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Free living viruses are ubiquitous in marine waters and concentrations are usually several times
higher than the bacterial abundance. These viruses are capable of lysing host bacteria and therefore,
play an important role in the microbial loop in oligotrophic waters. However, few studies have

been conducted to compare the role of viruses in regulating bacterial abundance and heterotrophic
activities between natural oligotrophic waters and anthropogenic influenced eutrophic waters. In this
study, we examined viral effects on bacterial functions of four single bacterial species incubated with
natural viral assemblages in seawater samples from eutrophic and oligotrophic waters. The viral-lysis
of bacteria was significantly higher in eutrophic than oligotrophic waters. This suggests that viruses
were capable of controlling bacterial abundance, respiration and production in the eutrophic waters.
Cellular bacterial respiration and production was higher with viruses than without viruses, which was
more evident in the oligotrophic waters. These results indicate that viruses can slow down bacterial
consumption of oxygen and reduce bacteria-induced eutrophication effects in anthropogenic
eutrophic waters, but switch to the role of sustaining the bacterial population when nutrients are
limiting. There were bacterial species differences in resisting viral attack, which can influence the
dominance and biodiversity of bacterial species in coastal waters.

Viruses play an important ecological role in marine ecosystems'?, as viruses are ubiquitous and abun-
dant in the marine environment and are responsible for about 10-50% of the total bacterial mortality>*.
Bacteria play a major role in global carbon and nutrient cycling. Bacteria can consume 20-60% of the
organic carbon produced from primary production in marine ecosystems® by two processes: produc-
tion of new bacterial biomass (i.e. bacterial production (BP)) and decomposition and remineralization
of organic carbon to inorganic carbon (i.e. bacterial respiration (BR)). Bacteria have dual roles in the
microbial loop by providing food for micrograzers (microzooplankton, ciliates and heterotrophic dino-
flagellates) and also acting as remineralizers of nutrients. In oligotrophic oceans, bacterial biomass may
be limited by dissolved organic carbon (DOC) and nutrients and hence, viral lysis of bacteria and the
release of cellular lysates can be important in sustaining bacterial production based on the turnover of
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regenerated DOC and nutrients from cell lysates®. Therefore, viral-bacterial interactions play a role in
biogeochemical processes and energy fluxes in the ocean”®.

Bacterial abundance (BA) is usually controlled by the supply of organic matter and regulates viral
abundance. The sequence of peaks in the abundance of phytoplankton - bacteria - viruses is evident
during a phytoplankton bloom and subsequent collapse, as reported by Bratbak et al. (1990)° and Yager
et al. (2001)'°. It is reasonable to hypothesize that in an oligotrophic system, the supply of nutrients lim-
its the production of bacterial organic matter and hence, viruses play an important role in the recycling
processes of DOC and nutrients in the microbial loop by lysing bacteria and releasing bacterial lysates.
However, in a eutrophic system where organic matter production of phytoplankton or anthropogenic
supply of organic matter is high, viruses could play a role similar to grazers and hence, control bacterial
abundance, production and respiration.

In natural seawater, viral-bacterial interactions could be affected by multiple factors and processes
and it is often difficult to distinguish the viral effect from other effects'’. To date, there have been few
studies that specifically use naturally-occurring single bacterial species to investigate the effects of viruses
on bacterial production and respiration. It is important to conduct autecological studies of individual
bacterial species, as microbial ecologists have rarely been able to establish links between ecosystem pro-
cesses and specific bacterial populations'®. The use of single naturally-occurring bacterial isolates for
biogeochemical studies has been limited because only a small percentage of marine bacteria can be
cultured. Even fewer experiments have been conducted on how nutrients influence the effects of viruses
on bacterial ecological functions using single bacterial species.

In this study, our objective was to examine the effects of viruses on bacterial ecological functions
such as bacterial respiration and production of 4 single bacterial species that were isolated from Hong
Kong coastal waters. The 4 bacterial species were cultured with the natural viral assemblage in waters
from 2 sites with very contrasting nutrient conditions. The water samples were collected from two sta-
tions, VM5 in eutrophic Victoria Harbour and PM7 in relatively pristine Port Shelter, having different
nutritional conditions. Victoria Harbour receives over 2 x 10°kg of sewage effluent daily from the local
sewage system and hence, it represents eutrophic waters'* and PM7 is relatively oligotrophic with little
influence from sewage'. Four single bacterial species belonging to Proteobacteria (referred to as S1 to
S4, see Methods for details) were used. They were particle-attached and free-living and dominant in
Victoria Harbour and were present in oligotrophic waters as well’®. Our experimental approach is one
of the first studies to use single naturally-occurring bacterial species to examine the effects of viruses on
bacterial ecological functions under stable laboratory conditions and to explicitly elucidate the processes
of viral-bacterial interactions.

Results

Conditions of Eutrophic and Oligotrophic Waters. The monthly average of surface temperature,
salinity, chlorophyll (Chl a), total inorganic nitrogen (NH,"+NO,;"+NO,"), PO,*~ and Si(OH),~ over
23 years (1986-2008) (www.epd.gov.hk) showed that VM5 had high Chl a (15.3ug 17!) and high nutri-
ents with a 23-year average of 22.6, 0.77 and 21.6 pM for DIN, PO,*~ and Si(OH),™ respectively. In
contrast, PM7 had much lower Chl a (only 1.7pg 17!) and nutrients. During our sampling time, DIN,
PO,*~ and Si(OH),~ was 36, 0.28 and 39 .M, respectively, at VM5, and was 3.4, 0.05 and 16 pM, respec-
tively, at PM7. Hence, we referred to VM5 as eutrophic and PM?7 as relatively oligotrophic.

Viral Effects on Bacterial Abundance. A change in bacterial abundance with and without viruses
(4v and -v) is an important indicator of viral effects on bacteria as viruses use bacterial cells as hosts.
Initial bacterial abundance (BA) of the 4 bacterial species was adjusted so that it was similar at 4.0 x 10°
cells I"! in all the incubation treatments and therefore, changes in bacterial abundance was mainly due
to the presence of viruses. For eutrophic VM5 without viruses, BA increased 5-9 times on day 3 for the
4 species. With viruses, BA of Gamma-Proteobacteria had a small increase of only ~1.5 times on day
3, while BA of Alpha-Proteobacteria had no significant (p < 0.05) increase (Fig. 1). In contrast, for olig-
otrophic PM7, BA without viruses increased by 2-3 times on day 3 for the 4 species. With viruses, BA
increased only 1.2-1.6 times on day 3, except for Psychrobacter glacinola (ICP9) which had no significant
increase in BA (Fig. 1). Without viruses, the increase in BA was significantly (p < 0.01) larger for VM5
than for PM7 on day 3 for all 4 bacterial species. However, the decrease in BA due to the addition of
viruses was also larger for VM5 than for PM7, by 80-83% on day 3 for VM5, but by only 34-65% on
day 3 for PM7 for all the 4 species. The growth rates of the 4 bacterial species were significantly different
between VM5 and PM7.

Viral Effects on Bacterial Respiration. Bacterial respiration (BR) is an indication of the rate of
bacterial heterotrophic activity while utilizing organic matter. Viral lysis of bacterial cells affects BR
either by reducing BA or by releasing fresh organic matter (lysates). For eutrophic VM5, BR without
viruses was 63-90pg C 17! d™! on day 1 and increased by 1.5-3.2 times for the 4 species on day 3,
while BR with viruses was lower (43-48pg C 17! d™!' ) on day 1 and decreased further by 17-50% on
day 3 (Fig. 2). In contrast, for oligotrophic PM7, BR without viruses was 32-34pg C 17! d™' on day 1
and increased by 1.5-2.0 times on day 3, while BR with viruses was 26-35pg C 17! d™! on day 1 and
decreased by 22-31% on day 3. BR without viruses was significantly (p < 0.01) higher for VM5 than
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Figure 1. Changes in bacterial abundance (BA) of 4 bacterial species: (S1) Psychrobacter glacinola
(ICP9), (S2) Psychrobacter submarinus (KMM225), (S3) Marine alpha proteobacterium (AS-19), (S4)
Alpha proteobacterium (ISHR1) in the cultures with viruses (4v) (open circles) or without viruses (—v)
(filled circles) in waters from Stns VM5 (eutrophic) and PM7 (oligotrophic) during 3 days. Error bars
are+1 SD and n=2. The original data are in the supplementary information file.

for PM7. However, cell-specific BR (sBR) did not show the same trend as BR. Without viruses, sBR for
VM5 remained similar (5fg C cell ! d~!) on days 1-3 for S1 and S2, but almost doubled (9-11fg C cell™*
d™') on day 1 for S3 and S4. The addition of viruses caused a decrease in sBR on day 1, but not on day
3 for S3 and S4 (Fig. 2). In contrast, for PM7, sBR without viruses was lower (3-5fg C cell™! d™!) than
with viruses for all 4 species on day 1 with little change on day 3. The addition of viruses resulted in an
increase in sBR for S1 and S2 on day 1, but not for S3 and S4. On day 3, comparing the two treatments
with (4+v) and without (-v) viruses, sBR without viruses was significantly (p < 0.01) higher than with
viruses for VM5, whereas there was no significant (p > 0.05) difference in sBR for PM7. All cell-specific
BR rates with viruses showed a decrease on day 2.

Viral Effects on Bacterial Production. Bacterial production (BP) reflects bacterial growth, which
can be a function of BA, and hence, viral lysis can affect BP. For eutrophic VM5, BP without viruses was
13-27pg C 17! d7! on day 1 and increased (1.2-2.1 times) for the 4 bacterial species on day 3, while
BP with viruses was lower (10-17pg C 17! d™!) on day 1 and decreased further by 35-58% on day 3
(Fig. 3). For oligotrophic PM7, BP without viruses was lower (10-13pg C 1! d7!) than that for VM5
on days 1-3 for all 4 bacterial species. In contrast, BP with viruses (9-11pg C 17! d™! on day 1) only
decreased by 7-14% on day 3. For eutrophic VM5, sBP without viruses was higher than sBP with viruses.
For VM5, the differences in sBR between the treatments with and without viruses was the largest on
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Figure 2. Changes in bacterial respiration (BR) (lines) and cell-specific bacterial respiration (sBR =
BR/BA) (vertical bars) for bacterial species S1, S2, $3 and $4 in the cultures with (+v) (open circles) or
without viruses (—v) (filled circles) in waters from Stns VM5 and PM7 during 3 days. Gray and white
bars are sBR with and without viruses respectively. Error bars are£ 1 SD and n=2.

day 2 (significant at p < 0.05) , but not significantly (p > 0.05) different on day 1 and 3, except for S3 on
day 1 and S4 on day 3. For PM7, sBP with and without viruses had a similar temporal fluctuation with
a significant drop on day 2. In contrast to VM5, the addition of viruses to PM7 caused a significantly
large increase in sBP on day 1 and 3 among all the 4 bacterial species (except for S3 on day 1, and for
S1 on day 2) (Fig. 3).

There were bacterial species differences in sBP. Without viruses, sBP was higher for S3 and S4
(Alpha-Proteobacteria) than for S1 and S2 (Gamma-Proteobacteria) for VM5, whereas for PM7, sBP with-
out viruses was not significantly (p > 0.05) different among the 4 species. However, the addition of viruses
resulted in higher sBP for S1 and S2 (Gamma-Proteobacteria) than for S3 and S4 (Alpha-Proteobacteria)
on days 1 and 3, and also higher than the same two species for VM5. For PM7, there was a con-
trasting difference in sBP between the 2 treatments with viruses (1.3-2.0fg C cell™! d™!) and without
viruses (~1.1fg C cell ™! d7!) on day 3. The sBP with viruses on day 2 was the lowest for both VM5 and
PM7. For VM5, sBP of Alpha-Proteobacteria (S3 and S4) was significantly (p < 0.01) higher than for
Gamma-Proteobacteria (S1 and S2) with or without viruses (Fig. 3).

Viral Effects on Bacterial Growth Efficiency. Bacterial growth efficiency (BGE) without viruses
eventually decreased for both VM5 and PM7 on day 3. However, BGE responded differently to the addi-
tion of viruses. For VM5, there was no significant (p > 0.05) difference in BGE with or without viruses,
however, for PM7, BGE with viruses increased significantly (p < 0.01) relative to without viruses (Fig. 4).

Discussion
This study showed that viruses affected bacterial abundance, respiration and production as well as bac-
terial growth efficiency, and demonstrated the different ecological roles of viruses in eutrophic and
oligotrophic ecosystems. There were also bacterial species differences in the bacterial responses to the
presence or absence of viruses.

Studies of viral effects on a single bacterial strain are rare, but such studies are necessary to elucidate
specific processes of viral effects on bacteria. In addition, natural seawater contains a viral community,
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Figure 3. Changes in bacterial production (BP) (lines) and cell-specific bacterial production (sBP = BP/
BA) (vertical bars) for 4 bacterial species S1, S2, S3 and $4 in the cultures with (+v) (open circles) or
without viruses (—v) (filled circles) in waters from Stns VM5 and PM7 during 3 days. Gray and white
bars are sBP with and without viruses respectively. Error bars are41 SD and n=2.

which is an important mediator of genetic exchange'®. Using a natural viral assemblage has the advan-
tage of containing viruses capable of infecting a single bacterial species. Our study clearly showed that
bacterial cells were infected within a day, which caused a decrease in abundance by up to 34-65% in a
single bacterial species due to viral lysis. These results were consistent with other studies using natural
seawater which showed that 20-50% of the bacterial biomass was lost daily due to viral lytic infection®.
In planktonic systems, 5-30% of the heterotrophic bacteria and cyanobacteria are infected by viruses at
any time, and viruses can lyse a substantial fraction (4-50%) of the daily bacterial and cyanobacterial
production™”. The viral-induced mortality is on average as significant as grazing of bacteria by pro-
tists'8, although the relative importance might vary spatially and temporally with different environmental
conditions'*%.

Virus-caused bacterial mortality is a function of bacterial abundance!®. Steward et al. (1996)?! and
Weinbauer (2004)* suggested that the viral effect on bacterial abundance was probably larger in eutrophic
than oligotrophic waters. In our study, the viral lysis of bacteria was magnified in the eutrophic waters at
VMS5, as shown by a decrease in BA, BR and BP by 80-83%, 17-50% and 35-58%, respectively, for the 4
bacterial species on day 3. This finding indicates that viruses can exert an analogous ‘top-down’ control of
BA, BP and BR for bacteria in eutrophic environments. Viral lysis reduced BR and BP, which could slow
down the consumption of dissolved oxygen and reduce bacterial decomposition of organic matter. This
has important implications for how viruses could influence the formation of hypoxia and for increasing
the export of organic matter from eutrophic bays to open waters.

Viruses can influence bacterial respiration and production®*?. In our study, the addition of viruses
resulted in a decrease in BR by 17-50% in all 4 bacterial species for VM5 and by 22-31% for PM7 on
day 3 compared with day 1. Cellular BR (sBR) responded differently between eutrophic VM5 and olig-
otrophic PM7: no significant difference (p < 0.01) for the former on day 3, but a significant increase for
Gamma-Proteobacteria by 11-16% and a decrease by 14-44% for Alpha-Proteobacteria for the latter. Our
findings agree with a previous study by Xu et al. (2013)** who used a natural assemblage of bacteria for
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Figure 4. Temporal changes in bacterial growth efficiency (BGE) of 4 bacterial species S1, S2, S3 and S4
in the cultures with (+v) (open circles) or without viruses (—v) (filled circles) in waters from Stns VM5

and PM7 during 3 days. Error bars are+ 1 SD and often smaller than the symbol size and n=2. The original
data are in the supplementary information file.

the same stations and they reported that sBR was higher at PM7 than VM5, in agreement with a similar
previous study by Bonilla-Findji et al. (2008)%.

The addition of viruses caused BP to decrease by 35-58% in the 4 bacterial species in the eutrophic
waters of VM5, while the decrease was much less in oligotrophic PM7, by only 7-14% (on day 3).
This was in agreement with other studies®?>?. The difference in nutrient concentrations between VM5
and PM7 might be responsible for the difference in the viral effect on sBP: a larger increase for the
oligotrophic waters at PM7 than eutrophic water at VM5 in which sBP on day 3 was not significantly
(p<0.01) different from day 1.

BGE is considered to be a good indicator of carbon flow through bacteria?”. Our results appeared to
indicate that more carbon flowed through bacterial production with the addition of viruses in the olig-
otrophic water, as BGE in virus-added treatments was higher (0.25-0.32) for PM7 than (0.17-0.23) for
VM5 on day 3. According to Fuhrman (1999)7, when viruses lyse bacterial cells, the lysed products are
available to other bacterial cells. This represents a semi-closed trophic loop, namely the lysed bacterial
biomass being consumed by other bacteria via regeneration of DOC and inorganic nutrients. Such a viral
effect was magnified in the oligotrophic water of PM7. This was consistent with other observations of
natural assemblages of bacteria in other oligotrophic waters**’.

There was a possibility that viral lysis of bacterial cells resulted in higher supply to bacterial carbon
demand (BCD) in the oligotrophic water than in eutrophic waters. Assuming that the lysed cells were used
to support bacterial growth, the concentration of dead cells should result in the corresponding increase in
cell specific BR and BP. Indeed, without viruses, no significant relationship was found between the amount
of dead cells [ABA;) (5] versus the amount of DO respired per cell [ABR;) ,)/ABA;) ()] (Fig. 5A), and
versus the amount of bacterial carbon produced per cell [ABP 3 )/ ABA(3) 5] (Fig. 5C) in either the
eutrophic or oligotrophic waters. However, the presence of viruses resulted in a significant relationship
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Figure 5. Correlations between changes in bacterial abundance from day 2 to 3 and the corresponding,
cell specific bacterial respiration and production for VM5 and PM7. Assuming the concentration of
the dead bacterial cells was equal to ABA;, (5 using BA on day 3 minus BA on day 2, the corresponding
change in BR and BP was ABR;_(;) and ABP;) (, using BP and BR on day 3 minus day 2. (A)

ABR without viruses (VMS5, black circles; PM7, white circles), no significant linear relationships, (B)
ABR with viruses (VMS5, black diamonds; PM7, white diamonds), significant linear relationships are
ABR=0.25x ABA +3.49, =0.66, p < 0.05, n=8 for VM5; ABR=0.79 x ABA+3.71, #=10.92,
Pp<0.05, n=28 for PM7, (C) ABP without viruses (VM5, black triangles; PM7, white triangles), no
significant linear relationships, and D) ABP with viruses (VM5, black squares; PM7, white squares),
significant linear relationships are ABP=0.05 x ABA + 0.56, ’=0.77, p < 0.05, n=6 for VM5 and
ABR=0.17 x ABA +0.88, r*=0.76, p < 0.05, n=6 for PM7.

between ABA(3)_(2) and ABR@),(Z)/ ABA(:},),(Z) (Flg 5B) and between ABA(:;),(Z) and ABP(:;,),(Z)/ABA(:;,),(Z)
(Fig. 5D) in both the eutrophic and oligotrophic waters. This strongly indicates that the lysed bacterial
cells were used to support the growth and respiration of the remaining bacterial cells. Furthermore, the
slope of the relationship was steeper for the oligotrophic than eutrophic waters. This indicated that viral
lysis of bacterial cells in the nutrient-limited waters was more efficient in supporting bacterial activities
such as BR and BP than those in the nutrient-rich water. Other studies using natural assemblages also
found that lysed products could be a dominant organic source for meeting bacterial carbon demand®.
Noble and Fuhrman (1999)* reported that products from viral lysis turned over rapidly, especially in
P-limited oligotrophic waters and the DOM released during lysis could stimulate the non-infected bac-
terial populations®.

Turnover rate (d~!) of bacterial cells and viruses can be an indicator of the regeneration of nutrients.
The ratio of time integrated (3 days) bacterial production (IBP) to time integrated bacterial biomass
(IBB) in our study, which is basically the carbon turnover rate, showed that the presence of viruses
increased the turnover rate for the oligotrophic PM7 waters more than for eutrophic VM5, except for
species 3 (Fig. 6D). This suggested that viral lysis in oligotrophic waters plays a more important role in
regenerating nutrients and bacterial production.

Bacterial diversity plays an important role in ecosystem functions®. In general, there are two principal
mechanisms: the ‘complementarity mechanism’ and the ‘selection mechanism, which explain how species
diversity is maintained®. A more recent study was conducted on the contribution of species richness
and composition to bacterial ecological services and found effects for both mechanisms®*. Our results
revealed the effects of a natural viral assemblage on individual bacterial species and clearly demonstrated
differences among bacterial species in their ecological functions without viruses and their responses to
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Figure 6. Comparison between the 4 bacterial species (see the legend in Fig. 1 for the names) in:

(A) 3 day-integrated bacterial abundance (IBA), (B) integrated bacterial respiration (IBR), (C)
integrated bacterial production (IBP) and (D) the ratios of IBP to integrated bacterial biomass (IBB).
Open bars represent the virus-free treatment and gray bars represent the virus-added treatment. The % value
within the gray bar is the percent reduction of those parameters compared to the virus-free treatment. Error
bars are41 SD and n=2.

viral attacks. Since the initial values were similar among all the treatments, integrating BA, BR and BP
(IBA, IBR and IBP) over 3 days represents the total species differences in BA, BR and BP. In eutrophic
waters (VM5), IBA without viruses was much higher for bacterial S1 and S2 than for S3 and S4, and
the reduction in IBA by the addition of viruses was significantly different among all 4 species (Fig. 6A).
IBP without viruses was also different among the 4 bacterial species for VM5 (Fig. 6C), although IBR
without viruses was not significantly different (Fig. 6B). In oligotrophic waters (PM?7), species differences
in IBA, IBR and IBP without viruses were not as large as in the eutrophic water (VM5). However, the
viral-induced reduction of IBA, IBR and IBP was much smaller for each species in oligotrophic (PM?7)
than eutrophic waters (VMS5). IBA, IBR and IBP decreased to 47, 63 and 64% respectively, in eutrophic
waters after viruses were added, while in oligotrophic waters, the decrease in IBA, IBR and IBP was
much smaller (by 35, 37 and 18% respectively). This indicates that external factors such as substrate
supply likely drive all species, while species differences exert their dominance based on their responses
to a particular external force. In our study, the bacterial response to nutrient supply determined their
dominance between eutrophic and oligotrophic waters and the bacterial resistance to viral attack could
play a role in their dominance within a water body. As Zhang et al. (2007)* observed, the addition of
viruses resulted in a decrease in bacterial abundance, but a significant increase in the bacterial species
diversity. This suggests that viruses could serve a role similar to the grazing role of protists in maintaining
bacterial diversity.

Methods

Experimental Waters. Water samples were collected on July 5 2008 at 1m from two stations:
eutrophic VM5 in Victoria Harbour and oligotrophic PM7 in the Port Shelter. Victoria Harbour receives
over 2 x 10°kg of sewage effluent daily from the local sewage outfall and hence, it represents a eutrophic
water body. In contrast, PM7 is relatively oligotrophic with little influence from sewage, and it has the
lowest dissolved inorganic N concentrations during July in Hong Kong waters'. Initial concentrations
of bacteria and viruses as well as nutrients were measured.

SCIENTIFIC REPORTS | 5:14217 | DOI: 10.1038/srep14217 8



www.nature.com/scientificreports/

Virus-Free Water. Water samples were filtered through 1-um pore-sized filter (Isopore ATTP) and the
filtrate was filtered twice through a 0.2-pm cartridge to obtain bacteria-free seawater. The bacteria-free
seawater was filtered through a 100-kDa cut-off polyethersulfone membrane cartridge (Prep/scale-THH,
CDUF002TH; Millipore) to obtain virus-free seawater (the filtrate) and then the viruses retained on the
cartridge were gently washed off to obtain the virus-concentrated seawater. The initial viral abundance
was adjusted to achieve a similar abundance of 5.7+ 0.77 x 10'® and 5.8 4 0.73 x 10 cells 1"}, respec-
tively, for VM5 and PM7 so that the observed differences would not be due to different initial viral
concentrations the results would be independent of the initial viral concentration.

Single Bacterial Species. Four bacterial species which were isolated from Hong Kong coastal waters
included Psychrobacter glacinola (ICP9), Psychrobacter submarinus (KMM225), Marine alpha proteobac-
terium (AS-19), and Alpha proteobacterium (ISHR1) and were abbreviated as S1, S2, S3 and S4, respec-
tively. They were isolated and collected by the Coastal Marine Laboratory of Hong Kong University of
Science and Technology (http://www.cml.ust.hk/research_center.html). The former two species belong to
Gamma-Proteobacteria and the latter two belong to Alpha-Proteobacteria®. These bacterial species were
grown at 20°C in the dark with marine broth 2216 (Difco) and mid-exponential phase cultures were
used as the inocula for the incubation experiments.

Experimental Design. An inoculum of the bacterial culture was transferred to the filtered seawater
samples with and without viruses in pre-sterilized 1-liter glass bottles, with the initial concentrations of
bacteria and viruses being adjusted so that they were equal to the in situ concentrations of the samples at
the time of the sampling. All bottles were incubated in the dark for 3 days and an environmental chamber
with constant temperature control was used to maintain the in situ temperature (28 £ 2°C). There were 2
treatments: a bacterial culture with viruses (+v) and without viruses (—v). Replicate errors were found
to be small as reported in Xu et al. (2013)** and hence, we used duplicates for each treatment. During
the 3 day incubation, samples for analysis of bacterial abundance (BA), bacterial production (BP) and
bacterial respiration (BR) were taken daily.

Determination of BA, VA and BP—Bacterial abundance (BA) was determined by the direct count
method®. Integrated bacterial biomass (IBB) was estimated using integrated bacterial abundance (IBA)
and a conversion factor of 20fg carbon per cell®’.

Viral abundance was determined based on the method by Noble and Fuhrman (1998)3.

Bacterial production (BP) was measured using *H-leucine following the JGOFS protocols®. The
incorporated *H was determined using a Perkin-Elmer Wallac (Beckman® 1414 CA/LL) liquid scin-
tillation counter. BP was calculated using the empirical conversion factor of 3kg C mol leucine 4.
Cell-specific bacterial respiration and production (sBR and sBP) were calculated by normalizing BR and
BP to BA, respectively.

Dissolved oxygen (DO) was determined in duplicate by the Winkler titration method following the
JGOFS protocols¥.

For BR measurements, six 60 ml BOD bottles were used and BR was the difference in DO between the
initial and final concentration over the 24 h incubation and was expressed in carbon units assuming a res-
piratory quotient of 1*!. Bacterial growth efficiency (BGE) was calculated using the following equation:

BGE = BP/(BP + BR) (1)

Statistical analyses were performed using SPSS software. The significance of the effects of the virus
additions in the treatments was assessed by using an analysis of variance followed by a means compari-
son (t-test) between the treatments at a significance level of p < 0.05. The error bars represent a pooled
sample standard deviation of the means.

References
1. Proctor, L. M. & Fuhrman, J. A. Viral mortality of marine bacteria and cyanobacteria. Nature. 343, 60-62 (1990).
. Suttle, C. A. Marine viruses—major players in the global ecosystem. Nat. Rev. Microbiol. 5, 801-812 (2007).
. Suttle, C. A. The significance of viruses to mortality in aquatic microbial communities. Microb. Ecol. 28, 237-243 (1994).
. Weinbauer, M. G. Ecology of prokaryotic viruses. FEMS Microbiol. Rev. 28, 127-181 (2004).
. Azam, F. & Malfatti, E Microbial structuring of marine ecosystems. Nat. Rev. Microbiol. 5, 782-791 (2007).
. Middelboe, M., Jorgensen, N. & Kroer, N. Effects of viruses on nutrient turnover and growth efficiency of noninfected marine
bacterioplankton. Appl. Environ. Microbiol. 62, 1991-1997 (1996).
. Fuhrman, J. A. Marine viruses and their biogeochemical and ecological effects. Nature. 399, 541-548 (1999).
8. Suttle, C. A. Viruses in the sea. Nature. 437, 356-361 (2005).
9. Bratbak, G., Heldal, M., Norland, S. & Thingstad, T. F. Viruses as partners in spring bloom microbial trophodynamics. Appl.
Environ. Microbiol. 56, 1400-1405 (1990).
10. Yager, P. L. et al. Dynamic bacterial and viral response to an algal bloom at subzero temperatures. Limnol. Oceanogr. 46, 790-801
(2001).
11. Moebus, K. [Ecology of marine bacteriophages] Phage Ecology [Goyal, S. M., Gerba, C. P. & Bitton, G. (ed.)] [136-156] (John
Wiley & Sons, New York, 1987).
12. Giovannoni, S. & Rappe, M. [Evolution, diversity, and molecular ecology of marine prokaryotes] Microbial ecology of the oceans
[Kirchman, D. L. (ed.)] [47-80] (Wiley-Liss., New York, 2000).
13. Broom, M., Chiu, G. & Lee, A. [Perspectives on marine environment change in Hong Kong and southern China, 1977-2001]
Long-term water quality trends in Hong Kong [Morton, B. (ed.)] [534] (Hong Kong University Press, Hong Kong, 2003).

N U W N

~

SCIENTIFIC REPORTS | 5:14217 | DOI: 10.1038/srep14217 9


http://www.cml.ust.hk/research_center.html

www.nature.com/scientificreports/

14. Xu, J. et al. Nutrient limitation in Hong Kong waters inferred from comparison of nutrient ratios, bioassays and 33P turnover
times. Mar. Ecol. Prog. Ser. 388, 81-97 (2009).

15. Zhang, R, Liu, B,, Lau, S. C,, Ki, J. S. & Qian, P. Y. Particle-attached and free-living bacterial communities in a contrasting marine
environment: Victoria Harbour, Hong Kong. FEMS Microbial. Ecol. 61, 496-508 (2007).

16. Paul, J. H. Microbial gene transfer: An ecological perspective. ] Mol. Microbiol. Biotechnol. 16, 45-50 (1999).

17. Wilhelm, S. W. & Suttle, C. A. Viruses and nutrient cycles in the sea viruses play critical roles in the structure and function of
aquatic food webs. Bioscience. 49, 781-788 (1999).

18. Fuhrman, J. A. & Noble, R. T. Viruses and protists cause similar bacterial mortality in coastal seawater. Limnol. Oceanogr. 40,
1236-1242 (1995).

19. Weinbauer, M. G. & Hofle, M. G. Significance of viral lysis and flagellate grazing as factors controlling bacterioplankton
production in a eutrophic lake. Appl. Environ. Microbiol. 64, 431-438 (1998).

20. Simek, K. et al. Changes in bacterial community composition and dynamics and viral mortality rates associated with enhanced
flagellate grazing in a mesoeutrophic reservoir. Appl. Environ. Microbiol. 67, 2723-2733 (2001).

21. Steward, G. E, Smith, D. C. & Azam, E Abundance and production of bacteria and viruses in the Bering and Chukchi Seas. Mar.
Ecol. Prog. Ser. 131, 287-300 (1996).

22. Middelboe, M. & Lyck, P. G. Regeneration of dissolved organic matter by viral lysis in marine microbial communities. Aquat.
Microb. Ecol. 27, 187-194 (2002).

23. Noble, R. T.,, Middelboe, M. & Fuhrman, J. A. Effects of viral enrichment on the mortality and growth of heterotrophic
bacterioplankton. Aquat. Microb. Ecol. 18, 1-13 (1999).

24. Xu, J. et al. Effect of seawater-sewage cross-transplants on bacterial metabolism and diversity. Microb. Ecol. 66, 60-72 (2013).

25. Bonilla-Findji, O. et al. Viral effects on bacterial respiration, production and growth efficiency: consistent trends in the Southern
Ocean and the Mediterranean Sea. Deep-Sea Res. PtI1. Topical Studies in Oceanography. 55, 790-800 (2008).

26. Noble, R. T. & Fuhrman, J. A. Breakdown and microbial uptake of marine viruses and other lysis products. Aquat. Microb. Ecol.
20, 1-11 (1999).

27. Carlson, C. A. & Ducklow, H. W. Growth of bacterioplankton and consumption of dissolved organic carbon in the Sargasso Sea.
Aquat. Microb. Ecol. 10, 69-85 (1996).

28. Pradeep Ram, A. S., Nair, S. & Chandramohan, D. Bacterial growth efficiency in the tropical estuarine and coastal waters of Goa,
southwest coast of India. Microb. Ecol. 45, 88-96 (2003).

29. Motegi, C. et al. Viral control of bacterial growth efficiency in marine pelagic environments. Limnol. Oceanogr. 54, 1901-1910 (2009).

30. Wilhelm, S. W. & Suttle, C. A. [Viruses as regulators of nutrient cycles in aquatic environments] Microbial biosystems: new
frontiers. [Proceedings of the VIII International Symposium on Microbial Ecology. Atlantic Canada Society for Microbial
Ecology] [551-556] (Halifax, Nova Scotia, 2000).

31. Middelboe, M. Bacterial growth rate and marine virus-host dynamics. Microb. Ecol. 40, 114-124 (2000).

32. Bowler, C,, Karl, D. M. & Colwell, R. R. Microbial oceanography in a sea of opportunity. Nature. 459, 180-184 (2009).

33. Loreau, M. et al. Biodiversity and ecosystem functioning: current knowledge and future challenges. Science. 294, 804-808 (2001).

34. Bell, T., Newman, J. A., Silverman, B. W,, Turner, S. L. & Lilley, A. K. The contribution of species richness and composition to
bacterial services. Nature. 436, 1157-1160 (2005).

35. Zhang, R., Weinbauer, M. G. & Qian, P. Y. Viruses and flagellates sustain apparent richness and reduce biomass accumulation of
bacterioplankton in coastal marine waters. Environ. Microbiol. 9, 3008-301 (2007).

36. Porter, K. G. & Feig, Y. S. The use of DAPI for identifying and counting aquatic microflora. Limnol. Oceanogr. 25, 943-948 (1980).

37. Ducklow, H. W, Kirchman, D. L., Quinby, H. L., Carlson, C. A. & Dam, H. G. Stocks and dynamics of bacterioplankton during
the spring bloom in the eastern North Atlantic Ocean. Deep-Sea Res (II). 40, 245-263 (1993).

38. Noble, R. T. & Fuhrman, J. A. Use of SYBR Green I for rapid epifluorescence counts of marine viruses and bacteria. Aquat.
Microb. Ecol. 14, 113-118 (1998).

39. Knap, A., Michaels, A., Close, A., Ducklow, H. & Dickson, A. [Protocols for the Joint Global Ocean Flux Study (JGOFS) core
measurement] Scientific Committee on Ocean Research. Manual and Guides 29. [119-122] (UNESCO, Paris, 1996).

40. Pedroés-Alid, C., Calderdn-Paz, J. I, Guixa-Boixereu, N., Estrada, M. & Gasol, J. M. Bacterioplankton and phytoplankton biomass
and production during summer stratification in the northwestern Mediterranean Sea. Deep Sea Research Part I: Oceanographic
Research Papers. 46, 985-1019 (1999).

41. Hopkinson Jr, C. S. Shallow-water benthic and pelagic metabolism. Mar. Biol. 87, 19-32 (1985).

Acknowledgments

This study is part of NSFC 41176129, DP110103155 and RGC HKUST6505/06M. We thank the Coastal
Marine Laboratory of HKUST for the technical support. We acknowledge the continuous support of
NSFC 91328203 and SYSU 31650005. He Lei acknowledges support from NSFC 41406133.

Author Contributions

H.L. wrote the main manuscript text and prepared all figures. PJ.H. and K.Y. provided funding support.
K.Y. contributed to gave the experimental idea and outlined the main manuscript. P.J.H was helpful
for proof reading. X.Y. and J.X. offered technical assistance. All authors reviewed the manuscript. L.H.
counted the bacterial abundance.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liu, H. et al. Effects of viruses on bacterial functions under contrasting
nutritional conditions for four species of bacteria isolated from Hong Kong waters. Sci. Rep. 5, 14217;
doi: 10.1038/srep14217 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

= images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14217 | DOI: 10.1038/srep14217 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Effects of viruses on bacterial functions under contrasting nutritional conditions for four species of bacteria isolated fr ...
	Results

	Conditions of Eutrophic and Oligotrophic Waters. 
	Viral Effects on Bacterial Abundance. 
	Viral Effects on Bacterial Respiration. 
	Viral Effects on Bacterial Production. 
	Viral Effects on Bacterial Growth Efficiency. 

	Discussion

	Methods

	Experimental Waters. 
	Virus-Free Water. 
	Single Bacterial Species. 
	Experimental Design. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Changes in bacterial abundance (BA) of 4 bacterial species: (S1) Psychrobacter glacinola (ICP9), (S2) Psychrobacter submarinus (KMM225), (S3) Marine alpha proteobacterium (AS-19), (S4) Alpha proteobacterium (ISHR1) in the cultures with vi
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Changes in bacterial respiration (BR) (lines) and cell-specific bacterial respiration (sBR = BR/BA) (vertical bars) for bacterial species S1, S2, S3 and S4 in the cultures with (+v) (open circles) or without viruses (−v) (filled circles) 
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Changes in bacterial production (BP) (lines) and cell-specific bacterial production (sBP = BP/BA) (vertical bars) for 4 bacterial species S1, S2, S3 and S4 in the cultures with (+v) (open circles) or without viruses (−v) (filled circles) 
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Temporal changes in bacterial growth efficiency (BGE) of 4 bacterial species S1, S2, S3 and S4 in the cultures with (+v) (open circles) or without viruses (−v) (filled circles) in waters from Stns VM5 and PM7 during 3 days.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Correlations between changes in bacterial abundance from day 2 to 3 and the corresponding, cell specific bacterial respiration and production for VM5 and PM7.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Comparison between the 4 bacterial species (see the legend in Fig.



 
    
       
          application/pdf
          
             
                Effects of viruses on bacterial functions under contrasting nutritional conditions for four species of bacteria isolated from Hong Kong waters
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14217
            
         
          
             
                Hao Liu
                Xiangcheng Yuan
                Jie Xu
                Paul J. Harrison
                Lei He
                Kedong Yin
            
         
          doi:10.1038/srep14217
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14217
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14217
            
         
      
       
          
          
          
             
                doi:10.1038/srep14217
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14217
            
         
          
          
      
       
       
          True
      
   




