
available glycoproteins, it may be sug­
gested that the alpha-2-globulins are 
important in the nutrition of mamma­
lian cells. 
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Distribution of Labeled Carbon 
in Reef-Building Corals with 

and without Zooxanthellae 
Abstract. The uptake and distribution 

of carbon-14 in two reef-building corals, 
Manicina areolata and Montastrea an­
nularis, were studied by radioautographic 
methods. Experiments on colonies with 
and without zooxanthellae were run in 
light and in darkness. We suggest that 
corals cannot derive any effective nutri­
tion from their zooxanthellae, and that 
the physiological response of corals to the 
presence of zooxanthellae is due to the 
secretion of trace amounts of vitamin-like 
or hormone-like substances by the algal 
symbionts, and not to their food value 
per se. 

Using a radioautographic method, 
Muscatine and Hand (7) reported 
transfer of photosynthetically fixed 
material from the zooxanthellae into 
the host tissues of the sea anemone 
Anthopleura elegantissima (Brandt). 
Although these investigators obtained 
no data about the nature and quantity 
of the material transferred, they sug­
gested that the actiniarian host could 
derive at least a part of its nutrition 
from its commensal algae. Muscatine 
and Hand also claimed that their con­
clusions support the inference that the 
hermatypic, or reef-building, corals, 
which also contain zooxanthellae, 
could likewise derive food from the 
algae. 

The point of view that hermatypic 
corals are herbivorous as well as car­
nivorous is a controversial one which 
has recently been resurrected by Sar­
gent and Austin (2) and Odum and 
Odum (5) to explain results of their 
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studies on the oxygen balance of Pa­
cific atoll reefs. On the other hand, the 
experimental evidence of Yonge et al. 
(4, 5) demonstrated that corals appear 
to be specialized carnivores which can­
not utilize their zooxanthellae for food. 
These investigators also showed that 
the zooxanthellae are nevertheless very 
important in the bioeconomy of their 
hosts in that the metabolic efficiency 
of the coelenterate is greatly enhanced 
through the in situ absorption of waste 
products and the liberation of oxygen. 
Our own unpublished observations 
confirm these conclusions. 

It is now almost certain that, amon? 
the Coelenterata, zooxanthellae do 
play an important role in the nutrition 
of some of the Alcyonaceae, notably 
the Xeniidae (6 ) , and possibly in some 
of the Zoanthidea as well. There ap­
pears to be great variation throughout 
the various groups of the coelenterates, 
some of which are purely carnivorous 
even though they contain zooxanthel­
lae, whereas others are wholly or in 
part herbivorous. The role played by 
the zooxanthellae in the bioeconomy of 
their coelenterate hosts appears to vary 
in specific and unpredictable ways 
from one group to another, and it is 
unjustified to extrapolate results from 
the Actiniaria to the Scleractinia, as 
was done by Muscatine and Hand. 

Investigations are now in progress in 
this laboratory to determine the role 
of the zooxanthellae in calcium deposi­
tion and nutrition in the hermatypic 
scleractinia, or reef-building corals 
(7, 8). In view of the possible impor­
tance of our findings in helping to re­
solve the controversy over zooxanthel­
lae in reef corals, we present here 
some preliminary results on the fixa­
tion and migration of labeled carbon in 
corals with and without zooxanthellae, 
both in light and darkness. 

Two species of West Indian reef-
building scleractinian corals were used 
in our experiments, Manicina areolata 
(Linnaeus) and Montastrea annularis 
(Ellis and Solander). The latter is one 
of the most important framework 
builders of Western Atlantic reefs (9 ) . 
Half of the colonies used were first 
kept in complete darkness for 3 months 
to cause complete extrusion of the 
zooxanthellae from the coenosarc; the 
other colonies used were normal and 
contained large numbers of zooxan­
thellae. One series of colonies, both 
with and without zooxanthellae, was 
run in light, 1 foot under a double 
bank of 40-watt daylight fluorescent 
tubes. Another series, containing the 
same types of coral, was run simul­
taneously under identical conditions, 
except that the colonies were kept in 
lightproof jars. Na,C1403 at pYL 9.0 
was added to the experimental vessels 
to give a final activity of approximately 

1 Mc/ml. The water was stirred with a 
gentle stream of moist air to prevent 
anaerobiosis and pR changes, especial­
ly in the dark jars. The experiments 
were run for 50 hours at a temperature 
of 27 =t 1.5°C and were terminated by 
transferring the corals into "cold" 
fresh-running sea water for 2 hours to 
rinse out any activity not incorporated 
into tissue constituents. The specimens 
were fixed in modified Carnoy's fluid 
(1 part glacial acetic acid to 3 parts 
absolute ethyl alcohol), decalcified in 
vacuo with 10 percent glacial acetic 
acid, washed, dehydrated, embedded, 
and sectioned at 5 and 9n. Radioau-
tography was carried out by the strip­
ping film method of Pelc (10) with 
Kodak Ltd. (England) A.R. 10 plates. 
The emulsion was exposed for 10 days 
at 4°C and developed. 

Intense exposure was observed over 
the zooxanthellae of those corals which 
were kept in the light, whereas there 
was virtually none in those which had 
been kept in darkness to prevent photo­
synthesis. The amount of activity in­
corporated was three to five times 
greater in zooxanthellae located in the 
gastroderm of the oral disk and column 
wall than in those located in deeper 
tissues such as the mesenteries and cali-
coblast, where the available light is of 
much lower intensity and the rate of 
photosynthesis is thereby reduced. Very 
little activity was seen in zooxanthellae 
located in the excretory zone of the 
mesenteries, possibly because these al­
gae were either moribund or dead and 
in course of extrusion from the coral 
(5) . 

No significant algal uptake of radio­
carbon was observed in those corals 
which had been kept in darkness. The 
tissues of both normal and zooxanthella-
less corals kept in darkness during the 
experiment showed identical but faint 
background activity, probably due to 
the heterotrophic COs fixation in the 
animal tissues. The tissue background 
activity of the zooxanthella-less corals 
kept in the light was equally low. In 
normal corals kept in light to allow al­
gal photosynthesis, preliminary grain 
counts indicated that the tissue back­
ground activity was about five times 
higher than in the controls kept in 
darkness. This activity was confined 
to the cell masses of the epidermis and 
gastrodermis, and was reduced or ab­
sent over mucous glands and the meso-
glea, which is nearly acellular. The ac­
tivity was somewhat greater in tissues 
that contained zooxanthellae than in 
those that did not, but the difference 
was small. These observations indicate 
that some of the radioactivity fixed by 
algal photosynthesis was transferred 
and became incorporated in the tissues 
of the animal host. 

The level of such transfer seems 

SCIENCE, VOL. 131 



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 
(1, p. 1262), which came from a speci- 
men run for only 18 hours at 14OC. 
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. ( 3 ,  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 Zndies, 
Mona, Jamaica, and New York 
Zoological Society, New York 

References and Notes 

4 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. * 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). 
8. -- 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 

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 ( I ) ,  
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 ( 3 ) .  Their structures and that of 
gramicidin S and decapeptide I are 
shown in Fig. 1. In one of them (deca- 
peptide IT), D-tyrosine residues replace 
the D-phenylalanine residues of the nat- 
ural product. In  the other (decapep- 
tide 111), 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 I1 nor 
decapeptide 111 is as active as decapep- 
tide I, which, in the earlier experiments 
( I ) ,  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 111) 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 ( I ) .  

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 ~ g / m l ,  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 111 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 l. Minimal concentration of peptides 
required to inhibit E. coli B (24 hours at 
37°C). Medium: 1 liter contains 7 grn of 
K,HPO,, 3 gm of KH,PO,, 0.5 gm of sodium 
citrate, 0.1 gm of MgS0,.7 H,O, 1 gm of 
(NH4),S04, and 2 gm of glucose (pH ad- 
justed to 7.0). Inoculum: 300,000 organisms 
per milliliter (stationary phase). 

Compound Concn. (pg/ml) 

Gramicidin S 1.85 
Decapeptide I 15 
Decapeptide I1 107 
Decapeptide I11 66.7 
Gramicidin S + I 0.5 + 3.8 
Gramicidin S + 111 0.5 + 12.8 
I + 111 (7.6 + 33)" 

* Only slight inhibition occurred with this com- 
bination, as determined by nephelornetric meas- 
urements during the first 10 hours of &he run. 
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