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Abstra

Clinocardium nuttallii from Yaquina Bay, Oregon, we re found to

harbor an algal symbiont in the siphon, mantle and occasionally

the foot tissues. Approximately 35 percent of the population in the

study area was infected to some degree with the alga; however, no

cockles under two years of age were infected. The degree and fre-

quency of infection increases in the older age groups.

Symbiont cells were removed from the host and grown on arti-

ficial media and the temperature tolerances on these media were de-

termined. Mantle fluid from variously infected and noninfected

cockles from several age groups was used to fortify the artificial

media and no difference between the fluids was noticed; however, a

two month lag period in unfortified media was shortened to ten days

by the addition of as little as ten percent mantle fluid filtrate.
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Chromatographic pigment analysis shows the alga to be a chioro-

phyte. Chioroplast structure, cell size and growth characteristics

are very similar to algae of the genus Chiorella; this alga will be

tentatively placed in this genus.

Cockles under one year of age are not susceptible to infection

by the symbiont, whereas mature cockles become infected by feeding

on either fresh or cultured symbiont. Blood amoebocytes in vitro

will readily engulf either fresh or cultured syrnbiont cells. Micro-

scopic examination of infected tissues showed amoebocytic cells inthe

algal colonies, sometimes carrying several algal cells. The algal

colonies in situ are dense masses which grossly displace the host

tissue; however, there is no overt reaction by the host to the presence

of these colonies.
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A GREEN ALGAL SYMBIONT IN CLINOCARDIUM NUTTALLIT

INTRODUCTION

The term symbiosis was first defined by de Bary in 1879:

Iteine Betrachung der Erscheinungen des Zusammenlebens

ungleischnamiger Organismen', a living together of dissimilar or-

ganisms (Henry, 1966). This original and broad meaning has been

largely ignored by biologists since that time and a host of controver-

sial misinterpretations has ensued (Read,. 1958; Dubos and Kessler,

1963). The most common misuse of the term has been its application

to very specific kinds of associations, usually those which are mutual-

istic (Caullery, 1952). In 1937 the Committee on Terminology of the

American Society of Parasitologists published a report establishing

the all-inclusive original meaning to the term (Hertig et al. , 1937).

Subsequently other words became accepted to define the various kinds

of symbiotic associations, and may indicate the direction and type of

influence between the partners. They are as follows (Henry, 1965):

Mutualism: A symbiotic association which is mutually
advantageous.

Commensalism: A symbiotic association in which one
partner may benefit at no expense to the other, or in
which there appears to be no benefit to either partner.

Parasitism: A symbiotic association in which one
partner benefits at the expense and usually the detri-
ment of the other.
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Phoresy: A symbiotic association in which one partner
simply serves as a means of transportation for the other.

Inquinilism: Nest sharing..

Parasymbiosis: Symbiosis in which there is no intimate
contact.

Some biologists, however, have spurned the proper use of these terms

and continue to use them with their own individual ascribed meanings

(Dogiel, 1966). All manner of combination and overlapping of associa-

tions may occur also, providing a fertile field for terminologists, but

a semantic analysis of the various possible subdivisions of symbiosis'

is beyond the purpose of this thesis.

Of the many types of symbiotic relationships, one of the

most common is that involving plants and and animals. In all but

a few instances the plant is an alga. Several recent reviews of

algal symbiosis include Caullery (1952), Yonge (197, 1966), Droop

(1963), McLaughlin and Zahl (1966) and Smith etal. (1969).

There are over 125 animal genera, mostly invertebrates, which

harbor some kind of algal symbiont (Droop, 1963). In order of

decreasing numbers, the Coelenterata with 74, the Protozoa with 25

and the Mollusca with 13 genera comprise the majority of the animal

representatives. The algal components have been reported from only

three classes of algae: Chlorophyceae, Dinophyceae and Cyanophyceae.

They have been called Zoochlorellae Zooxanthellae and Zoocyanellae or

Cyanellae, respectively, when in symbiotic as sociation. Generally
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used in a coloristic sense to indicate an algal division (McLaughlin and

Zahl, 1966), these terms have also been used to indicate genera

(Brandt, 1883; and Pascher, 19Z9). Even in the most broad meaning,

they have proven erroneous at times; Keeble and Gamble (1907)

called the symbionts of Cassiopea zoochlorellae because they looked

green, but Smith (1936) found them to be zooxanthellae.

Without exception zooxanthellae are restricted to the marine

environment. Zoochlorellae are largely found in fresh water, but are

not restricted to it. Perhaps the best known example of invertebrate-

algal symbiosis is that between the marine acoel worm Convoluta

roscoffensis (Graff.) and a green alga Platymonas convolutae sp. nov.

(Parke and Manton, 1969). Recently reports of green algae in some

marine bivalves have appeared (Naidu, 1970).

This investigation deals with a single example of symbiosis

between the common west coast cockle Clinocardium nuttallii Conrad,

and a green alga. This association has not been reported to date.

Outwardly the infected cockle appears to have portions of the mantle

and siphons stained green. Commercial and sport clam diggers

merely cut away the infected tissue or discard the entire cockle as

"diseased" or "tainted". One commercial clammer known locally

around Yaquina Bay as "old Carl" maintained that the tissue became

stained green because the "cockrel" fed on the "grass" (Ulva) by

nibbling at it with the edges of the valves. One sport digger claimed



4

that the green tissue was cancerous. According to Yonge (1966), all

bivalves harboring symbiotic algae belong to the superfamily

Cardiaceae. However, Naidu (1970) stated that Wilborg mentioned a

symbiotic green alga in shallow water populations of the Norwegian

horse mussel Modiolus modiolus, and Naidu (Ibid. ) also found a

symbiotic green alga in the giant scallop Placopecten magellanicus.

The majority of the bivalvia harboring algal symbionts do indeed,

however, fall in this taxon eg. : Corculum (Kawaguti, 1950); Hippopus,

Tridacna (Yonge, 1936); and the clam in this investigation as well.

To eliminate the mistakes of aforementioned investigators,

through the use of coloristic taxonomic designations of algal syrnbionts,

it is necessary to use a more positive means to establish the algal

division. This can be accomplished through separation and identifica-

tion of the algal pigments. To further classify, it is necessary to

culture the symbiont in vitro and elicit (if present) any motile stages

or other characteristic growth stages. Many symbiotic algae exhibit

dimorphism, assuming a palmelloid stage while in the host, but having

a free living flagellated stage. This is best shown by the green alga

Platymonas convolutae, a four-flagellated swimming cell in the free

state, but in the body of its normal syrnbiont host Convoluta roscof-

fensis, it not only assumes a palmelloid form, but loses the cell wall

and exists as a protoplast (Oshman, 1965). Electron microscopy also

can serve as a valuable tool in classification of species in which
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differences are so slight as to be discernable only through examination

of fine structure.

One paramount question in any symbiotic association is that of

the initial establishment of the symbiosis. Cheng (1967) defines

successful establishment of a symbiont as 'the ability of the symbiont

to become located at a suitable site and to succeed in its normal

physiological and reproductive processes". In invert-algal symbioses,

there are several methods by which this may occur. In Chlorohydra

the symbiont algal cells are passed on in the egg (Muscatine, 1961),

they may be ingested as in many protozoa, sponges and some turbel-

larians (Buchner, 1953; Limberger, 1918; Keeble, 1910), or as

suggested by Naidu (1971) they may enter from the exterior through a

wound.

Yonge (1937), Shun-Ichi Takatsuki (1934) and Tripp (1964)

discuss the movement of certain mollus can amoeboid cells from

regions of the gut into the circulatory system. Phagocytosis of various

inert particles, bacteria and algal cells by moflus can amoeboid blood

cells has been observed by Yonge (1926), Tripp et al. (1965) and

Cheny (1971). These amoeboid cells could very well serve to transport

an algal cell from the gut where it had been taken in during feeding to

the circulatory system where it might lodge in an advantageous position

in the exposed tissues. The algal cell would have to possess the

capability to resist digestion by these cells. Phagocytosis by surface



cells of molluscs is discussed, but somewhat discounted by Yonge

(1926) and Takatsuki (1934).

Finally, in any study of symbiotic associations, the most

important consideration is that of the actual benefit or detriment to

the partners caused by the association. This can best be studied by

separating the symbionts and supplying their needs artificially.
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METHODS AND MATERIALS

Collection Techniques

For the majority of this study cockles were collected from a

single area in Yaquina Bay, Oregon, designated #8 by Marriage (1958).

Efforts were made to collect about 100 cockles a month, selecting for

a wide range of sizes. The methods of collection for cockles larger

than ZO mm were two-fold, depending on the season. From about the

middle of November to about the first part of June, the collecting site

was bare sand and mud (Figure 10). The cockles were raked out of the

top several inches where they normally are found with a commercially

available potato rake, locally called a clam rake. However, during

the rest of the year, especially late summer-early fall, the collecting

site is covered with a sometimes dense algal mat reaching 10-15 cm

thick in places (Figure 8). When this occurs, the H2S layer rises to

the surface of the mud and forces the cockles to come to the surface.

This situation has caused local commercial clammers to claim that the

cockles are 'migrating". During this time of year, it is only neces-

sary to walk across the collecting area and pick up the cockles by hand

or to simply move the algal mat aside as the cockles make a charac-

teristic lump (Figures 8 and 9). Collections were madt monti1y over

a period of 13 months. Other occasional collection sites were Yaquina

Bay #7, Netarts Bay #1, Coos Bay #1 and #2 (Marriage, 1958). Small



cockles were obtained by sifting the sand and mud at the collecting

sites, or by dredging the channel of King Slough in Yaqüina Bay wi

small bottom dredge. These dredged clams were not used in the

monthly collection data. The cockles were taken from the collecti

sites and immediately placed in holding tanks provided with a constant

flow of fresh sea water.

Intensity of Infection

In order to determine presence and extent of infection by the

algal symbiont, the animals were first allowed to remain quietly in

the holding tank for several days to recover from the trauma of

collection. Approximately six to ten cockles were placed in a one-

gallon narrow glass tank which was filled with sea water and sealed

as to allow no air space at the top. This was allowed to warm to room

temperature and after about an hour the animals would become oxygen

starved, and as a result would open their valves and extend their

siphons. With the clams thus expanded, it was a rather easy matter

to examine the siphon and mantle tissue for presence of the algae. It

was not possible to examine any finer than a hand lens or dissecting

microscope would allow as microscopic examination required killing

and opening the animal. Checks were made, however, to verify the

above method and in only a single instance did they not agree with the

tank observations. Algal infections were categorized in the following



manner:

Uninfected: No evidence of algal colonies.

Light-Moderate: Scattered and isolated algal colonies in the siphon

and surrounding mantle tissue (Figure 15).

Heavy: Many large colonies, often merged into continuous

masses throughout the siphon and mantle tissue, and

occasionally in the hknee area of the foot (Figure 14).

The tissue of the clam is very thin and transparent in the areas of

infection making examination relatively accurate and easy.

Culture of the Algal Symbiont

To obtain algal cells for culture, heavily infected cockles were

selected and the mantle tissue containing the algal colonies was re-

moved. All excess animal tissue was trimmed away to leave the algal

colonies, or cysts intact. These were washed through several changes

of Millipore filtered (0. 45) sea water, two changes of distilled water.

Then alternately washed in three baths each of 95% ethanol and filtered

sea water, no more than a few seconds in each of these, and finally

placed into filtered sea water containing 0. 1 mg/mi each penicillin nd

streptomycin. While in this solution the cysts were penetrated with

a hypodermic needle and the contents sucked out. The algal cells thus

removed were centrifuge-washed several times in the above antibiotic

solution until a loose suspension of cells was obtained. This step was



necessary as the cells directly from the cysts were in a mucilaginous

mass. It was not determined whether this mucous-like substance was

of plant or animal origin.

Culture techniques consisted of streaking and stabbing on 1. 5%

agar in petri dishes and capped culture tubes, liquid culture in 125,

250 and 2000 ml Fernbach culture flasks and in capped 25 ml tubes.

Culture media used were Erd-Schreiber (Foyn, 1934) and Provasoli's

ES-i (Provasoli, 1968).

Erd-Schreiber Medium

NaNO3 10mg

Na2HPO4 12 H20 2 mg

Soil Extract1 5 ml

Seawater lOOmi

Provasoli's ES-i Enrichment

NaNO3 350mg

Na2 Glycerophosphate 50 mg

Fe (as EIJTA; 1:1 Molar)2 2. 5 mg

'Soil extract is prepared by steaming an alkaline solution of one part
hüm'ic soil and two parts distilled water for one hour and filtering
to obtain a clear yellowish-brown solution. pH is adjusted to 7. 8
with NaOH or HC1.

235k mg Fe(NH4)2(504)2 6H20 and 330 mg Na2EDTA in 500 ml H20.
1. 0 ml equals 0. 1 mg Fe.
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P11 Metals3 25 ml

Vitamin B12 10g

Thiamine 0. 5 mg

Biotin 5 .Lg

Cu (as Cl-) 25 .i.g

1-TO 100 ml

pH 7. 8

A concentration of 4 ml ES-i enrichment per 100 ml sea water was

used. Both the Erd-Schreiber and Provasoli's ES-i were used alone

or were fortified with Millipore filtered mantle fluid from the cockle

at a concentration of 10 ml filtered mantle fluid and 90 ml Erd-

Schreiber or 4% ES-i. All cultures were kept at 15°C and illuminated

by four 20 watt Cool-white fluorescent tubes 36 cm from the flasks

on an 18 hour light-6 hour dark cycle except those used in the heat

tolerance experiments. The larger flasks were placed in an oscillating

shaker. Agar tube cultures were subjected to temperatures of 5, 10,

15, 18, 20, 25, 28, and 37 degrees Centigrade. Filtrates of mantle

fluid from immature, mature noninfected and mature infected cockles

were used to enrich cultures to determine if they had any differential

effect on the algae. Preparations of these same filtrates were heated

to boiling for ten minutes, filtered again and then tested on the algae.

3H3B03, . 114 g; FeC13 6H20, 4. 9 mg; MnSO4 4H20, 16. 4 mg;
ZnSO4 7H20, 2. 2 mg; CoSO4 7H20, . 48 mg; Na2EDTA, 100 mg;
H20, 100 ml.
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Figure 1. Growth curves of Clinocardium algal symbiont.
A. 4% Provasoli's ES-i sea water fortified with 10%

mantle fluid filtrate.
B. 4% Provasoli's ES-i sea water only.
Innoculum directly from cockle, in 10 ml medium in
capped culture tubes. 15°C, 18 hour light/day.



Pigment Analysis

Analyses were run on the pigments of algal cells freshly removed

from infected cockles and from cultured cells. Mantle tissue from

numerous heavily infected cockles was thoroughly rnacerated in a

Waring Blendor with enough sea water to cover one inch above the

tissue. The resulting slurry was filtered through glass wool and then

centrifuge-washed several times until the algal cells appeared to be

free of animal tissue. The algal pellet from the final centrifuge wash

was resuspended in distilled water for 15 minutes, centrifuged down,

the water poured off, the pellet resuspended in about 10 ml 90% acetone

and placed in the freezer overnight. The resulting green extract was

filtered off through a fine sintered-glass filter, mixed with an equal

volume of anhydrous diethyl ether, shaken thoroughly in a separating

funnel and washed with 20 volumes saturated NaC1 solution. The ether

layer now containing the pigments was carefully drained off into a large

petri dish and dried completely in the dark at room temperature. The

dried pigments were redissolved in a small amount of anhydrous di-

ethyl ether and this concentrated solution was used to spot the silica

gel plates for thin layer chromatographic separation. The plates were

prepared by spreading a layer of Silica Gel-G (Merck) to a thickness

of 250 on 8" by 2" glass plates. These were activated prior to use

through desiccation at room temperature. The pigment extract was
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spotted about one-half inch from the bottom of the plate and allowed

to dry completely before introduction into the previously equilibrated

solvent tank. The solvent mixture which proved to be the most satis-

factory consisted of: petroleum ether (rgt) 58%, ethyl acetate (rgt)

30% and diethylamine (rgt) 12% (Riley and Wilson, 1965). The

chromatograms were developed for about 45 minutes in the dark at

room temperature, removed from the tank and allowed to dry. The

separated pigment bands were scraped off and each dissolved in 2 ml

95% ethanol and centrifuged at medium high speed for five minutes.

The now clear colored supernatant was pipetted off into small vials

and immediately analyzed. Spe ctrophotometric analysis was carried

out with a Beckman DB-G Grating Spectrophotometer with a Beckman

10-inch recorder providing the graphic records (Figures 3-7). Pig-

ment analysis of the cultured cells was carried out in the same man-

ner, except that the cells were obtained simply by centrifuging them

out of the culture media.

Mic rote chnique

Samples of infected cockle tissue were fixed in Bouin's solution

or in chromic acid fixative, imbedded in paraffin and sectioned at

7-lOp. . The sections were stained in Mallorys Triple, Harris

hematoxlyn with eosin or Alcian blue. Tissue to be used in EM study

was prepared in the following manner: (Trench, 1971).



Procedure: Cut material into pieces no larger than 1 xi
wash off any excess mucus etc. , place intc
Solution A on ice for six hours.

Solution A:

Solution B:

Solution C:

0. 4M Glucose
3% Gluteraldehyde pH 7. 2 - 7.
0. 1M monosodium phosphate

Wash overnight in Solution B on ice.

0. 7M Glucose
0. 1M Monosodium phosphate pH 7. 2 - 7. 4

Place into Solution C on ice for four hours.

1. 0% Osmium tetroxide
0. 7M Glucose pH 7. 2 - 7. 4
0. 1M Monosodium phosphate

Dehydrate in ethanol series (3 0%, 50%).

Stain in uranyl acetate in 50% ethanol for two hours.

Dehydrate in ethanol series (80%, 95%, 100%)
15 minutes in each.

Place into Propylene oxide for 15 minutes.

Transfer to fresh Propylene oxide for an additional
15 minutes.

Place into Propylene oxide - Araldite mixture:
(50/50) for one hour.

Araldite mixture:
Araldite CYZ1Z 27 ml
Hardener HY964 23 ml
DMP Accelerator 12 drops from a Pasteur pipette

Transfer to fresh Araldite and leave overnight.
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Transfer material to fresh Araldite in BEEM or
gelatin capsules. Pour Araldite into the capsules
first then place the material on top and allow
several hours to sink. After three or four hours,
with a needle, center the material in each capsule
and place in an oven at 60°C for at least 48 hours,
preferably 60 hours to assure complete polymeriza-
tion.

After the material had been prepared according to the above

process, the blocks containing the tissue were trimmed and sectioned

on a Porter-Blum MT-2 Ultramicrotome with a glass knife. Subsequent

viewing and photography was carried out with a JEM - 6 C electron

microscope.

Determination of Susceptibility

Three groups of 12 first year cockles (Weymouth and Thompson,

1931) were placed into shallow glass dishes containing about 2mm fine

autoclaved sand. Two dishes were filled with 0. 4S Millipore filtered

sea water. Of these, one received twice weekly innoculations of 0. 1

ml wet-packed algal cells which had been freshly removed from infec-

ted cockles. The other dish received the same amount of algal cells

from culture. The water was changed one day after each feeding. The

third group was kept in constantly flowing unfiltered sea water and was

not fed. All three dishes were kept in a sea water table at an average

temperature of 15°C + 5°, and illuminated by three 20 watt Cool-white

fluorescent tubes suspended 24 cm above the water surface. This
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experiment was run for 75 days after which time all animals were

carefully dissected and examined for algal cell infection. Several

uninfected four-year old cockies were kept in Millipore filtered sea

water unfed for two weeks to allow the digestive tract to empty. The

third and fourth weeks some were fed only fresh algal symbiont cells

and others received the cultured cells. The fifth week the clams were

not fed for two days and were washed thoroughly in filtered sea water.

The third day of the fifth week fecal pellets were collected from all

clams. Some of these were streaked on 4% Provasoli's ES-i (Prova-

soli, 1968) agar fortified with 10% mantle fluid filtrate, and others

were examined under the microscope for whole algal cells.

Six heavily infected cockles were placed individually in one-

gallon blackened aquaria with sufficient sand to allow the animals to

become completely buried. These aquaria were placed into a covered

tank so that the animals received no light, but a constant flow of sea

water. After 75 days the cockles were carefully dissected and the

condition of the algal colonies noted. Eight uninfected four year old

cockles were placed into two two-gallon aquaria after first being

scrubbed with filtered sea water and then fresh water. Enough

sterilized sand was added to allow the cockles to bury themselves

only about half way. The tanks were filled with Millipore filtered sea

water which was changed twice weekly. One tank received 0. 5 ml wet

packed algal cells freshly removed from infected cockles, the other



received the same amount of cultured algal cells weekly. The tanks

were illuminated 12 hours per day by three 20 watt Cool-white

fluorescent tubes 36 cm above the water surface. After 75 days the

cockles were removed from their shell and the mantle tissue fixed in

Bouin's fluid for later examination and sectioning. Eight uninfected

four year old cockles were divided into two equal groups. One group

received injections of 0. 05 ml of a dilute suspension of fresh algal

symbionts into the mantle sinuses. The other group received similar

injections of the algal cells from culture. These animals were placed

into separate glass aquaria filled with Millipore filtered sea water

and enough sterilized sand as to allow only partial burrowing. The

aquaria were covered by a sheet of Plexiglas and illuminated by four

20 watt fluorescent tubes suspended 40 cm above the animals. The

aquaria were kept in a 15°C cold room, on an 18 hour light, six hour

dark cycle. Each aquarium was equipped with an air stone and the

water was changed weekly. After 60 days the animals were killed and

examined for evidence of algal infection in the mantle tissue, then

fixed in Bouin's fluid for sectioning.

Cockle Blood Amoebocytes

The valve exteriors of several cockles were scrubbed thor-

oughly with fresh water and then allowed to sit in charcoal filtered sea

water for one week at 12°C. To obtain amoebocytes, the cockles were



19

pegged open about 2 mm and the adductor muscles were carefully

severed as close to the shell as possible and the clam opened in the

manner of serving on the half shell. The mantle tissue and the pen-

cardial membrane were removed and the heart pierced with a fine

pipette. About 0. 1 ml blood was carefully removed and placed in a

sterile shallow depression slide. To this was added two drops of a

solution containing one part Balanced Salt Solution according to Tripp

et al. (1966) and one part Millipore filtered (0. 45 ii.) cockle mantle

fluid.

Balanced Salt Solution
Trippetal., 1966

NaC1 23. 50 g
KC1 0.67g
CaCl2 (anhydrous) 1. 10 g
MgCl (anhydrous) 2. 03 g
MgSO4 (anhydrous) 2. 94 g
NaHCO3 0. 02 g
K2HPO4 (anhydrous) 0. 19 g
Glucose 0. 50 g
Trehalose 0. 50 g
Phenol red 0. 05 g
Double distilled H20 0. 05 g

pH 7. 0 - 7.2 to 1 liter

To this was added a single small drop of a very dilute suspension of

either fresh or cultured algal symbionts. A cover slip was placed over

the preparation, sealed with melted paraffin, and placed on a micro-

scope for observation.



OBSERVATIONS AND RESULTS

Collection and Field Data

Incidence of Infection

In a total sample of 1290 cockles collected over a period of 13

months, the incidence of infection was 35 percent. The monthly

incidence was consistently close to this figure as well (Table 1).

Table 1. Incidence of infection of cackles from Area #8 Yaquina Bay.
Date Total Infected Percent Noninfected Percent

January, 1970 107 38 36. 0 69 64. 0

February 74 24 32. 0 50 68. 0

March 90 40 33. 5 60 66. 5

April 124 45 36. 0 79 64. 0

May 105 38 36. 0 67 64. 0

June 148 49 33.5 99 66.5

July 101 33 32. 5 68 67. 5

August 72 22 30. 0 50 70. 0

September 100 37 37. 0 63 63. 0

October 107 44 41.0 63 59. 0

November 34 14 40. 5 20 59. 5

December 89 32 36. 0 57 64. 0

January, 1971 139 45 32. 5 94 67. 5

TOTALS 1290 451 35. 0 839 65. 0
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Incidence, Frequency and Intensity of Infection

The cockles were separated into age groups and the incidence

of infection was determined. It was found that no cockles under two

years of age were infected, third year cockles had a 2. 6 percent inci-

dence of infection, all of these lightly to moderately infected. By

the fourth year the incidence of infection had increased to 63. 5 percent,

but the intensity of infection in individuals was largely light to

moderate; only 14 percent of infected individuals harbored a heavy

infection. The fifth year age group increased in incidence by only

5 percent over the fourth year group, but the intensity of infection

increased until 38 percent of the infected animals were heavily infec-

ted. Incidence in the six year and over age group was 80 percent; of

this group 80 percent were heavily infected (Tables 2 and 3).

Table 2. Incidence and intensity of infection in age groups of
Clinocardium nuttallii from Yaquina Bay, Oregon Area #8.

Age No. No. Intensity of infection
in years examined infected 0 L-M H infected
0-1 238 0 238 0 0 0.0

2 219 0 219 0 0 0.0

3 155 4 151 4 0 2.6

4 361 229 132 197 32 63. 5

5 284 194 90 120 74 68. 5

6 & over 33 24 9 5 19 80. 0

TOTALS 1290 451 839 326 125 35. 0
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Table 3. Frequency of intensity of infection in age group.

Age No. (ntensity and Percent Infection
in years infected L-M H

0-1 0 0 0.0 0 0.0

2 0 0 0.0 0 0.0

3 4 4 100.0 0 0.0

4 229 197 86.0 32 14.0

5 194 120 62.0 74 38.0

6&
over 24 5 20.8 19 79.2

TOTALS 451 326 71. 1 125 28.9
* 0 No infection, L-M = Light to Moderate, and H Heavy infection.

Algal Culture on Various Media

Algal symbiont cells removed directly from the cockle, washed

and streaked on plain sea water medium showed no growth, and within

two weeks the cells were bleached and appeared to be dead. Erd-

Schreiber medium, an undefined formula, proved satisfactory for

propagation of the symbiont cells. However, there was approximately

a two-month lag phase before the cells began exponential growth. A

similar growth pattern was observed when the cells were streaked on

Provasolj's ES-1 medium, a completely defined formula. When either

sea water, Erd-Schreiber or Provasoli's ES-i medium was enriched

with as little as 10 percent mantle fluid filtrate from the host the lag

period was shortened to approximately two weeks (Table 4 and Figure

1).
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Table 4. Algal growth on various media. Innoculum directly from
cockle. 1. 5% agar slants at 15°C, 18 hour light day (p. 9).

WeekMedium
3 4 5 6 7 8 9 10 11 12

Seawater + + - -

Sea water
10% *CMF + + ++ ++ +++ +++ +++ +++ ++ + + -

Erd-Schreiber + + + + + + + ++ +++ +++ +++ ++

Erd-Schreiber
10% *CMF + + ++ +++ +++ +++ +++ +++ ++ ++ + +

Provasoli' s
ES-i + + + + + + + ++ +++ +++ +++ ++

Provasoli' s
ES-i and
10% *CMF + + ++ +++ +++ +++ +++ +++ ++ ++ + +

*Cockle mantle fluid filtrate (0. 45

+ cells remaining green, not growing or dividing
++ cells showing some division only.
+++ cells dividing and increasing in size.
- cells yellowing.
- - cells bleaching.
- - - cells bleached out and dead.

Effects of Various Mantle Fluids on Algal Growth

Mantle fluid filtrate from immature, mature uninfected, and

mature infected cockles was used to fortify Provasoli's ES-i medium

in an attempt to elicit differential growth rates. However, growth

was identical in all the cultures. Also these same additives were

heat treated by bringing to 100°C for ten minutes before filtering, in

an attempt to determine if the growth stimulating factor was heat



labile. Again, there was no difference in growth rates between the

individual cultures containing the heat treated additives, nor was

there any difference between growth rates of these and the cultures

containing the non-heated additives (Table 5).

Table 5. Algal growth on 4% Provasoli's ES-i with 10% natural or
heat-treated (ten minutes at 100°C) mantle fluid from
immature, noninfected mature and infected mature cockles.
Agar slants at 15°C, 18 hour light/day (p. 9). Innocuium
directly from cockle.

Mantle
fluid 1 2 3 4 5 6 7 8 9 101112
Heated
immature + + ++

Nonheated
immature + + ++

Heated
mature
uninfected + + ++

Nonheated
m atu r e
uninfected + + ++

Heated
mature
infected + + ++

Nonhe ate d
mature
infected + + ++

Legend, p. 23

++ +++ +++ +++ +++ ++ ++ + +

++-f +++ +++ +++ +++ ++ ++ + +

++ +++ +++ +++ +++ ++ ++ + +

+++ +++ +++ +++ +++ ++ ++ + +

++ +++ +++ +++ +++ ++ ++ + +

+++ +++ +++ +++ +++ ++ ++ + +
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Temperature Effects on Algal Cultures

Agar slant cultures with Provasoli's ES-i and 10 percent mantle

fluid filtrate were subjected to a range of temperatures in order to

determine the optimum growth range and the tolerances of the algal

syrnbiont cells. At 5°C growth was very slow with only a few divisions

noted after the fifth week. From 100C to 20°C, however, growth be-

gan to actively take place and by the third week, the cultures were in

the exponential phase. Above 20°C the cells did not grow and within

the first week began to yellow, bleach and die out (Table 6).

Table 6. Effects of temperature on algal cultures. 4% Provasoli's
ES-1 with 10% cockle mantle fluid filtrate. 18 hour light/day
(p. ) 1. 5% agar slants.

Temperature Week
°C 1 2 3 4 5 6 7 8 9 10 11 12

5 + + + + + ++ ++ ++ ++ + + +

10 + + ++ ++ +++ +++ +++ +++ ++ + + +

15 + + ++ +++ +++ +++ +++ +++ ++ ++ + +

18 + + ++ ++ +++ +++ +++ +++ ++ + + -

20 + + ++ ++ +++ +++ ++ ++ + + - -

25 +-
28 + -------------------------------
37 +

Legend p. 23
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Description of the Alga

Light microscope observations of fresh smears from the host and

from culture show the plants to be unicellular round bright green cells

from two to seven micra in diameter (Figure 12). The smaller,

younger cells have a distinct single cup-shaped chloroplast (Figure 12)

while the older, larger cells have a more diffuse, sometimes lobate

chioroplast (Figure 12). No flagella were observed at any time, and

the plant appears to reproduce by simple division (Figure 12) and by

the formation of four, eight or rarely 16 aplanospores (Figures 20 and

21). The cells do not give a positive iodine test for starch, and occa-

sionally cells are observed with a single polar nodule or beak (Figure

13). In the host the algal cells apparently multiply rapidly and form

dense colonies which contain accumulations of noncellular material

(Figure 17).

Electron micrographs are included to give yet another aspect of

the algal cells in situ, but an analysis of the fine structure was not

attempted. These observations show that the algal cells within the

host generally have a thick cell wall (Figure 22) and in almost every

observation it was noticed that the algal cells were surrounded by an

accumulation of material (Figures 20, 21 and 22) which sometimes

reached extremely thick proportions (Figure 21). This material

appears to be made up of many layers formed either by the algal cell
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or by the animal. It is probably accumulations of the material along

with dead algal cells which form the dark staining masses shown in

Figure 17. Many four-celled aplanospores were observed also

(Figures 20 and 21), indicating that the algal cell is able to carry out

normal division while in the host animal. In the algal colonies, or

cysts, there were infrequently observed cells of animal origin (Fig-

ure 18). These are probably arnoebocytic blood cells. These in al-

most every instance were filled with large accumulations of non-

homogeneous material (Figure 18) which might be interpreted as being

the remains of digested algal cells. About half of the animal cells

observed to contain one or more algal cells which did not appear to

be undergoing digestion, and sometimes (Figure 19) appeared to be

dividing. However, these cells could have been freshly phagocytized.

Thin layer chromatographic separation of the syn'ibiont pigments pro-

duced three distinct yellow pigment bands and two distinct green bands

shown below in Figure 2.

No.5
No. 4

No.3
No. 2

No. 1

Orange (mixed carotones)

Green (Chlorophyll a)
Green (Chlorophyll b)

Yellow (Lutein)
Yellow (Violaxanthin)

Yellow (Neoxanthin)

Origin
Figure 2. TLC chromatogram of C. nuttallii algal symbiont pigments.



or from culture were injected into the exposed mantle tissues of fourth

year cockles, 100 percent infection resulted (Table 9).

442

400

Figure 3. Spectrogram showing absorption peaks in nm of yellow
pigment No 1.

443 420

600

400

Figure 4. Spectrogram showing absorption peaks in nm of yellow
pigment No. 2.

449

.11

400

Figure 5. Spectrogram showing absorption peaks in nm of yellow
pigment No 3.



Figure 6, Spectrogram showing absorption peaks in nm of green
pigment No. 4.

7

462

Figure 7. Spectrogram showing absorption peaks in nm of green
pigment No. 5.

434

7
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Subsequent spectrophotometric analysis of the yellow pigments pro-

duced spectrograms with absorption characteristics identical to Neo-

xanthin, Violaxanthin and Lutein (Figures 3, 4 and 5, respectively,

and Table 7). Analysis of the green pigments produced spectograms

with absorption characteristics of Chlorophyll a and Chlorophyll b

(Figures 6 and 7, respectively, and Table 7).

Table 7. Absorption spectra of algal pigments from the symbiont of
Clinocardium nuttallii.

Peak Absorption Figure Pigment
No. Color innm (pp. ) (Strain, 1961)

1 Yellow 468, 442 and 418 3 Neoxanthin

2 Yellow 470, 443 and 420 4 Violaxanthin

3 Yellow 475 and 449 5 Lutein

4 Green 646 and 462 6 Chlorophyll b

5 Green 665 and 434 7 Chlorophyll a

Experimental Infe ction

It was found that cockles one year old or less, and uninfected

could not achieve infection by feeding on symbiont cells either freshly

removed from infected individuals or from culture. On the other

hand, some fourth year cockles, previously uninfected, became

infected after feeding on symbiont cells either from fresh sources

or from culture (Table 8). When symbiont cells from fresh sources
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Behavior of in vitro Blood Amoebocytes

Within a few minutes after the preparation was made, amoebo-

cytic ceUs about 6 to l5i. across were observed moving in the medium.

Movement was achieved by thrusting out of filamentous pseudopods.

Upon encountering an algal cell, either fresh or from culture, the

amoeboid cell would readily engulf it. After several hours, most of

the amoeboid cells in the preparation were observed to be carrying

from one to as many as five algal cells. They remained this way

until the preparation deteriorated some two days later due to bacterial

contamination.

Additional Observations

After 75 days of complete darkness in unfiltered circulating sea

water, six cockles which were heavily infected at the beginning of the

experiment showed no change in the number, size and condition of the

algal colonies in the tissues.

Cockles fed a straight diet of either fresh or cultured algal

symbiont cells produced fecal pellets which upon examination and

subsequent transfer to nutrient agar (4% Provasoli's ES-i sea water

plus 10% cockle mantle fluid filtrate) showed many intact green algal

cells which followed the same growth pattern as the cells in Table 4,

on the same medium.
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DISCUSSION

Cheng (1967) in his chapter An Analysis of the Factors Involved

in Symbiosis,presenteda table of the three principle phases of host-

symbiont relationships and the factors which may influence them.

Although this table was designed primarily for zooparasites, most of

these factors can be applied to discussions concerning algal symbionts

as well. The three main phases are: A. Host-symbiont contact,

which has six factors: (1) accidental contact, (2) contact depending

on host's feeding mechanisms, (3) contact influenced by chemotaxis,

(4) contact influenced by other taxes, (5) selectivity by symbiont, and

(6) influence of the nature of the substrate. Phase B. Establishment

of the symbiont, with seven factors: (1) successful attachment,

(2) developmental stimuli contributed by the host; (3) host's defense

mechanisms, (4) symbiont's nutritional requirements, (5) role of

host's digestive enzymes, (6) host's control of symbiont maturation,

and (7) pathological changes induced by the symbiont. Phase C.

Escape of the symbiont, with four factors: (1) active escape, (2) in-

voluntary escape, (3) passive escape, and (4) cellular escape.

The following discussion will be ordered more or less along the

above format with a few additions, modifications and deletions where

necessary. In the Clinocardium-algae symbiosis under study here,

there are several evident factors which must be taken into considera-

tion: The host animal is sedentary; although it does move about, it



33

does not have to be rrobile in order to carry out its life processes. It

is a filter feeder, a shallow burrower and its internal defense

mechanisms are by phagocytic cells and encapsulation. The algal

symbiont does not have a swimming stage; it is very small with a

thick cell wall and it is probably photoautotrophic, because it only

occurs in those tissues exposed to the light.

Host-Symbiont Contact

In Phase A, there are only two of the factors which might apply

to the Clinocardium-algae symbiosis. Because neither of the organ-

isms involved are motile, any active selectivity can be ruled out. This

would eliminate any chernotaxis or other taxes. Perhaps there might

exist a chemical attraction in the host for the algae, but without flag-

ella or other means of motility the algal cell could not move towards

it. In some symbioses involving motile algae, chemotaxis has been

demonstrated. For example the cocoon of Convoluta roscoffensis has

a strong attraction for the swimming algal symbiont cells thus insuring

that the newly hatched larvae upon feeding on the remains of the cocoon

will acquire the normal symbiont (Keeble and Gamble, 1907). In con-

trast there are symbioses where an algal symbiont is nonmotile and

the host is motile as in Paramecium bursaria (Tilden, 1935). But

when neither of the partners is motile, host-symbiont contact is

dependent upon accidental contact and/or the currents set up by the
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host's feeding-respiratory mechanisms.

Entry of the Symbiont

[f the hypothesis of Naidu (1971) is correct, the algal symbiont

cells could enter the host only if there was a wound present. This idea

would explain perhaps the reason that the incidence of infection is

higher in older animals, as they have had more chance to receive

injury and therefore have had more exposure to potential infection by

the alga. Naidu (1969) and Naidu and South (1970) list damage by

dragging activity of commercial fishermen and bombardment by sand

and gravel grains during storms as probable injury causing agents

preceding infection of Placopecten magellanicus by its algal symbiont.

Clinocardium might become injured in several ways. Numerous

specimens have been found with the end of the foot missing but still in

good health with the damaged tissue in various stages of healing. This

presumably could have been caused by a passing fish or crab while the

cockle had its foot extended. This has actually been observed by a

commercial clam digger 'Old Carl" (personal communication). As the

habitat in the collecting area is fine sand and mud, it is very unlikely

that storm tossed sand grains would cause any tissue damage.

Probably the most likely injurious agent would be persons walking

across the sand-flat who through stepping on the very shallowly

situated cockle could easily crush the uppermost edges of the valves
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and damage the underlying mantle. The study area, however, was not

frequented by clam diggers or others to any great degree so it would

seem unlikely that the 35 percent of the cockles infected had been

stepped upon. Occasionally it has been observed in the laboratory that

a sudden stimulus will cause the cockle to slam its valves shut on the

edge of its own mantle, possibly causing a potential site of infection

for the alga. Yonge (19Z6) and Takatsuki (1934) discuss absorption

of substances from the body surface of Ostrea. Although the degree of

absorption is not nearly as great as that occurring in the gut, the

authors found that particles of carmine and Indian ink were ingested

by amoebocytes in the mantle cavity and later wandering amoebocytes

carrying ingested particles were found in various tissues of the mantle

cavity. The mechanism exists in Clinocardium to bring particles into

contact with the tissues of the mantle cavity through the action of the

feeding-respiratory currents. Potential symbiont cells brought in in

such a manner then would be subject to phagocytosis by wandering

amoebocyte cells in the mantle cavity. The algal cells are quite small

(two to six j. in diameter (Figures 12 and 22). The amoebocytes,

which are up to six times the size of the algal cells (Figure 19), are

quite capable physically of engulfing the algal cells on contact and

subsequently moving back into the tissues. The in vitro observations

of Clinocardium blood amoebocytes and symbiont cells (Figure 19)
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offer evidence that these amoebocytic cells do indeed possess the

capability to phagocytize the algal symbiont cells. The experimental

results in Table 8 do not indicate whether the experimentally infected

cockles became infected through phagocytosis by amoebocytes on the

surface or in the gut. It seems quite impossible to subject the surface

of the mantle cavity to infection by the algal cells without some getting

into the feeding mechanisms and subsequently into the gut. Molluscan

blood does not clot, but amoebocytic cells agglutinate reversibly into

clumps held together by pseudopodia (Bang, 1961; Drew and Cantab,

1910; George and Ferguson, 1950; Dundee, 1953; and Takatsuki, 1934).

This process would expose large numbers of amoebocytic blood cells

to potential algal symbionts at a wound site. Later, after the clump

had become invaded with connective tissue elements and the wound

healed, the amoebocytic cells could move off, possibly containing algal

cells and other foreign debris picked up at the wound site.

In lamellibranchs, the greatest accumulation of amoebocytic

cells appears to be in the region of the stomach, ducts of the digestive

diverticula and in the mid-gut. These areas would also be the sites of

the greatest accumulation of particulate matter brought in by the feed-

ing mechanisms. Takatsuki (1934) showed that oysters fed with India

ink, carmine particles and olive oil emulsions and fixed one day later

had in the lumen of the stomach large numbers of amoebocytes contain-

ing ingested particles. At the same time portions of the stomach
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epithelium contained particle-laden amoebocytes which appeared to be

passing through it. It would be reasonable to assume then that the

regions of the digestive system would be the greatest potential sites

of phagocytosis of algal cells. The experimental results in Table 8

suggest that through feeding on the syrnbiont cells either fresh or

cultured, uninfected cockles can acquire the infection. This mci-

dentally is in agreement with Koch's Postulates. Again, it is irnpos-

sible to determine exactly whether or not the gut is the only route of

entry as all the superficial tissues of the animal could come in contact

with the algal cells.

Another point which should come under discussion here is the

fact that none of the experimental animals under one year old became

infected (Table 8), and in the field collections no cockles under two

years old were found harboring the algal symbiont. Naidu (1969 and

1971) found a similar phenomenon occurring in populations of Placo-

pecten magellanicus off the coast of Nova Scotia, where no scallops

under three years old were found with symbiotic algae. He dismisses

it with the suggestion that the young scallops simply have not had the

opportunity to receive the damage to the tissues that he maintains is

necessary for entry of the alga into the scallop. It is difficult to

imagine, however, that for an entire population from several different

collection sites none of the scallops received any damage until after

its third year.



Ther e is very little known at the present time about the physio-

logical changes which occur in maturing bivalve molluscs. Information

available is largely restricted to oysters (Galtstoff, 1964). There are

several rather speculative explanations which might be offered in

seeking an answer to why the young cockles and scallops have not been

found with the algal symbiont that occurs in adults. Perhaps the young

animals do acquire the syrnbiont, but because of the small amounts of

animal tissue available for the symbiont to grow in, it causes such an

enfeeblement that the young animal dies soon after the infection. If

this were the case, however, some very lightly infected young animals

would have turned up. There might be a selective process by the

phagocytic cells, or perhaps a structural difference in the immature

gut of the young animals that either prevents the cell from being picked

up or prevents it from passing through the gut epithelium. One ex-

planation might be that there is a certain algal growth requirement

missing in the young that is present in the adult cockle. If this be true,

however, then there would be a marked difference in the growth of the

symbiont in media containing mantle fluid from immature and mature

animals. Table 6 shows that algal growth is nearly identical in media

enriched with mantle fluid filtrates from immature, mature uninfected

and mature infected cockles. These data, however, concern growth

of the symbiont cells, and may have no bearing on the mechanisms

involved in the actual entrance of the symbiont into the host animal.
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Bang (1961) found that in oysters, Crassostrea virginica, not all bac-

teria presented in vitro to the blood amoebocytes were phagocytized.

In some instances the arnoebocytes, upon contact with the bacterial

cell, reversed their direction or turned aside and moved away from

the bacterium. It might be that phagocytes of the young cockles have

this same reaction upon encountering the algal symbiont cell. It is

unfortunate that at the time the in vitro observations mentioned on page

were being carried out the immature cockles were not available to

test this suggestion.

Establishment of the Symbiont

So far the discussion has covered the mechanisms of symbiont-

host contact, and the possible routes of entry into the host. Once the

algal cell gets into the host, there are several factors to be considered.

Cheng (1967) lists seven factors in this second phase of host-symbiont

relationships, which are given on page of this thesis. Of these, all

can be applied to the Clinocardium-algal symbiosis, except the second

and the sixth which are concerned with intermediate stages of zoopara-

sites. For the algal cell to be a successful symbiont, it must become

located in a site which allows it to carry out its normal physiological

and reproductive processes. Takatsuki (1934) found that undigestible

particles which had been phagocytized by the amoebocytic cells of

Crassostrea virginica were carried out and deposited in the epithelial
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tissues. If this be the case in the Clinocardium-algal symbiosis, then

algal cells phagocytized in the gut or elsewhere would be deposited

throughout the epithelial tissues of the cockle. Of course the algal

cells would have to be able to resist digestion by the phagocytic cells,

and this will be discussed later under host's defense mechanisms.

Figures 14 and 15 show that the algal colonies are restricted to the

siphons, the immediately surrounding tissues and occasionally the

"knee" area of the foot. These areas are exposed to the light when

the cockle is in the normal undisturbed condition.

An interesting set of facts that should be brought up here would

be the modifications and adaptations of various members of the super-

family Cardiaceae when in symbiosis with unicellular algae. The

Tridacnidae, giant clams of the Indo-Pacific, have what has been de-

scribed as a highly mutualistic symbiotic relationship with a zooxan-

thella. The animals in these instances have become much modified in

that the shell and the underlying mantle have rotated in the sagittal

plane, the siphonal tissues which contain the majority of the algal sym-

bionts have become extended longitudinally and laterally, the pallial

eyes have become rrdified into light-focusing organs to bring more

light deeper into the infected tissues and the muscles have moved into

the monomyarian condition (Stasek, 1962; Yonge, 1936, 1953); all

modifications that bring more of the infected tissue into contact with

the light. For this amount of modification to have taken place, the
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symbiotic relationship would have to be a very old and presumably an

advanced one. Stasek (1962) also found an increase in the "dorso-

ventral angle" between fossil and modern shells as well as between

younger and older shells. This increase corresponds to the increase

in the extent of the siphonal tissues.

The heart shell Corcula cardissa contains zooxanthellae in the

mantle, gills and other superficial tissues, but has become modified

only in that the shell is thin and transparent and the animal habitually

lies on the surface of the bottom (Kawaguti, 1950). Clinocardium still

retains the more primitive body and shell arrangement, the shell is

thick and opaque, the animal habitually burrows and only a percentage

of the population harbors the symbiont. In other words, neither the

behavior nor the morphology of the cockle has shown any response to

the presence of the symbiont. This may indicate that the symbiosis

is rather recently established, or is of the type that does not select

for modifications which would benefit the animal through favoring of

the algal symbiont. If the latter is true, one could surmise that the

symbiosis is not of a mutualistic nature.

Host's Defense Mechanisms

The alga in this symbiosis has a complement of pigments includ-

ing chlorophyll a, chlorophyll b, neoxanthin, violaxanthin and lutein

(Table 7), which places it in the division Chiorophyta. The cup-shaped
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chioroplast which becomes diffuse in older cells (Figures 12 and 13),

reproduction by simple division and nonmotile aplanospores (Figures

12 and 20), the small (two to six) size and the thick cell wall (Figure

22) are all characteristic of the genus Chiorella. At this time the alga

will be tentatively assigned to the genus Chlorella, although exact

taxonomic designation awaits the work of a competent phycologist.

The reason for mentioning the taxonomic position at this point

is that algae of the genus Chlorella have been studied somewhat from

the standpoint of their use as a food source for various aquatic animals

(Cole, 1936; Marshall and Orr, 1955). In these studies it was found

that because of its thick resistant cell wall, Chiorella was generally

not a suitable food for some copepods and bivalve larvae. The experi-

mental results show that some of the symbiont cells are

able to pass completely through the digestive system and into the fecal

pellet and still remain viable. It might be that at least some of these

cells are able to resist digestion either by the host digestive enzymes

or by the phagocytic cells which would then react to them, as they

would to any undigestible particle and carry them out into the epi-

thelial tissues.

Cheng (1967) listed, besides phagocytosis, encapsulation by the

formation of connective tissue around the invading organism as another

form of mollus can defense reaction. Once the algal cells are in a

favorable location, they apparently start growing rapidly and form
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rather dense colonies from a few micra to several mm in diameter

(Figures 16 and 17). Only some of the algal colonies, especially the

larger ones (Figure 16), show any indication of encapsulation by host

connective tissue. This encapsulation is very thin, and may simply

be the normal tissue which has been distended by the expanding algal

colony (Figure 17).

The colonies seem to grow in all types of tissue. Figure 16

shows a small colony starting in a muscle bundle in the siphon, while

numerous algal cells are seen in the nearby blood sinuses. The

colonies are filled with algal cells in a variety of conditions. Most of

the cells either single or in various stages of division or aplanospore

formation are surrounded by a sometimes very thick matrix of what

appears to be a many layered secretion product from the algal cell.

Because the algal cells are only in contact with host tissue by an occa-

sional wandering amoebocyte or on the edges of the colony, and because

nearly every algal cell shows some of this extracellular accumulation

which follows every contour of the cell wall, it appears that it is pro-

duced by the algal cell. This product does not occur around the algal

cells in culture. Tripp (1958 and 1960) found that the plasma fraction

of oyster blood had a bactericidal action, later (1966) he found that the

mantle fluid, plasma and pericardial fluid will agglutinate erythrocytes

from a variety of mammals. It is possible that the plasma of Clino-

cardium has a similar but reduced effect on the algal symbiont cells
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stimulating the secretion of a protective barrier. Another considera-

tion is that this may be a naturally occurring phenomenon, but the

crowded, seemingly stagnate conditions within the algal colonies pre-

vents this material from being sloughed off and dispersed. The algal

colonies, especially the older ones, contain sometimes large accumu-

lations of what appears to be this material (Figure 17) and also the

wandering amoebocyte cells in the colonies are always seen with an

included body of similar material (Figures 18 and 19).

Leucocytosis is yet another molluscan defense mechanism, but

because of the relatively rare occurrence of host amoebocytes in the

algal colonies, it does not appear to be a factor here.

Because of the location of the algal colonies, nacreization does

not appear to be a type of host defense mechanism in this symbiosis.

However, in very heavy infections, an occasional algal colony will

burst against the shell edge. This does not seem to elicit any more

than the normal nacreization process which simply encloses some of

the algal cells (Figure 11).

Nutritional Requirements

In those invert-algal symbioses where nutritonal exchange has

been positively demonstrated, largely through the use of radioactive

tracers (Smith et al. , 1969; Trench, 1970), the host to symbiont cell

juxtaposition is very intimate, and in most instances the symbionts are
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intracellular. The symbiont cell to host cell ratio in infected tissues

is relatively low, with from one to several algal cells per animal cell.

Muscatine (1971) measured the production of extracellular photosyn-

thate of a marine zoochlorella cosymbiotic with a zooxanthella in

Anthopleura. He found that the relative amount of leaked photosyn-

thate from the green cells was negligible when compared with that pro-

duced by the zooxanthella. This green cell appears to be a Chiorella

(Hartman, unpublished) and has the same characteristics as the

Clinocardium symbiont. The possibility exists that both hosts harbor

the same alga as they are found in the same localities. Anthopleura

might be the natural host with Clinocardium an accidental host.

The nature of the algal colonies -- dense masses, sometimes

grossly displacing the host tissue, the lack of host structural or be-

havioral modifications and the fact that similar zoochlorella from

other hosts are not good mutualists - - indicate that the algae in Clino-

cardium is a parasite. From a speculative point of view, it is

possible that oxygen produced by the alga during photosynthesis can

be used by the cockle. It is unreasonable that this would diffuse out

through the oxygen-using host tissue without being picked up. Also

carbon dioxide coming off the host tissue could easily be taken up by

the alga.

The results in Table 4 show that the algal cells when inoculated

into or onto plain mineral (sea water) medium cannot live; however,
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few if any free-living algae will grow when in nonenriched culture

media (Fogg, 1965). When algal cells taken directly from the cockle

were inoculated into either Erd-Schreiber medium or Provasoli's ES-i

both fortified artificial media upon which many marine algae can be

successfully cultured, there was approximately a two month lag period

before the cells began to go into the exponential growth phase (Figure

1). This rather lengthy lag phase, however, could be reduced to about

ten days by the addition of as little as ten percent of mantle fluid fil-

trate from the host. Increasing the amount until the cells were in

100 percent mantle fluid filtrate did not further shorten the lag period.

Fogg (1965) described the lag phase as a period in which restoration

of enzyme and substrate concentrations to levels required for growth

takes place. The experimental data indicate that there is some element

in the mantle fluid that, while not an obligate factor, is one that the

algal cells produce through enzyme systems apparently inactive while

in symbiosis. This would account for the long lag phase when there

is no host fluid present. Faltstoff (1964) stated that the mantle fluid

of pelecypods, particularly oysters, is a rich source of proteins and

amino acids, and furthermore, he stated that these substances prob-

ably leak into the mantle cavity during diapedesis. The fact that there

was no difference in the lag phase in cultures fortified with mantle

fluid filtrate from either noninfected or infected cockles indicated

that the factor is normally occurring and not produced in response to
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the presence of the symbiont. Dusanic and Lewert (1963) found that

following infe ction of Australorbis glabratus by Schistosorna mansoni,

the free amino acid composition of the host plasma not only increased,

but two additional amino acids appeared. Heat treated mantle fluid

probably contained little protein as this would have been largely pre-

cipitated out during heating. A substantial precipitate was indeed

formed during the process. The heat treatment also would have de-

stroyed most of any vitamins present. Amino acids are probably

very abundant in the mantle fluid. They are not destroyed by heating

and they are readily assimilated by algae. These facts suggest that

the factor utilized by the algal syrnbiont is an amino acid or perhaps

several amino acids. The fact that the alga can eventually grow in

medium deficient in host fluids suggests that they are capable of a

nonsymbiotic existence and therefore fall into the category of a facul-

tative symbiont or, in view of previously listed characteristics, a

facultative parasite.

Mechanisms of Symbiont Escape

Because the algal cells possess no powers of independent move-

ment, active escape, the primary mechanism for many zooparasites

cannot be considered a factor here. However, in very heavy infec-

tions, the algal colonies will increase in size until the surrounding

animal tissue bursts, releasing many algal cells. But whether this



is an actual dispersal mechanism or a consequence of algal growth is

not clear.

Involuntary escape is probably the most plausible mechanism as

most of the amoebocytes within the algal colonies are seen carrying

algal cells. Also amoebocytes which phagocytize undigestible particles

will carry them out into the tissues and either deposit them in the

epithelial tissues or at their outer surface. The algal cells falling

into the category of undigestible particles due to their ability to resist

digestion by the amoebocytes probably are regularly carried out and

deposited variously in the epithelial tissues or at the surface, ensur-

ing not only dispersal to new potential hosts, but into new tissues as

well. This mechanism could also be categorized under Cellular

Escape, another of Cheng!s (1967) factors.

Passive escape could be achieved only through death of the host

and subsequent disintegration of the animal tissue. Ingestion of the

host by predators and resistance to their digestive processes could

serve to disperse the algal cells over a wide geographical area. Clam

diggers trimming away the infected tissue and tossing it back in the

water would also release large numbers of the symbionts.

Physical Factors

Table 5 shows that at least in culture the algal symbiont cell

has a temperature range of approximately 10°C between 10 and 20
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degrees. An interesting correlation with these facts is that nearly all

recorded instances of symbiotic marine zoochlorellae come from

colder waters: for example the green symbiont in Anthopleura

(Muscatine, 1971), Placopecten (1'.Taidu, 1969 and 1971), Convoluta

roscoffensis (Keeble and Gamble, 1907), Modiolus (Wilborg, 1946)

and the green symbiont in Clinocardium. On the other hand, tropic

symbiotic algae are almost entirely zooxanthellae (McLaughlin and

Zahi, 1966).
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SUMMARY AND CONCLUSIONS

1. In Yaquina Bay, Oregon, 35 percent of 1Z90 cockles, Clino-

cardium nuttallii, harbored an endozoic alga in the siphonal,

mantle and occasionally in the foot tissues. The infection did

not occur in cockles under two years of age, but increased in

frequency in each year class starting with the third through

sixth years.

2. Algal cells cultured on Erd-Schreiber or on Provasoli's media

began their exponential growth phase after approximately two

months. However, when host mantle fluid filtrates were added

to either of the media, exponential growth began after approxi-.

mately two weeks. Mantle fluid filtrates from immature

uninfected, mature uninfected and mature infected cockles each

produced the same accelerated growth rates of the cultured

symbiotic alga.

3. Optimum growth of the cultured symbiont cells occurred between

10 and 20 Centigrade. Above 20 C the cells died.

4. Thin layer separation of the pigments and subsequent spectro-

metric analysis indicated that the alga was a chlorophyte.

Other characteristics were those of Chlorella sp.

5. The algal symbiont can grow without host factors and when in

the host it causes an obviously abnormal condition Ly gross
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displacement of host tissue. For these reasons the relationship

appears to be parasitic and facultative in nature.

6. Uninjured mature uninfected cockles can become infected

through exposure to either fresh or cultured symbiont cells.

It was not determined whether this was achieved through the gut

or through surface phagocytosis by the cockle amoebocytes.

7. Amoebocytes in vitro were observed to engulf the algal symbiont

cells and carry them about. In electron micrographs the

symbiont cells were seen within amoebocytes.

8. The algal cells become established in the tissues of the cockle

which are normally exposed to light and form dense and some-

times large colonies which do not appear to elicit any overt

reaction from the host.



Figure 8. Collection site at Yaquina Bay (#8, Marriage, 1958)
in September. Note thick algal mat with character-
istic lumps caused by cockles just under algae.

Figure 9. Cockle exposed to show typical situation during
season when algal mat is covering area.
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Figure 10, Collection site at Yaquina Bay (#8, Marriage, 1958)
in mid February. Note absence of algal mat and
large number of dead cockle shells.

Figure 11. Ground section of Clinocardium shell (lOOx) showing
incorporation of algal syrnbiont cells (S) by normal
nacreization process.
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Figure 12 Clinocardium algal symbiont cells from initial culture,
Note distinct cup-shaped chloroplast structure in
young cells (A) and diffuse chioroplasts of older,
larger cells (B), Cell at (C) is in simple division
(97 Ox).

Figure 13. Clinocardium algal symbiont cells from initial
culture. Note cell at (D) with distinct polar
nodule. (970x)
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Figure 14. Clinocardium nuttallii heavily infected by algal
symbiont. Dark area at (A) is almost solid with
merged algal colonies. Colonies are also evident
in the knee" area of the foot (B). About 3/5
natural size.
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Figure 15. Siphonal tissue of Clinocardium nuttallii lightly infected
by algal symbiont. Note distinct colonies at (C).
About Zx natural size.

Figure 16. Section through infected siphonal tissue of Clinocardium
nuttallii, Note algal colonies (C) growing in muscle
tissue and algal cells (B) in blood sinus, 620x, Even
at this magnification the thick walled nature of the
symbiont cells is evident.
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Figure 17. Section as in Figure 16, showing overall view of
infected tissues, Note gross displacement of muscle
bundles (M) when infected with algal syrnbiont. The
large algal colonies contain much debris (D) in the
center. lOOx.

Figure 18. Amoebocytic cell of animal origin from within
symbiotic algae colony in Clinocardiurn nuttallii (M)
Animal cell mitochondria. (N) Animal cell nucleus.
(A) Intracellular accumulation body 11, 000x.
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Figure 19. Amoebocytic cell of animal origin as in Figure 18 (within
dotted lines) containing algal symbiont cells (S) of which
two are in division (D). Cell also contains an animal
mitochondrion (M) and the typical intracellular accumu-
lation body (A). 8, 000x.





Figure ZO. Algal symbiont aplanospore formation from colony
in Clinocardium nuttallii. (C), Chloroplast; (P) Pyrenoid;
(E) Extracellular secretion product. 17, 300x.

Figure 21. Aplanospore as in Figure 20. (A) Aplanospore with
four cells; (E) Thick extracellular secretion product.
8, lOOx.
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Figure 22. Single algal symbiont cell from colony in Clinocardium
nuttallii. Note thick cell wall (W); chioroplast (C) and
layered extracellular secretion product (E). 28, 000x.
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