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Abstract Neotropical attine ants live in obligatory symbiosis with a fungus that they grow
for food on a substrate of primarily plant material harvested by workers. Nestmate recog-
nition is likely based on chemical cues as in most other social insects, but recent studies
have indicated that both the ants and their mutualistic fungi may contribute to the rec-
ognition templates. To investigate the within-colony variation in chemical profiles, we
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extracted and identified compounds from the cuticle of workers, the postpharyngeal gland
of workers, ant pupae and larvae, and the fungal symbiont of three species of higher attine
ants: Atta colombica, Acromyrmex echinatior, and Sericomyrmex amabilis. The relative
proportions of identified compounds were compared and represented 11 classes: n-alkanes,
alkenes, branched methylalkanes, branched dimethylalkanes, trimethylalkanes, branched
alkenes, aldehydes, alcohols, acetates, acids, and esters. The chemical profiles in all three
species are likely to be sufficiently different to allow discrimination at the species and
colony level and sufficiently similar within colonies to generate a relatively constant
colony-specific chemical gestalt. The relative likelihood of individual compounds being
derived from the ants, the ant brood, or the fungal symbiont are discussed. We hypothesize
that hydrocarbons are particularly important as recognition cues because they appear to
simultaneously allow the assessment of developmental stages and the identification of
symbiont, colony, and species.

Keywords Cuticular hydrocarbons . Colony odor . Recognition . Symbiosis

Introduction

Cuticular hydrocarbons profiles are thought to provide the main nestmate recognition
templates in social insects (Singer 1998; Lahav et al. 1999), and many studies have shown
that these compounds are involved in recognition processes between individuals, castes,
and colonies (Vander Meer and Morel 1998). A colony’s “odor profile” is typically deter-
mined by specific proportions of a series of hydrocarbons that function as a blurred barcode
and prompts colony members to expel non-nestmate individuals with a different odor
profile (Wilson 1971; Breed 1983). The origin of the chemical compounds involved in
recognition and discrimination processes may differ across species, both for idiosyncratic
reasons and because of variation in the genetic (Hölldobler and Wilson 1990; Beye et al.
1997, 1998; Boomsma et al. 2003) and environmental components (Obin 1986; Crosland
1989) of odor profiles. Environmental factors that contribute to colony odor include am-
bient temperature, humidity, soil characteristics, food, and nest material (Jutsum et al. 1979;
Obin 1986; Crosland 1989; Heinze et al. 1996; Singer and Espelie 1996; Nielsen et al.
1999; Liang and Silverman 2000; Silverman and Liang 2001; Richard et al. 2004; Howard
and Blomquist 2005).

The fungus-growing ants are exclusively a NewWorld tribe of myrmicine ants (Attini) and
are restricted largely to the tropics and subtropics of Central and South America. The attine
tribe contains 13 genera and more than 210 species (Brandão and Mayhé-Nunes 2001;
Mueller et al. 2001). The tribe is subdivided into a derived monophyletic group called the
“higher attines,” which includes the genera Atta, Acromyrmex (including Pseudoatta),
Trachymyrmex, and Sericomyrmex, and a largely paraphyletic group called the “lower
attines” that contain the remaining genera (Apterostigma, Cyphomyrmex, Mycetarotes,
Mycetophylax, Mycetosoritis, Mycetoagroicus, Mycocepurus, and Myrmicocrypta; Chapela
et al. 1994; Schultz and Meier 1995). While leaf-cutting ants collect fresh leaves for
fungiculture, lower attines use feces or dead plant or arthropod material as substrate for
their fungus gardens. Colony size is relatively small (around 10–100 workers) in the
lower attines compare to the thousands of workers in a Sericomyrmex colony, the tens of
thousands in an Acromyrmex colony, and the millions of workers in an Atta colony (Weber
1972; Hölldobler and Wilson 1990). All attine ants cultivate fungi that belong to the tribe
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Leucocoprineae; the association is believed to have originated in the Amazon Basin more
than 50 million years ago (Chapela et al. 1994; Mueller et al. 1998). The symbiosis is
obligate and has at least diffusely coevolved with respect to several nutritional,
physiological, and antibiotic characteristics (Mueller 2002; Currie et al. 2003, 2006;
Richard et al. 2005; Mikheyev et al. 2007).

Previous work on Acromyrmex species has shown that the workers and fungus gardens
of the same colony have partly similar and partly different chemical profiles (Viana et al.
2001; Richard et al. 2004, 2007) and that nestmate recognition within and across closely
related species is related to differences in surface chemistry (Lambardi et al. 2007; Richard
et al. 2007). The purpose of the present study was to further investigate the magnitude and
variability of these differences by: (1) comparing the qualitative and quantitative differences
among three different sympatric species that belong to different genera of higher attine ants
(Atta, Acromyrmex, and Sericomyrmex) and (2) comparing the chemical profiles of different
colony members and developmental stages (workers, worker PPGs, brood, and the fungus
garden) within and between these ant genera.

Methods and Materials

Biological Material We used five colonies of Atta colombica (one without larvae), nine
colonies of Acromyrmex echinatior (one without larvae; colony number Ae48, Ae109,
Ae124, Ae132, Ae168, Ae210, Ae219, Ae221, Ae223), and four colonies of Sericomyrmex
amabilis (two without larvae and pupae; colony numbers Sal220402-1, Sal210402,
Sal110601-18, Sal030603-1). All colonies were collected in Gamboa, Panama, between
1994 and 2002, and had been maintained in the laboratory for a minimum of 2 years on
a similar diet. At the time of sampling (July 2004), nest boxes were maintained at the
University of Copenhagen under standardized conditions of approximately 70% relative
humidity and 25°C. Colonies were provided with a diet of bramble leaves and rice grains,
except for Sericomyrmex colonies that were provided with dried flower petals and small
pieces of cut bramble leaves.

Chemical Analyses of Colonies Extracts were obtained from 200 mg of larvae or pupae or
ten workers immersed in 1 ml of pentane for 10 min. Another ten workers from each colony
were frozen for later dissection of their postpharyngeal glands (PPGs). Fragments of fungus
garden were taken from all colonies of Sericomyrmex with two replicates per colony and
from all colonies of Atta and Acromyrmex with four replicates per colony. To minimize any
effects of leaf material on the chemical profiles, the fungus garden samples were taken
from the mature middle section of fungus gardens where all leaf material was degraded
(cf. Richard et al. 2007). All brood and workers were removed from the fungus fragments
before chemical extraction, which was performed on 200 mg of fungus material immersed
in 3 ml pentane for 10 min.

Extracts were stored at −20°C until analyzed. Before analysis, any remaining pentane
was allowed to evaporate, and dried extracts were redissolved in 50 μl pentane containing
10 ng/μl eicosane (n-C20) as an internal size standard. Two microliters of these mixtures
were injected into a gas chromatograph coupled with a mass spectrometer, and compound
quantification and identification were performed on an HP6890 gas chromatograph with an
HP5973 mass-selective detector, equipped with an HP-5 column (30 m×0.32 mm inner
diameter, film thickness=0.25 μm). The initial temperature was 80°C for 1 min with a
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subsequent gradual increase of 10°C/min until 200°C was reached and finally a gradual
temperature increase of 3°C/min until the maximum temperature of 340°C was reached and
maintained for 10 min. The mass spectrometer was operated at 70 eV, and scanning was
done from 40 to 550 amu at 1.5 scans/sec.

Identification of Compound Classes The objective of this study was to compare the
chemical profiles of different species of ants, their larvae, pupae, and the fungus—not to
provide absolute identifications of all of the different compounds that were found. Cuticular
hydrocarbons (alkanes and mono-, di-, and trimethyl alkanes) were characterized to class
level by using diagnostic ions, comparisons with standard mass spectrometry (MS) databases,
and by determination of Kovats indices (see Carlson et al. 1998; Lommelen et al. 2006). The
position of the double bond in the alkenes was not determined because our purpose was not to
identify specific compounds. The identification of other compounds was based on
comparison of retention times and diagnostic ions with NIST/EPA/NIH 172 mass spectral
libraries. Our chemical profiles were also compared with previous studies where we did
identify the chemicals associated with leaf-cutting ant fungus gardens (Richard et al. 2007).

Statistical Analyses The chemical profiles of the different colonies were obtained by
gas chromatography (GC)–MS analysis and were compared within and among species.
Quantification and chemical profile characterization were done by GC-MS peak integration
using the relative abundance of the various peaks. To test for differences in chemical
profiles among different groups, we used factorial analyses and nested two-way analyses of
variance (ANOVAs) having ant species, ant colony nested within species, and development
stage as main factors (using arcsine square root [X] transformed individual peak areas of all
identified compounds; Statistica 6.0, StatSoft®). To evaluate the relative contribution of ant
species origin, ant colony, and developmental stage or symbiont origin to the profiles, we
performed type II ANOVAs on each of these factors individually, both for all compounds
present in the profiles and for the class of hydrocarbons alone. Data are presented as
median±semi-interquartile ranges of the relative areas. To compare the relative quantities of
the different compound categories between the different species, we used nonparametric
Kruskal–Wallis tests on ranks.

Results

A total of 179 compounds, of which 139 hydrocarbons (16 n-alkanes, 22 alkenes, 49 Me-
alkanes, 44 Dime-alkanes, and 8 Trime-alkanes), were identified (see Supplementary
material: Appendix Table 1) and present in sufficient quantities to be analyzed for their
contribution to the overall chemical profiles of the three focal species A. colombica, A.
echinatior, and S. amabilis (Appendix Tables 2, 3 and 4). The cuticular profiles of worker
ants contained a mixture of alkanes, alkenes, and mono- and dimethylalkanes with chain
lengths ranging from C16 to C39 in A. colombica, C18 to C37 in A. echinatior, and C27 to
C37 in S. amabilis (Appendix Tables 1, 2, 3, and 4). Considerable amounts of 5, 9+5, 11
Dime C35, and trimethylalkanes were present in A. colombica and four other compounds
were specific for workers of A. echinatior: C20:2; C23:2, 11MeC21, and xMeC21. S.
amabilis was characterized by the presence of 3MeC29 in all samples and 7MeC33 and
12,16+14,18 Dime C32 in all samples except larvae.
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When evaluating compounds in the five major classes of hydrocarbons only, there were
significant differences among the three species, with A. colombica having more alkenes
and trimethylalkanes, A. echinatior having more alkanes, and S. amabilis having more
methylalkanes and dimethylalkanes (Tables 1 and 3). No chemical compounds other than
hydrocarbons were identified on S. amabilis worker cuticles, but A. echinatior cuticles
contained an appreciable fraction of aldehydes, whereas A. colombica workers expressed
small quantities of aldehydes, alcohols, and formates (Tables 2 and 3). Larval and pupal
profiles consisted almost exclusively of hydrocarbons in all three species (Table 2). In
general, brood profiles were less variable in chain length than worker profiles in A.
colombica (C18 to C37) and A. echinatior (C18 to C33) and shorter than worker profiles in
S. amabilis (C21 to C33). Finally, there was a striking difference between the very small
total amounts of hydrocarbons on the bodies of larvae and pupae, relative to the much
larger amounts on worker cuticles (Table 3). Thus, developmental stages and symbionts had
a highly significant impact on all compound groups, while only some compound groups
appeared affected by colony-of-origin (alkanes and alkenes) and ant species (hydrocarbons
and branched alkanes). Because of the difficulty of standardizing tissue samples among
groups, such absolute quantity estimates need to be interpreted with caution. However, the
fact that the amount of compounds on larvae and pupae was an order of magnitude less than
on worker cuticles and fungus garden material makes it reasonable to infer that these
quantitative differences are real.

The fungus chemical profiles contained alkanes, alkenes, and methyl alkanes with
chain lengths ranging from C18 to C36 for A. colombica, C18 to C33 for A. echinatior,
and C25 to C35 for Sericomyrmex (Appendix Tables 1, 2, 3 and 4). The fungus garden
methylalkanes were MeC23 and MeC26 for A. colombica and A. echinatior, and MeC27 to
MeC35 for S. amabilis. Dimethylalkanes with chains ranging from DimeC33 to DimeC35
were found in A. colombica and DimeC31 to DimeC33 in S. amabilis, whereas trimethyl
alkanes were only found in A. colombica fungus gardens. The diversity of chemical
compounds in the fungus garden was higher than the diversity in brood, workers, and PPGs
(see Supplemantary material: Appendix Tables 1, 2, 3, 4). However, hydrocarbons were
more abundant than all other chemical classes in the fungi cultivated by A. colombica and
A. echinatior, whereas the S. amabilis symbionts also had relative large amounts of acetates
(Table 2).

Table 1 Relative proportions (median±semi-interquartile ranges) of alkanes, alkenes, methylalkanes,
dimethylalkanes, and trimethyl alkanes based on the total cuticular hydrocarbon quantities in three species of
higher attine ants

Species Number of
Colonies

Alkanes Alkenes Methylalkanes Dimethylalkanes Trimethylalkanes Hydrocarbons
(%)

Atta colombica 5 21.41±
2.99

29.13±
0.56

0.29±0.02 8.10±0.35 41.11±1.59 100

Acromyrmex
echinatior

9 77.78±
5.48

19.72±
4.97

2.5±1.96 0 100

Sericomyrmex
amabilis

4 31.98±
6.59

1.35±
0.68

38.75±4.31 26.39±2.67 100

H (P)
(Kruskal–
Wallis)

13.9
(<0.001)

12.6
(0.01)

9.5 (0.008) 16.4 (<0.001)
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Factorial analyses showed that the chemical profiles of larvae and pupae lie between the
profiles obtained from worker cuticles and the fungal symbionts (Fig. 1) and that PPG
profiles are most different from those of the fungal profiles. Moreover, each of these
developmental stage or symbiont components of the colony had its own specific chemical
profile nested within the overall characteristic profile for the colony and species (Fig. 2).
Type II ANOVAs were performed to evaluate how much of the variation in the complete
chemical profiles and in the profiles including only hydrocarbons could be attributed to ant
species, ant colony, and developmental stage or symbiont origin. While the species
component only explained 0.34% (R2) of the variation in the complete chemical profiles,
colony-of-origin explained 21%, and developmental stage or symbiont origin explained 35%
of the variance in profiles. When only hydrocarbon compounds were included in the analysis,
11.4, 23.7, and 23.0% of the variation could be attributed to species, colony, and
developmental stage/symbiont origin, respectively. The low amount of variation explained
by ant species in the former analyses indicates that the presence of abundant nonhydrocarbon

Table 2 Relative proportions (median±semi-interquartile ranges) of 8 different classes of compounds for
three species of higher attine ants

Sample size
replicate
(number of
colonies)

Hydrocarbons Aldehydes Acetates Alcohols Esters Formates ANOVA

Fungus
Atta
colombica

18 (5) 78.54±3.19 0.63±0.21 12.11±
1.80

0.97±
0.45

6.01±
2.24

0.03±
0.07

F(5, I=96)=85.7,
P<0.001

Acromyrmex
echinatior

34 (9) 62.09±8.03 2.04±0.41 8.62±
3.09

5.22±
1.92

F(3, I=136)=996;
P<0.01

Sericomyrmex
amabilis

8 (4) 41.15±8.88 2.72±0.23 32.53±
6.84

7.09±
2.33

8.89±
1.46

F(4, I=40)=31.4;
P<0.001

H (P)
(Kruskal–
Wallis)

29.2 (0.000) 33.8
(0.000)

17.5
(0.001)

9.6
(0.008)

Cuticle
Atta
colombica

5 (5) 96.23±0.52 1.44±0.30 1.05±
0.19

0.12±
0.02

Acromyrmex
echinatior

9 (9) 89.73±4.43 8.01±3.22

Sericomyrmex
amabilis

4 (4) 100.00±0.00 0.00±0.00

H (P)
(Kruskal-
Wallis)

12.7 (0.001) 14.5
(0.000)

Brood
Atta
colombica

8 (4) 100

Acromyrmex
echinatior

15 (6) 100

Sericomyrmex
amabilis

4 (2) 100±0.68 0±0.25 0±0.43

H (P)
(Kruskal–
Wallis)

1.92 (0.382)

2286 J Chem Ecol (2007) 33:2281–2292



compounds, particularly in the fungal samples of all three species (Table 2), tend to swamp
the species differences that emerge when hydrocarbons are analyzed alone.

Discussion

We have shown that: (1) a large variety of potential recognition compounds is present in the
colonies of fungus-growing ants; (2) workers express mostly hydrocarbons, whereas fungus
gardens have a number of additional compounds; (3) ants and fungal symbionts of the three
species (genera) can be statistically distinguished based on their chemical profiles; and (4)

Table 3 Real compound quantities (median±semi-interquartile ranges; in ng) and the results of two-way
nested ANOVAs, having ant species, colony origin nested within ant species, and developmental stage or
symbiont origin as main factors

All compounds All
hydrocarbons

Alkanes Branched
Alkanes

Alkenes Other
compounds

Fungus
A. colombica 13,228.58±

5,909.74
17,124.14±
7,181.14

5,781.12±
3,111.77

2,471.77±
989.96

917.45±218.57 3,688.85±
1,241.83

A. echinatior 19,499.50±
10,145.7

12,039.65±
6,895.37

11,484.25±
6,816.53

49.82±29.20 453.15±202.69 2,740.1±
1,333.4

S. amabilis 19,135.51±
2,659.86

10,882.03±
3,043.71

7,554.82±
1,305.19

1,653.57±
1,154.80

18.92±18.14 9,789.6±
2,627.9

CUTICLE
A. colombica 6,835.57±

2,152.40
11,098.51±
3,761.58

1,348.78±
503.28

3,233.24±
882.61

2,158.39±
582.95

180.13±
36.58

A. echinatior 753.13±259.31 612.98±221.94 436.99±
190.63

11.44±6.36 107.94±28.66 60.36±46.62

S. amabilis 2,091.57±
493.98

2,091.57±
493.98

790.67±
106.14

1,402.42±
315.26

30.86±21.55 –

PPG
A. colombica 22,339.15±

10,202.6
38,079.19±
17,032.21

536.41±
299.80

15,870.55±
6,785.20

5,424.2±
2,941.7

72.01±68.15

A. echinatior 797.56±531.06 747.11±492.65 724.75±507.3 – 8.16±11.70 12.36±14.9
S. amabilis 7,852.12±

1,331.79
7,852.12±
1,331.79

45.88±37.19 7,712.5±
1271.61

106.08±44.37 –

PUPAE
A. colombica 535.21±115.94 970.91±236.64 93.92±28.92 348.25±89.04 78.08±10.20 14.33±5.60
A. echinatior 44.55±28.17 44.55±28.17 7.13±6.73 – 38.60±15.96 –

S. amabilis 232.62±22.51 232.62±22.51 109.16±6.45 97.93±13.48 25.52±2.57 –

LARVAE
A. colombica 366.40±82.23 648.43±135.50 103.66±30.56 191.11±26.80 58.88±20.76 12.74±4.10
A. echinatior 11.39±7.80 11.39±6.04 11.39±6.04 - - -
S. amabilis 161.40±16.19 156.07±13.53 111.43±13.26 37.59±0.65 7.03±0.38 5.33±2.66

ANOVA
Species F2, 85=1.99

(0.142)
F 2, 85=10.92
(<0.001)

F2, 85=0.79
(0.453)

F2, 85=20.31
(<0.001)

F2, 85=1.51
(0.227)

F2, 85=0.4802
(0.621)

Colony
(species)

F16, 85=2.38
(0.006)

F16, 85=1.45
(0.134)

F16, 85=2.58
(0.003)

F16, 85=1.55
(0.100)

F16, 85=2.877
(0.001)

F16, 85=1.898
(0.032)

Dev. stage F4, 85=13.20
(<0.001)

F4, 85=7.94
(<0.001)

F4, 85=8.71
(<0.001)

F4, 85=16.47
(<0.001)

F4, 85=20.89
(<0.001)

F4, 85=46.25
(<0.001)

Dev. stage×
species

F8, 85=2.87
(0.007)

F8, 85=4.14
(0.001)

F8, 85=0.76
(0.634)

F8, 85=7.95
(<0.001)

F8, 85=3.822
(0.001)

F8, 85=6.875
(<0.001)

F values given with degrees of freedom as subscripts and P values in parentheses
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larvae and pupae have much smaller absolute quantities of cuticular hydrocarbons than
workers. In the following sections, we discuss some of the implications of these results.

The Spectrum of Surface Chemicals in Fungus-growing Ants Both intra- and interspecific
variation in the chemical profiles expressed by A. colombica, A. echinatior, and S. amabilis
were found, but the intraspecific differences were much less than the interspecific differences
both when complete and partial (hydrocarbons only) chemical profiles were considered.
Moreover, species are characterized by some specific chemical compounds. Provisional data
on Atta cephalotes (one colony: workers, larvae, and fungus) and Acromyrmex octospinosus
(two colonies: workers, PPG, larvae, and fungus) from the same site in Gamboa, Panama,
showed that differences between congeneric species are intermediate (Appendix Table 1).
The species-specific chemical profiles are qualitatively similar among colonies (i.e., all
colonies have the same compound composition), so that the differences obtained from multi-
variate statistics (Fig. 1) are mostly based on quantitative differences of the same compounds,
except for the fungus gardens that harbor a number of unique nonhydrocarbon compounds.
Differences in profiles were especially prominent among the hydrocarbons, which is con-
sistent with these compounds having an important role in intra- and intercolony recognition
(Lahav et al. 1999; Singer 1998; Wagner et al. 2000). Workers of all three species tended to
have more (and more complex) hydrocarbons than the brood and the fungus gardens, which

Fig. 1 Factorial analyses showing the differences in chemical profiles between worker cuticles, workers
PPGs, pupal cuticles, larval cuticles, and fungus garden mycelium in Atta colombica, Acromyrmex
echinatior, and Sericomyrmex amabilis. All analyses were based on the relative proportions of all chemical
compounds identified by GC/MS. Ellipses have been drawn to emphasize the categories but have no specific
statistical meaning
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generally have simpler profiles consisting mostly of n-alkanes and n-alkenes. Similar differ-
ences in worker and brood chemical composition have been observed in other ant species
(Myrmica [Elmes et al. 2002], Camponotus vagus [Bonavita-Cougourdan et al. 1989], and
Lasius sakagamii [Akino and Yamaoka 1998]). However, it is remarkable that the larvae and
pupae of fungus-growing ants have so few cuticular compounds and such low quantities of
them. This finding is unlikely to be an artifact as it matches an earlier result on leaf-cutting
ants by Viana et al. (2001). Whether this adult-brood difference is typical only for fungus-
growing ants or for ants in general remains to be determined.

Fungus Garden Chemistry The fungus produces several classes of compounds that ants do not
synthesize, which confirms previous findings that workers only have alkanes, alkenes, and
branched alkanes (Viana et al. 2001; Lambardi et al. 2007), whereas fungus gardens of
Acromyrmex contain both aldehydes, alcohols, acetates, acids, and esters (Richard et al.
2007). The latter study that compared the fungus garden chemistry of Panamanian A.
octospinosus and A. echinatior leaf-cutting ants showed that these fungi express the same
chemical compounds but in different relative quantities among ant species and colonies
(Richard et al. 2007). The same profiles, with the same chemical classes, were found in two
colonies of A. octospinosus (Appendix Table 1), and the single colony of A. cephalotes
likewise had a fungal profile that was similar to that of A. colombica both characterized by the
presence of trimethylalkanes (Appendix Table 1). Richard et al. (2007) also showed that the
fungus-derived compounds in A. echinatior and A. octospinosus have a, albeit weak, genetic
component and that they are shared between the two species (see also Bot et al. 2001). As

Fig. 2 Factorial analyses showing the differences in chemical profiles between the three species of fungus-
growing ants Atta colombica, Acromyrmex echinatior, and Sericomyrmex amabilis for worker cuticles (top
left), fungus gardens (top right), pupae (bottom left), and larvae (bottom right). All analyses were based on
the relative proportions of all chemical compounds identified by GC/MS. Ellipses have been drawn to
emphasize the categories but have no specific statistical meaning
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Mikheyev et al. (2007) recently showed that the symbiont fungi of Panamanian Atta and
Acromyrmex in Gamboa, Panama, are similar genetically, it appears that the Atta and
Acromyrmex fungus gardens each express at least some compounds that are ant species
specific but not shared by the ants. Given that all colonies were reared on the same
laboratory diet, this suggests that the same fungi express different chemical (and thus
possibly metabolic) traits depending on the ant genus that they are associated with. The
degree to which symbionts of Sericomyrmex are related to those reared by Atta and
Acromyrmex leaf-cutting ants is not clear (Chapela et al. 1994; Hinkle et al. 1994), but it
seems unlikely that they belong to the same pool. Thus, the differences in chemistry between
Sericomyrmex symbionts and symbionts of Atta and Acromyrmex leaf-cutting ants may, in
part, be genetic.

Recognition in Fungus-growing Ants Differences in the proportion of hydrocarbons in
workers (cuticle and PPG), brood, and fungus garden material are consistent with these
compounds playing a central role in caste recognition, nestmate recognition, and discrimi-
nation between resident and alien strains of the fungal symbiont (Bot et al. 2001; Viana et al.
2001; Poulsen and Boomsma 2005; Richard et al. 2007). The patterns observed (Figs. 1
and 2) and the partitioning of variance in chemical profiles suggest that chemistry dif-
ferences may allow efficient within-colony distinction between brood and symbionts
without jeopardizing efficient nestmate recognition as hypothesized by Vander Meer
and Morel (1998). This agrees with findings in other social insects; for example, cuticular
hydrocarbons in the ant Pachycondyla inversa vary within and among colonies but also
with an individual’s social and reproductive status (Heinze et al. 2002). Similarly, cutic-
ular hydrocarbons in the ant Formica truncorum vary among colonies, to some extent
between patrilines within colonies, and among samples taken from the same colony in
different seasons (Nielsen et al. 1999; Boomsma et al. 2003). In addition, in the termite
Reticulitermes virginicus and the ant C. vagus, all castes carry the same hydrocarbons, but
the caste-specific proportions differ (Howard et al. 1978, 1982; Blomquist et al. 1979;
Bonavita-Cougourdan et al. 1989).

Specificity of the chemical profiles of workers, brood, and fungi is intriguing because
these different components of the same insect society interact constantly. For example,
workers could transmit colony odor to the fungal substrate when they chew the harvested
leaves before integrating them into the garden. Other workers may regurgitate the content of
their PPG (which is known to be a reservoir of colony gestalt odor profiles) to nestmates by
a process called trophallaxis (Soroker et al. 1994, 1995). Grooming and other social
interactions may further promote the circulation of hydrocarbons through the colony. Given
these close interactions, it is interesting that the hydrocarbon compounds present in fungus
material were always present on workers and brood but that the opposite is not true (Viana
et al. 2001; Lambardi et al. 2007; Richard et al. 2007). Previous studies combined with our
present data, therefore, indicate that hydrocarbons are transferred by workers when moving
around in the garden while grooming fungus fragments and other workers, but whether the
ants or the fungus are the ultimate producers of these compounds is not yet clear.
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