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ABSTRACT: Small-scale turbulence and parasite infection are 2 important factors that govern the
dynamics and fate of phytoplankton populations. We experimentally investigated the influence of
turbulent mixing on the infectivity of the parasite Parvilucifera sinerae to dinoflagellates. Natural
phytoplankton communities were collected during 3 stages of a bloom event in Arenys de Mar Har-
bour (NW Mediterranean). The 15 to 60 pm size fraction was used as the inoculum and distributed
into spherical flasks. Half of the recipients were exposed to turbulence while the rest were kept still.
In the experiments, the dinoflagellate assemblage was mainly composed of Prorocentrum micans,
Scrippsiella trochoidea and Alexandrium minutum. We observed a collapse of A. minutum and S. tro-
choidea populations in the unshaken flasks, which coincided with an increase in parasite infectivity.
After a short exposure to turbulence, the development of the dinoflagellate populations slowed down
and stabilised as expected. In the shaken treatments, the infectivity was lower and the decay in the
host cells numbers was delayed compared to the still treatments. The degree of interference of the
turbulence with infectivity varied among the experiments, due to differences in cell abundances and
possibly their physiological state. Results from a numerical model suggest that turbulence could lead
to a 25 to 30 % decrease in the maximum infection rate, which could be due to host population disper-
sion and/or reduced host-parasite contact times. Turbulence may thus be effective in delaying the
initial infection, but not in preventing it.
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INTRODUCTION

The dynamics of phytoplankton communities is dri-
ven by a wide range of interactions between biologi-
cal and environmental factors at different spatial and
temporal scales. Hydrodynamic and meteorological
forcings can lead to the accumulation or dispersal of
microalgal cells by advection, modify phytoplankton
sinking and buoyancy patterns, alter their exposure
to light and nutrient availability and contribute to the
selection of ‘life forms' (Margalef 1978). At small
scales, turbulence directly affects different physiolog-
ical processes of phytoplankton cells, such as nutri-
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ent uptake, that may influence the size structure and
species composition of the community (e.g. Kierboe
1993, Estrada & Berdalet 1997, Arin et al. 2002, Maar
et al. 2002). Small-scale turbulence particularly
affects dinoflagellate physiology (e.g. growth rates,
cell division, asexual encystment, toxin production),
which could influence their blooming capacity (e.g.
revision by Berdalet & Estrada 2005, Bolli et al. 2007,
Llaveria et al. 2009). Furthermore, by interfering with
particles and plankton encounter rates (Rothschild &
Osborn 1988) turbulence can modulate different
behavioural aspects of the microorganisms (sexual
reproduction, parasite infection, grazing) that in turn
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play a key role in the proliferation of the different
species.

Interestingly, several studies have suggested that
parasites (viruses, bacteria or eukaryotes) could con-
trol (harmful) phytoplankton (e.g. Nishitani et al.
1985, Bruning et al. 1992, Kim et al. 1998). Montagnes
et al. (2008) noted that parasitic infection could even
be a more effective mechanism of dinoflagellate
bloom control than microzooplankton grazing. At pre-
sent, research is focussed on the taxonomic identifica-
tion (using novel molecular tools) of different dinofla-
gellate parasites and, if possible, on their life cycle as
well. This is the case, for instance, for the eukaryotic
phylum Perkinsozoa, which includes several species,
e.g. Parvilucifera infectans (Norén et al. 1999) and P.
sinerae (Figueroa et al. 2008), with the capacity to
specifically infect dinoflagellates. This group of para-
sites has 2 well defined stages in its life cycle: (1) a
free-living stage as a very small flagellated zooid with
an elongated body, about 2 to 4 pm long, which is dif-
ficult to recognize by optical microscopy, and (2) as a
sporangium inside a host cell. The presence of a dark
cyst inside the host cell is indicative of mature sporan-
gia. This advanced stage of cellular infection is identi-
fied by optical microscopy, and its abundance can be
used as an estimator of the parasite infectivity
(Figueroa et al. 2008). This knowledge may facilitate
further progress towards a better understanding of
the factors that could modulate host-parasite dynam-
ics in phytoplankton. In lakes, it has been observed
that epidemics of chytrids on diatom populations coin-
cided with periods of increased turbulence (Doggett &
Porter 1996 and references therein). This feature
could be due in part to the resuspension of fungal
resting spores from the sediment. Turbulence could
also enhance host— parasite contact rates, analogously
to increased predator-prey encounter rates (Roth-
schild & Osborn 1988, Saiz et al. 1992, Alcaraz 1997).
However, increased encounter rates may not neces-
sarily lead to higher ingestion rates (Peters & Marrasé
2000), at least when turbulence intensities are high
(Mackenzie et al. 1994). In the same line, Kiithn & Hof-
mann (1999) noted that the encounter rate between
host diatoms and the zoospores of a parasitoid
nanoflagellate increased with turbulence, but the con-
tact time was reduced. The authors hypothesised that
turbulence interfered with the chemotactic signals,
making it more difficult for a parasite to locate a host.
Indeed, other factors, such as sensory or behavioural
characteristics (migration, feeding activity), could also
be involved in regulating encounter dynamics under
natural conditions (e.g. Kierboe & Visser 1999, Peters
& Marrasé 2000). The present study deals with a pos-
sible control mechanism of phytoplankton popula-
tions: the infection by a parasite.

The main objective of the present work was to
explore whether (and if so, how) turbulence affects
parasite infection of dinoflagellates. To address this
question, we collected field samples during 3 distinct
and temporally separated phases of a phytoplankton
spring bloom, characterised by the presence of Proro-
centrum micans, Scrippsiella trochoidea and the toxic
Alexandrium minutum, as well as the parasite Parvilu-
cifera sinerae, which has the capacity to infect the lat-
ter 2 dinoflagellate species. We then subjected the
samples to laboratory-generated turbulence (using the
same experimental setup as in previous studies on tur-
bulence—-dinoflagellate interactions; Berdalet et al.
2007, Bolli et al. 2007, Llaveria et al. 2009) or kept them
unperturbed. We compared the 2 treatments in terms
of dinoflagellate cell abundances and data on the
infectivity by P. sinerae. Furthermore, we recorded
changes in the number of ecdysal cysts (hereafter
referred to as pellicle cysts based on Bravo et al. 2010)
and resting cysts to explore whether these life forms
could represent a defence mechanism against the par-
asite infection, as was suggested for pellicle cysts in a
previous study on A. ostenfeldii and the parasite P.
infectans (Toth et al. 2004). Finally, we used a simple
numerical infectivity model to help evaluate our
observations.

MATERIALS AND METHODS

General design and setup. Previous studies have
shown recurring dinoflagellate spring blooms in
Arenys de Mar Harbour, 50 km north of Barcelona
(Vila et al. 2001, Van Lenning et al. 2007). This site is
included in the harmful algal blooms regional monitor-
ing programme of the Catalan Water Agency (ACA),
which provides periodic information on the main nox-
ious organisms in the area. For the present study, addi-
tional samples were collected in Arenys de Mar Har-
bour since 1 February 2006 to track the evolution of the
entire phytoplankton community. On 28 February, and
10 and 29 March 2006 (Fig. 1), sample volumes of the
in situ phytoplankton community were used as inocula
for what will subsequently be referred to as Expts I, II
and III. Given that phytoplankton communities change
along the temporal succession of a bloom, they cannot
be considered replicates, but they help us evaluate the
consistency of our results. In the laboratory, the com-
munities were screened through a 60 pm diameter
mesh to eliminate most micro-zooplankton and large
diatoms. Nanoplankton was removed by a second
screening, using a 15 pm diameter mesh. Thus for each
of the 3 inocula, we used the 15 to 60 pm phytoplank-
ton size fraction. In each of the 3 experiments, the
inoculum was distributed into 4 Florence flasks (spher-
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ical Pyrex vessels with flat bottom) of 4 1 capacity,
ensuring that each flask contained similar concentra-
tions of Alexandrium minutum, which we chose as a
reference species due to its toxicogenic capacity and
its sensitivity to turbulence observed in previous stud-
ies (Berdalet et al. 2007, Bolli et al. 2007). Commensu-
rate with the protocol and set-up used in these works,
we started Expts II and IIl with an A. minutum concen-
tration of about 500 cells ml~!. However, in Expt I, due
to the low concentration of dinoflagellates in the nat-
ural community, the screening process took long and
used a high volume of sample. Nevertheless, we could
only achieve a concentration of 150 A. minutum cells
ml?! in the inoculum. Autoclaved seawater was then
added to the inoculum in each flask so the total liquid
content was at the 3 1 mark. Inorganic nutrients and
vitamins were supplied to obtain a final concentration
corresponding to an /20 seawater enriched medium
(Guillard 1975). As in Bolli et al. (2007), all 4 experi-
mental flasks were kept still during the first 3 d follow-
ing inoculation. Thereafter, 2 of these flasks were ran-
domly chosen to be subjected to turbulence on an
orbital shaking table at 120 rpm, with a 30 mm orbit
diameter, over 10 d. For each experiment, we thus had
2 replicates that were kept still for the entire duration
of the experiment, serving as controls, and 2 replicates
that from Day 4 onward underwent the turbulence
treatment on the orbital shakers. We will refer to these
2 different treatments as ‘Still' and ‘'Turbulent’, respec-
tively. With this configuration of the orbital shaker, the
experimentally generated turbulence had an average
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Fig. 1. Alexandrium minutum, Scrippsiella trochoidea, and

Prorocentrum micans. Temporal evolution of cellular abun-

dances of the 3 species which dominated the natural dino-

flagellate population in Arenys de Mar Harbour during the

2006 spring bloom. The 3 rectangles indicate the dates when

the inocula of the natural community were obtained for
Expts I, Il & III, respectively

kinetic energy dissipation rate (g) of ca. 27 cm?s73 (2.7
x 101 W kg™!), as estimated by a miniaturised acoustic
Doppler velocimeter. A scheme of the setup used to
perform x estimations can be found in Fig. 1 of Ber-
dalet et al. (2007). A complete description of the calcu-
lations was provided by Guadayol et al. (2009).

The experiments were carried out in a culture cham-
ber with a controlled light:dark (L:D) cycle of 12:12 h
(light period starting at 08:00 h local time), tempera-
ture (18-20°C) and irradiance (110-120 pmol photons
m~2s71). For technical reasons, it was not possible to set
the experimental temperature to the in situ conditions
(12.6-13°C). This should not have had a large effect on
the growth capacities of the phytoplankton, however,
given their worldwide occurrence and their broad tem-
perature tolerance range (e.g. see the global distribu-
tion of strain collection sites at the Provasoli-Guillard
National Center for Culture of Marine Phytoplankton
[CCMP]: https://ccmp.bigelow.org/node/55). All cho-
sen experimental settings matched those used by Bolli
et al. (2007) and Llaveria et al. (2009), who studied the
effects of turbulence on the physiology of Alexandrium
minutum, which allows for a direct comparison be-
tween the results.

Every2to3d, at 12:00 h (i.e. 4 h after the onset of the
light period), we took a sample from each flask and
measured the different parameters. Samplings were
performed without opening the flasks and without
stopping the shaking in the Turbulent treatment. The
Florence flasks had a cotton plug pierced by an L-
shaped glass tube connected to a Teflon tube holding
a stopcock at the end. The glass tube reached 1 cm
above the bottom of the Florence flask. Fifteen ml of
the culture were discarded, as they corresponded to
the volume retained along the tube by hydrostatic
pressure and thus were not representative of the cells
exposed to the treatment. In the Still flasks, the distrib-
ution of the cells was patchy: cysts settled at the bottom
of the container, and motile cells performed nictemeral
migrations. To obtain representative samples, the Still
flasks were gently shaken before sampling. Mixing
prevented the formation of layers of high cell concen-
tration in the Turbulent treatments.

Cellular abundance of the most common dinofla-
gellate species. Samples were fixed with Lugol's
iodised solution. The phytoplankton communities in
the field samples collected from 1 February to 15 April
(Fig. 1) were characterised on an inverted microscope
using sedimentation chambers (Utermohl 1958). Sam-
ples (50 or 10 ml, depending on the cell abundance)
were allowed to settle for 24 h, and phytoplankton cells
were subsequently enumerated in an appropriate area
(over the entire chamber surface or along transects)
depending on the cell densities (Utermohl 1958 as
illustrated in Fig 4.2 of Throndsen 1995) using a Leica-
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Leitz DM-II inverted bright field microscope with at a
200 to 400x magnification. The different taxa were
identified according to Balech (1995) and Steidinger &
Tangen (1997). In the experiments, the abundances of
the dominant dinoflagellate species (Prorocentrum
micans, Alexandrium minutum, and Scrippsiella tro-
choidea) were estimated with the 1 ml capacity
Sedgewick-Rafter counting cell slides. A minimum of
400 cells of each species were counted. When the cell
concentration was below this threshold, samples were
processed by the Utermohl (1958) method in 10 ml sed-
imentation chambers.

Infectivity of Parvilucifera sinerae. The presence of
the parasite is clearly detected when mature sporangia
are identified by the presence of a dark cyst inside the
dinoflagellate cells (Figueroa et al. 2008). Accordingly,
to evaluate the virulence of parasite infection over the
duration of the experiments, the abundance of mature
sporangia was used as a proxy for the number of
infected cells (Figueroa et al. 2008). In this experiment,
only Alexandrium minutum and Scrippsiella tro-
choidea showed signs of infection, but not Prorocen-
trum micans. Thus, the infectivity is defined as the
ratio of infected A. minutum and S. trochoidea cells (I)
to the total combined cell number from both species:

PO |
Infectivity (%)= S+I><100 (1)
where S denotes susceptible cells, i.e. those cells that
are not recognised as mature sporangia and are con-
sidered susceptible to become infected by the parasite.

Mature sporangia of Parvilucifera sinerae were visu-
alised in samples fixed in Lugol's solution, and their
abundance was estimated by optical microscopy as
described above for dinoflagellate counts.

Cysts of Alexandrium minutum. The life cycle of A.
minutum comprises the formation of 2 types of cysts
(Figueroa et al. 2007): the resting cysts (sexual stage)
and the pellicle cysts (ecdysal stage). The resting cysts
are double-walled, have an almost hemispherical
appearance in frontal view and appear kidney shaped
in lateral view (Bolch et al. 1991). Pellicle cysts lack the
morphological characteristics of resting cysts and ger-
minate faster (i.e. in about 24 h) when under the same
environmental conditions. Pellicle cysts of this species
may resemble the vegetative cells in samples fixed in
Lugol's solution. However, a subsequent staining with
Calcofluor White M2R stain (Fritz & Triemer 1985)
allows for visual discrimination between the 2 cellular
forms. The fluorochrome specifically binds to the cellu-
lose that constitutes the external wall of the vegetative
cells and thus allows distinguishing those cysts that do
not exhibit fluorescence.

We also monitored the presence of Alexandrium
minutum resting cysts and whether their abundance

was modified by the treatments. At the end of the
experiments, the cultures were concentrated down to a
final 50 ml volume. Resting cysts were visualised by
optical microscopy in live samples with no additional
staining.

Statistics. Statistical analyses were performed using
Systat 11 for PC (Systat Software). Comparison of treat-
ments over time for the different parameters was done
using the nonparametric Kruskal-Wallis test (Motulsky
2003).

Model description. Although a great amount of liter-
ature exists on the population dynamics of parasite—
host interactions, including a wide range of models,
none of these models seemed to be suitable for situa-
tions of algal parasitism (Bruning et al. 1992). Thus, we
adapted a system of equations typically used to
describe harmful algal bloom dynamics (Truscott 1995,
Franks 1997) to characterise parasite infection. The
population dynamics is expressed through the follow-
ing set of ordinary differential equations for the sus-
ceptible (S) and infected (I) individuals:

ds(t) _ S@)y (SO

T_I'S(t)(l_ K ) a-1t) K2HSH? @
arg 0] 3)
o b I(t)7k12+[5(t)]2 M-I(t)

where t is the time in days and r is the maximum
growth rate in the absence of the parasite. Krepresents
the carrying capacity of the culture, defined as the
maximum dinoflagellate abundance that can be
attained in the absence of the parasite. K and r are
intrinsic characteristics in each experiment. The maxi-
mum infection rate a gives the number of newly
infected cells per time and present sporangia (which
after opening liberate the free living zooids). The para-
meter k; denotes a half-saturation constant for infec-
tion which governs how quickly the maximum infec-
tion rate is attained as the number of susceptible
dinoflagellates increases. The proportionality coeffi-
cient b represents the fraction of infected dinoflagel-
lates that are detected as mature sporangia at a given
time. This factor accounts for our inability to recognise
infected cells during the early stages of infection (see
above). In the absence of mature sporangia, these cells
are counted as susceptible. In the model we assumed
that 10% (b = 0.1) of infected cells show mature spo-
rangia and can thus be recognised as infected. This
assumption is partly based on a suite of tests we con-
ducted for a range of different parameter values for b
which produced the best match between the model
and the data for the chosen value of b=0.1. We cannot
say with certainty, however, whether this is a good or
even realistic value, as there are no data in the litera-
ture in reference to this parameter. Finally, M is the
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rate at which mature sporangia open and liberate the
free-living swimming parasites. A full summary of all
model parameters and their values for the particular
simulations is provided in Table 1.

We applied the model from Eqgs. (2) and (3) to Expts II
& Il in order to obtain estimates for the effect of turbu-
lence on the different parameters. Expt [ was excluded
from the simulations because of the low dinoflagellate
abundances in the inoculum (see above). S, corre-
sponds to the initial count of susceptible cells at time ¢
= 0. As we did not detect any mature sporangia at the
beginning of the experiments, I, was set to 1 spo-
rangium ml™! (see ‘Results’). This value is well below
the detection limit (200% confidence limits, Venrick
1978a,b) of the microscopic estimation of cells used in
our study. In order to constrain some of the model para-
meters, we estimated the range for the possible
dinoflagellate growth rate r and carrying capacity K
from the experiments (see Fig. 2e,f,h,i). Based on ear-
lier work, we also assumed that the value of r under
turbulent conditions should be ~75% of the corre-
sponding value in still conditions (Bolli et al. 2007,
Llaveria et al. 2009). By varying the other parameters
to obtain a best possible fit to the data using the maxi-
mum likelihood method, and assuming that the model

provides a sufficiently good representation of the
underlying dynamics of the system (which we tested
by means of a correlation analysis, cf. Table 1), this
method was used to provide an objective means to esti-
mate the effect of turbulence on some of the free para-
meters, in particular the maximum infection rate a.

Although the experiments lasted more than 15 d, we
only used the first 9 d of each experiment for the com-
parison with the model simulations (3 initial days
under still conditions plus 6 subsequent days either
under still or turbulent conditions). By using only this
shorter time period we tried to minimise the risk of
dinoflagellate mortality induced by long exposure to
high agitation (Llaveria et al. 2009).

RESULTS
Development of the natural bloom event

On the days preceding the sampling for Expt I, the
natural phytoplankton community in Arenys de Mar
Harbour was dominated by diatoms (mainly Chaeto-
ceros spp., data not shown), which were still dominant
on 28 February, the day when the inoculum for Expt I

Table 1. Model parameters and their values during the numerical simulations. The term ‘cells’ refers to susceptible vegetative cells; ‘spor’ cor-
responds to the mature sporangia. The 2 different values for a and k; represent the 2 model realisations R1 and R2 that were examined (see
‘Results’ and Fig. 6). RMS: root mean square

Symbol Meaning Unit Values used in the numerical simulations
Expt II Expt III
Still Turbulent Still Turbulent

r Maximum growth rate in the absence of the parasite at 0.47 0.35 0.69 0.53
M Rate of mature sporangia opening at 0.43 0.43 0.43 0.43
a(R1)  Maximum infection rate Infected cells spor*d'  20.1 15.0 24 17
a (R2) 15 15 18 18
b Mature sporangia fraction coefficient Spor infected cells™! 0.1 0.1 0.1 0.1
k;(R1)  Half-saturation constant Cells ml™* 3000 3000 3500 3500
k; (R2) 1850 3300 2350 4100
K Carrying capacity Cells ml™* 5600 5600 6150 19000
So Initial susceptible abundance Cells ml™* 2100 2100 1030 1030
Iy Initial mature sporangia abundance Spor ml™* 1 1 1 1
r?(R1) Model-data correlation for S(t) N 0.97 1.00 0.94 0.97
r 2 (R2) (p =0.003) (p=8x10"%) (p=0.001) (p=0.002)
r2(R1) Model-data correlation for I(t) 0.92 0.97 0.92 0.97

(p = 0.009) (p =0.001) (p=0.01) (p=0.002)
r? (R2) 0.90 0.99 0.92 0.99

(p=0.05) (p =0.007) (p=0.04) (p=0.006)

0.92 0.99 0.94 0.99

(p=0.04) (p = 0.005) (p=0.03) (p=0.006)
os (R1) Model-data RMS (Eq. 4) for S(¢) Cells ml™! 224 363 410 716
os (R2) 382 297 482 759
or (R1) Model-data RMS (Eq. 4) for I(¢) Cells ml™* 37 9 99 36
or (R2) 38 22 104 56
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was obtained (Fig. 1). In the days after this first sample
was taken, the natural succession led to a dinoflagel-
late-dominated community with similar abundances
and temporal dynamics of Alexandrium minutum and
Scrippsiella trochoidea, and lower but constant con-
centrations of Prorocentrum micans (Fig. 1). From the
temporal evolution of cell numbers (Fig. 1), we can
assume that the inocula for the 3 experiments were
obtained at times that corresponded to the beginning
(28 February), the early maintenance (10 March), and
late maintenance/starting decay (29 March) phases of
the dinoflagellate bloom.

Cellular abundances of the most common dinoflagel-
late species (Prorocentrum micans, Alexandrium
minutum and Scrippsiella trochoidea)

The populations in each of the replicates in Expts I, II
& III showed a very similar behaviour with only slight
differences in cell numbers (Fig. 2). The 2 different

Expt 1

ExptII

kinds of treatments produced significant differences in
the cell abundances in all 3 experiments. The species-
specific response to the treatments is summarised in
the following paragraphs:

Prorocentrum micans: During the first 3 d of the
experiment, when both the Turbulent and Still flasks
were at rest, all flasks showed similar cell abundances.
After Day 3, when the agitation was started, the cell
numbers in the shaken flasks were consistently lower
in all 3 experiments compared to the still controls
(Fig. 2a-c).

Alexandrium minutum: In Expt I, the population
showed a lag phase of 5 d (Fig. 2d) followed by a minor
increase in cell numbers both in the Still and Turbulent
treatments. Differences in the cellular abundances
between the 2 treatments were not detected until the
last day, when cell numbers started to drop in the Still
cultures. Expts I and III exhibited a markedly different
behaviour between the 2 treatments, with the Still pop-
ulations collapsing on Days 9 and 7, respectively. A
drop in cell numbers under turbulent conditions was

Expt III

10*

P. micans (cell ml'l)

-@-Still
-/*-Turbulent

A. minutum (cells ml™)

S. trochoidea (cells ml™)

0 5 10 15 0 5

Time (d)

Time (d)

10 15 0 5 10 15
Time (d)

Fig. 2. Prorocentrum micans, Alexandrium minutum, and Scrippsiella trochoidea. Temporal evolution of the 3 most common
dinoflagellate species during Expts I, II & III. Data points: averages of duplicates +SE. Double-ended horizontal arrows
indicate the periods during which the corresponding flasks where placed on the orbital shaker
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only detected in Expt III from Day 8 onwards (Fig. 2f),
well before turning off the agitation. The decrease in
cell numbers due to turbulence was less pronounced,
however, compared to the decrease in the Still treat-
ment. Overall, it appears that turbulence did not pro-
duce an increase in cell numbers but facilitated the
maintenance of the population at a relatively high
level, while the Still treatment always produced a drop
in cell abundance (Fig. 2d-f).

Scrippsiella trochoidea: In this species, the differ-
ences between the Turbulent and Still treatments
resembled those observed in Alexandrium minutum:
the cell numbers did not increase with turbulence, but
the collapse of the population was prevented or at least
delayed (Fig. 2g-i). In the Still treatment of Expts [, II
and III, the populations started to collapse on Days 9, 7
and 5, respectively. In the last experiment (Fig. 2i), the
populations subjected to turbulence exhibited a grad-
ual but steady decrease in cell concentrations.

We also observed that the vertical cell distributions
within the flasks were markedly different between the
Still and Turbulent conditions. While the Turbulent
treatments produced almost homogeneous cell distri-
butions, in Still conditions, ~80% of the entire dino-
flagellate population was concentrated in ca. 40 mm
surface layers during certain hours of the day.

Infectivity of Parvilucifera sinerae

At the beginning of each experiment, we observed
only healthy dinoflagellates with intact nuclei and pro-
toplasm but no mature sporangia (i.e. infected cells).
From Day 3 onwards, infected cells of Alexandrium
minutum (Fig. 3a) and Scrippsiella trochoidea (Fig. 3b)
were identified in all treatments. In contrast, we did
not find any infected cells of Prorocentrum micans. At
advanced stages of infection, the cells were morpho-
logically disrupted, with a dark and degraded cyto-
plasm, broken thecae were abundant and A. minutum
and S. trochoidea cells became difficult to distinguish
from one another.

In general, the infectivity maximum coincided with a
strong decrease in dinoflagellate cell numbers (Fig. 4).
In Expts I and II, the infectivity was significantly re-
duced under turbulent conditions (Fig. 4a,b, Mann-
Whitney U-test = 87.0; p = 0.005, n = 20 in Expt [, and
U-test = 95.0; p = 0.001, n = 20 in Expt II). In Expt III,
this trend was also observed until Day 9, but it
reversed afterwards (Fig. 4c), when the decline of cell
numbers in the shaken flasks coincided with the in-
fectivity maximum. It was worth noting that in Expt III,
the susceptible dinoflagellate population attained the
highest level, more than 10* cells ml}, on Day 7
(Fig. 4c).

Fig. 3. Parvilucifera sinerae. Sporangial morphology as
seen by light microscopy in (a) Alexandrium minutum and
(b) Scrippsiella trochoidea. Scale bar: 10 pm

Alexandrium minutum cyst dynamics

The inoculum in Expt I had a higher proportion
of pellicle cysts than those of Expts II and III
(Fig. 5a—c). This feature might have been related to
the longer manipulation of the field sample (screen-
ing process) to obtain the inocula for Expt I (see
Materials and Methods and Discussion). Once the
experiments started, in all Still treatments, the per-
centage of pellicle cysts decreased during the first 5
d and started to increase again afterwards. In con-
trast, in all experiments, turbulence significantly de-
creased the proportion of A. minutum pellicle cysts
along the shaking period (Figs. 5a—c, Expt I: U-test =
100.0, p = 0.000, n = 20; Expt II: U-test = 100.0, p =
0.000, n = 20; and Expt III: U-test = 93.0, p = 0.001, n
= 20), and their percentage never exceeded 30% of
the total under turbulent conditions. The percentage
of resting cysts formed at the end of the experiments
did not account for more than the 1% of the total cell
numbers, and the abundances did not depend on
whether the cells were exposed to turbulence (data
not shown). Thus, hereafter we will only refer to pel-
licle cysts.

Numerical simulations

We used the model from Egs. (2) and (3) to simu-
late the temporal evolution of the number of suscep-
tible (S) and infected (I) dinoflagellate cells in our
experiments.

A comparison between the model and observed val-
ues is presented in Fig. 6, while Table 1 contains a
summary of the parameter values. We were able to fit
the model to the data using 2 very distinct realisations
(R1 and R2). In the first realisation (R1), the model was
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fit to the data allowing for different infectivity rates, a,
in the Still and Turbulent treatments. This resulted in a
values that were between 25 and 30% lower under
Turbulent conditions (Table 1). In the second realisa-
tion (R2), the infectivity rate was kept the same for both
treatments. Nevertheless, we were able to produce a
good fit to the data (cf. Fig.6) using the maximum like-
lihood method if we allowed for different half-satura-
tion concentrations, k; (see Table 1 for all parameter
values).

To quantify the ability of the model to fit the data, we
used the root mean square (RMS) difference between
the model prediction P and the data value D:

6=V (P-Dy (4)

Finally, in both model set-ups, the values reached
after long periods of exposure to the parasite [S(t) and
I(t) for t > 50 d] tended towards the same steady state
values for the Turbulent and Still treatments (not
shown).

DISCUSSION

The main outcomes of this study are: (1) small-scale
turbulence can decrease or delay the infection of
Alexandrium minutum and Scrippsiella trochoidea by
the parasite Parvilucifera sinerae; (2) these effects var-
ied with the bloom phases (likely associated with dif-
ferent physiological states) and with the cell density of
the host; (3) the modelling exercise suggested that tur-
bulence could delay the parasite infection either by
decreasing the maximum infection rate a and/or by
increasing the half saturation constant k;; over a long
term, turbulence would be unable to prevent infection.

The dynamics of the dinoflagellate populations
showed different trends under Still and Turbulent con-
ditions. The 3 species did not exhibit a marked
increase in cell numbers when exposed to shaking,
which agrees with findings by previous studies on
monospecific cultures without parasites (Berdalet &
Estrada 1993, Llaveria et al. 2009). During the few days
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of exposure to turbulence, the cell abundances of
Alexandrium minutum and Scrippsiella trochoidea
remained relatively constant. Unexpectedly, the popu-
lations of these 2 species decreased (with the degree of
decay depending on the experiment) and collapsed
under still conditions. It could be possible that a raise
in pH may have occurred in the unshaken flasks, asso-
ciated with the development of the microplanktonic
communities. Havskum & Hansen (2006) noted that
moderate turbulence could palliate pH-related growth
limitations in high-density cultures of Heterocapsa sp.
by facilitating gas exchange. Unfortunately, pH was
not measured in the present work, and it is therefore
not possible to evaluate the real contribution of this
factor on the observed trends. Because 2 of our species
were susceptible to parasitic infection, with high infec-
tivity always coinciding with a sharp decline in cell
numbers, it is more likely that the decay of our popula-
tions under still conditions was controlled by the pres-
ence of the parasite Parvilucifera sinerae rather than
increased pH. This hypothesis is partially supported by
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the observation that Prorocentrum micans, a species
resistant to infection, grew better in still conditions
than under turbulence.

Small-scale turbulence could interfere with the para-
site infection through multiple mechanisms. Although
turbulence can enhance the encounter rates (Roth-
schild & Osborn 1988), it may also shorten the period of
contact between the host and parasite. As a conse-
quence, relatively still conditions facilitate the host
detection and penetration by the parasite. Moreover, if
the host detection by this parasite depended on chem-
ical signals (as in other parasites, e.g. Kithn & Hofmann
1999), it would be likely that turbulence eroded the
chemical microzones surrounding the host cells (Jack-
son 1987), as has been observed in other processes
(e.g. Mitchell et al. 1985, Alldredge & Cohen 1987,
Wolfe 2000).

The rate of infection also depends on the host abun-
dance and the host survival threshold at which the par-
asite starts to outgrow and decimate the host popula-
tion (Bruning 1991, Holfeld 1998). In turn, the resulting
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detection rate by the parasite strongly depends on the
abundance and the degree of patchiness of the host
(Park et al. 2004, Ostfeld et al. 2005), and aggregates
may facilitate the appearance of infection foci around
an initially infected cell (Real & Biek 2007). In our
study, we found that dinoflagellates were able to per-
form vertical migrations under still conditions, forming
near-surface accumulations in the experimental flasks
at particular times of the diel cycle. Field observations
showed that phytoplankton can aggregate in thin lay-
ers of high cell concentrations which form through a
combination of physical and biological mechanisms
(e.g. Birch et al. 2008). Our observations and modelling
results suggest that the parasite infection of dinoflagel-
lates could be promoted by the occurrence of layers of
preferential concentration, while it might be hampered
if the population is well mixed by turbulence and thus
more disperse. Expt II provided an estimate of the host
abundance required for an effective parasite infection.
We estimated that about 80 % of the entire dinoflagel-
late population was concentrated in ca. 40 mm surface
layers during certain hours of the day. In these layers,
the cell concentrations would increase up to 10* cells
ml™!, about twice the average concentration in the
flask. This concentration could be used as an estimate
for the threshold that limits the efficient prevention of
the infection by turbulence (Fig. 4c). Indeed, when cell
concentrations were very high (e.g. towards the end of
Expt III, the average concentration in the flasks
exceeded 10* cells ml™!), turbulence could no longer
prevent the infection.

In order to help our understanding of the effect of
turbulence on the different parameters that govern
infection, we applied a simple infectivity model (Eqs. 2
& 3) to the data obtained from Expts II & III. The results
from this exercise suggest that the observed differ-
ences in cell abundances under turbulent and still con-
ditions (Fig. 2) can be explained with differences in the
infection rate a. We found that turbulence could have
decreased the infection rate a by ~25 to 30 % compared
to still conditions (realisation R1 in Table 1 and Fig. 6).
An equally good fit to the data could be obtained, how-
ever, by keeping the infection rate a the same for the
Turbulent and Still treatments while increasing the
half-saturation constant in the turbulent cultures. This
simply has the effect that a higher concentration of
host cells is required to achieve the same rate of infec-
tion. These results thus provided 2 possible explana-
tions for how the infection process could be affected by
turbulence: (1) turbulence acts to reduce the maximum
infection rate a, or (2) under increased turbulence, the
parasites require a higher concentration of host cells to
achieve the same maximum infection rate. Both mech-
anisms lead to the same end result of a lower or
delayed infection.

To fit the model to the data in Expt III under Turbu-
lent conditions, the model required a value for the car-
rying capacity K that was about 3 times as high com-
pared to the Still treatment (cf. Table 1). While the
responsible mechanism behind this increase is unclear,
we could hypothesise that turbulence could have neg-
atively affected 1 or several of the other organisms pre-
sent in the natural sample that act as direct competitors
to (or grazers of) our species of interest, which would
therefore grow better and thus achieve a higher carry-
ing capacity. However, as we did not record cell counts
for the other species present in the natural sample, this
explanation remains speculative.

In both model set-ups, the steady states for long peri-
ods of exposure to the parasite [S(t) and I(t) for t > 50 d]
tend to show similar values for the Turbulent and Still
treatments, which suggests that turbulence only re-
tards the infection but does not prevent it. To verify this
hypothesis, further experiments are needed, including
observations over longer time periods. Due to the neg-
ative effect of turbulence itself on cell mortality (Llave-
ria et al. 2009), however, this might require a slightly
different set-up that produces lower turbulence inten-
sities that do not affect cell mortality.

The 3 experiments were performed with natural as-
semblages obtained during different phases of a
dinoflagellate bloom. Thus, very likely the sampled
populations were not in the same physiological state,
which may superimpose on the observed effects of tur-
bulence. In the succession from Expt I to III, the col-
lapse of susceptible species in still conditions occurred
increasingly early. In addition, Expt I was performed
with communities from the initial (i.e. diatom domi-
nated) phase of the spring bloom, that had the lowest
host abundances. The level of infection of Alexan-
drium minutum by Parvilucifera sinerae in the Still
treatments of this experiment was the lowest com-
pared to the other 2 experiments. Overall, this may be
due to the population being in a physiologically
healthier state and/or caused by the lower host abun-
dance, which reduces the capacity of the parasite to
spread From our data we could estimate that about
3000 cells ml™! represents the lower concentration
threshold for an effective infection by the parasite. The
existence of such a threshold can only be hypo-
thesised, however, and further studies would be neces-
sary to support this hypothesis.

It has been postulated that certain life cycle stages
could be an effective protection for dinoflagellates
against parasitism. For instance, in cultures of Alexan-
drium ostenfeldii, the abundances of pellicle cysts aug-
mented concurrently with a decrease in the infection by
Parvilucifera infectans (Toth et al. 2004). In contrast,
Figueroa et al. (2008) observed that pellicle cysts of A.
minutum did not prevent infection by P. sinerae. At the
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beginning of our 3 experiments, the percentage of cysts
did not directly relate to the initial infectivity rates but to
the manipulation of the natural sample (see 'Materials
and methods'). In fact, the different proportion of pellicle
cysts at Time 0 could be a result of the particular duration
of the screening process of the field sample to achieve
the suitable initial dinoflagellate concentration in the in-
ocula. Expt I required a longer manipulation given that
the sample was obtained from a diatom-dominated
phytoplankton community. Once the experiment
started, the proportion of cysts decreased in all flasks
during the first 5 d, likely indicating a trend to recover
the vegetative cell population. Thereafter, turbulence in-
duced a marked reduction in the proportion of A. minu-
tum pellicle cysts, as observed previously under similar
experimental conditions (Bolli et al. 2007). In contrast,
the Still treatment again increased the proportion of pel-
licle cysts, which could be related to the entrance on
what could be called a stationary phase. High abun-
dances of pellicle cysts occurred in the Still treatments,
also with high infectivity levels. Only few pellicle cysts
were present in the shaken flasks having lower levels of
infection, except at the end of Expt III. Overall, our data
are insufficient to make any conclusive statement on
whether the formation of pellicle cysts is an effective
strategy to prevent parasite infection.

Figueroa et al. (2008) noted that the infectivity of
Alexandrium minutum by Parvilucifera sinerae was
strain-specific while Scrippsiella trochoidea was resis-
tant to such infection in both laboratory and natural
populations. It could be hypothesised that the suscepti-
bility of S. trochoidea to infection by P. sinerae is also
strain-specific, but further studies would be needed to
support or disprove this hypothesis. This observation
would corroborate the concept of high specificity of
host-parasite interactions (Chambouvet et al. 2008),
however, and make it more difficult to design a possi-
ble control of harmful dinoflagellate blooms by para-
sitic attack (Anderson 1997). In any case, the results
from the present study suggest that such a control
could be modulated by turbulence.
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