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Abstract

Background: Experiments under controlled laboratory conditions can produce decisive evidence for testing biological
hypotheses, provided they are representative of the more complex natural conditions. However, whether this requirement
is fulfilled is seldom tested explicitly. Here we provide a lab/field comparison to investigate the identity of an egg-marking
signal of ant queens. Our study was based on ant workers resolving conflict over male production by destroying each
other’s eggs, but leaving queen eggs unharmed. For this, the workers need a proximate cue to discriminate between the
two egg types. Earlier correlative evidence indicated that, in the ant Pachycondyla inversa, the hydrocarbon 3,11-
dimethylheptacosane (3,11-diMeC,;) is more abundant on the surface of queen-laid eggs.

Methodology: We first tested the hypothesis that 3,11-diMeC,; functions as a queen egg-marking pheromone using
laboratory-maintained colonies. We treated worker-laid eggs with synthetic 3,11-diMeC,; and found that they were
significantly more accepted than sham-treated worker-laid eggs. However, we repeated the experiment with freshly
collected field colonies and observed no effect of treating worker-laid eggs with 3,11-diMeC,5, showing that this compound
by itself is not the natural queen egg-marking pheromone. We subsequently investigated the overall differences of entire
chemical profiles of eggs, and found that queen-laid eggs in field colonies are more distinct from worker-laid eggs than in
lab colonies, have more variation in profiles, and have an excess of longer-chain hydrocarbons.

Conclusions: Our results suggest that queen egg-marking signals are significantly affected by transfer to the laboratory, and
that this change is possibly connected to reduced queen fertility as predicted by honest signaling theory. This change is
reflected in the worker egg policing response under field and laboratory conditions.
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Introduction

Conflict over male production in insect societies is often
resolved by worker policing [1-3], where workers either destroy
each other’s eggs or show aggressive behavior towards reproduc-
tive workers to discourage their egg laying [4-7]. Since policing
workers preferentially destroy worker-laid eggs (WLE) relative to
queen-laid eggs (QLE), they need an accurate cue or set of cues to
decide which eggs to eliminate, e.g. an honest queen egg-marking
pheromone that workers are unable to mimic [8,9]. It has been
hypothesized that this cue may reflect the fertility of queens, since
fertility is the major parameter that differs between queens and
workers in social insects. Moreover, workers may rely on
information regarding the reproductive state of the queen for
regulating their own reproduction [9,10]. For the honeybee, Apis

mellifera, it has been suggested that the Dufour’s gland secretion of

the queen, and possibly only the ester fraction of this secretion,
plays a role in egg marking [11]. Honeybee QLE and WLE also
have distinct hydrocarbon profiles, but these seem to be of little
importance for worker policing [12]. In spite of clear theoretical
predictions and an extensive search for the honeybee egg-marking
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pheromone, no conclusive evidence of the identity of this signal,
and of its honesty as a signal of reproductive quality, has been
obtained [13,14].

The ant Pachycondyla inversa (Figure 1A) is one of the few other
social insects for which significant effort has been put in identifying
the queen egg-marking pheromone. Queens — and egg-laying
workers in queenless colonies — typically have a higher abundance of
the hydrocarbon 3,11-dimethylheptacosane (3,11-diMeCy7) on their
cuticle than non-laying workers. Across queens, the abundance of
3,11-diMeCyy; is associated with ovarian development [15,16] and
the surface of queen-laid eggs is known to contain more of this
compound than worker eggs [17,18]. Moreover, in lab colonies 3,11-
diMeCyy; is preferentially detected by the antennae of workers from
an entire spectrum of compounds on the egg surface [16], consistent
with its inferred pheromonal activity. However, explicit experimen-
tal tests to establish whether 3,11-diMeCy; is indeed the queen egg-
marking pheromone have not been done.

In the present study, we provide a series of tests of the role of
3,11-diMeCy; for the acceptance of QLE versus WLE by other
workers of P. inversa. We applied synthetic 3,11-diMeCy; [synthetic
pathway described in ref. 16] on WLE of laboratory-maintained
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Figure 1. The effect of 3,11-diMeC,; on the acceptance of eggs in discriminator colonies and on the overall chemical profile. (A) A
worker of Pachycondyla inversa carrying eggs. (Photo by M.A. First and J.S. van Zweden). (B) The average acceptance rates in discriminator colonies
(+S.E.) of sham-treated worker-laid eggs (WLE), worker-laid eggs treated with 3,11-diMeC,; (TWLE), and sham-treated queen-laid eggs (QLE) in lab
and field colonies; * indicates p<<0.05 (GLZ, see text). (C) A typical hydrocarbon profile of a Pachycondyla inversa egg: the 19 compounds marked with
an asterisk were used in PCA models (see Methods); labels and compounds correspond to those in a previous study [17]: 2 =C;5, 3=unknown, 4=11-,
13-MeCys, 5=5-MeCys, 6=3-MeCys, 7=Cy6 8=3,9-diMeCys, 9=10-11-12-MeCys, 10=6-MeCyq, 11=4-MeCyq, 12=2-MeCys, 13 =3-MeCy,
14=unknown, 15=Cy;, 16=2,11-diMeCs, 17=9-11-13-MeCy;, 18=7-MeCy,, 19=5-MeCyy,, 20=9,13-diMeC,;, 21=3-MeC,;, 22=59-diMeCy,,
23 =Cyg, 24=3,11-diMeC,7, 25=10-,11-,12-,13-,14-MeCyg, 26 =6-MeCyg, 27 = Cyg, 28 =11-,13-,15-MeCyg, 29 = 11,15-diMeC,q, 30 = 3-MeC,q. (D,E) Plots
of the first two principal components showing the chemical similarity of the QLE and WLE and the predicted position of the TWLE.
doi:10.1371/journal.pone.0004718.g001
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colonies (hereafter “lab colonies™) and found that this hydrocar-
bon, as predicted from the above-mentioned correlative evidence,
increases the acceptance rate of WLE to the same level as QLE.
However, when repeating the same experiments with freshly
collected field colonies (hereafter “field colonies™) on a plantation
in Brazil there was no effect of treating WLE with 3,11-diMeCy;,
which prompted us to do a full scale chemical study of the egg
surface hydrocarbon blends expressed under both laboratory and
field conditions.

Results

Queen-laid eggs (QLE), worker-laid eggs (WLE), and 3,11-
diMeCys-treated worker-laid eggs (TWLE) were introduced into
discriminator colonies, and their fate (accepted or policed) was
observed. In lab colonies, TWLE were significantly better
accepted than sham-treated WLE (Figure 1B; Generalized Linear
Model, WLE vs. TWLE, X2=5.38, df=1, p<<0.05), and their
survival was not significantly different from QLE (TWLE vs. QLE,
x2=0.46, df=1, p=0.50), suggesting that 3,11-diMeC,; does
indeed allow workers to discriminate between QLE and WLE.
However, this result could not be confirmed when the same
policing assays were repeated with field colonies (Figure 1B):
TWLE were not better accepted than WLE (WLE vs. TWLE,
x*=0.32, df=1, p=0.57), and both were significantly less
accepted than QLE (WLE vs. QLE, x?=56.61, df=1,
p<0.0001, TWLE vs. QLE, ¥*=46.77, df= 1, p<<0.0001).

If 3,11-diMeCy; by itself was a universal queen egg-marking
pheromone for P. inversa, the same increase in acceptance rate
should have been achieved in both field and lab colonies,
regardless of the similarity of the rest of the hydrocarbon profile
of eggs. However, if the acceptance rate of discriminating workers
also depended on other egg compounds, or even on the entire
chemical profile of eggs, this might provide an explanation for the
observed difference, provided that there would be systematic
differences in chemical profiles of eggs between field and lab
colonies. The hydrocarbon profiles of both QLE and WLE consist
of linear and methyl-branched alkanes, the majority of which
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could be identified [29 compounds; Figure 1C; see also [ref. 17]].
Additional samples of eggs, relative to those used in bio-assays,
showed that in lab colonies treatment increased the average (£SD)
percentage of 3,11-diMeCs; in the entire hydrocarbon profile from
9.0% (£2.7%) on WLE n=12) to 26.1% (*0.6%) on TWLE
(n=2), as compared to 12.0% (£3.2%) on QLE (n=17). Similarly,
in field colonies the relative abundance increased from 6.4%
(£2.3%) on WLE (n=14) to 23.5% (%8.2%) on TWLE (n=14),
compared to 12.9% (£7.8%) on QLE (n=15) (see also Figure S1).
Hence, QLE and WLE had similar relative proportions of 3,11-
diMeCy; under lab and field conditions, and treatment with
synthetic 3,11-diMeCy; had a clear and comparable effect on the
relative abundance of this compound in the profile. We used log-
transformed peak areas in Principal Component Analysis (PCA), and
when plotting the first two PC’s for QLE and WLE of lab colonies,
we found considerable overlap between the two egg types (Figure 1D)
with the predicted positions of TWLE falling within the QLE group.
Hence, the major difference between QLE and WLE in lab colonies
is indeed the relative abundance of 3,11-diMeCy;, so that the
experimental addition of this compound to WLE turns them into
mimics of QLE. In the field colonies, however, there was a much
clearer distinction between QLE and WLE to start with (Figure 1E),
and the PCA positions of TWLE did not come to overlap with those
of QLE. This implies that, although treatment with 3,11-diMeCy;
worked both under field and laboratory conditions, the effect in field
colonies was not sufficient to let TWLE mimic QLE, but the same
chemical compound made TWLE as acceptable as QLE in lab
colonies.

Apart from more variation and better separation between QLE
and WLE in field colonies (Figure 2A), the profiles of QLE in field
colonies were characterized by higher abundance of longer-chain
hydrocarbons (3-MeCg7, Cagg, 3,11-diMeCy;, Cog, and especially
3-MeCyg), which was only observed to some extent on QLE in lab
colonies [15,17; see also Text S1 and Figure S2]. Formal analysis
based on the mean weighted retention times of all detected
compounds confirmed that the QLE of field colonies had
significantly longer hydrocarbons on their surface than field-
produced WLE or either of the egg types in lab colonies (Figure 2B;
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Figure 2. The overall egg surface hydrocarbon analyses. (A) A plot of the first two principal components showing the overall chemical
similarity of queen-laid eggs (QLE) and worker-laid eggs (WLE) in both lab and field colonies. (B) The mean weighted retention times (=95% c.l.) of
QLE and WLE in field and lab colonies. Different letters indicate significant differences between groups (p<<0.01, ANOVA with post-hoc comparisons

of least square means, see text).
doi:10.1371/journal.pone.0004718.g002
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ANOVA, F354,=9.08, p<<0.0001). 3,11-diMeCy; is a relatively
long-chained hydrocarbon (retention time of 28.1 min with our
temperature program), so that its experimentally increased
abundance must have increased the average chain length of all
compounds on the surface of WLE to such extent that they came
to overlap with QLE in lab colonies, but not in the field colonies
where the difference between QLE and WLE was much larger
(Figure 2B).

Discussion

We have tested whether 3,11-diMeCy; acts as the queen-
marking pheromone of the ant Pachycondyla inversa in the context of
worker policing. The experimental addition of this single
compound to the surface of WLE was sufficient to convey a
reliable signal under lab conditions, but in field colonies it no
longer elicited the predictable effect on egg acceptance. This shows
that the compound in itself cannot be the universal signal that P.
inversa workers use to distinguish between QLE and WLE. The
discrepancy between lab and field behavioral results was supported
by the finding that, when considering entire hydrocarbon profiles,
TWLE mimicked QLE under lab conditions, but not under field
conditions. In field colonies, we found that QLE on average have
significantly heavier surface hydrocarbons than WLE, whereas this
was not so in lab colonies, which might indicate that the queen egg
marking signal is primarily encoded in a longer average chain
length of cuticular hydrocarbons. We hypothesize that the excess
of heavy hydrocarbons may be connected to a higher fertility of
field queens compared to lab queens and that these compounds
are costly to produce and/or maintain [19], so that queen quality
1s honestly signaled by the average chain length, rather than the
abundance of a single compound.

Uniformity of cuticular profiles under laboratory
conditions

A general consequence of imposing laboratory conditions is that
replicas are as uniform as possible. This has many advantages for
controlled experiments, but for ants and other social insects
receiving the same food may result in chemical profiles becoming
more similar across unrelated colonies [20]. Indeed, our lab
colonies not only showed a greater overlap between QLE and
WLLE, but also less variation in egg hydrocarbon profiles across
colonies (Figure 2A). This may have been a consequence of all
individuals receiving the same food, but may also have been
affected by the fact that in the field workers generally go out
foraging, and thus are exposed to different temperature, humidity
and light conditions than queens. In the lab, on the other hand, all
individuals live under the same physical conditions.

Another field of biology where the contrast between field
variability and lab uniformity is well known, is that of quantitative
genetics. Artificial selection experiments typically overestimate the
heritability of traits relative to natural populations, and a central
problem 1is therefore how these differences can be matched [e.g.
21,22,23]. Similarly, conditions during laboratory rearing of fruit
flies have been shown to affect mating [24] and feeding behavior
[25], just as uniform laboratory conditions affect nestmate
recognition in social insects. Studies on ants [26-28], wasps [29]
and honeybees [30] have all shown that prolonged maintenance
under uniform conditions can diminish the discrimination
efficiency between nestmates and non-nestmates, quite possibly
because of converging hydrocarbon profiles [20]. Deceptive
laboratory results have been obtained in studies of chemical
recognition in vertebrates. Individual recognition in genetically
uniform laboratory strains of the house mouse, Mus musculus
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domesticus, has traditionally been assumed to depend on scents
derived from the major histocompatibility complex (MHCQ).
However, this finding has recently been challenged by a study
on wild strains with larger genetic variability, where major urinary
proteins (MUPs) appeared to be more important [31]. Examples
like these emphasize that great care should be taken when
performing bioassays and interpreting results under laboratory
conditions, as they are not always representative for the more
complex field conditions.

Possible fertility reduction under laboratory conditions

The pattern we observed in our experiments may also be due to
another feature of our laboratory conditions, namely a possible
reduction in fertility of queens. Fertility signaling is of major
importance in social insects, as workers sacrifice their own
reproduction for inclusive fitness benefits via the reproduction of
their fertile queen. The queen signal has been hypothesized to
reflect fertility [8,9], and is thus expected to vary according to the
reproductive state of the queen. In the laboratory, we tried to
reproduce the natural conditions of P. iwersa in terms of
temperature, humidity and photoperiod, but conditions may well
have remained sub-optimal, because colony productivity never
approached the natural situation (e.g. lab colonies produced an
average =SD of 3.0£4.7 new workers in the 35 day study period,
whereas field colonies produced 16.6*5.4 new workers). The
move to the lab may thus have reduced queen fecundity, which
could also have induced the higher acceptance of sham-treated
WLE in lab colonies relative to field conditions (40.0% vs. 7.5%,
respectively; Figure 1B). In field colonies, we assume that queens
were highly fecund, and we observed that they produced eggs that
were chemically very different from WLE, so that the workers
could easily recognize and destroy WLE in field colonies.
However, if fecundity dropped under laboratory conditions, the
queen signal may have decreased so that her eggs became
chemically more worker-like (although the difference in 3,11-
diMeCy; remained) and workers failed more easily to discriminate
between WLE and QLE (and an increase 3,11-diMeCy; may have
tipped the balance towards acceptance). Alternatively, the workers
could have lowered their threshold for WLE acceptance after
detecting the decrease in queen fecundity, indicating that she was
failing or ageing. In any case, this would imply that workers police
eggs by relative comparison to known eggs [see also ref. 32], which
allows them to react in a condition-dependent manner.

The hypothesis of queen signal encoded in the average
chain length of cuticular profiles

Strong differences in multiple hydrocarbons between fertile and
unfertile individuals have been found in several social insect
species. Similar to our results, in the ant Harpegnathos saltator, egg-
layers are characterized by the presence of 13,23-diMeCjs; (the
very longest hydrocarbon in this species), but also by a generally
higher average chain length of their hydrocarbon profiles [33].
Egg-layers of another Ponerine ant, Gnamptogenys striatula, charac-
teristically have six additional methyl-branched alkanes on the
heavy end of the spectrum [34]. Similarly, the fertility signal of
Streblognathus peeterst appears to be encoded in a higher relative
abundance of some of the heaviest alkenes (Css.; to Cso.p) [35].
Queens of Formica fusca exhibit a set of alkanes and alkenes with a
chain length higher than 29 carbon atoms [36], which are not
found on the cuticles of workers [37]. Also, QLE of Vespula vulgaris
have a higher abundance of alkenes of 25, 27 and 29 carbon atoms
and a longer average chain-length than WLE (J.S. van Zweden
and P. d’Ettorre, unpublished results).
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On the other hand, in the species Camponotus floridanus [6],
Linepithema humale [38] and Aphaenogaster cockerelli [39] queen fertility is
associated with large qualitative shifts towards shorter average chain
length of hydrocarbons. Also in Myrmecia gulosa [40] the chemical
profile of fertile individuals is characterized by two compounds, 9-
Cgs.1 and 3-MeCys, both of which are short compared to the rest of
the profile. In Diacamma ceylonense, fertile females can be significantly
discriminated from sterile females on the basis of four methylated
alkanes, two of which are among those with the shortest chain length
in this species [41]. In Dinoponera quadriceps, however, the compounds
characterizing the alpha female, 9-Cs;.; and 9-Css.q, are found
among the median length hydrocarbons of the profile [42].
Similarly, in Lasius niger queens are characterized by a higher
abundance of Cs;.;, Css.;, and especially 3-MeCs, which are spread
throughout the profile (L. Holman, S. Dreier and P. d’Ettorre, in
preparation). These varying results imply that considerable further
work is needed to establish whether these caste-correlated differences
would decrease when queen fecundity is compromised.

Although these studies mainly obtained correlative results, they
suggest that these putative fertility signals are making use of the
production of alkenes and shifts in the average hydrocarbon chain
length, which should therefore be more costly to produce/
maintain than alkanes of median chain length [19]. To
concentrate on the chain length, as may be the case for P. inversa,
this hypothesis predicts that cuticular hydrocarbon profiles of
unfertile workers of social insects should be bell-shaped, with
abundant peaks in the centre (e.g. 27 carbon atoms in the case of
P. inversa) and minor peaks at both ends. This is indeed what is
generally observed across the social insect species investigated so
far [Figure 1C; e.g. [refs. 6,36,40]]. Chain length of hydrocarbons
1s regulated by fatty acyl-CoA elongase reactions, and the position
of the double bond in alkenes is determined by a fatty acyl-CoA
desaturase before the elongation process starts [43]. Not enough is
known about the synthetic pathway of the different hydrocarbons
to accurately estimate their cost, but any switch or addition in the
metabolic pathways will likely entail a cost, so that honesty might
(partly) be maintained by this mechanism. In any case, the multi-
component nature of the hydrocarbon signals seems to be crucial,
which would allow the receiver to make an accurate quality
assessment of the signaler [44,45] and the signal to remain
corruption-proof. This is both because a greater number of
metabolic pathways increases the overall cost of signal production
and because the overproduction of a single component by cheaters
may be easy to ignore or may even solicit aggression towards the
signaler [c.f. 9,46]. Hence, the time may have come to revise the
“single pheromone — single message” model, just as we have
earlier given up on the “single gene — single behavior” paradigm.

Methods

Study organisms

Colonies of Pachycondyla inversa (Formicidae: Ponerinae) [47]
were collected in November of two consecutive years from a cocoa
plantation near Ilhéus, Bahia, Brazil. In 2004, four polygynous (2—
3 queens, 38*17 workers (mean®SD)) and four queenless colonies
(24%=7 workers) were brought to Regensburg, Germany (“lab
colonies™). Colonies were kept under near-natural conditions
(27°C and 60% humidity, 12L:12D photoperiod) and in plastic
boxes (19x19%9 cm) with a regularly moistened plaster floor. A
chamber in the plaster (6x6x1.5 cm) served as nest cavity.
Diluted honey and cockroaches, Nauphoeta cinerea, were provided
three times per week, and water was provided ad Ghbitum.
Experiments started five weeks after establishment in the lab,
when the first WLE appeared in queenless colonies.
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In 2005, five polygynous (2—4 queens, 40*9 workers), five
monogynous (I queen, 26*7 workers) and seven queenless
colonies (19%5 workers) were collected and kept in plastic boxes
(26x15%8 cm ) with a moist plaster floor under natural conditions
for humidity, temperature and day-night cycle, i.e. in a building on
the plantation itself (“field colonies”). These are the same colonies
as used by van Zweden et al. [7], to test for specialization in
policing behavior. Two chambers (2.8 x2.8 x0.9 cm) in the plaster
served as nest cavities. Diluted honey, termites and crickets were
provided three times per week, and water was provided ad libitum.
Experiments started a few days after the first WLE appeared in
queenless colonies, i.e. approximately two weeks after collection.

Policing assays

To mimic queen-laid eggs (QLE), we treated worker-laid eggs
(WLE) with synthetic 3,11-diMeCy; (see [16] for pathway of
synthesis). First, 20 pl of pentane containing 0.1 ug pl~' 3,11-
diMeCy; was dispensed onto a clean glass cover slip (24 x24 mm).
After the pentane had evaporated, only the compound remained on
the cover slip. An egg was carefully removed from its source colony
(048 hours after oviposition), placed onto the cover slip, and rolled
back and forth for 3 min in the area where the compound was
present, so that the concentration on the surface of the egg increased
(“treated worker-laid eggs” or TWLLE, hereafter). Sham-control
WLE and QLE were treated in a similar way, but using pentane
without any 3,11-diMeCy;. After treatment, the eggs were
individually introduced into a discriminator colony and their
acceptance or rejection [cf. 7,17] was assessed during a 30 min
observation period immediately following introduction (Figure 1B).

The four polygynous lab colonies were used as discriminator
colonies in egg policing trials, following a standard protocol [17].
Discriminator colonies were paired with egg-supply colonies, so
that the QLE (n=10 per discriminator colony) were always
obtained from only one of the other polygynous colonies, and the
WLE (n=10) and TWLE (n=10) from one of the queenless
colonies. The five polygynous field colonies were used as
discriminator colonies, whereas the monogynous field colonies
provided the QLE (n=10) and the queenless field colonies the
WLE (n=16) and TWLE (n = 12). In this case, each discriminator
colony received QLE and WLE from all source colonies in equal
quantities. In all assays only hetero-colonial eggs were introduced,
just as in earlier studies [7,17]. Introduced TWLE and WLE
always came from the same source colony. Statistical analyses were
done using SAS 9.1.

Chemical analysis

Surface chemicals of additional QLE, WLE, and TWLE (all after
treatment on a cover slip) were extracted by individually washing the
eggs in 30 pl of HPLC-grade pentane for 1 min. We injected 2 pl of
this extract into an Agilent Technologies 6890N gas chromatograph,
either equipped with a flame ionization detector (FID) and an Rtx-5
30.0 mx0.25 mmx0.50 pm capillary column (lab colonies), or with
an Agilent 5975 mass selective detector (MS) and a HP-5MS column
(30.0 mx0.25 mmx0.25 um) (field colonies). For samples run with
FID, compounds had been identified beforehand using GC-MS.
The injectors were of the split-splitless type and the carrying gas was
Helium at 1 ml min~". The temperature program for the analysis of
eggs from lab colonies ranged from 70°C to 180°C at 20°C min™ ',
then increased to 280°C at 5°C min~', and was held at 280°C: for
15 min. For the field colonies the temperature rose from 70°Ci to
180°C at 20°C min~ !, then increased to 320°C at 5°C min~ ' at
which it was held for 5 min. The two temperature programs gave the
same results in terms of detected compounds, which were identical to
the compounds found by d’Ettorre ez al. [17], except for compound 1
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(an unknown non-hydrocarbon) that could not be found again. For
each profile the peak area of each of twenty-nine peaks (Figure 1C)
was integrated. For the lab colonies, we used WLE (n = 12) coming
from four queenless source colonies and QLE (n=17) from four
queenright source colonies. TWLE (n =2) came from two queenless
source colonies. For the field colonies, WLE (n=14) and TWLE
(n=14) from seven queenless source colonies were used, whereas
QLE (n=15) came from five monogynous source colonies.

For use in principle component analysis (PCA), the peak areas
were normalized using a Z-transformation, to reduce the “closure”
effect [ie. the relative contribution of one peak affecting the
relative contribution of the rest of the compounds; ref. 48]. We
included only those peaks that varied more between QLE and
WLE than within either of these groups, to decrease noise in the
analysis, i.e. for which the standard deviation over all QLE and
WLE samples combined was at least as large as the pooled
standard deviation within these groups [49]. This reduced the
number of variables to the nineteen peaks (Figure 1C — marked
with an asterisk), out of twenty-nine that were available. A PCA
including all variables gave similar results, so that this restriction
was not essential. We performed PCA in LATENTIX 1.00 for
Windows (MathWorks Inc., Denmark) to estimate the chemical
similarity of the different egg profiles. This program allows
validation of the PCA model with a test set, i.e. a set of samples
that is not included to calculate the principle components, but
plotted on the model afterwards by wusing the principle
components. This procedure allowed us to keep the TWLE out
of the initial analysis of total variable space, so that their position
compared to QLE and WLE could be unambiguously predicted,
because they had not influenced the model.

To investigate the relative intensity of short-chain vs. long-chain
hydrocarbons, the mean weighted retention time was calculated by
multiplying the average retention time of each peak with the
relative area of that peak and taking the sum of these values over
the entire profile. The mean weighted retention times were
calculated for individual QLE and WLE of both field and lab
colonies, and were subsequently used in ANOVA in STATIS-
TICA 7.1.

References

1. Ratnicks FLW (1988) Reproductive harmony via mutual policing by workers in
eusocial Hymenoptera. The American Naturalist 132: 217-236.

2. Ratnicks FLW, Foster KR, Wenseleers T (2006) Contflict resolution in insect
societies. Annual Review of Entomology 51: 581-608.

3. Hammond RL, Keller L. (2004) Conflict over male parentage in social insects.
Public Library of Science Biology 2: E248.

4. Ratnieks FLW, Visscher PK (1989) Worker policing in the honeybee. Nature
342: 796-797.

5. Liebig J, Peeters C, Holldobler B (1999) Worker policing limits the number of
reproductives in a ponerine ant. Proceedings of the Royal Society B: Biological
Sciences 266: 1865-1870.

6. Endler A, Liebig J, Schmitt T, Parker JE, Jones GR, et al. (2004) Surface
hydrocarbons of queen eggs regulate worker reproduction in a social insect.
Proceedings of the National Academy of Sciences of the United States of
America 101: 2945-2950.

7. van Zweden JS, First MA, Heinze J, D’Ettorre P (2007) Specialization in
policing behaviour among workers in the ant Pachycondyla inversa. Proceedings of
the Royal Society B: Biological Sciences 274: 1421-1428.

8. Ratnicks FLW (1992) Evidence for an egg-marking pheromone in the honey
bee. American Bee Journal 132: 813.

9. Keller L, Nonacs P (1993) The role of queen pheromones in social insects: queen
control or queen signal? Animal Behaviour 45: 787-794.

10. Endler A, Liebig J, Holldobler B (2006) Queen fertility, egg marking and colony
size in the ant Camponotus. floridanus. Behavioral Ecology and Sociobiology. pp 1-10.

11. Martin SJ, Jones GR, Chaline N, Middleton H, Ratnieks FLW (2002)
Reassessing the role of the honeybee (dpis mellifera) Dufour’s gland in egg
marking. Naturwissenschaften 89: 528-532.

12. Martin SJ, Jones GR, Chaline N, Ratnicks FLW (2004) Role of hydrocarbons in
egg recognition in the honeybee. Physiological Entomology 29: 395-399.

13. Martin 8], Chaline N, Ratnicks FLW, Jones GR (2005) Searching for the egg-
marking signal in honeybees. Journal of Negative Results - EEB 2: 1-9.

@ PLoS ONE | www.plosone.org

Ant Queen Egg-Marking Signals

Supporting Information

Figure S1 Chromatograms of a typical queen-laid egg (QLE), a
worker laid egg (WLE) and a worker-laid egg treated with 3,11-
diMeC27 (TWLE). The treatment was successful in increasing the
relative abundance of 3,11-diMeC27 on the surface of the eggs.
Arrows point to 3,11-diMeC27.

Found at: doi:10.1371/journal.pone.0004718.s001 (0.10 MB TTF)

Figure 82 Plots of the first two principal components showing
the chemical similarity of QLE and WLE, using only three
relatively long-chained linear and two 3-methyl alkanes as
variables, in A) lab colonies and B) field colonies. The positions
of compounds (PC loadings) are indicated with black dots. The
QLE of field source colony P3 are marked separately, because
these eggs grouped with WLE and their policing rate was similar
to that of WLE (6 out of 10 eggs policed).

Found at: doi:10.1371/journal.pone.0004718.s002 (0.17 MB TTF)

Text S1
colonies
Found at: doi:10.1371/journal.pone.0004718.s003 (0.04 MB
DOC)

Chain-length hypothesis and policing rates in individual

Acknowledgments

We would like to thank Wittko Francke for providing us with synthetic
3,11-diMeCy;. J.H.C. Delabie, R. Rodrigues da Hora, K. Kellner, M.A.
Furst, S. Dreier and employees of CEPLAC provided us with logistic
support in Brazil. We are grateful to Jan Christensen for help with the
chemical analysis and to all members of the Copenhagen Centre for Social
Evolution for providing a stimulating working environment. Research
permits were issued by the Brazilian Minister of Science and Technology
(RMX 004/02).

Author Contributions

Conceived and designed the experiments: JSvZ JH Pd. Performed the
experiments: JSvZ. Analyzed the data: JSvZ. Wrote the paper: JSvZ JJB
Pd.

14. Katzav-Gozansky T, Soroker V, Ibarra F, Francke W, Hefetz A (2001) Dufour’s
gland secretion of the queen honeybee (dpis mellifera): an egg discriminator
pheromone or a queen signal? Behavioral Ecology and Sociobiology 51: 76-86.

15. Heinze J, Stengl B, Sledge MF (2002) Worker rank, reproductive status and
cuticular hydrocarbon signature in the ant, Pachycondyla cf. inversa. Behavioral
Ecology and Sociobiology 52: 59-65.

16. d’Ettorre P, Heinze J, Schulz C, Francke W, Ayasse M (2004) Does she smell like
a queen? Chemoreception of a cuticular hydrocarbon signal in the ant
Pachycondyla inversa. Journal of Experimental Biology 207: 1085-1091.

17. d’Ettorre P, Heinze J, Ratnieks FLW (2004) Worker policing by egg eating in the
ponerine ant Pachycondyla inversa. Proceedings of the Royal Society B: Biological
Sciences 271: 1427-1434.

18. d’Ettorre P, Tofilski A, Heinze J, Ratnieks FLW (2006) Non-transferable signals
on ant queen eggs. Naturwissenschaften 93: 136-140.

19. Zahavi A, Zahavi A (1997) The handicap principle. A missing puzzle of
Darwin’s puzzle. New York: Oxford University Press. 288 p.

20. van Zweden JS, Dreier S, d’Ettorre P (2009) Disentangling environmental and
heritable nestmate recognition cues in a carpenter ant. Journal of Insect
Physiology 55: 158-163.

21. Kruuk LEB (2004) Estimating genetic parameters in natural populations using
the ‘animal model’. Philosophical Transactions of the Royal Society B:
Biological Sciences 359: 873-890.

22. Postma E, Visser J, Van Noordwijk AJ (2007) Strong artificial selection in the
wild results in predicted small evolutionary change. Journal of Evolutionary
Biology 20: 1823-1832.

23. Zhou L, Wang JK, Yi Q, Wang YZ, Zhu YG, et al. (2007) Quantitative trait loci
for seedling vigor in rice under field conditions. Field Crops Research 100:
294-301.

24. Mesa-hernandez ]S, Diaz-Fleischer F (2006) Comparison of Sexual Compat-
ability Between Laboratory and Wild Mexican Fruit Flies Under Laboratory and
Field Conditions. Journal of Economic Entomology 99: 1979-1986.

March 2009 | Volume 4 | Issue 3 | e4718



31.

32.

36.

37.

. Bravo ISJ, Zucoloto FS (1998) Performance and feeding behavior of Ceratitis

capitata: comparison of a wild population and a laboratory population.
Entomologia Experimentalis et Applicata 87: 67-72.

5. Obin MS, Vander Meer RK (1988) Sources of nestmate recognition cues in the

imported fire ant Solenopsis invicta Buren (Hymenoptera: Formicidae). Animal
Behaviour 36: 1361-1370.

. Crosland MW]J (1989) Kin recognition in the ant Rhytidoponera confusa 1.

Environmental odour. Animal Behaviour 37: 912-919.

. Liang D, Silverman J (2000) “You are what you eat”: diet modifies cuticular

hydrocarbons and nestmate recognition in the Argentine ant, Linepithema humile.
Naturwissenschaften 87: 412-416.

. Gamboa GJ, Reeve HK, Ferguson ID, Wacker TL (1986) Nestmate recognition

in social wasps: the origin and acquisition of recognition odours. Animal

Behaviour 34: 685—695.

. Kalmus H, Ribbands CR (1952) The origin of the odours by which honeybees

distinguish their companions. Proceedings of the Royal Society B: Biological
Sciences 140: 50-59.

Hurst JL, Thom MD, Nevison CM, Humphries RE, Beynon RJ (2005) MHC
odours are not required or sufficient for recognition of individual scent owners.
Proceedings of the Royal Society B: Biological Sciences 272: 715-724.
Helanterd H, Ratnicks F (2009) Two independent mechanisms of egg
recognition in worker Formica fusca ants. Behavioral Ecology and Sociobiology.

. Liebig J, Peeters C, Oldham NJ, Markstadter C, Holldobler B (2000) Are

variations in cuticular hydrocarbons of queens and workers a reliable signal of
fertility in the ant Harpegnathos saltator? Proceedings of the National Academy of
Sciences of the United States of America 97: 4124-4131.

. Lommelen E, Johnson C, Drijthout F, Billen J, Wenseleers T, et al. (2006)

Cuticular Hydrocarbons Provide Reliable Cues of Fertility in the Ant
Gnamptogenys striatula. Journal of Chemical Ecology 32: 2023-2034.

. Cuvillier-Hot V, Lenoir A, Crewe R, Malosse C, Pecters C (2004) Fertility

signalling and reproductive skew in queenless ants. Animal Behaviour 68:
1209-1219.

Hannonen M, Sledge MF, Turillazzi S, Sundstrom L (2002) Queen
reproduction, chemical signalling and worker behaviour in polygyne colonies
of the ant Formica fusca. Animal Behaviour 64: 477-485.

Martin S, Helantera H, Drijfhout F (2008) Colony-specific hydrocarbons
identify nest mates in two species of Formica ant. Journal of Chemical Ecology 34:
1072-1080.

@ PLoS ONE | www.plosone.org

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

Ant Queen Egg-Marking Signals

de Biseau J-C, Passera L, Daloze D, Aron S (2004) Ovarian activity correlates
with extreme changes in cuticular hydrocarbon profile in the highly polygnous
ant, Linepithema humile. Journal of Insect Physiology 50: 585-593.

Smith A, Hélldobler B, Liebig J (2008) Hydrocarbon Signals Explain the Pattern
of Worker and Egg Policing in the Ant Aphaenogaster cockerelli. Journal of Chemical
Ecology 34: 1275-1282.

Dietemann V, Peeters C, Liebig J, Thivet V, Holldobler B (2003) Cuticular
hydrocarbons mediate discrimination of reproductives and nonreproductives in
the ant Myrmecia gulosa. Proceedings of the National Academy of Sciences of the
United States of America 100: 10341-10346.

Cuvillier-Hot 'V, Cobb M, Malosse C, Peeters C (2001) Sex, age and ovarian
activity affect cuticular hydrocarbons in Diacamma ceylonense, a queenless ant.
Journal of Insect Physiology 47: 485-493.

Monnin T, Malosse C, Peeters C (1998) Solid-phase microextraction and
cuticular hydrocarbon differences related to reproductive activity in queenless
ant Dinoponera quadriceps. Journal of Chemical Ecology 24: 473-490.

Howard RW, Blomquist GJ (2005) Ecological, behavioral, and biochemical
aspects of insect hydrocarbons. Annual Review of Entomology 50: 371-393.
Holldobler B (1995) The chemistry of social regulation: Multicomponent signals
in ant societies. Proceedings of the National Academy of Sciences of the United
States of America 92: 19-22.

. d’Ettorre P, Moore AJ (2008) Chemical communication and the coordination of

social interactions in insects. In: d’Ettorre P, Hughes DP, eds. Sociobiology of
Communication: an interdisciplinary perspective. Oxford: Oxford University
Press. pp 81-96.

Tibbetts EA, Dale J (2004) A socially enforced signal of quality in a paper wasp.
Nature 432: 218-222.

Lucas C, Fresneau D, Kolmer K, Heinze J, Delabie JHC, et al. (2002) A
multidisciplinary approach to discriminating different taxa in the species
complex Pachycondyla villosa (Formicidae). Biological Journal of the Linnean
Society 75: 249-259.

Christensen JH, Tomasi G (2007) Practical aspects of chemometrics for oil spill
fingerprinting. Journal of Chromatography A 1169: 1-22.

Christensen JH, Hansen AB, Tomasi G, Mortensen J, Andersen O (2004)
Integrated Methodology for Forensic Oil Spill Identification. Environmental
Science and Technology 38: 2912-2918.

March 2009 | Volume 4 | Issue 3 | e4718



