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Abstract: The increase in emerging harmful algal blooms in the last decades has led to an extensive
concern in understanding the mechanisms behind these events. In this paper, we assessed the
growth of two blooming dinoflagellates (Alexandrium minutum and Heterocapsa triquetra) and their
susceptibility to infection by the generalist parasitoid Parvilucifera rostrata under a temperature
gradient. The growth of the two dinoflagellates differed across a range of temperatures
representative of the Penzé Estuary (13 to 22 °C) in early summer. A. minutum growth increased
across this range and was the highest at 19 and 22 °C, whereas H. triquetra growth was maximal at
intermediate temperatures (15-18 °C). Interestingly, the effect of temperature on the parasitoid
infectivity changed depending on which host dinoflagellate was infected with the dinoflagellate
responses to temperature following a positive trend in A. minutum (higher infections at 20-22 °C)
and a unimodal trend in H. triquetra (higher infections at 18 °C). Low temperatures negatively
affected parasitoid infections in both hosts (i.e., “thermal refuge”). These results demonstrate how
temperature shifts may not only affect bloom development in microalgal species but also their
control by parasitoids.
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1. Introduction

Unicellular eukaryotic parasitoids play essential roles in phytoplankton bloom
dynamics but they are often overlooked [1]. These organisms are of special interest as the
controlling agents of dinoflagellate species and several of them cause harmful algal
blooms (HABs) [2]. The biological control of dinoflagellate blooms by unicellular
eukaryote parasitoids has been shown on a few occasions [3-6], with their effect being
suggested to be similar to grazing [7]. Several parasitoid species that infect dinoflagellates
may also enter dormancy in the sediment and emerge when conditions are more favorable
[8]. The ability to switch hosts, putatively easiest in generalistic parasitoids, is key in the
control of invasive HAB species [6]. However, little is known about the potential of
generalist parasitoids in controlling dinoflagellate bloom dynamics.

Species of the genus Parvilucifera have been reported to infect a broad range of
dinoflagellate hosts, mostly in culture conditions [4], although a host preference has been
suggested to occur in natural assemblages [9,10]. These generalist parasitoids have a life
cycle starting with nanoflagellate infective stages (i.e., zoospores) that invade
dinoflagellate host cells, which lose motility and sink [4]. The primary intracellular stage
of infection (i.e., the trophocyte) is apparent after ~24 hours [11]. After 3—4 days, the
trophocyte matures to a sporocyte, which turns from white to dark when the zoospores
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are mature. Hundreds of zoospores per sporocyte are released, specifically in the presence
of fresh dinoflagellate hosts [12], ready to restart a new infective cycle [4].

Field studies usually focus on describing the Parvilucifera host range and host-
parasitoid dynamics [7,9,13] with limited information on the environmental conditions in
which the parasitoid is present with respect to the hosts. However, understanding the
impacts of abiotic factors that can influence Parvilucifera infectivity is crucial for
determining the efficiency of these organisms to terminate dinoflagellate blooms. A few
of these factors have been previously examined for Parvilucifera sinerae, such as the effect
of turbulence on the infection rates [14] and temperature on the parasitoid generation time
(i.e., time for the completion of infection and release of zoospores) [7]. However, the effect
of temperature on parasitoid infectivity is yet to be determined. A re-examination of
temperature is required to understand these parasitoids due to the strong influence of this
variable on the host growth rates, thereby affecting the bloom dynamics and succession
patterns observed in the spring—-summer transition.

Parasitoids are, in essence, specialized predators that live in a close association with
their prey (the hosts), ultimately leading to their death [4]. As such, their infection rates
are determined by functional responses (i.e., changes in the infection rates of hosts with
host density [15]). Eukaryotic parasitoids infecting phytoplankton follow a Type II
functional response [e.g., 2,11], which is characterized by an increase in the infection rate
as the host:zoospore ratio increases followed by a deceleration until a maximal infection
rate is reached after a certain host abundance is achieved [15]. This is because the time
searching (“attack rate”) for hosts decreases as the host:zoospore ratios increase, but the
time needed to complete the infection (“handling time”) remains the same. The estimation
of these two parameters in determining the parasitoid functional response is key for
understanding the effect of abiotic factors on parasitoid-host dynamics.

In this paper, we assessed how the effect of temperature on the functional response
of the generalist parasitoid Parvilucifera rostrata mediates the role of parasitism on the
coexistence of their dinoflagellate hosts. For that, we based our experiments on the
temperature range (13 °C to 22 °C) observed during dinoflagellate blooms at the Penzé
Estuary (France), where P. rostrata was observed infecting both Alexandrium minutum and
Heterocapsa triquetra (the predominant blooming dinoflagellates in this system during
early summer). Strains from these species were isolated from sympatric populations and
used in experiments to assess the effect of temperature on both the host growth and the
parameters determining the parasitoid functional response (i.e., the attack rate and
handling time) as well as other parasitoid attributes affecting the infection rates (i.e.,
zoospores produced per infected host and zoospore mortality). The metrics from the
experimental data were included in numerical simulations to assess the role of
temperature and parasitism in the bloom dynamics of the two dinoflagellate species.

2. Methods
2.1. Origin of the Strains and Culture Conditions

Host and parasite strains were isolated from the Penzé Estuary (northwest of France,
English Channel; 48°37" N, 3°56" W). Cultures of Alexandrium minutum (Paralex
176/RCC3018) and Heterocapsa triquetra (HT150/RCC4398) were obtained by
microcapillary single-cell isolation [16] and maintained in an L1 medium (salinity 27)
supplemented with 2% (v/v) soil extract [17] at 20 °C with a 14:10 h light:dark cycle and
60 UE m?2 s irradiance. Clonal Parvilucifera rostrata strains (RCC2800, RCC2823, and
RCC2982) were isolated using A. minutum (Paralex 176/RCC3018) as the primary host as
described in Lepelletier et al. [18] and kept by successive transfers to exponentially grow
the uninfected host cultures once a week. For all the experiments described below, the P.
rostrata cultures were previously acclimated to the hosts and experimental conditions for
at least two months.
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2.2. Parasitoid—Host Dynamics

Infections of P. rostrata RCC2823 on A. minutum and H. triquetra were followed at 20 °C
over one week to obtain an estimate of the time required by P. rostrata to complete each
infective stage. The dinoflagellate hosts (final concentration of 6,000 cells mL-") and freshly
released zoospores were mixed in 50 mL flasks using an initial zoospore:host ratio of 50:1 (the
steps for harvesting the fresh zoospores are illustrated in Figure S1). Samples were obtained
daily after inoculation and fixed with glutaraldehyde (1%). Each stage of infection was
quantified using a Sedgewick Rafter chamber. Glutaraldehyde was selected over Lugol's
solution because the latter changes the coloration of the cells, making it difficult to distinguish
between the different parasite infective stages .

For the determination of parasitoid generation times on both the hosts at different
temperatures (13 °C, 15 °C, 18 °C, 20 °C, and 22 °C), cultures of A. minutum and H. triquetra
were inoculated with freshly harvested zoospores from P. rostrata RCC28223 at a high
zoospore:host ratio (over 50:1) and observed once a day using light microscopy to
determine when each stage of parasitoid intracellular and extracellular development was
first observed (from early trophocyte to zoospore release).

2.3. Zoospore Viability

The effect of the zoospore age on parasitoid infectivity was assessed under three
temperatures (13 °C, 18 °C, and 22 °C). The dinoflagellate hosts (2000 cells mL') and dense
freshly released zoospores (> 100,000 cells mL-") from the strain P. rostrata RCC28223 were
kept separately in 50 mL tissue culture flasks. Every two hours, a 1 mL aliquot from both
the hosts and zoospores were added to 2-mL wells of a 24-well plate in triplicate (final
host concentration of 1,000 cells mL- and a zoospore:host ratio higher than 50:1). After 10
h, inoculations were performed every hour until the zoospores were no longer motile in
the zoospore inoculum (after 20 h). Control wells with only the hosts were also included.
After two (18 °C and 22 °C) or three days (13 °C), the well-plate contents were fixed with
glutaraldehyde (1%) and stored at 4 °C until quantification using an inverted microscope.
The data were fitted to a four-parameter logistic model using the nlsLM function in the
‘minpack.Im’ package in R, based on the equation:

d

1+ ebe0 @

y=a+
where a and d are the y-intersects for the maximum and minimum infections (i.e., upper
and lower asymptotes), respectively, b is the slope of the curve, and c is the x value where
the middle point between a and d is observed. Here, we used ¢ to depict the zoospore age
(in hours) when its infectivity was reduced by 50%.

Due to the difficulty in estimating the zoospore survival, the decay in the infectivity
of the zoospores with age was used as a proxy to estimate the zoospore viability based on
a two-parameter exponential decay model as described in Coats and Park [2]. A
comparison of the zoospore mortality among the different temperatures was performed
by Kruskal-Wallis tests using the kruskal.test function in the basic ‘stats” package in R
followed by a post-hoc Dunn test using the dunnTest function in the “‘FSA” package [19].

2.4. Zoospore Yield

Fifty late sporocytes were measured for both species at each temperature. A
comparison of the late zoospore diameter among the different temperatures was
performed by a Kruskal-Wallis test. Given the lack of significance (see results), the data
from the inspection of the sporocytes from the 20 °C incubations were used to establish a
relationship between the sporocyte size and zoospore production. For both hosts, late
sporocytes were individually isolated (1 = 50), placed on a glass slide, and gently covered
with a glass coverslip whilst observing them under a microscope at 40 x. The sporocytes
were photomicrographed and then physically burst by applying gentle but targeted
pressure over the coverslip to make them release the zoospores. Photomicrographs of the
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process were obtained to quantify the number of released zoospores per host. These data
were fittedthrough a linear regression using the function Im in the basic ‘stats” package in
R software [20]. The late sporocyte diameter and zoospore production in both hosts were
compared by Mann-Whitney tests using the wilcox.test function in the basic ‘stats” package
inR.

2.5. Host Growth and Parasitoid Functional Response

The growth of the dinoflagellate hosts A. minutum and H. triquetra was assessed at
five temperatures (13 °C, 15 °C, 18 °C, 20 °C, and 22 °C) in three replicates. The cultures
were inoculated in 50 mL of a fresh L1 medium supplemented with a 2% soil extract at an
initial concentration of 500 cells mL-'. Samples (1 mL) were obtained daily and fixed with
Lugol’s solution and quantified in a Sedgewick Rafter chamber. The growth rates were
estimated assuming exponential growth [21]:

_ _1 Nz
K= ty—ty In Ny )

where p1 is the growth rate (d') and N1 and N: are the dinoflagellate abundances at previ-
ous (1) and consecutive days (f2), respectively. The growth rates of the two hosts in each
temperature were compared by Mann-Whitney tests.

The effect of the five mentioned temperatures on the functional response of the three
P. rostrata strains (RCC2800, RC2823, and RCC2982) infecting both A. minutum and H. tri-
quetra was assessed by determining the infection rates under increasing zoospore:host ra-
tios (1:1, 2:1, 3.5:1, 5:1, 10:1, 20:1, 50:1, and 100:1) in three replicates using 24-well culture
plates (2-mL wells). Dinoflagellates without parasites were also included as negative con-
trols to estimate the percentage of increase in the hosts due to growth and discounted
from uninfected cells in the infected treatments to avoid underestimating the infection
percentage. After the period of time at which late trophocytes were expected to be ob-
served (three days for 13-15 °C and two days for 18-22 °C), glutaraldehyde (1%) was
added to all wells and the plates were stored at 4 °C until quantification. The late tropho-
cyte stage was chosen because it is easily recognizable and is more reliable than sporocytes
(i.e., longer viability and no disappearance due to zoospore release). The incubation time
difference between 13-15 °C and 18-22 °C did not affect the maximal infected abundances
as all infections were expected to occur within 15 h after inoculation due to the limited
short-term viability of the P. rostrata zoospores (see results). The infected and uninfected
dinoflagellates were counted directly in the 24-well plates with an inverted microscope
after the plates achieved room temperature and the content of each well was gently ho-
mogenized by pipetting. Counts were performed in a transect across the center of each
well at 20 x magnification to determine the percentage of infected cells.

The parasite functional response was estimated based on the Holling II equation [15]:

_ Tax
" 1+ abx

where y is the infection rate (%), T is the total time available for the parasite to search for
a host, x is the zoospore:host ratio, a (the slope of the curve) is the instantaneous rate of
discovery (i.e., the attack rate), and b is the time for the parasite to infect the host. Here,
the attack rate was estimated by fitting the infection rates against the zoospore:host ratios
using a non-linear least square model based on Equation (3) [15]:

y 3)

ax
1+ bx

y= 4)

and subsequently converted to daily rates:

a 24 (h/day)
100% T(h) ®)

a (d?) =
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where a’ is the attack rate given in a percentage (and, therefore, divided by 100). T was
established as 15 h because this was the maximum period of time after the zoospore re-
lease when they could establish infections (see results).

For each P. rostrata strain, the differences in the parasite infectivity (percentage of
infection at 50:1) and search rates among the different temperatures were tested by Krus-
kal-Wallis tests followed by a post-hoc Dunn test. We selected the 50:1 ratio as it corre-
sponded with the inflection point in the fit curves.

2.6. Modeling Approach

We used numerical simulations to access how temperature mediates the effect of in-
fections by P. rostrata on the competitive interactions between A. minutum and H. triquetra.
The model was based on differential equations modified from Salomon and Stolte [22]
and used the parameters related to the parasitoid-host dynamics obtained in this study
(Table 1). The average values of the three P. rostrata strains were used to model the para-
sitoids. Changes in the two host concentrations were simulated with the two equations
below (subscripts 1 and 2 are used to indicate the parameters and variables related to A.
minutum and H. triquetra, respectively):

dH1 (K - (Hl + Hz)) a1H1

_— = T1H1 - (6)
dt K 1+ahH,

dHZ =r (K - (Hl + Hz)) _ a2H2 (7)
de ~ 22 K 1+ ayhyH,

where H represents the uninfected hosts and r is the host maximal growth rate. K is the
carrying capacity, and it was defined here as 45,000 cells mL-!, the maximum cell concen-
tration observed in the A. minutum cultures.

Changes in the parasite stages were estimated based on the equations:

R R - P —mp 8
a O T oh, T TxamH, . 1tahH, T ®)
di aH I
it p_ 2 9)
dt ~1+amH, h
di a,H I
2 2412 p 2 (10)

dt 1+ a,hH,  hy

where I represents the infected hosts, P is the zoospore abundance, 4 is the search rate, i
(i.e., parasite generation time) is the handling time, ¢ is the number of zoospores released
per infected host, and m is the zoospore mortality rate. Although h could be potentially
estimated from Equation (4) [15], in our case, it expressed the time required by the zoo-
spores to infect the hosts because the experiments for the parasite numerical response only
included one infective cycle. As the handling time referred to the time needed for the par-
asitoid to go from one host to the next one, we considered the period of time from infection
to zoospore release to be a better approximation for #, as considered in previous models
accessing parasite infections in dinoflagellates [3,22].



Microorganisms 2022, 10, 385

6 of 14

Table 1. Values of the parameters and state variables considered in the numerical simulations.

State Variable/Parameters Unit Values
State variables
K Carrying capacity cells mL-1 40,000
Hi Alexandrium minutum cells mL- 1000
Ho> Heterocapsa triquetra cells mL-! 1000
P Parvilucifera rostrata zoospores cells mL-1 2000
I Infected A. minutum cells mL-1 0
JE; Infected H. triquetra cells mL-1 0
Parameters 13°C 15°C 18°C 20°C 22°C

11 A. minutum growth rate d- 0.16 0.23 0.30 0.37 0.31
72 H. triqguetra growth rate d-! 0.50 0.53 0.56 0.48 0.31
am P. rostrata attack rate on A. minutum ? d-1 x 10 0.03 0.08 0.15 0.17 0.17
a2 P. rostrata attack rate on H. triquetra ® d-1 x 10° 0.02 0.40 0.32 0.09 0.09
h P. rostrata handling time d 5 5 4 4 3
€1 Zoospores per infected A. minutum ® zoospores host! 105 105 105 105 105
€ Zoospores per infected H. triquetra ® zoospores host! 7494 74 74 74 74
m Zoospore mortality ¢ d-! 3 3 3 3 3

2 Values estimated from Equations (4) and (5) were divided by 1000 to give per parasite rates; ®
Average values from data for each temperature; ¢ Differences in zoospore mortality among hosts.
Temperatures were not significant (see results); thus, for model purposes, we considered an average
value from all data for the two species in all tested temperatures.

3. Results and Discussion
3.1. Parasitoid—Host Dynamics

The infection dynamics of P. rostrata RCC2823 at 20 °C over a 7-day period were fol-
lowed by inoculating the dinoflagellate hosts A. minutum (Figure 1A) and H. triquetra (Fig-
ure 1B) with freshly harvested zoospores (Figure 1C) at an initial zoospore:host ratio of
50:1. The morphology of all parasitoid stages (Figure 1D-G) was similar to the one re-
ported in the original description of P. rostrata [18]. Similar infective patterns were ob-
served for both hosts (Figure 1H,I). Early trophocytes were observed predominantly on
Day 1 and both late trophocytes and early sporocytes were detected on Day 2. Late spo-
rocytes were first observed on Day 3 followed by a peak in zoospore release on Day 4.
These infection dynamics and generation times were similar to those reported from P.
sinerae at 20 °C [11]. Late sporocytes were then the predominant parasite stage after Day
5 with no other noticeable zoospore release. After this point, zoospores were only released
following the addition of fresh hosts or filtrate from host cultures (data not shown). This
agreed with previous observations for Parvilucifera sinerae, suggesting that late sporocytes
acted both as virulent and dormant stages activated by the algal metabolite dimethyl-
sulphide (DMS) that served as a density-dependent cue of the presence of potential hosts
[12]. Although the infective dynamics were similar in both hosts, the abundance of P. ros-
trata infective stages and zoospores were consistently lower in H. triquetra, potentially due
to cells being lost instead of transformed into infective stages.
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Figure 1. Dinoflagellate hosts Alexandrium minutum (A) and Heterocapsa triquetra (B). Parvilucifera
rostrata stages from infections in A. minutum: zoospores (C) (If = long flagellum, sf = short flagellum),
early trophocyte (D), late trophocyte (E), early sporocyte (F), and late sporocyte (G); Parasitoid—host
dynamics of P. rostrata RCC2823 infecting A. minutum (H) and H. triquetra (I) at 20 °C. All photomi-
crographs (A—G) are from living cells, except for zoospores (C) that were fixed with Lugol’s solution.

An inversely proportional relationship was observed between temperature and the
P. rostrata generation time in both hosts, from five days at 13 °C to three or four days at 22
°C (Figure 2A). Zoospore release in both hosts was observed at the same time at 13-15 °C
267 (6 days) and 18-20 °C (5 days). At 22 °C, zoospores were detected at Day 3 and 4 for
in- 268 fections on H. triquetra and A. minutum, respectively. These results agreed with
previous observations, suggesting that colder temperatures resulted in longer generation
times for P. sinerae [7].

A )
B A. minutum c H. triquetra
8 =
W A. minutum 100+ 5 4 100 ——
7] H. triquetra §~ S T {=
= S _. 801 \&‘ Noob = == 80 -
0 b = 4 = 34 i
& 641 00 ‘E]\ 2= > \ AT =
s \.R 0.79 o 60 v N o D 60 _ E
c . . = WY —— —
2 3 i 2 Wy 13 18 22 13 18 22
] L o 40- ° Temperature (°C)| 40 Temperature (°C)
2 44 I = N\ b
[} S~ | =0=22°C 5 i
2 84 207 ot ¢ %y 20 \é
o 3
2 g —o="2 & moo 0- o
T T T T T T T 1 1 T 1 T T T
12 14 16 20 22 0 5 10 15 20 0 5 10 15 20
Temperature (°C) Time (h) Time (h)

Figure 2. Effect of temperature on Parvilucifera rostrata RCC2823 generation time from in-
fections in the dinoflagellates Alexandrium minutum and Heterocapsa triquetra (A); decrease
in zoospore infectivity with age in P. rostrata RCC2823 infecting A. minutum (B) and H.
triquetra (C). The effect of temperature on the mortality of P. rostrata RCC2823 zoospores
produced from infections in A. minutum (D) and H. triquetra (E) are shown as insets in (B)
and (C), respectively.
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3.2. Zoospore Infectivity and Viability

A decrease in the zoospore infectivity of P. rostrata RCC2823 with age showed an
inverse sigmoid response in both hosts (Figure 2B,C) (R? = 0.87-0.92 for A. minutum and
R2=0.85-0.89 for H. triquetra; p <0.05). The zoospores showed maximum infectivity within
4-5 h of their release from the late sporocytes, with infective rates declining to zero after
12 h in H. triguetra and 13-15 h in A. minutum. Zoospore viability in the infections of A.
minutum was optimal at 18 °C with an inverse unimodal distribution (Figure 2B). In H.
triquetra, the 50% decrease in zoospore infectivity took slightly longer at 13 °C (7.03 + 0.36
h) when compared with those observed at 18 °C and 22 °C (5.31 £ 0.04 h and 8.93 + 0.46 h,
respectively) (Figure 2C). Although the mechanism behind these differences in tempera-
ture optima for parasitoid viability per host was unclear, it could be related to the physi-
ological attributes of the host (e.g., allelopathic potential of the respective dinoflagellate
hosts across this temperature range). Zoospore mortality rates were estimated using an
exponential decay regression (Figure 2D,E) with the lowest (2.7 + 0.11 d-') and highest
(4.68 £ 0.68 d') zoospore mortalities observed in A. minutum and H. triquetra, respectively,
at 18 °C. However, these differences in both zoospore viability and mortality across the
three temperatures were not statistically significant (Kruskal-Wallis tests; p > 0.05).

Ours constitutes the first comprehensive examination of the decrease of Parvilucifera
infectivity with zoospore age. In a preliminary experiment, it was observed that Parvilu-
cifera sp. zoospores were not able to start a novel infection 7 h after their release, which
led to an estimated zoospore mortality rate of 2.5 d-' [23]. Although this value was com-
parable with the lower zoospore mortalities observed here from the infections in A. minu-
tum (~2.7 d-) at 20 °C, it constituted an underestimation of the higher mortalities observed
in the zoospores from the infections in A. minutum (~3.8 d-') and H. triquetra (~4.7 d-) at
18 °C. It is notable that the zoospore mortality of Parvilucifera was considerably higher
than that observed for Amoebophrya (0.25-1.02 d-') [2], another parasitoid genus infecting
dinoflagellates that showed more restricted host ranges. This is particularly relevant as
one of the factors explaining the coexistence of both parasitoid genera in the Penzé Estuary
sharing the same hosts, as the putative advantage of Parvilucifera infecting several hosts
could be compensated by lower zoospore mortalities in the more specialized Amoebophrya.

3.3. Zoospore Yield

The sporocyte diameter in A. minutum was similar in all tested temperatures (Figure
3A), whereas a slight trend of a decreasing sporocyte diameter with an increasing temper-
ature (although not statistically significant; p > 0.05) was observed in H. triquetra (Figure
3B). A positive interaction was observed between the diameter of the late sporocytes and
the number of zoospores released per infection (Figure 3C). This agreed with previous
studies for Parvilucifera infectans [24] and P. sinerae [11], which reported zoospore produc-
tion to be related to the host size and late sporocyte diameter. The zoospore yield varied
from 64 to 241 (average: 105 + 34) in A. minutum and 47 to 98 (average: 73 + 16) in H.
triquetra. Although the late sporocyte diameter and the number of zoospores released per
infection were slightly higher in A. minutum when compared with H. triquetra, this differ-
ence was not statistically significant (p > 0.05). The zoospore production per infected host
in P. rostrata RCC2823 infecting A. minutum was much lower than reported for P. sinerae
infecting the same dinoflagellate species (200-300 zoospores per infection) [11].
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Figure 3. Effect of temperature on late sporocyte diameter in Parvilucifera rostrata RCC2823 infecting
the dinoflagellates Alexandrium minimum (A) and Heterocapsa triquetra (B). Positive relationship be-
tween late sporocyte diameter and zoospores produced per infection in Parvilucifera rostrata
RCC2823 infecting A. minutum and H. triquetra (C).

3.4. Host Growth and Parasitoid Functional Response

The two dinoflagellate hosts showed different patterns in their growth in the absence
of the parasitoid under the tested temperature gradient over a 14-day period (Figure 4A—
D). In A. minutum, the maximum cell concentrations (~20,000 cells mL-}; Figure 4A) and
growth rates (0.26 + 0.2 d-; Figure 4C) were observed at 18-22 °C whereas reduced abun-
dances (~6,000 cells mL-") and growth (0.16 + 0.1 d-') were associated with lower temper-
atures (13-15 °C). An opposite pattern was observed in H. triquetra with higher cell con-
centrations (~56,000 cells mL-!; Figure 2B) and growth rates (0.51 + 0.02 d-; Figure 4D)
observed from 13 °C to 20 °C (maximal values at 18 °C).

Similar patterns were observed in the effect of temperature on the functional re-
sponses of P. rostrata (Figures 4E,F and S2) with a positive effect on A. minutum infections
(Figure 4G) and a unimodal response on H. triquetra (Figure 4H). The three P. rostrata
strains (RCC2800, RCC2823, and RCC2982) infecting A. minutum showed lower infective
rates at 13 °C (medians: 24-34%), whereas higher infectivity was observed at 20-22 °C
(medians: 69-79%). However, the responses at intermediate levels were slightly different
among the three strains at intermediate temperatures (15-18 °C). The Kruskal-Wallis test
resulted in significant differences between the five temperatures (p < 0.01), whereas the
post-hoc Dunn test indicated that this result was related to the differences only between
13 °C and 20 °C (p < 0.01) and between 13 °C and 22 °C (p < 0.01). In H. triquetra, no differ-
ence was observed among the P. rostrata strains as the three of them showed lower infec-
tivity rates at 13 °C (median: 43%) and 22 °C (median: 53%) and higher infectivity at 15—
18 °C (medians: 69-89%) (Figure 4H; Kruskal-Wallis test, p < 0.05). This pattern was con-
firmed by a pairwise comparison using post-hoc Dunn tests (p > 0.05). The attack rates
estimated from the slope of the regression curves based on Equation (4) (Figure 41,]) were
significantly different among the tested temperatures for both strains (Kruskal-Wallis
test; p <0.01). The patterns of the parasite attack rates related to temperature in A. minutum
were similar to those detected for the infection rates in the three P. rostrata strains. How-
ever, the effect of temperature on the attack rates of P. rostrata infecting H. triquetra (Figure
4]) showed a slightly different pattern than that observed for the infection rates (Figure
4H) with the attack rates at 13 °C, 20 °C, and 22 °C being considerably lower than those
observed at 15 °C and 18 °C (post-hoc Dunn tests; p <0.05).
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Figure 4. Effect of temperature on cell density (A,B) and growth rates (C,D) of the dinoflagellate
hosts Alexandrium minutum (A and C) and Heterocapsa triquetra (B and D) in the absence of parasi-
toids; effect of temperature on the functional response of Parvilucifera rostrata RCC2823 on both A.
minutum (E) and H. triquetra (H) (functional responses of P. rostrata RCC2800 and RCC2982 on both
hosts are shown in Figure S2); infection rates (G,H) and attack rates (I,J) for the three Parvilucifera
strains infecting the two hosts.

These results suggested that the effect of temperature on the parasitoid infectivity
was ultimately defined by the interaction of the individual responses on the host growth
rates and parasitoid infective parameters (i.e., the attack rate and handling time). In A.
minutum, the positive linear response between temperature and the P. rostrata infections
(Figure 4G) was congruent with both the host growth rates and parasitoid parameters,
showing lower values at 13-15 °C and higher values at 28-22 °C. On the other hand, the
unimodal response of temperature on the H. triquetra infections (Figure 4F) was associated
with opposing trends for the host growth rates and parasitoid parameters with low tem-
peratures having a positive effect on the host growth and a negative effect on the parasi-
toid parameters, allowing the host to escape parasitoid control. This “thermal refuge” for
host growth at low temperatures has been previously suggested in field surveys investi-
gating the relevance of chytrid infections for the population dynamics of freshwater cya-
nobacteria and natural marine diatoms infected by the nanoflagellate Cryothecomonas aes-
tivalis, and could be a common mechanism shaping the parasitoid-host dynamics in
plankton assemblages.

3.5. Numerical Simulations

We used numerical simulations to assess how the differential effect of temperature
on P. rostrata infectivity potentially affected the bloom dynamics of their dinoflagellate
hosts (Figure 5A). The simulations of the hosts growing by themselves and without the
parasitoid (Figure S3A,B) generated trends similar to those observed in the experiments
(Figure 4A,B) with the highest H. triquetra and A. minutum abundances obtained at 18 °C
and 18-22 °C, respectively. The simulations of the two dinoflagellates growing together
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resulted in a decrease of the A. minutum maximum abundances from 15-20 °C with the
most pronounced decrease at 18 °C (Figure S3C). Incidentally, 18 °C is the optimal tem-
perature for H. triqguetra, which was only slightly affected by the presence of A. minutum
at all temperatures (Figure S3D). A parasitoid addition to the simulations with both hosts
growing by themselves (Figure S4) and together (Figure 5B-E) resulted in an expected
pronounced decline in the maximal dinoflagellate abundances (about one-third of what
was obtained in the simulations without parasites). However, this decline was more pro-
nounced when both hosts were simulated together. This was explained by an increase in
infectivity due to the availability of more hosts determined by the parasitoid functional
response. Changes in the carrying capacity (K) affected the maximal abundances of the
dinoflagellate hosts and parasitoids but did not affect the observed dynamics (data not
shown). Shifts in host temperature optima were determined by parasitoid infections with
maximal abundances observed at 13-15 °C for both dinoflagellates. This outcome was
congruent with previous field mesocosm surveys where warming (+ 4 °C) accelerated the
demise of freshwater diatom blooms caused by chytrid infections [25,26]. A marked pre-
dominance of H. triquetra over A. minutum was observed at temperatures below 18 °C
(Figure 5A,B), with both dinoflagellates showing similar abundances at 20-22 °C (Figure
5E).

The results from the numerical simulations were consistent with the trends observed
in the Penzé Estuary, where most H. triquetra and A. minutum blooms have been observed
at 14-17 °C and 14-15 °C, respectively (Alves-de-Souza et al., in prep.). With a few excep-
tions, H. triquetra is the most predominant species in early summer at temperatures below
18 °C (when the cell concentration of this species frequently exceeds 1 x 106 cells L-7; [e.g.,
9]) with A. minutum being more prevalent (but not at bloom levels) in the middle summer
when temperatures surpass 19 °C [9]. Another congruence with our simulation outcomes
was the increase in P. rostrata abundance, typically observed in the middle summer (pos-
itively correlated with temperature increases [9,27]) following periods of A. minutum pre-
dominance. Our experimental results and numerical simulations suggested that H. tri-
quetra and A. minutum blooms in the Penzé Estuary could be related to a thermal refuge
from P. rostrata infections due to low P. rostrata infectivity at low temperatures. In the case
of H. triquetra, this advantage would be enhanced by its higher growth rates at 15-18 °C,
resulting in much higher abundances when compared with A. minutum. Our results also
offered an explanation for a perceived host preference by Parvilucifera parasitoids in field
conditions [9,10] even when they presented a broader host range in the culture conditions
[18,28,29]; these parasitoids potentially showed a preference for dinoflagellates occurring
at temperature levels prone to their infections. Further studies are needed to assess if the
P. rostrata responses to temperature gradients are also observed in other Parvilucifera spe-
cies. One discrepancy between the model and field data in the Penzé Estuary is the ab-
sence of A. minutum and H. triquetra blooms in the late spring at temperatures around 13
°C when the field dinoflagellate assemblages are instead dominated by Heterocapsa rotun-
data [6]. A possible explanation could be a superior competitive advantage of H. rotundata
at lower irradiance levels [30] observed in the late spring. The inclusion of the physiolog-
ical responses to other environmental drivers other than temperature (e.g., irradiance and
nutrient uptake) would allow for increasing the model predictability.
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Figure 5. Conceptual model (A) used for numerical simulations of Parvilucifera infections in the di-
noflagellates Alexandrium minutum and Heterocapsa triquetra under different temperatures (B-E). p =
P. rostrata zoospores; hl = uninfected A. minutum; h2 = uninfected H. triquetra; i1 = A. minutum in-
fections; i2 = H. triquetra infections.

4. Concluding Remarks

This study represents the first comprehensive assessment of the effect of temperature
on dinoflagellate infections by a unicellular eukaryote parasitoid. Our observations sug-
gested that the nature of the temperature effect on the parasitoid functional response was
host-dependent, varying from linear to unimodal in the same parasitoid infecting two dif-
ferent hosts. Although our experimental results and proposed modeling approach repre-
sent a simplification of the field conditions, they offer a valuable insight into the relative
importance of temperature and its role in host-parasitoid dynamics and dinoflagellate
succession in the field. Specifically, our results offer an explanation of the numerical mech-
anisms behind the thermal refuges of phytoplankton species to parasitoid infections at
low temperatures observed in field studies. Further studies should consider mesocosm
experiments to explore dinoflagellate-parasitoid interactions in the field, focusing on in-
teractions with other physico-chemical drivers and biological interactions such as compe-
tition with sympatric parasitoids (e.g., Amoebophrya spp. in the Penzé Estuary) as well as
potential allelopathic responses from dinoflagellate hosts.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/microorganisms10020385/s1: Figure S1: Procedure for harvesting
fresh Parvilucifera zoospores; Figure S2: Effect of temperature on the functional response of Parvilu-
cifera rostrata RCC2800 (A,B) and RCC2823 (C,D) infecting the dinoflagellates Alexandrium minutum
(left side) and Heterocapsa triquetra (right side); Figure S3: Numerical simulations of the effect of
temperature on the dinoflagellate hosts Alexandrium minutum (A,C) and Heterocapsa triquetra (B,D)
growing by themselves (right side) and together (left side) in the absence of the parasitoid; Figure
S4: Results of simulations of Parvilucifera rostrata infections in Alexandrium minimum (A-D) and Het-
erocapsa triquetra (E-H) growing by themselves. Conceptual models used for numerical simulations
are included as insets in (A) and (E).
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