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Abstract

Picocyanobacteria make up half of the ocean’s primary production, and they are subjected to frequent viral infection. Viral
lysis of picocyanobacteria is a major driving force converting biologically fixed carbon into dissolved organic carbon (DOC).
Viral-induced dissolved organic matter (vDOM) released from picocyanobacteria provides complex organic matter to
bacterioplankton in the marine ecosystem. In order to understand how picocyanobacterial vDOM are transformed by bacteria
and the impact of this process on bacterial community structure, viral lysate of picocyanobacteria was incubated with coastal
seawater for 90 days. The transformation of vDOM was analyzed by ultrahigh-resolution mass spectrometry and the shift of
bacterial populations analyzed using high-throughput sequencing technology. Addition of picocyanobacterial vDOM
introduced abundant nitrogen components into the coastal water, which were largely degraded during the 90 days’
incubation period. However, some DOM signatures were accumulated and the total assigned formulae number increased
over time. In contrast to the control (no addition of vDOM), bacterial community enriched with vDOM changed markedly
with increased biodiversity indices. The network analysis showed that key bacterial species formed complex relationship
with vDOM components, suggesting the potential correspondence between bacterial populations and DOM molecules. We
demonstrate that coastal bacterioplankton are able to quickly utilize and transform lysis products of picocyanobacteria,
meanwhile, bacterial community varies with changing chemodiverisity of DOM. vDOM released from picocyanobacteria
generated a complex labile DOM pool, which was converted to a rather stable DOM pool after microbial processing in the
time frame of days to weeks.

Introduction

Marine picocyanobacteria, the genera of Synechococcus and
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primary production [3]. Picocyanobacteria have been pre-
dicted to have large impacts on the future ocean environ-
ment, with 10-20% increase of abundance globally by the
end of 2100 [4]. Marine viruses are also abundant and play
critical roles on microbial mortality in the ocean [5, 6].
About 15% of cyanobacteria are predicted to be infected by
viruses in the World’s Oceans [7]. Viruses which infect
diverse marine picocyanobacteria (cyanophage) have been
isolated from various oceanic environments, ranging from
estuarine systems to open ocean environments [8—11].
Metagenomics data revealed that cyanophage-like sequen-
ces represented 60—80% of the total identified viral genomes
at time from the cellular fractions within the euphotic zone
[12], indicating the wide-spread viral infection and lysis of
picocyanobacteria. Viral lysis of host cells releases intra-
cellular materials and cell detritus quickly into the envir-
onment, thus contributing to the organic matter pool in the
ocean [13]. The viral lysis process of marine microbes
changes the stoichiometry of organic matter [14] and
redistributes the storage and composition of ocean’s carbon
[15]. Dissolved organic matter (DOM) released from pico-
cyanobacteria via viral-lysis directly links the carbon fixed
by primary producers to the marine DOM pool, hence
affecting the biogeochemical cycling of DOM in the ocean
[6, 16]. Viral lysis of planktonic microbes releases an esti-
mated 150 Gt DOC to the ocean every year, thereof is a
major contributor to the marine DOM pool [5]. However,
little is known about the composition and fate of virus-
induced DOM (hereinafter referred to as vDOM) from
picocyanobacteria.

With recent advances in the last two decades in mass
spectrometry (MS), the composition of DOM can now be
characterized with ultrahigh resolution and exact molecular
formulae can be assigned to the ionizable fraction of
desalted or solid-phase extracted DOM. Specifically,
ultrahigh-resolution electrospray ionization (ESI) Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) has tremendously advanced the analytical capacity
to characterize complex marine DOM molecules [17, 18]
and bacterial DOM [19, 20]. FT-ICR MS has revealed
abundant nitrogen-containing compounds in Synechococcus
DOM [21], which may in part result from degradation of
picocyanobacterial phycobilin pigments. Our recent study
has shown that vDOM could contribute substantially to
fluorescent DOM accumulated in the deep ocean [21].

Allochthonous DOM have been shown to have strong
impacts on bacterial communities in the coastal environ-
ment [22], and in a culture study [23]. Previous seawater
incubation experiments inoculated with simple organic
molecules resulted in an increased complexity of DOM
composition which appeared to be similar to naturally
occurring marine DOM [19, 20]. These earlier studies
suggest that natural bacterial communities are able to utilize
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and transform DOM into complex DOM molecules. Viral
lysis of picocyanobacteria occurs frequently in the photic
zone, and the question how do bacteria respond to viral lysis
products of picocyanobacteria has yet to be addressed.

In this study, we prepared virus-induced DOM, or
vDOM by lysing a Synechococcus culture with viruses, and
added the vDOM to a natural bacterial community collected
from the Atlantic coastal ocean. The goal is to understand:
(1) How does the bacterial community in the coastal sea-
water respond to the enrichment of vDOM? (2) How does
the chemical composition of vDOM changes upon bacterial
activities? (3) Is there a correspondence between bacterial
populations and molecular signatures of DOM?

Methods and materials
vDOM collection

Marine Synechococcus strain CB0101 was grown at 25 °C
under constant cool white light (2030 uE m2s7}) in the
modified SN15 medium [24], in which no EDTA and
vitamin B, were added to reduce DOC background. The
CBO0101 culture was challenged by a lytic phage P1 that
was isolated in our previous study [25]. The concentration
of infectious phage P1 was determined by plaque assay.
Viral strain P1 was added into CB0O101 culture at the initial
MIO = 1. It normally takes about 4-5 days for phage P1 to
completely lyse the CBO101 culture. Viral lysate was col-
lected at day 5 in the CBO101 culture challenged with P1
viruses (Supplemental Fig. S1). The lysate was filtered
through GF/F (Whatman®) glass fiber filters. The filtrate
containing vDOM was stored at 4 °C for 3 days until
further use.

Dark incubation experiments

Seawater was collected at the Ocean City Inlet, Maryland,
USA (38.324°N, 75.085°W, surface water). Seventy liters of
surface seawater was taken with recorded temperature of 7 °
C and salinity 32. The water sample was consequently fil-
tered through 0.8-um PC filters (Millipore”) 2 h after sample
collection. A total of six 10L polycarbonate bottles were
used in the incubation experiments (triplicates for the vDOM
treatment and triplicates for the control). All the bottles were
acid washed and rinsed with MilliQ water prior to the
experiment. To set up the incubation, 9 L of filtered seawater
was added into each bottle and all six bottles were kept at
room temperature in the dark condition for 4 days to lower
the presumed background labile DOC level [23] and to
stabilize the microbial community. Afterward, 1 L of vDOM
filtrate was added into the treatment while the control
received only 1L of sterilized modified SN15 medium
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(major nutrients NO;™: 75mgL~!, PO :1.586mgL™",
CO5>7:1.04mg L") to balance the nutrients present in the
vDOM solution. All bottles were incubated in the dark
condition at room temperature (23 =2 °C).

Subsampling procedures

Subsamples were collected at day 0, 1, 3, 10, 30, 60, and 90,
respectively, for analyses of bacterial abundance, bacterial
community structure, nutrients, dissolved organic carbon
(DOC), and DOM chemical composition analyses. Addi-
tional subsamples were taken at day 5, 7, 16, 22, and 45,
respectively, for the analyses of bacterial abundance and
DOC. Subsamples were taken from all the triplicates of the
vDOM treatment and the control.

For bacterial cell counting, 2 mL of subsamples was
fixed with glutaraldehyde at a final concentration of 1% v/v
and kept at —20°C until flow cytometry analyses. To
analyze bacterial community structure, 250 mL of sub-
sample was filtered using 0.22-um filter (Millipore”) and
filters were kept at —20 °C for later DNA extraction. Forty
milliliters of subsample was taken and stored at 4 °C for
nutrient analysis. To measure DOC, 20 mL subsample was
transferred to a pre-cleaned 40-mL glass VOC vial (Thermo
Scientific™). To analyze the chemical composition of
DOM, 1L subsample was filtered through glass fiber
(Whatman®) filters and solid-phase extracted using the
method described previously [26] (referred to SPE-DOM
thereafter). Briefly, filtered samples were acidified to pH 2
using formic acid (Sigma Aldrich, 98%), instead of HCI to
avoid chloride adduct formation in the electrospray and then
extracted using 1 g Agilent Bond Elut PPL cartridges, the
cartridge was then rinsed with acidified pure water, dried,
and eluted with 10 mL of methanol (Sigma Aldrich Chro-
masolv LC-MS"). Triplicate subsamples collected at each
time point were mixed as one for further mass spectrometric
analysis. Samples were stored at —20°C prior to MS
analyses.

Flow cytometry

Bacterial cells were enumerated using an Epics Altra II flow
cytometer (Beckman Coulter, USA) with a 306C-5 argon
laser (Coherent, USA). The enumeration was performed
following the method of Jiao et al. [27]. Bacterial cells were
stained with SYBR Green, sample preparation, and laser
settings followed the protocol described by Liang et al. [28].

Chemical analyses

DOC and total dissolved nitrogen (TDN) were analyzed
using a Shimadzu TOC-V and aTNM-1 unit. High

temperature (680 °C) platinum catalyzed oxidation was
used to quantitatively mineralize DOC and TDN in pH 2
acidified (hydrochloric acid, pure, 32%, Sigma Aldrich)
samples that were sparged for 2.5 min to remove inorganic
carbon. Potassium hydrogen phthalate and potassium nitrate
standards were used to quantify DOC and TDN, respec-
tively. All samples were run in triplicates and then aver-
aged. Total dissolved phosphorus (TDP) was measured
using the alkaline persulfate digestion of phosphorus to
orthophosphate and EPA method 365.1. Dissolved inor-
ganic orthophosphate (PO,°~) was measured using EPA
method 365.1 and the reaction of phosphate with ammo-
nium molybdate and potassium antimony tartrate to form a
blue-colored complex. Inorganic ammonium was quantified
using the Bertholet reaction and the formation of a blue-
colored compound after its reaction with sodium phenoxide.
Nitrite and nitrate were measured using EPA method 353.2
and cadmium reduction of nitrate to nitrite. Nitrite is then
quantified colormetrically upon its reaction with sulfanila-
mide and coupling to N-1-napthylethylenediamine dihy-
drochloride to form an azo dye. Concentrations of dissolved
organic nitrogen (DON) and dissolved organic phosphorus
(DOP) were calculated by subtracting inorganic nitrogen
(NH,, NO;~, and NO, ") and inorganic phosphorus from
TDN and TDP, respectively.

DNA extraction and high-throughput sequence

Triplicate filters collected at each sampling time point were
combined. The DNA was extracted from the combined
sample using the PowerSoil Kit (MoBio') based on the
manufacturer’s protocol with some modifications. Briefly,
200 pl of bead solution was replaced with 200 ul of PCI and
an extra wash procedure was added when the membrane
was stained with a mixture of 100% ethanol and solution C4
(provided in the kit).

The V3-V4 region of bacterial 16S rRNA gene was
amplified with PCR using forward primer 338F (5'-
ACTCCTACGGGAGGCAGCA-3") and reverse primer
806R (5'-GGACTACHVGGGTWTCTAAT-3"). Sample-
specific 7-bp barcodes were incorporated into the primers
for multiplex sequencing. Sequencing was performed using
the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at
Shanghai Personal Biotechnology Co., Ltd (Shanghai,
China). Sequencing data were processed with the Quanti-
tative Insights Into Microbial Ecology (QIIME, v1.8.0)
pipeline as previously described [29]. Operational taxo-
nomic units (OTUs) were clustered from the assembled
high-quality sequences and classified with BLAST in
Greengenes Database [30]. OTUs containing <0.001% were
discarded. Shannon and Simpson diversity indices were
calculated using the OTU table in QIIME.
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Sequence data were deposited to the National Center for
Biotechnology Information under accession number
PRINA495727 (releasing at May 31st, 2019).

Ultrahigh-resolution MS

A non-targeted ultrahigh-resolution MS approach was
used to characterize the SPE-DOM samples from the
incubation experiments. All SPE-DOM samples were
analyzed at the Helmholtz Center for Environmental
Health, Munich, Germany using a 12 Tesla Bruker
Solarix Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS) interfaced with negative mode
ESI. The soft ESI ionization, in combination with ultra-
high resolution MS, allowed to accurately assign exact
molecular formulas to the observed singly charged m/z
molecular ions. Mass accuracy exceeded <0.2 ppm at a
mass resolution of 400,000 at m/z 500. Samples were
directly infused into the ionization source at 2 pL./min and
injection tubing was rinsed with ~600 pL of a 50% water/
methanol mixture after each sample. All samples were
analyzed in triplicates and only m/z ions consistently
present in all spectra at comparable relative abundances
were considered in this study, but replicate samples
showed excellent agreement to each other which is the
pre-requisite to assess complex direct infusion ultrahigh-
resolution MS data in a semi-quantitative manner. For-
mula assignments used in this study are based on the
following number of atoms of Cg_79, Og_»5, Ng_10, and
Sp_». At a mass accuracy of <0.2 ppm, the number of
possible atomic combinations is very limited in the mass
range of 200-600 Da, but when in doubt and to prevent
false assignments, we cross-validated assignments using
isotope simulation matching and always applied the seven
golden rules [31]. After cross-validation, all formulas
presented in this study were unambiguous. Results were
plotted using van Krevelen diagrams [32], in which the
hydrogen to carbon ratio (H/C) was plotted against the
(O/C) ratio of all unambiguously assigned molecular
formulas.

Network analyses and statistics

Spearman’s rank correlation coefficient between relative
abundance of OTUs and m/z ions in the vDOM treatment
were calculated with R (version 3.2.3). Positive strong
correlation (r20.9, P<0.05) and negative strong corre-
lation (r< —0.9, P <0.05) were selected and visualized in
network with Cytoscape (version 3.5.1), respectively.
OTUs and m/z ions with high correlations were set as
nodes in the network, direct edges were made from source
(m/z ions) to target (OTUs) based on correlation. Net-
works were displayed with a Spring Embedded Layout
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method and
Cytoscape.

analyzed with network analyzer in

Results

DOM and nutrients released from viral-lysis of
Synechococcus

The vDOM from Synechococcus yielded about 2000 more
DOM m/z ions compared to the DOM produced from the
same Synechococcus culture without being challenged by
its phage (Supplemental Fig. S2). This result suggests that
vDOM contains more complex chemical composition
compared to the DOM exudates from the cyanobacterial
cells. Intense and diverse CHON ions were identified in the
vDOM produced from Synechococcus [21] and the N-rich
components were also visible when vDOM was added into
the coastal water at the beginning of the incubation
experiment (Fig. 3).

The seawater we used for incubation experiment con-
tained 1.73mgL~! DOC. The addition of vDOM to the
seawater increased DOC by 1.05 mg L™!, resulting in 2.78
mg L~! DOC in the final concentration at the beginning of
the experiment (Fig. 1b). The DON in the control was
below the detection limit at the beginning of experiment,
while vDOM treatment contained 0.16mgL~' DON
(Fig. 1c). This is consistent with the abundant N-containing
DOM formulae assigned in the samples from vDOM
treatment. The original seawater contained 0.02mgL ™!
DOP, and no extra DOP was brought in with vDOM. The
addition of vDOM also increased concentrations of inor-
ganic nitrogen (NO;~ and NH,") and phosphate (PO,
compared to the control which was compensated for the
same volume amount with SN15 medium (Fig. le, f, h).
vDOM added substantial DOC, DON, inorganic N and P
into the incubation system.

Bacterial response to the addition of vDOM

The sharp increase of bacterial abundance was observed at
day 3 in the community amended with vDOM (Fig. 1a),
accompanied by a quick increase of DON and DOP
(Fig. 1c, d). However, inorganic nutrients of PO43_, NOs ™,
and NH," (Fig. le, f, h) in the vDOM treatment showed an
opposite response at day 3. DOC decreased in the vDOM
treatment quickly in response to the bacterial dynamic
before day 3. Bacterial abundance in the vDOM treatment
increased quickly from 5.0 x 10° cells mL™! to 1.8 x 10’
cells mL~" at day 3, decreased to 4.2 x 10° cells mL~" at
day 5 and maintained ca. 5.0 x 10° cells mL~" throughout
the 90 days’ incubation experiment. The concentration of
DOC decreased from 2.78 to 2.30mg L ™! before day 10,



Microbial transformation of virus-induced dissolved organic matter from picocyanobacteria: coupling of... 2555

a Bacterial abundance b DOC
2,0x10" 3.0
] = vDOM addition @ vDOM addition
i seawater control seawater control
1,5x107; 2.5
1 2,0x10°
I ] ﬂ B\ 5x10° -
4 J £ —
E» 1,0x10” | Ef\ox10° w 20
E] ] ol N E 50x10° =
4 3 P ——— L |
i —————1—T——1——1————F° 15
5,0x10° | 0 10 20 30 40 5 60 70 8 90
l 1.0
o O e A f st e & B T O] 1e .
= T "~ 1 1 1 I~ 1 ' 14 L S FUL SR R R N—
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Incubation time (days) Incubation time (days)
c DON d DOP
0.9 0.15
1 4= vDOM addition 0.14 4 vDOM addition
0.8+ seawater control 0.13 seawater control
0.7 0.12
] 0.11
0.6 0.10
. ] — 009
= 0.5+ — 008
o0 1 o0
=t 0.4 g oo7
0.06
0.3 0.05 ]_
0.04 e
o [ 008 e
0.02- -
0.1
| \ > 0.011 =
<) O e
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Incubation time (days) Incubation time (days)
e NO; f PO>
12.0 0.28
1 @ vDOM addition 0.26 = vDOM addition
11.5 seawater control 0.24 seawater control
1.0 0.22
= 105 T, 018 1 i 1
2 100+ w 010 *
& 1 g o014
053 0.12
] 0.10
9.0 0.08
11
8.5 0.06
] 0.04
0+ —— T T — T —— T T Rt 77— T
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Incubation time (days) Incubation time (days)
- +
g NO, h NH,
1.0
«k vDOM addition 0.9 == vDOM addition
seawater control : seawater control
0.8
0.7
0.6
_ 005
o0 o0
g E 04
0.3
0.2
0.1
T ) L e S e B e A i e e s s
70 80 90 0 10 20 30 40 50 60 70 80 90
Incubation time (days) Incubation time (days)

Fig. 1 The dark incubation experiment (total 90 days). The total (d), phosphate PO, (e), nitrate NO;~ (f), nitrite NO,™ (g), and
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and decreased slightly from day 10 to 60, but decreased
sharply from day 60 to 90, finally reaching the same level as
the control at day 90 (1.25 mgL~" in the vDOM treatment
and 1.30mgL™" in the control). Concentrations of DON
and DOP decreased sharply after the sudden increase at day
3, and kept at the low or undetectable level afterward
(Fig. 1c, d). This result suggests that microbial community
responded to the addition of vDOM by scavenging the
available DOC and releasing DON and DOP into the
incubating system. It appears that the uptakes of DOC,
DON, and DOP were not highly synchronized at the early
stage of incubation experiment (within day 10). Our results
show that bacteria in the coastal water are able to consume a
large portion of DOC in vDOM and increase their abun-
dance by more than 30-fold within the first few days of
vDOM addition.

It is intriguing that bacterial cell density decreased
quickly to the background level (seawater) at day 5 in the
vDOM treatment. The growth of bacteria caused the quick
consumption of DOC, resulting in about 50% loss of added
DOC and production of DON and DOP within 5 days.
vDOM added very little or no DON, DOP, and NO,™ to the
treatment at the beginning of the incubation experiment.
The “bacterial bloom” at day 3 resulted in the production of
DON and DOP, which were quickly utilized by bacteria. It
is possible that vDOM lost in the first few days was very
labile and utilized rapidly by bacteria. vDOM present after
day 5 was likely semi-labile and became more recalcitrant
in the later stage, as bacterial abundance remained relatively
constant and low in the later stages.

The addition of vDOM also brought inorganic N and P
(NO;57, PO43’, and NH, ") into the treatment (Fig. le, f, h).
These three types of inorganic nutrients all decreased
drastically in the vDOM treatment from day O to 3, sug-
gesting that the microbial community consumed inorganic
N and P nutrient introduced with vDOM. It is not clear how
bacteria utilized NO;~, PO,*>~, and NH," during the dark
incubation period. Concentrations of NO; and PO,
increased slowly from day 10 to the end of experiment
(Fig. le, f) indicating little consumption of NO;~ and PO,>~
by the microbial community during this period, likely due
to the limitation of other growth factors. The concentration
of NH," increased from day 3 to 10, and decreased gra-
dually to the undetectable level by day 60 (Fig. 1h). The
increase of NH, " from day 3 to 10 could be associated with
the decomposition of largely produced bacterial biomass at
day 3. Nitrite increased gradually from day O to 30 and
decreased to the undetectable level by day 60 (Fig. 1g). We
speculate that the relatively fast oxidization of ammonium
by ammonium oxidizing bacteria led to the increase of
nitrite by day 30 with a slower development of nitrite-
oxidizing bacteria and resulting oxidation of nitrite to
nitrate. The decrease of nitrite and the slow increase of
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nitrate at the later stage of incubation are consistent with a
slowly developing equilibrium between nitrite production
and its oxidation in the later stage of incubation.

Variations of the bacterial community

The bacterial community responded differently to the
addition and no addition of vDOM (Fig. 2a, b). The original
bacterial community (day 0) in seawater was dominated
with Alphaproteobacteria, Sphingobacteria, and Actino-
bacteria, which kept steady to the temperature shift to
laboratory and filtration process (Supplemental Fig. S3).
The bacterial community enriched with vDOM responded
quickly and drastically when compared to the controls
(Fig. 2a). At day 1 and 3, Gammaproteobacteria, Betapro-
teobacteria, and Flavobacteria became more abundant
compared to day 0. Such a community shift corresponded to
the rapid increase of bacterial abundance (ca. 30-folds)
during this period. At day 10, Alphaproteobacteria, Gam-
maproteobacteria, and Flavobacteria were the dominant
bacteria in the vDOM sample. The complexity of the bac-
terial communities in the vDOM samples increased in day
30 and 60, reflected by the increased diversity indices
(Table 1). Many different groups of bacteria (i.e., Acid-
imicrobiia, Chlamydiia, and Nitriliruptoria) appeared
between day 30 and 60. Despite these changes, Gamma-
proteobacteria, Betaproteobacteria, and Flavobacteria were
the three abundant groups, making up more than half of
bacterial community throughout the experiment period. At
day 90, these three groups of bacteria made up 90% of
bacterial community. Gammaproteobacteria were present in
the vDOM sample throughout the 90 days’ incubation, and
they were an important group of bacteria responding to the
addition of vDOM. In contrast, the bacterial community
remained relatively stable in the control and was similar to
the original seawater community which mainly consisted of
Alphaproteobacteria, Sphingobacteria, and Actinobacteria
(Fig. 2b).

Chemical composition of vDOM

The chemical composition of DOM analyzed by FT-ICR
MS was displayed in van Krevelen space. The addition of
vDOM increased the number of molecular formulae for all
the CHO, CHNO, and CHOS formulae classes (Fig. 3). The
numbers of different CHO, CHNO, and CHOS formulae
increased from 2826, 2857, and 1094 to 2855, 2993, and
1140, respectively, at the time when vDOM was added into
the coastal water, suggesting that the addition of vDOM
increased the chemical complexity of DOM, even though it
is expected that an unknown portion of this vDOM is not
visible in negative mode ESI-FT-ICR MS due to weak
ionization and possible strong ion suppression (e.g.,
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alcohols and saccharides). In particular, abundant N-
containing formulae were identified in the samples with
vDOM addition and at the beginning of the experiment
(Fig. 3b). After 90 days’ incubation time, the relative
abundance of these vDOM formulae was decreased but not
completely degraded, which might be due to a presumed
large number of isomers of which some are readily available
whereas others might be resistant to fast microbial degra-
dation. Regardless, a clear decrease in intensity of m/z ions
assigned to nitrogen-containing molecular formulae were
observed at the end of 90-day incubation, implying that the
N-rich DOM produced from the lysis of picocyanobacteria
were effectively utilized by bacteria. The overall molecular
formula patterns in the vDOM treatment and control
became similar in both groups after 90 days, but the num-
bers of identified CHON and CHOS formulae in the vDOM

addition treatments were still higher compared to the con-
trol. Hence, the addition of vDOM increased the diversity of
DOM chemical composition of coastal seawater not only at
the beginning of the experiment but also after 90 days of
dark incubation.

To further assess the different components of vDOM
before and after the 90 days’ incubation, we separated the
formulae in samples from the vDOM treatment into two
parts: First, isolated vDOM m/z ions which are common
with the initial vDOM composition before addition to sea-
water (Fig. 4a) and second: coastal DOM m/z ions present
in the controls. We compared the relative changes in
abundance of m/z ions before and after the incubation
experiments. The majority of these isolated vDOM m/z ions
decreased more than 10%, but a few also increased. There
were also some coastal DOM m/z ions which increased
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Fig. 3 The chemical composition of DOM molecules before and after
incubation. The van Krevelen diagram showed the assigned formulae
in different composition of CHO (blue), CHNO (orange) and CHOS
(green) series in the control (left) and the vDOM treatment (right).

“Completely degraded” refers to the formulae which were identified at
the beginning of incubation but not in the post-incubation samples.
Bubble size represents the relative intensity of mass peaks
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>10%. Relative changes in abundance are typically asso-
ciated with high variability, because slight changes in the
sample matrix and composition may result in differences in
abundance of individual m/z ions, meaning that relative
changes should be taken as indicators but not used for
quantifying distinct changes.

Associations between bacterial species and vDOM
formulae

In order to explore the coherence between bacterial species
and DOM molecular signature, the network analysis was
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used to visualize the complex interactions between bacteria
and DOM at species to molecule level. Sub-datasets were
selected when the spearman’s ranking correlation coeffi-
cient is strong (r20.9 or r<—0.9) between each m/z ion
and OTU identified in the vDOM treatment. Direct con-
nections were made from selected circle nodes (m/z ions,
representing the DOM molecular signatures) to selected
square nodes (OTUs, representing the bacterial species) as
edges in the networks. The strong positive correlations (r 2
0.9) and strong negative correlations (r<—0.9) were
defined as the positive and negative networks, respectively
(Fig. 5).
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In the vDOM treatment, a total of 1829 OTUs and  high positive (r20.9) spearman’s correlation coefficients,
11,210 assigned m/z ions were selected. Among them, forming the positive networks. They consisted of complex
1430 OTUs and 3491 m/z ions were selected based on their networks with 20,455 edges which were divided into 47
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Fig. 5 Network layout showing the association between bacterial
species and DOM formulae in the vDOM treatment. Bacterial species
are shown in square nodes, and different bacterial classes are labeled
with different colors (same color bar, in Fig. 2). Circle nodes represent
assigned molecular formulae of CHO (blue), CHON (orange), CHOS
(green) and others (dark gray, including CHONS formulae and not
assigned ions). Direct connections were made between mass formulae
and OTUs when the Spearmen’s rank correlation coefficient is strong
r20.9 (Positive network, upper) and r<—0.9 (Negative network,
lower), P<0.05. Size of square nodes are proportional to the in-
connected degree. The OTU name tags were shown when square
nodes with connections >100 in the positive network and >200 in
the negative network (the others were listed in supplemental Tables 1
and 2). Assigned molecular formulae in each subnetwork were shown
in supplemental Tables 3 and 4

individual subnetworks. Among these 47 independent
subnetworks, there were two large complex subnetworks
with more than 500 nodes and 2000 edges (Fig. 5 positive
network C1 and C2, Complex). The positive subnetwork
Cl1 is the largest one among all the subnetworks. Positive
subnetwork C1 contains 52 OTU nodes, 2298 m/z nodes
and 3578 edges in total forming several OTU centers. It is
noteworthy that the OTU label size is proportional to
the rank of OTU nodes (number of connections), some
of them may not be readable if they do not occur
frequently. Positive subnetwork C2 contained 254 OTU
nodes, 302 m/z nodes and 2023 edges forming an evenly
connected complex network without large connection
center. Positive subnetworks S1-7 contained a single OTU
node (Fig. 5, positive network S1-7, OTU central), while
S8-16 contained multi-OTU nodes centrally connected
(Fig. 5, positive network S8—16, OTU central). There were
eight mass central subnetworks with more OTU nods
connected with several m/z ions nodes as central (Fig. 5,
positive network M1-16, mass central). The small sub-
networks which were hard to define as OTU central or mass
central and which contained less than ten total nodes were
shown in the “Other” category (Fig. 5, positive network
01-20, others).

In the negative network, a total of 232 OTU nodes and
5291 m/z ions nodes were selected based on their high
negative (r<—0.9) spearman’s correlation coefficient.
These selected nodes consisted of complex networks with
22,022 edges which divided into 18 individual subnet-
works. The negative network contained 1 large complex
subnetwork (Fig. 5, negative network C1, Complex), 3
OTU central subnetworks (Fig. 5, negative network S1-3,
OTU central), 1 mass central subnetwork (Fig. 5, negative
network M1, mass central), and 12 others (Fig. 5, negative
network O1-12, others). Except for negative subnetwork
C1, none of the subnetworks contained more than 50 total
nodes. Negative subnetwork C1 contains 161 OTU nodes,
4948 m/z nodes and 21,755 edges. In general, the positive
network contained less nodes and edges, but was divided
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into more numbers of subnetworks than the negative
network.

The m/z ions associated with top-rank OTUs in positive
subnetwork C1 and negative subnetwork C1 were assigned
to chemical formulae in groups of CHO, CHON, and CHOS
(Fig. 6). The formulae patterns were consistent in the same
subnetwork but distinct between the positive and the
negative networks. The formulae associated with the top
one ranking OTU7624 had relatively higher O/C ratio but
lower H/C ratio than the other top-rank OTUs in the posi-
tive subnetwork C1 (Fig. 6a). All the top-rank OTUs in the
negative subnetwork C1 except for OTU3840 were asso-
ciated high O/C and H/C ratio CHOS formulae (Fig. 6b).
The top-rank OTU nodes with high connections in the
positive subnetwork Cl1 were OTUs from Alphaproteo-
bacteria (Rhizobiales, Sphingobium sp., Kaistobacter sp.,
Sphingomonas sp., Hyphomicrobium sp., and Ochrobac-
trum sp.) Bacilli (Streptococcus sp. and Gemellaceae),
Actinobacteria (Kocuria sp. and Mycobacterium sp.),
Gammaproteobacteria (Enhydrobacter sp. and Steno-
trophomonas sp.), Betaproteobacteria (Achromobacter sp.
and Delftia sp.), and others (Deinococci, Clostridia, and
Gemm-1). The top-rank OTU nodes with high connections
in the negative subnetwork C1 were OTUs from Deltapro-
teobacteria (Bacteriovorax sp.), Gammaproteobacteria
(Piscirickettsiaceae, Methylophaga sp., and Amphritea sp.),
Alphaproteobacteria (Loktanella sp., Rhodobacteraceae and
Tropicibacter sp.), and Betaproteobacteria (Methylotenera
sp.). Only the top nine OTUs in positive and negative
subnetwork C1 were shown in Fig. 6, whereas the others
can be found in Supplemental Tables 1-4.

Discussion

Viral lysis of Synechococcus releases intracellular materials
to produce not only large amount of diverse DOM but also
substantial quantities of inorganic nutrients. vDOM of
picocyanobacteria brought in N-rich DOM (Fig. 3). Our
result also shows that the abundant N-containing compo-
nents introduced by vDOM were largely degraded during
the 90 days’ incubation experiment, suggesting the impor-
tant contribution of nitrogen sources from vDOM to natural
bacterial community and their fast utilization. Viral lysis
from Synechococcus were proved to be novel and distinct
from intracellular materials [33]. Viral lysate contained
unique components compared to the exudate from Syne-
chococcus cells, since vDOM contain products released
from the lysis of whole cells and viral particles. The viral
particles themselves contributed insignificantly to the
amount of total DOC or DON during the viral lysis process
of Synechococcus or during the vDOM incubation (Sup-
plemental Fig. S4). The most possible source of these
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The van Krevelen diagram showed the CHO (blue), CHON (orange),

abundant N-containing components is the unique phycobi-  relatively stable pyrrolic materials degraded from phycobi-
lisome complexity in Synechococcus cells. The degradation  lin pigments [21].
products of phycobilisome is consistent with the labile The DOM chemical signatures of the vDOM treatment

peptides derived from phycoerythrin protein [33] and  became similar to that of seawater at the end of incubation
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(90 days). It seems that bacteria are capable of using and
transforming the vDOM produced from viral lysis of
Synechococcus into DOM products similar to those in the
natural seawater. Long-term bioassays with simple substrate
additions such as glucose [19], glutamic acid or a mixture of
oligosaccharides and oligopeptides [20] showed that DOM
composition after incubation experiments shared similar
signature with seawater DOM. A recent study based on FT-
ICR MS showed that molecular composition was similar
throughout the water column [34]. Does this imply that the
majority of DOM in natural aquatic systems are relatively
stable and contain similar DOM species which cannot be
easily utilized by bacteria? Although FT-ICR MS differ-
entiate the chemical compositional diversity of DOM, it
cannot predict the chemical structure of each formula. The
limitations of the current analysis of DOM include extrac-
tion biases [26] and machine reproducibility [18].

In our study, the coastal bacterial community responded
quickly to the addition of vDOM, both in terms of bacterial
biomass and population structure. The re-assembling of
original bacterial community and DOM signature at the end
of 90 days’ incubation suggests that bacterial community is
able to transform vDOM into less labile or more recalcitrant
DOM in 3 months. The turnover of labile DOM to refrac-
tory DOM by natural bacterial community may occur in a
relatively fast time frame. Although more studies are needed
to confirm this hypothesis, our study provides preliminary
evidence supporting the microbial carbon pump concept
[35, 36], which emphasizes the importance of microbial
activities in transformation of labile DOM  into
refractory DOM.

The addition of vDOM changed bacterial community
during the incubation period, increased not only the che-
modiversity of DOM but also the bacterial diversity.
However, the bacterial community seemed to resume the
original assemblage at the end of incubation. A marked
increase in bacterial biomass was also observed after the
addition of vDOM. The increased bacterial diversity and
abundance within the first few days of vDOM addition is
likely due to the presence and consumption of labile
vDOM. High bacterial diversity was observed in the vDOM
sample at day 30 and 60, suggesting that more bacterial
species were involved in degrading diverse DOM molecules
during this period. The initial bacterial community was re-
established after the exogenous perturbation was over
(90 days in this study). The recovery of bacterial commu-
nity echoes the turnover of vDOM to seawater DOM at the
end of 90 days’ incubation. We assume that there was no
further bacterial transformation of the additional DOM in
this incubation system after 3 months when the environ-
mental condition tended to be stable. Under this circum-
stance, microbial transformation of vDOM resulted in the
environmental  context-dependent  recalcitrant DOC
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(referred as RDOCt [36]). RDOCt can be considered as a
type of RDOC which is present in nature due to the lack of
microbial metabolic process or enzymes. The formation of
RDOCet is the consequence of microbial carbon sequestra-
tion [36].

Gammaprotebacteria, Betaproteobacteria, and Flavo-
bacter thrived in response to the enrichment of vDOM.
Occurrence of these bacterial groups reduced the relative
abundance of Alphaproteobacteria. It is generally believed
that bacterial community in the natural environment is
limited by the availability of DOM [37]. Alphaproteo-
bacteria are known to be active in utilizing low-molecular
weight DOM, such as glucose and amino acids, while
Bacteroidetes (including Flavobacter) can actively take up
high-molecular weight DOM such as chitin, N-acetyl glu-
cosamine, and protein [38, 39]. Gammaproteobacteria and
Flavobacter became more abundant in the vDOM treatment,
particularly in the first 10 days. Their relative abundance
decreased gradually after day 30. Alphaproteobacteria
regained their niche at day 90 (similar to the pre-incubation
period). Prevalence of Gammaproteobacteria and Flavo-
bacter in the vDOM treatment could be triggered by the
enrichment of complex DOM substrates. Viral lysis of
picocyanobacteria is a frequent ecological event in the
ocean. Unlike extracellular excretion, burst of cyano-
bacterial cells as result of viral infection releases diverse
DOM components including cell wall glycans, phycobili-
somes, lipid, carbohydrate, protein, etc. Gammaproteo-
bacteria and Flavobacter could break down large DOM
molecules which are less preferred by Alphaproteobacteria.
Bacteriotes (Flavobacter) also dominate the human gut
microbiome [40]. Bacteriotes are active members in human
gut and they are able to catabolize diverse dietary plan
glycans substrates including cellulose and hemicellulose
[41]. Bacteriotes from different environments employ a
similar strategy for glycan metabolism [41]. Cyanobacterial
cell walls contain peptidoglycans which are thicker and
more cross-linked compared to bacterial peptidoglycans
[42, 43]. Occurrence of Flavobacter in the vDOM treatment
could be related to the degradation of cyanobacterial cell
wall components. Betaproteobacteria were only abundant at
day 3, and remained relatively insignificant during the
incubation. Gammaprotebacteria and Betaproteobacteria
can be found in the coastal water [44], but Betaproteo-
bacteria tend to prevail in the freshwater environment [45].
While Gammaproteobacteria are able to use amino acids,
which are labile DOM to many bacteria, they also utilize
extracellular polysacharides, proteins, and DOM released
from phytoplankton [39, 46]. It is noteworthy that even
within Gammaproteobacteria, the uptake of DOM can be
different [47]. Some Gammaproteobacteria rely more on
exogenous amino acids because they have fewer metabolic
capability for synthesizing common amino acids [48].
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Bacterial population and DOM composition in the ocean
are both highly diverse. Although it is challenging to bridge
complex microbial and chemical species, we intended to use
the network analysis to explore the potential relationship
between major bacterial and DOM species. In the network
analysis, strong positive and negative correlations indicate
the increased and decreased monotonic trends, respectively.
In the positive networks, top-rank OTU nodes were mostly
the connected with CHON formulae, which were accumu-
lated after 90 days of incubation. The top-rank OTUs in the
positive network were affiliated with bacterial taxa which
were dominant at the beginning and end of incubation
experiment (Alphaproteobacteria), contributing to the
accumulation of stable DOM pool. In the negative net-
works, more OTU nodes were connected with the CHO
formulae which were degraded during the incubation time
and the CHOS formulae with high H/C and O/C ratios. The
top-tank OTUs in the negative network were affiliated with
the bacterial taxa which were dominant in the middle of
incubation experiment (mainly Gammaproteobacteria and
Betaproteobacteria) (Figs. 2 and 6), correlated to the
degradation and transformation of relatively active DOM
compounds. Both methods (network analysis and distribu-
tion frequency) concur that different bacterial taxa were
responsible for the accumulation and degradation of DOM
during the incubation period. The key species or taxa could
serve as targets for further functional study of bacteria
involved in transformation of vDOM. The network patterns
also implicated the possible interactions between bacteria
and DOM. The subnetworks were clustered into three major
groups of the complex (containing the largest number of
nodes), the mass central (single mass node connected with
multiple OTU nodes), and the OTU central (single OTU
node connected with multiple mass nodes). We proposed
that the OTUs in the OTU central networks are supposed to
be “generalist” which can utilize multiple DOM substrates
and the OTUs in the mass central networks are “specialist”
related to limited DOM species. Meanwhile, the chemicals
in the OTU central networks would be more complex in
structure than which in the mass central networks, since
they were found by limited bacterial spices other than the
ones connected with multiple bacterial spices. However,
this preliminary hypothesis needs to be verified with more
evidence from bacterial activities and functions, as well as
the structure analysis of the DOM spices.

The consumption and accumulation of DOM are a result of
interactions between the diverse bacterial community and
DOM molecules. One of interesting questions in marine
microbial ecology is whether there is a specific link between
bacterial populations and chemical compounds. Network
analyses visualized the complex correlations between thou-
sands of bacterial species and DOM molecules, and help us to
find the key species or the pattern of interactions. In this

study, by focusing on the substantial changes of bacterial
species and DOM molecules during the incubation experi-
ment, we were able to identify strong correlations between
bacterial OTUs and m/z ions of DOM. To date, only a few
studies attempted to unveil the link between microbial bio-
diversity and DOM chemical diversity. Network analyses
were used to describe the coherence between bacterial species
and DOM molecular signatures in the former field study [36].
Using the combination of high throughput sequencing and
ultrahigh-resolution MS, the study analyzed samples across a
latitudinal transect across the North Sea showed that bacterial
communities were mainly influenced by local events and
correlated with specific labile DOM components. Strong
correlations were identified between certain and limited OTUs
and DOM components in a short-term in situ observation
(20 days) [36], indicating the gap of community functional
analyses and bacterial taxa and their connections to specific
DOM molecules. Here in this study, the combination of high-
throughput sequencing and ultra-high resolution mass spectra
provided the unprecedented diversity and complexity of both
microbial community and DOM. The discussion of interac-
tion between them has been deepened to the level of “species”
to “molecules”. The correlation and interaction were ampli-
fied and focused in the close incubation system, thus we
identified a large number of OTUs and m/z ions with strong
correlation in the vDOM treatment and revealed the complex
interaction between the two complementary complexities.
Bacteria play key roles on transforming organic matter,
and thousands of bacterial and DOM species are present in
the ocean. The ability to link bacterial diversity with che-
mical diversity of DOM will deepen our understanding of
DOM transformation by specific bacterial groups or popu-
lations. The network analysis we applied here is just a first
step toward this goal. A major challenge here is the com-
plexity and the semi-quantitative data of both microbial and
DOM species. Deep sequencing of bacterial community is
now possible and enables us to explore the rare species in
the community. However, the universal primers based on
the 16S rRNA gene regions (V3—-V4) tend to overestimate
some specific taxa such as Gammaproteobacteria [49].
Ultrahigh MS provides the highly diverse data on DOM
chemical composition but is not able to identify single
molecules without the information of chemical structures
and is also relying on a specific analytical window, which
may not be representative for the entire DOM pool. The
application of advanced analytical approaches coupling
with combination analyses of data sets will further explore
the detailed interactions between bacteria and DOM in the
ocean to better understand the processes and mechanisms
that drive biogeochemical cycles. We used coastal water for
this experiment because the Synechococcus and phage were
isolated from the coastal estuary. The water was collected
during the winter time, mainly to obtain a water sample with
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low DOM. This will allow the final concentration of vDOM
to be higher than the background DOM. This may not be an
issue if vDOM is added to oceanic water where the back-
ground DOM is much lower compared to the coastal water.
The incubation at room temperature could potentially
change the composition of bacterial community collected
from the cold season. Ideally, the incubation temperature
should be similar to in situ temperature for the incubation
experiment. We monitored the bacterial community when
temperature increased from in situ to room temperature, and
found little change on the bacterial community (Supple-
mental Fig. S3). However, bacterial community responded
quickly and strongly to the addition of vDOM. In our study,
the added vDOM was mainly the viral lysis products but
contained Synechococcus exudates as well. For the future
study, additional control such as cyanobacterial exudates
should be considered, as Synechococcus cells can release
more than 20% of organic carbon via excretion [50].
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