
(16.3% of the head contents) (Fig 2, Table 1). Both compounds only occurred in the head of the 282 
ants (Fig 2, Fig S4). Based on data from a single sample, we estimate there to be 3.21 µg of 4-283 
methyl-3-heptanone and 0.65 µg of 4-methyl-3-heptanol in the head of an O. biroi worker. 284 
 285 
If 4-methyl-3-heptanone and 4-methyl-3-heptanol make up the O. biroi alarm pheromone, then 286 
ants should be able to detect both compounds with their antennae. To test this, we utilized EAG 287 
recordings and found that both compounds were detected (REML mixed effects model difference 288 
between treatments p=0.0022; Fig S5, Table S2).  289 
 290 
Behavioral responses to candidate alarm pheromone components. To determine if 4-methyl-3-291 
heptanone and 4-methyl-3-heptanol are behaviorally active and can trigger an alarm response, 292 
ants were exposed to both compounds individually and in combination at two doses, 260 ¿g and 293 
2600 ¿g. Pentane was used as the solvent and vehicle control for all assays. 294 
 295 
In response to 4-methyl-3-heptanone, ants rapidly left the nest pile (Fig 3a, Table S3, Video S3) 296 
and left the nest chamber in a dose-dependent manner (Fig 3b, Table S3). There was a small but 297 
significant increase in the proportion of ants touching the wall after exposure to both 298 
concentrations of 4-methyl-3-heptanone (Fig 3c, Table S3). 260 ¿g 4-methyl-3-heptanone 299 
attracted ants for slightly longer than 2600 ¿g, and by 1.5 minutes after addition of 4-methyl-3-300 
heptanone there was no longer a significant difference between either amount of compound and 301 
the vehicle control. However, the increase in the average proportion of ants attracted to 4-302 
methyl-3-heptanone was small. The increase in the average proportion of ants that moved away 303 
from the stimulus was much greater, indicating that this compound is mostly repulsive to the 304 
ants, especially at high doses. 305 
 306 
In response to 4-methyl-3-heptanol, ants also rapidly left the nest pile (Fig 3d, Table S3, Video 307 
S4) and left the nest chamber in a dose-dependent manner, although to a lesser extent than in 308 
response to 4-methyl-3-heptanone (Fig 3e, Table S3). Like the response to 4-methyl-3-309 
heptanone, ants were initially attracted to 4-methyl-3-heptanol. However, both concentrations 310 
attracted a higher proportion of ants than 4-methyl-3-heptanone, and the attraction persisted 311 
beyond the first minute after exposure (Fig 3f, Table S3). The higher proportion of attracted 312 
ants, along with the persistence of the attraction and fewer ants leaving the nest chamber, 313 
indicates that this compound could be more attractive to the ants compared to 4-methyl-3-314 
heptanone.  315 
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 316 
To compare behavioral responses to 4-methyl-3-heptanone and 4-methyl-3-heptanol directly, we 317 
quantified the area under the curve for the first two minutes after adding the stimulus. As 318 
anticipated, there was no difference in ants outside the nest pile between both compounds (Fig 319 
S6a, Table S4), but 4-methyl-3-heptanol was significantly more attractive to ants than 4-methyl-320 
3-heptanone at both tested doses (Fig S6c, Table S4), and at the high dose, 4-methyl-3-321 
heptanone was significantly more repulsive to ants (Fig S6b, Table S4). These results indicate 322 
that, while both compounds are sufficient to induce the alarm response, there are slight 323 
differences in the behavioral responses they trigger. 324 
 325 
We created a synthetic blend of 90% 4-methyl-3-heptanone and 10% 4-methyl-3-heptanol to 326 
mimic the ratio of the two compounds in the head of O. biroi, where 4-methyl-3-heptanone is the 327 
major component and 4-methyl-3-heptanol is the most abundant minor component (Fig. 2, Table 328 
1). This blend triggered ants to rapidly leave the nest pile at both concentrations tested (Fig 3g, 329 
Table S3, Video S5). At the high dose, ants were significantly more likely to leave the nest 330 
chamber (Fig 3h, Table S3) but were not very attracted to the compound mix (Fig 3i, Table S3). 331 
At the lower dose, however, ants did not leave the nest chamber, but were attracted to the source 332 
of the odor (Fig 3h&i, Table S3). These results, in combination with the area under the curve 333 
analysis (Fig S6, Table S4), indicate that there is no obvious synergistic interaction between 4-334 
methyl-3-heptanone and 4-methyl-3-heptanol in the synthetic alarm pheromone blend. Instead, 335 
the high dose of the blend is more repulsive, like 4-methyl-3-heptanone, and the low dose is 336 
more attractive, like 4-methyl-3-heptanol. While we did not observe any synergistic interaction 337 
between 4-methyl-3-heptanone and 4-methyl-3-heptanol, it is possible that this type of 338 
interaction occurs at very low doses, where a single compound alone might not be sufficient to 339 
induce a behavioral response. 340 
 341 

DISCUSSION 342 
 343 

In this study, we characterized the alarm behavior of the clonal raider ant, O. biroi, and identified 344 
the chemical components of its alarm pheromone. The alarm response of O. biroi is 345 
characteristic of a panic alarm response, with ants becoming unsettled, leaving the nest, and 346 
moving away from the source of alarm. Alarm pheromone is released from the head of the ant, 347 
and we identified two volatile compounds as candidate alarm pheromone components. These two 348 
compounds, 4-methyl-3-heptanone and 4-methyl-3-heptanol, are known alarm pheromones in 349 
other ant species, are detected by the antennae of O. biroi, and are sufficient to trigger a 350 
behavioral alarm response, both alone and in combination. These results suggest that the alarm 351 
pheromone of O. biroi includes a blend of 4-methyl-3-heptanone and 4-methyl-3-heptanol. 352 
Future studies identifying the compounds released by alarmed ants will provide additional 353 
insight into the exact chemical composition of the alarm pheromone and whether there are minor 354 
components found in the head or elsewhere in the body that act to modulate the behavioral 355 
response to the major compounds tested here. 356 
 357 
In cases where alarm pheromones in ants are released from the head, the mandibular gland is 358 
often the source (Wood et al. 2011). 4-methyl-3-heptanone and 4-methyl-3-heptanol have been 359 
found together in the mandibular glands or heads of other ants, including some species of Eciton 360 
army ants that are relatives of O. biroi in the ant subfamily Dorylinae (Riley et al. 1974; Pasteels 361 
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et al. 1981; Hernández et al. 1999; Bento et al. 2007; Brückner et al. 2018). Together, this 362 
suggests that 4-methyl-3-heptanone and 4-methyl-3-heptanol are likely released from the 363 
mandibular gland in O. biroi. However, due to the small size of these ants, we were unable to 364 
verify this experimentally by extracting mandibular contents directly.  365 
 366 
We studied behavioral responses of clonal raider ant colonies to two different doses of the 367 
synthetic alarm pheromone compounds, 260 ¿g and 2600 ¿g. While these amounts are 368 
substantially larger than the amount of each compound found in a single ant, we do not know the 369 
biologically relevant amount of compound the ants were exposed to in the behavioral arena. To 370 
prevent the pentane solvent from inducing a behavioral effect, we left the diluted compounds and 371 
controls to evaporate for 30 seconds on filter paper before exposing the ants. While 4-methyl-3-372 
heptanone and 4-methyl-3-heptanol are less volatile than pentane, they are still quite volatile and 373 
some of the compounds evaporated during that time. Furthermore, stereochemistry is important 374 
for biological activity in many pheromones (Mori 2007), and both 4-methyl-3-heptanone and 4-375 
methyl-3-heptanol are chiral, with 4-methyl-3-heptanone having a single chiral center and 4-376 
methyl-3-heptanol having two chiral centers (Riley and Silverstein 1974; Einterz et al. 1977; 377 
Zada et al. 2004). We have not yet identified the biologically relevant stereoisomer(s) used by O. 378 
biroi, and therefore used synthetic compounds that were a mixture of stereoisomers. It is possible 379 
that the activity of 4-methyl-3-heptanone and 4-methyl-3-heptanol in O. biroi is dependent on its 380 
stereochemistry, adding further uncertainty about the behaviorally relevant amount of compound 381 
perceived by the ants during behavioral experiments. Future work will be required to quantify 382 
the amount of compound that reaches the ants in our bioassay, and to conduct additional 383 
behavioral experiments with doses that more closely approximate what ants would perceive 384 
under naturalistic conditions.  385 
 386 
The two compounds that make up the alarm pheromone in O. biroi elicit similar, though slightly 387 
different, behavioral responses at the doses tested here. 4-methyl-3-heptanone leads ants to 388 
become unsettled and move away from the compound after a quick initial period of attraction, 389 
whereas 4-methyl-3-heptanol also induces ants to become unsettled but is more attractive and 390 
less repulsive. In combination, these compounds trigger a dose-dependent behavioral response, 391 
where at low concentrations ants are initially attracted to the pheromone, but at high 392 
concentrations they are repelled and move away from the source of the compound. In other ant 393 
species that use multicomponent alarm pheromones, with components that elicit different 394 
behavioral effects, alarm behaviors can depend on the total or relative amounts of each 395 
component present in the alarm pheromone (Bradshaw et al. 1975, 1979; Fujiwara-Tsujii et al. 396 
2006). We hypothesize that an individual ant may release more alarm pheromone or other ants in 397 
the colony may also release alarm pheromone in response to more urgent or dangerous threats, 398 
thereby amplifying the signal and triggering a behavioral response that might better protect the 399 
colony. 400 
 401 
While 4-methyl-3-heptanone and 4-methyl-3-heptanol have been previously described as alarm 402 
pheromones in other ant species, this is the first description of the alarm pheromone and alarm 403 
behavior in a non-army ant doryline, and the first identified pheromone for O. biroi. Because O. 404 
biroi can be maintained under standardized laboratory conditions and is genetically accessible 405 
(Trible et al. 2017), identification of its alarm pheromone will facilitate future work studying the 406 
behavioral, genetic, and neuronal underpinnings of the alarm response in ants.  407 
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TABLES 523 
 524 
Table 1. Chemical compounds found in the head contents. Chemical compounds in bold were 525 
tested as alarm pheromones. Five heads were pooled per sample run in the GC-MS coupled to a 526 
thermodesorption unit as shown in Fig 2.  527 
 528 

Peak # Compound 

Ret. 
Index Relative abundance [%] 

1 Acetic acid 702 0.94 

2 4-Methyl-3-hexanone 845 0.72 

3 4-Methyl-3-heptanone 940 80.08 

4 4-Methyl-3-heptanol 973 16.28 

5 Undecane 1105 0.68 

6 Nonanal 1111 0.87 

7 Decanal 1213 0.43 
 529 
  530 
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FIGURE LEGENDS 531 
 532 
Figure 1. Characterization of alarm behavior and localization of alarm pheromone in O. biroi. 533 
Quantification of features of the behavioral response of O. biroi colonies to a live alarmed ant (a-534 
c) and crushed body parts of an ant (d-f). Data are included from 1 minute prior to adding the 535 
stimulus until 2 minutes after. Individual datapoints indicate means and error bars denote 95% 536 
confidence intervals. Sample sizes represent replicate colonies tested. Statistical comparisons 537 
were performed using a 2-way repeated measures ANOVA with aidák9s multiple comparisons 538 
test to compare individual timepoints. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 539 
 540 
Figure 2. Chemical compounds in the head. Gas-chromatographic representation of one sample 541 
of 5 pooled heads. A detailed list of all chemical compounds found in the head (the numbered 542 
peaks) is provided in Table 1. 543 
 544 
Figure 3. Behavioral response to candidate alarm pheromone components. Quantification of 545 
features of the behavioral response of O. biroi colonies to 4-methyl-3-heptanone (a-c), 4-methyl-546 
3-heptanol (d-f), and a blend of 90% 4-methyl-3-heptanone and 10% 4-methyl-3-heptanol (g-i). 547 
Data are included from 1 minute prior to adding the stimulus until 2 minutes after. Individual 548 
datapoints indicate means and error bars denote 95% confidence intervals. Sample sizes 549 
represent replicate colonies tested. Statistical comparisons were performed using a 2-way 550 
repeated measures ANOVA with Dunnett9s multiple comparisons test to compare individual 551 
timepoints to the vehicle control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 552 
  553 
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SUPPLEMENTARY INFORMATION  554 
 555 
Figure S1. Alarm arena design. The alarm arena had two areas separated by a tunnel. Each area 556 
consists of a small rectangular stimulus chamber and a large square nest chamber, separated by a 557 
mesh wall (denoted by a purple dashed line in the figure). These chambers have separate clear 558 
plastic acrylic lids, allowing access to the stimulus chamber without disturbing ants in the nest 559 
chamber. The brown circle represents the nest pile, where ants and their eggs are tightly 560 
clustered prior to starting the experiment. Created with BioRender.com 561 
 562 
Figure S2. Full time course of characterization of alarm behavior and localization of alarm 563 
pheromone in O. biroi. Quantification of features of the behavioral response of O. biroi colonies 564 
to a live alarmed ant (a-c) and crushed body parts of an ant (d-f). Each datapoint indicates the 565 
mean and error bars indicate the 95% confidence interval. Sample sizes represent replicate 566 
colonies tested. 567 
 568 
Figure S3. Full time course of behavioral response to candidate alarm pheromone components. 569 
Quantification of features of the behavioral response of O. biroi colonies to 4-methyl-3-570 
heptanone (a-c), 4-methyl-3-heptanol (d-f), and a blend of 90% 4-methyl-3-heptanone and 10% 571 
4-methyl-3-heptanol (g-i). Each datapoint indicates the mean and error bars indicate the 95% 572 
confidence interval. Sample sizes represent replicate colonies tested. 573 
 574 
Figure S4. Chemical compounds in the ant body. Gas-chromatographic representation of one 575 
sample of 5 pooled workers (a), 5 mesosomas (b) and 5 gasters (c). Compounds found in the 576 
head are numbered and can be found in Table 2. 577 
 578 
Figure S5. Antennal detection of candidate alarm pheromone components. Results from EAG 579 
recordings in response to 1 µg, 10 µg, and 100 µg of 4-methyl-3-heptanone or 4-methyl-3-580 
heptanol and the solvent control pentane. In total, 9 antennae were tested, except for the 1 µg 4-581 
methyl-3-heptanone condition where 8 antennae were tested. Statistical comparisons were made 582 
using a mixed-effects analysis with a Geisser-Greenhouse correction and Dunnett9s multiple 583 
comparisons test to compare the response to each compound with the solvent control. *p<0.05, 584 
**p<0.01, ***p<0.001, ****p<0.0001.    585 
 586 
Figure S6. Comparison of behavioral responses to candidate alarm pheromone components and 587 
the synthetic alarm pheromone blend. Area under the curve the first 2 minutes after adding the 588 
stimulus for ants outside the nest pile (a), ants repelled from the compound(s) (b), and ants 589 
attracted to the compound(s) (c). The two compounds and blend were tested in a separate set of 590 
experiments and a vehicle control (in grey) was run for each set of experiments. Each datapoint 591 
indicates the mean, and error bars represent the 95% confidence intervals. Statistical 592 
comparisons were performed using a 2-way ANOVA with Tukey9s multiple comparisons tests to 593 
compare the different compounds and blend across concentrations. *p<0.05, **p<0.01, 594 
***p<0.001, ****p<0.0001.    595 
 596 
Video S1. Representative videos of the behavioral response to control (top) and a live alarmed 597 
nestmate (bottom)". The initial nest pile is in the left nest chamber, and baseline activity was 598 
recorded for 5 minutes. 5 minutes into the recording, the stimulus (live alarmed ant or paper 599 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2022. ; https://doi.org/10.1101/2022.12.04.518909doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.04.518909
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

control) is added to the stimulus chamber on the right side. The video is sped up 8x, and addition 600 
of the stimulus is indicated by a red circle in the top right corner. 601 
 602 
Video S2. Representative videos of the behavioral response to a crushed body (top) and a 603 
crushed head (bottom). The initial nest pile is in the left nest chamber, and baseline activity was 604 
recorded for 5 minutes. 5 minutes into the recording, the stimulus (crushed head or crushed 605 
body) is added to the stimulus chamber on the right side. The video is sped up 8x, and addition 606 
of the stimulus is indicated by a red circle in the top right corner. 607 
 608 
Video S3. Representative videos of the behavioral response to the vehicle control (top) and two 609 
amounts of 4-methyl-3-heptanone, 260 ¿g (middle) and 2600 ¿g (bottom). The initial nest pile is 610 
in the left nest chamber, and baseline activity was recorded for 5 minutes. 5 minutes into the 611 
recording, the stimulus (filter paper with 2600 ¿g 4-methyl-3-heptanone, 260 ¿g 4-methyl-3-612 
heptanone, or vehicle control) is added to the stimulus chamber on the right side. The video is 613 
sped up 8x, and addition of the stimulus is indicated by a red circle in the top right corner. 614 
 615 
Video S4. Representative videos of the behavioral response to the vehicle control (top) and two 616 
amounts of 4-methyl-3-heptanol, 260 ¿g (middle) and 2600 ¿g (bottom). The initial nest pile is 617 
in the left nest chamber, and baseline activity was recorded for 5 minutes. 5 minutes into the 618 
recording, the stimulus (filter paper with 2600 ¿g 4-methyl-3-heptanol, 260 ¿g 4-methyl-3-619 
heptanol, or vehicle control) is added to the stimulus chamber on the right side. The video is sped 620 
up 8x, and addition of the stimulus is indicated by a red circle in the top right corner. 621 
 622 
Video S5. Representative videos of the behavioral response to the vehicle control (top) and two 623 
amounts of a blend of 90% 4-methyl-3-heptanone and 10% 4-methyl-3-heptanol, 260 ¿g 624 
(middle) and 2600 ¿g (bottom). The initial nest pile is in the left nest chamber, and baseline 625 
activity was recorded for 5 minutes. 5 minutes into the recording, the stimulus (filter paper with 626 
2600 ¿g blend, 260 ¿g blend, or vehicle control) is added to the stimulus chamber on the right 627 
side. The video is sped up 8x, and addition of the stimulus is indicated by a red circle in the top 628 
right corner.  629 
  630 
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Table S1. Statistical analysis of characterization of alarm behavior and localization of alarm 631 
pheromone. Table includes the statistical analyses from the quantification of features of the 632 
behavioral response of O. biroi colonies to a live alarmed ant and crushed body parts of an ant. 633 
Statistical comparisons were performed using a 2-way RM ANOVA with aidák9s multiple 634 
comparisons test to compare individual timepoints. 635 
 636 

 
Experiment 

 
Behavior 

Source of variation  
(Two-way RM ANOVA) 

 
Number of 

arenas Time x 
Stimulus 

Time Stimulus 

 
Characterizing 
alarm behavior 

(Fig 1a-c) 

Outside nest pile 19.48%  
p < 0.0001 

24.35%  
p < 0.0001 

12.87%  
p = 0.0009 

Alarmed ant 
n = 13 

 
Control paper 

n = 10 

Left nest chamber 13.71% 
p < 0.0001 

24.90% 
p < 0.0001 

6.196% 
p = 0.0280 

Touching wall 2.991% 
p = 0.2342 

1.872% 
p = 0.5310 

3.845% 
p = 0.1928 

 
Localization of 

alarm pheromone 
(Fig 1d-f) 

Outside nest pile 11.75% 
p < 0.0001 

15.22% 
p < 0.0001 

29.19% 
p = 0.0004 

Crushed head 
n = 11 

 
Crushed body 

n = 11 

Left nest chamber 8.380% 
p = 0.0001 

8.013% 
p = 0.002 

10.40% 
p = 0.0329 

Touching wall 9.666% 
p < 0.0001 

13.96% 
p < 0.0001 

31.18% 
p < 0.0001 
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Table S2. Statistical analysis of EAG recordings. Antennal sensitivity to 1 ¿g, 10 ¿g, and 100 ¿g 638 
of 4-methyl-3-heptanone and 4-methyl-3-heptanol and a solvent control were compared using a 639 
mixed-effects analysis with a Geisser-Greenhouse correction and Dunnett9s multiple 640 
comparisons test was used to compare each compound to the solvent.  641 
 642 

Experiment Mixed-effects 
analysis 

Compound  
(compared to solvent) 

Adjusted P 
Value 

Antennal sensitivity to 
candidate compounds 

(Fig S5) 

Difference between 
treatments 
p=0.0022 

1 ¿g 4-methyl-3-heptanone p = 0.9998 
10 ¿g 4-methyl-3-heptanone p = 0.0451 
100 ¿g 4-methyl-3-heptanone p = 0.0112 

1 ¿g 4-methyl-3-heptanol p = 0.9085 
10 ¿g 4-methyl-3-heptanol p = 0.0713 
100 ¿g 4-methyl-3-heptanol p = 0.0100 
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Table S3. Statistical analysis of behavioral responses to candidate alarm pheromone 644 
components. Quantification of features of the behavioral response of O. biroi colonies to 4-645 
methyl-3-heptanone, 4-methyl-3-heptanol, and a blend of 90% 4-methyl-3-heptanone and 10% 646 
4-methyl-3-heptanol. Statistical comparisons were performed using a 2-way RM ANOVA with 647 
Dunnett9s multiple comparisons test to compare individual timepoints to the vehicle control. 648 
 649 

 
Experiment 

 
Behavior 

Source of variation  
(Two-way RM ANOVA) 

 
Number of arenas 

Time x 
Stimulus 

Time Stimulus 

 
Response to 4-

methyl-3-
heptanone 
(Fig 3a-c) 

Outside nest pile 15.37%  
p < 0.0001 

37.71%  
p < 0.0001 

24.87%  
p < 0.0001 

2600 ¿g  n = 17 
 

260 ¿g n = 12 
 

control n = 15 
 

Left nest chamber 23.88% 
p < 0.0001 

23.06% 
p < 0.0001 

22.13% 
p < 0.0001 

Touching wall 10.59% 
p < 0.0001 

16.80% 
p < 0.0001 

6.696% 
p = 0.0089 

 
Response to 4-

methyl-3-
heptanol 
(Fig 3d-f) 

Outside nest pile 11.29% 
p < 0.0001 

40.97% 
p < 0.0001 

24.62% 
p < 0.0001 

2600 ¿g n = 11 
 

260 ¿g n = 10 
 

control n = 9 

Left nest chamber 9.072% 
p < 0.0001 

16.99% 
p < 0.0001 

8.514% 
p = 0.0510 

Touching wall 4.923% 
p = 0.0537 

22.44% 
p < 0.0001 

9.693% 
p = 0.0103 

 
Response to 

blend 
(Fig 3g-i) 

Outside nest pile 13.11% 
p < 0.0001 

31.13% 
p < 0.0001 

34.56% 
p < 0.0001 

2600 ¿g n = 9 
 

260 ¿g n = 8 
 

control n = 9 
 

Left nest chamber 22.31% 
p < 0.0001 

16.44% 
p < 0.0001 

24.55% 
p < 0.0001 

Touching wall 9.727% 
p = 0.0006 

17.46% 
p < 0.0001 

14.72% 
p = 0.0037 
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Table S4. Statistical analysis of area under the curve 2 minutes following exposure to candidate 651 
alarm pheromone components and the blend. Comparison of 4-methyl-3-heptanone, 4-methyl-3-652 
heptanol, and 90% 4-methyl-3-heptanone / 10% 4-methyl-3-heptanol blend in ants outside the 653 
nest pile, ants repelled from the compound(s), and ants attracted to the compound(s). Statistical 654 
comparisons were performed using a 2-way ANOVA with Tukey9s multiple comparisons tests to 655 
compare the different compounds and blend across concentrations. 656 
 657 

 
Behavior 

Source of variation  
(Two-way ANOVA) 

Concentration x 
Compound 

Concentration Compound 

Ants outside the nest pile 
3 unsettled  
(Fig S4a) 

0.6611% 
p = 0.7941 

57.52% 
p < 0.0001 

2.072% 
p = 0.0775 

Ants that left the nest 
chamber 3 repulsion  

(Fig S4b) 

5.335% 
p = 0.1084 

26.49% 
p < 0.0001 

0.3398% 
p = 0.7803 

Ants that are touching the 
wall 3 attraction  

(Fig S4c) 

6.088% 
p = 0.0967 

11.58% 
p = 0.0008 

14.41% 
p = 0.0002 
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a. b. c.

d. e. f.

g. h. i.

2600 μg 4-methyl-3-heptanone

n = 17

260 μg 4-methyl-3-heptanone

n = 12

vehicle control

n = 15

2600 μg 4-methyl-3-heptanol

n = 11

260 μg 4-methyl-3-heptanol

n = 10

vehicle control

n = 9

2600 μg blend

n = 9

260 μg blend

n = 8

vehicle control

n = 9
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