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the Actinia retained their dark body colour. The Anemonia in the clear tanks were
also pale. Both the brown and green varieties of Anemonia which had been kept in
darkness were uniformly snow white, except for the green pigment in the tentacles
of the green varieties. The experiment was stopped at this time and the animals were
fixed for sectioning.

ec.
D m.

E

in.

Fig. 2. Anemonia sulcata. Longitudinal sections through a tentacle, A (normal), B (after 25 weeks'
starvation in light), C (after 25 weeks' starvation in darkness), and transverse sections through a
mesenterial filament, D (after 25 weeks' starvation in light), E (after 25 weeks' starvation in darkness).
c.t. ciliated tract; ec. ectoderm; en. endoderm; gl.c. glandular cells; m. mesogloea; n. nematocyst;
r.t. reticular tract; z. zooxanthellae; z.t. zooxanthella tract.

Microscopical examination of sections showed that the algae in the anemones
from the clear tanks A and D were few in number in the endoderm of the tentacles
(Fig. 2 B) but numerous in the zooxanthella tract of the mesenterial filaments (Fig.
2D). Compared with a normal specimen (Fig. 2 A) the endoderm of the tentacles
showed a marked reduction in size. In the case of the anemones from the dark tanks
no zooxanthellae were to be seen in the tentacles (Fig. 2C) or in the mesenterial
filaments (Fig. 2E) and the endodermal region of the tentacles was even more



Relationship between Actinians and Zooxanthellae 339

reduced. Since the ectoderm was not reduced to the same extent aa the endoderm,
the reduction must have been due mainly to the removal of the zooxanthellae. All
the Actinia equina were in a healthy condition but reduced in size.

Table I

Animals

A. Anemonia tulcata
(brown)

B. Anemonia tulcata
(white)

C. Actinia equina

D. Anemonia tulcata
(brown)

No.

(i) 3 animals
(ii) 3 animals

(iii) 3 animals

(i) 3 animals
(ii) 3 animals

(iii) 3 animals

(i) 3 animals
(ii) 3 animals

(iii) 3 animals

5 animals

Total
volume

c.c.

32

8

10

2 0

Total
wet wt.

g-

2 9 5

7

9 6

1 9 9

Total
dry wt.

g-

386

1-53

2-O2

2-73

Total
nitrogen

g-

0328

0095

0-184

0-218

II. PHOSPHATE EXCRETION AND OXYGEN EXCHANGE

Recent work on corals (Yonge & Nicholls, 1931 a) has shown that zooxanthellae
can utilize both the phosphate excreted by the animal and phosphate contained in
the surrounding water. Special importance has been attached to this excretory
function of the zooxanthellae of corals. It is therefore necessary to investigate the
zooxanthellae of anemones from the same standpoint. A batch of A. sulcata was
kept in darkness for 9 months by Mr R. Elmhirst at the Marine Biological Station,

Table II

(1) Anemone* 3 hr. in light. Temperature range i5-2±0'O° C. Initial phosphorus in 'sea water
2 mg. per cu.m.

(2) Anemones 3 hr. in darkness. Temperature range i s - 8 ± o - 4 ° C . Initial phosphorus in tea
water 2 mg. per cu.m.

Animals

A. Anemonia (brown) (i)
(i>)

(iii)

B. Anemonia (white) (i)
(ii)

(iii)

C. Actinia (i)
(ii)

(iii)

Control (sea water)

(1) (light)
phosphorus

mg. per. cu.m.

6
8
8

6
6

S
5
S

2

(2) (darkness)
phosphorus

mg. per cu. m.

7
7

10

6
6
7

6
5
5

2
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Millport. Of these ten survived and appeared to be very healthy. They were quite
white except for a tinge of pink round the base. Nine were used for the following
experiments, while the remaining one was placed with normal A. sulcata in a tank
for 3 weeks and then fixed and sectioned. No reinfection of zooxanthellae could be
detected, and the appearance of the experimental animals also gave no evidence of
reinfection after a similar period of time. At the end of the experiments the anemones
were dried and the total nitrogen was estimated by Kjeldahl's method.

In a preliminary experiment each set of three animals (see Table I) was placed in
ajar, provided with a screw top, of capacity 415 c.c. and kept in a light of maximum
intensity for 3 hr. and in darkness for 3 hr. The results exhibited in Table II show
no significant difference in the amount of phosphates added to the water. In a
second experiment the animals were kept for 24 hr. in darkness and for 24 hr. in a
place in the open protected from direct sunlight and the phosphate content of the
sea water estimated at the end of the experiment. The crude results of this experi-
ment are shown in Table III. In Table IV the same figures are weighted by total
nitrogen to reduce them to a comparable basis and the three sets of results in each
series summarized. Anemoma containing zooxanthellae excreted more phosphate in
daylight than in darkness. To the phosphate excretion of Anemoma denuded of
zooxanthellae, light and darkness made little difference, and the same is true of
individuals belonging to Actinia equina, a species which never has zooxanthellae.
This suggests that zooxanthellae chiefly use phosphate at night.

The conclusions which emerge from a comparison of the adjusted figures
exhibited in Table IV may be summarized thus:

(1) The presence of zooxanthellae leads to a great reduction of phosphate
excretion in darkness.

(2) In the absence of zooxanthellae (whether as a species character or as a
result of previous treatment) there is no reduction of phosphate excretion in the dark.

Table III

(1) Anemones exposed for 24 hr. to normal daylight. Temperature range 15-1 ±0'2° C. Initial
phosphorus in sea water 2 mg. per. cu.m.

(3) Anemones 24 hr. in darkness. Temperature range i6-6.±o-3°C. Initial phosphorus 2 mg.
per cu.m.

Animals

A. Anemoma (brown) (i)
(")

(iii)

B. Anemoma (white) (i)
(")

(iii)

C. Actinia (i)
(ii)

(iii)

Control (sea water)

(1) (light)
phosphorus

mg. per cu.m.

100
i t6
104

S3
57
64

5°
45
42

2

(2) (darkness)
phosphorus

mg. per cu.m.

10
10
10

SO
52
79

28
40
37

2
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(3) Artificial removal of zooxanthellae from a species which normally harbours
them results in an increase of phosphate excretion per gram of total nitrogen both
in light and in darkness; in darkness the phosphate excretion of the white Anemoma
(no zooxanthellae) is approximately twenty times that of the brown variety (zoo-
xanthellae present).

Table IV

Animals

A. Anemoma (brown)

B. Anemoma (white)

C. Actinia

Phosphorus (mg. per cu.m per g.
total nitrogen)

Light

327

610

234

Darkness

30

635

190

The conclusions stated are confirmed by the results of another series of ex-
periments in which parallel determinations of the oxygen consumption of the
anemones were also made (see Table V). Three consecutive experiments were
undertaken, each of 8 hr. duration. Light intensities were measured with a Weston
photometer which was later calibrated in terms of metre candles. The procedure was
as follows:

(1) The first experiment was started in darkness (1 a.m.) and stopped at 9 a.m.
The light intensity at that time was found to be 250 metre-candles. The initial
phosphorus in the sea water in the three experiments was 2 mg. per cu.m. The sea-
water control at the end of each experiment showed no difference. The initial
oxygen in the sea water varied slightly for each experiment. In this experiment the
initial oxygen in the water was 473 c.c. per litre. The sea-water controls in the three
experiments differed only slightly from the initial amount of oxygen. During the
experiment the temperature range was 147+ 0-5° C.

(2) The second experiment was started at 9.30 a.m. and stopped at 5.30 p.m.
Light intensity at 1.0 p.m. was 870 metre-candles and at 5.30 p.m. 310 metre-
candles. Initial oxygen in the sea water 5-35 c.c. per litre and the temperature range

(3) The duration of the third experiment was from 6 p.m. (light intensity 290
metre-candles) to darkness (2 a.m.). Initial oxygen in the sea water 4-66 c.c. per
litre. Temperature range 15-0+ 0-2° C.

Both oxygen and phosphate determinations were carried out simultaneously and
the results recorded in Table V. In the first experiment (from darkness to 9 a.m.)
the brown Anemonia took up oxygen at the rate of 1-28 c.c. per g. total nitrogen.
In the second experiment (from 9.30 to 5.30 p.m.) the zooxanthellae in the brown
variety produced in photosynthesis about twice the amount of oxygen consumed by
the animal.

The results of other experiments are shown in Table VI. In total darkness the
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figures for oxygen consumption of alga-free Ammonia are higher than in the ex-
periments in light. This is due, no doubt, to the higher temperature of the surround-
ing water. The oxygen consumption of normal Ammonia was less than alga-free
Anemonia in darkness; under these conditions the respiration of both is higher than

Table V. Oxygen consumption is indicated by a minus sign and
oxygen output by a plus sign

Experiment

I

II

I I I

Animals

D. Anemonia (brown)
B. Anemonia (white)
C. Actinia

D. Anemonia (brown)
B. Anemonia (white)
C. Actinia

D. Anemonia (brown)
B. Anemonia (white)
C. Actinia

Phosphate (mg. per
cu.m. per mg. total N)

92
200
98

229
189
108

83
263
108

Oxygen (c.c. per hour
per g. total N)

- 1 2 8
— 2-21
- 1 1 4

+ 1-42
- 2 - 7 4
-As
-1 -28

•
•

• Oxygen results lost.

Table VI

Temperature
range

A. Anemonia
(brown)

B. Anemonia
(white)

C. Actinia

O, consumption per hr. per g. total nitrogen

Light

i4'9±o-i°C.

+ 1-04 c.c.
(expanded)

- 3 6 3 c.c.
(expanded)

- 1 97 c.c.
(expanded)

Darkness

165 ±0-5° C.

— 2-84 c.c.
(contracted)

— 5-00 c.c.
(contracted)

— 1'51 c.c.
(contracted)

I7'9±o-o° C.

- 3 0 7 c.c.
(contracted)

-4-48 c.c.
(contracted)

— 251 c.c.
(expanded)

that of Actinia. The results in light are similar to those obtained in the previous
experiment. The fact that the metabolic rate of brown Anemonia is lower than that
of the white ones may be explained by the intrinsically likely assumption that algal
cells, even in darkness, consume less oxygen than the equivalent amount of anemone
tissue expressed in terms of total nitrogen. It will be seen that alga-free Anemonia
also consume about twice as much oxygen as the Actinia. It is possible, therefore,
that the zooxanthellae might be of some use as a protection against oxygen shortage
by reducing indirectly the amount of oxygen removed from the water for the
respiration of the anemone. This view is strengthened by the knowledge that
Actinia stands up to oxygen lack better than Anemonia.
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An interesting aspect of the behaviour of anemones is the tendency to contract
in the absence of light or in diminished light. In Actinia there is usually complete
contraction of the tentacles accompanied by a swelling of the body. In Anemonia the
tentacles are partially contracted but often completely hidden from view by the
main part of the body which becomes swollen and turgid with sea water. In many
of the Madreporarian corals, on the other hand, the polyps expand during the night
and contract during the day. Table VI records an experiment in darkness. For
some inexplicable reason all the Actinia remained fully expanded—the only occasion
during the course of the investigation when experimental animals remained fully
expanded in darkness. As compared with the other experiment in darkness there is
a large increase in the amount of oxygen consumed.

III. DISCUSSION

When starved in light, A. sulcata ejects masses of zooxanthellae and becomes
pale brown. The zooxanthellae, examined under the microscope immediately after
ejection, are alive and appear to be healthy. In time, starvation in darkness brings
about complete ejection of the zooxanthellae so that the anemones, formerly brown,
become snow white. In similar experiments with alga-containing anemones Brandt
(1883 a, b) was able to keep starved animals alive longer in light than in darkness. He
concluded that anemones in darkness died before those in light, because they were
unable to obtain nutriment from the zooxanthellae. There is no doubt that Anemonia
starved in darkness die more readily than when starved in light. This is due to the
vigorous expulsion of zooxanthellae in darkness resulting in greater contamination
of the water; the total expulsion of zooxanthellae may be an additional strain on the
animals. The period which elapses between when anemones are first placed in
darkness and the complete elimination of algae may be regarded as a critical period
in which greater care and attention, must be paid to them. When exhausted of
zooxanthellae specimens of Anemonia are as easy to keep in an aquarium as are
normal individuals; they are quite active and readily ingest food.

Like other Anthozoa which contain zooxanthellae Anemonia is carnivorous. In
aquaria, they feed greedily on large amphipods and even accept whelks, complete
with shells, until they became like distended bags. The carnivorous habit, together
with the fact that a cellulase has not been found in any of the Anthozoa which
harbour zooxanthellae, suggests that Brandt has overrated their importance as a
source of food. It is difficult to understand the reason for the ejection of the zoo-
xanthellae when the anemones are starved in light if they have as much food value
as Brandt implies. The possibility cannot be overlooked that a certain amount of
nutriment may be passed in soluble form from plant-cell to animal, but if so it is
probably slight and of little significance for alga-free Anemonia can thrive quite well
without them.

In daytime there is a great excess of oxygen production over oxygen consump-
tion (Trendelenburg, 1909)—so much so that bubbles of gas are often formed in the
enteron, thus reducing the specific gravity of the anemone and causing it to float with
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its base upwards. Yonge et al. (1932) attach little importance to the production of
oxygen by the zooxanthellae except in the case of corals situated in sheltered, still
waters. They attach more importance to the removal and utilization by the zoo-
xanthellae of phosphates, and presumably also of ammonia—both end-products of
coral metabolism. This investigation shows that the presence of zooxanthellae in
Anemonia ensures a supply of oxygen during daylight under conditions such as exist
in rock pools at low tide. That is to say, it prevents death by asphyxia due to ex-
haustion of dissolved oxygen by the respiratory activity of the anemone itself. The
fact that Anemonia has a higher metabolism than Actinia indicates that zooxan-
thellae might be of considerable importance in maintaining the high metabolism of
Anemonia, both by the automatic removal of end-products of metabolism and by the
availability of oxygen within the tissues of the animal.

IV. SUMMARY

1. Actinia equina and Anemonia sulcata are two anemones which respectively
lack and possess symbiotic algae. If kept for several months in complete darkness
Actinia retains its colour and Anemonia becomes white through loss of its algae.

2. Such alga-free Anemonia will continue to live in a healthy condition if
supplied with solid food and sufficient dissolved oxygen.

3. In darkness the oxygen consumption of Actinia is lower than that of either
normal or alga-free Anemonia being about half that of the latter.

4. In daylight the photosynthetic activity of the algae is more than sufficient to
meet the needs of normal Anemonia, so that oxygen is added to the water.

5. The phosphate excretion of Actinia is about half as much as that of alga-
free Anemonia and the phosphate excretion of neither is appreciably affected by
change from darkness to light.

6. In daylight the phosphate excretion of normal Anemonia is less than that of
alga-free Anemonia. There is a great reduction of phosphate excretion by normal
Anemonia in darkness.

7. Apparently the alga benefits from the association by using the anemone as a
source of phosphorus, the extent of phosphate utilization being diminished during
photosynthesis.

8. Presumably the Anemonia benefit by insurance against oxygen starvation
when isolated in small pools of stagnant water during daylight.

I wish to express my thanks to Mr R. Elmhirst for his generous help and facilities
which he so kindly provided at the Millport Marine Station and to Prof. L. Hogben
for much criticism and advice. Acknowledgement is also due to the Carnegie
Research Fund for Scottish Universities.
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