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SAR202 bacteria are abundant in the marine environment and they have been
suggested to contribute to the utilization of recalcitrant organic matter (RDOM)
within the ocean’s biogeochemical cycle. However, this functional role has
only been postulated by metagenomic studies. During a one-year microcosm
incubation of an open ocean microbial community with lysed Synechococcus
and its released DOM, SAR202 became relatively more abundant in the
later stage (after day 30) of the incubation. Network analysis illustrated a
high degree of negative associations between SAR202 and a unique group
of molecular formulae (MFs) in phase 2 (day 30 to 364) of the incubation,
which is empirical evidence that SAR202 bacteria are major consumers
of the more oxygenated, unsaturated, and higher-molecular-weight MFs.
Further investigation of the SAR202-associated MFs suggested that they were
potentially secondary products arising from initial heterotrophic activities
following the amendment of labile Synechococcus-derived DOM. This pilot
study provided a preliminary observation on the correspondence between
SAR202 bacteria and more resistant DOM, further supporting the hypothesis
that SAR202 bacteria play important roles in the degradation of RDOM and
thus the ocean’s biogeochemical cycle.

KEYWORDS

SAR202, recalcitrant DOM, niche specification, network analysis, long-term
incubation

Introduction

Marine microorganisms contribute significantly to ocean carbon and nutrient cycling
(Azam et al., 1983; Jiao et al., 2010, 2018; Moran et al., 2016; Zhang et al., 2018). A significant
amount of organic carbon fixed by phytoplankton is utilized by microorganisms and
transformed into more resistant dissolved organic matter (DOM) in the deep ocean through
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the process of the microbial carbon pump (Jiao et al., 2010). Oceans
store a large pool of reduced dissolved organic carbon which is nearly
equivalent to the carbon inventory (carbon dioxide) in the atmosphere
(Hansell et al., 2009). DOM in seawater is complex and contains
millions of different chemical molecules (Dittmar, 2015). To better
understand the utilization of DOM by microorganisms, DOM has
been operationally divided into labile, semi-labile, and refractory/
recalcitrant pools based on their bioavailability (Kirchman et al.,
1993). The incubation of phytoplankton DOM with the natural
microbial community has been a common way to estimate the
turnover time of these three DOM pools by microorganisms. In
general, the labile DOM is consumed by microbes in the first few days,
semi-labile in a few weeks, and recalcitrant in months and years
(Hansell, 2013).

The SAR202 bacteria were originally discovered at the Bermuda
Atlantic Time-series (BATS) station (Giovannoni et al., 1996). They
are abundant below the deep chlorophyll maximum (DeLong et al.,
2006), and become more abundant in the deeper ocean (Schattenhofer
et al., 2009). SAR202 bacteria can contribute up to 30% of the
microbial community in the mesopelagic and bathypelagic waters
(Morris et al., 2004; Varela et al.,, 2008). The single-amplified genomes
of SAR202 indicated that the oxidation of resistant molecules that
accumulate in the marine DOM pool is feasible due to the presence of
high numbers of flavin mononucleotide monooxygenases (FMNOs),
various short-chain dehydrogenases, and other enzymes in SAR202
(Landry et al., 2017). These oxidative enzymes encoded in SAR202
have been proposed to contribute to the transformation of less labile
molecules to more recalcitrant DOM in the ocean (Landry et al,
2017). Metatranscriptomic data confirmed SAR202’s ability to degrade
recalcitrant compounds, shown by active oxidative enzymes such as
alkanal monooxygenase and catechol 2,3-dioxygenase (Gao et al.,
2019). Multiple metagenomic and metatranscriptomic data of SAR202
from the deep ocean have suggested that SAR202 bacteria are versatile
for degrading semi-labile or recalcitrant DOM in the ocean (Landry
et al., 2017; Colatriano et al., 2018; Gao et al., 2019; Saw et al., 2020;
Wei et al., 2020). Moreover, SAR202 bacteria have the capability to
assimilate ammonia, degrade osmolytes and organosulfur, and
synthesize VB,, (Mehrshad et al., 2018; Wei et al., 2020). Despite
multiple reports of predicted SAR202’s metabolic pathways, no
empirical data to date is available to connect SAR202 with the
degradation of recalcitrant DOM.

The laboratory incubation approach has been widely used to
investigate the response of pure cultures or microbial communities to
certain substrates. The in vitro observation is more controllable over
an extensive period and easier to collect samples than the in situ study.
Recently, DOM derived from picocyanobacteria has been added to
marine microbial community to investigate the response of the
microorganisms and their role in the utilization and transformation
of cyanobacterial DOM (Zhao et al., 2019; Zheng et al., 2019; Xie et al.,
2020; Zheng et al., 2021; Wang et al., 2022). Xie et al. (2020) reported
an increased abundance of Chloroflexi (SAR202) in the later stage of
incubation and they divided the incubation period (total 180 days)
into three phases corresponding to labile, semi-lable, and recalcitrant
stage of DOM. However, no correlations between SAR202 bacteria
and DOM molecules were investigated in this study (Xie et al., 2020).

Correlation-based network analysis is valuable for data mining
and visualization in silico analysis of large datasets (Batushansky et al.,
2016), and it can provide insights into the dynamics of microbial
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community structures (Cardona et al., 2016). Several incubation
studies have used network analysis to illustrate complex relationship
between microbial taxa and DOM molecules based on 16S rRNA gene
sequences and ultra-high resolution mass spectrometry data (Luria
etal., 2017; Zhou et al., 2018; Zhao et al., 2019; Xiao et al., 2021; Zhou
etal, 2021; Raina et al., 2022; Wang et al., 2022). Based on the same
incubation experiment (coastal water) used by Xie et al. (2020), Wang
et al. (2022) reported that the OTUs from the SAR202 clade had a
relatively high degree of associations with DOM in the later stage of
incubation, yet no detailed relationships between individual SAR202
groups and molecular formulae were explored and the role of SAR202
was only briefly mentioned. Furthermore, molecular properties of
SAR202-associated DOM have not been explored.

Here, we applied in-depth statistical analysis to explore the
relationship between SAR202 and the chemical heterogeneity of DOM
in a microcosm experiment. The Synechococcus DOM was added to
the microbial community collected from the oligotrophic ocean.
High-degree correlations between SAR202 bacteria and DOM
molecular formulae (MFs) were observed after 30 days incubation. By
examining the associations for SAR202 bacteria and their correlated
MFs, we provide substantial organic chemical evidence to the
hypothesis stemming from recent metagenomic studies that SAR202
bacteria have the specialized ability to degrade complex and
recalcitrant DOM in the ocean.

Materials and methods
Incubation setup and subsampling

The incubation setup and subsampling procedures were previously
reported in the supplemental information of Jia et al. (2023). Briefly,
seawater was collected from the North Atlantic Gulf Stream (34° 9’
33.73” N, 77° 43" 57.73” W, surface water) and filtered through GF/F
filters (Whatman®) to obtain the microbial community for
incubations. The treatment triplicates were amended with pre-filtered
Synechococcus-derived DOM (Syn-DOM) on day 0 and no alteration
was applied to the control triplicates. All incubations were kept in the
dark with ventilation at room temperature for 1 year. Subsamples were
taken on day 0, 1, 3, 10, 30, 60, 90, and 364 for analyses of microbial
abundance, microbial community composition, and organic
compound composition. Additional subsamples on day 5, 7, 15, 22,
75, and 180 were taken for analyses of microbial abundance and
community composition.

High-throughput 16S rRNA sequencing

Microbial DNA was extracted from 0.2pm filters of each
subsample, using the phenol/chloroform protocol described elsewhere
(Kan, 2006). Thawed filter was placed in a Whirl-Pak bag, and 2mL
lysis buffer (0.1 M Tris-HCI, pH=8.0; 0.1 M EDTA; 0.8 M sucrose)
and 10pL lysozyme (200pg/pL) were added into the bag. The
Whirl-Pak bag was incubated at 37°C for 30 min, amended with 10 pL
proteinase K (20 mg/mL) and 10 pL SDS (final concentration 1%), and
further incubated at 37°C overnight (Kan et al., 2006). The solution
was added 100 pL CTAB + NaCl (10%, 1.4 M) and incubated at 65°C
for 30min. DNA was partitioned with phenol:chloroform:isoamyl
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alcohol (25:24:1, v/v) and chloroform:isoamyl alcohol (24,1, v/v) and
precipitated by isopropanol. DNA precipitate was washed with cold
ethanol (4°C, 70%) and eluted with nuclease-free water.

The V4 region of microbial 16S rRNA gene was amplified with
PCR using forward primer 515F (5-GTGYCAGCMGCCGCG
GTAA-3'; Parada et al., 2016) and reverse primer 806R (5'-GGACT
ACNVGGGTWTCTAAT-3"; Apprill et al., 2015). High-throughput
DNA sequencing was performed on the Illumina MiSeq platform, and
the raw sequencing data were treated using the QIIME 2 (version
2020.2) pipeline (Bolyen et al., 2019). Operational taxonomic units
(OTUs) were generated from raw reads by quality trimming, DADA2
denoising and clustering, and their taxonomy was classified with
SILVA database (Quast et al., 2013) by the machine learning software
plugin scikit-learn (Pedregosa et al., 2011).

The DNA sequences that were taxonomically characterized within
the SAR202 clade were extracted for subsequent subgroup assignment.
SAR202 bacteria could be classified into several groups and subgroups
based on the genomic sequences (Saw et al., 2020). The 16S rRNA
gene sequences were picked from ~500 SAR202 genomes, which were
distributed in all known SAR202 groups/subgroups genomes. These
selected 16S rRNA sequences were used to build a well-classified
SAR202 database which is accessible at this link: https://figshare.
com/s/73fe421f9500073e3852. The partial 16S rRNA gene sequences
obtained in this study were then blasted against the SAR202 database
mentioned above.

Organic chemical analysis

DOM composition of each subsample was analyzed by
FT-ICR-MS described in Zhao et al. (2019). Briefly, DOM from
400 mL GF/F (Whatman®) filtered incubation water was extracted by
the solid-phase extraction method (Dittmar et al., 2008). The SPE-
DOM samples from the incubations were characterized by a
non-targeted ultrahigh-resolution MS approach. 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. 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. Formula
assignments used in this study are based on the following number of
atoms of Cy 79, Oy 25, Ny_10, and Sy 3, as well as their isotopolgues. After
cross-validation, all formulas presented in this study were
unambiguous. All MFs that did not exceed a relative intensity
threshold of 107 total ion counts (TIC) throughout the incubation
were omitted prior to further analysis.

Network analysis

For both control and treatment samples, two phases of the
incubation were determined based on cell abundance and water
chemistry profiles (reported in Jia et al., 2023), where day 0 to 30 was
phase 1 and day 30 to 364 was phase 2. The 30-day cutoff for these two
phases was considered because SAR202 bacteria became relatively
more abundant after this point. Moreover, most DOM became semi-
labile or semi-recalcitrant after day 30 of incubation (Zheng et al.,
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2022). To show specific correlations within these two phases, network
analysis was performed. Spearman’s rank correlation coefficients
between the relative abundance of order-level OTUs and m/z ions in
both the control and the treatment samples were calculated using the
Hmisc package of R (version 4.2.0). Significant positive or negative
correlations (r>0.9, p<0.05) were selected and visualized in the
network with Cytoscape (version 3.9.1), respectively. The r-value and
p-value were calculated through the “rcorr” function of the Hmisc
package in R. The p-value was calculated based on Students
t-distribution and multiple-test correction was performed with the
Benjamini-Hochberg method using the “p.adjust” function (R codes
available at https://github.com/jiayfreddy131/SAR202_network.git).
It needs to be noted that we only used five pairs of subsamples
(OTUs and MFs pair) to perform Spearman’s correlation analysis for
two separate phases, which would increase the possibility of false
correlations. However, we justified the need to separately perform
correlation analyses for two phases since we observed large shifts in
the microbial community composition. In addition, semi-labile and
recalcitrant DOM usually occur in phase 2. Moreover, due to the
volume needed for analyses of each subsample (~700mL), our
incubation size was not large enough for more subsamples.

Results and discussion

Enrichment of SAR202 in the late
incubation phase

In the controls and treatment samples, the SAR202 clade on day
0 only comprised less than 12,500 cells per mL (Figures 1A,B),
indicating the low relative abundance within the original in situ
surface seawater. Throughout the one-year incubation, SAR202 in
both the controls and the treatments increased in abundance and
exceeded 50,000 cells per ml at day 75 and day 180, respectively
(Figures 1A,B), likely due to their ability to utilize more resistant
DOM molecules (Landry et al., 2017; Mehrshad et al., 2018; Wei et al.,
2020). Unfortunately, we were not able to amplify the 16S rRNA gene
from many samples in the control group due to the low abundance of
microbial cells in the oligotrophic water. The successful samples in the
control group are only enough for one replicate with a few sampling
points not available. In contrast to the diverse SAR202 subgroups
present in the control, SAR202 bacteria in all treatment triplicates
were mainly made up of subgroup 1la after day 60 (Figure 1B). This
differentiation of subgroup constituents is likely related to the
amendment of Syn-DOM in the treatment. This result should
be considered preliminary due to the lack of sufficient replicates in the
control. Syn-DOM has a “ripple” effect on the microbial composition
in the later incubation period, where the initial amendment
subsequently influenced the microbial succession, suggesting a
cascade of internal cycling of different components of the RDOM
pool. This is not surprising, as a similar incubation experiment has
shown that the initial addition of Synechococcus-derived DOM had a
long-term (90 days) effect on the complexity and diversity of the DOM
pool (Zhao et al., 2019).

Because we collected our initial microbial community from the
surface Atlantic Ocean, the most highly-represented subgroups of
SAR202 in our incubations were known to be surface-associated.
SAR202 subgroups have diverse enzyme families that contribute to
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The abundance of subgroups of SAR202 bacteria at different sampling time points (day 0 to 364) of the control (A) and treatment (B) incubation.
Abundance values are normalized to cell abundance recorded by flow cytometry. Treatment values are averages of triplicates. For the control, 3
subsamples (day 5, 7, and 181) were not able to generate positive PCR due to the low microbial biomass of oceanic water.
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their metabolic specialization (Saw et al., 2020), but the previous
SAR202 studies have mainly focused on the metabolic potentials of
deep-sea subgroups (Landry et al., 2017; Mehrshad et al., 2018).
Meanwhile, the roles that surface subgroups of SAR202 play in the
biogeochemical cycle are less known. It has been reported in the
pangenomic study that the surface subgroups contain rhodopsin
genes in their genomes, and that subgroup I specializes in utilizing
chirally complex DOM (Saw et al., 2020). Nonetheless, the powerful
oxidative enzymes (e.g., FMNOs) that are encoded by deep-sea
lineages of the SAR202 clade are also present in the surface subgroups
in fewer copies (Landry et al., 2017; Saw et al., 2020). Recently, several
closely related strains of SAR202 bacteria in subgroup Ia were
successfully cultivated (Lim et al, 2023). Subsequent growth
experiments showed that the subgroup Ia SAR202 did not reach the
exponential phase until 50 days at 20°C and the growth responses to
fucose and rhamnose were slow and did not reach the highest cell
density until the late exponential phase, which coincided with our
detection of increased SAR202 abundance in the treatment on day 60
(Figure 1B).

Strong correspondence between SAR202
and RDOM in the later incubation phase

To investigate the specific roles of the increasing SAR202 bacteria
in the later stage of the incubation, we divided the year-long
incubation into 2 phases and we generated network analyses on
coordination between bacterial populations and DOM species for
both phases separately. The SAR202 clade had the highest degree of
correlation in the negative networks of phase 2 (M1 in Figure 2).
Other bacterial groups, such as Sphingomonadales, Cytophagales,
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Micrococcales, and SAR86 were also prevalent in the treatment but
they did not have as many associations with MFs as the SAR202 clade
(M2-MS5 in Figure 2). It is noteworthy that the SAR202 bacteria in the
(n=6) with MFs
(Supplementary Figure S1), suggesting that SAR202 bacteria in the
treatment had a strong response to the amended Syn-DOM. SAR202
bacteria did not thrive in phase 1 after the initial amendment of
Syn-DOM (Figure 1B), suggesting that they may utilize substrates
different from other bacteria in phase 1. After labile DOM was quickly
consumed as indicated by the increase of ammonium over time, more

control formed very few associations

semi-labile and recalcitrant DOM likely became available in phase 2.
The abundance of SAR202 bacteria increased in phase 2, suggesting
that they were able to utilize more resistant DOM. This result supports
the specialization of SAR202 in RDOM utilization based on the
metagenomic analysis (Landry et al., 2017; Mehrshad et al., 2018; Wei
et al., 2020).

SAR202-associated MFs are more
oxygenated and unsaturated

Given that the SAR202 fell within a large single-taxon network
(Figure 1), we wanted to test the uniqueness of the SAR202-associated
MFs (SAR202-MFs). We selected the top 5 network modules (M1-
M5) based on the degree of associations between the taxa and the MFs
(Figure 2) and examined their molecular properties based on the
assigned formulae. Compared to MFs in the other modules,
SAR202-MFs are positioned at higher O/C ratios and lower H/C
ratios, indicating that they are more oxygenated and unsaturated, and
they have on average higher molecular weights (¢-test, p<0.05;
Figures 3A,B). Moreover, the abundance of SAR202-MFs is generally
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FIGURE 2
Extracted individual networks showing the statistically significant negative correlations between abundant order-level taxa and DOM formulae in the
treatment incubations during phase 2 (day 30—-364). The central nodes for various taxa are highlighted. Positive correlations are indicated by red lines,
and negative correlations are indicated by blue lines. The nodes represent assigned molecular formulae of CHO (diamond), CHNO (square), and CHOS
(arrow). The color gradient of nodes represents the mass-to-charge ratio (m/z) of the formulae from 200 (green) to 400 (yellow) to 650 (red).

higher than that in the other modules, indicated by the bubble sizes of
individual MFs (Figure 3). This suggests that SAR202 bacteria are
specifically utilizing a unique niche of high-abundance unsaturated
compounds that were either not consumed by other bacteria or
produced by bacteria in phase 1. It has been postulated that SAR202
bacteria are capable of exploiting the DOM that other deep-sea
bacterioplankton cannot degrade (Varela et al., 2008; Lim et al., 2023).
Through the ultrahigh-resolution FT-ICR-MS approach, our data

Frontiers in Microbiology 05

provided first-hand evidence that the SAR202-MFs possess possibly
aromatic but certainly unsaturated characteristics.

SAR202-MFs were produced in phase 1

The finding of significant correlations between SAR202 and
specific MFs in phase 2 led to a hypothesize that these
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the treatment incubation during phase 1 (day 0—30). Network legends are identical to that of Figure 2.

between order-level taxa and SAR202-associated molecular formulae in

SAR202-associated MFs were produced in phase 1 via the heterotrophic
activity. We searched for the relationship between SAR202-associated
MFs (identified in phase 2) and bacterial populations in phase 1 using
network analysis. Out of 598 SAR202-associated MFs (identified in
phase 2), 346 MFs have at least one positive correlation with one
bacterial taxa (Figure 4), suggesting that about 60% of SAR202-
associated MFs are potentially produced by heterotrophic activities in
phase 1. Within the phase 1 positive network, the SAR202-MFs
accounted for 11.2% (346 out of 3,089), and were correlated with 9.0%
of total taxa (13 out of 145). Previous incubation experiments have
concluded that bacteria can produce “recalcitrant” DOM in the later
phase of incubation (Zhao et al., 2019; Zheng et al., 2021). Here,
we demonstrated that the production of semi-labile and recalcitrant
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DOM is associated with different groups of heterotrophic bacteria in
the early stage of incubation. We demonstrated that different groups of
the bacterial community work together to utilize and transform
Syn-DOM during the incubation period. DOM produced in phase 1
(<30days) may not be as recalcitrant as previously assumed and certain
specialists such as SAR202 bacteria can continue utilizing this
intermediate DOM. Although increasing evidence points to the
potential role of SAR202 in the ocean’s RDOM cycling, much more
research is needed to further understand actual activities and rates of
processes of SAR202 in the ocean.

It is noteworthy that microbial degradation of N-rich DOM is
different from that of N-free DOM during the incubation (Figure 5).
The two representative CHON compounds were present in low
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abundance at the beginning, increased from day 0 to day 30, and
decreased after day 30. The two representative CHO compounds
started with high concentrations and exhibited different degrading
patterns than the CHON compounds. This indicates that the CHNO
and CHO compounds that SAR202 utilized in phase 2 originated from
varied sources. The CHNO formulae were accumulated following the
bacterial utilization of the Syn-DOM materials, while the CHO
formulae were more likely from the in situ seawater.

Metagenomic studies have suggested a potential role of SAR202 in
RDOC cycling (Landry et al., 2017), previous experiments have
focused on providing direct evidence of the SAR202 utilization of less
labile DOC. SAR202 has been reported to have a significant response
to the amendment of lignin, which is a recalcitrant mixture of
polyphenols (Liu et al., 2020b). This characteristic may be related to
their connections with CHO MFs in the network (Figures 5C,D).
However, the N-containing DOM has not been paid much attention
as previous incubation studies determined that the DON pool is
quickly consumed and is rather labile (Zhao et al., 2019; Zheng et al.,
2021). A recent study using stable isotope probes identified SAR202’s
ability to incorporate DOM derived from Synechococcus lysate (Liu
etal., 2020a), which has been shown to contain a complex and diverse

10.3389/fmicb.2024.1357822

group of N-rich molecules (Zhao et al., 2019; Zheng et al., 2021).
According to our data, a portion of N-containing DOM accumulated
during phase 1 before they decreased in abundance in phase 2
(Figures 5A,B). These “intermediate” DON molecules may be part of
the production of the heterotrophic activity on the initial
Synechococcus lysate amendment in phase 1 (Figure 4). Moreover, this
pool of specific DON cannot be quickly utilized by other bacteria,
which suggests their refractory characteristic in phase 1. DOM within
such time-series trends has been ignored in previous incubation
studies, as the complex DOM pool was examined as a whole rather
than individually. The discovery of these SAR202-correlated CHNO
MFs is intriguing since they represent a group of “intermediate DOM”
within the incubation system that could drive a second biogeochemical
cycle in the later phase, which was overlooked by previous incubation
studies. It also hints toward a pool of DON that is largely resistant to
heterotrophic bacteria that rely on labile DOM but that seems to be an
energy source for SAR202. A substantial pool of DON molecular
signatures has always been reported in high-resolution MS in the deep
ocean but its sources remained unknown. Our experiments support
the previous genomic predictions that SAR202 possesses the
enzymatic ability to take up recalcitrant DOM, and we further
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Jiaetal.

elucidated that the correlation between SAR202 bacteria and
refractory DOM over time using a microcosm incubation experiment.
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