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Abstract

Chemical analyses revealed that inCataglyphis nigerboth the hemolymph and the crop contain the same hydrocarbons that are
found in the postpharyngeal gland (PPG). On the cuticle, on the other hand, alkanes, and in particular nonacosane, were more
abundant than in the PPG. Studies of their biosynthesis in vivo, using intact ants, revealed the presence of newly synthesized
hydrocarbons in both the PPG and the crop. In decapitated ants (in the absence of the PPG), however, the crop did not contain
any newly synthesized hydrocarbons, indicating the PPG as the major source of crop hydrocarbons. The fat body, as demonstrated
by in vitro studies, is the major tissue that biosynthesizes hydrocarbons. The PPG failed to do so, but showed good de novo
biosynthesis of other lipid constituents. The large amount of hydrocarbons in the crop suggests that the alimentary canal may serve
as an outlet for the overflow of PPG hydrocarbons, or as a route for the directed clearance of hydrocarbons from the PPG.

These results confirm and enlarge the model proposed for hydrocarbon circulation inC. niger. They are synthesized by the fat
body, released to the hemolymph and transported to the cuticle and the PPG. The PPG hydrocarbons are applied to the cuticle by
self-grooming, but can also be cleared via the alimentary canal. Partial emptying of the PPG may facilitate the admixing of recog-
nition cues that the ant may acquire from nestmates by trophallaxis. The reason for the dissimilarity in hydrocarbon composition
between the PPG and the cuticle is not yet clear; it may be due to secretions from additional glands, or reflect deviant hydrocarbon
transport mechanisms between the PPG and the cuticle. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydrocarbons are distributed throughout the epicutic-
ular surface of all insects. In most insects they serve as
an antidessicant layer, but can also serve as communi-
cation signals (Howard, 1993; Lockey, 1988). In ants
hydrocarbons constitute an important component in nest-
mate recognition. They are spread throughout the epicut-
icular surface so that recognition of nestmate or alien
ants is instantly attained upon antennal contact (Vander
Meer and Morel, 1998). The general congruency
between the major epicuticular hydrocarbons and those
of the postpharyngeal gland (PPG) in several ant species
has focused attention on this gland as a possible source
of nestmate recognition cues (Bagne`res and Morgan,
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1991; Do Nascimento et al., 1993; Soroker et al., 1995a).
Behavioral experiments using glandular extracts demon-
strated that the secretion plays an important role in mod-
ifying the ants’ aggressive behavior, thereby confirming
this hypothesis (Hefetz et al., 1996; Soroker et al., 1994).
It was further demonstrated inCataglyphis nigerthat
PPG hydrocarbons, but not its polar lipid constituents,
are responsible for this activity (Lahav et al., 1999).

The interconnection between cuticular and PPG
hydrocarbons, as well as the role of the gland in the
formation of a uniform colony odor, have been studied
in several ant species belonging to different subfamilies
(Soroker et al. 1994, 1998; Soroker et al., 1995b; Vienne
et al., 1995; Meskali et al., 1995). The gland serves as
a “gestalt organ” whereby hydrocarbons from different
sources (e.g., the individual’s cuticular surface or hydro-
carbons derived from other ants) accumulate and mix in
the gland. Transfer between nestmates is done mostly by
trophallaxis or by allogrooming, depending on the spec-
ies, and the ants refresh their own body hydrocarbon
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composition by self-grooming. Experiments by Soroker
et al. (1994, 1995) have also provided indirect evidence
that the PPG sequesters rather then synthesizes its hydro-
carbon constituents.

The prevalent model for the involvement of the PPG
in colony odor formation inC. niger is as follows.
Hydrocarbons are biosynthesized de novo in one of the
body tissues (e.g., epidermis, fat body, oenocytes) and
are then transported to the PPG and the cuticular surface.
These are continuously exchanged between the epicuti-
cle and the PPG of the same individual (in both
directions) by self-grooming and between two individ-
uals by trophallaxis and allogrooming.

The objectives of the present investigation were to test
several predictions that result from the above model. We
examined the ability of various body parts to synthesize
hydrocarbons in vitro, looked for their presence in the
hemolymph, and explored the role of the crop in the
internal circulation of hydrocarbons.

2. Materials and methods

2.1. Collection and maintenance of ant colonies

Colonies of Cataglyphis nigerwere collected from
various locations in the vicinity of Tel Aviv, Israel.
Newly emerged workers were marked with a colored dot
on the abdomen within 48 h of emergence and re-intro-
duced into their colony of origin. All colonies were kept
at 28°C, 14 h light/10 h dark photoperiod, and fed with
minced insects and sugar water three times a week.

2.2. Chemical analyses

Cuticular surfaces and PPG were extracted from
workers from the same queenright colony, in pools of
nine individuals. The PPG were extracted in 500µl of
pentane. Cuticular washes were prepared from thoraces
and tarsi separately by immersing in 1500µl pentane for
5 min. Individual PPG and crops were extracted in 75µl
pentane. Hemolymph samples (from 38 workers from
the same colony) were collected directly from the aorta
with a capillary tube drawn to a fine point. Each capillary
was examined under the stereomicroscope, and only
those containing a clear solution were used. The capil-
laries were emptied into the ice-cold, pH 7.2, modified
medium (Katase and Chino, 1984), and were centrifuged
for 2 min at 10,000g to remove the hemocytes. The
pooled sample was extracted with chloroform:methanol
(1:2) according to Blight and Dyer (1959), and the lipid
fraction was separated after adding water to a final mix-
ture of chloroform:methanol:aqueous solution of 2:2:1.8
by volume. It was evaporated to dryness under nitrogen
and subsequently redissolved in 500µl of pentane. Com-
pound identification was achieved by coupled gas chro-

matography–mass spectrometry (GC–MS) (VGM 250Q)
at the EI mode using a DB-1 fused silica capillary col-
umn that was programmed from 120°C to 300°C at
3°C/min with an initial hold of 3 min. The various com-
pounds were identified by their respective mass spectra.

Quantification of PPG and crop hydrocarbons was
performed by capillary GC (Tracor 540, on column
injector) using an SE 54 column that was temperature
programmed from 60°C to 100°C at 20°C/min and then
to 270°C at 5°C/min. n-Tricosane (750 ng) was added
to each sample as an internal standard and the quantities
of each compound were assessed by peak integration.
The congruency between the PPG and thoracic epicuticle
was assessed by a Wilcoxon signed rank test using the
relative proportions of 17 peaks (out of the 72 present)
that were unambiguously identified (Table 1). Five of
these peaks contained a mixture of unresolved hydro-
carbons. We therefore performed the comparison con-
sidering classes of hydrocarbons only.

2.3. Studies in vivo

The biosynthesis and distribution of hydrocarbons
were determined in vivo following an injection of 1µCi
[1-14C] sodium acetate (56 mCi/mmol) (NEN Boston,
USA) into the abdomen through the intersegmental
membrane (Soroker et al., 1994). In the decapitation
experiments the ants were injected with the radioactive

Table 1
Relative amounts of cuticular and postpharyngeal gland hydrocarbons
arranged in the order of elution. Values are expressed as the percentage
of total compounds present in the extract, mean±standard error of the
mean (SEM) of 20 replicates

Peak
Compound PPG Cuticle

no.

1 13- and 11-Methylheptacosane 2.70±0.09 2.31±0.12
2 7-Methylheptacosane 0.37±0.01 0.36±0.02
3 5-Methylheptacosane 0.63±0.02 0.66±0.04
4 11,15-Dimethylheptacosane 3.98±0.24 2.68±0.25
5 3-Methylheptacosane 5.82±0.10 9.02±0.60
6 5,x-Dimethylheptacosane 0.98±0.11 0.69±0.06
7 12-Methyloctacosane 2.59±0.07 1.95±0.13
8 n-Nonacosane 1.05±0.08 11.0±1.27

9-, 11-, 13- and 15-
9 16.0±0.30 13.7±0.41

Methylnonacosane
10 5-Methylnonacosane 0.93±0.08 1.62±0.09

11,15-, 11,17-, 11,19- and 9,13-
11 17.6±0.32 11.8±0.64

Dimethylnonacosane
12 3-Methylnonacosane 5.89±0.25 10.5±0.52

5,13-Dimethylnonacosane+5,9-
13 and 5,11-dimethylnonacosane 1.38±0.03 0.84±0.06

(traces)
14 x,y-Dimethyltriacontane 2.23±0.05 2.11±0.07

11-, 13- and 15-
15 3.31±0.19 3.19±0.21

Methylhentriacontane
16 11,15-Dimethylhentriacontane 6.62±0.19 5.15±0.33
17 7,15-Dimethylhentriacontane 1.71±0.05 1.52±0.05
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precursor after decapitation. The ants were incubated for
24 h, and only ants that were in good shape after that
period were analyzed. For extraction, dissected PPG and
crops were immersed in 100µl pentane for 48 h,
whereas epicuticular hydrocarbons were obtained by
immersing thoraces in 400µl of pentane for 5 min. To
obtain internal hydrocarbons, the pentane-washed thor-
aces as well as the abdomens (without the gut and
Dufour’s gland) were extracted for a further 48 h. The
extracts were subjected to silica gel (polygram Sil G)
thin-layer chromatography (TLC) as described pre-
viously (Soroker et al., 1994). The bands corresponding
to hydrocarbons (Z-9-tricosene) and other lipid standards
(stearyl palmitoleate, triolein and oleic acid) were vis-
ualized by iodine vapor, cut and monitored for radioac-
tivity using an IP Autoradiography System (Lahav et
al., 1998).

2.4. Studies in vitro

Incorporation of [1-14C] sodium acetate into various
lipids was measured in vitro with isolated PPG and with
abdominal preparations taken from the fourth to ninth
segments from which the ovaries and the gut were
removed (crude abdominal preparations). Three types of
abdominal preparation were tested: cuticle with or with-
out fat body, and isolated fat body. Since both cuticular
preparations contained epidermal tissue, we were able to
differentiate between the contribution of the fat body and
the epidermis to hydrocarbon biosynthesis. The ants used
for these preparations were more than one week old.

The organs were incubated in 50µl medium sup-
plemented with 25× concentration of Complete, a pro-
tease inhibitor cocktail (Boehringer Mannheim), and
1 µCi [1-14C] sodium acetate (56 mCi/mmol). The incu-
bations were carried out at 30°C under sterile conditions
for 24 h, unless otherwise specified. For the PPG, groups
of two to five glands were incubated together. Following
incubations, the tissues were transferred to 50µl cold
medium and subsequently extracted with 100µl pentane.
The incubation medium was extracted in 300µl of pen-
tane. The extracts were subjected to TLC and radioac-
tivity in the various lipid fractions was monitored as pre-
viously described. The results presented are the sum of
radioactivity in the medium and the tissue.

3. Results

3.1. Hydrocarbon distribution in the body — chemical
analysis

Peak-by-peak comparison of the GC–MS spectra
revealed a good congruency in hydrocarbon composition
between the PPG, the crop and the hemolymph. The PPG
and the crop contained comparable amounts of hydro-

carbons (total hydrocarbon quantities of 52±6.8µg/ant
and 66±16.1µg/ant for the PPG and the crop,
respectively), and the compounds were present in similar
relative proportions. The low amounts of hydrocarbons
extracted from the hemolymph allowed the unambiguous
identification of only the major substances. These were
composed mostly of branched hydrocarbons that were
also prominent in the PPG.

When compared with the above profiles, the epicuticle
(thoracic and tarsal) possessed relatively more n-alkanes
(C27, C29 and C31), among which C29 predominated.
A more detailed quantitative comparison between the
PPG and thoracic epicuticle was made in regard to 17
peaks that could be accurately and reliably quantified
(Table 1). Some of these peaks contained mixtures of
hydrocarbons but belonging to the same class of com-
pounds. We therefore grouped the substances into three
categories: n-alkanes, monomethylalkanes and dimethyl-
alkanes (Fig. 1). The alkane class constituted only C29,
since all other alkanes occurred only in trace quantities
in the PPG. The epicuticle was significantly richer than
the PPG in C29 and monomethylalkanes [1.0±0.08 and
11.0±1.27 for C29, and 38.2±0.85 and 43.2±0.72
(mean%±SEM) for monomethylalkanes, for the PPG and
the epicuticle, respectively;P,0.01, Wilcoxon signed
rank test). In the PPG, the dimethylalkanes were signifi-
cantly more abundant than in the epicuticle [34.5±0.55
and 24.8±1.16 (mean%±sem) for PPG and the epicuticle,
respectively;P,0.01, Wilcoxon signed rank test].

3.2. Hydrocarbon biosynthesis in vitro

In order to study the biosynthesis of hydrocarbons in
vitro we first determined the optimal incubation time

Fig. 1. Hydrocarbon composition of PPG and epicuticle organized
by classes of compounds. Data are presented as mean±SEM of 20
replicates. Different letters indicate statistical differences between
groups (P,0.01, Wilcoxon signed rank test).
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Fig. 2. Time course of lipid biosynthesis by cuticular preparations of
workersC. niger incubated in vitro (n=7 for each incubation time).

using abdominal preparations with fat body, since these
are known to be active in hydrocarbon biosynthesis in
other insects. As depicted in Fig. 2, de novo lipids were
synthesized in vitro during the three time intervals (2, 4
and 24 h) investigated, but only hydrocarbons showed a
time-dependent increase in biosynthesis. There was also
a relatively high proportion of newly synthesized fatty
acids. We presume that these serve as precursors for
hydrocarbons (Stanley-Samuelson et al., 1988). Since
hydrocarbon biosynthesis was highest after 24 h, without
increased contamination, this incubation period was
selected for all subsequent experiments.

Fig. 3 depicts the de novo biosynthesis of lipids by
abdominal preparations with or without fat body, by iso-
lated fat body, and by the PPG. Of all the body parts
investigated only those that contained fat body synthe-
sized hydrocarbons in appreciable amounts (Kruskal–
Wallis test,P,0.01). There were no differences in the
amount of hydrocarbon synthesis between the cuticular
preparation with fat body and fat body alone. Removing
the fat body from the cuticular preparation, however,
reduced hydrocarbon biosynthesis by about 67%. In con-
trast to the cuticular preparations, the PPG did not pos-
sess newly synthesized hydrocarbons. The radioactivity
detected in the hydrocarbon fraction was (in most cases)

Fig. 3. Biosynthesis of lipids by various tissues of workersC. niger
incubated in vitro.

at background levels. The main products synthesized in
vitro by these glands were fatty acids, accompanied by
small amounts of triacylglycerols and a labeled fraction
of unknown nature (with mobility on TLC between those
of fatty acids and triacylglycerols, Rf=1.3–1.6 cm). Fatty
acids and the unidentified product, along with wax
esters, were also synthesized by the cuticular prep-
arations as well as by the isolated fat body.

3.3. Hydrocarbon biosynthesis in vivo in decapitated
ants

There was no difference in the total amount of newly
synthesized hydrocarbons between intact and decapitated
ants but their distribution among the body parts differed
(Fig. 4). In intact ants the crop contained appreciable
amounts of newly synthesized hydrocarbons (24±5.5%
of total hydrocarbons and about half the amount found
in the PPG). In decapitated ants, on the other hand, the
amount of newly synthesized hydrocarbons in the crop
was minor and constituted only 1.5±0.4% of the total
newly synthesized hydrocarbons. In the decapitated ants
there was also a significant increase in abdominal
internal and external hydrocarbons.

4. Discussion

The results of the in vivo studies with decapitated ants
and those made in vitro confirm our previous hypothesis
regarding hydrocarbon circulation inC. niger (Soroker
et al., 1995b). Similar to some other insects, its major
site of synthesis is the fat body (de Renobales et al.,
1988; de Renobales et al., 1991; Lockey, 1988). All the
preparations that included fat body supported hydro-
carbon biosynthesis in vitro. Moreover, when the fat

Fig. 4. Distribution of newly synthesized hydrocarbons into various
tissues of intact and decapitated workers ofC. niger. Different letters
indicate groups that are statistically different (P,0.01, Mann–Whitney
U-test).
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body was removed from the cuticular preparation, the
amount of newly biosynthesized hydrocarbons was con-
siderably lower. The small amounts of radioactive
hydrocarbons found in the fat-body-free cuticular prep-
aration may have been due to their biosynthesis in the
epidermal cells, or oenocytes that still adhered to the
tissue. Hydrocarbon biosynthesis by abdominal integu-
ment was previously reported inPeriplaneta americana
andMusca domestica(Blomquist et al., 1993). The fail-
ure of the PPG to biosynthesize hydrocarbons in vitro
and the fact that decapitated ants (thus lacking the PPG)
produced as much hydrocarbons de novo as did intact
ants, further confirm the assumption that hydrocarbons
reach the gland solely by sequestration. Although we
cannot exclude the possibility that additional specific
factors required for hydrocarbon synthesis were missing
in our in vitro preparation, we consider it unlikely in
view of the fact that the glands showed radioactive
incorporation into fatty acids as well as into an unidenti-
fied lipid fraction. The extensive incorporation into
hydrocarbons demonstrated by the fat body preparations
validated our in vitro conditions as adequate for support-
ing hydrocarbon biosynthesis. Ultrastructurally, the PPG
of C. niger, as well as that ofDinoponera, seems to be
equipped both for lipid sequestration (microvilli on the
apical side of the cells and basal invaginations) and lipid
biosynthesis (smooth endoplasmic reticulum (ER), Golgi
apparatus, and numerous lamellar inclusions) (Soroker
et al., 1995a; Schoeters and Billen, 1997). The in vitro
studies indeed confirmed that the gland synthesizes lip-
ids such as triacylglycerols and fatty acids.

Sequestration of hydrocarbon pheromones by the exo-
crine gland that stores them may be a general phenom-
enon. It occurs in non-related insects such as in the sex
pheromone gland of arctiid moths (Schal et al., 1998a),
in Dufour’s gland of the honey bee (Katzav-Gozansky
et al., 1997), and in the sex pheromone system ofDroso-
phila melanogaster(Pho et al., 1996). In ants, seques-
tration into the gland is obtained both internally and
externally from the individual’s cuticle while self-
grooming (Soroker et al., 1995b). Internal hydrocarbon
transport from the fat body to the PPG is probably
mediated by specific blood lipophorins, as demonstrated
for the hydrocarbon sex pheromones ofD. melanogaster
(Pho et al., 1996). In the present study we demonstrate
the presence of the major PPG hydrocarbons also in the
hemolymph, providing indirect evidence for their
internal transport.

Another body part that contained hydrocarbons in sur-
prisingly high amounts was the crop. Quantitative GC
demonstrated that, inC. niger, the amount in the crop
might equal that in the PPG. We further demonstrated
a close link between the PPG and crop hydrocarbons.
Experiments with decapitated ants have shown
unequivocally that crop hydrocarbons originate from the
PPG rather than being synthesized de novo or being

sequestered directly by the crop from their site of syn-
thesis. Nonetheless, the involvement of the crop provides
another axis for hydrocarbon circulation. Their large
amounts in the crop suggest that the alimentary tract may
act as a sink for overflow of hydrocarbons, providing a
route whereby PPG products may be cleared out quickly.
Regular emptying of the PPG may facilitate the quick
adaptation of the individual ant to novel odor combi-
nation upon exchange of secretion with a nestmate by
trophallaxis. A route for overflow may also be adaptive
in the case of unequal exchanges between nestmates, as
for example occurs in exchanges between queen and
worker C. niger nestmates (Lahav et al., 1998). It is
worth noting that hydrocarbons cleared via the crop are
not necessarily excluded from being recycled further. In
principle, the crop content can participate in the forma-
tion of colony odor through regurgitation during trophal-
laxis, self-grooming or allogrooming. Alternatively,
hydrocarbons can be transferred between colony mem-
bers via proctodeal trophallaxis, contributing an
additional element to obtaining a uniform colony odor.
The impact of proctodeal trophallaxis in hydrocarbon
exchange between nestmates remains to be established.

Another premise of the colony odor formation model
is that of a continuous interchange between the PPG and
epicuticular hydrocarbons, leading to a chemical congru-
ency between the two. Such congruency was indeed
demonstrated for several species of ants from remotely
related subfamilies (Bagne`res and Morgan, 1991;
Soroker et al., 1995a). Re-examination of the chemical
congruency between the epicuticle and the PPG inC.
niger revealed that although the chemical compositions
of the PPG and the epicuticle are qualitatively similar,
quantitatively they are not identical. The epicuticle is
significantly richer in C29 and monomethylalkanes,
whereas in the PPG the dimethylalkanes are more abun-
dant. Differences between internal and epicuticular
hydrocarbons were also reported in other insects (Schal
et al., 1998b). InC. niger, these differences may reflect
the contribution of additional exocrine glands such as
the tarsal glands to the epicuticular hydrocarbons. By
regularly brushing their body with their legs, ants may
add additional compounds to the cuticle. Deviant seques-
tration mechanisms for different groups of hydrocarbons,
e.g., a selective transport of straight-chain alkanes to the
epicuticle, may provide another explanation for the
above chemical discrepancy. Unfortunately, the regu-
lation of hydrocarbon transport, and the mechanisms of
cellular discrimination among hydrocarbon types, have
been little studied.

The results of the present study permit us to construct
a more complete model for hydrocarbon dynamics in
ants. Hydrocarbons are produced by the fat body, prob-
ably abdominal fat body, and are released to the hemo-
lymph, from where they are transported to the PPG and
the cuticle. Several lines of evidence confirm that the
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PPG does not synthesize hydrocarbons but only seques-
ters them. From the PPG hydrocarbons can be applied
to the epicuticle by self-grooming, but can also find their
way to the crop. Although we consider the crop as an
outlet for hydrocarbon overflow, its possible role in the
maintenance and homogenization of colony odor should
not be overlooked. This can be achieved either by buccal
or by anal trophallaxis. Despite the close association
between PPG secretion and epicuticular hydrocarbons,
some chemical discrepancies between the two were
found. We do not yet have an explanation for this
phenomenon, but it suggests either the contribution of
additional sources to cuticular hydrocarbons, or differen-
tial transport to the cuticle and the PPG. The question
of whether these differences are significant for nestmate
recognition, or play a role in water impermeability,
remains to be answered.
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