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ARTICLE INFO ABSTRACT

Handling Editor: Da Chen Dissolved organic matter (DOM) changes in quantity and quality over time and space, especially in highly dy-

namic coastal estuaries. Bacterioplankton usually display seasonal and spatial variations in abundance and

Keywords: composition in the coastal regions, and influence the DOM pool via assimilation, transformation and release of
Estuary organic molecules. The change in DOM can also affect the composition of bacterial community. However, little is
Microorganism

known on the correspondence between DOM molecules and bacterial composition, particularly through a sys-
tematic field survey. In this study, the spatiotemporal signatures of microbial communities and DOM composition
in the subtropical coastal estuary of Xiamen are investigated over one and half years. The co-occurrence analysis
between bacteria and DOM suggested microorganisms likely transformed the DOM from a relatively high (>400
Da) to a low (<400 Da) molecular weight, corresponding to an apparent increase in overall aromaticity. This
might be the reason why microbial transformation renders “dark” organic matter visible in mass spectrometry
due to more efficient ionization of microbial metabolites, as well as photodegradation processes. K- and r-
strategists exhibited different correlations with two-size categories of DOM molecules owing to their different
lifestyles and responses to environmental nutrient conditions. A comparison of the environmental variables and
DOM composition with the microbial communities showed that the environmental/DOM variations played a
more important role in shaping the microbial communities than vice versa. This study sheds light on the in-
teractions between microbial populations and DOM molecules at the spatiotemporal scale, improving our un-
derstanding of microbial roles in marine biogeochemical cycles.

Dissolved organic matter
Fluorescent DOM
FT-ICR MS

1. Introduction of complex molecules that serve as a major reservoir for the global

carbon cycle, amounting to 660 Gt of the carbon in the ocean (Hansell,

Bacterioplankton and dissolved organic matter (DOM) are two key
components in the marine microbial food web, and the transformation
of DOM by bacteria can influence biogeochemical cycles in estuaries and
oceans (Jiao et al., 2010; Landa et al., 2014; Powers et al., 2018). Bac-
terioplankton are abundant and diverse in terms of their species
composition and metabolic activities in the marine environment
(Kujawinski, 2011; Whitman et al., 1998). DOM also contains a mixture

2013; Hansell et al., 2012). Bacterioplankton communities are closely
associated with the DOM composition because bacterial growth and
activity rely on available DOM as an energy substrate (Landa et al.,
2014; Zheng et al., 2019). Phytoplankton can produce and release DOM
into the ambient environment, most of which is expected to be relatively
high molecular weight labile DOM (LDOM) (Azam and Malfatti, 2007;
Jiao et al., 2014). These available sources can then be degraded into low
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molecular weight and more recalcitrant DOM (RDOM) by microorgan-
isms (Amon and Benner, 1996; Jiao et al., 2014; Zheng et al., 2019). It
has been estimated that approximately half of the carbon fixed by
phytoplankton is utilized relatively fast by bacterioplankton and recy-
cled within the microbial food web (Azam and Malfatti 2007; Benner
and Amon 2015; Jiao et al., 2010). Therefore, bacterial assimilation,
transformation, and respiration of organic matter play an important role
in marine carbon cycling (Jiao et al., 2010).

Estuaries are dynamic ecosystems where freshwater mixes with
seawater. Riverine flux contributes greatly to the global marine carbon
cycle (Bauer and Bianchi, 2011). An estimated annual flux of 0.17-0.36
Gt of dissolved organic carbon (DOC) is transported through rivers into
oceans (Dai et al., 2012; Ludwig et al., 1996). During transportation, the
molecular composition and structure of riverine DOM are modified
through a series of microbial processes (Bauer and Bianchi, 2011), as
well as some abiotic processes, such as photodegradation (Mentges
et al., 2017; Miranda et al., 2020). Bacteria in coastal estuaries are more
abundant and diverse compared to those in open oceans, as estuaries are
greatly influenced by rich inorganic nutrients and organic matter input
from rivers (Hewson and Fuhrman, 2004; Traving et al., 2017). Signif-
icant efforts have been made to investigate the role of bacteria in the
DOM cycling in coastal and estuarine environments (Fichot and Benner,
2014; Traving et al., 2017). Many early studies focused on the utilization
of DOM by bacteria without considering the complexity of DOM and
diversity of bacteria and potential biases created by individual analytical
techniques. The “analytical molecular window” obtained by mass
spectrometry is critical to understand the FT-ICR MS results, and the
ionizable DOM molecules only represent a fraction of total DOM (Pat-
riarca et al., 2020). The high molecular weight and highly reduced
“dark” DOM molecules usually contain inefficient ionizable functional
groups, and would be invisible in mass spectrometry analyses. Microbial
degradation of these “dark” DOM might yield ionizable compounds that
could be detected in molecular window of mass spectrometry after sig-
nificant structural changes resulted from bacterial activity (Vorobev
et al., 2018; Zheng et al., 2019).

High-throughput sequencing technology can now generate over a
million sequence reads per sample, and this results in thousands of
operational taxonomic units (OTUs) or “bacterial populations” (Capor-
aso et al., 2011; Ibarbalz et al., 2019). Recently, advanced high-
resolution Fourier transform ion cyclotron resonance mass spectrom-
etry (FT-ICR MS) has been frequently applied to distinguish DOM sig-
natures in complex DOM mixtures in diverse aquatic environments
(Gonsior et al., 2017; He et al., 2020a; Koch et al., 2005). Coupling the
extensive and diverse data between bacterial composition and DOM
molecules it is now feasible using various multivariate statistics, such as
the canonical correlation analysis and network analysis (Osterholz et al.,
2016; Zhao et al., 2019). A network analysis provides graphical statistics
that allow a rapid capture of the potential association between bacterial
populations and chemical molecules (Zhao et al., 2019). By analyzing
both the DOM molecular and bacterial community compositions along a
latitudinal transect in the North Sea, a coupling between active bacterial
populations and labile DOM was found, and this interaction was influ-
enced by local phytoplankton blooms and storm mixing (Osterholz et al.,
2016) Osterholz et al., (Osterholz et al., 2018) also investigated the
composition of DOM molecules and the bacterial community along a
salinity gradient in the Delaware Bay during the fall and winter seasons.
A higher compositional stability was found in the DOM molecules than
the microbial community. Additionally, the bacterial community varied
with the changing chemo-diversity of the DOM, which was detected in
the viral-lysed picocyanobacteria-derived DOM addition incubations
through the means of a network analysis (Zhao et al., 2019). However,
we are still at an early stage in understanding the interplay between
DOM composition, seasonality, and microbial diversity and activity.

In this study, a subtropical estuary is investigated over 1.5 years with
monthly sampling, and a combined analyses of microbial community
structures and organic molecular composition is used to describe the
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DOM pool and its interplay with microbial communities. High-
throughput sequencing is applied to analyze the total and active bac-
terial communities based on the DNA and RNA sequences of the 16S
rRNA gene. The optical analysis and FT-ICR MS are conducted to
describe the spatiotemporal signatures of the complex DOM composi-
tion. A co-occurrence analysis between OTUs, fluorescence components,
organic molecular composition, and environmental variables is per-
formed to distinguish the spatiotemporal distribution patterns of the
different bacterial groups and diverse environmental/DOM variables.
The ultimate goal is to understand the correspondence between DOM
molecules and microbial populations in a subtropical coastal estuary at a
spatiotemporal scale.

2. Materials and methods
2.1. Study area and sample collection

The Jiulong River is the second largest river in Fujian Province,
southeast China, and its estuary is located in the western side of Xiamen
Island (Fig. S1). The coastal seawater around Xiamen Island is influ-
enced by the Jiulong River freshwater input and by the China Coastal
Current, which flows in from the South China Sea (Fig. S1). The estuary-
coastal ecosystem has a subtropical monsoon climate with a long, humid
summer and a short, dry winter (Yan et al., 2012).

Three sampling sites were monthly investigated in the coastal area
surrounding Xiamen Island that represented an ecosystem from the es-
tuary (S03) to the coastal sites (SO5 and S07) (~24°N, ~118°E) from
December 2017 to July 2019 (except February, August, and November)
(Fig. S1). Site S03 is near the base of the Jiulong River catchment, and
significantly influenced by river input. Sites SO5 and SO7 are located at
the southern and eastern portion of Xiamen Island respectively. The
estuary/coastal ecosystem is predominately semi-diurnal tides, and is a
subtropical macrotidal estuary. Considering the sampling not following
the same tidal cycle, the estuary site (S03) was greatly influenced by the
variations of spring and neap tides which would in part hinder our un-
derstanding the spatial pattern. Water samples were collected at
approximately 1 m in depth at all the stations. A total of 36 monthly
samples were collected from three sites (from the estuarine to coastal
water) around Xiamen Island. Water temperature, pH, and salinity were
measured using in situ Conductivity-Temperature-Depth (CTD) sensors
(Sea-Bird Electronics, Bellevue, WA, USA). All of the seawater samples
were pre-filtered through a 20-pum pore size filter to remove eukaryotic
organisms and large particles. For bacterial abundance, 2 ml of a sample
was mixed with glutaraldehyde (1% v/v) and kept at —80 °C. A one-liter
water sample was filtered through a 0.22-pm polycarbonate filter
(Millipore, Billerica, MA, USA) and stored at —80 °C for DNA and RNA
extraction. Furthermore, 40 ml of filtrate was transferred to a 50 ml
clean tube and stored at —20 °C for the nutrient analysis. For the DOM
analysis, water samples were filtered through a 0.7-pym GF/F (pre-
combusted at 450 °C for 4 h, Whatman) glass fiber filters. The 20 ml
filtered water samples were collected directly into two 40 ml glass vials
(acid washed, rinsed with Milli-Q water, and pre-combusted, CNW) and
immediately stored at —20 °C for DOC and fluorescent DOM measure-
ments. One-liter of filtrate was acidified to a pH of 2 in 1L glass bottle
(acid washed, rinsed with Milli-Q water, and pre-combusted) for DOM
extraction.

2.2. Inorganic nutrient and DOM analysis

Inorganic nutrient concentrations including phosphate, nitrate, ni-
trite, and silicate were measured using the PowerMon Kolorimeter AA3
(Bran + Luebbe, Charlotte, NC, USA) followed spectrophotometric
methods described in Knap et al., (Knap et al., 1996). The DOC con-
centrations were measured using a Shimadzu TOC-VCPH analyzer with
high-temperature (680 °C) catalytic oxidation. Duplicate samples were
defrosted and acidified with phosphoric acid to a pH of 2 before being



Q. Chen et al.

analyzed. Potassium hydrogen phthalate standards were used to quan-
tify the DOC.

Fluorescence was determined simultaneously using the Horiba
Aqualog system. Samples were scanned from 240 to 600 nm at 5 nm
intervals using 1-cm path length quartz cuvettes at room temperature.
Excitation (Ex)-emission (Em) matrices (EEMs) were generated at 2.33
nm intervals ranging from 248 to 829 nm at a 2 s integration time.
Collected data were analyzed and decomposed into individual fluores-
cent components using a parallel factor analysis (PARAFAC) as
described by Murphy et al., (Murphy et al.,, 2013) in Matlab 2018
(Fig. S2). All of the samples were normalized by Milli-Q (excitation at
350 nm, emission from 371 to 428 nm).

For the solid phase extracted DOM (SPE-DOM) isolation, one-liter of
filtered (0.7-pm GF/F) and acidified (pH 2) seawater was extracted using
cartridges (500 mg, Agilent Bond Elut PPL, USA) as described by Dittmar
etal., (Dittmaret al., 2008). The molecular composition of SPE-DOM was
analyzed using a 9.4 T Bruker Apex Ultra FT-ICR MS with an Apollo II
electrospray ion source operated in negative mode (He et al., 2020b).
SPE-DOM samples in methanol were injected into the electrospray
source at a rate of 250 pL/h and 128 single scans were conducted to
acquire each mass spectrum. Data analysis was performed using in-
house software as described in previous study (Zheng et al., 2019).
Briefly, a two-mass scale-expanded segment near the most abundant
peak of the spectrum was selected, followed by detailed identification of
each peak. At least one peak from each class of species was arbitrarily
selected as a reference peak. Molecular formulae consisted of up to 100
2c atoms, 2 B3¢ atoms, 200 H atoms, 4 14N atoms, 20 160 atoms and 2
325 atoms.

Individual assigned molecular formula (MF) signal intensities were
normalized to the total identified molecular formula intensities with a S/
N threshold greater than six (Flerus et al., 2012; Lechtenfeld et al.,
2014). The average abundance/value of formulae (CHO, CHON, CHOS,
and CHONS), m/z (mass-to-charge ratio), and ratios of hydrogen to
carbon (H/C) and oxygen to carbon (O/C) were then calculated for each
sample (Flerus et al., 2012). Double bond equivalents (DBE) and
modified aromaticity indices (Alyoq) of the identified molecular for-
mulas were calculated as previously described (Koch and Dittmar,
2006).

Double bond equivalents (DBE) = C — 4H + 4 N + 1

Modified aromatic index (Al04) was calculated as:

1+C—-050-8~-0.5N—-0.5H

Alma =
? C-050-S—N

The distribution of identified MFs in all 33 samples was shown in
Table S1, and the 1748 common MFs were used to inter-sample rankings
analyses as described in Herzsprung et al. (2012, 2017). A rank was
assigned to each MF of each sample (Table S1). In order to better visu-
alize the temporal-spatial pattern of DOM molecular composition, four
typical samples in two sites (S03 and SO7, representing estuary and
coastal environments) from Dec. 2017 (winter) and Jul. 2018 (summer)
were chosen to draw the van Krevelen diagrams and H/C versus m/z
diagrams. The inter-sample rankings analysis provided a MF-specific
ranking pattern for common MF in all 33 samples. The first rank rep-
resents the highest relative intensity of a selected MF among all 33
samples, while the 33nd rank represents that the relative intensity of a
component was the lower than that of the other 32 samples (Kamjunke
et al., 2017).

2.3. Bacterial abundance measurement and the microbial community

The bacterial abundance was determined using bacteria stained with
SYBR Green I (Invitrogen, Carlsbad, CA, USA). The cell counts were
measured using flow cytometry (BD Accuri C6) based on red versus
green fluorescence and side scatter versus green fluorescence plots.

The environmental microbial DNA was extracted using the phenol-
chloroformisoamyl alcohol method as described by Wang et al., (Wang
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et al.,, 2017). RNA extraction was conducted using the zymoBIOMICS
DNA/RNA miniprep kit following the manufacturer’s instructions. The
extracted RNA was then purified and converted to cDNA using the Su-
perScript Double-Stranded cDNA Synthesis Kit (Invitrogen) according to
Wembheuer et al., (Wemheuer et al., 2012). The quality and quantity of
DNA and cDNA were measured using a NanoDrop device (Thermo Sci-
entific Inc., Wilmington, DE, USA). Only high-quality samples (A260,230
> 1.7 and Ageo/280 > 1.8) were used for further analysis.

To determine the microbial community structure, the V4-V5 region
(forward primers 5'-GTGCCAGCMGCCGCGGTAA-3' and reverse primers
5-CCGTCAATTCMTTTRAGTTT-3') of the bacterial 16S rRNA gene of
the DNA and cDNA samples were amplified using the PCR procedure
(Flores et al., 2011). Quantified amplicons were sequenced using the
Illumina MiSeq platform (Illumina, San Diego, CA, USA).

2.4. Statistical analysis

The heterogeneity of molecular formulas was examined using PCA
and PLS-DA. A Spearman’s correlation was conducted between four
PARAFAC components and identified molecular formulas at a 99%
confidence limit, as described by Stubbins et al., (Stubbins et al., 2014),
as well as, between the major total and active bacterial OTUs (defined >
0.01%), and environmental variables. The association between the
major total and active bacterial OTUs and molecular formulas (MFs) are
presented in the co- occurrence network based on a Spearmen’s rank
correlation coefficient of r > 0.7 (positive network) or r < — 0.7
(negative network), p < 0.01. The relationships between the environ-
mental variables, DOM composition, and microbial community were
determined using a canonical correlation analysis (CCorA) based on an
axes of principal coordinate analysis (PCoA) to cover at least a 90%
fraction of each dataset (Osterholz et al., 2016). All of the statistical
analyses were performed in R 3.6.1 (www.R-project.org), and network
visualizations were conducted in Cytoscape V3.7.2.

3. Results
3.1. Spatiotemporal environmental variables and fluorescent DOM

Located in the subtropical zone, Xiamen has a relatively long summer
season (Yan et al., 2012). The four seasons used in this study were
defined as spring (March and April), summer (May, June, and July), fall
(September and October), and winter (December and January). The
environmental variables measured included temperature, salinity, pH,
DOC concentration, bacterial abundance, nitrate, nitrite, phosphate, and
silicate (Fig. S3). Clear spatial and temporal variations in the environ-
mental variables were found for all of the samples.

The water temperature ranged from 14.8 to 30.0 °C. The average
temperature increased from winter and spring (17.4 + 2.1 °C) and from
summer and fall (27.2 4+ 2.4 °C). The bacterial abundance and DOC
concentration were positively correlated with temperature (Pearson’s r
= 0.68 and 0.48, p < 0.01). While the tyrosine-like component, C3,
showed a negative correlation with temperature (Pearson’s r = —0.66, p
< 0.01) (Fig. 1A, Fig. S2, Fig. S3).

The salinity ranged from 15.8 to 33.5 in all of the samples. The
average salinity increased from the estuary site, SO03 (24.1 + 4.6), to the
coastal sites, SO5 and S07 (29.6 + 2.1 and 31.0 + 1.3, respectively)
(Fig. S3B). The inorganic nutrient concentrations, including phosphate,
nitrate, nitrite, and silicate, were all negatively correlated with salinity
(Pearson’s r = —0.77, —0.90, —0.51 and —0.87, p < 0.01), suggesting
that river-enriched inorganic nutrients were diluted in the coastal area.
Fluorescence intensities of humic-like components (C1 and C2) and
tryptophan-like C4 component were negatively correlated to salinity
(Pearson’s r = —0.92, —0.92 and —0.52, p < 0.01), signifying riverine
inputs of fluorescent DOM to the coastal sites (Fig. 1B, Fig. S2, Fig. S3B).
Nitrite was strongly correlated with both temperature (p < 0.01, r =
0.48) and salinity (p < 0.01, r = —0.51). Considering the relatively high
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Fig. 1. Spatiotemporal environmental variables and optical properties of the DOM. (A) Temporal-related environmental factors (DOC concentration, bacterial
abundance (BA), and fluorophores C3). (B) Spatial-related environmental factors (pH, inorganic nutrients, and fluorophores C1, C2, and C4).
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r? value with salinity, the nitrite was classified into spatial-related var-
iable in the following analyses.

3.2. Molecular signature and spatiotemporal distribution of DOM

A total of 8,460 MFs were classified into the CHO, CHON, CHOS, and
CHONS groups based on their elemental composition (Fig. S4). The
relative intensity of S-containing MFs (including CHOS and CHONS
groups) decreased from sites S03, S05, to S07 (14.5 + 9.5%, 9.2 + 2.6%,
to 8.6 + 2.5%), while the relative intensity of N-containing MFs
(including CHON and CHONS groups) didn’t show an obvious variation
pattern from sites S03, SO5, to S07 (22.1 + 1.6%, 22.2 + 0.8%, to 22.3 +
0.9%). In addition, the average m/z value was the lowest at site SO3
(403.41 + 9.90), followed by sites SO5 and SO7 (407.08 + 9.27 and
409.02 + 11.44, respectively). While the average Alpoq value was the
highest at site S03 (0.27 + 0.03), followed by sites SO5 and S07 (0.26 +
0.04 and 0.24 + 0.02, respectively). A much lower average m/z but
higher Alpoq values (394.14 + 3.2 and 0.27 + 0.1, respectively) were
present in summer compared to spring (411.91 + 5.8 and 0.24 + 0.1,
respectively), fall (414.97 + 11.1 and 0.24 + 0.1, respectively), and
winter (407.81 + 5.9 and 0.24 + 0.1, respectively).
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A partial least squares discrimination analysis (PLS-DA) and a prin-
cipal component analysis (PCA) were conducted to sharpen the sepa-
ration of identified MFs between sites (Fig. S5, Fig. S6). A total of 827,
867, 1,052, and 1,040 molecules were identified as unique MFs for the
coastal, estuarine, summer, and fall-winter-spring groups, respectively
(Fig. 2, Fig. S7). It should be noticed that the majority of molecules in
these four specific DOM pools were only present once in all samples
(Table S1). A considerable proportion of the unique S-containing mol-
ecules was observed in the estuarine group compared to the coastal
group (59.5% versus 14.0%, respectively). A comparison of the unique
CHOS molecules in estuary and coastal showed that the relative high
molecular weight CHOS molecules (>500 Da) were abundant in coastal
group, while the lower molecular weight CHOS molecules (<400 Da)
were abundant in the estuary group. The unique N-containing MFs
comprised 41.8% and 62.0% of the estuarine and coastal groups,
respectively. The O/C ratio and average m/z values were 0.32 and
373.98, respectively, for the summer group, and 0.57 and 473.26,
respectively, for the fall-winter-spring group.

The inter-sample rankings analyses were used to understand the
differences in DOM-quality between summer and winter, and between
estuarine and coastal sites. In order to more easily and transparently

Fig. 3. Inter-sample rankings analysis of
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understand the temporal-spatial variations of DOM molecular compo-
sition, four typical samples in two sites (S03 and SO7, representing es-
tuary and coastal sites) from Dec. 2017 (winter) and Jul. 2018 (summer)
were displayed in the van Krevelen diagrams (Fig. 3). Generally, the
seasonal DOM quality changes seemed to dominate over the spatial
changes. These MFs in the ranks 1-8 (relatively high molecular relative
intensities) of two winter samples exhibited relatively high m/z values
(most MFs > 400 Da) with H/C > 1.0 and O/C > 0.4, while the MFs in
the ranks1-8 of two summer samples displayed lower m/z values (most
MFs < 400 Da) with H/C < 1.5 and O/C < 0.5. A comparison between
sites SO3 and SO7 in summer showed that SO3 seemed to be more
influenced by middle molecular weight highly aromatics (polyphenol-
likes) from terrestrial origin (H/C < 1.0), and S07 showed ranks 1-4 for
lower molecular weight compounds with 1.0 < H/C < 1.5. The DOM-
quality between sites SO3 and SO7 in winter didn’t display obvious
differences which might be caused by the low river flow into the estuary
and intensive mixing in the coastal area.

3.3. Spatiotemporal features of the microbial community

In this study, bacterial communities were studied based on both DNA
and RNA sequences of the 16S rRNA gene. A total of 4,996 and 6,021
OTUs were identified in the DNA and RNA datasets, respectively. For the
simplicity, they are referred to as the total and active microbial com-
munities in the following sections. In the total microbial community, the
major bacterial groups, Alpha-, Gamma-proteobacteria, and Bacter-
oidetes comprised 67.7% of total relative abundance. Alphaproteobac-
teria followed by Cyanobacteria and Gammaproteobacteria contributed
a large proportion (64.7%) to the active microbial community (Fig. 4A,
Fig. S8A).

To explore the co-occurrence patterns among the total and active
microbial communities (at the OTU level), fluorescent DOM (FDOM)
components and environmental variables, network analyses were per-
formed (Fig. 4B and Fig. S8B). The DNA-based general network pattern
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primarily contained two portions comprised of microbial populations
associated with temporal-related and spatial-related environmental
variables. In the total microbial community, Actinobacteria, Bacter-
iodetes, Betaproteobacteria, Deltaproteobacteria, and Marinimicrobia
showed higher relative abundances correlating with temperature, DOC
concentration, and FDOM C1 component, suggesting that these bacterial
groups were sensitive to changes in the temporal-related environmental
variables (Fig. 4B). In contrast, Planctomycetes and Verrucomicrobia
were more abundant populations that correlated with salinity, inorganic
nutrient concentrations, and the FDOM C1, C2, and C4 components,
indicating that these bacterial groups were more susceptible to spatial-
related environmental variables. Additionally, the higher relative
abundance of Alphaproteobacteria, Cyanobacteria, Gammaproteobac-
teria, and Thaumarchaeota correlated with most of the variations
(environmental variables and FDOM), implying that these bacterial
populations were influenced by both spatial and temporal variables. The
RNA-based network pattern was similar as the DNA level (Fig. S8B and
Supplementary material: Spatiotemporal features of active microbial
community).

3.4. Linking FDOM components and the DOM molecular signature

It should be noticed that FDOM determines the complex fluorescent
DOM, while FT-ICR MS offers an analytical window into the accurate
masses of individual molecules. Both samples were obtained using
different experimental methods (direct filtered water versus solid-phase
extracted material), and they may comprise differences in the molecular
composition. Therefore, the similarity in variable behaviors or biolog-
ical availability was focused on in this study. The number of positive
correlations (r > 0.44, p < 0.01) between fluorophores C1-C4 and the
MFs were 151, 108, 271, and 123, respectively (Fig. S9). Comparing
humic-like fluorophores (C1 and C2) and protein-like fluorophore C3,
the MFs that were positively correlated with humic-like fluorophores
displayed relatively low average m/z values (330.22 and 321.50 Da,
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respectively), but relatively high Al g values (0.34 and 0.30, respec-
tively). While the protein-like fluorophore C3 was positively correlated
with the MFs those had higher average m/z (510.34 Da) and lower Al,0q
(0.18) values. However, the molecules that were positively correlated
with protein-like fluorophore C4 exhibited no clear pattern due to the
non-conservative behavior of C4. The fluorophore of tryptophan-like C4
was reported to decrease from the upstream (fresh water) of the Jiulong
River and estuary to the coastal water in the previous study, exhibiting
in part terrestrial source properties (Guo et al., 2011). However, C4
component also received widespread additions (likely from autochtho-
nous production) in the estuary, suggesting that it may come from
multiple sources (Guo et al., 2011).

3.5. Co-occurrence network between the microbial community and DOM
molecules

The correlations between the OTUs from the total microbial
composition and the identified MFs were computed to evaluate the
relationship between microbial populations and DOM molecules
(Fig. 5). Overall, the average m/z and Alp,q of the MFs that participated
in the positive network were 390.82 Da and 0.29, respectively. How-
ever, much higher average m/z (427.47 Da) but lower Alyoq (0.24)
values were detected in the negative networks.

Four major subnetworks (two positive subnetworks, DPM1 and
DPM2; two negative subnetworks, DNM1 and DNM2), which contained
231 OTUs and 1,416 MFs, accounted for a considerable relative

Positive network

Negative network
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abundance/intensity of the total microbial community (45%) and the
total identified molecules (45%) (Fig. 5). In addition, the MFs in the
subnetwork DPM1 displayed low average m/z (323.83 Da) and high
Alpoq (0.34) values, while the MFs in DPM2 exhibited high average m/z
(497.52 Da) and low Al},0q (0.20) values. In these two complex negative
subnetworks, the average m/z values for DNM1 and DNM2 were 497.83
Da and 305.38 Da, respectively, and the corresponding Aly,oq values
were 0.18 and 0.35, respectively.

Particularly, 112 common OTUs were found in both the positive
DPM1 and negative DNM1 subnetworks, suggesting these bacterial
populations were positively correlated with low m/z (322.53 Da) and
high AIneg (0.35) MFs. In addition, they were negatively correlated with
high m/z (497.64 Da) and low Al,q (0.18) MFs. These OTUs comprised
10% of the total community and significantly correlated with 41%
(relative intensity) of molecules (Partial Mantel test r = 0.52, p < 0.001).
A majority of these taxa were Alphaproteobateria, especially Rhodo-
bacteraceae, followed by Actinobacteria and Betaproteobacteria (mostly
Rhodocyclaceae). In contrast, there were 31 mutual OTUs in DPM2 and
DNM2, and those microorganisms were positively correlated with high
m/z (497.87 Da) and low Aloq (0.18) MFs and negatively correlated
with low m/z (304.43 Da) and high Alq (0.35) MFs. These 31 OTUs
made up 22% of the relative abundance of the total community and were
significantly correlated with 30% of the total molecular relative in-
tensity (Partial Mantel test r = 0.50, p < 0.001). The dominant taxa were
Alphaproteobateria, primarily SAR11, Gammaproteobateria, and Beta-
proteobacteria (mostly Methylophilaceae). The co-occurrence networks

Fig. 5. The co-occurrence network
based on the Spearman correlation be-
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between RNA-based OTUs and organic molecules also had similar pat-
terns as the DNA/MFs (Fig. S10 and Supplementary material: Co-
occurrence network between active microbial community and DOM
molecules).

The degree indicating the connections between the MFs and OTUs
was calculated. The average degree number of MFs was five. The
correlated MFs were then classified into “keystone” (degree > 10) and
“independent” (degree = 1) DOM groups (Fig. S11). The “keystone”
DOM molecules represented key intermediate substrates or products
that interacted with multiple microbial populations consisting of either
higher (506.36 Da, n = 47) or lower (372.79 Da, n = 119) molecular
weight molecules in negative and positive networks, respectively.
However, the “independent” DOM group represented these unique
molecules that were only associated with one specific microbial popu-
lation comprised of a more diverse and wider size range of molecules.
The average degree number of OTUs was 31. Similarly, OTUs with high
connectivity (degree > 60) were classified as “generalists,” which can
potentially utilize or produce multiple DOM molecules. The majority
(75%) of these taxa were Alphaproteobateria. OTUs with low connec-
tivity (degree = 1) were defined as “specialists”, which prefer specific
molecules. The most dominant taxa (35%) was Bacteroidetes.

3.6. Linking environmental variables, diverse DOM compositions, and the
microbial community

Because the relationship between microorganisms and DOM is
bidirectional, bacteria can consume or produce DOM molecules. In
addition, the labile DOM composition can shape the microbial com-
munity. Therefore, the bimultivariate redundancy coefficients were
calculated to evaluate one dataset as explained by another dataset (and
vice versa) (Table 1). Generally, the coefficients between the environ-
mental/DOM variations and the total community (Env|DNA 0.87|0.16;
FDOM|DNA 0.79]0.14; and MFs|DNA 0.62|0.40) were higher than vice
versa. The results were similar in the RNA-based active community, and
the coefficients between environmental/DOM variations and active
community (Env|RNA 0.89]|0.16; FDOM|RNA 0.81|0.15; and MFs|RNA
0.60|0.38) were higher than vice versa. These results indicated that
abiotic variables had more impact on the biotic composition. In addi-
tion, environmental variables (0.87 and 0.89) and FDOM (0.79 and
0.81) presented a higher proportion of both the total and active mi-
crobial compositions than the MFs (0.62 and 0.60), suggesting that the
environmental variables and FDOM were better correlated with the
(total and active) microbial community compared to the MFs. Also,
comparatively lower coefficients were found between the RNA-based
association with the MFs (0.60|0.38) than the DNA-based association
with the MFs (0.62|0.40).

Table 1

Redundancy coefficients derived from the canonical correlation analysis
(CCorA) based on microbial OTUs (DNA or RNA), environmental variables
(env), fluorescence components (FDOM), and identified organic molecules
(MFs).

Redundancy coefficients

MFs on DNA/DNA on MFs 0.62/0.40
FDOM on DNA/DNA on FDOM 0.79/0.14
Env on DNA/DNA on Env 0.87/0.16
MFs on RNA/RNA on MFs 0.60/0.38
FDOM on RNA/RNA on FDOM 0.81/0.15
Env on RNA/RNA on Env 0.89/0.16
DNA on RNA/RNA on DNA 0.77/0.77
MFs on FDOM/FDOM on MFs 0.13/0.47
Env on MFs/MFs on env 0.47/0.13
Env on FDOM/FDOM on env 0.50/0.50

Bimultivariate redundancy coefficients for one dataset as explained by another
dataset (and vice versa).
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4. Discussion

This study linked the microbial community with environmental
variables and FDOM, as well as DOM molecular composition, and
analyzed the spatiotemporal distribution patterns of bacterial groups.
The dynamics of the total and active bacterial groups were able to be
distinguished over the seasons in a coastal estuary. In addition, corre-
lation analyses between microbial communities and DOM molecules
indicated that different bacterial groups were negatively and positively
correlated with different sizes of molecules (>400 Da or < 400 Da),
respectively. These findings deepened the understanding of microbial
processing DOM in coastal carbon cycling.

4.1. Spatiotemporal variation in the DOM composition

Allochthonous and autochthonous organic matters together
contributed to the estuarine-coastal DOM pool. S-containing organic
molecules were more abundant and unique in the estuary, while diverse
and distinctive N-containing molecules accumulated in the coastal area
(Fig. 2). The S-containing molecules could be derived from autochtho-
nous production, as well as a great contribution from anthropogenic
activities (Flerus et al., 2012; Ksionzek et al., 2016). A higher portion of
S-containing organic matter has been reported in effluent compositions
and in an estuary affected by sewage (Gonsior et al., 2011; He et al.,
2020b). Hydrodesulphurization in sediments and resuspension of these
material may also lead to abundant S-containing DOM signatures in
estuarine regions (Schmidt et al., 2009; Gomez-Saez et al., 2017; Poh-
labeln et al., 2017). The enriched unique N-containing molecules in the
coastal area could be derived from phytoplankton primary production
and heterotrophic bacterial secondary metabolism, as well as photo-
chemical degradation with potential preference for CHO group mole-
cules (Blough 2002; Seidel et al., 2016; Seidel et al., 2015).

The fact that the DOC concentration was relatively high in summer
and fall compared to spring and winter could be related to high primary
production caused by seasonal phytoplankton growth/bloom, river in-
puts, or strong water column mixing caused by storms (Fig. 6) (Wang
et al., 2019; Yang et al., 2015). Typically, there exists successions of
diatoms and Synechococcus with high abundances in the studied region
(Yang et al., 2012; Wang et al., 2019; Chen et al., 2021). Both diatom-
and Synechococcus-derived DOM consist of labile tyrosine-like fluo-
rophore with a relatively high fluorescence intensity that can be utilized
by bacteria to produce more humic-like fluorescent components
(Romera-Castillo et al., 2011; Lgnborg et al., 2013; Zheng et al., 2019).
In the present study, the labile tyrosine-like fluorophore C3 was almost
depleted in summer (Fig. 1A, Fig. S3A), while two relatively recalcitrant
humic-like components, C1 and C2, were the highest in summer
(Fig. 1A, Fig. S3A) and could be caused by microbial transformation
(Romera-Castillo et al., 2011; Zheng et al., 2019). In addition, the
average Alnpoq value of the MFs which partly reflects the molecular
recalcitrant level was the highest, but the average m/z value was the
lowest in summer (Fig. S4). Decreased m/z and increased Alpq values
were also detected in the transformation of Synechococcus-derived DOM
by environmental microorganisms (Zheng et al., 2019). It is therefore
likely that the environmental microbial processing of DOM might have
contributed to the production and accumulation of humic-like compo-
nents (as revealed by the FDOM results) and lower molecular weight
molecules (as revealed by the FT-ICR MS results), especially in the
summer.

4.2. Microbial mediated DOM molecular transformation

It should be noted that bacterial degradation of high molecular
weight and highly reduced “dark” DOM might yield ionizable com-
pounds that would not be visible in mass spectrometry prior to signifi-
cant structural changes associated with this microbial degradation.
Unfortunately, direct infusion ultrahigh resolution mass spectrometry is
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prone to favor highly ionizable compounds and may severely suppress
high molecular weight reduced molecules that contain difficult to ionize
functional groups. In present study, it is likely that the environmental
microorganisms efficiently transformed high molecular weight and
highly reduced “dark” DOM into relatively small and ionizable com-
pounds that could be captured by the “analytical window” of FT-ICR MS
in the estuary-coastal ecosystem, especially in summer.

The FT-ICR MS provided a window for the identification of low-
molecular-weight (LMW) DOM (200-800 Da). Correspondence be-
tween the molecular size and the microbial community was established
when the molecular size (>400 Da or < 400 Da) was positively or
negatively correlated with different microbial groups (Fig. 5). However,
these correlations did not necessarily allow a resolution to the trans-
formation between the microbial community and the DOM composition
(Osterholzet al., 2016). Rather, that generated directions for further
detailed investigations of microbial degradation and production of
DOM. Our previous incubation experiments supported that microbial
communities tended to uptake high molecular weight DOM (>400 Da)
and produce low molecular weights (<400 Da) with increasing aroma-
ticity (Zheng et al., 2019). Microbial newly formed DOM molecules were
between 280 and 320 Da in a phytoplankton bloom incubation (Oster-
holz et al., 2015) and<400 Da in a riverine DOM degradation experi-
ment (Kamjunke et al., 2017). Additionally, the utilization of labile
protein-like FDOM components (e.g., C3 positively correlated with >
400 Da molecules) has been typically accompanied by the accumulation
of relatively recalcitrant aromatic/humic-like compounds (e.g., both C1
and C2 positive correlated with < 400 Da molecules) in incubation ex-
periments (Amaral et al., 2016; Zheng et al., 2019). Molecules with
higher m/z values (>400 Da) but lower Al},,q were found in the negative
network, while molecules with lower m/z values (<400 Da) and higher
Aloq were found in the positive network based on the DNA dataset
(Fig. 5). These results also imply that the microbes likely transformed
from high (>400 Da) to low molecular weight (<400 Da) DOM mole-
cules, corresponding to increasing aromaticity in the coastal estuary.

Environment International 154 (2021) 106558

Fig. 6. Schematic of the coastal microorganism-
mediated dissolved organic matter transformation.
The coastal DOM is a mixed pool of organic matter
driven by riverine input, phytoplankton primary
production, sediment resuspension, and intensive
anthropogenic disturbance (e.g., sewage discharge
and aquaculture). During transportation, organic
molecular composition, structure, and bioavail-
ability are modified through a series of microbial
metabolic processes, as well as some abiotic pro-
cesses, such as photodegradation. Microbial meta-
bolic activities likely transform relatively high
molecular weight and labile DOM (Pool A) into
relatively low molecular weight and recalcitrant
DOM (Pool B). During microbial degradation of
DOM, microbial assemblages A and B, correspond-
ing to r- and K-strategists, respectively, display
different correlations with different biological
availabilities of DOM (Pools A and B). LDOM, labile
DOM, SLDOM, semi-labile DOM, RDOM, recalci-
trant DOM. Pool A, relatively high molecular weight
and labile DOM; Pool B, relatively low molecular
weight and recalcitrant DOM. Microbial assemblage
A, r-strategists; Microbial assemblage B, K-
strategists.

Microbial assemblage A

S,

s

Examples of such microbial enzymatic activity-mediated trans-
formations are demethoxylation (remove CH30), deacetylation
(C2H205), and decarboxylation (CO2) (Vorobev et al., 2018), and all of
these processes make transformed molecules with much lower m/z and
0O/C values, especially in summer when there is the highest microbial
activity in our studied regions. These processes have been proven to be
three of the most frequent potential microbial mediated transformations
in elemental composition in coastal seawater incubations (Vorobev
et al., 2018). In addition, acetate has been identified as one of the most
important photochemical products in marine surface waters, suggesting
photodegradation also contributes to organic molecular decarboxylation
processes (Sheik et al., 2020; Wetze et al., 1995).

According to microbial lifestyle strategies, marine heterotrophic
bacteria can be classified into two ecological categories, r- and K-strat-
egists (Giovannoni, 2017; Luo et al., 2013). K-strategists (e.g., SAR11)
usually contain streamlined genomes and have high substrate affinity
and low growth rates (Giovannoni, 2017; Luo et al., 2013). These bac-
terial populations are commonly abundant in the environment and
exhibit obvious growth advantages under extremely low substrate con-
centrations. However, the other group, r-strategists (e.g., Rhodobacter-
aceae) have versatile metabolic capabilities and can rapidly respond to
rich organic matter conditions with high growth rates (Luo et al., 2013).
Thus, the 112 OTUs (primarily Rhodobacteraceae) that comprised 10%
of the total community could be roughly classified as r-strategists, and
31 OTUs (especially SAR11) consisting of 22% of the total community
were K-strategists. Generally, these 112 OTUs will respond to nutrient
enrichment, especially to high concentrations of labile DOM based on
their r-strategist’s ecological strategies. These bacterial populations
usually display high growth rates corresponding to the consumption and
utilization of DOM, and result in high relative abundances. However,
these 31 OTUs will decrease their relative abundance as result of the
slow growth under the same surroundings based on their K-strategist’s
ecological strategies, despite a potential increase in their absolute
numbers. The different microbial lifestyles and responses to nutrient



Q. Chen et al.

conditions may be accounted for their different correlations with DOM
molecules.

The molecular composition that was considered to be the “keystone”
DOM group (connected with over 10 OTUs) were higher or lower mo-
lecular weights corresponding to different molecular size ranges in the
negative and positive networks (Fig. S11). These two molecular sizes of
DOM were general substrates or products correlated to abundant mi-
croorganisms and potentially had higher turnover or production rates by
microbial communities. High molecular weight molecules that are
negatively correlated with microbes usually decrease their relative in-
tensities through microbial transformation (Vorobev et al., 2018; Zheng
et al., 2019). In contrast, the “independent” DOM groups (connected
with 1 OTU) consisted of a wider range of molecular compositions on the
molecular mass level or atom ratios. This means that some specific mi-
crobial populations might uptake or release unique DOM molecules,
which greatly increases the complexity of the microbial community and
environmental DOM (Tanentzap et al., 2019).

The major microorganisms in the “generalists” group were Alphap-
roteobateria (e.g., Rhodobacteraceae). Members in this group are
considered to be generalist in their response to extracellular polymeric
substances of phytoplankton blooms (Teeling et al., 2012). Alphapro-
teobateria have also been found to be associated with diverse molecules
derived from the virus-lysed Synechococcus (Zhao et al., 2019). Members
of Bacteroidetes (e.g., Flavobacteria) have been widely classified as
“specialists” as result of their capacity to degrade specific high-
molecular-weight (HMW, > 1,000 Da) DOM molecules (Zhao et al.,
2019; Zheng et al., 2018). However, these HMW DOM have not been
observed in the FT-ICR MS, possibly due to their suspected much higher
suppression and presumably weak ionization efficiencies, which also
partially accounts for the low connections between Bacteroidetes and
the LMW DOM molecules. Generalists and specialists display different
organic matter utilization capacities and respond to different phases of
phytoplankton blooms (Teeling et al., 2012).

The network analyses comprised ~ 50% of the total microbial
community and the total identified molecules, respectively. Here it
should be noted that most microorganisms could be detected by high
throughput sequencing, however, only a fraction of DOM molecules
could be characterized as result of the PPL extraction efficiency
(~40-50% in this study), unknown ionizable efficiency in ESI negative
mode and so on. That may account for only half of microbial community
in the networks, and the other microorganisms might utilize some
“dark” DOM molecules or particulate organic matter those couldn’t be
captured by FT-ICR MS. The environmental DOM pool comprised a
considerable amount of recalcitrant and stable molecules those might
not be involved in further microbial transformation (Jiao et al., 2010),
and these recalcitrant DOM would be absent in the interactive networks.

4.3. Interactions between the environmental variables, DOM composition,
and the microbial community

Generally, the correlation between DNA and MFs was stronger than
that based on the RNA and MFs (Table 1). Active microbial groups that
are usually associated with labile larger molecular weight compounds or
smaller monomers, and these are discriminated against by the SPE-DOM
isolation that captured more semi-labile and recalcitrant molecules with
much longer turnover times (Osterholz et al., 2016; Tanentzap et al.,
2019). The FDOM accounted for a portion of the optical properties of the
DOM and efficiently reflected DOM utilization and production (Fox
et al., 2017; Stedmon et al., 2011). The correlation between RNA and
FDOM components was slightly stronger than the DNA and the FDOM,
indicating that FDOM might be closely associated with in situ microbial
community activities. Additionally, the bi-multivariate redundancy co-
efficients analyses revealed that the environmental DOM composition
(MFs and FDOM) affected the microbial community structure (DNA and
RNA) stronger than vice versa. This result supported that the effect of
DOM on the microbial community structure was stronger than the effect
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of microbes on the DOM (Tanentzap et al., 2019). Increased DOM input
provided more diverse and available DOM sources, which resulted in
more niches for different microbial communities (Tanentzap et al.,
2019). In addition, the environmental variables and DOM chemical
composition showed a higher correlation to the total and active micro-
bial community than vice versa, suggesting that environmental selection
played a more important role in shaping the microbial community than
microbial process contributing to the environmental variations. In
particular, the interaction between microbes and some environmental
variables (e.g., salinity and temperature) was one directional. For
example, salinity can select for certain microorganisms due to their salt
tolerance (Osterholz et al., 2018), while these microorganisms have no
impact on the ambient salinity.

Riverine input and intensive anthropogenic activities (e.g., sewage
discharge and aquaculture) bring a considerable amount of terrestrial/
allochthonous DOM and inorganic nutrients to the estuary-coastal
ecosystem (Bauer and Bianchi, 2011; Dai et al., 2012) (Fig. 6). The
coastal eutrophication, as well as global warming, stimulate the frequent
phytoplankton blooms in the coastal area, which contribute large
amounts of autochthonous labile DOM to the coastal region (Lgnborg
et al., 2020). Bacterioplankton respond quickly to DOM released via
riverine runoff and phytoplankton blooms, and can reduce dissolved
oxygen in the water due to increased microbial respiration (Bograd
et al., 2008; Diaz et al., 2019). The consequent environmental effects (e.
g., hypoxia and acidification) will have a significant impact on envi-
ronmental and human health (via polluted or toxin-containing seafood)
(Watson et al., 2017; Krogh et al., 2018). In this study, we investigated
the molecular interaction between environmental DOM and microor-
ganisms, and provided a new insight to microbial processing of the
coastal DOM pool under variable environmental conditions.

5. Conclusions

The time series sampling in the estuarine-coastal region could be
thought as a long- term mesocosm incubation system (Fig. 6). Micro-
organisms take significant parts in utilization and transformation of
allochthonous and autochthonous organic matter. The strong estuarine
gradients (e.g., salinity and inorganic nutrients) and seasonal variations
shaped a high degree of the microbial diversity and caused considerable
spatial and temporal variability. This study demonstrated the spatio-
temporal features of the diverse DOM composition and microbial com-
munity signatures and their interplay in an estuary-coastal ecosystem.
Estuarine input contributed humic-like FDOM, as well as the S-con-
taining organic molecules, to the coastal ecosystem. The DOM molecules
with the lowest average m/z and O/C values were detected during
summer. The variations of fluorescent DOM components and DOM
molecular composition, in part reflect the contribution of allochthonous
and autochthonous organic matter to the in situ DOM pool. The distri-
bution of the total and active microbial groups was clearly associated
with temporal-, spatial-, or spatiotemporal-related environmental vari-
ables. Diverse microbial groups were correlated with different sizes and
categories of organic molecules, emphasizing the positive connections
between chemo-diversity and biodiversity in the estuary. Microorgan-
isms tended to transform from relatively high (>400 Da) to low (<400
Da) molecular weight molecules corresponding to increasing aroma-
ticity, which was likely a response to make “dark” DOM visible through
the mass spectrometric analytical window by increasing the ionization
efficiencies upon microbial degradation of presumably reduced high
molecular weight DOM. Environmental/DOM variations played a more
important role in shaping the microbial communities than vice versa.
The correlation between RNA and the FDOM components was stronger
than that based on DNA|FDOM, DNA|MFs or RNA|MFs, indicating that
the FDOM was closely associated with in situ microbial community ac-
tivities. It is also essential to further identify the relationship between
specific microorganisms and organic compounds, as well as the physi-
ological or ecological effect of molecular sizes.
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