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Abstract—Heritable cuticular hydrocarbon patterns of Solenopsis invicta
workers are consistent within colonies for a given sampling time but vary
sufficiently from colony to colony to distinguish the colonies from each other.
In addition, cuticular hydrocarbon patterns change within colonies over time.
Nestmate recognition cues found on the individual’s cuticle, can be from
heritable or environmental sources, and are a subset of colony odor. The
cuticular hydrocarbons can be used as a model for heritable nestmate recog-
nition cues. We propose that because potential nestmate recognition cues,
both environmental and genetic, are dynamic in nature rather than static,
during its lifetime a worker must continually update its perception (template)
of colony odor and nestmate recognition cues.
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INTRODUCTION

Cuticular hydrocarbons serve several purposes in insects, such as prevention of
desiccation and regulation of cuticular permeability (Hadley, 1980). In addi-
tion, this class of chemically inert compounds can have many semiochemical
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functions, such as alarm, recruitment, defense, sex attractants, and host attrac-
tants (see Howard and Blomquist, 1982, for review).

Solenopsis invicta Buren cuticular hydrocarbons constitute the largest lipid
class (over 70%) on the cuticle (Lok et al., 1975) and are species specific (Nel-
son et al., 1980; Vander Meer, unpublished). S. invicta and S. richteri have
the same cuticular hydrocarbons, identified as normal, monomethyl, and
dimethyl branched alkanes (Lok et al., 1975; Nelson et al., 1980). However,
quantitative patterns for the two species are distinctly different (Nelson et al.,
1980; Vander Meer et al., 1985). Their species specificity has been used as a
reliable chemotaxonomic tool to attack several problems (Vander Meer, 1986).
The heritable nature of these compounds has been clearly demonstrated in stud-
ies of hybridization between S. invicta and S. richteri (Vander Meer et al.,
1985; Ross et al., 1987).

It is generally accepted that nestmate recognition in social insects involves
the detection of specific odiferous cues on the cuticle (Wilson, 1971). Heritable
(Mintzer and Vinson, 1985) and/or environmental (Jutsum et al., 1979) odors
can be operational in ant nestmate recognition. Odors under genetic control or
resulting from genetic-environment interactions are termed heritable odors. It
has been demonstrated that S. invicta uses both heritable and environmental
nestmate recognition cues (Obin, 1986; Obin and Vander Meer, 1989). Cuti-
cular hydrocarbons have been implicated in species and caste recognition in
termites (Howard et al., 1982a), and several species of termitophiles have been
shown to have cuticular hydrocarbons identical to their host, which was asso-
ciated with their integration into the host colony (Howard et al., 1982b). Hydro-
carbons have also been implicated in nestmate recognition of the ant Camponotus
vagus (Bonavita-Cougourdan et al., 1987).

Although there is no direct evidence for the use of cuticular hydrocarbons
in nestmate recognition in S. invicta, we have used the cuticular hydrocarbons
as a model to study the quantitative variation of heritable components of colony
odor. We report here that individual colonies have distinguishable cuticular
hydrocarbon patterns; however, these patterns change with time. The implica-
tions of the dynamic nature of these heritable characters in relationship to nest-
mate recognition mechanisms are discussed.

METHODS AND MATERIALS

Source of Colonies. Laboratory colonies of S. invicta were reared from
newly mated queens collected near Gainesville, Florida, or Gulfport, Missis-
sippi, and reared in the Gainesville laboratory by the procedures described by
Banks et al. (1981). Workers from monogynous field colonies were sampled
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from the Gainesville, Florida, area. S. invicta workers undergo age-related
polyethism and have been categorized as nurses, reserves, and foragers (Mir-
enda and Vinson, 1981). Only reserve workers were used in this study. Reserve
workers were defined in laboratory colonies as those workers that were inactive
and clustered together at the outside of the colony cell (Sorensen et al., 1981).
For field colonies, reserve workers were obtained by placing a beaker (50 ml),
coated on the inside lip with Fluon, partly into the surface of a mound. If any
workers were observed carrying brood, the sample was discarded. In the labo-
ratory, the collected ants were anesthetized with CO,, and three replicate sam-
ples of 50 or 100 reserve workers were placed in a vial and weighed on a Mettler
H51Ar analytical balance. Worker ants within a range of 1.5-4.0 mm in length,
readily determined by visual inspection, were used for the analysis of cuticular
hydrocarbons.

Analysis of Cuticular Hydrocarbons. Cuticular hydrocarbons were obtained
by soaking the ant samples for 7 min in hexane (ca. 2 ml HPLC grade. Baker
Chemical Co., Phillipsburg, New Jersey). The samples were gently shaken for
the first and last 15 sec of the soak period. Immediately after the rinses were
complete, 9 ul of a 0.1% hexane solution of n-pentacosane was added for quan-
titation as an internal standard. Samples were evaporated to a small volume
under a stream of nitrogen and the residue applied to a Pasteur pipet silicic acid
HA column (325 mesh particle size, Bio Rad, Richmond, California). Hydro-
carbons were isolated by eluting the column with hexane (Christie, 1973). The
hexane eluate was evaporated to ca. 50 ul and an aliquot was analyzed on a
Varian 3700 gas chromatograph (Varian Associates, Sunnyvale, California)
equipped with a flame-ionization detector. A 1.8-m X 2-mm-ID glass column
packed with OV-17 on 120-140 mesh Gas Chrom Q (Applied Science Labo-
ratories, Deerfield, Illinois) was used to separate the hydrocarbons. The oven
was programmed from 175°C to 235°C at 3°C/min. Qualitative and quantita-
tive data were obtained for the five major hydrocarbon peaks (Figure 1) using
a Varian Vista 401 data processor (Varian Associates).

Quantitative Influence of Soak Time. Three replicates of 100 workers each
from the same colony were weighed and allowed to soak in hexane, containing
n-pentacosane as an internal standard, for the following time periods: 3, 5, 7,
10, 15 min, and overnight. Aliquots of the hexane were removed at the indi-
cated time periods, and hydrocarbons were isolated and analyzed as described
above.

Analysis of Data. The individual peak areas were quantitated using the
internal standard and digitalized as the number of nanograms per sample. The
data were normalized using the weight of the corresponding ant sample. We
used principal component analysis, a pattern recognition technique (Wold,
1976), to establish relationships between the GC profiles of the ants and several
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F1G. 1. Gas chromatogram of cuticular hydrocarbons from Solenopsis invicta workers.

Peak a: n-heptacosane, b: 13-methylheptacosane, c: 13,15- -dimethylheptacosane, d: 3-
methylheptacosane and e: 3,9-dimethylheptacosane.

variables, such as colony source and time. The principal component projections
were made without the use of information about the class assignment of the
samples.

Hydrocarbon Time Study. Four laboratory colonies were selected for a
study to determine whether hydrocarbon patterns varied with time. These col-
onies were sampled, as described above, three to six times during a four- to
eight-month period. The hydrocarbons were isolated, separated by gas chro-
matography, and the data analyzed as described in the previous sections.

RESULTS

The quantitative results for the removal of cuticular hydrocarbons over
several soak times is shown in Table 1. The percent composition of the five
hydrocarbon peaks under consideration varied most for time periods of 3 min
and overnight. Consistent results were obtained for time periods S, 7, 10, and
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15 min. However, the quantity extracted, whether expressed as micrograms per
milligram of ant or micrograms per 100 ants, was most consistent for the 5-,
7-, and 10-min soak periods. Consequently, all subsequent samples were soaked
for 7 min.

The inter- and intracolony variations in cuticular hydrocarbon patterns were
monitored from samples collected within two weeks of each other. A principal
component analysis of a set of 27 ant samples from nine different laboratory
and field colonies (three replicates each taken at the same time) was performed
using the five major hydrocarbon GC peaks as descriptors (Figure 1). A plot of
the first two principal components is shown in Figure 2. The first two eigen-
vectors account for 85.9% of the total cumulative variance.

Pattern groupings according to each individual colony are evident. As
determined by inspection (Figure 2), within-colony variation is less than the
between-colony variation. There were no obvious principal component plot sep-
arations based on a colony’s geographic origin (Mississippi and Florida), nor
was there a separation of field versus laboratory colonies.

Cuticular hydrocarbon patterns of laboratory colonies sampled at several

PC-2

9 9
I [ 1 | I | |

PC-1
FiG. 2. A plot of the first two principle components of the five major hydrocarbons for
nine . invicta colonies. Colonies 1-4 are field collected from Florida; colonies 5-7 are
lab-reared in Gainesville, Florida, but originated from newly mated queens from Gulf-

port, Mississippi; colonies 8 and 9 are lab-reared in Gainesville, Florida, collected in
Florida from newly mated queens.
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PC-2

PC-1
FiG. 3. A plot of the first two principle components of the five major cuticular hydro-
carbons collected from field colony 3 (Figure 2) over four time periods. The letters A,
B. C. and D represent collections in November 1982, January 1983, February 1983,
and April 1983, respectively.

time periods were not static. Principal component maps of the first two principal
components developed from the five GC peaks showed pattern groupings
according to the date of collection in all four cases. The variation in replicates
within a time period was less than that between time periods. An example of
one colony sampled at four different times is shown in Figure 3. The first two
eigenvectors account for 90% of the total cumulative variance. Use of an inter-
nal standard and careful attention to the proper peak integration baselines min-
imized instrument variation. When a single principal component plot was made
of several colonies at several times, the pattern fluctuation of a colony with time
caused overlap with other colony patterns.

DISCUSSION

Hydrocarbon Variability. 1t is not possible to obtain a rinse or soak of
whole ants that does not contain compounds from a variety of sources other
than the cuticle (Vander Meer, 1989). For example, species-specific fire ant
venom alkaloids and hydrocarbons are routinely obtained by simply soaking
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worker ants in hexane (Vander Meer et al., 1985; Ross et al., 1987). In this
study, hydrocarbons were isolated by column chromatography to avoid contam-
ination from other classes of chemicals. Quantitative analysis of the hydrocar-
bons from worker ants soaked for various times showed a dramatic increase in
material when samples were soaked overnight. This probably reflects leaching
of the large amount of hydrocarbon found in the postpharyngeal gland (Vander
Meer et al., 1982). This material can exit the gland via the pharynx and mouth
parts. A 7-min soak time was used for all subsequent analyses because of the
consistent results from 5-10 min and to provide the best approximation of a
cuticular hydrocarbon profile.

The separation of nine S. invicta colonies from diverse locations at a single
collection time (Figure 2) is indicative of the quantitative intercolony variability
possible in the cuticular hydrocarbons. These data also suggest that cuticular
hydrocarbon variation is random throughout the distribution of S. invicta in the
United States, since there was no obvious separation of colonies based on
whether they were derived from Florida or Mississippi. Nestmate recognition
studies (Obin, 1986) support this data.

The lack of separation of field-collected colonies from laboratory-main-
tained colonies in the principle component plots suggests that diet and other
environmental factors do not have a noticeable influence on the phenotypic
expression of cuticular hydrocarbon patterns (no gene-environment interac-
tion). Similar results for hydrocarbon analysis of laboratory and field colonies
were obtained by Obin (1986). The genetic origin of these compounds has been
confirmed by the concordance of hydrocarbon profile data and genetic data (iso-
zymes) in differentiating hybrid fire ants from their S. invicta-S. richteri parents
(Ross et al., 1987).

It should be noted that the principal component projections (Figures 2 and
3) were made without the use of information about the class assignment of the
samples. Therefore, distinct separations are a strong indication of real differ-
ences in the GC profiles of the ants.

The analysis of colony hydrocarbons over time demonstrated that individ-
ual colony profiles (reserve worker temporal subcaste) are dynamically chang-
ing, although for any given time period the profiles for the three replicates of a
given colony are consistent (Figure 3). This is in part because the social inter-
actions of the colony workers ensure the efficient transfer of cuticular chemicals
(environmental and genetic) throughout the worker force of a colony. The trans-
fer of compounds on the cuticle of several ant species has been clearly dem-
onstrated by: (1) the mixing of species-specific cuticular chemical components
on individuals from laboratory colonies composed of two different species
(Errard and Jallon, 1987; Vander Meer, unpublished), (2) the rapid distribution
of radiolabeled markers in fire ant colonies (Sorensen et al., 1985), and (3) the
transfer of species-specific fire ant hydrocarbons to a myrmecophilous beetle
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(Vander Meer and Wojcik, 1982). These interactions decrease the variability
of all chemicals found on the worker surface and confound studies aimed at the
investigation of individual variation. Although in this study we cannot address
the mechanism of profile change, we can definitively state that heritable cuti-
cular hydrocarbon profiles undergo continuous quantitative changes during the
life of a colony. The magnitude of the temporal changes creates overlap with
the clusters of other colony patterns.

Nestmate Recognition. Nestmate recognition occurs in ants when a worker
distinguishes between workers of another colony and its own colony following
a pause and sweep of the antennae over the others’ body (see Breed and Bennett,
1987, for a review). The odor on the surface of a worker is a composite of
environmentally and genetically derived components. In general, the odors used
by a particular species or colony for nestmate recognition are a subset of all
possible odors and may be composed of any combination of components (Van-
der Meer, 1988). S. invicta uses both environmental and heritable nestmate
recognition cues (Obin, 1986; Obin and Vander Meer, 1988). Studies with S.
invicta have investigated the effects of environmental components on nestmate
recognition (Obin and Vander Meer 1988, 1989). However, although cuticular
hydrocarbons are strongly correlated with nestmate recognition in Camponotus
vagus (Bonavita-Cougourdan et al., 1987) and associated with the integration
and survival of a myrmecophilous beetle in fire ant nests (Vander Meer and
Wojcik, 1982), the composition of the heritable part of the cues has not been
determined. In any event, cuticular hydrocarbons are a part of the heritable
component of colony odor and can be used as a general model for heritable
nestmate recognition cues. This paper establishes the dynamic nature of these
compounds.

Nestmate recognition cues are only half of the nestmate recognition pro-
cess. It is generally considered that colony-specific chemical patterns or tem-
plates (Breed and Bennet, 1987) are learned by workers soon after eclosion
(Morel, 1983; Errard, 1984; Morel et al., 1988). Although newly eclosed work-
ers may not be completely olfactorally naive in terms of nestmate recognition
(Isingrini et al., 1985), they learn to recognize the first odors they experience,
whether from their own colony or, in the case of laboratory adoption experi-
ments, from another colony or species (Carlin and Hélldobler, 1983; Errard,
1986; Morel and Blum, 1988).

Our results indicate that early template formation must be modified by
continuous updating. The dynamic nature of the environmental part of colony
odor is obvious. The variation in cuticular hydrocarbons demonstrates that the
heritable component of colony odor is not fixed either. Because of the dynamic
nature of colony odor and, by implication, nestmate recognition cues, we pro-
pose that workers are not hard-wired to a specific chemical or pattern of chem-
icals but have a great deal of flexibility through a process of continuous, iterative
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learning that provides a mechanism for colony members to cope with a con-
stantly changing chemical environment, as well as within-colony individual
genetic variations (hydrocarbon patterns vary temporally as widely as between
colony patterns). This concept was alluded to by Wallis (1963), who likened
the recognition process to odor habituation and suggested that an ant “‘is con-
tinuously habituating to the slight variations in the odour of its nest-mates.”’
Our work supports the necessity for such a process in nestmate recognition.
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