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ABSTRACT: Pulse-amplitude-modulated (PAM) fluorescence is a technique that allows rapid assessment of photosynthetic activity of phytoplankton. This approach was used to evaluate the effect of
viral infection on the photosynthesis of Heterosigma akashiwo, a toxic bloom-forming raphidophyte
found in coastal waters of Japan and Canada. We found that viral infection caused by a single strand
RNA virus (HaRNAV Strain 263) and 2 uncharacterised DNA viruses (Strains WBs1 and OIs1)
gradually impaired photosynthetic activity during the lytic cycle and that photosynthetic electron
transport was directly affected by viral infection. Photosystem (PS) II quantum yield of the active
reaction centre was much less affected than the overall PSII-PSI electron transport. The decrease in
the photosynthetic activity of the infected algae promoted the non-photochemical energy dissipation
(heat). Furthermore, the lytic cycle of the viruses was of similar duration in darkness as in the light
(ca. 100 h), and therefore it was not dependent on photophosphorylation. Our study demonstrates
that the sensitivity of PAM fluorometry makes it a useful tool for studying viral infection in phytoplankton populations. Moreover, the results have implications for understanding the role of viral
infection on the bloom dynamics of H. akashiwo by showing that viral replication is not lightdependent. Hence, viral production can occur below the photic zone.
KEY WORDS: Viral infection · Photosynthetic activity · PAM chlorophyll fluorescence · Heterosigma
akashiwo
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In marine environments, viruses are omnipresent
and are recognised mortality agents of phytoplankton.
Consequently, viruses may affect algal blooms, and
therefore influence nutrient cycling, algal diversity
and species distribution (Fuhrman 1999, Wilhelm &
Suttle 1999, Suttle 2000). However, the interaction of
viruses with bloom-forming algae is not well understood. Some reports suggest that viral infection impairs
photosynthetic activity and reduces primary productivity in nature (Suttle et al. 1990, Suttle 1992, Hewson et
al. 2001a).
There has been growing interest in factors affecting
the population dynamics of Heterosigma akashiwo, a
toxic raphidophyte responsible for many red tides in

the coastal waters of Japan and Canada (Honjo 1993,
Taylor & Haigh 1993). Recently, it has been shown that
a number of different viruses infect and cause the
lysis of H. akashiwo (Nagasaki & Yamaguchi 1998,
Lawrence et al. 2002, Tai et al. 2003). One might
expect that different viruses will affect the host’s
metabolism in different ways. However, the effect of
viral infection on the photosynthetic activity of this
ecologically important species has not been studied.
Most studies examining photosynthetic alteration of
infected phytoplankton have been conducted with
cyanobacteria (Adolph & Haselkorn 1972, Allen &
Hutchison 1976, Teklemariam et al. 1990, Suttle &
Chan 1993), but some studies have been carried out
with the marine prasinophyte Micromonas pusilla and
the chlorophyte Chlorella (Waters & Chan 1982, Van
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Etten et al. 1983). In some instances viral infection
leads to the immediate suppression of photosynthetic
activity (Van Etten et al. 1983), whereas in other cases
photosynthesis continues to the point of the complete
lysis of the population (Mackenzie & Haselkorn 1972,
Allen & Hutchison 1976, Suttle & Chan 1993). Even
similar viruses can have very different effects on their
hosts. For example, both M. pusilla virus (MpV) and
the Chlorella virus (PBCV1) are members of the family
Phycodnaviridae, but photosynthesis is altered by
infection more quickly in Chlorella than in M. pusilla
(Waters & Chan 1982, Van Etten et al. 1983).
One relatively simple way to determine photosynthetic activity, and thus gain insight into the physiological state of plants, is by chlorophyll a (chl a) fluorescence measurement (Lichtenthaler & Rinderle 1988,
Bolhàr-Nordenkampf et al. 1989). A fraction of the
light energy absorbed by plants is re-emitted as chl a
fluorescence, a dissipation process that is in competition with non-radiative energy dissipation processes,
both photochemical and non-photochemical (for a
review see Lavorel & Etienne 1977). The level of
emitted fluorescence is linked to the redox state of the
Photosystem II (PSII) primary electron acceptor, QA,
and plastoquinone (PQ) pool. Upon illumination, the
fluorescence signal increases rapidly due to the reduction of these electron acceptors. Thereafter, the fluorescence yield decreases, and this quenching in fluorescence can be attributed to photochemical and
non-photochemical events. Photosynthetic electron transport induced during illumination creates, across the
thylakoid membranes, a pH gradient needed for the
formation of ATP. This membrane energisation and the
induction of the xanthophyll cycle cause conformation
changes of the light harvesting complexes (LHCs).
These structural modifications lead to an increase in
thermal dissipation. Hence, upon illumination, the fluorescence signal decreases due to the activation of
photosynthetic electron transport and Calvin cycle
reactions (photochemical quenching) and heat dissipation (non-photochemical quenching) (Schreiber et al.
1994, Müller et al. 2001).
Pulse-amplitude-modulated (PAM) fluorometry enables the separation of the photochemical and nonphotochemical quenching (QP and QN), and the determination of other parameters such as the PSII maximal
quantum yield and the PSII operational quantum yield
(φM and φ’M), which are useful in evaluating the plant’s
physiological state. Using these parameters, it is possible to gain information on the capacity of dark-adapted
(φM) and light-adapted (φ’M) plants to convert light
energy into chemical energy (Bolhàr-Nordenkampf et
al. 1989, Genty et al. 1989). Furthermore, QP and QN
are effective indicators of the photosynthetic energy
conversion processes (Schreiber et al. 1986, Seaton &

Walker 1992, Buschmann 1995). QP represents the
proportion of light energy used for electron transport,
while QN represents the thermal dissipation of light
energy and can be divided into 3 components: energydependent, state-transition and photoinhibitory
quenching (for a complete review see Müller et al.
2001).
Chl a fluorescence was first used to monitor changes
in photosynthetic activity induced by viral infection in
plants infected with tobacco mosaic virus and peanut
green mosaic virus (Naidu et al. 1984, Hodgson et al.
1989). Thereafter, some studies were conducted using
PAM fluorometry to study the effect of viral infection in
algae (Seaton et al. 1996, Hewson et al. 2001a,b).
The aim of our study was to examine the time course
of viral infection with a single strand RNA virus (HaRNAV Strain 263) and 2 uncharacterised DNA viruses
(isolates WBs1 and OIs1) on the photosynthetic activity
of Heterosigma akashiwo, and to determine the
dependence of viral replication on photosynthesis.

MATERIALS AND METHODS
Culture conditions. Heterosigma akashiwo (NEPCC
522), originally isolated from English Bay, Vancouver,
Canada, and Micromonas pusilla strain Plymouth 27
(UTEX 991) were used for all experiments. Cultures
were maintained in f/2-enriched seawater (Guillard
1975) (30 ppt salinity) supplemented with 10 nM
sodium selenite under continuous illumination of
260 µmol m–2 s–1 photosynthetically active radiation, at
20°C. Growth was estimated by directly measuring in
vivo chl a fluorescence (Turner Designs fluorometer)
and/or cell number (Coulter Z2 particle count and size
analyser) over time. Cultures for PAM fluorometry
experiments were grown in 50 or 6.5 ml borosilicate
culture tubes, depending on the volume of culture
required for the experiment.
HaRNAV (clone 263) was used in these experiments,
as described by Tai et al. (2003). The DNA virus clones
WBs1 and OIs1 were obtained from sediment samples
described in Lawrence et al. (2002). These viruses
were cloned by diluting each virus to extinction twice
(Cottrell & Suttle 1991). Virus stocks of all clones were
produced by adding 0.1% (v/v) culture lysate to exponentially growing non-axenic Heterosigma akashiwo
cultures and monitoring for lysis by in vivo fluorescence. Lysates were filtered through glass-fibre filters
(Micro Filtration Systems GC50, nominal pore size =
1.2 µm) and polyvinylidine difluoride filters (Millipore,
Durapore, 0.45 µm pore size), and stored at 4°C until
use. The virus (MpV-SP1) used for the infection of
Micromonas pusilla was described by Cottrell & Suttle
(1991).
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Exponentially growing cultures of Heterosigma akashiwo or Micromonas pusilla were inoculated with 0.1 or
1% (v/v) lysate respectively, and incubated under the
growth conditions described above. Inoculation with
higher concentrations of virus did not decrease the
lengths of the lytic cycles (Lawrence unpubl. data).
Therefore, we are confident that these concentrations
are sufficient to saturate the cultures and that all cells
were infected at the beginning of the experiment.
Growth was monitored by in vivo fluorescence and/or
cell counts. To examine the lytic cycle under complete
darkness, exponentially growing cultures of H. akashiwo
were inoculated with 0.1% (v/v) lysate and divided into
2 treatments. One set of tubes was incubated under the
conditions described above, while another set was
wrapped in 2 layers of aluminium foil to achieve complete darkness, and incubated in the same way. Culture
growth and lysis were monitored by destructively
sampling culture tubes to measure in vivo fluorescence.
Transmission electron microscopy (TEM). Thin sections of infected Heterosigma akashiwo were prepared
for TEM according to Lawrence et al. (2001). Sections
were viewed with a Zeiss 10C-TEM at an accelerating
voltage of 80 kV.
PAM fluorescence measurements. Fluorescence
induction measurements were taken with a PAM
101/103 fluorometer equipped with an ED-101PM
emitter-detector-cuvette unit (Walz) after dark-acclimation of the algae for 25 min (Schreiber et al. 1986).
The constant fluorescence of dark-adapted algae (Fo)
was measured by using modulated light (US-L655,
Walz) having a very low intensity (ca. 5 µmol m–2 s–1) to
avoid reduction of the PSII primary electron acceptor
QA. The maximal fluorescence yield (Fm) was induced
by a short (50 or 700 ms) saturating pulse of light (5000
or 3000 µmol m–2 s–1 respectively), which triggered the
reduction of all QA and PQ pool. No significant difference was observed between these flash intensities.
The flash intensities were saturating as the addition of
DCMU, which blocks electron transport at the PSII secondary electron acceptor QB and induces maximal fluorescence, did not result in further increases in fluorescence (data not shown). The induction of electron
transport was triggered by a continuous actinic white
light (50 µmol m–2 s–1, KL-1500 FL103, Walz). Every
30 s, 50 or 700 ms saturating flashes were applied with
an intensity of approximately 5000 and 3000 µmol m–2
s–1 respectively. No significant difference was
observed between the fluorescence yields induced by
these 2 flash intensities. The different fluorescence
parameters were calculated as described in Juneau et
al. (2002), after subtraction of the blank fluorescence
value, with home-made software. Unless otherwise
mentioned, triplicate samples were taken and analysed using a 1-way analysis of variance (ANOVA).
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RESULTS
The initial decline in biomass of cells infected with
HaRNAV was observed before cultures infected with
WBs1 or OIs1 (36 vs 48 h), whether measured by relative fluorescence (Fig. 1A) or cell number (Fig. 1B).
However, complete lysis occurred at approximately
100 h for the 3 viruses.
Photosynthesis was also altered by viral infection
concomitant with the biomass decrease. The φM of
Heterosigma akashiwo infected with HaRNAV
decreased by ca. 10% within 36 h and changed only
slightly thereafter (Fig. 2A). In contrast, infection with
WBs1 or OIs1 caused φM to decrease by ca. 10 and 35%
after 36 and 96 h respectively (Figs. 3A & 4A). Fluorescence parameters obtained when electron transport
was at steady-state (φ’M, QP, QN) were more affected by
viral infection than φM (Figs. 2 to 4). Thus, after 96 h φ’M
decreased by approximately 55, 65 and 75% compared
to the controls for HaRNAV, WBs1 and OIs1 respectively. QP was less affected than φ’M, decreasing by 20,

Fig. 1. Heterosigma akashiwo. Biomass measured by (A) relative fluorescence and (B) cell numbers of algae infected with
the viruses HaRNAV (d), WBs1 (m), and OIs1 (e) compared to
an uninfected control (j). Error bars = ±1 SD, n = 3 or 4. r.u.:
relative units
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control up to 48 h, but after 48 h, viral infection caused
a drastic increase in this ratio. On the other hand,
normalised Fm decreased in H. akashiwo infected with
the OIs1 and WBs1 viruses, but the amplitude of
the changes was smaller than for Fo variations. For
HaRNAV, Fm:cell ratio increased by 28% compared to
the control. Viral infection did not induce obvious
changes in chloroplast organisation before the lysis of
infected H. akashiwo cells (data not shown). Indeed,
chloroplasts stayed intact during the entire lytic cycle,
even when the cells started to degrade.
In order to determine if the viruses directly affect the
electron transport chain, the effect of methyl viologen
(MV), a PSI electron acceptor that will restore photochemistry if the damage site is located beyond the PSI,

Fig. 2. Heterosigma akashiwo. Variation (%) in 4 fluorescence
parameter values during the lytic cycle of algae infected with
HaRNAV compared to the control: (A) maximal PSII quantum
yield (φM) and operational PSII quantum yield (φ’M), (B) photochemical quenching (QP), and (C) non-photochemical quenching (QN). Error bars = ±1 SD, n = 3 or 4. r.u.: relative units

35 and 50% for HaRNAV, WBs1 and OIs1 respectively.
As expected, when photochemistry was impaired, QN
values were drastically altered in infected cells, and
they increased by up to 500% compared to the controls. A similar pattern was also seen when Micromonas pusilla cells were infected by MpV; however,
the effect on photosynthesis was seen earlier than the
effect on biomass (data not shown).
Table 1 shows the variation over time in constant (Fo)
and maximal (Fm) fluorescence normalised per cell for
Heterosigma akashiwo infected with the different
viruses, relative to uninfected controls. OIs1 and WBs1
induced a gradual increase in Fo:cell ratio during the
infection. Normalised Fo levels of cells infected with
HaRNAV were relatively constant and similar to the

Fig. 3. Heterosigma akashiwo. Variation (%) in 4 fluorescence
parameter values during the lytic cycle of algae infected with
WBs1 compared to the control: (A) maximal PSII quantum
yield (φM) and operational PSII quantum yield (φ’M), (B) photochemical quenching (QP), and (C) non-photochemical quenching (QN). Error bars = ±1 SD, n = 3 or 4. r.u.: relative units
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Table 1. Heterosigma akashiwo. Variation of the constant
fluorescence of dark-adapted algae Fo:cell and the maximal
fluorescence yield Fm:cell ratios as % of control (±1 SD, n = 3
or 4) in cultures infected with 3 different viruses
Virus

0h

24 h

48 h

72 h
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fluorescence relative to the control, occurred at the
same time after infection in the light or dark for all 3
viruses (data not shown), indicating that lysis is possible in the dark for Heterosigma akashiwo.

96 h

DISCUSSION

HaRNAV
0 (3.1) –2.6 (4.0) –0.4 (3.9) 55.3 (4.3)
Fo
Fm 0 (1.4) 0.8 (2.1) –3.4 (3.1) 27.5 (2.7)

Alteration of photosynthetic processes

WBs1
Fo
Fm

1 (2.5) –6.8 (3.2) 5.1 (3.5) 15.4 (2.9) 29.5 (4.1)
0 (2.1) –6.3 (1.9) 2.2 (2.3) –8.8 (1.5) –23.6 (3.5)

OIs1
Fo
Fm

0 (4.1)
2 (1.4)

2.5 (4.1) 14.2 (2.4) 36.9 (3.2)
1.8 (2.7) –8.3 (1.9) -18.3 (2.8)

Our work clearly shows that photosynthetic activity
in Heterosigma akashiwo was impaired by viral infection. The effects of infection on photosynthesis were
similar for the 3 viruses, although they occurred at
different times. Viral infection inhibits photosynthesis

was evaluated when φ’M was inhibited 45 to 55% by
viral infection. As shown for the non-infected cells, MV
did not significantly (p > 0.05) affect φM, φ’M and QP, but
tended to increase QN (Table 2). The increase in QN is
in agreement with previous studies where MV
increased the proton gradient across the thylakoid
membranes in higher plants (Salvucci et al. 1987). For
cells infected with HaRNAV, as for the control, no significant variation in the photochemical parameters was
observed in the presence of MV. While QN increased in
non-infected algae, it increased an additional 20% in
algae infected with HaRNAV. For Heterosigma akashiwo infected with WBs1 and OIs1, we observed a
significant (p < 0.05) decrease in φM and φ’M. As with
cells infected with HaRNAV, cells infected with WBs1
and OIs1 showed a significant (p < 0.05) increase in
QN. The increase in QN reached 96% in cells infected
by OIs1 compared to 43% for the non-infected cells.
To further investigate the relationship between viral
infection and photosynthetic processes, we also conducted infections when photosynthetic electron transport was completely inhibited (darkness). Cell lysis,
which was associated with a rapid decrease in the

Table 2. Heterosigma akashiwo. Variation of PS II maximal
(φM) and operational (φ’M) quantum yield and photochemical
(QP) and non-photochemical (QN) quenching (±1 SD, n = 3) in
the presence of 0.5 mM methyl viologen (MV) for infected
algae having 45 to 55% of photosynthetic activity relative to
uninfected controls
Variation as % of non-MV-treated algae
φM
φ’M
QP
QN
Control + MV
HaRNAV + MV
WBs1 + MV
OIs1 + MV

–1.9 (2.5)
–4.3 (2.1)
–15 (4.1)
–32 (3.7)

–6.0 (2.7)
–2.8 (3.2)
–10 (2.1)
–13 (2.7)

–6.9 (3.0)
–6.0 (2.2)
–4.1 (1.9)
–2.8 (2.4)

43 (2.9)
64 (4.1)
76 (4.4)
96 (4.9)

Fig. 4 Heterosigma akashiwo. Variation (%) in 4 fluorescence
parameter values during the lytic cycle of algae infected with
OIs1 compared to the control: (A) maximal PSII quantum yield
(φM) and operational PSII quantum yield (φ’M), (B) photochemical quenching (QP), and (C) non-photochemical quenching
(QN). Error bars = ±1 SD, n = 3 or 4. r.u.: relative units
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almost immediately after infection of Chlorellainfected cells (Van Etten et al. 1983). However, in other
algal-virus systems, such as Anacystis nidulans and
Synechococcus spp., photosynthesis continues unabated prior to cell lysis and viral development is
highly dependent on host photosynthesis (Mackenzie
& Haselkorn 1972, Allen & Hutchison 1976, Suttle &
Chan 1993). In contrast, in Micromonas pusilla and
Synechococcus sp. PCC 6301, photosynthetic activity
of the host decreased gradually following infection
(Waters & Chan 1982, Teklemariam et al. 1990). Similarly, the overall photosynthetic activity, as shown by
φ’M and QP, also gradually decreased following viral
infection of H. akashiwo. Even though the overall PSIIPSI electron transport was strongly altered in H. akashiwo, φM was only affected slightly for cells infected
with HaRNAV. However, the effect of WBs1 and OIs1
on φM was more pronounced (see Figs. 2 to 4).
The steady-state fluorescence parameters (φ’M and
QP) demonstrated a strong influence of viruses on the
overall PSII-PSI electron transport. This alteration
could be indirect as was demonstrated in Paramecium
bursaria Chlorella virus-1 (PBCV1) and transgenic
tobacco plants (Seaton et al. 1995, 1996, Wolf & Millatiner 2000). In those experiments, the addition of an
exogenous PSI electron acceptor, MV, restored the
photochemical activity when electron transport was at
steady-state. In contrast, a direct alteration of the PSIIPSI electron transport was shown in some higher plant
systems (Hodgson et al. 1989, van Kooten et al. 1990,
Rahoutei et al. 2000), where a destruction of the PSIIPSI related electron carriers occurred. Our results are
consistent with the damage of the PSII-PSI electron
transport chain following infection because the photosynthetic activity of H. akashiwo was not restored by
MV.
Concomitant to the decrease in photosynthetic activity, non-photochemical energy dissipation processes
(QN) increased drastically, suggesting that heat dissipation is the main energy dissipation process in
infected algae. This indicates that when the photochemistry begins to be affected (36 to 48 h), Heterosigma akashiwo develops a mechanism to prevent further damage to its photosynthetic apparatus by excess
light, by increasing non-photochemical energy dissipation. This process is known to prevent photoinhibition (Horton et al. 1996). The further increase in the QN
in the presence of MV, when 45 to 55% of electron
transport is still occurring, may be due to MV mediation of pseudo-cyclic electron transport (Mehler reaction). The reduction of O2 mediated by MV will therefore decrease the production of NADPH; also the CO2
fixation may be decreased in the presence of MV
(Salvucci et al. 1987). Consequently, the ATP consumption is diminished and we may suppose that the

pseudo-cyclic electron flow is favoured compared to
the linear one. This would generate a higher proton
gradient and therefore a higher QN (Schreiber &
Neubauer 1990). The strong QN induced by MV in H.
akashiwo infected with WBs1 and OIs1 may also be
responsible for the observed decrease in PSII quantum
yield (Wilhelm & Duval 1990).

Effects on chloroplast morphology and
photosynthetic apparatus integrity
Chloroplasts of infected cells remained relatively
intact until cell lysis (data not shown). However, since
the constant fluorescence per cell increased upon
infection, we surmise that molecular changes in the
conformation of the light harvesting complexes (LHCs)
and/or degradation of the PSII reaction centres
occurred during the infection cycle. The increase
cannot be linked to a higher chlorophyll concentration
per cell since we demonstrated that cell number and
fluorescence co-vary during the lytic cycle (Fig. 1). An
increase in constant fluorescence was previously
noticed in stressed plant systems, such as heated
leaves and Fe-limited algae (Naus et al. 1992, Belkhodja et al. 1998). Among other factors, it has been
suggested that an increase in Fo may be caused by an
alteration of electron transport in PSII reaction centres
(Schreiber & Armond 1978) and/or by a disconnection
of LHCs from PSII (Yamane et al. 1997). Since the
activity of the PSII reaction centres was preserved to
some extent (i.e. φM was not greatly affected), it is more
likely that viral infection caused a disconnection of the
LHCs from PSII. The variation in Fm:cell ratio observed
in infected cells may be due to the disconnection of the
LHCs from PSII reaction centres, but also from an
alteration of the reaction centres. We might explain the
increase in Fm level for HaRNAV by the fact that Fo
increase was very important (55%), therefore artificially increasing the Fm level. One might also expect
that the increase in Fo is due to the fact that a part of QA
and the PQ pool cannot be reoxidised during dark
adaptation because of the alteration of PSII-PSI electron transport carriers by viral infection (Bukhov et al.
1992). Further work is needed in order to obtain a precise explanation of those changes at the molecular
level.

Viral replication energy source
Using CO2 fixation, Waters & Chan (1982) showed
that photosynthesis in Micromonas pusilla decreased
gradually upon infection, similar to Heterosigma akashiwo, although in M. pusilla the effect on photosyn-
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thesis was seen earlier in the lytic cycle than the effect
on biomass. To determine if the observed difference
between M. pusilla and H. akashiwo is due to the
mode of action of the viruses, we performed the same
experiment with M. pusilla and monitored photosynthetic activity with PAM fluorometry. We found that
the effect of viral infection on photosynthesis was also
seen earlier than the effect on biomass in M. pusilla.
Therefore, the difference in the effects on photosynthesis and biomass between M. pusilla and H. akashiwo is due to a variation in the mode of action of the
viruses.
Since photosynthesis is shut down gradually and is
not inhibited immediately after the attachment of the
virus to the alga, as it occurs in Chlorella-PBCV-1 (Van
Etten et al. 1983), this suggests that viral replication in
Heterosigma akashiwo requires energy produced by
photosynthetic electron transport. However, culture
lysis also occurred in the dark, when linear electron
transport does not occur, and the length of the lytic
cycle in the dark was similar to that under normal
growth conditions (light:dark cycle). In contrast,
previous studies conducted with cyanobacteria demonstrated that photosynthesis was required for
completion of the lytic cycle (Mackenzie & Haselkorn
1972, Allen & Hutchison 1976). Given that viral replication was not dependent on photosynthetic electron
transport, the question arises as to the source of energy
for viral replication in H. akashiwo. It is possible that
viral replication in H. akashiwo uses energy produced
by chlororespiration, a mechanism that can occur in
darkness (Bennoun 1982, Peltier & Schmidt 1991).
Viral replication could also be supported by ATP
reserves and/or production via respiration as demonstrated in Plectonema boryanum and Nostoc muscorum (Sherman & Haselkorn 1971, Adolph & Haselkorn
1972). We may hypothesise that, in our experiments,
the occurrence of the complete lysis of the population
in darkness for H. akashiwo may have been the result
of the high reserve of phosphate found in H. akashiwo
(Watanabe et al. 1987, 1988), which may regulate the
level of ATP (Rubtsov & Kulaev 1977).

Conclusions and implications
By using PAM fluorometry, our study showed that
the PSII-PSI electron transport in Heterosigma akashiwo was directly affected by viral infection, and that
the effect on photosynthesis was dependent on the
viral strain. Furthermore, we showed that photosynthesis was not actively required for viral replication.
Since viral replication can occur in darkness, our data
suggest that viral replication may also occur below the
euphotic zone and in sediments. These results have
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implications for understanding the role of light and
photosynthesis on viral replication in this toxic bloomforming alga. Ultimately, since PAM fluorometry offers
the advantages of simplicity and rapidity, we expect
that it will be useful for studying the role of viral infection in phytoplankton bloom dynamics in natural environments, as was demonstrated recently for benthic
microalgae (Hewson et al. 2001b).
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