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Abstract
Viral lysis and protistan grazing are thought to be the major processes leading to mi-
crobial mortality in aquatic environments and thus regulate community diversity and 
biogeochemical cycling characteristics. Here, we studied nutrient cycling and bacte-
rial responses to cyanophage-mediated photoautotroph lysis and ciliate predation in 
a model Synechococcus–heterotroph co-culture system. Both viral lysis and Euplotes 
grazing facilitated the transformation of organic carbon from biomass to dissolved or-
ganic matter with convention efficiencies of 20%–26%. The accumulation of ammo-
nium after the addition of phages and ciliates suggested the importance of recycled 
NH4

+ occurred in the interactions between Synechococcus growth and heterotrophic 
bacterial metabolism of photosynthate. The slower efficiency of P mineralization 
compared to N (primarily ammonium) indicated that P-containing organic matter was 
primarily integrated into bacterial biomass rather than being remineralized into in-
organic phosphate under C-rich conditions. In the cyanophage addition treatment, 
both Fluviicola and Alteromonas exhibited rapid positive responses to Synechococcus 
lysing, while Marivita exhibited an apparent negative response. Further, the addition 
of Euplotes altered the incubation system from a Synechococcus-driven phycosphere 
to a ciliate-remodelled zoosphere that primarily constituted grazing-resistant bacte-
ria and Euplotes symbionts. Top-down controls increased co-culture system diversity 
and resulted in a preference for free-living lifestyles of dominant populations, which 
was accompanied by the transfer of matter and energy. Our results indicate top-
down control was particularly important for organic matter redistribution and inor-
ganic nutrient regeneration between photoautotrophs and heterotrophs, and altered 
bacterial lifestyles. This study consequently sheds light on marine biogeochemical 
cycling and the interaction networks within these dynamic ecosystems.
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1  | INTRODUC TION

Microorganisms play significant roles in the productivity and bio-
geochemical cycling in oceans (Azam et al., 1983; Jiao et al., 2010). 
Indeed, marine microorganisms are part of an interactive ecosys-
tem, wherein their metabolic activities are mediated by bottom-up 
controls (e.g. nutrient bioavailability, light and temperature) and 
top-down controls (e.g. viral lysis and protistan grazing) (Chow 
et al., 2014; Hutchins & Fu, 2017; Morán et al., 2017; Suttle, 2007). 
The in situ standing stock of microorganisms is thereby de-
termined by the balance between their growth and mortality 
rates (Pernthaler,  2005; Wommack & Colwell,  2000; Worden & 
Binder, 2003). Protistan grazing and viral-induced lysis are thought 
to be the major processes leading to microbial mortality in the ocean, 
and responsible for equivalent levels of bacterial decreases on av-
erage (Fischer et  al.,  2006; Fuhrman & Noble,  1995; Wommack & 
Colwell, 2000). Both of these mechanisms can accelerate nutrient 
cycling in environments, which is particularly important in oligo-
trophic open oceans (Billen et al., 1990; Boras et al., 2009; Caron 
& Goldman, 1988). However, the organic matter derived from the 
loss of microbial biomass from protistan grazing and viral lysis has 
different fates. The carbon from viral lysates enters the dissolved 
organic carbon (DOC)–bacteria–DOC loop (Bratbak et  al.,  1992; 
Talmy et al., 2019). In contrast, the carbon ingested by protozoa is 
transferred to higher trophic organisms (Boras et al., 2009; Dolan & 
Gallegos, 1991), while some of the organic carbon from sloppy graz-
ing or egestion/excretion returns to the environment. Thus, bacteria, 
protists and viruses are connected within a complex ‘microbial loop’ 
(Azam et al., 1983).

Numerous studies have investigated how protistan grazing and 
viral lysis impact the structures of microbial communities (Baudoux 
et  al.,  2008; Chow et  al.,  2014; Sherr & Sherr,  2002; Weinbauer 
et  al., 2007). For example, viruses can regulate microbial diversity 
via ‘kill the winner’ dynamics, wherein selective mortality is highly 
dependent on bacterial abundances (Bouvier & Del Giorgio, 2007; 
Thingstad,  2000). Further, protistan grazing on microbial com-
munity structures primarily proceed based on cell size-dependent 
selective predation of prey populations (Jürgens & Matz,  2002; 
Pernthaler, 2005).

Marine picocyanobacteria mainly comprise Prochlorococcus and 
Synechococcus, and are responsible for one-quarter of all global 
primary production (Falkowski et al., 1998; Flombaum et al., 2013; 
Partensky et al., 1999). Equally abundant co-occurring cyanophages 
infect cyanobacteria and significantly shape cyanobacterial popula-
tion dynamics and their associated organic carbon fluxes in oceans 
(Biller et al., 2015; Puxty et al., 2016; Sullivan et al., 2003). In addition, 
ciliates are widespread and abundant phagotrophs in diverse aquatic 
environments (Calbet & Saiz, 2005; Dziallas et al., 2012). Most cili-
ates are heterotrophic or mixotrophic protists and important grazers 
of cyanobacteria, heterotrophic bacteria and other microorganisms 
(Du Yoo et al., 2015). Together, cyanophage-mediated cyanobacte-
rial lysis and ciliate grazing facilitate the re-mineralization of micro-
bial biomass and promote ecosystem-level nutrient cycling (Fuhrman 

& Noble, 1995; Pernthaler, 2005; Sullivan et al., 2003). In addition, 
microbial interactions between photoautotrophs and heterotrophs, 
bacteriophage and hosts, and predators and prey, underlie the 
marine microbial loop and maintain ecosystem stability and com-
munity diversity in oceans (Azam et al., 1983; Beliaev et al., 2014; 
Suttle,  2007). However, the complexity of in situ interaction net-
works in oceanic environments renders it difficult to evaluate such 
interactions. Numerous studies have investigated single time-point, 
seasonal or annual in situ microbial interactions using network anal-
ysis (Berdjeb et  al.,  2011; Chow et  al.,  2014). Nevertheless, it has 
remained elusive to confirm the associations between microbial 
population succession and organic/inorganic nutrient flows asso-
ciated with top-down controls on microbial food webs in oceans. 
Furthermore, few studies have evaluated and compared the effi-
ciency of microbial biomass conversion to DOC due to viral lysis and 
ciliate grazing activities (Haaber & Middelboe, 2009).

Isolated marine unicellular cyanobacterial cultures, including 
those of Synechococcus and Prochlorococcus, typically contain co-ex-
isting heterotrophic bacterial partners (Cole et  al.,  2014; Cruz & 
Neuer, 2019; Moore et al., 2007; Zheng et al., 2018). Thus, cyano-
bacterial cultures (like Synechococcus used in this study) represent 
useful photoautotroph–heterotroph systems for studying virus-me-
diated Synechococcus lysis and ciliate grazing impacts on the flow 
of organic and inorganic nutrients, in addition to the functioning of 
planktonic marine communities in co-culture systems. The aims of 
the present study were to (i) compare the fluxes of organic matter 
and inorganic nutrients under virus-mediated Synechococcus lysis 
and Euplotes grazing, (ii) characterize the responses and succession 
of heterotrophic bacterial communities with different lifestyles 
(free-living vs. attached/aggregated) over time in different treat-
ments and (iii) evaluate the top-down controls impacting the flow 
of carbon and population dynamics in the Synechococcus sp. XM-24 
co-culture system.

2  | MATERIAL S AND METHODS

2.1 | Synechococcus, cyanophage and Euplotes grazer 
cultivation and experimental design

Synechococcus sp. XM-24 and its associated heterotrophic bacte-
rial assemblages were isolated from coastal seawaters at Xiamen 
Island in China (~24°N, ~118°E) using SN medium (Waterbury, 1986; 
Zheng et al., 2018). Briefly, the top agar overlay method was used 
to promote isolation (Brahamsha,  1996). The bottom layer agar 
concentration was 1.0% (wt/vol), while the top layer concentra-
tion was 0.5%. Culture plates were incubated at 25°C under con-
stant cool white fluorescent light illumination (Philips, Somerset, 
NJ, USA) at 10  μmol  photons  m−2  s−1. Synechococcus colonies ap-
peared after 1–2  months of incubation. Single colonies (after 2–3 
rounds of purification) were then inoculated into 96-well microti-
ter plates (Corning, NY, USA), with each well containing 200 μl of 
SN medium. Co-culture comprised a pure Synechococcus strain and 
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their associated heterotrophic bacterial community that primarily 
consisted of several dominant bacterial species, as previously de-
scribed (Zheng et  al.,  2018). Synechococcus strain XM-24 belongs 
to the 5.2 cyanobacterial subcluster (CB5 clade) that is typically 
associated with eutrophic estuaries (Chen et al., 2006). The XM-24 
co-culture (Figure S1a) comprised a clonal Synechococcus strain and 
diverse heterotrophic bacteria representing a self-selected natural 
assemblage, in which the dominant heterotrophs could be stably 
maintained during transfer in liquid medium (Zheng et  al.,  2018). 
The heterotrophic bacterial communities associated with the 
Synechococcus sp. XM-24 co-culture were previously investigated, 
and the 10 most abundant operational taxonomic units (OTUs) com-
prised >90% of the total heterotrophic community consisting of 380 
OTUs (Zheng et al., 2018). Four genomes from the dominant hetero-
trophic bacterial populations belonging to orders Flavobacterales, 
Rhodobacterales, Cytophagales and Sphingomonadales were previ-
ously obtained from metagenomic sequencing and genome binning. 
The four populations exhibited different lifestyle preferences (free-
living vs. attached), metabolic capacities and responses to changes 
in Synechococcus growth phases (Zheng et al., 2019). The XM-24 co-
culture (Figure S1a) was incubated at 25°C in SN liquid medium with 
continuous irradiation at 10 μmol photons m−2 s−1 for all experiments 
in this study.

The Synechococcus-associated heterotrophic bacterial popula-
tions could be controlled at low abundances after antibiotic treat-
ment (e.g. chloramphenicol, gentamicin) for a short time (3–7 days), 
as well as using flow cytometer sorting Synechococcus cells. However, 
the populations re-established without continuous addition of an-
tibiotics, precluding the ability to obtain an axenic Synechococcus 
strain. Therefore, the Synechococcus strain and its associated nat-
ural-selected heterotrophic bacterial assemblages were used as a 
model photoautotroph–heterotroph system in this study.

The cyanophage SS01 that was used to infect Synechococcus 
sp. XM-24 was isolated from prefiltered (0.22  μm) coastal seawa-
ters around Xiamen Island. The viral particles exhibited icosahedral 
heads with a diameter of about 55 ± 2 nm and noncontractile tails 
that were 120 ± 5 nm in length (Figure S1b). The morphological and 
genomic characteristics of SS01 suggested it was a member of the 
cyanosiphovirus. The genome sequence of SS01 was deposited in 
the NCBI database under the BioProject accession PRJNA672221.

The bacterial grazer Euplotes (Figure  S1c,d) was also isolated 
from Xiamen area coastal seawaters. Euplotes displayed oval or 
egg morphologies with relatively large sizes of 25–35 × 40–55 μm 
(Figure  S1c,d). Euplotes was chosen as the predator for this study 
due to the presence of relatively large attached/aggregated cells 
present in the Synechococcus co-culture. Euplotes typically feed on 
bacterial, algal and small protist cells (Dziallas et al., 2012), and are 
thus an ideal grazer of Synechococcus and their associated heterotro-
phic bacteria. The Euplotes culture was maintained at 25°C in ster-
ile-filtered seawater with rice grains. Euplotes were selected for the 
study using a micropipette and a dissecting microscope, followed by 
washing several times with sterile filtered seawater and scaled up by 
adding to Synechococcus cultures before inoculation.

2.1.1 | Experiment 1

To investigate the influence of cyanophage-mediated Synechococcus 
lysis on the responses of Synechococcus-associated heterotrophic 
bacteria, three batch Synechococcus cultures were established in 
2-L transparent polycarbonate bottles (Thermo Scientific, Nalgene). 
Lytic cyanophage was added to the Synechococcus culture at day 15 
during the middle exponential growth phase of Synechococcus with a 
multiplicity of infection (MOI) value of ~0.1. To eliminate the effects 
due to adding 100-ml prefiltered (0.22  μm) viral lysates, samples 
were collected before (i.e. day 15) and after (defined as 15.1) phage 
addition. No significant (p < .01) differences in nutrient concentra-
tions and community composition were detected between these 
two samples.

2.1.2 | Experiment 2

To investigate the impact of ciliate grazing on the dynamics of 
Synechococcus and their associated heterotrophic bacteria, three 
batch Synechococcus cultures were established in 2-L transpar-
ent polycarbonate bottles (Thermo Scientific, Nalgene). The grazer 
Euplotes sp. was added to the Synechococcus culture at day seven at 
an original abundance of 3 cells per ml, which was estimated based 
on predator-prey relationship dynamics (Figure S2). The ciliate grew 
slowly in the presence of relatively high Synechococcus cell abun-
dances (Figure S2). However, it is difficult to obtain clear patterns 
of nutrient flows and heterotrophic bacterial responses during viral-
mediated lysis when using relatively low Synechococcus cell abun-
dances if cyanophage and ciliates are introduced at the same time. 
Consequently, phage and ciliates were added on different days.

Concomitantly, three batch Synechococcus cultures without any 
additions were incubated as controls in 2-L transparent polycar-
bonate bottles (Thermo Scientific, Nalgene). To ensure consistent 
original Synechococcus abundances and growth condition, all nine 
batch Synechococcus cultures were inoculated from the same expo-
nential phase Synechococcus culture with the initial Synechococcus 
abundance of ~1.60  ×  106 cells per ml. A workflow schematic for 
the experimental design and data acquisition is shown in Figure S3.

2.2 | Abundances of Synechococcus, heterotrophic 
bacteria and virus-like particles

Synechococcus and heterotrophic bacterial cell numbers within the 
co-cultures were measured using flow cytometry, as described pre-
viously (Zheng et al., 2018). Briefly, an Epics Altra II flow cytometer 
(Beckman Coulter, Inc., Brea, CA, USA) equipped with an external 
quantitative sample injector (Harvard Apparatus PHD 2000; Instech 
Laboratories, Inc.) was used to quantify cells. Synechococcus cell 
numbers were determined from plots of side scatter versus red fluo-
rescence, in addition to plots of orange fluorescence versus red fluo-
rescence (Jiao et al., 2005). Total bacterial cells were enumerated by 
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staining them with SYBR Green I and using plots of red fluorescence 
versus green fluorescence and side scatter versus green fluores-
cence. Subtraction of Synechococcus numbers from the total bacte-
rial counts was used to infer heterotrophic bacterial cell abundances. 
Virus samples were analysed separately from the Synechococcus 
samples. Virus-like particles (VLPs) were discriminated on the basis 
of green DNA-based SYBR Green I fluorescence versus 90° angle 
light scatter (Jiao et al., 2005). Flow cytometry data were analysed 
using the EXPOTM 32 Multi-COMP software program (Beckman 
Coulter, Inc.).

2.3 | Total organic carbon, DOC and dissolved 
inorganic nutrient measurements

Liquid culture samples (20  ml) were directly collected into 40-mL 
glass vials (CNW, Germany) and immediately stored at  −  20°C for 
total organic carbon (TOC) analysis. In addition, 20-ml samples 
were filtered through precombusted (450°C for 4 hr) 0.7-μm pore-
size GF/F filters (47  mm diameter, Whatman, Maidstone, UK) into 
40-ml glass vials and stored at −20°C for subsequent DOC analysis. 
TOC and DOC concentrations were measured using high tempera-
ture catalytic oxidation on a Shimadzu TOC-VCPH analyzer (Japan) 
(Sohrin & Sempéré, 2005). Particulate organic carbon (POC) con-
centrations were measured by subtracting DOC from TOC values. 
The concentrations of dissolved inorganic nutrients including nitrite, 
nitrate and phosphate were measured via spectrophotometry, as 
previously described (Knap et al., 1996) using a Technician AA3 Auto 
Analyzer (Bran-Lube, GmbH, Germany). Lastly, the indophenol blue 
method was used to measure ammonium concentrations spectro-
photometrically (Ma et al., 2014).

2.4 | Size-fractionated sample harvesting, DNA 
extractions and 16S rRNA gene sequencing

To collect size-fractionated samples, 50  ml of the liquid cultures 
was sequentially filtered through 20.0- (only for Euplotes addition 
incubations after day 10), 3.0- and 0.22-μm pore-size polycarbon-
ate filters (47 mm diameter; Millipore, USA) at a vacuum pressure of 
<0.03 MPa. Filters were flash frozen in liquid nitrogen and stored 
at −80°C until DNA extraction. DNA was extracted using a hot so-
dium dodecyl sulphate lysis method with phenol/chloroform extrac-
tion, and precipitation with isoamyl alcohol, as previously described 
(Zheng et al., 2018), followed by storage at −80°C until further use. 
The quality and quantity of extracted DNA was assessed using a 
Nano-Drop spectrophotometer (ND-2000; Thermo Fisher).

Extracted DNA from the 134 size-fractionated samples of the 
Synechococcus co-culture incubations was subjected to PCR amplifi-
cation of 16S rRNA genes using primers targeting the bacterial V3-V4 
hypervariable regions (515F, 5′-GTGCCAGCMGCCGCGGTAA-3′ and 
907R, 5′-CCGTCAATTCMTTTRAGTTT-3′) (Lane, 1991). Sequencing 
libraries were constructed using the NEBNext® Ultra™ DNA Library 

Prep Kit for Illumina (New England Biolabs, USA) according to the 
manufacturer's recommendations for NEBNext end preparation, 
adapter ligation, size selection of adaptor-ligated DNA, PCR en-
richment of adaptor-ligated DNA and PCR amplification cleanups. 
Detailed library construction protocols have been described previ-
ously (Zheng et al., 2018). Library quality was assessed using Qubit 
2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 
systems. The libraries were then sequenced on the Illumina MiSeq 
platform with paired-end 250  bp chemistry (Illumina, San Diego, 
CA, USA). Low quality reads (5-mer < Q20, length < 150 bp or the 
presence of ambiguous base-calls) were removed from the library 
and the remaining paired-end reads were combined using the FLASH 
software v1.2.7 program (Magoc & Salzberg, 2011). Reads with ho-
mopolymer lengths >8 bp or >1 mismatch to the 5′ end primer were 
removed from the libraries using QIIME2 version 2018.4 (Bolyen 
et al., 2019). Chimeras were then removed with USEARCH v5.2.236 
(Edgar et al., 2011). UCLUST was used to cluster the remaining high 
quality reads into operational taxonomic units (OTUs) at a nucleo-
tide identity cut-off of 97% (Edgar,  2010). OTUs were then taxo-
nomically classified against the RDP database (release 11.1) (Wang 
et  al.,  2007) using the QIIME pipeline with default parameters 
(Bolyen et  al.,  2019). OTUs with a relative abundance of <.001% 
were removed to avoid overestimations of diversity, as described 
previously (Bokulich et  al.,  2013). In addition, the reads were also 
denoised with the deblur algorithm in order to generate amplicon 
sequence variants (ASVs) (Amir et  al.,  2017). A total of 6,759,583 
paired-end 250-bp read sequences remained after quality control, 
with between 22,215 and 97,233 sequences for each sample and 
average sequence lengths of 411 bp. A subset of 21,751 sequences 
was randomly selected from each sample for further analysis to 
avoid bias from differential sequencing efforts among samples. The 
16S rRNA gene sequence data was deposited in the NCBI Sequence 
Read Archive under the BioProject accessions PRJNA573984, 
PRJNA573986 and PRJNA573987.

3  | RESULTS

3.1 | Synechococcus co-culture dynamics after 
cyanophage and Euplotes additions

Synechococcus cells were inoculated at a density of 1.58 ± 0.12 × 106 
cells per ml in all nine incubations, and increased by ~60-fold (reach-
ing 1.01  ±  0.10  ×  108 cells per ml) at days 22 and 24 in the con-
trol group (Figure 1a). Phage was added to the culture at the 15th 
day of cultivation when Synechococcus was in mid-exponential 
phase (7.32  ±  0.38  ×  107 cells per ml) with a MOI value of ~0.1 
(Figure 1a). The abundance of virus-like particles (VLPs) peaked at 
9.21 ± 1.14 × 108 VLPs per ml after 30 hr of infection, then quickly 
decreased by 12-fold (reaching 7.21  ±  0.24  ×  107 VLPs per ml) at 
day 17, finally stabilizing at ~2.0 × 107 VLPs per ml. Synechococcus 
abundances in the phage addition group displayed a 10-fold reduc-
tion (ranging from 7.21 ± 0.54 × 107 to 6.97 ± 1.04 × 106 cells per 
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ml) between days 15 and 19 and were then maintained at ~5.0 × 106 
cells per ml after day 19 (Figure 1a).

Heterotrophic bacterial abundances increased by 11-fold (from 
8.30 ± 0.22 × 106 to 9.40 ± 1.12 × 107 cells per ml) between days 
0 and 15 in both control and treatment groups, and up to 20-fold 
(peaking at 1.75 ± 0.11 × 108 cells per ml) on day 24 in the control 
group. Heterotrophic bacterial abundances continually increased by 
17% (reaching 1.10 ± 0.16 × 108 cells per ml on day 17) during the 
2-day viral lysis period and were then maintained at ~8.0 × 107 cells 
per ml after day 20 in treatment group (Figure 1b).

The grazer Euplotes was added to cultures at an original concen-
tration of 3 cells per ml at day 7 when Synechococcus abundances 
were 2.50–3.30 × 107 cells per ml (Figure 1a). After an adaptation 
period between days 7 and 11, Euplotes abundances markedly rose 
by fivefold (from 16 ± 3 to 116 ± 6 cells per ml) during the grazer 
exponential growth phase (from days 12 to 15) (Figure 1c). After day 

16, Euplotes abundances slowly declined by 50% (66 ± 8 cells per ml) 
at day 24. Prior to the 10th day, Synechococcus abundances in the 
ciliate addition group did not exhibit obvious differences with the 
control group. A sharp 17-fold decline in Synechococcus abundances 
was then observed in the treatment, ranging from 4.53 ± 0.71 × 107 
to 2.61 ± 0.14 × 106 cells per ml which corresponded to the timing 
of the Euplotes exponential growth phase (Figure 1a). Synechococcus 
abundances continually decreased after day 15 to a minimum value 
of 2.0 ± 0.68 × 105 cells per ml at day 19 (Figure 1a). However, a con-
siderable level of attached or aggregated cells primarily comprising 
heterotrophic bacteria were observed, using fluorescent microscopy 
and transmission electron microscopy (Figures S4 and S5), especially 
in the Euplotes addition group, rendering it difficult to obtain accu-
rate heterotrophic bacterial cell counts using flow cytometry.

Heterotrophic bacterial abundances increased by fourfold 
(reaching 4.20 ± 0.18 × 107 cells per ml) at day 10 before the Euplotes 

F I G U R E  1   Microbial population and organic/inorganic nutrient dynamics over the incubation experiments. The abundances of 
Synechococcus (a) and heterotrophic bacterial (b) cells in control, cyanophage and Euplotes treatment groups over the incubations. The 
abundances of Euplotes in ciliate grazing treatment groups (c). DOC and POC concentration dynamics in control (d), cyanophage (e) and 
Euplotes (f) treatment groups, respectively. PO4

3− and NH4
+ concentrations in control (g), cyanophage (h) and Euplotes (i) treatment groups, 

respectively. The green curves in d–i show the abundances of Synechococcus cells, as given by the right Y-axis of the plots. Error bars 
represent the range of values from duplicate or triplicate measurements. Error bars are not visible when microorganisms were in low 
abundance due to the unit range used for the Y-axis. PO4

3- concentrations exhibited a wide variation across incubations, although their 
replicate measurement errors were minimal and are thus not apparent in the graph
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exponential growth phase. Heterotrophic bacterial abundances then 
decreased by 75% (9.93 ± 0.75 × 106 cells per ml) in conjunction with 
the highest abundance of Euplotes at day 15. Subsequently, hetero-
trophic bacterial abundances reduced by 98% to its lowest number 
(8.66 ± 1.09 × 105 cells per ml) at day 24 (Figure 1b).

3.2 | Nutrient variation in the co-culture system

POC concentrations followed Synechococcus abundance dynamics 
in the control group, increasing by 175-fold (from 1.30 ± 1.01 × 101 
to 2.33 ± 0.42 × 103 μM) from the beginning to the 24th day, and 
decreased slightly by 10% (reaching 2.10 ± 0.59 × 103 μM) at the 
end of the incubations (Figure  1d). DOC concentrations rose 
by 70% from days 7 to 24 (increasing from 2.89  ±  0.18  ×  102 to 
4.95 ± 0.45 × 102 μM) and surpassed POC at day 60 in the decline 
phase (Figure 1d). Background DOC supported early heterotrophic 
bacterial growth from the beginning of the experiments to day seven 
and decreased by 40% (from ~500 to ~290 μM) over this period. It 
should be noted that the adaption period would be much longer 
without addition of organic carbon at the onset of experiments.

After addition of the Synechococcus phage, POC concentra-
tions significantly dropped by 50% (from 1.16  ±  0.27  ×  103 to 
5.42 ± 0.19 × 102 μM), corresponding to declines in Synechococcus 
abundances between days 15 and 17 (Figure  1e). The DOC con-
centrations clearly increased by 45% (from 3.26  ±  0.25  ×  102 to 
4.74  ±  0.34  ×  102  μM) during these two days, and was ~140  μM 
higher than the control group concentrations (Figure 1d,e). The rel-
atively high DOC concentrations in the phage addition group were 
maintained until day 20.

In the Euplotes treatment group, POC concentrations reached 
a maximum value of 5.45 ± 1.04 × 102 μM at day 10 prior to the 
Euplotes exponential growth phase, and then decreased by 66%–76% 
at days 13 and 15. (Figure 1f). From days 15 to 20, POC concentra-
tions were maintained a relatively stable level (between 1.27 × 102 
and 1.14 ± 0.29 × 102 μM) (Figure 1f). DOC concentrations increased 
by 42% (from 2.88 ± 0.10 × 102 to 4.08 ± 0.09 × 102 μM) during 
the Euplotes exponential growth phase, and then varied minimally 
(~20.0 μM) until the end of the incubation experiments.

Available inorganic phosphate was the primary factor limiting 
Synechococcus growth in the control group, with concentrations 
varying from 62.6 ± 0.16 to 0.3 ± 0.25 μM over the entire experiment 
(Figure 1g). However, only a small fraction of inorganic phosphate 
(~5%–10%) was regenerated due to viral lysis and ciliate grazing ac-
tivities (Figure 1h,i). Ammonium concentrations remained lower than 

1.5  μM over the entire incubations in the control group, with the 
exception of the starting (9.6 ± 0.32 μM) and ending (3.9 ± 0.33 μM) 
days (Figure 1g). In contrast, ammonium concentrations ranged up 
to 176.7  ±  4.9 and 209.6  ±  85.7  μM in cyanophage and Euplotes 
addition treatments, respectively (Figure  1h,i). The original nitrate 
concentration was 8 mM in all incubations, and only 25% of the ni-
trate was used over the entire incubation in the control treatment. 
Therefore, inorganic nitrogen compounds (primarily nitrate) were 
abundantly available across the entire incubation period. In the two 
experimental groups, less than 10% of nitrate was taken up due to 
the relatively low Synechococcus abundances. Furthermore, approx-
imately 5%–8% of nitrate was regenerated due to viral lysis and cili-
ate predation. The regeneration of phosphate and inorganic nitrogen 
(especially ammonium) was closely associated with cyanophage-me-
diated Synechococcus lysis and Euplotes predation (Figure 1h,i).

3.3 | Microbial assemblages in the incubations

To investigate the responses of different bacterial populations to 
cyanophage and Euplotes treatments in Synechococcus cultures, 16S 
rRNA gene amplicons were sequenced from 134 size-fractionated 
samples collected throughout the incubations. After subsampling, a 
total of 2,116,116 bacterial 16S rRNA gene sequences were obtained 
from 134 samples after removing Synechococcus reads. The se-
quences clustered into 257 OTUs and 480 ASVs, with each abundant 
OTU primarily comprising one ASV (Table S1). Heterotrophic bacte-
ria were primarily classified to eight orders: Flavobacteriales (rela-
tive abundance of 31.2%), Rhodobacterales (23.5%), Saprospirales 
(15.4%), Rhizobiales (9.6%), Cytophagales (5.7%), Bradymonadales 
(2.8%), Sphingomonadales (2.5%) and Alteromonadales (2.2%) 
(Figure S6).

3.3.1 | Responses of Synechococcus to cyanophage-
induced lysis and Euplotes grazing

Synechococcus sp. XM-24 were primarily observed with free-living life-
styles in the control culture over the entire incubation period, and their 
average relative abundances among the total 16S rRNA sequences 
were 75.1% and 34.4% within the 0.22–3 and >3 μm size fractions, 
respectively (Figure 2a1; Figure S6). After phage addition, the relative 
abundances of Synechococcus quickly decreased to less than 0.5% in 
the two size fractions on day 17 (Figure 2a2). Its relative abundances 
stabilized at low values (<3%) for both size fractions at the end of 

F I G U R E  2   The relative abundances of Synechococcus cells (a1–a3) among the total bacterial 16S rRNA sequence data sets and the five 
dominant heterotrophic bacterial taxa (B, C, D, E AND F) among the total heterotrophic bacterial sequences from the 0.22–3 μm (blue), 
>3 μm (or 3–20 μm) (yellow) and >20 μm (pink) size fractions over the cultivation experiments in the control (a1-f1), cyanophage (a2-f2) and 
Euplotes (a3-f3) treatment groups, respectively. a, Synechococcus, b, Fluviicola, c, Marivita, d, Roseivirga, e, Altererythrobacter, f, Alteromonas. 
The green curves show Synechococcus abundances in the control (a1-f1) and cyanophage addition (a2-f2) treatment groups, while orange 
shows the Euplotes growth curve. Error bars represent the range of values from two or three biological replicates. Detailed descriptions of 
the responses of each taxon to viral lysis and Euplotes predation is provided in the Supplementary Information
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the incubations. Synechococcus relative abundances significantly de-
creased during the Euplotes exponential growth phase. Its relative 
abundances declined by 93.6% (ranging from 62.5% to 3.94%) and 
99.3% (ranging from 11.8% to 0.08%) in the 0.22–3 μm and >3 μm size 
fractions, respectively, from days 10 to 15 (Figure 2a3).

3.3.2 | Responses of Synechococcus-associated 
dominant heterotrophic bacteria to viral lysis and 
Euplotes grazing

The five most abundant bacterial genera comprised more than half 
of the total heterotrophic bacterial sequences in the control group 
(Figure 2b1–f1). The five genera corresponded to Fluviicola, Marivita, 
Roseivirga, Altererythrobacter and Alteromonas belonging to the orders 
Flavobacteriales, Rhodobacterales, Cytophagales, Sphingomonadales 
and Alteromonadales, respectively (Figure S6). Each genus was primar-
ily represented by a specific strain or phylotype (Table S1), and all of the 
phylotypes corresponded to bacterial taxa with previously recovered 
genomes, with the exception of Alteromonas (Zheng, Lu, et al., 2019).

After cyanophage-mediated Synechococcus lysis occurred, the 
dominant heterotrophic bacterial populations separated from aggre-
gates or association with Synechococcus cells and switched lifestyles 
from attached to free-living (Figure 2b2–f2). This apparent decou-
pling was particularly observed for the Fluviicola, Marivita, Roseivirga 
and Alteromonas populations (Figure 2b2–d2,2f2). In addition, both 
Fluviicola and Alteromonas populations displayed rapid positive re-
sponses to Synechococcus lysing, while Marivita exhibited an appar-
ent negative response. Altererythrobacter did not exhibit immediate 
growth responses to Synechococcus cell lysis due to phage infection, 
but their abundances increased during later incubation periods.

Dominant heterotrophic bacterial lifestyles also tended to be 
free-living after the introduction of Euplotes, as particularly exem-
plified by Roseivirga and Altererythrobacter (Figure  2b3–f3). These 
results suggest that attached or aggregated bacterial cells were sub-
ject to greater predation pressures. Most bacterial species need to 
enlarge their cells before division, rendering actively growing and 
abundant bacterial populations highly susceptible to protistan pre-
dation and preferential elimination due to larger cell sizes. Such a 
mechanism could account for the rapid decrease of dominant bac-
terial populations (e.g. as observed for Synechococcus, Fluviicola and 
Marivita) in Synechococcus cultures after Euplotes were introduced. 
When Euplotes were abundant between days 13 to 20, Roseivirga rel-
ative abundances substantially increased in the free-living size frac-
tion, suggesting that Roseivirga may be resistant to Euplotes grazing 
(Figure 2d3).

3.3.3 | The emergence of a ciliate-related zoosphere 
in Euplotes addition incubations

Three size fractions of community samples (0.22–3, 3–20 and 
>20  μm) were used to investigate the bacterial responses to 

Euplotes addition. Some bacterial populations that were not de-
tected or rare in the control and phage addition treatments became 
dominant in the Euplotes addition incubations. These populations 
comprise what we term the novel ciliate-related zoosphere, and in-
cluded nine representative genera/groups belonging to nine orders: 
Rhizobiales (Maritalea) (Figure  3a), Bradymonadales (Bradymonas) 
(Figure 3b), Saprospirales (a novel family member, here referred to as 
Saprospirales sp.) (Figure 3c), Flavobacteriales (Muricauda) (Figure 3d), 
Alteromonadales (Marinobacter) (Figure 3e), Cytophagales (Flexithrix) 
(Figure  3f), Thiotrichales (Francisella) (Figure  3g), Chromatiales 
(Oceanococcus) (Figure  3h) and Rhodobacterales (Ponticoccus) 
(Figure 3i). Each genus/taxon was primarily represented by one spe-
cific strain or phylotype (Table S1), and six of their genomes were 
also obtained by binning genomes from metagenomes (Table S2, un-
published data).

Overall, bacterial community structure significantly changed in 
the ciliate addition group relative to the control group, suggesting 
that the transformation from a Synechococcus-driven phycosphere 
to a Euplotes-remodelled zoosphere resulted in whole communi-
ty-level changes (Figure  3). The zoosphere bacterial communities 
primarily comprised candidate symbionts (Figure S5M-P) associated 
with Euplotes and grazing-resistant bacterial populations (Figure S4, 
Figure S5q–x).

3.4 | Top-down controls impact 
community diversity

Analysis of similarity (ANOSIM) tests revealed that heterotrophic 
bacterial community structure significantly differed between the 
0.22–3 and >3  μm size fractions across the three treatment ex-
periments, as well as between the same size fractions and across 
different treatment groups (Table S3). However, the microbial com-
munities were highly similar in the 3–20 and the >20 μm size frac-
tions in the Euplotes addition treatment (Table  S3). Viral lysis and 
protist grazing could increase or balance diversity in co-cultures and 
in natural aquatic environments by controlling the abundances of 
dominant populations (Chow et  al.,  2014; Weinbauer et  al.,  2007; 
Wommack & Colwell, 2000). Viral-mediated Synechococcus lysis re-
sulted in slightly increased community richness (based on the Chao1 
index) and diversity (based on the Shannon index) (Figure  S7a,b). 
Further, the addition of Euplotes grazers significantly (p  <  .01) in-
creased co-culture system richness and diversity (Figure S7a,b). Both 
the Shannon and richness indices of the >3 μm size fraction commu-
nities were significantly higher than those for the 0.22–3 μm frac-
tions in the control communities. However, significant differences 
in these values were not observed for the cyanophage treatments 
(Figure S7c,d). Lastly, bacterial diversity in the 0.22–3 μm commu-
nity size fraction was the highest among the three size fractions 
in the Euplotes addition treatments (Figure  S7c,d). The increased 
diversity in the free-living size fractions likely arose due to rapid 
growth responses of low abundance bacterial populations (including 
grazing-resistant populations), increased numbers of bacterial cells 
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separated from attached/aggregated forms, and from contributions 
to the community of Euplotes symbionts in the grazer addition group 
(Figure 3). In addition, the network analyses based on the ASV-level 
heterotrophic bacterial species and environmental variables re-
vealed that top-down controls increased co-culture ecosystem com-
plexity, and strengthened microorganism-environment associations 
(Figure S8).

4  | DISCUSSION

Viral lysis and protist grazing can favour or suppress microbial popu-
lation growth, with successful bacterial groups being those that 
survive predation pressure (Pernthaler,  2005; Suttle,  2007). Size-
fractionation analysis offers an opportunity to investigate shifts 

in bacterial populations exhibiting different lifestyles due to lysis 
or grazing pressure and can also inform phenotypic and genotypic 
responses of bacterial populations to these top-down control pres-
sures (Figure 4, S4). Viral lysis and protist grazing also facilitate the 
exchange of bacterial populations between size fractions and were 
accompanied by the transfer of matter and energy between differ-
ent microenvironments.

4.1 | Heterotrophic bacterial responses to viral lysis

Cyanophage addition primarily influenced heterotrophic bacte-
rial lifestyles across different size fractions. Four of five dominant 
populations of the co-culture system (Fluviicola, Marivita, Roseivirga 
and Alteromonas) exhibited obvious decoupling with aggregates or 

F I G U R E  3   The relative abundances of nine dominant heterotrophic bacterial taxa among the total bacterial 16S rRNA sequence 
data sets in the 0.22–3 μm (blue), 3–20 μm (yellow) and >20 μm (pink) size fractions of the Euplotes addition incubations. a, Maritalea, b, 
Bradymonas, c, Saprospirales, d, Muricauda, e, Marinobacter, f, Flexithrix, g, Francisella, h, Oceanococcus, i, Ponticoccus. The orange curve 
shows Euplotes abundances over time. Error bars represent the range of values from two or three biological replicates. Detailed descriptions 
of the responses of each taxon to Euplotes predation is provided in the Supplementary Information
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Synechococcus cells. In addition, different heterotrophic bacterial 
growth responses to virus-mediated Synechococcus lysis were ap-
parent. Fluviicola and Alteromonas exhibited rapid positive growth 
responses to Synechococcus lysing, while Marivita exhibited an 
obvious negative growth response (Figure 2). Polysaccharide uti-
lization loci that encode glycogen utilizing proteins were found 
in the genomes of the Fluviicola and Alteromonas strains of the 
co-culture system (Koch et  al., 2019; Zheng, Lu, et  al., 2019), in-
dicating their potential close associations with Synechococcus and 
its synthesis of glycogen. In contrast, some cellular components 
of Synechococcus released by lysis or secondary metabolites that 
were released by bacteria that rapidly responded to the lysis may 
alternatively constrain Marivita growth, explaining its negative re-
sponse to Synechococcus lysis.

Viral lysis likely increased the co-culture system microbial diver-
sity by controlling the abundance of the dominant Synechococcus 
population and supplying organic matter to their associated 

heterotrophic bacteria (Chow et al., 2014; Weinbauer et al., 2007; 
Wommack & Colwell, 2000). Viral-mediated photoautotrophic lysis 
also likely led to the separation of the associated/symbiotic hetero-
trophic bacteria from attached cells or aggregates. Consequently, 
viral-induced lysis might alter the efficiency of the biological car-
bon pump by allowing DOC to be retained within the euphotic zone 
(Brussaard et al., 2008; Sheik et al., 2014).

4.2 | The remodelling zoosphere via 
Euplotes addition

All five Synechococcus-associated dominant heterotrophic bacterial 
populations, except Roseivirga, quickly exhibited decreased relative 
abundances after ciliate predation pressure, further transforming 
the co-culture system from a Synechococcus-driven phycosphere to a 
Euplotes-remodelled zoosphere (Figure 4). The zoosphere-influenced 

F I G U R E  4   Schematic showing variation in nutrient flow and microbial community shifts after cyanophage (above) and Euplotes (below) 
addition into Synechococcus–heterotrophic co-culture, respectively. After cyanophage addition, Fluviicola and Alteromonas displayed a rapid 
positive response to Synechococcus lysates, while Marivita exhibited a negative response. Fluviicola, Marivita, Roseivirga, and Alteromonas 
tended to detach from aggregates or with Synechococcus cells. In the Euplotes addition experiment, the dominant and actively growing 
bacteria including Synechococcus, Fluviicola and Marivita were highly susceptible to ciliate grazing and were preferentially eliminated by 
selective grazing pressure in a short time span. Some free-living small bacterial cells with spike-like structures on their cell surfaces could 
escape Euplotes grazing, while other cells (e.g. Saprospirales, Muricauda and Flexithrix) formed filaments or aggregates that become too 
large to be ingested by the grazer. Synechococcus was the only primary producer in the co-cultures and transformed CO2, N- and P-related 
inorganic nutrients into organic matter including DOM and POM. Heterotrophic bacteria and ciliates remineralized organic matter to 
inorganic nutrients, thereby accelerating elemental recycling in the co-culture system
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microbial assemblage primarily comprised Euplotes-associated symbi-
onts and bacterial populations that were likely grazing-resistant.

4.2.1 | Ciliate-related symbionts

Ciliate cells have been considered as micro-ecosystems that harbour 
harbouring diverse symbiont communities (Schweikert et al., 2013). 
Euplotes endosymbionts were mostly absent in Synechococcus cul-
tures and exhibited variable relative abundances in the different size 
fractions of the ciliate addition experiments along the ciliate growth 
phases. For example, Maritalea and Bradymonas genera were only 
present in the Euplotes addition group communities. These two gen-
era were mainly present in the 3–20 and >20 μm size fractions during 
the early growth phase of the ciliate, and exhibited rapid increases 
in relative abundances during the later exponential growth period 
of the ciliates. Their variation in relative abundances suggested 
close associations with the growth phases of Euplotes. That is, when 
Euplotes performed binary fission in the exponential phase, its endo-
symbionts also rapidly multiplied. Maritalea myrionectae was isolated 
from a liquid culture of the phototrophic marine ciliate Myrionecta 
rubra during its exponential growth phase (Hwang et al., 2009), fur-
ther implicating a close and specific association between Maritalea 
and ciliates. The endosymbionts identified in this study were located 
near the ciliate cell membranes (Figure S5, M-P) and would be easily 
released into surroundings, thereby displaying free-living lifestyles 
in the incubations that would become robust during the early stage 
of ciliate decline. The two bacterial populations could also represent 
episymbionts. However, no bacterial cells were observed attached 
to the cell surfaces of Euplotes when evaluated with transmission 
electron microscopy (Figure S5i,m). Most previously studied Euplotes 
endosymbionts have not been able to multiply outside of their hosts, 
although some pathogenic symbionts (e.g. Francisella) have been iso-
lated using specific media (Schrallhammer et al., 2011; Schweikert 
et al., 2013; Sjödin et al., 2014).

4.2.2 | Grazing-resistant bacterial populations

Size-selective predation has been thoroughly documented in previ-
ous studies and is considered an important factor that shapes bacte-
rial community structures in ocean environments (Pernthaler, 2005; 
Schweikert et al., 2013). Larger bacteria (e.g. those in the >3 μm size 
fraction) experience higher grazing mortality (Pernthaler, 2005). In 
contrast, grazing efficiency is relatively low for smaller bacterial cells 
(e.g. Roseivirga sp.), and their relative abundances within microbial 
assemblages are expected to increase with increasing grazing pres-
sure (Jürgens & Matz, 2002) (Figure 3).

Small free-living bacterial cells can escape protozoan grazing, 
along with other cells (e.g. Saprospirales, Muricauda and Flexithrix) 
by increasing their cell sizes and becoming too large to be ingested 
by grazers (Figures  3 and 4). The Saprospirales sp. was primarily 
detected in two large size fractions compared to the free-living 

fractions. Further, the relative abundances of the Saprospirales sp. 
did not vary with Euplotes growth phases, remaining relatively stable 
and abundant throughout the incubations. Members of the closely 
related Haliscomenobacteraceae family typically grow in thin, barely 
visible hyaline sheaths that can grow up to dozens of micrometres 
(Daligault et al., 2011; Van Veen, 1973) and are frequently isolated 
from phytoplankton cultures (Chen et  al.,  2014; Lei et  al.,  2015). 
Muricauda, Marinobacter, and Flexithrix exhibited similar population 
dynamics as the Saprospirales sp. Some of the species in these groups 
have been reported to exhibit long-straight-rod or sheathed-filament 
morphologies (Arun et al., 2009; Lewin, 1970; Y. Wang et al., 2017). 
Likewise, the cyanobacterium Phormidium sp. resists ciliate grazing 
by withdrawing inside a polysaccharide envelope and remaining in 
dense and compact clumps (Fyda et al., 2010). Indeed, bacterial cells 
commonly form filaments, microcolonies, aggregates and biofilms to 
protect from predation, wherein cells become embedded in a com-
plex matrix including polysaccharides, proteins, nucleic acids and lip-
ids that can also favour intercellular communication (Jousset, 2012; 
Salcher et  al.,  2007). Polysaccharide-rich envelope structures and 
dense clump-like bacterial aggregates were also frequently detected 
within our Euplotes addition incubations. Similar results have also 
been observed in environments with high protist grazing, and es-
pecially in organic matter-rich incubations (Jürgens & Güde, 1994). 
Thus, the four bacterial populations identified as being resistant to 
predation (Saprospirales sp., Muricauda, Marinobacter, and Flexithrix) 
could potentially represent the long-chain filamentous bacteria and 
dense aggregates/clumps observed in Figures S4 and S5.

In addition to the above mechanisms, bacterial motility and cell 
surface structures (e.g. receptor proteins, capsules and exopolymers) 
can also provide protection against protozoan ingestion or digestion 
(Pernthaler,  2005). Bacterial cells with spike-like structures on their 
surfaces were frequently and uniquely found in the Euplotes addition 
incubations (Figure S5w,x). Such structures could be potentially use-
ful in evading grazing. In particular, Roseivirga sp. population could be 
resistant to ciliate grazing via modification of cell surface. Future re-
search could utilize fluorescence in situ hybridization to better link bac-
terial morphologies, identities and their potential for grazing aversion 
or endosymbiosis. Nevertheless, the grazing activities of the ciliates 
likely played significant roles in structuring the size-fraction distribu-
tion of heterotrophic bacteria in the co-culture system. Indeed, the 
incubation system became remodelled from a Synechococcus-driven 
phycosphere to a novel bacterial assemblage that primarily consisted 
of grazing-resistant bacterial taxa and Euplotes symbionts. Importantly, 
the development of a grazing-resistant bacterial assemblage could lead 
to slower fluxes of carbon and energy flows via the microbial loop and 
limit nutrient regeneration (Gong et al., 2016; Jürgens & Güde, 1994).

4.3 | Viral lysis within the aquatic microbial 
food web

Oceanic cyanophage–host systems are some of the most widely 
studied and best characterized host–virus model systems (Chow 
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et  al.,  2014; Fuhrman & Noble,  1995; Pernthaler,  2005; Sullivan 
et al., 2003). The addition of phages in our experiments had a pro-
nounced effect on the distribution of organic carbon (DOC vs. POC) 
due to the transformation of living cells into detritus referred to as 
lysate. Lysis of Synechococcus cells was associated with a dramatic 
decrease (~680 μM) of POC concentrations from within a two-day 
lysis period (i.e. days 15–17), while DOC concentrations increased 
by ~140  μM during this period, corresponding to a TOC loss of 
~540 μM. These observations indicate that ~80% (540/680) of the 
Synechococcus lysates were utilized and respired to CO2 over a short 
period of time, suggesting that Synechococcus-derived organic mat-
ter was mostly labile (Zhao et  al.,  2019). The relatively high DOC 
concentration was maintained until day 20 in the cyanophage ad-
dition group due to carbon following the ‘DOC-bacteria-DOC’ loop 
(Bratbak et al., 1992). During the postlysis period (i.e. days 17–24), 
both DOC and POC concentrations did not obviously vary. Lysis of 
the main primary producer in the phage addition group led to the 
removal of the organic matter source. The result also suggests that 
phage-mediated lysis of primary producers may be more important 
than lysis of heterotrophic bacterial cells at the ecosystem level.

Phosphate was the primary factor limiting Synechococcus 
growth in the control group, especially in their stationary and de-
cline growth phases. In addition, phosphate concentrations con-
tinuously decreased (from 46.6 to 40.0  μM) during the viral lysis 
period. Thus, P-containing organic matter was primarily integrated 
into heterotrophic bacterial biomass, viral particles, or remained in 
the original degraded compounds rather than being remineralized 
into inorganic phosphate during this period. Instead, the regener-
ation of inorganic phosphate occurred in the postlysis period after 
day 17. Marine bacteria also accumulate polyphosphate in cells, 
slowing its cycling within environment (Diaz et  al.,  2008; Martin 
et  al.,  2014). The accumulation of ammonium also corresponded 
to the utilization of organic matter. A previous incubation experi-
ment also demonstrated that N-containing organic matter from vial 
lysates can be efficiently remineralized by heterotrophic bacteria, 
resulting in regenerated ammonium that could then be transferred 
to phytoplankton (Shelford & Suttle, 2018). In present study, ammo-
nium concentrations quickly increased (from 0.8 to 91.0 μM) during 
the viral lysis period, reaching their highest value (176.7 μM) at day 
60 in the phage addition group. In contrast, ammonium concentra-
tions remained at low values (<10 μM) over the entire incubations in 
the control group. These results indicate that heterotrophic bacteria 
and Synechococcus formed a mutualistic relationship involved in the 
generation and utilization of ammonium in the control co-culture 
system (Christie-Oleza et al., 2017). The removal of Synechococcus 
after cyanophage addition directly caused the accumulation of ex-
cess ammonium. These results also suggest that the viral shunt is 
an important component of marine nitrogen biogeochemical cycling, 
especially in oligotrophic euphotic ocean (Shelford & Suttle, 2018).

Synechococcus lysates comprised highly labile organic matter in 
our experiments (Zheng, Chen, et al., 2019). Our results indicate that 
carbohydrates (based on TOC loss) and N-containing lysates were 
primarily used for energy acquisition by co-cultured cells during 

viral lysis and postlysis periods. In contrast, these results point to 
the P-containing lysates being preferentially used to biosynthesize 
biomass. In the present study, POC concentrations decreased by 
~680 μM during the viral lysis period, while DOC quickly increased 
by ~140 μM in the cyanophage addition group relative to the control 
group. The transfer efficiency from POC to DOC pools was ~20% 
(140/680). DOC comprised heterotrophic bacterial biomass and 
their secondary metabolites. Based on the conversion of POC and 
DOC during the Synechococcus lysis period, less than 20% of the ly-
sate was converted to bacterial biomass, which is consistent with 
other reported phytoplankton lysate transfer efficiencies (Haaber 
& Middelboe, 2009). In addition, varying assimilation efficiencies of 
phytoplankton viral lysates have been observed for different bac-
terial species (e.g. Alteromonas and Roseobacter). Likewise, ~20% of 
the organic matter derived from the infected Phaeocystis globosa 
cells was transferred to Alteromonas sp. cells as based on nano-scale 
secondary-ion mass spectrometry (Sheik et al., 2014). Furthermore, 
picophytoplanktonic DOC released by viral lysis comprised 21% of 
the total carbon production by picophytoplankton in the deep chlo-
rophyll maximum layer of the oligotrophic subtropical north-east-
ern Atlantic Ocean (Baudoux et al., 2007). Successive utilization of 
compounds by different bacterial populations transform virus-medi-
ated phytoplankton lysates from labile organic matter to relatively 
refractory molecules during incubation experiments (Brussaard 
et  al., 2005; Jiao et  al., 2010; Zheng, Chen, et  al., 2019). The suc-
cessive regeneration of ammonium and phosphate suggests that the 
N- and P-containing lysates exhibited different biological availabil-
ities and were likely involved in different microbial metabolic pro-
cesses. For example, the regeneration of ammonium and phosphate 
from the degradation of P. pouchetii lysates represented 78% and 
26% of the lysate N and P, respectively, indicating greater efficiency 
of heterotrophic N mineralization associated with lysate turnover 
in the microbial food web relative to P mineralization (Haaber & 
Middelboe, 2009).

4.4 | Protist grazing as part of the aquatic microbial 
food web

A previous study of protist grazing indicated that 70% of prey bio-
mass derived from photoautotrophs, while only 30% was from het-
erotrophic bacteria, indicating that the primary food source available 
to protists in most regions of the surface ocean was phytoplankton 
(Ducklow,  2000; Frias-Lopez et  al.,  2009). Considering that phy-
toplankton are the main contributors of organic matter to upper 
oceans, it has been suggested that protistan herbivory of primary 
producers is more important than bacterivory at the ecosystem level 
(Sherr & Sherr,  1994). Moreover, protozoan predation of primary 
producers can affect organic carbon (especially POC) fluxes from 
the euphotic zone to the dark ocean as a result of feeding selectivity 
(Sherr & Sherr, 2002).

Ciliate grazing of Synechococcus and heterotrophic bacteria 
are also important components of organic matter redistribution 
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and inorganic nutrient regeneration in ocean environments. 
Selective predation by Euplotes resulted in low POC concentra-
tions after day 10, including reduction even to the original level 
(60  μM). DOC concentrations were clearly higher in the ciliate 
addition group incubations during the exponential and early de-
cline Euplotes growth phases (from days 13 to 20) compared to 
those for the control group. The POC concentration decreased by 
418 μM, while the DOC concentration increased by 110 μM during 
the ciliate rapid growth period from days 10 to 15. The transfor-
mation efficiency of POC to DOC was 26% (110/418), also indicat-
ing the conversion of microbial biomass to DOC by ciliate grazing 
activities. Consequently, as much as 74% (308/418) of the organic 
carbon of the system was respired by Euplotes after ingesting bac-
terial cells, in addition to the contributions from heterotrophic 
bacterial secondary metabolism. Approximately 73%–81% of the 
carbon ingested with the bacterial food is estimated to be dissi-
pated through respiration and excretion during predation by two 
ciliates (Uronema and Euplotes) (Turley et al., 1986). Other studies 
have also shown that the addition of ciliate grazers accelerates and 
enhances the production of new DOC components in laboratory 
cultures, and the new DOC production during herbivorous graz-
ing represents ~16%–37% of the total algal C content (Kujawinski 
et al., 2004; Strom et al., 1997). In the aquatic environment, pro-
tistan grazing substantially contributes to the decline of phyto-
plankton blooms. In most cases, only a single protozoan species 
contributes to these grazing activities, highlighting the impor-
tance of specific protist–phytoplankton interactions in aquatic 
ecosystem (Prakash, 1963; Tillmann, 2004). After peak population 
growth of Euplotes, the microbial communities became ciliate-re-
modelled zoosphere that contained little or no fresh DOM re-
leased by Synechococcus. It is likely that these zoosphere bacterial 
populations are primarily sustained by extracellular DOM produc-
tion by Euplotes (Turley et al., 1986). The impacts of ciliate grazing 
on different size fractions of bacterial cells and the maintenance 
of the ciliate-remodelled zoosphere suggests a close interdepen-
dence of ciliate predators and their bacterial prey in microbial food 
webs(Pernthaler, 2005; Turley et al., 1986).

Little variation in phosphate concentrations was observed in the 
grazing incubations, likely due to the low abundances of Synechococcus 
cells and the concomitant low utilization of phosphate. Only minor 
variation in phosphate concentrations were observed between days 
15 to 17 when phosphate was regenerated (Figure 1i). In contrast, 
an obvious accumulation of ammonium was observed at day 15 in 
the grazing treatments, along with a subsequent continuous increase 
until day 20, ultimately reaching 209.6  μM (Figure  1i). In addition 
to ammonium accumulation, a significant amount of urea was also 
released from protistan grazing activities (Saba et al., 2011). These 
results also suggested that P was mineralized less efficiently than 
N by the combined effects of ciliate grazing/growth and bacterial 
secondary metabolism. The accumulation of ammonium was closely 
associated with the degradation of total organic matter by hetero-
trophic bacteria and the decay of Euplotes cells when Synechococcus 
cells were in low abundance.

5  | CONCLUSION

The forces that regulate bacterial abundances, productivity and 
community composition is a key area of interest in marine microbial 
ecology (Jürgens & Matz, 2002). Bottom-up controls and top-down 
controls are thought to be the primary factors influencing bacterial 
characteristics in environments (Thingstad & Lignell,  1997; Ward 
et al., 2013). Phytoplankton are major contributors of labile organic 
matter to the upper ocean, and heterotrophic bacteria play a cen-
tral role in the transformation and re-mineralization of these organic 
matter contents. Here, we evaluated top-down controls on nutrient 
flows and bacterial responses in a model Synechococcus–heterotroph 
co-culture system. The fractionation of organic matter and regener-
ation of inorganic nutrients were clearly observed in the cyanophage 
and ciliate addition experiments. Viral lysis and protozoan grazing 
increased population diversity by controlling the abundances of the 
dominant species and causing a preference for free-living bacterial 
lifestyles. The shift of bacterial lifestyle strategies, succession of dif-
ferent populations and distinct microbial responses to viral lysis and 
ciliate grazing reflect a highly dynamic co-culture system. Top-down 
controls on the interactions between photoautotrophs and het-
erotrophs underlie the marine food web and shape the ecosystem 
structure and population diversity of the ocean. Further investiga-
tion of the combination of bottom-up and top-down control factors 
will illuminate marine biogeochemistry cycling processes and inter-
action networks of ocean ecosystems.
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