THE ECOLOGY AND FEEDING BIOLOGY OF

THECATE HETEROTROPHIC DINOFLAGELLATES

by
Dean Martin Jacobson

A.B., Occidental College 1979

SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

at the

Massachusetts Institute of Technology
and the

Woods Hole Oceanographic Institution

February, 1987

® Dean Martin Jacobson

The author hereby grants to M.I.T. and W.H.O0.I. permission to
reproduce and to distribute copies of this thesis document
in whole or in part.

Signature of Author ——— .
Department of Biology, Maii:;ﬁusettsvlnstitute of Technology and

the Joint Program in Oceanogyaphy, Massachusetts Institute of
Technology/Woods Hole Oceakegraphic Institution, February, 1986.

Certified by e e .
Donald M. Anderson, Thesis Supervisor

Accepted by ~__ _ . _ . _
Sallie W. Chisholm, Chairman, Joint Committee for Biological
Oceanography, Massachusetts Institute of Technology/Woods Hole
Oceanographic Institution.







- Table of Contents

List of Figures and Tables...icieiiiiciasasessoenssanarnacssssasssanas B
ADStract . it ceeseterassunsresranssansonssnsessnansssssacessacnassanne 7

AknowledgementS. i es s e tsstesnnesssssiessnsssanssnssssnasavosannnsasess 9

IntrOdUCEiO e e e esceaesassovsnsasnsseasnosacanaansacasenasosaseancssaa 11
ReferenCes tvieereaneseerectarssnsasannessaonssessasrssasvesiosnsnnae 2L

Chapter 1. Population Dynamics of Heterotrophic Dinoflagellates

in a Temperate EStUXAry ...iicerresssnnssusrsacnasssnsansane 23

ADSEratt tiereuieerrentenasnserssesanasassannsssrssasnssstassassanae 23
INtroduction +ueeiemcnverronsecnrstonsssansessansssscansssannsenanns 20
Methods and Materials ....ceeicninnevienerassonannssnccassonavnnnas 28
Taxonomic NOLEE .. ieevsartversrrecnsnnsasranrssscnacsnnssnnss 30

REeSULLS tuvesiisvanstenosssannsaasansssssuaasnsussassavassssnassanas 31
DiSCUSSI0M sesevnesnensascssenassssnssnssvtsssassnsncsannsassssass 34
ReferencCesS tuieiiosnnsssnssssnssanssassnsoscssssnssncsssessssnsssensss 40

Chapter 2. Thecate Heterotrophic Dinoflagellates: Feeding
Behavior and. Mechanisms «..isesevasserrascarsssvasnsscansens D7
ADSEIracl 4ueeservcuarssrersrearnaassenssarsctsanssassasassasssssaarsse 39
Introduction .ieeeieeeaecnnsorarassnsnsnnsssrnassssnsnsasanssscaes 60
Methods and Materials ..u.ivecennvessvunoscsoccsnnsssssnnsssnsansnaa bl
RESULES 4vuevususosoaneoaoensasassasssasenssoavssosvassnnanssanacs 62
Precapture .uiseeeecsaeraassscsnnssasssasassssnssnsansasssnsas B3
CApPLUTE 4uivvereararansssnasatsaannssssssasssssansnsassenrasass Ob
Pseudopod Deployment ...iiesiiienivssserasssnsaasssssasnssness BB
DigeStiON ceusstesessansssscenasosasnnrsassassssnssssanassnns BF
Retraction sveecscansossnscatonsassssssancasansnnnssesssesenes B9
DiSCUSSION vevrrecsmnovsrsosannssansnrsasannvascessonannnrananssnee 70
References +iveusvessnsaronsasosssasuanssssansanassassasnasssnnansa /8

Chapter 3. Growth and Grazing Rates of Protoperidinium hirobig Abé,

a Thecate Heterotrophic Dinoflagellate ....eveiivivsninenesa. 89
ADSEraCE t.iieeairaseateaearsscstsssvnsasasensasesnasascssnsascase 91
Introduction siiceesceennssssessscunsncessnasscsssvaassnsnnsansass F2
Methods and Materlals .c.ceiinsviassansssasanssennasnasnnnsasnaes 33

Culture Conditions and OrganisSm ...ceseeuicncsnsnssonssanesss 3

Ingestion Rates iveiiiiiesinnsnaccnasnasasrossasassnsnasnnesis 35

Experimental Protocol .c..ieeuiacirecriicsssnentsnnassuuneasanas 96

Diel Time Course EXperiment ....vececcssvcessvsnressncscanes 37
2 -
DiSCUSSION seuvunsoacanesssnssssunsssssacsfacosasnsnssasnesvnansess 100
References t.viieeessiiossarancsnesnssssssonnesnunnsnssssrsasnsane 105

Chapter 4. Ultrastructure of the Pseudopodal. Feeding Apparatus of
Protoperidinium spinulosum Schiller ......cevvecasnrscecesass 119
ADSEIACE tuveneeetavnsssonsansatanssesncnnssnansssssssessassssns 120
Introduction s..sivivnacnssaannsasessnanssnsanssassssssnnsoaanass L22




Contents, cont'd.
Chapter 4, cont'd
Methods and Materials ..u.iiiiniinnnnseiorosnansesnsesoscanssansas
Regullfs siessreriasssssnnssnnnasnessnssassnosassasenosssasansssans
Feeding cellsS vevevenenan. fteesssanretaen ittt et teestatenenns
Non-feeding cells iivuvivoriiiiinnonnoisssnnsanananssssscson
Miscellaneous organelles ... iiieieovnsiivescinscannansansoana
Additional SpPECieS .uieiiiriiiieennasriieiatanasatestistnann
DiSCUSSI0N tiineetatraeescassasssaasosrsesseatosasesasncanesnanans
Microtubular basket ..... St serae ettt et
Myonemal system ....ccvceeaes Ce et et st iicea ittt ey
Pallitm 4 iiinennnucesnanessneunnannosrseacssesansassssannannns
Thecal SErUCEUYES tieesrssescessssssssasasassssssssnsssssnas
References ....e0u0vee. et et esseanacatata st a sttt annaa s

CONCLUSIONS +aeavsuneereronsnneesesnsnuseasasssnnssseessosasansannann
Appendix I. Cells Counts of Dinoflagellates in Perch Pond, 1983-4 ..

Appendix II. Taxonomic Drawings of Several Unidentified
Dinoflagellates from Perch Pond ..cevveerennnconcnncnas

Appendix ITI. The Small-Scale Vertical Distribution of
Heterotrophic Dinoflagellates ....iiveveairiiinnnnnanann.
Introduction seieiesnnsenrianascasnstasoscsorrsassaanaasans
Methods and Materials ..o nrieasasnersanannannasa
Results and DiScuSSion ...iisuiesssernusassssennaananssnsans
ReferEnCES tiiiieransrorensasssasesnssiosesassacassarnsnnnas

122
125
126
133
136
137
139
139
144
146
148
151

185

189

197

201
202
202
203
205




Introduction
Fig. 1.
Chapter 1.
Table 1.
2,
Fig. 1.
2.
3.
4,
5.
6.
7.
8.
9.
10.
i1.
12,
Chapter 2
Table 1.
Fig. 1.
2.
3-12.
13-20,
21,
Chapter 3
Fig. 1.
2.
3.
4.
5.

-Seasonal occurrence patterns of selected dinoflagellates

List of Figures and Tables

Thecate heterotrophic dinoflagellate genera ....vveevv.. L4

Categories of thecate heterotrophic dinoflagellate
patterns of occurrence in Perch Pond. ......vvuuivnnnss
Feeding by Cblea rotunda captured together with a
field assemblage from Perch Pond on 11 May 1984, .......
Map of Perch Pond, Massachusetts ...occnniiirscnnnnnrsanns
Surface water temperatures in Perch Pond ....ciuveeuannn
Heterotrophic and phototrophic dinoflagellate
population dynamics in Perch Pond ........cciiiiiniana.,
Population dynamics of naked and thecate forms of
heterotrophic and phototrophic dinoflagellate ..........
Relative composition of the dinoflagellate community ...
In viveo fluorescence in Perch Pond ......ccininurinenanns
Diatom and Protoperidinium population dynamics..........
Population dynamics of selected Protoperidinium species
Oblea rotunda and Heterocapsa triquetra population
Aynamics .veeiieenroiiierssasosnanssestansssinsascannses
Ciliate and heterotrophic dinoflagellate population
AyNamIcs v ieneeiinanesoniencassasonstrssanensssanansnnans

. 42

43
L
45

46

47
48
49
50
51

52

53
54
Population dynamics of potential predators of thecate

heterotrophic dinoflagellates ....vveevvennvencasseaanss 55

Predator/prey relationships of thecate heterotrophic
dinoflagellates ..evesseeccasnsnasssasssssnsassassssseaa S0
Swim path of Protoperidinium spinulosum immediately prior
O Prey caplure ..eeuiivenosseotussnasaanrnsscacsnsassnsnns
Diagrammatic pallium deployment sequences in three
thecate heterotrophic dinoflagellates ...ivevnniienaasnn.
Pseudopodal feeding in thecate heterotrophic
dinoflagellates ..uesiessonrasensncnsnasnassasssannnsnais
Pseudopodal feeding, cont'd. ..vvvriviinnnennnnannnssans
Drawings of deployed pallium from video recordings .....

82
83

84
86
89

Morphology of Protoperidinium hirobis ......cc.ceveea.. 107
Growth curves of P.hirobis, first

grazing/growth experiment. .....cvvesecsceanssarssaass, LO8
Growth curves of P. hirobis, second

grazing/growth experiment .......vcvevieererannenseaas. 109
Daily growth rate of P. hirobis plotted as a

function of food abundance ....civevecicaneniennsenasss
Ingestion rate of P, hirobis plotted as a

function of food abundance ......csevveniseenncnonanans

110

111



Figures and Tables, cont'd,

Chapter 3, cont'd

Fig. 6.

7.
8.
9.
10.
11.
Chapter 4
Fig. 1.

2-5
6-12
13-17
18-27

28-37
38-45

46-53
54-60
61-69
70-76
77-83
8492

93

94

95
96

Appendix II.
Fig. 1

2

3

Appendix III.
Fig. 1

2.

3.

Clearance rates of P. hirobis plotted as a function

of food concentration ....... T P
P. hirobis cell diameter frequencies ....vevsceuiacacsnn
Diel growth curve of P. hirohis .....vvennninnnnnesnn,
Diel frequency of division in P. hirobis seeveeeanenens
Abundance of empty frustules ....iiiiiisennenescevannen
Diel frequencies of feeding in P. hirobis «ivevverenssn

Diagrammatic overview of Protoperidinium gpinulosum
cytoplasmic organelles ...veivanninnnenns saessassaaens
Pallium of P. spinulosum .....eineinineinrininnrnennanns
Pallium of P. spinulosum, cont’d. ....ceveievnnnnanans
Microtubular basket of P. spinulosum ....viiivevnnennn
Serial obligue-transverse sections of feeding

P. spinulosum (cell B) .uivvivenrunsnensnnasasnvsnnnanas
Serial oblique-longitudinal sections of

P. spinulosum (cell €) tivuivniniiinnrvannnrnnnronascan
Serial oblique-longitudinal sections of

P. spinulosum (cell C), cont'd. s.vnuuvnnnnnnn.. RPN
Non feeding P. spinulosum (cell E) ..vvvinienieninninnns
Non feeding P. spinulosum (cell F) ...cciiiivininnnenns
Non feeding P. spinulosum (cell F), cont'd ...i.vun.nn
Detail of membranous whorls (cell F) .uiieivrnrsnaanss
Misceilaneous organelles in P. spinulosum ........v...
Feeding apparatus in three other species ....ceveveesss
Three-dimensional reconstruction of microtubular
basket of cells B and C .ovvvivevianasssnassansnnnnsns
Three-dimensional reconstruction of thecal

morphology of posterior sulcus of P. spinulosum ......
Diagrammatic suleal morphology of P. spinulosum .......
Diagrammatic sequence of pallium deployment ...........

Taxonomical sketches of Protoperidinium sp. A .........
Taxonomical sketches of Protoperidinium sp. C (cvveuusn
Taxonomical sketches of Gonyaulax sp. B.....vvuuinnnnnes

Vertical distributions of Heterocapsa triquetra,
Gonyaulax tamarensis, and Protoperidinium conicum .....
Vertical distributions of Gyrodinium spirale,
Zygabikodinium lenticulatum and P. conicum ............
Vertical distributions of Oblea rotunda,

P. claudicans and P. pellucidum .....civvuiiiinniennencns

112
113
114
115
116
117

154
156
158
160

162

164

166
168
170
172
174
176
178

180
181

182
183

198
199
200

206

208

209




ECOLOGY AND FEEDING BIOLOGY OF THECATE HETEROTROPHIC DINOFLAGELLATES
by
Dean Martin Jacobson

Submitted to the Massachusetts Institute of Technology/
Woods Hole Oceancgraphic Institution Joint Program
in Biological Oceanography in February 1987
in partial fulfillment of the requirements for
the degree of Doctor of Philosophy

ABSTRACT

A group of thecate heterotrophic dinoflagellates (THDs),
principally in the diverse and ubiquitous genus Protoperidinium, was
investigated both from an ecological and an organismal perspective,

When this study was initiated, nothing was known about their feeding
mechanisms, rates or food preferences. The population dynamics of these
microheterotrophs were studied in a temperate estuary over a 13 month
period, along with co-occurring diatoms, ciliates and pigmented
(photosynthetic) dinoflagellates. The timing of several peaks in
Protoperidinium abundance coincided with those of diatom blooms,
suggesting a possible trophic dependance. During such peaks the
biovolume or biomass of the THD community exceeded that of both
pigmented dinoflagellates and ciliates. Occurrence patterns of
individual THD species were closely related to water temperature; this
may indicate the involvement of benthic resting cysts in population
succession.

Small-scale vertical distributional patterns of THDs were also
studied in an embayment with an average depth of 5 m. While two
autotrophic dinoflagellate species displayed distinct daily vertical
migration patterns, THD species did notj; most species maintained a
constant 2-5 m depth of maximum abundance, while two others had surface
maxima.

Feeding behavior, as observed in 19 THD species (Oblea rotunda,
Zygabikodinium lenticulatum and 17 species of Protoperidinium) fits the
following patternt a THD cell attaches a slender filament to a prey item
(usually a diatom) while it is engaged in a characteristic, spiralling
"dance". Subsequently, a pseudopod or "pallium" (a term defined here)
emerges from the flagellar pore and envelops the prey within a minute.
Ten to sixty minutes later the pallium is retracted and the prey (now a
nearly-empty frustule) is discarded. Most species feed only on diatoms,
but 0. rotunda, Z. lenticulatum (both diplopsaloid species) and P.
pyriforme also preyed upon dinoflagellates.

Ingestion and growth rates were determined in the laboratory where
cultures of Protoperidinium hirobis were fed the diatom Leptocylindrus
danicus. Feeding cycles were repeated as often as every 1.5 to 2
hours, Maximal ingestion rates of 23 diatomseday ' supported
unexpectedly high specific growth rates of up to 1.leday™ ' (1.7
divisionseday '), Half-maximal growth and grazing rates occurred at
approximately 1000 diatoms cellseml”™'. Peak division frequencies




occurred at night, although feeding rate was nearly constant on a diel
basis. '

The ultrastructure of the feeding apparatus was studied in
Protoperidinium spinulosum. The pallium, when deployed, is composed of
a complex system of membranous channels, vesicles, and a few
microtubular ribbons radiating from the flagellar pore. Inside this
pore, the pallium is continuous with the contents of an elongate
microtubular basket that extends towards the nucleus. The apical end of
this basket opens adjacent to the nucleus; at this point its contents
become continuous with the central cytoplasmic region. This region is
distinguished from the relatively dense, peripheral cytoplasm by the
presence of either large electron-lucent vesicles (containing, perhaps,
digestive enzymes) or numerous small lipid droplets. Examination of a
pre—-feeding cell has revealed the likely source of the pallium
membranes: dense membranous whorls lie within the microtubular basket.

A narrow pseudopodal appendage in two non-feeding cells may constitute
the tow filament used in prey capture. A complex myonemal system,
including osmiophilic ring, striated collars and connecting bands is
described. The microtubular basket and osmiophilic ring structures were
also found in Protoperidinium hirobis, Protoperidinium punctulatum and
Oblea rotunda.

This thesis has done much to further the understanding of a
prevalent component of the protozooplankton, the thecate heterotrophic
dinoflagellates. This progress, which was due in a large part to the
culture success reported herein, includes new insights into the
abundance, feeding behavior, food preferences, feeding rates, and
ultrastructural basis of feeding in this preeminent group of the thecate
heterotrophic dinoflagellates, the genus Protoperidinium.

Thegis Supervisor: Dr. Donald M, Anderson
Associate Scientist, Dept. Biology, W.H.O.I.
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This thesis focuses on a group of free-swimming marine planktomnic
organisms called peridinioid thecate heterotrophic dinoflagellates.
Like most dinoflagellates, these single-celled organisms are propelled
by two flagella. The root of "dinoflagellate" is the Greek word
"&inos", referring to their whirling swimming motionj "peridineo' has
the same meaning. Dinoflagellates are most popularly known by the '"red
tide” phenomena caused by certain photosynthetic, brown-pigmented
species. The abundance and ubiquity of the non-photosynthetic
(= heterotrophic), colorless dinoflagelliates in most marine environments
is only now becoming widely appreciated, The heterotrophic species,
which constitute roughly half of the 2000 or so living dinoflagellate
species, can be divided into two important classes: those with naked,
soft-walls and those that are thecate or armored. The latter group is
characterized by the presence of a rigid cellulose wall or theca
composed of a series of polygonal plates (like a coat of armor), the
arrangement of which is useq extensively in dinoflagellate taxonomy.
The presence of the theca in heterotrophic forms is of primary
importance to this study; in the words of Calkins (1901), "...there is
frequéntly an unbroken shell about the animal which makes it impossible
for solid food to enter.” Naked forms have no such barrier to
ingestion, and have long been known to phagocytose diverse food
particles. When my thesis began, the feeding habits of thecate species
were a complete mystery.

The species investigated in this thesis represent the largest group

of all living thecate heterotrophic dinoflagellates, which are found in
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at least a dozen genera (Fig. 1). The dinophysoid branch is composed of
gseveral elahorately shaped genera, most of which have algal endo- or
exosymbionts, but the strictly heterotrophic (i.e., lacking any
pigmented symbionts) species are found only in Dinophysis (formerly
Phalacroma) and Sinophysis (see below). A single heterotrophic species
has been discovered in both Gonyaulax (unpubl. obs.) and Hete;odinium
(Lessard and Swift 1986). Both Oxytoxum and Podolampus are composed of
a mixture of heterotrophic and photosynthetic members, while
Blepharocysta is composed of a single heterotrophic species. Several
heterotrophs exist in an odd assortment of dorso—ventrally flattened
genera known as ''sand dinoflagellates" hecause they inhabit the

interstitial waters of beach sand, including Amphidiniopsis (which can

be found in the water column), Helicodinium (see Appendix), Sinophysis

(related to Dinophysis), Planodinium and Sabulodinium (Saunders and

Dodge 1984). Finally there are the heterotrophic peridinioid genera,

including Protoperidinium, Diplopsalis, Dissodinium, Zygabikodinium and

Oblea. It is on this group that my observations of feeding have been
made. All of the hundreds of species in these genera are heterotrophic,

although there is a single report of a photosynthetic Protoperidinium

species (Lessard and Swift 1986) which needs further verification.

The term "peridinioid" may be a source of some confusion. Since
Peridinium was among the first dinoflagellate genera to be named (by
Ehrenberg), terms resembling this word (such as the french "peridinien'")
have been used to refer either to all dinoflagellates or to all thecate
dinoflagellates (including, for example, Gonyaulax). My use of the term

"peridinioid" refers to the genera listed above, plus the related
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photosynthetic forms such as Peridinium (from which Protoperidinium was

divided by Balech, 1974) and Scrippsiella. Interestingly, Podolampus

and Blepharocysta, both of which have previously been seen to have

behavior similar to that described here for Protoperidinium, are also

considered to be related to the peridinioid dinoflagellates (Abé, 1966;

Taylor, 1980)

Many taxa related to Protoperidinium form nearly indestructible

benthic resting cysts which are found, often in good condition, in the
marine fossil record. These microfossils have been extensively studied
by marine micropaleontologists and palynologists, some of whom attempt
to infer the nature of the ancient oceans (the study of paleo-
oceanography) by analyzing the distributions of various dinoflagellaté
cysts and other microfossils. Clearly, key to this line of research is
an understanding of the environmental requirements of the motile stage
of those dinoflagellates that form cysts (Harland, 1983; Bujak, 1984).

The insights that are presented in this thesis concerning the ecology of

Protoperidinium will no doubt be of interest to palynologists studying

the related cyst-based genera of Brigantedinium, Lejeunacysta,

Selenopemphix, Xandarodinium and others.

The discovery of feeding in Protoperidinium, Zygabikodinium and

Oblea (Chapter 2) has come after a long period of sustained
dinoflagellate study. Dinoflagellates were fifst observed over two
centuries ago by 0.F. Muller, who described Ceratium in 1773. 65 years
later, C.G. Ehrenberg described several genera of dinoflagellates,
including Peridinium, as part of his study of "infusgioria™ which

included ciliates, flagellates, and even rotifers. Somewhat amusingly
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from our perspective, a single row of cilia was thought to exist in the
girdle; the flickering appearance of the motile transverse flagellum was
no doubt responsible for this misinterpretation. Accordingly, the
dinoflagellates, together with some unrelated protists, were known as
"cilioflagellates" until nearly the end of the 19th century. Despite
the inclusion of a cingular row of cilia, Ehrenberg's illustrations were

marvelously detailed, as can be seen in his Die Infusionsthierchen als

Vollkommene Organsimen (1838). His polygastica theory, which is

summarized by his title ("Infusioria as complete organisms') deserves a
brief digression. Ehrenberg interpreted the uptake of carmine dye
particles into food vacuoles in ciliates as the ingestion of food into
permanent stomachs; contractile vacuoles were believed to be minute
testes, stigmata were thought to be complete eyes, and an unseen system
of nervous fibers was postulated. One cannot help but imagine his
reaction if a specimen of the heterotrophic dinoflagellate

Erythropsidinium, with its astonishingly complete eye-like ocellus, had

been observed. On a certain level, the sort of intricacies thought by
Ehrenberg to exist in protists have in fact been discovered (Chapter 5).
The study of the "infusoria'" (so named because some of the earliest
discoveries concerning protists were made from hay infusions) was
dominated b& zoologists well into the 20th century; consequently the
ingestion of food by microorganisms, even green ones, was expected.
Indeed, Stein (1883) demonstrated in Euglena the presence of a
well-developed oral aperture that could ingest food. Kent (1880)
figured Gymnodinium ingesting a small flagellate, and postulated the

presence of an unseen oral aperture within the sulcus of Peridinium
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(which, along with all other dinoflagellates, was figured in an
inverted, antapex—up orientationj this condition was corrected for the
most part by Stein (1883) although the illustrations in his marvelous

plates of Oxytoxum and Ceratocorys were still inverted). The first

descriptions of pseudopodal behavior in dinoflagellates was reported by

Stein (1883) in the phototrophic species Ceratium cornutum. It is

difficult to interpret these observations since such cytoplasmic
extrusions can result from hypertonic stress. More elaborate
pseudopodia were depicted by Schutt (1895) for Podolampus and

Blepharocysta, but food capture was not described. These observations,

made nearly a century ago, are especially remarkable in that they have
not been repeated in Podolampus despite close scrutiny by Elbrachter

(pers. comm.) and myself. Feeding in Blepharocysta has, however, been

recently documented (Steidinger et al., 1968).

The study of heterotrophy in dinoflagellates was vigorously pursued
in the first part of the 20th century by Biecheler (1936) who described
some remarkable feats of dinoflagellate phagotrophy and by Kofoid
(1921), who believed that the large, conspicuous pusules (permanent
vacuoles often filled with a characteristic pink fluid) of

Protoperidinium species were involved in the uptake of dissolved organic

compounds. Hofeneder (1930) described a filopodial reticulum

surrounding Ceratium hirundinella, an observation that has not since

been confirmed. Droop (1959) characterized the chemical requirements
for the hardy phagotroph Oxyrrhis, as did Provasoli and Gold (1957) for

Crypthecodinium cohnii. In the '60s and early '70s, while the Cachons

examined the structure and behavior of several exotic phagotrophic
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dinoflagellates (Cachon and Cachon 1967, 1974), reports of heterotrophy
declined (Bursa, 1961; Norris, 1969). The study of dinoflagellates,
also called the Pyrrophyta (flame-plants, referring to bioluminescence)
fell mostly at this time in the domain of botanists, and studies of
phototrophic species were predominant. All dinoflagellates were
regarded (and, in undergraduate biology classes, taught) as members of
the phytoplankton; the existence of heterotrophic species (besides the
well;known dinoflagellate Noctiluca) was unknown to me until this fact
was brought to my attention by Don Anderson just a few year ago.

The pendulum of dinofiagellate study has, in recent years, swung
back toward the zoologists, of more properly protozoologists. The
current proliferation of reports of heterotrophic dinoflagellate
phenomena developed in the late '70s, coinciding with the development of
renewed interest in the microzooplankton that coexists with the larger,
well-studied zooplankton (i.e., Beers et al., 1970; Heinbokel, 1978;
Fenchel, 1982). Recent studies include the description of the peduncle,
a small eytoplasmic appendage of naked dinoflagellates, by Lee (1977)
and Spero (1979) and populétion dynamics studies by Smetacek (1981) and
Kimor (1981). Fresh water phagotrophic behavior was also reported
(Irish, 1979; Frey and Stoermer, 1980; Wedemayer and Wilcox, 1984).
Currently, continuing the approach of Stein (1883), photosynthetic
dinoflagellates are being examined for heterotrophic or "myxotrophic"

behavior (Porter 1985). The work on thecate heterotrophic

dinoflagellates reported below coincided with that of Lessard (1984) and

Gaines and Taylor (1985).

The thesis which follows begins with a field study designed to
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characterize the seasonal abundance of thecate heterotrophic
dinoflagellates (as well as their non-thecate cousins); the vertical
distributions of several of these organisms within the water column are
presented in Appendix ITI. During the course of these studies the
"diatomivorous'", pseudopodal nature of feeding in these organisms was at
last observed (by myself in company with Greg Gaines and F.J.R. "Max"
Taylor in August 1983 at Friday Harbor, with its wonderfully diverse
fauna and flora of dinoflagellates). This knowledge helped me to obtain

several species of Protoperidinium in long-term laboratory culture (with

the crucial employment of Diane Stoecker's rotating apparatus), which in
turn. enabled me to collect growth and grazing data, and to collect and
prepare feeding cells for transmission electron hicroscopy, using
methods kindly related to me by Larry Fritz from Rich Triemer.

The excitement that has been afforded me by certain species of

Protoperidinium in the course of my research has, in retrospect, made

this period at Woods Hole, (enlivened as it was both by the occasional
disappointments of failed cultures and flawed T.E.M technique and the
thrills of witnessing feeding behavior or of finally achieving a clean

bateh of formvar), one of great satisfactionm.
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CHAPTER 1

Population Dynamics of Heterotrophic Dinoflagellates in a
Temperate Estuary
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Abstract

The annual cycle of heterotrophic dinoflagellate abundance in a
shallow estuarine embayment was investigated in the context of the
co—occurring phototrophic dinoflagellate and ciliate dynamics. Two
groups of heterotrophic dinoflagellates, thecate forms (principally

Protoperidinium spp., upon which attention was focused) and naked,

phagotrophic forms (chiefly Polykrikos schwartzii) both occurred in

brief, non-concurrent blooms with cell densities exceeding 50 ml™'.

The timing of several Protoperidinium blooms appears to have coincided

with periods of diatom abundance; the largest peaks, which featured the
simultaneous maxima of four species, occurred during a Skeletonema
costatum bloom. These observations are consistent with recent
laboratory evidence for diatom grazing by thecate heterotrophic
dinoflagellates. Thecate heterotrophic dinoflagellates dominated the
dinoflagellate community only in a few brief periods; phototrophic
dinoflagellates, especially thecate forms, weére typically dominant. The
occurrence of most dinoflagellate species appears to be rather closely
related to temperature.

The thecate heterotophic dinoflagellate community is thus seen to be

composed of at least a dozen species, dominated by Protoperidinium, that

occurred in a succession of brief, often overlapping pulses.
Qccasionally these populateions were sufficiently numerous to dominate
the protozooplanktonic community, but on average their abundance was
below that of their (likely) protozoan competitors, the ciliates.

Co—coccurance of half a dozen Protoperidinium species with diatom blooms

suggest a trophic dependance.
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INTRODUCTICN

The protozooplankton, sensu Sieburth et al. (1978), has rapidly
become a subject of extensive study, but methodological difficulties
still prevent a clear.understanding of how this diverse group of
heterotrophic protists functions in marine food webs. The eccological
role of thecate heterotrophic dinoflagellates, a ubliquitous component of
marine protozooplanktonic communities, is particularly poorly
understood. Mere description of this community, prior to the widespread
availability of epifluorescence microscopy, had been problematic due to
the difficulty in distinguishing many heterotrophic species from their
photosynthetic congeners. Consquently, heterotrophic dinoflagellates have
often been grouped with photosynthetic forms as members of the
phytoplankton (i.e. Marschall, 1985). (To further confuse the issue,
some photosynthetic dinoflagellates may actually be phagotrophs, or, more
properly, mixotrophs: Porter et al., 1985). For this reason and for
reasons of inadequate preservation in fixed samples, etc., little is
known about the population dynamics of heterotrophic dinoflagellates in
relation to other components of the microplankton. Incidental reports
suggest that thecate heterotrophic dinoflagellates are prevalent and
sometimes abundant in many habitats. Reid et al. (1970) found

Protoperidinium depressum to be present year—round in the Southern

California Bight, and P. depressum was also found to dominate a net tow
taken in the Gulf of Maine (Bigelow, 1926). Some species of

Protoperidinium may even form "red-tide" like discolorations in coastal
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waters (Le Fevre, 1979). Lessard (1985) documented the seasonal
abundance of heterotrophic dinoflagellates in transects across the Gulf
Stream in the Mid Atlantic Bight. Highest concentrations (7 cellsel™'
were found in spring in the slope water/Gulf stream front. In all
stations along the transect except the Sargasso Sea, heterotrophic
species on occasion numerically dominated the dinoflagellate community.

Species of Protoperidinium were noted in Norwegian fjords by Hasle and

Smayda (1960). - A small species, P. bipes, once exceeded 10* cellgel™*,
but most species >30um in diameter rarely exceeded 10° cellsel™’.

Few reports deal comprehensively with the protozooplanktonic

community. A study by Smetacek (1981) shows that the aggrégate biomass
of heterotrophic protists can occasionally exceed that of the metazoan |
|
grazers, and, among the protists, that heterotrophic dinoflagellates can !
\
reach biomass densities comparable to those of ciliates. However, this
time series analysis lacked the species resolution required to draw any
specific inferences concerning predator/prey relationships. Lessard
(1985) documented the numerical predominance of heterotrophic
dinoflagellates over sarcodine protists in the open ocean.
The study which follows was designed to analyze the seasonal cycle of
a protozooplanktonic community, focusing on the dinoflagellates, with
sufficient detail so that events such as close temporal couplings between |
abundance peaks of predator and prey organisms {which might suggest food
preferences of thecate heterotrophic dinoflagellates) could be
documented. This approach was taken chiefly because all previous
attempts to culture or observe feeding behavior in thecate heterotrophic

dinoflagellates had met with failure at that time. The specific goals of
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this report are: (1) to characterize the annual cycle of the
dinoflagellate community; (2) to do so in the context of the co-occurring
ciliate, diatom and "metazooplanktonie" cycles; and (3} to indicate the
likely food resources used by thecate heterotrophic dinoflagellates in an

estuarine embayment.
METHODS AND MATERIALS

The study site, Perch Pond, Falmouth, Massachusetts, is a shallow
(mean low tide depth 1.5 m), estuarine (average salinity 25% Y}
backwater of a larger embayment, Great Pond, which is separated from the
well-mixed waters of Vineyard Sound (salinity 31% ). The isolation of
Perch Pond (Fig. 1) is enhanced by the presence of a shallow, narrow
channel leading to Great Pond; this feature, together with the presence
of a diverse dinoflagellate assemblage, makes the location attractive for
studies of plankton populations. Tidal mixing can replace 40% of the
pond's volume over 24 hours (Garcon et al., 1986).

Fach week, a single composite sample was taken from Perch Pond
between 11 AM and 1 PM by mixing, in a carboy, samples taken from five
stations located along the pond's central axis. All samples were taken
with a 2.2 m closable PVC tube; this resulted in a depth-integrated
sample that minimized the risk of variability due to patchiness; a pair
of duplicate samples yielded comparable species composition/abundance
daté. Near—surface (0.5 m) water temperatures were recorded. The sample
was subsampled (after gently mixing the cérboy) in two ways: a 500 ml

aliquot was concentrated with a 20 um Nitex screen to a reduced volume
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of 50 ml, and a second, unconcentrated 50 ml aliquot was taken. Both
subsamples were fixed in biological grade glutaraldehyde (final
concentration 2%) and left in Zeiss settling chambers overnight. A
concentrated, live sample was examined to note the presence of delicate,
naked species that become distorted and difficult to identify once
preserved. All counts were made on a Zeiss epifluorescence inverted
microscope (filter set #487706), allowing unambiguous determinations of
the presence or absence of chloroplasts (and chloroplast-containing food
vacuoles). The smallest dinoflagellates and ciliates were enumerated at
400x from the 50 ml aliquot by counting adjacent fields along a central
transect of the circular settling slide. Larger organisms were counted
from the concentrated aliquot, examined at 160x or 250x. Depending on
cell densities, one to several transects were examined until
approximately 200 cells of the abundant species had been counted. All
species encountered were measured in three dimensions to provide volume
estimates. The entire slide was scanned at 100x for rare species and

metazoans. The presence of Amoebophrya ceratii-parasitized

dinoflagellates {which exhibit a conspicuous green autofluorescence) was
noted. In vivo chlorophyll fluorescence was measured on a Turner
fluorometer for the whole and <20 p fraction of the sample; these
measurements served to crudely monitor the aggregate abundance of the
phytoplankton community.

On one occasion, feeding of Oblea rotunda was observed. Feeding

frequency measurements were made using subsamples of the <64 um
fraction of a recently collected Perch Pond sample by the following

method: 10 ml gamples were drawn into a 2x10 mm bore rectangular glass
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tube and examined live under a dissecting microscope. Care was taken not
to count cells reduntantly. Approximately 20% of 0. rotunda éells were
feeding, that is carrying food particles within a pseudopodal sac. These
ceils were tallied according to the identity of their prey and compared
with the number of total feeding cells.

Taxonomic Notes '

Dinoflagellate identifications, aided by analysis of thecal structure
using Nomarski optics and calcafluor fluorescence (Fritz & Triemer 1985)
were based on Schiller (1933), Lebeour (1925) and Hulbert (1957).
Differential autofluorescence of heterotrophic dinoflagellates also aided
species identification. {(As an example, two species of similar size and

appearance, Protoperidinium pellucidum and P. pyriforme were found to

have, respectively, an extremely intense green autofluorescence and no
detectable fluorescence). Several forms were encountered that could not

be identified (Appendix B). Protoperidinium sp. A is related to P.

legnig in tabulation and ornamentation, but is markedly compressed in an

oblique dorso-ventral plane (see Appendix II). Protoperidinium sp. B.

had the appearance of a colorless Scrippsiella; it lacks noticeable

pusules and contains a large oblong waxy storage body located mid-cell.

Protoperidinium sp. C is a small, 25 um dorso-ventrally flattened cell

with a pair of conspicuous pusules (Appendix II). Another enigmatic
thecate heterotroph is Gonyaulax sp. A., a somewhat large (45 um)

species resembling a colorless G. scrippsae (Appendix II). Although this
species was never abundant, the mere existence of a non-photogynthetic
Gonyaulax species comes as a surprise, as the genus has been considered

to be composed exclusively of phototrophs. All four species lack any
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pigmentation with the exception of greenish accumulation bodies on the

part of Gonyaulax sp. A, and have no conspicuous autofluorescence.

Scrippsiella trochoidea has recently been shown tb have several
related species of very similar appearance forming a §. trochoidea
complex, casting doubt on routine field identifications (Steidinger and
Balech 1977). Consequently, the species resembling S. trochoidea will be
identified as Scrippsiella spp.. A separate, clearly recognizable
Scrippsiella species with angular epithecal and small antapical spines is

called Scrippsiella sp A.

RESULTS

The temperature cycle of Ferch Pond over the 14 month duration of the
study has a high amplitude with extremes of 2 and 26°C (Fig. 2). Over 80
species of dinoflagellates were encountered; the abundances of the 50
most common species, including the phagotrophic flagellate Ebria
tripartata, are presented in Appendix I. Twenty-four of the 50
dinoflagellates were heterotrophic species; the thecate heterotrophs
account for 18 of these 24 species. Among the photosynthetic
dinoflagellates, 19 of 26 are thecate. .The biomass {(i.e., biovolume)
concentration comparisons (which are presented as a quantity ecologically
preferable to cell number) reveal a complex, temporally shifting
plcture. Fig. 3 reveals two major peaks in total dinoflagellate biomass

density, the first in September/October dominated by Scrippsiella spp.

and the naked Gonyaulax rugosum, the second December/January dominated by

Heterocapsa triquetra and Katodinium rotunda. On a yearly basis,
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phototrophic H. triguetra was the most abundant, pervasive species in
Perch Pond. With the exception of a bloom in December, thecate
phototrophic species usually dominated the phototrophic dinoflagellate

commmity (Fig. 4b,5). Scrippgiella sp. A and Dinophysis acuminata are

two other occasionally dominant phototrophic species. In vivop
fluorescence (Fig. 6) fluctuated in a similar pattern to the biomass
estimate, showing two distinct peaks through time. Microflagellates were
not identified with the exception of Apedinella sp. which formed a
massive bloom, detected in January. The pattern of diatom abundance was
strongly episodic and seemed to bé coincident with the abundance of

Protoperidinium species. (Fig. 7).

Heterotrophic dinoflagellates occasionally dominated the
dinoflagellate community; this is most clearly evident in Fig, 5. The
greatest heterotrophic peak (Fig. 4a) was composed chiefly of Polykrikos
kofoidii together with lower abundances of another large naked

phagotroph, Gyrodinium spirale, Ingested H.triquetra and Scrippsiella

sp. A cells were found within Pgolykrikos cells., A third exceptionally

large phagotroph Gymnodinium abbreviatum (with a length of 110 um)

never became abundant, and was not seen to have recognizable particles

within food vacuoles. Another phagotroph, Ebria tripartata, a prevalent

but rarely abundant species, was observed with ingested chains of

Fragillaria sp. and Skeletonema costatum, as previously reported by

Smayda (1973).
The smaller of the two major heterotroph peaks occurred in late
August and was composed almost exclusively of thecate heterotrophic

dinoflagellates of the genus Protoperidinium (species include
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Protoperidinium sp. A, P. minimum, P. oblongum, and P. spinulosum with

cell densities of 26, 18, 10 and 5 cellseml™', respectively)(Fig. 8).
folzkrikos appeared in low numbers at the end of this peak,

While all species of Protoperidinium found in Perch Pond were

strongly seasonal, two diplosaloid species, Oblea rotunda and

Zygabikodinium lenticulatum were presgsent year—round. The latter never

attained significant densities, but 0. rotunda did exhibit several marked
peaks (Fig. 9), with cell numbers exceeding 50eml™'. Feeding on the

part of 0. rotunda was witnessed in Perch Pond on 11 May 1984, allowing
the documentation of feeding frequencies (Table 2}. The dominant
dinoflagellate, H. triquetra, was the favored food taken by Q. rotunda.
However, two other dinoflagellates were taken as well (Dinophysis
acuminata and 0. rotunda itself) in direct proportion to their

abundance. Pennate diatoms and nanoflagellates were also preyed upon
with a combined frequency of 19% of the feeding 0. rotunda cells, but
their abundance was not determined.

The presence of dinoflagellates parasitized by Amoebophrya ceratii, a

dinoflagellate that proliferates within the host nucleus, was noted in 17
of 50 samples during the months of February-May, August-September, and

Novemher. Heterocapsa triquetra was the most prevalent heost, with as

much as 10% of the population being infected at one time; in one sample
(17 May 1984) parasitized dinoflagellates reached a density of 87
cellseml™'. 1In late August and September when H. triquetra was

nearly absent, A. ceratii was found parasitizing Protoperidinium minutum,

again reaching an infection frequency of 10%. Several other species were

parasitized at lower frequencies; they include Scrippsiella spp., Oblea
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rotunda, Zygabikodinium lenticulatum, Protoperidinium pellucidum,

Kryptoperidinium foleaceum, Gonyaulax tamarensis, Prorocentrum gracile

and Gyrodinium areolum.

The aggregate biovolume of the heterotrophic dinoflagellates on
occasion exceeded that of the ciliates, as shown in Fig. 10; however, the
ciliate community usually contributed the largest biovolume fraction of
the protozooplankton. Non-loricate forms were typically more abundant
than tintinnids. One abundant tintinnid, Favella sp. is known to select
small dinoflagellates for prey (Stoecker et al., 198l) and was on one

occasion found to have ingested Protoperidinium minutum. Metazoan

zooplankters that could potentially act as predators of heterotrophic

dinoflagellates can also become abundant in Perch Pond (Figure 12).

DISCUSSION

This report provides the most detailed account of the seasonal
abundance of thecate heterotrophic dinoflagellates to date. Previous
work featured guarterly sampling (Lessard, 1985), failed to distinguish
heterotrophs from phototrophs, or did not report population dynamics of
these dinoflagellates on a species basis. The original motivation of
this study was to determine which factors control the abundance of these
dinoflagellates, which had not been cultured at that time. Now that the

diatom grazing behavior of the genus Protoperidinium and Zygabikodinium

(and to a lesser degree, Oblea) has become known through culture

experiments (Chapters 2 and 3), some evidence of a Protoperidinium/

diatom correlation should be present in these data. In this context,
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Zygabikodinium lenticulatum never rose above a low background

concentration in Perch Pond, although this species is often dominant
among dinoflagellates in the perennially diatom-rich waters of Vineyard
Sound {unpubl. obs.). For most of the year in Perch Pond,

Protoperidinium densities were rather low but abundance peaks of various

magnitudes covary with several of the seven or so diatom blooms (Figs.

7,8). The most striking episode occurred in late August 1983, when four

species of Protoperidinium (P. minutum, P. oblongum, P. spinulosum and

Protoperidinium sp. A) reached their highest densities of the year on

the same day (as sampled) simultaneously with a major diatom bloom (Fig.
8). It would obviously be better if a more detailed data set with daily
samples were available, but this clear correlation stands as the first
field demonstration of a thecate heterotrophic dinoflagellate/diatom
linkage. The diatom community during this period was overwhelmingly

dominated by Skeletonema costatum, a species known to support maximal

growth of P. spinulosum in culture (unpubl. obs.).
While no other "significant' biomass peaks (from the perspective of

Fig. 2) can be attributed to the genus Protoperidinium, three minor peaks

coincided with diatom blooms, involving P. pellucidum, P. conicum and P.

oblongum. Of the two remaining diatom blooms lacking associated

"Protoperidinium spp., one {in January) was poorly sampled due to icej

therefore a Protoperidinium/diatom correlation can be demcnstrated for

four out of five adequately sampled episcdes of diatom maxima. It should
be noted that some of these diatom blooms seem to occur during spring
tides associated with full moons, which may transport diatoms from

Vineyard sound or simply resuspend local populatioms.
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The strong but not perfect covariation between diatom availability

and Protoperidinium blooms does not rule out the possible suitability of

other, non-diatom phytoplankters as food for Protoperidinium species.

The absence of Protoperidinium blooms during the two remaining diatom

blooms may be related to predation mortality as well as food

limitations. Furthermore, temperature obviously plays an important roile
in controlling the occurrence of dinoflagellates (Smayda 1980). Indeed,
many dinoflagellate species, both heterotrophs and phototrophs, occur in
brief, seasonally characteristic intervals while other species have
eurythermal, year-round characteristics (Fig. 12). Table 1 categorizes
the seasonal species, and lists the temperature ranges through which they
occurred, as well as the temperature range of maximal cell densities.
Some species occur only in the cold winter-spring period, while others

are restricted to the temperature maximum of summer. One species,

Protoperidinium conicum, like Gonvaulax tamarensis, appears both in the

spring and again in the fall, although at somewhat dissimilar temperature
ranges. As many Perch Pond dinoflagellates (22 out of 50) are known to
have benthic resting stages or cysts, it is likely that temperature-
controlled germination of the cysts leads to the formation of seasonal
planktonic populations of motile cells (D. M. Anderson, unpubl. data).

This has already been shown to be the case for Gonyaulax tamarensis

(Anderson and Morel 1979}, It should be noted that a number of seasonal

heterotrophic species such as Protcoperidinium sp. €, P. pellucidum and P.
spinulosum do not as yet have known cyst stages. Either an elusive cyst
stage does exist or the species in question are introduced each year as

vegetative cells from adjacent regions.
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When the data set is scrutinized further, another potential

predator/prey relationship emerges, that of Oblea rotunda and Heterocapsa

triquetra (Fig. 9). In April of both 1983 and 1984 an 0. rotunda bloom
occurred at the end of a massive bloom of H. triquetra. Further, the
larger of the two 0. rotunda blooms (with peak cell density of

S57*ml”') was associated with the largest H. triquetra bloom, of 7000
cellgsemi™. In culture, maximal growth of 0. rotunda {one
doublingeday™ ') are sustained by H. triquetra densities of 5000
cellseml™' or greater; half maximal growth occurs at 1300

celiseml™® (unpubl. data). The first 0. rotunda bloom occurred in

the presence of H. triquetra cell densities less than 1000eml™'. It

is possible that small scale H. triquetra cell densities could be higher
than the water—-columm average ag measured by the sampling protococl, since
this species is known to form discrete, vertically migrating bands (See

Chapter 2). The 0. rotunda/H. triquetra interaction is further confirmed

by the feeding frequency observations which show that 0. rotunda readily
feeds on H. triquetra in a Perch Pond assemblage, although the grazers do
not appear to discriminate among the available dinoflagellate species, 0.
rotunda included. Further, Q. rotunda did not appear in significant

numbers during blooms of Dinophysis acuminata (the other dinoflagellate

seen to be taken as food) or any other dinoflagellate. A special
relationship seems to exist between 0. rotunda and H. triquetra, even

though other food sources may be acceptable.

The ingestion of diatoms by species of Protoperidinium suggests that

these dinoflagellates compete with much larger heterotrophs such as

copepods for food. While it is too early to accurately assess the
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feeding capacity of the entire Protoperidinium community, grazing rate

measurements have been made for one small species, Protoperidinium

hirobis (Chapter 3); maximum‘individual daily ingestion rates exceeded 20

Leptocylindrus danicus cellsed”™'., This ingestion rate datum can be

compared with that of the dominant copepod in Perch Pond, Acartia

hudsonica. Deason (1980) reported an individual daily ingestion rate of

6.5¢10% Skeletonema costatum cells for A. hudsonica. Since S.
costatum cells are smaller than those of L. danicus by roughly a factor
of five, P. hirobis is assumed for sake of comparison to have a S§.

1

costatum ingestion rate of 100 cellseday ~. It follows that

approximately 650 P. hirobis cells can collectively ingest as many diatom

cellg as a single copepod. Since the Protoperidinium cells in Perch Pond
often outnumber copepods by a factor of 1000 or more, it is concluded

that the Protoperidinium community may in some cases rival copepods as

important diatom grazers. In light of the maximal Protoperdinium cell

-1

concentrations of 6%10%+1”', as many as 6+10° diatom cells

may be cropped each day, although Protoperidinium grazing pressure is

undoubtly much lower during non-bloom periods.

The presence of the parasitic dinoflagellate Amoebophrya ceratii in

both phototrophic and heterotrophic species has been previously noted
(Taylor, 1968). Infection of thecate heterotrophic dinoflagellates
obviously would reduce their population growth rate, but observed
infection frequencies of 10% or lower would not likely have a profound
effect on community population dynamics.

In conclusion, this study has fulfilled the aims of documenting the

various components of the dinoflagellate community with particular
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emphasis on the thecate heterotrophs, It also suggests the likely food
preferences of thecate heterotrophic dinoflagellates in Perch Pond since
these microheterotrophs can become very abundant for brief intervals
during blooms of diatoms; at other times their numbers remain at a low
background. Thecate heterotrophic blooms do not coincide with those of
naked heterotrophs as a consequence, no doubt, of non-overlapping food
requirements. Thecate heterotrophic dinoflagellates, like other
dinoflagellates, display several seasonal occurence patterns that are
probably temperature-dependant. The intermittent survival of
dinoflageilates as benthic resting cysts may be involved in the
maintenance of these repetitive patterus. Heterotrophic dinoflagellates
as a class can occasionally out-numnber, on a biomass basis, the other
major protozooplanktonic class, the ciliates. While some thecate
heterotrophs have diets similar to those of some ciliates (i.e., predation
upon dinoflagellates) the larger diatoms which are readily preyed upon by

species of Protoperidinium are not available to ciliates. This report,

then, adds an additional level of complexity to the microbial food web in
marine waters. Further work on food specificity of heterotrophic
dinoflagellates can be expected to increase this level of complexity vet

further.
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Table 1. Categories of thecate heterotrophic dinoflagellate patterns of

occurrence in Perch Pond.

Months of Temp. range Temp range
occurrence (occurrence)® (abundance)”

Spring species

Protoperidinium sp.B Dec~-May 2-12°C 6-8

P. punctulatum Feb-March 2-8 -

P. bipes Feb-March 2-9 8

P. conicoides Feb-March 2-9 -

Protoperidinium sp.C Feb-April 2-20 7-10

P. pellucidum Feb-April 3-12 6-10
Spring/Fall species

P. conicum May-June, Nov 9-22 18
Summer species

P. oblongum June-0ct 9-26 13-25

P. spinulosum July-Oct 15-23 21-25

Protoperidinium sp.A May-Sept. 8-25 20-25

® Temperature range during pericds of detectable abundance.
" Temperature range during periods of half-maximal cell abundance
or greater., '
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Table 2, Feeding by Oblea rotunda captured together with a field assemblage
from Perch Pond on 11 May 1984.

prey species availability® feeding frequency” feeding frequency®
Heterocapsa triquetra  86.6 82.7 67
Oblea rotunda 9.4 13.8 11
Dinophysis acuminata 4.0 3.5 3
pennate diatoms - - 5%
nanoflagellates — —_ 14°

n=29 n=36

® Percentage of total free swimming dinoflagellates available as food
to 0. rotunda.

® Percentage of 0. rotunda cells cbgerved feeding on a given prey
species out of the subpopulation of 0. rotunda cells which were
feeding on any of the 3 dinoflagellate species.

® Percentage of 0. rotunda cells observed feeding on given prey
species out of total feeding population of 0. rotunda; this later
population constituted approximately 20% of the total 0. rotunda
population.

4 Pennate diatoms were not counted in bulk sample.

® Nanoflagellates out—numbered H. triquetra by a factor of at least 35.
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Figure 1. Map of Perch Pond, Massachusetts. Sample transect denoted
by x's, depth in meters.
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Abbreviations: G.
G.
P.
G.
P,

{(dotted line). Black bars = heterotrophs
Grey bars = phototrophs

sang. = Gymnodinium sanguinium

poly. Gonyaulax polyedra

ascic. = Peridinium asciculiferum

rugos. = Gonyaulax rugosa

sp A. = Protoperidinium sp. A

spinulosum = Protoperidinium spinulosum

oblongum = Protoperidinium oblongum

scu. = Prorocentrum scutellum

min. = Prorocentrum minutum

con. = Protoperidinium conicum

tamar. = Gonyaulax tamarensis

conicoid. = Protoperidinium conicoides

bipes = Protoperidinium bipes

sp. C = Protoperidinium sp., C

pel. = Protoperidinium pellucidum

lenticulatum = Zygabikodinium lenticulatum
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CHAPTER 2

Thecate Heterctrophic Dinoflagellates:
Feeding Behavior and Mechanisms

by
Dean M. Jacobson

and

Donald M. Anderson




—-58—



-5G6-

ABSTRACT
The feeding of 19 species of thecate heterotrophic dinoflagellates

from three genera (Protoperidinium, Oblea, Zygabikodinium) can be

described within one general framework. These species engulf diatoms
and other prey with a pseudopod (herein termed a "pallium")} which
originates at the flagellar pore in the sulcus. The pallium is a highly

plastic, membranous organ which easily stretches to accommodate spines

and other protrusions, and has been observed to enclose as many as 58

diatom cells in a chain. Feeding episodes, during which the contents of é
the phytoplankton prey are liquified and transported through the
pallium, typically last from 7 to 30 minutes, but may continue for as
long as 2 h. In cases of diatom predation, empty, intact frustules are
discarded at the meal's conclusion. Thus far, with few exceptions,

Protoperidinium species have been observed feeding only on diatoms,

whereas two diplopsaloid species feed on dinoflagellates and
prasinophytes as well. In four species from the three genera studied, a
capture filament has been observed that connects the food to the
dinoflagellate prior to extension of the pa;lium, sometimes allowing the
cell to pull the food while swimming. A distinctive precapture swimming
behavior is also described for six species, suggesting that the

dinoflagellates are selective grazers.
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INTRODUCTION

Thecate heterotrophic dinoflagellates equipped with a rigid cell wall
or theca have long been an enigma in the planktonic community. They are
widely abundant and have attracted much study, but their feeding
mechanisms, preferences, and rates remain a mystery. Holozoic
dinoflagellates which lack a cellulose theca are regularly observed to
contain phagocytosed food particles, but the thecate species show no

evidence of food ingestion. One exception is an account by Bursa (1961)

of a Protoperidinium ingesting a flagellate, which is reinterpreted
below. The most likely food uptake orifice through the theca - the
flagellar pore — is too small for the passage of any particle larger than
a bacterium (Abé 1981). Other feeding strategies that have been
considered are uptake of dissolved materials (osmotrophy) or uptake of
decaying organic matter (saprotrophy). Osmotrophy seems unlikely since
surface-to-volume ratios suggest that it would be difficult for an
organism as large as a dinoflagellate to compete with bacteria for
dissolved organic carbon in the sea (Morey-Gaines and Elbrachter, 1987).

The recent report of the feeding behavior of two Protoperidinium species

by Gaines and Taylor (1984) did much to resol?e the mystery as they
described a large "feeding veil" that the dinoflagellates deployed to
completely envelope relatively large diatoms whose cell contents were
then dissolved. The veil was deployed over a large area, only a portion
of which was occupied by the diatom food. The work reported here, based
on observations of 18 species from three genera, demonstrates that
feeding is far more selective than the "feeding veil" description would

suggest.
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MATERIALS AND METHODS

QOrganisms were captured with net tows from Perch Pond or Vineyard
Sound, Massachusetts (average salinities 26 and 32% , respectively). The
<80 um plankton fraction was incubatéd at 15°C for 2 to 16 hours, with
added diatoms, in 15 ml polypropylene centrifuge tubes mounted on a
slowly rotating apparatus. When the ratio of thecate heterotrophic
dinoflagellates to detritus was too low, desired cells were transferred
via micropipette to filtered seawater, with cultured diatoms or natural
phytoplankton assemblages added. Such short term "cultures" typically
yvielded 0-5% feeding dinoflagellates at a given time. rFeeding cells were
either monitored with a Nikon dissecting microscope or transferred to wet
mounts for observation with the phase and Nomarski optics of a standard
Zeiss compound microscope. For ease of relocation, 6 mm coverslips,
supported by small lumps of modeling clay, were used.‘ Nomarski optics
simplified analysis of thecal plate arrangements needed for taxonomic

asgignment, but two species (Protoperidinium species A and B) could not

be identified and may constitute new species. Cells with deployed
pseudopodia had to be manipulated gently as they readily aborted feeding
by retracting or detaching their pseudopod when disturbed. Use of 2 mlL
settling slides with a Zeiss inverted compound microscope allowed direct
observations to be made on samples at high magnifications without the
need for further isolation. Feeding durations were determined either by
continuous surveillance of an undisturbed cell held in a 15 mL petri dish
or by transferring cells seen to have recently captured food (i.e. those

with long attachment filaments) to microwell plates so that several
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individuals could be monitored simultaneously. Swimming velocities and
trajectories were determined from videotaped recordings by tracing from
the video monitor. Bouins fixative was used to preserve the pseudopod
apparatus intact. For documentation, a Nikon photomicrography system, a
JVC S-100CH color video camera with a Panasonic 1/2 inch VCR and an MTI
black and white video camera with a Panasonic 3/4 inch VCR were
employed. For preliminary transmission election microscopy (see Chapter
4}, single isolated cells were added to a mixture of 2% cacodylate-
buffered glutafaldehyde and 1% osmium tetroxide at 0°C for 30 min, washed
in seawater, embedded in 1% agar and passed through dehydration and
Epon—Araldite infiltration series. Cells were ultimately flat-embedded
and‘then excised and reoriented on a resin stub for-microtomy. Thin

sections were stained with uranyl acetate and lead citrate.

RESULTS
To date, 19 species of thecate heterctrophic dinoflagellates have
been observed to employ a pseudopodal mechanism to feed on living

particulate food. With the exception of Protoperidinium pyriforme and

possibly Protoperidinium species B (an organism resembling a colorless

Scrippsiella), the food consumed by Protoperidinium species consists

exclusively of diatoms, whereas two diplopsaloid species fed on diatoms,
dinoflagellates and prasinophytes (Table 1). While hundreds of
dinoflagellates have been seen feeding on intact phytoplankters, several

cells of Oblea rotunda and Zygabikodinium lenticulatum have also been

seen to capture and envelop small transparent detrital particles.

Several bacteria were seen on one such particle stained with DAPI. The
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list of acceptable food species varies according to the number of
observations made on the various dinoflagellates. In many instances, the
dinoflagellates consumed prey much 1érger than themselves. This

typically involved consumption of diatom chains but on occasion, large

cells (e.g. Coscinodiscus) were enveloped and digested individually.
Spines on bristly food species such as Chaetoceros presented no obstacle
to the enveloping pseudopod. No diel variation in feeding has yet been
detected; most observations were made during the organisms' 1light phase.
Feeding behavior in the species observed follows a consistent pattern
marked by distinctive precapture, capture, pseudopod deployment,
digestion, and pseudopod retraction phases.
Precapture

Precapture behavior has been observed in six species (Oblea rotunda,

Zygabikodinium lenticulatum, Protoperidinium spinulosum, Protoperidinium

punctulatum, Protoperidinium conicum and Protoperidinium claudicans).

Other species may also have this same behavior but the likelihood of
witnessing the initial moments of feeding events (which seem to occur
infrequently) is terribly small. Most cells swim in a relatively
straight course that is punctuated by occasional abrupt direction changes
and usually pass by diatoms that are close to the swimming path without
outwardly indicating recognition or attraction. However, a cell is
sometimes seen that, when it encounters a diatom, swims in tight circles
about the prey for usually one minute or less, occasionally up to 2 min.
The path of P. spinulosum around a chain of Chaetocercs traced from a
video recording illustrates this behavior (Fig. 1). With the exception

of P. punctulatum, the species listed above display a characteristic,
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punctuated swimming pattern as they circle the prey. This pattern,
gymbolized in Figure 1 by the dashed line, consists of a series of small
pulses as the cell pitches its apex in a sawtooth pattern at a rate of
three or four cycles per second. Their swimming speed in this mode is

1

typically reduced from 350 umes™' to 100 or 150 pmes™'. The
conspicuous "sawtooth" behavior was not observed in P. punctulatum, whose

swim path around a chain of Leptocylindrus danicus was a smooth,

uninterrupted spiral. Oblea rotunda is distinctive because of its high
velocity swimming behavior around its typically small prey. The swim
path is punctuated by brief jerks or twitches, comparable to the slower
sawtooth pattern of larger species but more difficult to resolve.
Capture

Precapture behavior flows directly into capture, except when the cell
abandons its potential prey item and departs, returning to straight
swimming. While diatoms are obviously passive, other prey may be able to
escape capture. An individual 0. rotunda cell was observed as it

attacked quiescent Heterocapsa triquetra cells, but in each of five

successive encoﬁnters, the potential food organisms distanced themselves
from the predator with brief pulses of swimming, thereby evading capture.
Successful captures occur as follows. Without pausing from spiraling
and sawtooth-swimming, a cell may resume straight swimming with the prey
suddenly trailing behind. Clearly, a linkage was established in a
fraction of a second in the form of a filament too thin to detect with a
dissecting microscope. The moment of filament attachment is often
signaled by particularly rapid, high frequency twitches of the predator.

Unfortunately, the erratic and rapid swimming of dinoflagellates makes
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observation with higher magnifications of the brief, infrequent capture
event impractical. However, observations of the capture behavior of 0.
rotunda with dark field illumination allowed both the longitudinal
flagellum and the "tow filament'" to be simultaneously visible. These two
thread-like appendages appear to have the same diameter of approximately

1 um. The tow filament has also been observed during food capture in

P. spinulosum, P. conicum, and Z. lenticulatum. As illustrated in Fig. 2,
the emerging pseudopod appears to extend along the filament; at the same
time the filament is either contracted or retracted, pulling the prey
closer. Similar, previously unreported filament-assisted capture

behavior has been frequently observed both in Oxyrrhis marina and

Gyrodinium cf. dominans. These naked heterotrophic dinoflagellates

promptly phagocytosed their filament-anchored food cells (unpublished
observations).

On three occasions a filament was not observed during capture by P.
spinulosum. One such instance is depicted in Fig. 1. After a minute of
looping around a Chaetoceros chain, the cell halted, then rolled and
pitched so that its antapex was directed toward the diatom, then extended
its tongue-like pseudopod toward the diatom. It is possible that a
filament was present. However, the dinoflagellate did not pull the
diatom until the pseudopod had become attached, so that the existence of
a primary filament attachment could not be established.

Pseudopod Deployment

In P. pellucidum, P. punctulatum, Q. rotunda and Z. lenticulatum, the

pseudopod appears to emerge from the sulcal pore as a narrow tongue,

advancing at a rate of 2-5 e s7'., In Z. lenticulatum, the
Him L
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leading edge of the pseudopod was observed to flare as it approached its
prey, broadening from a diameter of 6 pym to 12 pm (Fig. 2). This
broadening can be more pronounced in P. conicum, in which a pseudopod
reached 75 um laterally as it approached a filament-tethered Corethron

cell (Fig. 2¢). A recently excysted cell of Protoperidinium sp. A

(closely related to P. leonis) rapidly protruded a lobate pseudopod when
compressed beneath a coverslip (Fig. 8). An ovoid body next to therlarge
sac pusule was darkly stained by Lugol's iodine solution; the nature of
this body is not known. Most frequently, however, the pseﬁdopod
maintaing a narrow (5-10 um) cylindrical form resembling an umbilical
cord (Figs. 2 and 12) until it contacts the diatom, over which it
spreads, forming a close-fitting envelope. This hyaline envelope is
usually inconspicuous and can easily escape detection by an observer.

The pseudopod conforms to projections such as spines, coating them in a
thin sheath (Figs. 6,7,12). The long slender projections that follow and
enclose spines can expand to form a continuous sheet around peripheral
particles (Fig. 22), Filopodia may project from a pseudopodal envelope
enclosing a spineless diatomj on spinose diatoms it is difficult to
distinguish filopodia from enveloped spines. Filopodial cross bridges
occasionally connect adjacent spines. As many as 58 cells from three
mutually entangled chains of Chaetoceros have been simultaneously
enveloped and consumed by a single cell of P. spinulosum. Several cells
of P. spinulosum can attach to a single diatom, and two cells of Q.
rotunda have been seen attached to a single Heterocapsa cell. When the
dinoflagellate is attached to the concave surface of an arched diatom

chain, the pseudopod spreads out to form a rather two—dimensional sheét
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in the plane of the diatom, in the fashion of a webbed foot (Fig. 22c).
A radial fibrillar structure is evident in such a web, converging on the

dinoflagellate’'s sulcal pore.

Digestion

Little comspicuous activity oceurs after the pseudopod has reached
its maximal extension. The dinoflagellate is often motionless, unable to
swim with large diatom chains, although the transverse flagellum
continues to undulate. Such cells often sink to the bottom of the
observation chamber, greatly simplifying the acquisition of detailed
observations with the inverted microscope. Sometimes the dinoflagellate

may be able to pull a small food particle. Oblea rotunda, which often

preys on flagellates smaller than itself (Fig. 3) swims rapidly
throughout the digestion phase. Granular cytoplasmic streaming at a

velocity of Sum * s”! through the pseudopod is visible at high
B

magnifications. Parenthetically, the observation of this streaming,
traveling both proximally and distally, is enhanced by viewing
video-taped sequences at increased tape speeds.

One subtle change that occurs during digestion is that of the
dinoflagellate's placement relative to the prey. Whereas the diatom may
have been tethered to the end of a pseudopodal 'stalk' resembling an
umbilical cord 50 pm in length early in the deployment phase {(Fig 12),
this distance is reduced to around 20 pm at the end of deployment
(Figs. 6,14). The dinoflagellate-diatom attachment point location can
change during the course of feeding, as if the pseudopod stalk is

drifting laterally across the envelope (Fig. 22).
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Changes in the prey cytoplasm occur gradually, but are conspicuous
when the end points of feeding are compared, i.e. Figs. 18-20. In one

case (not illustrated) of Z. lenticulatum feeding on Stephanopyxis, no

morphological change occurred in the diatom's cytoplasm for the first-SO
min of feeding. Then, the evenly distributed chloroplast began to
cluster, forming unpigmented regions in the diatom, and proceeded until
only a few condensed globules remained in the most proximal frustules at
the end of the 110 min feeding episode. The diatom cells more distant
from the dinoflagellate showed less complete degradation. In contrast,

very rapid initial changes were seen to occur in the cytoplasm of a cell

of Ditylum brightwellii (100 um in length) captured by B. spinulogum.
Within seconds of pseudopod attachment, the diatom plasmalemma pulled
away from the frustule near the point of contact with the pseudopod.
After 15 s the entire diatom cytoplasm had become condensed, forming two
spheres with diameters of 10 and 20 um. No further gross changes
occurred until after 7 min when the smaller sphere disintegrated into a
cluster of pigmented particles, most of which vanished by the end of the
19 min feeding episode. Usually the silica frustule of diatoms maintain
their original form throughout the course of feeding. However, the

frustules of thin-walled diatoms such as Ditylum and Leptocylindrus may

be bent and distorted within the pseudopod (Fig. 4).
In the latter part of digestion, streaming of granules toward the
dinoflagellate becomes most conspicuous. The volume of the sack pusule

of Z. lenticulatum in one case was reduced by half during the digestion

phase. Pusular volume changes have not yet been determined for other

species. At the end of feeding, diatoms have entirely lost the
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refractive appearance characteristic of living cells, and only a few
small residual particles remain inside the frustule (Fig 19).

With the exception of Oblea rotunda, the duration of most feeding

events falls between 6 and 30 min; the 110 min event described above is

exceptionally long. Oblea rotunda commonly remains attached to prey

items for an hour or longer.

Retraction

This phase consists of the mass movement of the pseudopod back toward
thé dinoflagellate. It is the most spectacular aspect of dinoflagellate
feeding, since the pseudopod flows inward from all directions at a rate
of 10 ym * s”'. The membranous material accumulates at the
flagellar pore (a bottleneck, with its diameter of only 2 or 3 um) and

forms a pulsating mass at the antapex of the dinoflagellate (Fig. 9,17).

A retraction sequence of P. spinulosum on Chaetoceros curvetus is

illustrated in Figs. l4-17, Note the manner in which the pseudopod
becomes taut as tension is applied, evidently from the sulcal origin of
the pseudopod. In one case, the retracted pseudopodal mass of P.
spinulosum occupied a volume of 5000 pm® or nearly 20% of the
non-pusular volume of the cell. This mass took 5 min to completely

reenter the theca.

DISCUSSION

Thecate heterotrophic dinoflagellates in three genera (QOblea,

Zygabikodinium, and Protoperidinium) appear, from our observdtions, to be
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unified by their feeding behavior, sharing similar precapture behavioral
patterns, capture mechanisms (involving the use of a previously
unreported filament) and pseudopod deployment and digestion techniques.
The capture filament, oniy briefly manifested, may well be a genus—wide
characteristic. The 4 species {out of 19 encountered) in which this
filament has been detected are also the species whose feeding behavior
has been most extensively observed. The manner in which the pseudopod
tightly fits the prey organism, and the close proximity of the
dinoflagellate to its food (so that the pseudopodal attachment is hidden)
conspire to make feeding behavior inconspicuous, and helps explain why
this phenomenon has for so long been unknown.

The pseudopod structures described above are clearly similar to those
reported by Gaines and Taylor (1984). They observed P. depressum as it
deployed a disc-shaped pseudopodal sheet that spread broadly to form a
circular "feeding veil™. One edge of the veil made contact with a diatom
which was drawn close to the dinoflagellate when the veil was retracted,
somewhat like the entrapment of fish within a purse seine. Our
interpretation of their observations is that of a pseudopod spreading
evenly across the glass slide upon which the dinoflagellate had settled.
The appearance of a veil covering a large area lacking diatoms may be due
to the proximity of the smooth, flat surface of the glass slide, and may
not have formed had the cell been suspended in water. In only one case
(involving P. conicum) out of the dozens of captures observed (none of
which occurred against a glass surface) was the pseudopod latefally
expanded prior to diatom engulfment. In other capture events involving

P. conicum, as well as 0. rotunda, Z. lenticulatum, P. spinulosum and P.
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unctulatum, the emerging pseudopod held the form of a narrow cylinder,
spreading laterally only after contact was made with the prey. The
presence of a capture filament helps explain how the pseudopod is
directed towards its target., We have not yet observed capture behavior
in P. depressum (the species described with a feeding veil by Gaines and
Taylor, 1984) but in cells observed in the process of feeding, the
pseudopod appeared as a close-fitting envelope, as is the case for the
other species we have observed.

The search and capture behavior described above shows that swimming
thecate heterotrophic dinoflagellates, which persistently spiral tigﬁtly
around potential prey items before effecting their capture, are not
nonspecific predators using a broad net mechanism to obtain food
randomly. Rather, they actively select a particular prey item, anchor
themselves to this particle with a filament, and then deploy their
pseudopod.

The sudden contraction of the cytoplasm of a captured diatom
occurring after pseudopodal attachment as described earlier for Ditylum
is very similar to a phenomenon described by Drebes and Schnepf (1982)
occurring during the peduncular feeding of the néked dinoflageilate
Paulsenella sp. upon the diatom Steptotheca. This phenomenon very likely
reveals the rapid release of an enzyme from the pseudopod or peduncle or
an associated sudden pH shift that can alter the permeability of the
diatom membranes. |

The pseudopodal feeding mechanism of thecate heterotrophic
dinoflagellates has been described as "extra-cellular digestion" (Gaines

and Taylor, 1984). Strictly speaking, if the pseudopod membrane is able
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to surround a prey item completely, digestion is intra-cellular since it
occurs within a feeding vacuole, albeit a vacuole outside the theca. If
the pseudopod can engulf only a portion of an elongate prey, digestion
occurs in an extra-cellular (that is, not entirely membrane-contained)
manner, The distinctions between "extra-cellular", "intra-cellular", and
phagotrophic feeding are in this case rather artificial.

Large, colonial diatoms are currently believed to be grazed only by
organisms at least the size of copepods, while microzooplankters such as
oligotrich ciliates are thought to be limited to small, often flagellated
phytoplankters, This study helps to establish a new trophic link within
the marine planktonic food web, that is, the grazing of thecate
heterotrophic dinoflagellates upon large diatoms.

Pseudopodia are not new to flagellates. Amoeboflagellates are
heterotrophs akin to "true" amoebae, except for a brief flagellated stage
prior to encystment (Schuster, 1963). A number of photosynthetic

chrysophytes (Rhizochrysis, Chrysamoeba, Rhizochromulina) and a

xanthophyte (Rhizochloris) apparently have flagellate/amoeboid

alternation life cycles, the persistent amoeboid form displaying
radiating filopodia (Hibberd & Chretiennot-Dinet, 1979). In Chrysamoeba
alone is the amoebolid stage flagellated, but the flagellum does not
contribute to cell motility (Hibberd, 1971). Small, bactivorous monads
are certainly phagotrophic, and diminutive pseudopodia have been
described in Cercomonas {Mignot and Brugerolle, 1975). This brief survey
suggests that the thecate heterotrophic dinoflagellate pseudopod is
unlike that of any flagellate yet described. The pseudopod is manifest

in flagellated, vegetative, motile cells, and is certainly more elaborate
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that those observed in other flagellates.

Pseudopodal structures as elaborate as those described here are found
in foraminiferané and radioclarians. Filopodia are conspicuous in these
"rhizopoda', and are often elaborated into anastomosing reticulopodial
networks (Leidy, 1879; Anderson, 1983). The éseudopodia of thecate
heterotrophic dinoflagellates do form filopodia but they are few in
number. Occasionally they can converge and fuse to form lamellipodia in
a manner similar to that of reticulopodia. However, a comparison of the
details of food engulfment as revealed by transmission electron
microscopy accentuates the unigue nature of this pseudopod. In
radiolaria, Anderson (1983) has described how reticulopodia that contact
food develop thickened, microfilament-rich "coelopods' that envelop and
forcibly rupture the prey exoskeleton., This allows pseudopods to gain
access to the internal tissue of such prey as copepods. In
foraminiferans, Anderson and Bé (1976) reveal reticulopodia that surround
food such as copepods and secrete an adhesive substance to anchor the
prey item in place. Reticulopodia find their way within the exoskeleton
and transport bits of tissue and oil droplets to the large cell aperture
and on into the endoplasm. In contrast, thin sections'through a feeding
dinoflagellate cell (unpublished dataj show that the transparent envelope
surrounding the diatom food is composed merely of empty membrane vesicles
within a continuous membrane sheath (Fig. 13). This delicate structure
apparently cannot rupture a diatom frustule. Instead, degenerative
enzymes presumably diffuse through the diatom pores to liquify the prey
cytoplasm, which then diffuses out through the pores, leaving the silica

frustule intact. This situation is reminiscent of arachnid feeding, in
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which the contents of captured arthropods are liquified and ingested,
leaving an empty exoskeleton.

The uniqueness of the thecate heterotrophic dinoflagellate pseudopod
leads us to propose a new term, "pallium", Latin for the sheet-like
garment worn in ancient Greece. This term emphasizes the manner in which
the membrancus pseudopod envelops food particles.

Further analysis of the pallium and comparisons with different
protists requires completion of ultrastructural/cytochemical work. The
organization of the pallium, especially in regard to microtubules, and
the spatial relationships between the internal manifestations of the
pallium, the sac and collecting pusules, and the twb flagella, all of
which are associated with the flagellar pore, will be of particular
interest.

The observation of size changes of the sac pusule in Z. lenticulatum

suggests that this organelle may play a role in feeding. The sac pusule,
the larger of two, is most comnspicuous in thecate heterotrophic
dinoflagellates (Kofoid, 1909), much less so in naked heterotrophic and
most photosynthetic dinoflagellates. In some heterotrophs the sac pusule
can occupy as much as half of the cell volume, yet it appears to contain
only seawater. The pusules, despite much attention and imagination, are
still in want of a proven function. One of the most convincing
hypotheses is one of excretion or osmoregulation (Dodge, 1972) but uptake
of dissolved substances (Kofoid and Swezy, 1921) and buoyancy (Norris,
1966) have also been proposed. The streaming of cytoplasm out of and
into the theca through the flagellar pore during feeding suggests a

different function for the sac pusule, that of volume regulation. One
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might expect its volume to increase upon deployment of the pallium or its
volume to decrease during import of food materials and pallium
retraction. Indeed, a decrease in sac pusular volume of approximately

50% has been observed during digestion in a cell of Z. lenticulatum, as

noted above. Further work is needed to test this hypothesis;
considerable care must be taken to avoid artifacts because of the
sengitivity of the pusule to stresses associated with microscopic

observation.

The description made by Bursa (1961) of a Protoperidinium sp.

ingesting a flagellate, which is illustrated by a drawing, matches the
appearance of a cell retracting its pallium. The drawing shows irregular
protrusions that radiate from a mass at the sulcus, which we reinterpret
to be its pallium. Drawings by Schiitt (1895) which depict cells of

Podolampﬁﬁ bipes and Blepharocysta splendor-maris with pseudopodal

extensions protruding through the flagellar pore lead us to suggest that
the pallium may be present in these tropical dinoflagellates as well.
Indeed, such a phenomenon was again observed by Steidinger et al. (1967)

in Blepharocysta splendor—-maris.

The 19 predator species listed in Table 1 have widely differing
numbers of prey species; as mentioned before, this is primarily an
artifact of the number of observations. At this time little can be said
of selection among diatom species; prey species tend to he amongst the
most abundant diatoms at the time of capture. However, a clear pattern

emerges with regard to diatoms vs. non-diatom species. Generally

speaking, Protoperidinium species graze exclusively on diatoms, while the

two diplopsaloid species (0. rotunda and Z. lenticulatum) also take
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dinoflagellates, and in the case of QOblea, prasinophytes as food. While

this hypothesis holds true, so far, for 14 species of Protoperidinium,

two other species, P, pyriforme and Protoperidinium sp. B may feed on

dinoflagellates. It is interesting that while P. pyriforme frequently

fed on Protogonyaulax (=Gonyaulax) tamarensis, this toxic species was not

preyed upon by 0. rotunda even when offered as its sole food. 0. rotunda

will consume other dinoflagellates of similar size.

The fact that 0. rotunda and Z. lenticulatum and perhaps other

species can capture and feed upon detrital "marine snow" type particles
show that bacterial consumption undoubtedly occurs. Consumption of
diatoms alone would also result in assimilation of bacterial carbon, as
well as other commensal organisms living on or near diatoms. The
intensity of bactivory among thecate heterotrophic dincflagellates is not
clear, and may be most significant in diatom-poor regions. This may
explain uptake of labeled bacterial carbon by thecate heterotrophic
dinoflagellates observed by Lessard (1985).

Although thecate heterotrophic dinoflagellates are delicate,
fastidious organisms that reveal their secrets only after prolonged
coaxing, much has been iearned of them. In summary, three genera have
been found to share the pallium feeding system, including the use of a
filament to initially secure their prey. Swimming behavior prior to
capture indicates that the predators are potentially selective grazers.

Indeed, while the genus Protoperidinium restricts its diet almost

entirely to diatoms, two diplopsaloid species also prey upon
dinoflagellates and prasinophytes, as well as bacteria-colonized detrital

particles.
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Much remains to be discovered of the ultrastructure, chemosensgory
abilities, diel feeding patterns and trophic rates of these remarkable

microzooplankters,
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TABLE 1. Predator/ prey relationships in thecate heterotrophic

dinoflagellates.
Predator species Size® Food species size*type®
Oblea rotunda 30 Pyramimonas sp. (13-10) 10 pras
Micromonas sp. (DW8) 8 pras
Heterocapsa triquetra 30 dino
Prorocentrum minimum 25 dino
Dinophysis acuminata 40 dino
Gonyaulax tricantha 35 dine
Protoperidinium pellucidum 45 dino
Oblea rotunda 30 dino
Nitzchia closterium 30 s.d.
Amphiprora sp. 20 s.d.
Ditylum brightwellii 80 s.d.
Leptocylindrus danicus c.d.
Eucampia zoodiacus c.d.
colorless detrital particle 50
Zygabikodinium lenticulatum 50 Prorocentrum scutellum 30 dino
Heterocapsa triquetra 30 dino
Coscinodiscus sp. 60 s.d.
Amphiprora sp. 120 s.d.
Ditylum brightwellii 80 =s.d.
Nitzchia sp. 35 s.d.
Licmophora sp. 40 s.d.
Chaetoceros sp. c.d.
Thalassiosira sp. c.d.
Guinardia flaccida c.d.
colorless detrital particle 40
Protoperidinium spinulosum 45 Chaetoceros affinis c.d.
C. curvetus c.d.
Leptocylindrus danicus c.d.
Skeletonema costatum c.d.
Eucampia zoodiacus c.d.
P. pellucidum 45  Licmophora sp. 40 s.d.
Thalassiosira sp. c.d,
Asterionella japonica c.d.
Leptocylindrus danicus c.d.
Chaetoceros sp. c.d.
P. conicum 55 Corethron hystrix 35 s.d.
Thalassiosira sp. c.d.
Chaetoceros sp. c.d.
Lithodesmium sp. c.d.
P. cf. hircbis 25 Leptocylindrus danicus

Skeletonema costatum
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Predator species Size® Food species size®type
P. punctulatum 55 Rhizosclenia sp. 200 s.d.
Leptocylindrus danicus c.d.
P. curtipes 60 Ditylum brightwellii 80 s.d.
P. achromaticum 35 Leptocylindrus danicus c.d.
P. minutum 49 Licmophora sp. 40 s.d.
Guinardia flaccida c.d.
Chaetoceros sp. c.d.
P. pentagonum 50 Lauderia sp. - c.d.
P. excentricum 60 Ditylum brightwelliil 80 s.d.
Coscinodiscus sp. 50 s.d.
P. claudicans’ 60 Chaetoceros curvetus c.d.
P. guarnerense 40 Thalassigsira sp. c.d.
P. oblongum 60 Chaetoceros sp. c.d.
P. pyriforme 40 Protogonyaulax tamarensis 40 dino
Heterocapsa triquetra 35 dino
Scrippsiella sp. 40 dino
Nitzchia sp. 30 s.d.
P. depressum : 120 Thalassiosira sp. c.d.
Protoperidinium sp. A 50 Chaetoceros sp. c.d.
Protoperidinium sp. B 30 Oblea like cell 17

* Diameters in pm.
Ppras.=prasinophyte; dino.=dinoflagellate; s.d.=solitary diatom; c.d.=
colonial diatem, with lengths ranging from 100-400um.

o
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Sequence of 60 s duration showing swim path of Protoperidinium
gpinulosum immediately prior to capture of Chaetoceros chain.
Frame A depicts portion of diatom spines. Dashes signify one
second intervals. Each frame commences at dinoflagellate symbol
(drawn to scale) and concludes with arrow. Dashed lines indicate
sawtooth swimming behavior (see text for details), Frame G
indicates location of pseudopod attachment. Last frame shows
dinoflagellate with slender pseudopodal attachment slowly

pulling (foreshortened) diatom.
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30 pm

Fig. 2. Psuedopod deployment in thecate heterotrophic
dinoflagellates. '
A. Sequence of approx. 3 min duration showing pseudopod deployment of
Zygabikodinium lenticulatum feeding upon Leptocylindrus danicus.
Note primary attachment filament.

B. Similar sequence of Oblea rotunda feeding on Pyramimonas sp., with
times given.

C. Protoperidinium conicum feeding on Corethron hystrix. Note
broadness of emerging pallium.
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Figs. 3-12. Light micrographs of pseudopodal feeding in thecate
heterotrophic dinoflagellates. Scale bars = 25 um.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig,

3.

4.

10.

11. B.

12,

Zygabikodinium Ienticulatum feeding on Ditylum brightwellii
showing normal appearance of diatom cytoplasm.

D. brightwellii enveloped by pallium of Z. lenticulatum;
the diatom has sustained frustular distortion and
cytoplasmic degradation.

Z. lenticulatum attached to Chaetoceros sp. (chain of 4
cells). Edge of frustule, within pallium, shown by arrow.

Protoperidinium pellucidum feeding on Chaetoceros sp.. Note

stalk-like attachment of pallium (arrow).

Same cell as before; PB. pellucidum cell is above focal
plane. Note cytoplasmlc sheaths surrounding diatom spines
(arrow).

Protoperidinium sp. A, recently excysted cell, with pallium
(see text).

P. pellucidum, cell depicted in Figs. 6 and 7, after pallium
retraction, with accumulation of pseudopod material at
sulcus.

P. pellucidum enveloping Licmophora sp. and slender pennate
diatom.

pyriforme feeding on Protogonyaulax tamarensis (pseudopod
not conspicuous).

Oblea rotunda with recently captured temporary cyst of
Heterocapsa triguetra.
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Figs. 13

Fig. 13

~86—

-21. Pseudopodal feeding in thecate heterotrophic
dinoflagellates, cont'd. Scale bar of Fig. 13 = 5 um;
all others = 25 um.

Transmission electron micrograph of longitudinal section
through Protoperidinium spinulosum feeding on Eucampia
zoodiacus with pallium fitting through flagellar pore.
Corners of two frustules visible (arrow).

Figs. 14-17. Video sequence of pseudopod retraction in P. spinulosum

Fig. 18.

Fig. 19.

Fig. 20.

feeding on Chaetoceros curvetus. T=0, 8, 12, 20s
respectively. While the pallium seems to be spreading, the
concave edge (arrow) is actually being pulled taut. Note
radial structure and accumulation of pseudopod material at
antapex of cell, 1In Figure 17, moments before departure of
cell, the edge of the pseudopod mass appears as a
crescent—-shaped highlight (arrow).

Zygabikodinium lenticulatum engulfing Stephanopyxis turris
with hyaline envelope {arrow). Dinoflagellate cytoplasm
clouded by Bouins fixatiom.

S. turris after digestion. Pallium membrane still attached
(arrow) as Z. lenticulatum was accidentally detached from
diatom during fixation. Note "folded" arrangement of four
diatom frustules.

Normal appearance of S. turris. Fig. 21. P. conicum feeding
on Chaetoceros sp.. Compare appearance of of diatom
cytoplasm within and beyond pallium (arrow). Chaetoceros
spines to the right of the arrow lack cytoplasmic sheaths
and are not, therefore, wvisible.
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Fig. 22. Protoperidinium spinulosum
feeding on Chaetoceros SP. a8 drawn from
video recording. A. Soon after capture,
early in deployment phase.

B. Approx. 15 min later; note formation
of lamellipod surrounding 2-cell diatom
to right of dinoflagellate.

C. Another P. spinulogum cell feeding
on Chaetoceros curvetus, illustrating
radial fibrillar structure within
web-like pallium.
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CHAPTER 3

Growth and Grazing Rates of Protoperidinium hirobis Abé,

a Thecate Heterotrophic Dinoflagellate
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Abstract

Growth and feeding rates of a small thecate heterotrophic

dinoflagellate, Protoperidinium hirobis Abé, grown on the diatom

Leptocylindrus danicus, were measured in batch cultures. Ingestion rates

were determined directly by the enumeration of empty diatom frustules
produced by dinoflagellate feeding. Both growth and feeding rates
saturated at diatom concentrations of approximately 10% cellsemi™*',

and reached maximum values of 1.7 divisionseday ' and 23

diatomsegrazer 'eday”', respectively. This rate of cell division

is notably high for dinoflagellates, which seldom grow faster than one
division per day. Inferred feeding durations ranged from 43 min. to 1 h,
Timing of cell division and grazing rate patterns were also examined;
while mitesis occurred chiefly during the dark period, no diel variations
in feeding rate were detected. These rates, the first direct growth and
ingestion measurements to be made for a thecate heterotrophic
dinoflagellate, serve to underscore the potential importance of a
function these dinoflagellates perform within the microzooplanktonic food
web: that of transforming the substance of large diatoms into particles

more easily ingested by microzooplankters.
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INTRODUCTION

Until recently, the nature of feeding in thecate heterotrophic
dinoflagellates was unknown. Now it is clear that a pseudopodal

mechanism is employed by Protoperidinium species and others to feed on

phytoplankton, especially on the diatoms (Gaines and Taylor 1984,
Jacobson and Anderson 1986). The only pertinent data on feeding rates in
these organisms are that of Lessard and Swift (1985) who used a
single-cell isolation radioisotope technique to measure feeding rates of
field-captured thecate heterotrophic dinoflagellates. They reported
rather high "clearance" rates with most species assimilating

'%0-labelled material (i.e., algae), while a few species incorporated
}H-thymidine-labelled material (i.e., bacteria). Such data are useful,
but there is a clear need for direct measurements of ingestion rates by
techniques which are not subject to carbon recycling or other
uncertainties associated with mixed assemblages. There is also a need to
examine the growth rate of these microheterctrophs when supplied with
different food concentrations. To these ends, this chapter reports the
direct, simultaneous measurement of feeding and growth in one of the
first thecate heterotrophic dinoflagellate species to be successfully

maintained in culture.
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METHODS and MATERIALS

Culture Conditions and Organism

Protoperidinium hirobis Abé was isolated by DMJ from Vineyard Sound,

Massachusetts (31%, salinity). This unialgal but non-clonal strain is
identical to the original description of P. hircbis in all but one
respect: the two antapical spines are consistently 407% shorter in length
than reported by Abé (1936)(Fig. 1). Small cells with diameters ranging
from 11 to 15 pm (compared to a normal mean diameter of 23 um)

(Fig. 1) appeared in cultures but never exceeded 10% of the population.

P. hirobis was fed the diatom Leptocylindrus danicus (also isclated by
DMJ from Vineyard Sound) and cultured in completely full, capped 16 ml
polypropylene centrifuge tubes, which were rotated end;over—end on a
""ferris wheel" apparatus. The dinoflagellates were maintained by
diluting aliquots of dinoflagellates and diatoms into fresh f£/2 media
(Guillard and Ryther, 1976). Additional diatoms were added when cultures
became food-depleted. All culturing and experiments were carried out in
the same incubator (20°C, L:D 14:10 at approx. 100 pEem %es™').

Ingestion Rates

Ingestion data were derived from the enumeration of empty diatom
frustules created by dinoflagellate pseudopodal feeding. With
unconventional optics (i.e. an off-centered bright-field stage condenser)
both the thin silica frustule walls and a small characteristic
golden-brown residual particle constituting the remains of the diatom

cytoplasm within the nearly empty frustule are visible at low
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magnifications. (The cylindrical frustules are inconspicuous under
bright field.illumination, and although the frustule wall is well defined
under phase optics, the color of the residual particle is less distinct.)
The golden-brown residue was never seen in non-grazed diatom cultures,
even when lysed, deteriorating cells were pregent; therefore the
identification of grazed frustules was unambiguous. Ingestion rates (I)

were_calculated as follows:

where £y and f, are final and initial frustule concentrations,
respectively, t is the time interval, and ¥ is the average grazer
concentration during this time interval. Average number of grazers {i.e.
dinoflagellates) was estimated according to Heinbokel (1976) as follows:

X = d: - de
[In(d)) - 1n{(de)]

where di and dg are the final and initial dinoflagellate
concentrations, respectively. Clearance rates were calculated by

dividing ingestion rate by food concentration.

Experimental Protocol

Two consecutive experiments (hereafter termed grazing/growth
experiments) were performed using dinoflagellate/diatom suspensions in
order to simultaneously measure both the rate of grazing and growth as a
function of food concentration. A series of equivalent dinoflagellate
innocula was exposed to seven food densities (with targeted levels of

100, 500, 1000, 2000, 3000, 6000 and 10000 diatom cellseml™ ') in 32ml
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polycarbonate centrifuge tubes; each treatment was performed in
triplicate. For unknown but convenient reasons, the strain of L. danicus
used grew as single or double cells, ranging in length from 30 to 60

um, instead of in their usual colonilal configuration, which can stretch
hundreds of micrometers in length. These standardized food dimensions
simplified the interpretation of the grazing data. The stock culture df
dinoflagellates and their food was allowed to stand in a graduated
cylinder for several hours in order to minimize the inclusion of diatoms
and empty diatom frustules when the culture was used as an innoculum. In
the first of two experiments, an initial dinoflagellate concentration of
100 cellseml™' was used, but this resulted in rapid depletion of the
diatom standing crop, making data interpretation difficult; therefore
complete frustule counts were not made, and the experiment was repeated
using an initial dinoflagellate concentration of 25 cellsel™!,

Replicate samples of dinoflagellate innocula were preserved for
enumeration of initial empty frustules, and replicate diatom control
suspensions (i.e., without dinoflagellates) of 3000 cellseml™! were
similarly sampled. After 24 hours the three lowest diatom treatments had
become diatom-depleted, and additional diatoms were introduced to restore
the target concentration. The food concentrations in the high diatom
treatments (>3000 cellseml™ '), however, had increased; neutral

density screens were attached to these tubes in order to limit diatom
growth., It seems reasonable to assume that grazing rates would be
influenced to a greater extent by food concentration than by light
intensity, an assumption which is supported by a diel experiment (see

below). Tubes were sampled once every 24 hours for three days. The
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sampling procedure involved gently pouring the media back and forth
between two small beakers, followed by the transfer of a 2 ml aliquot to
a vial holding 100ul Lugol's iodine solution. The colorless
dinoflagellates were rendered more conspicuous by the iodine stain, but
the color characteristics of grazed diatoms were not affected. Samples
were subsequently transferred to setfling slides and enumerated on a
Zeiss inverted microscope. The entire sample was examined for
dinoflagellates and empty frustules, except when frustule density was
excessively high, whereupon random fields were examined at 400x until
over 200 frustules had been encountered. Diatom growth during the
experiment is indicated by horizontal error bars around growth and
grazing rate data points. Grazing rate calculations were based on the
first 48 hours of the experiment, while growth rates were based on the
full 72 hour period.

Diel Time Coursge experiment

A second experimental protocol was designed to examine growth and
feeding on a diel cycle under conditions of optimal food abundance. This
time course exXperiment consisted of taking 2 ml samples from a single 300
ml centrifuge tube (with approximate densities of 300
dinoflagellateseml”' and 10°diatomseml™'.) every 3 hours over a
30 hour period. Aliquots were fixed with:formaiin (3%) and stained with
4,6-Diamidino~2-phenylindole (DAPI: Sigma Chemical Co.) at a final
concentration of 10ugeml™' for 30 minutes without washing and
observed with Zeiss filter #487702 in order to enumerate dividing
nuclei, Since doublet cells (i.e., daughter cells having completed

cytokinesis but still attached) were most easily detected when viewed



97—

with another fluorescence filter set (#487706) in which the unstained
cytoplasm of P. hirobis auto-fluoresced intensely green, the samples were
counted twice, first for dividing nuclei and again for doublet cells and
total cell number. A drawing of a cell undergoing karyokinesis is shown
in Fig. lc: note the oblong, obliquely oriented nucleus. The time course
of total cell number was used to compute the instantaneous specific cell
division rate as a function of time. The following equation was used
with 2 h time steps to obtain a finite-difference approximation of

(n™ '), according to Nelsen and Brand (1979):

Me = Niian = Neozn
4 N,

where N. is the dinoflagellate abundance at sampling time t and Ni-zn
and Ny+zn are the dinoflagellate abundances of the immediately
preceding and immediately following sampling times, respectively.
Ingestion rates were determined as for the previous experiment. The
frequency of feeding cells as a function of time was also measured.
Because all fixatives tested failed to quantitatively preserve the
dinoflagellate-diatom connection of feeding cells intact, a live count
technique was employed, as follows: 100 to 200pl samples were
transferred in a series of drops onto the surface of a small sheet of
plexiglass and examined under a dissecting microscope. This volume was
chosen because the number of dinoflagellates per drop had to be limited
to 5-10 (depending on dinoflagellate density) due to the rapid swimming
speed of the cells. All counts were made within the experimental
incubator; a red filter was utilized during the dark phase. Between 50

and 100 cells were examined for each calculation of feeding frequency.
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Cell size was determined using an occular micrometer. Duration of
feeding was determined by transferring cells that had just initiated
feeding to 2 ml depression wells, where they were monitored once every 5
min. until they released their diatom prey. The volume of P. hircbis was
estimated using a geometric model consisting df a cone atop a solid

hemisphere.

RESULTS

Grazing/Growth Experiments

The first grazing/growth experiment yielded an average dinoflagellate
specific growth rate of 1.15eday” ' for the highé;t diatom treatments;
in treatments with <2000 cellseml™' growth was submaximal (Fig. 2)
and grazing rates were not calculated due to the significant food
depletion that had occurred. Both growth and grazing rates as a function
of food concentration were measured in the second graziang/growth
experiment. Growth curves were again exponential for food-replete
cultures (Fig. 3) Both the growth and the grazing curves have the form
of a hyperbolic MichealisfMenton saturation equation: the growth rate
curve plateaus at u=l.23eday ' (corresponding to 1.7
divisionseday ' and a generation time of 15 h) (Fig. &) and the

ingestion rate reaches a maximum of 23 diatomsegrazer 'sday '

(Fig. 5). Clearance rates ranged from 0.5 plegrazer 'eh™' in
low food conditions to .1 pl grazer™' h™! in conditions of high

food abundance (Fig. 6). Half-staturation food concentration (Kn)

values are similar for the two curves}; a half maximal grazing rate
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occurred at a food concentration of 1400+700 diatomstml_l, while

the corresponding growth rate occurred at 800£400 diatomseml™'.

Mean dinoflagellate size decreased with decreasing food abundance (Fig.7).
Food-replete dinoflagellates had a mean diameter of 22um, while food
depleted cells had a mean diameter of 18pm, a volume decrease of
approximately 45%.

Diel Time Course experiment

The dinoflagellate growth curve obtained during the diel time course
experiment exhibited a form which deviated slightly from a smooth
exponentially increasing function. There was an initial lag phase lasting
several hours followed by growth at a specific rate of 1.08eday '

(Fig. 8). The frequency of dividing nuclei and doublet cells is shown in
Fig. 9, together with an instantaneous growth rate function derived from
Fig. 8; mitotic cells were found throughout the dark phase with a major
peak at 0Q40Chr, 1.5 hours prior to the end of the dark phase. Two
distinect peaks are apparent in the growth rate function, which has
maximal values at 2300 and 0600 hr. The low frequency of doublet cells
reflects the relatively short duration of this stage. A distinct
population of small cells, with diameters of 11 to 15pm, was also noted
(Fig. 1), but the abundance of these cells never exceeded 10% of the
total population.

During this experiment, an ingestion rate of 20.2
diatomsegrazer 'eday ' was measured. The time course of empty
frustule accumulation, which records the progress of feeding, is shown in
Fig. 10. Since the actual dinoflagellate concentration through time is

known (Fig. 8) a hypothetical frustule accumulation curve can be



-100-

calculated assuming a constant ingestion rate of 20.2
diatomsegrazer ‘sday”'. This curve, also plotted in Fig. 10,
fits well with the empirical dataj however, early in the time course the
slope of the frustule production curve was somewhat greater than the
slope of the calculated curve. This relationship was reversed around
2300 hours, when the empirical slope flattened. At 1100 hours the
empirical slope once again exceeded the slope of the hypothetical curve.
This pattern is not unexpected since the cytological reorganization
occurring during mitosis would presumably render the pseudopod apparatus
 inoperative for a period of time.

Finally, feeding frequency (the proportion of cells attached to
diatoms at any given time) through time remained fairly constant at
25-30% (Fig. 11). The duration of feeding measured in seven cells ranged

from 40 to 78 minutes, with a mean of 63 minutes.
DISCUSSION

The present study provides the first direct measurements of growth
and grazing in a thecate heterotrophic dinoflagellate. The unique
pseudopodal grazing mechanism of these microzooplankters provides an
opportunity to measure grazing rates directly and precisely.

Conventional grazing procedures consist of measuring the difference food
abundance in separate graéed and control food treatments. Such studies
necessarily require the assumption of identical growth characteristics of
phytoplankton with and without grazers, even though nutrient regeneration

and related factors are not identical in the two treatments. Grazing
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rates calculated in this study avoid this uncertainty,

Ingestion rates reached a maximum of 23 diatoms sgrazereday ';

H
this datum, together with the corresponding doubling time of 17 hours
(during which 13.4 diatoms are ingested) can be used to estimate the
gross growth efficiency of P. hirobis. Although cell carbon measurements
have not yet been made for the species involved, cell volumes of the
dinoflagellate and diatem are easily calculated. The plasma volume of
the diatom is harder to estimate, however. If one assumes a plasma
volume: cell volume ratio of 0.25, it follows that one grazer ingests
approximately 2.5 times its own plasma volume prior to cell division.
This corresponds to a gross growth efficiency of 40%, a typical protozoan
value; however, this important parameter needs to be determined in a more
rigorous fashion.

Clearance rates of P. hirobis ranged from 0.1 to 0.5

1

ulegrazer™'sh™!, depending on food abundance. These rates are

somewhat lower that those obtained by Lessard and Swift (1985), who
-1

reported clearance rates ranging from 1 to 28p1'grazer"1°h

for species of Protoperidinium . However, it is difficult to compare

these clearance rates with the ingestion rates obtained in this study.
The concept of clearance rate is of limited value when applied to

raptoral feeders such as Protoperidinium.  Food .abundance has a strong

influence on clearance rate measurements, and the food densities used by
Lessard and Swift (who obtained their food assemblage from an open ocean
net tow, which was then diluted) may have been lower than that used in

the present study. This would probably result in higher clearance rates,

even though this measurement was based on the assumption that conly
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organisms in the <20um size fraction constituted the available food for
the dinoflagellates. (In fact, it is possible that larger food particles
may have been selected).

The growth rates of Protoperidinium hirobis grazing on the diatom

leptocylindrus danicus are surprisingly high. Most dincflagellates have

inherently slow growth rates with few reports of division rates in excess
of one divisioneday ' or p = 0.69eday '(Loeblich 1967). Growth
rates measured in these three experiments range from 1.1 to
1.2¢day”'. The maximum value corresponds to 1.7 divisionseday '

or a generation time of 15 hours. This rate of growth is among the
highest ever recorded for a dinoflagellate. The double-—peaked form of
the p vs. t function (Fig. 9) may be a direct consequence of this
"'wltradian' or greater-than-daily-division mode of growth,.

This study is the first to document the diel pattern of cell division
in a thecate heterotrophic dinoflagellate. Phototrophic dinoflagellates
typically divide in the hours near dawn with a "division gate' duration
of 5 to 7 hours (Chisholm 1981). Division within the P. hirobis
population persists through a rather lengthy period of at least 16 hours,
beginning at the start of the dark phase and extending well into the
light phase. Although this heterotroph presumably has no direct
interaction with light as do phototrophs, P. hirobis maintains a periodic
cell division rhythm.

The rates, frequencies and durations measured in the Diel Time Course
experiment can be interrelated to test for internal consistency. Since
diatom particles range from one to two cells in length, one may assume an

average meal size of 1.5 diatom cells. Thus an ingestion rate of 20.2
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diatomseday” ' corresponds to 13.5 mealseday '. Given a feeding
frequency of 25% (Fig. 10), a feeding duration of .44h or 27 min. can be
calculated using the following relationship:
Feeding duration (h) = f*24

: n*100
where f = % feeding frequency and n = number of mealseday ‘. This
result is shorter than the directly measured mean feeding duration of 60
min, which may be overestimated due to suboptimal conditions imposed upon
the isclated cells. The feeding frequency, on the other hand, may be
underestimated since these dinoflagellates very readily release their
tethered tethered diatom when disturbed. Although there are some
discrepancies among the data, it can be concluded that feeding durations
fall between 0.5 and 1 hour.

The above mentioned meal frequency, that is the number of meals taken
each day, indicates that the interval between meal cycles is soﬁewhat
less that two hours. Given a meal duration of up to one hour, roughly an
hour would still be available for the completion of cytoplasmic processes
that would allow the repeated deployment of the pallium (the pseudopodal
apparatus described by Jacobson and Anderson (1986)).

Protoperidinium hirobis can grow very rapidly and can graze diatoms

at a rate of approximately one celleh™. P. hirobis is a small

thecate heterotrophic dinoflagellate whose growth rate may be greater
than larger species, but larger species may well have a larger feeding
capacity than P, hirobig. Because of this uncertainty, it is difficult

to extrapolate to the entire Protoperidinium community. However, if one

assumes a maXimum Protoperidinium abundance in neritic waters of
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10%*«17' and an ingestion rate of 20 diatom cells-dayﬁl, a

community ingestion rate of 2¢10° diatoms cellgel ‘eday™ ' is
suggested. This daily ingestion can represent a significant fraction

(20%) of the standing crop of a diatom bloom having a density of 10°

cellsel™ ', It should be noted that Protoperidinium abundances of

10* cellsel™! have been observed only for short lived blcooms (see
Chapter 1 and Hasle and Smayda 1960); their abundance typically ranges
from 10' to 10® cellsel™'. The role of these heterotrophs should

also be examined in the context of the microzooplanktonic food web. The
flow of energy from large diatoms (which are available principally to
larger zooplankters) into smaller particles in the form of thecate
heterotrophic dinoflagellates may be important for the nutrition of
microzooplankters such as ciliates, many of which can ingest only small
(<40um) particles.

This study has examined only one species of Protoperidinium feeding

on one diatom species. The existence and nature of food selection, the
influence of food guality on growth rate, and many other topics can now
be studied under controlled conditions and with relative ease using

cultured thecate heterotrophic dinoflagellates.
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Fig. 1.
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Morphology of Protoperidinium hirobis.

A.
B‘
c.

e [l

Tabulation.

Interphase positions of nucleus and sac pusule.

Shape of nucleus in various mitotic stages. In regards to
Fig. 8, the first two stages were counted as having dividing
nuclei and the third stage was counted as a doublet cell.

. "Small" cells.

. Feeding cell, with pallium surrounding Leptocylindrus danicus.
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Fig. 2. Growth curves of Protoperidinium hirobis fed Leptocylindrus
danicus, first grazing/growth experiment. Dashed line
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Fig. 3. Growth curves of Protoperidinium hirobis, second grazing/growth
experiment; symbols as in Fig. 2.
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Growth curves of Protoperidinium hirobis from the diel time

Course experiment, L:D cycle as shown. Arrows denote multiples
of inoculum cell concentration. Dotted line shows 24 hour
interval over which growth rate was calculated.
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Fig. 8.

Frequency of Protoperidinium hirobis elongated or dividing

nuclei (Q) and doublet cells (®) and instantaneous growth rate
(¢) from the diel time course experiment. o

Specific growth rate (u H™D
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curve; the differences between the slopes of the two curves
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from a hypothetical constant ingestion rate of 20.2
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CHAPTER 4

Ultrastructure of the Pseudopodal Feeding Apparatus of
Protoperidinium spinulogum Schiller
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Abstract

Serial ultra-thin sections of the thecate heterotrophic

dinoflagellate Protoperidinium spinulosum Schiller were examined in

order to describe the structures which comprise its pseudopodal feeding
apparatus. The pseudopod or pallium consists of a complex array of
membranous vesicles deployed within a membranous sac and includes
arched, sometimes bifurcated microtubular ribbons. The pallium
originates from a microtubular basket (which is located in the ventral
region of the cytoplasm) and passes through an osmiophilic ring located
ingide the flagellar pore. This microtubular basket is distinct from
the cytopharyngeal baskets found in some ciliates. The inward-directed
apical end of this microtﬁbular basket opens adjacent to the nucleus,
becoming continuous with a central cytoplasmic region. In some feeding
cells, large vesicles filled with a granular, electron-lucent
substance, perhaps lysosomal enzymes, are clustered near the apical
opening. This region is also distinguished from the demnser, peripheral
cytoplasm in feeding cells by the presence of numercus lipid droplets.
Examination of a non-feeding cell has revealed a likely source of
pseudopodal membrane: dense membranous whorls lie within the
microtubular basket. A narrow pseudopodal appendage, also in thisg
non-feeding cell, is strengthened with microtubular rows and may
constitute the tow filament which serves to form an initial attachment
between the dinoflagellate and its food. A complex myonemal system
including osmiophilic ring, striated collars and connecting bands is

described. Other thecate heterotrophic dinoflagellate species,
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Protoperidinium hirobis, Protoperidinium punctulatum, and Oblea rotunda

all possess structures resembling the microtubular basket and
osmiophilic ring complex.

The structures that constitute the pallium and pallium precursors,
described here for the first time, are unlike the feeding apparatus of
other known protists, although some similarities with the
dinoflagellate peduncle can be seen. The existence of this unique
system of organelles may have important ramifications for the search

for evolutionary relationships among protists.
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INTRODUCTION
A novel pseudopodal feeding mechanism in thecate heterotrophic

dinoflagellates of the genera Protoperidinium, Oblea and Zygabikodinium

was described by Gaines and Taylor (1985) and by Jacobson and Anderson

(1986). Although species of Protoperidinium have been the subject of

ultrastructural investigations in the past (Dodge 1971, Neveux and
Soyer 1976), no feeding structures have been identified. The only
thecate heterotrophic species to have a feeding structure revealed, the

freshwater dinoflagellate Peridiniopsis berclinense, has a peduncle

with a complex multi-row microtubular array (Wedemayer and Wilcox
1984). Another thecate phagotroph, the photosynthetic Ceratium

hirundinella has a microtubular strand or ribbon, but its involvement

in feeding (if any) has not been determined (Dodge and Crawford 1970).
The following study documents for the first time the ultrastructure of
a novel feeding apparatus in both feeding and non-feeding cells of

Protoperidinium spinulosum. This detailed morphological analysis is

supplemented with brief examinations of three other thecate

heterotrophs, Protoperidinium hirobis, Protoperidinium punctulatum and

Oblea rotunda.

MATERIALS AND METHODS

All cells examined in this study, with the exception of

Protoperidinium punctulatum, were selected from laboratory cultures.

Feeding cells were selected by transferring cultures into petri dishes

in which cells with deployed pseudopodia were readily visible.
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Pre-feeding cells (one of which, termed cell F, is examined below) were
obtained by selecting cells performing a characteristic spiraliing
pre~capture dance. This distinctive behavior usually persists for a
minute or so prior to pseudopod deployment (Chapter 3). P.
punctulatum, which was found in a net tow from Vineyard Séund,
Massachugetts, was acclimatized by rotating the 80 pm size fraction

of the tow plankton in a completely full centrifuge tube overnight,
allowing immobilized dinoflagellates to resume full mobility,

Two fixation methods were used in TEM work. The first technique,
used for all but two cells in this study, was developed as a result of
the failure of conventional, sequential glutaraldehyde/0s0s fixation
to preserVE.the pallium intact. Instead, cells were fixed by adding
them via micropipette to an ice-cold mixture of glutaraldehyde and
osmium tetroxide (2% and 17 final concentrations, respectively) that
was buffered with 0.1 M cacodylic acid and osmotically augmented with
NaCl (.43M final concentration); no calcium was added. This portion of
the method was modeled after one of R. Triemer (pers. comm.). After
rinsing in NaCl + buffer, the cells were transferred into drops of
liquid 2% agar on glass slides and immersed in cold buffer. After
30,50 and 70% EtOH dehydration steps, the agar-embedded cells were
exized as 1 mm blocks with a sharpened metal spatula while being viewed
through a dissecting microscope. These blocks were then placed in
centrifuge tubes for further dehydration and subsequent Epon/Araldite
embedding. Resin-infiltrated cells were polymerized as flat mounts
between slides and cover slips that had been treated with "T-fix"

{Sunbeam Appliance Services Tnc.j available through Polysciences Inc.),
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a teflon spray (Spector, et al, 1981). Cured cells were exized from
resin wafers and cemented onto blank resin cylinders for ultra
microtomy with an Sorvall MT-2. Formation of ribbons of thin sections,
critical for serial section analysis, was aided by application of a
thin coat of Tackiwax (Boekel Industries, Inc.) to top and bottom faces
of the specimen block (Knobler et al., 1978). Ultra-thin sections were
collected onto Formvar-coated slot grids. As many as 50 sections could
be positioned on two of the four slots on each grid. After post-
staining with uranyl acetate and lead citrate (by immersing, not
floating, grids in stain drops), the grids were lightly coated with
evaporated carbon. Sections were examined on either a Zeiss 10CA or a
Phillips 300 transmission electron microscope.

The second fixation protocol was designed using warm temperatures
to stabilize microtubules and employing tannic acid to enhance membrane
contrast (Simionescu and Simionescu, 1976). The addition of small

amounts of Hg?*

to the initial fixative prevented detachment of the
pallium from the feeding cell, and was used for both feeding and
nonfeeding cells alike. An initial 30 min. fixation in cacodylate
buffered 2% glutaraldehyde/l1% tannic acid (Malinckrodt Inc.), including
1% saturated aqueous HgCl: at 20°C was followed by buffer rinse and

a 30 min. cacodylate buffered 1% 0s0s fixation also at 20°C. All
solutions included NaCl as above. Cells were dehydrated in acetone
after agar enrobement, and embedded as above in the low-viscosity
medium of Spurr (1969). This second protocol was employed for both a

feeding and non feeding cell. Those sections originating from these

two cells are labeled in figure legends "+tannin".
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Protoperidinium spinulosum was prepared for scanning electron

microscopy by being washed sequentially with distilled water and 1%
triton X detergent, rinsed in distilled water, fixed in formaldehyde,
EtOH dehydrated and COz; Critical Point dried. Cells were imaged with
a JEQL U-3 Scanning electron microscope.

Fluorescence cbservations were made on a Zeiss Inverted microscope

“with mercury illumination and Zeiss filter set 487706,

RESULTS

The following observations of P. spinulosum are derived chiefly
from six cells, individually identified by the letters A through F:
four feeding cells (A-D) including two serially sectioned cells
(B=oblique cross sections, C=oblique longitudinal sections) and two
non-feeding cells, E and F, the latter sectioned serially. <Cells D and
E (in which the pallium alone was documented) were tannin-fixed at
20°C. A fifth feeding cell (non-serially sectioned) was also
examined, but is not illustrated. The ultrastructure of feeding cells
will first be described, followed by non-feeding cells. Sections made
from a given cell have been for the most part grouped together in
plates; this organization has inevitably caused figure references in
the text to be non-consecutive. A note should be made concerning
lateral polarity; all sections are shown from a ventral, 'frontal'
viewpoint (a natural way to view dinbflagellates), so that the cell's
left is on the right side of the figure, and vice versa. All

directions refer to the cell's polarity, not to the apparent '"leftness"
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or "rightness" of the figures themselves, which will be inversely
related. Because of the complexity of the structures described herein,
it is suggested that the reader review a diagrammatic overall view of
feeding cell C (Fig. 1), the structure of which can be applied to other
cells as well. As this cell is viewed dorsally, directions of lateral
polarity are as shown in Fig. 1, and do not have to be reversed. The
plates have been grouped either by cell series or by subject matter;
this arrangement has resulted in a non-sequential presentation of
figures in the text.

Extra-thecal morphology: the pallium

The pallium, or external pseudopod of five feeding Protoperidinium

spinulosum cells, one fixed with tammnic acid, all display a similar
membranous morphology. This prominent structure which surrounds the
prey is composed of a highly convoluted system of membranous channels
and vesicles, the latter either empty or filled with electron-dense
material (Fig. 2). 0ddly, in some cases (involving both fixation
protocols) the pallium sheet surrounding the diatom lacks an inner
limiting membrane., Numerous vesicles seem to exist within a
single-membrane "bubble' surrounding the diatom prey in cells preserved
with either of the two fixation methods (Figs. 5;7,12). In places this
outer membrane can be seen to be a single 7 nm unit membrane (Fig. 7
inset). In another specimen (cell B), an inner membrane is present;
note also the degraded condition of the prey cytoplasm (Fig. 6). At
high magnifications filamentous elements are visible within the pallium
(Fig. 3). Note in this figure the very thin sheath (with a thickness

of 150 nm) around the Chaetoceros spine. Some segments of the outer
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membrane appear to be artifactually missing. In the midst of the
membranous reticulum of the pallium, several microtubular ribbons
radiate from the origin of the pallium at the flagellar pore. These
ribbons may become bifurcate (Fig. 9) and are associated with filaments
which seem to bind the individuals microtubules together (Fig. 10). In
the proximal stalk-like region of the pallium of cell A, a filamentous
fringe occurs on the outer membrane in association with periodic
structures occurring every 200 nm on the inner surface of the membrane
(Fig. 4). Periodic bands are visible in the stalk region of the
pallium of cell ¢ as well; a tangential section of the outer membrane
{Fig. 11) reveals regularly-spaced transverse bands 30 nm wide
separated by 220 nm intervals.

Intra~thecal morphology

Besides the pallium itself, the most conspicuous feature of feeding
cells is the presence of a discrete, oblong cytoplasmic compartment
continuous with the pallium at the flagellar pofe {(Figs. 2,14,35). The
periphery of this compartment has the appearance in places of an
electron dense wall; this wall is composed of an inner, parallel array
of microtubules spaced every 45 nm and an outer, parallel array of
membranous invaginations 30-40 nm wide and spaced every 60-80 nm
apart. These two arrays are not parallel but are angled approximately
30° from each other, as can be seen in a tangential section of the
compartment's dorsal face (Fig. 41). The microtubular array is
oriented parallel to the long axis of the compartment which I shall
call the microtubular basket (m.b.). The m.b. is surrounded by a

membrane, but microtubules occur only on part of the inner surface of
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thig limiting membrane. Where microtubules do occur the outer membrane
appears particularly dark and distinct (Fig. 24). The three-
dimensional form of the m.b. has been reconstructed from serial
sections of cells B and C. 1In cell B (Figs. 23-27) the posterior end
of the m.b. has an oblong cross section with a tapered ventral edge.

As it rises towards the cell apex it twists towards the nucleus,
assuming the form of a right-handed helix (Figs. 26,27) and terminates
adjacent to the nucleus, or to be precise, the dextro-lateral ventral
face of the nucleus. At this point next to the nucleus, the
electron-dense walls of the m.b. open and become a recurved flap
(principally on the dorsal side) similar to a lily's corolla (Figs.
17,27,93a). The rows of microtubules continue into the flap, which
appears as a slender amorphous band of intermediate electron density;
the microtubules are rather indistinct. This morphology is also
evident in cell ¢ (Fig. 15), where two amorphous arcuate bands adjacent
to the m.b. {which are united in sections wventral to this section) can
be interpreted as a section like that indicated by the superimposed
line in Fig. 17. Several mitochondria (or, more likely, a single
anastomosing mitochondrion) reside in the region directly beneath the
apical flap (Figs. 15, 17).

The distribution of microtubules is easily grasped when mapped on
the three dimensional models (Fig. 92). In cell B the left face of the
base of the m.b is encased-in microtubules; at the apical opening, the
flap originates from a dorsal continuation of these microtubules, near
the sac pusule (Fig. 27). In cell C, the base of the m.b. is coated

with microtubules on its dorsal side. The apical flap appears to arise
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from microtubules situated on the right dorsal side, again on the side
closest to the sac pusule (Fig. 43). The borders of the microtubule-
bearing and lacking faces in cell C are situated along distinct
'corners' or ridges (Fig 93b).

Large non-pusule vacuoles are often associated with the m.b.. The
m,b., in cells A and B are completely embedded in cytoplasm, with the
small exception of cell A in which a vacuole is present adjacent to the
anterior end of the m.b. (Fig. 16), while the anterior portiom of the
m.b. in cell C is surrounded by an extensive vacucle (Fig. 37). An
even more extemsive vacuole surrounds much of the m.b..of a second
feeding cell (not illustrated).

The contents of the m.b. (which I term the "pallioplasm') of three
feeding cells all show distinct differences compared to the bulk |
cytoplasm. For example, in no instances have such organelles as
mitochondria, endoplasmic reticulum, trichocysts, etc. been found
within the m.b., although numerous mitochondria (or, once again, an
anastomosing mitochondrion) are situated at the basket's apical opening

(Figs. 15,17). In cell A, numerous vesicles, some filled with

osmiophilic material of a range of densities, give the pallicplasm a i

mottled appearance. (The darkest of these osmiophilic vesicles will be i

considered in depth later.) _1
At this point it is germane to note light microscopic auto-

fluourescence observations of live P. spinulosum cells in which the

cytoplasm fluoresces a brilliant, uniform green (with dark regions

corresponding to sac pusule and nucleus). The extended pallium;

however, has no detectible auto-fluorescence. In other words, the
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auto-fluouresent material, though widely-distributed within the
eytoplasm, is apparently not pagt of the pallium precursor.
Parenthetically, this characteristic green fluorescence, which is
observed without exception in P. sgpinulosum and the closely related

species P. pellucidum, P. pallidum, and P. hirobis, is lipid socluble

(i.e., disperses in acetone but not in water). Also, this green
fluorescence is not to be confused with a rather dull green
fiuorescence seen in all heterotrophic and some phototrophic
dinoflagelliate species after fixation.

The pallioplasm varies somewhat in appearance from cell to cell.

In cells B and C, which are attached to diatoms whose cytoplasm is in
an advanced stage of degradation (i.e., lacking recognizable plastids),
the pallioplasm appears to be less densely packed than that of cell A,
whose diatom cytoplasm was still relatively intact (compare Fig. 24,31
with Fig. 14).

Some characteristic features of the pallioplasm include
microtubules situated in arched ribbonsg separate from the peripheral
microtubules (Fig. 24). The ribbons appear to be continuous with those
seen in the pallium. Perhaps the most striking feature of the feeding
apparatus is an osmiophilic ring through which the m.b. inserts.
Several sections taken longitudinally (Fig. 15,36) and transversely
(Fig. 22) show the torus-like form of this very electron-dense
structure. Regular corrugations sometimes occur on its outer surface
(Fig. 21). However, little distinctive structural organization is
discernible in a glancing, tangential section (Fig. 32) apart from

barely-discernible bands, unlike those of striated collars (Figs.
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36,40}, An electron-lucent fibrillar region surrounds the osmiophilic
ring (Figs. 14,21,35). This feature has been seen in all four feeding
cells whose osmiophilic ring was examined.

The osmiophilic ring is located at the center of a complex system
of electron-dense interconnecting bands. This is best exemplified by
cell C¢ (Figs. 31-39) in which the ring is connected to two striated
collars situated about the ducts of the two pusules. The band
associated with the collecting pusule is actually only indirectly
connected with the striated collar; the osmiophilic ring is directly
conmected first to a thecal gtructure that forms part of the wall of
the collecting pusule duct via a thick (.4 pm) electron-dense band,
in which cross—-striations are barely visible (inset, Fig. 33). This
band is then connected via a slender band to the striated collar
itself. This arrangement is especially clear in cell B (Fig. 23) in
which the thick band (b) is connected to the striated collar of the
collecting pusule by a relatively delicate strand. However, the
connection between sac pusule striated collar and osmiophilic ring is
not certain in tﬁis cell, since some relevant sections are missing.
Note the manner in which each of the two flagella pass through their
respective striated collars; the longitudinal flagellar is associated
with the sac pusule (Fig. 39) and the transverse flagellum with the
collecting pusule (Fig. 34). This arrangement holds true also for P.

hirobis and Oblea rotunda (see below). The striated collar of the sac

pusule in cell C appears to interact with the basal body microtubular
root (Fig. 39). Note the amorphous electron-dense substance which

coats the upper portion of this root. A second thick (.3 um) band is
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anchored to the thecal structure referred to above adjacent to the
firgt thick band and is continuous with a dark layer of the pore plate
(Fig. 31). This plate, also referred to as the median sulcal plate,
has a unique, fibfous composition with a pale outer layer and an
electron-dense inner layer (Figs. 28,50).

The positioning of the electron-dense band, pusular, pallioplasmic
systems are intimately related to the rigid, exoskeletal morphology of
tﬁe theca. In particular, a protuberance extends from the imner
surface of the sulcus and terminates with a distinctive orthogonal
strut (Fig. 37); this protuberance is composed of three minute internal
sulecal plates. The arrangement of these sulcal plates was determined
from a reconstruction of the posterior sulcal region of the theca (Fig.
94) made from ten sections including Figs. 36 and 37. The inner
protuberance formed by these sulcal plates lies on the right side of
the posterior flagellar pore (Fig. 95). A schematic diagram helps
relate these structures to the sulcus as a whole., The osmiophilic ring
along with the striated collar of the sac pusule is anchored to the
orthogonal strut, and the duct of the sac pusule runs immediately below
the strut. A second, less-pronounced protuberance rises at the point
where the collecting pusule duct exits through the anterior flagellar
pore (Fig. 31) and.is composed of portions of the right and anterior
sulcal plates. As described above, several electron-dense bands are
anchored to this protuberance., The transverse flagellum, running along
this duct, can be traced in its entirety through this series of |
sections; however, this is not the case with the longitudinal

flagellum., It apparently became detached at the point where it enters
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the duct of the sac pusule (Fig. 38) and does not appear again until
Fig. 35; thus, its passage through the flagellar pore is not explicitly
apparent. Despite this uncertainty, it seems clear that the
longitudinal flagellum, sac pusular duct and the pallium share the same
orifice, the posterior flagellar pore.

In addition to the m.b., there exist several less conspicuous
cytoplasmic structures related to the feeding apparatus. The central
region of the cytoplasm near the apex of the m.b., between the sac
pusule and nucleus appears slightly less dense than peripheral
cytoplasm (Figs. 13,44). In cell A, several large vesicles filled
with an electron-lucent granular substance are located near the apex of
the m.b. (Fig. 13); these vesicles are not found, however, in cells B
gr C but are present in cell F (see below). 1In cell B, this reéion
also contains numerous small (0.1 um) osmiophilic droplets. These
droplets are identical to those found in the pallium and pallioplasm
(Figs. 6 and 23, respectively) and appear in Fig. 27 to be streaming
out of the opening of the m.b.. This interpretation may also be
applied to cell ¢, in which lipid droplets surround the apical end of
the m.b. (Fig. 14,42). These droplets appear to be situated within
small vesicles, as must be the case if they had been transported form
the pallium since digestive enzymes liberated in the pallium could
damage the dinoflagellate cytoplasm if not properly contained. In
sections made between the m.b. and nucleus (Fig. 43,44) these droplets
abound in the central region of the cell, but are absent in the
peripheral cytoplasm. Dichtyosomes are lined up along the interface
between these central and the denser peripheral cytoplasmic regions

(Fig. 45).
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Nonfeeding cells

Structures found in feeding cells of Protoperidinium spinulosum,

such as the microtubular basket, are also present in nonfeeding cell E
(Fig. 533). Only a single section of the m.b. has been obtained from
this cell; peripheral rows of microtubules are present, along with a
Vcentral microtubular structure, and, unlike the m.b. of feeding cells,
an oblong osmiophilic body 0.3x1 um in size is present in the
otherwise featureless pallioplasm. The m.b. is conspicuously located in
a very large vacuole, a condition similar to that in several feeding
cells. A convoluted membranous structure, perhaps continucus with the
pallioplasm, is found in the flagellar pore (Fig. 50) and has a
conspicuous glycocalyx. No osmiophilic ring is found, but it may
easily have been missed due to the incomplete sampling of thin
sections. Cell E ig highly vacuclated, especially in the region
surrounding the sac pusule (Fig, 53). An unidentified flagella-like
structure with a barely discernible peripheral row of microtubules and
an elaborate outer glycocalyx (Fig. 52) exists in addition to the
longitudinal flagellum, the latter of which appears in Fig. 46,

A second non-feeder named cell F was fixed while the cell was
engaged in a spiralling pre-capture "dance" (indicating that the cell
was prepared to deploy its pallium: Chapter 3). It has a distinct
ultrastructural appearance which is apparently due to the warm, tanhic
acid/glutaraldehyde preservation method. A m.b. and osmiophilic ring
is present, with an electron-lucent region (smaller than that seen in
feeding cells) adjacent to the latter (Figs. 61,62). The sulcus is

filled with an electron dense substance (perhaps a stain-induced
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artifact) in which the embedding plastic was soft, resulting in uneven
secfioning (Figs. 53,59). A partially-obscured system of very
regularly spaced (5.5 nm from line to line) membranous whorls
resembling a myelin sheath can be seen in the sulcus (Figs. 70,73) and
has been reconstructed by use of a mosaic of differentially exposed
prints (Fig. 71). Similar formations are also located within the m.b.,
but have arless~0rdergd structure (Figs. 56-58) with 9 nm membrane
spacings, Adjacent to this system ¢f membranes, the pallioplasm has a
very fine, smooth texture, with microtubular rows in the peripheral
pallioplasm (Figs. 58,64). The only other cytoplasmic region with such
a homogenous texture is located adjacent to the posterior face of the-
nucleus (Figs. 55,59). No continuity between the perinuclear region,
populated with large vesicles filled with a granular, electron-lucent
material, and the pallioplasm has been detected. However, some
relevant sections may be missing; a complete series of m.b, sections is
not yet available. The osmiophilic ring does not appear as
electron-dense as those fixed with the cold glutaraldehyde/ 0s04
mixture, but is similar in its featureless intermal compogition (Fig.
64). In contrast to feeding cells, no regularly-spaced membranous
channels have been seen adjacent to the m.b. in cell F,

A small lobate pseudopodal structure containing one to several rows
of microtubules emerges from the congested sulcus (Fig. 65-67). This
pseudopod was not detected in this cell with light microscopy. The
granular matrix of this small pseudopod resembles that of the
transverse flagellum (Fig. 68) (this matrix has apparently become

extracted in cold-fixed cells: see transverse flagellum in Fig. 13) but
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the pseudopod clearly lacks an axonemal strand, so it cannot be the
longitudinal f£lagellum. The latter, however, was not located. The
outer membrane of the pseudopod has a thin glycocalyx; inside this
membrane the microtubules, spaced 20 nm apart, are embedded in an
amorphous electron-dense substance and appear to be composed of 13
tubulin subunits per revolutiom.

The sac pusule of cell F holds copious amounts of membranous
bodies. In one section an inclusion filled with granular material is
present (Fig. 76) while in another section multi-layered concentric
membranous whorls are encountered (Figs. 74,75). All feeding cellé,
however, appear to have empty sac pusules (Figs. 13,27,45). Returning
to cell F, the ﬁusule is lined in places by a 50 nm layer of cytoplasm
sandwiched by a system of membranes (Fig. 60). This cytoplasmic layer
is continuous with the featureless groundplasm surrounding the basal
bodies (Fig. 63) but seems somewhat distinct from the cytoplasm
surrounding the large perinuclear vesicles.

Miscellaneous organelles

Several distinctive structures (though not necessarily involved in
feeding) were encountered. A radially arranged cluster of mucocysts
" was found in cell € on the left ventral face of the hypotheca near the
sulcus (Fig. 77). This location corresponds to the ventral pore (Fig.
47) in the center of the first postcingular plate. The mucocysts
terminate in a héxagonally arranged cluster of pores with 100 nm
diameters {(Fig. 78). In the samé region of cell F a cluster of
mucocysts has openings which converge on a thecal pit and which are

releasing a darkly-stained substance (Fig. 80).  The ventral pore is
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vigible as an ordered cluster of mucocyst pores in cell B as well (Fig.
18). |
Scattered throughout the periphery of the cytoplasm, just inside
the amphiesma (the system of thecal plates enclosed within flattened
membrane vesicles), are lamellar structures composed of up to two dozen
stacked, planar lamellae with spacings of 10 nm (Fig. 79). Each
lamella is divided in half by a thin, central baﬁd; the thick bands are
probably two adjacent, closely appressed membranes. The lamellae
appear to separate along either 'thick' or 'thin' membranes. These
structures are often associated with lipid droplets (Fig. 82) and have
been seen in each of five specimens of P. spinulosum and also in P.

hirobis and Oblea rotunda.

Another peripherally located organelle, the trichocyst (which is an
ejectile structure found in most dinoflagellates), has a distinctive,
banded appearance (Fig. 82). Groups of trichocysts line up with the
margins of the cingulum in cell A. A cross—sectionedVtrichocyst from
-cell F shows the characterisﬁic paracrystalline structure with a 7 nm
periodicity (Fig. 83).

Lastly, the apical pore of cell G is figured (Fig. 81), revealing
no conspicuous cytoplasmic specializations.

Additional species

The feeding apparatus of three additiomal species has been

examined. Protoperidinium hirobis, whose thecal plate arrangement is

very similar to that of P. spinulosum, also has two distinctive
pusules, both of which have striated collars surrounding their outlet

ducts. One of these, on the sac pusule, is illustrated (Fig. 84); the
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longitudinal flagellum enters the pusule just inside the striated
collar., The m.b.-like structufe includes microtubular bands (Fig.‘86)
and large oblong osmiophilic bodies up to 0.5xi.5 pm in size. The
pallioplasm of P. hirobis is continuous with a light-toned central
cytoplasmic }egion surrounded by the nucleus and a darker;
electron-dense cytoplasmic region {Fig. 85). An osmiophilic structure
similar to an osmiophilic ring but lacking a surrounding
electrbn—lucent region is attached to the m.b. near the flagellar pore
(Fig. 85). Note the fibrous composition of the pore plate (Fig. 84).

A single section of the m.b. of a non-feeding P. punctulatum cell
reveals a structure quite similar to that of P. spinulosum (Fig. 91).
An osmiophilic ring situated at the posterior end of the m.b., a
microtubular lining of the pallioplasm and elongéte osmiophilic bodies
0.2x1-2 pm in size lie in the upper pallioplasm are evident. Im
addition, a striated root-like structure is attached to the lower
surface of the m.b..

A fourth species, Oblea rotunda is represented by a cell feeding on

the dinoflagellate Heterocapsa triquetra. The pallium passes though an

osmiophilic ring (which has a small electron-lucent core) in the wide
flagellar depression (Figs. 87,88). Two regions of the pallium itself
“are evident: a proximal non-vesicular stalk within which microtubules
are located, and a multi~vesicular region adjacent to the prey cell
(Fig. 83). The theca of the prey seems to have been dissolved; a very
thin pseudopodal film with a very distinct, electron-dense outer
surface encapsulates the captured dinoflagellate. Perhaps the myriad

vesicles of the pallium have been derived in part from its prey, which
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appears to be considerably degraded; only the thyllakoid membranes
remain intact. The inner continuation of the pallium adjacent to the
basal bodies and between the two pusules (Fig. 90) has a rather
inconspicuous appearance compared with the m.b. of P. spinulosum; a row
of tightly arranged microtubules exist without an cuter membranous

complex (Fig. 89).

DISCUSSION

A coherent picture of the feeding apparatus of Protoperidinium

spinulosum has emerged from the seven cells examined here, six of which
have been figured. The overall organization of relevant organelles in
Cell C is illustrated by a cut-away illustration (Fig. 1). This dorsal
view reveals the arrangement of the m.b. and its osmiophilic ring
adjacent to the inner thecal protuberance. Also shown are the
connectiong between osmiophilic ring and striated collars, and the
location of the basal bodies between the sac and collecting pusules. I
will now discuss the structure of these organelles and compare them to
similar structures in other cell systems.

The terms used in this report can at times be confusing. The
pseudopod which envelopes the prey outside the thecal wall of the
dinoflagellate is termed the pallium. Inside the cell this pseudopodal
material is termed the pallioplasm, especially where it is confined
within the microtubular basket. A small lobate pseudopo& seen in cell
F and perhaps cell E as well is provisionally regarded as being

distinct from the pallium, as will be discussed below.
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The microtubular basket

The microtubular basket, at least in feeding cells, is clearly an
open-ended conduit which funnels the pallioplasm down through the
flagellar pore. The single peripheral row of microtubules in the m.b.

distinguishes it from the peduncle seen in Gymnodinium lebouriae (Lee

1977) and Katodinium glandulum (Dodge, 1971) which are multi-row
microtubular structures. While the peduncle is primarily an ingestion
organ, able to.pierce prey organisms and transport organelles such as
plastids and mitochondria through its microtubular basket intact, the
m.b. of P. spinulosum serves both to transport out through the
flagellar pore 1arge quantities of cytoplasmic material that form the
pallium (membranes, lysosomes, microtubular ribbons) and to endocytose
the liquified components of the prey (which must diffuse out of the
diatom through minute pores within the frustule wall into the
pallium)., It is possible that the "suction" force which draws material
up through the peduncle cf certain naked dinoflagellates and the

microtubular basket of Protoperidinium may have a common (and as yet

unknown) mechanism. Endocytosis through the microtubular basket seems
to be illustrated by the distribution of small lipid-like election
dense droplets which appear to well up out of the m.b. through its
apical opening and into the surrounding central cytoplasm. This
process may have been witnessed when a living cell observed during
pseudopod retraction exhibited cytoplasmic streaming in a regiom
between to the sac pusule and nucleus {unpubl. obs.). Spasmodic motion
has also been seen in in the ventral cytoplasm of a non-feeding

Protoperidinium depressum cell (Cachon et al., 1983). During this
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endocytotic process, the digestive enzymes that had been released
within the pallium must be contained within endocytotic vesicles.

The discovery of a m.b. in each of four species of thecate
heterotrophic dinoflagellates strongly suggests that this structure is

a constant feature among species of Protoperidinium and the allied

diplopsaloid dinoflagellate, and possibly amcong Podolampus and

Blepharocysta as well, Besides the microtubular rows that line the

basket, elongate osmiophilic bodies have been found in Protoperidinium
spinulosum (cell E), P. hirobis and P. punctulatum. These structures
are similar to the rod-shaped bodies seen within the peduncular

microtubular basket of Gymnodinium lebouriae (Lee, 1977), Katodinium

fungiforme (Spero 1982), and of Peridiniopsis berolinense (Wedemayer

and Wilcox, 1984) and may be contain digestive enzymes.

Microtubular oral structures are found in a number of protists, but

none closely resemble the microtubular basket of Protoperdinium. The

dinoflagellate péduncle has microtubules arranged in multiple,
overlapping rows of microtubules, unlike the single row found in

Protoperidinium. Elaborate microtubular structures are also present in

trichomonads, a group of endoparasitic flagellates. Like

Protoperidinium, there exists a c¢ytoplasmic region partially bound by a

single row of microtubules, the latter which are termed the
pelta-axostyle complex (Honigberg et al., 19713 Brugerole, 1980).
Whether these structures are evolutionarily related to the |
dinoflagellate microtubular basket remains to be seen. A weaker
resemblance exists in the case of euglenoid flagellates in which a row

of microtubules lines part of the euglenoid resevoir, through which
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food particles are ingested (Walne, 1980). A complex microtubular oral
structure found in some ciliates, the cytopharyngeal baskets or cyrtos,
(Fig. 84 of Small and Lynn, 1985) bears few similarities with the

microtubular basket of Protoperidinium.

Returning to the pseudopodal deployment phase, it is tempting to
speculate that the large electron-lucent vesicles found near the
nucleus and the apical opening of the m.b. constitute primary
lysosomes, some of which are transported into the pallium to effect the
liquification of the prey cytoplasm. In fact, a vesicle of similar
appearance to the large perinuclear vesicles is present in the pallium
of cell D alone, adjacent to a recently-captured diatom; this diatom is
the least degraded of all those examined, so it might be inferred that
the diatom had been captured scon before the cell was fixed. Many
small electron-dense droplets are found in the pallia of cells A,B and
C, which appear to have been allowed a relatively long time interval to
degrade the enclosed diatom prey, but not in the pallium of cel}l D, in
which electron-dense droplets are very few in number.

A notable feature of the complex structure of the m.b is its outer
membrane, which has a particularly bold appearance adjaéent to
microtubular rows and which, in places, takes the form of regularly
spaced pillar-like channels. These channels resemble those seen
adjacent to food vacuoles of the phagocytic flagellate Gzromitus
disomatus (Swale and Belcher, 1974) which were interpreted to be
endocytotic vesicles. The m.b. channels also have a beaded appearance
similar to that seen in G. disomatus, but do not form the discrete,

regularly spaced cylindrical tubules seen in tangential section.
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Instead, tangential sections of the channels which surround the m.b. of
P. spinulosum appear as continuous, parallel rows. The diameter of the
chammels in both G. disomatus and P. spinulosum measure 40 nm in
diameter., The presence of such an extensive array of channels of
possibly endocytotic function suggests that this constitutes, together
with the large apical opening of the m.b., a second route for the
inward transport of ingested material. These membranous channels were
not seen in cell F, but additional non-feeding cells need to be
examined.

The question of the source of the enormous quantities of membranes
needed to form a pallium (enough, in some cases, to envelope a chain of
diatoms several hundred micrometers in length) can now be at least
partially answered. In cell F, which was preparing to feed, two
membranous complexes have been found. The first is located in the
posterior face of the m.b. and takes the form of a multi~1aminate‘mass
of membranes with a periodicity of 9 to 14 nm. The second is found in
the poorly-sectioned sulcal region both immediately within or outside
of the flagellar pore. This complex takes the form of tightly-packed
fingerprint-like membranous whorls called myelin figures with a
periodicity of only 5 nm. The uneven sectioning of the sulcal region
in which these myelin figures are found, which is clearly the result of
a localized lack of rigidity in the embedding plastic, may, in concert
with the myelin figures, indicate the presence of lipid-rich
structures. Apparently, a great store of membranes is accumulated near
the flagellar pore prior to feeding. However, the precise organization

of this complex of membranes is not certain, since myelin figures can
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be produced ag an artifact of suboptimal fixation (Rogers .and Perkins
1968). The membranous complex seen within the m.b., which does not
have the distinctive myelin appearance, is similar to the electron

dense "rhoptry'" structures observed in Plasmodium berghi by Steward et

al. (1985). The periodicity of the rhoptry structures is 5 nm, and are
thought to be the storage site for membranes to be discharged outside
the cell., Non-feeding cells in various stages of readiness to deploy
their pallia need to be examined in order to reveal the membrane
dynamics of the feeding apparatus in P. spinulosum.

| The conspicuous presence of the osmiophilic ring (which surrounds
the posterior end of the m.b.) has been repeatedly detected in E.

spinulosum and in P. hirobis, P. punctulatum and Qblea rotunda as

well. Such a structure has been seen in several phagotrophic

dinoflagellates including the parasitiec Protoodinium chattoni (Cachon

and Cachon, 1971) and the peduncle-bearing Gyrodinium lebouriae {(Lee,

1977). 1In all these cells the osmiophilic ring is situated where the
peduncle or pseudopod leaves the cell, forming a valve or
sphincter-like structure., Without exception an electron-lucent,
fibrillar region has been found in P. spinulosum to sgurround the
osmiophilic ring. This juxtaposed arrangement is somewhat reminiscent
of the "fine fibrillar deposit" adjacent to the ring-shaped osmiophilie
collars in the fusules of nassellarian radiolaria (Anderson, 1977).
However, no suchfibrillar zone was found in the other dinoflagellates
examined in this study, and its function is not known.

The myonemal gvstem

Cachon et al. (1983) described a "myonemal' system in the
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dinoflagellate Kofoidinium pavillardi composed of the striated root of

the transverse flagellum. The term myoneme refers to protozocan
structures that may be contractile, somewhat analogous to the muscles
of metazoans. The myoneme of K. pavillardi, which has a diameter of
1 pym, is very similar to the electron-dense bands found in

Protoperidinium spinulosum. In K. pavillardi, the myoneme begins at

the basal body, runs around the duct of the collecting pusule, and then
splits into four branches which wind around a pusule. These
investigators also reported the periodic sudden contraction of the

collecting pusule of Protoperidinium depressum, and suggest that a

myonemal structure like that in K. pavillardi may be able to exert a
squeezing force upon the collecting pusule, resulting in forceful
expulsion of its contents. However, no ultrastructural data for P.
depressum was presented. (Parenthetically, the enofmous sac pusule of
P. depressum was regarded by Cachon et al. as a "large vacuole", not a
pusule at all, and the small collecting pusule, 6 ym in diameter, was
considered as having a similarly-sized companion.) Since

Protoperidinium and Kofoidinium are relatively distantly related

dinoflagellates, it would not be surprising should they have dissimilar
myonemal structures.

The situation in P. spinulosum is quite different than that in K.
pavillardi. The structures that might pass as myonemes in P,
sEinulosuh are discrete and multiple, not a single continuous structure
as in K. pavillardi. Three distinct myonemal bands.are present; one
connecting osmiophilic ring to sac pusule striated collar (and

orthogonal strut), another connecting osmiophilic ring to the duct of
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the collecting pusule and thence to the adjacent striated collar, and a
third connecting this latter duct with the pore plate. These myonemal
bands typically appear to be amorphous, but regular striations are
faintly discernible in places; they may be composed of the same
material that constitutes the osmiophilic ring, but at preseﬂt it can
only be said that these diverse structures have identical, nearly
featureless electron-dense appearances.

The existence of striated collars, which were not mentioned by

Cachon et al., have also been noted in Peridiniopsis berolinense by
Wedemayer and Wilcox (1984) and in Gymnodinium sp. by Roberts (1986).
The striated collars in P. spinulosum are rather robust, with a
thickness of 0.3 ym as opposed to 0.1 uym in szﬁodinium sp.. The
existence of a striated root associated with the basal bodies (a common
situation among protists) cannot yet be confirmed in P. spinulosum,
However, an amorphous electron-dense material surrounds the proximal
part of the microtubular root in cell C; this may be related to the
striated root. Such an amorphous structure is present in cell F as
well. Further, the microtubular root in cell C is associaﬁed with a
striated collar; recall that the striated root which constitutes a
myoneme in K. pavillardi wrapped around the duct of a pusule in a
location similar to that of the striated collars. Interestingly, a
distinctly striated structure is attached to the outer wall of the m.b.
in P. punctulatum, but little can be inferred from this one section.

The myonemal system in Protoperidinium needs to be examined further to

determine whether there is ever any involvement of the flagellar

striated root {(where it exists) with other myonemal structures, and to
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examine the nature of such striated structures as the one found in P.
punctulatum. Since flagellar root structures may be contractile
(Sleigh, 1979), one must be mindful of the potential for the generation
of forces within the myonemal system.
The pallium

Several details of the pallium deserve comment. The commonly
encountered lack of an inner membrane adjacent to the diatom frustule
is startling. Certainly, the contents of the pallium must be
continuously bounded by a plasma membrane, but it seems that what must
have been an inner plasma membrane adjacent to the prey diatom (and is
in fact found in the pallium of cell B) is absent in cells A, and C.
Only a single cuter membrane is found, enclosing a multitude of empty

vesicles (many of which are closely appressed to the outer membrane)

next to the frustule. This situation is diagrammatically presented in
Fig. 96. Either the putative inner membrane has been destroyed during
fixation, perhaps becoming artifactually reorganized as a series of
small vesicles, or the inner membrane so reorganize in life. Such a
single outer membrane seems structurely weak and vulnerable to lysis;
this situation needs further investigationm, utilizing carefully
adjusted fixation techniques that would prevent any extraction of
cytoplasmic components.

Additional interesting features of the pallium include a
filamentous fringe covering the stalk or sulcal region of the pallium,
and a series of transverse bands spaced 200 nm apart. These bands are

similar to those seen lining the sulcus of Peridiniopsgis berolinense

(Wedemayer and Wilcox, 1984) in Fig. 14, which are spaced only 50 nm
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apart., The filamentous fringe is similar to that seen in the
cytoplésmic appendage in cell E (Fig. 52) but not seen on the pseudopod
in pre-feeding cell F (which was preserved by a different method). It
is possible that the fringe seen in Figs. 4 and 52 have the same
origin, according to the following reasoning: the small pseudopod of
cell F ig very possibly the tow filament observed during the capture of

prey organisms by several species of Protoperidinium, including P.

spinulosum (chapter 3). The presence of microtubular rows may explain
the gradual contraction of this tow filament prior to the envelopment
of the prey by the pallium. Perhaps this filament, trailing outside
the sulcus of a cell searching for food, adheres to a successfully
encountered diatom (assisted by a sticky glycocalyx) and remains in
place, while shortening, as additional pseudopodal structures either
follow the outer surface of the tow filament to reach the attached prey
or stream through the center of the filament, incorporating the
components of the tow filament into the pailium itself. For example,
perhaps the filamentous fringe seen in Fig. 4 was derived from the
elaborate glycocalyx of the tow filament (Fig. 52). These scenarios
are depicted diagrammatically in Fig. 96.

Thecal structures

The manner in which the osmiophilic and the striated collar of the
gsac pusule are anchored to the inner thecal protuberance near the
posterior flagellar pore is intriguing. Analysis of the cell C serial
section sequence shows that this protuberance is composed of three
minute thecal plates only a few micrometers in size that are attached

to the right sulcal plate,'as shown in Figure 93. This protuberance,
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has been documented with scanning electron microscopy in an isolated

hypotheca of Protoperidinium grande by Gocht and Netzel (1974). Their

Fig. 5 clearly depicts the inner surface of the pore plate and what
appear as a long narrow slit (the flagellar pores) just anterior to the
posterior protuberance. The three diminutive sulcal plates seen in
Fig. 93 correspond to the single "posterior accessory sulcal plate"
described by Balech (1974). Either Balech did not investigate P.
spinulosum or the three minute plates cannot be readily disarticulated
by conventional bleach techniques. Also, Balech (1974) stated that the
accessory sulcal plate is connected £o the left sulcal plate, not the
right sulcal plate as shown in Fig. 93. A second, shallow inmer
protuberance associated with the anterior flagellar pore serves as an
anchor point for thick bands connecting the osmiophilic ring,
collecting pusule striated collar, and the pore plate.

The pore plate or the median sulcal plate, which has been described
by Balech (1974) as a "membranous" (i.e., very thin) ovoid structure,
has a characteristic fibrous structure in both P. spinulosum and P.
hirobis. In P. spinulosum the pore plate has a conspicuous outer
“osmiophilic layer which is connected to a myonemal element. It would
be remarkable if this apparently non—rigid plate was able to deform
from forces applied by the myonemal band, thereby modulating the
diameter of the posterior flagellar pore. Such an adaptation may be
advantageous to a dinoflagellate endeavoring to reduce the duratiom of
pallium deployment or retraction. However, the diameter of the
flagellar pore in cell F is not significantly wider than that of other

cells, even though the pallium was soon to be deployed. This idea may
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deserve additional study.
This study is the first to reveal the complex ultrastructure of the
pallium and the inner microtubular basket/pallioplasmic complex in

Protoperidinium, Thesge structures are apparently unique among

dinoflagellates and other protists, but their existence in

Protoperidinium and'perhaps other thecate heterotrophic dinoflagellates

may be of use in establishing or confirming evolutionary relationships
among protists. A greater understanding of the functionings of the
pallium requires further morphological analysis as well as experimental
cytochemical studies such as the determination of acid phosphatase
distributions throughout the dinoflagellate's feeding cycle. Although
the delicacy of the pallium and the difficulty with which thecate
heterotrophic dinoflagellates are cultured combine to make their study
challenging, these protists represent an exciting oppertunity to

address some basic questions in cell biology.
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Figure 1.
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Schematic cut-away illustration of cell C (dorsal view)
showing arrangement of relevant organelles. Nucleus
(brown) has been mostly cut away to reveal (pink) pusules
and (gold) microtubular basket. Basal bodies and

flagella (magenta) enter pusule ducts inside of small black
striated collars which encircle the ducts. The outline of
the pore plate is indicate behind collecting pusule duct;
the transverse flagellum passes through this duct and exits
through the anterior flagellar pore (not shown) bordering
pore plate. Note the thecal protuberance (grey) adjacent
to the relatively large, black osmiophilic ring at base of
the microtubular basket..
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Abbreviations:
b, osmiophilic band bb, basal body
cp, collecting pusule er, endoplasmic reticulum
ga, golgi apparatus 1f, longitudinal flagellum
m, mitochondria N, nucleus
os, orthogonal strut p, posterior flagellar pore
" pp, flagellar pore plate sp, sac pusule

tf, transverse flagellum

Plate I. Pallium of Protoperidinium spinulosum. Scale bars = 1 um
unless otherwise indicated.

Figure 2. Longitudinal section of cell A (antapex) with pallium which
surrounds the diatom Eucampia zoodiacus (frustule wall, thin arrow)
emerging through flagellar pore (p). Note electron-dense droplets
(thick arrow) and microtubules (curved arrow).

Figure 3. Pallium extension of cell C surrounding hollow spine of
Chaetoceros sp.. Note microfilaments (arrow) which are enlarged in
inset at bottom of figure.

Figure 4. Proximal stalk region of pallium of cell A showing
periodic thickenings (thin arrows) of membrane and outer fringe of
filaments (thick arrow}.

Figure 5. Pallium envelope of cell A surrounding Eucampia
zoodiacus prey. Note lack of inner limiting membrane.
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Plate II. Pallium of Protoperidinium spinulosum (cont'd).

Figure 6. Pallium of cell B, with transverse section of antapical
horn of P. spinulosum. An inner membrane (thin arrows) surrounds
Eucampia zoodiacus frustules. Note electron-dense droplets (thick
arrow), arched microtubular ribbons (curved arrow) and the highly
degraded condition of the diatom cytoplasm.

Figure 7. Pallium of cell A surrounding Eucampia zoodiacus with
degraded cytoplasm. Note electron-dense droplets (thick arrow) and
delicate outer pallium membrane (thin arrow). Inset shows high
magnification of outer membrane, which appears as a single 7 nm
lipid bilayer (arrow); scale bar = 100nm.

Figure 8. Microtubular ribboms of cell B (see Fig. 6).

Figure 9. Bifurcated microtubular ribbon in pallium of cell C,
also visible in Figs. 28,29.

Figure 10. Microtubular ribbon as in Fig. 8 featuring filamentous
connections between tubules {arrow).

Figure 11. Glancing tangential section of outer pallium membrane
of cell C showing regularly spaced transverse bands.

Figure 12. Pallium envelope of cell D surrounding recently
captured Ditylum brightwellii cell. Note vesicle filled with

granular material (arrow). (+ tannin).
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Plate III. Microtubular basket (m.b.) of Protoperidinium spinulosum.

Figure 13. Cell A with large sac pusule, nucleus and two portions of
m.b.: posterior (thick arrow) and anterior (curved arrow). Note
cluster of spherical vesicles (thin arrows) which lie in a
relatively non-dense central cytoplasmic region and the 'empty'’
appearance of the transverse flagellum (tf). '

Figure 14. Posterior end of m.b. (near flagellar pore of cell A)
with electron-dense droplets. Note osmiophilic ring (thick arrow)
with surrounding electron-lucent zone and row of microtubules (thin
arrow).

Figure 15. Anterior end of m.b. of cell C. Note several rows of
microtubules (thin arrows), arched bands (thick arrows) and
mitochondria (m) between. The arched bands appear to be recurved
apical flap of the m.b., as may be seen by noting the similarity of
the arrangement along the dashed line in Fig. 17. Note lack of
electron-dense droplets in the region directly between m.b. and
arched bands. '

Figure 16. Anterior end of m.b. (near nucleus of cell A) with a row
of microtubules (thin arrows) which terminate (curved arrows),
regular membranous channels {(thick arrow) and large granular
vesicles (asterisk). Note invagination of nuclear envelope (open
arrow).

Figure 17. Anterior end of m.b. of cell B showing opening adjacent
nucleus. Note regularly space membranous channels (arrows) on
dorsal face of m.b. adjacent to cluster of mitochondria.
Electron-dense droplets are absent from region in 'crook' of
recurved m.b. wall., Dashed line indicates the likely orieantation
which resulted in Fig. 15.
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Plate IV. Serial oblique-transverse sections of feeding
Protoperidinium spinulosum, cell B, from antapex to mid-cell.

Figure 18. Section posterior to flagellar pore, showing stalk of
pallium (thick arrow) and cluster of mucocysts with converging
apertures on left ventral hypotheca (thin arrow).

Figure 19. Section through flagellar pore (thin arrow) with
pore plate (=median sulcal plate) shaped like the curve side of a
reversed "B'"{thick arrow). Pallium (arrow) and longitudinal
flagellum (1f) in sac pusule duct are juxtaposed. See Fig. 95 for
diagram of pore plate.

Figure 20, Section anterior to flagellar pore, Note corrugations
{thin arrow) within electron-lucent zone. Transverse flagellum
(tf) has exited cell through anterior flagellar pore (not shown).

Figure 21. Osmiophilic ring with surrounding electron-lucent zone.

Figure 22. Central lumen of osmiophilic ring {(white arrows), barely
discernible, filled with pallioplasm. Regular ridges occur on
osmiophilic ring (black arrows).

Figures 23-27: These four section were included in the
three-dimensional reconstruction of the m.b. (Fig. 93a). Note the
elongation and reorientation of the m.b. (thick arrows).

Figure 23. M.b. indicated by thick arrow. Both striated collars
(that of sac pusule, sp, and collecting pusule, ¢p) are section
off-center and appear '"closed'". Electron-dense band (b), which
joins osmiophilic ring in lower sections, is joined to striated
collar of collecting pusule by thin strand. Note microtubular root
{arrow) of basal bodies (not shown) which seems to join striated
collar of sac pusule within a electron-lucent c¢cytoplasmic region
between the pusules.

Figure 24. See Fig. 23; note "open" collars (thin arrows) around
each pusule. Note electron-dense droplets within m.b. (thick
arrow). Trichocyst (t) resembles electron-dense band at low
magnification.

Figure 25. M.b., showing discontinuous peripheral microtubules (thin
arrows), distinct, electron-dense outer membrane outside of
microtubular row {paired arrows) and central microtubular row
(thick arrow).

Figure 26. M.b. curving toward nucleus, with electron lucent zone
persisting between pusules. Collecting pusule has long radiating
tubules (arrows).

Figure 27. M.b. opening (arrow) adjacent to nucleus, anterior to
collecting pusule. See Fig. 16 for enlargement.
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Plate V. GSerial oblique-longitudinal sections of feeding
Protoperidinium spinulosum (cell C). Section angle parallels
ventral face of hypotheca,

Figure 28. Sulcus with protruding pore plate (thick arrow) and
bifurcated microtubular ribbon (thin arrow) within pallium.

Figure 29. Section dorsal to above; glancing section of m.b. (thin
arrow) and beginning of electron-lucent zone (thick arrow) adjacent
to osmiophilic ring. Note emergence of transverse flagellum
(curved arrow).

Figure 30. M.b. with microtubules along inside edge (thin arrows). %
Note bundles of microfilaments (thick arrow) and anterior flagellar
pore {curved arrow) and anterior thecal protuberance (paired
arrows).

Figure 31. M.b. and ventral face of osmiophilic ring (thin arrow).
Note concavity of m.b. and associated parallel network of
membranous channels (thick arrow). Osmiophilic band (b) connects
thecal structure (paire arrows } in duct of collecting pusule (cp)
with dark band within pore plate (pp).

Figure 32. Osmiophilic ring, tangential section of ventral face.
Banded structure (arrows) marginally discernible. Scale bar=100 nm.

Figure 33. See Fig. 3l legend. Note tubules from collecting pusule
(thick arrows) and electron-dense band approaching osmiophilic ring
(thin arrow). Inset detail this band, in which cross striations
are marginally discernible (arrows).

Figure 34. See Fig. 31 legend. Note parallel membranous channels
(thin arrows) and thick (striated) band (thick arrow) connecting
osmiophilic ring and thecal elements (curved arrow) within
collecting pusule.

Figure 35. Pallioplasm passing through osmiophilic ring into
pallium. Transverse flagellum on inner side of striated collar of
collecting pusule duct.

Figure 36. Detail of striated collar enclosing transverse flagellum,
with several striations indicated (arrows).

Figure 37. Wide-angle view of m.b. (curved arrows), whose anterior
portion is surrounded by a large vacuolar space, basal bodies (bb)
and sac pusular duct (thick arrow) next to accessory sulcal plates
(thin arrows). Orthogonal strut (os) of the anterior ancillary
sulcal plate adjacent to the electron-dense band which connects
striated collar of sac pusule to osmiophilic ring. Note ring of
golgi apparatus (white arrows).
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Plate VI, Serial oblique-longitudinal sections of Protoperidinium
spinulosum (cell C), cont'd.

Figure. 38, Glancing, tangential section of dorsal face of m.b.,
showing parallel membranous channels (thick arrow). Note striated
collar (double arrow) about duct of sac pusule with stub of
(detached) longitudinal flagellum (white arrow) and dense cytoplasm
around basal body of transverse flagellum (tf). Black diagonal
line is artifact in formvar support film.

Figure 39. Detail of base of flagella (note chevron-shaped structure
within longitudinal flagellum, arrow) and associated microtubular
root (thick arrow) with electron-dense substance adhering to upper
portion of root and striated collar of sac pusule. Note apparent
connection between microtubules and striated collar.

Figure 40. Detail of striated collar of sac pusule (striation bands
indicated). Scale bar = 100nm.

Figure 41. Tangential section of m.b. slightly deeper that that of
Fig. 38. Note membranous channels (thick arrows) which are angled
30° from the microtubular rows (thin arrows). The membranous

channels have somewhat of a beaded appearance {arrow). Scale bar =
100nm,

Figure 42. Joined basal bodies and microtubular root (arrow).

Figure 43. Anterior end of m.b. (thick arrow) and two bands =
recurved segments of m.b. (thin arrows). Golgi apparatus indicated
by white arrows. Peripheral dark curved lines are wrinkle-
artifacts.

Figure 44. Section between anterior end of m.b. and nucleus. Note
dozens of electron-dense droplets (thin arrows) and ring of golgi
apparatus {white arrows). '

Figure 45. Detail of central cytoplasmic region rich in
electron-dense droplets (left) and denser, peripheral cytoplasm
(right) with golgi apparatus (white arrows) between. Note filament
bundles (black arrows).
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Figure VII. ©Non-feeding Protoperidinium spinulosum, cell E,

Figure 46, Mid-cell longitudinal section through flagellar pore
(thick arrow). Longitudinal encountered thrice (thin arrows).
Note myriad peripheral vesicles.

Figure 47. Scanning election micrograph of non~feeding
Protoperidinium spinulosum {transverse diameter = 50um) Note
dimple-like ventral pore to {cell's) left of sulcus.

Figure 48. Antapical view of sulcus as above showing groove in which
the flagellar pores lie enclosed between large ieft sulcal list
(thin arrow) and right sulcal list (thick arrow). Longitudinal
flagellum present (curved arrow}.

Figure 49. M.b, from section situated ventral to that of Fig. 46
(see Fig. 52). Note peripheral rows of microtubules (thin arrows)
and inner microtubules (thick arrow).

Figure 50. Upper elongation of m.b. detailing microtubular row.

Figure 51. Detail of flagellar pore (see Fig. 46). 'Residual"
pseudopodal mass present with glycocalyx (thin arrows). Note
three-layered composition of pore plate (pp) and normal,
homogenecus structure of accessory sulcal plate (arrowhead).

Figure 52. Detail of flagella-like cytoplasmic appendage (see Fig.
53). Note conspicuous filamentous fringe and inconspicuous inner
row of mierotubules (arrows).

Figure 53. 8Section ventral to that of Fig. 46, showing m.b. within
large vacuole and a fringed appendage (arrow).
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Plate VIII. Serial oblique-longitudinal sections of non-feeding P,
spinulosum cell F (+ tannin).

Figure 54. Mid-cell section with large electron-lucent vesicles
(thin arrows) lying within smooth cytoplasmic region adjacent to
concavity in nucleus (note glancing section of right lobe of
nucleus (thick arrow), and row of golgi apparatus (white arrows ).
Quter membranes of mitochondria are prominently stained.

Figure 55. Section ventral Fig., 53 showing electron lucent vesicles
(thin arrows) and elongate m.b. (thick arrow).

Figure 56. Region surrounding m.b. (thick arrow). Note smooth
cytoplasm between sac pusule and nucleus, cluster of electron-dense
bodies (thin arrow) and golgi apparatus (white arrow).

Figure 57. Detail of clustered bodies.

Figure 58. M.b. (thick arrow) adjacent to sulcus with three rows of
microtubules (thin arrows). Pore plate (curved arrow) has very
wide electron lucent layer.

Figure 59. M.b. in close proximity to region of smooth cytoplasm
between sac pusule and nucleus. Detail of electron dense regions
of m.b. in Fig, 71.

Figure 60. Detail of electron-lucent vesicle and sac pusule wall
with thin cytoplasmic lining (thin arrow).
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Plate IX. Serial oblique-longitudinal sections of non-feeding P.

spinulosum cell F (+ tannin), cont'd.

Figure 61. M.b. adjacent to part of osmiophilic ring (thick arrow)
and electron lucent zone (asterisk). Note m.b. microtubular rows
(thin arrows), basal body (bb) and smooth endoplasmic reticulum

(er).

Figure 62. Pallioplasm of m.b. passing out through osmiophilic ring
(thick arrow) which appears to be continuous with a small pseudopod
containing microtubules (curved arrow). Note amorphous material
surrounding microtubular root of basal body (thin arrows).

Figure 63. Ventral side of osmiophilic ring (thick arrow) and basal
body with microtubular root (thin arrows). Cytoplasm surrounding
basal body appears continucus with that of the sac pusule lining
(see cytoplasmic discontinuity, white arrows).

Figure 64. Detail of m.b and osmiophilic ring showing microtubular
rows {arrows).

Figure 65, 66. pseudopod emerging from congested sulcus. Note
peripheral microtubular row (arrows).

Figure 67. Pseudopod, as in Fig. 63, showing microtubules crossing
over from right edge to left (arrows).

Figure 68. Transverse flagellum with matrix similar to that of
pseudopod; scale bar = 100nm,.

Figure 69. Detail of microtubules in pseudopod; scale bar = 100nm.
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Plate X. Serial oblique-longitudinal sections of non-feeding P.
spinulosum cell F (+ tannin), cont'd.

Figure 70. Poorly sectioned sulcal region; fingerprint-like patterns
(arrows) barely discernible within dark “chatter" bands.

Figure 71. Detail of fingerprint patterns, including portion of
mosaic of longer exposures revealing continuation of concentric
bands; scale bar = 100nm.

Figure 72. System of whorled membranes at posterior end of m.b.
(seen also in Fig. 59) whose lateral walls are indicated by arrows..

Figure 73. Tracing of Fig. 71 mosaic (employing additional mosaic
elements) showing three systems of membranous whorls; scale bar =
100nm.

Figure 74. Sac pusule containing concentric membranous whorls
(arrows }.

Figure 75. Detail of whorl; scale bar = 100nm,

Figure 76. Non-membranous contents of sac pusule.
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Plate XI. Miscellaneous organelles of Protoperidinium spinulosum,

Figure 77. Ventral oblique-longitudinal section of cell ¢ hypotheca
showing cluster of mucocyst vesicles (arrow).

Figure 78. Detail of mucocyst cluster with a glancing section
through thecal apertures (white arrows) of mucocysts. Transverse
flagellum also shown.

Figure 79. Sub-thecal lamellar bodies of cell A showing alternation
of thin and thick bands (arrows); scale bar = 100mm.

Figure 80. Cluster of mucocysts {arrows) located on left ventral
hypotheca of cell F (+ tannln) with converging apertures ejecting
dense substance (mucus?).

Figure 81. Apical pore of cell C. No conspicuous organelles
apparent.

Figure 82. Banded trichocysts (thick arrows) arranged parallel to
top and bottom cingular margins of cell A. Note lamellar bodies l
oriented against theca (white arrows). |

Figure 83. Transverse section of trichocyst (cell F, + tannin)
showing paracrystalline structure (arrows).
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Plate XII., Feeding apparatus in additional species.

Figures 84-86. Protoperidinium hirobis, longitudinal sectionms.

Figure 84. Sac and collecting pusules and basal bodies, with
stub of longitudinal flagellum entering sac pusule (thick arrow).
Note collar about mouth of sac pusule (thin arrows) and thick pore
plate {(pp).

Figure 85. M.b. (thick arrow) with osmiophilic ring at posterior tip
(thin arrow). ©Note ovoid osmiophilic structures (curved arrows)
and central region of relatively electron-lucent cytoplasm bordered
by dense cytoplasm (white arrows). '

Figure 86. Detail of m.b. with rows of microtubules (white arrows)
and osmiophilic bodies (black arrows).

Figure 87-89, 91. Oblea rotunda, oblique sectioms.

Figure 87. Hypothecal section revealing osmiophilic ring (thick
arrow) and pallium (thin arrow) entering wide flagellar pit,.

Figure 88. Detail of osmiophilic ring with symmetrical electron
lucent cores and indistinct m.b. structure (arrows).

Figure 89. Detail of m.b . showing microtubular row (black arrows);

opposite face of m.b. not as distinct (white arrows); scale bar =
100nm.

Figure 90. Basal bodies and m.b. (arrow) between two pusules.

Figure 91, M.b. of Protoperidinium punctulatum showing microtubular
rows (thin arrows), osmiophilic ring (thick arrow) slender
osmiophilic bodies and striated stand (curved arrow).

Figure 92. Pallium of Oblea rotunda surrounding remains of
Heterocapsa triquetra. Note anterior stalk of pallium with
microtubules (arrow) and posterior vesicular zone next to prey.
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Figure 93. Three~dimensional models of the microtubular basket of.
Protoperidinium spinulosum. Shaded areas indicate presence of
microtubules on inner surface of m.b. membrane. Orientation within
cell is provided by arrows which peoint to ventral face of cell.

A. M.b. of cell B: the trumpet-like anterior region has been
freely interpreted from limited sections like Fig. 17; the oblong
posterior portion of the m.b. is documented more thoroughly.

N\
B. M.b. of cell C: apical end has been omitted due to incomplete
section record. However, an indication of the morphology of the
"apical flap" is included in first view.
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DORSAL VIEW

Figure 94. Three-dimensional model of posterior region of sulcus in
cell C, including three accessory sulcal plates which form
posterior protuberance capped by the distinctive orthogonal strut.
Sutures between plates as shown by wide bands. Note posterior
ventral concavity, which serves to orlent this structure within
Fig. 95.

Abbreviations:
r right sulcal plate pp -pore plate
1 left oo asp accessory sulcal plates
p posterior " " 1,2'''' antapical plates
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N

Figure 95. Contoured schematic drawing of sulcus of
Protoperidinium spinulosum, with sulcus "opened'" somewhat to reveal
flagellar pores which are normally hidden behind right sulcal lists
(i.e. Fig. 48). Several concentric contours representing the
concavity featured in Fig. 94a serve to orient the protuberance
(formed by the accessory sulcal plates), which is situated on the
(cell's) inner right side of the posterior flagellar pore.

Abbreviations: rsl right sulcal list
a anterior sulcal plate g1

; r osul left sulcalt list

r right W asp accessory sulcal plates

1 left ] W vp ventral pore

gp gg§;e;igie 1,5'"" 1°% ang 5% post-cingular plates

1,2"''' Antapical plates
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Schematic diagrams of deployment of tow filament and
pallium in Protoperidinium spinulosum, including antapex
of dinoflagellate and rectangular diatom,

A,

Tow filament (= lobate pseudopod), with internal
microtubules and "sticky" glycocalyx, attaches to
diatom.

As tow filament shortens, pallium streams either
around (B) or through (C) tow filament.
Pallium spreads across surface of diatom,
Membranes fusion results in complete envelope around
diatom.
The situation usually encounter in sectioned feeding
cells: inner membrane has evidently disintegrated,
either in life or as an artifact of fixation.
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CONCLUSIONS

This thesis has done much to characterize the previously unknown
function of thecate heterotrophic dinoflagellates in the marine food
web, In Chapter 1 the abundance patterns of these microheterotrophs in
a cpastal embayment are described; highlights include a bloom composed

of several Protoperidinium specieg with cell densities exceeding

6°10%¢1™", and a clear covariation between these dinoflagellates

and diatoms, their likely food source. Small-scale vertical
distributions of several thecate heterotrophic dinoflagellates
(Appendix III) is characterized by the lack of diel migratory behavior,
although such behavior is evident in two co-occuring phototrophic
dinoflagellates.

Feeding behavior of thecate heterotrophic dinoflagellates on
diatoms (and, in some cases, dinoflagellates) is documented in Chapter
2. The elabo?ate pseudopod or pallium which envelops and digests large
chains of diatoms was an unexpected discovery. Such large food items,
which support the growth of large zooplankters such as copepods, was
previously thought to be unavailable to protists.

Ingestion and growth rates have been measured in laboratory cultures

using Protoperidinium hircbis feeding on the diatom Leptocylindrus

danicus, revealing surprisingly high growth rates (1.7 divisionsed™'
and individual ingestion rates of 23 diatomsed™'. These data
suggest that a P. hirobis bloom population of 10*e1”' may be
capable of grazing a significant portion (10%) of large (2¢10°¢17%)

diatom blooms each day. More typically, populations ranging from 10%
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to 10%+17' would not be expected to have a substantial impact on
diatom population dynamics. Cell division on a light/dark cycle is
periodic, but division occurs during a wide interval of 16 hr.,
principally at night.

The structural basis for the pallium feeding system is described in
Chapter 4. During deployment the pallium passes through an elaborate
microtubular basket (and a large osmiophilic ring situated at the
posterior end of the basket) before reaching the flagellar pore. In
the course of a meal, catabolized food material, including small lipid
droplets, are transported from the pallium back into the microtubular
basket and thence, through a large trumpet-shaped apical opening near
the nucleus, into the central cytoplasmic regionm of the cell. A source
of the great quantities of membrane that makes up the pallium has been
tenatively identified in the microtubular basket where, in a
pre—-feeding cell, dense membranousg whorls were discovered. Such whorls
are gituated in a cytoplasmic mass in the sulcus as well.

Many additional questions have heen raised as as a result of thege
investigations. The ecology of these microheterotrophs needs further
study in order to understand, for example, what these dinoflagellates
are preying upon in the diatom-poor central oceanic gyres, how food
quality influences growth, and the nature of food selectivity (and
associated chemosensory mechanisms) in thecate heterotrophic
dinoflagellates.

Much study is needed to further elucidate how the ultrastructure of
these dinoflagellates relates to cell function. This system may be a

good one in which to study membrane dynamics, as most pallium membrane
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storage, deployment, and recycling would likely be restricted to the

microtubular basket region. The dynamics of lysosomes in the course of
feeding should also be studied, using cytochemical assays for acid
phosphatase or other enzymes. Finally, the unique cell structures
described here may provide new ingsights inte the evolutionary
relationships between dinoflagellates and other protists such as

euglenoids and trichomonads.
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APPENDIX I

Cell counts of dinoflagellates of
Perch Pond, Massachusetts,
1983~4



-190-

APPENDIX 1: Cell counts (ml”') of dinoflagellates in Perch Pond, 1983-4.
+ = 1-49e1°%, ++ = 50-99+17". Asterisks denote heterotrophs.

SPECIES DATES (month/day)
2/18 2/24 3/2 3/10 3/16 3/23 3/30 4/6

Gonyaulax longicornu + +
G. polyedra

G. rugosa

G. spinifera

G, tamarensis + + + .1l .1

G. sanginium

G. lazulum®

Gyrodinium dominans

G. uncatenum

G, spirale” + + o+ +

Peridinium agciculiferum
Peridinium sp A.
Phaeopolykrikos hartmanni
Polykrikes schwartzii”
Prorocentrum gracile

P. claudicans

P. conicoides + + + +
P. conicum

P. cf. leonis (sp. A)

P. minutum

Protoperidinium sp. B + + + .8
Protoperidicium sp. C + + + + o+
Serippsiella cf.trochoidea ++ ++ .2
Scrippsiella sp. A

Zygabikodinium lenticulatum™ + + ++ + + + +

Ebria tripartata” .8 4.3 S SRS | A
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4/12 /20 4/27 5/5 5/17 5/23 6/1 6/7  6&/1lA 6/22 7/1 7/7 7/13

8.6:::58.6:

1 4+ 2.3 C 6.7 2.4 30 .1 .2 +
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7/25 8/3  8/16 8/25 9/1 9/7 9715 9/23

Gonyaulax longicornu .8

G. polyedra 3.1 16.6 15.5 14.3 .2
G. rugosa + .1 .3 38.3

"G. spinifera 2.1

G. tamarensis + + + .1 .1

G. sanginium : .8
G. lazulum”

Gyrodinium dominans” .6

G. uncatenum 1.1 12.6 .6 4.4

G. spirale”

Peridinium asciculiferum -

6.9 .2 4.4 2
Peridinium sp A. + 14.0 9.3 21.0 3.1
Phaeopolykrikos hartmanni o ++
Polykrikos schwartzii” N 1.2 .2 .6 +
i

P. claudicans
P. conicoides

P. conicum
P. cf. leonis (sp. A) 2.9 1.8 26.4 2.8 4.1 .7 .9
?. minutm 2-2 18'[" 02 01 ++

Protoperidinium sp. B

Protoperidinium sp. C

Scrippsiella cf.trochoidea 3.2 29.0 10.6 12.2 14,9 2.9 37.9 105.8
Scrippsiella sp. A .3 ++ .6
Zygabikodinium lenticulatum® .5 .1 .1 + .1
Ebria tripartata” ' .6 .8
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9/29 10/5 10/11 10/19 10/29 11/5 11/15 11/22 11/30 12/8 12/1

325 .2 1.2 2.5 8.6 19.9 10.3 7.3 1.1 .2

l1 ++ .h .l. + + +
.3 1.2 1.3 .1 ++ .2 .6 .6
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12/2 1/16 2/2 2/14 2/21 2/29 3/8 3/1%

fG;éﬁﬁﬁihiﬁmfébﬁiﬁheu::n::nn::u:x::::::n::u::::x:xx::::xn::x:::::::xx::::::::ii

Gonyaulax longicornu + +
G. polyedra

G. rugoesa

G. spinifera

G. tamarensis + + + + +

G. sanginium

G. lazulum”

Gyrodinium dominans” 1.1
G. uncatenum

G. spirale

Peridinium asciculiferum
Peridinium sp A.
Phaeopolykrikos hartmanni
Polykrikos schwartzii”
Prorocentrum gracile

P. claudicans + + + + +
P. conicoides + + + + .1 +
P. conicum

P. cf. leonis (ap. A)

P. minutum

Protoperidinium sp. B 2 + ++ + + .2 1.3
Protoperidinium sp. C + + .1 +
Scrippsiella c¢f.trochoidea + + +
Scrippsiella sp. A

Zygabikodinium lenticulatum™ + + + + .1 + + +

Ebria tripartata® . 83.6 7.7 2.1 1.7 2.5 1.5
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3/27 4/2  4/12 4/17 5/3 5/11 5/17 6/4 6/21

+
7008 2053 427 -] 3.5

: 1001 1777 4991
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APPENDIX II

Taxonomic drawings of three unidentified
dinoflagellates encountered during
the study of Perch Pond,
Massachusetts

(see Chapter 1)



Figure 1.
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Protoperidinium sp. A. This species is gimilar in

tabulation and morphology to P. leonis, but differs in being
dorso-ventrally flattened. Included are views from various
angles; the morphology of the sac pusule is featured at

lower left, and, at lower center, the cyst stage is shown.
All scale bars = 10um.



Figure 2.
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Protoperidinium sp. C. A small cold water species witha

unique epithecal tabulation (note quadralateral 1**
precingular plate) and additional hypothecal plate bordering
the left side of the sulcus. Note two large, similarly
shaped pusules at lower left. Scale bar = 10um.
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Figure 3.

Gonyaulax sp. B. A colorless species resembling G. kofoidii

with weakly reticulate thecal ornamentation. Lower drawing
depicts two pigmented inclusions (ranging in hue from green
to orange) and two large pusules. Lower right drawing shows
a small, dorso-ventrally compressed specimen, perhaps a
young cell. Scale bar = 10um.
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APPENDIX III

Small Scale Vertical Distribution Patterns

of Heterotrophic Dinoflagellates Over a Diel Cycle

Abstract

Diel small-scale vertical distribution patterns of eight
dinoflagellate species (two phototrophic, six heterotrophic) were
monitored in an estuarine embayment. Both phototrophic species

(Gonyaulax tamarensis and Heterocapsa triquetra) displayed strong

vertical migratory patterns, but no diel migration pattern was

detectable in Protoperidinium conicum, P. claudicans, P. pellucidum,

Zygabikodinium lenticulatum (all thecate species) and Gyrodinium

spirale (a naked species). Oblea rotunda showed weak shifts in depth
distributions. Depth distributions are shown for several species of
diatoms, on ﬁhich most or all of the heterotrophs are known to_feed,
but no correlations between dinoflagellates and diatoms were detected.
This is the first study to demonstrate diel vertical distribution
patterns {characterized by lack of vertical migration) in heterotrophic

dinoflagellates.
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INTRODUCTION

Daily vertical migration in photosynthetic dinoflagellates is a
well-studied phenomenon (Hasle 1950, Eppley et al. 1968, Kamykowski and
Zentara 1977). A common scenario is that of dinoflagellates moving from
their night time location in nutrient-rich subsurface waters into the
bright surface layer during the day, and then sinking into the subsurface
layer at the day's end (Heaney and Eppley, 1981). The migratory habits
of nonphotosynthetic dinoflagellates, however, have not yet been
examined. The present study, run in conjunction with the latter part of
that of Anderson and Stolzenbach (1985) describes for the first time the
small-scale vertical distribution patterns of thecate and naked

dinoflagellates over a diel cycle.

METHODS

Study Site. Salt Pond (Eastham, Massachusetts) is an circular
estuarine embayment 82,200 m* in area connected by a long, narrow tidal
channel to a salt marsh system adjacent tc the ocean at Nauset. Mean and
maximum depths are 3.4 and 7 m, respectively, at slack low tide; the
depth of the sampling site near the center of the pond ranged from 4.5 to
5.5 m.

Vertical Cell Distributiong. Samples were collected at 0.5 m depth

intervals with a system composed of separate, weighted, lengths of Tygon
tubing that were suspended from a floating rubber tire tube. At 3 hr

intervals the tygon tubes were connected in succession to a DC pump
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(Fluid Metering, Inc., Model RP); after a period of flushing, 500 ml
samples were collected into bottles except for the last time point where
50 ml were collected; therefore the least abundant species were not
counted for the final lZOO_hr sample. These samples were then
transported to the shore and transferred to bottles holding
glutaraldehyde, resulting in a final fixative concentfation of 2%2. At a
later date the fixed samples were sieved on a 15 p Nitex screen
immediately prior to counting in order to reduce the total volume from
500 to 50 ml, and subsequently left overnight in a 50 ml settling
chamber. Samples were counted on a Zeiss Inverted microscope at 160x by
scanning one half slide in its entirety. Typical counts for cdmmon
species ranged between 100-200 cells. The 4.5 m sample at the final

collection (1200 hr) was lost.

RESULTS AND DISCUSSION
The vertical profiles of the two phototrophic species, Gonyaulax

tamarensis and Heterocapsa triquetra both show a strong vertiecal

migratory pattern (Fig. 1). Both populations reached their deepest
distribution shortly after midnight and rose into the surface waters
during the morning: G. tamarensis avoidéd the upper meter of water,
while H. triquetra ranged into this-upper layer only on the second
morning when clouds reduced surface irradiance.

The heterotrophic species (5 thecate, 1 naked) displayed no strong

vertical migrations. Populations of Protoperidinium conicum, P.

claudicans, Zygabikodinium lenticulatum and Gyrodinium spirale were

characterized by deep distributions, their peak cell densities ranging
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from 2 to 5 meters in depth (Fig. 3,4). The depth distribution (kite)
diagrams are plotted with the surface held constant. Consequently, the
tidal cycling (Fig. 5) gives an artifactual impression of periodic
migration. P. conicum is replotted with the pond floor held constant to
illustrate thisg point (Fig. 1)}; note how the temporal distribution
patterns of this heterotroph contrasts with the two phototrophs. Of
these heterotrophic species, all but P. claudicans and P. pellucidum were
abundant, with maximal abundances » 100 cells/liter.

The two remaining heterotrophs, both thecate, show peculiar
distributional patterns. P. pellucidum was not an abundant species but
clearly displayed a near—-surface distribution throughout the study.
Maximal numbers usually occurred in the upper half-meter layer of the

water column. 0Oblea rotunda, a more abundant species, had a variable

depth distribution, ranging from uniform (i.e. 0830 and 1200 hr) to near
surface-weighted (2300 hr - 1200' hr) to bottom-weighted (1600 hr). A
subtle, coherent pattern seems to exist from 1600 hr to 1100 hr, with an
upward shift in depth distribution followed by a downwind shifty this
pattern is the reverse of that of the phototrophic dinoflagellates.

In summary, the heterotrophic dinoflagellates of $Salt Pond, which
co—occurred with dinoflagellates exhibiting strong diel vertical
migrations, did not display any strong migratory patterns with the

possible exception of Oblea rotunda. With the exception of the

surface-dwelling Protoperidinium pellucidum, all abundant heterotrophs

maintained a relatively deep distribution pattern.
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Figures 1-3.
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Diel vertical distributions of 8 dincoflagellate species.

Heterotrophs are denoted by asterisks. Protoperidinium

conicum is plotted twice, once with the surface held
constant as are the balance of the figures and once with
the pond floor held constant (Fig. 1); this last plot

removes the tidal oscillationm from the data.
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