
PHYSIOLOGY, BIOCHEMISTRY, AND TOXICOLOGY 

Cuticular Hydrocarbon Synthesis in Relation to Feeding and 
Developmental Stage in Nymphs of Blattella germanica 

(Dictyoptera: Blattellidae) 

H U G H P. YOUNG AND COBY SCHAL 1 

D e p a r t m e n t o f E n t o m o l o g y , N o r t h C a r o l i n a S t a t e U n i v e r s i t y , B o x 7 6 1 3 , R a l e i g h , N C 2 7 6 9 5 - 7 6 1 3 

Ann. Entomol. Soc. Am. 9 0 ( 5 ) : 655-663 (1997) 
ABSTRACT T h e p a t t e r n s o f h y d r o c a r b o n s y n t h e s i s a n d t r a n s p o r t t o t h e e p i c u t i c l e w e r e 
e x a m i n e d i n m a l e s a n d f e m a l e s o f t h e G e r m a n c o c k r o a c h , Blattella germanica ( L . ) , d u r i n g t h e 
l a s t n y m p h a l s t a d i u m . M e t h o d s u s e d t o e x t r a c t h y d r o c a r b o n f r o m i n s e c t s w e r e v a l i d a t e d i n 
d e t a i l . A d o u b l e h e x a n e e x t r a c t i o n f o r c u t i c u l a r h y d r o c a r b o n s a n d a t r i p l e c h l o r o f o r m - m e t h a -
n o l e x t r a c t i o n o f h o m o g e n i z e d i n s e c t s f o r i n t e r n a l l i p i d s r e m o v e d e s s e n t i a l l y al l h y d r o c a r b o n 
f r o m t h e r e s p e c t i v e c o m p a r t m e n t s , w h e r e a s t h e e x t e r n a l e x t r a c t i o n d i d n o t r e m o v e h y d r o c a r 
b o n f r o m t h e i n t e r i o r o f t h e i n s e c t . S y n t h e s i s i n v i v o w a s m e a s u r e d b y t h e i n c o r p o r a t i o n o f 
[ 1 - 1 4 C ] p r o p i o n a t e i n t o m e t h y l - b r a n c h e d h y d r o c a r b o n a t 2 - d i n t e r v a l s t h r o u g h o u t t h e s t a d i u m . 
I n b o t h s e x e s , h y d r o c a r b o n s w e r e s y n t h e s i z e d a t i n c r e a s i n g r a t e s d u r i n g t h e first 2 / 3 o f t h e 
s t a d i u m , t h e n s y n t h e s i s c e a s e d 2 d b e f o r e t h e i m a g i n a l m o l t . H y d r o c a r b o n s y n t h e s i s w a s r e l a t e d 
t o s t a g e - s p e c i f i c f o o d i n t a k e i n b o t h m a l e a n d f e m a l e n y m p h s . A d e c l i n i n g p r o p o r t i o n , b u t 
r e l a t i v e l y c o n s t a n t q u a n t i t y , o f n e w l y s y n t h e s i z e d h y d r o c a r b o n w a s t r a n s p o r t e d t o t h e e p i c u 
t i c l e a s t h e n y m p h p r o g r e s s e d t h r o u g h t h e i n t e r m o l t p e r i o d . T h e m a j o r i t y o f t h e n e w l y 
s y n t h e s i z e d h y d r o c a r b o n a t a l l a g e s w a s r e t a i n e d i n t e r n a l l y , h o w e v e r , s u g g e s t i n g t h a t t h e y 
s e r v e a s a s o u r c e o f e p i c u t i c u l a r a n d o v a r i a n h y d r o c a r b o n i n t h e a d u l t . G a s - l i q u i d c h r o m a t o g 
r a p h y c o n f i r m e d t h e p a t t e r n s o f h y d r o c a r b o n s y n t h e s i s a n d s h o w e d a g r e a t e r a c c u m u l a t i o n o f 
h y d r o c a r b o n s i n t e r n a l l y t h a n o n t h e n y m p h a l e p i c u t i c l e . E a r l y in t h e l a s t s t a d i u m , t h e m a j o r i t y 
o f i n t e r n a l h y d r o c a r b o n is i n t h e h e m o l y m p h , w h e r e a s l a t e i n t h e s t a d i u m t h e f r a c t i o n o f 
i n t e r n a l h y d r o c a r b o n i n t h e h e m o l y m p h d e c l i n e s , p r e s u m a b l y a s n e w l y s y n t h e s i z e d h y d r o c a r 
b o n b e g i n t o a s s o c i a t e w i t h f a t b o d y a n d t h e d e v e l o p i n g i m a g i n a l c u t i c l e . 
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CUTICULAR HYDROCARBONS ARE a vital c o m p o n e n t of 
insect cuticle. They serve as barr iers to mois ture 
and therefore provide waterproofing (Hadley 1981, 
Blomquist et al. 1993). As chemical messengers , 
hydrocarbons media te communica t ion among in
sects (review: Howard 1993) and b e t w e e n insects 
and plants; surface hydrocarbons of plants a re an 
impor tan t de t e rminan t of the i r acceptabi l i ty to in
sect herbivores . In t r i t rophic interact ions , t he sur
face chemist ry of plants as well as t he hydrocarbon 
profile of insect hosts d e t e r m i n e acceptabi l i ty of 
host insects to preda tors and parasitoids (see Espe-
lie et al. 1991). Recen t studies show that hydrocar
bons also serve as ka i romones for e n t o m o p a t h o -
genic fungi and bacter ia ; a d h e r e n c e to the cut icular 
surface is d e p e n d e n t on hydroca rbon-med ia ted 
dist inct ion b e t w e e n hosts and nonhos ts (Binning-
ton 1993). As componen t s of oocytes , hydrocar
bons might serve an impor tan t materna l cont r ibu
tion by providing a wate r bar r ier for embryos and 
1st instars (Gu et al. 1995). Despi te excel lent 
progress in t h e last 2 decades in the chemical char-

1 To w h o m correspondence and reprint requests should b e di
rected. 

acter izat ion and biosynthesis of hydrocarbons ( re
views: Blomquist et al. 1987, 1993; Lockey 1988; 
Nelson & Blomquist 1995), t he storage, mobiliza
tion, and t ranspor t of hydrocarbons have rece ived 
little a t tent ion. To this end, a necessary first s tep is 
to descr ibe t he pa t t e rns of synthesis and t ranspor t 
of hydroca rbon dur ing deve lopmen t of model in
sects. 

T h e deve lopmenta l t ime course of hydroca rbon 
synthesis has b e e n studied in several ho lometabo-
lous insects, part icularly in the Lepidoptera , Co-
leoptera , and Diptera . A common t h e m e emerging 
from earl ier work is that immature insects synthe
size hydrocarbons while feeding and store them in 
internal sites for use primarily in the deve lopmen
tal stadium that follows the molt. In Lepidopte ra , 
hydroca rbon synthesis in larvae is cor re la ted with 
the per iod of active feeding, followed by cessation 
of synthesis dur ing the wander ing phase and 
through ecdysis (de Renobales and Blomquist 1983, 
D w y e r et al. 1986, Guo and Blomquist 1991). Hemi-
metabolous insects, specifically crickets, also have 
an age -dependen t pa t t e rn of hydroca rbon synthesis 
(Cripps et al. 1988). In the adult female German 
cockroach, Blattella germanica (L.) , hydroca rbon 
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synthesis is re la ted to the gonot rophic cycle; syn
thesis is high dur ing an early feeding phase , fol
lowed by relatively low hydrocarbon synthesis dur
ing a fasting per iod while t h e oo theca is carr ied by 
t h e female (Schal et al. 1994). W e now repor t an 
age-rela ted pa t te rn of hydroca rbon synthesis 
which varies th roughou t t h e last stadium of t he 
German cockroach dur ing prepara t ion for t he 
imaginal molt. 

T h e hydrocarbons most often s tudied in insects 
are t h e most external , cut icular hydrocarbons . Be
cause our studies of hydroca rbon synthesis, t rans
port , and accumula t ion d e p e n d on exhaustive ex
tract ion of t he ou te r surface of t h e insect, it is 
impor tan t to use extract ion p rocedures that r emove 
all of t he external hydrocarbons , bu t none from 
internal compar tmen t s within t he insect. Similar 
r equ i remen t s are imposed in chemotaxonomic 
studies of insect hydrocarbons and in semiochemi-
cal investigations which depend on analysis of un-
con tamina ted cut icular surfaces. Conversely, bio
chemical studies of hydrocarbon synthesis and in 
vivo t ranspor t r equ i re an exhaustive extract ion of 
in ternal hydroca rbons which may contain much 
grea ter amounts of hydroca rbon than are p resen t 
on t he epicut icular surface. In this repor t we con
duc t an extensive analysis of extraction me thods 
and validate that our p r o c e d u r e segregates external 
and internal pools of hydrocarbon . 

Mater ia ls and Methods 

Insects . Insects used in this s tudy originated from 
an American Cyanamid (Pr inceton, NJ) insecti
c ide-suscept ible strain. They w e r e raised in glass 
jars at 27°C, 50% RH, and pho tope r iod of a 12:12 
(L:D) h. Insects we re prov ided with Pur ina Rat 
Chow #5012 (Pur ina Mills, St. Louis, MO) and 
water ad libitum. All insects used in exper iments 
w e r e staged to within 2 h of ecdysis into t he last 
nymphal s tadium in midpho tophase and were not 
al lowed to eat the i r exuviae. Pairs of nymphs w e r e 
p laced in clean plastic pe t r i dishes (90 by 15 mm) 
with distilled wa te r and chow. Prel iminary work 
showed tha t chow samples somewhat larger than an 
insect would consume in the last s tadium con ta ined 
no hydroca rbons de tec tab le by gas-liquid chroma
tography ( G L C ) . 

Chemica ls . Sodium [ 1 - 1 4 C ] p r o p i o n a t e (51 mCi / 
mmol) and [ca rboxy l - 1 4 C ] inu l in (1.7 m C i / g ) w e r e 
ob ta ined from NEN Research Produc ts (DuPont , 
Boston, MA) or American Radiolabeled Chemicals 
(St. Louis, M O ) . [ l l , 1 2 - 3 H ] 3 , l l - D i m e t h y l n o n a c o -
sane was provided by G. Pres twich (University of 
Utah, Salt Lake City) and p repa red as descr ibed in 
Chase et al. (1992). All o ther chemicals we re from 
Sigma (St. Louis, M O ) , Bio-Rad (Richmond, CA) , 
or F isher (Pi t tsburgh, PA) . 

E x t r a c t i o n , S e p a r a t i o n , a n d Quan t i f i ca t ion of 
H y d r o c a r b o n s . All insec ts w e r e kil led by f reez ing 
at — 20°C overn igh t . Ex te rna l l ipids w e r e ex
t r a c t e d from t h e cu t i c l e by immers ing a pa i r of 

dead , t h a w e d male or female insec t s in 2 ml n-
h e x a n e c o n t a i n i n g 15 jag n -hexacosane as in t e rna l 
s t anda rd , mixing gen t ly for 5 min , d e c a n t i n g t h e 
so lvent in to a c lean vial, r e p e a t i n g t h e wash , t h e n 
r ins ing t h e vial and insec ts wi th 1 ml h e x a n e . 
H e x a n e ex t rac t s w e r e b l o w n to d rynes s u n d e r a 
g e n t l e s t r eam of n i t rogen , t aken up in 250 /xl 
h e x a n e , and loaded o n t o silica gel (Biosil A, Bio-
Rad) in a Pas t eu r p i p e t min i co lumn . T h e h y d r o 
c a r b o n fract ion was e l u t e d wi th 7 ml h e x a n e , 
t aken to d ryness , and b r o u g h t up to 150-250 /xl 
for t h e in jec t ion of 1.0 /xl in to a split less in j ec to r 
l ead ing to an HP-1 capi l lary co lumn 25 m by 0.32 
mm by 1 urn ( H e w l e t t - P a c k a r d , Avonda le , P A ) . A 
H e w l e t t - P a c k a r d 3890II G L C was in te r faced wi th 
a H e w l e t t - P a c k a r d V e c t r a 486 /33T da t a acquis i 
t ion c o m p u t e r . T h e t e m p e r a t u r e p rog ram he ld 
t h e c o l u m n at 150°C for 2 min, t h e n i n c r e a s e d t h e 
t e m p e r a t u r e at 10°C/min to 245°C, fol lowed by a 
l ° C / m i n t e m p e r a t u r e r a m p to 260°C. T h e in te r 
nal s t anda rd and all insec t h y d r o c a r b o n s e lu t ed 
d u r i n g th is pe r iod . T h e t e m p e r a t u r e of t h e col
u m n was t h e n t aken at 10°C/min to 280°C and 
he ld for 2.5 min. This p r o g r a m r e su l t ed in base 
l ine separa t ion of all h y d r o c a r b o n s . T h e in jec to r 
and flame-ionization d e t e c t o r w e r e he ld at 280 
a n d 300°C, r e spec t ive ly . 

In terna l lipids, including those in any developing 
imaginal cuticle, w e r e ext rac ted by a modification 
of t h e p r o c e d u r e of Bligh and Dye r (1959). T h e 
pairs of insects previously ext rac ted for epicut icu
lar lipids we re homogen ized for 30 s (Polytron, 
Br inkmann, Wes tbury , NY) in ch lo ro fo rm/metha -
n o l / w a t e r (2:2:1.8 ml) conta in ing 30 /xg n-hexaco
sane as in ternal s tandard and t h e result ing homog-
ena te vor texed for 30 s and centr i fuged at 1,500 X 
g for 5 min. T h e chloroform layer was t ransferred to 
a clean vial, and t h e vortex centr ifuge extract ion of 
the m e t h a n o l - w a t e r phase was r epea t ed twice 
more with t he addit ion of 2 ml chloroform each 
t ime. T h e chloroform was evapora ted u n d e r ni t ro
gen and the lipid extract was then taken up in 
hexane and fract ionated and ch roma tographed as 
above. 

H y d r o c a r b o n Biosynthesis. Methylmalonyl-CoA, 
der ived from propiona te , acts as a methyl -branch 
donor in the synthesis of me thy l -b ranched hydro
carbons in B. germanica (Blomquist e t al. 1979, 
Chase et al. 1990). After be ing anes the t ized by 
chilling on an ice ba th for 10-20 min, insects we re 
injected with 0.12 /xCi sodium [ 1 - 1 4 C ] p r o p i o n a t e 
in 1 /xl B. germanica iso-osmotic saline solution 
(Kurtt i and Brooks 1976) using a 10 /xl Hamil ton 
syringe (Reno, NV) with a 33-gauge needle . The 
need le was inser ted b e t w e e n the last 2 abdominal 
sternites; injections w e r e moni to red th rough a dis
sect ing microscope. Insects w e r e freeze-kil led 8 h 
later, external and internal hydrocarbons we re ex
t rac ted as above, and t h e hydroca rbon fractions 
we re dissolved in Scinti l lene cocktail (Fisher) and 
analyzed on a Beckman 5801 (Ful ler ton, CA) liquid 
scintillation spec t rometer . 
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Extrac t ion Me thod Deve lopmen t . W e wan ted to 
develop extraction me thods that would remove all 
cut icular bu t no internal hydrocarbons and subse
quent ly would extract all in ternal hydrocarbons . 
External and in ternal extracts we re made as de
scr ibed above bu t with each 2-ml aliquot of solvent 
analyzed separately. Single insects in the radio la
bel ing exper iments w e r e in jected as above with 
e i ther 0.08 u,Ci sodium [ 1 - 1 4 C ] p r o p i o n a t e in 1 /xl 
saline, incuba ted for 24 h and frozen, or 0.017 u,Ci 
[ l l , 1 2 - 3 H ] 3 , l l - d i m e t h y l n o n a c o s a n e in 0.2 /al e tha-
nol followed by freezing and extract ion within 20 
min. T h e individual insects we re ext rac ted 4 t imes 
for external hydrocarbons and 3 t imes for in ternal 
hydrocarbons . Extracts conta in ing 1 4 C - h y d r o c a r -
bons we re p r e p a r e d on silica gel minicolumns as 
descr ibed above before count ing; samples contain
ing 3 H - h y d r o c a r b o n were taken to dryness and 
coun ted . Samples for G LC were ext rac ted as pairs, 
and each aliquot from the first 2 extract ions was 
analyzed separately. T h e 3rd extracts we re pooled 
and concen t r a t ed to 12 jul, 1.2 ul of which was 
analyzed by GLC. 

H e m o l y m p h Volume . W e followed the p roce 
du re descr ibed and validated by Gu et al. (1995). 
Chil led nymphs were injected with 26,000 dpm 
[ca rboxy l - 1 4 C] inu l in and main ta ined at 27°C for 
2 h. Hemolymph samples w e r e col lected in a 5-ul 
capillary t ube from a c l ipped cercus and subjec ted 
to liquid scintillation spec t romete ry . 

Body Mass and Dai ly Food In take . Fresh body 
mass was measured on a Sartorius 1712 MP8 bal
ance (Westbury , NY). Food in take by pairs of 
nymphs was d e t e r m i n e d by daily changes in mass 
of dishes conta in ing g round chow. 

Statistical Analysis. All measures of deviat ion 
a round means are r ep re sen t ed by the s tandard er
ror of the mean. Single variate da ta were analyzed 
by the S tudent t-test (Microsoft 1995). Corre la t ion 
analysis used Pearson 's correla t ion (Microsoft 
1995). To examine t ime lags b e t w e e n food intake 
and hydrocarbon synthesis, and b e t w e e n hydrocar
bon synthesis and its accumula t ion (mass) , we per
formed successive correla t ion analyses after shift
ing the ou tpu t variable by 2-d intervals relat ive to 
t h e input variable (e.g., hydroca rbon synthesis rel
ative to food in take) . 

Results 

Validat ion of H y d r o c a r b o n Ext rac t ion and Hy
drocarbon Synthesis Methods . T h e efficiency of our 
cut icular extract ion was de t e rmined by analyzing 
each successive 2-ml hexane wash separately. T h e 
first 5-min hexane wash removed almost all 
(98.33 ± 0.58%, n = 5) of t he available hydrocar
bons , whereas the second 5-min r inse ext rac ted the 
r ema inde r (1.67 ± 0.58%) of quantifiable hydrocar 
bon . A thi rd 5-min wash failed to p r o d u c e G LC 
peaks larger than basel ine noise even in pooled, 
c o n c e n t r a t e d samples represen t ing 1-2 nymph 
equivalents . Thus our 3-step extract ion, consisting 

Table 1. Validation of the extraction method: mean ± SE 
recoveries of radiolabeled hydrocarbon from external (cuticular) 
and internal extractions 

Extraction 
1 4 C - l a b e l e d 

hydrocarbon" 

3 H- labe led 
hydrocarbon'' 

Cuticular 
First 5-min wash 94.43 0.32 92.15 ± 0.89 
Second-5 min wash 4.61 0.27 5.84 ± 0.51 
Third 5-min wash 0.59 0.04 1.27 ± 0.37 
Fourth-5 min wash 0.37 ± 0.05 0.74 0.10 

Internal 
First extraction 86.98 2.78 89.65 1.06 
Second extraction 11.97 2.72 9.44 ± 1.04 
Third extraction 1.05 0.12 0.91 ± 0.10 

Successive procedures on the same sample add up to 100%. 
"Sodium [ l - 1 4 C ] p r o p i o n a t e (0.08 u.Ci) was injected in 1 /xl 

saline; cuticular and internal hydrocarbons were extracted 24 h 
later; n = 6. 

b [ l l , 1 2 - 3 H ] 3 , l l - D i m e t h y l n o n a c o s a n e (0.017 ju,Ci) was injected 
in 0.2 /xl ethanol; cuticular and internal hydrocarbons were ex
tracted 20 min later; n = 9. 

of two 5-min hexane washes, followed by a rinse of 
t he extract ion vial and sample, is rel iable and sim
ple . T h e efficiency of t he cuticular extraction p ro 
cedu re was confirmed using radio-labeled hydro
carbon. Nymphs w e r e injected with 0.08 u,Ci 
s o d i u m [ 1 - 1 4 C ] p r o p i o n a t e , incuba ted for 24 h and 
freeze-killed. Some newly synthesized methyl-
b r a n c h e d hydrocarbon was t ranspor ted to the epi-
cut icular surface within 24 h (see b e l o w ) . T h e 1st 
two 5-min washes recovered 99% of t h e labeled 
me thy l -b ranched external hydrocarbon (Table 1) . 
Similar results (99%) were obta ined with insects 
extracted 20 min after they were injected with tri-
t ia ted 3,11-dimethylnonacosane, the major compo
nen t of B. germanica hydrocarbon (Table 1) . 

T h e e x t r a c t i o n o f i n t e r n a l h y d r o c a r b o n s by the 
me thod of Bligh and Dye r (1959), after t he 3-step 
external extract ion, recovered 99% of the internal 
1 4 C - l a b e l e d hydrocarbon in the first 2 chloroform 
extract ions (Table 1) , a 3rd extract ion adding the 
remaining 1% to the total r ecovered (214 of 21,500 
d p m ) . Similar results were obta ined with insects 
injected with t r i t ia ted 3,11-dimethylnonacosane 
and whose exter ior had b e e n ext rac ted 4 t imes with 
hexane before homogeniz ing the nymphs . Of re
covered hydrocarbons , 99% of the internal ^ - l a 
be led hydrocarbon was found in the first 2 internal 
extract ions and 1% in the 3rd (309 of 33,700 recov
e red dpm) (Table 1) . These results clearly validate 
the efficiency of t h e 3-step external and internal 
extractions. Hexane proved to b e a suitable, mild 
solvent for cut icular extraction; it did not extract 
in ternal lipids. 

An impor tan t variable in in vivo incubat ions is 
t he dura t ion of incubat ion. Fig. 1 shows the incor
porat ion rates of [ 1 - 1 4 C ] p rop iona te into hydrocar
bon at several incubat ion t imes ranging from 2 to 
24 h in bo th females and males. Within 4 h the 
synthesis of r a d i o l a b e l e d hydrocarbons was com
plete; incubat ion t imes as long as 24 h did not 
increase e i ther total incorporat ion of t he isotope or 
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Incubation time (hrs) 

Fig. 1. Time-course of label incorporation from [1-
1 4 C ] propionate into methyl-branched cuticular and inter
nal hydrocarbons in 6-d-old last instar B. germanica. (A) 
Females. (B) Males. Nymphs were injected 0.12 u,Ci and 
incubated in vivo for the times indicated. Data represent 
mean ± SE; n = 6-14 females, 6-9 males. 

F E M A L E S 
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Fig. 2. Relationship be tween daily food intake and 
hydrocarbon synthesis over the course of the last 
nymphal stadium of female B. germanica. (A) Daily food 
intake and body mass. (B) Hydrocarbon synthesis was 
assayed by incorporation of [ l - 1 4 C ] p r o p i o n a t e into meth
yl-branched hydrocarbons. The top of each bar in B rep
resents total hydrocarbon synthesis. Shown are means ± 
SE; n = 23. The dashed vertical line indicates the imaginal 
molt. 

t h e relative distr ibution of labeled hydroca rbons 
b e t w e e n epicut icular and internal sites. This sup
por ts t he conclusion that the cessation of incorpo
ration was the result of deple t ion or excret ion of 
t h e radiolabeled precursor . Transpor t of newly syn
thes ized hydrocarbon to the cut icular surface 
changed little 8 h after injection. T h e incubat ion 
t ime used in our exper iments (8 h) was chosen to 
allow comple t ion of synthesis and distr ibution of 
hydrocarbons whi le remaining well within bo th t he 
daily cycle and the 12 h of t he pho tophase . O n e 
repl icate pe r fo rmed u n d e r identical condi t ions 
dur ing midscotophase showed no difference be 
t w e e n t h e 2 phases of t he pho tope r iod (data not 
s h o w n ) . 

Pa t t e rns of Feed ing and de novo Synthesis of 
Methy l -Branched Hydroca rbon . Last instars exhib
i ted cyclic feeding in relation to the molt cycle. 
T h e amoun t of food consumed increased for t he 
first 3 d in females (Fig. 2A) and 4 d in males (Fig. 
3A). Body mass increased concur ren t ly . Subse
quent ly , after t he nymphs had doub led thei r mass, 
food in take rapidly dec l ined to unde t ec t ab l e levels 
by day 7 in females and by day 8 in males. Thus , 

insects fed little dur ing t he lat ter half of t he last 
stadium. Body mass r emained relatively unchanged 
after day 7 in females and after day 8 in males. 

P rop iona te selectively labels t he methyl 
b ranches in B. germanica hydrocarbons (Chase et 
al. 1990) and because >80% of the hydrocarbons of 
the nymph are me thy l -b ranched (Jurenka et al. 
1989), this allows us to t rack overall hydrocarbon 
synthesis. Moreover , p rop iona te labels total B. ger
manica hydrocarbons more efficiently ( = 2 0 % of 
injected label; Fig. 1) and more specifically than 
does ace ta te (see Chase et al. 1990). A distinct 
pa t t e rn of synthesis of me thy l -b ranched hydrocar
bons was evident in bo th male and female last in
stars (Figs. 2B and 3B). Synthesis increased in the 
first few days of t he stadium to a peak in midsta-
dium. It dec l ined rapidly after day 8 in females 
(Fig. 2B) and day 10 in males (Fig. 3B) and ceased 
before eclosion. T h e pa t t e rn was asymmetrical in 
bo th sexes in that synthesis t e rmina ted more 
abrupt ly than it began. Newly eclosed adults, like 
newly ecdysed nymphs , exhibi ted very low rates of 
hydrocarbon synthesis. 

Using sequent ia l r eorder ing of the t ime-course of 
hydroca rbon synthesis relat ive to the t i m e - c o u r s e 
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Fig. 3 . Relationship be tween daily food intake and 
hydrocarbon synthesis over the course of the last 
nymphal stadium of male B. germanica. (A) Daily food 
intake and body mass. (B) Hydrocarbon synthesis was 
assayed by incorporation of [ 1 - 1 4 C ] propionate into meth
yl-branched hydrocarbons. The top of each bar in B rep
resents total hydrocarbon synthesis. Shown are means ± 
SE; error bars not visible are smaller than the symbol; n = 
6-13. The dashed vertical line indicates the imaginal molt. 

of food intake, we examined the t ime lag b e t w e e n 
food intake and hydroca rbon synthesis. Table 2 
shows that t h e Pearson correlat ion coefficient, r, is 
maximal when the deve lopmenta l course of hydro
carbon synthesis is acce le ra ted by 2 d relat ive to 
the course of food intake. On e i ther side, a 4-d lag, 
or no lag at all, result in d iminished correlat ions, 

Table 2 . Pearson correlation coefficients (r), between stage-
specific food intake and hydrocarbon synthesis, and between hy
drocarbon synthesis and net change in hydrocarbon mass over 2-d 
intervals in last-stadium female nymphs 

Time lag" 
1st vs 2nd variable 

Food intake vs 
total hydrocarbon 

synthesis 

Total hydrocarbon 
synthesis vs net 

change in 
hydrocarbon mass 

T 0 vs T _ 4 0.59 0.21 
T 0 VS T _ 2 0.88 0.78 
T 0 vs T 0 0.59 0.66 
T 0 vs T + 2 - 0 . 3 3 - 0 . 5 4 

" For each success ive correlation, the 2nd (output) variable was 
shifted by ± 2 d relative to the 1st ( input) variable. For example, 
for T 0 versus T _ 2 , food intake b e t w e e n days 0 and 2 was correlated 
with hydrocarbon synthesis b e t w e e n days 2 and 4. 

suggesting that hydrocarbon synthesis lags by ""2 d 
relative to food intake. 

Throughou t t he hydrocarbon biosynthet ic pe
riod, a relatively small amount of new hydrocarbon 
was t ranspor ted to the exterior of t he nymphal 
cuticle. The propor t ion of hydrocarbon t rans
po r t ed to the cuticle dec l ined as hydrocarbon syn
thesis increased, whereas an internal reservoir re
ceived an increasingly larger propor t ion of newly 
synthesized hydrocarbon (Figs. 2B and 3B). The 
absolute amoun t of new hydrocarbon t ranspor ted 
to the nymphal epicut ic le remained relatively con
stant t h roughou t t he b iosynthet ic period. This pat
t e rn suggests that after d i rect ing hydrocarbon to 
t h e tenera l nymphal cut icle early in the in termol t 
per iod, a grea ter p ropor t ion of newly synthesized 
hydrocarbon is d i rec ted to an internal reservoir, 
presumably for t he newly synthesized imaginal cu
ticle. T h e hydrocarbon d i rec ted to the outer sur
face of t he cuticle appears to b e closely regulated, 
a l though our exper iments shed no light on the or
igin or mechanism of allocation of newly synthe
sized hydrocarbon . 

Pa t t e rns of Hydroca rbon Accumula t ion . T h e r e 
w e r e definite pa t te rns of accumulat ion of hydro
carbon b o t h internal ly and on the cut icular surface 
over the last larval stadium of females and males. 
Fig. 4A shows the relatively monoton ic increase in 
the amount of hydroca rbon on the exterior of t he 
female cuticle, which doubled by the end of t he 
stadium. T h e pa t t e rn seen in males (Fig. 4B) is 
similar. 

T h e internal hydrocarbon of bo th sexes, how
ever, increased ^5 t imes dur ing the in termol t pe 
riod. Figs. 5A and 5B show the change dur ing each 
2-d interval of accumula ted hydrocarbon internal ly 
a n d o n t h e n y m p h ' s e p i c u t i c l e . T h e ne t c h a n g e in 
in ternal hydrocarbon appeared to lag by a s 2 d rel
ative to the pa t t e rn of hydrocarbon synthesis 
shown in Figs. 2 and 3. Corre la t ion analysis with 
sequential shifting of t he ou tpu t variable (hydro
carbon mass) relat ive to the input variable (hydro
carbon synthesis) showed a lag (1-2 d) b e t w e e n 
peak synthesis rates and maximal accumula t ion of 
hydrocarbon in female nymphs (Table 2 ) . 

Immedia te ly after t he imaginal molt, female ex
uviae con ta ined 72.6 ± 3.54 u,g hydroca rbon (n = 
17), slightly less than the 88.1 u,g found on day 12 
nymphal cut ic le (Fig. 4A). This suggests tha t little 
of t he epicut icular hydrocarbon is in ternal ized be 
fore the molt, especially because addit ional hydro
carbons might b e ext rac ted with the exuviae as 
t racheal and o ther in ternal hydrocarbons normally 
not ext rac ted with the epicut icle . The new imaginal 
cut icle is covered with 73.5 ± 3.07 u,g hydroca rbon 
(n = 17), whereas the loss in in ternal hydroca rbon 
is ^SO /xg. Clearly, nymphal in ternal hydrocarbons 
comprise the hydrocarbon of t he new adult cuticle, 
and the in ternal adult hydrocarbons decl ine from 
nymphal levels. 

H e m o l y m p h Hydroca rbon . Because the homog-
enizat ion p r o c e d u r e did not resolve the in ternal 
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Fig. 4. Accumulated female cuticular and internal hy
drocarbons over the course of the last nymphal stadium in 
B. germanica nymphs, as determined by GLC. (A) Accu
mulated hydrocarbon. (B) Change in hydrocarbon during 
2-d interval. Hemolymph hydrocarbons on days 4 and 10 
are indicated by bars. Dashed vertical line represents the 
imaginal molt. Data represent mean ± SE; n = 4 pairs of 
nymphs per data point. 

reservoir into various compar tments , we conduc t ed 
a separa te study of hemolymph hydrocarbons . T h e 
hemolymph of 4-d-old last instar females con ta ined 
8.1 ± 0.26 /xg/ul total hydrocarbon . H e m o l y m p h 
volume, d e t e r m i n e d by the 1 4 C - inu l in dilution 
me thod , was found to be 9.7 ± 0.56 /xl (n = 19). 
Thus , nearly 100% of internal hydrocarbons w e r e in 
hemolymph on day 4, presumably in association 
with l ipophorin (Gu et al. 1995). Day 4 represen ts 
a stage before formation of t he adult cuticle. In 
10-d-old nymphs , hemolymph volume was 12.40 ± 
0.91 /xl (n = 12) and total hemolymph hydroca rbon 
was 98.8 /xg, r epresen t ing only 44% of total in ternal 
hydrocarbons . Thus , as expected, a smaller fraction 
of in ternal hydroca rbon is associated with t he he
molymph as internal hydrocarbons presumably be 
gin to associate with t he imaginal cuticle. 

Discussion 

H y d r o c a r b o n Ext rac t ion is Rel iable and Com
ple te . Our extract ion me thods r emove the hydro
carbons on t h e exter ior of the cuticle while leaving 

Age (days) 

Fig. 5. Accumulated male cuticular and internal hy
drocarbons over the course of the last nymphal stadium in 
B. germanic nymphs, as determined by GLC. (A) Accu
mulated hydrocarbon. (B) Change in hydrocarbon during 
2-d interval. Dashed vertical line represents the imaginal 
molt. Data represent mean ± SE; n = 5 pairs of nymphs on 
days 2-10; 11 pairs on nymphal days 0 and 10 and adult 
day 0. 

all hydrocarbons in the inter ior of t h e insect. Ra-
diolabeling exper iments (Table 1) show that 2 hex
ane extract ions remove > 9 9 % of the cut icular hy
drocarbon , presumably epicut icular hydrocarbon 
from only t he ou te r surface and not hydroca rbon 
e m b e d d e d or b o u n d within t he ch i t in -pro te in cu
ticular matrix. Our extract ion m e t h o d is nonde 
struct ive and noninvasive; specimens, even if 
m o u n t e d for museum preservat ion, can be stored 
safely and examined later for morphological char
acters . 

Extract ion of internal hydrocarbons is similarly 
reliable. Par t i t ioning of hydrocarbons into the 
chloroform phase is excel lent and the low water 
con ten t of most insects allows the use of the final 
postdi lut ion propor t ion of 2:2:1.8 chloroform/ 
methanol / w a t e r (Bligh and Dye r 1959) th roughou t 
t h e en t i re extract ion. 

Deve lopmen ta l Pa t t e rn of Hydroca rbon Synthe
sis. Hydroca rbon synthesis and the amount and 
types of hydrocarbons on the cuticle may change 
with age, deve lopmenta l stage, gene t ic strain, and 



Sep tember 1997 YOUNG AND SCHAL: CUTICULAR HYDROCARBON SYNTHESIS IN B. germanica 661 

envi ronmenta l condi t ions such as t empera tu re , rel
ative humidi ty and habitat . Al though many studies 
have d o c u m e n t e d the p re sence of hydrocarbons in 
all life stages of insects, including on and in the 
oocytes , larvae, pupae , and adults, few studies have 
examined the physiological process ing of hydrocar 
bons in relation to deve lopment . Per iodic shedding 
of the cuticle in a r thropods requires the synthesis 
or t ranspor t (or bo th ) of water-proofing lipids to a 
new cuticle. Spodoptera eridania (Cramer ) and 
Trichoplusia ni (Hi ibner) lose all the i r cut icular 
hydrocarbons dur ing each molt because n o n e of 
the external hydroca rbon is reabsorbed before t he 
molt (Dwyer et al. 1986, G uo and Blomquist 1991). 
An as yet u n d e t e r m i n e d internal hydroca rbon pool 
that is 4 - 5 t imes grea ter than the mass of epicu-
ticular hydrocarbons is used to provide cut icular 
hydrocarbons for t he newly mol ted insect (de 
Renobales and Blomquist 1983, D w y e r et al. 1986, 
de Renobales et al. 1988, Guo and Blomquist 1991). 
Thus , a l though epicut icular hydrocarbons remain 
relatively constant t h roughou t each stadium, inter
nal hydrocarbons unde rgo dist inct cycles of syn
thesis, accumulat ion, and deple t ion dur ing each in
termol t per iod. Accumulat ion of hydroca rbon 
cor responds to a pa t te rn of hydroca rbon synthesis 
dur ing early larval feeding stages. At t he beginning 
of t he wander ing phase , t he rates of biosynthesis 
decl ine , ceasing a l together at t he t ime of the molt. 
Allocation of newly synthesized hydrocarbons to 
the larval epicut ic le also ceases as synthesis de 
clines (Dwyer et al. 1986, Guo and Blomquist 
1991). 

A different pa t t e rn of synthesis and hydrocarbon 
accumulat ion has b e e n found in t h e house cricket , 
Acheta domesticus (L.) (Cripps et al. 1988) and the 
locust Schistocerca gregaria (Forsk.) (Walker et al. 
1970). These species also cease hydrocarbon syn
thesis immediate ly before ecdysis bu t have a more 
cons tant level of hydrocarbon synthesis th roughou t 
t he larval in termol t per iods once synthesis resumes 
postecdysis . In the cricket , genera l l ipogenesis fol
lows a different pa t te rn , peaking and then declin
ing earl ier in t he stadium, presumably reflecting 
the pa t te rn of food and water in take (Cripps et al. 
1988). 

T h e results of our exper iments with [ 1 - L 4 C ] p r o 
p iona te show a pa t t e rn of hydroca rbon synthesis 
and deposi t ion on the epicut ic le more similar to the 
hemimetabo lous than to the holometabolous pat
tern. Nymphs synthesize essentially no hydrocar 
bon immediate ly following ecdysis; t hen from day 2 
to day 6 the rate of hydrocarbon biosynthesis in
creases in a l inear fashion (Fig. 2B). Fol lowing a 
slight decrease over the next 2 d the ra te of syn
thesis drops steeply to <10% of the peak rate. In 
contras t to t he cricket , Blattella ceases synthesis 
comple te ly dur ing the last 4 d before eclosion, r ep
resent ing 1/3 of t he t ime females spend in the last 
stadium. 

T h e chromatograph ic data (Fig. 4) suppor t this 
p i c tu re of synthesis and distr ibution for all hydro

carbons, including the normal alkanes which are 
not labeled by incorporat ion of propionate . Cut ic
ular and internal pools are roughly equal (40-50 
u.g) in newly ecdysed nymphs . T h e r e is a slight 
increase in t h e internal pool to days 2 -4 , followed 
by a linear increase through day 10 in females and 
day 12 in males. In bo th sexes, in ternal hydrocar
bons remain ra the r cons tant at 235-250 p g before 
the imaginal molt. This is more than quadruple the 
amount p resen t on day 0 of the last stadium. In 
contrast , epicut icular hydrocarbons of last instars 
increase < 2 times in amount . 

T h e relatively constant ra te of t ranspor t of newly 
synthesized hydrocarbon to the nymphal cuticle 
(Fig. 2B and 3B) is of interest . T h e GLC results 
suggest that , at least at the constant t e m p e r a t u r e -
humidi ty regime used in our exper iments , the in
sects deposi t a constant quant i ty of hydrocarbon to 
the existing nymphal cuticle. Kramer and Wiggles-
wor th (1950) suggested that hydrocarbon deposi
tion on the epicut ic le is related to hydrocarbon 
synthesis; adsorbing lipids from the cuticle fol
lowed by exposure of Periplaneta americana (L.) to 
low relative humidi ty induced hydrocarbon depo
sition on the cuticle, based on observat ions that 
oenocytes shrank, presumably by discharging thei r 
conten ts , u n d e r t he t rea ted tergites and not unde r 
the contro l contralateral side in the same insect. 
Based on our results, it appears that the rate of 
t ranspor t of hydrocarbons onto t he cut icular sur
face is i n d e p e n d e n t of t he rate of hydrocarbon 
synthesis. T h e total ra te of hydrocarbon synthesis 
increases steadily th rough days 8-10, but most of 
the newly synthesized hydrocarbon is kept inter
nally. This suggests that t he mechanism allocating 
hydrocarbon b e t w e e n the 2 pools, external and in
ternal, sends a cons tant amount , bu t a decl ining 
propor t ion , of newly synthesized hydrocarbons to 
t he nymphal cuticle. Chromatograph ic profiles of 
cut icular and internal hydrocarbons show that t he 
cut icular hydrocarbons are qualitatively identical 
to the internal hydrocarbon (data not shown) , as in 
adult females (Gu et al. 1995). 

I n t e rna l Hydroca rbon Depots . Ou r data suppor t 
t he hypothes is that hydrocarbons synthesized at 
any life stage are used primarily in the next devel
opmenta l stage. Only a fraction of newly synthe
sized hydrocarbon is deposi ted on the nymphal 
cuticle (Fig. 2 ) . Al though some hydrocarbons are 
lost in feces (unpubl i shed da t a ) , t he great majority 
of newly synthesized hydrocarbon accumulates in
ternally dur ing the in termol t per iod. Early in the 
stadium, most internal hydrocarbon is hemolymph-
b o u n d (Fig. 3A), presumably associated with li-
pophor in , as in adults (Gu et al. 1995). Late in the 
stadium, however , in ternal hydrocarbon includes 
large amounts of hydrocarbon not associated with 
hemolymph (Fig. 3A). Hydrocarbon synthesized 
by T. ni pupae is deposi ted on the adult cut icle 
within 1-4 h of adult eclosion, bu t not before , al
though the adult cuticle had b e e n formed for some 
t ime (de Renobales et al. 1988). In B. germanica, we 
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have pre l iminary ev idence suggesting that deposi
tion on to t h e pha ra t e cuticle occurs th roughou t t he 
last 2 / 3 of the last stadium. After t he molt, a loss of 
internal hydroca rbon can b e accoun ted for by hy
drocarbon on the new adult cut icular surface (Fig. 
4) . Thus , hydroca rbon synthesized early in the last 
instar is used primarily for t he adult cuticle. T h e 
remaining internal hydroca rbon in the newly 
eclosed adult is used as a pool for con t inued t rans
por t to the cut icular surface as well as to the ma
tur ing oocytes (Schal et al. 1994, Gu et al. 1995). 

T h e tempora l pa t te rn of hydrocarbon synthesis is 
direct ly re la ted to the deve lopmenta l changes t he 
nymphs undergo as they comple te the last nymphal 
molt and p r e p a r e for t he imaginal molt. T h e inter
nal reservoir of hydrocarbon is of par t icular inter
est. In te rna l and external hydrocarbon could b e 
der ived from common or i n d e p e n d e n t b iosynthet ic 
sites. Because t he in ternal and external hydrocar
bon spectra are qualitatively identical at bo th s i t e s 
( d a t a n o t s h o w n ) , it is likely that they share a 
common origin. Our data from adult female cock
roaches (Gu et al. 1995) implicate epidermal tissue 
of t he abdomen , probably oenocytes , as t h e site of 
hydroca rbon synthesis, and prel iminary experi
ments in vitro with nymphal tissues suppor t iden
tical conclusions. Thus , t he model that emerges for 
nymphs is as follows; in early last instars, hydrocar 
bons newly synthesized by the in tegument are 
loaded on to l ipophorin (unpubl i shed da t a ) , as in 
young adult females (Gu et al. 1995). Only a minor 
bu t cons tant amoun t of newly synthesized hydro
carbon is t ranspor ted to the nymphal cuticle, p re 
sumably to replace lost hydrocarbon and to cover 
exposed ar throdial m e m b r a n e as t he volume of 
nymphs increases with age. Midway th rough t he 
stadium, t he hemolymph is loaded with hydrocar
bon to a pla teau level and the imaginal cut ic le 
begins to appear ; t he remainder of the in ternal 
hydroca rbon pool is then accumula ted in o the r 
n o n h e m o l y m p h internal tissues, including t he de
veloping adult cuticle. W e are current ly exploring 
t h e relat ive impor tance of various o the r in ternal 
tissues, part icularly t he fat body and the phara te 
adult cut icle to de t e rmine t h e pr inciple site of hy
drocarbon accumulat ion. Noth ing is cur ren t ly 
known about t he kind of association, if any, that 
occurs b e t w e e n hydrocarbon and the developing 
cuticle. 

D e t e r m i n a n t s of Hydroca rbon Synthesis. It is 
clear that biosynthesis and t ranspor t of hydrocar
bons are closely regula ted dur ing molt cycles and 
dur ing reproduc t ion . To date , however , it remains 
u n k n o w n in any insect system how produc t ion of 
hydrocarbon is regulated. Armold and Regnier 
(1975) suggested that ecdysteroids s t imulated hy
drocarbon synthesis in postfeeding larvae of the 
flesh fly Sarcophaga bullata Parker. This idea is con
sistent with observat ions in immature insects, in
cluding B. germanica ( cu r ren t r e p o r t ) , that hydro
carbon synthesis peaks at midstadium, presumably 
when ecdys tero id levels are high. Never the less , in 

adul t f e m a l e B. germanica a n d p r o b a b l y in m a n y 
h e m i m e t a b o l o u s adul t f e m a l e s , h y d r o c a r b o n s y n 
t h e s i s g e n e r a l l y c o r r e s p o n d s t o p e r i o d s o f h i g h JH 
t i ters a n d l o w e c d y s t e r o i d t i t ers ( s e e S c h a l e t al. 
1994). 

In s e v e r a l larval a n d adul t i n s e c t s , p a t t e r n s o f 
h y d r o c a r b o n s y n t h e s i s c o r r e s p o n d t o f e e d i n g pat 
t e r n s . In t h e c u r r e n t r e p o r t , w e s h o w a h i g h d e g r e e 
o f c o r r e l a t i o n b e t w e e n t h e a m o u n t o f f o o d c o n 
s u m e d b y n y m p h s a n d ra tes o f h y d r o c a r b o n s y n 
t h e s i s 2 d later . P r e l i m i n a r y o b s e r v a t i o n s o f in v i v o 
as w e l l as in v i t ro s y n t h e s i s o f h y d r o c a r b o n in 
s t a r v e d n y m p h s s u p p o r t a causa l r e l a t i o n s h i p b e 
t w e e n f o o d i n t a k e a n d h y d r o c a r b o n b i o s y n t h e s i s 
( u n p u b l i s h e d r e s u l t s ) . In a d d i t i o n , a l t e r a t i o n o f t h e 
p a t t e r n o f f o o d i n t a k e b y r e m o v a l o f t h e c o r p o r a 
al lata in adu l t f e m a l e B. germanica re su l t s in c o n 
c o m i t a n t c h a n g e s in h y d r o c a r b o n s y n t h e s i s ( S c h a l 
e t al. 1994). W e are c u r r e n t l y e x a m i n i n g th i s in 
n y m p h s w i t h n u t r i e n t - d e f i c i e n t d i e t s that p r o v i d e 
a m p l e s u b s t r a t e for h y d r o c a r b o n s y n t h e s i s b u t d o 
n o t p r o m o t e a m o l t . 
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