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ABSTRACT Cuticular hydrocarbons have been identified from the immatures and adults
of two bethylid wasps and their larval beetle hosts. Cephalonomia waterstoné Gahan is
host specific on Cryptolestes ferrugineus (Stephens), whereas Laelius utilis Cockerell is
commonly associated with a variety of dermestid larvae, including Trogoderma variabile
Ballion. The cuticular hydrocarbons of C. waterstoni larvae consist of n-alkanes (Coy—Ca3),
2-, 3-, 5-, 7-, 11-, and 13-methyl alkanes, one dimethyl alkane ( 11,15-dimethyl C,,), and a

Ca) monoene and diene. The cuticular hy

bon composition of their beetle host differs

somewhat, consisting of n-alkanes (C5Cgyg), 3-, 5-, 11-, and 13-methy! alkanes, a series of
2-8/Z-9-monoenes, and a series of dienes with the double bonds separated by 12 methyl-
ene units. No dimethyl alkanes are present in the C. ferrugineus larvae. Considerable
ontogenetic changes in cuticular hydrocarbon composition occur when C. waterstoni
eclose to adults. Although both sexes contain the same major cuticular hydrocarbons, their
relative abundances vary. In addition to n-alkanes (Cy5-Cyy), 2-, 3-, and 5-methyl alkanes,
5,15-, 5,17-, and 5,19-dimethyl alkanes, and a series of Z-11-monoenes are present in both
sexes. In addition, the males possess small quantities of Z-7-monoenes. The males have the
monoenes as their major components, whereas the females have the S5-methyl alkanes and

the dimethyl alkanes as their major components. The cuticular hydrocar

bon composition of

L. utilis and its host T. variabile differs considerably from the Cephalonomia-Cryptolestes
pairing. The major components of the Laelius larvae consist of n-alkanes (Coq—Cgyy), 3-, 5-,
13-, and 15-methyl alkanes, and a series of Z-9-monoenes. The T. variabile larval hydro-
carbons consist only of n-alkanes (Coq—Css) and 3-, 5-, and 13-methyl alkanes. No unsatu-
rated components were detected. As with C. waterstoni, considerable ontogenetic changes

in hydrocarbo

B composition occur for L. utilis upon adult eclosion. Unlike C. waterston,

however, only slight differences in composition occur between the sexes. The adult

Laelius hydrocar

and a series of Z-9-monoenes.

bons consist of n-alkanes (Cg1~Cy), 2-, 3-, 7-, 9-, and 13-methyl alkanes,
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CUTICULAR HYDROCARBONS are major semio-
chemical agents in a diversity of taxa and ecolog-
ical systems, serving in roles such as species,
gender, and colony recognition cues and as sex
pheromones, kairomones, or allomones (Howard
& Blomquist 1982, Lockey 1988, Stowe 1988).
Although much of the earlier literature on cutic-
ular hydrocarbons was focused on chemically
surveying species in a wide range of higher order
taxa for the presence of novel compounds (Jack-
son & Blomquist 1976, Lockey 1988), recent ef-
forts have dealt more with the biological roles of
these chemicals, with special attention being

This article reports the result of research only. Mention of a
proprietary product does not constitute an endorsement or rec-
ommendation for its use by USDA.

given to social insects and their inquilines (How-
ard et al. {1990a] and references therein). In so-
cial insect systems, cuticular hydrocarbon pro-
files tend to be species-specific and are thought
to function as important recognition cues for col-
ony members. In a substantial number of cases, it
has now been demonstrated that the inquilines
associated with social insects possess cuticular
hydrocarbon profiles identical or closely similar
to that of their hosts; it is thought that this is
primarily the means by which these inquilines
are able to survive in the colony (Howard et al.
1980, 1990a). In some cases, it has also been
shown that the inquilines biosynthesize these
cuticular hydrocarbons (Howard et al. 1990b),
strongly suggesting a coevolutionary relation-
ship between the inquiline and its host in terms
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of biochemical processes and adaptive functions
such as water conservation, protection from mi-
croorganisms, and semiochemical communica-
tion.

The primitive aculeate family Bethylidae
seems to hold promise for extending these con-
cepts. Its members have evolved to use small
larvae as hosts (primarily Coleoptera and Lepi-
doptera), and these hosts live in cryptic situa-
tions such as in the soil, plant stems, wood,
seeds, cases, or rolled leaves (Evans 1964). Fur-
thermore, some bethylids are gregarious, have
complex polymorphisms, and exhibit subsocial
behavior (Evans 1964, Casale 1991). Bethylids
subdue their hosts by multiple stinging and lay
one to several eggs externally. The resulting be-
thylid larvae develop as ectoparasitoids, drop-
ping off the exhausted remains of their host to
pupate gregariously in silk cocoons nearby.
Males normally emerge before females and in-
seminate their sisters or even their mothers in
some cases (Evans 1964).

Virtually nothing is known of the biochemistry
or chemical ecology of the Bethylidae. Because
of their important position in phylogenetic stud-
ies of the Aculeata and because they share some
life history traits with social insects, it seemed
that a comparative study of some representative
bethylid taxa and their hosts might offer insights
into our general understanding of the evolution
of cuticular hydrocarbons as physiological medi-
ators of water conservation, barriers to environ-
mental stresses, and as semiochemicals. I have
selected two bethylids, one of which is nearly
host specific (Cephalonomia waterstoni Gahan)
and one of which is somewhat more catholic in
its host range (Laelius utilis Cockerell), and I
have characterized the cuticular hydrocarbons of
their immature stages and adults. I have also
characterized the cuticular hydrocarbons of their
larval beetle hosts, Cryptolestes ferrugineus
(Stephens) and Trogoderma variabile Ballion,
respectively. Particular attention was given to
intra- and interspecific comparative analyses of
ontogenetic changes, gender-based differences,
and possible physiological and semiochemical
roles. Basic life history data on these taxa may be
found in publications by Rilett (1949a,b), F inlay-
son (1950), Mertins (1985), Howard & Flinn
(1990), and Partida & Strong (1975).

Materials and Methods

Insects. Cultures of C. ferrugineus, C. water-
stoni, and T. variabile were collected from farm-
stored wheat in Kansas and have been main-
tained in my laboratory for at least 1 yr. L. utilis
was collected from feral populations in the De-
partment of Entomology, University of Wiscon-
sin, Madison, and had been in culture in my
laboratory for 3 mo when these experiments be-
gan. C. ferrugineus was maintained on whole-
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wheat flour with 5% brewer’s yeast; T. variabile
was maintained on a 1:1 mixture of whole wheat
flour and a diet developed for Indian meal moth
(McGaughey & Beeman 1988). Parasites were
cultured on last instars (visually estimated to be
of the same size) of their respective hosts; newly
emerged adults were provided streaks of dilute
clover honey as food. Insects were held in an
incubator at 30°C, 60% RH, and 16:8 (L:D) pho-
toperiod. Parasitoid immatures to be extracted
were gently removed with a fine camel’s-hair
brush from their larval host shortly before they
would have dropped off the host to pupate. Non-
parasitized host larvae used were visually esti-
mated to be of the same size as parasitized lar-
vae. Adult parasitoids were at least 24 h old
before they were killed for chemical analysis. To
obtain enough male L. utilis for analysis, female
pupae were removed from their cocoons and al-
lowed to emerge as adults in the absence of
males. These virgin females were then given T.
variabile larvae on which to oviposit; accord-
ingly, all their progeny were males.

Chemical Analyses. Insects were killed by
freezing at —40°C, and cuticular lipids were ex-
tracted by immersing the insects in three succes-
sive 1-ml portions of hexane for 1 min each time.
The combined portions from each sample were
concentrated under a gentle stream of N,, and
hydrocarbons were isolated by chromatography
on a 3-cm “minicolumn” of Biosil A (Bio-Rad
Laboratories, Richmond, Calif.) as described ear-
lier (Howard et al. 1978).

Mass spectral analyses were conducted using a
Hewlett-Packard 5790A GC containing a DB-5
bonded phase capillary column (10 m long, 0.19
mm inside diameter) (J and W Scientific, F olsom,
Calif) connected to a Hewlett-Packard 5970
mass selective detector (MSD) and a Hewlett-
Packard 9133 data system. Ultrapure helium was
the carrier gas, with a column head pressure of
3.5 kg/em®. Electron impact mass spectra were
obtained at 70 eV. Analyses were done using
temperature programming, with an initial tem-
perature of 150°C, a final temperature of 320°C,
and a program rate of 5°C/min. Signals from the
MSD were stored, and peak areas from the total
ion trace were used for percentage composition
analyses. Retention times of each hydrocarbon
component and equivalent chain length (ECL)
values were obtained by comparison with known
n-alkane standards (Howard et al. 1978). Individ-
ual components were identified from their char-
acteristic EI-MS fragmentation patterns (Jackson
& Blomquist 1976, Nelson 1978).

Double-bond locations in alkenes were ob-
tained by preparing dithiomethyl (DMS) ethers
(Francis & Veland 1981) and examining their
electron impact mass spectra. Stereochemistry of
the parent alkene was inferred by comparison
with the retention time of the DMS ethers of
known standards.
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Table 1. Cuticular hydrocarbons of larval and adult
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Table 2. Diagnostic EI-MS ion fragments of the cuticu-

C. waterstoni lar hydrocarbons of C. waterstoni
Compound Eq:lll‘a,:lnent Mean % composition (SD) Compound Car:(l:,on Ion fragment (m/z)®
length Larvae® Female® Male?
n'Cgl 21 296
n-Cq, 21.00 03 ND* ND  n-Cp 23 324
n-Coq 23.00 04 11.4(5.7) 74 5-MeC,, 24 85, 281, 338
5-MeCyy 23.52 02 10.2 (2.0) 6.2 3-MeC,, 24 281, 309, 338
3-MeC,5 23.72 ND 0.8(0.1) ND 5,17-DiMeC,, 25 85, 113, 267, 295, 337
5,17-DiMeC,, 23.89 ND 0.7 (0.3) 1.1 5,19-DiMeC,, 25 85, 295, 337
5,19-DiMeC,, 23.93 ND 2.7(1.0) 0.7 n-Cgy 24 338
n-Cq, 24.00 0.1 1.3(0.9) ND 5-MeC,, 25 85, 205, 352
5-MeC,, 24.50 ND 1.2(0.4) ND 2-MeC,, 25 309, 337, 352
2-MeC,, 24.59 ND 0.2 (0.1) ND Z-11-Coq:1 25 350 {201, 243, 444]
Z-11-Cog:1 24.69 ND 6.0(1.6) 15.8 Z-7-Cou:1 25 350 [145, 299, 444]
Z.7-Coy:1 24.80 ND ND 3.5 n-Coy 25 352
n-Cox 25.00 12 12,9 (0.4) 11.3 5-MeCoy 26 85, 309, 366
5-MeCyq 25.52 1.2 24.0 (4.4) 12.0 3-MeC,y 26 309, 337, 366
3-MeCyq 25.74 08 1.8(0.8) 1.3 5,15-DiMeC,5 27 85, 169, 239, 323, 365
5,15-DiMeC,q 25.85 ND 2.5 (0.5) 1.0 5,17-DiMeC,q 27 85, 141, 267, 323, 365
5,17-DiMeC,q 25.91 ND 5.2 (0.9) 6.4 5,19-DiMeC,y 27 85, 113, 295, 323, 365
5,19-DiMeC,s 25.95 ND 8.9 (0.6) 8.2 n-Cog 26 366
n-Cyg 26.00 1.0 1.2(0.2) ND Z-11-Cyq:1 27 378 [201, 271, 472)
Z-11-Cyp:1 26.70 ND 3.0 (0.5) 16.9 Z-7-Cyy:1 27 378 (145, 327, 472]
Z-7-Cor:1 26.81 ND ND 10 n-Cy 27 380
n-Cyy 27.00 25.8 5.0(1.2) 4.7 11/13-MeC,, 28 169, 183, 225, 253, 379
11/13-MeC,, 27.29 6.2 ND ND 7-MeCy, 28 113, 309, 394
7-MeCyy 27.38 0.8 ND ND 5-MeCyy 28 85, 337, 394
5-MeC,, 27.52 0.2 1.2 (0.2) 1.0 11,15-DiMeC,, 29 169, 197, 239, 267, 393
11,15-DiMeC,, 27.59 1.5 ND ND 3-MeC,, 28 337, 365, 394
3-MeC,, 21.72 5.8 ND ND n-Cypg 28 394
n-Cog 28.00 7.8 ND ND Z-11-Coq:1 29 406 [201, 299, 500]
Z-11-Cpq:1 28.70 ND ND 0.8 n-Copg 29 408
n-Cyg 29,00 31.6 ND 0.7 11/13-MeC,g 30 169, 197, 253, 281, 407
11/13-MeC,o 20.31 20 ND ND 3-MeCyq 30 365, 393, 422
3-MeCyq 29.73 2.7 ND ND n-Cyo 30 422
1-Cag 30.00 18 ND ND  G,,:2 31 432
Cyy:2 30.59 1.6 ND ND Cy;:1 31 434
Co:l 30.78 20 ND ND  n-Cy, 31 436
n-Cy, 31.00 3.6 ND ND n-Cyo 32 450
1-Cag 32.00 06 ND ND  n-Cy 33 464
n-Cy, 33.00 0.8 ND ND
“Ion fragment values in brackets are for the DMS deriva-
% None detected. tives. Alkenes without indicated DMS fragments were too low

® One replicate of 10 pooled insects.
¢ Three replicates of 10 insects each.

Statistical Methods. All data were subjected to
summary statistics only.

Voucher Specimens. Voucher specimens have
been deposited in the Insect Museum of Kansas
State University (Manhattan) and the Insect Mu-
seum of the University of California (Riverside).

Results

A variety of cuticular hydrocarbons was iden-
tified from C. waterstoni (Table 1), and there
were substantial qualitative and quantitative dif-
ferences among larvae and male and female
adults. Larvae were characterized by n-alkanes
(C2,~Cys), a homologous series of 2-, 3-, 5-, 7-,
11-, and 13-methyl-alkanes, one dimethylalkane
(11,15-dimethylheptacosane), and a C,; monoene
and diene. Diagnostic mass spectral ion frag-
ments for these compounds are listed in Table 9.

Substantial ontogenetic changes in cuticular
hydrocarbon composition occur when C. water-
stoni eclose to adults. Both sexes contain the

in abundance to give useful DMS mass spectra.

same major components, but their relative abun-
dances vary somewhat (Table 1), and there are
apparent sex-specific qualitative differences in
some of the minor components. In addition to
n-alkanes (Cy5~C,,), 2-, 3-, and 5-methylalkanes
and a homologous series of 5,15-, 5,17-, and
5,19-dimethylalkanes is present in both sexes.
Males have a homologous series of Z-11- and
Z-T-monoenes, whereas the females appear to
contain only the Z-1l-monenes. Furthermore,
the monoenes are the major components in
the males, whereas the 5-methylalkanes and the
5,X-dimethylalkanes are the major cuticular hy-
drocarbon components of the females (Table 1).
Diagnostic mass spectral ion fragments for all of
these compounds are shown in Table 2.

The cuticular hydrocarbons of larval C. ferrug-
ineus, the host of C. waterstoni, differ in several
important ways from those of the parasites. They
contain a somewhat more restricted series of
n-alkanes (Cy5—Cs,), a restricted range of 3-, 5-,
11-, and 13-methylalkanes, no dimethylalkanes,
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Table 3. Cuticular hydrocarbons of larval C. ferrugineus
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Table 4. Diagnostic EI-MS ion fragments of the cuticu-
lar hydrocarbons of C. ferrugineus

Equivalent Mean %

Compound chain length composition (SD)* Compound Carbon no. Ion fragment (m/z)®
n-Copg 25.00 1.8 (0.2) n-Cog 25 352
n-Cog 26.00 0.8 (0.2) n-Cog 26 366
n-Cgy 27.00 23.6 (1.8) n-Coq 27 380
11-MeCy, 27.29 0.5 (0.2) 11-MeC,, 28 169, 253, 394
5-MeC,y 27.52 0.3(0.1) 5-MeC,, 28 85, 337, 394
3-MeC,y 27.72 0.3(0.1) 3-MeC,, 28 337, 365, 394
n-Cyq 28.00 2.2(0.4) n-Coy 28 394
Z-9-Coq:1 28.70 2.3(0.5) Z-9-Coq:1 29 406 [173, 327, 500]
n-Cyg 29.00 15.6 (1.5) n-Cyg 29 408
11/13-MeCyy 20.31 1.0 (0.2) 11/13-MeCyg 30 169, 197, 253, 281, 407
5-MeCog 29.50 04(0.3) 5-MeCyq 30 85, 365, 422
3-MeCyg 29.72 0.8 (0.3) 3-MeCyy 30 365, 393, 422
Z-8/2-9-Cqp:1 29.78 0.3(0.1) Z-8/2-9-Cyp:1 30 420 (159, 173, 341, 355, 514]
n-Caq 30.00 0.3 (0.1) n-Cyo 30 422
Cay:2 30.44 0.5(0.2) Csp:2 31 432
Z,2-8, 22-C;;:2 30.52 10.9(0.8) Z,Z-8, 22-C,,:2 31 432 [159, 173, 353, 413, 620]
Z-9-Cy,:1 30.78 23.7(1.2) Z-9-Cj,:1 31 434 (173, 355, 528)
1-Ca, 31.00 3.4 (1.0) n-Cy, 31 436
11/13-MeC,, 31.30 1.9(0.4) 11/13-MeC,, 32 1689, 197, 281, 309, 435
5-MeC,, 31.52 0.4(0.1) 5-MeC,, 32 85, 393, 450
3-MeC,, 31.72 0.5(0.2) 3-MeC;, 32 393, 421, 450
Z-9-Cyo:1 3L.77 0.3 (0.1) Z-9-Cj,:1 32 448 (173, 369, 542]
n-Cyo 32.00 03(0.1) n-Cyy 32 450
Cay:2 32.45 0.7 (0.5) Caa:2 33 460
Z,2-9,23-Cy4:2 32.55 2.9(1.5) Z,2.9,23-Cy4:2 33 460 (173, 187, 413, 427, 648)
Z-9-Cj,:1 32.78 3.6 (1.6) Z-9-Cay:1 33 462 [173, 383, 556]
Z,72-9,25-C,5:2 34.55 0.5(0.1) 2,2-9,25-Cyq:2 35 488 (173, 201, 441, 455, 676)
Z-9-Cyq:1 34.80 0.6 (0.2) Z-9-Cys:1 35 490 [173, 411, 584}

2 Three replicates of 10 insects each.

a_homologous series of Z-8- or Z-9-monoenes
(Cq9:1-C3:1), and a homologous series of dienes
whose double bonds are separated by 12 meth-
ylene units (Cj,:2-C,4:2) (Table 3, compare with
Table 1). Diagnostic mass spectral ion fragments
for the C. ferrugineus compounds are listed in
Table 4.

The cuticular hydrocarbon compositions of the
parasitoid L. utilis and its dermestid host T. vari-
abile differ substantially from those of the
Cephalonomia-Cryptolestes system. The major
hydrocarbons found on L. utilis larvae are n-
alkanes (Cg3~Csj), 3-, 5-, 13-, and 15-methyl
alkanes, and a homologous series of Z-9-
monenes (Cyy:1~Cgy:1). No dimethyl alkanes or
dienes were present (Table 5). Upon eclosion to
pupae, the hydrocarbon profile of L. utilis
changes somewhat. Although n-alkanes are still
prominent (C,3—C,;), the relative abundance of
the monoenes is somewhat greater in pupae than
in larvae, and the relative abundance of
branched alkanes is somewhat less (Table 5).

Adult L. utilis differ even more in their cutic-
ular hydrocarbon profiles from those of immature
stages. As with Cephalonomia adults, there are
both qualitative and quantitative differences be-
tween male and female L. utilis. The major com-
ponents in both sexes are a series of n-alkanes
(C3;~-Cyy), and a homologous series of Z-9-
monoenes (Cys:1-Coy:1). In much lower concen-
trations is a series of 2-, 3-, 7-, 9-, 11-, and 13-
methylalkanes. No dimethylalkanes or dienes

¢ Ion fragment values in brackets are for the DMS deriva-
tives. Dienes without indicated DMS fragments were too low
in abundance to give useful DMS mass spectra.

were detected. The most striking difference be-
tween the sexes is the relative abundance of the
Z-9-Cys:1, males having a greater relative pro-
portion of this compound (Table 5). Diagnostic
mass spectral ion fragments for all hydrocarbons
identified from L. utilis immatures and adults are
shown in Table 6.

The cuticular hydrocarbon composition of lar-
val T. variabile is presented in Table 7. The vast
majority of the components present is n-alkanes
(C21~Css), the remainder of components being a
homologous series of 3-, 5- and 13-methyl-
alkanes. No dimethylalkanes or any alkenes
were detected. Diagnostic mass spectral ion frag-
ments are presented in Table 8.

Table 9 presents a comparison of all taxa and
stages according to the classes of hydrocarbons
present. For the parasitoids, striking ontogenetic
changes in the relative abundance of the dif-
ferent hydrocarbon classes occur from the imma-
ture to adult stage, and marked male-female di-
chotomies exist for adults. Clearly, larval C.
ferrugineus and T. variabile possess markedly
different distributions of hydrocarbon classes de-
spite living in similar habitats. Finally, neither
immature nor adult parasitoids have hydrocar-
bon compositions that closely reflect those of
their larval hosts.
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Table 5. Cuticular hydrocarbons of larval, pupal, and adult L. utilis
Equivalent Mean % composition (SD)
Compound chain
length Larvae® Pupae® Female® Male?
n-Cg, 21.00 NDe ND 47(3.7) L7 (12)
Z-9-Co:1 21.70 ND ND 0.5(0.1) ND
n-Cao 22,00 ND ND 0.6(0.1) 0.3 (0.1)
Z-9-Cgy:1 22.70 1.1 (0.6) 73 16.4 (5.2) 16.8 (5.9)
n-Cys 23.00 4.1(2.4) 9.7 24.4 (4.3) 18.8 (3.7)
9/11-MeC,4 23.37 ND ND 1.0(0.1) 1.3 (L.1)
7-MeCyy 23.40 ND ND 04(0.1) 0.8 (0.7)
Z-9-Coy:1 23.73 ND ND 4.4(1.8) 4.8 (1.8)
2-MeCy, 23.88 ND ND 1.0(0.5) ND
n-Cyp, 24.00 0.9 (0.3) ND 1.0 (0.3) 0.8 (0.3)
Z-9-g5:1 24.75 4.6 (0.7) 18.5 29.7 (0.2) 40.9 (14.3)
n-Cyg 25.00 15.2(1.8) 11.2 11.4(0.3) 83 (29
13-MeC,y 25.25 8.9 (2.7) ND 0.4 (0.1) 1.6 (1.2)
5-MeCys 25.53 0.7(0.1) ND ND ND
3-MeCsg 25.75 ND ND 0.4(0.1) ND
n-Cog 26.00 0.7(0.2) 1.5 0.3 (0.1) ND
Z-9-Cyr:1 26.68 0.1(0.1) ND 0.8 (0.2) 1.0 (0.9)
n-Cyy 27.00 17.6 (2.1) 18.9 1.5(0.5) 2.1 (0.8)
13-MeC,, 27.31 4.4 (0.1) ND 03 (0.1) 0.1 (0.1)
5-MeC,; 27.49 1.4 (0.1) ND ND ND
3-MeC,y 27.73 3.8(0.1) ND ND ND
n-Cyg 28.00 0.7 (0.1) 1.0 0.3(0.1) 0.1 (0.1)
n-Cyg 29.00 10.9 (3.5) 17.5 0.8 (0.2) 06 (0.4)
13-MeCyy 29.31 10.9(1.3) 1.0 ND ND
5-MeCyg 29.50 2.0(0.3) ND ND ND
3-MeCyg 29.72 ND ND ND ND
n-Cyy 30.00 0.7 (0.1) ND ND ND
13-MeC,, 30.29 ND ND ND ND
n-Cay 31.00 33007 6.3 ND 0.1 (0.1)
13/15-MeC,, 31.28 5.1(0.6) ND ND ND
n-Cyy 33.00 1.1(0.3) 4.9 ND ND
15-MeCy, 33.34 1.7(0.1) ND ND ND
n-Cas 35.00 ND 2.4 ND ND
% None detected.

Three replicates of 10 insects each.
¢ One replicate of 10 pooled insects.
4 Two replicates of 10 insects each.

Discussion

Although the cuticular hydrocarbons of well
over 100 insect species have now been docu-
mented (Lockey 1988), including a small num-
ber of Hymenoptera (mostly ants), only three
parasitoids have been examined. These three are
the codling moth parasitoid Ascogaster quadri-
dentata Wesmael (Braconidae), its hyperpara-
sitoid Perilampus fulvicornis Ashmead (Perilam-
pidae) (both described by Espelie & Brown
[1990]), and an Orasema sp. (Eucharitidae) in-
quiline associated with the red imported fire ant,
Solenopsis invicta Buren, in Brazil (Vander
Meer et al. 1989). The A. quadridentata hydro-
carbon profiles are dominated by n-alkanes
(=40%) and monoenes (=~60%) of undetermined
double-bond location and stereochemistry. No
methylbranched alkanes or dienes are found. In
contrast, the cuticular hydrocarbons of the hyper-
parasitoid P. fulvicornis are dominated by mono-
and dimethylalkanes (=55 and 35%, respective-
ly), very low proportions of n-alkanes (~6%), and
female-only monoenes (6%) of unspecified dou-
ble bond location and stereochemistry. In both

species, only adults were examined. Cuticular
hydrocarbons from pupae and adults of the
Orasema sp. were partially characterized
(Vander Meer et al. 1989). As long as the wasps
were inside the ant nest, they were found to
contain predominately the five major cuticular
hydrocarbons characteristic of S. invicta (Nelson
et al. 1980). However, adults captured outside
the ant nest contained a complex mixture of hy-
drocarbons of both lower and higher carbon
number than those of the ants and only low quan-
tities of the ant hydrocarbons. The chemistry of
these free wasps was not reported.

Neither the qualitative nor quantitative hydro-
carbon chemistry of the two bethylids examined
in this study (Tables 1, 5, and 9) match closely
the results reported for the parasites above. This
is not unexpected, given that the taxa involved
cover three superfamilies and distinctly different
ecological niches. Some commonalities do exist,
however. Most striking is the distinct ontoge-
netic changes in hydrocarbon composition from
the immature to adult stages and the marked
differences in hydrocarbon compositions be-
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Table 6. Diagnostic EI-MS ijon fragments of the cuticu-
lar hydrocarbons of L. utilis
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Table 7. Cuticular hydrocarbons of larvai T. variabile

Equivalent Mean %
Compound Carbon no. Ion fragment (m/z)* Compound chgin length composition (SD)*

n-Cy, 21 296 n-Cyy 21.00 0.1(0.1)
Z-9-Cyy:1 22 308 [173, 229, 402] n-Cye 22.00 0.2(0.1)
n-Cgg 22 310 n-Cypy 23.00 0.3 (0.1)
Z-9-Cgy:1 23 322 [173, 243, 416]) n-Cgy 24.00 0.2(0.1)
n 23 324 n-Cypy 25.00 2.8 (0.5)
9/11-MeC,, 24 141, 169, 197, 225, 338 13-MeC,5 25.33 1.3(0.1)
T-MeCy, 24 127, 253, 338 n-Cog 26.00 1.0(0.1)
Z-9-Coy:1 24 336, [173, 257, 430} 13Me-Cyq 26.33 0.1(0.1)
2-MeCy; 24 295, 323, 338 n-Cyq 27.00 24.2 (3.0)
n-Coq 24 338 13-MeC,y 27.33 0.7(0.1)
Z-9-Cox 25 350 [173, 271, 444] 5-MeCy, 27.52 0.2(0.1)
n-Cog 25 352 3-MeC,, 27.73 0.8(0.2)
13-MeCyq 26 197, 366 n-Coq 28.00 2.2 (0.3)
5-MeCos 26 85, 309, 366 n-Cyg 29.00 26.7 (1.8)
3-MeCyy 26 309, 337, 366 13-MeC,y 29.30 1.9(0.3)
n-Cyg 26 366 5-MeC,q 29.55 0.4(0.1)
Z-9-Cyp:1 27 378 [173, 299, 472 3-MeCyq 29.74 0.4 (0.1)
n-Coq 27 380 n-Caqo 30.00 3.3 (0.5)
13-MeC,, 28 183, 225, 394 n-Cy, 31.00 24.2 (1.6)
5-MeCyy 28 85, 337, 394 13-MeC;,, 31.40 0.9(0.2)
3-MeCyy 28 337, 365, 394 5-MeC,, 31.53 0.1(0.1)
n-Cog 28 394 3-MeC,, 31.74 0.2(0.1)
n 29 408 n-Cae 32.00 1.4(0.2)
13-MeCyy 30 197, 253, 422 n-Cy, 33.00 6.0(1.6)
5-MeCyg 30 85, 365, 422 15-MeCj, 33.35 0.2(0.1)
3-MeCyg 30 365, 393, 422 n-Cs, 34.00 0.1(0.1)
n-Cyg 30 422 n-Cay 35.00 . 0.2(0.1)
13-MeC,, 31 197, 267, 436
n-C;,l 31 436 a repli i .
1T MeC, 2 197, 225, 253, 281, 450 Three replicates of 10 insects each.
n-C:g 33 464
15-MeC 34 225, 281, 478 . ir e .
0-Cas 33 a5 192 probably involved both qualitative and quantita-

“ Ion fragment values in brackets are for the DMS deriva-
tives.

tween adult males and females. In C. waterstoni,
the larval phenotype is dominated by n-alkanes,
whereas the adult phenotype is dominated by
mono- and dimethylalkanes and monoenes. Fur-
thermore, the larval and adult stages have com-
pletely different dimethylalkanes. In L. utilis,
the larval phenotype is dominated by n- and
monomethylalkanes, with only a low proportion
of alkenes. The pupal phenotype is dominated
by n-alkanes and alkenes, with an almost com-
plete shutoff of monomethylalkanes, whereas the
adult L. utilis phenotype is heavily dominated
by alkenes, a low proportion of monomethyl-
alkanes, and a moderate proportion of n-alkanes
(Table 9). Unlike C. waterstoni, however, onto-
genetic changes in L. utilis did not involve pro-
duction of new compounds, but rather the shut-
down of some components and maintenance of
others. Inasmuch as no detailed chemistry was
reported for adult Orasema sp. (Vander Meer et
al. 1989), it is not directly possible to compare
the ontogenetic changes in that species with the
two bethylids. It is clear from the gas chromato-
graphic traces presented by Vander Meer et al.
(1989) that major changes did indeed occur from
the pupal to adult transformation and that they

tive aspects.

A comparison of both the qualitative and quan-
titative compositions of the hydrocarbons from
adult males and females of both bethylids and

of the

Table 8. Diagnostic EI-MS ion fragm
lar hydrocarbons of T. variabile

Compound Carbon no. Ion fragment (m/z)
n-C,, 21 296
n-Coq 22 310
n-Cyy 23 324
n-Cy, 4 338
n-Cyg 25 352
13-MeC,q 26 197, 366
n-Cyq 26 366
13Me-C,q 27 197, 211, 380
n-Cgq 27 380
13-MeC,, 28 183, 225, 394
5-MeC,, 28 85, 337, 394
3-MeCy; 28 337, 365, 394
n-Copg 28 394

n-Cgg 29 408
13-MeC,yg 30 197, 253, 422
5-MeCyg 30 85, 365, 422
3-MeCyg 30 365, 393, 422
n-Cso 30 422

n-C,, 31 436
13/15-MeC,, 32 197, 225, 253, 281, 450
5-MeCj,, 32 85, 393, 450
3-MeC;, 32 393, 421, 450
n-Cyp 32 450

n-Cas 33 464
15-MeCqy 34 295, 981, 478
n-Cay 34 478

n-Cag 35 492
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Table 9. Comparinon. of percentage hydrocarbon composition by hydrocarbon class for C. waterstoni, L. utilis, C.
i

ferrugineus, and T. variabile

% Composition

Stage

n-Alkanes Monomethyl-alkanes Dimethyl-alkanes Monoenes Dienes

C. waterstoni

Larva 75.0 19.9 1.5 2.0 1.6

Female 31.8 394 20.0 88 0

Males 4.1 20.5 174 38.0 0

L. utilis

Larva 55.2 38.9 0 5.9 0

Pupa 734 1.0 0 25.6 0

Female 45.0 3.5 0 51.5 0

Male 32.8 3.8 0 63.4 0
C. ferrugineus

Larva 48.0 6.1 0 30.8 15.1

T. variabile
Larva 92.9 7.1 0 0 0

A. quadridententata, P. fulvicomis, and the
Orasema sp. suggests that there are sex-specific
hydrocarbon profiles in these species. Such dif-
ferences are most striking in C. waterstoni and P,
fulvicornis but are also present in the other two
species. Although there are no behavioral data
for any of these species to assert unequivocally
that these differences reflect the usage of some of
these hydrocarbons as sex pheromones or cues
for gender recognition, it is not an unreasonable
hypothesis. At least in the bethylids, males usu-
ally emerge from their adjacent cocoons shortly
before females and often chew holes through the
silk cocoons of females to assist in their emer-
gence, then immediately copulate with their sis-
ters (Evans 1964, Gordh & Mécz4r 1990). Two
questions immediately come to mind. How does
the male know which cocoons have females in
them, and, under the circumstances, why would
a female need a sex pheromone? Although cutic-
ular hydrocarbons are not highly volatile, they
would have enough vapor pressure either to con-
taminate the silk of cocoons or to be perceived
through the cocoon. Indeed, extraction of the C.
waterstoni cocoon silk with hexane and exami-
nation by GC-mass spectrometry reveals the
presence of low but measurable quantities of the
wasp hydrocarbons (unpublished data). Cer-
tainly, adequate precedent exists for cuticular
hydrocarbons serving as close-range sex phero-
mones or gender recognition cues (or both) in the
Diptera (Howard & Blomquist 1982). Alterna-
tively, where the gender-based difference in hy-
drocarbon composition is such that the male
seems to have the unique compounds (such as in
L. utilis), one might postulate that the hydrocar-
bon cues are being used by the female to assess
that a male of the correct species rather than
some hyperparasite or predator is opening her
cocoon. Although bethylids in general are asso-
ciated with sib mating (Clausen 1940), the fe-
males are long-lived, have limited sperm storage

capacity, and may mate with males other than
their brothers or sons. Therefore, a convincing
argument could be made for cuticular hydrocar-
bons serving as either sex pheromones or as cues
for sex and species recognition. The possibility
that other chemical or aural cues are important is
of course recognized. A test of this hypothesis
has yet to be carried out.

As noted, bethylids are gregarious ectopara-
sitoids and, by definition, complete their larval
development using the resources of a single host
(Clausen 1940). In fact, however, their trophic
ecology is not so different from some obligate
predators such as syrphid flies in the genus Mi-
crodon whose larvae use a single food resource,
the ant brood of their host (Stanley-Samuelson et
al. 1990). In two Microdon-ant associations, the
larval flies have cuticular hydrocarbon composi-
tions identical to those of the larval ants, and the
flies biosynthesize these hydrocarbons them-
selves rather than procuring them from the ants
via either ingestion or mechanical transfer (How-
ard et al. 1990a, b). Other workers have shown
that, to a limited extent, dietary hydrocarbons
can be directly used as cuticular hydrocarbons
(Howard & Blomquist 1982), but these are gen-
erally only the n-alkanes. However, Thompson
& Barlow (1974, 1983) have shown that a variety
of parasitic Hymenoptera, including ectopara-
sitoids, have whole-body fatty acid compositions
that exactly mimic the host on which they are
reared; successive generations of parasites
reared on different hosts always adopt the fatty
acid profile of the current host. Inasmuch as cu-
ticular hydrocarbons are biosynthesized from
fatty acids (albeit from different enzyme com-
plexes from those which metabolize most of the
energy reserve and membrane structural fatty
acids) (Howard & Blomquist 1982, Lockey 1988),
and inasmuch as at least one ectoparasitoid
(Orasema sp.) (Vander Meer et al. 1989) has been
reported to have identical cuticular hydrocar-
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bons as its host, I thought it important to compare
the cuticular hydrocarbons of C. waterstoni and
L. utilis with those of their hosts.

As even a cursory examination will show, hy-
drocarbon profiles of the larval bethylid para-
sitoids show little resemblance to those of the
hosts on which they are reared (Tables 1, 3, 5, 7,
and 9). The hydrocarbons of larval C. ferrugineus
are dominated by n-alkanes, Z-8- and Z-9-
monoenes, and an extensive series of dienes
with the double bonds widely separated. The
n-alkanes and monoenes are common to most
insects (Lockey 1988), but the dienes are some-
what more unusual. However, similar dienes
have been reported from Drosophila spp.
(Diptera) (Jackson & Bartelt 1986), a sawfly (Hy-
menoptera) (Bartelt et al. 1984), and Sitophilus
spp. (Coleoptera) (Nelson et al. 1984). As Table 1
indicates, larval C. waterstoni have no olefins,
with the exception of low quantities of a Csy:l
and C,,:2, to which I was unable to assign dou-
ble-bond locations. The ECL values of these two
compounds, however, are identical to those of
corresponding compounds in larval C. ferrug-
ineus. It is possible that these compounds in the
parasite sample arose as surface contamination
from the beetle host in the course of my transfer-
ring wasp larvae from the host.

The cuticular hydrocarbon profile of larval T.
variabile is even more strikingly different from
its parasitoid L. utilis than is the case for the
Cephalonomia-Cryptolestes system. This beetle
has mostly n-alkanes (93%), with a small propor-
tion (7%) of 3-, 5-, and 13-methylalkanes, and no
other hydrocarbons. This may be contrasted with
the larvae of two other dermestids, Trogoderma
granarium Everts, which has n-alkanes, n-
alkenes, and 2- and 3-methylalkanes (Malinski et
al. 1986); and Attagenus megatoma (F.), which
has n-alkanes, n-alkenes, 2-, 3-, and internal
methyl-branched alkanes (Baker 1978).

The striking disparity between the cuticular
hydrocarbons of the two bethylids and their two
hosts clearly argues against the wasps simply
transferring ingested host hydrocarbons onto
their own cuticle. These findings, especially for
host-specific Cephalonomia, also add to the cir-
cumstantial evidence suggesting that chemical
mimicry of cuticular hydrocarbon composition in
inquiline-host relationships is the result of co-
evolution rather than simply happenstance
(Howard et al. 1980, Stowe 1988, Howard et al.
1990a).

To the extent that cuticular hydrocarbons are a
phenotypic response to needs for water conser-
vation and protection from abrasion and invasion
by microorganisms (Jackson & Blomquist 1976,
Hadley 1981, Howard & Blomquist 1982), one
might anticipate that, because the two bethylids
and their hosts examined in this study all live in
similar habitats, these parasites and their hosts
might have fairly similar distributions of hydro-
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carbon classes. Clearly this is not so (Table 9).
These differences do not appear to be readily
explainable by, for example, body size (volume),
because the two insects with the greatest propor-
tion of n-alkanes, larvae of C. waterstoni and T.
variabile (75 and 92.9%, respectively), differ in
bulk by at least 100-fold. One might argue that
the parasitoid can use such a high proportion of
n-alkanes (which are normally associated with
relatively humid environments) because it is in
essence feeding on a nearly liquid diet, but T.
variabile larvae are feeding on an extremely dry
diet that requires them to satisfy much of their
water requirements from metabolism. Nor do the
hydrocarbon compositions appear to be gov-
erned by life stage, because the two larval para-
sites differ from each other as well as from their
host larvae. Similarly, adults of the two parasite
species show striking differences in class compo-
sition (Table 9). Adults of neither species of par-
asitoid are known to seek out free water. They do
engage in blood feeding from the wounds pro-
duced by their stings, but this is more likely for
protein than for water. Given the disparities
among these four taxa in proportions of n-alkanes
to monomethyl- and dimethylalkanes, and to
monoenes and dienes, the data strongly suggest
that, for them, factors other than cuticular hydro-
carbon composition are the primary mediators of
cuticular permability to water (Hadley 1981,
1984; Toolson et al. 1990).
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