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Integrated FT-ICR MS and metabolome reveals
diatom-derived organic matter by bacterial
transformation under warming and acidification
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diatom-derived organic matter by bacterial
transformation under warming and acidification

Yang Liu,"?3 Chao Ma,* and Jun Sun'-#>*

SUMMARY

Bacterial transformation and processing of diatom-derived organic matter (OM)
is extremely important for the cycling of production and energy in marine ecosys-
tems; this process contributes to the production of microbial food webs. In this
study, a cultivable bacterium (Roseobacter sp. SD-R1) from the marine diatom
Skeletonema dohrnii were isolated and identified. A combined Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS)/untargeted metabolo-
mics approach was used to synthesize the results of bacterial transformation
with dissolved OM (DOM) and lysate OM (LOM) under warming and acidification
through laboratory experiments. Roseobacter sp. SD-R1 had different prefer-
ences for the conversion of molecules in S. dohrnii-derived DOM and LOM treat-
ments. The effects of warming and acidification contribute to the increased
number and complexity of molecules of carbon, hydrogen, oxygen, nitrogen,
and sulfur after the bacterial transformation of OM. The chemical complexity
generated by bacterial metabolism provides new insights into the mechanisms
that shape OM complexity.

INTRODUCTION

Phytoplanktons, especially marine diatoms, are major primary producers in the marine environment that
excrete a wide range of metabolites and account for approximately 40% of marine primary productivity.'
In the microcosm, diatoms release various organic matter (OM) components into the diffusive boundary
layer that surrounds individual cells.” There is a large amount of matter/energy transformation in the
diffusive boundary layer.* Bacteria are essentially promoting the production of phytoplankton-derived
dissolved organic matter (DOM).° Bacteria can use and transform 10-50% of the photosynthetic products
of phytoplankton.® In comparison, lysate organic matter (LOM) from phytoplankton forms a pool of OM
that is created extracellularly through metabolic excretion and adsorption.” LOM offers significant
protection to algal cells from adverse environmental conditions.” Algae and bacteria have been widely
recognized to play an important role in microbial carbon pumps (MCP).® Numerous studies have shown
that carbon fluxes between diatoms and bacterial taxa are important for substance cycling in the ocean
and lead to multiple interactions between different aquatic biota.””'? Intuitively, heterotrophic bacteria
have been shown to rely on OM to support their growth.”*'* This mutually beneficial relationship be-
tween algae and bacteria facilitates a continuous utilization of OM. The bioreactivity and chemical
composition of OM are changed after microbial transformation resulting in small molecules (low-molec-
ular-weight, <10 kDa) that are very resistant to further microbial consumption.

Cell wall polymers of marine phytoplankton are considered one of the major components of recalcitrant
DOM (RDOM). " Incubation experiments have also shown that heterotrophic bacteria in the marine envi-
ronment can convert sugars and protein-like substances into highly diverse components.” Furthermore,
organic compounds containing a series of richly carboxylated and thickened alicyclic rings are called
carboxyl-rich alicyclic molecules (CRAM)."® Owing to their recalcitrant chemical structure and complexity,
CRAM compounds are resistant to rapid degradation by microorganisms.'® The conversion of these com-
pounds depends on the different bacterial groups and their specific oxidative capacity; thus, they
contribute notably to the sequestration of carbon in the ocean.'’
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The coastal ocean is an important sink for anthropogenic carbon dioxide (CO,)."® In recent decades, the
transitional exploitation of natural resources by humans has led to an increase in global temperatures
and CO; concentrations. With the persistent increase in the anthropogenic emission of CO, and the conse-
quent transmission to the ocean, seawater chemistry has tended toward acidification, resulting in ecolog-
ical disasters.'” By the end of the century, atmospheric CO, is expected to rise to 8001000 ppm, whereas
the pH of surface seawater will drop by 0.4-0.5 units.”” The impacts of ocean acidification will not be expe-
rienced in isolation; thus, synergistic interactions with other potential stressors, such as rising seawater
temperatures (4-5.8°C), will likely exacerbate the microbial response to acidification. Previous studies
have shown that warming and acidification lead to changes in the physiological, biochemical, and
metabolic pathways in diatoms.”’*? In addition, warming and pressurization increase the vertical carbon
flux in the ocean, subsequently affecting polysaccharide degradation rates, protein production, and
enzyme activity.”” Owing to the significant difficulties and challenges of studying pure algal-bacterial in-
teractions in the real-world environment, the vast majority of studies currently rely on laboratory-controlled
co-culture systems of phytoplankton with individual bacteria. Although this approach enriches our knowl-
edge of algal-bacterial interactions, an adequate model is urgently needed into the microbial complexity
found in natural algal layers.

Members of the marine Roseobacter clade are major participants in the global carbon and sulfur cycles.
Molecular-based approaches targeting 16S rRNA genes demonstrate that the Roseobacter clade is one
of the major groups of marine Proteobacteria and is widely distributed in a variety of aquatic environ-
ments.”*?> Roseobacters account for 20% of bacterial cells in coastal waters, and dominate the microbial
communities associated with a variety of marine algae.?® Because of their large genome sizes, versatile
metabolic pathways, and regulatory circuits, Roseobacters have been considered classical patch-associ-
ated bacteria.”’*® Members of the Roseobacter clade share >89% identity of the 165 rRNA genes.”” Rose-
obacter sp. can transform in both the free and attached states, using both biologically high molecular
weight substances and active low molecular weight carbon sources, which are present in all periods of algal
growth.zq Here, Roseobacter sp. SD-R1 (average abundance, 4.62 X 10? cells mL™") from the marine
diatom, Skeletonema dohrnii, were isolated and identified. The isolated bacterial strains (Roseobacter
sp. SD-R1) shared 91%-99% sequence similarity with the valid genus (Roseobacter sp.) from GenBank,
according to the results (Figure S1). This work is based on laboratory-based studies over a 30-day time
period, in which the preferences and transformation of Roseobacter sp. SD-R1 for S. dohrnii-derived
OM under warming and acidification. We further characterized the variation in OM via the processing of
Roseobacter sp. SD-R1 using FT-ICR MS and untargeted metabolomics. From chemical and metabolic
point of view, the focus was on exploring the effect of utilization of algal-derived OM by epiphytic bacteria
based on MCP theory. Further, we hypothesized that different OM characteristics are significantly associ-
ated with bacterial transformation and that they would exhibit different patterns in these linkages. It should
be clarified that the results obtained from this experiment provide only theoretical and data support for the
utilization and transformation of algal-derived OM by a single strain of bacteria. In brief, warming and
acidification affect the bacterial response to algal-derived OM transformation.

RESULTS

OM production and FT-ICR MS characterization

As shown in Figure 1, 4777 and 2198 molecules were detected in the DOM and LOM, respectively, at the
initial stage of the experiment. Carbon-hydrogen—oxygen (CHO) compounds were the main OM
molecules detected (DOM, 43.37%; LOM, 56.32%). This phenomenon applied to all treatment groups.
For DOM samples, the total number of molecular formulae in the LH (5250 formulae) and HL (4876
formulae) treatment groups was higher than that in initial material (4777 formulae); LL (3845 formulae)
and HH (4758 formulae) groups had lower number of molecules than the initial material. For LOM samples,
the total number of molecular formulae in the four treatments (LL, 4695; LH, 5028; HL, 5950; and HH, 5578
formulae) was much greater after 30 days’ incubation than in the initial material. In both the DOM and LOM
treatments, the addition of Roseobacter sp. SD-R1 increased the number of compounds for all the CHO,
CHNO, CHOS, and CHNOS species. In addition, the numbers of different CHO, CHNO, CHOS, and
CHNOS formulae were increased in LH, HL, and HH treatments, suggesting that the elevated temperature
and acidification increased the chemical complexity of DOM and LOM. Notably, the number of CHOS and
CHNOS formulae increased by about 10% in the LOM treatments, suggesting that bacteria promoted the
transformation of the important fraction of organosulfur compounds under elevated temperature and
acidification conditions (Figure S2).
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Figure 1. Van Krevelen diagrams of composition of OM molecules under warming and/or acidification conditions

The assigned formulae in the composition of CHO (blue), CHNO (orange), CHOS (green), and CHNOS (purple) series in the DOM treatments (left) and the
LOM treatments (right). Bubble size represents the log-normalized intensity of m/z peaks. Initial, initial value; LL, 26°C and 400 ppm; LH, 26°C and 1000 ppm;
HL, 30°C and 400 ppm; HH, 30°C and 1000 ppm.

Highly unsaturated and phenolic compounds, as well as aliphatic compounds were present at a high per-
centage after all treatments (Figure S2 and S3). At the end of the 30-day incubation experiment, we
observed a significant change in the proportion of different compounds. Specifically, in the DOM samples,
the proportion of highly unsaturated and phenolic compounds decreased from 66.36% to 43.90%-60.70%
and aliphatic compounds increased from 22.00% to 27.49-29.89%. For LOM samples, the opposite change
in compound composition to that of DOM samples was observed, highly unsaturated and phenolic com-
pounds increased from 43.90% to 52.74-53.45%, also there was a slight increase in condensed polycyclic
compounds (i.e., from 2.73% to 4.56-5.07%). Conversely, the proportion of aliphatic compounds decreased
from 46.04% to 32.64-33.50%. For the proportion of condensed polycyclic compounds and aromatic
compounds, the change was not significant. These phenomena suggest that bacteria have different
preferences for different compounds in OM.

As shown in Figure 2, all molecules have O1 to O14 subgroups, which are classified according to the number
of O atoms in molecules. Compared with CHOS and CHNOS compounds, the subgroups of O atoms are
predominant and relatively abundant in the compounds of CHO and CHNO. As for these 14 subgroups, the
number of compounds in DOM samples was generally greater than that in LOM samples. The O44 sub-
group only appeared in the CHO and CHNO compounds of the DOM samples, but contained only an
extremely small number of molecules. Subgroups with larger numbers of oxygen atoms (e.g., Oy, to
O14) are commonly found in DOM, suggesting that CHO compounds contain a lower proportion of oxygen
in DOM samples, whereas most compounds in LOM samples contain a higher proportion of oxygen. In the
LOM samples of CHOS and CHNOS, which initially contained only subgroups of O3-Oy, four treatment
groups presented subgroups of Og-0O1¢ after 30 days’ incubation. This finding likely indicates that the pro-
duction of more oxygen-containing compounds was because of the involvement of Roseobactersp. SD-R1.

Overview of metabolic profiles with untargeted metabolomics

To obtain information related to the effect of temperature increase and acidification on bacterial transfor-
mation of algal OM (including DOM and LOM) from a metabolomics perspective, 40 samples were
analyzed by LC-MS-based untargeted metabolomics. All samples were preliminary analyzed by principal
component analysis (PCA), and samples from the same OM sources were clustered together (Figure S4).
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Figure 2. Classification of CHO, CHNO, CHOS, and CHNOS compounds into subgroups according to the number of oxygen atoms in OM molecules
(A-D) DOM treatments; (E-H) LOM treatments. Initial, initial value; LL, 26°C and 400 ppm; LH, 26°C and 1000 ppm; HL, 30°C and 400 ppm; HH, 30°C and
1000 ppm.

The R?X value of PCA was 0.504, which showed a considerable separation between different treatments,
and there was also bias within groups. Moreover, the PLS-DA and OPLS-DA models demonstrate the
same results in the positive ion mode (Figure S4). The R? and Q? values were both close to 1, which revealed
that the model was both stable and effective.
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Figure 3. Statistics of differential metabolites among the different treatments

(A) Venn diagram showing the overlap among metabolite counts of DOM-Initial versus DOM-Treatments and of LOM-
Initial versus LOM-Treatments (A).

(B) Metabolite counts between the different treatments; red represents upregulated, and blue represents
downregulated (B).

(C) Agglomerate hierarchical clustering analysis of the differential metabolites among the different treatments (C).
Comparing the DOM-Treatments and LOM-Treatments, including D1 and L1 (LL), D2 and L2 (LH), D3 and L3 (HL), and D4
and L4 (HH) treatments. Four biological replicates per group.

The relationships between differential metabolite groups were displayed as Venn diagrams; 78 (33.2%)
metabolite counts were identified in DOM-Treatments versus DOM-Initial, and 63 (26.8%) metabolite
counts were identified in LOM-Treatments versus LOM-Initial, with 94 (40.0%) overlapping counts (Fig-
ure 3A). Overall, 111 upregulated and 61 downregulated metabolites were identified between DOM-
Treatments versus DOM-Initial, while there was 107 upregulated and 50 downregulated metabolites
between LOM-Treatments versus LOM-Initial (Figure 3B). To compare the metabolomes among different
treatments, a heatmap was generated to present the metabolic patterns under different experimental
-conditions. Agglomerated hierarchical clustering analysis of differential metabolites among the different
treatments showed that the expression patterns of the DOM were highly distinct from those of the LOM,
but the expression patterns of elevated temperature and acidification-treated DOM and LOM samples
were similar within groups (Figure 3C). Pathway enrichment analysis aims to elucidate the specific changes
in the metabolic process of the bacterial transformation of OM. As shown in Figure 4, we screened out the
top five major metabolic pathways for the DOM and LOM groups. The top five most impacted pathways in
the DOM groups were (1) ABC transporters; (2) aminoacyl-tRNA biosynthesis; (3) arginine biosynthesis;
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Figure 4. Analysis of differential metabolites among the different treatments
(A-D) Bubble diagram of metabolic pathways (A and B). Bar graph of metabolic pathway (C and D).

(4) alanine, aspartate, and glutamate metabolism; and (5) arginine and proline metabolism. The top five
most impacted pathways in the LOM groups were: (1) aminoacyl-tRNA biosynthesis; (2) ABC transporters;
(3) arginine biosynthesis; (4) beta-alanine metabolism; and (5) alanine, aspartate, and glutamate meta-
bolism. They affected similar metabolic pathways; the only differences were the arginine and proline meta-
bolism (DOM groups) and beta-alanine metabolism (LOM groups). In addition, the contribution of metab-
olites detected under the arginine biosynthesis and alanine, aspartate, and glutamate metabolism
pathways was the highest in DOM and LOM, respectively.

We further investigated the regulation of metabolite counts between groups of DOM and LOM treatments
(Figure 5). We found that in DOM treatments, HL versus LL contained the most metabolite counts and had
72 upregulated metabolite counts (Figure 5A), suggesting that warming causes most metabolite counts to
be increased. In contrast, LH versus LL had the fewest metabolite counts with only 38 upregulated and 12
downregulated, suggesting that acidification has less impact in the bacterial conversion of DOM. HH
versus LL resulted in 50 upregulated and 17 downregulated metabolite counts (Figure 5B), indicating
that the simultaneous stress of warming and acidification moderately increased the up- and down-regu-
lated metabolite counts. In the LOM treatments, we found that HH versus LL contained 91 metabolite
counts, including 47 upregulated and 44 downregulated metabolite counts. This indicates that the stress
of both warming and acidification moderately increased the upregulated and downregulated metabolite
counts, which can seriously affect the transformation of LOM by bacteria. The metabolite counts of LOM

6 iScience 26, 106812, June 16, 2023
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Figure 5. Comparison of differential metabolites among the different treatments
Metabolic counts (A and B) and Venn diagram (C and D) between different treatment groups. LL, 26°C and 400 ppm; LH,
26°C and 1000 ppm; HL, 30°C and 400 ppm; HH, 30°C and 1000 ppm.

treatments were also affected when only warming or acidification alone was applied. Of interest, the num-
ber of downregulated metabolite counts was higher than the number of upregulated in the case of
acidification. The Venn diagram presents further information on the proportion of the overlapping
metabolic counts between different groups (Figures 5C and 5D).

DISCUSSION

Diatoms are the algae that are most affected by changes in ocean climate.>® Under stressed conditions
such as warming and acidification, phytoplankton releases large amounts of OM (e.g., DOM and LOM).
Warming and acidification have been demonstrated to favor bacterial growth, which might be owing to
two factors: (1) The favorable effect of temperature on bacteria, with more bacterial cells at higher temper-
atures,’’ and (2) the availability of more enriched DOM for bacteria. Put simply, phytoplankton produces
labile DOC, which heterotrophic bacteria can convert to recalcitrant DOC.* Acidification affects the respi-
ration of microorganisms and thus the metabolism and energy cost of bacteria.?® It has been shown that
part of Roseobacter tend to exhibit a stronger competitive advantage for survival in carbon-limited marine
environments and influence changes in the storage and ecodynamics of organic carbon sources in the
marine environment.””** Most previous studies have investigated the dynamics of DOM production by
phytoplankton and bacteria, as well as performing experiments in which many different carbon sources
are added.”® " The transformation of algal-derived OM by single heterotrophic strain has received little
attention, especially, the bacteria were isolated from the phycosphere. As is well-known, the relationship
between microalgae and bacteria are varied and complex. We speculate some specific bacterial species in
the microbial community play a dominant role in the transformation of algal-derived OM and whether tem-
perature and acidification have a positive or negative effect on the transformation of OM by heterotrophic
bacteria. The present study uses diatom-derived DOM and LOM as the sole carbon sources to develop a
chemical molecular and metabolic perspective to investigate the transformation of OM by culturable
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Figure 6. Comparison of bacterial abundance and DOC concentration among the different treatments

Bacterial abundance (x 10%cells mL™") and DOC concentration (mg L= (A) in the different treatment groups. Correlation
analysis between bacterial abundance and DOC concentration (B). Error bars represent the standard error for four
replicates. LL, 26°C and 400 ppm; LH, 26°C and 1000 ppm; HL, 30°C and 400 ppm; HH, 30°C and 1000 ppm.

marine bacteria under warming and acidification conditions. It provides a new perspective for observing
the transformation process of diatom-derived DOM and LOM by single heterotrophic strain.

Owing to the addition of bacteria, a considerable portion of the bioavailable fraction of OM was reduced
by bacterial respiration and absorption. In the present study, the significant negative correlation (p< 0.05)
between bacterial abundance and different carbon pools (i.e., DOM and LOM) suggested a strong link be-
tween bacterial growth and activity (Figure 6), with bacteria actively transforming organic compounds. The
DOC concentration showed a distinct decrease (net decreases of 0.28-0.65 mg L™"), suggesting the OM
components were consumed (i.e., consumption was higher than production). The OM can be used as a sub-
strate for the remineralization of carbon by heterotrophic microorganisms. Microorganisms use enzymes to
catalyze OM into smaller compounds that can be transported to the environment across bacterial cell
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membranes.*® Organic carbon is then incorporated into the biomass or excreted as DOC in the form of
metabolic products.*®

Transformation of organic matter from an FT-ICR MS perspective

The detailed DOM and LOM characterization analyzed by FT-ICR MS was displayed in van Krevelen
diagrams. Owing to the effects of warming and acidification, we found an increased the number of molec-
ular formulae for all the CHO, CHNO, CHOS, and CHNOS formulae classes. This suggested that warming
and acidification lead to an increase in the chemical complexity of the final bacterial transformation of DOM
and LOM. After 30 days’ incubation, the number of N-rich and S-rich DOM-produced molecules (CHNO,
CHOS, and CHNOS) were reduced in the LL and HH groups, suggesting that the simultaneous stress of
warming and acidification affects the conversion of N and S elements by Roseobacter sp. SD-R1. For
LOM, however, it is intuitive to note a significant increase in the number of molecules of CHOS and
CHNOS, but it cannot be excluded that the number of molecules of both CHO and CHNO also increases.
In particular, elevated temperature increases the number and complexity of molecules more than the
effects of acidification. The overall molecular formula patterns in the DOM and LOM treatments were
similar in both groups after 30 days, but the numbers of identified CHNO and CHOS formulae in the
LOM treatments were still higher compared with the LL group. Hence, the transformation of LOM by Rose-
obacter sp. SD-R1 was more complete than that of DOM, and the diversity and complexity of OM chemical
composition was increased.

The VK plot shows similarities in the chemical characteristics of DOM and LOM at the end of the incubation
period. Despite DOM and LOM being different substrates, Roseobacter sp. are still able to convert them
into similar OM molecules. It appears that bacteria are still capable of further transforming algal-derived
OM under elevated temperature and acidification conditions. Long-term experiments conducted by add-
ing simple substrates (e.g., glucose, glutamate, or a mixture of oligosaccharides and oligopeptides) have
shown that OM after culture experiments has similar characteristics to OM in the real environment.*” This
may mean that most OM in natural aquatic systems is relatively stable and contains components that are
not readily available to bacteria. From another point of view, the increase in bacterial abundance indicates
that the OM component is used by bacteria to transform substances required for their own growth and
further transformed into more recalcitrant OM for release into the aquatic environment. However, such a
process occurs over a relatively short timescale. The MCP concept emphasizes the importance of microbial
activity in the conversion of unstable OM to recalcitrant OM.*° However, our study confirms that warming
and acidification accelerate this process, but that more studies are needed to confirm this idea.

CHO compounds probably include carboxyl and/or hydroxyl functional groups in the natural environ-
ment.*"*? However, in this study, the number of CHO compounds in DOM samples (initial, 2,072) was obvi-
ously higher than that in LOM samples (initial, 1,238). CHNO compounds showed a similar shift after
elevated temperature and acidification conditions. Compared with the LL group, the number of CHNO
compounds in the HL and HH groups was increased from 1,995 to 2,234 and 2,009, respectively, after
elevated temperature. However, the number of molecules in LH decreased at the end of the 30-day exper-
iment compared to the initial period, with only 1,942 molecules. Furthermore, the numbers of CHO
compounds in three treatment groups were increased.

The above phenomena suggest that warming and acidification have significant effects on CHNO com-
pounds in both DOM and LOM groups, probably caused by dimerization and polymerization reactions.
CHOS compounds accounted for a small proportion of OM in the initial phase, especially in LOM (only
3.5%). The number of CHOS molecular formulae increased dramatically from 77 to 561-787 after elevated
temperature and acidification. In contrast, for DOM samples in which CHOS molecules increased only
when warming (HL) or acidification (LH) was increased alone, CHOS decreased instead under the combined
effect of warming and acidification. The reasons for these changes may be that the hydrolysis of sulfate
groups may be an important degradation pathway in acidic medium for DOM samples. CHNOS, as a
whole, changed in a similar way to CHOS compounds. The general increase in CHNOS was because com-
pounds containing more heteroatoms and having greater potential biomolecular diversity are more stable
in elevated temperature and acidification conditions.

Although FT-ICR MS differentiates the chemical compositional diversity of DOM, it cannot predict the
chemical structure of each formula (Figure S5). The limitations of the current analysis of DOM include
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extraction biases and machine reproducibility.'®"? Although all samples were analyzed in broadband

mode, most of the peaks were generally distributed over a narrow mass range between m/z 300 and 450
(approximately 43.48%-47.37%) in the spectra. These ranges displayed a similar pattern to those in previ-
ous OM studies.”*® There were 3845-5250 and 2198-5950 molecular formulae identified in the DOM and
LOM treatments, respectively. Al,oq index (modified aromaticity index) and DBE/C have been widely used
to estimate the aromaticity of OM in aquatic environments.*® The Al o4 index in the LH, HL, and HH treat-
ments was slightly higher than that for LL treatment and the initial material. This result suggests that degra-
dation and transformation can occur in low aromatic labile OM by the addition of heterotrophic bacteria,
thereby resulting in the increased aromaticity of DOM and LOM. Moreover, elevated temperature and
acidification conditions will facilitate and accelerate this process.

Recent studies have shown that DOM in different water masses has different properties and contains thou-
sands of molecular formulas.”’ In addition, Zheng et al.*® using two sorbents, solid-phase extracted (SPE)
DOM from coastal, epipelagic, and deep-sea water and incubated it for six months. It is emphasized that
intrinsically RDOM (especially CRAMs) likely has a relatively high contribution to SPE-DOM in the ocean. In
the present experiment, CRAMs were predominant in OM,; initially, 76.39% and 55.91% were detected in
DOM and LOM treatments, respectively. Of interest, the relative number of CRAMs gradually decreased
in DOM with the effects of warming and acidification, but it remained stable in LOM. This phenomenon
suggests that the elevated temperature and acidification diminish the efficiency of bacterial conversion
of CRAMs in DOM molecules, while not affecting the conversion of CRAMs in LOM molecules. In addition,
higher DBE, DBE/C, and DBE/O suggest a higher degree of unsaturation (by considering the number of 7
bonds and rings), a higher density of C=C double bonds, and a lower number of C=0 bonds, respec-
tively.*” Overall, there was no significant change in values between each treatment group, and it is notable
that in the LOM group, after 30 days of testing, the values were generally higher compared with the initial
period, indicating an increase in the degree of unsaturation and the density of C=C double bonds and a
decrease in the number of C=0 bonds. The molecular lability boundary (MLB) showed completely
opposite trends in the DOM and LOM groups, indicating that the proportion of unstable organic com-
pounds increased and decreased in the DOM and LOM groups, respectively. Notably, the compounds
in the DOM samples had higher O/C and lower H/C ratios than the LOM samples. Recent research has
shown that substances with high O/C and low H/C ratios are likely to be highly oxygenated compounds.™
In general, more aromatic compounds with high O/C and low H/C are present in the aquatic environment in
dissolved forms. The previous experiments showed that marine bacteria can convert glucose, glutamic
acid, oligosaccharides, and algae extracts into highly diverse recalcitrant components.”' These exometa-
bolites directly released by bacteria on the utilization of labile substrates ought to have intrinsic properties,
rendering them resistant to decomposition and therefore allowing them to remain recalcitrant for a long
time.>” The microbial carbon pump concept suggests that the successive processing of labile DOM leads

to the formation of recalcitrant DOM.%27:>3

In the marine environment, the sunlit surface waters of the oceans are highly productive, and most of the
carbon fixed in photosynthesis is remineralized by bacteria in the upper ocean.” A tiny portion of the
organic carbon used by bacteria escapes quick remineralization and manifests as a slowly cycling store
of highly complex liquid molecules.* The exometabolites that are directly produced by bacteria during
the usage of labile substrates may have intrinsic features that make them resistant to degradation because
the substrates in our investigation were solely derived from algal sources.?” On a far shorter period than
ocean mixing, bacteria produce chemically complex and slowly cycling metabolites that accumulate in
marine OM.” Therefore, it is anticipated that changes in primary production will closely reflect changes
in the production of these persistent molecules, and that the efficiency of carbon sequestration by marine
bacteria in the microbial carbon pump may be on a par with the flux of particles into deep-sea
sediments.?*”>? Bacteria are the key drivers of these processes, and it appears that they also play a signif-
icant role in carbon sequestration by producing a variety of complex organic compounds that may endure
for thousands of years.>”

Microbial metabolic perturbations in different OM treatments

In the current experiments, bacterial growth kinetics differed between substrates (DOM and LOM) and dif-
ferences in the structural and compositional characteristics of the final OM were observed. The reasons for
these differences may reflect bacterial cell differentiation and metabolite exchange promoted by the
different substrates. Although the overall metabolic pathways were broadly similar between treatment
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groups, changes in the metabolite expression of certain metabolic pathways were still affected. For DOM
treatment groups (Figure S6), we found that acidification had a more significant effect on tryptophan meta-
bolism, leading to the upregulation of 2-aminophenol, indole, picolinic acid, L-formylkynurenine (Figure S7,
Table S1). The effect of warming on arginine biosynthesis was more pronounced, leading to the upregula-
tion of L-glutamic acid and oxoglutaric acid and the downregulation of citrulline, L-arginine, and ornithine
(Figure S8, Table S2). The simultaneous warming and acidification had more significant effects on
D-arginine and D-ornithine metabolism, in which 1-pyrroline-2-carboxylic acid was upregulated and
L-arginine and ornithine were downregulated (Figure S9, Table S3). Amino acids are the structural units
of the proteins and polypeptides, and also serve as precursors for the synthesis of various metabolites
with multiple functions in microbial processes.”® The types of these amino acids are up/downregulated,
implying an acceleration of the amino acid synthesis and/or degradation of proteins.

For LOM treatments (Figure S10), the effect of acidification on purine metabolism was more pronounced,
leading to an upregulation of cyclic GMP and a downregulation of guanine and 2’-deoxyguanosine (Fig-
ure S11, Table S4). Such nucleobase accumulation after acidification treatments could be related to an
acceleration of their synthesis, their respective nucleoside/nucleotide degradation and salvage for reincor-
poration into nucleotides. Warming had a significant effect on beta-alanine metabolism, resulting in the
upregulation of L-histidine, beta-alanyl-L-arginine, L-arginine, and beta-alanyl-L-lysine, and the downregu-
lation of spermidine and N-acetyl-beta-alanine (Figure S12, Table S5). Pyrimidine and purine nucleotides
are the structural units of the nucleic acids DNA and RNA. Therefore, the present results suggest an
acceleration of DNA and RNA synthesis and turnover. This is in good agreement with the amino acid
upregulation, as amino acids serve as precursors for a wide variety of metabolites including purine and
pyrimidine nucleotides. The combined involvement of warming and acidification resulted in the upregula-
tion of L-lysine, L-leucine, L-histidine, and deoxyuridine, and the downregulation of D-xylose, 2’-deoxygua-
nosine, D-fructose, sorbitol, and deoxycytidine (Figure S13, Table S6). We found D-xylose and D-fructose in
ABC transports, belonging to sugar metabolism, indicating that warming and acidification reduced the
bacterial transformation of sugar substances. In brief, the alteration of amino acid metabolism/biosyn-
thesis, purine metabolism, and sugar metabolism suggests the activation of catabolic processes to
accelerate/reduce the restoration of energy balance in microbial cells under warming and acidification.

Conclusions

This study reports a general exploration of the results of bacterial transformation of DOM and LOM from a
chemical molecular and metabolic perspective under warming and acidification conditions. Bacterial
growth kinetics were affected and differences in the structural and compositional characteristics of the
OM compounds were observed. There was a significant negative correlation between bacterial abundance
and the concentration of different carbon sources, while bacterial transformation of LOM was higher than
that of DOM. Moreover, warming and acidification accelerated the efficiency of bacterial transformation of
OM molecules. Bacterial metabolites expressed different patterns because of different substrates promot-
ing cellular differentiation and metabolite exchange of microorganisms. In general, the important role of
bacteria in the microbial carbon pump was further verified, as well as the preferences and transformation
characteristics of the bacteria for various molecular compounds.

Limitations of the study

Because the culture experiments of single-strain are difficult to simulate in situ environments, we believe
the reliability of the experimental results. Nevertheless, this study only examined two temperatures and
pCO, concentrations, which has certain restrictions, particularly the limited number of temperature and
acidification treatments that cannot accurately reflect the effect of both conditions on the OM transforma-
tion by bacteria. Consequently, we have grounds to assume that different temperature/acidification spans
could yield different results. This study also provides a new perspective for further study of bacterial trans-
formation of OM. In the future, we will continue to explore how algae-associated microorganisms
manipulate the global carbon cycle and respond to changes in the marine environment.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Skeletonema dohrnii Natural population from the Xiamen None

Harbor in offshore China
Bacterial strains
Roseobacter sp. SD-R1 NCBI PRINA784381
Software and algorithms
Fourier-transform ion cyclotron Bruker 7.0 T Solarix 2XR
resonance mass spectrometry
Thermo Vanquish Thermo Vanquish
Thermo Q Exactive HF-X Thermo Q Exactive HF-X
Microscope Olympus BX51
Accuri C6 flow cytometer Erembodegem BD Biosciences
Total organic carbon analyzer Shimadzu TOC-L
Origin 2022b OriginLab www.originlab.com
R (v. 4.1.2) R Foundation for Statistical Computing

RESOURCE AVAILABILITY
Lead contact

Further information and requests for any resources should be directed to and will be evaluated by the lead
contact, Jun Sun (phytoplankton@163.com) to determine whether they can be made available on a case-by-
case basis without identifiers.

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data will be shared upon request to the lead contact. No standardized datatype data were generated in
this study. This study did not generate new code. Any additional analysis information for this work is avail-
able by request to the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This work has not involved the use of human subjects or samples, nor has it use experimental models that
require reporting of experimental model and subject details.

METHOD DETAILS

Diatom isolation, culture, and growth

Skeletonema dohrnii, a diatom species that is widely distributed in offshore China, was isolated from the
Xiamen Harbour.”” All cultures were maintained in artificial seawater (ASW) medium in transparent conical
flasks and incubated in growth chambers at 25°C, with 100 umol photons m™2s~', and a 14:10-h light:dark
cycle. All cultures were subcultured at least three times in ASW medium to ensure that S. dohrniiwas adapt-
ed to the current environment. Algal growth was monitored using a hemocytometer, and enumerated un-
der a microscope (BX51; Olympus, Japan).
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Isolation and identification of bacterial strains

Bacterial strains were isolated from the S. dohrnii by the gradient dilution method and then cultured in
transparent conical flasks (including 2216E medium, 200 mL) in a shaking incubator (26°C, 160 rpm). The
TIANamp Bacteria DNA Kit (Tiangen-Biotech, Beijing, China) was used to extract the genomic DNA of
epiphytic bacteria. Sanger sequencing of the 165 rRNA gene is used for the identification of bacteria. Using
bacterial genomes and the closest related sequences from GenBank, a phylogenetic tree (Neighbor-
Joining tree) was created, and genetic distances were determined (Figure S1).

Flow cytometric analysis of Roseobacter sp. SD-R1

Roseobacter sp. SD-R1 was cultivated in 250-mL transparent conical flasks that had been pre-combusted
(450°C, 5 h). Bacterial abundance was measured using an Accuri C6 flow cytometer (BD Biosciences, Erem-
bodegem, Belgium) as previously described.”® Samples were stained with 0.01% SYBR Green | for 30minat
37°C in the dark.”” Each sample was injected with 1 um fluorescent beads (Polyscience, Warrington, PA,
USA) as an internal standard, and measured at a flow rate of 0.25uL s~ for 1 min.

Determination of dissolved organic carbon

Dissolved organic carbon (DOC) concentrations were determined using a TOC-L total organic carbon
analyzer (Shimadzu, Kyoto, Japan) in accordance with standard practices. To prevent any carbon contam-
ination, all glass products were acid-washed, rinsed with ultrapure water, and pre-combusted (450°C for
5 h). All DOC samples were gravimetrically filtered using pre-combusted (450°C for 5 h) GF/F glass fiber
filters (0.7 um pore size, 47 mm diameter, Whatman).

Solid-phase extraction and FT-ICR MS analysis

Pre-treatment of OM samples was performed, as described by Dittmar et al.,"?using SPE with PPL car-
tridges filled with a styrene-divinylbenzene polymer (Bond Elut PPL, 200 mg; Agilent, USA). FT-ICR MS
was used to determine the molecular composition of DOM and LOM components in the exometabolome.
The analysis of all SPE samples were performed using a 7.0 T Solarix 2XR FT-ICR MS (Bruker, USA) equipped
with an electrospray ionization source; the instrument was located in the School of Earth System Science,
Tianjin University, Tianjin, China. We referenced a standard method for the specific parameter settings and
operational procedure of the machine.?” In this study, the formula assignments were based on the
following numbers of atoms: Cs_37, Hz_ss5, O1_14, No_o, and Sg_; (the mass accuracy was <0.2 ppm and
the signal-to-noise ratio was >6). In addition, the formulas present in the combustion samples were
repeated for further analysis. The molecular composition of the DOM was visualized by van Krevelen
(VK) diagrams. Various molecular formulas were plotted based on their H/C and O/C atomic ratios to allow
the unique H/C and O/C values for each DOM formula to be shown as previously described.”**° The OM
molecular function groups can be classified by modified aromaticity index (Alnoqg), calculated by 1 +
C—0.50-5—0.5N—0.5P—0.5H)/(C—0.50—-S—N—P).®" To calculate the double bond equivalent (DBE) asso-
ciated with elemental assignment, it should be executed for each component according to the formula
(2C—H+N+P+2)/2."® Here, various molecular groups were operationally assigned as'®: polycyclic
aromatics compounds (Al,g> 0.67), which include condensed combustion-derived dissolved black car-
bonif C > 15, (2) aromatic compounds (0.5< Al,,oq4 < 0.67), (3) highly unsaturated and phenolic compounds
(Almoa < 0.5 and H/C < 1.5), (4) aliphatic compounds (Aloq < 0.5 and H/C > 1.5), and (5) carboxylic-rich
alicyclic compounds (CRAM) (formulas with DBE/C = 0.3-0.68, DBE/H = 0.2-0.95, and DBE/O = 0.77-
1.75).%° Here, CRAMs represent a class of potentially recalcitrant components identified in OM.%?

Untargeted LC-MS-based metabolomics analysis

Ultra-high-performance liquid chromatography in combination with mass spectrometry (UHPLC-MS) was
performed on a Vanquish UHPLC System (Thermo Fisher Scientific, USA) connected to a Q Exactive
HF-XMS (Thermo Fisher Scientific, USA). The liquid chromatography analysis was performed on a Vanquish
UHPLC System (Thermo Fisher Scientific, USA). Chromatography was performed on an ACQUITY UPLC
HSS T3 (150 x 2.1 mm, 1.8 um) (Waters, Milford, MA, USA). The column was maintained at 40°C. The
flow rate and injection volume were set at 0.25 mL min~" and 2 uL, respectively. For LC-ESI (+)-MS analysis,
the mobile phases consisted of 0.1% formic acid in acetonitrile (v/v) and 0.1% formic acid in water (v/v). Sep-
aration was conducted under the following gradient: 01 min, 2% C; 1-9 min, 2%-50% C; 912 min, 50%—
98% C; 12-13.5 min, 98% C; 13.5-14 min, 98%-2% C; 14-20 min, 2% C. For LC-ESI (-)-MS analysis, the
analytes were eluted with acetonitrile and ammonium formate (5 mM). Separation was conducted under
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the following gradient: 0-1 min, 2% A; 1-9 min, 2%-50% A; 9-12 min, 50%-98% A; 12-13.5 min, 98% A; 13.5—-
14 min, 98%—2% A; 14-17 min, 2% A.°®> Mass spectrometric detection of metabolites was performed on Q
Exactive HF-X (Thermo Fisher Scientific, USA) with an ESl ion source. Simultaneous MS1 and MS/MS (Full
MS-ddMS2 mode, data-dependent MS/MS) acquisition was used. The parameters were as follows: sheath
gas pressure, 30 arb; aux gas flow, 10 arb; spray voltage, 3.50 kV and —2.50 kV for ESI(+) and ESI(-), respec-
tively; capillary temperature, 325°C; MS1 range, m/z81-1000; MS1 resolving power, 60000 FWHM; number
of data-dependent scans per cycle, 8; MS/MS resolving power, 15000 FWHM; normalized collision energy,
30%; dynamic exclusion time, automatic.®*

Experimental setup

In this study, all incubation experiments were performed in transparent conical flasks that were precleaned
with an acid washed and with Milli-Q water. S. dohrnii cells were cultivated in artificial seawater (ASW) me-
dium, and after reaching the degradation growth phase (algal concentration approximately (7.16 +
0.12) x 10® cells mL™"), the microalgae liquid was filtered through a 0.2-pm polycarbonate membrane (Milli-
pore, USA) to remove particles. Then, the filtrate, which was regarded as the DOM fraction, was placed in a
pre-combusted (450°C, 5 h) 1-L conical flask. To obtain the LOM fraction, the microalgae liquid was centri-
fuged at 5000 rpm for 5 min. The supernatant was removed, resuspended with 0.05% NaCl solution, and
heated at 60°C for 30 min. The extracted solutions were then centrifuged at 7000 rpm for 20 min and
the supernatant was considered to be the LOM fraction. The LOM samples were filtered through a
0.2-um polycarbonate membrane (Millipore, United States) to prevent the introduction of particulate
matter.

To assess the effects of warming and acidification on the transformation of diatom-derived OM by Rose-
obacter sp. SD-R1, two different temperatures (26°C and 30°C, i.e., low and high temperature) and
pCO; conditions (400 ppm and 1000 ppm, i.e., low and high pCO,) were used in this work. The following
four treatments were tested: (i) 26°C + 400 ppm (LL), (i) 26°C + 1000 ppm (LH), (iii) 30°C + 400 ppm (HL), and
(iv) 30°C + 1000 ppm (HH). Under the above conditions, Roseobacter sp. SD-R1 Was added into 1-L conical
flasks with different OM fractions (including the DOM and LOM fractions), which were gently bubbled with
CO,, and the gas flow rate (0.5 L min~—") was controlled using a Bronkhorst mass flow controller. The initial
abundance of Roseobacter sp. in each treatment group was approximately (8.03 + 0.07) x 10° cells mL~".
The whole experiment lasted 30 days, with samples collected on the initial (day 0) and last (day 30) day. Four
independent replicates were analyzed per experimental group (i.e., 32 conical flasks for 16 DOM treatment
groups and 16 LOM treatment groups).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed under dark conditions and the mean + standard deviation was deter-

mined. All statistical analyses were performed in RStudio for R version 4.2.1.
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