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Ralph A. Lewin and L.C. Cheng, §.1.0,

Prochloron is a unicellular alga with many cytological features 1lik
those of other prokaryotic algae, but with certain biochemical features
like those of green algae and higher plants. It can be regarded as a
possible relative of ancestral chloroplasts, if one accepts the Mereschkovsky
theory of symbiogenesis, To test such theories, detailed information of its
fine structure, biochemistry and physiology is needed. Ideally, one would
like data obtained from cells grown in pure culture, but despite many attempts
during the last few years we have not yet succeeded in growing them in the
laboratory. Accordingly, we have had to dcpend on material collected from
Nature. Prochloron is characteristically associated with certain didemnid
ascidians which occur in tropical coral-reef areas. We found that Palau
was perhaps the most suitable source for collecting such material, and
Lissoclinum patella the most suitable host species from which to extract
Prochloron cells in quantity. Lyophilized or frozen cells were analyzed in
various ways, by various work s in various laboratories, using material
supplied by us, collected dur.ag expeditions to Palau financially supported
largely by N.A.S5.A. A number of publications have resulted from research
on such material; others are in the course of preparation, We still lack
unequivocal proof for or against the symbiogenesis theory, but much of the
accumulating evidence seems to suppert it, We shall know more in the next
two or three years.

N.A.S.A. supported two expeditions to Palau (IPE-VII and IPE-VIII), in
1982 and 1983 respectively, and an international workshop (IPW) in La Jolla
in 198%. We enclose reports from these expeditions and the workshop, a
brief report of the work carried out on the samples collected, and a list
of publications resulting therefrom,
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More than 100 samples have been solicited from our collections and
sent to more than 40 colleagues here and abroad. Included in the latter are
scientists in the U.S.A. (22), Great fritain (5), Germany (8), France (2),
Norway (2), the Netherlands {1), Switzerland (1), Australia (2), Canada (1),
Japan (1} and China (1). Work on the material is presumably proceeding along
with other projects in the various laboratories, and one may anticipate that
in duc course publishable results will appear in the literature. Each
collaborator has been asked to acknowledge that the materia) had been
collected on expeditions partly financed by NASA.

i The following papers, accepted for publication or already published,

‘ are based largely or entirely on Prochloron research carried out, or on
samples zollected, at Palua, on expeditions financia'ly supported in part
by NASA Grant No. NAGW-181,
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Ralph A. Lewin and L.C, Cheng, S5.1.0.

Prochloron is a unicellular algs with many cytological features 1ikeNg
those of other prokaryotic algae, but with certain biochemical features
like those of green algae and higher plants., It can be regarded as a
possible relative of ancestral chloroplasts, if one accepts the Mereschkovsky
theory of symbiogenesis., To test such theories, detailed information of its
fine structure, biochemistry and physiology is needed. Ideally, one would
like data obtained from cells grown in pure culture, but despite many attempts
during the last few years we have not yet succeeded in growing them in the
laboratory. Accordingly, we have had to depend on material collected from
Nature. Prochloron is characteristically associated with certain didemnid
ascidians which occur in tropical coral-reef areas. We found that Palau
was perhaps the most suitable source for collecting such material, and
Lissoclinum patella the most suitable host species from which to extract
Prochloron cells in quantity. Lyophilized or frozen cells were analyzed in
various ways, by various work 's in various laboratories, using material
supplied by us, collected dur.)g expeditions to Palau financially supported
largely by N.A.S.A. A number of publications have resulted from research
on such material; others are in the course of preparation. We still lack
unequivocal proof for or against the symbiogenesis theory, but much of the
accumulating evidence seems to support it, We shall know more in the next
two or three years.

N.A.S5.A, supported two expeditions to Palau (IPE-VII and IPE-VIII), in
1982 and 1983 respectively, and an internaiional workshop (IPW) in La Jolla
in 1983, We enclose reports from these expeditions and the workshop, a
brief report of the work carried out on the samples collected, and a list
of publications resulting therefrom.

More than 100 samples have been solicited from our ccllections and
sent to more than 40 ceolleagues here and abroad. Included in the latter are
scientists in the U.S.A. (22), Great BRritain (5), Germany (8), France (2),
Norway (2), the Netherlands (1), Switzerland (1), Australia (2), Canada (1),
Japan (1) and China (1). Work on the material is presumably proceeding along
with other projects in the various laboratories, and one may anticipate that
in duc course publishable results will appear in the literature. Each
collaborator has been asked to acknowledge that the material had been
collected on expeditions partly financed by NASA.

are based largely or entirely on Prochloron research carried out, or on s
samples tollected, at Palua, on expeditions financia'ly supported in part
by NASA Grant No. NAGW-181.
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Berhow, M.A. and McFadden, B,A. 1983, Ribulose 1, 5-bisphosphate carboxylase
and phosphoribulokinase in Prochloron, Planta 158, 281-287.

Cheng, L. and Lewin, R.A. Prochloron on Synaptula. Bull. Mar, Sci.

Coleman, A.W. & Lewin, R.A. 1983. The disposition of DNA in Prochloron
(Prochlorophyta). Phycologia 22, 209-_12,

Fall, R., Lewin, R.A. § Fall, L.R. 1983. Intracellular coagulation inhibits
the extraction of proteins from Prochloron. Phytochemistry 22, 2365-2368.

Kendrick, J.W., Deane, E.M. § Bishop, D.G. A comparative study of the fatty
acid composition of Prochloron lipids.

Lewin, R.A. 1983, The problems of Prochleoron. Ann. Microbiol. (Inst, Pasteur)
134B, 37-41,

Lewin, R.A., Prochloron - a status report. Phycologia.

Lewin, R.A., Cheng, L. and Alberte, R.S5. Prochloron-ascidian symbioses:
photosynthetic potential and preductivity. Micronesica.

Lewin, R.A., Cheng, L. and Matta, J. Diurnal rhythm in the cell-division
frequency of Prochloron (Prochlorophyta) in Nature. Phycologia.

McKay, R., Salgado, D., Boren, L., Stackebrandt, E. and Doolittle, W.F. 1582,
The 55 ribosomal RNAs of Paracoccus denitrificans and Prochloron.
Nucleic-Acids Research 10, 2963-2970.

Murata, N, and Sato, N. 1983. Analysis of lipids in Prochloron sp. Occurrence
of monoglucosyl diacylglycerol., Plant & Cell Physiol. 24, 133-138.

Paerl, H., Lewin, R.A. and Cheng, L. Variations in chlorophyll and carotenoid
pigmentation among Prochloron (Prochlorophyta) symbionts in divers marine
ascidians. Botanica Marina.

Pardy, R.D., Lewin, R.A. § Lee, K. 1983. The Prochloron symbiosis. 1In "Algal
Symbiosis™ (ed. L.J. Goff) Cambridge University Press, pp. 91-96.

Papers in preparation, or submitted but not yet accepted for publication
include two by Alberte et al., and two by Paerl et al.
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langs Cheng gnd
Raiph A. Lawip
ABSTRACT
For the first time, Prochloron cells have been found associated with an

animal other than a colonial ascidian - namely, & synaptid holothurian, Symap-

Iule lewperti.

Green unicellular algae lacking an evident mucleus (i.e., they are
prokaryotic) have elicited considerable interest in recent years because of
their possible phylogenetic affinities to blue—green algae on the one hand and
to the chloroplasts of higher plants on the other, They have been assigned to
a nev genus, Prochloron, in a new algal divisiom, the Prochlorophyta (Lewin,
1976, 1977), They occur characteristically as symbionts of certain colonial
ascidians (Protochordata) on tropical and sub-tropical shores around the
world. 8o fsr, they have been reported only from members of the families

Pldemnidae (various species of Didemnum, ¥rididemnum, Diplosoms, Lissoclinum

.;d Echinoclinum) and the closely related Polycytoridae (Cystidites sp.)
(Rott, 1977, 1980; Lewin, 1979). They have never been found living free, and
have not yet been grown in sustained laboratory culture, although Patterson
snd Withers (1982) have reported slow, non~sustained growth of Prochloron

cells in a sea-water medium supplemented with tryptophan.

Prochloron cells occur in sporadic green patches on the surfaces of
colonies of Didemnum candidum and other encrusting didemnids uader rocks and

o mangrove roots in Baja Califormia, Mexico (Lewin and Cheng, 1975) and in
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Ralpl A. Lawip
ABSTRACT

Por the first time, Prochlorop cells have been found associated with an

animal other than a colonial ascidian - namely, a synaptid holothurian, Synap-

uls lewperti.

Green umicellular algae lacking an evident mucleus (j.¢., they are
prokaryotic) have elicited considerable imterest in recent years because of
their possible phylogenetic affinities to blue—green algae on the one hand and
to the chloroplasts of higher plants on the other., They have been assigned to
a nev genus, Prochloron, in a new algal division, the Prochlorophyta (Lewin,
1976, 1977). They occur characteristically as symbionts of certain colonial
ascidians (Protochordata) on tropical and sub-tropical shores around the
world. 80 fs-, they have been reported only from members of the families
Mdemnidae (various species of Didemnum, Trididemnum, Diplosoms, Lissoclinum
and Echinoclipum) and the closely related Polycytoridae (Cystidites sp.)
(Rott, 1977, 1980; Lewin, 1979). They have never been found living free, and
have not yet beem grown in sustainmed laboratory culture, although Patterson
and Withers (1982) have reported slow, mon-sustained growth of Prochlorom

cells in 2 sea-water medium supplemented with tryptophan.

Prochloron cells occur in sporadic green patches on the surfaces of
colonies of Didemnum candiduym and other encrusting didemnids under rocks and

om mangrove roots in Baja Califormia, Mexico (Lewin and Cheng, 1975) and in
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#imilar babitats in Puerto Rico, the Gal‘pagon Islands, Singapore, etc, (per-
sonal observations)., In other didemnid cpecies they occur as symbionts, snd
at least 18 spp. are never found without Prochloron cells, tightly packed in
peripharyngeal spaces or in common closcal ducts, lass commonly embedded in
the tunicin of the colonial tests. (Por & review of such symbioses, see Kott,
1980). Many of these didemnid species occur in low-intertidal or subtidal
Teef areas in Palau, Western Caroline Islands, and it is there that we found
Prochloron cells also in sporadic patches om the skin of a synaptid
Wolcthurian. This is the first report of their occurrence ow any snimal other
than «n ascidian, and it brings into question the supposedly “obligate™ nature

of the asivociation of this problematic alga with didemnids and their allies.

Prochloron-bearing holothurians (Echinodermata) were found in a shallow
fringing-reef area by the Kamori Channel, Xoror, Palau, in February 1981 and
again in February 1982, about 250 metres from the boat dock of the Nikko-Palau
(Continental) Hotel. They were scattered over a relatively umall area perhaps
100 m across, usually in smsll groups of 5-10 individuals, cravling;in and
over colonies of a purple-black sponge. They have been identified as Synap-
tula lemperti Heding by Dr. Frank Rowe of the Australian Wational Museum, 8yd-
ney., The animals were 3-5 mm wide and ranged in length from 5 cm (contracted)
to 25 cm (extended). Around the mouth there were 10-11 tentacles. Their
natural colour was mottled, lilac snd white, but about 10-20% of the individu-
als {in surveys of 50-150) bore greem patches on the posterior 1/3 of the
body. These patches were attributable to green wmicellular algae (Prochloron
sp.) indistinguishable from those living symbiotically in mearby didemnid
colonies (Pinlosoma m P. pimilis, Lissoclipum pgtella, L. owi
Didesnum molle and Trididemnum cycleps). They could bave been transferred

from the didemnids in the vicinity either as free cells (we detected by
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+imilar habitats in Puerto Rico, the Gll;pl]ol Islande, Singapore, etc. (per-
sonal observations). In other didemnid species they occur as symbionts, and
@t least 18 spp. are never found without Prochlorop cells, tightly packed in
peripharyngeal spaces or in common closcal ducts, less commonly embedded in
the tunicin of the colonial tests. (For a review of such symbinses, see Kott,
1980). Many of these d!demnid species occur in low-intertidal or subtidal
reef areas in Palau, Western Caroline Islands, and it is there that we found
Rrochlogrop cells also in sporadic patches om the skin of a synaptid
Wolcthurian. This is the first report of their occurrence ou amy animal other
than «n ascidian, and it brings into question tae supposedly "obligate™ nature

of the asvociation of this problematic alga with didemnids and their allies.

Prochlorop-bearing holothurians (Echinodermata) were found in a shallow
fringing-reef area by the Kamori Channel, Koror, Palau, in February 1981 and
again in February 1982, about 250 metres from the boat dock of the Nikko-Palau
(Continental) Hotel. They were scattered over a relatively small area perhaps
100 m across, usually in smell groups of 5-10 individuals, crawling .in and
over colonies of a purple-black sponge. They have been identified as Synap-
tuia lamperti Heding by Dr. Frank Rowe of the Australian National Museum, Syd-
ney. The animals were 3-5 mm wide and ranged in length from 5 cm (contracted)
to 25 cm (extended). Around the mouth there were 10-11 tentacles. Their
natural colour was mottled, lilac samd white, but about 10-201 of the individu-
als (in surveys of 50-150) bore greem patches om the posterior 1/3 of the
body. These patches were attributable to greem unicellular algae (Prochloron
sp.) indistinguishable from those living symbiotically in mearby didesmid
colonies (Piolosoms yiyens, D. similis, Lissoclisum patells, L. yoelgkowi,
Didempus molle and Irididempum cyclops). They could have been transferred

from the didemnids in the vicinity either as free cells (we detected by
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filtration some 10-20 Prochloron cells per litre of water in that area) or

carried by free-swimming larvae of the symbiotic ascidians,

The algal cells vere generally spherical, 12-16 pm in diameter; sbout 253
were in various stages of cell division (Fig. 1, 3 & 4), Although the avail-
able quantities were insufficient for an unequivocal demonstration of the

b as well ao chlorophyll a, their bright green colour,

—

prasence of chlorophyll
and the prasence of abundant cells of identical microscopic appearance in
mearby symbiotic didemmids (which harbour authentic Prochloron), leave little
Teason to question that they are in fact Prochlorgn cells. VYurther evidamce
is pruvided by their fine structure as revealed by transmission electron-
microscopy. As shown in Figs. 5 aud 6 they exhibit features typical for this
genus, notably the thickness and substructure of the cell walls, the form and
distribution of the polyhedral bodies, and especially the paired or stacked
thylakoids lacking phycobilisomes. They were associated with large numbers of
phagocytic amoebocytes that had presumably emerged from the coelom of the host
snimal: some of these amoebocyt=# =are found closely appressed to Prochloron
cells (FPig. 2=4). The algae could be wiped off by stroking with & finger
Spacimens of $ynaptulg bearing Prochloron were taken slive in sea water to the
laboratories of the Micronesian Mariculture Demonstration Centre, where they
lived for a fev days iu an squarium; but during that time they tended to lcse
most of the algse, which were detached as the synaptulids squirmed and stroked
one part of the body against another. We kept some in direct daylight and
others in diffuse light, but noted no evident change ip the size of algal

patches in 5 days.

We have been able to find little information on the natural history of

$ynaptuls spp., which have been reported from many coasts around the Indo-
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filtration some 10-20 Prochlorop cells per litre of water in that area) or

carried by free-swimming larvae of the symbiotic ascidians.

The algal cells vere generally spherical, 12-16 pm in diameter; about 251
were in various stages of cell division (Fig. 1, 3 & 4), Although the avail-
able quantities were insufficient for an maequivocal demonstration of the
presence of chlorophyll b as well as chlorophyll g, their bright green colour,
and the presence of abundant cells of idemtical microscopic appearance in
mearby symbiotic didemnids (which harbour suthentic Prochlorop), leave little
reason to question that they sre in fact Prochlorop cells. TFurther evidemce
is provided by their fine structure as revealed by transmission electron-
microscopy. As shown in Figs. 5 and 6 they exhibit features typical for this
genus, notably the thicknese and substructure of the cell walls, the form and
distribution of the polyhedral bodies, and especially the paired or stacked
thylakoids lacking phycobilisomes. They were associated with large oumbers of
phagocytic amoebocytes that had presumably emerged from the coelom of the host
snimal: some of these amoebocyt=* —=are found closely appressed to Prochloron
cells (Pig. 2-4). The algae could be wiped off by stroking with a finge:
Specimens of $ypaptuls bearing Prochlorop were taken alive in sea water to the
laboratories of the Micronesian Mariculture Demonstration Centre, where they
lived for a few days iu an aquarium; but during that time they tended to lcse
most of the algae, which were detached as the synaptulids squirmed and stroked
one part of the body against another. We kept some in direct daylight and
others in diffuse light, but noted mo evident change in the size of algal

patches in 5 days.

Ve have been able to find little information on the natural history of

$ynaptuls spp., which have been reported from many coasts around the Indo-
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Pacific islands (Clarke, 1920), on the Great Barrier Reef (Clarke, 1938), and
in the Caribbean (Pawson, 1976). They seem to be known to specialists mostly
as specimens preserved in formalin or slcohol, in which symbiotic slgse, if
originally presemt, would soon be detached and discolored bayend recognition.
We exsmined the normal yellow-green patches on larger species of Synapts in
the same area, and the skins of other holothurians common in che vicinity, but
found no Prochloren cells there. Their sporadic presence on Synaptula lam—
perti may be attributable to peculiar festures of the holothurian skin, which
has baen shown in amother apodous sea cucumber to sccumulate amino acids
(Townsley and Ahearn, 1973). PFurther investigations are needed to establish

this point.

Specimens of the Syngptuls have been deposited at the National Museum of

Matural History, Washington, D.C., and the Austrazlian Museum, Sydney.
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Pacific islands (Clarke, 1920), on the Great Barrier Reef (Clarke, 1938), and
io the Caribbean (Pawson, 1976). They neem to be known to specialists mostly
as specimens preserved in formalin or alcohol, in which symbiotic algee, if
originally presemt, would soon be detached and discolored beyond recognition.
Ve exsmined the norms] yellow-green patches on larger species of Synapts in
the same area, and the skins of other holothurians common in :he vicinity, but
found no Prochloron cells there. Their sporadic presence on Sypaptuls lam—
285l may be sttributable to peculiar features of the holothurian skin, which
has besn shown in amother apodous sea cucumber to sccumulate amino acids
(Townsley and Ahearn, 1973). Purther investigations are needed to establish

this point.

Bpecimens of the Synaptuls have been deposited at the National Museum of

Natural History, Washington, D.C., and the Australian Museum, Sydney.
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Figures 1-4, Ligkt-micrographs (phase-contrast) of Prochloren cells (P)
and coelomocytes on skin of holothurian Syngptula lamperti (8). (Bcale

bar = 10 micrometres.)

Pigures 5-6. Rlectron-micrographe (TEM) of algal cells from Synaptula

skin, shoving polyhedral bodies (PHB), paired thylakoids (THY), and other

features characteristic of Prochloron. (Scale bar = i micrometre.)
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The procaryotic alga, Prochloron, has aroused considerable interest
because it contains both chlorephylls a and b but lacks phycobilins (A). It
occurs in sympiosis with a number of marine ascidians but as yet, little
information is available concerning the relationships between the alga found
in different hosts, and the orggnism has been successfully cultured in the
laboratory, from only one host (B). The relationship between Prochloron and
its hosts may be compared with that between the dinoflagellate, Gymnodinium

™M .
imicroadriaticum and its diverse marine hosts, In this latter case, the

existence of distinct strains (subspecies) of the dinoflagellate has been
demonstrated by conparing biochemical and morphological properties (C,D,E)
thylakoid lipidé (F) and sterols (G). This paper reports apalyses of the
lipids of Prochloron isolated from several hosts, to determine whether differ-

ences in Tipid composition could be used to characterize organisms from

different sources,

MATERIALS AND METHODS
Prachioron cells were obtained as freeze dried samples harvested at Palau,
Carolire 1slands by L. Cheng and R.A. Lewin or as intact cells freshly
expressed from host material collected on the Great Barrier Reef at Heron
Island by A.W.D. Larkum or at Lizard Island by D.G. Bishop. Cells were
extracted with chloroform:methanol, 2:1 (F) without addition of butylated
hydroxytoluene. MGG, DGG and SL were quantitatively estimated (H) after thin-
layer chromatography of total 1ipid samples on Silica gel HR plates in the
solvent, acetone:benzene:water (1) or after thin-layer chromatography of
samples freed of pigments by chromatagraphy on Sep-pakﬁagg cartridges (d).
Phosphatidylglycerol was estimated by phosphorus analaysis (K} after thin-
layer chromatography in the same system. Pure lipids for fatty acid analysis
were jsolated by preparative thin-layer chromatography, methylated and

analysed as previously described (L,F).
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RESULTS

The analyses of total lipids of Prochloron freshly isolated from Diplosoma

similis showed four major lipid components MGG, (41 moles %), DGG (4 moles %),

SL (47 moles %) and PG (8 mnles %). A minor component, monogluco:yldiacyl-
o

glycerol, detected in the Yipids of Prochloron (M) and cyangbacteria (N,0) is

included in the values for MGG. The values are similar to those recently

obtained for the lipids of Prochloron isolated from Lissoclinum patella (M),

the most striking feature being the high conteﬁt of SL, which is norm2lly a
minor component of photosynthetic membranes (P) including those of cyaq%-
bacteria (Q). In addition the content of DGG is relatively lTow and the molar
ratio MGG:DGG is unusually high for photosynthetic cells., Analysis of the
MGG:DGG molar ratio in ejght samples of Prdchloron 1ipids (deriﬁed from five
different hosts) gave a mean value of 7.2 (range 5.1 to 10.2), considerably
higher than the mean value of 1.43 (range 1.00 to 2.06) found for 16 species
of higher plants (P). Values reported %or the MGG:DGG molar ratio in cyano-

bacteria are Jess than 4 (Q).

Analysis of the fatty acid composition of individwal lipids of Prochloron

from D. similis showed a distinctive distribution of fatty acids (Table I).
Four fatty acids containing fourteen or sixteen carbon atoms were the major
components of the total lipid. MGG and DGG were characterized by large
amounts of the monounsaturated acids 14:1 and 16:1, while SL contained 75%
saturated acids and PG contained about equal amounts of saturated and mono-
unsaturated acids. No polyunsaturated fatty acids were detected. The data
are similar to those of the lipids of Prochloron isolated from L. patella
(M).

The fatty acid compositio:/of the galactolipids of Prochloron isolated
from different hosts and in different locations and times aré shown in Table
1I. While the overall trends are similar, and the ratio of unsaturated to

saturated acids is greater than 2 in all cases, some differences do occur.
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Analysis of three samples of Prochloron isolated from L. patella in the
Caroline Islands gui;over a three-year period shows that variations in fatty
acid composition can occur, e.g. the content of 16:0 in DGG varies from 4.9%
to 23.9%. Variations also occur in the fatty acids of galactolipids of
Prochloron isolated from D. simi]is)samp1es of which have been obtained both
from the Caroline Islands and the Great Barrier Reef (see also Table I),
Analysas of the galactolipids of Prochloron from the remaining three hosts
follow the general trends, Analyses of the SL'fractions (results not shown)
show the same high conrtent of saturated fatty acids as was found from the alga

from D. similis (Table I).

. DISCUSSION
The object of this study has been to compare the fatty acid composition
of specific membrane lipids of Prochloron, in order to establish whether some
distinctions can be made between the a]dae infecting different hosts. A
number of criteria, which provide evidence for strain variation, have been

established for the symbiotic dinoflagellate, G. microadriaticum (C,D,E,F,G),

including the content of eicosapentaenoic acid in thylakoid galactolipids and
the relative levels of octadecatetraenoic acid in MGG and DGG (F). However,
in the case of Prochloron, the present resuits do not allow a similar con-
clusion., Although the lipid composition of Prochloron is characterized by a
high cgntent of SL, and a high MGG:DGG ratio, and each of the four major
lipids has a characteristic fatty acid composition (Table I and ref. M),
variations in the fatty acid compositions of individual lipids in samples from
different areas, and from different times in the same area (Table II) do not
at this stage pernit fatty acid.couposition to be used as a taxonomic
criterion, It must be recalled however that in eucaryotes, MGG, DGG and SL
are located only in chloropiast membranes, whereas in cyanobacteria and

presumably Prochloron, these lipids are present in both thylakoid and cyto-
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plasmic membr _. 2s. Both the cyanobacteria (Q,R) and Prochloron (Table I and
ref. M) lack 1ipids such as phosphatidylcholine and phosphatidylethanolamine
both of which are characteristic of euang;otic menbranes. They also
synthesize MGG by a pathway involving epimerization of monoglucosyldiacyl-
glycerol (M,N,0) whereas eucaryotes utilize a pathway involving UDP-
galactose,

While the present results do not justify the use of fatty acid content in
the taxonomy of Prochloron, the variations fouﬁd in the lipids of cells from
the same host harvested from .ifferent areas, or at different times in the
same area, suggest that a study of the effects of temperature and light
intensity on lipid composition would be rewarding. The lipid and fatty acid

composition of the cyanobacteria Anacystis hidulans which does not synthesize

polyunsaturated fatty acids, are both affected by temperature (Q) and the
ability to culture Prochloron in the laboratory (B) now makes such a study

feasible.
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TABLE 1 MAJOR FATTY ACIDS OF LIPIDS OF
PROCHLORON 1SOLATED FROM DIPLOSOMA SIMILIS®

Fatty acid Total lipid MGG LGG SL PG
14:0 2.6 221 2,0 14.57 18.53
14:1 19,7 4072 w23 40,8 7.2 13.1
16:0 13,2 T k11,8 60.6 38.8
16:1 31.9 HBudT 45,3 17.5 30.7
18:0 " + - + - +
18:1 1.2 + . . .

2 One-Tree Island, November 1982, .
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Summary
Prochloron is a genus of prokaryotic algae with photosynthetic

pigments 1ike those of chlorephytes. Prochlorophytes are almost
invariably found associated as symbionts with marine protochordates
(didemnid ascidians), and so far none has been successfully grown
in sustained culture away from its host, Based on materials
collected from nature, information of various sorts (biochemical,
physiological, cytelogical and fine-structural) has been obtained,
indicating many resemblances (and probably close phylogenetic
affinities) between prochlorophytes and cyanophytes, Nevertheless
they are distinguished by certain unique combinations of
characters, Some of the data support the symbiogenesis theory for
the origin of green-plant chloroplasts. Other possibilities

are briefly discussed.
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Prokaryotic algae with two chlorophylls, 4 and I and lacking acocessory
phyoobilin pigments, have been found associated with protochordate
invertebrates on tropical sea shores (Lewin and Cheng, 1975; Newcomb and Pugh,
1975). Pirst described as soochlorellae (Smith, 1935) and later as
Synechocystis (Lewin, 1975), they have now been assigned to the genus
Prochloron (Lewin, 1977) in a pewly established algal division, the
Prochlorcphyta (Lewin, 1976). An earlier review of this subject, which I
prepared in 1978, was published in 198%a; in this one I review work published
in the years up to 1982. Sinoce, by the characteristics desoribed above,
prochlorophytes differ froa cyanoplytes (the only prokaryotic algae known
hitherto), they have recently elicited considerable interest, especially in
regard to their phylogeny (e.g., BJBrn and Bj®rn, 1982; Cavalier-Saith, 1982;
Chadefaud, 1978; Kremer, 1980; Chapman and Trench, 1982; Seewaldt and
Stackebrandt, 1982). Two specific topics have engaged attention. (1) Did
prochlorophytes arise independently ol cyanophytes, or did one of these
classes arise from the other? (2) If eukaryotic chlorophytes originated by
symbiogenesis (which is still debatable), might their plastids have arisen
from symbiotic, endophytic prochlorophyte-like ancestors? In theory, various
kinds of evidence on these points oould now be obtained by electron
mioroscopy, comparative biochemistry, molecular biology and even biochemical
engineering--if we had at our dispoaition viable and preferably axenic
cultures. Unfortunately, up until now no such cultures of Prochloron have
been available, though one recent report (Patterson and Withers, 1982)

indicates that this situation may soon be remedied.

Symbiotic associations of Prochloropn with didemnids ocour on shores along
the north-west ooast of Mexioco, in the Caribbean, on some ooasts of the

Galdpagos, Hawaii, etc., but they tend to be relatively inoconspicuous, and
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only ssall quantities of algal ocells can be harvested from them (see
references to earlier work cited by Lewin, 1987a; Lewin, Cheng and Lafargue,
1980). Bowever, rinh and varied sources of these algae, which normally live
in symbiotic association with oertain oolonial ascidians, mostly didemnids,
have now been diswvered in ocertain areas of the Indo-Pacific (Lewin, 1979;
Kott, (980). The algae from different hosts ssem very similar in most
respects, though oertain differences have been noted in their oell diameter
and fine structure (Pugh, 1976). Lissoclinup patella, in particular, is an
excellent source, aince dense suspensions of the algae can be readily
obtained, almost free from ocontaminating cells of other kinds, by aimple
mechanical pressure. We have preparsd freeze-dried preparations of Proghloron
from such symbioses and have made samples available to many scientific
oolleagues in various laboratories around the world. Much of the following

information was obtained from such material.

To begin with, the oligonucleotide catalogues of 168 rREA from Prochloren
oells fram four different host species are almost identical (Stackebrandt gt
Al., 1982), suggesting that ey are, if not oconspecific, at least very
closely related. A growing body of evidenoe indicates that there are close
biochemical similarities, and presumably phylogenetic relationships, between
Prochloron and a variety of blue-green algae. Its cell walls contain muramic

acid, some 1.3 fg um~2

of oell surface (Moriarty, 1°079), the peptidoglycan
type being identical to that fou' d in cyanophytes and many Gram-negative
bacteria (Stackebrandt and Kandler, 1982). Prochloron contains a variety of
carotenoids, predominantly P-carotene and zeaxanthin, generally like that of
blue-green algae except for the absensy of glyoosidic carcicnoids (present in
most cyanophytes), and differing in important respects frua that of eukaryotic

chlorophytes (Withers gt al., 1978; Withers, Vidaver and Lewin, 1978). The
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polar lipid oomposition i» typical of that of oyanophytes in that the major
lipids are galactolipids, sulfoquinovosyldiacyl-glyoerol and
phosphatidylglyocerol, wvhile phosphatidylcholine eand phosphatidylethanclamine
are absent (Perry ot al., 1978; Murata and Sato, 1983). Monogalactolipid is
apparently synthelized via monogluoolipid as in cyancchytes, not by the
pathway oharlct.orisuc or ouhryotic plants (Murata and Sato, 1983; Kemrick gt
Al S)'dnoy. p&aom oo-nu“ni:uo;:) Polyunsaturated fatty acids are not ‘
present in aignificant amounts (Perry gt al., 1978; Murata and Sato, 1983).
Small amcunts of sterols, with a high proportion (228) of 5 d-stanols, have
been found in Prochloron, as in cyanophytes., The relatively high proportion
of cholesterol (0.03% of oell dry weight) suggested to Johns et al. (1981)
that they may not have been produced by the alga itself but by its animal

bhost.

Ecological oonsiderations, and data on phctosynthetic activities of
Prochlorop oells ipn hospite and ip vitro, have been presented and discussed by
Tokioka (1942), Thinh and Griffiths (1977), Thinh (1978b), Fisher and Trench
(1980), Pardy and Lewin (1981), Thinh, Griffiths and Ngan (1981), Kremer,
Pardy and Lewin (1982), Pardy, Lewin and Lee (1982)/and Lewin, Cheng and
Alberte (in preparation). It appears that the alga could derive at least asome

ded reduced > miduding
of its requirements for con nitrogenous ocompounds ,nd perhaps tryptophan
(Patterson and VWithers, 1982), from the animal host, and that the latter could

benefit by the photosynthetic production of organic solutes and oxygen by the

Golbois wnd Think

X,
RProghloron oells 1n their extracellular spaops (Pu-dy and Lewin, 1981). \ 13
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bacteria, there are polyhedral bodies with a arystalloid substructure

(Schulz-Baldes and Lewin, 1976; Whatley, 1977) probably composed of ribulose
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bis-phosphate (RuBP) carboxylase molecules, RuBP-carboxylase has been
extracted from Proghloron, and it appears immunclogiocally identical to that of
the cyanophyte Microcvystis (G. A. Codd, Dundee; personal mlnnimtio@). The
pature of the RUBP-carboxylase in Prochloropn is of particular interest for the
following reason. In green plants generally, the enzyme is made up of 16
subunits, 8 large (encoded in the onloroplast DNA) and 8 small (syothesized on
nRNA originating in the nuclei). But Prochloron has neither plastids nor
nuclei; so how does it make its RuBP-carboxylase? (Some cyanophytes make an
enzyme of the BL+BS type--but some do nmot.) Berhow and McFadden (1983) have
oonfirmed that RuBP carboxylase is indeed present in Prochloron, along with
phoaphorimloldua'o, and that it has large and small subunits much like those
in higher green plants. The Prochloron RuBP carboxylase dissociates (probably
to AL + AS halves) during polyacrylamide-gel electrophoresis, being in this
respect unique among all RuBP-carboxylase enzymes so far examined. Activitien
of superoxide dismutase (L. Henry, King's College, London), nitrite reductase
(H. Bothe, Cologne) and succinate thi_sinase (P. D. J. Weitzman, Bath) have
been demonstrated in lyophilized Prochloron cells (personal comrunications),
as have glucose-6-phosphate and 6-phosphogluconate dehydrogenases (Fall, Lewin
and Fall, in preparation). However, the isolation of many other enzymes from
mm'fpoeioa' preparations seems to be hampered by the phenomenon of
intracellular coagulation, which occurs apparently as the oells die (Fall,

Lewin and Fall, in preparation).

Nucleotide sequence data from analyses of 5S and 168 ribosomal RNA point
to close phylogenetic affinities between Prochloron and cyanophytes, including
filamentous types such as Joatoc (MacKay gt al., 1982; Seewaldt and
Stackebrandt, 1982), though a re-evaluation of the 16S RNA data led Van Valen

(1982; see also Van Valen and Maiorana, 1980) to dispute this phylogenetic



conclusion,

On these bases we could conclude that Prochlorop is a deviant cyanophyte
in which unusual features of its photosynthetic pigment complement had been

acquired, perhaps, relatively recently. DBasing his considerations on the

limited preliminary data then available, Antia (1977) therefore argued against

the nominal creation of an algal division, the prochlorophytes, separate fram

the cyanophytes.

However, in addition to 2 pigment compoaition of Prochloron, anomalous
for a prokaryote, there are other features to be oconsidered which distinguish
it from blue-green algae, In Proghloron the polyhedral bodies lie
peripherally among the thylakoids (Schulz-Baldes and Lewin, 1976), whereas in
cyanophytes they are generally ia the centroplasm. The locations of the DNA
bodies, as revealed by staining with fluorescent dyes such as "DAPI," differ
in the same way: there are many peripheral lumps in Prochloron (Coleman and
Lewin, 1983), but only a single ocondensed nucleoid in the centroplasm of
cyanophytes. The thylakoids of Prochloron are, of oourse, devoid of
phyocobilisomes (Thorne, Newcomb and Osmond, 1977), which are a characteristic
feature of cyanophytes., They are paired or stacked (Whatley, 1977; Thinmh,
1978a), whereas in the ocells of virtually all cyanophytes examined electron-
microscopically the thylakoids are separated singly. The size distributions
of photosynthetic particles on the inner Prochloropn thylakoid faces, as
visualized by freeze-fracturing and electron microsocopy, are much closer to
those of chloroplasts (ol eukaryotic green algae or higher plants) than to
those of cyanophytes (Giddings, Withera and Staehelin, 1980; Cox and Dwarte,
1981). Correlated perhaps with these structural features is a physiologiocal

feature, a burst of fluorescenoce exhibited when dark-adapted cells of
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Proghloron or other green algae are re-illuminated; this response is not shown

by oyanophytes (W. Viluver, personal communiocation).

Although the "speoctrum® or variety of photosynthetic products in
Proghloron is somewhat closer to that of blue-green algae than to that of
chlorophytes, a notable feature is the apparent absenoce of sucrose, which is
produced by most other plants that contain chlorophyll b. Published results
of short-term photosynthesis experiments with "002 differ somewhat, perhaps
partly because the algal ocells studied came from different host species and
partly because of the d.fferent experimental techniques employed. Akazawa,
Newoombd and Osmond (1978) found that, within the first half-minute or so, 3-
phosphoglyoceric acid vas the major photosynthetic product of Prochloron in
Riplosoma yvirens; after that, more acid phosphates and dicarboxylic acids were
formed; and after an hour some 853 of the total fixed carbon was in the form
of a water-soluble oligosaccharide. Fisher and Trench (1980), who studied
Proghloron oells isolated from D. yireps, reported that after 1 h of
incubation in the light the primary end-products were gluocose, maltose,
fruotose, sugar phosphates and polyglucans; the main extracellular product was
giyoollic acid. By ocontrast, Kremer, Pardy and Lewin (1982), who worked with
Prochloron oells isolated from Lissoclinum patella incubated in light for
periods up to 1 h, found no free sugars; more than 508 of the fraction soluble
in agueosus aloohol oonsisted of amino acids, and about 20§ comprised acids of

the tricarboxylic acid cycle and glyocollic acid.

Both branched and relatively short-chain, unbranched 1,3 alpha-glucans
(starches) occur in Progh.oron oells (Akazawa, Newoomb and Osmond, 1978;
Fredrick, 1980; Kremer, Pardy and Lewin, 1982) as in many green algae.

(Unbranched polyglycans have not been reported from cyanophytes.) Two
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phosphorylase and syrthase emzymes, and three branching isozymes of the
glucosyl-transferase system, have also been found in Proghloroa (FPredrick,
1981).

Gas vacuoles, which occur in many but by no means all cyanopbytes, have
not been found in Prochloron; nor has cyanophyoin (R. D., Simon, Rochester,
Rochester; personal ocommunication) (a polymer of aspartic acid and arginine,
found in many cyanophytes); nor has poly-beta-hydroxybutyric acid (G.
Gottschalk, GBttingen; personal ocommurnication) (which occurs in some
cyanophytes as well as in many non-photosynthetic prokaryotes). But in
oonsiderations of phylogeny the absences of such features may not be as
telling as positive characteristica. The production of 3-(N-methylamino)
glutaric acid in Proghloron (Summons, 1981) is apparently unique; its

metabolic (or ommotic) role remains to be established.

On the basis of present data, the decision as to the taxonomic poaition
of Prochloron has to Ls made subjectively, acocording to the gravity with which
ve weigh the various similarities and differences reviewed above. But even if
we are led to oconclude that Prochloropn is a "relatively™ close relation of the
cyanophytes, we have still to account somehow for its ability to synthesize
chlorophyll b (now a well-establiashed fact: Lewin and Withers, 1975; Thorne,
Newcomb and Osmond, 1977; Thinh and Griffiths, 19’!7"\) and the thylakoid
proteins to which it is bound (Withers et al., 1978). Is this ability
monophyletic, anocestral to both divisions of prokaryotic algae (as well as to
eulkaryotic chlorophytes)? Posaibly the prochlorophytes reteined it while the
cyanophytes (now much more widespread and "sucocesaful” on ecologiocal and
physiologioal grounds) somehow lost it and developed other acceassory

pigments, phyoobilins, instead. In the pre-Cambrian era there may have been
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free-living prochlorophytes as well as oyanophytes. The fossil record cannot /

tell us which oame first: prokaryotic algal remains in pre-Cambrian rocks
oould as wvell be fosailized prochlorophytes as cyanophytes, as experimentally
demonstrated by the laboratary silicification of Prochloron oells (Francis,
Barghoorn and Margulis, 1978). Or did Preoghloron evolve from a cyanophyte A
stock and somehow--independently of the other green algae but by some parallel
biochemiocal evolution--"re-invent™ the syntheais of ohlorophyll b and
associated proteins and, earlier or later, dispense with acocessory phyoobilin
pigments? (Mutants of blue-green algae with u_tluood apitnt.:l.u for biliprotein
synothesis have been reported, e.g., by Storis ‘.::d\'l:y;}-a. 1976.) Or could it
have picked up the system for chlorophyll h Iirl pii.id from some

neighbouring green plant?

The second major question posed by Prochloreon - did green-plant

T 1)

chloroplasts arise, by endosymbioais, from a prochlorophyte ancestor of this
sort - was briefly discussed three years ago (Lewin, published in 1981b). A
little more relovant information has oome to light sinoe then., The data of
Herdman (1981), coritical to this point, indicate that Prochloron has a genome
size (3.59 x 109 daltons) similar to that of many other autonomous
prokaryotes, some 30-40 times as big as that of a chloroplast genome in
higher plants (Herdman and Stanier, 1977). If chloroplast ancestors were
prochlorophytes, they seemingly lost scme 95§ of their gemstic information
ooding, including much of that required for the functioniug of the
photosynthetic apparatus, after the postulated act of symbiogenesis. This, of
oourse, is oconoeivable., The fact that the apparent “plastids" of the
flagellate Cyanophora have a DNA genome size of only 1.17 x 1()a daltons
(Herdman and Stanier, 1977), yet nevertheless have (or retain) at least traces

of a peptidoglycan envelope, indicates that such a reduction may have oocourred
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more thanr onoe in evolution. There seems good evidence, from 165 RNA base-
sequence data, that red algal plastids (id in fact originate from cyanophytea
(Bonen and Doolittle, 1975; Bonen gt al., 1979), loaing over the years some
90-95% of their genetic material. On the other hand, Cavalier-Smith (1982)
argues, though less plausibly, that heterogeneity of the pigment contents of

plastids in various algal classes gould have arisen after a aingle primordial

act of aymbiogenesis,

Outlining problems of this kind helps us to formulate freah approzches
and to suggest new lines of research whereby they may ultimately oe resolved.
And meanvhile we should retain "the ability to see things in a long-term
perspective...and the willingness to oconcede that ther¢ just may be another

point of view®" (Queen Elizabeth's jubiles speech, 1977).
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Abstract - We determined the chlorophyll content of W—d}
didemnid ascidians Bg;:::rfhg sy.brotic algae (Prochloron sp.) from
oligotrophic tropical marine waters around Palau, Western Caroline Islands.
chcrn{::;;:;in a8 much chlorophyll per unit dry weight as many herbaceous
crop plants and more than do other symbiotic associations such as lichens,
green Hydra, etc. Their chlorophyll a/b ratios (3-9) were generally much
higher than those of angiosperms (2-4)., Where they abound, Prochloron-
ascidian symbioses could make a major contribution to the productivity,

especially in localized areas of tropical marine waters characterized by low

nutrient levels and high irradiance.
Introduction

Until a few years ago, didemnid ascidians with "zoochlorellae" were
barely mentioned in lists of symbiotic associations of invertebrates with
algae (e.g., Droop, 1963; Taylor, 1973, Trench, 1979). More recently,
interest in these protochordates has grown, largely because of the unexpected
discovery that their algal symbionts (Prochloron sp.) are prokaryotes capable
of synthesizing chlorophyll b as well as chlorophyll a, a feature hitherto
thought to be confined to eukaryotic chlorophytes such as green algae and
higher plants (see review by Lewin, 1981). Huwever, even among marine
biologists familiar with many of the diverse symbiotic associations found in
tropical coastal waters and reefs, few are yet aware of the potential
ecological importance of symbicotic didemnids inM such regions (Lewin,

1979; Kott, 1980).

In fringing reef areas and shallow lagoons surrounding the islands of
Palau, Western Caroline Islands, several species of symbiotic didecnids are

abundant. Along some of the lagoon shores, many rhizophores and lower

e
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brarches of the mangrove Sonneratia bear a mosaic coating of a soft green
didemnid, Diplosoms virens (Tokioka, 1941). On nearshore coastal flais, leaves
of the lt;krlllel Balophilas and Ephalus cac be found partly enve.uped by
grey-gree; colonies of Lissoclinuz voeltzkowi, while in nearby areas these
uli}ras.es can be equally heavily laden with spherical colonies of yet another
oy;Liotic species, Dideunur molile. Along parts of the Kamori Channel, at
depths of about ] m, virtually all of the dead coral surfaces are blanketed by
slyc

another green didemnid, Trididemnum cyclops. This same species carpets large
i A

patches of the bottom of at least one of the marine lakes (Hamner, 1982).

In the localized areas where they are found, symbiotic didemnids could
contribute significantly to primary productivity, since they are abundant and
contain large numbers of photosynthetic cells (Lewin, 1981) with high rates of

photosynthesis (Fisher and Trench, 1980; Thinh et al., 1981; Griffiths and

-~
Thinh, 1983; Alberte et al., in preparation). There is evidence that thefse b(ja[
N’

symbionts, which line cloacal cavities and other spaces of their host cclonies

(see Kott, 1980C; Lewin, 1981), release fixed carbon (Thinh and Griffiths,

Caon b¢
1977, Fisher and Trench, 1980, Griffiths and Thinh, 1983) which je taken up by

their hosts at levels between 72 (Pardy and Lewin, 1981) and 51% (Griffiths

]

and Thinh, 1983). These values are comparable to those, sometimes exceeding

em‘brio
20-30%, determined for corals (Taylor, 1973; Muscatine, 1980). 1In coral reef
A

systems, the net productivity (g C/mnzid-l) may be 5 to 50 times as high as in
the overlying waters (Marsh, 1976; Lewis, 1977; Trench, 1979), and may reach
levels comparable to those reported for agricultural systems, kelp beds and

-_—

seagrass communities (Dawes, 1981). We present here evidence, based on the
A

chlorophyll contents in eight species of symbiotic didemnid ascidians,

indicating an important role of Prochloron-ascidian associations in the

primary productivity of certain tropical marine benthic communities.
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Materials and Methods

Didemnid ascidians wvere collected in February, 1982, from a small coastal
reef flat in the Kamori Channel, Palau, Western Caroline Islands. Colonies
immersed in seawvater wvere transported from the field to running seawater tanks
at the laboratory of the Micronmesian Mariculture Demonstration Center, Roi;r.
Precliloron ep. cells were removed from the various host species by squeezing

the colonies. The ratios of fresh (wet) to rsh-free dry weight were

determined on the same samples. Ash weight were determined after calcining at

R R R R R R R R O O O R R R R R R R RO R R R RO,

330°C for 1 br. Chlorophyll contents and chlorophyll a/b ratios were
determined in extracts in 902 (v/v) acetone by using equations of Jeffrey and
madt

Humphrey (1975). Some comparative data were obtained from collectionsAin

Singapore in 1977, or from the published literature.

Results and Discussion

Among the 8 species of didemnids examined, the dry weight/wet weight

,th y ratios (are lower/(Table 1) [than those of most invertebrates (ref. ? ) but are 4

roughly equivalent to those of many angiosperms (Evans, 1972). Most of the

values are less than 172f:10west values being those of Didemnum molle (8%) and
Diplosoma similis (>3%) which are respectively full of mucilaginous material
and a less viscous algal suspension. The one high value (42%), that of
Lissoclinum bistratum, is attributable to the high content of calcareous

material (842 of the dry veight)"in the colonies of this species.

The chlorophyll a/b ratios (Table 1), 3.1 to 8.8, are in the same range
as those reported for various Prochloron preparations examined earlier
by :
(summarized }n/Lewin, 1981), being higher than those typical of terrestrial

plants (2.2 to 4.0; Kirk and Tilney-Bassett, 1978) and of marine and fresh -~ e
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wvater green algae (1.5 to 2.8, Wood, 1979, Alberte, unpublishec). The amounts
of chloroghyll a(per ;u ash-free dry weighty or per unit bxauanl{}of the
symbiotic nllocxltxo7/range from 0.8 to 5.3 mg/gm (Table 1). These values are
comparable to those found in the symbiotic Paramecium bursaria + zoochlorella

Ohe
conplexx . Weis, Cleveland, OM, pers. commun., July 1962) and in

some whole angiosperms (comprising nonphotosynthetic as well as photosynthetic

tissues) such as duckweed (Lemna minima, 5.5 mg/gm, our data) and barley (Horlcun.vdu.n

leaves (5.0-7.0 mg/gm, our data); they are higher than that of the highly

productive seagrass, Zostera marina (Mazzella et al., 198l; Dennison and

P -
for the

Alberte, 1982). The average vnluﬁf, 2.8 mg|chlorophyll afgm, is higher than
| Coml bl

those reported for lichens (e.g. 0.4-1.,2 ng?Em in Peltigera canina,

Wilhelmsen, 1959), the symbiotic green sponge Spongilla lacustris (0.55-1.2
mg/gm; Frost and Williamson, 1980), and the dinoflagellate-containing ::=;~0u¢
Anthopleura elegantissima (71.0 mg/gm, estimated from data of Fitt et al.
1982). The relatively high levels of chlorophyll in G*“s-symbiotic didemnids
indicate 8 considerable potential for photosynthetic activity, which could
make a significant contribution to their nutrition and thereby add to the

certain
overall primary productivity of gueh tropical benthic communities.

A high content of chlorophyll is not always correlated with a high rate

of photosynthesis (Kirk and Tilney-Bassett, 1978; Richardson et al., 1983),

though in many plants it reflects, fairly accurately, their photosynthetic

rates (Patterson, 1980). Light-saturated rates of photosynthesis in Diplosoma

Conidtrably
virens have been reported to beé-ﬁﬂgreater than the dark respiration rates (f:&-?
xl‘okioka, 1942; Fisher and Trench, 1980; Thioh et al., 1981); {41 in the
other species listed in Table 1 (except for Didemnum molle and Lissoclinum
bistratuz, which were not examined) the P:R ratios are 10 or greater (Alberte

et al., in preparation). Since in Palau these ascidians experience daily
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periods of light-saturated photosynthesis of about 12 hr (Alberte et al., in
preeparation), their daily (24 hr) P:R ratios are at least 5. Similar daily
(Tiem)  [2e)
P:R ratios are found in such terrestrial angiosperms as vhcat:iiﬁ maize (C.
Gudin, pers. commun., de Witt et al., 1970) and in the seagrass 2Zostera marina
(Dennison and Alberte, 1983). In most of these symbiotic didemnids, net
photosynthesis per unit chlorophyll ﬂ{ is comparable to, or exceeds, that of
mauy marine macrophytic algae (Kirk and Tilney-Bassett, 1978, Dawes, 1981).
Oo the same basis, net photosynthetic rates of the symbiout alone are
comparable to those of typical cyanobactezia (e.g., Anacystis pidulans,
Vierling and Alberte, 1980; a marine Synechococcus sp., Wood et al., 1983;

Alberte et al., in preparation).

In Palauan teef:lhelf wvaters, the majority of the symbiotic didemnid

species, especially Lissoclinum patella, Diplosoma virens and Didemnuc molle,

o
are found at depthsbless than 2-3 m where there is little attenuation of light

—

intensity by the water column. (E.g., at solar noon, under & cloudless sky,
the light intensity [400-700 nm) at 2 m is 982 of that at 2 cg;’Alberte,

unpublished data). In isolated Prochloron cells and in Lissoclinur patella <

and Diplosoma virens colonies, photosynthesis saturates at light intensities

2

of 500 to 1000 pE m ‘;-l (Alberte et al., in preparation). These symbiotic

associations are evidently adapted to high~light enviromments, maximizing
Hur
their photosynthesis, and henceAprimary production, under the light

) o

environments prevailing in shallow reef waters.

Another feature of some of these symbiotic ascidians which may help them

to maintain high rates of photosynthesis is their motility with positive
phototaxis. Colonies of Diplosoma virens can move along substrate surfaces at

rates up t> a few mm per day (Birkeland et al., 1981; Thinh et al., 1981).
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or evim
This could help tc keep them in well illuminated situations and reduce @adier)

eliminate potential shading by other organisws or from burial under sediment.

Vel S S
IV vpimaienr

|
|
{" Relatively high growth rat:s around 2.31 per diem have been reported for
l Diplosoms virens (Thinh et al., 198]); similar rates have been documented for
:' such photoautotrophs as macrophytic algae (deBoer et al., 1978). Some of the
i nutrients supporting the growth of these animals presumably derive from
2 photosynthetic activity of their algal symbionts. However, the presence of
N fecal pellets in their guts indicates that Eokam—oj D. virens ingests/'/
microplankton (e.g. bacteria and algae) providing an additional source of
¥ nutrition for the maintenance and growth of the host. @o-ﬂ-.wh) éuture work
¥ G.n.ﬁu-&-mé is needed to clarify the nutritional economy of symbiotic

didemnids.

Although the presence of symbiqmes in didemnid ascidians has been

recognized for some time, their uniqueness has been only recently appreciated

IS @.«—m«».—m@ The nutritional role of these prochiorophyte symbionts in

the growth of their hosts remains unclear, but there s now considerable

evidence indicating that they can contribute significantly to the primary

Jome
production of tropical littoral communities. In the present report we
A .

s
demonstrate that at least eight species of g;gchlorgg-dfdemnid symbicses have

photosynthetic potentials (based on their chlorophyll content] equalling or

,C'\. exceeding those of other marine or terrestrial species &d—oy-hneﬂ



-9 -

References

Birkeland, C., Cheng, L. &nd Lewin, R.A, 1981, Mot.lity of didemnid ascidian
colonies. Bull. Mar., Sci. 31, 170-173,

Dawes, C.J. 1981. Marioe Botany. John Wiley and Sons, N.Y.

Dennison, W.C. and Alberte, R,5. 1982, Photosynthetic responses of Zostera
marina L. (eelgrass) to in situ manipulations of light intemsity.
Oecologia 55, 137-144,

Dennison, W.C. and Alberte, R.S5. 1983, Photosynthesis, biomass and growth of
Zostera marina in relation to daily light periods. Oecologia (in
review).

de Wit, C.T., Brauwer, R., Penning de Vries, F.W.T. 1970. The simulation of
photosynthetic systems. In "Prediction and Measurement of Photosynthetic
Productivity," Wageningen Puduc Publ., pp. 47-70.

Droop, M.R. 1963. Algae and invertebrates in symbiosis. In "Symbiotic
Associaticns" (eds. Nutman, P.S. and Mosse, B.). Soc. Gen. Microbiol.
Symp. 13, 171-199.

Evans, G.C, 1972. The guantitative analysis of plant growth. Univer. Calif.
Press, Los Angeles.

Fisher, C.R. and Trench, R.K. 1980. 1In vitro carbon fixation by Prochloron
sp. isolated from Diplosoma virens. Biol. Bull. 159, 636-648.

Fitt, W.K., Pardy, R.L., and Littler, M.M. 1982. Photosynthesis, respiration,
and contribution t, community productivity of the symbiotic sea anemone
Anthopleura elegantissima (Brandt, 1835). J. Exp. Mar. Biol. Ecol. 61,
213-232,

Frost, T.M. and Williamson, C.E. 1980. In gitu determination of the effect
of symbictic algae on the growth of the freshwater sponge Spongilla
lacustris. Ecology 61, 1361~1370,

PRECEDING PAGE BLANK NOT FILMED

4)

y



- 10 =

Griffiths, D.J. and Thinh, L-V. 1983. Transfer of photosynthetically fixed
carbon between the prokaryotic green algs Prochloron and its ascidian
bost. Aust. J, Mar. Freshw. Res. 34, (in press).

Hamner, W. 1982. BStrange world of Palau’s salt lakes. Natl. Geograph. Mag.
161, 264~-282.

Jeffrey, 5.W. and Humphrey, G.F. 1975. New spectrophotometric equations for
determining chlorophylls g, b, ¢ and £, in higher plants, algae and
natural phytoplankton. Biochem. Physiol. Pflanzen 167, 191-194,

Kirk, J.T.0. and Tiloey-Bassett, R.A.E. 1978. The Plastids, Elsevier Publ.,
The Netherlands.

Kott, P. 1980. Algal-bearing didemnid ascidians in the Indo-west-Pacific.
Mem. Qd. Mus. 20, 1-47,

Kremer, B.P., Pardy, R. and Lewin, R.A. 1982, Carbon fixatior and
photosynthates of Prochloron, a green alga symbiotic with an as-idian,

Lissoclinum patella. Phycologia 21, 258-263.

Lewin, R.A. 1979, Distribution of symbiotic didemnids associated with

® - R

prochlorophytes. Proc. Int. Sym. Mar. Biogeogr. Evol. 5. Hemisphere 2, :
365-369.
Lewin, R.A. 1981. The prochlorophytes. In "The Prokaryotes" (eds. Starr,
M.P., et al.). Springer-Verlag, Berlin. Ch. 13, pp. 257-266.
Lewis, J.B. 1977. Process of organic production on coral reefs. Biol. Rev.
52, 305-347.
Marsh, J.A., Jr. 1976. Energetic role of algae in a reef ecosystem.
Micronesica 12, 13-21.
Mazzella, L., Mauzerall, D., Lyman, H. and Alberte, R.S. 1981. Protoplast
isolation and photosynthetic characteristics of Zostera marina L.

(eelgress). Bot. Mar. 24, 285-290.



e ]]

Muscatine, L. 1980. Productivity of zooxanthellae. Ip "Primary productivity
in the sea" (ed. Falkowski, P.G.). Plenun Press, N.Y., pp. 403-410,

Pardy, R.L. and Levin, R.A. 198l. Colonial ascidiens with prochlorophyte
symbionts: evidence for translocation of metabolites from algs to host.
Bull. Mar. Sci. 31, 817-823.

Patterson, D.T. 1980. Light and temperature adaptation. In "Predicting
photosynthesis for ecosystem models,” (eds. Hesbeth, J. David and Jones,
J.W.). CRC Press, Boca Raton, Fla., pp. 205-235,

Richardson, K., Beardall, Jared and Raven, J.A. 1983, Adaptation of
upicellular algae to irradiance: An analysis of strategies. New Phytol.
93, 157-191.

Taylor, D.L. 1973, The cellular interactions of algal-invertebrate
symbiosis. Adv. Mar. Biol. 11, 1-56.

Thinh, L.V. and Griffiths, D.J. 1977. Studies of the relationship between
the ascidian Diplosoma virens and its associated microscopic algae. 1.
Photosynthetic characteristics of the algae. Aust. J. Mar. Freshw. Res.
28, 673-681.

Thorne, 5.W., Newcomb, E.H. and Osmond, C.B. 1977. 1Identification of
chlorophyll b in extracts of prokaryotic algae by fluorescence
spectroscopy. Proc., Natl. Acad. Sci. 74, 575-578.

Tokioka, T. 1942. Ascidians found on the mangrove trees in Iwayama Bay,
Palao. Palao Trop. Biol. Sta. Stud. 2, 499-506,

Trench, R.K. 1979. The cell biology of plent-animal symbiosis. Ann. Rev.
Plant Physiol. 30, 485-532,

Wilhelmsen, J.B. 1959. Chorophylls in the lichens Peltigera, parmelia, and
Xanthoria. Botan. Tidsskr. 55, 30-39.

Wood, A.M. 1979. Chlorophyll a:b ratios in marine planktonic algae. J.



pa—— - i e e - - o T .j

- ]2 - CKRIGINA
OF POOR ¢
l_ Phycol. 15, 330-332,
f
1 .
[: Wood, A.M., Kursar, T.A., Guillard, R.R.L. and Alberte, R.S5. 1983, Novel
Ef phycoerythrins in marine Synechococcus sp.: Evolutionary and ecological
t implications. J. Phycol. (in review).
i
b
l
I
1
b
b
{
|
- -8 -
Acknowledgements
We are grateful to Dr. P. Kott for help with the identification of the
didemnid hosts, to Dr. James Marsh Jr. for helpful discussions, and to the
_L,4¢.F Govermment of Belau £01(}acilities at the Micronesian Mariculture

Demonstration Center, Koror. Financial support from NASA (HNAGW-181) to RAL,

and from NSF (PCM 7910535 and OCE 8214914) to RSA, is gratefully acknowledged.




2 /
/,;/v ,/7 /

- N84 20118

Diurnal Rhythm in the Cell-division Frequency of Prochloron

(Prochlorophyts’ in Nature

Ralph A. Lewin, Lanna Cheng and Jaime Matta
Scripps Institution of Oceanography, A-002

La Jolle, California 92093 U.S.A.



R. A, lewin et al -2~

Ahstract

The proportion of dividing cells of Prochlorom living
symbiotically in colonies of a didemnid, Diplosoma virens, rises
from about 4% during the night (20.00-04.00 hrs) to about 131 in
the morning (08.00-12.00 hrs.), and then falls again in the
afternoon. Similar, though less pronounced, changes have been

observed among Prochlorom cells in two other symbiotic didemnids,

Lissoclinum patella and L. voeltszkowi.
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Introduction

Prochloron (Prochlorophyta) is a unicellular, prokaryotic
alga with photosynthetic pigments similar to those of enkaryotic
chlorophytes. Since it has been suggested that ancestral green-
plant chloroplasts may have been prochloroplytes (reviewed by
Lewin, 1981), this alga is of more than usual interest in
considerations of the origins of eukaryotic plante. It hers not
been grown in sustained culture, though Perteisun « Withers 1v8.)
reported limited success in its cultivavicn in their laboratory,
vhere cells divided on the average once every 5 days. Almoet all
o.her studies, biochemical and physiological as well as
cytological, have involved Prochloron cells collected from Nature
and mechanically separated from the didemnid ascidian colonies
with which they are normally associated as extracellular .
symbionts. Of necessity, such studies have been based on
materials collected in tropical coral-reef areas. Ome of the
richest of such areas is the Palau Archipelago, in the western
Pacific Ocean, where at least six symbiotic didemnids occur in

relative abundance within a few metres of the sea surface.

Prochloron cells divide exc usively by binary fission (Lewin,
1975). Most of the samples of Prochloron didemni, collected by
Lewin (1975) from the surfaces of didemnid colonies (Didemnum sp.)
in the Gulf of California, showed onl; svout 11 of the cells
undergoing division, but in three samp':«: (fixed respect.vely at
08.00, 12.00 and 20.00 hrs), the proportions were considerably

higher, around 10-20Z. We report here observations on the
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frequencies of cell-division stages in suspensions of Prochloron
cells, expressed at regular intervals throughout a natural day-
night cycle from several colonies of four species of host

didemnid.

Colonies of three species of symbiotic didemnid ascidians
(Diplosoma virens, Lissoclinum patella and L. voeltzkowi), still
attached to their natural substrates, were collected from the
Kamori reef site near the Nikko-Palau Hotel, Koror, Palau, Western
Caroline Islands, in March 1983. They were kept in gently rumning
sea water at 29° in 10,000-litre holding tanks open to the sky.
The days were mostly sunny. At 2-hour intervals, for a 32-hour
period spanning more tham one day and ome night (14-15 March),
vhole colonies or colony fragments of each species were romoved
and pressed in a vial to extrude algal cells, which were preserved
with ethanol (90%). Droplets of cell suspension from each sample
vere later examined at a magnification of x100, and in each
subsample the percentage of dividing cells was estimated on the
basis of 400 cells counted. All stages from the first appearance
of a centripetal cross-wall (early divieion stage) to incipient
separation of paired, spherical daughter cells were counted as
“division stages" (embodying two cell elements). The counts as
percentages were plotted against the time of day. (A fourth

species, Trididemnum cyclops, collected and sampled in the same

vay, yielded too few algal cells for meaningful consideratiom.)
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Results

The data obtained for Prochlorom cells in Dip. virens are

shown in Fig. 1. In the morning and until early afternoon
(06.00-14.00) some 132 of the algal cells exhibited stages of
division; in some samples almost 161 of the cells were undergoing
division, Later in the day and at night the proportions fell to
around 4-6%1. Algal cell divisions in the other two didemnids
showed slight but similar tendencies (Fige. 2 and 3). In algae
from the epiphyllous L. voeltzkowi the percentage of dividing
cells ranged from about 10% (02.00-12.00) to 5% (14.00-22.00). 1Im
algae from the giant benthic didemnid L. patella the ratios,
usually around 4-61, showed & slight decrease around 20.00-24.00

brs.

Unfavourable circumstances did not permit us to continue this
series of samples for more than 32 hours beyond 16.00 hrs on
15 Mar 83. Howvever, we were able to obtain some additional data
from samples of Dip. virens and L. patella taken hourly, between
06.00 hrs and 18.00 hrs, on 16 and 17 Mar 83. Omn both days there
vere more cells undergoing division during the morning hours
(06.00 - 12.00 hrs) than later in the day. There was a more
pronounced difference between the high and low proportioms of
dividing algal cells in Dip. yirens (192 and 2% respectively) than
in L. patella (8% and 02 respectively).
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Discussion

Although the three symbiotic ascidians under consideration
here are found in the same intertidal lagoon, they occupy
different habitats. Dip. virens, which has the smallest colonies
of the three apecies, seldom exceeding 2 cm in diameter or 0.3 cm
in thickness, occurs highest on the shore, on rocks or mangrove
roots exposed daily to full tropical sunlight (Lewin, Cheng &
Alberte, 1982), L. voeltzkowi forms colonies several cm long and
1-3 cm wide on leaves of a seagrass (Ephalus sp.) in about 1 m of
water, where it is never totally exposed even at low spring tides.
As in Dip. virens the colonies are thin, less thanm 0.5 cm in
thickness., L. patella, on the other hand, is a giant didemnid
that grows either attached to loose sandy gravel among coral
rubble or on calcareous algae (Halimeda spp.). The colonies are
usually more than 1 cm thick and may cxceed 10-15 cm in diameter.
In the reef-flat area where we carried out most of our
observations, some of the colonies of this species were totally
exposed at low spring tides. Since colonies of L. patella
generally occur 10-20 w further offshore than those of Dip.
virens, their exposuce to full tropical sunlight is generally much
less than that of the latter species. Such ecological differences
may account for the differences that we observed in the cell
division frequencies of Prochlorom cells in thes: Adifferent
didemnid hosts. Dip. yirens, wvhich shows the highest cell division
frequencies and most pronounced diurnal rhythm, is also the most
motile, being able to shift its position relative to light

(Birkeland, Cheng and Lewin, 1981). It probably has the highest
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rate of vegetative reproduction. Thus the high proportion of
dividing algae in this didemnid may be a reflection of the
relatively high growth rate of the animal host (Thinh et al.,
1981). Although in this host species we observed more cells in
early division stages at 04.00 hr than at any other time during
the day, we are not yet in & poeition to assess its rate of
reproduction in Nature since we do not know how long it takes for

a single cell of Prochlorom to divide into two.

However, since there is evidence for a diurnal rhythm, with a
maximum around 162, it seems reasonable to conclude that the rate
of cell multiplication cannot be less than one doubling in six
(100/16) days. It is possible that Dip. virens growe equally
rapidly, so that the animal cells grow at the same rate as their
algal symbionts., Field observations indicate that the other two
species (L. voeltzkowi and L. patella) grow much more slowly. We
must therefore conclude either that the excess algal cells are
consumed in the colonies of their hosts (for which there is some
evidence from electron microscopy: Cox, 1988) or that they are

expelled through the cloacal aspertures into the surrounding water.

We have been unable to find references to comparable studies
of cell-division frequencies in other prokaryotes under natural
conditions but have learned of some relevant, unpublished data
from Dr. John J. Waterbury, Woods Hole, Massachusetts. He
observed that a marine Synechococcus, collected at frequent
intervals from surface waters in Woods Hole harbor, shows evidence

for a diurnal rhythm of cell division: the frequency of dividing
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cells rises during daylight hours, resching a peak of about 251 at
dusk, and then declines sharply to a more or less constant value

of 51 during the night.
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Fig. 1-3
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Proportions of dividing cells of Prochlorop in colonies
of (1) Diplosoms virens, (2) Lissoclinum voeltzkowi and
(3) L. patella, based on counts made at 2-hr intervals

in a 32-hr period. BEach point represents a value based
on 400 cells counted (respectively, 100, 200 and 100 by

each of the authors): the ranges are indicated by bars.
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Abatragt

B'g -performance ligquid chromatography (HPLC) with a gradient-elution
teochnique was utilized to separate and quantify chlorophylls § and p as well
a3 major carotenoid pigments present in freeze-dried preparations of
Proghlorop-didemnid associations and in Prochloropn cells separated from host
colonies. Results oconfirm earlier spectrophotometric evidence for both
chlorophylls a4 and [ in this prokaryote. Chlorophyll a:b ratios range from
§.18 to 19.71; generally good agreement was found between ratios determined in
isolated cell preparations and in symbiotic ooloz'es (ip hospite). These
values are 1.5 to 5-fold higher than ratios determined in a variety of
eukaryotic green plants. The oarotenoids in Proghloron are quantitatively and
qualitatively aimilar to those found in various freshwater and marine blue-
green algse (cyanophytes) from high-light enviromments. Hewever, Prochloron
differs from cyanophytes by the absence of myxoxanthophyll and related
glycosidic carotenoids., Its pigment characteristics are considered
sufficiently differeut from those of cyanophytes to justify its assignment to

a separate algal division..
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Antroduction

Among photosynthetic algae, Prochloron, a genus of coccoid, non-motile,
single-celled algae, 7-25 um in diameter, generally living as symbionts in or
on tropical didemanid ascidians, is morphologically and biochemically unique
(Lewin 1976). In oell structure it resembles cyanophyte algae, since no
membrane-bound organelles or nuclei oan be seen under the microscope, and its
layered photosyrnthetic lamellae are not associated in chloroplasts.

Nevertheless, Prochloron is distinguishable from cyanophytes by the absence of

‘4

<
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3.
phycobilisomes and the presence of oh., #ophyll b (in addition to chlorophyll
A) (Lewin & Withers 1975). 1In a study based on spectrophotometric absorption
soans and thio-layer chromatography (TLC), Withers gt al. (1978) establ ished
the presence of chlorophyll b in Prochloropn samples from at least asix
different host species. They observed a similarity in the ocomplement of
oarotencid pigments between Prochloron and cyanophytes, and confirmed the

absence of phycobiliscmes. We further confirm these findings and present data

\J 4@ als> presert comparisvne betweer Prich :ror. and -iler pro.arrotic and
“-—._.._—-—-—-"""—-_"—'_—\ - - LR R .
ewrar: "t 0 *-m.,F I er *iea) and taxamomic c-rgiderationse

Pigments of Prochloron oells, both associated in symbiosis and separated
from their didemnid hosts, were extracted from a variety of sampl.3; see Table
1. For ocomparative purpcses we included samples of freeze-dried and fresh
cyanophytes and chlorophytes. Axenic clones of Nosatoc entophytum and Am:nm
montana were grown in the laboratories of the Culture Collection of Algae and
Protozoa, Cambridge, U.K. The following algae were cultured ﬁthe laboratory

in North Carolina under 4,

800 pBn~2 gec”’ PAR‘ illumination (cool white). Apabaena oscillarioides
(Cyanophyta) was grown in Chu-10 (minus ocombined nitrogen) (Chu 1942).
Chlorella vulgaris and Scepedeamus guadricauda (Chlorophyta) were axenically
grown in ASM-7 medium (Parker 1982). Spirogyra lpp.zqmw
bunicola (Chlorophyta) and Navicula spp. (Chrysophyta), all obtained from
Chowan River, N.C., were grown non-axenically on ASM-1 medium diluted 1:3.

Microcystis meruginosa (Cyanophyta) was collected from a surface bloom in the
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Neuse aivar.’whcre it constituted over 953 of the phytoplankton biomass.

Codius decortatus and Ulva lagtuca (Chlorophyta) were freshly sampled from
Bogue Sound, N.C. The spermatophytes analyzed were obtained from the H.W.P.'s

garden.

Among the plant materials discussed, carotenocid and chlorophyll pigments
were all examined by HPLC, and in specified cases, also by TLC and scanning
spectrophotr retry. The pigments were extracted from centrifuged algal ocells
or freshly ground higher plants by sonication for & min in 90% HPLC-grade
sostone (Fisher) buffered with MgCd, to pH 8.0, and then allowed to stand at
A°C in darkness for 30 min. Por Scepedeamus and [lva a second sonication was
pecessary in order to quantitatively remove the pigments, but for all freeze-
dried samples only a li;n;le extraction was needed. Acetone volumes used for
extract.on were varied :ocordins to the quantities of plant material being
Manlvzed

.extracted., Dry weights of all plant materials were also determined. Extracts

M.

were centrifuged twice at 2600 Rm)_fm-br—fﬁtrﬂion of th: supernatant’ -« {’“ '
e

through diameter 0.2-um porosity Nuclepore filters in preparation for both

HPLC and TLC.

HPLC Methodology: For each HPLC analysis 20 pul of filtrate was injected
into an Altex model 110-A liquid chromatograph equipped with dual pumps, a
25-ocm long Ultrasphere 0%—18 reverse-phase column and a Hitachi 100-10
spectrophctometer (detector) with an 8-ul micro-flow cell. A linear solvent
gradient program was used. The following mobile-phase gradient steps were
employed: 0-7 min = 100% of a 90:10 methanol:acetonitrile mixture (solvent A),
7-11 min = a linear increase to 60% aocetone and X0% of solvent A, 11-20
min = 60% acetone and 0% solvent A, 20-28 min = & linear decrease in 60%

aocetone until solvent A was again the sole solvent. The flow rate was
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adjusted to 1.5 ml min"', Absorption peaks we . Taphically recorded and
integrated, and total peak areas were determined wi.bh a Hew.ett-Packard model
3390A recording integrator-plotter. Integration analyses allowed for
quantification both of specific pigments and of relative contributions of the

ipdividual pigmen.: to tetal pigments detected.

Carotenoids and chlorophylls were identified and quantified by comparing
their retention times and absorbance characteristics to known reference
standards, which included: i) purified chlorophyll a4 (from Apacystis nidulans)
from Signa Chemical Company; 11) purified P carotene, also from Sigma; 1ii)
zeaxanthin, one sample from Phormidius persinicus (donated by Dr. D. Chapman,

A
U.C.L.A.), a second from freeze-dried corn (Zea mais), and a third synthesized ,
A"
by Hoffman La Roche, Switzerland; iv) myxoxanthophyll, two samples M/ p o125

respectively from Apnabaena oscillarioides and Microcystis aeruginosa; v) {
purified echinenone from Hoffman La Roche. Respective R, values were also i
obtained by TLC separations (Paerl gt al. 1983) and compared to corresponding
values determire” by other workers (Stransky and Hager 1970; Jeffrey 1974,

1981).

Chlorophylls a3 and b revealed their respective absorption maxima at 663
mm and 642 mm. Maximum absorption peaks for carotenoids were close to 475 mm;
acocordingly this wavelength was chosen for specifically dete~ting carotenoids.
! Together, chlorophyll § and carotencids were effoctively detected at 240 rm.
X We used values for molar extinction oocefficients for d:loromyli aand b
published by Jeffrey and Humphrey (1975) and for pertinent carotenoids values

published by Davies (1976).

ILC Methodology: Two-dimensional TLC was used both for pigment

purification and for identification of selected samples on Avicel micro-

.
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crystalline oellulose-coated glass plates 25 x 20 x 20 om (Analtech, Inc.).
All TLC and PHLC reagents were Fisher HP.C or A. R, grade. The first-
dimsension separation was in p-propanol:ligroine (2.5:97.5 v/v), the second in
ligroine:onloroform:acetone (70:30:0.5 v/v/v). The only deviation from
Jeffrey's technique (1981) was in the use of ligraine instead of light
petroleum, which was unavailable., Pigments from filtrates were initially
concentrated by extraction and pu-t.it.ou' between equal volumes of petroleum
ether and 10% agqueous NaCl at -20° for ‘20 min, The ether phase containing
the pigments was ocollected and conocentrated to 30 ul by volatilizing the ether
under a stream of helium or argon. Any water remaining after this

ooncentration step was further separated by centrifugation and discarded,

Concentrated pigment solutions were applied 2 cm from a ocorner of each
plate and the solvent front was allowed to move 15 cm. Plates were dried
between first- and second-dimension separations. Clearly separated spots were
localized and removed by carefully scraping them off the plates and preserving
them in 90% acetone at -20°C. (Reference values were as follows: chlorecphyll
A = 0.843/0.239, chlorophyll b = 0.512/0.101). Pigments purified in this

manner were prooessed further by HPLC for identification or purification.

Scanning Spectrophotometry: Absorption characteristics of filtered
extracts were determined with a Beusch and Lomb model 2000 U.V.-Vis. double-

beam scanning spectrophotometer. We used quaratz microcurvettes 1 cm in

ﬁ"wu
width. Scans from 800 to 350 nm were plotted on an x-y recorder. '? *
- ¥

Results

Evaluations of apalvtical progedures. Chlorophyll and carotenoid

pigments remained well preserved in recently freeze-dried didemnid colonies
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and in isolated Prochlororn samples. Mo degradation product of chlorophyll g
or b, respectively pheophytin 4 abs max = 667 nm) or pheophytin b ‘abs

max = 655 om), was detected by spectrophotometry of extracts from HPLC
separations. Quantitative values for chlorophyll 4 and b and for major
carotencids decreased less than 8% during 6 months of storage in the dark at
-20°C. From all sanples except Scepedesmus and [lva, oomplete pigment
extraction was achieved by a aingle sonication. In these two algae, included
for comparative purposes, approximately 70% of the pigment ocontent was
extractable after the first sonication and a further 20§ was extracted afler
the second. Extraction efficiencies for ohlorophylls and carotencids were
similar, $#4.55. The total elution time for all chlorophylls and carotencids
in the gradient describe” above was 15 min (Pig. 1). Baseline drift during a
single run proved to be less than 33. Repeat HPLC injections during a 2-h
period after pigment extraction and ocentrifugation had a standard error of
+4.9%, indicating that extraction and storage procedures yielded pigment

samples stable for at least 2 h.

Chlorophyll & and b results. Table 1 lists chlorophyll a:D ratios and
specific chlorophyll § contents of the materials examined. The chl a:D ratios
in whole ocolonies were very close to those in separated ocells of Prochloren,
indicati' g that no significant amounts of these pigments were contributed by
other epiphytic or endozoic algae associated with the didemnids, and that, for
chlorophyll determinations by HPLC, prior isolation of Procihloron is necessary

only for determining pigments per unit of algal biomass.

The specific chlorophyll a content of Prochloror appears close to the
mean value for most of the green plant materials examined, but the chl a:b

ratios are generally higher (Table 1). While in eukaryotic plants these
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ratios ranged from 1.76 to 4.45, those of Proghloron ranged fram 4,14 to
19.71. Proghlorop derived from diverse didemnid hosts revealed dramatic, but

oonsistent, differences in ohl g4:b ratiocs (Table 1).

The typer of carotenoid pigments found in Prochlorop were in good
agreement with previously published observations of Withers gt al. (1978). In
all samples examined Rr values the following major carotenoids were
identified: zeaxanthin (llr = 0.380/0.380), echinenone (l!r =0.860/0.415), and P
carotene (Rr = 0.960, 0.890). A minor carotenoid, possibly cryptoxanthin
(.t = 0.72, 0.841), was alsc oonsistently detected by both TLC and HPLC, but..j_"m
reference standards for its oonfirmation (cf. Hertzberg and Liaaen Jensen
1966; Stransky and Hager 1970). Myxoxanthophyll, which is commonly found in a
wide range of cyanophytes (Goodwin 1980), was oconspicuously absent from
Prochloron (Fig. 1,2), as previously noted by Withers gt al. (1978). In other
respects the carotenoid pigment types in Prochloren proved more similar to
those of cyanophytes than to those of eukaryotic green plants (Fig. 2).
Carotenoids typically found in such eukaryotes, including lutein, neoxanthin,
violaxanthin and antheraxanthin (Hager and Stransky 1670; Jeffrey 1981),havo
mot been detected in Proghloron. Likewise, the relative proportions of
oaroto:\:oida, estimated from integrated peak data (Table 2), indicate that in
its w:teno:l.d composition Proghloron more closely resembles cyanophytes than
chlorophytes (Fig. 1,2,2), and like cyanophytes, has a ratio of P carotene to
ehl 3 higher than that of chlorophytes (Table 3, Pigs. 1,2)K (ef. Stransky and
Bfger 1970, Hager and Stransky 1970 and Goodwin 1930) Echinenone, reported as
an extra-plastidic carotenoid produced under unfavorable envirommental
oonditions in certain chlorophytes (Goodwin 1980), occurs in Prochloron and
cyanophytes (Fig. 1,2) but not in any of the samples of eukaryotes examined

bere. Lutein, ocemmonly present in eukaryotic chlorophytss (Fig. 3), was not
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found in Proghlorop or in any of the cyanophytes examined (Fig. 1,2).

Prochloron contains rather large quantities of zeaxanthin, as do most

prokaryotic and eukaryotic plants (Pigs. 2,3).

The presence of both chlorophylls 4 and b as wvell as ocarotencid pigments
is reflected in spectrophotometric absorption scans of 90%-acecone extracts,
Characteristic features in the spectra appear in the 350-875 me regicn, where
Proghloron exhibits a relatively wide absorbance band (Pig. 4). Per unit of
chlorophyll, the absorptiou of near-UV light was higher in acetone extracts of
whole didemnid oclonies than ia extract of the algae alone, indicating the
presence of some UV-absorbing material originating from the animal (host)

cells,

Discussion

HPLC 13 well suited to rapid qualitative and quantitative analyses of
photosynthetic pigments, combining high resoclution, good sensitivity and
sxcellent repeatability. Comparative analyses of Prochloron, cyvanophytes,
chlorophyte® and higher-plant materials revealed both unique and common
pigment characterist.’cs of Prochloron. Although its chlorophyll a content is
not strikingly different from that of other prokaryotic or eukaryotic algae,
the relative content of cilorophyll b is generally lower by a factor of 2 to
5. We cannot yet say whether the observed variations in chla/chl b ratios
reflect genetic differences or ocontrasting envirommental oconditions in the

different didemnid hosts.

Prochloron ocontains a range of carotenoid pigments; with the exception of
the absence of myxoxanthophyll, the spectrum is like that of most cyanophytes

thus far examined (Stransky and Hager 1970, Goodwin 1980). Carotenoids may
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serve for photosynthetic energy transfer (as an accessory pigment: Warburg and
Negelein 1922, Emersor and Lewis 1943, Haxo and Blinks 1950, Goedheer 1959,
Cho and Govindjee 1970, Cox and Bendall 1974) and/or for photoprotection. In

Proghloron, which may inhabit didemnids in shallow oligotrophic tropical

waters exposed to high levels of 1rndinuo: accessory carotenoids might serve
ﬁ
in either role.

Spectral absorbanoe curves of acetone extracts of Prochlorop resembled
.' those aof ,qy, c;amph'yul‘. 'mmm a'nd':'ﬁo.rftstrial.'p-lant,m (Fig‘.l_i:), iit'h .
strong absorption maxima in the 350-450 om region, as reported earlier by

Withers et al. (1978)., The presence of abundant carotencids and the strong
low-wavelength absorption may reflect Proghloron's well-illuminated habitats,

where it might be able to explait the light at relatively high PAR':uturation 5
levels "opt.' 700 uE .-2 sec”! PAR; R. Alberte, personal communication). It ;'_ >
has been shown that energy from low-wavelength radiation captured by B- 5
carotene may be efficiently transferred to chlorophyll in the photosystem I of = .
cyanophytes (Goedheer 1964), whereas xanthophylls may serve more as

photoprotective pigments (Goodwin 1980). The relatively high proportion of P - 3
oarotene in this alga may be considered of eocological relevance. Prochloron s
thus shows several well-defined biochemical and ecological similarities to ‘

cyanophytes, complamenting the more obvious similarities in their structural

foatures, ~ o
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Table 1. Chlorophyll a:enlorophyll b ratios and chlorophyll g oontent of

Prochlorop determined ip hospite in all but 3 samples and various eukaryotic

plants.
| Class and species Sour ce Chla:b Chl g
i (ng g~ dry wt)
fr f&oohloroglg
, Brochloron in Didemnun melle (1982) 5.23 N9k
; in Didemoun melle (1983) §.98 5.01
: from Diplosoms similis . .14 6.32
: in Diplosoma virens (1982) 14.0 5.81
in Diplosoma virens (1979) 13.20 5.03
in Diplosoma virens (1983) 13.65 4.78 4
E | 4 Licsoclinus mm}.nﬁﬂ(‘.#) AR e A
Liasoclinum patella (1983) 10.41 5. 21
from Lissoclious patella (7). 10.62 6.15
in Lissoolinus yoelzkowii (1982) 9.29 5.05
- in Lissoclinus voelzkowii (1983) 9.36 5.12
1 from lissoclinum voelzkowii (1982) 10.41 7.05
in Trididemnum clinides (15%2) (19 19.71
in Trididemnus cvelops (197 » ) 5.83 3.49 ,
Ghlorophyta mﬂmmn;nmm 2.25 1.0
[ Codium decortatum 2.09 7.52 .
| sqenedesmus Quadricauda 1.96 6.05

Spirogyra sp. 1.76 5.90
Diva lactuca 2.61 h.A8

= i




=

2.29
2.0
3.85

in

8.26
8.19
5.23
5.95
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Table 2. Relative proportions of major carotenoids in various Proghloron

strains, as determined by HPLC.

Carotenoids (3 of total)

Proghloron from: Zeaxanthin Echinenone Cryptonnthia'-cnrotou

Didemaus melle 26 12 """“m‘s 52
Diplosoma similis 29 9 3 50
Diplosoma virena 20 10 2 58
Lissoclioum patella 24 9 2 63
Lisacclinum voelzkowid 3 6 '.»-E. 3 59

L
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Table 3. Chlorophyll g and carotenoid oontents of various algae. (Published

E data were recomputed for this ocomparison.)

b

' (aw*trmﬂﬁo&

Organisms Chl a Total Carotenoid: p-carotene: Referen
(by genus) (mg 3'1) carotenoids chl a total carotenoids
(g &)
Cyanophyta

Apacyatdis 9.86 7.67 0.81 0.24 1
Sypechoccogus 3.96 3.59 0.91 0.22 1
Microcystis 3.91 3.14 0.80 0.42 2
Merismopedia 6.11 3.64 0.60 0.450 1
Phoraldium 2.99 2.95 0.99 0.28 1

! Anabaena 3.95 2.82 0.7 0.50

1 Aphanizomenon 3.25 2.19 0.67 0.45

— Qacillatoria 6.88 2.32 0.34 0.59 1

' C;lo'_-._:‘ 3.06 2.63 0.86 0.19 1

; chlop. vt
Dunaliella 8.60 3.39 0.40 0.26 3

| Budorina b.55 2.85 0.63 0.20 3

- Apkiatrodesmus 22.02 N.10 0.9 0.02 5 |
Scenedesmus 12.16 5.12 0.52 0.13 |
Chlorella 6.95 2.96 0.43 0.09 |
Lyguema 6.33 3.56 0.56 0.18 3 J
Chara 2.05 0.8% 0.4 0.37

Prochlorophyta

—— RECEDING PAGE BLANK NOT FILMED

2 )
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. in Did. molle 5.01 2.9 0.58 0.51
: in Dip. similis N1 2.42 0.59 0.50
; 15 Dip. yireas X.78 2.86 0.60 0.58
! in L. pateila A 21 2.1 *.66 0.63
| ;

4 in L. voalzkowil 5.12 2.30 0.45 0.59

'Stransky and Hager 1970
zhorl é:t al. 1983
3gager and Stransky 1970

‘Gooﬁf in 1980
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Prochlozon Expecdition

E.rpose

Prepare Prochloren photosynthetic merbranes for the isolaticn of
the two major chlcrophyll-proteins, the P700-chlorophyll z-protein aad
the light-harvestirg chlorophyll a/b-protein, using SDS-polyacrylanide
gel electrophoresis, The prepared proteins (purified) will then be
examined for their cross-reactivity tec polyclonal antibtodies prepared
from higher plant proteinc. In addition, material will be prepared for
1) electron microscopy, 2) isclation of the DNA for determination of its
general complexity (COT analysis) and similarity to barley chloroplast
DNA and Anabaena ™A by uesing restriction-endonuclease analysis, 3)
Kleinschmidt spreads of tie DNA will be examined in the EM to identify

and measure the extent and size of the circular DNA.

Experimental Design

Photosynthetic membranes were prepared from Prochloron cells in of
Lissoclinium patella by squeezing ‘e animals and collecting cells
Tris-HCl or Bicine (pH 8.4)-buffered seawater. Cells were washed in the
same huffer and resuspended in 0.1 M Tris-ECl (pH 8.4) containing 0.3 M
NaCl. This suspension was French pressed at <500 psi (1 passage) to
obtain merbrane fragments. Since we were unable to pellet these
fragments, sufficient amounts of 10% SDS were added to bring the final
concentration of SDS in the preparaticn to 1% (w/v). This material was

stored for 15-30 min and then centrifuged to remove cellular debris.
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ant culjected to clectrephoresis ior 30 min et 150 v (constant current),

Tt re 2 WeIe tegolveda, The gloweet ragrating b wat the

P70M)= protein, cht zone of inten ediate nobility was the chl g%~

pretein (o the fastest migrating band wag free pigrent, The zones were

reaovea fron the gel, dialyzec against Cistilled water ard then

lyophilized for blotting on vitrocellulcse, The vitrocelluloze blot

G e S ; " 3 ¥ ] e 125 s

vill be leached vith Staph A-coupled antibody to vhizh I hes been

bound, A positive anticen-antibody reacticn will be visuclized on less

than 1 pg protein by audicradisurephy.

Additional Stugdies

1. Effect of light anc cark on photooymthetic (PS) performance of

Prochioren celle in gitu. .
v .
-
A
Exp - Colorics of L. pagclle were placed in sunlight end in toteal '
darkness., Each cay for 6 days, Prochloron cells were extrudec and their
FS activity reasured on a Clark-type onygen electrode (Rank Eres.). ?‘

Besults - It was found that L. patella colonies kept in darkness
for up to 4 days showed no significant effect on the PS activity oI the
syrhiont., On day 5 and 6 the PC rate dropped to 1/5-1/7 of light

controls.

2. Photosynthesis vs, Irradiance Characteristics of Prochloron frenm L.

patella.

Exp - Prochloron cells were isolated from L. patella (as ebove) and

exarined for their oxygen evclution rates in relation to light

.

P w S
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jtats, Specific uetails awalt furcher caloulations and
\arp to i lsecl (FAR), A
of L release from Prochloson
By - Drochloron cells were isolated and vasned twice in Millipore
(0.45 p)-filtered and bulffered seawater to rerove cxtreneous natericl ,
and to reduce bacterial cortamination. Cells were placed in the above
nociun in viels and incubatea in the presence of IGC—J;:_r\llr.u :I.11.'(.03 for
30 min, 60 min and 120 rin, Derk contrele were run fcr each tive point.
At the end of the incubetion periods, cells vere pelleted cnc the ‘
superratente (S-10) discarced., Thic wae repeated vith cold scawater '“
-
(chese) and the S-10 I and II corbired, Cells cid 8-l were killed with -q-
boiling ethanol and acidified (to reiove any unreacted CO;: or “I!CC,)
with 6" iCl., Sanples were packed for counting later in Chicago. j

Rasults (To be obtained in Chiceago.)
4., Photosynthesis and respiration ir larvae of L. patells.

Exp. - Six to 8 swirming larvee of L. patella vere pluced in a
chericr with the oxygen electrode to determine vhether they were capcble

of net photosyntleis.
Results ~ In these experiments it wag shown that the larvae wvere ct

corpensaticn; that is, the respiration rateo ol cach larva plus the 50-

80 rillion algzl cells were egual to the PS rate of the algae,
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PLCRATe active engyie prepdrations for future use., In zddit 105y We

wWonted to neasure pnotosyntiesis oo an indicator of whole cell
viabilits ng use this to ronitor extended survival of Brochlare:
wedladb)p il Lo LINLOD PRIALVOL Calll Wi GUlL'Y Ll +« SLOCLILCIL

ter their removal from the host aniral.

I1I. PResulis

A. Cell coagulation: Ve observed cell cozqulation (gress,

irreveveible cellular chances) under many concitions,

pa st Sty b o o L . oo T A
~
0
[
[
©v
e

including the 1o'loving:

- W p—

i Sueezing calls Ltror host into an inzdecuately bufferca
- - -

AE

redia. (Sea water bulfered vith 40 il Tris (TBSI]) or

Bicine at pH 8.4, using & 1:1 ratio of buffer and

o7

[ SG¢ueezate cave apparently satisfactory living cells,)

i 2. Freezing the cells,

L
.

Treating them with 1% toluene.

4. Allowing cells to sit at high density, such as in a

pellet from centrifugation,

5 Sucpending cells in hypotonic or hypertonic nedia.

PRECEDING PAGE BLANYX NOT FILMED 9 .
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.i . P - 1 8 J g i 1 Jl 4 - . - '|. o
in vinole ccll pregarctions,
I Feo
CALE ]l asE T
CuinCos PRIOKIQLTE -
C"(';’ L.'-:.O'} -'u"‘rhp'- =

Isocitrate dehyvdrogenase -
Palic cnzyne -
A-galactosicise -
(Goalactecsidnze -

Enzyne extracts: All the above enzynes (gart B), and superoxide
disnmbase (80D) were elso essaved in broken cell preparetions,
Cnly SCD was conclusive Getected b fore tle spectrcphotometer

faileo! Soluble proteins vere extracted by Prench pressing the

cells and by hypotonic shock. The extracted pretein was getectea

by Lowry protein assay or precipitation with anmoniun suliate,

Cell survival: Vlie tried varicuc schemes to stabilize cells so that

they could carry out photosynthesis., Additicns of a veriety of

antioxidgante or thiols to cells in TBSW did not preserve cells.

Monitoring the kinetics of loss of photosynthetic capacity over 24

hours shoved that photosynthesis was best preservec in selutions
above pH 8, with shaking to prevent settling of the cells.

Bicine+bicarbonate buffered sea water seemed promising. phH 6.4
buffering, no buffering and high cell density led to rore ropid

declines in photosynthetic capeacity.

canal

. o

-
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Fresn cell CxTLILCtEs made in igueous bucsfer, ethanold

td

contained nc detectsble tniols as reasurec Ly the DO

i IC TO UncerstinG.
Coll acarscat - Drach arvam Aa)le imraer skl han era Lo
Cll aggregacion LLOCLLY R0 CeLll adfliedated wren oijeeled 1ntO

TS or izotonic !laCl, Cells in isotcnic MaCl + 10-20 mM EDTA did
rot., Such cells, returned to ce=a water, agygregated., The factor or

factors responsidle vere not corpletely identified, but is seems

thet aggregation is prebably linked to calcium levels in the media,

x
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Report of Proobloron Research - IPF-VII (Palzu, Feb., 1982)
Palph A, Levin and Larg herg
I itable low=Clde perios k ¢ w LiteE wer X 2 MR
POSGILLE Convenient Sources of gymbiotic dicennids, The Rarorl
Channel site previcusly surveyec curing IFC-VI rerains by far the

best, in terns of species, quantities and accessibility, It was
not necessary to use a boat, since there was recauy &ccess by road
to the likko-Palau Hotel dock. Pepresentative colonies were

[‘l’lotot_‘:rui_,heu m :':. u.

Brochloron from the six major cpecies of symbiotic didennids was
compared, in terms of yield and ease of expression, pH of thre
expressed serum, cell size and vecuolation, etc. Chlorophyll a/b
ratios anc DVA (nybridization studies) will be ceorriec out later cn

lyophilizeg¢ rneterial, Corparative cata are being tabulatec,

Tacdpoles from Ligssoclinum patella colonies were observed energing
fronm cloacal apertures; about 400 were collected. All but 4
carried a girdle of symbiotic Prochloron cells (about 40,000 per
larva). Observations were made on motility, phototaxis, and
settling, :n licht and darkness. Sarples were fixed for later

rnorphological and cytological study.

Observations made on cell viability (the oxygen electrode was u:ed
by L. Fall to reasure photosynthesis) indicated that a marked
increase in protoplasm viscosity of the cell contents was
associated with cell death., Living cells, in 5 microlitres of

buffer.:d sea water under a coverslip, when pressed with a 2 kg
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wtehe 1o 1(‘_ . R —— '] " ¥ e *h b 2am s @ ‘
wWelGOL Lol IV Sel,, ..l\_n\.....,-..d. GO WO Ly WoRltas The CONLeNes 0L
Cead CoLlls, apperartly ConcealeC to & rubbery consistency, retained
thell Sprerical Lorm wiel pressule, Since cells expressed in
»
Lulforeu Doa=vater (Rept & PH vValue &love 7) reralnec sduashabie,

this wes routinely usec for cell preparations (below).

Attenpts were mace to culture Procnlorqap in sea-water redia,
enriched with low concentrations of ammoniuwn chloride anc sodium
glycercpnosphate and supplementec with various concentrations of
sodium bicarbonate or Tris buffer (pH B8.0). Eighty tubes with
various conbirations of these Lupplements, inoculated with various
nunbers of cells {‘.-.’.04/t_;-be) were incubatec in diffuse caylight
(ca. 2500 lux) at 30°, Another sct of 80 tubes, set up with
sterilized nutrient sea water, was supplemented with various
concentrations of catalase, cysteine, glutathione and a sterile-
filtered extract of host tissue (Lissoclinug patella), and
inoculated with single Prochloron cells isolated by
micromanipulation on agar. (About 70% proved bacteria-free.) So

far no sign of growth has appeaced in any tube (after 3 weeks).

For eventual studies of various enzymes, Prochloron cells from L.
patella were disrupted by hypotonic media (Tris, EDTA and MNaCl,
each 0.01 IN) or by ammonium formate (5%, approx. isotonic with sea
water). One passage through a French pressure cell (scuirting
Prochloron suspensions from 3-4 MPa to atmospheric pressure)
conpletely disrupted rore than 99% of the cells. These lysates
were frozen or lyophilized for later analyses of nucl).ic acids,

enzymes and sulphydryl corpounds.

Vg & an

wi3
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In acdition to the cbhove, whole pnirals (didernia laal
yTLLoNTL) and exuressed FUhait, CQLL8 Vere Createa oG
- . = % 1 £ by O ot by - - . - - !
PECS2LVEC 1T VAII0US wavs 10r later studies, A total of about 134

intillation vicls vere preparsc; rost contained 50-500 ug of
cells, Vials includeo untiecated frowen Cicemnids or algae, ircuen
or frozen wnd lyoprilized; acetone puvuers Of Prochloren: cells
pulled Lriefly (TO 1nactivate nuclesmses) beilore lyophilization;
ecte, (A tabular swrary of trese preparations is appended.) They
will be distributed to various colleagues, who have solicited such
naterials for cpecial studies in laboratories around the lorld.

Pesults of their collaborative analyses chould be [ortheoning

within the next year.

7
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Suwrazy of Proghloron/Pidennid sanples from IPE-VII

Lissoclinue patells

Lissoclingm voelzkowii

Lissoclinun punctatiun
W 5":’9]9;

Diplosora virens
ni L
Picernun Spp.

(pot symbictic)
TOTAL

vhole
ex;;rgbs&i
Prochloron cells
lysed
extracted

vhole
Prochloron cells

vhole

whole
Prochloron cells

whiole

whole
Prochloron cells

Prochloron cells

vinole
Prochlorop cells

whole

Erozen

-

.

12

27
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(Some: of thig ndgh. b2 included in the section on Materials and

et rew e
CLlANGS

The cells of Proghlorgn (which has not yet been successfully grown

in laboratory culture) were obtained and prepared in the following v
- [ 5 -+ +- |

i-:yo \ |
Colonies of the syrbiotic host, the ciunt didemnid ascidian Lizsoclinum

patella, were collectec by L. Cheng and R, A, lewin at low-tide level on

reef-flat sand between Famori Island and Koror, Palau, Viestern Caroline
Islancs, in Feb.-Mar, 1982, The aniral colonies were taken, irmersed in !
cea viter, to an 8,000-litre holding tank in the Micronesian Mariculture
Demcnstration Centre and kept with conscantly running sea water at 30°,
in which they remained healthy for several days. Individual colonies
were picked clean of contaminants (chiefly gravel and segrments of
Halineda), rinsed in sea water buffered with 40 ndl or 100 mi! Tris buffer
at pb 8.4, anc squeezed by hand to express the algal cells from the
cloacal atria. The alyze were received in about an equal volume of the

same buffered sea water; this neutralized the acids liberated by the

iL ;“.- g 14 ‘!”ﬁ-

4

bruised ascidians and thereby maintained the pH high enough to keep the

algal cells green., (Without such buffering, the pH dropped below 6, as

noted also for other ascidians [Gtoecker, 1920: lMar. Ecol. progr. Ser. - :
——~ |‘

3, 257-265), and the algae tencded to die within a few minutes and turn ‘

brovn due to the production of phaeophytin [Thorne, Newcomb anc Osborn,

1977: P.N.A.S. 74, 575-578).) The Prochloron cells were washed twice

R A WET e

with buffered sea water and concentrated by centrifugation at ebout 50 g

for 90 seconds. Microscopic exanination revealed that contamination oy

i

miprinddsisec & s«

animal host cells or bacteria was negligible (ruch less than 1%).

f
]
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(INVESTICATOR: Please check this on your cample after rehydration,)
The osupernatant solucion was carefully decanted, and the cell paste (1-5
md), i class or polypropylene vials, wus frozen to -20° overnight. The
contents were then dried in & Virtis L-100 lyophilizer under low
pressure (130 mtorr) for 15-20 hours., (Occasional pxwer failures may
have somewnat interfered with the freeze-drying process in some
sarples.) The vials were then quickly capped, sealed with conforming
tape, and stored at -20° except during transportation by air between

Palau ané La Jolla. Henceforth they have been kept in darkness at -20°,

then you publish the results of your research on this material, please

include among the ackrowledgements something on the following lines:

The Prochloron material was collecteé¢ and supplied by Drs. L. Cheng
and R, A, Lewin, with occasional help from other nembers of the 7th
Interrational Prochleorophyte Expecition, Palau, Vestern Caroline
Islands (Feb.-Mar,, 1982), using facilities of the Micronesian

Mariculture Pesearch Ce.itre at Koror, The I.P.E, VII received

y

financial support from the National Aviation and Space

| Administration (Planetary Biology Section), under grant No. NAGW-
‘ 181 to PRalph A, Lewin, Scripps Institution of Oceanography A-002,
University of California, La Jolla, CA 92093 U.S.A.
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Progchiguron Expedition

C. Stepnens

I. Rationale

Prochlozon recuires a source of N, It can obtain this from
ite cicemnid symbiont &s :.‘r!‘:P or amino acids or both., It nay
obtain it from sea water as do free-living algae (FAA), but
this is not likely to be the major source (biomass

consicerations).

II. lethods anc Observations

1,

2,

>
*

{

Influx of lP'C-t;lyc:i.r‘.e into:

a. syrbiont pair,

b. Prochloron, and

c., aposyrmbiotic didemnias

Net influx of asp, ser, ala, gly into a, b, ¢ (as above),
Net production or influx of ammonia (as in #1).

Availability of MNH * and FAR to the symbiont pair from natural

4
sources,

a. free in water column

b. at sedirent-water interface
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C. in interstitial water of secirents

2 14 ‘
o+ Rate of incorporaticn of “ C-glyveine into protein and other

re 11 . =5 o o o e . -
GO EIJ-&I’}L.J i t_'.,',‘.."{_.‘:_'._g‘.o

Techniques for #1 and #5 are scintillation counting, solvent

fractionation, and TIC., Technigue for #2, 2, 4 is HPLC analysis,

I1I.

v,

Samples collected,
l. Influz and net influx fo- all local didern.ids.
2, Influz, net influx and incorporation for Prochloron.

3. Environment sanples from:
MDC site,

Nikko Palau lotel site.
Results

To be obtained at U.C., Irvine.
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