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Abstract. Sequences affiliated to Syndiniales (Marine alve- at the most oligotrophic station. The present study shows
olate, MALV) regularly dominate 18SrDNA genetic li- that dinospores are able to thrive and infect dinoflagellates
braries of nearly all marine ecosystems investigated so farboth in coastal and ultra-oligotrophic open waters. Our re-
Among them, Amoebophryidae (MALV group II) is com- sults emphasize the role of parasitism in microbial food web
posed of numerous and genetically distant environmental sedynamics and ultimately on biogeochemical cycles.
quences, wherdmoebophryds the only known and for-
mally described genusAmoebophryaspecies include vir-
ulent pathogens for a wide range of dinoflagellate speciesy |ntroduction

Beside their regular occurrence in marine ecosystems, their

quantitative distribution and the environmental factors trig- Unicellular eukaryotes are responsible for a significant share
gering host infection have barely been studied in open olig-of primary production on earth and constitute key functional
otrophic waters. In order to understand the functionalgroups driving major biogeochemical cycles on a global
role of these parasites in natural environments, we studscale. Yet their diversity is poorly known especially for cells
ied the distribution and contribution to the eukaryotic com- of the picoplanctonic size fraction<@ um), whose distinc-
munity of the small free-living stage of Amoebophryidae tive morphological features are not easily perceptible. Envi-
(the dinospores) along a transect in the Mediterranean Se@onmental surveys based on culture-independent techniques,
as well as their host diversity at three oligotrophic sta- such as environmental 18SrDNA clone libraries, have re-
tions. Dinospores were more abundant at a coastal stazealed a tremendous diversity within this size class (Mas-
tion (max. 1.5x 10° cells mI-1) than in oligotrophic waters  sana and Peds-Alid, 2008; Not et al., 2009). All investiga-
(max. 51+ 16.3 cells mt1), where they represented 10.3 to tions performed so far pointed out the overwhelming occur-
34.9% of the total eukaryotic community at 40 and 30 m rences of sequences affiliated to putative parasites belong-
depth, respectively and 21.2% on average along the wateihg to the alveolates (MALV) (Massana and PaskAli0,
column. Positive correlation was found between dinospore2008). It is now generally considered that MALV sequences
occurrence and higher concentration of NENO; at the  correspond to Syndiniales, a group of marine parasitoid di-
coastal station. At selected stations, out of 38 different di-noflagellates. Within Syndiniales, the family Amoebophryi-
noflagellates taxa identified, 15 were infected, among whichdae (also known as MALV group 11) is the most diverse, rep-

a majority were not recognized as Amoebophryidae host sgesented by 44 clades (Guillou et al., 2008). They consis-
far. Prevalences (percentage of infected cells) generally vartently represent 10 to 50% of the sequences retrieved in clone
ied between 1% and 10%, with a notable exceptiorBier libraries established from a distinct range of marine ecosys-
pharocysta paulseniior which 25% of cells were infected tems (Romari and Vaulot, 2004; Medlin et al., 2006; Guillou

etal., 2008).
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Currently, the Amoebophryidae family is represented only et al., 1996). In the Mediterranean Sea and along the west-
by a single formally described genusnoebophryainclud- ern coast of North America the highest infection level of
ing seven species infecting a wide range of organisms such. ceratiimatched closely with the decline of the dinoflagel-
as dinoflagellates, ciliates and radiolarians (Cachon, 1964iate bloom of the studied areas (Cachon, 1964; Taylor, 1968;
Cachon and Cachon, 1987; Coats, 1999; Park et al., 2004Nishitani et al., 1985). Along three consecutive years in the
Prevalences (i.e. percentage of infected hosts) estimated dhenz Bay (Brittany, Francelmoebophryapp. were found
coastal systems ranged froal to 80% (Coats, 1999; Park to infect up to 46% of dinoflagellate host cells, particularly
et al., 2004). Most of the available information concerns the toxic specieglexandrium minutuniChambouvet et al.,
Amoebophrya ceratiithe most studied species within this 2008). Models based on these results showed that the para-
genus, which was found to infect several marine dinoflagel-site was able to eliminate the host population over a 10 days
late species (Park et al., 2004). Yet a combination of phy-period (Montagnes et al., 2008). Alternatively, other studies
logenetic and culture studies revealed tAaftceratii corre- consideredAmoebophrygarasitism as a minor factor caus-
sponds to a “species complex” including several more or lessng host mortality. Only 0.5-2% of the population Bfno-
host-specific species (Janson et al., 2000; Coats and Parghysis norvegicavas removed by parasitism in the Baltic Sea
2002; Park et al., 2007). (Gisselson et al., 2002), and during the decline of the bloom

The life cycle of the genuAmoebophryas fairly well un- of Neoceratium falcatiforméex. Ceratium facatiformgca.
derstood since its original description by Cachon in 1964.11% of the host cells were killed BymoebophrydSalomon
The vegetative life-cycle dA. ceratiistarts when a small (2— et al., 2009). Overall, high specificity and virulence of par-
10 um) biflagellate zoospore (the dinospore) invades the nuticular Amoebophryidae taxa highlight their potential in con-
cleus and/or the cytoplasm of a host cell (Coats, 1999; Parkrolling host populations. However, their distribution in the
et al., 2004). Then, the endoparasitic stage (the trophontinarine environment has barely been studied and their occur-
grows and expands to fill up the host cell volume. At this rence in the open ocean, in particular, has not been docu-
stage, the parasite acquires a typical beehive-shape charaaiented yet.
terized by numerous nuclei and a mastigocoel cavity (Fritz In the present study we used fluorescent in situ hy-
and Nass, 1992). In optimal culture conditions, the life-cycle bridization (FISH), with an oligonucleotide probe specific
is completed within 2—3 days with the death of the host cell.for Amoebophryidae (MALV Il), to investigate the distribu-
The mature trophont breaks the host cell wall, eventually betion of dinospores along a transect conducted in the Mediter-
comes vermiform and fragments within few hours into 60 ranean Sea, from coastal to open ocean oligotrophic loca-
to 400 dinospores able to infect new hosts (Cachon, 1964tions, in the frame of the BOUM cruise. We were able to
Coats and Boackstahler, 1994; Coats and Park, 2002). Paestimate dinospores’ abundances and their contributions to
asites are normally lethal to their hosts rendering them rethe total eukaryotic cells. Moreover we studied the relation-
productively incompetent or photophysiologically deficient ship between dinospores’ abundances and abiotic parameters
(Park et al., 2002b), but can also affect mobility and photo-in the natural environment, as well as the potential host spec-
tactic behavior of the host (Park et al., 2002a). MALV Il en- trum and the prevalences in open water settings.
vironmental sequences retrieved from the smallest size frac-
tion of marine plankton likely result from such dinospores
(Guillou et al., 2008). Amoebophryidae-host dynamics are2 Material and methods
determined by the alternation between the different phases
of the life-cycles being also affected by several factors such2.1 Sampling strategy
as parasite generation times, dinospore longevity and di-
nospores:hosts ratio (Coats and Boackstahler, 1994; Coaithe BOUM cruise (Biogeochemistry from the Oligotrophic
and Park, 2002; Park et al., 2007). to the Ultra-oligotrophic Mediterranean) took place in the

Most studies conducted so far on this group of parasiticMediterranean Sea during June—July 2008. The cruise track
protists intended to assess their molecular diversity and inincluded two transects (north-south and west-east) from the
fectivity (e.g., Janson et al., 2000; Gunderson et al., 2002coastal waters off Marseille (France, West Mediterranean) to
Salomon et al., 2003; Guillou et al., 2008; Kim et al., 2008). the open sea off Israel (East Mediterranean) (Fig. 1).

Little information is available on their abundance, distribu-  For our analysis, a total of 10 stations were sampled along
tion and impact on populations in the natural environment.the cruise track. Three sampling stations (27, 24 and A)
The importance of parasitism in the host dinoflagellate pop-were located in the north-south part of the sampling transect,
ulation dynamics is still debated. Based on field studies, itwhile the remaining stations (19, 15, B, 3, 7, 11, C) were lo-
has been suggested tha&atmoebophrygarasites played an cated in the west-east part (Fig. 1). At each station, samples
important role in causing the decline or preventing the for-were taken at 5 or 6 distinct depths (from 5 to 160 m) with
mation of dinoflagellate bloomsAmoebophrya cerativas 24 12 L Niskin bottles rosette equipped with a conductivity-
able to remove daily 54% of the dominant bloom forming di- temperature-depth (CTD) and fluorescence sensors. Nutrient
noflagellates in a sub-estuary of the Chesapeake Bay (Coatncentrations were measured on board with an autoanalyser

Biogeosciences, 8, 26248 2011 www.biogeosciences.net/8/267/2011/



R. Siano et al.: Distribution and host diversity of Amoebophryidae parasites 269

3.00 — -
e T ; o A
+ S =f = = aw
1.89 R 5 13
g" 4 e : \% a : R =
1.19 e, s — - I 42
1\ * ;Y o e |l E?,\,_;/
- > [ WOsEE R e S 1S
o 07T 1 A N S B N Gl O R w“
i 0.48 H([ = - 5 . &
E st 4 g — 38’
NG S| i | Y =
o bz s 3
9 o019 - 36°
=
Q
012+
34’
0.08 ¢
3z
0.05
1
0.03 =0 30°
2 e 6 8 100 12 14 16 18 200 22 24 26 28 30 32 34

Fig. 1. Map of the BOUM cruise superimposed on a SeaWiFS ocean color composite indicating values of totdlatdtion of stations
analyzed in the present study is indicated by red dots. The track of the cruise is indicated, with all sampled stations.

(Bran+Luebbe autoanalyser 1) as described in Pujo-Pay eOligonucleotide probes were purchased with arffinolink
al. (2010). (C6; MWGBIotech AG) and labeled with horseradish perox-
At each sampling station and depth, seawater was takeitdase (HRP) according to Urdea et al. (1988) and Amann et
directly from Niskin bottles for enumeration of total eukary- al. (1992).
otic cells and Amoebophryidae dinospores. Samples were Anodisc filters (used to enumerate eukaryotic cells and
fixed on board with paraformaldehyde (1% final concentra-dinospores) were thawed and cut into pieces (ca. 1/12).
tion) and stored for 1 h in the dark af@. Fifty to 200 ml For each piece of filter, the face supporting the cells was
of fixed seawater were filtered onto 0.22 um Anodisc filtersmarked with a pen. For eukaryotic cells, filters were cov-
(Whatman) with a vacuum pump~@00 mmHg). Filters ered with 9 ul of 40% formamide hybridization buffer (40%
were then dehydrated through an ethanol series (50%, 80%leionized formamide, 0.9 M NaCl, 20 mM Tris-HCI pH 7.5,
100%, 3 min each), briefly dried at room temperature, and0.01% sodium dodecylsufate (SDS), 10% Blocking agent
stored at-80°C. (Boehringer Mannheim)) and 1 ul of oligonucleotide probe
For the estimation of the host range and prevalences, vert50 ng i1 final concentration). Filters were incubated for
tical net samples were collected from 150 m to surface at sta3h at 35°C for hybridization and subsequently washed
tions A, B, C using a 60 um-mesh size net-tow. Samples werdwice at 37°C during 20 min with 3 ml freshly made wash-
fixed on board with paraformaldehyde (1% final concentra-ing buffer (56 mM NaCl, 5mM EDTA, 0.01% SDS, 20 mM
tion) for 1 h, washed and stored in ethanol:PBS (11} at  Tris-HCI pH 7.5). Filters were then equilibrated in 3ml
—80°C until further analysis. In the laboratory, 1 ml of net TNT buffer (100 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.05%
samples were diluted in 20 ml of sterile sea water and filteredTween 20) for 15 min at room temperature in the dark. Each
onto black polycarbonate filters (5 um; 25 mm diameter) us-piece of filter was transferred onto a slide for TSA reaction
ing a vacuum pump~200 mm Hg). Filters were then dehy- (Kit NEN Life Science Products); 10 pl of freshly made TSA
drated by an ethanol series (50%, 80%, 100%, 3 min each)nix (1:1 dextran sulfate and amplification diluent, 1:50 fluo-

briefly dried at room temperature, and stored-20°C. rescein tyramide and the mixture of dextran sulfate) were put
on the top of each filter piece and slides were incubated for
2.2 FISH-TSA 30 min in the dark. In order to stop the enzymatic reaction

and wash the filters, they were transferred in two successive,
Fluorescent in situ hybridization coupled with tyramide 5m|55°C pre-warmed, TNT buffer baths for 20 min each.
signal amplification (FISH-TSA) was used to enumerateFilters were then rinsed in water, dried at %5 counter-
(1) total eukaryotic cells, (2) Amoebophryidae dinosporesstained with DAPI (1 mg mit) during few minutes for visu-
and (3) infected hosts and prevalences. The combinaalization of nucleus, and mounted in antifading reagent (Citi-
tion of oligonucleotide probes EUK1209R, NCHLOO1 and fluor AF1). Filters were finally covered with a cover glass
CHLOO1 was used to enumerate total eukaryotic cells (Notand sealed with nail varnish. Slides were stored % 4n
et al., 2002) whereas the oligonucleotide probe ALVO1 wasthe dark for two days before analysis.
used to target Amoebophryidae (Syndiniales, MALV Group
I1), dinospores and prevalences (Chambouvet et al., 2008).

www.biogeosciences.net/8/267/2011/ Biogeosciences, 8 27@/2011
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For Amoebophryidae dinospores the FISH-TSA protocol2.4  Statistics and data representation
differed slightly. Hybridizations were conducted overnight
(16-17 h) at 42C. Filters were then washed 3 times afd5 In order of evaluate any relationship between eukaryotic cells
for 30min each. After TSA reaction, filters were washed and Amoebophryidae dinospores, a Spearman correlation
3 times in 55C pre-warmed TNT buffer baths for 30 min. analyses§ =52) was performed using Statistica 6.0 (Stat-
Cell nuclei were counterstained with Propidium lodide (PI) Soft). The relationship between these variables and some
(10 pg mid). oceanographic variables (i.e. temperature, salinity, fluores-
For identification of infected dinoflagellate cells and esti- cence, N@+NOz, POy and Si(OH)) was also checked with
mation of Amoebophryidae prevalence 1/4 pieces of the 5 unthe same statistic procedure. Prior to the analyses, all data
filters were covered with 27 pl of 40% formamide hybridiza- were transformed logarithmically [In¢1)]. All maps of
tion buffer and 3 pl of oligonucleotide probes (50 ng}ufi- vertical distribution provided in this study were drawn using
nal concentration). Filters were incubated for 12h at@2 Ocean Data View software (Schlitzer, 2003).
for hybridization, and subsequently washed twice during
30 min at 46 C. After equilibration in 5ml TNT buffer for
15 min, filters were then covered with 30 pl of freshly made
TSA mix and incubated for 30 min in the dark. They were
transferred in two successive 5ml 85 pre-warmed TNT

buffer baths for 30 min each. Cells were counterstained withrhe middie-eastern part of the cruise was characterized by
calcofluor (100ngmit) for visualization of dinoflagellate  gyrface water masses of higher temperature and salinity than
theca. Slides were covered with a cover glass, together with, the western part (Moutin et al., 2011). All along the tran-

a mix of Citifluor AF1 and Propidium lodide (10 pg ™)., sect NQ+NO,, PQ; and Si(OH) showed concentrations
sealed with nail varnish and stocked &CGlin the dark. lower than 1, 0.02, and 2 umoatl, respectively, characteriz-

ing extremely oligotrophic waters. Nevertheless, one could
notice that nutrient values gradually increased from 75m
depth towards deeper water at all stations (Pujo-Pay et al.,

3 Results

3.1 Oceanographic context

2.3 Epifluorescence microscopy

All hybridized and stained filters were observed with an i ; I h
Olympus BX-51 epifluorescence microscope (Olympus Op—?om)' Int«fagr:ated conclentratlons %_ E’;I]QNOZ along t eh
tical) equipped with a mercury light source, a 11012v2-Wide irst 50m of the water column were higher at station 27 than

Blue filters set (Chroma Technology, VT, USA) and a CCD at other stations (Eig. 3). This pattern was not observed for
camera (Spot-RT, Diagnostic Instrument, Sterling |_|eigh,[‘,s,phosphates and silicates. Fluorescence values were also very

MI, USA). Cells were observed with fluorescence filter setslow' with the highest values observed at surface on station 27

for DAPI (excitation: 345nm; emission: 455nm), Pl (ex- (for details see Crombet et al., 2010).
citation: 536 nm; emission: 617 nm) and FITC (excitation:
495 nm; emission: 520nm). A total number of 52 and 54
samples have been counted, respectively for total eukary-
otic cells (EUK1209R, NCHLOO1 and CHLOO1 probes) and p strong gradient of decreasing abundances of total eukary-
Amoebophryidae dinospores (ALVOL1 probe). Total eukary- gies (including pico- nano and microplanktonic cells) was
otic cells were counted with the 180objective in 20 ran-  ghqerved from the coast to the open ocean, from the west to
domly chosen microscopic fields; numbers of counted cellspe gastern part of the studied area (Fig. 2a). Higher abun-
varied among filters (4-21 cells per field). Amoebophryidae yances were observed at the surface layer (5m) on stations
dinospores were counted with the 20@bjective in 3ran- 5 (7.8 x 10% cells mi-2) and 24 (66 x 103 cells mt1), in the
domly chosen transects along the total length of the analyzeq,estern part of the studied area. Eukaryotic cell densities
piece of filter. Variable numbers of dinospores were countedy5qyally decreased from stations 27 and 24 going eastwards
for the different filters (0-88 per transect). Dinoflagellate in- 1 stations A. 19 and 15 (0.4:Bx 10° cells mt-1), and from
fected cells were observed and counted with 20 40x 0b-  he surface to deeper layers. The lowest eukaryotic cell abun-
jectives on the whole surface of the piece of filter processedy,nces (0.1-9 x 1C® cells mI-1) were observed at the east-

A specimen was considered infected when the nucleus of the, ot of the transect (stations B to C), with a homogeneous
parasite together with the probe signal was clearly identifi- o tical distribution.

able in the host cell. Prevalences were considered reliable Dinospores targeted by the Amoebophryidae specific
when atleast 50 specimens Of dinoflagellate species were  ,ohe have been detected at all studied stations but not at
observed. Below thls value, prevalences were calculated, but, depth of each station. They appeared rather homogeneous
considered not reliable. morphologically along the transect (Fig. 4a and b), 4-8 pm
in size, naked, and presenting a dense nucleus occupying
half of the cellular volume. No bacteria was observed inside
the dinospore cytoplasm (easily visible after IP staining).

3.2 Total eukaryotic cells and Amoebophryidae
dinospore abundances

Biogeosciences, 8, 26248 2011 www.biogeosciences.net/8/267/2011/
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respond respectively to the north-south and west-east parts of the 60 T T T T
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Significant differences of abundance were observed between

the north-south and west-east parts of the transect (Fig. be_ig. 3. Dinospore abundances and BI®NO, concentrations along
The highest dinospore abundances(d 108 cells mi1) was t_he first 50 m of the water colurr_m atthe coasta! station _27 at thg_sta—
observed at 30m depth of station 27 in the north-southtion 11,chos_en as representative of the ultraoligotrophic conditions
part of the transect. At this station dinospores represente&f the sampling area.

from the 10.3 (40m) to the 34.9% (30 m) (average calcu-

lated along the water column 21.2%) of the total eukary- o ) ) )
otic community. Dinospores abundances were at least 1(§erved, from the |n|t|at|_on of the mf_et_:tlon (Fig. 4c, d) to the
times lower at all other stations (Fig. 3). For instance, den-ntermediate growth (Fig. 4e, f, g, i, j, |, m) and the mature
sities reached 39+ 4.5cellsmi! and 51+ 163 cellsmr: ~ Peehive stages, typical of temoebophryayenus (Fig. 4h

on average along the water column at stations 24 and C, ref'i‘”d k). If only one growing trophont is usually observed dur-

spectively. The lowest abundances were observed at statigffd [ate stages of infections, several co-infecting dinospores

7 (42+ 4.6 cellsmt! on average along the water column). ha_ve been repeatedly observed at the beginning of infections
At all but one station (station 27), dinospores accounted fon(F'g' 4d).

a very small proportion of the total eukaryotic cells, rang- From a total of 38 dinoflagellates taxa identified along
ing from 0.4 to 3.1%. No significant statistical correlation these stations, 15 dinoflagellate taxa were infected by Amoe-
was found R =0.24; p =0.067) between eukaryotic cells bophryidae (Table 1). Infected species belong to three dif-
(including diatoms, heterotrophic and autotrophic nanoflag-ferent orders of thecate dinoflagellates (i.e. Dinophysiales,
ellates) and dinospore abundance. Similarly, no significanfeonyaulacales and Peridiniales), with the geiNeocer-
correlations were detected between eukaryotic cells or diatium particularly well represented with 8 infected species.
nospore density with temperature, salinity, fluorescence, anéoth the highest dinoflagellate species number and the high-
nutrients. Nevertheless a significant correlation between di€st number of infected species were found at station A, with

nospores and N+ NO, (R =0.73; p < 0.05) was obtained 12 species infected out of the 30 taxa identified at this sta-
when considering only values restricted to the first 50 mtion. Lower numbers of infected hosts have been observed at

depth (Fig. 3). stations B and C, with 3 and 8 over 19 and 27 dinoflagellate
species identified, respectively.
3.3 Infected species Infections were more frequent in some species compared

to others (Table 1).Blepharocysta paulsenivas the only
Infected hosts have been investigated by FISH using thespecies to be infected at all statio@onyaulax polygramma
Amoebophryidae probe at three selected stations (A, B and. fragilis, Neoceratium pentagonuamdOrnithocercus car-
C). Different stages of the trophont maturation were ob-olinae were always infected when detected (prevalences

www.biogeosciences.net/8/267/2011/ Biogeosciences, 8 27@/2011
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Fig. 4. Micrographs of dinospore@, B) and infected dinoflagellat§€—M) observed under UV excitation. The cell nucleus (red), the

theca (blue) of the dinoflagellates and the fluorescence of the probe targeting the cytoplasm of Amoebophryidae (green) are shown. Different
maturation stages have been obser&).Neoceratium pentagonuwith a dinospore insidg{D) Neoceratium trichocergghe green area

attached to the nucleus indicates that the infection is sta(EdNeoceratium tripos(F) Neoceratium pulchellurand (G) Neoceratium
pentagonunas an illustration of different progressive infection stadey;Neoceratium minuturwith a mature trophont having the typical
beehive-shape dmoebophryaarasite, small red spots are the multiple nuclei of this stdyénfectedOrnithocercus carolina¢ogether

with non-infectedProrocentrunsp.; infected cells ofJ) Gonyaulax polygrammdK) Podolampas bipewith a beehive-shape of the trophont
presenting an internal cavity clearly visib{e) Amphisolenia globiferand(M) Podolampas spiniferaith a atypical trophont feature. Scale

bars(A), (B) =5um;(C), (D), (E), (F), (G), (H) =50 um;(l) =10 um;(J), (K), (L), (M) =20 pm.

ranking from 4 to 12.5%). Other species were detected at allvere also observed to contain green dots, however it was not
stations, but not always infected¢oceratium fusys\. tri- clear if the parasites were growing inside or just ingested by
pos Podolampas spinifeja Finally some taxa were present, the ciliate.
but never occurred to be infecte@lédopyxis brachiolata
Dinophysis caudataOrnithocercus quadratysOxytoxum _ _
milneri, O. scolopax Protoperidiniumspp.) even when 4 Discussion
present in the samples at high densities (Elgdopyxis bra- o .
chiolata). When a significant number of cells was observed4-1  Distribution of the free-living stage of
(n > 50), prevalences were usually less than 10% (from 2to ~ Amoebophryidae
0 ! i .
10%), with the notable exception Bfepharocysta paulsenii The relative importance of MALY sequences in rDNA ge-

for which 25% of cells were infected at station C (averageon_ " ) .
netic libraries may have been underestimated because of

the three stations 10.3%). Noteworthy, some tintinnid ciliates, . : )
I ) worthy ntinnid ¢t inherent biases produced during the DNA extraction and

Biogeosciences, 8, 26248 2011 www.biogeosciences.net/8/267/2011/
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Table 1. List of infected and non-infected dinoflagellate species recorded at stations A, B and C. Species underlined are new potential hosts
of Amoebophryidae. Number of examined specimens for the determination of prevalence (%) of infected species is showed in parenthesis.
Significant prevalence values ¢ 50) are in bold. Nk dinoflagellate species present but non-infected;=Ndnoflagellate species non-
detected.

A B C
Dinophysiales
Amphisolenia globifer&tein 2% (n=61) ND NI
Dinophysis caudat&aville-Kent NI NI NI
Dinophysis odiosaPavillard) Tai and Skogsberg NI ND NI
Dinophysis schuettiMurray and Whitting NI ND ND
Dinophysis tripogsourret NI NI NI
Histioneis remoréStein ND ND NI
Ornithocercus carolina&ofoid ND 4% (n=52) ND
Ornithocercus magnificuStein NI ND ND
Ornithocercus quadratuScHitt NI NI NI
Phalacroma cuneuSchitt ND NI ND
Phalacroma doryphorurtein NI ND ND
Phalacroma favu&ofoid and Michener NI ND ND
Phalacroma mitraScHitt NI ND ND
Phalacroma rotundatur(Clapaede and Lachmann) Kofoid and Michener NI ND NI
Gonyaulacales
Neoceratium contrariuniGourret) @mez, Moreira and dpez-Garcia 2%(= 10) NI 2% (n=57)
Neoceratium fusurtEhrenberg) @mez, Moreira and &pez-Garcia 6% (n=52) NI 6% (n =88)
Neoceratium horridunGran) Gmez, Moreira and dpez-Garcia NI NI 2% (n=57)
Neoceratium longirostrurtGourret) @mez, Moreira and pez-Garcia NI ND ND
Neoceratium minutur@grgensen) @mez, Moreira and &pez-Garcia 2%(=10) NI 6% (n=52)
Neoceratium pentagonu(sourret) @mez and bpez-Garcia 4% (n=53) ND ND
Neoceratium pulchellurgSchibder) Gmez, Moreira and &pez-Garcia 3%(=40) ND NI
Neoceratium trichocerofEhrenberg) @mez, Moreira and &pez-Garcia  1%{(=10) ND NI
Neoceratium tripogMuller) Gomez, Moreira and &pez-Garcia 20%n(=15) NI 12% @ = 20)
Gonyaulax fragilis(ScHitt) Kofoid 9% @ =20) ND 10% (n =51)
Gonyaulax polygramm8&tein ND ND 12% f = 8)
Protoceratiumcf. areolatumKofoid ND NI NI
Peridiniales ND ND ND
Ceratocorys gourretiPaulsen NI NI ND
Cladopyxis brachiolat&tein NI NI NI
Blepharocysta paulsei8chiller 2% @ =10) 20% @ =10) 25% (n=54)
Oxytoxum milnerMurray and Whitting NI NI NI
Oxytoxum scolopaS8tein NI NI NI
Oxytoxum tesselatu(®tein) Sclitt ND ND NI
Protoperidiniumspp. NI NI NI
Podolampas bipeStein 1% ¢ =10) 1% @ =10) NI
Podolampas spinifer®kamura 2% = 15) NI 10% @ = 20)
Pyrophacus steini{Schiller) Wall and Dale ND ND NI
Prorocentrales
Prorocentrum micang&hrenberg ND NI ND
Prorocentrumspp. NI ND NI
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PCR amplification. It was recently suggested that the domi- Three possible explanations could be suggested to explain
nance of MALV environmental sequences from size fractionsthe higher dinospore abundances at stations 27: (i) the oc-
<0.8um could correspond to extracellular material rathercurrence of microdinoflagellate infections before the sam-
than living cells (Not et al., 2009). Our quantitative estima- pling; (ii) the presence of other potential hosts for dinospores
tion of MALV Il free-living cells distribution in oligotrophic  overlooked in this study (including small dinoflagellates);
waters demonstrated their occurrence in both coastal anglii) other abiotic and biological factors affecting infectivity
open ocean areas as they were detectable at all sampling Isuccess.
cation across the transect performed. This confirms the pos- Amoebophryidae infections were considered as an impor-
sibility that MALV environmental sequences from oceanic tant cause of microdinoflagellate mortality in natural envi-
regions were actually retrieved from active parasites. How-ronments, with population outbreaks observed in less than
ever, dinospores observed were relatively large, which is con10 days (Chambouvet et al., 2008). Consequently, the high
gruent with previous observations and formal taxonomic de-abundance of dinospores at station 27 could be the result of
scriptions of Syndiniales (from 4 to 8 um), arguing in favor an infection of the microdinoflagellate populations that oc-
of the hypothesis suggesting that environmental sequencesurred few days before our sampling.
retrieved from samples passing through less than 0.8 um are The presence of other potential hosts for dinospores, over-
derived from larger cells. looked during this study, such a20 um thecate and naked
Abundances of Amoebophryidae may be underestimatedlinoflagellates, could explain the high abundances of di-
because of the specificity of the ALVO1 probe. None of nospores recorded at station 27. Nano- and picoplanktonic
the oligonucleotide probe designed for FISH analyses coverslinoflagellates can be an important component of coastal di-
the entire genetic diversity of MALV Il. The ALVO1 probe noflagellate assemblages (Siano et al., 2009; Siokou-Frangou
used in this study targets 33 clades over the 44 describedgt al., 2010), and some20 um dinoflagellate genera (e.g.
whereas the probe used by Salomon et al. (2009) cover 2Karlodinium, Heterocapsa, Oxytoxueic.) are recognized as
clades, as revealed by a screening of a complete eukaryotigotential host of Amoebophryidae (Park et al., 2004). How-
sequence database (KeyDNAtodittp://keydnatools.cofy/  ever, specific counts o&£20 um phytoplankton community
When considering all environmental sequences belonging tdvave not been performed, thus data on the nano- and pico-
MALV Il found in previous studies performed in the Mediter- dinoflagellate populations are not available. Unfortunately,
ranean Sea (IBz et al., 2001; Massana et al., 2004, 2006;the hypothesis of an infection of the small dinoflagellate pop-
Viprey et al., 2008), the ALVO1 probe targets 400 sequencesulations cannot be neither verified on net samples collected
out of the 612 retrieved, which correspond to 22 clades overt station A, B, C since a 60 um-mesh size net-tow has been
the 30 detected so far in the Mediterranean Sea. As revealeglsed. In addition other protists (e.g. ciliates) or pluricellu-
by the ALVO1 probe, abundances of Amoebophryidae werelar organisms (e.g. copepods) could have been infected by
very variable across stations. In the NW areas (stations 27Amoebophryidae, being a further source of dinospores. If
24, A, 19, 15) dinospores reached the maximum concentrathe infection of ciliates by Amoebophryidae is doubtfull (Sa-
tion at station 27 (average:lix 103+ 0.5 cellsmil, max.at  lomon et al., 2009; this study), the possibility that Amoe-
30m: 15x 10%cells mi1) and contributed up to 34.9% of bophryidae infect metazoans is still to be verified.
the total eukaryotes. In the eastern part of the studied area Abiotic factors such as nutrient concentration may play an
(stations B, 3, 7, 11, C) lower abundances were detectedmportant role in the distribution of Amoebophryidae. Physi-
(min. 42+ 4.6 cells mi1) corresponding to 0.4 to 3.1% of ological experiments showed thaimoebophryap. cultured
the total eukaryotic cells. with dinoflagellate hosts grown in nutrient-replete medium
The comparatively high density of dinospores at stationproduced 3—4 times more dinospores than those infecting
27 cannot be associated to a higher abundance of a pahosts maintained under low-nutrient conditions (Yih and
ticular dinoflagellate species larger than 20 um, since mi-Coats, 2000). In addition, dinospores produced by parasites
crodinoflagellate species numbers were relatively comparaeultivated under high nutrient concentration had a higher in-
ble across the stations (Fo@ez, personal communication, fectivity success than those formed by parasites grown at low
2010). Actually, at station 27, dinoflagellates larger thannutrient values (Yih and Coats, 2000). According to the re-
20 um in size represented less than 1% of total eukaryotesults from these later studies, one can expect less dinospores
The dominant organisms were heterotrophic nanoflagellateproduced in oligotrophic waters and rates of parasitism infe-
and pico- nano-phytoplankton which represented 52% andior to those of waters with more elevated nutrient concentra-
30% of the total community, respectively (Christaki et al., tions. The difference in N&*+ NO» concentration observed
2011). No correlation was detected between dinospores anith the top 50 m (Fig. 3) of the water column between sta-
heterotrophic or autotrophic flagellates (different from di- tion 27 and all other stations might explain the higher Amoe-
noflagellates). Indeed, these two components of the phytobophryidae dinospore abundance recorded at station 27. In-
plankton community have never been shown to be potentiallydeed, a strong positive correlation was found between di-
hosts of Amoebophryidae. nospores and N9+ NO, concentrations. Besides chemical
components, other abiotic (light intensity, photoperiod, etc.),
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but also biotic factors influencing host conditions (host im-  Significant ¢ > 50) prevalences (i.e. % of infected cells
munological capabilities, complex life cycles) could explain of a given species) observed in the three oligotrophic sta-
the success of infections. Light intensity is a factor which tions sampled (A, B, C) were generally between 2% to 10%
has been suggested to play an important role in parasitic infaverage 4.6%), with a notable exception Riepharocysta
fection. Prevalences of infected host cells inoculated duringpaulsenij for which 25% of the cells were infected. These
the day were higher than when inoculated during the nightyvalues are comparable to previously reported data for Brazil-
suggesting that infection rates might be related with envi-ian oligotrophic waters, where percentages of early infection
ronmental light conditions or diurnal biological rhythm of and late infection stages ranged from 1-7% and 20-50%, re-
host species (Park et al., 2007). Finally it is worth consider-spectively (Salomon et al., 2009). In eutrophic environments,
ing that infectivity and the resulting production of dinospores averaged prevalence of cells infected Aymoebophryavar-
depends on the encounter rate between hosts and free-livingd between 1% and 6%, with peaks of infected cells of 81%
parasitoid stage (dinospores). This encounter may depenRhode River, Coats et al., 1996) and 40% (Chesapeake Bay,
not only on the abundance of the host cells, but also on the€Coats and Bockstahler, 1994). It has been suggested that par-
physical factors triggering this encounter. Turbulence wasasitic prevalence is strongly dependent on the host abundance
shown to lead to a 25-30% reduction in the maximum infec-(Park et al., 2004). In this study, abundances of microdi-
tion rate ofParvilucifera sineraeon dinoflagellates popula- noflagellates £20 um in size) did not significantly varied
tions (Llaveria et al., 2010), the role of other physical forc- between stations (average less than 1 celldif. Gomez,
ings (water density, circulation) is still to be elucidated. The personal communication, 2010) and an important number of
production of attractive allelopathic molecules, that could species were infected with relatively low prevalences (rang-
trigger the host-parasite encounter, is also a possibility thaing from 1 to 3%). Such low prevalences might be linked
remain to be explored. to unspecific infections. For example, although these par-
asites have been detected to be essentially host specific in
4.2 Hostdiversity and prevalence in oligotrophic waters ~ the Pene estuary, other non-primary host species could also
be infected at low prevalences by the same parasite (Cham-
Dinoflagellates diversity is rather high in the Mediterraneanbouvet et al., 2008). However, complete maturation of these
Sea (®mez, 2003, 2006) but their biomasses and relativeparasites infecting non-primary hosts were never observed, a
importance in the planktonic assemblages rarely reach corfact that was also reported in cultures (Coats and Park, 2002).
siderable values (Siokou-Frangou et al., 2010). All dinoflag-This capacity to initiate infections in different hosts may be
ellate species identified in this study have been previouslya key aptitude in terms of adaptation and survival. However,
found in the Mediterranean Sea (Schiller, 1937; Rampi andve cannot exclude that some early stages (dinospores) ob-
Bernard, 1980; Gmez, 2003). Our sampling and detection served inside dinoflagellates simply resulted from the feed-
strategy allowed the identification of clear Amoebophryidaeing activity of dinoflagellates.
infections only inside large thecate dinoflagellates. The dif-
ferent maturation steps detected are all congruent with theé.3 Integration of Amoebophryidae within the
description of the genudmoebophrya In particular, typi- microbial food webs and biogeochemical cycles
cal beehive stages characteristic of that genus have been ob-
served in several host species. Other hosts such as delica@igotrophic systems are characterized by the dominance
ciliates and unarmored dinoflagellates may not have bee®f the microbial food web, where picophytoplankton are
properly preserved by the formaldehyde fixation procedurerecognized as the major contributors to primary production
used. In addition, our study was restricted to cells retained@nd heterotrophic bacteria are the principal recyclers of the
by our 60 pm mesh size net-tow. organic matter (Turley et al., 2000). Heterotrophic nano-
Fifteen species over the 38 identified dinoflagellate wereflagellates (HNF) play also an important role in these ecosys-
infected along the three studied stations (A, B, C), and amondems, being able to remove 45 to 87% of bacterial biomass
them 13 had never been previously identified as potentia(Christaki et al., 2001). Competitions for orthophosphate be-
hosts for Amoebophryidae. This rises to 48 the number oftween heterotrophic bacteria and cyanobacteria, and preda-
potential host species belonging to dinoflagellate, which wadion by HNF on bacteria, have been suggested as the two
previously established at 35 taxa (Park et al., 2004). Outmain biological processes which regulate the structure of mi-
study provides additional evidences that infections are frecrobial food webs in oligotrophic systems (Thingstad and
quent, and occur toward a broad spectrum of host diversityRassoulzadegan, 1999). Our results indicate that parasitism
This is congruent with environmental genetic libraries show-by Amoebophryidae is also an important process influencing
ing the presence of several genotypes of MALV Il at a singlemicrobial food webs structure and dynamic in such ecosys-
sampling site and from a wide range of ecosystems, includiems. Amoebophryidae dinospores are non-photosynthetic
ing oligotrophic areas (Groisillier et al., 2006; Guillou et al., biflagellate cells which can be easily misinterpreted as HNF,
2008). but in contrast to “regular” HNF, dinospores were con-
firmed to not consume bacteria (this study). For instance,
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at station 27, very small HNF of 1.8-2.2 um in size were lar trophic link has been also point out in freshwater where

more abundant than dinospores wittx 203 cellsmit and ~ zoospores of the parasitic fungidygorhizidium plankton-

1.0 x 10°cellsmi1, respectively (Christaki et al., 2011). icuminfect the inedible diatori\sterionella formosasup-

Because of their slightly larger size and general shape, diporting the growth of the cladoceBsaphnia(Bruning, 1991,

nospores were distinguished from typical HNF and thus theyKagami et al., 2007). Yet, the relevance of this putative

were not included in the HNF counts (U. Christaki, personaldinoflagellate-dinospore-microzooplankton pathway should

communication, 2010). Since dinospores are larger, they fibe evaluated in future works on the basis of specific grazing

nally represented an important available biomass for higheexperiments and observations in order to estimate better the

trophic levels. amount of carbon transferred between these trophic levels.
Both field observations and computer based models sug-

gested that Amoebophryidae do have the capacity to control

their host population at short and long terms (Montagnes eb Conclusions

al., 2008; Coats et al., 1996; Chambouvet et al., 2008) sim-

ilarly to viruses (Sandaa, 2008). For viruses the so-calledlhe detection of Amoebophryidae dinospores at all stations

“kiiiing the winner” model of Community structure has been Sampled and the detection of infected dinOﬂage”ate hosts

proposed (Thingstad and Ligneii, 1997) The model impiiesdemonstrate both the presence and aCtiVity of these eukary'

that viruses control the most abundant and fastest-growingtic parasites in the oligotrophic to ultraoligotrophic waters

host popuiation' enabiing less Competitive or slower growingOf the Mediterranean Sea. Our results stress the requirement

host popuiation to coexist with the dominant, fast growing to include parasitism processes in the mOde”ing of microbial

hosts and consequently they act locally to the species richfood webs and biochemical cycles structure and dynamic.

ness and diversity (Sandaa' 2008) However, viruses are Veryhe fate of dil’lOSpOI’eS and their survival time in waters are

resistant and can wait months for their host once released ifnportant parameters to assess in oligotrophic waters in or-

the water. This is definitely not the case for dinospores whichder to understand the capacities of these parasites to propa-

suffer predation. Grazing of Amoebophryidae dinospores bydate infections at low hosts concentrations.

ciliates has been shown to limit host infections (Maranda,

2001; Johansson and Coats, 2002). Such grazing pressure/i:gknowledgementsAuthors wish to thank Thierry Moutin, chief
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