to obtain large sediment cores (4 m
by 15 cm by 15 cm). Cores from the
flanks of the brine pools, above the
hot-water zones, contained brightly
colored sediments comprising alternat-
ing black, brown, red, orange, and yel-
low layers (Fig. 3). The layers are
dominantly of amorphous iron oxides
in various states of oxidation and
goethite, with minor amounts of mont-
morillonite and foraminiferal debris;
the amorphous material does not give
an x-ray-diffraction pattern. Microscopi-
cally the amorphous iron material ap-
pears as yellow-red 1- to 10-y spheru-
lites that are opaque under crossed
polarizers. The spherulites become
slightly birefringent with depth in the
cores, and x-ray-diffraction patterns in-
dicate goethite. These indications sug-
gest that the amorphous material is
crystallizing with time to goethite.
Goethite comprises 70 percent of the
dried salt-free sediment at the bottom
of the 4-m core.

Our preliminary interpretation of
these data is that the hot salty wa-
ters and their associated heavy metals
are being forcibly discharged pe-
riodically from Atlantis II Deep. Iso-
tope data suggest that the water es-
sentially derives from the Red Sea (17).
The source of the heat and some of
the heavy metals is probably associated
with some local geothermal event. As
hot waters meet the Red Sea waters
above the present brine-pool levels and
contact oxygenated waters, the metals
dissolved in the brine are oxidized to
varying degrees depending on the avail-
able supply of oxygen, as has been
suggested (/). Bottom currents then may
sweep away part of the water, the re-
mainder being stratified in the three
known deeps. This situation would re-
sult in the most recent discharge filling
the deeps with amorphous iron oxides,
while adjacent, more-elevated areas
would add another thin layer to their
accumulations of colored iron oxides.
Box cores collected near the hot-brine
areas indicate that several of these dis-
charges have occurred within the last
several thousand years.

Jou~n M. Hunt
Department of Chemistry and Geology,
Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 02543
FARL E. Havs
Department of Geophysics
EcoN T. DEGENS
Davip A. Ross
Department of Chemistry and Geology

516

- 7. Total solids

References and Notes

1. A. R. Miller, Nature 203, 590 (1964); A. R.
Miller et al.,, Geochim. Cosmochim. Acta
30, 341 (1966).

2. J. C. Swallow and J. Crease, Nuture 205,
165 (1965); P. G. Brewer, J, P. Riley, U
Culkin, ibid. 206, 1345 (1965).

3. D. A. Ross and C. Tyndale,
Technol., in press.

Geo-Marine

4, D. J. Matthews, Brit. Admiralty Hydrog.
Dept. Rept. 282 (1939).
5. D. A. Ross and J. M. Hunt, Nature 213,

687 (1967).

6. Similar temperatures have been reported by
Miller et al. (I) and by G. Krause and J.
Ziegenbein, Institut fiir Meereskunde dey Uni-
versitit Kiel 53 (1966).

by evaporation to 'dryness at

200°C (F. T, Manheim, personal communi-
cation).

8. D. A. Ross, in preparation. Some water
masses with temperatures between that of
the brine and of normal sea water have becn
noted by Krause and Ziegenbein (6).

9. By calculation from the analysis of Brewer
et al. (2). Chlorinity values for Discovery
Deep have been determined by Brewer et al.
(2) at about 155 per mille for the 44°C
water; for Atlantis 1I Deep, by Miller et al.
(I) at about 155 per mille for the 56°C
water. Temperatures in the same range have
been reported by Swallow and Crease (2),
Miller et al. (1), and Krause and Ziegen-
bein (6).

10. S. T. Knott, E. T. Bunce, R. I..
Geol, Surv. Can. 66=14 (1966).

11, H. Craig, Science 154, 1544 (1966).

12. Work supported by NSF grant GA-584, We
thank ¥. C. Allstrom for preparation of the
bathymetric map and C. D. Densmore, R. G.
Munns, and R. L. Stanley for hydrographic
data. J. Woodside, A. Erickson, and J, L.
Bischoff provided some preliminary data
from R.V, Chain’s cruise 61. K. O. Emery
and F. T, Manheim reviewed the. manuscript.
We appreciate the cooperation of the officers
and crew of RV, Chain. Woods Hole Qcean-
ographic Institution contribution No. 1902,

15 February 1967 B

Chase,

Glycerol Excretion by Symbiotic Algae from Corals and
Tridacna and Its Control by the Host

Abstract. Zooxanthellue isolated [rom reef corals and Tridacna crocea incor-
porate labeled carbon dioxide photosynthetically. In the presence of some com-
ponent of the host tissue, up to 40 percent of the labeled algal photosynthate is
liberated primarily as glycerol. Excretion of glycerol by the algae in situ and its
control and utilization by the host may represent a mechanism by which zooxan-
thellae contribute to productivity of coral reefs.

All reef-building corals possess uni-
cellular algae (zooxanthellae) in their
gastrodermal cells. These symbionts ac-
celerate the calcification process in
corals (Z), but knowledge of their con-
tribution to the organic productivity of
reef corals has remained inconclusive
(2). This report describes the produc-
tion of soluble extracellular organic
material by zooxanthellae from reef
corals and the reef-dwelling bivalve
mollusk Tridacna crocea. Data show
that the algae liberate soluble organic
material in vitro, principally as glycerol.
It is interesting that excretion occurs in
significant amounts only in the pres-
ence of some component of host tissue,

Algae were isolated from the reef
coral Pocillopora damicornis by crushing
100-g (fresh weight) portions of freshly
collected coral in an aluminum foil
envelope and then vigorously shaking
the coarsely fragmented slurry in a
flask of sea water (100 ml) for several
minutes. The abrasive action yielded a
brownish supernatant that was decanted
through several layers of surgical gauze,
leaving behind the skeletal material and
a small fraction of nonrecoverable algae
and animal tissue. The brownish super-
natant containing the algae and the
homogenized animal tissue was treated
in cither of two ways: (i) centrifuged

(2 minutes at 3000 rev/min) to yield
about 1 ml of wet packed algae which
were then washed virtually free of ani-
mal tissue by additional centrifugations,
or (ii) divided into 4-ml portions, con-
taining about 0.1 ml of wet packed al-
gae, and centrifuged; the homogenate
was removed, the algae were washed
with sea water, and then the original
homogenate (4 ml) was added back to
the tube. The first treatment was used
in experiments in which algae were in-
cubated in sea water only; the second
in experiments in which algae were
incubated in the original homogenate
containing animal tissue.

Specimens of T. crocea were. dis-
sected free of the valves; the distal por-
tion of the mantle where algae reside
was excised, cut into pieces, and about
50 g (fresh weight) was placed in 50 ml
of sea water in a Waring Blendor (with
a serological head) and homogenized
for 1 minute at high speed. The
homogenate was filtered through gauze,
leaving behind small pieces of muscle
and connective tissue and a small frac-
tion of the algae, and the filtrate was
treated in the two ways mentioned
above. All suspensions were incubated
in stoppered test tubes with 20 to 100
ue of Nap,C'*O; for periods ranging
from ! minute to 4 hours in daylight in
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the shade [400 to 600 ft-ca (4400 to
6600 lu/m?)] with temperature con-
trolled at 25°C. Occasionally the tubes
were shaken to keep the cells in sus-
pension. After incubation the suspen-
sions were centrifuged for 5 minutes
(3000 rev/min), and the supernatants
were drawn off and saved. Cells were
rinsed with 0.5 ml of sea water, centri-
fuged again, and the supernatants com-
bined to known volume. For assay of
total radioactivity in the medium a
sample was placed on a planchet, acidi-
fied with a drop of 1N HCI to remove
unused Na,C'*Qj, and evaporated to
dryness with an infrared lamp. The
dried residue was assayed with a thin
end-window counter (Lionel-Anton
1007T), and the result was corrected
for self-absorption (calculated from
standards in sea water) and background.
The pellet of cells was resuspended in
hot 80 percent ethanol, and a sample
was assayed for radioactivity as de-
scribed above. Excretion is expressed as
the percentage of the total carbon fixed
(cells plus medium) that was detected
in the original medium (see legend,
Table 1). For analysis of labeled extra-
cellular products, the original incuba-
tion medium was evaporated (40°C, in
a vacuum) to dryness and the res-
idue was extracted with dry absolute
ethanol. This salt-free ethanolic ex-
tract contained about 85 to 95 per-
cent of the radioactivity in the
original medium. The. ethanolic solution
was chromatographed in two dimen-
sions and radioautographed with x-ray
film by the procedures of Benson et al.
(3). Total radioactivity of a spot on a
paper chromatogram was determined
from the sum of square centimeter
areas of the spot counted separately
with a thin end-window counter. The
amount of an individual compound in
the medium is expressed as a percent-
age of the total radioactivity (sum of all
radioactive spots) assayed after devel-
opment of the chromatogram. Ethanolic
extracts of the algae were chromato-
graphed, by the same method, for deter-
mination of intracellular photosynthetic
products.

Results are summarized in Table 1.
Algae from either Tridacna or Pocil-
lopora, washed free of animal tissue,
suspended in sea water, and incubated
in the light with Na,G*O; fixed sub-
stantial amounts of labeled carbon, but
excreted very little soluble radioactive
organic photosynthate (Table 1, A).
Algae from either host, that were
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Table 1. Percentage excretion of C'-labeled photosynthate by zooxanthellae from Pocillopora
damicornis and Tridacna crocea incubated under different conditions. Incubation times varied
from 1 to 4 hours. Treatment: A, algae washed and incubated in sea water (control); B, algae
incubated in host homogenate; C, algae incubated in boiled tissue homogenate; D, Tridacna
algae in Pocillopora homogenate; E, Pocillopora algae in Tridacna homogenate; and F, effect of
darkness after initial fixation in light. Results are given as (X) =+ standard deviation; N

is the number of assays.

count min—* of medium

(% = “count min* of medium -+ cells x 100) ’

Excretion (%) by algae from

Treatment Pocillopora Tridacna
X =SD. (N) X =SD. )

A% 3.6+ 1.7 2.0+0.8 15
B 38.0 82 374105 18
C 0.5,2.0 8.6,5.2 2
D 29.3,4.8 2
E 222,225

F 4609 Not tested

* Material detected in the medium in control experiments was not sufficient for chromatographic

analysis.

washed and then incubated with their
own host animal tissue homogenate
as it occurred in untreated suspen-
sions, excreted up to 40 percent of
their total photosynthate (Table 1,
B). Table 2 shows that photosynthesis
and excretion of C'* by zooxanthellae
increased during a 4-hour incubation in
host homogenate. Excretion was sus-
tained at 33 to 50 percent of the total
carbon fixed and did not appear to be
a short-term transient phenomenon. In
all cases, radiochromatographic analysis
indicated that in incubations of short
duration (about 1 to 30 minutes) the
major extracellular product, usually
accounting for more than 90 percent
of the products in the medium, was
glycerol (4). Additionally, but only dur-
ing longer incubations (2 to 4 hours),
glycolic acid was liberated and in some
cases comprised nearly half of the ex-
creted material. The appearance of
glycolate during long incubations of
algae in stoppered test tubes is not sur-
prising, since the decreased carbon

dioxide tension which ensues is known
to stimulate glycolate excretion (5).
Glucose and a ninhydrin-positive sub-
stance were invariably detected in the
medium and comprised less than 10
percent of the carbon excreted by algae
from Pocillopora and Tridacna. The
major intracellular carbohydrate was
glucose, an unusual finding for a
“brown” alga, the majority of which, as
free-living algae, manufacture mannitol
instead (6). Other intracellular products
included photosynthetic intermediates
and lipid. Since all of the water-soluble
intracellular compounds were not de-
tected in the medium, I conclude that
the appearance of glycerol was selec-
tive and not the result of cell lysis.
Change in pH was ruled out as a cause
of excretion, since glycerol appeared as
an extracellular product after 80-second
photosynthesis, during which time there
was no detectable change in pH from
the initial control value of pH 8.0. En-
richment with nitrate and phosphate
(10 and 1 pg-atom/liter, respectively),

Table 2. Photosynthesis and excretion of C'* by zooxanthellae from Pocillopora damicornis and
Tridacna crocea incubated in 4 ml of host homogenate and assayed at 1-hour intervals.

Pocillopora Tridacna
Time cH : c
(hr) Source activity Excretion activity Excretion
(count (%) (count (%)
min-t) min)
1 Medium -+ cells 9,423 43,262
Medium 3,989 423 14,484 335
2 Medium - cells 15,989 48,429
Medium 6,748 42.1 19,148 39.5
3 Medium -} cells 21,964 49,061
Medium ) - 1,778 35.5 20,092 417
4 Medium - cells 24,238 56,059
Medium 11,941 49.1 21,523 38.2
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Table 3. Photosynthesis and excretion of CY by zooxanthellae from Pocillopora damicornis and
Tridacna crocea incubated for 1 hour with varying amounts of host tissue homogenate. The
concentration of animal tissue in the original homogenized preparation was taken as 100
percent, Concentration was decreased by centrifuging the algae, withdrawing the desired amount
of supernatant that contained the animal tissue, adding sea water to adjust the total volume to

4 ml, and resuspending the algae.

Paocillopora Tridacna
Homog- CcH B CcH
cnatc Source activity Excretion activity Excretion
(ml) (count (%) (count (%)
min™) min-*)
0 Medium -} cells 241,670 255,890
Medium 29,120 12.0 4,720 1.8
0.25 Medium - cells 457,260 340,330
Medium 38,560 8.4 9,240 2.7
0.50 Medium -} cells 395,620 314,840
Medium 62,520 15.8 14,840 4.7
1.0 Medium -}- cells 321,640 428,940
Medium 73,440 22.8 57,720 13.4
2.0 Medium -}- cells 364,330 410,980
Medium 103,880 28.5 88,760 21.6
4.0 Medium - cells 311,390 443,380
Medium 114,640 36.8 208,000 46.9

variation of algal cell concentration, or
darkness after an initial fixation period
in the light (Table 1, F) did not stimu-
late the appearance of soluble extra-
cellular products in control suspensions.
In the absence of algae, the animal
homogenate alone neither fixed appre-
ciable labeled carbon nor caused labeled
glycerol to appear in the suspension.
The primary effect of animal tissuc
homogenate in stimulating excretion of
glycerol and the chemical nature of the
stimulant or stimulants has not yet been
thoroughly investigated, but somc pre-
liminary observations were made. Table
3 shows that excretion of C'* by zooxan-
thellac increases both in percentage and
in total counts cxcreted, as the concen-
tration of host homogenate incrcases.
Effect of the concentration of host
homogenate on photosynthetic fixation
is difficult to assess from data given
here. Experiments now in progress sug-
gest that host tissue scems to stimu-
late photosynthesis, possibly indirectly
through shading to yield more favorable
light intensitics incident on the algac,
or directly by chemical catalysis. Boil-
ing the homogenate for 3 minutes
abolishes its stimulatory property (Table
1, ©). Zooxanthellae from Tridacna re-
sponded to treatment with animal tissue
homogenate from Pocillopora and vice
versa (Table 1, D and E). Frequent
handling of the homogenate or delaying
its application often resulted in loss of
potency. A survey now underway in
this laboratory indicates that zooxan-
thellac from a variety of other reef
corals (Acropora sp. and Heliopora sp.),
a xeniid soft coral, a temperate inter-
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tidal sea anemone, and a subtropical
subtidal zoanthid all excrete substantial
quantities of glycerol when allowed to
photosynthesize Na,C'Q; in the pres-
ence of their host tissue homogenate.

McLaughlin et al. (7) examined the
medium from axenic cultures of zooxan-
thellae from the jellyfish Cassiopeia and
found only extracellular insoluble ma-
terial, which has not been identified, If
the phenomenon I have described is a
general one, then appreciable soluble
extracellular products would not be ex-
pected to appear in axenic cultures in
the absence of some constituent of the
host. Kawaguti (8), using electron
microscopy, has observed “scale-like”
substances adjacent to the cell envelopes
of coral zooxanthellae. He interprets
these as products of the algae that
may serve as nutritive substances for
the host coral. Results of both of these
studies indicate that zooxanthellae may
liberate insoluble material. Hellebust
(9) studied excretion of photoassimilated
radiocarbon in 22 species of free-living
marine phytoplankton. Most of the
species liberated only 3 to 6 percent of
their photosynthate during the log phase
of growth. Glycerol was excreted in
small amounts by free-living representa-
tives of the Bacillariophyceae, Chloro-
phyceae, and Cyanophyceae. Free-living
Dinokontae, the group with which
zooanthellac have been allied (70), did
not excrete glycerol.

The present findings have twofold sig-
nificance. First, the facts show that, un-
der appropriate conditions, coral zoo-
xanthellae liberate appreciable amounts
of a soluble product of photosynthesis.

This property offers a means by which
some of the free energy of photosyn-
thesis can be made available to the host
coral animal and possibly to the entire
reef community. This interpretation is
consistent with the radioautographic
demonstration of the translocation of
labeled carbon from zooxanthellae to
coral and Tridacna tissue (11). This
type of host-symbiont metabolic inter-
action is now well established for a
variety of freshwater algae—inverte-
brate associations; algae from ciliates,
sponges, and coelenterates liberate a
major portion of their photosynthate as
glucose or maltose (/2). In the case of
freshwater coelenterates, actual utiliza-
tion by the host of translocated carbon
has been demonstrated experimentally
(13). Second, the stimulatory property
of host tissue reveals an unsuspected
role of the host in regulation of specific
metabolic activities of symbionts. Since
glycerol is in the control algae as an
intracellular  photosynthetic  product,
stimulatory action of host tissue may be
to alter the permeability of algal cells
to glycerol, possibly by activation of a
glycerol permease. Wainwright (74, p.
181) has hypothesized that “in Pocil-
lopora a function of zooxanthellae is
the contribution . . . of glucose which
is incorporated into the skeleton of the
coral as the monomer of chitin.” Ac-
quisition of nitrogenous compounds
from the zooxanthellae may also be an
important supplement in nutrient-poor
tropical waters.

LEONARD MUSCATINE
Department of Zoology, University of

‘California, Los Angeles 90024
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Progesterone: Its Possible Role in
the Biosynthesis of Cardenolides
in Digitalis lanata

Abstract. The incorporation of pro-
gestrone-7o-*H and pregnenolone-7 o-3H
into digitoxigenin, gitoxigenin, and di-
goxigenin in isolated, surviving leaves of
Digitalis lanata was demonstrated. In
addition, the conversion of pregneno-
lone to progesterone in the same sys-
tem was proved. The results tend to
indicate that progesterone is as good a
precursor of cardenolides as pregneno-
lone. It is suggested that the biosyn-
thesis of cardenolides might proceed
through the intermediacy of progester-
one.

The transformation of cholesterol
(I) to pregnenolone (II) in Digitalis
purpurea (1) and in Haplopappus
heterophyllus (2) has been described.
The role of pregnenolone in the for-
mation of steroid hormones from cho-
lesterol in animals is well documented
(3, p- 125). Thus pregnenolone (or its
analog) may have an analogous role in
the biosynthesis of certain plant sterols,
such as cardenolides, bufadienolides,
and others. This is supported by the
observation that carbons No. 22 and
No. 23 of cardenolides do not originate
from mevalonic acid (MVA) (4), and
that pregnenolone may be a precursor
of digitoxigenin (IVa) (5) and bufa-
dienolides (hellebrin V) in plants (6).

If it is tentatively assumed that
pregnenolone (II) is a key intermedi-
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ate in the biosynthesis of cardenolides,
the question arises as to what is the
mechanism of reduction of its C-5
double bond. In animals the saturation
of the homo-allylic alcohol (A5-33-OH)
proceeds by way of the oxidation of
the 3g-hydroxyl to a 3-ketone and
isomerization of the olefinic bond from
C-5 to C4 to yield a A*-3-ketone
moiety (3, p. 310, references in tables
17-19; 7). Subsequently, the conju-
gated double bond is reduced to either
a cis-(58-H) or trans-(5¢-H) junction
between rings A and B (8; also 3, p.
406); and this is followed by the re-
duction of the C-3 ketone.

If a mechanism analogous to that
described for animals operates in Digi-
talis plants, two conditions must first
be satisfied. The plant should be able
to convert pregnenolone (II) to. pro-
gesterone (III) and to utilize the latter
in the biosynthesis of cardenolides (IV).
We now offer proof of these transfor-
mations in isolated Digitalis lanata
leaves.

One average-size leaf was cut with
its stem from a Digitalis lanata plant,
and its surface was rinsed with ace-
tone. An acetone solution of pregneno-
lone-7¢-*H (9) (9.0 X 108 dpm, dis-
integrations per minute) was then ap-
plied to the surface of the leaf; and,
after evaporation of the acetone, the
leaf was sprayed with a 10 percent
solution of silicon oil DC 200 (10) in
ligroin (b.p. 60° to 90°C) (I1). The
leaf was then suspended in approxi-
mately 40 ml of a modified Hoagland’s
medium  containing the requisite
amounts of micrometabolic elements
(12) and continuously illuminated with
light of 12,000 lu/m2. The nutrient
medium was changed at 48-hour in-
tervals, and the experiment was termi-
nated after 10 days. The leaf was
rinsed with ethyl acetate to remove the
unabsorbed pregnenolone (4.8 X 107
dpm), then macerated with a razor
blade. The products were recovered
exactly as described by von Euw and
Reichstein (73). An analogous experi-
ment was carried out with progester-
one-7¢-H (9.65 X 108 dpm), and
3.5 X 108 dpm were found in the
ethyl acetate washings of the leaf at
the end of the experiment (Table 1).

We found 19.2 percent of the radio-
activity of pregnenolone and 25.6 per-
cent of that of progesterone in the
fractions containing “plant sterols.”
The bulk of cardenolides (IV) is re-
covered with chloroform (I4), and,
consequently, we have undertaken the
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processing of this extract. The results
of both experiments reported here re-
fer to products from this fraction. The
glycosides were hydrolyzed by reflux-
ing with a mixture (8 ml) of methanol
and of 0.1N sulfuric acid (1: 1), and
the aglycones were recovered with
ethyl acetate. The aglycones originat-
ing from progesterone (III) contained
8.6 X 107 dpm, and those from preg-
nenolone (II) 12.88 X 107 dpm. The
isolation of digitoxigenin (IVa) [sys-
tems A, B(6 hours), C], gitoxigenin
(IVb) [systems A, B(6 hours), D],
and digoxigenin (IVc) [systems A,
B(6 hours), B(19 hours)] was carried
out on portions of the aglycones by
chromatography (75). When systems
B, C, and D were used the paper was
treated as suggested by Bush and Crow-
shaw (16).

Table 1. Radioactivity in the “sterol fractions”
recovered from isolated leaves of Digitalis
lanata after the application of pregnenolone-
7a-"H (9.0 X 10® dpm) and progesterone-7a~
*H (9.65 X 10° dpm). The counting was
carried out in a scintillation counter with 15
ml of scintillating fluid consisting of 4 g of
2,5-diphenyloxazole and 100 mg of p-bis-[2-
(5S-phenyloxazolyl)]-benzene dissolved in 1000
ml of toluene.

Radioactivity (107 dpm)

Extract Pregnen- Proges~
olone- terone-
7.-"H 7.~*H
Ligroin 2.98 0.48
Chloroform 8.6 14.43
Chloroform-ethanol
(2:1) 3.7 0.62
Chloroform-ethanol
(3:2) 0.62 0.85
Unabsorbed
radioactivity® 4.8 35.0
Percentage recovery in “sterol fractions”*
19.2 25.6

*The percentage recovery is corrected for the
unabsorbed radioactivity present in the ethyl
acetate washings of the leaves at the termination
of the experiment.
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