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Viral infection of an estuarine
Synechococcus influences its
co-occurring heterotrophic
bacterial community in the
culture

Hongcong Man?, Binbin Liu!, Hongrui Zheng?, Jihua Liu?,
Yongle Xu™and Feng Chen?*

!Institute of Marine Science and Technology, Shandong University, Qingdao, China, ?Institute of
Marine and Environmental Technology, University of Maryland Center for Environmental Science,
Baltimore, MD, United States

Viruses are infectious and abundant in the marine environment. Viral lysis of host
cells releases organic matter and nutrients that affect the surrounding microbial
community. Synechococcus are important primary producers in the ocean and
they are subject to frequent viral infection. In the laboratory, Synechococcus
cultures are often associated with bacteria and such a co-existence relationship
appears to be important to the growth and stability of Synechococcus. However,
we know little about how viral lysis of Synechococcus affects the co-existing
bacteria in the culture. This study investigated the influence of viral infection
of Synechococcus on co-occurring bacterial community in the culture.
We analyzed the community composition, diversity, predicted functions of the
bacterial community, and its correlations with fluorescent dissolved organic
matter (FDOM) components and nutrients after introducing a cyanophage to the
Synechococcus culture. Cyanophage infection altered the bacterial community
structure and increased the bacterial diversity and richness. Increased bacterial
groups such as Bacteroidetes and Alphaproteobacteria and decreased bacterial
groups such as Gammaproteobacteria were observed. Moreover, cyanophage
infection reduced bacterial interactions but enhanced correlations between
the dominant bacterial taxa and nutrients. Unique FDOM components were
observed in the cyanophage-added culture. Fluorescence intensities of FDOM
components varied across the cyanophage-infection process. Decreased nitrate
and increased ammonium and phosphate in the cyanophage-added culture
coupled with the viral progeny production and increased substance transport
and metabolism potentials of the bacterial community. Furthermore, increased
potentials in methane metabolism and aromatic compound degradation of
the bacterial community were observed in the cyanophage-added culture,
suggesting that cyanophage infections contribute to the production of
methane-related compounds and refractory organic matter in a microcosm like
environment. This study has the potential to deepen our understanding of the
impact of viral lysis of cyanobacteria on microbial community in the surrounding
water.
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Introduction

Microorganisms play a crucial role in driving biogeochemical
processes in the ocean (Singh et al., 2010; Liu et al., 2019). The
phytoplankton are the basis of the marine food web (Azam et al., 1983;
Buchan et al., 2014; Liu et al., 2019). Phytoplankton release dissolved
organic matter (DOM) as a by-product of photosynthetic carbon
fixation, contributing significantly to the bioavailable organic carbon
and nitrogen in the ocean (Nagata and Kirchman, 1992; Kaiser and
Benner, 2008; Fiore et al., 2015). The labile DOM is subsequently
assimilated by heterotrophic bacteria and mineralized into inorganic
nutrients, which could be further absorbed by primary producers. The
transition of the phytoplankton community usually leads to the
metabolite change in the environment and thus affects the community
of surrounding heterotrophic bacteria (Ferrer-Gonzalez et al., 2023).
Additionally, viruses are important members of the microbial entity
and are also deemed significant contributors to global biogeochemical
cycles. It is estimated that 10 viral infections occur in the ocean each
day (Suttle, 2007). Viral lysis of microorganisms rapidly releases
intracellular substances, cell debris, and progeny virus particles into
the environment, which contributes to the DOM pool in the ocean
(Suttle, 2007) and directly or indirectly influences the microbial
population dynamics and community structure (Proctor and
Fuhrman, 1990).

Marine picocyanobacteria, mainly composed of Prochlorococcus
and Synechococcus, are the most abundant and widely distributed
phytoplankton in the ocean (Scanlan, 2012), contributing up to 50%
of the primary production in the ocean (Goericke and Welschmeyer,
1993). Approximately 15% of cyanobacteria in the ocean are
infected by viruses (Proctor and Fuhrman, 1990). It is well known
that cyanophages usually encode various auxiliary metabolism
genes (AMGs), the expression of which would reprogram the host’s
central metabolism during infection (Sullivan et al., 2010; Puxty
etal, 2015). Compared to normal cells, infected cells contain more
sugars, amino acids, lipids, and nucleotides (Jacobson et al., 2021).
It is reported that the DOM composition of marine Synechococcus
viral lysates differs from that of normal cell exudates and mechanical
lysates (Jover et al., 2014; Xiao et al., 2021). Viral infection results
in an increase in the nitrogen content of the Synechococcus viral
lysates (Zhao et al.,, 2019; Zheng et al., 2021a). Virus-mediated
picocyanobacterial lysates constitute a significant portion of the
rapidly cycled carbon in the surrounding environment and can
be utilized by heterotrophic bacteria (Bratbak et al., 1992; Gobler
et al., 1997; Middelboe et al., 2003).

Recently, the influences of picocyanobacteria-derived DOM or
viral lysates on marine bacterial communities have been frequently
studied. A study investigating the response of bacterial community in
a coastal seawater microcosm to the Synechococcus-derived DOM
demonstrates an immediate rise of Alphaproteobacteria and
Flavobacteria (Xie et al., 2020; Wang et al., 2022). Additionally,
increased  relative abundances of  Gammaproteobacteria,
Betaproteobacteria, and Flavobacteria are induced in another coastal
bacterial community by the addition of Synechococcus viral lysates to
the microcosmic sea water (Zhao et al.,, 2019). Furthermore, the
growth of Alteromonadales in an oligotrophic bacterial community is
stimulated by the introduction of Prochlorococcus viral lysates and
becomes the dominant taxa within 1 day (Xiao et al., 2021). However,
the impact of in situ viral infection of picocyanobacteria on the
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transition of the surrounding bacterial community in marine
environments remains poorly understood.

Marine picocyanobacterial isolate cultures (including
Synechococcus and Prochlorococcus) usually contain heterotrophic
bacteria (Moore et al., 2007; Cole et al., 2014; Zheng et al., 2018,
2021b; Cruz and Neuer, 2019), which may be grabbed from the
natural habitat during the picocyanobacterial isolation (Zheng et al.,
2021a). Many picocyanobacteria grow more efficiently when
cocultured with heterotrophic bacteria instead of being in axenic
cultures (Hayashi et al., 2011; Shen et al., 2011; Cole et al., 2014). The
co-occurring heterotrophic bacteria are thought to reduce the
surrounding oxidative stress, provide vitamins, and facilitate the
recycling of inorganic nutrients required for picocyanobacterial
growth (Morris et al., 2008, 2011). In laboratory picocyanobacterial
cultures, the dominant populations of the co-occurring bacterial
Alphaproteobacteria,

Gammaproteobacteria, and Bacteroidetes, which are congruent with

community are composed of
those found in the world’s oceans (Kirchman, 2002; Zheng et al.,
2018). It is reported that, among the co-occurring heterotrophic
bacteria in a Synechococcus culture, specific species of
Alphaproteobacteria and Flavobacteria are responsible for the organic
compound transformation from high molecular weight (HMW) to
low molecular weight (LMW) (Zheng et al., 2020), which is also
congruent with the rapid rise of Alphaproteobacteria and Flavobacteria
in a coastal bacterial community in response to the introduction of
Synechococcus-derived DOM which is rich in HMW molecules (Xie
et al, 2020; Wang et al, 2022). Therefore, picocyanobacteria—
heterotroph cocultures can be used as model microcosms to simulate
and investigate microbial interactions in the natural marine
environment (Zheng et al., 2021Db).

It is thought that the biochemical impact of virus invasion on the
host is not limited to lysing the cell, but begins from the moment the
virus genetic material enters the cell (Zimmerman et al., 2020).
We hypothesize that viral infection affects the surrounding microbial
community and element cycling in the marine environment once
upon the viral entry into the host cell, rather than until the virus lyses
the host cell. To test this hypothesis, in this study, we investigated the
co-occurring heterotrophic bacterial community transition in an
estuarine Synechococcus culture in response to the introduction of a
cyanophage that infects the Synechococcus strain and analyzed the
potential microbial metabolic changes induced by bacterial
community transition to illustrate the impact of in situ viral infection
of picocyanobacteria on the surrounding bacterial community in the
marine environment.

Materials and methods
Experimental setup and sample collection

Estuarine Synechococcus strain CBW1101 was cultured in SN
medium (Waterbury et al., 1986) with a salinity of 15 %o at 22°C under

a constant light intensity of 20 pmol photon-m =

s~". To investigate the
response of the co-occurring heterotrophic bacterial community to
the introduction of a cyanophage in the Synechococcus culture, a total
of 3L of exponentially growing culture of CBW1101 (OD;5,=0.4) was
split equally into six flasks, three of which were inoculated with a

cyanophage, S-CBWM]1, at a multiplicity of infection (MOI) of 3, and
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the other three were used as controls. Both cyanophage-inoculated
and control flasks were incubated at 22°C under a constant light
intensity of 20 pmol photon-m s in a shaker at a speed of 120 rpm.
Subsamples for abundance determination of Synechococcus cells,
heterotrophic bacterial cells and cyanophage particles were collected
ondays0, 1,2,3,4,5,6,and 7. Subsamples for heterotrophic bacterial
community structure, fluorescent DOM (FDOM) composition, and
nutrients determination were collected on days 0, 2, 4, and 6. For
microbial abundance counting, 2mL of each culture was taken and
fixed with glutaraldehyde at a final concentration of 1% v/v for 15min
in the dark. After snap freezing in liquid nitrogen, the abundance
samples were kept at —80°C until flow cytometry analyses. To collect
heterotrophic bacterial community samples, 10 mL of liquid culture
was filtered through 0.22-pm-pore-size polycarbonate filters
(Millipore) at a pressure of <0.03 MPa. The filters were flash-frozen in
liquid nitrogen and stored at —80°C until DNA extraction. Fifteen
milliliters of each culture were filtered through a 0.22-pm-pore-size
filter (Millipore), and the filtrates were collected and stored at —20°C
for nutrient analysis.

Abundance determination of
Synechococcus, heterotrophic bacteria,
and cyanophage

The abundances of Synechococcus, heterotrophic bacteria, and
cyanophage were enumerated using a flow cytometer (Epics Altra
II, Beckman Coulter, USA) according to the method described as
previously (Liang et al., 2014; Cai et al., 2015; Zheng et al., 2018).
Briefly, the frozen samples were thawed at 37°C and diluted with
Tris-EDTA buffer (pH =8, Sigma-Aldrich, Darmstadt, Germany)
into an appropriate concentration that is easy for flow cytometry
analyses. The prokaryote samples were stained with SYBR Green
I (Invitrogen) at a final concentration of 0.01% v/v for 15 min in
the dark at room temperature. The cyanophage samples were
stained with SYBR Green I (Invitrogen) at a final concentration of
0.005% v/v for 10 min at 80°C in the dark and cooled at room
temperature for 5min. The microbial abundance data was
acquired and analyzed by the EXPOTM 32 MultiCOMP flow
cytometry analysis software and FCM Express software (Cai et al.,
2015; Zheng et al., 2021b). The abundance of Synechococcus was
calculated according to the method described by Jiao et al. (2002),
and cells were detected from plots of side scatter versus red
fluorescence signals and orange fluorescence versus red
fluorescence signals (Jiao et al., 2005; Zheng et al., 2018, 2021b;
Wang et al., 2019). Prokaryote cells counting was performed
according to the method described by Marie et al. (1999) (Liang
et al,, 2014), and cells were enumerated in plots of side scatter
versus green fluorescence signals and red fluorescence versus
green fluorescence signals (Zheng et al., 2018, 2021b; Wang et al.,
2019). The abundance of heterotrophic bacteria is calculated by
subtracting the abundance of Synechococcus from the abundance
of prokaryote cells mentioned above. The cyanophage abundance
was determined according to the method of Brussaard (2004)
(Liang et al., 2014) and discriminated on the basis of green
fluorescence and side scatter signals (Marie et al., 1999; Jiao et al.,
2005; Wang et al., 2019; Zheng et al., 2021b).
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DNA extraction

The microbial DNA was extracted using the phenol-chloroform-
isoamyl alcohol method referring to the method on', and the method
as described previously (Wang et al., 2017). Briefly, filters were first
fragmented and placed into 2 mL sterile tubes along with sucrose lysis
solution. After a freeze-thawing process repeated three times, these
tubes were then incubated at 37°C for 1 h. Afterward, 5 uL of lysozyme
(with a final concentration of 150 pgmL™") was added and incubated
at 37°C for 1h. The supernatant was collected and then treated with
Protease K (final concentration of 100 ug mL™") and 10% SDS (final
concentration of 1% w/v). Subsequently, 0.05 volumes of 5M NaCl
were added to the supernatant, and the mixture was subjected to a
water bath for 2h at 55°C. Then, an aqueous phenol extraction and an
extraction with phenol/chloroform were performed. Following these
extractions, the supernatant was precipitated with 0.8 volumes of
isopropanol for 24h. The resulting DNA pellet was subsequently
washed with precooled 70% ethanol. Finally, the extracted DNA was
re-suspended in 50-100 pL of sterilized water and stored at —80°C
until further use.

Sequence generation and processing

The 16S rDNA V3-V4 hypervariable region was used to investigate
the microbial community structure of each DNA sample. The V3-V4
rRNA target region was amplified using the forward primer 338F
(5-ACTCCTACGGGAGGCAGCA-3") and the reverse primer 806R
(5-GGACTACHVGGGTWTCTAAT-3") (Wear et al, 2018).
Subsequently, the amplicons were sequenced with an Illumina
Hiseq2500 platform. Demultiplexing and quality filtering of raw
sequences were performed using QIIME2 (Bolyen et al, 2019).
VSEARCH 2.7.1 was used to remove chimeras and cluster high-
quality reads to generate operational taxonomic units (OTUs) with a
0.97 sequence identity threshold. Additionally, sequences assigned to
archaea and cyanobacteria were removed to refine the dataset. To
avoid potential bias caused by varying sequencing depth, sequencing
data for each sample were normalized by the smallest sample size.
Rarefaction curves (Supplementary Figure S1) were generated based
on the OTU richness of each sample. A variety of alpha diversity
indexes, such as Shannon, Simpson, and Chaol index, were computed
using the vegan package in R version 4.2.1. The t-test was performed
to compare the difference in alpha diversity indexes and bacterial taxa
between the cyanophage-added and the control groups, was
performed on the Tutools platform?. Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt) was
employed to predict the functional traits of bacterial communities.
Furthermore, the relative abundances of KEGG pathways were
compared between the control and cyanophage-added groups using
the OmicStudio tools’. Clustering Spearman correlation heatmaps
were generated using the OmicStudio tools (see text footnote 3).

1 https://cshprotocols.cshlp.org/content/2022/10/pdb.rec108001.short
2 http://www.cloudtutu.com

3 https://www.omicstudio.cn/tool
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DOM fluorescence measurements and
parallel factor modeling analysis

Excitation emission matrix (EEM) spectra of DOM samples were
obtained using a Cary Eclipse (Agilent, USA) fluorimeter, with
excitation ranging from 250 to 600 nm at 1-nm intervals and emission
ranging from 250 to 800nm at 2-nm intervals. Subsequently, the
ultrapure Milli-Q water EEM spectra were used to correct the blank
and Raman-normalize the EEMs of the samples. The EEM spectra
were then modeled using parallel factor (PARAFAC) analysis with
MATLAB 2020a and the DOMFluor toolbox (Stedmon and Bro,
2008). The fluorescence intensity of each component was assessed
using the maximum fluorescence. A t-test was conducted on the
Tutools platform (see text footnote 2) to compare the difference of
components between the cyanophage-added and the control groups.
Furthermore, redundancy analysis (RDA) was performed using the
OmicStudio tools (see text footnote 3) to examine the influence of
FDOM components on bacterial communities.

Nutrient determination and analysis

Nutrient concentrations, including NO;~, NH,*, and PO,*", were
measured using a segmented flow analyzer (SEAL Analytical Ltd.,
AA3 HR Autoanalyzer) as described previously (Ren et al., 2022). The
t-test was performed to compare the difference of nutrients between
the cyanophage-added and the control groups on Tutools platform
(see text footnote 2). RDAanalysis was conducted using the
OmicStudio tools (see text footnote 3) to investigate the influence of
nutrients on bacterial communities. Clustering heatmaps based on the
Spearman correlation analysis between the top six genera and the
nutrients were generated using the OmicStudio tools (see text
footnote 3).

Microbial network analysis

All possible Spearman’s rank correlations were calculated between
the relative abundance of OTUs with R (version 4.2.1). The correlation
with a statistically significant p valueof <0.05 was selected and
presented. The networks of the cyanophage-added and the control
groups were displayed separately with Cytoscape 3.9.1 (Zhao et al,,
2019). Basic indexes (average degree, edge, node, graph density, and
others) were calculated with the network analyzer in Cytoscape 3.9.1.

Results and discussion

Cyanophage infection dynamics and its
impact on the heterotrophic bacterial
dynamics in the culture

To investigate the impact of in situ cyanophage infection on the
heterotrophic bacterial community co-occurring in the Synechococcus
culture, Synechococcus strain CBW1101 and cyanophage S-CBWM1,
which were isolated from the same source of Chesapeake Bay (Xu
etal., 2015, 2018), were employed in this study. After addition to the
CBW1101 culture, the abundance of S-CBWMI decreased gradually
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in the first 2 days, indicating the phage adsorption and entry into the
host cells (Figure 1A). Then, the S-CBWM1 abundance began to
increase and reached the first peak on day 3 and the second peak on
day 7, which corresponded to the growth inhibition beginning on day
2 and the subsequent significant decrease of the CBW1101 abundance
beginning on day 4 (Figures 1A,B). Accordingly, S-CBWMI1 infection
was in the latent period during the initial 2 days and began to lyse the
host cells around day 2. Subsequently, the released progeny
cyanophages re-adsorbed to the host cells and initiated a second
round of lifecycle. It is reported that in laboratory Synechococcus
cultures, cyanophage addition results in infections of no more than
50% of the Synechococcus cells, even when viral abundances exceed
those of their hosts (Deng et al., 2012). Therefore, it is reasonable to
see that even though S-CBWM1 was added at a MOI of 3, not all
CBW1101 cells were infected and lysed during the initial round of
infection, which allowed the occurrence of the second round
of infection.

The dynamics of Synechococcus and cyanophage showed three
distinct phases of the infection (Supplementary Figure S2). The first
phase (0-2d) represented the initial round of infection. The second
phase (2-4d) indicated the occurrence of the first round of cell lysis
followed by the second round of infection. Compared to the control
group, the 4.1x107 cells mL™" lower CBW1101 abundance of the
cyanophage-added group on day 4 could be attributed to the first
round of cell lysis. The third phase (4-7d) represented the second
round of cell lysis. Notably, the fourth day marked the time point with
the highest number of infected cells. Additionally, the Synechococcus
abundance on day 6 had declined to 26% of the level on day 4 due to
the viral lysis.

After cyanophage addition, the growth of heterotrophic bacteria
was inhibited in the first phase of infection and then stimulated at a
greater rate than that in the control, with the bacterial abundance
exceeding that of the control on day 4 (Figure 1C). In the first phase,
cyanophage infections of Synechococcus were in the latent period,
suggesting that viruses can take over the control of host activity, a
scenario similar to what has been reported in other studies (Waldbauer
etal., 2019; Warwick-Dugdale et al., 2019). The growth inhibition of
heterotrophic bacteria in the first phase can be attributed to the
disparity in exudates released by the infected and normal cells and
nutrient level variations (Figures 2, 3). The increased growth rate of
heterotrophic bacteria after day 2 may be stimulated by the viral lysis
of Synechococcus cells. The impact of cyanophage infection on the
bacterial dynamics revealed that viral influence on both the host and
the surrounding ecosystem is not solely at the time of host lysis, but
rather occurs upon phage entry into the host (Rosenwasser et al.,
2016; Zimmerman et al., 2020).

Impact of cyanophage infection on the
FDOM production and nutrient cycling

The DOM optical property analysis was used to characterize the
DOM compositions in the cyanophage-added and control cultures.
Through PARAFAC analysis, a total of seven fluorescent components
were identified, comprising two protein-like components and five
humic-like components (Figure 2, Supplementary Figure S3). The first
five components were shared between the cyanophage-added and
control cultures, whereas the remaining two components were
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FIGURE 1
Microbial dynamics over the incubations. (A) Cyanophage abundance; (B) Synechococcus abundance; (C) Heterotrophic bacterial abundance.

exclusive to the cyanophage-added culture. Components 1 and 6
(Com1 and Com6) were identified as amino acid-like DOM, with
Coml similar to a tyrosine-like peak B and Comé6 similar to a
tryptophan-like peak T (Stedmon and Bro, 2008). Components 2-5,
and 7 (Com2-5, and Com?7) belonged to humic-like FDOM. Com2
was similar to the marine humic-like peak M (Kothawala et al., 2012).
Com3 can be categorized as a terrestrial humic-like peak A (Stedmon
and Bro, 2008). Com4 was similar to a combination of terrigenous
humic-like peaks A and C, while Com5 resembled the humic-like
peak A (Stedmon and Bro, 2008).

Significant differences in FDOM components were observed
between the cyanophage-added and the control cultures in different
phases (Figure 2, right panel). On day 2, the fluorescence intensity of
Coml in the cyanophage-added culture was significantly lower than
that in the control, which indicated that cyanophage-hijacked
Synechococcus cells reduced the secretion of Coml1 or the changed
bacterial community increased the utilization of Com1 in phase I. On
day 4, Com4 showed significantly higher fluorescence intensity in the
cyanophage-added culture than in the control. On day 6, Com2-5
exhibited significant differences between the cyanophage-added and
the control cultures. The fluorescence intensity of Com2 in the
cyanophage-added culture was significantly lower than that in the
control. Conversely, the fluorescence intensities of Com3-5 in the
cyanophage-added culture were significantly higher than those in the
control. The accumulation of Com2 in the control culture suggested
its production by Synechococcus and its resistance to bacterial
utilization. The consistent levels of Com2 in the cyanophage-added
culture from day 4 to 6 can be attributed to the substantial reduction
of Synechococcus cells and the cessation of Com2 production in phase
III. The fluorescence intensity of Com3-5 in the control culture
gradually decreased over time, implying the bioavailability and
consumption of these components by the bacterial community.
Whereas in the cyanophage-added culture, the fluorescence intensity
of Com3-5 remained relatively stable from day 2, indicating an
increase in production of these components by cyanophage-infected
Synechococcus cells or a decrease in consumption of these components
due to releases of other more labile DOM during cyanophage infection
and transition in the bacterial community. Although the fluorescence
intensity of Com2 on day 6 did not show a significant difference
between the cyanophage-added and control cultures, they are notably
higher than those observed in phase I and II. The substantial increase
of Com2 in the cyanophage-added culture on day 6 may be attributed
to the viral lysis of Synechococcus cells. The initial presence of Comé
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and Com?7 in the cyanophage-added culture at the onset of the
experiment may be attributed to the introduction of cyanophage
suspensions. The subsequent gradual accumulation and the notable
increase on day 6 indicated that Comé primarily originated from the
viral lysis of Synechococcus cells. Despite the decline in fluorescence
intensity of Com7 during phase I, likely due to bacterial consumption,
the gradually increased fluorescence intensity of Com7 from day 2
indicated its production through viral infection of Synechococcus cells.
Although FDOM only represents a small fraction of DOM, the various
components and their fluorescence intensity changes suggested that
viral infection of Synechococcus altered the DOM composition in the
culture. The FDOM components in the cyanophage-added group
exhibited significant differences from those of the control in different
phases. Furthermore, different FDOM compositions in three phases
also indicated the disparity between the virocell exudates and
viral lysates.

Viral infection significantly affected the nutrient dynamics
within the Synechococcus—heterotrophic bacteria coculture system
(Figure 3). The introduction of cyanophages that were suspended in
viral lysates caused relatively higher levels of nutrients at the onset of
the experiment (Figure 3). Different from the generally stable levels
of nitrate in the control, the nitrate concentration in the cyanophage-
added cultures decreased gradually from day 2 and was significantly
lower than those in the control (Figure 3A), which can be attributed
to the increased nitrogen demand of infected Synechococcus cells for
the synthesis of phage progeny. As a result, inorganic nitrogen
assimilated during infection may be converted into organic nitrogen
in the form of phage particles (Waldbauer et al., 2019). Moreover, the
cyanophage-added cultures consistently exhibited a higher
concentration of ammonium than the control throughout the
incubation. Especially on day 4 and 6, the cyanophage-added group
demonstrated a significant increase in the ammonium concentration,
reaching approximately three times of those in the control
(Figure 3B). Furthermore, there was a significant accumulation of
phosphate in the cyanophage-added culture, particularly on day 6.
Following extensive cell lysis, the phosphate concentration in the
cyanophage-added culture was approximately four times higher than
that in the control (Figure 3C). The elevated concentrations of
ammonium and phosphate during the viral infection may be the
results of the bacterial mineralization of the Synechococcus viral
lysates (Zhao et al., 2019; Zheng et al., 2020, 2021b), which
corresponds to significantly higher bacterial abundances in the
cyanophage-added group than those in the control from the fourth
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day (Figure 1C). During phase III, viral infection led to the lysis of a
large number of Synechococcus cells, which may release various
organic compounds such as carbohydrates, cell wall glycans, lipids,
phycobilisomes, and proteins, etc. (Zhao et al., 2019). These organic
compounds were ultimately converted into the inorganic form of
ammonium and phosphates through bacterial mineralization.
Consequently, viral infection not only modified the composition and
diversity of DOM, but also influenced the conversion of nutrients
between organic and inorganic forms. Specifically, the viral infection
of Synechococcus led to the conversion of inorganic nitrogen of
nitrate into organic nitrogen mainly composed of cyanophage
particles. Conversely, the considerable quantity of organic matter
released through viral lysis could be transformed into inorganic
ammonium and phosphate by heterotrophic bacteria, promoting the
growth of the surrounding phytoplankton and re-entering the
microbial loop in the natural environment.

Cyanophage infection increased the
diversity and richness of the heterotrophic
bacterial community

The transition of the heterotrophic bacterial community after the
cyanophage addition was monitored to investigate the influence of
cyanophage infection on the surrounding heterotrophic bacteria. A
total of 514,434 16S rRNA gene sequences were obtained from eight
heterotrophic bacterial communities on days 0, 2, 4, and 6, ranging
from 17,976 to 27,923 per sample in the cyanophage-added group and
19,176 to 28,921 in the control. These sequences were grouped into 67
OTUs at 97% identity, with 16 to 19 OTUs identified in samples of the
cyanophage-added group and 14 to 21 OTUs identified in samples of
the control.

As the “kill the winner” agent, virus-induced mortality can
be considered a potential mechanism for augmenting the evenness of
the bacterial community and ultimately enhancing bacterial diversity
(Thingstad and Lignell, 1997; Weinbauer et al., 2007). The a-diversity
of the bacterial community at the OTU level in this study further
supports this opinion. The Shannon (¢-test, p=0.058) and Simpson
(t-test, p=0.041) indexes in the cyanophage-added group
demonstrated a statistically significant increase compared to those in
the control on day 4 (Figures 4A,B), when the Synechococcus cell lysis
induced by the first round of infection had been started for 2 days and
the second round of infection had also been initiated. In addition,
different from the gradually decreased Chao 1 index observed in the
control (Figure 4C), the Chao 1 index in the cyanophage-added
group remained consistent during the whole incubation time,
suggesting that the viral infection of Synechococcus maintained the
richness level of the bacterial community.

It is noteworthy that although the maximum Synechococcus cell
lysis occurred on day 5 and 6, the most significant influence of viral
infection on the diversity of heterotrophic bacterial community was
observed on day 4 rather than on day 6. Since the DOM is thought to
be the primary determinant of bacterial diversity, it can be inferred
that viral lysates from the first round of infection together with
exudates released by infected Synechococcus cells of the second round
of infection on day 4 sustained a more diverse bacterial community
than viral lysates did, which were the main DOM source on day 6.
Moreover, exudates of infected cells facilitated the growth of different
bacterial taxa from those supported by viral lysates, which further
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emphasizes the importance of infected cells, which are also referred to
as virocells, in marine ecosystems (Rosenwasser et al, 2016;
Zimmerman et al., 2020).

Influence of the viral infection of
Synechococcus on the heterotrophic
bacterial community composition

In both cyanophage-added and control cultures, the dominant
taxa were Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia
(Figure 5, Supplementary Figure S4), which is congruent with those
in natural seawaters (Abell and Bowman, 2005). In comparison to the
control, the cyanophage-added group exhibited a lower relative
abundance of Gammaproteobacteria throughout the incubation
(Figure 5, Supplementary Figure S4). This decrease was particularly
evident on day 4, when the relative abundance of Gammaproteobacteria
in the cyanophage-added group was 7.03% less than that in the
control, suggesting that substances generated in the cyanophage-
added group were less favorable to the growth of Gammaproteobacteria.
In contrast, the cyanophage-added group had a higher relative
abundance of Bacteroidia compared to the control during the
incubation (Figure 5, Supplementary Figure S4). In addition, the
difference in Bacteroidia relative abundance between the cyanophage-
added and the control cultures gradually increased as the
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virus-induced cell lysis augmented. On day 6, the relative abundance
of Bacteroidia, a member of the Cytophaga-Flavobacteria-Bacteroides
(CFB) group, exhibited a 7.91% increase in the cyanophage-added
group compared to the control group, indicating that viral lysis
positively influenced the growth of Bacteroidia. This observation
aligns with previous studies that have demonstrated a similar increase
in the occurrence of another CFB member, Flavobacteria, following
the introduction of Synechococcus-viral lysates to a coastal bacterial
community (Zhao et al., 2019) and the viral lysis of Synechococcus in
a Synechococcus-heterotroph coculture (Zheng et al., 2021b). This
phenomenon may be explained by the preference of the CFB group
for large and complex organic matters that are rich in viral lysates
(Elifantz et al., 2005). The difference in Alphaproteobacteria between
the two groups was not as significant as those observed in the
and Bacteroidia 5,
Supplementary S4).  The of
Alphaproteobacteria in the cyanophage-added culture was higher than

Gammaproteobacteria (Figure

Figure relative  abundance
that in the control on day 2 and 4. The increased prevalence of
Alphaproteobacteria in the context of cyanophage infection can
be attributed to their diverse metabolic capacities. Alphaproteobacteria
is able to assimilate and exploit biopolymers via hydrolases and can
also directly utilize organic matter of low molecular weight (Zheng
et al,, 2018; Xie et al., 2020). The diverse origins of DOM in the
coculture during cyanophage infection encompassed exudates
released by both uninfected and infected Synechococcus cells, as well
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Bacterial community at the genus level in both groups over the incubations. The top five abundant genera in at least one sample were selected.

as viral lysates. Upon entry into the host cells, viruses redirect the host
metabolism through the expression AMGs, resulting in alterations of
the intracellular substances and the released DOM (Thompson et al.,
2011; Rosenwasser et al., 2016; Jacobson et al., 2021; Kieft et al., 2021).
Notably, a larger number of Synechococcus cells were infected and
lysed on day 4 in comparison to day 2. More diverse DOM on day 4
enhanced the competitive advantage of Alphaproteobacteria due to
their versatile metabolic capacities.

Six genera constituted the top five abundant genera in all
samples, including Tropicimonas, Mesorhizobium, Fulvivirga,
Halomonas, Marinobacter, and SMI1A02, which belong to
Rhodobacterales and  Rhizobiales of Alphaproteobacteria,
Cytophagales of Bacteroidia, Oceanospirillales and Alteromonadales
of Gammaproteobacteria, and Phycisphaerales of Phycisphaerae,
respectively (Figure 5). These six genera made up approximately
99%
(Supplementary Table S1). In both the cyanophage-added and the

of the entire bacterial community in this study
control groups, Tropicimonas and Halomonas comprised over 80%
of the overall relative abundance, with Fulvivirga gradually
increasing to about 10-20% and eventually emerged as the
dominant genus toward the later phases of the experiment.
Specifically, the relative abundance of Tropicimonas in the
cyanophage-added group was higher than the control on day 2 and
4, particularly on day 4 when the difference was 3.69%. Given the
higher proportion of infected Synechococcus cells on day 2 and 4,
the rises of Tropicimonas in phase I and II may benefit from the
exudates of the increasingly infected Synechococcus cells. The
relative abundance of Mesorhizobium in the cyanophage-added
group was lower than the control in phase I, but exceeded the
control on days 4 and 6 with an increasing difference, indicating
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that increasing viral lysates in phase IT and III facilitated the growth
of Mesorhizobium. The relative abundance of Fulvivirga in the
cyanophage-added group was higher than that in the control,
particularly on day 6 when the difference reached 7.50%, aligning
with the preference of Bacteroides for large and complex organic
matters (Elifantz et al., 2005) which may be rich in viral lysates of
phase III. In contrast to Fulvivirga, the relative abundances of
Halomonas and Marinobacter in the cyanophage-added group were
lower than those in the control, with the largest difference occurring
on day 4. The growth inhibition further revealed that the high
amount of exudates released by infected Synechococcus cells in
phase II were detrimental to the growth of these two
Gammaproteobacteria genera. Moreover, the relative abundance of
SMIAO02 in the cyanophage-added group consistently remained
lower than that in the control, with the largest difference (0.05%)
observed on day 2, indicating that DOM generated by viral infection
was unfavorable for the competitiveness of SM1A02 in the bacterial
community, especially the exudates of infected Synechococcus cells
in phase L.

Furthermore, viral infection of Synechococcus had a notable
impact on the minor bacterial taxa at the class level as well. Specifically,
the relative abundances of Campylobacteria and Verrucomicrobiae
exhibited a statistically significant decrease in the cyanophage-added
group compared to those in the control on day 2 and 4, respectively
(Supplementary Figure S5). The prevalence of Verrucomicrobiae
during a cyanobacterial bloom that occurred in Meiliang Bay of Lake
Taihu indicates its preference for cyanobacteria-derived DOM (Shi
etal, 2017). It is plausible that viral lysates or the exudates of infected
Synechococcus cells differ significantly from exudates of uninfected
Synechococcus cells, hindering the growth of Campylobacteria and
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Verrucomicrobiae and leading to a decline in their relative abundances
following cyanophage introduction.

Effects of cyanophage infection on the
interaction among bacterial taxa

The correlation analysis between the relative abundances of the
top six genera in the cyanophage-added and the control groups
revealed a positive correlation between Halomonas and SM1A02, but
both of these two genera exhibited a negative correlation with the
remaining genera (Figure 6). A majority of the other genera displayed
a positive correlation with one another. Viral infection of
Synechococcus did not change the correlations among the top six
genera, but affected the significance of correlations between certain
genera (Figure 6). Specifically, the cyanophage infection weakened the
positive correlations between Halomonas and SM1A02, Tropicimonas
and Fulvivirga, and the negative correlations among Halomonas,
SM1A02, and Fulvivirga, but enhanced the positive correlation
between Mesorhizobium and Fulvivirga. The alterations in the
relationship between dominant genera can potentially be ascribed to
the variation of DOM caused by viral infection, which can be further
illustrated by examining the dynamics and variations in DOM
molecular composition during viral infection as well as the
correlations between the DOM components and each genus.

The microbial cooccurrence network analysis based on OTUs
revealed that the network characteristics of the cyanophage-added
and the control groups were significantly different. The cyanophage-
added network exhibited a smaller number of nodes and edges,
comprising 37 nodes and 56 edges, in comparison to the control
109
(Supplementary Table 52). The clustering coefficient and the average

network which comprised 44 nodes and edges

number of neighbors of the cyanophage-added network were also

10.3389/fmicb.2024.1345952

considerably lower than those in the control network (Figure 7). The
clustering coefficient acts for the network complexity and robust
interactions between microorganisms (Guo et al., 2022), and the
higher the clustering coeflicient, the higher the dynamics and activity
of the community (de Vries et al., 2018). The clustering coefficient in
the cyanophage-added group was significantly lower than that in the
control, suggesting that viral infection of Synechococcus reduced the
overall microbial interactions.

In both cyanophage-added and control groups, a majority of
highly connected OTUs were classified into classes Alphaproteobacteria
and Gammaproteobacteria (Figure 7). This result was consistent with
the impact of the Prochlorococcus viral lysates on the bacterial
community in the oligotrophic South China Sea (Xiao et al., 2021),
emphasizing that connections between microbial groups primarily
occur among dominant taxa. However, there were notable differences
in the highly connected OTUs between the cyanophage-added and the
control groups. In the control, the top five highly connected OTUs
belonged to classes Gammaproteobacteria and Alphaproteobacteria. In
the cyanophage-added group, the top five highly connected OTUs
belonged to Bacilli, Gammaproteobacteria, and Clostridia. The relative
abundance of OTUs belonging to Bacilli and Clostridia in the
cyanophage-added group was lower than that of Gammaproteobacteria
and Alphaproteobacteria, suggesting that cyanophage infection may
decrease interactions among highly abundant bacterial taxa and
promote  interactions  among  less  abundant  taxa
(Supplementary Table $3). Additionally, the cyanophage-added group
exhibited a greater proportion of positive to negative microbial
interactions than the control (Supplementary Table S2). The decline
in the ratio of negative interactions in the cyanophage-added group
was mainly due to specific OTUs belonging to Alphaproteobacteria
(OTUS5, OTU14), Bacteroidia (OTU7), and Gammaproteobacteria
(OTU19). These OTUs demonstrated negative interactions with other

OTUs in the control, but not in the cyanophage-added group,
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Clustering Spearman correlation heatmaps for the top six genera in the cyanophage-added (A) and the control (B) groups. Level of significance:
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indicating that viral infection diminished the competitive pressure
among specific heterotrophic bacterial taxa.

Coupling between FDOM components,
nutrients and bacterial community under
viral infection of Synechococcus

The relative abundances of the top six genera showed varying
correlations with FDOM components and nutrients according to the
RDA analysis (Figures 8A,B). Fulvivirga and Mesorhizobium
demonstrated positive correlations with Coml1, 2, 6 and 7, while
displaying negative correlations with Com3 and 5. Tropicimonas
exhibited positive correlations with Com1, 2, and 6, but negative
correlations with Com3-5, which contrasted with the manner of
Halomonas. SM1A02 displayed positive correlations with Com3-5
and 7, but negative correlations with Com1 and 2. Marinobacter
exhibited negative correlations with all FDOM components. In the
cyanophage-added culture, higher relative abundances of Fulvivirga
and Mesorhizobium, and lower relative abundances of Halomonas
compared to the control in phases I and III were coupling with the
gradually increased fluorescence intensity of Com 6 and 7, indicating
that DOM produced from viral infection of Synechococcus were
potentially important factors in influencing the growth of specific
surrounding heterotrophic bacteria. Moreover, Tropicimonas,
Mesorhizobium, Fulvivirga, and Marinobacter exhibited a positive
correlation with ammonium and phosphate, and a negative
correlation with nitrate, while Halomonas and SM1A02 displayed the
opposite trend (Figure 8B). Viral infection of Symechococcus
generally enhanced the correlation between the top six genera and
nutrients, regardless of whether it was positive or negative
(Figures 8C,D). However, the significant positive correlation
between Marinobacter and phosphate was observed in the control,
but not in the cyanophage-added group.

Frontiers in Microbiology

The enhanced or weakened correlations between the top genera
and nutrients can be attributed to the alterations of the inorganic
and organic matter by cyanophage infection within the culture
system and different metabolic potentials of specific bacterial taxa.
Decreased nitrate in phase III of the cyanophage-added cultures
would be unfavorable for the growth of Halomonas which would
benefit from denitrification, an important trait of this genus
(Gonzalez-Domenech et al., 2010; Wang and Shao, 2021). In
addition, cyanophage infection could change the DOM composition
in the culture. After entry into the host cells, cyanophages would
change the host metabolism by expressing AMGs related to carbon,
nitrogen, and phosphorus metabolisms (Thompson et al., 2011;
Roux et al., 2016; Jacobson et al., 2021), which leads to element
changes of both form and composition within host cells and
subsequently makes the released DOM different from the
uninfected cell exudates. Viral lysates comprise a wide range of
complex and diverse DOM and possess elemental ratios that differ
from those in the surrounding environment (Jover et al., 2014).
Studies have shown that cyanophage lysates are rich in CHON
compounds and are an important source of dissolved organic
nitrogen in the marine environment (Ma et al., 2018; Zhao et al.,
2019; Zheng et al., 2021a). Furthermore, virus particles, consisting
of protein capsid and nucleic acid, are rich in nitrogen and
phosphorus and also serve as DOM constituents that could
be utilized by the surrounding bacterial community (Fuhrman,
1999). DOM alterations caused by cyanophage infection may
stimulate different metabolisms of specific bacterial taxa from those
in the control, resulting in changes in correlations between the
bacterial taxa and nutrients in the cyanophage-added system.
Furthermore, diverse metabolic activities of the bacterial taxa
belonging to Alphaproteobacteria (such as Tropicimonas,
Mesorhizobium) and Bacteroidia (especially Fulvivirga) may enable
the mineralization of cyanophage-amended DOM and the
subsequent accumulation of ammonium and phosphate within
the system.
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Viral infection of Synechococcus may
change the metabolism of the microbial
community

The transition of the bacterial community may cause the variation
of the whole metabolism of the bacterial community. PICRUSt
analysis was carried out to investigate the potential influence of
cyanophage infection on the function of the microbial community.
Statistically significant differences in potential metabolic functions
were only observed between the cyanophage-added and the control
groups on day 4 when a high proportion of cyanophage-infected
Synechococcus cells were present in the cyanophage-added culture. In
the second-tier KEGG pathway level, the cyanophage-added group
exhibited a higher proportion than the control within KEGG
categories of “carbohydrate metabolism,”
“xenobiotics biodegradation and metabolism,” and “membrane
transport” (Figure 9), but displayed less proportion of functional traits
crucial for typical cellular growth and metabolism than the control,

energy metabolism,”
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including pathways classified as “metabolism of cofactors and
vitamins,” “translation;,” “folding, sorting and degradation,” and
“replication and repair.” In the third-tier level, the cyanophage-added
group displayed a higher proportion in various KEGG pathways than
the control, such as tyrosine metabolism, glyoxylate and dicarboxylate
metabolism, methane metabolism, ABC transporters, transcription
factors, and xenobiotics (nitrotoluene, ethylbenzene, and benzoate)
biodegradation. Conversely, proportions of some functions were lower
in the cyanophage-added group than in the control, such as
aminoacyl-tRNA biosynthesis, RNA degradation, DNA replication,
nucleotide excision repair, cysteine and methionine metabolism,
vitamin B6 metabolism, and lipoic acid metabolism, etc. (Figure 9).
Among all KEGG pathways, the most affected by cyanophage
infection was “ABC transporters” Transporters are extremely
important for the survival of bacteria by helping bacterial cells
absorb nutrients and resist various internal and external pressures
(Piepenbreier et al., 2017). Diverse DOMs consisting of viral lysates,
exudates from infected and uninfected Synechococcus cells in the
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cyanophage-added cultures on day 4 may be responsible for the
significant differences of transporters from those in the control.
Notably, the proportion of the “methane metabolism” pathway on
day 4 was significantly higher than those on day 0 and day 2 in the
cyanophage-added group (Supplementary Figure S6), indicating
that exudates released by the high proportion of viral infected
Synechococcus cells on day 4 may contribute to stimulate growth of
bacterial populations related to methane metabolism. It has been
reported that Synechococcus is capable of producing methane
(Gomez-Garcia et al., 2011; Kutovaya et al., 2013; Bizi¢ et al., 2020),
a strong greenhouse gas with a global warming potential 25 times
greater than that of CO, in 100years (Hao et al, 2021). The
significant difference in the methane-metabolism potentials
observed among bacterial communities in the cyanophage-added
and the control groups suggests that cyanophage infection has the
potential to impact the production of methane-related compounds.
This finding holds significant implications for global climate change
and biogeochemical cycles, considering the numerous cyanophage
infections occurring in marine ecosystems. Furthermore, the
significantly higher relative abundance of “xenobiotics degradation
and metabolism” pathway in the cyanophage-added group indicates
that viral infection of Synechococcus may result in increased levels
of aromatic substances (here benzoate, ethylbenzene, and
nitrotoluene) in the cultures. In addition, the relative abundance of
tyrosine (an aromatic amino acid) metabolism in the cyanophage-
added group was also higher than that in the control. Given the
lower bioavailability of aromatic compounds (Xie et al., 2020),
increased metabolic potential on aromatic compounds of the
that
Synechococcus cells may contribute to the production of refractory
DOMs in the ocean.

surrounding bacterial community indicates infected
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Conclusion

This study demonstrated that viral infection of Synechococcus has
a significant impact on the co-occurring heterotrophic bacterial
community, influencing its dynamics, diversity, composition,
interactions and predicted metabolic functions. It is intriguing to find
that cyanophage infection reduced the bacterial interactions, but
enhanced the correlation between bacterial taxa and nutrients.
Moreover, cyanophage infection altered DOM compositions and
nutrient dynamics and may contribute to the production of methane-
related compounds and refractory organic matters in the coculture
system, which have great implications for global climate change and
biogeochemical cycles in the ocean. Notably, the exudates of viral-
infected Synechococcus cells exhibited distinct effects on the
co-occurring heterotrophic bacterial community from the viral lysates
and facilitated to increase the diversity and change metabolic potentials
of the bacterial community. This observation further illustrated the
hypothesis that viral infection in the ocean is a continuous process that
has implications for the surrounding environment and biogeochemistry
beyond the simple release of viral lysates. Further efforts are needed to
illustrate the DOM composition of the Synechococcus virocell exudates
and its transformation by the co-occurring heterotrophic bacterial
community. Viral interference on the methane or its derivatives
production of Synechococcus cells is also worthy of further study.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1345952
https://www.frontiersin.org

Man et al.

Author contributions

HM: Data curation, Writing - original draft, Investigation,
Methodology. BL: Investigation, Methodology, Writing - original
draft. HZ: Data curation, Writing - original draft. JL: Writing - review
& editing, Funding acquisition, Supervision. YX: Writing - review &
editing, Conceptualization, Supervision. FC: Writing - review &
editing, Conceptualization, Funding acquisition, Supervision.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the Key Research and Development Program of
Shandong Province (2020ZLYS04) and the National Key Research and
Development Program of China (2018YFA0605800).

Acknowledgments

We greatly appreciated Liwen Zheng and Haizhen Bian for their
help in the nutrient determination. We thank Chao Gao for the help
in network analysis.

References

Abell, G. C.J., and Bowman, J. P. (2005). Ecological and biogeographic relationships
of class Flavobacteria in the Southern Ocean. FEMS Microbiol. Ecol. 51, 265-277. doi:
10.1016/j.femsec.2004.09.001

Azam, E, Fenchel, T, Field, J., Gray, J., Meyer-Reil, L., and Thingstad, E. (1983). The
ecological role of water-column microbes in the sea. Mar. Ecol. Prog. Ser. 10, 257-263.
doi: 10.3354/meps010257

Bizi¢, M., Klintzsch, T,, Ionescu, D., Hindiyeh, M. Y., Giinthel, M., Muro-Pastor, A. M.,
et al. (2020). Aquatic and terrestrial cyanobacteria produce methane. Sci. Adv.
6:eaax5343. doi: 10.1126/sciadv.aax5343

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A.,
etal. (2019). Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nat. Biotechnol. 37, 852-857. doi: 10.1038/s41587-019-0209-9

Bratbak, G., Heldal, M., Thingstad, T., Riemann, B., and Haslund, O. (1992).
Incorporation of viruses into the budget of microbial C-transfer a first approach. Mar.
Ecol. Prog. Ser. 83, 273-280. doi: 10.3354/meps083273

Brussaard, C. P. D. (2004). Optimization of procedures for counting viruses by flow
cytometry. Appl. Environ. Microbiol. 70, 1506-1513. doi: 10.1128/aem.70.3.1506-1513.2004

Buchan, A, LeCleir, G. R., Gulvik, C. A, and Gonzélez, J. M. (2014). Master recyclers:
features and functions of bacteria associated with phytoplankton blooms. Nat. Rev.
Microbiol. 12, 686-698. doi: 10.1038/nrmicro3326

Cai, L., Yang, Y., Jiao, N, and Zhang, R. (2015). Evaluation of tangential flow filtration
for the concentration and separation of bacteria and viruses in contrasting marine
environments. PLoS One 10:¢0136741. doi: 10.1371/journal.pone.0136741

Cole, J. K., Hutchison, J. R., Renslow, R. S., Kim, Y.-M., Chrisler, W. B,
Engelmann, H. E., et al. (2014). Phototrophic biofilm assembly in microbial-mat-derived
unicyanobacterial consortia: model systems for the study of autotroph-heterotroph
interactions. Front. Microbiol. 5:109. doi: 10.3389/fmicb.2014.00109

Cruz, B. N,, and Neuer, S. (2019). Heterotrophic bacteria enhance the aggregation of
the marine picocyanobacteria Prochlorococcus and Synechococcus. Front. Microbiol.
10:1864. doi: 10.3389/fmicb.2019.01864

de Vries, E T, Griffiths, R. I, Bailey, M., Craig, H., Girlanda, M., Gweon, H. S., et al.
(2018). Soil bacterial networks are less stable under drought than fungal networks. Nat.
Commun. 9:3033. doi: 10.1038/s41467-018-05516-7

Deng, L., Gregory, A., Yilmaz, S., Poulos, B. T., Hugenholtz, P,, and Sullivan, M. B.
(2012). Contrasting life strategies of viruses that infect photo-and heterotrophic bacteria,
as revealed by viral tagging. MBio 3, €00373-e00312. doi: 10.1128/mbi0.00373-12

Elifantz, H., Malmstrom, R. R., Cottrell, M. T., and Kirchman, D. L. (2005).
Assimilation of polysaccharides and glucose by major bacterial groups in the Delaware
estuary. Appl. Environ. Microbiol. 71,7799-7805. doi: 10.1128/aem.71.12.7799-7805.2005

Frontiers in Microbiology

10.3389/fmicb.2024.1345952

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1345952/
full#supplementary-material

Ferrer-Gonzélez, F. X., Hamilton, M., Smith, C. B., Schreier, J. E., Olofsson, M., and
Moran, M. A. (2023). Bacterial transcriptional response to labile exometabolites from
photosynthetic picoeukaryote Micromonas commoda. ISME Commun. 3:5. doi: 10.1038/
543705-023-00212-0

Fiore, C. L., Longnecker, K., Soule, M. C. K., and Kujawinski, E. B. (2015). Release of
ecologically relevant metabolites by the cyanobacterium Synechococcus elongates
CCMP 1631. Environ. Microbiol. 17, 3949-3963. doi: 10.1111/1462-2920.12899

Fuhrman, J. A. (1999). Marine viruses and their biogeochemical and ecological effects.
Nature 399, 541-548. doi: 10.1038/21119

Gobler, C. J., Hutchins, D. A., Fisher, N. S., Cosper, E. M., and Saniudo-Wilhelmy, S. A.
(1997). Release and bioavailability of C, N, P se, and Fe following viral lysis of a marine
chrysophyte. Limnol. Oceanogr. 42, 1492-1504. doi: 10.4319/10.1997.42.7.1492

Goericke, R., and Welschmeyer, N. A. (1993). The marine prochlorophyte
Prochlorococcus contributes significantly to phytoplankton biomass and primary
production in the Sargasso Sea. Deep Sea Res. Part I Oceanogr. Res. 40, 2283-2294. doi:
10.1016/0967-0637(93)90104-b

Gomez-Garcia, M. R., Davison, M., Blain-Hartnung, M., Grossman, A. R., and
Bhaya, D. (2011). Alternative pathways for phosphonate metabolism in thermophilic
cyanobacteria from microbial mats. ISME J. 5, 141-149. doi: 10.1038/ismej.2010.96

Gonzélez-Domenech, C. M., Martinez-Checa, E, Béjar, V., and Quesada, E. (2010).
Denitrification as an important taxonomic marker within the genus Halomonas. Syst.
Appl. Microbiol. 33, 85-93. doi: 10.1016/}.syapm.2009.12.001

Guo, B, Zhang, L., Sun, H., Gao, M., Yu, N., Zhang, Q,, et al. (2022). Microbial co-
occurrence network topological properties link with reactor parameters and reveal
importance of low-abundance genera. NPJ Biofilms Microbiomes 8:3. doi: 10.1038/
541522-021-00263-y

Hao, X, Ruihong, Y., Zhuangzhuang, Z., Zhen, Q., Xixi, L., Tingxi, L., et al. (2021).
Greenhouse gas emissions from the water—air interface of a grassland river: a case study
of the Xilin River. Sci. Rep. 11:2659. doi: 10.1038/s41598-021-81658-x

Hayashi, S., Itoh, K., and Suyama, K. (2011). Growth of the cyanobacterium
Synechococcus leopoliensis CCAP1405/1 on agar media in the presence of heterotrophic
bacteria. Microbes Environ. 26, 120-127. doi: 10.1264/jsme2.me10193

Jacobson, T. B., Callaghan, M. M., and Amador-Noguez, D. (2021). Hostile takeover:
how viruses reprogram prokaryotic metabolism. Annu. Rev. Microbiol. 75, 1-25. doi:
10.1146/annurev-micro-060621-043448

Jiao, N, Yang, Y., Hong, N., Ma, Y., Harada, S., Koshikawa, H., et al. (2005). Dynamics
of autotrophic picoplankton and heterotrophic bacteria in the East China Sea. Cont. Shelf
Res. 25, 1265-1279. doi: 10.1016/j.¢sr.2005.01.002

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1345952
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1345952/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1345952/full#supplementary-material
https://doi.org/10.1016/j.femsec.2004.09.001
https://doi.org/10.3354/meps010257
https://doi.org/10.1126/sciadv.aax5343
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3354/meps083273
https://doi.org/10.1128/aem.70.3.1506-1513.2004
https://doi.org/10.1038/nrmicro3326
https://doi.org/10.1371/journal.pone.0136741
https://doi.org/10.3389/fmicb.2014.00109
https://doi.org/10.3389/fmicb.2019.01864
https://doi.org/10.1038/s41467-018-05516-7
https://doi.org/10.1128/mbio.00373-12
https://doi.org/10.1128/aem.71.12.7799-7805.2005
https://doi.org/10.1038/s43705-023-00212-0
https://doi.org/10.1038/s43705-023-00212-0
https://doi.org/10.1111/1462-2920.12899
https://doi.org/10.1038/21119
https://doi.org/10.4319/lo.1997.42.7.1492
https://doi.org/10.1016/0967-0637(93)90104-b
https://doi.org/10.1038/ismej.2010.96
https://doi.org/10.1016/j.syapm.2009.12.001
https://doi.org/10.1038/s41522-021-00263-y
https://doi.org/10.1038/s41522-021-00263-y
https://doi.org/10.1038/s41598-021-81658-x
https://doi.org/10.1264/jsme2.me10193
https://doi.org/10.1146/annurev-micro-060621-043448
https://doi.org/10.1016/j.csr.2005.01.002

Man et al.

Jiao, N. N,, Yang, Y. Y., Koshikawa, H. H., and Watanabe, M. M. (2002). Influence of
hydrographic conditions on picoplankton distribution in the East China Sea. Aquat.
Microb. Ecol. 30, 37-48. doi: 10.3354/ame030037

Jover, L. E, Effler, T. C., Buchan, A., Wilhelm, S. W., and Weitz, J. S. (2014). The
elemental composition of virus particles: implications for marine biogeochemical cycles.
Nat. Rev. Microbiol. 12, 519-528. doi: 10.1038/nrmicro3289

Kaiser, K., and Benner, R. (2008). Major bacterial contribution to the ocean reservoir
of detrital organic carbon and nitrogen. Limnol. Oceanogr. 53, 99-112. doi: 10.4319/
10.2008.53.1.0099

Kieft, K., Zhou, Z., Anderson, R. E., Buchan, A., Campbell, B. ], Hallam, S. J., et al.
(2021). Ecology of inorganic sulfur auxiliary metabolism in widespread bacteriophages.
Nat. Commun. 12:3503. doi: 10.1038/s41467-021-23698-5

Kirchman, D. L. (2002). The ecology of Cytophaga-Flavobacteria in aquatic
environments. FEMS Microbiol. Ecol. 39, 91-100. doi: 10.1111/j.1574-6941.2002.
tb00910.x

Kothawala, D. N., von Wachenfeldt, E., Koehler, B., and Tranvik, L. J. (2012). Selective
loss and preservation of lake water dissolved organic matter fluorescence during long-
term dark incubations. Sci. Total Environ. 433, 238-246. doi: 10.1016/].
scitotenv.2012.06.029

Kutovaya, O. A., McKay, R. M. L., and Bullerjahn, G. S. (2013). Detection and
expression of genes for phosphorus metabolism in picocyanobacteria from the
Laurentian Great Lakes. J. Great Lakes Res. 39, 612-621. doi: 10.1016/j.jglr.2013.09.009

Liang, Y, Li, L., Luo, T., Zhang, Y., Zhang, R., and Jiao, N. (2014). Horizontal and
vertical distribution of marine virioplankton: a basin scale investigation based on a
global cruise. PLoS One 9:¢111634. doi: 10.1371/journal.pone.0111634

Liu, J., Meng, Z., Liu, X,, and Zhang, X.-H. (2019). Microbial assembly, interaction,
functioning, activity and diversification: a review derived from community
compositional data. Mar. Life sci. Technol. 1, 112-128. doi: 10.1007/s42995-019-00004-3

Ma, X, Coleman, M. L., and Waldbauer, J. R. (2018). Distinct molecular signatures in
dissolved organic matter produced by viral lysis of marine cyanobacteria. Environ.
Microbiol. 20, 3001-3011. doi: 10.1111/1462-2920.14338

Marie, D., Brussaard, C. P. D., Thyrhaug, R., Bratbak, G., and Vaulot, D. (1999).
Enumeration of marine viruses in culture and natural samples by flow cytometry. Appl.
Environ. Microbiol. 65, 45-52. doi: 10.1128/aem.65.1.45-52.1999

Middelboe, M., Riemann, L., Steward, G., Hansen, V., and Nybroe, O. (2003). Virus-
induced transfer of organic carbon between marine bacteria in a model community.
Aquat. Microb. Ecol. 33, 1-10. doi: 10.3354/ame033001

Moore, L. R., Coe, A., Zinser, E. R., Saito, M. A., Sullivan, M. B., Lindell, D, et al.
(2007). Culturing the marine cyanobacterium Prochlorococcus. Limnol. Oceanogr.
Methods 5, 353-362. doi: 10.4319/lom.2007.5.353

Morris, J. J., Johnson, Z. 1., Szul, M. J., Keller, M., and Zinser, E. R. (2011).
Dependence of the cyanobacterium Prochlorococcus on hydrogen peroxide scavenging
microbes for growth at the ocean’s surface. PLoS One 6:¢16805. doi: 10.1371/journal.
pone.0016805

Morris, J. J., Kirkegaard, R., Szul, M. J., Johnson, Z. L, and Zinser, E. R. (2008).
Facilitation of robust growth of Prochlorococcus colonies and dilute liquid cultures by
“helper” heterotrophic bacteria. Appl. Environ. Microbiol. 74, 4530-4534. doi: 10.1128/
aem.02479-07

Nagata, T., and Kirchman, D. (1992). Release of macromolecular organic complexes
by heterotrophic marine flagellates. Mar. Ecol. Prog. Ser. 83, 233-240. doi: 10.3354/
meps083233

Piepenbreier, H., Fritz, G., and Gebhard, S. (2017). Transporters as information
processors in bacterial signalling pathways. Mol. Microbiol. 104, 1-15. doi: 10.1111/
mmi.13633

Proctor, L. M., and Fuhrman, J. A. (1990). Viral mortality of marine bacteria and
cyanobacteria. Nature 343, 60-62. doi: 10.1038/343060a0

Puxty, R. J., Millard, A. D., Evans, D. J., and Scanlan, D. J. (2015). Shedding new light
on viral photosynthesis. Photosynth. Res. 126, 71-97. doi: 10.1007/s11120-014-0057-x

Ren, H,, Liu, ], Li, G, and Hu, Y. (2022). Bacterial community in cold surge-caused
sea ice differs from seawater in mid-latitude region: a case study in Aoshan Bay, southern
Yellow Sea. Front. Mar. Sci. 9:856110. doi: 10.3389/fmars.2022.856110

Rosenwasser, S., Ziv, C., Creveld, S. G. V., and Vardi, A. (2016). Virocell metabolism:
metabolic innovations during host-virus interactions in the ocean. Trends Microbiol. 24,
821-832. doi: 10.1016/j.tim.2016.06.006

Roux, S., Brum, J. R., Dutilh, B. E., Sunagawa, S., Duhaime, M. B., Loy, A,, et al. (2016).
Ecogenomics and potential biogeochemical impacts of globally abundant ocean viruses.
Nature 537, 689-693. doi: 10.1038/nature19366

Scanlan, D. . (2012). Marine picocyanobacteria. Ecology of cyanobacteria II. Dordrecht:
Springer

Shen, H., Niu, Y., Xie, P, Tao, M., and Yang, X. (2011). Morphological and
physiological changes in Microcystis aeruginosa as a result of interactions with
heterotrophic bacteria. Freshw. Biol. 56, 1065-1080. doi: 10.1111/j.1365-2427.
2010.02551.x

Frontiers in Microbiology

10.3389/fmicb.2024.1345952

Shi, L., Huang, Y., Zhang, M., Yu, Y, Lu, Y., and Kong, F. (2017). Bacterial community
dynamics and functional variation during the long-term decomposition of
cyanobacterial blooms in-vitro. Sci. Total Environ. 598, 77-86. doi: 10.1016/j.
scitotenv.2017.04.115

Singh, B. K., Bardgett, R. D., Smith, P, and Reay, D. S. (2010). Microorganisms and
climate change: terrestrial feedbacks and mitigation options. Nat. Rev. Microbiol. 8,
779-790. doi: 10.1038/nrmicro2439

Stedmon, C. A., and Bro, R. (2008). Characterizing dissolved organic matter
fluorescence with parallel factor analysis: a tutorial. Limnol. Oceanogr. Methods 6,
572-579. doi: 10.4319/1om.2008.6.572

Sullivan, M. B., Huang, K. H., Ignacio-Espinoza, J. C., Berlin, A. M., Kelly, L.,
Weigele, P. R,, et al. (2010). Genomic analysis of oceanic cyanobacterial myoviruses
compared with T4-like myoviruses from diverse hosts and environments: comparative
genomics of T4-like myoviruses. Environ. Microbiol. 12, 3035-3056. doi:
10.1111/j.1462-2920.2010.02280.x

Suttle, C. A. (2007). Marine viruses — major players in the global ecosystem. Nat. Rev.
Microbiol. 5, 801-812. doi: 10.1038/nrmicro1750

Thingstad, T., and Lignell, R. (1997). Theoretical models for the control of bacterial
growth rate, abundance, diversity and carbon demand. Aquat. Microb. Ecol. 13, 19-27.
doi: 10.3354/ame013019

Thompson, L. R, Zeng, Q., Kelly, L., Huang, K. H., Singer, A. U, Stubbe, J., et al.
(2011). Phage auxiliary metabolic genes and the redirection of cyanobacterial host
carbon metabolism. Proc. Natl. Acad. Sci. 108, E757-E764. doi: 10.1073/pnas.1102164108

Waldbauer, J. R., Coleman, M. L., Rizzo, A. I, Campbell, K. L., Lotus, J., and Zhang, L.
(2019). Nitrogen sourcing during viral infection of marine cyanobacteria. Proc. Natl.
Acad. Sci. 116, 15590-15595. doi: 10.1073/pnas.1901856116

Wang, Y., Liu, Y., Wang, J., Luo, T., Zhang, R., Sun, J.,, et al. (2019). Seasonal dynamics
of bacterial communities in the surface seawater around subtropical Xiamen Island,
China, as determined by 16S rRNA gene profiling. Mar. Pollut. Bull. 142, 135-144. doi:
10.1016/j.marpolbul.2019.03.035

Wang, L., and Shao, Z. (2021). Aerobic denitrification and heterotrophic sulfur
oxidation in the genus Halomonas revealed by six novel species characterizations and
genome-based analysis. Front. Microbiol. 12:652766. doi: 10.3389/fmicb.2021.652766

Wang, Y., Xie, R, Shen, Y., Cai, R., He, C., Chen, Q, et al. (2022). Linking microbial
population succession and DOM molecular changes in Synechococcus-derived organic
matter addition incubation. Microbiol. Spectr. 10, e02308-e02321. doi: 10.1128/
spectrum.02308-21

Wang, Y., Zhang, R., He, Z., Nostrand, J. D. V,, Zheng, Q., Zhou, ], et al. (2017).
Functional gene diversity and metabolic potential of the microbial community in an
estuary-shelf environment. Front. Microbiol. 8:1153. doi: 10.3389/fmicb.2017.01153

Warwick-Dugdale, J., Buchholz, H. H., Allen, M. J., and Temperton, B. (2019). Host-
hijacking and planktonic piracy: how phages command the microbial high seas. Virol.
J. 16:15. doi: 10.1186/s12985-019-1120-1

Waterbury, J. B., Watson, S. W., Valois, E. W,, and Franks, D. G. (1986). Biological and
ecological characterization of the marine unicellular cyanobacterium Synechococcus.
Can. Bull. Fish. Aquat. Sci. 214, 71-120.

Wear, E. K., Wilbanks, E. G., Nelson, C. E., and Carlson, C. A. (2018). Primer selection
impacts specific population abundances but not community dynamics in a monthly
time-series 16S rRNA gene amplicon analysis of coastal marine bacterioplankton.
Environ. Microbiol. 20, 2709-2726. doi: 10.1111/1462-2920.14091

Weinbauer, M. G., Hornak, K., Jezbera, J., Nedoma, J., Dolan, J. R., and Simek, K.
(2007). Synergistic and antagonistic effects of viral lysis and protistan grazing on
bacterial biomass, production and diversity. Environ. Microbiol. 9, 777-788. doi:
10.1111/j.1462-2920.2006.01200.x

Xiao, X., Guo, W,, Li, X., Wang, C., Chen, X., Lin, X,, et al. (2021). Viral lysis alters the
optical properties and biological availability of dissolved organic matter derived from
Prochlorococcus picocyanobacteria. Appl. Environ. Microbiol. 87:€02271-20. doi: 10.1128/
aem.02271-20

Xie, R., Wang, Y., Chen, Q., Guo, W, Jiao, N., and Zheng, Q. (2020). Coupling between
carbon and nitrogen metabolic processes mediated by coastal microbes in
Synechococcus-derived organic matter addition incubations. Front. Microbiol. 11:1041.
doi: 10.3389/fmicb.2020.01041

Xu, Y., Jiao, N., and Chen, F. (2015). Novel psychrotolerant picocyanobacteria isolated
from Chesapeake Bay in the winter. J. Phycol. 51, 782-790. doi: 10.1111/jpy.12318

Xu, Y., Zhang, R., Wang, N., Cai, L., Tong, Y., Sun, Q., et al. (2018). Novel phage-host
interactions and evolution as revealed by a cyanomyovirus isolated from an estuarine
environment. Environ. Microbiol. 20, 2974-2989. doi: 10.1111/1462-2920.14326

Zhao, Z., Gonsior, M., Schmitt-Kopplin, P, Zhan, Y., Zhang, R., Jiao, N, et al. (2019).
Microbial transformation of virus-induced dissolved organic matter from
picocyanobacteria: coupling of bacterial diversity and DOM chemodiversity. ISME J. 13,
2551-2565. doi: 10.1038/s41396-019-0449-1

Zheng, Q., Lin, W, Wang, Y, Li, Y., He, C., Shen, Y,, et al. (2021a). Highly enriched
N-containing organic molecules of Synechococcus lysates and their rapid transformation
by heterotrophic bacteria. Limnol. Oceanogr. 66, 335-348. doi: 10.1002/In0.11608

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1345952
https://www.frontiersin.org
https://doi.org/10.3354/ame030037
https://doi.org/10.1038/nrmicro3289
https://doi.org/10.4319/lo.2008.53.1.0099
https://doi.org/10.4319/lo.2008.53.1.0099
https://doi.org/10.1038/s41467-021-23698-5
https://doi.org/10.1111/j.1574-6941.2002.tb00910.x
https://doi.org/10.1111/j.1574-6941.2002.tb00910.x
https://doi.org/10.1016/j.scitotenv.2012.06.029
https://doi.org/10.1016/j.scitotenv.2012.06.029
https://doi.org/10.1016/j.jglr.2013.09.009
https://doi.org/10.1371/journal.pone.0111634
https://doi.org/10.1007/s42995-019-00004-3
https://doi.org/10.1111/1462-2920.14338
https://doi.org/10.1128/aem.65.1.45-52.1999
https://doi.org/10.3354/ame033001
https://doi.org/10.4319/lom.2007.5.353
https://doi.org/10.1371/journal.pone.0016805
https://doi.org/10.1371/journal.pone.0016805
https://doi.org/10.1128/aem.02479-07
https://doi.org/10.1128/aem.02479-07
https://doi.org/10.3354/meps083233
https://doi.org/10.3354/meps083233
https://doi.org/10.1111/mmi.13633
https://doi.org/10.1111/mmi.13633
https://doi.org/10.1038/343060a0
https://doi.org/10.1007/s11120-014-0057-x
https://doi.org/10.3389/fmars.2022.856110
https://doi.org/10.1016/j.tim.2016.06.006
https://doi.org/10.1038/nature19366
https://doi.org/10.1111/j.1365-2427.2010.02551.x
https://doi.org/10.1111/j.1365-2427.2010.02551.x
https://doi.org/10.1016/j.scitotenv.2017.04.115
https://doi.org/10.1016/j.scitotenv.2017.04.115
https://doi.org/10.1038/nrmicro2439
https://doi.org/10.4319/lom.2008.6.572
https://doi.org/10.1111/j.1462-2920.2010.02280.x
https://doi.org/10.1038/nrmicro1750
https://doi.org/10.3354/ame013019
https://doi.org/10.1073/pnas.1102164108
https://doi.org/10.1073/pnas.1901856116
https://doi.org/10.1016/j.marpolbul.2019.03.035
https://doi.org/10.3389/fmicb.2021.652766
https://doi.org/10.1128/spectrum.02308-21
https://doi.org/10.1128/spectrum.02308-21
https://doi.org/10.3389/fmicb.2017.01153
https://doi.org/10.1186/s12985-019-1120-1
https://doi.org/10.1111/1462-2920.14091
https://doi.org/10.1111/j.1462-2920.2006.01200.x
https://doi.org/10.1128/aem.02271-20
https://doi.org/10.1128/aem.02271-20
https://doi.org/10.3389/fmicb.2020.01041
https://doi.org/10.1111/jpy.12318
https://doi.org/10.1111/1462-2920.14326
https://doi.org/10.1038/s41396-019-0449-1
https://doi.org/10.1002/lno.11608

Man et al.

Zheng, Q., Lin, W,, Wang, Y., Xu, D,, Liu, Y., and Jiao, N. (2021b). Top-down controls
on nutrient cycling and population dynamics in a model estuarine photoautotroph-
heterotroph co-culture system. Mol. Ecol. 30, 592-607. doi: 10.1111/mec.15750

Zheng, Q., Wang, Y., Lu, J., Lin, W,, Chen, F, and Jiao, N. (2020). Metagenomic and
metaproteomic insights into photoautotrophic and heterotrophic interactions in a
Synechococcus culture. MBio 11, €03261-e03219. doi: 10.1128/mbio.03261-19

Frontiers in Microbiology

15

10.3389/fmicb.2024.1345952

Zheng, Q., Wang, Y., Xie, R, Lang, A. S,, Liu, Y, Lu, ], et al. (2018). Dynamics of
heterotrophic bacterial assemblages within Synechococcus cultures. Appl. Environ.
Microbiol. 84:¢01517-17. doi: 10.1128/aem.01517-17

Zimmerman, A. E., Howard-Varona, C., Needham, D. M., John, S. G., Worden, A. Z.,
Sullivan, M. B., et al. (2020). Metabolic and biogeochemical consequences of viral infection
in aquatic ecosystems. Nat. Rev. Microbiol. 18, 21-34. doi: 10.1038/s41579-019-0270-x

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1345952
https://www.frontiersin.org
https://doi.org/10.1111/mec.15750
https://doi.org/10.1128/mbio.03261-19
https://doi.org/10.1128/aem.01517-17
https://doi.org/10.1038/s41579-019-0270-x

	Viral infection of an estuarine Synechococcus influences its co-occurring heterotrophic bacterial community in the culture
	Introduction
	Materials and methods
	Experimental setup and sample collection
	Abundance determination of Synechococcus, heterotrophic bacteria, and cyanophage
	DNA extraction
	Sequence generation and processing
	DOM fluorescence measurements and parallel factor modeling analysis
	Nutrient determination and analysis
	Microbial network analysis

	Results and discussion
	Cyanophage infection dynamics and its impact on the heterotrophic bacterial dynamics in the culture
	Impact of cyanophage infection on the FDOM production and nutrient cycling
	Cyanophage infection increased the diversity and richness of the heterotrophic bacterial community
	Influence of the viral infection of Synechococcus on the heterotrophic bacterial community composition
	Effects of cyanophage infection on the interaction among bacterial taxa
	Coupling between FDOM components, nutrients and bacterial community under viral infection of Synechococcus
	Viral infection of Synechococcus may change the metabolism of the microbial community

	Conclusion
	Data availability statement
	Author contributions

	References

