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INTRODUCTION

The bloom-forming Emiliania huxleyi (Lohmann)
Hay and Mohler (Prymnesiophyceae) is the most
abundant species of coccolithophore in the world’s
oceans and greatly impacts on marine ecosystems
and, in particular, on global primary productivity

and biogeochemical cycling (Westbroek et al. 1993,
Paasche 2001, Burkill et al. 2002). It is now widely
accepted that viruses (from the genus Coccol-
ithoviruses) are intrinsically linked to the demise of
E. huxleyi populations (Bratbak et al. 1993, Jacquet
et al. 2002, Wilson et al. 2002, Schroeder et al. 2003)
and, via the ‘kill the winner’ strategy (Thingstad &
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ABSTRACT: During viral infection of Emiliania huxleyi, laboratory studies have shown that photo -
system (PS) II efficiency declines during the days post-infection and is thought to be associated
with viral-induced interruption of electron transport rates between photosystems. However,
measuring the impact of viral infection on PSII function in E. huxleyi populations from natural,
taxo nomically diverse phytoplankton communities is difficult, and whether this phenomenon
occurs in nature is presently unknown. Here, chlorophyll fluorescence analysis was used to assess
changes in PSII efficiency throughout an E. huxleyi bloom during a mesocosm experiment off the
coast of Norway. Specifically, we aimed to determine whether a measurable suppression of the
efficiency of PSII photochemistry could be observed due to viral infection of the natural E. huxleyi
populations. During the major infection period prior to bloom collapse, there was a significant
reduction in PSII efficiency with an average decrease in maximum PSII photochemical efficiency
(Fv/Fm) of 17% and a corresponding 75% increase in maximum PSII effective absorption cross-
section (σPSII); this was concurrent with a significant decrease in E. huxleyi growth rates and an
increase in E. huxleyi virus (EhV) production. As E. huxleyi populations dominated the phyto-
plankton community and potentially contributed up to 100% of the chlorophyll a pool, we believe
that the variable chlorophyll fluorescence signal measured during this period was derived pre-
dominantly from E. huxleyi and, thus, reflects changes occurring within E. huxleyi cells. This is the
first demonstration of suppression of PSII photochemistry occurring during viral infection of natu-
ral coccolithophore populations.
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Lignell 2007), play a key role in controlling blooms.
Viral infection of a phytoplankton cell inevitably
results in physiological consequences to the host
metabolism, leading to the activation of stress and
defence mechanisms (Bidle et al. 2007, Vardi et al.
2009), which in turn can alter growth dynamics and
lifecycle (Frada et al. 2008). One such consequence is
a viral-induced disruption of photosynthesis, thought
to be associated with a reduced efficiency of electron
capture by photosystem (PS) II reaction centres from
the light-harvesting pigments (Seaton et al. 1995,
Juneau et al. 2003) and inhibition of electron trans-
port between PSII and PSI (Teklemariam et al. 1990,
Seaton et al. 1995, Balachandran et al. 1997), poten-
tially leading to elevated oxidative stress within cells
as a result of uncontrolled singlet oxygen production
(Asada 1994, Evans et al. 2006). Changes in photo-
synthetic activity can have major implications for the
physiological status of autotrophic cells, which, in
turn, will have ecological and biogeochemical con -
sequences. Several studies have investigated the
changes in phytoplankton photosynthesis during
viral infection (e.g. Waters & Chan 1982, Van Etten et
al. 1983, Teklemariam et al. 1990, Suttle 1992, Suttle
& Chan 1993, Juneau et al. 2003) and most, but not all
(Hewson et al. 2001, Lindell et al. 2005), have shown
reduced photosynthetic activity at some point follow-
ing viral enrichment. During infection of Micromonas
pusilla, though photosynthesis declined only at the
point of lysis, photosystems (particularly PSII com-
plexes) were functioning with a higher biochemical
turnover rate during late infection and lysis (Brown et
al. 2007). This increased demand on PSII during in -
fection may impact on rates of carbon fixation even
before cell lysis, which could have major implications
for oceanic primary productivity if this mechanism is
common in other phytoplankton species. However,
measuring the impact of viral infection on PSII effi-
ciency in natural phytoplankton populations is diffi-
cult, particularly when other environmental factors
such as nutrient availability or taxonomic shifts (see
Suggett et al. 2009 for review) can confound the
results. Consequently, despite several studies inves-
tigating the viral-induced decline of natural E. hux-
leyi blooms (e.g. Bratbak et al. 1993, Egge & Heimdal
1994, Jacquet et al. 2002, Martínez Martínez et al.
2007, Pagarete et al. 2009), to date, there are no stud-
ies attempting to examine the photophysiological
stress-response of natural E. huxleyi populations dur-
ing viral infection.

Recently, changes in photophysiology using chlo -
ro phyll a (chl a) fluorescence measurements have
become an important and easily measurable parame-

ter of the physiological state of phytoplankton such
as Emiliania huxleyi (Suggett et al. 2009). Variations
in parameters such as the maximum PSII photochem-
ical efficiency (Fv/Fm) and the maximum PSII effec-
tive absorption cross-section (σPSII) are frequently
used as indicators of physiological state in phyto-
plankton (Geider & La Roche 1994, Timmermans et
al. 2001, Moore et al. 2006). Environmental factors
such as nutrient limitation or light stress have been
shown to produce a distinct change in Fv/Fm detec -
table using chl a fluorescence analysis of PSII photo-
chemistry (see Suggett et al. 2009 for a review). Viral
infection has also been shown to decrease Fv/Fm

(Seaton et al. 1995, Hewson et al. 2001, Juneau et al.
2003), and previous laboratory studies have shown
that during viral infection of E. huxleyi there is gen-
erally a trend towards a decreased Fv/Fm during the
days post-infection as the cultures lyse (Evans et
al. 2006, Bidle et al. 2007, Llewellyn et al. 2007).
However, this phenomenon has never been exam-
ined during a natural E. huxleyi bloom scenario. As
measurements of the efficiency of PSII have proved
to be a reliable indicator of infection stress during
laboratory E. huxleyi experiments, the physiological
stress caused by viral infection in natural populations
might also be measurable using chl a fluorescence
analysis of PSII photochemistry.

Given the importance of viral reduction of global
primary production in terms of carbon flux and bio-
geochemical cycling (Suttle 2007), we examined the
temporal changes in PSII photochemistry during the
infection period of an Emiliania huxleyi bloom. To
test the hypothesis that viral infection suppresses
PSII photochemistry in natural E. huxleyi populations,
causing a decrease in Fv/Fm, we took advantage of a
field mesocosm experiment that was conducted at
the large-scale facilities at the Marine Biological
Field Station, University of Bergen, Norway in June
2008. During the mesocosm experiment, large vol-
ume (>10 m3) enclosures were nutrient-manipulated
to induce E. huxleyi blooms under phosphate-replete
conditions to investigate the role of phosphorus (P)-
availability on coccolithovirus–E. huxleyi dynamics
(Pagarete et al. 2009).

MATERIALS AND METHODS

Study site and experimental design

The mesocosm experiment was carried out in Raune -
fjorden, western Norway, at the Marine Biological
Field Station in Espeland, 20 km south of Bergen,
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from 2 until 25 June 2008. Three enclosures of 11 m3

(4 m deep and 2 m wide) made of 0.15 mm thick poly-
ethylene (90% light penetration of the photo synthetic
active radiation) were mounted on floating frames
moored along the south side of a raft in the middle of
the bay (for details see Egge & Aksnes 1992) and
numbered 1 to 3 in an east–west direction. The en -
closures were filled simultaneously on 3 June with
unfiltered, unscreened seawater from 2 m depth
using a submersible centrifugal pump. The seawater
in the enclosures was kept homogeneous by means of
airlifts (gentle water mixers). To induce a bloom of
Emiliania huxleyi, nutrients were added daily as con-
centrated stock solutions (between 13:00 and 14:00 h;
after the daily sampling) in a nitrogen: phosphorus
(N:P) ratio of 15:1 (1.5 µmol l−1 NaNO3 and 0.1 µmol l−1

KH2PO4) from 4 to 21 June 2008. Nutrient concentra-
tions were analysed once daily using standard meth-
ods (Strickland & Parsons 1968) adapted to an auto-
analyzer equipped with autosampling, detection and
computing methods from SANplus segmented Flow
Analyzer (Skalar Analytic). Briefly, a 100 ml sample
was taken daily from each enclosure, preserved in
chloroform (0.8% final concentration) and stored in
the dark at 4°C prior to analysis.

Phytoplankton abundance and composition

Phytoplankton composition and abundance esti-
mates were determined 4 times daily (06:00, 12:00,
18:00 and 00:00 h) from all enclosures and directly
from Raunefjorden surface waters by analysis of
fresh samples on a FACScan flow cytometer (Becton
Dickinson) equipped with a 15 mW laser exciting at
488 nm and with a standard filter set up. Samples
were analysed at high flow rate (~70 µl min−1) and
specific phytoplankton groups were discriminated by
differences in their forward or right angle light scat-
ter (FALS, RALS) and chl a (and phycoerythrin for
Synechococcus populations) fluorescence. Files were
analysed using WinMDI 2.8 software (J. Trotter,
http:// facs.scripps.edu). Flow cytometric analysis
(FCM) allowed us to identify the major microbial
groups that developed and to examine in fine detail
the temporal changes in microbial dynamics that
occurred during this experiment. Based on the flow
cytometric profiles (Jacquet et al. 2002) and verified
by molecular analysis (Pagarete et al. 2009, Sorensen
et al. 2009), the coccolithophore populations and
large, virus-like particles (LVLP), were identified as
Emiliania huxleyi and E. huxleyi virus (EhV) geno-
types respectively.

Virus abundance

Virus abundance was determined 4 times daily
(see previous section) using the flow cytometric pro-
tocol of Brussaard (2004). Samples for viral analysis
were fixed with glutaraldehyde (0.5% final con -
centration) for 30 min at 4°C, snap frozen in liquid
N and stored at −80°C. Samples were subsequently
defrosted at room temperature and diluted 500 fold
with TE buffer (10 mmol l−1 Tris-HCL pH8, 1 mmol l−1

EDTA), stained with SYBR Green 1 (Molecular
Probes; Marie et al. 1999) at a final dilution of 5 × 10−5

the commercial stock, incubated at 80°C for 10 min in
the dark, then allowed to cool for 5 min before analy-
sis using a FACSort flow cytometer (Becton Dickin-
son). Samples were analysed for 2 min at a flow rate
of ~70 µl min−1, and virus groups were discriminated
on the basis of their RALS versus green fluorescence.
Data files were analysed using WinMDI 2.8 software
(see previous section).

Chlorophyll fluorescence measurements using
FIRe fluorometry

To assess phytoplankton PSII quantum efficiency
during the experiment, discrete variable-chlorophyll
fluorescence measurements were acquired 3 times
daily (12:00, 18:00 and 00:00 h) using a fluorescence
induction and relaxation (FIRe) fluorometer (Sat-
lantic). Prior to each fluorescence measurement,
samples were dark-adapted for 15 to 20 min at a con-
trolled temperature to match in situ conditions. Dark-
adapted samples (3 ml) and 0.2 µm filtered sample
controls (blanks) were analysed within cylindrical 
1-cm path-length cuvettes placed into the FIRe
 fluorometer cuvette holder. Excitation was provided
by a high luminosity (up to 1 W/cm2) blue and green
LED array (450 and 500 nm peak heights, each with
30 nm bandwidth). Filtered (0.2 µm) sample controls
(blanks) were analysed at the gain chosen for the
measurement on the sample and subtracted from the
sample fluorescence sequence at the time of fitting
the Kolber-Prasil-Falkowski model (KPF, Kolber et al.
1998). Cell-free controls showed no soluble fluores-
cence (sensu Cullen & Davis 2003). The re trieved
PSII photochemistry parameters utilized in this study
are the minimum fluorescence (Fo; the initial fluo res -
cence emitted when all the reaction centres are open)
and the maximum fluorescence (Fm; maximal fluores-
cence corresponding to all the reaction centres being
closed) yields, the maximum photochemical efficiency
of PSII (Fv/Fm) and the relative functional absorption
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cross-section of PSII, σPSII (the product of the light-
harvesting capability of the light-harvesting pig-
ments and the efficiency of excitation transfer to the
reaction centre) (Kolber & Falkowski 1993).

Chlorophyll analysis

Samples for chl a analysis (Parsons et al. 1984)
were filtered at 5 mm Hg onto GF/F glass fibre filters,
which were then wrapped in aluminium foil and snap
frozen in liquid N. Triplicate samples were stored
at −20°C in darkness until they could be analysed.
Filters were then extracted in cold 90% acetone in
darkness for 24 h prior to analysis on a Turner Design
Model 10-AU fluorometer.

RESULTS

Mesocosm phases and composition

Daily additions of N and P to the enclosed fjord
water within the mesocosms stimulated phytoplank-
ton growth. Throughout the experiment, 4 major
groups were discernible at varying concentrations
using flow cytometry: Synechococcus spp., pico -
eukaryotes, nanoeukaryotes and Emiliania huxleyi
(Fig. 1). Temporal progression and succession of
the phytoplankton community appeared to be
split into 3 distinct phases over the 17 d
study (Fig. 2): Phase 1 was between Days 1
to 7 and was dominated by Synechococcus
spp., nanoeukaryotes and, to a lesser
degree, picoeukaryotes; Phase 2 (Days 7 to
13) was primarily characterized by ex -
ponential growth and dominance of the
E. huxleyi populations; and during Phase 3
(Days 13 to 17) collapse of the E. huxleyi
 populations occurred, with a concurrent
exponential increase in EhV concentra-
tions (Figs. 2 & 3). Phytoplankton commu-
nity shifts were also reflected in temporal
changes in nutrient concentrations during
the experiment (Fig. 4), with 3 phases
of drawdown of nutrients: after Day 3, cor-
responding to the increase in the nano -
eukaryote populations; after Day 9, corre-
sponding with the initiation of the E.
hux leyi blooms and after Day 15, which
was probably a result of the post-bloom
succession of the other phytoplankton
groups. During the 17 d experiment, phos-

phate concentrations ranged from 0 to 0.28 µmol l−1

(Fig. 4A) and nitrate concentrations fluc tuated but
remained consistently low, <2.5 µmol l−1, with a
marked decline after Day 9 to beyond the limit of
detection (Fig. 4B); this was followed by an observed
increase to 1 µmol l−1 in the final phase of the exper-
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iment. N:P ratios largely reflected the N concentra-
tions in each of the treatments since P concentrations
were low (Fig. 4C).

Emiliania huxleyi increased exponentially from
Day 7 onwards (Fig. 2), and average E. huxleyi spe -
cific net growth rates during the first part of Phase 2
(Days 7 to 10) were 0.71 ± 0.1 d−1 (mean ± SD). Daily
net growth rates of E. huxleyi (μ d−1) were calculated
as: ln(Nt/N0)/t, where Nt and N0 are the final and ini-
tial measured E. huxleyi abundances respectively,
and t is 24 h. In contrast, both picoeukaryote and
nanoflagellate populations exhibited slow and vari-
able increases in abundance during this period and
cell biomass was extremely low compared to the
Synechococcus and E. huxleyi populations (Fig. 2).
E. huxleyi made up an average of 75 ± 5% of the
phytoplankton community in terms of cell abun-
dance during Days 7 to 13, compared to only 19 ±
5%, and 3 ± 1% for the Synechococcus and nano -
eukaryote and picoeukaryote populations, respec-
tively. Although Synechococcus concentrations rep-
resented up to 19% of the phytoplankton biomass, a
maximum was reached by Day 10 (Fig. 2); whereas
E. huxleyi cell concentrations continued to increase
until Day 13, reaching a maximum of 1.7 × 105 ml−1.
Concurrently, EhV concentrations increased expo-
nentially from a low of 2 × 105 ml−1 at the start of
Phase 2 to concentrations of ~1 × 107 ml−1 by Day 13
(Fig. 3). Daily in situ chl a concentrations followed a
similar pattern to phytoplankton abundance, with 2
peaks in biomass during the experiment: on Days 5
and 10, chl a increased to maximum average concen-
trations of 5.7 ± 0.9 µg ml−1 and 15.73 ± 4.3 µg ml−1

respectively, across all mesocosms (Fig. 5).

Temporal changes in chlorophyll fluorescence 
and photosystem II efficiency

As the decline in Emiliania huxleyi was so dramatic
during Phase 3 and, thus, populations would contain
a high proportion of lysing cells which could poten-
tially interfere with the variable chlorophyll fluores-
cence signal, we present the temporal changes in
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PSII efficiency only between Days 7 and 13, which
was the main period of E. huxleyi infection prior to
bloom collapse, based on major capsid protein (MCP)
expression data (Pagarete et al. 2009). In addition, as
our aim was to investigate changes in PSII efficiency
of E. huxleyi cells, and the variable chlorophyll
 fluorescence measurements were taken from natu-
ral samples with a potentially mixed assemblage of
phyto plankton, we estimated how much of the vari-
able chlorophyll fluorescence signal potentially came
from E. huxleyi. Based on an estimated cell-specific
chl a content of 0.14 pg cell−1 for E. huxleyi (average
of literature values 0.06 to 0.29; Fritz & Balch 1996,
Muggli & Harrison 1996, Pond & Harris 1996, Wolfe
& Steinke 1996, Llewellyn et al. 2007), we calculated
that the E. huxleyi populations potentially contri bu -
ted between 70 and 100% towards the total chl a pool
during this period (average of 3 mesocosms, Fig. 5).
In contrast, Synechococcus spp. (the second most
abundant phytoplankton group measured during this
time) may have contributed only 0.5 to 1.2% to total
chl a (based on an estimated cell-specific chl a con-
tent of 0.003 pg; Morel et al. 1993). Thus, we believe
that the variable chlorophyll fluorescence signal
measured during Phase 2 and the start of Phase 3
(Days 7 to 13) was derived predominantly from E.
huxleyi and, thus, reflects changes occurring within
E. huxleyi cells.

As Emiliania huxleyi biomass increased rapidly
and became dominant after Day 7, a diel pattern in

PSII efficiency became clear (Fig. 6A,B), with the
lowest Fv/Fm and highest σPSII values recorded at
midday, corresponding to the daily light cycle. Day
length during the experiment was 18 h on average,
typically with sunrise at 05:00 h and sunset at 23:00 h.
Between Days 7 and 13, there was a significant
decrease in Fv/Fm (p < 0.01), across all mesocosms
and sampling times (midday, 18:00 h and midnight)
with an average decline of 11.76 ± 5.86% (mean ±
SD) and a maximum of 14.6%. Across all mesocosms,
the midday measurements showed the greatest tem-
poral decrease in PSII efficiency, and the average
decline in Fv/Fm at this time point between Days 7
and 13 was 16.8 ± 3.37%. The largest decrease in
Fv/Fm was observed between Days 10 and 11 and cor-
responded with the timing of a significant increase
in MCP expression (Pagarete et al. 2009); Fv/Fm

decreased by 21% during this time. In fact, when
the relationship between temporal changes in MCP
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expression and Fv/Fm was compared during Days 7 to
13, we found that they were significantly related at
the 0.01 level.

In contrast to Fv/Fm, σPSII increased significantly
(p < 0.01) between Days 7 and 13: the average in -
crease across all mesocosms and times was 45.97 ±
25.91%. However, similarly to Fv/Fm, the largest in -
creases in σPSII occurred between the daily midday
measurements, where maximum increases in σPSII of
75.4 ± 17.23% were observed. In addition, compara-
ble to Fv/Fm, the increase in σPSII was greatest be -
tween Days 10 and 11, with a maximum increase of
114% during this time.

As Emiliania huxleyi biomass increased between
Days 7 and 13, the timing of changes to Fv/Fm and
σPSII also corresponded with a simultaneous signifi-
cant decrease in mean chl a fluorescence per E. hux-
leyi cell (obtained from flow cytometric analysis; p <
0.001, Fig. 6C). The average decrease was 54.19 ±
6.34%, with no significant difference between time
points or mesocosms. Mean chl a fluorescence per
E. huxleyi cell generally followed a diel trend, with
maximal values typically at dusk (Fig. 6C), as previ-
ously found by Jacquet et al. (2002). The largest de -
cline in chl a fluorescence per cell occurred between
Days 11 and 12 across all mesocosms and time points,
corresponding with the significant increase in MCP
expression (Pagarete et al. 2009). As E. huxleyi was
the dominant phytoplankton during Days 7 to 13, and
chl a fluorescence levels had almost halved in these
cells by Day 13, this decrease may explain why in situ
bulk chl a levels decreased sharply after Day 10 to
6.6 ± 0.91 µg ml−1 on Day 13 (Fig. 5) despite E. hux-
leyi populations increasing until Day 13 (Fig. 2).

DISCUSSION

Addition of nutrients to fjord seawater enclosures
stimulated microbial succession and induced Emilia-
nia huxleyi blooms, which subsequently collapsed
with corresponding increases in virus particles
(EhV). Based on the rapid increase in EhV correspon-
ding with the decline in E. huxleyi and estimates of
viral-induced mortality that were up to 100% of total
E. huxleyi mortality (Vardi et al. 2012), we assume
that viruses caused the major collapse of the E. hux-
leyi populations. This view is further supported by
previous experimental data from studies that in -
duced near monospecific blooms of E. huxleyi under
similar conditions (Bratbak et al. 1993, Egge & Heim-
dal 1994, Castberg et al. 2001, Jacquet et al. 2002,
Schroeder et al. 2003, Martínez Martínez et al. 2007).

Although results from this experiment are compara-
ble with those of previous studies, this is the first to
report changes in the efficiency of PSII photochem-
istry during viral-induced bloom decline of a natural,
E. huxleyi-dominated phytoplankton community.
Collapse of the E. huxleyi populations was rapid, as
found previously (Bratbak et al. 1993, Castberg et al.
2001, Jacquet et al. 2002). Prior to bloom collapse,
there was a significant suppression of PSII photo-
chemical efficiency which occurred concurrently
with increased EhV abundance and a decline in
E. huxleyi growth rates, as observed in laboratory
studies with E. huxleyi and EhV (Evans et al. 2006,
Bidle et al. 2007, Llewellyn et al. 2007). This correla-
tion in timing between the depression of PSII effi-
ciency and viral-induced collapse of E. huxleyi sug-
gests that these 2 factors may indeed be linked and,
moreover, that viral stress may be instrumental in the
decline of E. huxleyi photophysiology in natural pop-
ulations. To our knowledge, this is the first study that
attempts to bridge what is observed in the laboratory
with what is observed in nature.

Although here we cannot derive a direct mechanis-
tic link between the viral-induced demise of Emilia-
nia huxleyi and the observed changes in PSII photo-
chemistry, previous laboratory studies of both plant
and algal virus systems have clearly demonstrated a
significant inhibition of photosynthesis during in -
fection (e.g. Waters & Chan 1982, Suttle et al. 1990,
Balachandran et al. 1997, Juneau et al. 2003) and
have revealed mechanisms that may also be applica-
ble to natural coccolithophore populations. Typically,
inhibition of photosynthesis occurs as a result of indi-
rect viral interference with electron flow, thought to
be associated with the change from host protein and
nucleic acid synthesis to synthesis of virus-encoded
protein and nucleic acid (Teklemariam et al. 1990,
Seaton et al. 1995). Subsequently, there is a loss of
PSII-PSI electron transport efficiency due to destabil-
isation of PSII-dependent protein turnover (Van
Etten et al. 1991), observed as a reduction in photo-
chemical quenching and an increase in fluorescence
quenching, and indicated by a decrease in dark-
adapted Fv/Fm (Teklemariam et al. 1990, Seaton et al.
1995, Seaton et al. 1996, Balachandran et al. 1997,
Rahoutei et al. 2000, Hewson et al. 2001, Juneau et
al. 2003). Furthermore, oxidative stress is elevated
within infected cells (Schwarz 1996, Evans et al.
2006, Bidle et al. 2007, Vardi et al. 2009), and the pro-
duction of reactive oxygen species (ROS) through
viral-induced destabilisation of PSII turnover has
been suggested as a causal factor (Balachandran et
al. 1997, Evans et al. 2006). Here, we cannot demon-
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strate that the changes in PSII function were directly
linked to viral infection, only that the efficiency of
PSII photochemistry appeared to be reduced during
the infection period of the E. huxleyi bloom, concur-
rent with an exponential increase in EhV. However,
supporting results from this same mesocosm study
do show increased production of intra- and extra-
 cellular ROS within E. huxleyi cells during the infec-
tion and lysis period (Vardi et al. 2012). Thus, with
the additional recent discovery that virus-induced
E. huxleyi cell death appears to be crucially medi-
ated by viral sphingolipid-induced ROS production
(Bidle & Vardi 2011, Vardi et al. 2012), it is tempting
to speculate that the decreased Fv/Fm observed here
may have been a result of increased ROS generation
produced during viral infection and replication.

The potential influence of other 
environmental factors

Of course, other environmental stressors can also
impact PSII photochemistry (Suggett et al. 2009).
Thus, as this experiment was conducted with natural
populations in a changeable environment, it could
be argued that an alternative explanation for the
changes in Fv/Fm and σPSII observed here is that of
environmental variations in nutrient status or light
intensity (Kolber et al. 1988, Geider et al. 1993,
Graziano et al. 1996, Moore et al. 2008, Ragni et al.
2008) or a shift in the taxonomic community composi-
tion (Moore et al. 2006, Suggett et al. 2009) rather
than viral infection. However, we consider that these
additional factors were not the significant contribu-
tors to the observed changes in photosystem II effi-
ciency, and here we briefly present our reasoning.

This study is not without its limitations in that
attempting to extract specific information about the
photophysiological status of Emiliania huxleyi from
natural, mixed populations has a degree of error
because of the taxonomic signal from the other
phytoplankton groups (Suggett et al. 2009). How-
ever, unlike most natural phytoplankton communi-
ties, which contain a diverse mixture of photosyn-
thetic algal groups, establishment of a dominant
E. huxleyi bloom means that the majority of the fluo-
rescence signal obtained from the analysis is most
likely derived from these populations. Within a natu-
ral phytoplankton community, the algal group that
contributes the greatest proportion of the total chl a
fluorescence dominates the mixed community value
measured for Fv/Fm and σPSII (Suggett et al. 2004).
Based on the current experimental design, we cannot

say that E. huxleyi were the sole contributors to the
fluorescence signal. However, by combining phyto-
plankton community analysis via flow cytometry with
estimates of cell-specific chlorophyll content, we
were able to show that at least during the peak of the
blooms, E. huxleyi populations not only dominated,
but also had the potential to produce the majority of
the chl a fluorescence signal (up to 100% at the peak
of the bloom). Future field studies, however, could
remove any uncertainty by including additional
measurements of size-fractionated diagnostic marker
pigments, and conducting flow cytometric cell sort-
ing of specific phytoplankton populations (Zubkov &
Tarran 2008) for single-cell chlorophyll fluorescence
analysis (Gachon et al. 2006) of infected versus non-
infected cells (Martínez Martínez et al. 2011).

The utility of using changes in the maximum quan-
tum yield of PSII (Fv/Fm) as an indicator of nutrient
stress in phytoplankton is a contentious issue (Cullen
et al. 1992, Parkhill et al. 2001, Kruskopf & Flynn
2006), with contrasting results reported (e.g. Gra -
ziano et al. 1996, Moore et al. 2006, Sylvan et al.
2007). While Kolber et al. (1988) found a significant
reduction in the photosynthetic efficiency of PSII
under N limitation, Kruskopf & Flynn (2006) showed
no consistent trends in Fv/Fm with which to gauge
nutrient status in N and P-limited phytoplankton
 cultures. In this study, we aimed to ensure that
the mesocosms were in a nutrient-replete status
throughout the experiment and, therefore remove
any potential influence of nutrient limitation on PSII
efficiency. Thus, the daily nutrient addition (up to
Day 16) suggested that nutrients (at least N and P)
should not have been limiting in these mesocosms
and, compared to other factors, PSII function should
have been insensitive to small fluctuations in the N:P
supply ratio. Although N:P ratios were less than the
classically optimal Redfield N:P ratio of 16:1 through-
out most of the experiment, conditions of high mor-
tality, such as during intense grazing or in this case
high viral infection, can lead to a lowered optimal
N:P ratio (Klausmeier et al. 2004). Moreover, Geider
& La Roche (2002) showed that the critical N:P ratio
of natural marine phytoplankton is typically much
lower than 16, and can be less than 5 during phyto-
plankton blooms. During the peak of the Emiliania
huxleyi bloom (Days 10 to 14), N:P ratios in the meso-
cosms dipped below 5, suggesting possible N-limita-
tion at this point. However, the competitive ability of
E. huxleyi to use regenerated N and exploit nutrient-
limited conditions (Lessard et al. 2005) suggests that
their growth at least was not  limited by the N and P
ratios available. Further evidence supporting this is
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their high abundance during bloom in crease (max.
μ = 0.93 d−1), with corresponding Fv/Fm of 0.6, sug-
gesting cells were growing at their maxi mum. Fur-
thermore, as estimates of viral-induced mortality
rates were up to 100% (see above), the demise of the
E. huxleyi populations was as su med to be  virus-
driven rather than through exhaustion of nutrients.

In addition to nutrients, light availability is one of
the most important controlling factors for phyto-
plankton growth, and in the natural environment
phytoplankton typically display a diel photosynthetic
pattern stimulated by the daily light cycle and an
inbuilt circadian rhythm (Falkowski & Raven 2007).
Changes in Emiliania huxleyi photophysiology were
clearly linked to the daily light cycle and, over the
24 h period, lowest Fv/Fm values and highest σPSII

measurements were obtained at midday, as has been
found previously for natural, coastal phytoplankton
communities (Vassiliev et al. 1994). However, unlike
the diurnal suppression of PSII efficiency which typi-
cally completely recovers during the dark, here we
observed a sustained reduction in PSII efficiency
between Days 7 and 13, with no daily recovery. It is
possible that day-to-day variability in light during
this phase of the experiment may have influenced
this decrease in E. huxleyi photochemistry, as in -
creasing light stress typically causes a depression in
PSII efficiency (Vassiliev et al. 1994, Baker 2008).
Unfortunately, daily irradiance measurements were
not available during this study so we cannot rule out
the light-driven suppression of PSII photochemistry
between Days 7 to 13 completely. However, when we
compared day-to-day changes in light simply in
terms of overcast versus clear days, there was no
clear evidence that light was driving the reduction in
PSII efficiency. This is in agreement with the results
of Ragni et al. (2008) who showed the insensitivity of
E. huxleyi to light-induced photoinhibition because
of efficient photorepair mechanisms, and suggests an
alternative causal factor.

Biogeochemical implications

Although a reduction in PSII capacity is not neces-
sarily an indication of reduced carbon acquisition
due to compensatory mechanisms (Behrenfeld 1998,
Falkowski & Raven 2007), increased energetic costs
for the phytoplankton host during infection due to
monopolization of the cytoplasmic carbon and/or
phosphate pools for viral replication (Seaton et al.
1995) has previously been shown to reduce carbon
dioxide (CO2) fixation and potentially growth (Suttle

1992). For a globally important photosynthetic eu -
karyote such as E. huxleyi, this potential alteration of
carbon fixation rates pre-lysis could have significant
implications for global oceanic primary production
and the biological carbon pump (Volk & Hoffert
1985). As a rough estimate of what this impact could
be, applying our results to the linear model of Smyth
et al. (2004) (which predicts primary productivity
from biophysical parameters), we find that the ob -
served decrease in Fv/Fm during the bloom period of
our experiment (Days 7 to 13) could potentially trans-
late to a 17% reduction in Emiliania huxleyi primary
production. This would be a significant loss of carbon
from the marine microbial food web which would
not be included in calculations that were based on
changes in cell abundance measurements alone. As
the potential changes in carbon fixation occur pre-
lysis, this could have crucial implications for the effi-
ciency of carbon transfer to higher trophic levels.
This is an additional loss of photosynthetically fixed
carbon that is currently not accounted for in the ‘viral
shunt’: the assumption that viruses divert between 6
and 26% to the dissolved organic matter pool (Wil-
helm & Suttle 1999). Therefore, future studies should
include more detailed assessments of host photo-
physiology at a cellular level, and determine rates of
both O2 evolution and CO2 fixation throughout the
entire virus lytic cycle to fully assess the implications
for host photosynthesis and nutrient and energy flux.

CONCLUSIONS

Previously, there has been contention regarding
the use of Fv/Fm as an indicator of stress (e.g. Parkhill
et al. 2001, Young & Beardall 2003, Kruskopf & Flynn
2006) or physiological change (Baker 2008, Moore et
al. 2008, Suggett et al. 2009) in natural phytoplank-
ton communities. However, this study has demon-
strated the potential utility of this parameter for
assessing the physiological status of natural Emilia-
nia huxleyi populations when they are the dominant
chl a-containing organisms in the microbial commu-
nity. Although measurements of chl a fluorescence
give information only about the state of PSII, elec-
tron transport rate through PSII is indicative, under
many conditions, of the overall rate of photosynthesis
(Max well & Johnson 2000). By assessing the changes
in PSII photochemistry during infection and lysis in
more detail, with simultaneous measurements of gas
exchange and host biochemical composition, it may
be possible to identify photophysiological markers
for particular phases of viral-induced bloom termina-
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tion. The consequences of viral-induced disruption of
host PSII photochemistry pre-lysis may have impor-
tant implications for oceanic primary production and
the ecology and biogeochemical cycling of marine
food webs, particularly in globally significant species
like E. huxleyi. Therefore, developing a detailed,
mechanistic understanding of the viral-driven changes
in E. huxleyi PSII photochemical activity during in -
fection, using controlled laboratory physiological ma -
nipulations, is crucial and should be a future direc-
tion for research.
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