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ABSTRACT

Viruses play an important role in aquatic environments in bacteria and phytoplankton mortality and also in carbon and
nutrient recycling through the lysis of living cells. However, the effects of nitrogen regenerated by viral lysis on the growth of
picophytoplankton are rarely studied. This study investigated whether the presence of viruses has a positive effect on the day-
time frequency of cell division in Synechococcus spp. in the coastal waters of the western subtropical Pacific Ocean. Using cell
incubation with natural viral loads and reduced virus treatments, we characterized the abundance and frequency of cell division
in Synechococcus spp. over time. Our results clearly showed that during the daytime as much as 30% of Synechococcus spp.
were dividing in natural virus-containing samples, a proportion six times that found in the virus-diluted treatment groups (5%).
These results suggest that viruses can exert significant effects on nutrient regeneration, enhancing daytime cell division rates

in Synechococcus spp.
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1. INTRODUCTION

Viruses are an important component in aquatic mi-
crobial communities because they are more abundant
(10° - 10'° viruses L'!) than picoplankton in these environ-
ments where they can easily infect bacteria and phytoplank-
ton (Fuhrman 1999; Hambly and Suttle 2005). Lysed bacte-
rial cells, however, release dissolved organic matter (DOM),
which recycles bacterial carbon as bacterial production
(Middelboe et al. 1996; Middelboe and Lyck 2002; Wilhelm
et al. 2002). Thus, viral lysis may also serve as a significant
pathway for the regeneration of nutrients, directly enhancing
nutrient supply rates to phytoplankton (Haaber and Middel-
boe 2009; Weinbauer et al. 2011; Shelford et al. 2012).

The cyanobacteria Synechococcus spp. contribute im-
portantly to phytoplankton abundance and photosynthetic
production in the upper layer of coastal and oceanic waters
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(Worden et al. 2004; Tsai et al. 2005; Uysal 2006). In olig-
otrophic oceans, Synechococcus spp. contribute up to > 50%
of the total photosynthetic carbon fixation (Iriarte and Purdie
1994). Furthermore, during warm seasons, Synechococcus
spp. shows distinct diel changes in abundance, with higher
division rates at dusk (Dolan and Simek 1999; Christaki et
al. 2002; Tsai et al. 2009) and maximum abundances at night
(Christaki et al. 2002; Tsai et al. 2008, 2009). Therefore,
Synechococcus spp. abundance is less than 1 x 10* cells mL™!
during low temperatures when there are no clear diel varia-
tions in abundance (Tsai et al. 2008). Christaki et al. (2002)
reported that heterotrophic nanoflagellate (HNF) grazing on
Synechococcus spp. is the highest at night and declines dur-
ing the daytime in oligotrophic open-sea areas. However,
during the summer in subtropical western Pacific coastal wa-
ters grazing by pigmented nanoflagellates (PNF) appears to
be the underlying biological factor regulating diel variations
in Synechococcus spp. (Tsai et al. 2009). Much attention has
recently been paid to the mortality rates of Synechococcus
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spp. due to viral lysis (Suttle 2000; Wang and Chen 2004;
Baudoux et al. 2007, 2008), which has been reported to be
especially high at nighttime in the subtropical Pacific Ocean
(Tsai et al. 2012).

Specific resources (inorganic nutrients) and tempera-
ture are reported to be the main limiters of growth in Syn-
echococcus spp. (Chang et al. 1996; Carlsson and Caron
2001; Tsai et al. 2005), although in warmer seasons the
availability of nutrients appears to be the strongest factor
(Tsai et al. 2008). Data from nutrient dilution experiments
suggest that Synechococcus spp. may depend on locally re-
cycled nutrients (Ayukai 1996). For example, Weinbauer et
al. (2011) found that viral-induced ammonium regeneration
enhanced Synechococcus spp. growth and increased the pro-
portion of its dividing cells. Weinbauer hypothesized that
viral infection may play an important role in N recycling
in the sea. Shelford et al. (2012) found a decrease in am-
monium and Chl a production when they reduced the abun-
dance of viruses in their samples of temperate and tropical
seawater, suggesting that viruses are important but neglect-
ed agents of ammonium regeneration in a range of marine
environments. To date, no study has substantiated the sig-
nificance of the viral lysis products released from host cells
in the subtropical Pacific Ocean. Therefore, using a simpli-
fied dilution method, we sought to determine whether viral
lysis serves as a significant source of recycled nutrients in
the subtropical western Pacific and whether the presence of
viruses exerts a positive effect on the daytime frequency of
dividing cells (FDC) of Synechococcus spp.

2. MATERIALS AND METHODS
2.1 Sampling

Samples were collected from the surface waters (0.5 m)
of anestablished coastal station (25°9.4°N,121°46.3’E) along
arocky shore in northeastern Taiwan in August and Septem-
ber 2012 (Fig. 1). The environment at this site was previ-
ously described based on data gathered from 1999 - 2001 by
Tsai et al. (2005). The surface water temperature is around
16°C in March and increases gradually to 29°C in July (Tsai
et al. 2005). The annual salinity ranges from 33.1 - 34.3%o,
with the lower salinity within this range possibly reflecting
the influence of rainfall runoff. The average nitrate concen-
tration is highest (up to 12 uM) between November and May,
and then decreases to about 1 uM in June - October. The Syn-
echococcus spp. abundance has shown a strong diel varia-
tion pattern, with the greatest abundance recorded between
2000 - 0000 hours (local time), while FDC decreases to low
values (about < 5%) during the summer (Tsai et al. 2009).
During this study the water temperature was measured im-
mediately after bucket-cast, with all samples brought to the
laboratory within 30 min. Ammonium was measured using
an improved indophenol blue spectrophotometric method
with a precision of 0.05 um (Pai et al. 2001).

2.2 Incubation Experiments

The experiments in this study were designed to observe
the effects of nutrient cycling by heterotrophic bacteria viral
lysis and its subsequent effects on Synechococcus spp. We
used a simplified dilution method to compare the two treat-
ments: virus-reduced (VD) treatment prepared with virus-
free water and virus existing (VE) treatment with nearly in
situ viral abundance.

To prepare the VE treatment the natural sample was
passed through a 1.0-um pore-size polycarbonate filter
(47-mm diameter) to remove the nanoflagellate grazing pres-
sure and retain bacteria, Synechococcus spp., and viruses. In
the VD treatments natural water was serially filtered through
10 and 0.2 pm, 47 mm diameter polycarbonate filters
(AMD Manufacturing) operated at low pressure (< 50 mm
Hg), with the first filter removing larger picoplankton pred-
ators and the second concentrating bacteria and Synechoc-
occus spp. (Wilhelm et al. 2002). This approach resulted
in bacteria and Synechococcus spp. abundances similar to
in situ abundances. A transfer pipette was used to keep the
bacteria and Synechococcus spp. in suspension above the
0.2-pum filter (Shelford et al. 2012). One subsample was
then 30 kDa-filtered to remove viruses and create virus-free
water. The VD experiment was prepared by adding 200 mL
of bacterial concentrate to 800 mL of virus-free water. The
mixtures were incubated in triplicate in 1000-mL polycar-
bonate bottles under natural light in a water bath outside the
laboratory. In Exp. 1 samples were collected every 3 hours
from 0000 - 1200 in August 2012. In Exp. 2 incubations
were subsampled at 0, 20, and 44 hours during September
2012. Samples were also collected from in situ surface wa-
ters at the same time that incubations were sampled.

2.3 Virus, Bacteria, and Synechococcus Spp.
Abundance Counts

Viruses, bacteria and Synechococcus spp. were counted
using an epifluorescence microscope (Nikon Optiphot-2) at
1000x magnification. Subsamples for counting bacteria and
viruses were put into 10 mL centrifuge tubes, fixed with glu-
taraldehyde (final conc. 0.5%) and stored at 4°C until analy-
sis, a process that was normally completed within one week
of sample collection. Viruses were processed using a slight
modification of a method described by Noble and Fuhrman
(1998). Briefly, samples from 0.5 - 1 mL were filtered on
Anodisc filters (0.02-um pore size, Whatman) backed by
0.45 pm pore size Millipore filters. Each filter was laid sam-
ple side up on a drop of SYBR Green I (Molecular Probes)
solution diluted at 1:400 in TE buffer (10 mM Tris-HCI,
1 mM EDTA, pH 8.0) for 15 min in the dark. Membranes
were then placed onto glass slides and treated with 25 pL.
of 50% glycerol and 50% PBS buffer (0.85% NaCl, 0.05 M
NaH,PO,, pH 7.5) containing 0.1% p-phenylenediamine as
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antifade and mounting agents. Subsamples of 1 - 2 or 4 mL
were filtered onto 0.2 um black Nuclepore filters to count
bacteria and Synechococcus spp., respectively. Samples
for counting bacteria were stained with 4’6-diamidino-2-
phenylindole (DAPI) at a final concentration of 1 pg mL!
(Porter and Feig 1980). These filters were stored at -20°C
until counting using an epifluorescence microscope. Bac-
teria were identified by their blue fluorescence under UV
illumination. Synechococcus spp. were identified by their
orange auto fluorescence under blue excitation light. Cells
undergoing division and having a complete cross wall be-
tween daughter cells were also counted. The frequency of
cells in division (FDC) was determined by dividing the cells
undergoing division by the total number of cells counted
(Campbell and Carpenter 1986). To obtain reliable estimates
of abundance, at least 1000 virus particles, 800 bacteria, and
200 Synechococcus spp. were counted per sample.

3.RESULTS

During the study period time-course data for incuba-
tion temperatures varied from 28° - 29.5° and 27.5° - 28.5°C
in Exps. 1 and 2, respectively. Furthermore, no significant
differences were found in bacterial and Synechococcus spp.
abundance and FDC between VE and VD treated groups at
the start of Exps. 1 and 2 (z-test, p >0.05) (Figs. 2a,b,3a,b).
Ammonium concentrations were initially indistinguishable
in VE and VD for Exp. 1 (Exp. 1: VE = 0.9 + 0.02 uM,
VD = 09 + 0.05 uM) (Fig. 4b). However, ammonium
concentrations at the start of Exp. 2 were significantly
less in VD than in VE treatments (z#-test, p < 0.05; Exp. 2:
VE=28+0.08 uM, VD =2.4 +0.05 pM) (Fig. 5b). More-
over, in this study there was a significantly lower viral
abundance in the VD treatment than the VE treatment at

the beginning of Exps. 1 and 2 (72 and 65% decrease, -test,
p <0.05) (Figs. 2c, 3c). These findings showed that dilution
with a 30 kDa filtrate successfully reduced the abundance
of viruses.

Experiment 1 samples displayed significant decreases
in Synechococcus spp. and bacterial abundances during the
nighttime VE treatment (Figs. 2a, b). At the same time there
were significantly greater increases in viral abundance in
VE than in VD treatments during Exp. 1 (Fig. 2c; r-test,
p < 0.05). There were temporal changes in the FDC of
Synechococcus spp. and ammonium concentrations over
12 hours in Exp. 1 (Fig. 4). We found that up to 30% of Syn-
echococcus spp. were dividing in the VE treatment during
the daytime, a proportion six times that of the VD treatment
(about 5%) (#-test, p < 0.05) (Fig. 4a).

We performed Exp. 2 to confirm the FDC trend found
in VE and VD treatments. Experiment 2 lasted for 2 days
with the purpose of obtaining samples at time points pre-
viously identified as have high FDC values. As expected,
the average value of FDC was 17% in the VE treatment
and 3.6% in the VD treatment, with significant differenc-
es between the two treatments on the first day of sampling
(4-September) (#-test, p < 0.05) (Fig. 5a). At the final sam-
pling point (5 September), we did not observe FDC cells in
the VD treatment, but FDC values remained high in the VE
treatment (38.7%) (Fig. 5a). At the end of Exp. 2, the abun-
dance of Synechococcus spp. was 4.8 x 10* cells mL™! in the
VE treatment, which was 10 times that of the VD treatment
(0.5 x 10* cells mL") (Fig. 3a). Furthermore, we also found
that bacterial abundance was significantly lower in the VD
than the VE treatment or the in situ seawater at the final sam-
pling point (5 September) (ANOVA, p < 0.05) (Fig. 3b). To-
gether these findings indicate that viruses significantly affect
variations in Synechococcus spp. and bacterial abundances

Latitude (°N)

sampling site

T L T T T T T L
16 120 124 128 b

e

o .
""-f&

N 100 km

od [—

24 T T T T T T
118 120 122 124 126 128 130

Longitude (°E)

Fig. 1. Location of the sampling site in coastal waters of the western subtropical Pacific.
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Fig. 2. Time-series of Synechococcus spp. (a), bacterial (b), and viral (c) abundances in in situ seawater and virus-existing (VE) and virus-diluted
samples (VD). The filled black bar represents nighttime.
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and the FDC of Synechococcus spp. in marine ecosystems.

In Exp. 1, although there was no significant difference
in the original ammonium concentrations between VE and
VD treatments at baseline (#-test, p < 0.05) (Fig. 4b), there
were significantly higher concentrations of ammonium in
incubations containing untreated viruses than those con-
taining highly diluted viruses at the end of the experiments
(z-test, p < 0.05) (Fig. 4b). Furthermore, at the end of Exp. 2,
ammonium concentrations were significantly higher in VE
than VD treatments (#-test, p < 0.05) (Fig. 5b).

4. DISCUSSION

This study found viral-induced ammonium regeneration
resulted in increased growth and the proportion of dividing
Synechococcus spp. cells. In our experiments VE treatment
produced higher FDC values than VD after 12 hours incuba-
tion (28 - 37% vs. 5 - 10%) (Fig. 4a). In our experiments
with an extended incubation time (44 hours), FDC remained
high (38.7%) in the VE treatment but not in the VD treat-
ment (Fig. 5a). The most likely explanation for these results

is that viral lysis releases nutrients that fuel the regrowth of
Synechococcus spp.

Viruses are pervasive in marine environments, causing
microbial mortality at a rate equaling that caused by graz-
ing (Steward et al. 1996; Weinbauer and Hofle 1998; Wells
and Deming 2006). Experimental studies show that although
an increase in virus abundance can reduce growth rates in
phytoplankton (Suttle et al. 1990), viral lysis can ultimate-
ly lead to higher phytoplankton productivity (Peduzzi and
Weinbauer 1993). On the one hand these findings suggest
that viral activity serves as a carbon sink; on the other hand
they suggest it indirectly stimulates primary productivity
and thus carbon production. Previous work in the same re-
gion suggests that diel fluctuations in Synechococcus spp.
abundance results from differential consumption by nanofla-
gellates (Tsai et al. 2009). Tsai et al. (2012) also attributed
significant Synechococcus spp. mortality at our study site to
viruses and noted that the virus effect is greater at nighttime.
Therefore, the abundance of Synechococcus spp. in Exp. 1
decreased as expected in the VE treatment and in the field
over the first 6 hours (nighttime) (Fig. 2a). Similarly, there
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was a decrease in bacterial abundance during the night in the
VE treatment with a concurrent slight increase in viral abun-
dance and ammonium concentration (Figs. 2b, c, and 4b).
One recent study concluded that the natural virus commu-
nity, which stimulates the growth of Synechococcus spp.,
is essential for maintaining productivity (Weinbauer et al.
2011). Shelford et al. (2012), reported significant increases
in the rates of viral-mediated ammonium regeneration in
oligotrophic oceanic environments, suggesting that this vi-
ral activity supported phytoplankton production. At the end
of all experiments in the present study the ammonium con-
centrations were found to be significantly higher in VE than
in VD treatments, causing an increase in daytime FDC of
Synechococcus spp.. Thus, our study supports the prevailing
assumption that viral transformation of particulate organic
matter (living cells) into dissolved compounds plays a sig-
nificant role in nutrient recycling in the sea.

Lysis products are used by uninfected bacteria (Mid-
delboe et al. 1996; Middelboe and Lyck 2002); therefore,
viruses play an important role in recycling carbon within the
bacterial community. This was verified experimentally by
Middelboe and Lyck (2002) in a study in which viral activity
stimulated carbon cycling by uninfected bacteria and reduced
the accumulation of microbial biomass. We did not measure
the concentration of DOM in the present study; however, our
results show that the removal of viruses decreases bacterial
abundance after 44 hours of incubation (Fig. 3b), support-
ing other studies in which lysis products stimulate growth
in the non-infected community (Fuhrman 1999; Middelboe
and Lyck 2002).

Nanoflagellates, on the other hand, may contribute to
the release of DOM compounds that are rich in nutritional
elements, including N, P, and Fe, while grazing on bacteria
(Noble and Fuhrman 1999; Selph et al. 2003; Poorvin et
al. 2004). Although the contribution to nutrient regenera-
tion by nanoflagellate grazers was excluded in our experi-
ments by our use of 1.0 um filters to remove nanoflagellates
in both treatments, we cannot preclude that all nanoflagel-
lates were eliminated. It is uncertain whether smaller-sized
nanoflagellates can graze on bacteria of the same size range,
but it is unlikely that the small number of such tiny organ-
isms would significantly change the results of this study.
On the other hand, we expected that Synechococcus spp.
abundance would be higher in the VE treatment than for
in situ samples (Fig. 2a) because grazing should have been
eliminated in the VE treatment. However, Synechococcus
spp- abundance at the end of Exp. 2 exhibited no difference
between the VE treatment and in situ samples (Fig. 3a). In-
teractions between viruses and grazers and their effects on
picoplankton are probably very complex (Miki and Jacquet
2008) and might include various antagonistic or synergistic
effects (Sime-Ngando and Ram 2005; Jacquet et al. 2007).
For example, nanoflagellates can directly reduce viral abun-
dance and infectivity through direct consumption of viruses

or by grazing preferentially on viral-infected cells (Bettarel
et al. 2005).

In conclusion, our results clearly show that up to 30% of
Synechococcus spp. cells divide during VE treatment during
the day, which was six times greater than in the VD treat-
ment (about 5%). At the end of these experiments there was
a significantly higher concentration of ammonium in incu-
bations containing natural abundances of viruses compared
to those containing reduced viral abundance. We conclude
that the natural virus community stimulates Synechococcus
spp. growth and is essential for maintaining productivity in
the ocean.
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