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Combined Phosphorus Limitation
and Light Stress Prevent Viral
Proliferation in the Phytoplankton
Species Phaeocystis globosa, but
Not in Micromonas pusilla

Douwe S. Maat *, Reinhoud de Blok and Corina P. D. Brussaard

Department of Marine Microbiology and Biogeochemistry, NIOZ Royal Netherlands Institute for Sea Research, Utrecht
University, Texel, Netherlands

Under natural conditions phytoplankton are often simultaneously subjected to
phosphorus (P) limitation and suboptimal light levels. Potential interacting effects of
P-limitation and light availability on phytoplankton virus-host interactions have thus far
not been reported. We studied the influence of three environmentally relevant light
levels (low; 25, medium; 100, and high; 250 wmol quanta m~2 s~') in combination
with P-limitation (vs. P-replete conditions) on virus proliferation in the key phytoplankton
species Micromonas pusilla and Phaeocystis globosa. Cultures were acclimated to
balanced P-limited growth at 3 light levels by semi-continuous culturing, before one-step
infection experiments were carried out in batch mode. Under optimal conditions (medium
light, P-replete), the latent period (time until first release of progeny viruses) was 6-9
and 9-12 h, and the burst size (number of viruses released per lysed host cell) was
241 £+ 5 and 690 + 28 for M. pusilla virus MpV and P globosa virus PgV, respectively.
Low light intensity under P-replete conditions prolonged the latent period of PgV (with
maximally 3 h). The PgV burst size was 2.8-fold reduced under low light and 2.2-fold
reduced under high light. The 10-fold range in light intensity did not affect viral latent
period or burst size in P-replete M. pusilla. However, P-limitation (under optimal light)
also led to elongated latent periods (with maximally 3 h compared to P-replete) and the
viral burst sizes decreased by 2.7-fold for MpV and 3.5-fold for PgV. Finally, infectivity
assays showed that PgV progeny from the P-limited high and low light cultures largely
lost their infectivity, reducing their infective burst sizes to only 2-4 infective viruses per
lysed host cell. Our study demonstrates that the effects of specific light and P-availability
on virus-phytoplankton interaction are not only species specific, but can also strengthen
each other’s effects. Relatively small differences in environmental conditions with depth,
geography or time have the potential to drastically affect viral infection of phytoplankton,
with consequent effects on host species composition and biogeochemical fluxes.
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INTRODUCTION

In the heterogeneous natural marine environment
phytoplankton is influenced by many environmental factors
at the same time (Behrenfeld et al, 2008). Phosphorus (P)
limited phytoplankton physiology and growth commonly
occurs in marine ecosystems and is, furthermore, expected to
become more important in the future ocean due to stratification
in combination with diazotroph nitrogen input (Karl et al,
1997; Ruttenberg, 2003; Dyhrman et al., 2007; Moore et al,
2013). Irradiance can either limit phytoplankton growth and
production by a reduced availability (turbidity, season, water
depth or mixing to deep waters; see Huisman et al., 2002) or
by an excess of it, causing photoinhibition (mixing to shallow
waters, stratification; Long et al., 1994). The effects of these
growth-controling factors can even be cumulative (Cloern, 1999;
Colijn and Cadée, 2003; van de Poll et al., 2005; Kulk et al., 2013;
Arteaga et al., 2014).

The environment is also a strong determinant on
phytoplankton host-virus interactions (Mojica and Brussaard,
2014). Regarding the important role of marine viruses as
drivers of biogeochemical cycling (Suttle, 2007; Brussaard et al.,
2008), the indirect effects (i.e., via the host) of the environment
are underrepresented in our knowledge of marine ecosystem
functioning. As viruses are dependent on the host for energy and
building blocks, any effects of a suboptimal environment on host
physiology might affect virus production as well. Phytoplankton
virus proliferation (latent period and burst size) has been shown
to be negatively affected by low P-availability or light intensity
(Wilson et al., 1996; Bratbak et al., 1998; Clasen and Elser,
2007; Gobler et al., 2007; Baudoux and Brussaard, 2008; Maat
et al,, 2014). Only very few studies have, however, focused on
the combined effect of two environmental factors together on
virus-phytoplankton interaction (Cséke and Farkas, 1979; Maat
and Brussaard, 2016), and none were performed under light with
P-manipulation.

Since the element P and irradiance are both involved in
phytoplankton energy metabolism, cumulative effects (whereby
one variable strengthens the effect of the other) on the virus can
be expected. Where light provides the energy, it is for a large
part stored in the energy rich anhydride bonds of P-containing
adenosine triphosphate (ATP). Viral replication is dependent
on the energy that is delivered by the host for replication,
transcription, translation, and genome packaging. This energy is
at least partly delivered in the form of ATP (Ando et al,, 2012)
and is present in the host cell or has to be produced during the
Iytic cycle by photophosphorylation.

Here we studied the potential co-stressing effects of P-
limitation and light intensity on viral proliferation in the
key phytoplankton species Micromonas pusilla and Phaeocystis
globosa. Phytoplankton cultures were maintained under P-replete
and P-limited treatments in combination with three different
light conditions. Balanced P-limited growth was realized by semi-
continuous culturing (Quinlan, 1986; Nicklisch, 1999), yielding
well-acclimated cells at the moment of infection. For clarity,
in this study we use (1) “P-limitation” as a general term that
describes the effects of low P-availability on phytoplankton

growth or physiology (Moore et al., 2013), (2) “P-controlled
growth” to describe the balanced nutrient limited semi-
continuous culturing phase, and (3) “P-starvation” to describe
the situation in the batch cultures (infection experiments;
Maclntyre and Cullen, 2005). At steady state, the cultures were
subsequently infected with host-specific lytic viruses, whereby
the effects of the P-limitation and light conditions on viral latent
period (time until first release viral progeny), burst size (number
of progeny viruses released per lysed host cell) and infectivity
were determined.

MATERIALS AND METHODS

Culturing and Experimental Set-Up

The prasinophyphyte M. pusilla (2 pwm diameter; MP-Lac38;
culture collection Marine Research Center, Géteborg University;
Butcher; Manton and Parke, 1960) and the prymnesiophyte
P. globosa G(A) (5 pm diameter; culture collection University
of Groningen, The Netherlands; isolated from the North Sea;
T135, Terschelling 135 km off the coast by R. Koeman in
2000) were axenically cultured at 15°C. Both species were grown
in Mix-TX medium, a 1:1 mixture of modified f/2 medium
(Guillard and Ryther, 1962) and artificial seawater (ESAW;
Harrison et al.,, 1980), enriched with Tris-HCI and Na,;SeO3
(Cottrell and Suttle, 1991). However, the potential P-source
Naj-glycerophophate was omitted from this medium. Light was
supplied by 18W/965 OSRAM daylight spectrum fluorescent
tubes (Miinchen, Germany) under a light:dark cycle of 16:8 h
andat intensities of 25, 100, and 250 pmol quanta m~2 s~
further referred to as low (LL), medium (ML), and high light
(HL). These light conditions are ecologically relevant for the
surface waters of the North Sea and Wadden Sea, whereby
ML represents a daily average for the spring period (Dring
et al, 2001; Ly et al, 2014). We used a 10-fold difference
between LL and HL, which is a natural range experienced
by phytoplankton in temperate waters (Kulk et al, 2013),
and whereby LL represents a level at which the maximum
growth rate of natural phytoplankton populations is halved
(Cloern, 1999) and HL shows significant inhibiting effects on the
photosynthetic efficiency (Fv/Fm) of our model species under
P replete conditions. Triplicate 50 ml cultures were grown
semi-continuously under P-replete and P-limiting conditions
with daily dilution 3 h into the light period. For the P-replete
treatments (36 WM Na,HPOy) culturing was done according
to the turbidistat principle (dilution based on cell abundance).
The P-limited cultures were diluted in a semi-continuous
fashion according to the same principle as chemostat culturing
(nutrient-limited continuous culture; MacIntyre and Cullen,
2005). Due to the high total number of cultures (72 in total),
this type of culturing was a good alternative for chemostat
culturing (Quinlan, 1986; Nicklisch, 1999). The concentrations
of the limiting nutrients determine the algal abundances (but
not the strength of limitation; Quinlan, 1986; Maclntyre and
Cullen, 2005) and were 0.25uM and 1.0uM Na,HPO, for
M. pusilla and P. globosa, respectively. We aimed for steady
state abundances of £ 1.0 and 0.5 x 10° for M. pusilla and
P. globosa, respectively, yielding comparable virus-host contact
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rates (i.e., 1.8 and 1.5 x 10° viruses cm~> s~!). The contact rates
were estimated according to Murray and Jackson (1992), using
host cell diameters of 2 and 5 pm. Abundances were however
affected by the treatment (light vs. nutrient conditions), leading
to small variations in starting abundances for the viral infection
experiment (varying maximally 1.9-fold under P-replete and 1.3-
fold under P-limiting conditions).

Acclimation Period and Steady State of the

Cultures

Maximum phytoplankton growth rates (jLyayx per day) under the
three light conditions were initially determined in replete batch
cultures. In the nutrient controlled semi-continuous cultures the
algal growth was maximized toward pmax, i.e., highest possible
without cells washing out. The growth rate was determined daily
according to In(Xt24/Xt0), whereby X is the algal abundance
before and after subculturing and analysis by flow cytometry
(FCM). The resulting stable P-controlled steady state constant
maximized growth and abundances; reached after a minimum
of 5 volume changes) was then maintained for several weeks.
During this period, cell abundances, flow cytometry (FCM)
mean forward scatter (FSC; a relative measure of cell size),
dissolved inorganic P (DIP) and photosynthetic capacity (also
used as indicator of nutrient limitation; Beardall et al., 2001)
were monitored (typically daily). A day before the viral infection
experiments (after 4 weeks of steady state), each of the triplicate
cultures (of all treatments) was split yielding one “non-infected
control” culture and one “virally infected” culture (Figure 1).

Viral Infection Experiment

At the day of the infection experiment the semi-continuous
dilution was stopped (thus also halting growth of the non-
infected P-limited cultures) to allow for proper one-step infection

cycles. Continued daily dilution of the cultures after infection
would have negatively affected the virus:host ratio, and nutrient
input at the moment of infection may affect virus proliferation.
Hence, with this set-up we studied viral infection of host cells
preconditioned to balanced nutrient limitation and subsequent
onset of nutrient starvation. The lytic dsDNA viruses MpV-
08T and PgV-07T (NIOZ-culture collection, the Netherlands),
infecting M. pusilla and P. globosa, respectively, were pre-
cultured under optimal light conditions (ML). The lysates for the
P-limited experimental cultures were pre-cultured on P-limited
host for at least 3 rounds of infection to assure that no DIP was
present in the lysates (also verified by direct measurements). For
all infection experiments, the cultures received their respective
viruses 3 h into the light period (at the moment at which the
cultures would otherwise be diluted) at a virus:host ratio of
10 (100% infectivity, as determined by most probable number
endpoint dilution assay, n = 5, 12 10 x dilutions; see below;
Suttle, 1993) to ensure a one-step infection cycle. The non-
infected control cultures received equal volume of 0.1 pm filtered
(polyethersulfone membrane filter; Sartopore Midicap, Sartorius
A.G. Goettingen) seawater with macronutrient concentrations
below the detection limit (<0.02 wM). The cultures were
subsequently sampled for algal and viral abundances (3-6h)
and nutrients (beginning and end). Measurements in all cultures
were stopped when cultures fully lysed, but extra samples of the
infected cultures were taken to assure no regrowth had taken
place.

Analyses

Concentrations of DIP were determined by colorimetry
according to Hansen and Koroleff (1999). DIP concentrations
during culturing and at the start of the viral infection experiment
were always at the detection limit (0.02 M) and considered

algal abundance (r.u.)

Aydyd

Day 1 Day 2 Day ...

Semi-continuous steady state culturing phase

FIGURE 1 | Flow-chart illustrating the experimental set-up. Prior to steady state the cultures were acclimated to the respective P-limitation and light levels by
semi-continuous culturing with dilution rates as high as possible without wash-out of cells. Once in steady state, cultures were maintained for several weeks. For the
viral infection experiments, dilution was stopped (*) and cultures were split into two new cultures of which one served as non-infected control and the other was

infected with viruses.

TN 7N 7N

- virus
+ virus

Day 24 Day 25-29

Virus-infection experiments
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0 wM. Algal cellular P-quotas under P-limitation were calculated
as daily added DIP divided by the increase in cell abundance
over a 24 h period. Axenic testing was done by epifluorescence
microscopy  with DAPI  (4,6-diamidino-2-phenylindole,
dihydrochloride; Life Technologies Ltd. Paisley, UK) stained
cultures (Porter, 1980). At all times during the experiments, the
cultures were axenic.

Phytoplankton abundances and mean cellular forward scatter
(FSC) were determined on fresh samples using a BD Accuri™
C6 cytometer (BD Biosciences, San Jose, Ca, USA) with
the trigger set on red autofluorescence (Marie et al., 1999).
The FSC values were used as indicators for relative cell
size (Shapiro, 1988; DuRand et al., 2002). A linear relation
between BD Accuri™ C6 mean cellular FSC (x) and cell size
(y) was confirmed by testing different phytoplankton species
from the NIOZ culture collection (y = 0.0075x + 1.2373;
r* =0.9979).

Algal viruses were fixed and enumerated by FCM according
to Brussaard (2004). In short, 0.5% final concentration
glutaraldehyde fixed samples (25% stock, EM-grade; Sigma-
Aldrich, St. Louis, MO, USA) were flash frozen in liquid
nitrogen and stored at —80°C until analysis. After thawing,
the samples were diluted 100-1000-fold in 0.2 pm filtered (FP
30/0.2 CA-S Whatman, Dasser, Germany) TE-buffer (Ph = 8)
and stained with SYBR green I to a final concentration of 0.5
x 107 of the commercial stock (Invitrogen Molecular Probes,
Eugene, OR, USA) for 10 min at 80°C, after which they were
analyzed using a benchtop BD FacsCalibur (BD Biosciences,
San Jose, Ca, USA) with the trigger set on green fluorescence.
The algal virus clusters were discriminated based on their
green fluorescence and side scatter (Brussaard et al., 2000). All
FCM data were analyzed using CYTOWIN 4.31 (Vaulot, 1989).
Viral burst size (viruses per lysed host cell) was estimated by
dividing the number of produced viruses by the number of lysed
host cells.

Viral infectivity was determined by comparing the most
probable number of infectious viruses (MPN endpoint dilution
assay; Suttle, 1993) with the viral abundances that were
determined by flow cytometry. The MPN assays with the progeny
lysates of the viral infection experiment were first done on one
of the replicates and carried out in triplicate (with 12 times 10-
fold dilution). As the results were showing a high reduction
in infectivity for two of the treatments the experiment was
repeated a year later (giving similar results to the earlier executed
experiment), whereby new MPN assays were carried out but
this time with 10 replicates). The algal host for the MPN assays
was cultured under optimal growth conditions (nutrient replete,
ML) and a dilution series without viruses was used as a negative
control. The percentage of infective viruses was determined
by dividing the number of infectious viruses (MPN) by the
number of viral particles (FCM). The infective burst size was
calculated by multiplying the fraction infective with the original
burst size.

The PAM fluorometry (Water-PAM, Walz, Germany)
measurements were placed in the dark for approximately 15 min,
after which they were analyzed for minimal (F0) and maximal
(Fm) fluorescence. The maximal photosynthetic efficiency Fv/

Fm was calculated from FO and Fm whereby Fv equals Fm-F0
(see Maxwell and Johnson, 2000).

Statistics were done with the program Sigmaplot™ 12.0
(Systat software Inc, Chicago Il, USA). Where applicable, two
way ANOVAs were used to simultaneously test for the effects
of light and P limitation on steady state parameters and
viral burst sizes. Pairwise multiple comparisons of all different
treatments were then carried out by a Holm-Sidak test. In
the tables, significant differences (p < 0.05) between values
are depicted by different letters (superscript), i.e., when values
share the same letter they are not significantly different from
eachother.

RESULTS
Steady State

Phytoplankton cellular characteristics at steady state were
affected by the degree of P-limitation as well as by the light
treatments (Table 1). The P-controlled cultures were able to
reach (near) P-replete growth rates, but not under all light
conditions. For M. pusilla the P-controlled growth rates under
ML and LL were similar as under P-replete conditions, but HL
led to an approximate 40% growth rate reduction. In contrast,
P-controlled P. globosa reached similar growth rates as P-replete
under HL, but showed a 10 and 20% reduction under ML and
LL respectively. For M. pusilla the highest growth rates were
obtained under HL, P-replete conditions, while this was the ML,
P-replete treatment for P. globosa.

The cellular P-quotas per cell under P-controlled growth
conditions were not affected by light level (Table 1). However,
with average cell diameters of 2 and 5 pm, the volume specific
P-quotas were about 2-fold lower for M. pusilla than P. globosa
(on average 0.068 and 0.128 fmol um 3, respectively). The mean
cellular FSC was affected by both light and P-control (Table 1).
P-controlled conditions led to an increase in FSC for both species
under ML. For P. globosa, this increase due to P-controlled
growth was also observed under HL and LL, but the opposite (a
lower FSC than P-replete under HL and LL) was observed for M.
pusilla. Moreover, both species showed a decreased FSC under LL
conditions.

The Fv/Fm of both algal species was affected by both factors,
i.e., the effect of P-controlled growth on Fv/Fm was strengthened
under increasing light (interaction; p < 0.001). P-controlled
conditions reduced the algal Fv/Fm as compared to the P-replete
growth, more so for M. pusilla than for P. globosa and more so for
HL than for LL (Table 1). Only the P. globosa LL cultures showed
no significant change compared to the replete cultures. An
interaction of both factors was especially clear for the steady state
M. pusilla cultures, where P-controlled growth in combination
with increasing light level led to a stronger decrease in Fv/Fm
than under P-replete conditions.

Viral Infection Experiment

In contrast to the non-infected control cultures, the P-replete
M. pusilla cultures showed a rapid growth reduction upon
infection with MpV (Figures 2A,B). However, full lysis of the
LL infected cultures took up to 2-fold longer than under ML
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TABLE 1 | Steady state parameters of M. pusilla and P. globosa under P-replete (R) and P-limited (L) growth conditions and 3 different light conditions
(250, 100, and 25 pmol quanta m—2s-1 , represented by HL, ML and LL, respectively): Average growth rate (n d—1), mean forward scatter (FSC),
photosynthetic efficiency (Fv/Fm) and P-quotum (fmol cell“).

Irradiance level P-level " (d‘1) P-quotum (fmol cell‘1) FSC (r.u.) Fv/Fm (r.u.)

M. pusilia HL R 0.86+0.042 1.4240.032 0.65+0.002
L 0.5140.020 0.25+0.022 1.26+£0.03° 0.4340.01°

ML R 0.77 +£0.04¢d 1.00+£0.01¢ 0.7040.00°

L 0.75+0.034 0.20+0.022 1.11+0.02d 0.57 +0.009

LL R 0.77+0.034 0.784+0.01¢ 0.6840.00°

L 0.7940.02d 0.1940.012 0.67 £0.01f 0.6640.00f

P, globosa HL R 0.88+0.062 0.96+0.012 0.5940.002
L 0.84+0.022 2.6+0.012 1.13+0.01° 0.6340.00P

ML R 1.1+0.08° 1.00+0.01¢ 0.6940.00°

L 0.89+0.032 2.6+0.162 1.07 +0.009 0.65+0.00¢

LL R 0.83+0.022 0.7940.00® 0.7040.00°

L 0.7440.01¢ 2.34+0.092 0.98+0.01f 0.7040.00°

Per phytoplankton species the cellular FSC was normalized to P-replete at ML. Depicted data are derived from the 3 replicates in the 2 days right before the infection experiments
(n = 6). Values are averages + s.e. The letters (2°%f) behind the values show significant differences, i.e., when two values in a column (per species) are depicted by different letters,
they are significantly different from eachother (2-way ANOVAs with Holm-Sidak multiple pairwise comparisons; p = 0.05). r.u. stands for relative units.
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FIGURE 2 | Algal and viral growth curves with abundances of non-infected (A) and infected (B) Micromonas pusilla and MpV (C) under P-replete
conditions. (D) Shows MpV abundances in the first 12 h in more detail. Light treatments are depicted by triangles (HL), circles (ML), and squares (LL). Values are
averages + s.d. Gray bar depicts dark (night) period.
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and HL (Figure 2B). The latent period of MpV was 6-9 h,
independent of light level (Figures 2C,D). Also the MpV burst
sizes under P-replete conditions were not affected by light
level (differences in viral yield were due to small differences
in maximal algal abundance at LL, ML, and HL; Figure 2C,
Table 2). The non-infected P-starved cells ceased growing, while
the infected M. pusilla cultures showed similar declines as
for the P-replete infected cultures, independent of the light
treatments (Figures 3A,B). The viral latent period prolonged
with maximally 3 h under P-limitation and the MpV burst
size declined 2.5-fold to 94 per lysed host cell (Table 2). Light
level did not further impact the viral latent period or burst size
in the P-limited treatments (Figures 3C,D, Table 2). Infectivity
of the progeny MpV was between 74 and 100%, resulting in
infective burst sizes of 78-96 and 143-241 infective viruses
per cell for P-limited and P-replete conditions, respectively
(Table 2).

The P-replete control cultures of P. globosa showed similar
growth dynamics as the replete M. pusilla cultures (Figure 4A).
The onset of lysis of the P-replete culture delayed slightly
with decreasing light level (Figure 4B). Compared to the latent
period at ML (9-12h), the HL and LL treatment led to a
3h increase of the latent period (Figures 4C,D; Table 2). Light
level under P replete conditions, furthermore, negatively affected
the burst size of PgV, i.e., 2.2-fold lower at HL and 1.3-fold
at LL (compared to 690 MpV per lysed host cell at ML;
Table 2). Light level under P-limitation did not affect the control
cultures of P. globosa, but prolonged the time to full lysis
under LL (Figures 5A,B). Independent of light level, P-limitation

TABLE 2 | Latent periods and burst sizes of M. pusilla virus (MpV) and

P. globosa virus (PgV) under P replete (R) and P limited (L) growth
conditions and 3 different light conditions (250, 100, and 25 wmol quanta
m—2s-1 , represented by HL, ML, and LL, respectively).

Irradiance P-level Latent Burst Infective
size Burst size
level period (h) (viruses (infective
per cell) viruses cell)
MpV HL R 6-9 2454162 143
L 9-12 99+ 18° 78
ML R 6-9 241452 241
L 9-12 88+ 9P 73
LL R 6-9 229 + 468 165
L 9-12 96+3P 96
PgVv HL R 9-12 53641102 536
L 12-15 143310 4
ML R 9-12 690 4 28° 542
L 12-15 200+ 18P 176
LL R 12-15 317 +£52d 190
L 12-15 190 + 26° 2

Values are in averages +s.d. (n = 3). The letters (#2°9) behind the values show significant
differences, i.e., when two values in a column (per species) are depicted by different letters,
they are significantly different from eachother (2-way ANOVAs with Holm-Sidak multiple
pairwise comparisons; p = 0.05).

resulted in 1 day delayed lysis of the infected cultures as
compared to P-replete cultures. P-limitation prolonged the latent
period of PgV with 3h (to 12-15h), with the exception of
the LL treatment (already 12-15h under P-replete conditions
due to low irradiance; Figures 5C,D; Table 2). Infection of the
preconditioned P-limited P. globosa resulted in 3.5-fold reduced
PgV burst size at ML (as compared to P-replete). This was
further reduced by 2.2 and 2.8-fold at HL and LL, respectively
(Table 2). In contrast, under P-limiting conditions there was no
significant effect of light level, demonstrating an interaction effect
between light and P-limitation (p < 0.001). Infectivity of the
PgV progeny under P-replete conditions (all light levels) and P
limitation at ML was between 60 and 100%, resulting in infective
burst sizes between 176-536 infective viruses per cell (Table 2).
However, under P-limitation with HL or LL, the infectivity of the
viral progeny was strongly diminished, translating into infective
burst sizes of respectively 4 and 2 infectious viruses per lysed
host cell.

DISCUSSION

We showed that P-limitation and light can strongly affect
phytoplankton physiology and viral proliferation, whereby both
variables strengthened each other’s effects, but with differences
for both species. Light level as well as P-treatment (P-replete or
P-limited) affected the growth rate of the cultures at steady state,
with differences for both species. Unfavorable light conditions
reduced the growth rates of P. globosa, but they were only
further reduced by P-limitation under LL. In contrast, for M.
pusilla the growth rates were only negatively affected under
HL in combination with P-limitation, demonstrating that both
species occupy very different niches. Similar species-specific
effects of light on the maximal growth rate were observed for
two phytoplankton species in nitrogen (N) limited chemostats
(Rhee and Gotham, 1981). The available literature further shows
that P-limitation affects photosynthesis and vice versa that
photosynthesis affects the cells’ P-demand (Lin et al, 2016).
However, the exact mechanisms by which unfavorable (HL and
LL) light conditions and P-limitation simultaneously affect host
growth and physiology in different species need further study.
The P-limited state of our cultures was demonstrated by reduced
Fv/Fm and cellular P-quotas, the latter respectively 6-fold (1.23
fmol per cell for M. pusilla) and 2-fold (5.68 fmol per cell for
P. globosa) lower as under P-replete ML conditions (Maat and
Brussaard, 2016).

The FSC, which is a well-accepted indicator for relative cell
size (Shapiro, 1988; DuRand et al., 2002), was also affected by
P-limitation and light availability in a cumulative way. Our data
suggest that cell size for both species increased as a response to
P-controlled growth under ML. Such increased phytoplankton
cell size under P-limitation has been shown the result of cell
cycle arrest in combination with continued accumulation of
biochemical compounds, i.e., carbon and nitrogen (see e.g., Lin
et al, 2016 and Li et al, 2016). In contrast, M. pusilla (but
not P. globosa) FSC decreased under HL and LL. Although the
available literature merely shows increased phytoplankton cells
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conditions. (D) Shows MpV abundances in the first 15 h in more detail. Light treatments are depicted by triangles (HL), circles (ML), and squares (LL). Values are
averages =+ s.d. Gray bar depicts dark (night) period.

sizes under P-limitation (Lin et al., 2016), light intensity might
thus counteract those effects. Similar effects were found by Peter
and Sommer (2015) who showed that N- and P-limitation led to
decreased cell sizes of several phytoplankton species that were
grown under the same light levels as our HL treatments. These
effects could be merely a physiological response to unfavorable
light, but under LL a cell size reduction could also be a strategy
to increase the light harvesting capability of the cells, as cell
size reductions also decrease intracellular self-shading (Raven,
1998). As changes in cell size (and thus cell surface) would
affect the virus-host contact rate (Murray and Jackson, 1992),
this could have implications for virus proliferation as well.
Further study, using direct cell size measurements, including
the determination of intracellular biochemical compounds and
with a larger variety of species, can possibly give a more
decisive answer.

At the moment of infection, the phytoplankton host cells were
in steady state and were thus well acclimated to the P and light
conditions, showing constant growth and physiology. Although
LL conditions delayed the lysis of the P-replete M. pusilla

cultures, it did not significantly affect the latent period or
burst size. Hence, MpV proliferation was solely affected by
P-limitation and not by light. Quite the opposite, P. globosa
showed longer latent periods under LL and lower burst sizes
under LL and HL. The effects of P-limitation and light on PgV
burst sizes are thus cumulative, as the inhibiting effects of light
are dependent on the availability of P. Another ecologically
important additive effect was recorded for the progeny PgV that
was produced under P-limitation with HL and LL conditions,
as less than 3% of the produced viruses under these conditions
were found to be able to successfully infect a new host. Despite
the relatively large error in the MPN assay (resulting from
10-fold dilution set-up), the differences between infective and
total viral abundance was high, i.e., 35 and 120-fold for HL and LL
under P-limitation (compared to only 1.1-1.7-fold for all other
treatments). Moreover, the MPNs of the repetition experiment
showed the same pattern as the first time, we believe that these
effects are real. Notably, these results imply that the abiotic
environment can almost completely inhibit viral proliferation.
Thus far we don’t know how infectivity was exactly affected, but if
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these non-infective viruses are still able to adsorb to the host cell,
they potentially may still prevent new infection by viruses that are
infective.

A loss of infectivity can be caused by alterations in the
ability of a virus to attach, infect (enter host) or transcribe once
inside the host (Kapuscinski and Mitchell, 1980). Flow cytometric
analysis of the viruses, which is based on DNA-staining, was
unaffected demonstrating that the viruses still contained DNA,
but genomes might have been incomplete or otherwise affected.
It is difficult to explain why P-limitation in combination with LL
and HL conditions led to a loss of infectivity, while this was not
observed under ML. Possibly the host cell cycle plays a role in
this process, as both P-limitation and light limitation have been
shown to lead to cell cycle arrest in the G1 phase (Vaulot, 1995;
Lin et al., 2016). Although all cells were under the same light:dark
regime and all infected at the same time, the cultures experienced
P-starvation during the infection experiments. The unfavorable
light conditions may have strengthened these effects, leading to
cell cycle arrest in G1 and consequently affected production of

viral DNA and or proteins. An effect of phytoplankton host
cell-cycle on lytic viruses was also found by Thyrhaug et al.
(2002) who showed that Pyramimonas orientalis cultures infected
with viruses in the beginning of the G1 phase showed 8-times
higher virus production than the cultures infected in the S phase.
However, in this case no loss of infectivity was observed. The
possible role of host cell-cycle in the effects of environmental
factors on phytoplankton host-virus interaction remains to be
studied. Alternatively, we hypothesize that oxidative stress of
the P. globosa host due to unfavorable growth conditions may
have affected the infectivity of the PgV progeny. Although we
cannot exclude a direct effect of the reactive oxygen species
(ROS) on PgV infectivity (under P-limitation with LL or
HL), the ROS scavengers dimethylsulfoniopropionate (DMSP)
and dimethylsulfide (DMS) are (1) produced by stationary
Phaeocystis sp. (likely as a result of P-depletion) and under
conditions of low and high light, and (2) shown to affect the
infectivity of algal viruses (Stefels and Boekel, 1993; Baumann
et al,, 1994; Matrai et al., 1995; Stefels and van Leeuwe, 1998;
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Evans et al., 2006, 2007). Interestingly, an increase in DMS was
also observed for virally infected Phaeocystis pouchetii (Malin
et al., 1998), but not for infected axenic M. pusilla LB991 (Hill
et al., 1998), which may help explain the difference in response
to P-limitation with light level we found between the two species.
Further study will have to elucidate the mechanisms behind the
infectivity loss under these conditions.

It is difficult to pinpoint the underlying mechanisms
that led to elongated latent periods and reduced burst sizes
under suboptimal light and P-availability. P-limitation could
have inhibited viral replication by reducing the availability
of P-containing molecules necessary as viral building blocks
(nucleotides) or as energy carriers (nucleosides) during
replication (Maat et al., 2014). Such an effect on the energy
metabolism is supported by the finding that for both species the
P-limited treatments, which showed increased latent periods and
lowered burst sizes, also showed lower steady state Fv/Fm. This
relation was however largely obscured by light conditions and
consequently no relation between light intensity, host physiology
and virus-host interaction could be demonstrated. Optimal viral
replication in P. globosa might depend on both the occurrence

of photophosphorylation and the presence of intracellular
energy reserves. When light availability during infection is
suboptimal, the intracellular energy (ATP) reserves are probably
still supporting the production of (a reduced amount of)
viruses. However under P-limitation, photophosphorylation
(light inhibition and limitation) and energy reserves are both
suboptimal, leading to an additional reduction in PgV burst size.
Complete darkness during the infection process led to a strong
decline in burst size for P-replete ML P. globosa, (Baudoux
and Brussaard, 2008) and M. pusilla Lac38 (unpublished data).
Intracellular energy reserves can thus sustain viral replication
to a similar extent in both species, although for viruses of larger
phytoplankton host species this might be the only source of
energy during infection when resources are suboptimal. This is
supported by the finding that PgV-07T could still replicate in
the dark when P. globosa was acclimated to HL and ML, but not
when it was acclimated to LL (Baudoux and Brussaard, 2008).
The reason that viral infection in M. pusilla is not affected
at all by the same light conditions that strongly affected virus
proliferation P. globosa, could be the result of its smaller size,
as smaller species are expected to be more efficient in the
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uptake and utilization of light and nutrients (Raven, 1998). The
lower nutrient demand of M. pusilla is supported by the 2-fold
lower volume specific P-quota of this species compared to P.
globosa during steady state. Likely photophosphorylation during
infection would be more effective in the picophytoplankter
M. pusilla than in the nanophytoplankter P. globosa and the
dependency of viral infection on intracellular energy reserves
might thus increase with the size of the phytoplankton
host. Similarly, viral proliferation in the small cyanobacterium
Anacystis nidulans has been shown to be strictly dependent on
photophosphorylation while viruses of the larger-sized Chlorella
sp. and Heterosigma akashiwo are thought to be independent on
it (Allen and Hutchison, 1976; Van Etten et al., 1983; Juneau et al.,
2003).

Ecological Implications

Our results indicate that in a P-limited environment [e.g.,
at end of P. globosa bloom or open (sub)tropical ocean],
the proliferation of phytoplankton viruses would be strongly
inhibited, whereby the effects can be intensified by suboptimal
(high or low) light conditions. Species-specific differences were
particularly distinct in the number of infectious viruses produced
by P-limited host at LL and HL. The production of non-
infective viral particles by P. globosa under these conditions leads
to a higher ratio of non-infective to infective viral particles.
Consequently this reduces successful new viral infection of
the host, which means lower share of viral lysis (to total
mortality). A similar cause may explain the delayed virally
induced mortality loss of the bloom-forming phytoplankter
Aureococcus anophagefferens under low light conditions (Gobler
et al., 2007). In either case, grazing could prevail over viral lysis,
which would affect the biogeochemical fate of the produced algal
biomass (Brussaard et al., 2008).

Light and P-availability change on a spatial (e.g., vertical

distribution in water column and geographical) and
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