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B Abstract This review covers selected literature from 1982 to the present on some
of the ecological, behavioral, and biochemical aspects of hydrocarbon use by insects
and other arthropods. Major ecological and behavioral topics are species- and gender-
recognition, nestmate recognition, task-specific cues, dominance and fertility cues,
chemical mimicry, and primer pheromones. Major biochemical topics include chain
length regulation, mechanism of hydrocarbon formation, timing of hydrocarbon syn-
thesis and transport, and biosynthesis of volatile hydrocarbon pheromones of Lepi-
doptera and Coleoptera. In addition, a section is devoted to future research needs in
this rapidly growing area of science.

INTRODUCTION

In the first major review of the biochemical, ecological, and behavioral importance
of hydrocarbons to insects (58) we were able to find 130 papers on the subject.
Were we to attempt a complete survey of the literature today, the papers cited
would number several thousand. Indeed, the field continues to grow so rapidly that
comprehensive coverage is impossible. Although hydrocarbons may be simple in
chemical terms, the ways in which insects and other arthropods have evolved to use
them for prevention of desiccation, as a barrier to microorganisms, and numerous
other biochemical, physiological, and semiochemical functions are far from sim-
ple. All the areas covered in the 1982 article (sex pheromones, species and caste
recognition cues, epideictic and territorial pheromones, alarm, recruitment and
chemical defense, thermoregulatory pheromones, kairomonal cues for parasites,
and the biochemistry of hydrocarbon production) have experienced subsequent
steady attention. Many of these topics (epideictic and territorial pheromones and
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thermoregulatory pheromones) are not included in this paper, nor are numerous
additional studies on the use of hydrocarbons for chemical taxonomy and systemat-
ics, physical properties of various hydrocarbon classes, identification methods and
analytical techniques, syntheses of novel and enantiomerically pure hydrocarbons,
and environmental interactions affecting hydrocarbon production and properties.
Discussion of these areas can be found in several articles (40, 41, 54, 76, 77,
82). This review instead focuses on the enormous advances made since 1982 on
understanding hydrocarbons as ecological, behavioral, and physiological signals,
with particular attention to the social insects, the biochemistry and physiology of
hydrocarbon production, and methodological problems in clarifying these issues.

ECOLOGICAL AND BEHAVIORAL ASPECTS

It is becoming increasingly clear that a major function of cuticular hydrocarbons
in arthropods is to serve as recognition signals between two or more individuals.
One or more components of the complex mixture of hydrocarbons found on the
cuticle of almost all arthropods is often the primary chemical cue that answers
questions such as: Are you a member of my species? Are you the same gender as
me? For social insects, are you a member of my colony? Are you a member of my
nest? To which caste do you belong? Are you a queen or perhaps brood? Are you
a worker trying to convey to me the need to accomplish a certain task? Are you
closely related kin? And for many arthropods that exist as inquilines in the nests
of social insects, can you recognize that I am alien?

Species and Gender Recognition

Analysis of many solitary and social insect species have shown that, in general, hy-
drocarbon profiles tend to be species specific (54). Most of these studies, however,
are based on simple comparisons of either qualitative or quantitative differences
among taxa (often determined by various multivariate statistical techniques) and
not on bioassays that provide a definite link between the hydrocarbons and the
behavioral responses by the insects. Equally important as species recognition is
gender recognition. Here, too, cuticular hydrocarbons play important roles in many
species. Examples are known in which either males or females contain distinctive
hydrocarbons not produced by the other gender (tsetse flies: 83, 84, 105; cer-
ambycid beetles: 43). In other cases, the same hydrocarbons are present, but in
gender-specific relative abundances (Drosophila spp.: 6, 22, 65, 66, 109; para-
sitoids: 53, 55, 64). Numerous examples are also known, however, in which both
genders have the same hydrocarbons and appear to have the same relative abun-
dances of all components (Drosophila spp.: 59; hymenopterous parasitoids: 53,
56, 60, 63). Most studies have assessed gender differences empirically rather than
through bioassays. In some cases, however, bioassays have been developed that
showed unequivocally that the hydrocarbons in question are used by the insects
for gender recognition (15, 43, 55).
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Nestmate Recognition

Considerable efforts have been made toward understanding the mechanisms of
nestmate recognition, and the findings are as complex as the insect societies
themselves. Recent major reviews of nestmate recognition considered ants (112),
semisocial and social wasps (100), bees (11), and termites (21). Critical to the
study of such recognition chemicals (frequently described as Gestalt odor, nest
odor, or colony odor) are a large number of methodological issues, which have
been reviewed by Vander Meer & Morel (112). A major issue for many studies
is the nature of the chemical extracts reputed to contain the nestmate recognition
cues, which are in many (but not all) cases assumed to be cuticular hydrocarbons.
Nonpolar solvents (e.g., hexane, pentane, and methylene chloride) are not specific
for hydrocarbons and readily dissolve other compounds that have a significant
portion of their structure as an alkane chain (112). Commonly, solvent extracts are
obtained by suspending insects in the solvent from several minutes to an hour or
more, enough time to extract most of the cuticular lipids (usually primarily hydro-
carbons), most glandular lipids (frequently not hydrocarbons), and internal lipids
including those in the hemolymph (large quantities of hydrocarbons and other
bound lipids). Furthermore, addition of solvent extracts (whether crude extracts or
purified isolated chemicals) back onto a live insect results not only in deposition
of extracted lipid but also in the disruption of the native lipids on the test insect
and likely initiates physiological processes to replace or metabolize components
of this disturbed lipid layer. This problem can be avoided by using inanimate dum-
mies as test vehicles for the chemical extracts, and several researchers have indeed
adopted this approach (112). A major disadvantage of this approach, however, is
that movement is also an important cue for many social insects, and unless special
methods are developed to provide movement to the inert dummy (62), the signal
modality perceived by the test organisms is somewhat artificial.

A different type of chemical delivery system was developed by Takahashi &
Gassa (106) and offers considerable promise for a variety of recognition bioas-
says. They extracted two species of Japanese termites (Reticulitermes speratus and
Coptotermes formosanus) with hexane, isolated and purified the hydrocarbons, and
suspended the hydrocarbons by ultrasonic agitation in a 2% Triton X-100 solution
that was used to topically coat the dorsal surface of a live termite with one worker-
equivalent of suspended hydrocarbons. After 15 minutes, either a conspecific or
heterospecific worker or soldier was introduced with the treated live termite and the
resulting behavior recorded. Control experiments were run with termites treated
only with the Triton X-100. Apparently these aqueous suspensions disturb the cu-
ticular surface of treated insects much less than organic solvents do, thus allowing
a clean test of the effect of added hydrocarbons in the absence of physiological
responses by treated insects. Further work is needed to determine the value of this
technique in other species.

Determining whether a chemical cue is perceived as a signal of nestmate recog-
nition is almost always accomplished by laboratory bioassays that measure ag-
onistic responses. These bioassays are critical to testing alternative hypotheses
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regarding the nuances of nestmate recognition systems. A variety of bioassays
have been developed, yielding variable results (94, 112). Researchers seldom jus-
tify their choice of a particular bioassay and rarely compare results using different
bioassays. A recent study of the Argentine ant, Linepithema humile, compared four
bioassays for consistency between replicates, the similarity of results between as-
says, and the ability to predict whole-colony interactions from bioassay results
(94). The six major findings of this study were that (a) scoring methods within all
assays were correlated, but some assays were less consistent than others; (b) all
assays were not equally likely to reveal aggressive acts during individual trials,
but assays that generated the highest aggression scores were ones in which the
most ants were involved; (c) ants were most likely to show aggression when tested
in bioassays that mimic critical ecological contexts such as competition for food
or defense of nest; (d) assays using isolated pairs of ants did not give clear pre-
dictions concerning whole-colony interactions over time; indeed, some colonies
that fought in bioassays merged when the entire colonies were allowed to interact;
(e) there was a weaker correlation between trials within an assay than between
assays, suggesting substantial heterogeneity in either chemical cues, perceptive
abilities, or aggressiveness of individual colony members; and (f) adequate repli-
cation is essential irrespective of the bioassay used. Similar conclusions are likely
for aggression bioassays using wasps, bees, or termites.

Despite these caveats, numerous studies have yielded critical insights into the
mechanistic aspects of nestmate recognition in social insects. One important pa-
rameter is colony size: When colonies are small, individual insects can learn the
semiochemical profile of nestmates, even if they are rather individualistic. In con-
trast, members of large colonies are thought to require the sharing of individual
chemical profiles to produce an average colony profile, which is the parameter that
must be learned (25, 26). In ants, the source of the shared chemicals is either the
postpharyngeal gland (PPG) for species that engage in trophallaxis, or the cuticle
for species that engage only in colony grooming behaviors (112). For wasps, sur-
face lipids are shared either by grooming behaviors or possibly by transfer from the
Dufour’s gland (29), and the same is possibly true for bees. In termites, no glands
are known that contain cuticular lipids, which may be shared solely by grooming
activities (21).

Although few authors (11, 112) have argued that semiochemicals other than
cuticular hydrocarbons are important nestmate recognition cues, the vast prepon-
derance of authors have concluded that cuticular hydrocarbons are the most impor-
tant cues. For ants, two basic models have been set forth to explain the origin and
maintenance of colony-specific nestmate recognition cues. The queen-centered
model states that queens biosynthesize the cues de novo and these are then subse-
quently distributed among the workers. This model predicts that the queen must
produce substantial quantities of these chemicals, that she is the source of the
colony Gestalt, and that workers separated from contact with their queen will lose
these cues compared to queenright nestmates. Alternatively, the worker-centered
model states that nestmate recognition cues are made and distributed primarily
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by workers. This model predicts that no aggression results when nestmates from
split colonies are reunited (72). In several species of Camponotus, cross-fostering
experiments indicated that the queen odor masks any innate odor that the work-
ers might possess (12—14). Provost (89) showed that Leptothorax lichtensteini
workers separated for three months will not accept each other unless the queen
is transferred back and forth between the groups during separation. In addition,
comparative cuticular hydrocarbon analyses by Provost et al. (90) on artificial
colonies of Messor barbarus with differing numbers of queens suggested that
the queen-produced hydrocarbons were the important nestmate cue. These studies
all support the queen-centered model. Other studies, however, have supported the
worker-centered model. Crosland (24) showed that workers of Rhytidoponera con-
fusa separated from their own colony and housed with an alien conspecific queen
were still readily accepted by their former nestmates upon return to their colony,
whereas non-nestmate unrelated workers were immediately attacked. Similar re-
sults were found for Leptothorax curvispinosus workers (104).

An elegant test of these two models is provided by the behavioral and biochem-
ical experiments of Lahav et al. (71, 72) using the polygynous species Cataglyphis
niger. Aggression bioassays indicated that encounters between nestmates from
split colonies or nonsplit colonies were peaceable, that the presence or absence
of a queen had no effect on aggression, and that all workers readily attacked
C. niger workers from an alien colony. These results are all in better agreement
with a worker-centered model than a queen-centered model. Analysis of PPG
contents and cuticular extracts by gas chromatography (GC)-mass spectrometry
indicated that queens and workers had similar overall hydrocarbon composition,
but that queens had three times more hydrocarbons in their PPG than workers did
(their heads are the same size), whereas the amount of hydrocarbon on the tho-
racic surface was the same for queens and workers. Tests to determine comparative
de novo biosynthetic rates of newly synthesized hydrocarbons from '“C-acetate
in queens and workers indicated that hydrocarbon production in the queen PPG
was 20 times less than that in the worker PPG of either queenright or queenless
colonies. Queens did not generate substantial quantities of hydrocarbons in other
tissues such as in the ovaries, nor did queen age affect production. This biochemical
evidence again supports the worker-centered model more than the queen-centered
model. Additional studies using radiolabeled donors measured the flow of hydro-
carbons between workers and queens. Queens received more PPG hydrocarbon
in trophallactic exchange than they gave, but transfers to the cuticle by grooming
were low and the same for both workers and queens, again in accordance with
a worker-centered model. In group encounters workers transferred slightly more
hydrocarbons to a queen than to a worker. Lahav et al. (72) suggest that this slight
preference allows the queen to accumulate copious PPG content, thus acting as a
mechanism to maintain the queen’s individual odor as similar as possible to the
average colony odor.

Dani et al. (30) conducted several experiments on the paper wasp Polistes domin-
ulus to test the importance of individual hydrocarbons as nestmate recognition cues.
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The cuticular lipid profile of this species is dominated by a series of n-alkanes,
monomethyl alkanes, and monoenes (10, 29). A series of synthetic hydrocarbons
were obtained and applied either singly or as mixtures at 40 pg (approximately
one eighth of normal cuticular hydrocarbons). In additional experiments, 200-11g
treatments of single synthetic hydrocarbons were used. Application of n-alkanes,
either singly or as a mixture, did not cause the treated wasp to be attacked. In
contrast, wasps treated with methyl alkanes or with monoenes were attacked by
colony members, and the intensity of the aggressive response was greater for
200-pg treatments than for 40-ug treatments. These experiments indicate that the
wasps can detect the increased levels of the hydrocarbons (12% to 60%) and that
they use them for nestmate recognition. Earlier studies (10, 29, 39, 73, 78) im-
plicating methyl-branched hydrocarbons as the important semiochemical cues in
nestmate recognition were all conducted using univariate and multivariate statis-
tical analyses of composition data rather than direct experimental manipulations.
Ruther et al. (95) also tested the aggressive responses of foraging hornets to dead
dichloromethane-extracted European hornet, Vespa crabo, workers treated topi-
cally with low levels of synthetic hydrocarbons. The authors found that forager
aggressiveness to hornets with added hydrocarbons was much greater in foragers
about to leave the nest than in foragers who had left the nest before being used
in the bioassay. These results can possibly be explained by the leaving forager
being in an ecological context in which nest defense is paramount, whereas the
returning forager is not likely in most cases to be met at her nest by an alien hornet.
Presentation of frozen nestmates without added chemicals elicited no aggressive
responses, whereas presentation of a dead non-nestmate elicited strong aggressive
responses. The conclusions of the authors must be tempered somewhat, however,
as they did not test responses of hornets to extracted hornets without added chemi-
cal, and it is likely that their extraction procedure failed to extract each dead hornet
completely and reproducibly. In addition, because their quantitative analysis of the
hornet lipids relied on GC-mass spectrometry, their use of the internal standard
1-eicosene is problematic, as the total ion current for any given class of chemicals
is strongly dependent on the functional nature of the molecules, i.e., alkenes are not
good standards for n-alkanes or methyl-branched alkanes, and 1-alkenes might not
give the same ion response as internal alkenes. In addition, the dichloromethane
extracts contained several terpenes and terpene esters (likely from glands rather
than from cuticular surface lipids), and the 1-eicosene is definitely a poor model
for the ion current properties of these compounds. Despite these caveats, Ruther
et al. (95) showed that the hornets perceived and responded to low levels of added
individual hydrocarbons.

Task-Specific Cues

Gordon and her colleagues have conducted an interesting series of experiments
on the semiochemical roles of cuticular lipids, especially hydrocarbons, of the
red harvester ant, Pogonomyrmex barbatus, a species that engages very little in
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trophallactic exchanges. These studies have addressed nestmate recognition (116),
caste-specific differences in hydrocarbon composition in relation to task-related
behaviors (115, 117), task decision control by cuticular hydrocarbons (45), and a
detailed analysis of the chemical composition of the ant cuticular lipids (85). This
species is a good model for semiochemical studies because it consists of colonies of
only moderate size (10,000 to 12,000 workers) headed by only a single queen and
amodest repertoire of caste-specific behaviors (tasks). These ants have two groups
of cuticular lipids: the hydrocarbons, which are the predominant compounds in
terms of actual amounts (111 of them, but 30 of them make up about 90% of the
total), and the wax esters, which are present in a much lower total abundance than
the hydrocarbons despite there being about the same number of individual wax
esters (112) as there are individual hydrocarbons, i.e., many small wax ester peaks
compared with many, much bigger hydrocarbon peaks (85). About 30 of the most
abundant hydrocarbons were used by the authors in all behavioral analyses. For
most of their multivariate statistical studies, the authors used only the five most-
abundant hydrocarbons, because with numerous independent variables statistical
artifacts are highly likely when making multiple comparisons (116), unless very
large sample sizes are used. They have used novel bioassays in these studies, us-
ing small glass blocks as “ants” presenting various test mixtures of chemicals. As
have other investigations conducting recognition bioassays, they used mandible
openings as a measure of aggression. Nestmate recognition studies were done with
the extracts of midden workers, individuals that work primarily outside the nest,
moving debris (mostly small stones) from one place to another (44). Either total
extracts or hydrocarbons alone were sufficient cues to enable workers (of unknown
caste composition) emerging from a laboratory nest to distinguish nestmates from
non-nestmates (116). Inquiry into whether different castes possess different task-
related cuticular hydrocarbon profiles (115) utilized three field-collected, relatively
easily discernable groups of workers: patrollers, workers whose role is to locate
and inform the colony of seed sources; foragers, workers that leave the nest and
retrieve the seeds located by the patrollers; and nest maintenance workers, which
drag refuse out of the nest. Each of these groups differed in the relative propor-
tions of n-alkanes, monomethyl alkanes, dimethyl alkanes and alkenes, as well
as in some individual hydrocarbons when analyzed by multivariate techniques.
Enough variability exists, however, that discriminant analysis failed to assign vari-
ous individuals to the correct task about 25% of the time. Subsequent studies (117)
indicated that the cuticular hydrocarbon composition of the various task-related
castes were correlated with environmental variables, in particular temperature and
relative humidity.

It is well known that ants, organized without any central control, must respond
to changing environmental and ecological conditions to adjust the number of work-
ers performing any given task in relation to the needs of the colony. The question
is, do the ants use differences in hydrocarbon profiles to recognize the task be-
ing performed at that time by the ants that they encounter? If they do, then this
information could allow each ant to make a decision on whether to perform a
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particular task. Green & Gordon (45) designed a clever set of experiments to an-
swer this question. They picked two task groups: (a) foragers, which spend a great
deal of time outside the nest, thus being exposed to warmer and drier conditions,
and (b) nest maintenance workers, who stay mostly inside, where it is cooler and
more moist. Foragers have higher ratios of n-alkanes to n-alkenes and branched
hydrocarbons than nest maintenance workers do (117). In a field bioassay, these
investigations inhibited foraging by removing patrollers returning to the nest. Af-
ter 30 minutes without patrollers entering the nest, Green & Gordon mimicked
the flow of returning patrollers by dropping 3-mm-diameter glass beads coated
with one insect-equivalent of extracted cuticular lipids into the nest opening at the
rate of 1 every 10 seconds until the number of beads approximated the number of
ants previously collected. The extract was either total lipids of patrollers, patroller
hydrocarbons, nest maintenance worker hydrocarbons (to test for task specificity
control), or pentane (solvent blank). In addition, live patrollers were captured and
returned to the nest as a positive control for forager activity. Foraging activity was
monitored by counting foragers within one meter of the nest entrance for one hour.
The authors found that, when one ant-equivalent of patroller hydrocarbons on the
glass beads was presented just inside the nest entrance at intervals corresponding
to normal patroller activity and at the time of day that foraging would normally
occur, the glass bead with hydrocarbon extract triggered a full and normal forag-
ing response by the colony. Beads with nest maintenance worker hydrocarbons did
not elicit foraging responses. These results strongly suggest that an ant can assess
the task status of another nestmate from its cuticular hydrocarbon profile and can
adjust its own behavior accordingly.

Dominance and Fertility Cues

A number of social insects show female dominance hierarchies within a colony,
frequently closely related to the ovarian status of the alpha-individual. A long-
standing problem has been to identify the cues by which individuals both maintain
their status and recognize the status of their nestmates. Several recent studies
strongly implicate cuticular hydrocarbons as the primary cue. Monnin et al. (80)
showed that, in the queenless ponerine ant Dinoponera quadriceps, in which only
one dominant alpha-female mates and reproduces in each colony, the dominant fe-
male contained significantly greater quantities of 9-hentriacontene (presumably of
Z-stereochemistry) than did her sterile nestmates. The remaining 80 hydrocarbons
found on the cuticle of this species did not vary as a function of dominance status,
and the 9-C3;.; did not occur in the Dufour’s gland of this species. Peeters et al. (87)
further showed that if the alpha-female is removed from the colony, then one of the
beta-workers will increase its level of the 9-C3;.; and acquire alpha-status. Liebig
et al. (74) studied the ponerine ant Harpegnathos saltator, in which queen-worker
dimorphism is very limited, and only a few mated workers reproduce once the
founding queen senesces. Furthermore, worker oviposition is regulated by highly
specific aggressive interactions among nestmates that can recognize different levels
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of ovarian activity. Variations in cuticular hydrocarbons correlated with oogene-
sis for both queens and workers. 13,23-Dimethylheptatriacontane was present in
egg-layers but not in infertile workers and senescent queens. Other hydrocarbon
components also varied, with egg-layers also characterized by an elongation of the
chain lengths of the hydrocarbons compared with non-egg-layers. In this species,
cuticular hydrocarbons also serve as a fertility signal and indicator of dominance
relationships to nonreproductive members of the colony. Similar findings were
made by Cuvillier-Hot et al. (27) for the queenless ponerine ant Diacamma cey-
lonese and for the neotropical ponerine Pachycondyla cf. inversa (52, 107).

In addition to ponerine ants, the social wasp Polistes dominulus uses cuticu-
lar hydrocarbons as tokens of dominance and reproductive status (10, 101). In
this species, nests are frequently established by several females and dominance
hierarchies are established with only one alpha-female becoming an egg-layer. Im-
mediately after nest establishment, the future alpha- and subordinate females have
identical cuticular hydrocarbon profiles. However, as soon as new workers begin to
emerge, alpha-females are easily chemically distinguished from their subordinate
foundresses and new workers. Workers and subordinates were characterized by
n-alkanes and monomethyl alkanes, whereas the alpha-female was characterized
by alkenes and dimethyl alkanes. After experimental removal of the alpha-female,
the new dominant female took on the hydrocarbon profile of the alpha-female.
Sledge et al. (101) discussed these changes in terms of a switch from behavioral
dominance to chemical signaling, which involves less risk to the dominant female.

Chemical Mimicry

Since the initial postulation by Howard et al. (61) that a staphylinid beetle achieves
complete integration as a termitophile by mimicking precisely the cuticular hy-
drocarbons of its termite host, numerous other studies (recently reviewed in Ref-
erence 33) support the concept that inquilines of social insects use this adaptive
strategy. The methods by which inquilines mimick host-specific cuticular hydro-
carbons cover a spectrum from total de novo biosynthesis (recorded so far only for
highly integrated inquilines with a long history of coevolution with the hosts) to
behavioral acquisition by various physical contacts with the hosts, and every possi-
bility in between (33). Recent examples of chemical mimicry by inquilines of social
insects include myrmecophilous crickets (2) and the eucharitid parasitoid Kapala
sulcifacies with the ponerine ant Ectatomma ruidum (64), the myrmecophilous
beetles Zyras comes (Staphylinidae) and Diaritiger fossulatus (Pselaphidae) with
the black shining ant Lasius fuliginosus (1), and the myrmecophilous salticid spi-
der Cosmophasis bitaeniata, a predator of the tree ant Oecophylla smaragdina
3).

Not all examples of chemical mimicry of social insects involve inquilines.
Liepert & Dettner (75) describe how the predominant aphidiid parasitoid Lysiphle-
bus cardui forages among black bean aphid colonies tended by the ant Lasius
niger without being attacked by the ants. This parasitoid qualitatively mimics the
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hydrocarbon profile of the aphids, and the ants behave toward the parasitoids just
as if they are aphids; other species of aphid-tending ants show the same behavior
toward this parasitoid (114). Another aphidiid parasitoid that attacks the black bean
aphid, Trioxys angelicae, is vigorously attacked by honeydew-collecting ants when
encountered in aphid colonies. This species does not have a cuticular hydrocarbon
profile that mimicks that of the aphids.

Obligate social parasites of a number of social insect species have lost the worker
caste and are unable to found independent nests. They must therefore infiltrate a
host nest and “fool” the hosts into accepting them and rearing their brood. Bagnéres
etal. (4) showed that the wasp Polistes atrimandibularis, an obligate social parasite
of Polistes biglumis bimaculatus, uses a complex sequence of chemical mimicry of
the cuticular hydrocarbons of its host to achieve this end. In early June, the parasite
queens, fertilized the previous summer, begin searching for a host nest containing
only the host queen and developing brood. At this time, the parasite’s hydrocarbon
profile is dominated by alkenes, whereas host hydrocarbon profiles contain only
saturated hydrocarbons. Soon after nest invasion, the parasite loses all of its alkenes
and its profile now partly matches the saturated hydrocarbon profile of the host. By
the time the host workers emerge, host and parasite queens have indistinguishable
hydrocarbon profiles. By autumn, the parasite offspring begin to emerge as adults
and outnumber host offspring adults. The newly emerged P. atrimandibularis have
cuticular hydrocarbon profiles intermediate between their host and their mother
before she invaded the nest. Host workers have no unsaturated hydrocarbons. At the
end of the summer descendants of both species leave the nests to mate, and after
hibernation females begin a new cycle. Although no radiolabeling experiments
were conducted, it appears that the parasite can modulate its alkene production to
mimic the host hydrocarbon profile at critical points in the colonial cycle.

Polites sulcifer, an obligate social parasite of Polistes dominulus (111), has
evolved a different approach. Overwintering P. sulcifer females begin searching
for host nests during the middle of May, aggressively attack the host colony,
and often kill the alpha-host female (110). The parasite female then becomes
the new dominant female of the colony. Before usurpation, the two species have
different cuticular hydrocarbon profiles. Within 90 minutes of usurpation, the
parasite hydrocarbon profile begins to match that of its host and by day 3 the
profiles are indistinguishable. It is not known whether the parasite utilizes host
hydrocarbons from the nest surface to effect this transformation or whether she
changes her own biosynthesis to produce them. Later, the parasite queen changes
the hydrocarbon composition of the nest by the addition of a parasite-specific
hydrocarbon (9,15-dimethylnonacosane). Turillazzi et al. (111) propose that if the
parasite queen limits attack by host workers by chemical mimicry, she may also
manipulate the hydrocarbon profile of the nest on which host nestmate recognition
template is based. As they note, to ensure her reproductive success, the parasite
queen must not only be accepted as the alpha-individual, but must also ensure that
the host workers raise her immature brood by failing to distinguish them from host
brood.
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A different system of chemical mimicry is found in the tropical ant Cardio-
condyla obscurior (23). Males of this species are either wingless and aggressive,
or winged and docile, and both compete for access to virgin queens in the nest.
The wingless males attack each other but do not attack the winged males. Cremer
et al. (23) showed that the winged males closely mimic the cuticular hydrocarbon
profile of the virgin queens (and the winged males are accordingly courted by the
wingless males), whereas the cuticular hydrocarbons of the wingless males are
substantially different from those of the queens. This situation is unusual and sug-
gests a new evolutionary context for chemical deception whereby chemical female
mimicry enables two alternative reproductive strategies by males to coexist.

Primer Pheromones

Primer pheromones have long been postulated for insects, but the nature of delayed
response between stimulus and final physiological or behavioral result has been
a major impediment to studies in this area. A long-standing problem of great
interest is ascertaining what stimulates and controls the shift from solitary to
gregarious behavior in locusts (42). Heifetz et al. (51) reported that cuticular lipids
from Schistocerca gregaria nymphs induce gregarious behavior in solitary nymphs
and are likely detected via the antennae. In further studies, Heifetz et al. (50)
reported that it was only the hydrocarbon fraction of the cuticular lipids, and
not the wax esters, that were the active components. They further showed that
antennal preparations of crowded S. gregaria nymphs and adults exposed to their
hydrocarbons generate rapid, short-lived increases of inositol triphosphate (IP3)
but not cAMP, that this generation is dose dependent and species specific, and that it
is significantly impaired in the presence of a specific inhibitor of trimeric G protein
function, GDP-B-S. These data strongly suggest that the cuticular hydrocarbons are
specifically perceived by antennal cells and function as contact primer pheromones
that trigger behavioral phase transitions in these locusts.

HYDROCARBON BIOSYNTHESIS

In addition to the numerous advances made since 1982 in understanding the func-
tional roles of hydrocarbons in arthropods, similar advances have been made in
understanding the biochemistry and physiology of hydrocarbon production and
regulation. The biosynthesis of hydrocarbons has been extensively studied in the
dipterans Musca domestica (7) and Drosophila melanogaster (67), and consid-
erable work has also been done on the cockroaches Periplaneta americana and
Blattella germanica, the termite Zootermopsis angusticollis, and several other in-
sects (82). The timing of hydrocarbon production during development has been
investigated in the cabbage looper, Trichoplusia ni, and the armyworm, Spodoptera
eridania, and the transport of hydrocarbons by lipophorin in a number of species
has been examined (20, 97 and references therein, 99). In M. domestica, the chain
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lengths of cuticular hydrocarbons are modified by ovary-produced ecdysteroids to
function as a sex pheromone, and work on this insect has shed light on the steps
that regulate the chain length of insect-produced hydrocarbons (7). A combina-
tion of in vivo and in vitro studies using both radio- and stable isotope techniques
established the biosynthetic pathways for the major types of hydrocarbons. Lit-
tle is known of either the enzymology or the molecular biology of hydrocarbon
production, although studies in these areas are in progress.

Methyl-Branched Hydrocarbons

Figure 1 summarizes our current understanding of hydrocarbon formation. n-
Alkanes and n-alkenes are formed by the elongation of appropriate fatty acyl-CoAs
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Figure 1 Proposed biosynthetic pathways for unsaturated and methyl-branched hy-
drocarbons in insects. Shorthand abbreviation for fatty acids: xy:z stands for the number
of carbons:number of double bonds; Al, aldehyde; Hyd, hydrocarbon.
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followed by conversion to the hydrocarbon one carbon shorter. The methyl group of
the methyl-branched hydrocarbons arises from the substitution of methylmalonyl-
CoA in place of malonyl-CoA at specific points during chain elongation (82). In
some insects, including M. domestica (34) and B. germanica (16), the methyl-
malonyl-CoA unit arises from the branched amino acids valine, isoleucine, and
perhaps methionine, whereas in the termite Z. angusticollis (49), succinate is con-
verted to methylmalonyl-CoA, apparently by alimentary canal microorganisms.
Consistent with these findings, both M. domestica and B. germanica have low or
undetectable levels of vitamin B, (necessary for the interconversion of succinyl-
CoA and methylmalonyl-CoA), whereas the termite Z. angusticollis has high lev-
els of vitamin B, (118). Although nothing is known about the regulation of the
number and positions of the methyl-branching units, evidence has been obtained
from studies in both M. domestica (47) and B. germanica (46, 68) that a micro-
somal fatty acid synthase (FAS), as opposed to the soluble FAS, is involved in
producing methyl-branched fatty acid precursors (9). In the American cockroach,
P. americana, which produces 3-methylpentacosane as its only major methyl-
branched hydrocarbon, carbon-13 NMR studies with labeled propionates showed
that the branching methyl group is inserted early in chain elongation and not as
the penultimate unit (35). Likewise, in the house fly, carbon-13 studies using mass
spectrometry demonstrated that the methyl-branching unit, in both 3-methyl and
internally branched methylalkanes, was inserted early in the elongation process
(34).

Almost nothing is known about the absolute stereochemistry of methyl branches
in insect hydrocarbons. In B. germanica, 3,11-dimethylnonacosane is converted to
3,11-dimethylnonacos-2-one (17), which has the 3S, 11S configuration (86, 95).
This stereochemistry suggests that the enzyme responsible for oxidizing the 2-
position selectively interacts with only one of four possible stereoisomeric alkane
precursors or that other enzymes selectively produce only one chiral hydrocarbon
for the oxidase reaction.

Alkenes

The positions of the double bonds in unsaturated hydrocarbons are determined by
fatty acyl-CoA desaturases. Thus, many insect hydrocarbons have double bonds at
the 9-position, arising from the ubiquitous A°-desaturase acting on stearoyl-CoA.
The A°-desaturase has been cloned from M. domestica (38) and D. melanogaster
(119). The protein desat1 in D. melanogaster is a A°-desaturase that preferentially
acts upon palmitoyl-CoA, leading to hydrocarbons with 7,11-double bonds (28).
Anunusual gene, desat2 (28, 67), located close to the gene desat I in the Drosophila
genome appears to be responsible for the 5,9-dienes present in African Tai females.
The protein desat?2 is also a A°-desaturase but preferentially uses myristoyl-CoA,
leading to hydrocarbons with double bonds at the 5,9-positions (28). The American
cockroach synthesizes linoleic acid (18:2, A%!2) de novo (8), which it elongates
and decarboxylates to form the 27:2 hydrocarbon, with double bonds at the 9,12-
positions (36).



384

HOWARD ® BLOMQUIST

Chain Length Regulation

Regulation of chain length in hydrocarbons appears to reside in the fatty acyl-
CoA elongase reactions and not in the reductive conversion of acyl-CoAs to
hydrocarbon. The American cockroach produces three major hydrocarbons, n-
pentacosane, 3-methylpentacosane, and (Z,Z)-9,12-heptacosadiene. Studies on mi-
crosomes from integument tissue showed that stearoyl-CoA was elongated only
to 26 carbons (to serve as the precursor to n-pentacosane), whereas linoleoyl-CoA
was elongated to 28 carbons (to serve as the precursor to the C27 diene) (113).
The female house fly produces monoenes of 27 carbons and longer for the first two
days after adult eclosion, and then switches to producing (Z)-9-tricosene under the
influence of 20-hydroxyecdysone (20-HE) at three days posteclosion (7, 108). Mi-
crosomes from day-1 house flies readily elongated both 18:1-CoA and 24:1-CoA
up to 28 carbons, whereas microsomes from day-4 females elongated 18:1-CoA
to 24:1-CoA and did not effectively elongate 24:1-CoA. In contrast, males, which
produce 27 carbon and longer alkenes, readily elongated both 18:1-CoA and 24:1-
CoA to fatty acids of 28 carbons. It is speculated that 20-HE represses the produc-
tion of the specific elongase(s) (condensing enzyme) that converts 24:1-CoA to
28:1-CoA, and the build-up of 24:1-CoA leads to the production (Z)-9-tricosene
().

Mechanism of Hydrocarbon Formation

The mechanism of hydrocarbon formation from very-long-chain acyl-CoA is con-
troversial. Work in plants (18), an alga (32), and a vertebrate (19) indicated that
the acyl-CoA is converted to an aldehyde, which is then decarbonylated to the
hydrocarbon one carbon shorter in a reaction that does not require oxygen or
any cofactors, with the carbonyl carbon released as carbon monoxide. In contrast,
evidence in insects shows the aldehyde is decarboxylated to hydrocarbon and car-
bon dioxide by a cytochrome P450 enzyme that required NADPH and molecular
oxygen (91, 92). The resolution of this controversy awaits the cloning and charac-
terization of the enzymes involved.

Timing of Hydrocarbon Synthesis and Transport

In the cabbage looper, Trichoplusia ni, and the armyworm, Spodoptera eridania
(both Lepidoptera: Noctuidae), at eclosion (all molts) all the hydrocarbon present
on the surface of the insect remains on the larval or pupal exuvia (31, 37, 48). Thus,
insects must synthesize a new complement of hydrocarbon at each molt. Studies on
the timing of hydrocarbon production showed that hydrocarbon present on newly
molted insects is synthesized during the previous instar, stored internally, and then
becomes the hydrocarbon that provides the full complement of hydrocarbon for
the newly molted insect. The critical role of hydrocarbon in preventing a lethal
rate of desiccation (40, 41) has dictated the evolution of a system that provides for
a full complement of hydrocarbon for the newly molted insect.
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The storage and transport of hydrocarbons in insects have received scant atten-
tion. In a number of species, hemolymph hydrocarbons are carried by lipophorin
(20, 97 and references therein), and there has been a tacit assumption that most
internal hydrocarbons are associated with the hemolymph. However, in M. domes-
tica, Schal et al. (97) showed that less than 20% of the internal hydrocarbons are
in the hemolymph, and large amounts are found in the ovary. The recognition that
newly synthesized hydrocarbon first appears in the hemolymph associated with
lipophorin has required a paradigm shift in understanding hydrocarbon deposition
on the surface of the insect. The old model, in which hydrocarbon is transported
from the site of synthesis in epidermal cells via “pore canals,” must be re-examined.
Indeed, how hydrocarbon is transported from hemolymph lipophorin to the sur-
face of the insect is not known. Recent work in the termite Z. angusticollis (99)
suggests that specificity in the deposition of hydrocarbons can occur, and work is
needed to explore this possibility.

A number of insects have glands or organs that contain substantial quantities
of hydrocarbons, not all of which have the same composition as that found on the
cuticle. In the desert ant, Cataglyphis niger, both the hemolymph and crop contain
the same hydrocarbons that are found in the postpharyngeal gland (102). It is well
known (93) that in insects hydrocarbons are produced by oenocytes associated
with either fat body or epidermal tissue and not by specialized organs such as the
postpharyngeal gland. Therefore these gland- and organ-specific hydrocarbons are
likely transported from the site of synthesis by hemolymph (presumably bound
to lipophorin) and then selectively transported into the target tissue (102). Similar
findings have been made for the front basitarsal brush of the ponerine ant Pachy-
condyla apicalis (103) and for a number of parasitoid Dufour’s glands that contain
large quantities of hydrocarbon, not always identical to cuticular profiles (57).
A remarkable specificity occurs in several lepidopterans, in which shorter chain
pheromone or pheromone precursor hydrocarbons (69, 70, 98) are synthesized by
oenocytes and then cotransported by lipophorin along with the very-long-chain
cuticular hydrocarbons. The short-chain hydrocarbon pheromones or pheromone
precursors are selectively transported to the pheromone gland, whereas the cutic-
ular hydrocarbons become distributed over the cuticle (70). How this remarkable
targeting specificity occurs is unknown.

Biosynthesis of Volatile Hydrocarbon Pheromones
of Lepidoptera and Coleoptera

A number of moths in the families Geometridae, Arctiidae, and Noctuidae utilize
hydrocarbons, or their epoxide derivatives, as volatile sex pheromones (79). These
hydrocarbons often have double bonds at the 6,9- or 3,6,9-positions, consistent
with deriving from linoleic or linolenic acid. The 19- and 21-carbon components
arise after chain elongation of linoleic and linolenic acid, whereas the 17-carbon
components could arise from the direct decarboxylation of the parent fatty acids
(69). A few even-chain hydrocarbons with the 3,6,9- and 6,9-double bond positions
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have been identified, and Miller (79) suggested that they could be formed by direct
reduction of the carboxyl group. A more likely possibility is «-oxidation followed
by decarboxylation. However, no data are available, and both routes are possible.

Schal et al. (98) showed that the arctiid moths Holomelina aurantiaca and
H. lamae, both of which use 2-methylheptadecane as pheromones, synthesized the
pheromone in the oenocytes. 2-Methylalkanes can arise from the carbon skeleton
of either leucine (odd-chain-length hydrocarbon) or valine (even-chain length)
(82). 2-Methylheptadecane in Holomelina is transported in the hemolymph bound
to lipophorin along with longer chain cuticular hydrocarbons, and the short-chain
pheromone hydrocarbon is selectively taken up by the pheromone gland. A similar
situation exists in the gypsy moth, Lymantria dispar, in which the pheromone
precursor, 2-methyloctadec-(Z2)-7-ene, is synthesized by oenocytes, transported
by lipophorin to the pheromone gland, and selectively taken up and epoxidized to
the active pheromone component (69, 70).

A series of methyl- and ethyl-branched, conjugated triene and tetraene hydro-
carbons with 12 to 17 carbons were identified as the male sex pheromone compo-
nents of six Carpophilus fungus beetle species (5). These unusual hydrocarbons
are synthesized by male-specific tissue on the posterior portion of the abdomen
(81). Carbon-13 studies using NMR and mass spectrometry demonstrated that
biosynthesis involved the incorporation of acetate (straight-chain portion of the
molecule), propionate (methyl branches), and butyrate (ethyl branches), presum-
ably by a fatty acid—type pathway in which the unsaturated intermediate in each
elongation step is retained, followed by decarboxylation (5, 88).

FUTURE DIRECTIONS

Continued studies will undoubtedly reveal many new physiological and semio-
chemical functions for hydrocarbons in arthropods. Bioassays that test these
putative functions in natural systems in ways that do not cause the animals to
biosynthesize additional lipids of their own are needed to assign function un-
ambiguously. Studies of receptor interactions with hydrocarbons are needed as
well as studies that identify the minimal hydrocarbon moieties needed to convey
a particular semiochemical signal. Given the diversity of known arthropods and
their multitudes of life histories, an array of combinations of specific hydrocar-
bons/hydrocarbon classes may regulate the behavior of particular arthropods. The
roles of chirality in hydrocarbon biochemistry, physiology, and semiochemistry
are virtually unknown. Some progress is being made in understanding the genetics
and evolution of arthropod hydrocarbons, but much remains to be learned. Fu-
ture work on hydrocarbon biosynthesis and transport should address chain length
specificity, determination of the number and positions of both double bonds and
methyl branches, the stereochemical mechanisms of hydrocarbon formation, and
the means by which hydrocarbons are partitioned between the cuticle and spe-
cialized organs or glands. Research is needed to isolate and characterize the key
enzymes involved in hydrocarbon formation, including the fatty acid synthases that
form the methyl-branched fatty acids, the elongases, the reductase that converts
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very-long-chain acyl-CoAs to aldehyde, and the enzymes that convert aldehyde to

hydrocarbon.

ACKNOWLEDGMENTS

Research reported herein from GJB’s laboratory was supported in part by the
National Science Foundation, grant IBN-03,17022, and by the Nevada Agricultural
Experiment Station, publication number 03,031491. Current address for RWH is

701 Pine Street, Wamego, Kansas 66547.

The Annual Review of Entomology is online at http://ento.annualreviews.org

LITERATURE CITED

1.

. Bartelt RIJ.

Akino A. 2002. Chemical camouflage
by myrmecophilous beetles Zyras comes
(Coleoptera: Staphylinidae) and Diar-
itiger fossulatus (Coleoptera: Pselaphi-
dae) to be integrated into the nest of
Lasius fuliginosus (Hymenoptera: For-
micidae). Chemoecology 12:83-89

. Akino T, Mochizuki M, Yamaoka R.

1996. Chemical camouflage of myrme-
cophilous cricket Myrmecophilus sp. to
be integrated with several ant species.
Jpn. J. Appl. Entomol. Zool. 40:39-46

. Allan RA, Capon RJ, Brown WYV, Elgar

MA. 2002. Mimicry of host cuticular hy-
drocarbons by salticid spider Cosmopha-
sis bitaeniata that preys on larvae of tree
ants Oecophylla smaragdina. J. Chem.
Ecol. 28:835-48

. Bagneres AG, Lorenzi MC, Dusticier G,

Turillazzi S, Clément JL. 1996. Chemi-
cal usurpation of a nest by paper wasp
parasites. Science 272:889-92

1999. Sap beetles. In
Pheromones of Non-Lepidopteran In-
sects Associated with Agricultural Pests,
ed. J Hardie, AK Minks, pp. 69-89.
Oxon, UK: CABI Publ.

. Bartelt RJ, Armold MT, Schaner AM,

Jackson LL. 1986. Comparative anal-
ysis of cuticular hydrocarbons in the
Drosophila virilis species group. Comp.
Biochem. Physiol. 83B:731-42

. Blomquist GJ. 2003. Biosynthesis and

9a.

10.

11.

12.

ecdysteroid regulation of housefly sex
pheromone production. See Ref. 9a, pp.
231-52

. Blomquist GJ, Dwyer LA, Chu AJ, Ryan

RO, de Renobales M. 1982. Biosynthe-
sis of linoleic acid in a termite, cockroach
and cricket. Insect Biochem. 12:349-53

. Blomquist GJ, Guo L, Gu P, Blomquist

C, Reitz RC, Reed JR. 1994. Methyl-
branched fatty acids and their biosyn-
thesis in the housefly, Musca domestica
L. (Diptera: Muscidae). Insect Biochem.
Mol. Biol. 24:803-10

Blomquist GJ, Vogt RG, eds. 2003.
Insect Pheromone Biochemistry and
Molecular Biology. London: Elsevier
Academic

Bonavita-Cougourdan A, Theraulaz G,
Bagneres AG, Roux M, Pratte M, et al.
1991. Cuticular hydrocarbons, social or-
ganization and ovarian development in
a polistine wasp: Polistes dominulus
Christ. Comp. Biochem. Physiol. 100B:
667-80

Breed MD. 1998. Chemical cues in kin
recognition: criteria for identification,
experimental approaches, and the honey
bee as an example. See Ref. 111a, pp.
57-78

Carlin NF, Holldobler B. 1983. Nest-
mate and kin recognition in interspe-
cific mixed colonies of ants. Science
222:1027-29



388

HOWARD ® BLOMQUIST

13

14.

15.

16.

17.

18.

19.

20.

21.

. Carlin NF, Holldobler B. 1986. The
kin recognition of carpenter ants (Cam-
ponotus spp.). 1. Hierarchical cues in
small colonies. Behav. Ecol. Sociobiol.
19:123-34

Carlin NF, Holldobler B. 1987. The
kin recognition system of carpenter ants
(Camponotus spp.). II. Larger colonies.
Behav. Ecol. Sociobiol. 20:209-17
Carlson DA, Nelson DR, Langley PA,
Coates TW, Davis TL, Leegwater-
Vander Linden M. 1984. Contact sex
pheromone in the tsetse fly Glossina
pallidipes Austen: identification and
synthesis. J. Chem. Ecol. 10:429—
50

Chase J, Jurenka RA, Schal C, Halarnkar
PP, Blomquist GJ. 1990. Biosynthesis
of methyl branched hydrocarbons in the
German cockroach Blattella german-
ica (L.) (Orthoptera, Blattellidae). Insect
Biochem. 20:149-56

Chase J, Touhara K, Prestwich GD,
Schal C, Blomquist GJ. 1992. Biosyn-
thesis and endocrine control of the pro-
duction of the German cockroach sex
pheromone, 3,11-dimethynonacosan-2-
one. Proc. Natl. Acad. Sci. USA 89:
6050-54

Cheesbrough TM, Kolattukudy PE.
1984. Alkane biosynthesis by decar-
bonylation of aldehydes catalyzed by
a particulate preparation from Pisum
sativum. Proc. Natl. Acad. Sci. USA 81:
6613-17

Cheesbrough TM, Kolattukudy PE.
1988. Microsomal preparations from an-
imal tissue catalyzes release of carbon
monoxide from a fatty aldehyde to gen-
erate an alkane. J. Biol. Chem. 263:2738—
42

Chino H. 1985. Lipid transport: bio-
chemistry of hemolymph lipophorin. In
Comprehensive Insect Physiology, Bio-
chemistry and Pharmacology, Vol. 10,
ed. GA Kerkut, LI Gilbert, pp. 115-35.
Oxford: Pergamon

Clément J-L, Bagneres A-G. 1998. Nest-

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

mate recognition in termites. See Ref.
111a, pp. 126-55

Cobb M, Ferveur JF. 1996. Evolution and
genetic control of mate recognition and
stimulation in Drosophila. Behav. Proc.
35:35-54

Cremer S, Sledge ME, Heinze J. 2002.
Male ants disguised by the queen’s bou-
quet. Nature 419:897

Crosland MW]J. 1990. The influence of
the queen, colony size and worker ovar-
ian development on nestmate recognition
in the ant Rhytidoponera confusa. Anim.
Behav. 39:413-25

Crozier RH. 1987. Genetic aspects of kin
recognition: concepts, models, and syn-
thesis. In Kin Recognition in Animals, ed.
DJC Fletcher, CD Michener, pp. 55-73.
New York: Wiley

Crozier RH, Dix MW. 1979. Analysis of
two genetic models for the innate com-
ponents of colony odour in social Hy-
menoptera. Behav. Ecol. Sociobiol. 4:
217-24

Cuvillier-Hot V, Cobb M, Malosse C,
Peeters C. 2001. Sex, age and ovarian
activity affect cuticular hydrocarbons in
Diacamma ceylonese, a queenless ant. J.
Insect Physiol. 47:485-93

Dallerac R, Labeur C, Jallon J-M, Knip-
ple DC, Roelofs WL, Wicker-Thomas C.
2000. A A° desaturase gene with a dif-
ferent substrate specificity is responsible
for the cuticular diene hydrocarbon poly-
morphism in Drosophila melanogaster.
Proc. Natl. Acad. Sci. USA 97:9449-54
Dani FR, Fratini S, Turillazzi S. 1996.
Behavioural evidence for the involve-
ment of Dufour’s gland secretion in
nestmate recognition in the social wasp
Polistes dominulus (Hymenoptera: Vesp-
idae). Behav. Ecol. Sociobiol. 38:311-19
Dani FR, Jones GR, Destri S, Spencer
SH, Turillazzi S. 2001. Deciphering the
recognition signature within the cutic-
ular chemical profile of paper wasps.
Anim. Behav. 62:165-71

de Renobales M, Nelson DR, Mackay



INSECT HYDROCARBONS 389

32.

33.

34.

35.

36.

37.

38.

39.

40.

ME, Zamboni AC, Blomquist GJ. 1988.
Dynamics of hydrocarbon biosynthesis
and transport to the cuticle during pu-
pal and early adult development in the
cabbage looper Trichoplusia ni (Lep-
idoptera: Noctuidae). Insect Biochem.
18:607-13

Dennis MW, Kolattukudy PE. 1991.
Alkane biosynthesis by decarbonylation
of aldehyde catalyzed by a microsomal
preparation from Botryococcus brauni.
Arch. Biochem. Biophys. 287:268-75
Dettner K, Liepert C. 1994. Chemical
mimicry and camouflage. Annu. Rev. En-
tomol. 39:129-54

Dillwith JW, Nelson JH, Pomonis JG,
Nelson DR, Blomquist GJ. 1982. A 13C-
NMR study of methyl-branched hydro-
carbon biosynthesis in the housefly. J.
Biol. Chem. 257:11305-14

Dwyer LA, Blomquist GJ, Nelson JH,
Pomonis JG. 1981. A >*C-NMR study of
the biosynthesis of 3-methylpentacosane
in the American cockroach. Biochim.
Biophys. Acta 663:536—44

Dwyer LA, de Renobales M, Blomquist
GJ. 1981. Biosynthesis of (Z,Z2)-6,9-
heptacosadiene in the American cock-
roach. Lipids 16:810-14

Dwyer LA, Zamboni AC, Blomquist GJ.
1986. Hydrocarbon accumulation and
lipid biosynthesis during larval develop-
ment in the cabbage looper, Trichoplusia
ni. Insect Biochem. 16:463—-69
Eigenheer AL, Young SD, Blomquist
GJ, Borgeson CE, Tillman JA, Tittiger
C. 2002. Isolation and molecular char-
acterization of Musca domestica delta-9
desaturase sequences. Insect Mol. Biol.
11:533-42

Espelie KE, Gamboa GJ, Grudzien A,
Bura EA. 1994. Cuticular hydrocarbons
of the paper wasp, Polistes fuscatus: a
search for recognition pheromones. J.
Chem. Ecol. 20:1677-87

Gibbs AG. 1998. Water-proofing proper-
ties of cuticular lipids. Am. Zool. 38:471—
82

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gibbs AG. 2002. Lipid melting and cu-
ticular permeability: new insights into an
old problem. J. Insect Physiol. 48:391—
400

Gillett SD. 1983. Primer pheromones
and polymorphism in the desert locust.
Anim. Behav. 31:221-30

Ginzel MD, Blomquist GJ, Millar JG,
Hanks LM. 2003. Role of contact
pheromones in mate recognition in Xy-
lotrechus colonus. J. Chem. Ecol. 29:
533-45

Gordon DM. 1986. The dynamics of the
daily round of the harvester ant colony
(Pogonomyrmex barbatus). Anim. Be-
hav. 34:1402-19

Green MJ, Gordon DM. 2003. Cuticu-
lar hydrocarbons inform task decisions.
Nature 423:32

Gu P, Welch WH, Blomquist GJ. 1993
Methyl-branched fatty acid biosynthe-
sis in the German cockroach, Blattella
germanica: Kinetic studies comparing
a microsomal and soluble fatty acid
synthetase. Insect Biochem. Mol. Biol.
23:263-71

Gu P, Welch WH, Guo L, Schegg KM,
Blomquist GJ. 1997. Characterization of
anovel microsomal fatty acid synthetase
(FAS) compared to a cytosolic FAS in
the housefly, Musca domestica. Comp.
Biochem. Physiol. 118B:447-56

Guo L, Blomquist GJ. 1991. Identifi-
cation, accumulation and biosynthesis
of the cuticular hydrocarbons of the
southern armyworm Spodoptera erida-
nia (Lepidoptera: Noctuidae). Arch. In-
sect Biochem. Physiol. 16:19-30

Guo L, Quilici DR, Chase J, Blomquist
GJ. 1991. Gut tract microorganisms sup-
ply the precursors for methyl-branched
hydrocarbon biosynthesis in the ter-
mite, Zootermopsis nevadensis. Insect
Biochem. 21:327-33

Heifetz Y, Boekhoff I, Breer H, Apple-
baum SW. 1997. Cuticular hydrocarbons
control behavioural phase transition in
Schistocerca gregaria nymphs and elicit



390

HOWARD ® BLOMQUIST

51

52

53

54.

55.

56.

57.

58.

biochemical responses in antennae. In-
sect Biochem. Mol. Biol. 27:563-68
. Heifetz Y, Voet H, Applebaum SW. 1996.
Factors affecting behavioural phase tran-
sition in the desert locust, Schistocerca
gregaria (Forskal) (Orthoptera: Acridi-
dae). J. Chem. Ecol. 22:1717-34
. Heinze J, Stengl B, Sledge MF. 2002.
Worker rank, reproductive status and cu-
ticular hydrocarbon signature in the ant,
Pachycondyla cf. Inversa. Behav. Ecol.
Sociobiol. 52:59-65
. Howard RW. 1992. Comparative analy-
sis of cuticular hydrocarbons from the
ectoparasitoids Cephalonomia water-
stoni and Laelius utilis (Hymenoptera:
Bethylidae) and their respective hosts,
Cryptolestes ferrugineus (Coleoptera:
Cucujidae) and Trogoderma variabile
(Coleoptera: Dermestidae). Ann. Ento-
mol. Soc. Am. 85:317-25
Howard RW. 1993. Cuticular hydro-
carbons and chemical communication.
In Insect Lipids: Chemistry, Biochem-
istry and Biology, ed. DW Stanley-
Samuelson, DR Nelson, pp. 179-226.
Lincoln: Univ. Neb. Press
Howard RW. 1998. Ontogenetic, repro-
ductive, and nutritional effects on the cu-
ticular hydrocarbons of the host-specific
ectoparasitoid Cephalonomia tarsalis
(Hymenoptera: Bethylidae). Ann. Ento-
mol. Soc. Am. 91:101-12
Howard RW, Baker JE. 2003. Cuticular
hydrocarbons and wax esters of the ec-
toparasitoid Habrobracon hebetor: on-
togenetic, reproductive and nutritional
effects. Arch. Insect Biochem. Physiol.
53:1-18
Howard RW, Baker JE. 2003. Morphol-
ogy and chemistry of Dufour glands
in four ectoparasitoids: Cephalono-
mia tarsalis, C. waterstoni (Hymeno-
ptera: Bethylidae), Anisopteromalus
calandrae, and Pteromalus cerealellae
(Hymenoptera: Pteromalidae). Comp.
Biochem. Physiol. 135B:153-67

Howard RW, Blomquist GJ. 1982.

59.

60.

61.

62.

63.

64.

65.

Chemical ecology and biochemistry of
insect hydrocarbons. Annu. Rev. Ento-
mol. 27:149-72

Howard RW, Jackson LL, Banse H,
Blows MW. 2003. Cuticular hydrocar-
bons of Drosophila birchii and D. ser-
rata: identification and role in mate
choice in D. serrata. J. Chem. Ecol. 29:
961-76

Howard RW, Liang Y. 1993. Cu-
ticular hydrocarbons of winged and
wingless morphs of the ectoparasitoid
Choetospila elegans Westwood (Hy-
menoptera: Pteromalidae) and its host,
larval lesser grain borer (Rhyzopertha
dominica) (Coleoptera: Bostrichidae).
Comp. Biochem. Physiol. 106B:407-14
Howard RW, McDaniel CA, Blomquist
GJ. 1980. Chemical mimicry as an in-
tegrating mechanism: cuticular hydro-
carbons of a termitophile and its host.
Science 210:431-33

Howard RW, McDaniel CA, Nelson DR,
Blomquist GJ, Gelbaum LT, Zalkow LH.
1982. Cuticular hydrocarbons of Reti-
culitermes virginicus (Banks) and their
role as potential species- and caste-
recognition cues. J. Chem. Ecol. 8:1227—
39

Howard RW, Pérez-Lachaud G. 2002.
Cuticular hydrocarbons of the ectopara-
sitic wasp Cephalonomia hyalinipennis
(Hymenoptera: Bethylidae) and its al-
ternative host, the stored product pest
Caulophilus oryzae (Coleoptera: Cur-
culionidae). Arch. Insect Biochem. Phys-
iol. 50:75-84

Howard RW, Pérez-Lachaud G, Lachaud
J-P. 2001. Cuticular hydrocarbons of
Kapala sulcifacies (Hymenoptera: Eu-
charitidae) and its host, the ponerine ant
Ectatomma  ruidum  (Hymenoptera:
Formicidae). Ann. Entomol. Soc. Am. 94-:
707-16

Jackson LL, Bartelt RJ. 1986. Cuticular
hydrocarbons of Drosophila virilis: com-
parison by age and sex. Insect Biochem.
16:433-39



INSECT HYDROCARBONS 391

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Jallon J-M, David JR. 1987. Variations in
cuticular hydrocarbons among the eight
species of the Drosophila melanogaster
subgroup. Evolution 41:294-302

Jallon J-M, Wicker-Thomas C. 2003.
Genetic studies on pheromone produc-
tion in Drosophila. See Ref. 9a, pp. 253—
81

Juarez P, Chase J, Blomquist GJ. 1992.
A microsomal fatty acid synthetase from
the integument of Blattella germanica
synthesizes methyl-branched fatty acids,
precursors to hydrocarbon and contact
sex pheromone. Arch. Biochem. Biophys.
293:333-41

Jurenka RA. 2003. Biochemistry of fe-
male moth sex pheromones. See Ref. 9a,
pp- 53-80

Jurenka RA, Subchev M, Abad J-L, Choi
M-Y, Fabrias G. 2003. Sex pheromone
biosynthetic pathway for disparlure in
the gypsy moth, Lymantria dispar. Proc.
Natl. Acad. Sci. USA 100:809-14
Lahav S, Soroker V, Hefetz A. 1999. Di-
rect behavioral evidence for hydrocar-
bons as ant recognition discriminators.
Naturwissenschaften 86:246—49

Lahav S, Soroker V, Vander Meer RK,
Hefetz A. 1998. Nestmate recognition
in the ant Cataglyphis niger: Do queens
matter? Behav. Ecol. Sociobiol. 43:203—
12

Layton JM, Camann MA, Espelie
KE. 1994. Cuticular lipid profiles of
queens, workers, and males of social
wasp Polistes metricus Say are colony-
specific. J. Chem. Ecol. 20:2307-21
Liebig J, Peeters C, Oldham NJ,
Markstiadter C, Holldobler B. 2000. Are
variations in cuticular hydrocarbons of
queens and workers a reliable signal of
fertility in the ant Harpegnathos salta-
tor? Proc. Natl. Acad. Sci. USA 97:4124—
31

Liepert C, Dettner K. 1996. Role of cutic-
ular hydrocarbons of aphid parasitoids in
their relationship to aphid-attending ants.
J. Chem. Ecol. 22:695-707

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Lockey KH. 1988. Lipids of the insect
cuticle: origin, composition and func-
tion. Comp. Biochem. Physiol. 89B:595—
645

Lockey KH. 1991. Insect hydrocarbon
classes: implications for chemotaxon-
omy. Insect Biochem. 21:91-97

Lorenzi MC, Bagneres AG, Clément J-
L, Turillazzi S. 1997. Polistes biglumis
bimaculateus epicuticular hydrocarbons
and nestmate recognition (Hymenoptera,
Vespidae). Insectes Soc. 44:123-38
Miller JG. 2000. Polyene hydrocarbons
and epoxides: a second major class of
lepidopteran sex attractant pheromones.
Annu. Rev. Entomol. 45:575-604
Monnin T, Malosse C, Peeters C. 1998.
Solid-phase microextraction and cutic-
ular hydrocarbon differences related to
reproductive activity in queenless ant
Dinoponera quadriceps. J. Chem. Ecol.
24:473-90

Nardi JB, Dowd PF, Bartelt RJ. 1996.
Fine structure of cells specialized for se-
cretion of aggregation pheromone in a
nitidulid beetle, Carpophilus freemani
(Coleoptera: Nitidulidae). Tissue Cell
28:43-52

Nelson DR, Blomquist GJ. 1995. Insect
waxes. In Waxes: Chemistry, Molecular
Biology and Functions, ed. R] Hamilton,
pp. 1-90. Dundee, Scotland: Oily Press
Nelson DR, Carlson DA. 1986. Cuticular
hydrocarbons of the tsetse flies Glossina
morsitans, G. austeni and G. pallidipes.
Insect Biochem. 16:403-16

Nelson DR, Carlson DA, Fatland CL.
1988. Cuticular hydrocarbons of the
tsetse flies. I1. G. p. palpalis, G. p. gambi-
ensis, G. fuscipes, G. tachinoides, and G.
brevipalpis. J. Chem. Ecol. 14:963-87
Nelson DR, Tissot M, Nelson LJ, Fat-
land CL, Gordon DM. 2001. Novel wax
esters and hydrocarbons in the cuticu-
lar surface lipids of the red harvester
ant, Pogonomyrmex barbatus. Comp.
Biochem. Physiol. 128B:575-95
Nishida R, Fukami H. 1983. Female sex



392

HOWARD ® BLOMQUIST

87.

88.

89.

90.

91.

92.

93.

94.

pheromone of the German cockroach,
Blattella germanica. Mem. Coll. Agric.
Kyoto Univ. 122:1-24

Peeters C, Monnin T, Malosse C. 1999.
Cuticular hydrocarbons correlated with
reproductive status in a queenless ant.
Proc. R. Soc. London 266:1323-27
Petroski RJ, Bartelt RJ, Weisleder D.
1994. Biosynthesis of (2E,4E,6E)-5-
ethyl-3-methyl-2,4,6-nonatriene: the ag-
gregation pheromone of Carpophilus
freemani (Coleoptera: Nitidulidae). In-
sect Biochem. Mol. Biol. 24:69-78
Provost E. 1989. Social environment fac-
tors influencing mutual recognition of
individuals in the ant Leptothorax licht-
ensteini Bondr. Behav. Proc. 18:35-59
Provost E, Rivere G, Roux M, Bagnéres
AG, Clemént JL. 1994. Cuticular hydro-
carbons whereby Messor barbarus ant
workers putatively discriminate between
monogynous and polygynous colonies.
Are workers labeled by queens? J. Chem.
Ecol. 20:2985-3003

Reed JR, Quilici DR, Blomquist GJ, Re-
itz RC. 1995. Proposed mechanism for
the cytochrome-P450 catalyzed conver-
sion of aldehydes to hydrocarbons in the
housefly, Musca domestica. Biochem-
istry 34:26221-27

Reed JR, Vanderwel D, Choi S, Pomonis
JG, Reitz RC, Blomquist GJ. 1994. Un-
usual mechanism of hydrocarbon forma-
tion in the housefly: Cytochrome P450
converts aldehyde to the sex pheromone
component (Z)-9-tricosene and CO2.
Proc. Natl. Acad. Sci. USA 91:10000-4
Romer F. 1991. The oenocytes of insects:
differentiation, changes during molting,
and their possible involvement in the se-
cretion of moulting hormone. In Mor-
phogenetic Hormones of Arthropods, ed.
AP Gupta, pp. 542—-66. New Brunswick,
NJ: Rutgers Univ. Press

Roulston TH, Buczkowski G, Silverman
J.2003. Nestmate discrimination in ants:
effect of bioassay on aggressive behav-
ior. Insectes Soc. 50:151-59

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Ruther J, Sieben S, Schricker B. 2002.
Nestmate recognition in social wasps:
manipulation of hydrocarbon profiles in-
duces aggression in the European hornet.
Naturwissenschaften 89:111-14

Schal C, Fan Y, Blomquist GJ. 2003.
Regulation of pheromone biosynthesis,
transport and emission in cockroaches.
See Ref. 9a, pp. 283-322

Schal C, Sevala V, Capurro M de L, Sny-
der TE, Blomquist GJ, Bagneres A-G.
2001. Tissue distribution and lipophorin
transport of hydrocarbon and sex
pheromones in the house fly, Musca do-
mestica. J. Insect Sci. 1:12, http://www.
insectscience.org/papers/2001/

Schal C, Sevala V, Cardé RT. 1998.
Novel and highly specific transport of
volatile sex pheromone by hemolymph
lipophorin in moths. Naturwissenscha-
ften 85:339-42

Sevala V, Bagneres A-G, Kuenzli M,
Blomquist GJ, Schal C. 2000. Cu-
ticular hydrocarbons of the termite
Zootermopsis nevadensis (Hagen): caste
differences and role of lipophorin in
transport of hydrocarbons and hydrocar-
bon metabolites. J. Chem. Ecol. 26:765—
89

Singer TL, Espelie KE, Gamboa GJ.
1998. Nest and nestmate discrimination
in independent-founding paper wasps.
See Ref. 111a, pp. 104-25

Sledge MF, Boscaro F, Turillazzi S.
2001. Cuticular hydrocarbons and re-
productive status in the social wasp
Polistes dominulus. Behav. Ecol. Socio-
biol. 49:401-9

Soroker V, Hefetz A. 2000. Hydrocar-
bon site of synthesis and circulation in
the desert ant, Cataglyphis niger. J. In-
sect Physiol. 46:1097-102

Soroker V, Lucas C, Simon T, Fresneau
D, Durand JL, Hefetz A. 2003. Hydro-
carbon distribution and colony odour ho-
mogenisation in Pachycondyla apicalis.
Insectes Soc. 50:212-17

Stuart RJ. 1987. Transient nestmate



INSECT HYDROCARBONS 393

105.

106.

107.

108.

109.

110.

111.

recognition cues contribute to a multi-
colonial population structure in the ant,
Leptothorax currispinosus. Behav. Ecol.
Sociobiol. 21:229-35

Sutton BD, Carlson DA. 1997. Cuticular
hydrocarbons of Glossina, I11: subgenera
Glossina and Nemorhina. J. Chem. Ecol.
23:1291-320

Takahashi S, Gassa A. 1995. Roles of
cuticular hydrocarbons in intra- and in-
terspecific recognition behavior of two
Rhinotermitidae species. J. Chem. Ecol.
21:1837-45

Tentschert J, Kolmer K, Holldobler B,
Bestmann H-J, Delabie JHC, Heinze
J. 2001. Chemical profiles, division
of labor and social status in Pachy-
condyla queens (Hymenoptera: Formi-
cidae). Naturwissenschaften 88:175—
78

Tillman-Wall JA, Vanderwel D, Kuen-
zli ME, Reitz RC, Blomquist GJ. 1992.
Regulation of sex pheromone biosynthe-
sis in the housefly, Musca domestica: rel-
ative contribution of the elongation and
reductive step. Arch. Biochem. Biophys.
299:92-99

Toolson EC, Kuper-Simbron R. 1989.
Laboratory evolution of epicuticular hy-
drocarbon composition and cuticular
permeability in Drosophila pseudoob-
scura: effects on sexual dimorphism and
thermal acclimation ability. Evolution
43:468-73

Turillazzi S, Cervo R, Cavallari 1. 1990.
Invasion of the nest of Polistes dominulus
by the social parasite Sulcopolistes sul-
cifer (Hymenoptera, Vespidae). Ethol-
ogy 84:47-59

Turillazzi S, Sledge MF, Dani FR, Cervo
R, Massolo A, Fondeli L. 2000. So-
cial hackers: integration in the host
chemical recognition system by a pa-

111a.

112.

113.

114.

115.

116.

117.

118.

119.

per wasp social parasite. Naturwis-
senschaften 87:172-76

Vander Meer RK, Breed MD, Espelie
KE, Winston ML, eds. 1998. Pheromone
Communication in Social Insects: Ants,
Wasps, Bees and Termites. Boulder, CO:
Westview

Vander Meer RK, Morel L. 1998. Nest-
mate recognition in ants. See Ref. 111a,
pp- 79-103

Vaz AH, Jurenka RA, Blomquist GJ, Re-
itz RC. 1988. Tissue and chain length
specificity of the fatty acyl-CoA elonga-
tion system in the American cockroach.
Arch. Biochem. Biophys. 267:551-57
Volkl W, Mackauer M. 1993. Interac-
tions between ants and parasitoid wasps
foraging for Aphis fabae ssp. cirsiia-
canthoidis on thistles. J. Insect Behav.
6:301-12

Wagner D, Brown MJF, Broun P, Cuevas
W, Moses LE, Chao DL, Gordon DM.
1998. Task-related differences in the cu-
ticular hydrocarbon composition of har-
vester ants, Pogonomyrmex barbatus. J.
Chem. Ecol. 24:2021-37

Wagner D, Tissot M, Cuevas W, Gordon
DM. 2000. Harvester ants utilize cutic-
ular hydrocarbons in nestmate recogni-
tion. J. Chem. Ecol. 26:2245-57
Wagner D, Tissot M, Gordon D. 2001.
Task-related environment alters the cu-
ticular hydrocarbon composition of har-
vester ants. J. Chem. Ecol. 27:1805-19
Wakayama EJ, Dillwith JW, Howard
RW, Blomquist GJ. 1984. Vitamin
B12 levels in selected insects. Insect
Biochem. 14:175-79

Wicker-Thomas C, Henriet C, Dallerac
R. 1997. Partial characterization of a
fatty acid desaturase gene in Drosophila
melangaster. Insect Biochem. Mol. Biol.
27:963-72



