
surprisingly low, especially if the pos
sibility that the zooxanthellae supply 
the coral host with food materials is 
considered. But if this were indeed the 
case, then the rate of transfer of la
beled products from algae to coral 
should have been far greater, and a 
much higher level of tissue radioactiv
ity than was actually found would have 
been expected. The activity observed 
in the tissues of our normal corals, 
which were kept in the light for 50 
hours at 27 °C, was much lower than 
that in the anemone section shown in 
Fig. 3 of Muscatine and Hand's paper 
(2, p. 1262), which came from a speci
men run for only 18 hours at 14°C. 
It should be pointed out that the spe
cific activities, tissue-section thickness, 
and exposure times of Muscatine's ex
periments were roughly the same as 
ours. 

Under the conditions of our experi
ments, the results suggest that there is 
some movement of labeled photosyn-
thetic products from the zooxanthel
lae to the coral, but that this occurs at 
a very low level. Work is now in prog
ress to determine the quantitative rela
tions of this process. It appears prob
able that the amount transferred from 
the algae to the animal host can at 
best satisfy only a very small propor
tion of the coral's total nutritional re
quirement. This preliminary conclu
sion would be in agreement with the 
observations of Yonge et al. (5), who 
demonstrated that reef corals starved 
of animal food, but still containing 
zooxanthellae, could not use their al
gal commensals as a substitute source 
of food. 

If the corals cannot utilize the zoo
xanthellae as a source of food, what 
then is the role of the zooxanthellae in 
the bioeconomy of the coral host, par
ticularly in relation to the algal prod
ucts which do reach the coral tissues 
and are incorporated there in small 
amounts? Elsewhere we have shown 
that the zooxanthellae exert an enor
mous potentiating influence on the cal
cium deposition rate of those herma-
typic corals we have tested (8). A 
possible mechanism for this has been 
suggested, and evidence has been pre
sented that the zooxanthellae may have 
a general stimulating action on the 
coral host's metabolism, possibly medi
ated through vitamin or hormone-like 
trace factors which are secreted in 
small amounts by the algae but which 
by themselves do not contribute sig
nificantly to the nutrition of the coral 
(7, 11). 

T. F. GOREAU 

N. I. GOREAU 

Physiology Department, University 
College of the West Indies, 
Mona, Jamaica, and New York 
Zoological Society, New York 

References and Notes 

1. L. Muscatine and C. Hand, Proc. Natl. Acad. 
Sci. U.S. 44, 1259 (1958). 

2. M. C. Sargent and T. S. Austin, Trans. Am. 
Geophys. Union 30, 245 (1949); U.S. Geol. 
Survey Profess. Paper No. 260-E (1954), pp. 
293-300. 

3. H. T. Odum and E. P. Odum, Ecol. Mono
graphs 25, 291 (1955). 

4. C. M. Yonge and A. G. Nicholls, Great 
Barrier Reef Expedition, 1928-29, Scientific 
Reports (British Museum, Natural History, 
London, 1931), vol. 1, No. 6, pp. 135-176; 
C. M. Yonge, M. J. Yonge, A. G. Nicholls, 
Great Barrier Reef Expedition, 1928-29, 
Scientific Reports (British Museum of Natural 
History, London, 1932), vol. 1, No. 8, pp. 
213-251. 

5. C. M. Yonge and A. G. Nicholls, Great Bar
rier Reef Expedition, 1928-29, Scientific Re
ports (British Museum of Natural History, 
London, 1931), vol. 1, No. 7, pp. 177-211. 

6. H. A. F . Gohar, Marine Biol. Sta. Ghardaqa 
(Red Sea) Publ. No. 2 (1940), pp. 25-118. 

7. T. F . Goreau, Biol. Bull. 116, 59 (1959). 
g. and N. I. Goreau, ibid. 117, 239 

(1959). 
9. T. F . Goreau, Ecology 40, 67 (1959). 

10. S. R. Pelc, Nature 160, 749 (1947); private 
communication. 

11. These investigations are supported by grant 
G-4017 from the National Science Founda
tion. We gratefully acknowledge the aid of 
the Browne Fund of the Royal Society of 
London and the assistance of the director of 
the Institute of Marine Biology of the Uni
versity of Puerto Rico, who provided facilities 
during certain phases of this work. We also 
wish to thank S. R. Pelc for his kind advice 
on techniques of radioautography. 

19 October 1959 

Antibacterial Activity of 
Acyclic Decapeptide Analogs 
of Gramicidin S 

Abstract. Three acyclic decapeptide 
analogs of gramicidin S, although found to 
possess antibacterial activity, apparently 
have modes of action which differ from 
that of the naturally occurring cyclic 
antibiotic. In contrast to the immediate 
action of gramicidin S, one of the deca-
peptides produced complete bacteriostasis 
only after several cell divisions had oc
curred. Furthermore, mixtures of grami
cidin S with either of two of the acyclic 
peptides were synergistic. Some implica
tions of these findings are discussed. 

In an earlier communication ( / ) , 
the antibacterial activity of a decapep
tide analog of gramicidin S was de
scribed. The compound (Fig. 1, deca
peptide I) ( 2 ) , possessed all the amino 
acids of the naturally occurring anti
biotic in their proper sequence but 
lacked the cyclic structure. It was 
found to be approximately 1/10 as 
active as gramicidin S against Escheri
chia coli and 1/40 as active against 
Staphylococcus aureus. 

The synthesis of two additional deca
peptide analogs has recently been com
pleted (5 ) . Their structures and that of 
gramicidin S and decapeptide I are 
shown in Fig. 1. In one of them (deca
peptide I I ) , D-tyrosine residues replace 
the D-phenylalanine residues of the nat
ural product. In the other (decapep
tide I I I ) , L-lysine residues replace L-

ornithine residues. All the synthetic 
analogs are acyclic. 

The antibacterial activities of grami
cidin S and the synthetic analogs against 
a strain of E. coli B are shown in the 
first four rows of Table 1. The condi
tions of the assay are described in the 
legend. Neither decapeptide II nor 
decapeptide III is as active as decapep
tide I, which, in the earlier experiments 
( / ) , was shown to be about 1/10 as 
active as gramicidin S. Apparently both 
the L-ornithine and D-phenylalanine 
residues contribute to the activity of 
acyclic decapeptide I. This finding 
would appear to conflict with that of 
Schwyzer and Sieber (4), who reported 
that the cyclic lysine analog of gramici
din S (that is, the cyclic analog of 
decapeptide III) was as active as grami
cidin S. We now have evidence, how
ever, that the mode of action of the 
acyclic analogs differs from that of 
gramicidin S, a possibility which was 
mentioned but not considered seriously 
in our earlier paper ( / ) . 

First of all, it was observed that 
decapeptide I and gramicidin S dif
fer in the manner in which they in
hibit E. coli B. Gramicidin S, at all 
effective concentrations, produces im
mediate bacteriostasis; decapeptide I, 
on the other hand, at concentrations 
between 12 and 25 Mg/ml, inhibits 
growth only after the organism has 
undergone several cell divisions. 

Second, it was possible to show that 
mixtures of gramicidin S with either 
decapeptide I or decapeptide III ex
hibit a synergistic effect which is lack
ing when the two decapeptides are com
bined. The experimental data are shown 
in the last three rows of Table 1. 

We may infer, therefore, that the 
mode of action of gramicidin S differs 
from that of either decapeptide and that 
presumably it is dependent upon the 
unique cyclic structure of the antibiotic. 

The original purpose of this program 
(5) was to determine the influence of 
the cyclic structure of gramicidin S 
upon its activity. The finding that deca-

Table 1. Minimal concentra t ion of peptides 
required to inhibit E. coli B (24 hours at 
3 7 ° C ) . M e d i u m : 1 liter contains 7 gm of 
K 2 H P 0 4 , 3 gm of K H 2 P 0 4 , 0.5 gm of sodium 
citrate, 0.1 gm of M g S 0 4 - 7 H 2 0 , 1 gm of 
( N H 4 ) 2 S 0 4 , and 2 gm of glucose ( p H ad
justed to 7 .0) . Inocu lum: 300,000 organisms 
per milliliter (s tat ionary p h a s e ) . 

Compound 

Gramicidin S 
Decapeptide I 
Decapeptide II 
Decapeptide III 
Gramicidin S + 
Gramicidin S + 
I -f III 

I 
III 

Concn. (^g/ml) 

1.85 
15 

107 
66.7 

0.5 + 3.8 
0.5 + 12.8 

(7.6 + 33)* 

* Only slight inhibition occurred with this com
bination, as determined by nephelometric meas
urements during the first 10 hours of ^the run. 
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Crarn~cidrn S 

VA1-~rn-~eu- he-Pro-~ab~m-Leehe-PZo 
(L-L-L-D-L)% 

Decnpeptide I 

HsVal-Orn-Leu-Phe-Pro-Val-Orn-Leu- 
Phe-Pro-OH 
(L-L-L-D-L)* 

Decnpeptide I1  

H-Val-Orn-Leu-Tyr-Pro-Val-Orn-Leu- 
Tyr-ProeOH 
(L-L-L-D-L), 

Decapeptide I11 

HaVal-Lys-Leu-Phe-Pro-Val-Lys-Leu- 
Phe-ProeOH 
(L-L-L-D-L)2 

Fig. 1. Formulas for gramicidin S and 
synthetic decapeptide analogs. 

peptide I possessed antibacterial activity 
had led to the conclusion that the cyclic 
structure was not essential, although it 
served to enhance the antibacterial 
properties of the antibiotic ( I ) .  It has 
now been shown that, despite marked 
similarities in the chemical structure 
of these compounds, the mode of action 
of the acyclic peptides is different from 
that of the naturally occurring anti- 
biotic, and hence the earlier conclusion 
was not valid. Another example of an 
instance where similarity in chemical 
structure was not paralleled in biologi- 
cal function is described by Sorm and 
his colleagues (6) ,  who reported that 
D- and I>-cycloserine do not have the 
same mode of action and that, indeed, 
the racemic mixture was more active 
than either isomer. 

The experiniental approach employed 
in this study-namely, the synthesis 
and bioassay of analog of naturally oc- 
curring substances for the purpose of 
elucidating the relationship of struc- 
ture to biological activity-requires 
that the analogs and the naturally oc- 
curring substance have the same mode 
of action. Where this is not definitely 
established, the experiniental data, as 
we have found, can lead to erroneous 
conclusions. The interesting study of 
Katchalski er al. (7) of the antibac- 
terial activities of polyamino acids con- 
taining leucine, valine, ornithine, and 
n- and I -phenylalanine may be another 
case in point. These authors found that 
a number of the polymers exhibited 
considerable antibacterial activity, and 
on the basis of their results they drew 
inferences about the relationship of 
structure to the activity of gramicidin 
S. That granlicidin S and the polymers 
have the same mode of action certainly 
is open to question. 

The foregoing comments apply, as 
well, to any study which attempts to 
use synthetic analogs as a means of 
analyzing structure-activity relation- 

ships in biologically active materials 
and are, perhaps, especially pertinent 
when the activities of the analogs are 
found to be of a low order. 

The manner in which decapeptide I 
acts upon Etcherichia coli deserves 
some comment. Jt was reported by 
Rose and Fox (8) that, in the presence 
of sulfonamides, E. coli are able to 
undergo a number of cell divisions be- 
fore growth is inhibited. They sug- 
gested that the sulfonamide prevented 
the synthesis of a growth factor (now 
known to be folic acid). The organism 
was therefore forced to distribute its 
original supply to its progeny, and, 
after a certain number of divisions, the 
quantity of the growth factor became 
insuficient to permit further multipli- 
cation. An extrapolation of this ex- 
planation to our system would lead to 
the inference that E. coli requires an 
essential substance (cofactor ?) whose 
synthesis or activity can be inhibited 
by decapeptide I, perhaps competitive- 
ly. 
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Function of the Rectal Gland 
in the Spiny Dogfish 

Ahstrnct. The rectal gland of the spiny 
dogfish, Sqrlalcls izcnntkins, secretes a Auid 
which is essentially a sodium chloride 
solution with a concentration about twice 
that of the plasma and greater than that 
of sea water. Observed volumes of flow 
are sufficiently large to make it clear that 
the rectal gland can remove from the 
blood relatively large amounts of sodium 
chloride, and presumably this is its func- 
tion. 

The conspicuous rectal or digitiform 
gland (appendix digitiformis, processus 
digitiformis), lying in the dorsal mesen- 
tery and opening by a duct into the 
intestine behind the spiral valve, has 

been observed by thousands of students 
in the dissection of various laboratory 
elasniobranch fishes. While anatomical 
descriptions are available (I  ) , and some 
chemical tests have been applied (1, 2 ) ,  
the function of the gland is obscure (3) .  

The secretion of the gland and data 
on the rate of flow were secured as 
follows. The body wall and intestine 
immediately anterior to the pelvic girdle 
were opened in the ventral mid-line. 
The tip of several hundred centimeters 
of polyethylene catheter tubing was bent 
to fit the angle at which the duct enters 
the intestine and was pushed through 
the anus into the intestine. The tip was 
inserted into the duct and secured by 
two ligatures with additional stitches 
holding the tubing to the intestinal wall 
and the ventral tail skin behind the 
anus. It was determined by the injection 
of colored fluid that this was a leak- 
proof arrangement. The intestine and 
body wall were sutured, and the fish 
was placed unrestrained in a tank of 
running sea water. The free end of the 
tubing was secured to a graduated tube 
placed below the level of the tank. The 
tubing between its ends was free to 
move with the fish. This arrangement 
necessitated that the gland develop and 
maintain a secretion pressure of about 
31 cm-H,O in order to collect progres- 
sively the secreted fluid. In retrospect. 
we see that an arrangement which does 
not require the maintenance of this 
hydrostatic pressure could have been 
devised. 

The chemical composition (4, 5) of 
the collected fluid is given in Table 1 .  
The fluid is colorless, nearly neutral, 
containing relatively small amounts of 
urea, magnesium, calcium, potassium, 
bicarbonate, and sulfate ( 5 ) ,  but con- 
taining sodium chloride at about twice 
the plasma concentration and at a con- 
centration higher than that of the ex- 
ternal sea water. The data on osmolar- 
ity indicate that probably no other 
substance was present in high concen- 
tration. The fluid is watery and cer- 
tainly contains little mucus, as has been 
suggested (6 ) .  

The above chemical data point to the 
possibility that the rectal gland is an- 
other "salt gland" concerned with the 
removal of sodium chloride from the 
blood. For this to be true, a volume 
of fluid must be formed sufficient to 
have more than a negligible effect on 
plasma salt. 

Some flow from the rectal gland was 
secured from each of nine dogfish 
tested. The flow in two fish was dra- 
matic. Fish 3 gave a continuous flow 
of 0.85 ml/kg per hour for a first 24- 
hour period and 0.72 ml/kg per hour 
for a succeeding 24-hour period. Urine 
flow for these 48 hours averaged 0.82 
n~ l /kg  hr. Fish 8 gave a flow of 1.3 
ml/kg hr for a 12-hour period with a 
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