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Elevated CO, and Phosphate Limitation Favor Micromonas pusilla
through Stimulated Growth and Reduced Viral Impact
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Growth and viral infection of the marine picoeukaryote Micromonas pusilla was studied under a future-ocean scenario of ele-
vated partial CO, (pCO,; 750 patm versus the present-day 370 patm) and simultaneous limitation of phosphorus (P). Indepen-
dent of the pCO, level, the ratios of M. pusilla cellular carbon (C) to nitrogen (N), C:P and N:P, increased with increasing P
stress. Furthermore, in the P-limited chemostats at growth rates of 0.32 and 0.97 of the maximum growth rate (p,,,,), the supply
of elevated pCO, led to an additional rise in cellular C:N and C:P ratios, as well as a 1.4-fold increase in M. pusilla abundance.
Viral lysis was not affected by pCO,, but P limitation led to a 150% prolongation of the latent period (6 to 12 h) and an 80% re-
duction in viral burst sizes (63 viruses per cell) compared to P-replete conditions (4 to 8 h latent period and burst size of 320).
Growth at 0.32 p,,,., further prolonged the latent period by another 150% (12 to 18 h). Thus, enhanced P stress due to climate
change-induced strengthened vertical stratification can be expected to lead to reduced and delayed virus production in picoeu-
karyotes. This effect is tempered, but likely not counteracted, by the increase in cell abundance under elevated pCO,. Although
the influence of potential P-limitation-relieving factors, such as the uptake of organic P and P utilization during infection, is un-
clear, our current results suggest that when P limitation prevails in future oceans, picoeukaryotes and grazing will be favored
over larger-sized phytoplankton and viral lysis, with increased matter and nutrient flow to higher trophic levels.

nthropogenic CO, emissions are expected to lead to a dou-

bling of the ~390 patm present-day partial CO, (pCO,) pres-
sure by the year 2100 (1). A large part of this CO, will be taken up
by the world’s oceans, where it will lead to a decrease in pH and a
shift in carbon speciation (2). These changes are expected to have
consequent effects on marine photoautotrophs, which depend on
dissolved inorganic carbon (DIC) for their photosynthesis. Thus
far, studies on the effects of elevated pCO, on phytoplankton have
shown divergent outcomes, ranging from no effects to changes in
growth rate, primary production, and elemental stoichiometry
(3). The effects of elevated pCO, on diatoms, coccolithophores,
and cyanobacteria have been studied in the laboratory in greater
detail, but to our knowledge there is only one other study in which
the effects of elevated pCO, on picoeukaryotes was studied in the
laboratory under well-controlled conditions (4). It has been hy-
pothesized that diffusion of CO, typically is not expected to limit
photosynthesis in the very-small-sized phytoplankton (5). How-
ever, carbon-concentrating mechanisms were identified in the ge-
nome of the picophytoplankter Micromonas pusilla (6). An exten-
sive experiment in the Arctic by Brussaard et al. (7), comprising 9
mesocosms with a pCO, increasing from 180 to 1,100 patm,
showed a significant increase in the abundance of picoeukaryotic
photoautotrophs with CO, concentration. An increase of picoeu-
karyotic Micromonas-like cells was also observed in a nutrient-
replete mesocosm study under elevated pCO, (8). More recently,
during a similar mesocosm experiment in the same Norwegian
fjord, an increase in form 1B rbcL sequences similar to that of
Micromonas spp. was observed (9).

Micromonas pusilla is an important member of the picophyto-
plankton community worldwide and is found from coastal to oce-
anic ecosystems and from the poles to the equator (10, 11). This
prasinophyte is readily infected by viruses, and viral lysis is an
important loss factor for this species (12, 13). The importance of
viruses in structuring marine microbial communities and as driv-
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ers of biogeochemical cycles has well been recognized (14-17);
however, only a limited number of studies have actually focused
on the effects of growth-limiting factors on algal host-virus inter-
actions (18-22). An important macronutrient often limiting phy-
toplankton growth in many ecosystems worldwide is phosphorus
(P) (23). In addition, P limitation is suggested to be particularly
important for viral replication due to the relatively low C:P ratios
of viruses compared to those of their hosts (18). P depletion has
been reported to induce lysogeny in Synechococcus sp. strain
WH?7803 and reduce virus production for viruses infecting Emili-
ania huxleyi, Phaeocystis pouchetii, and Chlorella sp. strain NC64A
(18-20, 22). To our knowledge, no data are available for picoeu-
karyotes that are theoretically better adapted to low nutrient avail-
ability than larger phytoplankton species (24). Global climate
change-induced warming of the ocean surface will strengthen ver-
tical stratification in large parts of the world’s oceans and enhance
nutrient limitation for phytoplankton growth (25, 26). Under
such conditions, viruses would have an even more critical func-
tion as drivers of microbial activity and nutrient recycling.

In the present study, we investigated the simultaneous effects
of elevated pCO, and P limitation on M. pusilla growth character-
istics and its interaction with a lytic M. pusilla virus (MpV). Axenic
cultures of M. pusilla were subjected to present-day and future
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pCO, levels by constant aeration of synthetic air. P-limiting
growth (0.32 and 0.97 of the maximum growth rate [p,,,,]) was
derived by chemostat culturing, in which the continuous inflow
rate of P-limited medium determined the growth rate of the phy-
toplankton cells and forced the cells into a steady physiological
condition. At steady state, cultures were sampled for growth char-
acteristics in the period preceding the viral infection experiments.
P-replete cultures at 1.0 W, Were used as a reference.

MATERIALS AND METHODS

Culturing and experimental setup. Axenic cultures of the prasinophyte
Micromonas pusilla (Mp-Lac38; Marine Research Center culture collec-
tion, Goteborg University) and viral lysate of the double-stranded DNA
(dsDNA) M. pusilla virus MpV-08T (NIOZ Culture Collection, The
Netherlands) were used. Axenic lysate of MpV-08T was prepared by three
infection cycles using algal host grown at the specific culture conditions
(i.e., P limited or P replete). The infectivity of MpV, as tested by MPN
endpoint dilution (27), was 100%; thus, it was not affected by P or pCO,
treatment. Axenity of the algal cultures and viral lysate were checked by
epifluorescence microscopy using the nucleic acid stain 4’,6-diamidino-
2-phenylindole (DAPI; Life Technologies Ltd., Paisley, United Kingdom).
At all times during the experiment the cultures were axenic.

M. pusilla was grown in 5-liter borosilicate chemostat culture vessels
with P as the algal growth-limiting nutrient and with water jackets con-
nected to a water bath (Lauda Ecoline StarEdition RE104; Lauda, Konig-
shofen, Germany) to keep the temperature at 15°C. The cultures were
stirred by a glass clapper above a magnetic stirrer, moving at 15 rpm.
Irradiance at 100 wmol quanta m ™ s~ ' was supplied by 18W/965 Osram
daylight-spectrum fluorescent tubes (Munich, Germany) in a light:dark
cycle of 16:8 h. The cultures were grown in filtered (0.1-pm polyethersul-
fone membrane filter; Sartopore Midicap; Sartorius A.G., Goettingen,
Germany) f/2 medium (28) that was modified to contain 0.25 uM
Na,HPO,, 40 M NaNO;, and 0.01 wM Na,SeOj; (29). Algal growth rates
were set by the dilution rate (continuous inflow of medium and similar
rate of outflow of culture), i.e., 0.97 w . and 0.32 ..., where p . =
0.72 day ™ ". Duplicate cultures were maintained for each treatment. The
duplicate P-replete cultures were grown semicontinuously at 1.0 ..
(keeping the algal abundance around 5.5 X 10° ml~ ' by daily dilution) in
similar 5-liter culture vessels and culture conditions, with the medium
modified to contain 36 uM Na,HPO, and 882 pM NaNO,.

Before being added to the algal cultures, all media were equilibrated to
the appropriate pCO, by aeration with synthetic air with either 370 or 750
patm CO, (Messer B.V. Moerdijk, Netherlands). Additionally, the algal
cultures received similar aeration with synthetic air at approximately 2.5
liters h™" using glass bubble stones. Aeration was chosen as the closest
representative of DIC supply in simulating natural conditions compared
to other methods (30, 31). The pCO, from the vessel air outlets was con-
tinuously analyzed by infrared CO, probes (Vaisala Carbocap carbon di-
oxide probe GMP343; Vantaa, Finland) to allow adaptation of the aera-
tion rate if necessary. During the viral infection experiments, aeration
continued at identical rates.

The cultures were considered to be at steady state after at least 5 vol-
ume changes with constant algal abundances for more than 28 days. Sam-
pling at steady state was performed approximately 3 h into the light pe-
riod. Cultures were sampled for dissolved inorganic carbon (DIC), total
alkalinity (A1), dissolved inorganic phosphate (DIP), algal and viral abun-
dance, flow-cytometric characteristics, photosynthetic capacity, alkaline
phosphatase activity (APA), net primary production (NPP), pigment
composition, and particulate organic carbon (POC) and nitrogen (PON).

For the viral infection experiments, the 5-liter cultures at steady state
were infected 3 h into the light period with MpV-08T at a virus-to-algal-
host ratio of 10 to allow one-step infection. At the moment of infection the
medium pumps were stopped, while aeration continued to maintain the
specific pCO, supply throughout the viral infection experiment. The non-
infected control cultures received filtered (0.2-pm-pore-size cellulose ac-
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TABLE 1 Steady-state averages of culture pCO,, DIC, A, and pH after
cellular uptake of inorganic carbon”

pCO, input

(patm)and  pCO, DIC

P level (patm) (wmolkg™") A (wmolkg™') pH

370
032 sy 291 %37  2,103%+10 2,450 = 24 8.10 + 0.01
0.97 Wpmax 256 =15 2,079 £5 2,451 = 36 8.17 = 0.04
P replete 207 =16 2,175 = 21 2,695 = 19 8.23 £0.03

750
0.32 oy 510 =36 2,235 £ 3 2,471 = 13 7.93 £0.02
097 py, 459525 2210410 2,465 * 18 7.92 + 0.01
P replete 420 =35 2,315* 25 2,655 * 30 8.02 = 0.03

@ Cellular uptake of inorganic carbon was supplied by aeration, and the input of
medium was equilibrated to 370 and 750 patm CO,. Results are averages = SE.

etate; Sartorius A.G., Goettingen, Germany), autoclaved seawater at the
same volume. Cultures were sampled for DIC (days 1 and 3), DIP, algal
and viral abundances, flow-cytometric characteristics, and NPP (once a
day). The viral infection experiments using P-limited chemostats at 370
and 750 patm were repeated (9 months between experiments) for viral
and algal abundances but unfortunately failed for the 0.97-p.,,,, growth
condition due to technical reasons. The 0.32-p.,,,. culture replicates were
very similar, with low standard deviations and identical latent period and
burst size (62 * 2).

Algal and viral abundances. Samples for algal and viral counts were
analyzed by flow cytometry (32, 33). In short, 1-ml samples of M. pusilla
were counted fresh using a BD Accuri C6 cytometer (BD Biosciences, San
Jose, CA), with the trigger on chlorophyll red autofluorescence. Virus
samples were fixed with 25% gluteraldehyde (electron microscopy [EM]
grade; 0.5% final concentration; Sigma-Aldrich, St. Louis, MO, USA),
incubated for 30 min at 4°C, flash frozen in liquid nitrogen, and stored at
—80°C until analysis. Upon thawing, the samples were diluted 100- to
1,000-fold in filtered (0.2-pm pore size; FP 30/0.2 CA-S; Whatman,
Dasser, Germany) Tris-EDTA buffer (pH 8) and stained with SYBR green
I to a final concentration of 0.5 X 10~* of the commercial stock (Life
Technologies Ltd., Paisley, United Kingdom) for 10 min at 80°C. Sample
analysis was carried out on a benchtop BD FACSCalibur (BD Biosciences,
San Jose, CA, USA) with a 488-nm argon laser with the trigger set on green
fluorescence. Flow cytometry behavior was tested using BD Trucount
tubes (BD Biosciences, San Jose, CA, USA), and flow rates were deter-
mined by weight measurements according to reference 32. All flow cy-
tometry data were analyzed using CYTOWIN 4.31 (34). The viral burst
sizes were subsequently calculated by dividing the number of newly pro-
duced viruses by the number of host cells that lysed.

Chemical analyses. To determine the inorganic carbon concentra-
tions and speciations in the cultures, 250-ml samples were fixed with 50 .l
saturated HgCl, solution and stored in the dark at 15°C until analysis (35,
36). DIC and A subsequently were determined by a Vindta 3C (versatile
instrument for the determination of total inorganic carbon and titration
alkalinity; Marianda, Germany). Certified reference material (CRM) was
included in the measurements (36). Culture CO, concentrations were
calculated from DIC and A+ using the program CO,sys (37), applying the
equilibrium constants of Mehrbach (38) and Dickson and Millero (39)
and accounting for salinity and inorganic phosphorus concentrations.
Table 1 shows the resultant pCO,, DIC, A, and pH in the cultures. The
resultant pCO, in the culture vessels at steady state was constant but
reduced compared to the input level (370 and 750 patm) as a consequence
of cellular uptake (40). However, increasing the aeration rate even more to
compensate for the high uptake was not possible due to inhibiting effects
on M. pusilla growth. pCO, (P < 0.001; Kruskall-Wallis), DIC, and pH
(P < 0.001 for both parameters; 2-way analysis of variance [ANOVA])
showed a statistically significant difference between the present-day and
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future treatments. Within each pCO, treatment, total DIC did not differ
between the 0.32- and 0.97- ., P treatments (P = 0.065) but was slightly
higher for the P-replete treatments (P < 0.001). This coincided with a
higher alkalinity for this treatment (P < 0.001), which was a direct result
of phosphate dissolution. Within the P-limited cultures, alkalinity was not
significantly affected by growth rate or pCO, treatment. Moreover, during
the viral infection experiment the pCO, in the culture medium was com-
parable to that in the steady state, on average 229 (*17) and 435 (*=41) for
present-day and future pCO,, respectively.

DIP was determined colorimetrically as described by Hansen and
Koroleff (41), with a lower limit of detection of 0.02 wM. Samples were
filtered (0.2 m; FP 30/0.2 CA-S; Whatman, Dasser, Germany) into clean
screw-cap vials and stored at —20°C until analysis. DIP concentrations
remaining in the culture medium at chemostat steady states were at the
detection limit, i.e., as low as 0.023 (+0.004) wM for all culture vessels and
considered zero. As expected, the P-replete semicontinuous cultures still
had high DIP concentrations of 30.5 £ 0.8 uM left at steady state. Dis-
solved inorganic nitrate concentrations at steady state were above 20 M
at all times for the infected and noninfected cultures under both P-replete
and P-limiting conditions.

Asadirectindicator of P limitation, APA was determined fluorometri-
cally according to the method of Perry (42). To a glass cuvette with 2 ml of
culture, 3-O-methylfluorescein phosphate (MFP; Sigma-Aldrich, St.
Louis, MO, USA) was added to a final concentration of 595 .M. Emission
at 510 nm was measured on a Hitachi F2500 fluorescence spectrophotom-
eter (Tokyo, Japan) for 60 s at an excitation wavelength of 430 nm. The
rate of MFP conversion was determined by comparing the values to a
standard curve of 3-O-methylfluorescein (Sigma-Aldrich, St. Louis, MO,
USA).

The particulate organic fractions of algal carbon (POC) and nitrogen
(PON) were obtained on precombusted (4 h at 450°C) and preweighed
25-mm Whatman GF/F filters (Maidstone, Kent, United Kingdom) in
triplicate. After storage at —20°C, the filters were weighed again, folded
into tin (Sn) cups, and analyzed using a Thermo-Interscience Flash
EA1112 series elemental analyzer (Waltham, MA, USA) (43). Particulate
organic phosphorus (POP) was calculated as the difference between DIP
from the medium and the culture.

Photosynthetic capacity of the M. pusilla cells was determined by PAM
fluorometry (Water-PAM, Walz, Germany). After a 20-min dark incuba-
tion, the FO and Fm chlorophyll a autofluorescence levels were deter-
mined and used to calculate the maximal photosynthetic efficiency as
Fv/Fm, where Fv is the variable fluorescence and equals Fm minus FO (44).

NPP was determined by the uptake of radiolabeled bicarbonate. Sixty
ml of culture (2 duplicates, 1 dark control) was spiked with 10 wCi of
Na,H'*CO, (specific activity, 2 mCi mmol ~'; Amersham) and incubated
for 3 h on an incubation wheel at 3 rpm under growth conditions similar
to those used for the cultures but without separate pCO, treatment. Upon
incubation, bottles were moved to the dark and directly filtered through a
47-mm Whatman GF/F filter (Maidstone, Kent, United Kingdom). The
filters were then fumed above 30% HCI for 2 h to remove the remaining
'4C and stored in scintillation vials at —20°C. Twenty-four hours before
analysis using a Tri-carb 2300 TR scintillation analyzer (Packard Instru-
ment Company, LaGrange, IL, USA), 20 ml of scintillation cocktail (Fil-
ter-Count; PerkinElmer, Waltham, MA) was added to the filter. Total
primary production was calculated as AC = (sa X DIC X 1.06)/(aa X t),
whereby AC is the carbon uptake rate (umol C h™!), sa is the sample
activity (disintegrations per minute [DPM]), 1.06 is the isotope effect
constant, aa is the added activity (DPM), and ¢ is the incubation time (in
hours) (45).

Pigment analysis on 50 ml GF/F-filtered (Maidstone, Kent, United
Kingdom) frozen samples was performed by high-performance liquid
chromatography (HPLC). This was carried out on a Dionex HPLC system
equipped with a Cg separation column (Luna 3.Cg100A; 100 by 4.6 mmy;
Phenomenex, Torrance, CA, USA). Pigment extraction took place in 4 ml
methanol using glass pearls in a CO,-cooled Braun (Melsungen, Ger-
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many) homogenizer. Pigments were detected at 437 nm with a Dionex
photo diode array detector. The solvents were used according to Zapata et
al. (46), and pigment standards were obtained from DHI (Hersholm,
Denmark). The individual pigment concentrations where then used to
calculate the level of Chl a/cell, the Chl a/Chl b ratio, and the epoxidation
state of the xanthophyll pigments [violaxanthin/(lutein + zeaxanthin)] as
indicators of nutrient stress (47).

Statistical analysis. Using Sigmaplot 12.0 (Systat Software Inc., Chi-
cago, IL, USA), two-way ANOVAs were carried out to determine the
differences between the three phosphate and two pCO, treatment groups.
When the assumptions for ANOVA could not be met in this way, non-
parametric Kruskal-Wallis tests or one-way ANOVAs were carried out for
each treatment group. Sample sizes (1 = 4 to 6) for steady-state measure-
ments are the results of duplicate vessels and the number of sampling days.
A significance level of 0.05 was used, normality was verified by a Shapiro-
Wilk test, and equal variances were verified by a Bartlett’s test. Values in
tables and the text are given as means * standard errors (SE).

RESULTS

Steady-state algal physiology. Chemostat preculturing forced M.
pusilla cells to be in a steady physiological growth phase under
different degrees of P limitation (0.32 and 0.97 ,,,.,)- Steady-state
physiological and stoichiometric values are depicted in Table 2
(see Table S2 in the supplemental material for P values). M. pusilla
abundance in the P-limited chemostats was 1.4-fold higher under
future pCO, than under present-day pCO, values (P < 0.001;
Kruskal-Wallis). No significant differences in cell abundance
could be observed between the 0.32- and 0.97-p.,,., cultures.
Flow-cytometric cellular characteristics showed increasing for-
ward scatter (FSC) with the degree of P limitation (P < 0.001); this
was not significantly affected by pCO, treatment. Chlorophyll a
red autofluorescence per cell (RFL) of the 0.97-w,,,, P-limited
cultures was lowest and was statistically different (P < 0.001) from
the 0.32-p,,,,, and P-replete treatments. However, this was not
reflected in the cellular Chl a content, where the values for 0.32-
and 0.97-w,,,,, P-limited cultures did not differ significantly and
were 2-fold lower than those for the P-replete ones (P < 0.001).
The epoxidation state of the xanthophyll pigments of the 0.32-
Pemax P-limited cells was about 2-fold lower than that of the 0.97-
Mmax P-limited and P-replete cells (P = 0.024). The Fv/Fm ratio
did show significant differences between all P treatments (P <
0.001), increasing from 0.32-,,,, P limited to P replete, and the
same pattern was encountered for the Chl a/Chl b ratio (P <
0.013). None of these cellular photophysiological characteristics
was significantly affected by pCO, treatment.

The alterations in (photo)physiology were reflected in the cel-
lular NPP, with the 0.32- and 0.97-p,,,., cultures showing a reduc-
tion of 70 and 44%, respectively, compared to the P-replete cul-
tures. NPP was not significantly affected by pCO, (P = 0.660).
APA per cell was, on average, 3.8-fold higher for the 0.32-pw,,.,
than for the 0.97- W, P-limited chemostat cultures (P < 0.001)
and was independent of pCO, (P = 0.066). The P-replete treat-
ment showed no APA, in agreement with the high inorganic P
concentration in these cultures.

The pCO, treatment significantly affected the cellular C:N and
C:P ratios of the P-limited cultures, which were both higher under
future pCO, (P = 0.002 and P < 0.001, respectively). No interac-
tion effects between pCO, and P treatment on these ratios were
found. The changes in C:N and C:P in the P-limited cultures likely
are due to both an increase in cellular POC and a concomitant
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TABLE 2 Steady-state algal characteristics under present-day and future pCO,

Value according to pCO, and P levels”

Present day (370 patm)

Future (750 patm)

Algal characteristic” 0.32 Wpax 0.97 Pmax P replete 0.32 Ppmax 0.97 Wmax P replete
M. pusilla abundance (X 10°ml ™) 8.1 £0.0 7.8 £0.0 5.4+ 0.1 11.1 = 0.5 10.8 = 0.2 5.5*+0.2
FSC (RU) 1.00 £ 0.0 0.56 £ 0.0 0.46 £ 0.0 0.99 £0.0 0.57 £ 0.0 0.45 £ 0.0
RFL (RU) 1.0 £ 0.0 0.8 = 0.0 1.1 £ 0.0 1.0 £ 0.0 0.8 = 0.0 1.1 £ 0.0
Fv/Fm (RU) 0.49 = 0.0 0.61 = 0.0 0.66 = 0.0 0.49 = 0.0 0.62 = 0.0 0.66 = 0.0
Chla (fgcell™") 9.76 = 0.3 9.90 = 0.3 21.5* 1.0 10.3 £0.2 10.4 £0.7 20.5£23
Epoxidation state 1.8 £ 0.2 3.5%0.1 32x05 1.7 £ 0.4 3.0xX1.2 3.1 £0.0
Chl a/Chl b 0.95 = 0.0 1.0 £ 0.0 1.2 £ 0.0 0.91 = 0.0 1.1 £0.0 1.2 £0.0
NPP (pmol Ccell "h™ 1) 1.43 £0.17 2.33 £ 0.17 3.77 £ 0.11 1.49 £ 0.24 2.34 £0.20 3.84 = 0.21
APA (amol cell "' s™ 1) 29.1 = 0.14 8.38 = 0.1 0.0 245+ 0.29 5.61 * 0.10 0.0

POC (fmol cell ') 224 1.2 146 = 6.9 257 £ 6.9 241 = 5.8 166 * 8.1 246 £ 12.7
PON (fmol cell ') 23.2+33 14.8 £ 3.5 36.6 = 2.2 16.5 £ 0.34 13.5 £ 0.34 339+ 2.0
POP (fmol cell ") 0.16 = 0.0 0.18 £ 0.0 8.7 = 0.84 0.12 = 0.0 0.13 £0.0 8.0=%1.2
C:N 11 £ 0.5 9.3 0.2 7.2*0.3 15*£0.2 12 £0.3 7.5*+0.3
C:P 1,401 = 8.1 823.8 £ 19 30.65 £ 1.3 2,227 £ 75 1,347 £ 51 33.01 £2.6
N:p 145+ 9 8322 4.53 0.1 151 =5 105 £3 4.50 £ 0.3

@ Algal characteristics included M. pusilla cell abundance, forward scatter (FSC), chlorophyll a red autofluorescence (RFL), photosynthetic efficiency (Fv/Fm), chlorophyll a (Chl )
level, epoxidation state, Chl a/Chl b ratio, net primary production (NPP), alkaline phosphatase activity (APA), cellular carbon (POC), cellular nitrogen (PON), cellular phosphorus
(POP), and cellular carbon:nitrogen (C:N), carbon:phosphorus (C:P), and nitrogen:phosphorus (N:P) ratios. Note that the algal abundances of the P-replete semicontinuous
cultures should not be compared to the abundances of the P-limited chemostat cultures due to differences in culturing methods. RU, relative units.

b Results are averages = SE.

decrease in cellular PON and POP under future pCO,, but sepa-
rately no statistically significant differences could be observed.
Considering the P treatments, cellular POC was significantly
lower (P = 0.003) for the 0.97-p.,,. P-limited treatment than the
0.32-pax and P-replete treatments. No significant pattern was
observed for PON. Cellular PON and POP of both P-limited cul-
tures were significantly different from the those of the P-replete
ones (P = 0.003 and P < 0.05 for PON and POP, respectively).
The C:N, C:P, and N:P ratios all were lower under P-limiting than
under P-replete conditions (P < 0.05), where the C:P ratio was
significantly affected by the growth rate (0.32 versus 0.97 p,,...)-
Viral infection experiments. Viral infection resulted in full
cell lysis for all cultures except the noninfected ones (Fig. 1). The
onset of algal cell lysis upon viral infection of the P-limited cul-
tures was delayed by approximately a day compared to the P-re-
plete cultures (Fig. 1B). In the infected cultures, NPP was main-
tained far into the viral growth cycle (Fig. 2), although, compared
to the noninfected controls, it was strongly reduced by viral infec-
tion under both pCO, treatments. The additional decrease in time
of the noninfected controls was due to increasing P stress (Fig. 2).
In concordance with the delayed algal host cell lysis, the release of
progeny viruses appeared later and at a lower rate under P limita-
tion than P-replete conditions (Fig. 3). The latent period was pro-
longed up to 3-fold under P limitation and was related to the
extent of P depletion, i.e., 4 to 8, 6 to 12, and 12 to 18 h for
P-replete, 0.97- W00 and 0.32-p,,,. treatments, respectively. P
limitation resulted in a 5-fold lower burst size compared to that of
P-replete growth conditions for the algal host (63 = 2 and 320 +
7, respectively). Neither the degree of P limitation nor pCO, levels
significantly affected the viral burst sizes in the P-limited cultures.

DISCUSSION

M. pusilla in the future ocean. Present and future ocean pCO,
conditions (370 and 750 patm CO,, respectively) were simulated
by the addition of equilibrated medium and synthetic air to the M.
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pusilla cultures. Due to uptake of DIC by the algal cells, the result-
ing ambient pCO, in the cultures was lower than the set point.
Increasing the aeration rate to compensate for the high DIC up-
take by the algae was not possible due to the inhibiting effect on M.
pusilla growth. A reduction of the cell abundances may have over-
come the reduction of pCO, in the cultures compared to the set
point but was not a desired setup for the viral infection experi-
ments. Small variations in the culture pCO, within P treatments
were the result of differential DIC uptake by the P-replete and
0.97-Wax and 0.32-p,,. P-limited cultures and illustrate the dif-
ferences in physiology between these cultures. Correcting for this
by supplying differential pCO, would, however, affect the uptake
and growth rates of the algal cultures, potentially influencing the
virus-host interactions under study. In contrast to some studies
maintaining the set point pCO, in the cultures (48, 49), our ap-
proach focused on supplying CO, as it is supplied under natural
conditions. Similar reductions in pCO, have been observed in
nature (40, 50). In order to keep the pCO, in the culture at the
specific set points, however, higher DIC concentrations may have
to be supplied than those experienced by the algae under natural
present-day and future (simulating year 2100) conditions, with
resultantly likely unrealistic effects on algal abundance and C:N:P
ratios (this study). The most pronounced effect of elevated pCO,,
representing the predicted conditions of the year 2100 (1), was the
1.4-fold increase in M. pusilla abundance under P-limiting condi-
tions. To our knowledge, there is only one other example of a
similar response of a marine photoautotroph to such conditions,
i.e., the haptophyte Emiliania huxleyi grown in P-controlled che-
mostatsata growth rate of0.1 and 0.3 ., and at 900-patm pCO,
(48). In this study, the increase in cell abundance was accompa-
nied by a 22% reduction in cell volume compared to the present-
day pCO, values. However, in our study, the FSC of M. pusilla,
which may be used as an indicator of cell size (51), did not show
significant differences between the pCO, treatments. The in-
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FIG 1 Algal temporal dynamics of the viral infection experiment. Micromonas
pusilla in noninfected cultures (A) and in virally infected cultures (B). Filled
symbols represent present-day (370 patm) pCO,, and open symbols represent
future (750 patm) pCO,. Circles represent 0.32-p,.,,,, P-limited cultures, tri-
angles 0.97-w,,.., P-limited cultures, and squares P-replete cultures. Abun-
dances are normalized to the start of the experiment (T0). Gray bars represent
the dark period (night). Note that the noninfected P-replete present and future
pCO, treatments (A) fall on top of each other. Note the log scale on the y axis.
The 0.32- ., cultures are averages from duplicate cultures.

creased abundances of M. pusilla under high pCO, and P-limiting
conditions in our study were accompanied by higher ratios of
cellular C:N and C:P. A similar decoupling of the uptake of C, N,
and P under P limitation has been described by several authors
(52-54), where the enhanced cellular C:N and C:P ratios were a
combination of increased POC and decreased PON and POP. Un-
der P-limiting conditions, the demand for M. pusilla for both P
and N seems to decline under high pCO,, leading to increased
abundances and cellular C:N and C:P ratios. In earlier studies,
these kinds of changes in N and P demand relating to pCO, were
suggested to be the result of a reduced necessity of elements in-
volved in carbon fixation (53). Under future pCO, conditions, less
N would be needed for proteins such as RuBisCO and carbonic
anhydrase. The demand for P would lower because of reduced
rRNA or phospholipids or a lower energy demand for the func-
tioning of carbon-concentrating mechanisms (CCMs) (48, 53,
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noninfected controls (A) and infected cultures (B). The legend shows the dif-
ferent colors for 0.32-p.,,,, and 0.97- ... P-limited as well as present-day (370
pratm) and future (750 patm) treatments. T is the median time of a 3-h incu-
bation period. The error bars are of triplicate NPP incubations.

54). Intact polar lipid (IPL) analysis did not show a change in IPL
composition between the pCO, treatments in our study (data not
shown). Typically, small-sized phytoplankton species (e.g., M. pu-
silla) are considered less likely to be limited by CO, due to their
relatively high surface-to-volume ratio and small boundary layer
(24, 55). However, a study on M. pusilla strain PCC-NO27 showed
activation of a CCM under low pCO, (<100 patm) (56). It might
be that M. pusilla needs this mechanism only with these very low
pCO, values to maintain maximum growth but still invests in
other mechanisms to increase the rate of carbon fixation at inter-
mediate levels of pCO,, i.e., higher protein and rRNA contents
(54). Future ocean pCO, would then reduce the necessity for those
components and lead to higher cellular C:N and C:P ratios.
Regarding the elemental stoichiometry between the different
degrees of P limitation, the most striking effect is the lower POC
content for the 0.97-,,., treatment than for both the 0.32-p,,,..
and the P-replete treatments. While it is coherent that the 0.97-
Mmax P-limited culture had a lower capacity to fix inorganic car-
bon than the P-replete treatment, it seems counterintuitive that
the 0.32-p,,,., culture contains an amount of cellular POC similar
to that of the P-replete one. However, the NPP of the 0.32-p,,,.«
cultures was half that of the 0.97-p.,,,,, ones, while the growth of
these cells was only 30% of that of the 0.97-w.,,,, cultures. Thus,
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FIG 3 Temporal dynamics of Micromonas pusilla virus (MpV). Filled symbols
represent present-day (370 patm) pCO,, and open symbols represent future
(750 patm) pCO,. Circles represent 0.32-p.,,. P-limited (0.32) algal cultures,
triangles represent 0.97-p,,,., P-limited (0.97) cultures, and squares represent
P-replete cultures (P-rep). Abundances are normalized to the start of the ex-
periment (TO). Gray bars represent the dark period (night). Note the log scale
on the y axis. The 0.32-p.,,,, cultures are averages from duplicate cultures.

these cells had relatively high NPP compared to the growth rate.
Carbon fixation has been proposed to be a way to deal with excess
energy (57). The drastic decrease in Fv/Fm, epoxidation state, and
Chl a/Chl b ratio for the 0.32-p,,,, culture compared to the 0.97-
Mmax and the P-replete cultures is in agreement with the necessity
to dissipate excess energy for the cells under this treatment. The
negative relationship between the Fv/Fm ratio and the degree of P
limitation was mainly caused by an increase in cellular F0, as stan-
dardized to Chl a, which implies damage or inactivation of pho-
tosystem 1II (58). The higher RFL, independent of Chl a content,
for the 0.32-p. ., treatment confirms this. In contrast, the rela-
tively high RFL under P-replete conditions can be explained by the
higher cellular Chl a content.

Our findings imply that M. pusilla will be competitively suc-
cessful in the future ocean, due not only to its ability to cope with
decreased pH and low phosphorus but probably also to the re-
duced necessity for components involved in CO, fixation, i.e., a
lower P and N demand under elevated pCO,. The increase of
picoeukaryotes in several high-pCO, mesocosm experiments, in-
cluding one with an increase in Micromonas-like phylotypes (7, 8),
might be the result of these processes. The fact that the changes in
M. pusilla elemental stoichiometry were observed only under P
limitation implies that different global climate change-related
processes can intensify the ecological or biogeochemical outcome
of this pattern. These effects of increasing pCO, will be particu-
larly likely due to an earlier onset and increased strengthening of
vertical stratification due to global climate change (26, 59) and will
largely depend on spatial and temporal variation in the degree of P
limitation. A changing elemental stoichiometry in phytoplankton
has been suggested to affect food quality for higher trophic levels
and the efficiency of the biological pump (3). However, these pro-
cesses would additionally depend on the relative contribution of
grazing versus viral lysis to phytoplankton mortality.

Interaction with MpV. Elevated pCO, under P-limiting
growth conditions resulted in increased C:P ratios of M. pusilla;
however, this did not affect the virus growth cycle upon viral in-
fection of M. pusilla. To our knowledge, there are only a few other
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studies on the effects of ocean acidification on virus-phytoplank-
ton interactions. The eclipse period of cyanophage S-PM2 infect-
ing Synechococcus sp. strain WH7803 increased, and the burst size
decreased with decreasing pH (8, 7.6, and 7); however, this was
most likely the result of reduced host growth rate with decreasing
pH (60, 61). Another laboratory study showed that the initial
growth rate of P. pouchetii was slightly reduced by elevated pCO,
(700 versus 350 patm) without affecting the burst size of P.
pouchetii virus (PpVO01) (62). The same authors found a 3-fold
higher burst size of E. huxleyi virus (EhV-99B1) infecting E. hux-
leyi strain BOF under high-pCO, conditions compared to the level
at present-day pCO,; however, a similar increment in burst size
was observed for the preindustrial CO, level of 280 patm. In con-
trast, a mesocosm study reported slightly reduced abundances of
EhV at higher CO, levels without significant variation in E. huxleyi
host abundance with pCO, (700 and 1,050 versus 350 patm) (63).
At the same time, the abundance of an unidentified high-fluores-
cence virus cluster (detected by flow cytometry) decreased up to
2-fold with increasing pCO,, while other virus clusters were un-
affected by the CO, level. The data on this topic are still scarce and
ambiguous, and more study is needed to allow for general conclu-
sions on the impact of viruses on marine microbes, a topic of great
importance in models of climate change research (64).

In contrast to pCO,, our study shows that P limitation strongly
affected the virus growth characteristics. The latent period corre-
lated with the level of P limitation (0.32, 0.97, and 1.0 p,,.y), and
the burst size decreased by 80% under P-limiting conditions. P
depletion has also been shown to halve the burst size of PpV in P.
pouchetti (19) and reduce the burst size of Paramecium bursaria
Chlorella virus in Chlorella sp. by 90% (22). Furthermore, P-de-
pleted blooms of E. huxleyi in mesocosms showed lower EhV pro-
duction, most likely due to reduced burst sizes (18). Wilson and
coworkers (20) studied the effect of P limitation on the interaction
between Synechococcus sp. strain WH7803 and its phage S-PM2. A
reduced production of phage under P starvation was attributed to
induced pseudolysogeny rather than reduced burst size. In a P-
limited mesocosm study it was later shown that P addition indeed
induced the lytic cycle, resulting in increased cyanophage abun-
dances and a collapse of the Synechococcus sp. bloom (65).

Although P stress has been shown to negatively affect virus
production, to our knowledge this is the first report on a pro-
longed latent period for an algal virus. Moreover, most studies
have focused on P depletion, while only under well-controlled P
limitation (e.g., obtained by chemostat cultures at specific growth
rates) can all host cells be maintained under the same physiolog-
ical conditions. The degree of P limitation substantially prolonged
the latent period, from 4 to 8 h for the P-replete cultures to 6 to 12
h for the 0.97- ..« P-limited cultures and 12 to 18 h for the 0.32-
Mmax ONEs. It has been proposed that viral replication is particu-
larly sensitive to P limitation due to the relatively low C:P ratio of
viruses (18). Brown and colleagues (66) showed an apparent uti-
lization of the host genome by MpV for DNA synthesis, strength-
ening the idea that viral replication is indeed rate limited by sub-
strate. However, MpV replication has been found to halt in the
dark (21, 66). Considering the importance of P in photophospho-
rylation and as an obligatory component in intracellular energy
transfer and storage, MpV replication under P limitation might
also be caused by reduced energy availability. The impairment of
M. pusilla photophysiology under P limitation and the concurrent
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inhibiting effects on viral replication reported in the present study
reinforce this hypothesis.

In our study, we have created a range of conditions simulating
natural spatial (e.g., from coast to open ocean) and temporal (e.g.,
from spring to summer or from mixed to vertically stratified)
gradients of P availability (23, 67). With a P-replete area or season
as a point of reference, first a prolongation of the latent period and
then a decrease in burst size will be encountered when moving to
more P-limited conditions. The latent period is further prolonged
at the point in space or time where P limitation affects the growth
rate of the algal host. As global warming of the surface ocean (e.g.,
the north Atlantic Ocean [68]) is expected to lead to increased
vertical stratification (25), P limitation will be enhanced due to
reduced nutrient supply from deeper waters (possibly strength-
ened due to enhanced diazotroph N input [69]). Thus, viral infec-
tion of M. pusilla in the future ocean is likely to be inhibited.
Theoretically a lower impact of viruses leads to a less regenerative
system. However, to what extent the presence of organic phospho-
rus compounds, which can be up to 5 times as high as the soluble
reactive (inorganic) phosphorus concentration in the open ocean
(70), can counteract this effect is still unknown. Certain phyto-
plankton groups have been shown to be able to utilize different
compounds, such as phosphomonoesters and nucleotides (71).
The presence of alkaline phosphatase in M. pusilla suggests that it
is able to assimilate certain organic phosphorus compounds. P
limitation of picophotoautotrophs in the oligotrophic ocean then
could be relieved, overcoming the negative effects of host P limi-
tation on virus production. The capability of an infected algal host
cell to assimilate P during viral proliferation remains to be studied,
but it can be expected to have a similar countering result. In a
future P-limited ocean, the elevated pCO, will lead to increased
cell abundance of M. pusilla, thereby enhancing the virus-host
contact rate and possibly compensating for the prolonged latent
period due to increased P limitation. Thus, the final outcome for
the picoeukaryote host population, food web efficiency, and car-
bon export to deeper waters would depend on the original degree
of P stress (trophic state). The current study advances our limited
understanding of the influence of enhanced pCO, and P stress on
virally infected picoeukaryote photoautotrophs while at the same
time stressing the importance of additional research, including
that on other ecologically relevant phytoplankton species and
ecotypes.

Conclusions. To date, many laboratory studies have focused
on the ability of phytoplankton to cope with increasing pCO,
conditions, but typically the focus has been on the larger size
classes. This study showed a beneficial effect of elevated pCO, on
the cell abundance and cellular C:N and C:P ratios of the picoeu-
karyote M. pusilla under P limitation, which confirms earlier find-
ings of stimulated growth of picoeukaryotes under future CO,
levels (7-9). However, the effects on cell stoichiometry will play a
role only under nutrient (i.e., P)-limiting conditions. Moreover,
we showed that viral lysis is an important aspect to consider when
studying the impact of global climate change on ecosystem func-
tioning. Although virus-host interactions were not directly af-
fected by pCO,, growth under P limitation led to longer latent
periods and strongly reduced viral burst sizes. These results sug-
gest that when P limitation prevails in future oceans, picoeu-
karyotes and grazing will be favored over larger-sized phytoplank-
ton and viral lysis with increased matter and nutrient flow to
higher trophic levels. Our current results suggest that in a strati-
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fied future ocean, viral lysis will have a decreased impact on phy-
toplankton mortality with possible subsequent negative feedback
on the cycling of carbon and nutrients in the water column. How-
ever, to what extent uptake of organic P and P utilization during
infection will adjust the ecological and biogeochemical impact
needs further study.
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