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The cuticular hydrocarbons from adult Phormia regina (Meigen) were characterized by gas
chromatography—mass spectrometry. Both sexes had similar components in nearly identical
quantities, consisting of complex mixtures of saturated »-, monomethyl- and dimethylalkanes
from 23 to 33 total carbons. Although no diet-, age-, or sex-specific differences were observed,
cuticular hydrocarbons were shown to be involved in copulatory behavior. Hydrocarbon pro-
files of wild, compared to laboratory reared flies, showed no major differences. Behaviorally,
males responded the same to dead decoys of either sex. Removal of the hydrocarbons, using
hexane, from either male or female decoys, did not affect the number of mating strikes, but
markedly reduced the number of copulatory attempts and the amount of time males spént
mounted on either decoy. House fly, Musca domestica L., males when paired with a female
M. domestica decoy produced copulatory attempts: whereas, when P. regina males were placed
with M. domestica female decoys, there were no copulatory attempts. It is concluded that the
cuticular hydrocarbons of P. regina function as species-specific but not sex-specific mating
cues and elicit species-specific copulatory behavior in males. © 1997 Elsevier Science Ltd. All
rights reserved
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INTRODUCTION Crystal (1983). Thus, mating in P. regina is somehow
linked to ovarian maturation. A major point to consider,
however, is whether the link with ovarian maturation
involves readiness to mate by the female (i.e. receptivity)
or whether the female requires a protein meal to become
attractive to the male. The former case could involve the
lack of a pheromone. Sex and species recognition in most

Diptera only takes place after the male contacts the

The endocrine conditions affecting mating in the Diptera
are influenced by various factors, one of which is
nutrition (Engelmann, 1970; Truman and Riddiford,
1974). The calliphorid blow flies are no exception. Of
the species studied by Kamal (1958), which included
Phormia regina (Meigen) and excluded Eucalliphora
lilaea, all required a protein meal to mate. What was not

shown, however, was at what time in the reproductive
cycle females begin to mate. Correlating the presence of
sperm in the spermathecae with egg maturation, Stoffol-
ano (1974) showed that P. regina did not mate until yolk
was present in the oocytes. This was later confirmed by
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female and usually involves contact pheromones, fre-
quently cuticular hydrocarbons (Howard and Blomquist,
1982). Sex pheromones have been demonstrated in over
40 species of Diptera and have been chemically identified
in at least 18 species (Blomgquist ef al., 1987a Blomquist
et al., 1993). Several species of Diptera have been shown
to have a dramatic change in both the quantity and qual-
ity of the cuticular hydrocarbons with age (Jackson and
Bartelt, 1986; Trabalon et al., 1988; Pomonis, 1989).
Since these studies, however, did not focus on dietary
effects, we decided to compare the cuticular hydro-
carbons of sugar-fed females with those that were pro-
tein-fed (Table 1). One of our hypotheses was that the
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TABLE 1. Cuticular hydrocarbon components of sugar- and protein-fed male and female blowflies. Values represent relative percentage of
total hydrocarbons

Area%
Peak no. Protein-fed Sugar-fed*
Hydrocarbont # Carbons] ECL§ Females Males Females Males

1 n-tricosane 23 23.00 0.6 0.8 0.8 0.8

2 9-,11- 24 23.36 0.5 1.0 0.5 0.6
methyltricosane

3 7- 24 23.44 0.8 1.4 1.0 1.4
methyltricosane

4 5- 24 23.50 0.2 0.3 03 0.3
methyltricosane

5 Unknown . 23.60 Tr* Tr Tr Tr

6 3- 24 23.74 0.4 0.9 0.7 0.8
methyltricosane

7 5,11- 25 23.84 0.1 0.7 Tr 03
dimethyltricosane

8 n-tetracosane 24 24.00 0.8 1.3 0.7 1.1

9 3,11- 25 24.08 0.2 0.6 0.4
dimethyltricosane

10 10-,11-, and 12- 25 24.33 1.9 35 1.7 2.0
methyltetracosane

11 6- 25 2443 0.6 1.2 0.7 0.8
methyltetracosane

12 4- 25 24.55 0.2 0.3 0.4 0.3
methyltetracosane

13 2- 25 24.61 1.8 26 1.8 1.9
methyltetracosane

14 6,12- 26 24.73 Tr 1.5 Tr 0.7
dimethyltetracosane

15 n-pentacosane 25 25.00 13.3 18.0 13.6 14.8

16 11-,13- 26 25.37 16.0 16.0 16.2 16.8
methylpentacosane

17 7- 26 25.41 35 37 4.0 3.7
methylpentacosane

18 5- 27 25.53 4.1 38 49 4.3
methylhexacosane

19 9,13- 26 25.65 0.9 0.7 1.0 0.8
dimethyltetracosane

20 3- 26 25.74 7.7 7.3 7.5 7.4
methylpentacosane

21 5,13- 26 25.85 34 5.1 34 35
dimethyltetracosane

22 n-hexacosane 26 26.00 2.2 2.7 24 24

23 3,11- 26 26.07 1.5 2.0 1.4 1.2
dimethyltetracosane

24 12- and 13- 27 26.32 3.7 3.1 32 32
methylhexacosane

25 6- 27 26.42 1.5 1.0 1.5 1.3
methylhexacosane

26 4- 27 26.55 0.4 0.3 04 04
methylhexacosane

27 2- 28 26.60 1.1 0.7 0.8 1.1
methylheptacosane

28 8,14- 28 26.66 0.3 Tr Tr Tr
dimethylhexacosane

29 6,14- 28 26.74 0.7 1.3 0.7 0.7
dimethylhexacosane

30 n-heptacosane 27 27.00 8.5 6.0 9.0 7.6

31 9-,11- and 13- 28 27.34 5.7 25 6.1 49
methylheptacosane

32 7- 28 27.40 1.8 0.6 1.8 1.2
methylheptacosane

Continued on facing page
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TABLE 1. Continued

Area%
Peak no. Protein-fed Sugar-fed*
Hydrocarbont # Carbons} ECL§ Females Males Females Males
33 5- 28 27.51 0.6 0.4 0.7 0.6
methylheptacosane
34 11,17-, and 9, 29 27.63 12 0.6 1.8 1.5
15-dimethyl-
heptacosane
35 3- 28 27.73 1.7 1.0 2.0 1.6
methylheptacosane
36 5,15- 29 27.82 0.5 03 0.6 0.4
dimethylheptacosane
37 n-octacosane 28 28.00 1.0 0.6 0.8 0.8
38 10-,11-,12-, and 29 28.31 03 Tr Tr 0.2
13-methyl-
octacosane
39 2- 29 28.63 2.1 1.1 2.1 1.9
methyloctacosane
40 n-nonacosane 29 29.00 4.4 2.7 2.8 2.5
41 9-,11-,13-, and 30 2931 0.2 Tr 0.5 0.2
15-methyl-
nonacosane
42 9- 30 29.36 02 Tr Tr 0.2
methylnonacosane
43 7- 30 29.41 0.1 Tr Tr 0.1
methylnonacosane
44 S- 30 29.49 Tr Tr Tr Tr
methylnonacosane
45 9,15- 31 29.62 0.4 Tr 0.5 0.5
dimethylnonacosane
46 3- 30 29.74 0.8 0.5 0.7 0.6
methylnonacosane
47 n-triacontane 30 30.00 Tr 0.4 Tr Tr
48 2- 31 30.64 09 0.6 0.6 0.7
methyltriacontane
49 n-hentriacontane 31 31.00 04 0.4 Tr 0.4
50 11-, and 13- 32 31.31 04 04 Tr 0.4
methylhentriacontane
51 7- 32 31.41 Tr Tr Tr Tr

methylhentriacontane

*Protein added to diet at day 3 and flies extracted at day 6. Sugar-fed flies extracted at 3 days after emergence.

+Hydrocarbon structures determined by mass spectrometry.
tTotal number of carbons, including methyl branches.

§ECL = equivalent chain length as determined by temperature-programmed GC runs from 20 to 200°C at 20°C min~' and 200 to 285°C

at 50°C min™'.

Tr designates that the component was present at trace levels of less than 0.1%.

cuticular hydrocarbons of protein-fed, vitellogenic
females would be qualitatively or quantitatively different
from those of sugar-fed, non-vitellogenic females. The
second was that the cuticular hydrocarbon pattems for
males and females would be different. We also conducted
behavioral experiments to investigate the importance of
cuticular hydrocarbons in mating behavior.

MATERIALS AND METHODS

Insects

Puparia from the Amherst colony were obtained as
needed. This colony was started from V.G. Dethier’s col-

ony (i.e. in culture since 1971 by Stoffolano). Both sexes
were fed and maintained as previously described (Zou
et al., 1988). Protein-fed flies were maintained on 10%
aqueous sucrose for 48 h after eclosion, at which time
they were fed raw chicken liver ad libitum. Wild flies
were trapped using rat carcasses, females were permitted
to lay eggs on dead squirrels, reared to adults, and adults
analysed as needed.

Chemicals and materials

BioSil-A was purchased from Bio-Rad (Richmond,
CA). Hexane was obtained from Fisher Scientific
{(Pittsburg, PA) and redistilled prior to use.
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Extraction and isolation of cuticular hydrocarbons

Cuticular lipids were extracted from sugar-fed flies on
days 1 and 3, while protein-fed flies were given chicken
liver at 3 days after eclosion and their cuticular lipids
extracted on days 4 and 6. Cuticular lipids were surface-
extracted twice using 10 ml hexane each time, with the
first extraction for 10 min and the second for 1 min. The
two hexane extracts were combined and concentrated
under a stream of nitrogen. Cuticular hydrocarbons were
isolated by column chromatography on BioSil-A mini-
columns (6 x 0.5cm i.d) eluted with 6 ml hexane
(Blailock and Blomquist, 1976). Hydrocarbon compo-
nents were preliminarily analyzed by gas chromatogra-
phy (GC) and later identified by gas chromatography—
mass spectrometry (GC-MS). Gas chromatography for
preliminary hydrocarbon analysis was performed on a
30 m x 0.32 mm i.d., 0.5 wm stationary phase DB-5 col-
umn temperature programmed from 200 to 300°C at
5°C min™' and then held at 300°C for 30 min.

Mass spectral analysis of cuticular hydrocarbons

GC-MS analyses were conducted on a Finnigan 4023
mass spectrometer at 70 eV interfaced with an INCOS
data system. The column (described above) was used to
separate components. The GC oven during GC-MS
analysis was temperature programmed from 30 to 200°C
at 20°C min™" and then 200 to 285°C at 5°C min™' and
then held at 285°C for 15 min. The carrier gas was He
at 8 psi head pressure with a linear flow velocity about
30cms™.

Insects for behavioral tests

Laboratory stocks were reared as previously described
(Zou et al., 1988). Virgin, sugar-fed adults were collected
within 24 h of emergence, anesthetized briefly with CO,,
and held on ice while being separated by sex. Males were
fed fresh beef liver and a 10% sucrose solution for two
days following separation by sex. Females were divided
into two groups. One group was treated as the males were
(i.e. given beef liver for two days following separation
by sex), while the other group was maintained on a 10%
sucrose solution. Flies were behaviorally tested 3—4 days
after emergence. Previous experiments have shown that
on the liver diet and for the period designated here, both
sexes are sexually receptive by days 3—4 after emergence
(unpublished data).

Behavioral bioassay

Three virgin males per testing arena were kept over-
night (5:00 p.m.—10:00 a.m) and only fed sugar prior to
the bioassay. Using three males per arena, one can
observe homosexual behavior. If homosexual behavior
was observed, the arena was used because this procedure
assures that any negative response to the decoys (i.e. a
frozen fly) was not a reflection of males not being in a
mating mode. The arenas or testing containers consisted
of clear plastic, 8 fl oz ice cream cups with paper lids,
which were kept upside—down with the lid serving as the
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floor. A small flap, 2 cm wide x 3 cm high, was cut in
the side near the rim but above the floor, this permitted
us to insert the decoys. A 12 fl oz opaque paper cup,
from which 2 cm had been cut from the rim, was placed
over the 8 fl oz cup serving as a shade, leaving the plastic
container exposed to direct light from only its floor up
to 2 cm. Because the flies are photopositive, this arrange-
ment maximized the time they spent on the container
floor and increased their chances of seceing the decoys.

Decoy flies of either sex were killed by freezing at —
20°C for 30 min and, unless otherwise stated, less than
2 h before testing. Decoys were used to eliminate audi-
tory and motion cues that might influence copulatory
behavior (Hammack, 1986), since the initial stimulus to
mate in most blow flies is visual. Using forceps to press
its legs into a small amount of tackiwax, each decoy was
first thawed and then affixed to a paper triangle (3 x 5 in.
file cards) approx. 3.5 cm at the sides and 1.5.cm at the
base. This tackiwax procedure was used over the pinning
procedure of Hammack (1986), since preliminary experi-
ments showed male flies attempting to feed on hemo-
lymph from the pinned fly. It also provided the best
mimic, since it placed the decoy in its most natural pos-
ture. Decoy preparation was performed while wearing
PVC gloves to prevent contamination of decoys with
sweat and/or body oils, which also elicited feeding
behavior from males. Forceps were cleaned with hexane
and gloves changed before switching from the prep-
aration of one group of decoys to another (e.g. sugar-fed
females first then protein-fed). Both of these procedures
prevented decoy contamination by liver juice and pre-
vented the exchange of any olfactory cues between the
two decoy groups.

Clean forceps were used to place each decoy into a
testing container with three males. Unless a male was in
the copulatory position at the end of the test, each test
only lasted 3 min. The fluorescent lighting of the room
was accompanied by light from a 40 W desk lamp, which
was directed on the testing arena to improve visibility.
During the allotted period, a ‘mounting strike’ was
recorded each time a male climbed ontc or mounted a
decoy. When a male’s tarsi or proboscis touched the
decoy, without a mount, it was recorded as ‘casual con-
tact’. ‘Time mounted’ was the time between when a male
made a mounting strike to when it dismounted, and con-
tinuing timing when the decoy was re-mounted. If a male
was still mounting a decoy at the end of the 3 min testing
period, timing continued until the male dismounted or
the time mounted exceeded 3 min, in which case time
mounted was recorded as ‘3:00°. Otherwise, time
mounted was recorded as the total amount of time the
decoy was mounted by a male or males during the testing
period. Whenever a male was mounting the decoy, flexed
its abdomen and probed the decoy with its genitalia, a
‘copulatory attempt’ was recorded. A separate copulatory
attempt was recorded when the male dismounted, re-
mounted, and repeated the copulatory motion or when
another male mounted and made an attempt. Individual
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motions made by a mounted male were not considered
separate attempts and copulatory attempts made after
3 min were not recorded.

Behavioral bioassay designed to determine the effect of
diet on copulation

Sugar-fed and protein-fed female decoys were used to
determine whether a protein meal is required for a female
to be sexually attractive, which may involve synthesis of
a copulatory pheromone. Decoys consisted of 10 protein-
fed and 10 sugar-fed females for each testing session and
new decoys were always made for the different testing
sessions. Once made, one sugar-fed and one protein-fed
decoy were paired with a testing container and its three
males and tested. Half of the decoys were tested sugar-
fed first and the other half protein-fed first. After a sugar-
fed decoy was tested, it was followed by a protein-fed
decoy, and vice versa, until all 20 tests were completed.
Two testing sessions, each lasting 1.5-2 h, were perfor-
med each day: one from 10:00-10:30 a.m. and the other
1:30-2:00 p.m. for three consecutive days. Thus, 10 dif-
ferent females of each diet were tested each period,
20/diet/day, and 60 each diet over the course of the
experiment.

Behavioral bioassay designed to determine the effect of
cuticular hydrocarbons on male copulation with female
decoys

Hexane surface-extracted, protein-fed female decoys
were assayed to evaluate whether cuticular hydrocarbons
mediated copulatory behavior. Decoys (washed only
once) were prepared by placing all flies in a clean glass,
shell vial (15 ml) with hexane (1 ml/fly), agitating inter-
mittently for 15 min, individually removing with forceps
and allowing them to air dry at least 30 min prior to test-
ing (Mackley and Broce, 1981). Ten washed decoys and
10 controls (unwashed protein-fed females of the same
age) were made each morning. Each washed decoy was
paired with a control for testing. Fifteen testing con-
tainers were prepared. One decoy was then inserted,
tested as described before, and removed. This procedure
often disturbed the males in the testing container, causing
them to become sexually unresponsive, so the second
decoy was not inserted for testing until homosexual
activity resumed. Half the decoy pairs were tested using
hexane-washed-first and half with the control-first. The
same testing containers and 10 decoy pairs were used for
both moming and afternoon testing sessions. The pro-
cedure was repeated for three consecutive days using new
decoys each day. Thus, 10 washed and 10 unwashed
females were tested twice each day, and 30 of each con-
dition were tested twice over the course of the experi-
ment.

Is hexane a repellent?

To exclude hexane acting as a repellent, thereby caus-
ing negative responses to washed decoys, a pair of related
tests were conducted, each in a manner identical to the
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procedure used to show the effect of cuticular hydro-
carbons on copulation.

To test whether hexane could prevent males from mat-
ing with protein-fed, unwashed females, decoys were
prepared by affixing females to tackiwax and applying a
drop of hexane only to the tackiwax. This allowed males
to encounter both hexane, if present, and any cuticular
hydrocarbons which my be present before making a
choice of sexual partner.

To ensure that males were refusing to mate with hex-
ane-washed females (normally given a 30 min drying
period) because of the absence of cuticular hydrocarbons
and not the repellent effect of the hexane, the drying per-
iod was extended to 24 h or more.

In each of the above two tests, 10 control and 10 treat-
ment decoys were tested once each. Each test was
repeated once using the same original decoys.

Antennectomy and palpectomy

How do males perceive the contact pheromone? Vir-
gin, sugar-fed males, within 24 h of emergence, were
anesthetized briefly with CO, and immobilized on ice.
The antennae and maxillary palps were removed using a
dissecting microscope and fine-tipped forceps. Males
were fed fresh beef liver and 10% sucrose solution for
two days after the operation and kept overnight with
sugar water in 15 testing arenas with three males/arena
before being bioassayed. The same 10 protein-fed and
virgin female decoys were tested in each of two sessions,
one morning and one evening. Results of this test were
compared with data collected in previous experiments,
which tested the responses of unoperated males to pro-
tein-fed, virgin female decoys under similar conditions.

Do males perceive male and female decoys differently?

Protein-fed decoys of both sexes were assayed to
determine if cuticular hydrocarbons were sex-specific.
Testing was performed as previously described in
‘Behavioral bioassay designed to determine the effect of
cuticular hydrocarbons on male copulation with female
decoys’, except that experimental decoys also included
protein-fed, hexane-washed males. Again, the same 10
male and female decoys were tested in each of two test-
ing sessions per day over 3 days so that 60 of each sex
were tested over the course of the experiment.

Can the cuticular extract restore male copulatory
response to hexane extracted decoys?

Cuticular extract was prepared as previously described.
Each fly was individually removed allowing excess hex-
ane to drip back into the vial, and placed into a second
identical vial of hexane for another 15 sec and removed.
Flies were washed twice to ensure maximal extraction of
cuticular hydrocarbons. When forty flies were washed,
the hexane extracts in the two vials were mixed and then
reduced to a volume of 0.1 ml under a stream of air.
A 10 ul aliquot or four fly equivalents, taken from the
concentrated hexane extract, was applied to each of 10
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hexane-washed decoys using a handheld microsyringe.
Hexane-washed decoys were prepared as previously
described. Approximately 1 ul was applied at a time and
was allowed to evaporate before more was added. Six ul
was applied to the abdomen and 4 ul to the thorax. The
reconstituted decoys were air dried for at least 15 min
before testing. Ten washed decoys and 10 reconstituted
washed decoys were prepared each day. Testing was per-
formed as previously described in ‘Behavioral bioassay
designed to determine the effect of cuticular hydro-
carbons on male copulation with female decoys’ by pair-
ing each washed decoy with a reconstituted decoy and
testing each pair in one of 15 testing containers. Testing
of pairs alternated between reconstituted-decoy-first and
washed-decoy-first.

The first set of tests were performed by preparing hex-
ane wash concentrate from 40 protein-fed, virgin female
flies and applying four female equivalents on each of 10
hexane-washed female decoys. The reconstituted female
decoys were paired with 10 hexane-washed female
decoys and tested. This was replicated three times.

Next, the above procedures were repeated but only
males were used. Male decoys ensured that any cop-
ulatory response males showed towards the reconstituted
decoy would not result from any female cuticular hydro-
carbons, which might remain after washing. This was
replicated three times.

Species specificity

The procedures for making house fly, Musca dom-
estica L., decoys and for testing them were identical to
those used for P. regina. Eighteen cups of different HF
males were paired with 18 different female M. domestica
decoys while 17 cups of different P. regina males were
paired with the 17 different female M. domestica decoys.

Statistical analyses

The major objective of the behavioral tests was to
determine if the various treatments had any effect on four
behavioral parameters associated with mating. Tests were
often conducted during the morning and afternoon.
Because the data collected for the first three parameters
(i.e. casual contacts, mounting strikes and copulatory
attempts) were count data, chi-square tests were used to
analyze data presented in Tables 2 and 3, and Table 4 to
see if there was any interaction between time and treat-
ment. If there was a significant interaction, each time per-
iod (i.e. morning and afternoon) was evaluated separately
using a one sample chi-square test to determine treatment
effects. Based upon these analyses, which showed no
consistent significant interaction between time and treat-
ment, it was decided that the data would be collapsed
across time for these three tables. One sample chi-square
tests were performed to determine if there were signifi-
cant differences in treatments. The data, however, are
still presented separately as morning and afternoon
results for Tables 2 and 3 and Table 4. In order to evalu-
ate the first three parameters, presented in Table 5 and
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Table 6, where we did not conduct both moming and
afternoon tests, simple one sample chi-square tests were
performed to determine differences in treatments.
Because the parameter ‘time mounted’ was a continuous
measurement, data for this parameter were analyzed
using an one-way analysis of variance to determine dif-
ferences in treatments. All statistical tests were made at
the P = 0.05 level of significance unless stated other-
wise.

RESULTS

Identification of hydrocarbons

Fig. 1 presents a representative total ion chromatogram
of the cuticular hydrocarbons of female P. regina. Each
hydrocarbon component was identified based on its equi-
valent chain length (ECL) and fragmentation pattern
when analyzed by GC-MS. Methyl groups near the
middle of the molecule reduced the ECL compared to an
n-alkane by about 0.7 units, which decreased as the
methyl group was moved towards the end of the mol-
ecule to about 0.3 units for the 2-, 3- and 4-methylalk-
anes. The reduction in ECL was additive for the methyl
groups of the dimethylalkanes.

Monomethylalkanes fragment on each side of the
methyl branch, with the charge retained on the fragment
containing the branching methyl group with an even-
numbered ion fragment usually predominating. The
dimethylalkanes fragment on each side of the methyl
branches, with the fragments which contain a second
branching methyl group usually having an odd-numbered
ion fragment predominating (Blomquist et al., 1987b).
Examples of the fragmentation patterns for dimethylalk-
anes are presented in Fig. 2, which consist of the mass
spectra of hydrocarbons interpreted as 5,13-dimethylpen-
tacosane and 6,14-dimethylhexacosane. In Fig. 2, the
ions at m/z 211/210 and 323/322 each contain an ion pair
with the odd numbered ion predominating, and contain
the two methyl branching groups. The ion pair at m/z
196/197 has the even numbered ion predominating and
arises from a C,, group as indicated in Fig. 2(A). The
mass spectrum of 6,14-dimethylhexacosane [Fig. 2(B)]
was interpreted in a similar manner. The 2-methylalkanes
were distinguished from the 4-methylalkanes by the
absence of m/z fragments at M-71/72 and the greater
intensity of the m/z fragment at 69 compared to 70.

Effect of sex, age, diet and origin on hydrocarbon pro-
files

Table 1 presents relative percentages of hydrocarbon
components in protein-fed and sugar-fed male and female
blow flies. No major differences in hydrocarbon profiles,
either in the components present or the relative percent-
ages of each component, were observed when comparing
protein-fed and sugar-fed males and females. Also, no
major differences were observed between the hydro-
carbon profiles of wild versus laboratory reared flies of






