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Abstract :

Syndiniales (Alveolata) are marine parasites of a wide range of hosts, from unicellular organisms to
Metazoa. Many Syndiniales obligatorily Kill their hosts to accomplish their life cycle. This is the case for
Amoebophrya spp. infecting dinoflagellates. However, several dinoflagellate species known to be infected
by these parasites produce diploid resting cysts as part of their life history. These resting cysts may survive
several seasons in the sediment before germinating. How these parasites survive during the dormancy
of their host remained an open question.We successfully established infections by Amoebophrya sp. in
the red tide dinoflagellate Scrippsiella trochoidea. This host strain was homothallic and able to
continuously produce typical calcified cysts covered by calcareous spines. Presence of the parasite
significantly speeded up the host cyst production, and cysts produced were the only cells to resist
infections. However, some of them were clearly infected, probably earlier in their formation. After 10
months, cysts produced in presence of the parasite were able to germinate and new infective cycles of
the parasite were rapidly observed. Thus, a very novel relationship for protists is demonstrated, one in
which parasite and host simultaneously enter dormancy, emerging months later to propagate both
species.
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Introduction

Recent molecular studies using culture-indepenaetihods for direct sequencing of genes,
generally the small subunit of the ribosome (SSNMADyene or 18S), have demonstrated the
widespread occurrence of enigmatic novel eukarywmt@ages within the smallest size
fraction (< 3-5 um) of marine plankton (Lépez-Garet al. 2001; Moon-van der Staay et al.
2001). By phylogeny, a large part of these envirental sequences belongs to Alveolata and
are sister groups to the dinoflagellates (Guillbale2008; Massana et al. 2008). These
environmental lineages, usually known as marineaates (MALV), have been retrieved in
all marine ecosystems studied so far, from coag#ers to deep hydrothermal vents. They
usually represent 10 to 50 % of the total environtalesequences from genetic libraries based
upon the SSU rDNA (Guillou et al. 2008). Recenslgyeral formally described species were
placed within these marine alveolate lineages (taed al. 2007; Moon-van der Staay et al.
2001; Skovgaard et al. 2005; Skovgaard and DaugB@®8). All of them belong to
Syndiniales, a group exclusively composed of oldidanarine parasites. These pathogens
infect a wide range of hosts, from unicellular malgae and micro-predators (such as
ciliates), to metazoan including Crustacea (copepobs, langoustines), fish eggs, and
Appendicularia Indeed, the widespread occurrence of MALV segesimt environmental
clone libraries and the potential host range ofSfiediniales suggest that these parasites are
ecologically important in marine waters. Thus 8mdinians have been shown to severely
damage commercial stocks of several species, suctahs, Norway lobsters and fish eggs
(Mori et al. 2007; Stentiford and Shields 2005a&tudakis et al. 2000; Yuasa et al. 2007).
The marine alveolate Group Il (MALV II) undoubtedigpresents the most widespread and
genetically diversified group within the SyndinisléJp to 44 different genetic clades have
been recorded within the MALV I, most known only énvironmental sequences (Guillou et

al. 2008). Amoebophryawith seven species described so far, is the kimbyvn genus



belonging to MALYV II. It infects a wide range ofganisms, including dinoflagellates,
ciliates, and radiolaria (Cachon 1964; Cachon aachGn 1987). The species complex
‘Amoebophrya ceratitvas recently reported to cause the rapid dechiseweral bloom-
forming dinoflagellates (Chambouvet et al. 2008atSceet al. 1996). These parasites are very
virulent. They prevent reproduction of host celtlslain a few days, kill their host and release
small free-living cells, called dinospores. Thes®dpores rapidly loose their capacity to
initiate new infections and most of them disappeatfter 2 to 10 days in cultures (Coats and
Park 2002). Propagation of the parasite, howesemnsured by the number of dinospores
produced, as one infected dinoflagellate cell pidéyn produces between 60 to 400
dinospores (Coats and Park 2002). Indeed, botth dleservations and model predictions
indicate that these parasites have the capacagrtol their host populations (Cachon 1964;
Chambouvet et al. 2008; Coats et al. 1996; Montaghal. 2008). A study conducted in the
Penzé estuarfBrittany, France) during early summer of threessmutive years, showed
chronic infection of dominant dinoflagellates smsgiincluding the toxic speciésexandrium
minutumwith prevalences up to 40 % (Chambouvet et al. 2008ing fluorescent
oligonucleotide probes, these parasites were prtaved highly specific, the same parasite
distinguishable at the genetic level infecting $hene dinoflagellate host year after year
(Chambouvet et al. 2008). From an ecological anevatutionary perspectives, however,
such pathogens pose a paradox, as by controllmiggration of its host, a parasite reduces
the probability of its own survival.

Many dinoflagellates produce over-wintering restygts as part of their sexual cycle. In
such case, haploid vegetative cells transformgatnetes that fuse to produce motile diploid
planozygotes, that after a period of growth formskiwalled resting cysts (also called
hypnozygotes) that can remain viable in the sedistem long periods (Dale 2001). These

cysts form seed banks that ensure the survivaihofldgellates from year to year. However,



how do syndinian parasites that infect dinoflageBasurvive while their hosts reside in the
sediment as resting cysts is still an open quesborsyndinian parasites form cysts? Do they
lie dormant within the cyst of their host? Or, tey infect other host taxa during the winter?
We recently isolated a strain Afnoebophryable to infect the red tide dinoflagellate
Scrippsiella trochoidearlhis homothallic dinoflagellate continuously ungiges sexual
reproduction in monoclonal cultures and producegdf calcified cysts covered by
calcareous spines. This host-parasite system dfeetaique opportunity to follow the
interplay between infection bBdmoebophryand host encystment. Here we used cultures of
Scrippsiella trochoideand its complementary strain Aoebophrydo test the hypothesis
thatthe parasite survives in the absence of motile telt by remaining dormant inside the

host resting cysts.



Results

Characteristics of strains

The clonal strain oBcrippsiella trochoideased in this study belongs to the clade STR1
(Gottschling et al. 2005; Gu et al. 2008), baseadmalysis of the ITS1-5.8S-ITS2 sequence
(access number: HQ658160, not show). Vegetatius aeeraged 23 pm long and 18 um
wide. This strain is homothallic, continuously puathg two types of resting cysts in culture.
One cyst type had a thick wall, was covered by mooeecalcareous spines, and had a mean
length of 38.4 um and mean width of 28.9 um. Tluese type was characterized by an
absence of calcification, and was smaller, with mdianensions of 32.4 um long and 25.0
pm wide. Both cyst types had distinctive doublelwwat contained at least one bright red
accumulation body.

SSU rDNA gene sequence (access number: HQ6581&tgdthe parasite in the
Amoebophryidae (Syndiniales), basal to the dinalage lineage, and in the MALYV I, clade
2 (classification published in Guillou et al. 2008he parasite exhibited the typical life cycle
of Amoebophrya ceratas described by Cachon in 1964 (Fig. 1). Infectimere initiated by
the entrance of dinospores (3.5 pm in mean lengtbhe host cell. Infections developed in
the nucleus of the host and the mature multinueteacbphont had a typical beehive
organization. After 2-3 days, the parasite emefgad the host cell as a motile vermiform
stage. When observed under the microscope, dinespgere rapidly produced by the
dissociation of the vermiform stage. Like otheasts ofAmoebophrydCoats and
Bockstahler 1994), all life-history stages of tlegsite, including dinospores and
vermiforms, emittedh vivo a bright green autofluorescence under blue-vitettation (Fig.
1).

Dynamic of infection and cyst production



Infections occurred in all flasks inoculated withaspores, vegetative host cells completely
disappearing after 10 days (data not shown). Tlsé drowth showed an initial lag period of
one day observed in almost all incubations (FigN&t growth rates were maximal in all
incubations between days 1 and 2, with mean valfiz07 d'in uninfected host and of 0.89,
1.30, and 1.65tin infected cultures inoculated with 2:1, 10:1, &@:1 host:dinospore
ratio, respectively (Fig. 2). Flasks inoculatedhatite highest concentration of parasite (1
parasite for 2 hosts) showed a positive net groatid until the second day, followed by rapid
decline of the host population (Fig. 2). The timwfghe decline in the host population was
directly linked to the initial host:dinospore rates disappearance of host cells was
progressively delayed in inoculations using 1 dowwe for 10 and 100 hosts, respectively
(Fig. 2). At their initial concentration, dinosper@ess than 1.4 x {@ells mL™") were barely
distinguishable using flow cytometry because theyenn low numbers. However,
dinospores were clearly detected by the flow cytemafter 3 days of inoculation in the 2:1
host:dinospore ratio treatment, and after 4 toys dathe other two treatments (Fig. 2). At
this time, the free-living stage of the parasiteasee eight times more abundant (6.5 % 10
cells mL™Y) than the remaining hosts (8 x*lls mL?) in the first condition. Dinospore
production reached highest density (8.1 X ddlls mL?) in the 2:1 inoculation (Fig. 2).
Heterotrophic bacteria rapidly increased from 28cells mL™* to 9.7 x 10 cells mL*
concomitantly with the decline of host populati@amshe 2:1 inoculation (Fig. 2). Similar
trends were observed in the two other conditions.

Although both types of cysts & trochoideavere formed in all incubations, the majority of
them were calcified (Fig. 2). Calcified cysts wereasionally produced after 7 days in
controls and in 100:1 incubations, with zero or oyst observed per well, corresponding to
less than 0.3 cysts mb Total number of cysts clearly increased in trespnce of the

parasite with the initial ratio of 2:1 and 10:1¢kimg 42 and 4 mean cysts miafter 7 days,



respectively (Fig. 2). However, cyst abundance sti#lsvery low compared to the host
density. These cysts were similar in size, aveaglyout 24.7 um long and 20.1 pm wide.
After day 4, the number of calcified cyst remaimedstant for months in all conditions.
Production of non-calcified cysts was 10 times leggortant in all conditions excepted for
the 2:1 ratio incubations, where non-calcified systached 6 mtton day 7 (Fig. 2).
However, the number of non-calcified cysts was el@sing over time, completely
disappearing after one month (data not shown).

Influence of the initial host cell density and watebone signal on the cyst production.
Cyst production was followed for different initiabst concentrations ranging from 1,000 to
20,000 hosts mL}, but for a constant host:dinospore ratio (2:1, Bjg After 6 days, cyst
abundance was similar in controls without paragit@sal host concentration of 20,000 cells
mL™, data not show) and the lowest host concentratioculated with parasites (1,000 cells
mL™%). However, cyst abundance increased almost lipedth the initial host concentration,
until a plateau that was reached at a concentratitdf cells mL-%. At this plateau, mean cyst
abundance was 60 cysts mafter 6 days. Most cysts (93 %) were produced dtfie first 3
days in all conditions.

We then tested for the produce and release of arskane signal triggering host encystment
during infections. Cyst production observed in colst(without parasite) was similar to that
observed in host culture inoculated with a < 0.22fjitrate of a well infected culture (Fig. 4).
Presence of the parasite inside the host restingstg

After two weeks, we carefully observed by epiflismence microscopy resting cysts
produced during the first experiment. Intriguingdgyveral fresh host cysts produced in the
presence of the pathogen (2:1 host:dinospore iticutsd exhibit the typical bright green
autofluorescence of the parasite in part of thellutar content (Fig. 5). This green

fluorescence was observed in both types of cysisi{ied and non-calcified). This



fluorescence rapidly faded during microscopic exation and over time as cysts aged, and
completely disappeared after one month. After 10t between 10 and 20 cysts were
collected and mixed with exponentially growing lso$dne week later, new infection cycles
were observed, with the concomitant presence dfinfelcted host cells and dinospores (data
not shown).

Green autofluorescent calcified cysts were obsebyeTEM in thin sections (Fig. 6).
They had a resistant, thick, multi-layered celllwstiorage products, and reduced plastid
material, indicative of lowered metabolism. Thesamce of the viable parasite inside these
cysts was observed (Fig. 6). TAmoebophrydrophont lied inside the nucleus of the host,
occupying most of the main nuclear volume. The §itednad no special parasitophorous
vacuole; its plasma membrane was in direct contéhtthe nucleoplasm. The parasite
produced several cytoplasmic protrusions in the hosleus similar to pseudopodia of
amoebae (Fig. 6). The cytoplasm of the parasiterather dense, with a lot of ribosomes,
some small vesicles, and lipid droplets. There wigrgyosomes of the Golgi apparatus and
rare membranes of cytoplasmic reticulum. Some swesilkles filled the pseudopodial
protrusions of the parasite. No mitochondria werenfl in this stage of the parasite some

sections we found two, or even three nuclei inghasite (not shown).



Discussion

Characteristics of strains used in this study

Both the host and the parasite were isolated flmrsame geographic area (the Penzé
estuary, France). This parasite belongs to the MArgup Il clade 2, which is in fact the
genetic clade that was observed to chronicallycirfie trochoidealuring three consecutive
years from the same location (Chambouvet et al8R0these observations strongly suggest
thatS. trochoideas the primary host for this parasitic strain. FAmoebophryatrain is the
seventh obtained in culture and described so ferariterature (Coats et al. 1996; Coats and
Park 2002; Kim et al. 2004, Place et al. 2009). Ewasv, this is the first report of a parasitic
strain infecting a homothallic dinoflagellate specimeaning that the host is able to
continuously have sex in clonal culture.

The host strain produces two types of cysts, whreheither calcified or not. Calcified cysts
are widely considered as diploid assuming that fieemation requires prior sexual
reproduction (Kim and Han 2000; Kremp and Heiskat@®9). This is in agreement with
their long-term encystment observed during our grpents (more than 10 months). By
contrast, the non-calcified cysts disappeared &teweeks in presence of the parasite.
These cysts have typical shape of true resting gsthypnozygotes) by having distinctive
double wall and containing right red accumulationlyp They might represent an aborted
stock of immature cysts, too weak to transform diyran more typical calcified cysts, and
perhaps sensitive to the parasite infections. Heweas the state of non-calcified cysts among
Scrippsiellagenus is still controversial (Kremp and Parrow@0@e cannot even exclude
that these cysts have a different nature (hapl@d@jor a shorter dormancy period than the
calcified cysts. Overall, the calcified cysts w#re only ones to resist infections by

Amoebophryan a long term.
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Did the parasite promote the host sexuality?

During experiments, the production of sexual arsistant cysts were promoted in presence
of parasite. This process is undoubtedly imponpaotesses for host survival. This
phenotypic trait may be comparable to the fecunchtyjpensation (more reproduction early
in life) widely observed for metazoans exposedampites (Hochberg et al. 1992; Minchella
1985). However, having sex for unicellular orgarsdmas a more direct advantage, as deep
morphological modifications, providing new resistas, may be eventually induced by the
change of ploidy level. Diachronous ploidy modifioas, with radical phenotypical changes,
may be a widespread strategy to resist to pathdgemnsicellular organisms having a
diplobiontic life cycle. This mechanism, called fkeshire cat strategy (Frada et al. 2008),
was recently described for the widespread dipltades ofEmiliania huxleyi(Haptophyta)

that is sensitive to specific giant phycodnavirind/g (Frada et al. 2008). This species may
survive infections by producing a discreet, buistasit, haploid stage. This ‘Cheshire cat’
escape strategy may actively participate in thenteaance of sexuality in most of unicellular
eukaryotic lineages.

However, there is no evidence that host sexualéy directly promoted by the parasite
addition. During long-term experiments, dipl&dhuxleyicultures were impacted by viral
infections in only few days. By contrast, an adivgrowing haploid population was visible
only after three weeks of incubation. These hapdmid diploid stages are distinct phases that
can proliferate independently by clonal divisionghe same water masse or culture (this is a
true haplo-diplontic life cycle). Indeed, it is n@dear if the diploid host changed into the
haploid form due to contact with the viruses, dh# haploid stage, potentially initially
present at low concentration in cultures, were miath by the decline of the diploid stage.

Similarly, these doubts also persist &rtrochoideanfected byAmoebophryaFirst, the
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encystment process involves certain definite stiepistake time in dinoflagellates (Fig. 5).
Such steps include the formation of gametes fropidié vegetative cells (Fig. 5, H1 to H2),
their fusion to form diploid biflagellate cells (= the planozygote, H3), and the final
encystment process leading to the formation ohifpnozygote or resting cyst (H4). Gametes
were observed to form by two successive and rapididns (in less than 24 hours) and
fusing of gametes appears to immediately succeetigmenesis (Coats et al. 1984). Then,
the planozygote resulting from this fusion accurteiiorage compounds required for the
long-term survival of resting cysts, such as lipigranules, glucids, and carbohydrates.
Accordingly, the diploid planozygote generally rega 3 to 20 days in cultures before
encystment (Dale 2001; Figueroa et al. 2006; Rfremdd Anderson 1984). More specifically,
Scrippsiellacf. lachrymosaandS. hangoplanozygotes have been described to require a few
days to one week before complete encystment (Heesk&d993; Kremp and Heiskanen 1999;
Olli and Anderson 2002). Considering the time reeghifor all of these processes, cysts
formed during these first days likely resulted frdme pool of diploid planozygotes ready to
encyst at the beginning of our experiments. Ano#ingument supporting this hypothesis is
the relatively low number of cysts produced comg@dcethe total number of vegetative cells
at beginning of the experimentg( 0.8 %), although this relative low cyst productiaight
partially be explained by the use of full strengtedium rather than reduced nutrient level
media generally used to assess dinoflagellateprgsiuction (Binder and Anderson 1987). In
addition, they were relatively small compared tetsyproduced from cultures without
parasites, a characteristic likely induced by atehndife-time of planozygotes. Thus, addition
of the parasite probably does not induce sexuiigjf, but only promotes the maturation of

diploid planozygotes present in the culture atidbginning of the experiment.

How explaining this host cyst production during inction?
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Toth et al (2004) reported the productionAdddéxandrium ostenfeldpellicle cysts by water-
borne signals in presence of the paraBaevilucifera infectansHowever,water-borne
signals did not appear to be involved in $harochoideaalcified cyst production in presence
of Amoebophryap., as suggested by the experiment where theumddom dinospore
suspensions were added3otrochoideaultures. However, we must admit that this
experiment was done by a single addition of theatiés from the contaminated cultures,
which assumed the stability of the potential altelemical activity during the first three days
of incubations.

In other hand, the ratio of dinospores:hosts wadewvant factor affecting cyst formation.
This fact suggests that the encystment processresgehysical contact with the parasite. The
importance of cell contacts in the encystment peadS. trochoideavas highlighted by
Uchida in 2001. In fact, all planozygotes did netessary transform into resting cysts (Fig.
7). When individually isolated in fresh medium, pdaygotes directly divide to produce
haploid vegetative cells without undergoing cysishida 2001). Thus, encystment was
suspected to require cell contact among congebletida 2001). This is the probable
mechanism favouring the formation of calcified cg6E. trochoidean cultures mixed with
the parasite that naturally increased externalamarsignals.

Double capacity for planozygotes to form restingtsyand undergoing direct meiosis is
probably a key parameter to resist pathogens. thdewas recently demonstrated that
crosses between two mating strains, one resistahbiae sensitive, of the heterothallic
dinoflagellateAlexandrium minuturproducedlanozygotes that preferentially divided
instead forming resting cysts in presence of thapgeParvilucifera sineragFigueroa et al.
2010). This strategy may favour the rapid integrabf resistance in recombinant progeny,
additionally escaping the mandatory dormancy peffiogueroa et al. 2010). However, we

cannot exclude in these experiments that the nserosie was preferred because these
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planozygotes were too young to encyst. Likely,ingstysts production resulted in all cases
in the equilibrium between the pool of planozyggiessent nearly at the beginning of the

experiment, their degree of maturity, and the netatoncentration of parasites.

Physiology of the parasite inside the cyst of itsdst.

In the case oAmoebophryanfectingScrippsiella trochoideacalcified cysts were resistant to
the infection. Thus, host cysts bearing parasite®wkely infected prior to encystment
process. The parasite appeared to be active inysts; penetrating the host nucleoplasm with
cell projections. An absence of active mitochonaliizside the parasite at this stage clearly
demonstrated its dependency on host activity. Adesen mitochondrion in early stages of
infection of vegetative cells can also be notigedEM micrographs published by Fritz and
Nass (1992). Accumulation of host mitochondriorsel¢o the trophont was also observed in
Amoebophrya acanthometré€achon and Cachon 1969). These well developed hos
mitochondria around the parasite is reminiscenhefsituation with Microsporidia, a group

of obligatory intracellular parasites that infediraad variety of metazoan hosts, as well as a
small number of protists, and which use ATP disetitttm the mitochondria of their host
(Williams et al. 2002).

As the green autofluorescence of the parasite pesp as soon as the parasite is fixed or dies
out, this property might be linked to the metabalativity of the parasite. This
autofluorescence turns off also with the dormarfaye host. However, themoebophrya

strain infectingScrippsiella trochoideaurvived inside its host and was still infectiveern
months. Thus, a very novel relationship for pretistdemonstrated, one in which parasite and
host simultaneously enter dormancy, emerging mdatks to propagate both species.
Considering that the first target of this parastthe host nucleus, production of a new host

generation from these infected cysts is unlikelyug, transmission of infections is in fact
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always horizontal, a characteristic supposed tonpte the evolution of harmful symbionts

(Sachs and Wilcox 2006).

Ecological significance of this process.

From an ecological point of view, the capacitylod parasite to lie dormant inside the
cyst of its host nicely explains how this parasheonically infects the same host species year
after year, as it was demonstrated in the Penm@mystiuring three consecutive years
(Chambouvet et al. 2008). This physical link, meiand space, is undoubtedly favourable for
the co-evolution of both species at local scalegeGthe importance of cyst formation as a
factor regulating the initiation and decline of dilagellate blooms (Dale 2001), this host-
parasite interaction could have additional implmas for the understanding of dinoflagellate
blooms dynamics. Although the studies about dimgaflate population dynamics are usually
focussed on the role of abiotic variables suchudisents, light, and temperature, there is
growing evidence of the importance of biotic fastanainly grazing and parasitism, in the
demise of blooms (Coats et al. 1996; Montagnet 088; Watras et al. 1985). However,
recent studies pointed out that biotic factors lathogens, can also indirectly contribute for
the removal of vegetative populations from the klan by promoting the encystment or
affecting the excystment processes (Figueroa @040; Fistarol et al. 2004; Rengefors et al.
1998; Toth et al. 2004). In this context, this stbdings new evidences that the formation of
dinoflagellate resting cyst, produced throughoetgbxuality, could also be regulated by
antagonist interactions. Results from laboratoungists suggest that dinoflagellate resting
cysts are formed in response to adverse conditedated to nutrient concentrations, light and
temperature (Anderson et al. 1984; Sgrosso eDall R However, under field conditions,
encystment is not always linked to obvious envirental cues and seems to occur under

apparent optimal conditions (Anderson et al. 1¥83rada et al. 2010; Kremp and Heiskanen
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1999). Thus, our results point out the importarfcassessing the potential role of

Amoebophryidae parasites in studies about dinolilegeencystment under field conditions.

Methods

Cultures: A culture of the non-toxic dinoflagellatcrippsiella trochoideavas
previously established from the germination ofragk& cyst collected in 2005 from the Penzé
estuary sediment (North-West of France, Englishndkeh 48°37’'N; 3°56'W). A monoclonal
strain was subsequently obtained after the retisol®f a single vegetative cell (deposited at
the Roscoff Culture Collection, RCC 1627, http:/Ansb-roscoff.fr/Phyto/RCC/).

From natural sampleS§, trochoideaells were detected from the Penzé estuary during
summer 2007, with a maximal abundance observetiGhe July (3.2 x 10cells LY.
Amoebophrydike parasitesnfecting S. trochoideavere detected by their natural bright
green autofluorescence using an epifluorescencemstape (BX51, Olympus) equipped with
the U-MWB2 cube (450- to 480-nm excitation, 500-emission, Coats and Bockstahler
1994, Kim et al. 2004). Themoebophryatrain was established from samples collected the
23 of June 2007, using a glass micropipette tosteara single infected cell in late-stage of
infection to the monoclon@. trochoideaulture (RCC 1627) at exponential phase. The
Amoebophryatrain obtained was subsequently re-isolated twsteg the same procedure
(deposited at the Roscoff Culture Collection, R@&24).

Infected and uninfected host cultures were maiethin a F/2 medium (Marine Water
Enrichment Solution, Sigma), using autoclaved redtseawater from the Penzé estuary
collected in June the year before (27 of saliraty)l stored at dark. After preparation, the
water salinity was adjusted to 27 with distilledteraand complemented with 5% (v/v) soll
extract (Starr and Zeikus 1993). A final filtratiosing a 0.22 pm pore size filter was

processed under sterile conditions. Stock cultafélse parasite were propagated using 10
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mL culture flasks, by transferring 300 pL of infedthost culture into 3 mL of exponentially
growing uninfected. trochoideastock every 2-3 days. All stock cultures and expents

were maintained at 19 °C and on a L:D cycle of 2t 80 pEinstein fis’.

Genotypic characterization of strains:Genomic DNA of the parasite and the
uninfected host were extracted from 10 mL of ca@sui~or the parasite, dinospores were
separated from the remaining host cells by filtnatihrough 5-um cellulose acetate filter
(Minisart, SARTORIUS, France). Cells were then leated by centrifugation. DNA was
extracted by a standard phenol/chloroform protde@GIR amplifications were performed
using the GoTaqg DNA polymerase from Promega. Thermal Transcribed Spacer 1 (ITS 1),
the 5.8S rDNA, and the ITS 2 genes of both the Apndtthe parasitic strains were amplified
by PCR using the forward primer ITS-Cer-F 5-GTCGTITACCGATTGAGT-3’and the
reverse primer D1R-Cer-R 5-TATGCTTAAATTCAGCRGGT-@hodified from Scholin et
al, 1994). The SSU rRNA gene of the parasite wadliied using the eukaryotic primers
328-F 5'-ACCTGGTTGATCCTGCCAG-3’ and 329-R 5-TGATATCYGCAGGTTCAC-

3’ described by Moon-van der Staay et al. (2001).

The PCR program included a denaturation step &C96r 5 minutes, followed by 35
cycles of denaturation for 1 min at 95 °C, hybradian for 45 seconds at 55 °C, and
elongation for 1 min 15 seconds at 72 °C. The felahgation step lasted for 7 minutes at 72
°C. PCR products were visualised on a 1 % agarelseugd then purified before being
sequenced. PCR products were purified using th&ERelT procedure (USB, Cleveland,
Ohio) following the manufacturer recommendationd dinectly sequenced on an ABI Prism
3100 automatic sequencer (Applied Biosystems).

Dynamic of infections: The experiment was conducted using recently formed

dinospores, harvested after 2 days of infection tfat, stock infected cultures 8f
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trochoideawere filtered by gravity throughout 10 um pore-diter (polycarbonate
membrane, Whatman) to remove uninfected and irddobsts. Just before incubations,
aliquots of 1.5 mL of harvested dinospores werediwith glutaraldehyde (0.25 % final
concentration) for at least 15 minutes and thespoce concentration was determined by
flow cytometry (FACSAria, Becton Dickinson) afteNBA staining with SYBR Green-| at a
final dilution of 1/50,000, following the protocdescribed by Marie et al (2000). Dinospores
are distinguished from heterotrophic bacteria bagexh their DNA content (FI1 parameter)
and their SSC. To assess the effect of parasitédseomost cyst formation, untreated culture
24 well plates (Nalgene) were filled with an expainaly growingS. trochoideaulture
(2,700 cells mLY), with a final volume of 2 mL in each well. Half the wells were
inoculated with dinospores to produce three differest:dinospore ratios (2:1, 10:1 and
100:1). Rest of wells was considered as contrdigrAnoculation (T0), the experiment was
followed during six days (T1-T6). Two replicatesesich treatment and their respective
controls were daily fixed with glutaraldehyde beftaeing frozen into liquid nitrogen and
stored at -80 °C until analysis by flow cytometfpur replicates of each treatment (the
different host:dinospore ratios) were collectedmyall the experiment and screened every
day by inverted microscope (1X71, Olympus) for thentification of cysts. Flow cytometry
(same protocol as mentioned previously) was uséartioer deduce the host abundances, and
when it was possible abundances of dinospores ateddirophic bacteria, as they may also
influence dinoflagellate cyst production (Adacha&t1999).

Influence of the initial host concentration on encgtment Similar incubations (four
replicates per conditions) were initiated usingesedlifferent host concentrations ranging
from 1,000 to 18,800 cells mt(final concentration), inoculated with freshly leatted

dinospores at a 2:1, host:dinospore ratio. Fouitiaddl wells were sowed with uninfected
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host cultures at 20,000 cells Al(final concentration). The number of cysts in eaeli was
counted at approximately daily intervals usingrarerted microscope.

Influence of a water-borne signal on the cyst prodetion: A mixture of host contaminated
by the parasite at a final 2:1 host:dinospore nats prepared two days before this
experiment. At TO, one aliquot of this culture viidtsated by gravity through a 10-pm filter
(Polycarbonate membrane, Whatman), in order to verhost cells. Fresh dinospores were
then collected by filtration through a 0.22-umehl{Polycarbonate membrane, Whatman) and
diluted with this filtrate to obtain a final condeation of 2,700 cells mt. A second aliquot

of this culture was directly filtered through a®-@m cellulose acetate filter (Minisart,
SARTORIUS, France) to collect the filtrate devofchost and parasite cells. One culture
plate was inoculated using an exponentially grov@ntyochoideastock cultures (5,400 cells
mL™%, 1 mL per well). In the first row (4 replicated)mL of F/2 medium complemented with
soil extract was added (controls for host only)thHa second row, dinospores were added to
the host (Vol/Vol, corresponding to a final 2:1 hdsospore ratio). In the last row, 1 mL of
the filtrate only (< 0.22um) was added (Vol/Vollyst production in all replicates was daily
measured by inverted microscopy.

Electronic Microscopy: For the EM studiethe infected cysts dbcrippsiellawere isolated
from the culture and fixed with 0.25% Osfar 25 min at room temperature. Without rinsing,
2.5% glutaraldehyde on 0.05 M cacodilate buffehwatarine medium has been added for 2.5
hours at 4° C. The post fixation with 1% Q@ marine medium was processed overnight at
4° C. The material was then dehydrated using 3@08%6 alcohol series. After a final
dehydratation with propylene oxide the material wagedded in the Epon. The material was
cut using the ultramicrotome Leica ultracut UCHis¢d with uranil acetate and lead citrate,

and viewed at the TEM Jeol 1400 at 80 kv, equippitll digital camera Orius SC1000
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Germination of cysts:During a first experiment, uninfected hosts (3 miere incubated
with fresh dinospores (300 pL of the stock solukifmm one week. These flasks were then
stored in dark and covered by parafilm to avoidpevation. After 10 months, these culture
tubes were checked in order to collect cysts, hrsdsblution was mixed with 3 mL of
exponentially growings. trochoideaultures into 6 ml culture plates. Infections ger
checked daily using natural fluorescence of thegite (as described above) by inverted

epifluorescence microscope (IX71, Olympus).
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Figure legends

Figure 1. Developmental stages Amoebophryap. infecting the red tide dinoflagellate
Scrippsiella trochoideaCells observed under bright field (A to D, phasatrast, upper part)
and blue light excitation (E to H, bottom pan).B. free living stage of the parasite (also
called dinosporesyL. Vermiform stageD. Infected vegetative host cei-H. Green

autofluorescence was from the parasite, red framstjols of the host. Scale bars = 20um.

Figure 2. Cyst production during infection cycles. In linpanel A-C, D-F, and G-I represent
three condition treatments monitored during 6 day#itial host:parasite ratio (1:2, 10:1,
and 100:1 respectively). First column repres&usppsiella trochoideabundances, in grey
for incubations mixed with the parasite and in darkhealthy cultures. Second column
figures out the production of calcified (black) amzh-calcified (grey) in the respective
proportion of parasites. Third column concernsdim®spore concentrations (when it was
possible to assess by flow cytometry) during in¢aloa mixed with parasite (black line). and
heterotrophic bacteria concentration compared ttrots AHbact = Hbagkasite- HbaCkontros

in grey). Error bars indicate standard deviatiotween replicates.

Figure 3. Influence of the initial concentration of the hostthe production of calcified cysts

by Scrippsiella trochoideain presence ofAmoebophryasp. after 3 and 6 days. Initial

host:parasite ratio fixed at 2:1. Error bars intBhcgtandard deviation between quadruplicates.

Figure 4. Calcified cyst production over days under différenlture conditions. In plain

curve: host alone. In dash lines and rectangutast tulture incubated with < 0.22 pum filtrate
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of a two-days-old culture dbcrippsiella trochoideanfected withAmoebophryasp. In dash

line and triangle: host culture incubated in thesence of the free-living stage of the parasite.

Figure 5. Amoebophryap. infectingScrippsiella trochoideaysts.A-B. Calcified cysts. The
resting cyst with green autofluorescence at thadehfected.C-D. Infected non-calcified
cysts.A and C:Cells observed under white light (phase contr&gnd D. Same cells
observed under blue light excitation (parasite aéae by its natural green autofluorescence).

Scale bars = 20 um.

Figure 6. Thin section throughout a portion of calcified st of Scrippsiella trochoidea
Cytoplasmic protrusions of parasite (cp), nucleuhe host (hn), lipid droplet (1), host

mitochondrion (m), nucleus of parasite (pn). Stae= 1 pum.

Figure 7. Interactions betweeS8crippsiella trochoideandAmoebophryap. life cycles.

Black arrows indicat&. trochoidedife cycle with haploid vegetative cells (H1), geias

(H2), diploid planozygote (H3), diploid calcifiedsting cyst (H4), diploid planomeiocyte
(H5) and haploid non-calcified cyst (H&moebophryap. life cycle (lines in grey) with
free-living stage of the parasite (dinospores, Blile to infect vegetative cells 8f
trochoidea(P2), mature trophont &moebobophryétypical beehive stage, P3), and the
vermiform stage (P4). The parasite was additiorddiected in non-calcified (P5) and
calcified cysts (P6) of its host. Dotted linesshitated uncertain routes for the parasite. For
examples, infected non-calcified (P5) and calcified) cysts eventually give rise to infected
vegetative cells (P2) and infected planomeiocyi® (Bspectively or directly to the

vermiform stage (P4) and dinospores (P1).
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