
large G2 peak after 24 hours (Fig. 3A) 
when compared with the DMSO control. 
However, TPA given 6.5 hours after re- 
lease from synchronizing blockage (that 
is, in the second half of S) did not cause a 
larger G2 peak (Fig. 3B). Data obtained 
10 hours after release show, in addition, 
the delayed passage of TPA-treated cells 
through the S phase (Fig. 3, A and B), 
thus confirming the interpretation of the 
incorporation data. 

The effects of TPA on the cell cycle of 
HeLa cells comprise (i) a GI block prior 
to entering S, (ii) a delayed passage 
through S, (iii) a transient blocking in 
G2, and (iv) a G2 delay of a portion of 
cells treated with TPA in the early S 
phase. Since none of these effects were 
observed with 4-O-methyl-TPA (10)-a 
nonpromoting but hyperplasiogenic (13) 
derivative-we conclude that HeLa cell 
cultures do not offer a target for the mito- 
genic capacity of phorbol esters. These 
data and our earlier observations (6, 7) 
seem to be specific for tumor-promoting 
phorbol derivatives. The effects are 
reminiscent of results reported from x- 
ray irradiated cultures. Ionizing radia- 
tion can influence the transition from G1 
to S in a variety of cells (14, 15). Cells in 
the S phase have been shown to be sus- 
ceptible to the induction of modification 
in G2 in their immediate life-span (9), 
and they respond principally with a re- 
duced rate of DNA synthesis and length- 
ening of the S phase (9, 15, 16). A direct 
blockage of G2 cells by irradiation has al- 
so been reported (9). 

In view of the possibility that TPA 
may induce sister chromatid exchanges 
(17), although this has been questioned 
(18), the effects of TPA on cells in S as 
well as in G2 seem to be of particular in- 
terest, since sister chromatid exchanges 
can occur only in these phases of the cell 
cycle. In that respect also, TPA would 
mimic irradiation. It remains to be estab- 
lished whether both effects are related. 

VOLKER KINZEL 
JAMES RICHARDS 
MICHAEL ST6HR 

Institute of Experimental Pathology, 
German Cancer Research Center, 
Im Neuenheimer Feld 280, 
D-6900 Heidelberg, West Germany 

References and Notes 

1. I. Berenblum, in Cancer, F. F. Becker, Ed. (Ple- 
num, New York, 1975), vol. 1, p. 323. 

2. R. K. Boutwell, CRC Crit. Rev. Toxicol. 2, 419 
(1974); J. D. Scribner and R. Siiss, Int. Rev. 
Exp. Pathol. 18, 137 (1978). 

large G2 peak after 24 hours (Fig. 3A) 
when compared with the DMSO control. 
However, TPA given 6.5 hours after re- 
lease from synchronizing blockage (that 
is, in the second half of S) did not cause a 
larger G2 peak (Fig. 3B). Data obtained 
10 hours after release show, in addition, 
the delayed passage of TPA-treated cells 
through the S phase (Fig. 3, A and B), 
thus confirming the interpretation of the 
incorporation data. 

The effects of TPA on the cell cycle of 
HeLa cells comprise (i) a GI block prior 
to entering S, (ii) a delayed passage 
through S, (iii) a transient blocking in 
G2, and (iv) a G2 delay of a portion of 
cells treated with TPA in the early S 
phase. Since none of these effects were 
observed with 4-O-methyl-TPA (10)-a 
nonpromoting but hyperplasiogenic (13) 
derivative-we conclude that HeLa cell 
cultures do not offer a target for the mito- 
genic capacity of phorbol esters. These 
data and our earlier observations (6, 7) 
seem to be specific for tumor-promoting 
phorbol derivatives. The effects are 
reminiscent of results reported from x- 
ray irradiated cultures. Ionizing radia- 
tion can influence the transition from G1 
to S in a variety of cells (14, 15). Cells in 
the S phase have been shown to be sus- 
ceptible to the induction of modification 
in G2 in their immediate life-span (9), 
and they respond principally with a re- 
duced rate of DNA synthesis and length- 
ening of the S phase (9, 15, 16). A direct 
blockage of G2 cells by irradiation has al- 
so been reported (9). 

In view of the possibility that TPA 
may induce sister chromatid exchanges 
(17), although this has been questioned 
(18), the effects of TPA on cells in S as 
well as in G2 seem to be of particular in- 
terest, since sister chromatid exchanges 
can occur only in these phases of the cell 
cycle. In that respect also, TPA would 
mimic irradiation. It remains to be estab- 
lished whether both effects are related. 

VOLKER KINZEL 
JAMES RICHARDS 
MICHAEL ST6HR 

Institute of Experimental Pathology, 
German Cancer Research Center, 
Im Neuenheimer Feld 280, 
D-6900 Heidelberg, West Germany 

References and Notes 

1. I. Berenblum, in Cancer, F. F. Becker, Ed. (Ple- 
num, New York, 1975), vol. 1, p. 323. 

2. R. K. Boutwell, CRC Crit. Rev. Toxicol. 2, 419 
(1974); J. D. Scribner and R. Siiss, Int. Rev. 
Exp. Pathol. 18, 137 (1978). 

3. J. E. Trosko, C. Chang, L. P. Yotti, E. H. Y. 
Chu, Cancer Res. 37, 188 (1977); G. B. Lankas, 
C. S. Baxter, R. T. Christian, Mutat. Res. 45, 
153 (1977). 

4. E. Hecker, Cancer Res. 28, 2338 (1968); B. L. 
Van Duuren, Prog. Exp. Tumor Res. 11, 31 
(1969). 

5. B. Weinstein, M. Wigler, P. B. Fisher, E. Sis- 
skin, C. Pietropaolo, in Carcinogenesis, vol. 

SCIENCE, VOL. 210, 24 OCTOBER 1980 

3. J. E. Trosko, C. Chang, L. P. Yotti, E. H. Y. 
Chu, Cancer Res. 37, 188 (1977); G. B. Lankas, 
C. S. Baxter, R. T. Christian, Mutat. Res. 45, 
153 (1977). 

4. E. Hecker, Cancer Res. 28, 2338 (1968); B. L. 
Van Duuren, Prog. Exp. Tumor Res. 11, 31 
(1969). 

5. B. Weinstein, M. Wigler, P. B. Fisher, E. Sis- 
skin, C. Pietropaolo, in Carcinogenesis, vol. 

SCIENCE, VOL. 210, 24 OCTOBER 1980 

2, Mechanisms of Tumor Promotion and Co- 
carcinogenesis, T. J. Slaga, A. Sivak, R. K. 
Boutwell, Eds. (Raven, New York, 1978), 
p. 313. 

6. V. Kinzel, G. Kreibich, E. Hecker, R. Siiss, 
Cancer Res. 39, 2743 (1979). 

7. R. Siiss, G. Kreibich, V. Kinzel, Eur. J. Cancer 
8, 299 (1972). 

8. G. C. Mueller and K. Kajiwara, in Development 
and Metabolic Control Mechanisms and Neo- 
plasia. Symposium on Fundamental Cancer Re- 
search, M. D. Anderson Hospital and Tumor In- 
stitute, Ed. (William & Wilkins, Baltimore, 
1965), p. 452. 

9. W. K. Sinclair, Radiat. Res. 33, 620 (1968); M. 
M. Elkind and G. F. Whitmore, The Radiation 
Biology of Cultured Mammalian Cells (Gordon 
& Breach, New York, 1967). 

10. V. Kinzel, J. Richards, M. Stohr, in prepara- 
tion. 

11. P. N. Dean and J. H. Jett, J. Cell Biol. 60, 523 
(1974); M. Stoehr, U. Gebhardt, K. Goerttler, 
Biotechnol. Bioeng. 18, 1057 (1976). 

2, Mechanisms of Tumor Promotion and Co- 
carcinogenesis, T. J. Slaga, A. Sivak, R. K. 
Boutwell, Eds. (Raven, New York, 1978), 
p. 313. 

6. V. Kinzel, G. Kreibich, E. Hecker, R. Siiss, 
Cancer Res. 39, 2743 (1979). 

7. R. Siiss, G. Kreibich, V. Kinzel, Eur. J. Cancer 
8, 299 (1972). 

8. G. C. Mueller and K. Kajiwara, in Development 
and Metabolic Control Mechanisms and Neo- 
plasia. Symposium on Fundamental Cancer Re- 
search, M. D. Anderson Hospital and Tumor In- 
stitute, Ed. (William & Wilkins, Baltimore, 
1965), p. 452. 

9. W. K. Sinclair, Radiat. Res. 33, 620 (1968); M. 
M. Elkind and G. F. Whitmore, The Radiation 
Biology of Cultured Mammalian Cells (Gordon 
& Breach, New York, 1967). 

10. V. Kinzel, J. Richards, M. Stohr, in prepara- 
tion. 

11. P. N. Dean and J. H. Jett, J. Cell Biol. 60, 523 
(1974); M. Stoehr, U. Gebhardt, K. Goerttler, 
Biotechnol. Bioeng. 18, 1057 (1976). 

The paramount problem of termite-ter- 
mitophile biology is determining how ter- 
mitophiles integrate themselves into the 
social structure of termite colonies. Vari- 
ous authors have suggested that termi- 

The paramount problem of termite-ter- 
mitophile biology is determining how ter- 
mitophiles integrate themselves into the 
social structure of termite colonies. Vari- 
ous authors have suggested that termi- 

D 

C 

B' 

B 1 

D 

C 

B' 

B 1 

A A 

3 

5 
1 

3 

5 
1 

,iL 
10 
10 

7,8 

20 21 

19 

120 

16 17 18 

,iL 
10 
10 

7,8 

20 21 

19 

120 

16 17 18 

Fig. 1. Gas chromatograph profiles of the total 
cuticular hydrocarbons of Reticulitermes fla- 
vipes (A) and Trichopsenius frosti (B), the 
branched hydrocarbons of T. frosti (C), and 
the olefins of T. frosti (D); B' is the radio-GLC 
trace obtained after incorporation of [1- 
4C]acetate into hydrocarbons of T. frosti. 
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tophiles use "appeasement chemicals" 
(1), pass as morphological mimics (2), or 
engage in behavioral mimicry (3) (or all). 
Little evidence, however, has been pre- 
sented to substantiate these hypotheses. 

We have reported (4) that several spe- 
cies of termites possess caste- and spe- 
cies-specific mixtures of cuticular hydro- 
carbons, and that these mixtures may be 
used by the termites as important, per- 
haps even primary, species recognition 
cues. We subsequently reasoned that 
termitophiles associated with these ter- 
mites may have evolved cuticular hydro- 
carbon compositions similar enough to 
those of their host termites to allow them 
to be perceived as termites. We now re- 
port that the staphylinid beetle Tri- 
chopsenius frosti Seevers, a highly in- 
tegrated, host-specific termitophile, has 
cuticular hydrocarbon components iden- 
tical to those of its termite host Reticuli- 
termes flavipes (Kollar). Furthermore, 
the beetle biosynthesizes its hydrocar- 
bons. 

Portions of several colonies of R. fla- 
vipes containing T. frosti were collected 
during 1978 from pine logs in Harrison, 
Jackson, or Stone counties, Mississippi. 
The beetles were separated from the ter- 
mites, counted, and stored at -20?C un- 
til used. From 715 T. frosti (98.69 mg, 
wet weight), we isolated cuticular hydro- 
carbons and separated them as described 
(4). Hydrocarbons were characterized 
by electron impact (EI) and chemical 
ionization (CI) gas chromatography-mass 
spectrometry (GC-MS) (5). Alkenes 
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Table 1. Cuticular hydrocarbons of Trichopsenius frosti: identification and percent composi- 
tion. 

Carbon Dia c Percent 
Peak* Component ECLt num- Mions? compo- 

bert sitionll 

I n-C21 21.0 21 296 4.1 
2 2-MeC22 22.7 23 281,309 0.4 
3 n-C23 23.0 23 324 3.1 
4 5-MeC23 23.5 24 85,253,281 0.3 
5 2-Me+3-MeC23 23.7 24 295,323,281,309,323 1.6 
6 n-C24 24.0 24 338 1.8 
7 9-C25 24.6 25:1 350(157,171,255,269) ? 37.7 
8 2-MeC24 24.7 25 309,337 8.1 
9 n-C25 25.0 25 352 7.3 

10 7,9-C25 25.4 25:2 348(129,169,255,295) ? 9.1 
11 5-MeC25 25.5 26 85,281,309 1.2 
12 3-MeC25 25.7 26 309,337,351 6.5 
13 n-C26 26.0 26 366 3.8 
14 3-MeC26 26.7 27 323,351,365 1.7 
15 n-C27 27.0 27 380 0.4 
16 n-C28 28.0 28 394 0.7 
17 n-C29 29.0 29 408 0.8 
18 n-C31 31.0 31 436 0.2 
19 5,17-diMeC35 35.8 37 85,267,281,463,505 5.0 
20 5,17-diMeC37 37.8 39 85,267,309,491,533 4.0 
21 5,17-diMeC39 39.8 41 85,267,337,519,561 0.7 

*See Fig. 1. tEquivalent chain lengths computed from retention times, which were compared to those of 
n-alkane standards. tDetermined from CI-MS. ?EI-MS, interpreted as described in (4). IIIn addi- 
tion to the components listed, four additional unidentified components of more than 34 ECL units were 
present and comprised 1.5 percent of the total mixture. ?Ions in parentheses are for the monomethoxy 
derivative of the olefin. 

were also examined by infrared spec- 
trometry. Double bond positions were 
located by conversion of the olefins to 
methoxy derivatives (6), which were 
then analyzed by GC-EI-MS. 

In vitro biosynthesis experiments 
were conducted with beetles from a 
single colony of R. flavipes collected in 
August 1979. Three groups of 45 live 
beetles each were chilled to 4?C and cut 
into slices with a razor blade. This mate- 
rial was added to a 100-,ul solution con- 
taining phosphate buffer (0.05M, pH 
6.9), sucrose (0.3M), and sodium [1- 
54C]acetate (20 uCi). We incubated the 

mixture at 37?C in a shaking water bath 
(60 oscillations per minute) for 2 hours, 
and then extracted the lipids (7) and iso- 
lated the hydrocarbons as described (4). 
A portion of the hydrocarbons from each 
group was assayed for radioactivity (8). 
Another portion was separated by Ag- 
NO3-thin layer chromatography into sat- 
urated, monounsaturated, and diunsatu- 
rated components, which were assayed 
for radioactivity. We pooled the rest of 
the samples and subjected them to radio- 
gas-liquid chromatography (radio-GLC). 

Every peak in the chromatographic 
profile (Fig. 1) of cuticular hydrocarbons 
from R. flavipes workers matches one 
from T. frosti with only minor abundance 
differences. We previously characterized 
(9) all major components of the R. fla- 
vipes cuticular hydrocarbons but left 
uncharacterized several minor compo- 
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nents. Components newly identified are 
either homologs of previously identified 
components (peaks 4, 14, 15 to 18) or a 
homologous series of 5,17-dimethylal- 
kanes (peaks 19 to 21). 

The cuticular hydrocarbon composi- 
tion of T. frosti exactly mimics that of R. 

flavipes in identity of components, and 
closely mimics it in relative abundance 
of components. If termites use cuticu- 
lar hydrocarbons as species-recognition 
cues, then T. frosti has acquired an infal- 
lible integrating mechanism. Support for 
such an assertion requires knowledge of 
the source of the beetles' cuticular hy- 
drocarbons. Trichopsenius frosti fre- 
quently grooms R. flavipes and rides on 
the female termite reproductives (10). 
Both activities could transfer R. flavipes 
cuticular hydrocarbons onto the beetles, 
either directly or by ingestion. Or, the 
beetles may biosynthesize their cuticular 
hydrocarbons. Some combination of 
these two alternatives is also possible. 

To determine whether T. frosti can 
synthesize its hydrocarbons, we con- 
ducted the in vitro experiment with [1- 
'4C]acetate (57 mCi/mmole). After 2 
hours of incubation with T. frosti tissues, 
26.7 + 4.5 pmole (mean + standard de- 
viation) of [1-14C]acetate was incorporat- 
ed into hydrocarbon. About 42.6 + 5.0 
percent of the radioactivity was in the al- 
kane fraction, 31.6 + 8.4 percent was in 
the alkene fraction, and 25.8 + 9.7 per- 
cent was in the alkadiene fraction. This 

closely approximates the distribution of 
the alkanes and olefins in T. frosti (Table 
1); and radio-GLC showed that each ma- 
jor component was labeled (Fig. IB'). 
These results show that T. frosti can bio- 
synthesize its cuticular hydrocarbons, 
and suggest that it has evolved specific 
cuticular hydrocarbons which function 
as species-mimicking cues. They further 
suggest that T. frosti is utilizing these 
chemicals as an important integrating 
mechanism. The T. frosti hydrocarbon 
proportions do not exactly mimic those 
of any one R. flavipes caste. The propor- 
tion of branched to normal components 
most closely approximates that of sup- 
plementary reproductives, but the pro- 
portion of saturated to unsaturated com- 
ponents more nearly approximates the 
composition of workers (9). 

This congruence of hydrocarbon com- 
position between two such phylogenet- 
ically remote organisms has not pre- 
viously been observed. Even among 
closely related organisms, such a con- 
gruence of cuticular hydrocarbons is rare 
(11). That T. frosti and R. flavipes do 
have common cuticular hydrocarbon 
components can only be a result of ex- 
tensive coevolution over an extended pe- 
riod of time (12). We do not know how 
generally cuticular hydrocarbons have a 
role as an integrating mechanism for ter- 
mitophiles, but we note that unpublished 
data from our laboratory show that two 
termitophiles associated with Reticuli- 
termes virginicus (Banks) (Trichopsenius 
depressus LeConte and Xenistusa hex- 
agonalis Seevers) also possess cuticular 
hydrocarbon compositions that mimic 
those of their host. 
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the conventional rat. 

The metabolism in vivo of several 
xenobiotics to methylthio-, methyl- 
sulfoxyl-, and methylsulfonyl-containing 
metabolites has been reported (1), and 
metabolic pathways for their production 
have been proposed. DeBaun et al. (2) 
described one pathway in which methi- 
onine supplied the methylthio group in 
the formation of methylmercapto-2-ace- 
tylaminofluorenes. Sumino and Mio (3) 
proposed a similar pathway in which me- 
thionine reacted with an arene oxide to 
form methylsulfide-containing metabo- 
lites from 2,5,2',5'-tetrachlorobiphenyl. 
Colucci and Buyske (4) and Tateishi et 
al. (1) showed that rat liver contained an 
enzyme system, cysteine conjugate f3- 
lyase, that produced thiols from the cys- 
teine conjugates of certain xenobiotics. 
Tateishi et al. showed that the corre- 
sponding methylthiols were formed 
when liver microsomes and S-adeno- 
sylmethionine were added to their /3- 
lyase system. 

Propachlor (1, Fig. 1) is also metabo- 
lized to methylsulfonyl-containing me- 
tabolites by the rat (5). Studies on the 
metabolism of this herbicide in rats have 
indicated that an intestinal C-S lyase par- 
ticipated in the formation of the methyl- 
sulfonyl-containing metabolites that 
were excreted in the urine (Table 1). 

In control rats, propachlor was metab- 
olized to 11 urinary metabolites and to 
fecal residues that could not be solubi- 
lized by common solvents or by treat- 
ment with dilute acid or base (5). The in- 
tractable characteristics of these fecal 
residues indicated that the metabolites 
were covalently bound. The major uri- 
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nary metabolite was the mercapturate; 
six of the metabolites (23 percent of the 
dose) were 2-methylsulfonylacetanilides. 
In a separate study, the sulfur from the 
cysteine and glutathione conjugates of 
propachlor was shown to be a precursor 
to the methylsulfonyl sulfur (6). 

Rats with cannulated bile ducts se- 
creted 67 percent of oral doses of prop- 
achlor in the bile as the glutathione con- 
jugate (2), the cysteine conjugate (3), the 
mercapturate (4), and the mercapturate 
sulfoxide (5); no other '4C-labeled me- 
tabolites were detected in the bile (7). 
The discrepancy between the quantities 
of 14C secreted in the bile of cannulated 
rats and that excreted in the feces by the 
conventional rats indicated that the bili- 
ary metabolites must have been reab- 
sorbed from the intestine and therefore 
that enterohepatic circulation of the 14C 
from the precursors of the mercapturate 
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(8) or from mercapturate (or both) partic- 
ipated in the metabolism of propachlor in 
rats. The identities of the biliary metabo- 
lites showed not only that the reabsorbed 
'4C came from the mercapturate and its 
precursors, but also that these conju- 
gates were available as substrates for the 
intestinal flora. Therefore, the metabo- 
lism of propachlor was studied in germ- 
free rats and the results were compared 
with those obtained from control rats to 
determine what effect the absence of the 
intestinal flora would have on the meta- 
bolic fate of this compound (Table 1). 

The germfree rats (9) given [14C]- 
propachlor orally excreted 98.6 percent 
of the dose in the urine and the feces 
within 48 hours. Three metabolites were 
isolated from the excreta, and the fecal 
radioactive metabolites were water-sol- 
uble. The major metabolite was the mer- 
capturate (4, Fig. 1), which accounted 
for 66.8 percent of the dose. The cys- 
teine conjugate (3, Fig. 1) was present 
only in the feces and was the major fecal 
metabolite. The other metabolite (15.1 
percent of the dose) was assigned struc- 
ture 5 (Fig. 1) from mass spectral data 
(10). This mercapturate sulfoxide is not 
limited to germfree rats because it has 
also been isolated from rat bile and from 
the excreta of chickens given propachlor 
orally (7). The metabolism of propachlor 
in germfree rats is summarized in Fig. 
2. 

All of the propachlor was metabolized 
by the mercapturic acid pathway in the 
germfree rat. No methylsulfonyl-con- 
taining metabolites were formed, and 
none of the other metabolic transforma- 
tions of the propachlor molecule found in 
the control rat had occurred. These 
transformations included aromatic and 
aliphatic hydroxylations, N-dealkyla- 
tion, amide hydrolysis, and glucuronide 
formation. We concluded that enterohe- 
patic circulation and metabolism of the 
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Table 1. Comparison of the excretion of single oral doses of ['4C]propachlor by control rats, 
control rats with fistulated bile ducts, and germfree rats. 

Recovery of 14C (percent of dose) 

Metabolite Control Bile- Germfree fistulated 

Urine Feces Bile Urine Feces 
Glutathione conjugate (2)* 37 
Cysteine conjugate (3) 13 19 
Mercapturate (4) 17 12 63.1 3.7 
Mercapturate sulfoxide (5) 4 5.7 9.4 
Nonextractable residues 19 
Other metabolites 51t 

Total 68 19 66 68.8 32.1 
*Metabolite designations are those used in the figures. tAt least ten; see (5). Blank spaces indicate that 
none of the labeled metabolite was detectable. 
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Metabolism of Propachlor by the Germfree Rat 

Abstract. Three major metabolites of propachlor were isolated from the excreta of 
germfree rats given 14C-labeled propachlor orally. In contrast, 11 urinary metabo- 
lites, six of which were 2-methylsulfonylacetanilides not present in excreta of germ- 
free rats, were isolated from control rats given 14C-labeled propachlor orally. Ente- 
rohepatic circulation and microbial metabolism in the intestine were necessary for 
production of the methylsulfonyl-containing and other metabolites of propachlor in 
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