A238 793

U

\\II*I\\\N\\Ill\‘\I\\I\\\.ll..l\!\,!l\\\\ﬂ\

ECURITY CLA
e

reruUKl UUCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

1a REPORT SECURITY CLASSIFICATION
U

1b. RESTRICTIVE MARKINGS
NA

2a. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION/AVAILABILITY OF REPORT

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE
NA

Distribution unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

NA

5. MONITORING ORGANIZATION REPORT NUMBER(S)

NA

6b. OFFICE SYMBOL
(If applicable)

NA

6a. NAME OF PERFORMING ORGANIZATION
University of California
Santa Barbara - Marine
Science Institute

7a. NAME OF MONITORING ORGANIZATION

Office of Naval Research

6c. ADDRESS (Clg/ State, and ZiP Code)
Marine Science Institute

University of California
Santa Barbara, CA 93106

7b. ADDRESS (City, State, and 2P Code)

800 N. ‘Quincy St.
Arlington, VA 22217-5000

8b. OFFICE SYMBOL
(if applicable)

ONR

8a. NAME OF FUNDING /SPONSORING
ORGANIZATION

Office of Nzval Research

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

NO0Q14-88-K-0440

8¢c. ADDRESS (City, Sta.e, and ZIP Code)

10. SOURCE OF FUNDING NUMBERS

800 N. Quincy S:. PROGRAM PROJECT TASK WORK UNIT
Arlington, VA 22217-5C00 ELEMENT NO NO. NO ACCESSION NO
61153N R0O04106 4412045

11. TITLE (Include Security Classification)

(U) An Amoeba/Zoozanthellae Consortium as a

Model System for Animal/Algal Symbiosis

12. PERSONAL # HOR(S)
Polne~Fuller, Miriam; R. Trench; A. Gib

or

13a. TYPE OF REPORT *3b TIME COVERED

Figal FROM _6/88 10 5/91

15 PAGE COUNT
2

14. DATE OF REPORT (Year, Month, Day)
1991 June 18

16 SUPPLEMENTARY NOTATION

None
17 — COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and dentify by block number)
FIELD GROUP SU8-GROUP v;:L consortium; food vacuoles; lectins; perialgal vacuoles;
Q6 Q3 selective uptake; selective retenticn; translocation,
N A4 0 Alr,ﬁ';,\,)“"‘f L yrey

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

\
We have been studying animal/plant symbiosis using a model
system of a single cell animal, the amoeba Trichosphaerium, and a

unicellular plant, the symbiotic

dinoflagellate Symbiodinium.

We have cultured the two partners as a consortium as well as

independe.tly.

We have been describing the life history of the

newly isglated.and poorly known amoeba, and investigating its
interactions with several species of these symbiotic

dinoflagellates.

(Continued on reverse)

20 DISTRIBUTION / AVAILABILITY OF ABSTRACT

B UNCLASSIFIED/AUNLIMITED (O SAME aS RPT J DTIC USERS

21 ABSTRACT SECURITY CLASSIFICATION
Y

22a. NAME OF RESPONSIBLE INDIVIDUAL
diclieel T. Marron

OFFICE SYMBOL
ONR,

22b TELEPHONE (include Ared Code) | 22¢

(202) 696~4760

DD Form 1473, JUN 86
S/N 0102-LF-0

Previous editions are obsolete.

SECLRITT D Asyr ICATION DF THIS pACGE

U

14-6603




THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DC NOT
REPRODUCE LEGIBLY.




U
SECURITY CLASSIFICATION OF THIS PAGE

Our major conclusions to date are:

1. The amoebal life history is composed of four distinct
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2. The amoebae recognize and differentiate four groups of algae
in the genus Symbiodinium. One group of Symbiodinium species
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cell. Another Symbiodinium species was toxic when phagocytosed.
A third group was bharely phagocytosed and mostly avoided, and the
fourth group created symbiosis with amoebae which stuffed
themselves full of these algae.

3. The amoebae do not only recognize the different algae but also
replace less desirable algae already in their cytoplasm with more
desirable (digestible and not toxic) species within 15 hours.

4. Two cytoplasmic vacuoles were distinguishible by differential
lectin staining in the amoeba. Food vacuoles containing bacteria
bound a variety of lectins while the membranes of perialgal
vacuoles containing undigested symbiotic algae did not.

5. Like a true symbiont, the algae transferred photosynthetic
metabolites to the amoebae and divided inside the cytoplasnm.

6. Low maintenance - Long term cultures of the consortium
have existed in culture as a closed system for over four years.

7. The selective digestion by the amoeba enabled the
establishment of axenic cultures of the nondigestible algae.
Contaminating microorganisms were eliminated by being digested
while the intact non-dcgestible algal cells florished and were
subsequently isolated and cultured axenically.

8. Enzymatic digestion of the algal surfaces by proteolytic
enzymes, or coating them with lectins, darmatically changed the
uptake rates and, in some cases, the speed of digestion indicating
involvement of cell wall surfaces in the initial recognition

stage and consortium formation.
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June 17, 1991

A FINAL REPORT FOR THE PROJECT "SYMBIOTIC INTERACTIONS BETWEEN
THE MARINE AMOEBA TRICHOSPHAERIUM AM-I-7 AND SPECIES OF THE
SYMBIOTIC DINOFLAGELLATE SYMBIODINIUM".

Miriam Polne~Fuller, Robert Trench, and Aharon Gibor
Marine Biotechnology Center, and Marine Science Institute,
University of California Santa Barbara, CA 93106

ABSTRACT

The large and multinucleated marine amoeba Trichosphaerium-
I-7, and some species of the dinoflagellate Symbiodinium were
used as a model system for animal/plant symbiotic interactions.
These two unicllular partners which can be independently
cultured, existed as a no-maintenance closed system for over four
years. The amoebae actively phagocytosed the algae which were
packed intact in amoebal cytoplasmic vacuoles within 1-5 days
after infection. The amoebae received photosynthetic metabolites
from the algae which helped maintain the animal cells at low
division rates. Both partners were capable of being cultured
independently when isolated from the consortium. The amoebal
cytoplasm was packed with the algal cells some in groups of as
many as 5 intact cells but mostly in single algal compartments.
Dividing algal cells were observed in TEM sections, as were few
dead cells. The amoebae were capable of digesting broken algal
cells and wall preparations, as well as killed or coated algae.
The recognition and uptake of the algae by the amoebae were
grossely effected by enzymatic digestion and lectin treatments of
the algal surfaces. The chemical nature of the changes on the
algal surfaces which effect uptake is yet to be determined. This
unique symbiotic interactions between the unicellular animals and
unicellular plant cells is being persued for further
investigations of the methods of communication between the
interacting organisms.




We have been studying animal/plant symbiosis using a model
system of a single cell animal, the amoeba Trichosphaerium, and
a unicellular plant, the symbiotic dinoflagellate Symbiodinium.

Over the last three years we have cultured the two partners
as a coiisortium as well as independently. We have been
describing the life history of the newly isolated and poorly
known amoeba, and investigating its interactions with several
species of these symbiotic dinoflagellates.

Our major conclusions to date are:

1. The amoebal life history is composed of six distinct
morphological forms 211 of which cycle around a multinucleated
stage ranging in size from about 30 to over 200 microns. This
main morphological stage (Morph~I, please see figures and diagram
in manuscript Appendix I) is also the one capable of creating the
consortium with the Symbiodinium (Polne-Fuller et al. Fig.17
Appendix I). Two of the transitions between the different forms
depends on culture conditions and can be easily induced, these
are the transitions between Morph~I and Morph-II and back to
Morph-I; and between Morph-I and Morph-III and back to Morph-I.
The others occure occasionally in cultures and the conditions for
their inductions are under investigation.

Trichosphaerium spends most of its life in Morph-I as it grows from
20um up to over 200um in diameter. The cells feed actively and
divide about once a day via binary fission. These originally
colorless cells engulf Symbiodinium cells and become plump full

and deep orange-~brown. Such consortia maintained themselves for
several years without media change.

2. The amoebae recognize and differentiate four groups of algae in
the genus Symbiodinium. One group of Symbiodinium species were
digested by the amoeba with no ill effects to the animal cell. They
also digest well a large variety of non-symbiotic dinoflagellates
such as Gonyaulax, Peridinium, and Gymnodinium. Another
Symbiodinium species was toxic when phagocytosed. A third group was
barely phagocytosed and mostly avoided, and the fourth group of
algae created a consortium filling the cytoplasm of the animal
cell. The ability of the amoebae to interact differently with

the different algae which supposedly belong to one genus presents

a system in which one can study the differences between these
algae. Especially the roll of surface component(s) in the
recognition phenomenon.

3. The amoebae do not only recognize the different algae but also
replace less desirable algae in their cytoplasm with more
des..able (digestible and not toxic) species within less that 15
hours. The exchange of the perialagal/fnod vacuole content
occured yardaally as amoebae full of sywplotic algae procceeded
to engulf newly introduced digestible cells of Chlamydomonas or
yeast, and simultaniously released the symbiotic dinoflagellates.




The released Symbiodinium was phagocytosed again three weeks
later when the digestible algae were consumed and if no other
digestible food was made available. In opposite experiments
amoebae well fed on Chlamydomcnas were exposed to Symbiodinium it
became obvious that the exchange of the vacuoles content was
controlled. Only minimal numbers of non-digestible algae were
taken up by the fed amoebae who ignored the Symbiodinium as long
as edible food source was made available (in preparation, paper
#5).

4. Two cytorplasmic vacuoles were distinguishable by differentiai
lectin staining in the amoeba. Food vacuoles ~ontaining bacteria
bound a variety of lectins while the membranes of perialgal
vacuoles containing undigested symbiotic algae did not. The
possible existance of two different types of cytoplasmic vacuoels
needs to be further characterized (Rogerson et al. Appendix II,
in print).

5. Like a true symbicnt, the algae transferred photosynthetic
metabolites to the amoebae and divided inside the cytoplasm
(Rogerson et 21. 1989). The amoebae collected at least 12% of
the fixed radioactive bicarbonate, the algae maintained about 60%
of the lable in them and the rest 28% was lost. The missing
radioactivity could have been lost to gaseous CO2 or to release
content of food vacuoles as the cells divided (multiple fission)
during the preparation of the consortia for counting (Rogerson et
al. 1989 Appendix III).

6. The algae supported low maintenance - long term cultures, of

the consortium which have existed in culture as a closed system for
over four years. In such selfsuffecient amoeba+algae cultures the
algae were present inside and out cf the amoebae. Many algae in
the cytoplam were in various division stages, and over 99% of the
algae were intact and viable and culturable upon release (in
perparation, paper #6).

7. As a result of the selective digestion the amoeba were useful
for establishing axenic cultures of the nondigestible algal
clones. Digestible contaminating microorganisms were eliminated
while the intact algal cells were isolated and cultured
axenically (Polne-Fuller 1991, Appendix IV, in print).

8. Enzymatic digestion of the algal surfaces, or coating them
with lectins, daramatically changed the uptake rates and in some
cases the speed of digestion indicating involvement of cell
surfaces in the initial recognition stage of consortium formation
(Polne-Fuller and Gibor, in preparation, paper #7).

9. Over 90% of the algae in the amoebal cytoplasms were intact as
observed in light and electron microscopy. Over 98% of the algae
developed colonies when released from the amoebal cytoplasm. The
induction of multiple fission is a useful methcods for separating
between the amcepae and their symbionts, and results in viable
populations of algae and amoebae. The morphology of the amoebae
releasing their symbionts was transformed from Morph-I into the




uniform populations of 20um flat and fan-like Morph-II (Appendix
I). Most of these small amoebae were not capable of taking up
Symbiodinium cells and starved to death when edible food source
was not made available. However, occasionally cells of Morph-II
amoebae did engulf algae and survived on Symbiodinium alone
creating consortia of one small amoeba containing 1-4 intact
algal cells. The biology of the phenomenon of multiple fission
and its relations to the amoebal ability to take up algae is
under investigation (in preparation, paper #8).

Patents:

The nature of this project studying cellular recognition and
symbiosis did not lend itself to patents so far.

During a meeting with the ONR patent lawyer earlier this year a
request was made to check the possiblity for a patent filing for
a unige "RECOGNITION" system. During a conversation with the
University of Califronia patent officer Dr. Annie Yau-Young it
was concluded that at this time we do not have an approperiate
patent material. It was suggested that a disclosure may be
possibly filed if future data indicates a unique nature of this
system of recognition.
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MORPHOLOGICAL FORMS
IN THE LIFE HISTORY OF THE TESTATE AMOEBA
TRICHOSPHAERIUM AM~I-~7

M. Polne-Fuller, L. Drake, J. Gibson, & A. Gibox
Marine Science Institute & Biological Sciences
Tniversity of Califormnia, Santa Barbara CA 93106

Key Words: Giant amoebae, marine amoceba, mini amocebae,
morphology, multiple fission, Trichosphaerium.




\.CT -
Six major -ell morpholdgicl /forms océtfjg)in cloned cultures

of the large marine amoeba Trichosphaerium Am-I-7. Morphology-I

(Morph-I): The most "common" cells - about 40-250 microns ir

diameter, multinucleated, reproduced by binary fission.

Morphology-II: Fan-like cells - 15-20 microns in diameter, 2-5

nuclei per cel ., resulted from multiple fission of Morph-~I cells.
Morphology-ITII: Giants -~ 300-2000 microns, multinucleated,
resulted from fusion of cells ¢f Morpn-I. Morphology-IV: Minies =~
about 5 microns long, uninucleated, resulted from extensive
multiple fission of Morph-I cells. Morphology-v: Minigiants -
15-40 micvons, complex net-like morphology resulted from fussion
of mini ocells. Morphology-VI: Clygterns - 30-40 microns round
cells origimted from Morph-I, and usually attached to each other
forming "grape-like" clusteres. The aifferent morphologies

~

appeared to be stages in the life history of this testate amoeba.
The two small forms (Morph-II and IV) eaexisted in <§Z; hronous
populations which had uniform number of nuclei and cell size. The
othar four morphLologies were less uniform in size and number of
nuclei, yet had distinct morpholoqicél characteristics. No sexual

interactions (gamon stage) were confirmed, although intsracting

pairs of Morph-I c¢:lls, and mixing of cytoplasms were observed.




INTRODUCTION

The large multinucleated marine amoeba Trichosphaerium Am-I7

is a testate rhizopod that feeds on seaweeds (Polne-Fuller 1985).
The genus is wide spread geographically and has been isolated
from sand samples, debris, and seaweeds, from southern Brazil,
northern and southern Australia, Hawaii, and California, by the
authors, and from eastern USA (Spoon 1988) and Europe (Rogerson
et al. 1989). Due to the limite published information availble
on this genus, and the lack of studies in pure cultures, its life

history remains partially unknown.

Trichosphaerium Am-I-7 has been cultured continuously in our

laboratory since its isolation in the summer of 1985 (Polne-
Fuller 1987). Over the years the species was re-isolated from
local beaches, and several independent cell lines have been

cloned and cultured.

The information presented here accumulated through culture
work of these, cloned and cleaned, isolates under various culture
conditions. We report of previously unknown morphological forms
of +this organism and their place in its life history. We also
raise further questions which require further experimentation

before a complete life history can be presented.




MATERIAL AND METHODS

The large, multinucleated marine amoeba Trichosphaerium Am-

I-7 was isolated from live tissues of the brown seaweed Sargassum
muticum (Polne-Fuller 1985). Single cells were isolated, cloned,
and cultured on yeast, unicellular algae, or seaweeds, in sterile
seawater (Polne-Fuller 1985).

Experimentation and observations of the different
morphologies were made in flat plastic tissue-culture flasks or
plastic perti dishes on an inverted microscope. For high
resolution observations samples were transferred ontoc jylass or
depression slides and sealed with silicon grease. Four periodic
feeding patterns were established. 1. Cultures were fed once a

week on autoclaved unicellular algae such as Chlamydomonas or

Gonyaulax. 2. Cultures were fed twice a month on autoclaved Bruer
yeast. 3. Cultures were fed once every two months on Kkelp or
other seaweeds. 4. Cultures did not need external feeding when
co-cultured with live marine unicellular algae such as Chlorella,

Dunaliella, or symbiotic dinoflagellates. The cultures were

observed on a daily or weekly basis as required.

Observations of the different morphologies were described
and recorded photographically during routine maintenance of the
cultures. Specific experiments were performed to confirm these
observations and to induce specifié morphological stages.
Morphology-I -~ "Common" 2p cells (Fig. 1-3):

Cells of Morph-I were maintained as the common starting
cultures for all experiments. They reproduced via binary fission
(2P = 2 progeny) and were harvested as the food source was nearly

depleted and the amoebae attached to the bottom of the culture




vessel.
Synchronized Morphology-II - Xp cells (Fig. 4-6):

To induce multiple fission, actively growing cultures of
Morph-I were rinsed well in clean seawater. Observations before
rinsing assured that the amoebae were well attached to the bottom
of the culture vessle. If When too many cells were loose,
vigorous shaking of the culture, followed by a 10 minutes of
stationary settling, induced attachment. When large food
particles loaded with amoebae were present, the particles were
allowed to sink to the bottom of the culture flask and the top
ligquid carefully discarded. Such repeated rinsing diluted the
medium sufficently to induce multiple fission as described below.
Recently fed cells, with full food vacuoles, had to be rinsed
about every 2-3 hours as they released the content of their food
vacuoles. Additional rinses followed as needed to remove the

freshly released, partially digested, food.

Morphology~III - Giants (Fig 7-8):

Giant amocebae formed when high densities of Morph-I cells
were present. To induce giant formation, large numbers of Morph-
I cells were placed in filter sterilized, "used" medium from well
established amoeba cultures. This medium was saturated with
water soluble food extracts and did not induce multiple fission.

The dense cell populations were measured daily and their changing

morphologies recorded.




Morphology-IV - Minies (Fig. 9-11):

Minies were observed occasionally in Morph-I cultures. Singl
cell isolation of minies was facilitated by finely pulled glass
capillaries. 1Isolated single mini cells, and groups of these
cells were cultured in 8-well microscopic slides (Falcon...) as
well as in tissue cultures flasks. The cells were fed either

yeast or ground Macrocystis. The cultures were observed daily for

two weeks.

Morphology-V - Minigiants (Fig. 12):
Minigiants were observed in dense cultures of Morph-IV mini-

cells. These were observed microscopically and documented

photographically.

Morphology-VI - Clusters (Fig. 13) :

Clusters of cells were observed occasionally in "old" and

possibly starved Morphology-I cultures.

Preparation of food sources:

Brewer’s yeast:
Dry Brewer’s yeast was autocalved in screw-cap, glass test

tubes. For routine culture, the autoclaved, caked yeast was
dissociated into loose powder and about 100mg was disturbuted
into the culture flasks of 50 cm2 attachment surface. In
quantitative feeding experiments, 100mg of autoclaved yeast
powder was ground in 1 ml of sea water. The suspension was
brought up to 100 ml sea water, and uniform amounts of suspension

were added to the cultures (1 ml per 10ml culture medium).

Seaweeds:




Seaweeds were either dried and ground into fine powder in a
mill (Polne-Fuller 1985, Polne-Fuller et al. 1989) or blended in
an Hamilton blender, with Nanopure fresh water. Maceration of
the tissues to about 200 micron pieces or smaller was carried out
in a fine homogenizer. The powder, or the wet macerated tissues
were autoclaved five times in fresh Nanopure water, to remove
water soluble matter. The washed scaweeds were autoclaved two
more times in seawater and divided into 20 ml screw cap glass
test tubes. Each tube was 2/3 filled with seaweeds and sea water
(1:1) and autoclaved (20 minutes, 120°¢, 250 psi).

Nuclear staining:

For staining the nuclei, cells were allowed to attach and
strech on a flat surface for about 15 minutes. The attached cells
were fixed with 1:3 acetic acid/alcohol. DAPI or Hochest
(refs...) dissolved in Nanopure water were added (lug/ml) and the
amoebae were observed under a fluorescent microscope. Nuclear
stains penetrated fixed cells easily and brightly stained the
nuclei within 1less than 5 minutes. Quick vital staining with
Hochest was performed in sea water. This dye was allowed to
penetrate stretched live cells for 15 minutes before
observations.

Low concentrations of DAPI, Hochest, and Acridine Orange,
were also used successfully as vital dyes. Hoéhest was used at
10mg/ml, DAPI at 0.1mg/ml, and acridine orange at 0.0lmg/ml. All

three stains were added to the cultures one week before <the

experiments.




Time-lapse photography:

Motion of amoebae and their feeding habits were observed
through a time-lapes photographic system. A Mitchubishi Time-
lapse recorder and a Mitchubishi color movie camera were used.
Exposures were taken three times a minute and observed at real

time.




RESULTS AND DISCUSSION

Observations over five years of culture and a wide range of
experimentations revealed six distinguishable morphologies of
Trichosphaerium Am-I-7. These morphologies were related to the
growth and the life history stages of the cultured amoebae.

The order in which the following morphologies were presented
is somewhat arbitrary. The selection of "Morphology~I" as the
first to be numbered was due to its being the dominant cell form
in growing cultures and the most common morphology from which

other formes differentiated.

Morphology-I - 2p cells:

These cells divided by binary fission, each mother cell
producing two similar progeny which were not always identical in
size. Morph~I was previously documented and published as the

normal Trichosphaerium morphology (Angell 1976) which were

usually found in field samples.

Cell sizes of this morphological form ranged from 30 to over
250 microns, and contained 10 to over 270 nuclei, where larger
cells contained a larger number of nuclei. Attached cells became
flater and 1larger as they stretched on the substrate. Wide
lobopodia were actively extended constantly changing the
morphology of the amoeboid cell. Filipodia were forming, slowly
appearing and disappearing, and their numbers increased in the
direction of motion. Detached cells became round and their
filipodia were extended into the surrounding medium in all
directions, thereby, holding the cells above the substrate.

Movement of detached cells was performed by shifting cell weight




from filipodia which were in contact with the substrate to newly
extended ones. This type of motility lasted about 10-15 minutes
until the cells re-attached and flattened. A few cells attached
as soon as 2 minites after stationary conditions, while the
majority of the cells required about 15 minutes to establish
stable attachment.

Active cytopiasmic streaming was observed on time-lapse
recordings. Cytoplasmic activity was a good indication of cell
viability at all morphological stages. Another useful indication
of wviability was the close contact of the test to the cytoplasm.
Swelling of the tests was always an indication of 1ill health,
although at times a rinse with clean sea water reversed the
condition and saved the cells from death.

On two isolated occasions pairs of Morph-I cells were
observed in otherwise regqular cultures (Fig. 16). The pairs
remained in contact for at least nine hours, and disappeared by
the next day. The function of this distinct and uncommon pairing
formation was not determined, although interactions between cells
in less distinct formations was common.

Another uncommon morphology which was found occasionally in
Morph-I cultures was amoebae containing smaller, intact, amoebae
inside their cytoplasmic vacuoles. The smaller amoebae were alive
and their filipodia extended and active. The interaction between
the large containing cell and the smaller contained amoebae was
either an uncommon vegetative propagation, possibly leading to
morphology 1V (see below), or a case of larger cells preying on
smaller cells. Preying-like activities were observed on several

occasions in both naked Trichosphaerium and spicuoled species.
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Morphology-II - Xp cells (Fig. 4-6):

Cells of Morph-I1I were termed XP cells expressing the variable
number (X) of Progeny which they produced through their multiple
fission.

Induction of multiple fission was reliable and simple to
perform, although it biochmical process is not understood. The
phenomenon can be reliablly induced by rinsing Morph-I cells with
clean sea water. It is not clear whether the induction of this
multiple fission involved a removal of an inhibitory factor(s) or
an introduction of an inducer(s). Extensive dilution of Mused"”
medium and its replacement with sea water was the most reliable
way for inducing XP, however, at times stresses of other kined
also resulted in multiple fission. An examples was a two hour
gentlse but constant shaking of cultures during travel, which
resulted in an XP population. In contrast, similar shaking on a
rotary shaker at room temperature in the laboratory did not
induce multiple fission. On several occasions, starved cultures
also contained as many as 50% XP cells however, their neighboring
cells remained in Morph-I.

Multiple fission was inhibited by yeast, seaweed cell
extracts, the content of amoebae food vacuoles, as well as by
highly concentrated sugar solutions.

Cells of this morphology were uniform in size (20 micronsj),
fan-like, with a denser cytoplasm area ocuping half of the cell
and a clear fan-like lobopodium extended at the direction of
motion. Filipodia were not common in these small cells, although

they were seen extended from the lobopodium occasiocnally.
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Detached Xp cells became round and extended filipodia +to the
medium as did the Morph-I cells.

Xp cells contained 1-3 nuclei (rarely one) all present in the
dense cytoplasmic area. The cells started feeding 1-3 days after
their division and developed into Morph-I cells within one week.
Single isolated XP cells were cultured to determine whether each
can develop independently into Morph-I. All 50 isolates developed
into normal Morph-I amcebae indocating that these are not a

sexual gamont stage.

Morpholeogy-III - Giants:

Giant amoebae formed when large densities of Morph-I cells
were present. They reached sizes of as large as 3000 microns and
their nuclear numbers were tbo large to count (over 1000).
Giants existed in stretched morphologies as well as large solid
patches (Figs. 7,8). Many were pale indicating inactive feeding.
To induce giant formation, large numbers of Morph-I cells were
concentrated in culture flasks or petri dishes. This procedure
had to be performed in "used" medium, saturated with water
soluble food extracts, to avoid induction of multiple fission.

Patches of giant amoebae were formed within 2-4 days after
transfer to dense cultures. The giants were formed by
aggragations of Morph-I "common "amoebae which fused their tests
and cell membranes. Mixing of two live populations of amoebae,
one with nuclei stained by DAPI and the other by light acridine
orange, indicated that the nuclei of giant cells streamed into

neighboring cytoplasm through the first narrow bridges which were
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formed. This exchange of cytoplasm occured even befcre the tests
and cell membranes completed their fusion. Cytoplasmic exchanges
were commonly seen among the many cells forming the giants,
however, single Morph-I cells which were in contact with only one
other cell of the same morphology, were also likely to exchange
cytoplasm in densely populated cultures.

Giants lasted for about one week and then seperated back into
Morph-I cells. Similar interactions of bridge formation, mixing
of cytoplasms, and re-separation occured in dense population of

Morph-I cells even if giants were not formed.

Morphology-IV - Minies:
Minies were the smallest size cells which were observed in the

l1ife history of Trichosphaerium~I-7. They were about 5 micron

long (Fig. 10), uninucleated, and emmerged in large numbers from
the tests of morphology I cells (Fig 11). Induction of minies in
the laboratory was not reliable although they appeared in well
fed cultures and more frequently in starved ones. The cytoplasm
of minies was smooth and uniform, and did not produce lobopodia
or filipodia. Their common pattern of motion resembled that of a
large spiral bacterium with occasional amoeboid movement as the
cell changed its direction of travel.

Twenty five samll groups of minies (5~12 amoebae in each
group) were isolated and cultured. All of these grew back into
"common®” amoebae of morphology I. However, only two of twenty
five single isolated minies developed into morphology I amoebae
while the other twenty three lived for about a week, did not

feed, and died. The chance of having two mini amoebae tranferred
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together or two cells which fused before they were transferred is
not impossible. Therefore, it is not clear whether isolated,

single minies of Trichosphaerium are capable of growing into

morphology I amoebae, or whether they may be a gamont form

requiring a mate.

Morphology-V - Minigiants:

Minigiant amoebae were observed in dense cultures of morph-
IV minies (Fig. 12). They were never intentionally induced nor
where they observed to develop into morph-I amoebae. However,
minigiants were observed at length by microscopy and time-lapse
photography. Their migration out of the mother cell’s test lasted
about 24 hours, and their agregation into minigiants, an active
migration and fusion, occured with in 3-5 days after mini
formation. Minis existed in a variety of sizes, from single cells
(3-5 micron long) to 2 or more fused cells (7-15 micron), and up
to the minigiants, a reticulate form of up to 40 microns in
diameter. Since small groups of minies regenerated into morph-I.
Since minigiants were also aggregates of mini cells, it is likely
that minigiants may also be able to grow into the "common" morph-

I form.

Morphology VI - Clusters:

Clusters were observed occasionally in older, starved,
morph-I cultures with high concentration of degraded food
particles (Fig. 13-14). They appeared as groups of about 40
micron amoebae clustered together attaching to each other. A few

of the amoebae at the bottom of the clusters were attached to the
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substrate. Clustered amoebae spent days, possirly weeks at this

morphoclogy before they returned to the attached morphology I

stage and started feeding again.

CONCLUSIONS

Trichosphaerium I-7 survived perpetual subculturing of its

Morph-I form for the last five years. However, at least five
other morphologies did exist in its life history and four of them
are known to re-differentiate into the common morph-I cell type.
Fig. 17 summarizes the source of differntiation and the target
form for each of these morphologies. It is interesting to note
that four of these morphologies returned to the source form of
Morph-I, there being Morph-I,1I,IIXI, and VI. Morph-IV did
returned to Morph-I when more than one mini cell was present, and
Morph-V, although was not observed returning to Morph-I would be
likely to do so, since it in itself formed from fusing Morph-IV
cells.

Several questions still remain unanswered. We do not know
the exact sequence and function of the different morphologies of
the life history of this protozoocan in the field. We do not know
whether any of these forms are necessary for the 1long term
survival of the species, or whether any of the morphulogies
interact as sexual entities. It is also unknown whether the
nuclei in the mixing cytoplasms were fusing. Ecologically it
would make sense that both forms of multiple fission, and the
clusters are advantageous for dispersle of a large numbers of
germplasm at time of stress The ecological advantage of giants

is not clear although their function as a mixing pot for nuclei
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of many cells may have some genetic advantages.

During the present study all of the amoebae were of naked,
non-spicuocled morphology. We have not observed the appearance of
spicucled forms in the cultures of any of these morphologies at

any time and under any culture conditicns. This suggests that the

known spicuocled form of Trichosphaerium (Sheeham & Banner 1973)
is probably a differnet species than the naked form with which we
are working, and may not be an agamont. However, in cultures of
spicuoled isolates we did observe appearance and disappearance of
partially spicuoled, sparcely spicuoled and seemingly naked

amoebae. Further work on the spicuoled species is in progress.
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Table I: MORPHOLOGICAL CHARACTERISTICS OF THE DIFFERENT FORMS

size/um div. nuc. period £ili. lobo.
Morph-I 30->200 2p 5->200 cont. 0->10 0->5
months/
years (?)
Morph-II 15-20 Xp 3-5 3~-7days rare 1
Morph-III>300-5000 Xp >300 4-9days many few
Morph-1IV 2-6 none 1 5-10days none none
Morph-V 10-30 ? >20 7-14days none none
Morph-VI 40-60 none 20-50 7-30days many rare
Pairs 60~-80 none 40-70 1-5days few none

feeding food vac. motion

Morph—-I yes yes 7-12um/min
Morph-II yes none 10-20um/min
Morph-IIT no yes cytoplasmic
Morph-IV ? none 30-40um/min
Morph-V yes none ?
Morph-VI no few cytoplasmic
and local
Pairs no yes cytoplasmic
18




FIGURE LEGENDS:
Fig. 1. Cells of the commonly present Morphology-I (Morph-I) of

Thrichosphaerium. Lobopodia (clear arrows) and food vacuoles

were commonly present. Occasional large vacuole(s) accumulated
"feces" (dark arrowheads). Dactylopodia were also common.

Bar = 40 um.

Fig. 2. A dettached cell of Trichosphaerium which was fed agar

on which Symbiodinium (a dinoflagellate) was cultured.

Detached cells extended many filipodia (dark arrows)

which protruded through a "volcano-like" cone (clear
arrows). The granularity of the cytoplasm is due to the

agar packed in many food vacuoles. Several cells of the alga

Symbiodinium were also phagocytosed (dark arrow heads).

Bar = 15 unm.

Fig. 3. Binary fission in Trichosphaerium fed on Chlamydomonas.

The narrow cytoplasm (dark arrow) evantually became thread
thin before disconnecting (see Fig. 6). Released and
partially digested algal cells can be seen at the bottom
left (clear arrow). A progeny of another binary fission is
present at the top right (black arrow head), its brother
progeny is just above him and can be partially observed

at the top right edge of the photo. Bar = 10 um.

Fig. 4. Progeny of one amoeba which completed multiple
fission Morph-II. Rinkled cells without a lobopodium are the
immediate product of the last fission (dark arrow heads).
Within 3~10 hours each cell stretched and become motile

extending a lobopodium (dark arrows). Dactylopodia with very
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Fig.

Fig.

Fig.

Fig.

small or invisible cones were sometimes present.

Bar = 25 um.

5. A close up of stretched motile progeny of multiple
fission. Twenty four hours after fission the cells were
motile and polarized. A clear lobopod attached to the
substrate via cytoplasmic pads in the direction of motion
(clear arrows), and dense cytoplasm containing organels was
ready to roll off the substrate (dark arrows) in the process
of motion. Bar = 10 um.

6. Stretched amcebae during the first 3-7 hours of multiple
fission. The cells released their food content and have been
dividing repeatedly. Thin cytoplasmic strings (dark arrows)
about to break apart, are the last bridge between the
dividing cytoplasm. A small nonmotile cell (clear arrow),
typical progeny of multiple fission is marked by the celar
arrow. Dactylopodia can also be seen. Bar = 10 um.

7. Two giant Trichosphaerium (Morph-III, black arrows)

surrounded by Morph-I cells (clear arrows). The giants are
lighter in color, an indication of lack of food in the
cytoplasm. The smaller is 200x400 um, the larger 800x1,400
um. The size of the surrounding cells range between 40-150
um. The giants were formed by fusion of Morph-I cells. Bar =
150 um.

8. A giant in the process of formation. Present length is
2,560 um. The cell test and membrane are distinct as the
cell releases the content of its food vacuoles (clear

arrow). The reticulate nature of the merging cells may be
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Fig.

Fig.

Fig.

Fig.

Fig.

elaborate. Giants as large as 5 mm in diameter were
observed. Bar = 40 um.
9. Mini cells (Morph~-IV, 2x3-5 um, dark arrows) immerged out

of a Trichosphaerium similar to the one in the center of the

field (clear arrow). Their snake-like motility isa expressed

in their generally sigmoid shapes. Bar = 15 um.

10. Mini cells three days after release. What were uniform,

2x5 um cell at release (larger clear arrow), have fused into
cells of variable sizes. Fusents of two and more mini cells can
clearly be distinguished (dark arrow heads). Some assume
amoeboid forms and motion. A 20 um cell, a progeny of

multiple fission (Morph-II), presents a good reference for

size and form (dark arrow). Bar = 6 umn.

11. Transformed Morph-I cells (clear arrows) releasing mini
cells (dark arrows). Bar = 10 unm.

12. A nmini-giant (Morph-V) formed a week after release of
mini cells. It is not known whether the reticulate form was
created by the fusing mini-cells or by secondary motility of
the already formed giant. Bar = 15 um.

13. Clustered amoebae (large clear arrow) attached to each
other as well as to the substrate. Clusters formed in
cultures where the cells were starved and the only particles
in the vessel were amoebal feces (small clear arrow).
Occasionally cells detache from the cluster and migrate away
or settle within close vecinity to the source cluster (dark

arrow). The later were likely to move back and reattach to

the cluster.
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Fig.

Fig.

14. Dedifferentiating cluster. Two to four week old clusters
did disperse and their cells became motile and migrated in
search of food. Allatched cells formed lobopodia at the
direction of motion (dark arrow). When cluster
dedifferentiation occured, all of the cluster cells went
through the process within no lionger than 5 minutes. Time

lapse photography revealed that the rounded cells (clear

arrow) which formed the body of the clusters were healthy

and their cytoplams in constant motion.

15. Trichospaherium cells containing cyst-like round cells

(dark arrow) were occasioanlly observed. These were alive,
as indicated by their streaming cytoplasm. However, they
were not seen to immerge out of the mother test (dark arrow
heads). Bar = 10 um.

16. Rare formation of pairs was observed on three different
occasions. The paired cells remained paired for at least one
week, and then parted. Their morpholcgy ana generzl motion

aft=sr detaching from each other were undistinguishable from

A0rpn—-1I cells.
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Summary

The binding characteristics of 7 different FITC-conjugated lectins with 7
species and 1 strain of marine amoebae were examined. This survey identified
8 different binding compartments in the cell. Although there was little congruity
in binding action, even within a single genus, the survey did highlight cases
where lectin binding has diagnostic application in the identification of closely
related ard morphologically similar amoebae. Moreover, one strain of amoeba,
Paramoeba HB showed unique cytoplasmic binding with Triticum vulgaris
agglutinin (WGA). The fine structure of this amoeba was examined and a
vesicular cytoplasmic region was identified as the probable site of WGA-
binding. The applicability of lectin binding for the identificaticn and study of

marine amoebae is discussed.




Introduction

Lectins are proteins which bind specifically to carbohydrate moieties of
complex carbohydrates, glvcoproteins and glycolipids. First described from the
seed. of »lants, lectins are now known to be widely distributed among viruses,
bacteria, plants and animals (GOLD and BALDING 1975) where they exhibit
an array of interesting biological and .hemical propertics. However, it is their
capacity to act as cell surface recognition molecules that has aroused most
interest (e.g. WEIR 1950) and they are now popular biochemical tools in cell
biology often finding application as discriminatory agents (ETZLER 1985).

Lectins have been used to idenufy sugar residues in a variety of free-living
protozoa, particularly the ciliates Paramecium (MERKEL et al. 1981; LUTHE
and PLATTNER 1986; LUTHE et al. 1986; ALLEN et al. 1988), Euplotes
(LUEKEN et al. 1981), Stentor (MALONEY 1984, 1986, i988) and
Terrahymena (FRISCH and LOYTER 1977, WATANABE et al. 1981). To date,
no free-living marine amoeebae have been examined for lectin-binding activity
although Con A has been used to determine the involvement of glycoproteins
on the cell surface of freshwater Acanthamoeba during phagocytosis (BROWN
et al. 1975), to study surface compartments involved in the locomotion of
Naegleria (PRESTON et al. 1975 and to distinguish between species of
Naegleria (De JONCKHEERE et al. 1984).

We reasoned that the specificity of action of lectins could make them
powerful biochemical tools in the identification of naked amoebae; a difficuit
group to identify to species because of the lack of objective diagnostic features
(ROGERSON 1988). Thus, in an attempt « define diagnostic appiications of

lectin binding in amoebae, this descriptive study examines binding sites in




amoebae from different genera. The study follows and complements an earlier
investigation of novel cytological staining methods which have application in the
identification of marine gymnamoebae (ROGERSON 1988).

Materials and Methods

Cultures. Cultures were obtained from the Culture Collection of Algae and
Protozoa (CCAP), Windermere, England, United Kingdom. Detailed procedures
on culture methods are given elsewhere (PAGE 1983) and only brief details are
included here. Mayorella kuwaitensis (CCAP 1547/1) and M. gemmifera (CCAP
1457/8) were cultured in Egyn’s Erdshreiber medium and C75S medium
respectively with bacteria (an unidentified species of Pseudomonas), fungi and
flagellates. Paramoeba pemaquidensis (CCAP 1560/4), P. aestuarina (CCAP
1560/7) and P. invadens (CCAP 1560/8) were cultured on MY75S agar with
Pseudomonas; P. eilhardi (CCAP 1560/2) was grown in Egyn’s Erdschreiber
liquid medium with the same bacterium. Two additional amoebal isolates were
examined. An undescribed species of Paramoeba, morphologically similar to P.
pemaquidensis, was collected from below the sea ice in Hudson Bay, Canada by
Dr. M. Lewis of Dalhousie University, Halifax, Nova Scotia, Canada. Clones
were isolated and maintained on MY7S5S agar with Pseudomonas. This
Paramoeba has been used in a previous study where it was designated research
strain HB. Trichosphaerium AM-1-7 is a marine isolate from California,
maintained in liquid culture (C75S with bacteria) and described by POLNE-
FULLER (1987).

Lectin binding. Lectins conjugated with fluorescein isothiocyanate (FITC)
were purchased from Vector Laboratories (Burlingame, CA, U.S.A.). These,

together with their nominal sugar specificities (ARAY 7O et al. 1980), were as




follows: Ulex europeus agglutinin (UEA-1;4-L-fucose), concanavalin A (Con-A,;

o-D-glucose and «-D-mannose), Ricinus communis agglutinin (RCA IZO;F-D-
galactose), Dolichos biflorus agglutinin (DBA; N-acetyl- &-D-galactosamine),
Triticum vulgaris agglutinin (WGA; N-acetyl- 8-D-glucosamine) and Arachis
hypogaea agglutinin (PNA; N-acetyl-D-galactose- $-galactose).

To investigate lectin-carbohydrate interactions in amoebae, cells from
exponentially growing cultures were washed off agar surfaces with sterile
filtered seawater or decanted from liquid cultures and concentrated by gentle
centrifugation. Cells were washed 2 times in seawater before fixing in 8%
formaldehyde (diluted with filtered, sterile seawater) for 30 min. This fixation
protocol ensured that membranes were poorly preserved thereby allowing
penetration of lectins into the cell. After 3 washes in sterile mediuxh, cells were
concentrated in 1 ml of medium to which 40 pg of lectin was added. Amoebae
were labelled for 30 min, washed 3 times in fresh medium and examined on a
Zeiss Photomicroscope III with epifluorescence. Photographs were recorded on
Kodak Tri-X film with exposure times between 10 and 90 s.

Electron Microscopy. The Paramoeba HB isolate showed a unique
cytoplasmic staining feature with WGA. In an attempt to identify this
cytoplasmic structure at the ultrastructural level, cells were examined by TEM.
Amoebae were fixed simultaneously for 20 min in 2% glutaraldehyde and 1%
osmium tetroxide made up in a 30:50 mix of seawater and 0.1M sodium
cacodylate buffer (pH 7.2, temp. 4 C). After 4 washes in cold distilled water,
cells were dehydrated through a graded acetone series (30% to 100%) and
embedded overnight in Spurr’s resin. Thin sections were stained with uranyl

acetate and lead citrate and examined in a Philips 300 TEM.




RESULTS

Lectin-binding identified a total of 8 different cellular compartments among
the range of amoebae examined. These are listed in Table 1 and examples of
each are illustrated in Figs 1 to 8. They include the cell surface, cytoplasm,
digestive vacuoles (ie. membranes and/or contents), nucleus, nucleolus, nuclear
membrane, parasome and cytoplasmic vesicular regions.

The most consistent lectin-carbohydrate binding pattern occurred between Con

A and the cell surface. In amoebae this surface, or glycocalyx, is often
structurally complex (Fig. 12). The uniform bright fluorescence (Fig. 1) clearly
delineated the morphology of the cell and occasional surface features such as the
pores (Fig. 2) of the walled amoeba Trichosphaerium. None of the other lectins
surveyed gave the same degree of binding consistency as Con A; nevertheless,
some generalizations can be drawn.
The genus Paramoeba was unique in that some component of the nucleus,
usually the nuciear membrane, bound Con A (Table 1). However, it should be
noted that while none of the other genera showed nuclear binding of Con A, the
possibility of a weak interaction being masked by the intense wall binding,
characteristic for this lectin, cannot be discounted.

The lectin UEA-1 labelled the cell surface, cytoplasm or nucleus of most of
the Paramoeba spp. (Table 1). A notable exception to this trend was found in
the case of Paramoeba HB which showed no binding with UEA-1. This
negative result is a useful observation for the histochemical identification of this
particular isolate. Similarly, the cell surface and nucleus of Mayorella
kuwaitensis bound UEA-1 whereas no binding was evident in the
morphologically similar species M. gemmifera.

The lectin RCA 120 bound to components of the digestive vacuole

compartment of M. kuwaitensis and Trichosphaerium and to the cytoplasm and




nucleus of both Mayorella spp., but failed to bind to any of the Paramoeba
' Spp-
The lectins SBA, DBA and PNA all showed variable binding action. Many

of the amoebae examined, notably the mayorellas and Trichosphaerium, did not

bind these lectins (Table 1). Where positive results were observed, surface
and/or cytoplasmic interactions predominated. Again, it is the anomalous results
that are of greatest interest. For example, the results in Table 1 show that the
binding of PNA to the nucleus of P. pemaquidensis distinguishes it from the
other paramoebas and that nuclear binding of DBA distinguishes P. invadens

from the morphologically similar Paramoeba (HB) and P. pemaquidensis.

The lectin which showed the greatest range of binding action was WGA. In
many instances, specific components of the nucleus were stained (Table 1). This
lectin also bound, albeit unpredictably, to the cell surface, cytoplasm or digestive
vacuoles of the different amoebae surveyed. In P. eilhardi and Paramoeba HB,
WGA stained the parasome, the DNA-rich intracellular bodies characteristic of
amoebae belonging to the genus Paramoeba. An intriguing, and unique, binding
pattern with WGA was observed in Paramoeba HB. Two brightly fluorescent
regions were a prominent feature in the majority of cells examined. These
unique sites were located in the cytoplasm, frequently in pairs close to the
nucleus and parasome (Fig. 8).

To further determine the nature of the WGA-binding sites and general
ultrastructural features of Paramoeba HB, cells were examined by TEM. The
cell surface of this amoeba is covered by a glycocalyx composed of tightly
packed tubular elements (Fig. 12). Few hairs or filaments were detected on the
surface. The spherical nucleus had a prominent central nucleolus. As is often the
case in this genus, the nucleus was closely apposed to the parasome, partially
surrounding it (Fig. 9), however, no connections between these structures were
found. The parasome had two end poles (only one is shown in the oblique

section, Fig. 9) and a middle region containing fibrillar material. The cytoplasm
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was characterised by numerous vacuoles and vesicles (Fig. 10). Vacuoles
recently phagocytosed, i.e. still possessing an intact glycocalyx, had an angular
appearance (Fig. 11). Mitochondria were elongate, about 1 pm in length, with
tubular cristae. No Golgi stacks were observed although a vesicular region with
possible similar function was found in the cytoplasm adjacent to the nucleus
(Figs. 13 - 14). The location, size (1.0 - 1.5 pm) and paired nature of these
vesicular inclusions suggests that they are the sites of WGA-binding observed

in this strain of Paramoeba.

DISCUSSION

Binding of Con A to the cell surface of amoebae was dramatic, but hardly
surprising in view of the glycoprotein-rich cell coat (glycocalyx) which covers
most amoebae (PAGE, 1983). Although the morphology of these coats is
markedly different between genera (surface structure being one of the most
objective diagnostic characters in the identification of amoebae) they share a
common binding affinity for Con-A. This indicates some chemical conservation
in the glycoprotein coat of dissimilar marine amoebae, at least in terms of the
exposed A-D-mannose and <-D-glucose moieties. It should be remembered,
however, that Con A is broader than other lectins in terms of specificity and it
will also bind to closely related sugars (SHARON et al. 1979). Similar surface
binding with Con A has been reported for the freshwater amoeboflagellate
Naegleria (PRESTON et al. 1975). While uniform surface binding of Con A is
not unique to amoebae, most studies with other protozoa report less regular
binding of this lectin. Typically, binding sites are either less distinct or restricted
to specific regions of the cell surface (FRISCH and LOYTER 1977; LUEKEN
et al. 1981; WATANABE et al. 1981; ALLEN et al. 1988). The delineation of

the entire surface and/or cytoplasm of amoebae with FITC-Con A, rega. dless of




species, may have application in the enumeration of amoebae from open water

samples and from experimentai cultures. If the levels of organic floc and debris

are low in the samples, it should be possible to discern fluorescing amoebae in

fixed and stained material in the same way that the fluorochrome DAPI has been

used for visualising nano- and pico-plankton collected on filters (eg. FINLAY
et al. 1988).

In the most recent classification scheme proposed for the naked amoebae
(PAGE 1987), P. pemaquidensis and P. aestuar;ina have been transferred to the
new genus Neoparamoeba. This leaves P. eilhardi in the family Paramoebidae |
being more closely related to the genera Mayorella and Dactylamoeba. Although
the present study was not designed to examine taxonomic relationships, it is _
worth noting that on the basis of lectin binding, P. eilhardi is more similar t0 |
the paramoebas than to Mayorella (Table 1, Con A and RCA 120). Further work
with lectin binding may help in these distinctions but for the present we have

retained the genus name ParamocZa for all those species containing a parasome.

In all Paramoeba surveyed in this study Con A bound to some component of
the nucleus, usually the nuclear membrane. Similar findings have been reported .
for Paramecium (ALLEN et al. 1988) and in vertebrate cell;:g{lr;coproteins with
Con A binding affinity are major components of the nuclear membrane pore -
complex (GERACE et al. 1982). However, the lectin with the greatest affinity
for nuclear components in amoebae was WGA, an acetyl glucosamine specific,
lectin. Here, the nuclear membrane and nucleolus were common binding sites |
which is consistent with binding in mammalian cells. Glycoproteins of the
nuclear pore complex bear N-acetyl glucosamine groups (TORRES and HART
1984) as do some glycoproteins of the nuclear interior, nuclear envelope and
cytoplasm (HOLT and HART 1986).

Most of the other lectins examined failed to exhibit the same degree of

consistency of action that was seen for Con A and for WGA. Nevertheless, these
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lectins, if treated on an individual basis, are interesting since they give binding

pattérns that have application in selected research areas. For example, the ability
of RCA 120 to delineate digestive vacuoles in Trichosphaerium has allowed the
histochemical separation of digestive vacuoles from perialgal vacuoles
containing endosymbiotic dinoflagellates in this amoeba (ROGERSON et al. in
press). The lectin survey also provides novel diagnostic features for the rapid
identification of morphologically similar amoebae. For example, the binding of
UEA-1, a fucose-binding lectin, to the surface of M. kuwaitensis but not to the
cuticle of M. gemmifera was unexpected, given the ultrastructural similarity of
these two surface coats, but fortuitous since it provides a method for
distinguishing between these alike mayorellids. Similarly, UEA-1 and DBA
failed to bind to Paramoeba HB yet labelled P. aestuarina, P. invadens and P.
pemaquidensis thereby providing a rapid method for distinguishing this isolate
from the other common species. Moreover, while the binding of Con A to the
parasomes in only three out of the five paramoebas is diagnostically interesting
it also suggests that these endosymbiotic inclusions have different chemical
fingerprints and thus may be of polyphyletic origin.

Although Paramoeba HB resembles P. pemaquidensis, lectin-binding has
shown several important differences which may warrant a new species
description for this isolate in the future. In particular, WGA identified two bright
fluorescent regions in the cytoplasm of the majority of cells examined. At the
ultrastructural level, two cytoplasmic vesicular regions were found which,
because of their size and location, were the probable sites of WGA-binding. [t
is possible that these bodies function as Golgi complexes perhaps glycosylating
the WGA-binding glycoproteins. One of the unique features of Paramoeba HB
is that it was isolated from beiow the sea ice where temperatures are typically
less than 0°C. It is tempting to speculate, therefore, that these vesicles contain
localisations of glycoprotein cryoprotectants, similar to the glycoproteins found

in the sera of most Antarctic fishes (DeVRIES 1971).

_




While the present study did not show a high degree of conservation of lectin-
binding across the genera and species examined it did highlight sorze interesting
lectin interactions which could be used for distinguishing between alike species
and as a biochemical tool in selected studies requiring the histochemical

localisation of cellular formed elements.
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Figure Legends

Figs. 1-8. Fluorescent micrographs illustrating the 8 FITC-lectin binding sites
in the amoebae shown in Table 1. Bar = 10 pm throughout. 1. Paramoeba
eilhardi treated with Con-A. Cell surface (S). 2. Trichosphaerium AM-I-7
treated with Con-A. Cell surface (S); pore (P). 3. Mayorella kuwaitensis treated
with WGA. Nuclear membrane (NM); nucleolus (NU). 4. P. eilhardi treated
with DBA. Nucleus (N); cytoplasm (C). 5-6. Trichosphaerium AM-1-7 treated
with WGA. Digestive vacuoles (DV), delineated by the vacuole contents in Fig
5 and by the vacuole membrane in Fig 6. 7. P. eilhardi treated with WGA.
Nucleus (N); parasome (P). 8. Paramoeba HB treated with WGA. Nucleus (N);

vesicular region (VR).

Figs. 9-14. Electron micrographs of Paramoeba HB. Bar = 1.0 pm except for
Fig. 12 where bar = 0.5 pm. 9. Parasome (P) closely apposed to the nucleus. No
connections were observed between the parasome and nucleus. Parasomes had
" two electron dense poles (E); only one shown in this oblique section. 10-11.
Cytoplasmic regions with numerous vacuoles and vesicles. Note the angular
appearance of recently endocytosed vacuoles (i.e. those with an intact
glycocalyx, G). 12. Surface of amoeba with plasma membrane (PM) and
glycocalyx (G) composed of tubular elements. 13-14. Cytoplasmic region

adjacent to the nucleus showing the vesicular regions (VR), often found in pairs.




TABLE L:

Compariéon of lectin-binding sites in § species of marine amoebae.

lectins

Species UEA-1

Con A

RCAL20

SBA DBA

WGA PNA

Mayorella S,N

kuwaitensis

Mayorella -

gemmifera

Trichosphaerium -
(AM-1-7)

Paramoeba Sor C

aestuarina
Paramoeba C,N
eilhardi
Paramoeba C

invadens

Paramoeba -
(HB)

Paramoeba S or C
pemadquidensis N

S,NM

%Ul

S,NM

w

Sor C
N,NU

Sor C

S or C -
DV
N

S or C
N, NU

S or C
N, NU -
VR

J4,NU c,J
DV

- = no binding;
C = cytoplasm;

NU = nucleolus;

S = cell surface;

N = nucleus;

P = parasome;

DV = digestive vacuole;

¥ = nuclear membrane;

VR = vesicular region.
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Abstract

A laboratory-induced association between the marine amoeba Trichosphaerium
and the dinoflagellate Symbiodinium, originally isciated from the anemone
Aiptasie pulchella was examined. When cultured with algae, individual amoebae
incorporated approximately 260 algae within 3 weeks partitioning them intra-
cellularly within vacuoles. Once established, the association survived for over
2 years in culture. When dinoflageilates were abundant in the medium, the ap-
parent turnover time of the algal population was close to 30 hr, but when algae
were exciuded from the medium amoebae retained a stable compiement of in-
tracellular algae. Typically, about 97.8% of the dinoflageilates phagocytosed by
amoebae in the light remained viable for at least one week; while in the dark
only 82.2% of the algae were viable. The transfer of photosynthetic products
from alga to amoeba was 9.8% of total '4C-labeiled photosynthate.. This may
account for the slightly shorter generation times of amoebae with algae growm
in the light (49.8 hr) versus those in the dark (54.6 hr). The potential for us-
ing this novel laboratory system to investigate algal/invertebrate associations is
discussed.

Keywords: association, dinoflagellate, marine amoeba, Symbiodinium, symbiosis,
Trichosphaerium
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1. Introduction

Trichosphaerium is a common genus of marine amoeba comprising three
named species (Page, 1983). It is an unusual amoebae in that it resembles a
naked form under the light microscope but in high osmoticum medium and
at the EM level, a thin flexible outer test can be seen either with or without
calcareous spicules. The test has many pores through which cytoplasmic
protrusions, or dactylopodia, project and it is these distinctive pseudopodia
which facilitate the identification of the genus Irschosphaerium.

Trichosphaerium has been frequently isolated by the authors and others
(Angell, 1975, 1976; Page, 1983) from neritic regions throughout the world
but these isolates have never been reported to harbor symbiontic algae.

Among the marine Sarcodina, those protists bearing pseudopodia of one
form or another, only the foraminiferans (Lee, 1983; Lee and McEnery,
1983), radiolarians (Anderson, 1983) and acantharians (Febvre and Febvre-
Chevalier, 1979) have been shown to sequester algal symbionts. In the case
of foraminiferans, the retention of symbionts is a very common phenomenon
and they incorporate a broad range of algal types including dinoflageilates,
chlorophyceans, diatoms and a unicellular rhodophyte (reviewed in Smith
and Douglas, 1988). Moreover, several marine protists, notably oligotrich cil-
iates and foraminiferans, have been shown to sequester the chloroplasts of the
algae upon which they feed (Laval-Peuto and Febvre, 1986; Lee and Lanners,
1988).

While the aforementioned symbiotic associations are relatively common
in the marine plankton, they do not lend themselves to experimentation as
few of the protozoan hosts can be successfully cuitivated in the laboratory.
Trichosphaerium, on the other hand, grows with ease in the laboratory on
a bacterial diet or on a variety of micro~ and macro- algae (Poine-Fuller,
1987). During experiments testing for suitable food sources it was found that
this amoeba readily sequestered, rather than digested cells of the symbiotic
dinoflagellate Symobiodinium sp. #8.

[t is generally accepted that there are complex recognition processes in-
volved in the establishment of associations between microalgae and inver-
tebrates (Trench, 1988). However, little is known about the mechanisms
controlling this phenomenon. Trichosphaerium, in association with its di-
noflagellate symbionts, may provide a unique model for future studies on
protozoan/algal symbiosis and in a broader context a model for studying
cell-ceil recognition. Towards this end, we present a detailed description of
this novel laboratory-induced association.




RICHOSPHAERIUM/S YMBIODINIUM ASSOCIATION 231

. Materials and Methods

‘ulture

Trichosphaerium AM-I-7 was isolated from the brown alga Sargassum mu-
curn, collected at Alegria Beach, Santa Barbara County, CA. Full details
a1 culture and isolation procedures for Trichosphaerium are given elsewhere
2olne-Fuller, 1987). Stock cultures of axenic amoebae were maintained on
round and autoclaved algae in PES enriched seawater (Provasoli, 1968).
moebae were also cultured on bacteria in Cerophyl/seawater (C7medium
2age, 1983). The dinoflagellate Symbiodinium sp.#8 was originally isolated
‘om the sea anemone Asptasia pulchella. It was maintained in axenic culture
Lt ASPSA (Ahles, 1967).

stablishment of association

Three methods were used to establish the amoebal/algal laboratory as-
>ciation. The first method mixed axenically reared Symbiodinsum and
richosphaerium in PES medium. The two other methods had bacterial prey
resent promoting amoebal replication. One of the bacterized procedures
sed organically rich C75S medium which encouraged luxuriant bacterial
rowth. The other method used PES artificial medium which, becanse of
s low organic content supported only a background bacterial popuiation.
1 all cases the media supported dinoflageilate growth in the light. When
‘richosphaerium were added, they ingested, partitioned and sequestered al-
ae. The fastest uptake rates of the algae by the amoebae occured at the
acteria~free and low bacterial cuitures. In these culture systems, and in ail
ibsequent experiments (uniess noted) the concentration of dinoflageilates
‘ee on the bottom of the cuiture vessel was approximately 750 cells mm=?.

Tptake rate of dinoflagellates by by amoebae

For reasons of convenience the incorporation of algae by amoebae was ex-
mined in bacterized cultures using PES and C75S media. The number of
igal ceils incorporated over time was determined by counting the number of
igae in 25 randomly selected amoebae. In the early stages, when amoebae
arbored few algae, ceils were enumerated directly on an inverted microscope.
ater, when amoebae contained many symbionts, ceils were compressed un-
er coversiips and algae counted at higher magnification.
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Determsnation of growth rate

Individual amoebae were micropipetted into 0.5 ml aliquots of media in
cavity slides. To prevent evaporation and contamination, a surface layer of
sterile paraffin oil was added. Conditions in each experiment varied. Some
amoebae were full of symbiotic algae while others were taken from cultures
fed on bacteria only. Two different media were used for comparison (C73S
and PES) and experiments were conducted with or without algae in the light
and in the dark. For each experiment, 15 replicates were set up and the
number of amoebae counted at least twice daily. Semilog regressions of cell
count against time (hr) were computed for the exponential phase of growth.

Fate of ingested algae

The nature of the vacuoles with dinoflagellates, (whether they were diges-
tive or perialgal) was examined by neutral red staining and by lectin binding.
Neutral red stains food vacuoles of amoebae from red to yellow depending
upon the pH of the vacuoles (Finlay et al., 1988). Free dinoflagellates in
the media were examined also for stain accumulation. This gave informa-
tion about the proportion of viable and non-viable algae in the media. Dead
cells with compietely or partially degraded cell walls stained dark red. At
least 1000 algal cells, sequestered or free, were counted on each experimental
occasjon.

The lectins Ricinus communis aggiutinin (RCA!?%) and Triticum vulgars
agglutinin (WGA) bind to the digestive vacuole membrane and digestive vac-
uole contents of TrichospAgerium respectively (unpublished). Lectins conju-
gated with FITC, were purchased from Vector Laboratories (Burlingame,
CA). For staining, amoebae were fixed in 8% formaldehyde, washed in PES
mediom and treated for 30 min with 40 ug of lectin in 1 ml of medium. After
three further washes, cells were examined in a Zeiss Photomicroscope I with
epifiuorescence.

Algal divisions within Trichosphaerium and estimated retention time

Individual Trichosphaerium packed with algae were compressed under a
cover glass and examined at 1000x magnification. The number of divid-
ing and non-dividing aigae in 20 amoebae were counted directly as were an
equivalent number of algae free in the medium. Thin sections were examined
by TEM for evidence of dividing intracellular dinoflageilates. Procedures for
specimen preparation are given below.
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To estimate the rate of flux of algae through amoebae, several complemen-
tary methods were used. Individual amoebae in cv'tures containing free di-
noflagellates were examined in an inverted microscope with low illumination
for 30 min intervals (n=20). Over this period, the number of algae ingested
and egested by Trichosphaerium was counted. Amoebae were 2lso observed
for longer time intervals using time-lapse photography. These experiments
lasted 12—48 hr and photographs were recorded every 2 min. No external
free dinoflageilates were present in these experiments. Because of visnal lim-
itation due to the orientation of large numbers of algae inside an amoeba,
only amoebae with 10 or less sequestered algae were examined; higher num-
bers of intracellular algae were impossibleto monitor automatically. The final
method to investigate flux rate used dinoflagellates labelled with the electron
dense marker, cationized ferritin (Sigma Chemical Co., St. Louis, MO). This
label readily bound to the cell surface of Symbiodinium when used at a con-
centration of 50 ug ml~!. After 24 hr of exposure to labelled algae, amoebae
were fixed, thin sectioned and examined by TEM. The percentage of intracei-
lularly labelled algae (i.e. those ingested within 24 hr) to non-labeiled algae
was calculated.

Electron microscopy

Amoebae were fixed simuitaneously in 2% glutaraldehyde and 1% csmium
tetroxide in a 1:1 mixture of C75S medium and 0.1 M sodium cacodyiate
buffer (pH 7.2}, at 4°C for 30 min. After 4 washes in cold distilled water, cells
were dehydrated through an acetone series and embedded in Spurr resin.
Ultrathin sections were stained with uranyl acetate and lead citrate and
examined in a Philips 300 TEM. Sections containing ferritin labelled ceils
were left unstained.

Transfer of photosynthetic product from algae to amoebae

Amoebae packed with algae were incubated for 1 hr in the light in 5 ml
C75S medium containing !*C sodium bicarbonate (total activity, $ uC). The
number of amoebae was determined in a parallel sample by subsampling and
counting the cells in 10 ui drops (n=210). After the 1 hr incubation, amoebae
were washed 8 times in PES medium. One sample was concentrated by cen-
trifugation, added to 5 ml of Hydrofluor (National Diagnostics, Somerville,
NJ) and counted by liquid scintillation spectrometry. This gave a measure
of the total incorporation of label by dinoflagellates. A second sample was
washed in PES and placed in the dark for 18 hr. When Trichosphaerium
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is washed in inorganic seawater medium (PES), the cells undergo multiple
fission typically dividing into a large number of small (20 um) cells. During
the process of fission cells eject all their vacuolar content thereby provid-
ing a convenient method for separating the algal and amoebal components.
After 18 hr, released algae were decanted leaving the amoebae adhering to
the surface of the culture vessel. Both samples (amoebae and algae) were
collected separately, rinsed in fresh media, pelleted by centrifugation and
counted by scintillation counter. Controls used amoebae incubated with la-
bel in the dark and free dinoflagellates in labelled medium in the light. All
translocation experiments were repeated three times.

The transfer of labelled photosynthetic product to amoebae was verified
by autoradiography. Procedures were as described but instead of scintillation
counting, amoebae were air-dried on slides and coated with Kodak NTB-2
nuclear track emulsion. After 10 days, the emulsion was developed for 2 min
(20°C) in undiluted Kodak D 19 and the number of silver grains overlying
whole cells and background areas compared.

3. Results

The laboratory association between the amoeba, Trichosphaerium AM-I-7
(without algae, Fig. 1) and the dinoflageilate, Syméiodinsum sn. #8 sur-
vived for over 2 years in bacteria free PES with no change of medium. In
C75S medium dense populations of bacteria took over the cultures killing the
amoebae.

In a mature association single amoebae sequestered over 100 algal ceils
and commonly 260 + 49 S.D. (n=20) dinoflageilates per amoeba (Fig. 2, and
front cover picture). The establishment of this intracellular algal population
was as fouiows: after an initial lag phase (up to 100 hr) in which uptake rates
of algae were low (typically 5 cells in total) the rate of incorporation of aigae
increased exponentiaily. The semilogarithmic plot describing this phase had
the equation y = 0.12z — 0.418(r = 0.987). Thus amoebae sequestered algae
at a rate of about 1 cell h-1 up to a saturation level of about 260 algae. This
rate is similar to the rate of incorporation of “inert” plastic beads (15 um
diameter). Here the siope describing the exponential phase was 0.011 (r =
0.901). [Note: “insert”= A mutant of Trichosphaerium Am.-[-7 (presently
under investigation), is capable of degrading and digesting plastic polymers
such as polyethelenes and polyvinyls. Therefore “inert” plastic beads may be
recognized by Trichosphaerium as potential food source.|

The vast majority of sequestered dinoflageilates were maintained intra-
cellularly as viable cells. Examination of algae by TEM showed that the
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Figures 1-4. {1) LM of Trichosphaertum fed bacteria. Note the dactylopodia (D} which
procrude through pores in the amoeba test. Bar = 10 pm. (2) LM of
Trichosphaermum partiaily compressed to show numerous intracellular dinoflag-
ellaces. Bar = 10 um. (3) TEM of Trichosphaerrum showing intact intraceilular
algae {A). Bar = 5 um. (4) TEM of Trichos--~srum with dimod -=jlac. _
food vacuole showing evidence of digestion. 1 (B) aiso m vacwoie. Da.
=3 um.

majority were structurally intact (Fig. 3) although occasionally partiaily di-
gested or autolysed cells in vacuoles were observed (Fig. 4). This result was
supported by staining with FITC-conjugated lectins specific for digestive
vacuoies. Vacuoles full of digestibie cells (yeast, Chiamydomonas, ground
macroalgae, etc.) stained brightly by the lectins RCA'® and GWA while
lectin treatments on amoebae packed with Symébiodinium #8 failed to stain
the membranes or the contents of vacuoles.

The proportion of hoth free and sequestered algae undergoing digestion or
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Table 1. Percentage of dinoflageilates accumulating neutrai red stain (ie. non-viable cells)
and percentage of algas undergoing cell division. Observations made 20 days after
inoculation into PES media.

Experimental Light/Dark Percentage*
condition Staining Dividing
Symbiodinsem free L 0.1 4.5
No amoebae D 0.2 2.6
Symébtodinssm free L 0.5 4.9
With amoebae D 7.2 0.1
Symbsodinssm sequestered L 2.2 5.2
Within amoebae D 17.8 0.4

! Percentages based on at least 1000 observations

possibly autolysis was estimated by staining with neutral red (Table 1 and
Fig. 5). Symbiodinium free in the medium were generally intact with only
0.1-0.5% taking up stain when cultures were kept in the light. However, in
the dark 7.2% of free dinoflageilates showed staining. The majority of algae
sequestered by amoebae in the light were viable (only 2.2% stained). In the
dark, however, many more intracellular algae showed evidence of digestion
or autolysis with 17.8% taking up neutral red. ’

Sequestered aigae showed some evidence of replication within amoebae.
From examination of thin sections by TEM, dividing cells were occasionally
observed over a 24 hr period (Fig. 6). However, comparisons between the
number of dividing intracellular algae and dividing free algae (Table 1) did
not show any significant differences.

The observed low rate of intracellular replication can be related to the flux
rate, and low residence time, of most of the algae within the host amoebae.
Using cationized ferritin as a marker to identify freshly sequestered dinofiag-
ellates (Figs. T and 8), it was found that 90% of the algae were ingested within
a 24 hr period when amoebae were in culture with ample free dinoflagellates.
Direct observations support this resuit. During a series of 30 min observa-
tions (n=20) the mean rate of uptake was 10 cells hr-1 with the release of
a similar- number. This is higher than the rate of uptake by ceils during es-
tablishment of the association. This rate, however, implies a significant daily
turnover in line with that indicated by ferritin labeling. When similar obser-
7ations were made on cells in media with no free dinoflageilates, much lower
flux rates were found. Here amoebae retained a stable resident population of
algae over the series of 12 hr observational periods. However, these amoebae
contained on average, only 15 dinoflagellates.




TRICHOSPHAERIUM/S YMBIODINIUM ASSOCIATION 237

Figures 5-8. (5) Sequestered dinoflagellates of Trichosphaerium treated with neutral red
to stain partially digested vacuoles (in black). Bar = 10 um. (6) TEM of
Trichosphgerium showing recently divided intraceilular alga. Amoebal cyto-
plasm (C). Bar = 5 um. (7) TEM (unstained section) showing part of 2 wall of
a free dinoflagellate to which cationised ferritin was bound (CF). Bar = 0.2 um.
(8) TEM (unstained section) showing edge of recently ingested dinoflagellate
idencified by its cationised ferritin (CF) labeled wall. Amoeba cytoplasm (C).
Bar = 0.2 um.

Growth rates of amoebae under different experimental conditions were
computed from semilogarthimic plots (base 10) of the exponential pha<-~ de-
scribing cell counts with time. These rates, and corresponding gene: ‘on
times are given in Table 2. Amoebae packed with algae and cuiturea in
PES with ample free dinoflagellates in th . surrounding medium divided af-
ter 49.8 hr in the light and 354.6 hr in the dark. The generation time of
amoebae in PES medium without free dinoflageilates was 327 hr in the light;
cell division was completely suppressed in the dark. Trichosphaerium grown
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Table 2. Compacrison of growth rates and caiculated generation times of Trichosprgerium
both with and without intracellular Symébiodinium. The effects of different media,
light, dark and whether free dinoflageilates were added to the culture system were

examined.
Pre-experimental Culture Light/ With/ Specifict
condition medinm dark without growth generation
algae rate (hr-1) time (hr)

Amoebae full of PES L + 6.0 (1.8) 49.8

sequestered PES D + 5.5 (1.7} 54.6

dinoflagellates PES L - 0.9 (0.4) 327
PES D - no growth -

Amoebae full of C758 L - 15.5 (4.0) 19.3

sequestered C758 D - 8.9 (2.0) 22.7

dinoflageilates

Amoebae without C7ss L - 11.9 (2.5) 28.2

dinoflagellates

(bactarial diet)

! Specific growth rates (x 10~3); all regressions with correlation coefficients (r) 0.9; standard
deviations in parsnthess

with ample bacteria in C75S medium either with or without sequestered
dinoflagellates grew rapidly and divided in 24 hr or less.

The percentage of total !*C lubelled product transferred from algae to
amoebae was 9.8% (+5.0 S.D.). It is unlikely that any of this labelled product
was due to digestion of dinoflageilates since amoebae induced to undergo mul-
tiple fission rapidly expel their vacuolar contents within the first few hours.
Moreover, the physiological changes which accompany this phenomenon are
not conducive to digestion and assimilation of ingesta. Algae released from
amoebae harbored 25.9% (+9.9 S.D.) of C™'* label, the remainder 64.1% was
unaccounted for. It could have been rinsed away during the muitiple fission as
decomposed but not yet assimilated digestive products. Autoradiography on
small amoebae (after fission) supported the transiocation of photosynthetic
product. Counts of siiver grains in an area overlying amoebae (= 400 pm?)
averaged 140.8 + 39.6 S.D. (n=15) which was significantly above that of
background (15.8 + 3.8 S.D.).

4. Discussion

Many symbiotic associations invoiving protists and algae have been de-
scribed (reviewed in Smith and Douglas, 1988) with the vast majority invoiv-
ing dinoflageilates of the genus Symétodinium. This is also true for sarcodines
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vhere planktonic foraminiferans, radiolarians and acantharians frequently as-
ociate with dinoflageilates (Lee et al., 1985). Despite the fact that research
M marine protozoa has increased markedly, largely because of an increased
wareness about the ecological importance of symbiosis, no algal symbicuts
\ave been reported from any species of Trichosphgerium nor from any of
he morphologicaliy similar gymnamoebae. This suggests that the associa-
ion between Trichosphaerium and Symbsodinsum described in this paperis
. laboratory phenomenon and is either rare or does nor occur in the ma-
ine environment. In support of this, all attempts by the authors to isolate
linoflageilate-laden cells from the field were unsuccessful.

In view of what we understand about protist/algal symbioses, this is not
urprising. The majority of associations described in sarcodines and ciliates
iceur in the euphotic zone of cligotrophic waters. In this nutrient depleted
avironment it is beneficial for the host to harbor endosymbiotic algae and
irofit from the retention and recycling of nitrogen and phosphorous com-
ounds within an essentially ciosed system. Trichosphaerium, on the other
1and, is common in littoral habitats where it grazes on the bacteria and
nicroaigae associated with the surfaces of seaweeds and on the algal tissue
tseif (Polne-Fuller, 1987). In this nutrient-rich microhabitat the retention of
ymbionts is not favored from an energetic standpotut.

Our laboratory results demonstrate the importance of autrient status on
he stability of the algal association. When amoebae containing algae were
ultured in organically rich bacterized m=dia they egested over 95% of their
linoflagellates within 24 hr and preyed on bacteria. Under these conditions,
[richosphaernium reproduced rapidly, dividing every 20 hr or less. At the
ither extreme, when amoebae with algae were cuitured in inorganic med um
vith few bacteria and no free aigae chey resained their full complement of
linoflageilates. Their growth rates were low and they divided only once every
. weeks or longer. A similar retention of symbiorts in inorganic media was
1bserved by time-lapse photomicroscopy where amoebae in cultures withous
ree dinoflageilates retained a stable compiement of symbionts. Under these
onditions, algae were retained intracellularly without fux and the associa-
ion approached that of a true symbiosis.

The stability and duration of the association was different when dinoflagei-
ites were abundant in the inorganic medium. Here, Tricnosphacrium turred
ver the majority of its algal population in about 30 hr. For these rea-
ons we prefer, at this time, to term the relationship an “induced associ-
tion” rather than a symbiosis even though other features of the relationship
lay imply mutualism. For example, amoebae retained a full compiement




240 A. ROGERSON ET AL.

of intraceilular aigae, albeit a uxing population, for over 2 years in cul-
ture. Furthermore, although Trichosphaerium was not nutritiona'ly depen-
dent upon its sequestered algae, feeding instead on bacteria and perhaps
a small percentage of dinoflagellates, they did assir -te 10% of the pho-
tosynthate derived from their associated alga< This supplementary source
of nutrition may have zccounted for the slightly improved growth of amoe-
bae with aigae in the light compared to those in the dark. There is little
information on the nutritional relationships of other sarcodine/algal associ-
ations, but there are indications that photosynthetic products alone rarely
support rapid growth. For example, the foraminiferan Globigerinoide sac-
culifer grows slowly but fails to reproduce when starved in the light (Lee
and McEnery, 1983). It appears, therefore, that one of the major benefits of
retaining symbionts is to ensure survival of the host in habitats which are
sub'j‘ect to periodic fluctuations in prey and/or nutrients.

The laboratory induced association described here has several advantages
for the study of algal/invertebrate symbioses. A.ide from the fact that both
partners can be cultured with ease, Trichosphaerium can re2dily be induced
to egest its intracellular aigae upon transfer to unenriched seawater where
amoebae undergo mnuitiple fission. While this semsitivity cn the part of the
amoebae can be problematis during routine handl'ng, the benefits outweigh
the disadvantages as intracellular algae can easily be separated from host
amoebae. Moreover, Trickosphaerium has the ability to discriminate between
different dinoflagellate species. In a separate stuly (manuscript in prep.) it
was shown that the incorporation of Symésodinium sp. #8 is favored by
thp amoeba over other species of symbiotic dinoflageilates and thus sup-
ports the presently established fact that symbiosis between microaigae and
invertebrates demonstrate specificity (Trench, 1987, 1988). In light of the
above, perhaps the greatest promise for this system is as a tool to investigate
the mechanisms of cell recognition. These are the processes by which algae
first gain entrance into the cell and the subsequent processes that determine
whether or not these algae will be retained by the host. We hope that further
studies with the Trichosphaerium/Symbiodinium association may solve some
of the many unanswered questions surrounding these processes.
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ABSTRACT

The marine amoeba Trichosphaerium Am-I-7 was
used as a tool for preparing unialgal axenic cultures of
nondigestible Symbiodinium and Porphyridium spe-
cies. The resistance of these unicellular algae to the amoe-
bal digestive enzymes, and the differential digestion of
bacteria, protozoans, and other algae, resulted in cleansed
cells of Symbiodinium and Porphyridium that re-
mained in the amoebal food vacuoles. During multiple
fission, the amoeba evacuated its food vacuoles and re-
leased the trapped and intact algae, which were then suc-
cessfully cultured. This method of cleaning was especially
useful with algal species that were sensittve to antibiotics
or other germicidal agents.

Keyindex words: amoeba; axenic algae; multiple fission;
Porphyridium; selective digestion; Symbiodinium; Tri-
chosphaerium Am-[-7; zooxanthellae

Axenic cultures of unicellular algae have usually
been prepared by single cell isolation and rinsing or
by treatments with antibiotics and other germicides
(Fries 1963, 1977, Mooney and Van Staden 1985,
Poine-Fuller and Gibor 1987a, b). Single cell isola-
tion and washing of microscopic algae is a tedious
process that produces few clean, viable ceils. More-
over, the single cell isolation technique is rendered
useiess if the contaminating organisms are attached
to the algal surfaces. Chemical treatments are more
efficient in producing clean cells; however, some al-
gae are sensitive to the array of chemicals that are
necessary to eliminate contamination. Due to these
limitations various species of zooxanthellae have not
been cultured free of bacteria and other contami-
nants, such as a small flagellate that is often present.
The importance of axenic cultures of zooxantheilae
can not be overemphasized in studies of symbiotic
interactions between the plant cells and their animal
hosts.

The amoeba Trichosphaerium is a large (15-2000
pm), omnivorous marine organism that digests £ va-
riety of seaweeds and algae (Polne-Fuller 1987) as
well as bacteria, flagellates, and various other pro-
tozoans (unpubl. data). Some algae such as species
of Symbiodinium are taken into amoebal cytoplasmic
vacuoles but not digested (Rogerson et al. 1989). A
similar phenomenon of slow, or limited. digestion
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also occurs with the red unicellular alga Porphyri-
dium. The ability of the amoebae to differentially
digest bacteria, but not the various species of Sym-
biodinium and Porphyridium, was used as a tool for
cleaning these algae from digestible contaminating
microorganisms.

Four methods were used for isolating axenic aigae through the
cytoplasmic vacuoles of the amoeba Trichosphaerium Am-1-7.

1) Antibiotics + digestion + multiple fission (xp). Amoebae
were mixed with contaminated cultures of aigae (amoebae: algal
ratio of about 1:50). The amoebae ingested the algae along with
other food particles and packed them in cytoplasmic vacuoles
(Fig. 1). The culture vesseis that contained the algal-packed amoe-
bae were rinsed gently with sea water and flooded with 2 mixture
of 10 antibiotics for 2 days (Table {). A mixture of five antibiotics
(Table 1: [) was used initially with cleaning rates of about 75~
80%. Remaining contaminants (when present) were mostly two
strains of bacteria, 2 white smooth colony and a yellow smooth
colony. Five additional ancbiotics (Table 1: II) that were added
to the mixture increased the rate of successful axenic prepara-
tions o over 90%. The mixture of 10 antibiotics was aiso useful
in cleaning uniceilular algae, filamentous algae. seaweeds, and
amoebae (Polne-Fuller et al., unpubl.). The Trichosphaennum re-
mained attached to the culture vessel, which simplified the rinsing
process. The algal-filled amoebae were detached from the sub-
strate using a forced water stream produced by a pasteur pipet,
transferred (o a new culture vessel, and mainuaained in clean an-
tibiotics for 2-3 weeks. During this period no other food source
was made available to the amoebae (parual starvation period).
The amoebae continued to digest the remaining digesuble par-
ticles in their food vacuoles while the indigestible algae remained
intact inside the cytoplasm. The indigesuble algae were com-
partmentalized in perialgal vacuoles, whereas the edible particles

- were in food vacuoles (Rogerson et al. 1990).

After the partial starvation period, the amoebae were placed
in fresh anubiotic mixture for 2 more days. They were nnsed
four times with autoclaved sea water, dislodged from the substrate
using the forced water stream produced by a pasteur pipet, and
transferred to clean culture vessels where they were left to attach
for 20 min. Three additional rinses induced the amoebae to go
through a multiple fission (Polne-Fuller 1987, Poine-Fuller, un-
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contaminants were attached to the amoebal cell wall. In this meth-
od. the starved amoebae containing the algae were treated with
anuibiotics for 2 days and fooded for 10-30 s with either a2 0.5%
perchloride solution in double distilled water, a 30% ethanol
solution in DDW, DDW water alone, or 2 10% Betadine solution
in sea water. These chemical treatments killed the amoebae and
the external contaminants but did nc kill the algae protected
inside the amoebal cytoplasmic vacuoles.

The dead but clean amoebae were collected axenically by cen-
trifugation, rinsed twice, and teased apart manually using pulled
glass pipets. For large numbers of amoebae, a small homogenizer
(Biospec 1281) was used for 10 s at speed 12. A probe sonicator
was aiso useful for breaking the amoebae with minimal damage
to the algae (15 s. setting 4, on ice). The algae were collected by
filtration through sterile nylon nets (20 um) and ninsed three
times with sterile 0.5% PEG in sea water. Such aigal preparadions
still contained some amoebal membranes even after excessive
rinsing, but these did not inhibit the growth or cell division of

the algae.
It was necessary to aliow sufficient time for the live amoebae

to digest the contaminants. Depending on the contaminating or-
ganisms, starvation periods as short as 5 days (yeast, most bacteria,
and most diatoms) and as long as 2 weeks (unicelluiar red algae,
fiagellates, ciliates, and fungi) were necessary to assure the elim-
ination of digestible cells. Some diatoms and fRagellates required
longer periods co be digested. Several fungi developed faster than
the amoebae could phagocytose and digest them, and several
species of ciliates and flageilates were t00 active to be captured.

Of the four methods described, method #1 was
usually effective in producing axenic algae. Three
isolates of Symbiodinium from the sea anemone An-
thopleura were successfully cleansed using the first
method. However, a fourth isolate of the same spe-
cies contained 2 bacterium resistant to the antibi-
otics. For this isolate the agar surface (method #3)
was used successfully. A fifth isolate of the same
species contained a swift flagellate thac had to be
eliminated using a 0.5% perchloride soiution or a
30% ethanol solution for 10 s, as in method #4. Most
species of Symbiodinium that were tested were resis-
tant to the antibiotic mixture and were cleaned using
methods #1 or #3. Symbiodinium #45, which turned
pale in the antibiotic mixture, was cleaned by at-
tachment to nylon netting (method #2). Symbiod:-
nium #344, which released sticky polysaccharides
and collected particulate matter from the medium,
was cleaned as the amoebae migrated on agar, re-
leasing algal cells in their trail (method #3). About
40% of the released algae developed axenic colonies
on the agar surfaces. Method #4 was used to elim-

inate a fast-swimming spiral bacterium from the red
unicellular alga Porphyridium. It was also used for an
isolate of Symbiodinium #8 and one of the isolates of
Symbiodinium anthopleura, which contained small
swimming flagellates resistant to the antibiotics and
too motile to be engulfed by the amoebae.

With these four methods isolates of four species
of the symbiotic dinoflagellate Symbiodinium (#8, 45,
61, and 344), and the red unicellular algae Porphori-
dium cinctum, emerged viable and axenic. These
methods, and combinations and variations of them,
may prove useful for cleaning other algae that are
not digested, or digested slowly, by various species
of this and other protozoans.

The numbered Symbisdinium species were isolated from around
the world and subcultured from the collection of symbiocic di-
noflagellates of Dr. R. Trench, to whom [ am grateful. The
Symbisdinium from Anthopleura was isolated locally by the author.

Thanks are also due to Mr. MatthewKauckYor helping with the
testing of the additional antibiotics, and to Dr. Aharon Gibor
and Mr. Dan Coury for constructive comments on the manu-
script. This work was supported in part by contract #*N00014-
88-K-0440 from the Office of Naval Research, and in part by
contract #8-488750-25943-3 from Occidental Chemicals Inc.
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ABSTRACT

The marine amoeba Trichosphaerium Am-I-7 was used as a tool

for preparing unialgal axenic cultures of nondigestible

Symbiodinium and Porphyridium species. The resistance of these

unicellular algae to the amoebal digestive enzymes, and the
differential digestion of bacteria, protozoans, and other algae,

resulted in cleansed cells of Symbiodinium and Porphyridium which

remained in the amoebal fcod vacuoles. During multiple fission,
the amoeba evacuated its food-vacuoles and released the trapped
and intact algae, which were then successfully cultured. This
method of cleaning was especially useful with algal species that

were sensitive to antibiotics or other germicidal agents.

Key index words: amoeba; axenic algae; multiple fission;

Porphyridium; selective digestion; Symbiodinium; Trichosphaerium

Am~-I-7; zooxanthellae:;




INTRODUCTION

Axenic cultures of unicellular algae have been usually
prepared by single cell isolation and rinsing, or by treatments
with antibiotics and other germicides (Fries 1963, 1977, Mooney
and Van Staden 1985, Polne-Fuller and Gibor 1987a,b). Single cell
isolation and washing of microscopic algae is a tedious process
which produces few clean viable cells. Moreover, single cell
isolation technique is rendered useless if the contaminating
organisms are attached to the algal surfaces. Chemical treatments
are more efficient in producing clean cells; nevertheless, some
algae are sensitive to the array of chemicals which are necessary
to eliminate contamination. Due to these limitations various
species of zooxanthellae have not been cultured free of bacteria
and other contaminations such as a small flagellate which is
often present. The importance of axenic cultures of zooxanthellae
can not be overemphasized in studies of symbiotic interactions
between the plant cells and their animal hosts.

The amoeba Trichosphaerium is a large (15-2000 um),

omnivorous marine organism which digests a variety of seaweeds
and algae (Polne-Fuller 1987) as well as bacteria, flagellates,
and various other protozoans (unpubl. data). Some algae such

as species of Symbiodinium, were taken into amoebal cytoplasmic
vacuoles but were not digested (Rogerson et al. 1989). A similar
phenomenon of slow, or limited, digestion also occured with the

red unicellular alga Porphyridium. The ability of the amoebae to

differentially digest bacteria, but not the various species of




Symbiodinium and Porphyridium, was used as a tool for cleaning

these algae from digestible contaminating microorganisms.

MATERIALS AND METHODS

Four methods were used for isolating axenic algae through

the cytoplasmic vacuoles of the amoeba Trichosphaerium Am-I-7:

1) Antibiotics + digestion + multiple fission (xp). Amoebae were
mixed with contaminated cultures of algae (amoebae: algal ration
of about 1:50) The amoebae ingested the algae along with other
food particles and packed them in cytoplasmic vacuoles (Fig. 1). g
The culture vessels which contained the algal-packed amoebae were
rinsed gently with sea water and flooded by a mixture of 10
antibiotics for two days (Table 1. I+II). A mixture of five
antibiotics (Table 1. I) was used initially with cleaning rates
of about 75-80%. Remaining contaminants (when present) were
mostly two strains of bacteria, a white smooth colony, and a
yellow smooth colony. Five additional antibiotics (Table 1. II)
which were added to the mixture increased the rate of succesful
axenic preparations to over 90%. The mixture of 10 antibiotics
was also useful in cleaning unicellular algae, filamentous algae,
seaweeds and amoebae (Polne-Fuller et al. in prep). The
Trichosphaerium remained attached to the culture vessel which
simplified the rinsing process. The algal-filled amoebae were

detached from the substrate using a forced water stream

produced by a pasteur pipet, transferred to a new culture
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vessel, and maintained in clean antibiotics for 2~3 weeks. During
this period no other food source was made available to the
amoebae (partial-starvation period). The amoebae continued to
digest the remaining digestible particles in their food vacuoles
while the indigestible algae remained intact inside the
cytoplasm. The indigestible algae were compartmentalized in
perialgal vacuoles while the edible particles were in food
vacucles (Rogerson et al. 1990).

After the partial-starvation period, the amoebae were placed
in fresh antibiotic mixture for two more days. They were rinsed
four times with autoclaved sea water, disloged from the substrate
using the forced water stream produced by a pasteur pipet and
transferred to clean culture vessels where they were left to
attach for 20 min. Three additional rinses induced the amoebae to
go through a multiple fission (Polne-Fuller 1987, Polne~Fuller et
al. 1990) and release the algae. The algae were centrifuged
axenically (table top centrifuge, 5 min at 600 rpm), rinsed three
times in sterile sea water, and cultured. A sterility test medium
for marine bacteria (0.08% nutrient broth + 0.05% yeast extract +
0.01% glucose added to sea water) was used to assure sterility
and select for clean cultures. This was done by plating 50 uL of
algal samples on sterility test medium solidified by 1% Difco
Bacto agar. The plates were incubated at 23 9¢c for one week.
Bacterial colonies, if present, were obvious by the third to
fifth day. The absence of flagellates, protozoans and other

contaminating algae was determined by microscopic observations

(100 to 1000X).




The clean algal colonies were subcultured axenically.

2) Release of algae through nylon net. A second set of treatments
was developed with the intention of avoiding a bloom of
antibiotic-resistant bacteria when the competition by the
antibiotic-sensitive bacteria was eliminated. Here, amoebae
containing algae were transferred to clean culture flasks,
starved in sea water for two weeks, rinsed in sea water three
times, flooded with antibiotics for two days, then suspended in
sterile sea water containing a solution of 0.5% polyethylene-~
glycol (PEG, MW 20,000). PEG delayed the attachment of the
amoebae to the pipets, to test tubes, and to each other. The PEG
also created differential sinking conditions as the large and
heavy amoebae sank after 3 min centrifugation at 400 rpm (table
top centrifuge) while most of the bacteria and debris stayed in
suspension. The amoebae were rinsed five times in a solution of
0.5% PEG in sterile sea water. Rinsing was done in an Eppendorf
tube where roughly 1000 amoebae were suspended in 1 mL of liquid.
The cells were then collected by centrifugation (600 rpm, for 5
min), rinsed twice in sterile sea water, and placed on a sterile
nylon net (40 um mesh) which was glued to the bottom of a
sterile plastic cup. Rinsing induced multiple fissions (Polne-
Fuller et al. 1990) on the nylon netting. The whole system was

kept flooded with sterile sea water for 5-7 h. Released algae

sank through the mesh and into a sterile test tube. They were
rinsed three more times by centrifugation in sea water and
cultured in either PES/2 or in ASP8 (Provasoli 1968). Sterility ;

tests were performed on the cultured algae as before. The




decrease in bacterial counts was evident on the STM agar plates
where the number of bacterial colonies dropped from over

1,000 amoebae™t after the first rinse in PEG, to 0 ml

800 mL~
l1000 amoebae-l after the fourth PEG rinse. The bacteria were

diluted out after the fifth PES rinse (Fig. 2).

3) Migration on agar surfaces. The third method utilized the
surface of 1.5% agar plates as crawling and releasing surfaces
for the amoebae and as seeding grounds for the clean algae. In
this method, the amoebae were starved for two weeks, treated in
antibiotics for two days, rinsed three times in sterile sea
water, centrifuged in 0.5% PEG two more times into a concentrated
pellet, and placed on the surfaces of a solidified PES + 1.5%
Difco Bacto—-agar. The whole procedure was done axenically. The
amoebae stretched and migrated on the agar while they went
through multiple fission, thus releasing the algae (Fig. 3). The
released algae were left to divide and develop colonies on the
agar. The state of sterility of these colonies was determined
through microscopic observations of the agar around the colony
(after 5 days, under 400X). Antibiotic solution was added at
times to the agar:; however, growth rates of the algae were
reduced on the antibiotic-enriched agar by a factor of three. The
growth inhibition was reversible when the algae were transferred

to PES/2 or to ASPS media.

4) Disruption of killed amcebae to release clean algae. The
fourth method was used only when none of the previous three
procedures produced axenic algae. This was mostly due to the

presence of motile eukaryotic contaminants which the starved




amoebae were not able to capture, or when antibiotic resistant
contaminants were attached to the amoebal cell wall. In this
method, the starved amoebae containg the algae were treated with
antibiotics for two days and flooded for 10-30 sec with either a
0.5% perchloride solution in double distilled water, a 30%
ethanol solution in DDW, DDW water alone, or a 10% Betadine
solution in sea water. These chemical treatments killed the
amoebae and the external contaminants but did not kill the algae
protected inside the amoebal cytoplasmic vacuoles.

The dead but clean amoebae were collected axenically by
centrifugation, rinsed twice, and teased apart manually using
pulled glass pipets. For large numbers of amoebae, a small
homogenizer (Biospec 1281) was used for 10 sec at speed 12. A
probe sonicator was also useful to break the amocebae with minimal
damage to the algae (15 sec, setting 4, on ice). The algae were
collected by filtration through sterile nylon nets (20 um) and
rinsed three times with sterile 0.5% PEG in sea water. Such algal
preparations still contained some amoebal membranes even after
excessive rinsing, but these did not inhibit the growth or cell
division of the algae.

It was necessary to allow sufficient time for the live
amoebae to digest the contaminants. Depending on the
contaminating organisms, starvation periods as short as 5 days
(yeast, most bacteria, and most diatoms), and as long as 2 weeks
(unicellular red algae, flagellates, ciliates, and fungi) were
necessary to assure the elimination of digestible cells. Some

diatoms and flagellates required longer periods to be digested.




Several fungi developed faster thau the amoebae could phagocytose
and digest them, and several species of ciliates and flagellates

were too active to be captured.

RESULTS AND DISCUSSION

Out of the four methods described, method #1 was usually
effective in producing axenic algae. Three isolates of

Symbiodinium from the sea anemone Anthopleura were successfully

cleansed using the first method. However, a fourth isolate of the
same species contained a bacterium resistant to the antibiotics.
For this isolate the agar surface (method #2) was used
successfully. A fifth isolate of the same species contained a
swift flagellate which had to be eliminated using a 0.5%
perchloride solution or a 30% ethanol solution for 10 sec, as in

method #4. Most species of Symbiodinium which were tested were

resistant to the antibiotic mixtucre and were cleaned using

methods #1 or #3. Symbiodinium #45, which turned pale in the

antibiotic mixtureT”Was\gleaned through attachment to nylon
netting od #2) and Siggiodinium #344, which released sticky
polysaccharides and collected particulate matter from the medium,
was cleaned through the migration of the amcebae on agar,
releasing algal cells in their trail (method #3). About 40% of
the released algae developed axenic colonies on the agar
surfaces. In order to eliminate a fast swimming spiral bacterium

from the red unicellular alga Porphyridiirm, method #4 was used.

It was also used for an isolate of Symbiodinium #8 and one of the
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isolates of Syabiodinium anthopleura which contained swimming

small flagellates resistant to the antobiotics and too motile to

be engulfed by the amoebae.

With these four methods isolates of four spec.es of the

symbiotic di~oflagellate Symbiodinium (#8, 45, 61, and 344) and

the red uniceliular alga Porphoridium cinctum, emerged viable and

axenic. These nethods, and comrinations and variations of then,
may prove useful for cleaning other algae that are not digested,

or digested slowly by various species of this and other

protozoans.
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TABLE 1. Antibiotics stock solution, 10X concentration. The
solution was prepared in sea water (or fresh water) and diluted
1:10 in seawater for the amoebae, and in PES medium for the
algae.

To 100 mL double distiiled water (or sea water) add:

I IT
Penicillin-G 1000mg Erythromycin -~ émg
Streptomycin 2000mg Gentamycin 8mg
Kanamycin 1000mg Polymixin-B 16mg
Neomycin 200mg Tetracycline 12mg
Nystatin 15mg Vancomycin 12mg

% ~
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The numbered Symbiodinium species were isolated from around the

world and subcultured from Dr. R. Trench’s collection of
symbiotic dinoflagellates, to whom I am grateful. The

Symbiodinium from Anthopleura was isolated locally by the author.

Thanks are also due to Mr. Matthew Katick for helping with the
testing of the additional antibiotics, and to Dr. Aharon Gibor and
Mr. Dan Coury for constructive comments on the manuscript. This
work was supported in part by contract #N00014-88-K-0440 from the
Office of Naval Research, and in part by contract #8-488750-

25943-3 from Occidental Chemicals Inc.
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Figure Legends:

Fig. 1.

Fig. 2.

Fig. 3.

A Photograph of Trichosphaerium Am-I-7 full of

Symbiodinium #8. Note the amcebal filipodia (arrows), and

the algae present inside and outside the amoeba.

Bar = 15 um.
Reduction in number of bacteria during rinses in
polyethyleneglycole.

The smaller inserted graph presents an extended scale of
the second through eighth rinses.
Three amoebae migrating on agar surfaces, releasing algae
on the agar surface enriched with antibiotics.

Bar = 20 un.
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A Multinucleated Marine Amoeba Which Digests Seaweeds'

MIRIAM POLNE-FULLER

Biological Sciences and Marine Science [nstitute. University of California Santa Sarbara.
Samta Barbara, California 93106

ABSTRACT. Marine amoebae were isolated during a search for organisms which degrade ceil walls of seaweed. One of the isolates,
a muitinucleated amoeba (referred to here as Amoeba-i-7 or Am-i-7) was isolated from live tissues of the brown seaweed Sargassum
muticum. [t digested a varniety of brown and red seaweeds inciuding their wails and cuticies. Axenic cione cultures were 1solated from
ceils that migrated on agar. Cultures were grown on agar or 1n liquid media, Seaweeds. scaweed wall extracts, and uniceilular aigae were

tested as food sources.

X MOEBAE are a diverse group of protozoa with widely var-
. .2d characteristics and habitats. Most amoebae in the
~li¢ environment are believed to be associated with detritus
4nd 10 teed on bacteria. decaying plant and ammal marter. or
microscopic algae (3). Some amoebae were isolated from drifting
specimens of the brown seaweed Sargassum. Since the same
species were also isolated from water samples, it was assumed
that the amoebae isoiated from the seaweed fed on bactena
associated with the surfaces rather than on the plant ussue tseif
(3,
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~n1ot. and Mr. Al Remmenga of the Holister Ranch Associauon for
-icanng access (0 Alegna beach.

During our search for microorganisms capable of decompos-
ing seaweed cell walls. several species of amoebae were isolated
from intact scaweed tissues. These amoebae were cione-cultured
axemcally. and flourished on seaweed tissues free of debns or
bacteria. Amoebae-{-7 (Am-{-7) was one of the isolates which
was able to digest rapidly and compietely a vanety of brown
and red seaweeds. This paper descnibes Am-{-7, s isolauon
and culture techniques. and the effectivity of various seaweeds
as food sources.

MATERIALS AND METHODS

Isolation of Am-{-7. Young plants of Sargassum muticum.
carrying amocbae, were collected in January (984 {rom rocky
shores at Alegna beach. Hollister Ranch, Santa Barbara County.
California. Reproducuve piants of Sargassum which were also
intected were collected at the same site 1n Apnl 1985. Moust
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plants were transferred to the laboratory in a styrofoam con-
tainer and stored at 3°C.

Sections of branches (-2 cm long) were partially cleaned of
surface microorganisms. Cleaning was done in chilled sterile
seawater (5°C). The ussue was sonicated for | min (4 x (5 sec,
with four stenle nnses between sontcations) at setting 3 in an
L&R sonicator (Ultrasonic 320. Kearny, NJ). The tissue was
then soaked in 0.1% solution of bleach (5.25% sodium hypo-
chiorite by weight) or in 30% ethanol for 2 min with genue
agauation. [t was then ninsed weil and incubated in antibiotics
for three dayvs. The anubiouc mixiure contained: streptomycin
sulfate (0.2%). penicillin-G (0.1%). neomycin (0.02%). nystaun
(0.0015%). and kanamvein (0.19%). Sections of the anubiotic-
treated ussue (2-3 mm) were piaced on the surface of PES me-
dium (12) solidified with {.3% agar 10 which the same anubiotc
mixture was added.

Clone cultures of Am-({-7 were 1solated as cellt migrated con
the surface of the agar. To assure absence of contaminating
bactena. the 1solates were cultured nutially on stenlity-test me-
idum which contained |.5% agar 1n PES medium (12) enriched
by 0.8% nutnent broth. 0.5% yeast extract, and 0.2% sucrose.

Speciai precautions had 1o be taken dunng isolation and trans-
fer. The cells were delicate ahd ruptured easily if the agar surface
beneath them was stretched. Exposure to desiccation was aiso
detrimental. Transfer from agar surfaces was done either by
lifting a cell with the section of the agar or by the use of 2 hair
loop to which the cell attached. Transfer from liquid cultures
was done by gentle pipetung. The ceils were quickly removed
fvm the pipette before they attached to it.

Frowth measurements. For feeding experiments. 20 large

10eba cells (60=80 um) were placed in 4-cm diameter plasuc
ashes containing 250 mg live, stenle aigal ussus in 20 mi of
seawater. The bottoms of the dishes were marked with a S-mm
grid. The total number of cells were counted daily for two weeks.
When the number of cetls became 100 large to count. [0 sampie
areas on the bottom were counted.

An Amencan Optcs dissecting microscope was used for ob-
servauons at low magnificatton (30 x). An inverted Nikon mi-
croscope was used for observations of cell morphology and
movement at higher magnification (100-1000x), A Rewchart
phase/epitiuorescent microscope was used for ftuorescence work.

Food sources. |. Agar—Difco Bacto-agar or Sigma Agarose
were prepared (n seawater and used at concentrauons ranging
between 0.1 and |.5%. Fifteen milliliters of medium were poured
inw 4-cm diameter piastic petn dishes, 2. Carrageenan —Car-
rageenan (Insh Moss. Type [. Sigma) autoclaved in seawater
was used. A range of concentrauons from 0.5 t0 2.5% was pre-
pared and poured as above. 3. Algin—Kelmar Algin (KR-2329.
59. Keico Companv) was autoclaved in seawater. Concentra-
tions of 0.5-1.5% were prepared as above. 4. Seaweeds—Live.
axenc. scaweed ussues to be used for fecding were prepared as
previously descnbed (9-1 1). The cleaned tissues were piaced in

1. PROTOZOOL. YOL. 34. NO. . MAY 1987

culture dishes with seawater and the amoebsae transferred on
top of the ussue.

Autociaved secaweeds were used for feeding large scale cui-
tures. For this. the seaweeds were cleaned of visibie epiphytes
and chopped in a blender for 2 min. The chopped tissues were
nnsed in seawater and autociaved for 20 min (500 g wet ussue/
liter). For long siorage. air-dried seaweeds were ground in a
coarse mill gnnder (Arthur Thomas Corp.. Philadeiphia) and
stored drv. Before feeding. the coarse powder was autociaved
in seawater (5 g/ 100 mi). let soak for a day, rnnsed twrce, and
restenlized in seawater. 5. Uniceilular aigae— Uniceifular aigae
were harvesied by ceninfugation and added (o the amoebae as
a suspension. Flagellated aigae were (rozen before feeding (o
stop moulity. Amoeba-{-7 was also cuitured monoxemcaily wath
the manne uniceilular aigae. Combined cultures require no feed-
ing and were most convenient for observauons of bebavior.
growth. and cell division.

Nuclear staiming. Live Am-[-7 ceils were placed on a slide in
2 0.01 ug/mi solution of 4°'-6"-diamidino-2-phenylindoie (DA P!
stain. Sigma) in seawater. Alternatvely, the cells were fixed in
acetc-acid : ethanol (1:3). then rinsed in [resh water before stain-
ing with DAPL. Acnidine Orange (0.01% in scawater) was also
effective for staining nucleic acids of Am-{-7.

OBSERVATIONS AND DISCUSSION

Isolation of amoeba cells. Although many different seaweed
species were collected yvear round and tested for the presence of
amoebae, Am-{-7 was isolated only twice and only from Sar-
gassum muticum. In January 1984 it was present in small aum-
bers on stipes of young Sargassust piants. In April 1985 it was
found in large numbers on reproductive pilants of this sesweed.

[n culture, biooms of competing bacteria were detrimental to
the amoebae and had o be eliminated. Parual cieaning of sea-
weeds with mild bleach or aicohol eliminated most of the mi-
crobial population on the seaweed surface. The few organisms
which survived on the seaweed may have been located within
the ussue, escaping the surface treatment, and Am-{-7 was one
of them. [ndividuai amoeba cells migrated away from the sea-
weed, on and through the agar. and created visible tunneis as
they digested the gei in their path (Figs. 1-3).

Cell morphology. AM-1-7 resembtes in many respects Amoeda
temtacwiata (7). or Pontifex maximus (13), or the smooth form.
the gamont of TricAosphaertum platyxyrum (1. 2, 6.7, 15, 16).
There has been an earlier suggesuoan that ail three are the same
organism (8).

Alternation of generations in Trichosphaertum was first sug-
gested by Schaudinn (14). A smooth form and a form covered
with spicules were later idenufied as the gamont and the schizont
stages in Trichosphaerium’s life history (). Aithough the ques-
tion of aiternation of generauons was never confirmedl. alter-
nauon ol morphoiogy was reported by Angeil (1. 2) who found
smooth forms. suspected gamonts. in cuitures of the “fuxzy™ or

Figs. 1-8.

—

Photornicrographs of living ceils of Amoeba-{-7 1, Ceils migranng in their tunneis 1n agar. A ceil is visibie at the end of each tuane!

(arrows). Bar = 200 um. 2. An amoeba at the head of its tunnel. Fecal peilets can be seen as white parucies in the tunnei. Note the vacuoles on
the ceil’s surtace. Bar = 0 um. 3. Two-week-oid culture on agar. Amoebee (biack arrows) digesung large hole in the agar (wiume arrows). Note
the granuiar deposits of fecal peilets in the tunneis and craters. Bar = 50 um. 4. Cell- n log-phase cuiture. These ceils were fed on fresh branches
of Sargassum muticum. The disunct dark center of the middle cetl contained a recendy engulfed sectuon of scaweed. Clear lobopodia can be seen
and thin fhlipodia extended through cones lormed by the test (arrows). Bar = 50 um. 5. Amoebae fed on Chiamvwdomonas reianardii. Arrow
Daunts at a oinary fission. The thin cytoplasm broke as the daughter ceils moved away. Cells of Chiamvdomonas are n the dackgromnd. Bar =
30 um. 6. Weil.fed amoebae free of the substrate. Dactylopodia (arrows) were used [or movement. The small ceils in the beckgrownd are
Chiarmvdomnnas. Bar = 10 um. 7. Echinate-truncate protrusions on detached ceil. Note the fine dactviopodia extended from the cytoolasmic
comes. This ceil ted on dinoriagetiates. Bar = {5 um. 8. Progenv of an amoebda 24 h after 2 muitiple fission. The progeny were 20 xm 1n Giameter.
iax. and migrating. Note the dense area in tne CYIOPLASM (arTOws) and the ~fan-itke * clear cvioptasm at the tront of the ceil. Bar = 15 um.
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schizont form. Gntfin & Spoon aiso reported ““tuzzy™” forms ot
Trichosphaertum which were obtained by enviroamental ma-
nipuiauon of cloned cuitures ot the “smooth™ form. The nature
of the manipulations was not described (abstract. [ntermn. Cong.
Protozool.. 1977). Although a wide range of culture conditions
and food sources were lested in axenic clonal cultures dunng
two vears of the preseat study. a2 “fuzzy” or schizont morphotype
was never observed.

Urder opumal culture conditions (22°C. 31 ppt salinity, and
ampie food) aduit ceils were amoebcid. actively moving plano-
convex bodies. 40~-120 um in diameter: however. the size of
the ce'ls ranged from [0—~> 1000 um. depending on their age
and recent feeding history. Active cells were ughtly attached to
3 substrate. feeding constanuy and full of parucies which de-
termined their coloration (Figs. 4=7),

The "voungest’” cells (see muitiple fission below) were smail
(10=20 um), Hat. with stretched. hyaline. fan-like cytoplasm (Fig.
8). In ume (3-7 days) and with abundant feeding, these grew
into the large plano-convex flat cells (40-1(20 um), which were
full of dense cytoplasm loaded with food vacuoles and storage
granuies. Clear and cylindrical. echinate-truncate. cytopiasmic
protrusioas (3—-13 um long, 46 um wide) appeared and dis-
appeared on the clear cytoplasm covering the ceil. Their trun-
cated fronts were blunt and ended with a small crater (3~5 um
diameter). suggesting the presence of a test (Figs. 4, 7. 10). Fine
dactylopodia extended from the echinate-truncate cytoplasmic
protrusions (Figs. 4. 7) and waved slowly back cad forth before
retracung. Mary other amoeboid cell configurations also exist-
ed. Among them were smooth. pointed. round. or elongated
cells (Figs. 2-9. 1 1~13).

Large groups of detached, greenish-beige. spherical ceils, were
common 1 cuitures that were starved for four 10 eight weeks
(Fig. 13). Feeding of starved cultures resulted in very long and
thin ceils (1000 um x 30 um). tightly attached 1o the substrate
and eagerly “mowing’ the surtace for food (Fig. 13). Elongated
forms lasted from a few hours 10 a day: then the ceils resumed
the more common 50—-100 um diameter. piano-convex shape.

Detached. pigmented. sphencal cetls (40-200 um) with acuve
podia were common |-2 days after feeding (Fig. 6). The weil-
ted ceils were settied on the bottom and slowiy wandered aiong,
wransterring their center of gravity from one set of dactviopodia
t0 another as thev were advancing. Lobopodia were short or
missing in these cells and were not used for locomouon: how-
ever. :fte dactylopodia were extended from clear lobopodium-
like areas. which may have given them phvsical support. The
well-fed. suspended morphoiogy lasted for 3-7 davs. atter which
the cells re-attached and started feeding and dividing agaia.

The color of the amoebae and the apparent consistency of the
cytopiasm gepended on the tood source. Cails which were fed
on umcetlular green algae were dark green and granular. Each
of the numerous (0od vacuoies contained from one to four weil-
packed aigal cells (Figs. 3. 6). Amoebae which were fed on

dinoragetlates or brown seaweeds were golden (0 dark brown
with less granuiauon. depending on the type ol seaweed they
enguifed (Fig. 7). Those that fed on agarophytc red seaweeds
or on agar. carrageenan. fucan. or ziginate had finely granuiated
cytoplasm and a light beige color (Fig. 2). When fed on the red
unicellular aiga. Porphvridium, the amoebae were bnght red and
granulated. and when sugar solutions were the provided carbon
source. the amoebae were siiverv-greenish and nearly ciear.

Dacrvlopodia and lobopodia. Fine needle-like dacivlopodia
(23 um wide. 5-30 um long) were extended from the echinate-
truncate cytoplasmic protrusions on the ceil surtace or ceif test
(Figs. 4. 6. 7). Dactyviopodia remained extended for 3.5-10 mun
and waved slowly and conunuously. The cvioplasmic protru-
sions retracted with the daciviopodia or remamned exiended.
ready 10 accommodate a new set. Dactviopodia formed 1n ail
directions with larger numbers in the direclion of movement.
They formed in groups of -3 (rarely 3) per protrusion (Figs. 4.
7). Most were a single cvtoplasmic filament. few branched once.
forming a fine fork. Dactylopodia did not seem 10 take an acuve
role in movement of flat attached cells. They were used. how-
ever, for motion in detached ceils which were supported by
dactytopodia and moved by transfemng their weight on them
in a2 bumpy mouon.

Lobopodia were most common on flat, aitached cells. where
they were used for movement (Figs. 4. 8). [n small cells. a wide
lobopodium of clear cytoplasm was extended in a round front
while the mass of granular cytoplasm slowly sireamed into it.
Observatons of attached moving cells on glass or agar beads
indicated that the test and ceil membrane were rolling «hile the
cvtoplasm was streaming.

Dactylopodia were thin and extended from the cytoplasmic
echinate-truncate protrusions. Lobopodia were round and were
not observed in associaiion with these cone-like protrusions:
however, these two types of podia appeared to be somehow (n-
terchangeabie. On several occasions the typrcaily 2-um-wide.
[ 3-20-um-iong dactvlopodia gradually changed their morphoi-
ogy. Within a few seconds they were transiormed into a 30-—=20-
wm-wide lobopodium. which was then either retracted. widened
further. or reshaped as a thin dactylopodium. The echinate-
truncate cytoplasmic protrusions moved witn the surtace mem-
brane around the cetl. changing their positions rejative 10 each
other and to the ceil edges. [t 1s not clear whether these were
permanent structures or a transient formauon of ceil cvtoskele-
ton. Light and efectron microscope observauons did not reveai
a permanent structure in the ceil membrane or the cell test which
corresponded 10 these cvtoplasmic protrusions.

Cell division. Two tvpes of cell divisions occurred: binary
fission and muitiple fission. Binary fission occurred in well-fed
cultures. Cells larger than 60 um n diameter divided. forming
twq daughter ceils not always idenucal 1n size nor in number
of nucler. [n preparation for division. opposite poles of one ceil
moved 1n opposite direcuons and a thin cytopiasmic bridge

Figs. 9-16. Changes in appearance of Amoeba-i-7 with changes in physiological state. 9. Progeny of mulupie fismons (two cetls) before actve
migrauon started (7 h after division started). The top nght cefl. ongnally 110 wm, produced 72 progenv. The left cell. ongnaily 140 um was aot
vet tinushed dividing. [ts 24 visible progeny conunued 1o divide and reached ther final size (20 um) 2 h later. Bar = 20 um. 10. Transmussion
electron micrograph of a log-phase ceil. The clear food vacuoles (fv) are fuil of agar. A test 1s present at the ced surtace farrows: < 30.900). 11.
Three amoeba cetls with typical round (0 dumb-betl shapes. Cells tended to assume the dumb-beil shape pefore binary fissions. Bar = 30 um.
12. Flat ceil aiter five weeks of sarvauon, 8ar = 50 um. 13. An Am-l-7 ceil exposed to Dunafiefia afier being starved for six weeks. Each amoeba

cetl formed a long rod (0 maximize scraping atility. Note the cieared ares the cetl lett behind. Botl arrows poat at one cetl angd 113 direcuon of

movement. Bar = 10 um. l4. Extremeiy large ceils were formed by several ceil fusions 1n weil-fed cuitures. Bar = 30 um. 15. Groups of cells
starved for six weeks tioaung n the medium. The smail particies are tecai pefiets. Sar = 100 um. (6. A DAPI-stuned cetl. 130 um n diameier.
wnth brigntly dyoreeCing nucier distnbuted 10 the cyloplasm between the round {ood vacuoies. About 287 nucier can be counted. 8ar = 12 um.
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TasLe . Growth rates of Am-{-7 on different aigae.
Divi- Live-
sions/  ussue
Food source week®  bodled Quality
Sreen scaweeds
Enteromorpha (neescinalis 0 1-2  Poor food source
Ulva angusta 0-0.5 |1-2  Poor
Cladophora coiumbiana 0-0.6 2-3 Poor
Jaicelular green aigae
Chiamwiomonus reinnardii Seil —?  Very good
Dunaliella tertiolera 7-10 - Very good
Platvmonas subcordiformis 8-9 - Very good
Cartena pailida 8-9 - Very good
NVanochior:s sp. 9-i0 - Very good
.icetapularia mediterranea 0-0.5 - Poor
3rown seaweeds
Macrocvsis pyrifera
gametopnyrtes 10-11 - Very good
Macrocystis pvrifera
sparophytes ‘o 8=10 9-10 Very good
Larmunarna farlowti sporo-
ohytes 8-9 8-10 Very good
Sargassum musicum 57 =7 Good
Sargassum filipendula 7-8 7-8 Good
Sargassum natans 7-8 7-8 Good
Sargassum jluitans 7-8 7-8 Good
Sargossum pteropieuron 7-8 7-8 Good
Sargassum fiys. e =8 6=9 Good
Cystosetra osmundacea 5-8 5-8 Good
Zonana jartowu 57 -8 Good
ed seaweeds
Porphyra perforata
conchocelis 3=5 - Poor
Porphvra pertoraia blades 6=7 7-8 Good
Gracuana sjoestedtu 7=9 7-10  Very good
Gracilana anaersonu 8-10 8=(0 Very good
Gelidium rooustum 7-9 7=-10 Very good
Prionuts (anceotaia 8-9 3-10 Very good
Cucheuma aivarezu 8-9 310 Very good
Gigaruna exasperata 8-9 T=10 Very good
Figaruna papiiaia 8=9 3-i0 Very good
umercial scaweed wall extracts
Algn (Kelco) - 6=7  Good
Agar (Dicos - 7-9  Very good
Carrageenan (Sigma) - 7-9  Very good
* Growth expennments were done with large cells (60-80 um) dividing
1y binary nssion.
» Not wned.

emained last oefore the cetls separated (Fig. 3). Minimum ceil
1ze ana the presence of surficient food suppily were two nec-
ssary requirements tor binary fission.

Extremety large cetls (500-1000 um) went through a chain of
nnary fissions. As the oversized ceils were dividing and before
he firstdivision was compieted. a second. third. or fourth binary
ission was :nitated. Such large cells produced a chain of as
ntany as | | daughter cetls during a sequence that lasied 10 mun.

Starved cells retained therr size for eight weeks and then shrank
lowly. becoming clear and barely recogmizable. Feeding of
tarved ceils restored their normal range of sizes in 3-i0 davs.

Mulupte rfission was a second type of cell division. it was
naduced by exposing large cells to fresh PES or seawater medium.
nducuon of muitiple fissi1on was recognizable 3~3 h atter the
nedium was replaced. Depending on culture condiuons (pH.
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salinitv. temperature) and the physiological state of the ceils, it
lasted 5—48 h. Each cell (60—> 1200 um) divided into 10->261
progeny. depending on the onginal size of the ceil. Dunng mui-
tple fissions the cells released the contents of their food vacu-
oles. The voung ceils remained near'y mouonless {or 5-(0 h
after division (Fig. 9). They were 7-10 um in diameter, slighty
wnnkied. and whitish-beige. Twenty hours later. the cells were
moving actively. They were ciear and An-like and stretched 10
15-20 um. attached to the substrate (Fig. 8). Their dense cy-
toplasm accumulated in one side of the ceil. and a clear area
with dense cytoplasmic ndges was fanned 1n the direction of
movement. Young small cells started teeding as soon as they
started moving. They couid aiso survive eight weeks of star-
vauton.

The induction of multipie lission was most reliabie and was
used for fast production of large numbers of ceils. Muiupie
fissions resuited in 1 5-80-foid increase in progeny per division
as compared (0 binary fission.

Nucler. Nuclei that were stained by DAPI luoresced bright
biue. As many as 350 of them were counted in large cetls (200
um). The number of nuclei was proporuonal to the ceil size.
After multiple fission the nucler were distnibuted between the
progeny. which contained -3 nuclei per ceil. The nucter were
about 2-3 um in diameter and evenly distributed in the cyto-
plasm between the food vacuoles (Fig. 16).

Movemen:. In liquid cuitures, while attached 1o the cuiture
dish. Am-[-7 moved at about 10 um/min. Conunuous obser-
vations revealed that the cells spent about 30% of the ume
extending and retracung lobopodia and dactyiopodia in what
seemed to be a random fashion., without changing their position.
Over several hours the ceils moved in a winding path. enguifing
the food parucies in their way. They moved by extending wide
clear lobopodia. which attached w and wrapped around solid
surfaces.

When directional movement occurred. dense cytoplasm first
streamed 1nto a clear lobopodium. and the whole ceil genuy
rolled following the direction of movement. The movement of
attached ceils was graduai with no sudden changes: however.
sudden motions were common when ceils encountered an un-
expected disturbance. brisues of a brush or a hair loop. (n re-
acuon. the ceils quickly reieased their contact wath the substrate
and pulled their cyoplasm away from the disturbance. Less
than 3 minute later the ceils were acuvely tesung the intruder.
and if no further motion ot the intruder occurred. it was used
as substrate.

Detached cells in stirred liquid medium were carned by the
medium without control over their movement aithough their
clear protrusiors and dactviopodia were extended ready to at-
tach. [n sull hquid the dactviopodia of detached ceils supported
the cetls. keeping them above the substrate. The ceils moved
slowiv on the tps of these nne cytoplasmic extensions.

On agar. each moving cell created a tunnei which marked the
cell’s path in the agar. (t 15 not vet known whether the cells
released short-lived digestive enzymes into the path (0 create
the tunneis. or whether membrane-bound enzymes were in-
volved, [t was clear though that the agar surrounding the tunneis
was not dissolved, and that the content of the tunneis was con-
sumed. The wunneis contained coloriess. shiny parucles (Figs.
2. 3) resemrbling the tecal pellets observed in cuitures ted on
agarophvtic seaweeds. The petlets did not contain proteiny and
meited at 50°C. suggesting agar components which were not
digested bv the amoebae and were reieased in small bundles.

A cell was alw.vs found at the head of its path (Figs. 1=3).
Cell movement on agar imitiaily concentrated at the surtace ol
the gel. Weil e¢suablished cultures had tunneis dJdistnbuted
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throughout the agar. They aiso coniained areas where ceils di-
vided at tunnel fronts without migra 'ng. Such ceil accumula-
tions resulted in large holes in the parually digesied agar (Fig.
3). Besides the amoebae (Fig. 3. black arrows). the holes were
fuil afthe shiny “eleased contents of food vacuoies or fecal peilets
(Fig. 3. white arrows).

Cytoplasimic exchange. Movement of cylopiasm between ceils
was observed in dense cultures. When contact between cetls was
common, ceils (>60 um) formed cvioplasmic bridges. 30-30
um wide. Poruons of the cytoget (20~30% of the ceil voiume)
were observed being exchanged simultaneousiy between the ceils.
The process lasted 5-60 min. Then cell membranes reformed.
replacing the bridge. and the cells separated and moved away
from each other. Dunng such exchanges the two ceils retained
thewr individual morphology although thetr cytoplasm was
bnidged.

Foud and feedinyg. Amoeba-[-7 engulfed food particles which
it encountered on its path. [t was aiso readily able 10 “cut”
pieces of live solid seaweed tissues and of vanous hard gels
made of seaweed wail extract. The ceils crawied on many availi-
able substrates. dutl they cleariy recognized edibie from non-
edible particles. They did oot enguiftherr tecal petlets even when
starved. They attached 10 but did not enguif glass beads uniess
they were coated with agar, and thev sefectively cotlected aigal
species which were more digesuble.

A vanety of seaweed tissues. live and boiled. as weil as plain
agar. carrageenan, algin. and fucans supported good growth of
Am-I-7. Live green seaweeds (Enteromorpna, LU'iva. Cladopho-
ra, Chara. {cetabularia) were the least ¢ ‘ibie. When suppiied
with green scaweeds. the amoebae accumulated on the surtaces
of the plants and collected particles and smail amounts of re-
leased cytopiasm from broken cells. but growth did not occur.
Boiled green seaweeds were more digestible and supported mar-
ginal growth at rates of 1-2 cell divisions per week. in com-
panson. brown and red seaweeds supported good growth of 7-
10 divisions per week (Tabie [). Among the brown seaweeds.
the Laminanales supported the best growth. Macroc:stis ga-
metophytes were a preferred food source. \Vacrocvsiis sporo-
phytes were also a preterred food source aithough they required
a longer penod of digestion than the gametophvies. Sargassum.
Cystosetra, and Zonana supported lower intuai growth, but once
the cuitures were established. division rates increased.

Among the red seaweeds the agarophvtes and carragenophytes
were an excellent food source tor Am-{-7. Porpavra cuticle was
a difficuit surtoce for the amoebae to penetrate aithough a week
after inoculation (he amoebae were multipiving well in between
the cuncie sheets ot this plant. Boiled Porpnvra cuticles were
more accessible but not totallv digestible.

Besides peing an interesuing brologicai svstem Am-i-7 15 aiso

an easily cuitured source tor degrading enzy mes /7r seaweed ceti
wall dissociauon. The lack of such enzymes has bec™ 2 major
barmer in isolauon of single cetls and protopiasts from nuanv
seaweeds. Scaweed protopiasts are desirabie (or studies in basic
bioiogy ot'algal ceils and in the process ot ransiomming the weeds
of the oceans into cullivateg crop plants.
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Abstract

A crude enzyme preparation from the marine amoeba Trichosphaerium was used to produce protoplasts
from Sargassum muticum, Macrocystis pyrijera, Porphyra perforata, and other red and brown marcroaligae.
Cortical and medullary protoplasts of Sargassum, which were impossible to obtain using mixtures of
previously available enzymes, have now been prepared. Intact inner cortical and medullary protoplasts
of Macrocystis, which were not observed in past isolations, were obtained. Improved protonlast yields
of as much as 500 fold resuited from feeding the amoebae on specific seaweeds. Cuticles of live Sargassum
and Macrocystis were digested easily by the amoebae. However, cuticles of autoclaved Macrecysis and
those of Porphyra (fresh or autoclaved) were eaten last. In spite of the absence of identifiable extracellular
enzymatic activity in the medium, the amoebae were able to ‘cut’ and consume live fronds and blocks
of gelled agars, carrageenans, and alginates.

(Yendo) Fensholt collected locally at Alegrea
Beach, Hollister Ranch, Santa Barbara, Califor-

Introduction

S=aweed grazers and pathogens have been used
extensively as sources for seaweed cell wall
degrading enzymes (Cheney eral, 1984; Liu
eral., 1984 ; Polne-Fuller & Gibor, 1984 ; Fujita &
Migita, 1985). These avalable enzymes were
limited in their ability to degrade different algae
and different tissue types. Therefore, we have
been searching for new sources of more efficient
enzymes with a wider range of substr
This paper describes the us€ of amoeb

enzymes for degradation of seaweed tissues and \

for protoplast isolation.

Materials and methods

The marine amoeba Trichosphaertum Am-[-7 was
isolated from tussues of Sargassum muticum

nia (Poine-Fuller, 1987a). Three major experi-
mental plants were used: Macrocystis pyrifera (L.)
C. Agardh was collected locally at the University
of California, Santa Barbara campus point,
Sargassum muricum at Santa Barbara Harbor.
and Porphyra perforaia J. Agardh off rocks at
UCSB campus point. Other species [Egregia
menziesii (Turner) Areschoug, Gelidium robustum
(Gardner) Hollenberg et Abbott, Gigartina ex-
asperata Harvey et Bailey, Gracilaria andersonii
(Grunow) Kylin, and Prionitis lanceolata (Harvey)
. Harvey] were all coilected at Coal Oil Point.

\Goleta, and at Alegrea Beach. Hollister Ranch.

‘California. Eucheuma alverzii Doty and Eucheuma
striatum Schmitz were collected in Hawaii, and
Eucheuma uncinatum- Setchell et Gardner was
originaily collected in Baja California and then
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cultured in the laboratory. Actively growing
seaweeds were used. Splitting frond meristems
and stipe tissues ~30cm below the frond
meristem of Macrocystis were selected. Young
secondary branches and developing holdfast
shoots of Sargassum, and young actively growing
Porphyra blades were used. The tissues were
cleaned and prepared for protoplast isoiation as
previously described (Polne-Fuller, 1987b; Fisher
& Gibor, 1987). The cleaned tissues were etther
immediately piocessed or placed in full strength
PES medium (Provasoli, 1968) at 60 umol m =2
sec™!, 18 °C, 14:8 L: D cycle, for three to five
days prior to being chopped for protoplast iso-
lation.

The amoebae were cloned and cultured on
sterile seaweeds (axenic, live-cuitured algae or
autoclaved tissues collected from nature). Diges-
tive enzymes were induced by feeding the
amoebae on a specific seaweed tissue for one to
three weeks. In experiments to induce specific
digestive enzymes, the food source was switched
every three weeks, and amoebal extracts were
tested on the various seaweeds that were used as
feed. Enzyme activity was determined by proto-
plast yields (# protoplasts per g wet tissue) after
two, four, six and ten hours of digestion. The
enzyme source was crude extract of 10’ amoebae
mL -' phosphate buffer (pH 6.0). The extracts
were prepared by one of two methods:

1. Amoebae (107 mL ~ ') were sonicated for 15
seconds at 200 Watts in phosphate buffer
containing 0.6 M mannitol. The extract was cen-
trifuged (15000 rpm), the supernatant collected,
its pH adiusted to 6.0, and the solution was filter-
sterilized (0.22 um).

2. Amoebae (10’ mL ~') were hand-ground in
a glass-on-glass homogenizer in sea water
containing 0.6 M sorbitol. The extracts were
cleared by centrifugation (15000 rpm), adjusted
to pH 6.0, and filter-stenlized (0.22 um).

Axenic seaweed tissues were finely chopped
(<1 mm) and the enzyme solution added (about
lg wet wt mL~'). Large volume treatments
(10 mL enzyme solution + 3-10g wet tissue)
were placed in petn1 dishes (6 cm diameter) and
agitated on an orbital shaker (30 rpm) at room

temperature. Rotation on a tissue culture wheel
was effective as well. Small volumes (500 mg in
0.5 mL enzyme solution) were incubated in
depression slides covered by a thin layer of min-
eral oil, without agitation. [ncubations were done
at room temperature under low light (7-17 ymol

m~3sec ™).

Results and discussion

Spontaneous cell wall degradation, i.e. presence
of protoplasts, was not detected in actively grow-
ing amoeba cultures even after two months of
feeding. Filtered medium in which amoebae w-ere
actively feeding did not soften tissues or release
protoplasts, indicating lack of enzyme activity in
the medium, whereas crude extracts of disrupted
amoebae were enzymatically active and released
healthy protoplasts. These crude enzyme pre-
parations were not toxic to the ceils, eliminating
the need for enzyme fractionation or purification.

Protoplasts from certain tissue types of Macro-
cystis, Sargassum, and Porphyra were prepared
previously by treatments with mixtures of com-
mercial and freshly prepared enzymes (Fisher &
Gibor, 1987; Kloareg et al., 1989 Polne-Fuller &
Gibor, 1984; Saga & Sakai, 1984). These en-
zymes came from grazers such as Haliolts,
Aplysia, and Patella, and from pathogenic bactenia
and fungi that produce enzymes such as alginases.
agarases. carrageenases and cellulases. However,
in past experience, above-holdfast and sexual
tissues of Porphyra (Polne-Fuller & Gibor, 1984)
were partially resistant to the available enzymes:
Sargassum subsurface and inner-cortical cells
were impossible to dissociate, and the largest
Macrocysiis inner-cortical cells dissolved beyond
recognition. Using the amoebal enzymes it was
possible to dissociate the entire thallus of
Porphyra, the subsurface and inner-cortical
tissues of Sargassum. and the entire thallus of
Macrocysiis.

The amoebae displayed a clear preference for
certain food sources such as Macrocysiis.
Laminaria. Porphyra, Priomtuis, Eucheuma. and
Gracilana over Sargassum, Egregia. and Gelidium.




There was a lag period between feeding by the
amoebae on a specific aigal species and the
acceptance of a different algal species. The length
of the lag period depended on the digestibility of
the seaweed, and its similarity to the previous
seaweed on which it was fed. No lag phase of
feeding occurred between the three species of
Eucheuma, or between Eucheuma, Gracilaria, and
?-2onitis, but a lag or seven days occurred between
sracilaria and Gelidium although these are both
agarophytes. A lag of one to two weeks occurred
upon switching from Macrocystis to Prioninis, or
from Prionitis to Sargassum. During the long delay
in feeding on new food sources, the amoebae
became colorless and stretched, an indication of
starvation. In many cases the amoebae went
through multiple fissions when transfered to a
new food source, an indication of stress. In all
cases, however, they eventually started tzeding.
After intensive visual observations it was con-
cluded that the enure amoebal population
recovered feeding activity, rather than a selected
few individuals that could have been better able to
utilize the new food source and might have taken
over the population.

It was not determined whether new enzymes
were induced or whether a relative quantitative
shift of the different enzymes was taking place.

The decreased ability of the digestive enzymes
to attack specific seaweeds was expressed in
increased protoplast yields and shorter periods of
incubauon. The vields of Sargassum protoplasts
increased over 300-fold when enzymes of
amoebae that were grown on Sargassum were
used rather than enzymes of amoebae grown on
Porphyra (Fig. 1). A 38-fold increase in protoplast
vield was evident from Forphyra when enzymes
from amoebae fed on Porphyra were used rather
than those fed on Sargassum (Fig. 1). No signifi-
cant difference in protoplast yields was evident
when either Porpayra or Eucheuma was treated
with enzymes from amoebae that were fed on
either one of these red seaweeds. This was true in
spite of the different major carbohydrates in the
cell walls, Zucheumc heing ~~% in carrageenans
whereas Porphyra has porphyrans, xylans. and
mannans.
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Fig. 1. Protoplast y-etds (Log) by digesting one gram of wet
tissue in different enzvmes. Clear circles = Enzymes from
Porphyra perforata-fed-amoebae on Porphyra perforaia
(P-O-P). Dark circles = Enzymes from Sargassum muticum-
-fed-amoebae on Porphyra perforata tissues (S-@-P) Clear
triangies = Enzymes from Sargassum mudcum-fed-amoebae
on Sargassum municum tissues (S-A-S). Dark triangles =
Enzymes from Porphyra perforata-fed-amoebae on Sargassum
muticum ussues (P-a->).

Cutcles of live Macrocystis and Sargassum
were digested with the rest of the tissues and
seldom were found in the culture vessel. Cuticies
of Sargassum were not separated from the tissues
even after autociaving. However, cuticles of auto-
claved Macrecysas (Fig. 2) and those of live or
autoclaved Porphyra (Fig. 3) were seiectively left
as a last food source (Table 1). In some of the
amoebal cultures that were fed on brown and red
seaweeds, an indigestible fraction was ejected
from the food vacuoles as pellets of clear materiai
(‘feces’). Such particles were not membrane
bound and did not contain detectable proteins.
They meited at 40-65 >C depending on the food
source, revealing their carbohydrate composition.
Clear pellets were observed in cultures that were
fed on Macrocysas, Laminaria, Egregia, Gracilara.
Prionitis, Gelidium, Eucheuna and Porphyra as
well as on various agars, carrageenans, and
alginates. The amoebae did not take up these
pellets again. In cultures fed Sargassum and
Macrocystis the amoebae reieased: dark-brown
nellets 5-10 um in diameter. Further enzymatc
and biochemical studies on the nature ot these
undigested matertals are n progress.
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Fig. 2. Cuticle of autoclaved Marrocystis pynfera (clear arrow) being digestec v amoetae {GaiK arrew s - 13erthe ssue
has been consumed: Bar = 40 um. Fig. 3. Cuticle of Porphvra perforata (clear arrow) being digestea == ws)
after the rest of tissue has been consumed. Bar = 40 um.
The mechanism by which the amoebae were detected in the supernatant, it is  umed that

‘attacking’ the seaweeds and the gelled blocks of
polysaccharides (29, in seawater) was observed.
Whereas unicellular algae were phagocytosed
individually, the large seaweeds had to be
attacked enzymatically. In order for the amoebae
to phagocytose a large seaweed or agar gels, they
had to attach to the surface of the thallus or gel
and create an external digestive pocket at the
contact area; then they could dissoive a poruon
of the thallus or gel. Since enzymes could not be

they were either short-lived or possibly mem-
brane-bound under natral feeding conditions.
Enzvmes were water soiuble when the amoebae
were ground in buffers or - sea water, and the
activity remained in the centnifuged and fiiter-
stenlized supernatant.

The feeding of these amoebae on a wide variety
of seaweeds and the wide distnbution of the genus
n all warm temperate waters (isolated from
seaweeds and sand samples from east and south




LTI )

1ble . Dissociation of seaweed tssues and cuticles by
noebal enzymes.

:aweed Tissue dissociated Cuticle digestion
ecies
wphyra All tissues Live & autoclaved
cuticle digested last
argassum Surface and Live & autociaved
subcortical cuticle digested
with tissue
'acrocystis  Surface, subcortical Live cuticle eaten
and medullary with tissue;

autoclaved cuticle
digested last

filaments

wustralia, south Brazil, central and southern
-alifornia, Hawaii, and Israel, unpublished) may
oint at a potential pathogen to commercial
eaweed farming of species such as Macrocystis,
.aminoria, Eucheuma, Gracilaria, and Porphyra.
"richosphaerium individuals have been isolated
outinely from holes and blemishes on Macro-
ystis and Laminaria fronds in California coastal
vaters. They were consistently isolated from thaili
f Gelidium, Prionitis and Gigarrina, mostly from
toles and damaged parts of the tissues (not neces-
arily decaying), and from intact vegetative tissues
ind receptacles of Sargassum. The succession of
rathogens in the tissues was not studied, but the
ibility of these amoebae to penetrate through
wuticles of the various seaweeds makes them a
)athogen at least by creating sites for further bac-
erial and fungal attacks.
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