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Constraining biorecalcitrance of carboxyl-rich alicyclic

molecules in the ocean

Ruanhong Cai'?, Oliver J. Lechtenfeld3*, Zhenwei Yan', Yuanbi Yi', Xiaoxia Chen?, Qiang Zhengz,

Boris P. Koch*®, Nianzhi Jiao?, Ding He'5*

Marine dissolved organic matter (DOM) is one of Earth’s largest long-term carbon reservoirs, critical to the global
carbon cycle. A key breakthrough in understanding this pool is the identification of biorefractory carboxyl-rich
alicyclic molecules (CRAM). Recent studies have challenged the biorecalcitrance of CRAM but lacked detailed mo-
lecular evidence. Using advanced online countergradient liquid chromatography-Fourier transform ion cyclotron
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resonance mass spectrometry to track microbial incubation, we revealed a wide spectrum of CRAM bioavailability
regulated by molecular polarity. CRAM with lower polarity were preferentially degraded, whereas microbial re-
working led to production of higher-polarity CRAM, characterized by increased oxidation state, nitrogen content,
and aromaticity. Some microbially transformed CRAM were frequently detected in a global DOM dataset of 1485
seawater samples, suggesting their potential persistence in marine environments. This study provides molecular
insights into the biorecalcitrance and transformation pathway of CRAM, underscoring the complexity and dynamic

nature of marine organic carbon cycling.

INTRODUCTION

Marine dissolved organic matter (DOM) holds more than 660 Pg of
long-lived reduced carbon, playing a critical role in the global car-
bon cycle (1-3). Most of this carbon resists rapid biological decom-
position and is widely recognized as recalcitrant DOM (RDOM) (3).
Advances in modern analytical technologies, particularly ultrahigh-
resolution Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR-MS) coupled with soft electrospray ionization,
have greatly deepened our understanding of marine DOM. To date,
nontargeted direct infusion FT-ICR-MS (DI-FT-ICR-MS) has become
a preferred method for analyzing DOM. This approach not only effi-
ciently generates high-resolution molecular fingerprints of DOM but
has also been effectively combined with various techniques and geo-
chemical parameters to investigate DOM’s origin (4-7), spatial distri-
bution and pool sizes (8-10), residence time (11, 12), biorecalcitrance
(13-15), and degradation/removal processes (10, 16) in the ocean.
However, the vast structural diversity of DOM (17, 18) poses a major
challenge, leaving many RDOM compounds unidentified using con-
ventional DI-FT-ICR-MS (17, 19). This limitation hampers a compre-
hensive understanding of RDOM cycling and fate in the ocean. Such
insights are vital to unraveling how the tremendous marine RDOM
reservoir is structured and replenished, particularly with respect to
how it responds to future global changes (20, 21).

Using DI-FT-ICR-MS coupled with high-field nuclear magnetic
resonance spectroscopy, a distinctive group of DOM compounds was
identified, characterized by a complex mixture of carboxylated and
fused alicyclic structures. This group was first termed carboxyl-rich
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alicyclic molecules (CRAM) by Hertkorn et al. (22). CRAM are wide-
ly distributed throughout seawater and have become a frequently ref-
erenced RDOM proxy in laboratory incubations (5, 23-27) and field
studies (13, 14, 28-33). However, the biorecalcitrance of CRAM has
recently been questioned (34-36). As a subfraction of oceanic DOM,
CRAM likely represent a continuum of reactivity rather than a discrete
molecular class (11, 12). This suggests that CRAM may encompass a
variety of molecules with differing properties leading to variable de-
grees of biological recalcitrance, a hypothesis that is challenging to
address with DI-FT-ICR-MS analysis.

Recent advancements in ultrahigh-resolution mass spectrometry
have enabled its online coupling with liquid chromatography (LC),
substantially enhancing the detection and sensitivity of DOM analy-
sis (9, 37-42). Combined with an isocratic elution step and a counter-
gradient, LC-FT-ICR-MS enables the separation of complex DOM
compounds according to their polarity prior to FT-ICR-MS measure-
ments, providing crucial insights into the highly polar fractions of
DOM (43, 44). As recently demonstrated, polarity plays a critical role
in determining the bioavailability of natural DOM compounds in
freshwater ecosystems (45). This revelation inspires the application of
polarity-based LC-FT-ICR-MS analysis to investigate the bioavail-
ability of marine DOM. Compared to conventional DI-FT-ICR-MS,
which acquires a single spectrum of mass peaks for a DOM sample,
LC-FT-ICR-MS yields multiple spectra across chromatographically
defined DOM fractions. This capability allows for a more detailed
examination of DOM composition and transformations, offering
new insights compared to DI-FT-ICR-MS. Therefore, LC-FT-ICR-MS
holds great promise for testing hypotheses regarding the recalcitrance
of RDOM, including the biorecalcitrance of specific components, for
example, CRAM.

In this study, we applied LC-FT-ICR-MS, following the protocol
established by Han et al. (43), to a 90-day microbial incubation ex-
periment of a coastal seawater (CSW) amended with a diatom intra-
cellular organic matter (DIA) and a coastal sediment-derived DOM
(SED). The DIA and SED incubations represent organic matter in-
puts from the sunlit and the benthic layers. We tracked molecular com-
position of solid phase extracted DOM (SPE-DOM) at the beginning
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and end of the 90-day incubations using LC-FT-ICR-MS (Fig. 1),
enabling us to uncover the nuanced DOM composition and its
transformations driven by heterotrophic microbial activity. This
approach allowed us to verify the bioavailability of subfractions of
marine DOM, particularly CRAM, which are often masked by the
extreme complexity of DOM.

RESULTS AND DISCUSSION

Microbial transformation of low-polarity SPE-DOM into
high-polarity DOM compounds

LC-FT-ICR-MS chromatographically separated DOM along the
decreasing polarity of each microbial-incubated DOM sample (43).
Here, we use the terms “high polarity” and “low polarity” as syn-
onyms for “water-soluble” and “methanol-soluble;” respectively. For
each 1-min LC segment, the total assigned intensity (TAI) was calcu-
lated by summing the intensities of all assigned DOM formulae.
These LC fractions were then combined to reconstruct TAI chro-
matogram for each incubation sample (Fig. 2). The distributions of
TAI for the CSW-0-day, DIA-0-day, and SED-0-day incubations were
different (Fig. 2), primarily because the DIA and the SED introduced
varying qualities of allochthonous DOM compounds into the CSW
(CSW-0-day). Notably, the DIA introduced a fraction of low-polarity
DOM compounds into the CSW-0-day incubation, as indicated by
the high TAIs observed in the LC segments corresponding to 16 to
18 min (Fig. 2 and fig. S1, A to C). Compared to the CSW-0-day in-
cubation, these lower-polarity DOM compounds uniquely contrib-
uted by the DIA contained more than 50% aliphatic and fatty acid-like
components (fig. S1D), which are typically recognized as biologically
labile DOM compounds in the ocean (10, 46). This finding suggests
that phytoplankton-derived labile DOM compounds predominantly
exhibit lower polarity, which aligns with a recent study showing that
bacteria preferentially degrade low-polarity DOM derived from

Microbial incubation experiments Online countergradient LC-FT-ICR-MS

90-day heterotrophic incubation

L

Data acquisition, Lambda-Miner
calibration, and formula assignment

Identifying microbially labile and
microbially produced DOM

Microbially labile
DOM/CRAM

Microbially produced
DOM/CRAM

Mass/charge

Fig. 1. Schematic workflow for the analysis of microbial-incubated DOM sam-
ples using advanced LC-FT-ICR-MS and data processing. The study involved a
90-day incubation experiment to investigate molecular transformation of DOM in
coastal seawater (CSW) and this seawater amended with diatom intracellular or-
ganic matter (DIA) and coastal sediment-derived DOM (SED). Samples were ana-
lyzed using online countergradient LC-FT-ICR-MS. The resulting mass spectrometry
data were calibrated using the “Lambda-Miner” tool and processed for DOM for-
mula assignment. Assigned DOM formulae were further categorized as microbially
labile and microbially produced DOM, including components such as CRAM.
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dead-wood leachates (47). Consequently, low-polarity DOM likely
contributes a relatively large fraction to labile organic components in
aquatic environments.

After 90 days of microbial incubation, a similar TAI distribution
across the nine LC segments was observed for the CSW-90-day,
DIA-90-day, and SED-90-day incubations (Fig. 2), indicating that
heterotrophic microbes followed a consistent pattern in transform-
ing DOM (26, 48) and increasing SPE-DOM polarity. The latter is
evidenced by the higher TAIs observed in the later LC fractions (re-
tention times of 16 to 19 min) in all 0-day incubations, whereas the
maximum TAI shifted to earlier retention times (13 to 17 min) in all
90-day incubations (Fig. 2). Furthermore, compared to the 0-day
incubations, a greater number of DOM formulae were assigned to
the earlier LC-eluted fractions in all 90-day incubations (fig. S2A).
Although the overall TAI of the SED-90-day incubation was lower
than that of other 90-day incubations, this discrepancy in TAI mag-
nitude likely results from variations introduced during sample ex-
traction or ionization and does not undermine the observed trend
of microbes consistently increasing SPE-DOM polarity over time.
Opverall, this shift in TAIs across all three incubations after 90 days
suggests that heterotrophic microbes preferentially used relatively
low-polarity DOM to produce higher-polarity DOM compounds.

Microbes produced high-polarity SPE-DOM with apparently
recalcitrant molecular characteristics

Compared to the 0-day incubations, the early eluting DOM (rela-
tively polar; fig. S2A) of the 90-day incubations exhibited higher
averaged oxygen to carbon ratios (O/C,), a higher aromaticity index
(AI,), double bond equivalents (DBE,), and an increased abundance
of CRAM-like formulae but lower H/C, values (fig. S2, B to F).
These parameters have been previously validated as reliable indices
for evaluating the biorecalcitrance of DOM samples analyzed by DI-
FT-ICR-MS (49). Elevated O/C,, Al,, and DBE, and abundance of
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Fig. 2. TAl distribution for 0- and 90-day incubations of CSW, DIA, and SED. A
retention time range of 11 to 19 min was selected from each LC-FT-ICR-MS mea-
surement as this range corresponded to the maximum intensity in the total ion
chromatograms. The increasing retention time reflects the decreasing polarity of
the eluted DOM fractions.
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CRAM-like formulae but decreased H/C, have also been observed
in bulk SPE-DOM samples collected from the deep ocean and long-
term incubation (10, 24, 26, 50, 51) and related to biologically refrac-
tory molecular characteristics. Our experimental findings highlight
the microbial production of RDOM in the more polar fractions of
SPE-DOM. A recent study revealed that hydrophilic DOM com-
pounds extracted via reverse osmosis represent some of the most
biologically labile components in freshwater ecosystems (45). This
observation does not contradict our findings because our molecular
analyses focused on SPE-DOM extracted from seawater. Freshwater
DOM generally contains a higher abundance of bioavailable DOM
compared to seawater DOM (52). Furthermore, reverse osmosis ex-
hibits markedly higher DOM extraction efficiency than solid phase
extraction (53) and can inherently recover high-polarity DOM com-
pounds such as free amino acids and certain modified carbohy-
drates. These compounds are labile to microbial degradation (54-56)
and cannot be effectively retained by solid phase extraction (57).
Therefore, we emphasize that the observed linkage between DOM
polarity and bioavailability should be interpreted within the context
of SPE-DOM.

To consolidate the evaluation of DOM bioavailability in relation
to its molecular polarity, we further identified formulae uniquely
present in the 0-day incubation as microbially labile DOM and those
emerging in the 90-day incubation as microbially produced DOM
(hereafter termed labile and produced DOM, respectively; Fig. 3).
Identifying labile and produced DOM formulae using LC-FT-ICR-MS
is more robust compared to DI-FT-ICR-MS, as LC-FT-ICR-MS in-
herently reduce matrix effects commonly occur in DI-FT-ICR-MS
analysis (43, 58). Nevertheless, residual matrix effects may still per-
sist. This inherent limitation, along with the use of a signal-to-noise
ratio threshold for molecular formula assignment, may interfere the
classification of both labile and produced DOM subsets. This identi-
fication of labile and produced DOM in each LC segment allowed us
to observe a small fraction of DOM molecules that were biologically
labile in the earlier eluting LC segments of the CSW, DIA, and SED
incubations (fig. S3). These two groups of DOM formulae exhibited
distinct chemical properties (Fig. 3). Specifically, the labile highly
polar DOM (typically eluting at retention times of 11 to 15 min) in
the three incubations consistently exhibited higher H/C, but lower
0O/C,, Al,, DBE,, and average molecular mass (1/z,). In contrast, the
produced highly polar DOM was characterized by lower H/C, and
higher O/C,, Al,, DBE,, and m/z, values across all three incuba-
tions. Given that variations in these DOM parameters have been em-
pirically linked to DOM bioavailability under laboratory incubation
conditions (24, 49), these experimental results robustly demonstrate
that microbes preferentially used labile DOM compounds. Some of
these labile compounds may undergo microbial reworking to pro-
duce RDOM compounds, particularly within the highly polar frac-
tion of SPE-DOM.

A comparison of the 0- and 90-day DOM samples analyzed using
LC-FT-ICR-MS (this study) with the same samples previously ana-
lyzed by DI-FT-ICR-MS (26) revealed a generally similar van Krevelen
distribution (figs. S4 to S6). However, the LC-FT-ICR-MS methodol-
ogy demonstrates a greater capability for detecting produced DOM
molecules, which are typically of high polarity (figs. S4 to S6). In addi-
tion, LC-FT-ICR-MS enables the acquisition of detailed molecular
insights into both labile (figs. S7A, S8A, and S9A) and produced DOM
(figs. S7B, S8B, and S9B) across a gradient of decreasing polarity in
these three incubations. For instance, a noticeable decrease in O/C
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ratios was observed along the gradient of decreasing polarity for
both labile and produced DOM (figs. S7 to S9). This observation of
the O/C and its connection to microbial transformation of DOM
warrants further investigation. These molecular characteristics,
which were obscured in DI-FT-ICR-MS analyses, became evident
with LC-FT-ICR-MS, providing valuable insights into the molecu-
lar properties that influence the bioavailability of DOM and the
selective transformation of DOM by microbial activity. Overall,
these findings suggest that microbial oxidation under laboratory
conditions leads to the production of highly polar RDOM within
the SPE-DOM fraction.

CRAM exhibit various degrees of bioavailability

We further identified both microbially labile and produced CRAM
from the microbially labile and produced DOM formulae, respec-
tively (Fig. 4). This identification confirms that the widely used
RDOM proxy, CRAM, includes biologically labile compounds. Fig-
ure 4 illustrates that labile CRAM were predominantly eluted in the
later LC segments (retention times of 15 to 19 min), corresponding to
the low-polarity constituents of SPE-DOM. This phenomenon is par-
ticularly evident in the DIA and SED incubations (Fig. 4, B and C),
likely due to the contribution of diatom- and sediment-derived DOM,
which introduced additional labile CRAM into incubations. These
findings further emphasize the importance of incorporating polari-
ty into DOM bioavailability assessments. Consistent with the bulk
SPE-DOM transformation results (Fig. 3 and fig. S3), a small fraction
of highly polar CRAM (retention times of 11 to 15 min; Fig. 4) was
also identified as labile molecular formulae. However, the formula
count for this fraction was consistently smaller than the CRAM pro-
duced in the same LC segments across the three incubations (Fig. 4).
The labile CRAM were characterized by relatively high H/C and low
O/C ratios (Fig. 5, A to C), indicating that they were less oxidized
and relatively saturated. DOM with these chemical characteristics is
known to be preferentially used by heterotrophic microbes (11, 12, 59).
In contrast, the produced CRAM in the incubations exhibited lower
H/C and higher O/C ratios (Fig. 5, D to F). A consistent trend was
observed between labile and produced CRAM molecular formulae
when analyzed excluding heteroatoms (N, S, and P; fig. S10). These
trends suggest that microbial activities produce CRAM with more
oxidized and less saturated chemical characteristics.

Following the original definition of CRAM (22), CRAM-like for-
mulae with high intensities fall within a specific enclosed region in
the van Krevelen diagrams (Fig. 5). Compared to the labile CRAM
(Fig. 5, A to C), microbes produced more highly polar CRAM, which
occupied the remaining area (lower right) of the enclosed region
(Fig. 5, D to F). Within this framework, CRAM located in the upper
left of the enclosed region, characterized by lower polarity, exhibited
relatively high biolability, whereas those in the lower-right area, with
higher polarity, consisted of more recalcitrant compounds. The pro-
duced CRAM formulae exhibited significantly higher values of AI,,
DBE,, and averaged nominal oxidation state of carbon (NOSC,)
than the labile CRAM formulae (P < 0.0001, ¢ test; Fig. 6). Elevated
Al and DBE values indicate an increased presence of aromatic struc-
tures in DOM molecules (60). Furthermore, a higher NOSC value
suggests a relatively oxidized carbon state and lower Gibbs energy in
the molecules (61). These findings suggest that the produced CRAM
contain more aromatic structures in their carbon backbones and
likely more carboxyl groups in their side chains. Should this occur,
microbial reworking of CRAM may increase their aromaticity and
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Fig. 3. Bulk chemical characteristics of labile and produced DOM in the CSW, DIA, and SED incubations. DOM formulae uniquely identified in each incubation
within the same LC segments on days 0 and 90 were classified as labile and produced DOM, respectively. The average values of key chemical properties were calcu-
lated for labile and produced DOM in each LC segment, including (A to C) H/C,, (D to F) O/C,, (G to 1) Al,, (J to L) DBE,, and (M to O) m/z,, for the CSW, DIA, and SED
incubations, respectively.
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overall polarity, thereby enhancing their biological recalcitrance.
In addition, the produced CRAM formulae were enriched in nitro-
gen and depleted in sulfur and phosphorus content (fig. S11). This
chemical modification likely contributes to the increased recalci-
trance of CRAM (8, 62) as nitrogen atoms may form stronger chemical
bonds in their chemical structures, potentially as aromatic heterocy-
clic nitrogen (63, 64).

To further consolidate the biorecalcitrance of labile and produced
CRAM, we identified 63 and 684 commonly labile and commonly pro-
duced CRAM formulae, respectively, across all LC segments from the
three incubations (Fig. 7, A and B). We assumed that refractory CRAM
should resist rapid degradation and therefore persist in natural seawa-
ters. To evaluate this, we calculated the frequency of detection of the
commonly labile and commonly produced CRAM formulae in a
synthesized global seawater DOM dataset, comprising 1485 samples
(fig. S12 and table S1), to examine their persistence. The meridional
distribution of the frequency of detection of these commonly labile
and commonly produced CRAM revealed their approximate presence
across different oceanic provinces (Fig. 7, C and D). On average, the
commonly labile and commonly produced CRAM formulae were pres-
ent in 37.9 + 9.7% (means + SD) and 86.6 + 5.9% of the 1485 DOM
samples, respectively (Fig. 7, C and D). The significantly higher pres-
ence of produced CRAM compared to labile CRAM (P < 0.0001; ¢ test)
confirms that the commonly labile CRAM formulae are less likely to
persist on ocean turnover time scales. In contrast, the commonly pro-
duced CRAM appear to have undergone microbial reworking during
the incubation period, exhibit greater resistance to rapid degradation,
and are thus more likely to persist in seawater. These findings under-
score the critical role of microbial transformation in creating RDOM,
enabling its persistence and potential accumulation in certain marine
environments (23).

This presence analysis of LC-FT-ICR-MS-identified CRAM in our
synthesized DI-FT-ICR-MS DOM dataset could overestimate the
presences of both commonly labile and commonly produced CRAM
in natural seawaters. This potential overestimation arises because
LC-FT-ICR-MS detects DOM isomer clusters (43, 65), whereas
DI-FT-ICR-MS lacks this capability. In addition, the results of the mi-
crobial incubations, conducted under controlled laboratory conditions
with a limited range of substrates, were preliminarily extrapolated to
areas and water depths with varying temperatures, microbial commu-
nity structures, and DOM compositions. Nonetheless, our experi-
mental results demonstrate a significant difference (P < 0.0001) in the
frequency of detection between commonly labile and commonly pro-
duced CRAM in the dataset (Fig. 7, C and D). This calculation provides
a foundation for future studies to further investigate the global persis-
tence of microbially modified CRAM. It is also worth noting that this
study excluded a subset of CRAM formulae that persisted throughout
the 90-day incubation period. In contrast to the identification of labile
and produced CRAM, which was based solely on their presence at the
start and end of the incubation, persistent CRAM formulae exhibited
dynamic changes in intensity due to microbial utilization and produc-
tion (26). Their isomeric diversity and composition are likely complex
and warrant a dedicated, independent investigation. To maintain the
focus and simplicity of the current study, we concentrated on labile and
produced DOM to explore the intrinsic relationship between CRAM
bioavailability and molecular polarity. The role of isomeric diversity
in DOM bioavailability and related dynamics will be addressed in an
ongoing study as the LC-FT-ICR-MS methodology shows promise
in distinguishing certain DOM isomer clusters within complex DOM
mixtures (43, 65, 66).

In conclusion, this study introduced the application of polarity-
based LC-FT-ICR-MS in microbial incubation experiments, revealing
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Fig. 7. Molecular characteristics of commonly labile and commonly produced CRAM formulae and their meridional distribution of detection frequency in the
global DOM dataset (see fig. S12). van Krevelen diagrams and relative abundances of compound classes (CHO-, CHON-, CHOS-, and CHOP-containing molecules) for the
commonly labile (A) and commonly produced (B) CRAM across the three incubations, respectively. Meridional distribution of frequency of detection for the commonly
labile (€) and commonly produced (D) CRAM, respectively. The color bar in (C) and (D) represents the frequency of detection (%) of these CRAM groups across individual
DOM samples in the global dataset. We calculated the detection frequency by first counting the commonly labile (n = 63) or commonly produced (n = 684) CRAM formu-
lae in each DOM sample and then dividing these counts by their respective totals (63 or 684) to obtain percentages.
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that microbes preferentially used lower-polarity SPE-DOM and
produced higher-polarity DOM compounds. The microbially pro-
duced DOM exhibited characteristics of biological recalcitrance,
suggesting that SPE-DOM bioavailability is intrinsically linked to its
molecular polarity. We also demonstrated that the widely referred
RDOM proxy, CRAM, comprise various molecules with varying
degrees of biological recalcitrance. Specifically, CRAM with lower
oxidation states and contributions of aromatic structures and nitrogen-
containing groups were more likely to be preferentially used or trans-
formed by heterotrophic microbes. These compounds were typically
eluted later in online countergradient LC operations, indicating their
low polarity. Conversely, microbial reworking increased the oxidation
state, aromatic structures, and nitrogen-heteroatom content of CRAM,
along with their polarity, enhancing their biological recalcitrance and
persistence in natural seawaters, albeit to a limited extent. This finding
suggests that CRAM represent a continuum of reactivity rather than a
distinct class, similar to the behavior of bulk oceanic DOM (11, 12).
This calls into question the practice of categorizing CRAM asan RDOM
proxy solely based on ultrahigh-resolution mass spectrometry, without
careful consideration. It is important to note that, in the original study
defining CRAM from ultrafiltered DOM (22), the researchers charac-
terized this material using a combination of ultrahigh-resolution mass
spectrometry and high-field nuclear magnetic resonance spectroscopy
(22). These researchers have consistently applied these two comple-
mentary analytical tools to define CRAM, whether derived from ultra-
filtered or SPE-DOM (5, 31, 67).

In addition, the molecular composition of nonretained DOM
leached from absorbents commonly used in solid phase extraction
(e.g., Agilent Bound Elut-PPL and C-18) could vary among samples
(68, 69). The bioavailability of this nonretained DOM fraction re-
mains uncertain, especially as a recent study has found that hydro-
philic freshwater DOM compounds can be highly biolabile (45).
Thus, our current understanding of the refractory nature of the bulk
marine DOM pool is still incomplete. Recently, a direct analysis of
natural seawater DOM using LC-FT-ICR-MS has been developed
(65). This method requires only a small volume of seawater and can
provide molecular composition data without the need for DOM ex-
traction, making it a promising tool for investigating polar DOM
compounds excluded by traditional solid phase extraction approach.
With the continued advancement of analytical methodologies, the
enigmatic refractory nature and isomeric complexity of marine DOM,
the two major conundrums in marine DOM biogeochemistry, may
soon be resolved.

MATERIALS AND METHODS

Incubation experiment setup

Before the laboratory incubation, a coastal surface seawater sample
was collected near Xiamen Island (24°30'N, 118°14'E) in May 2019. The
seawater was filtered through 3.0-um polycarbonate filters (Millipore,
prerinsed with 10 liters of Milli-Q water) to obtain filtrates containing a
free-living prokaryotic community and autochthonous DOM. The
filtrates were designated as the CSW treatment. Additional treat-
ments were prepared by amending the CSW filtrates with intracel-
lular organic matter from a diatom strain Thalassiosira pseudonana
CCMP1335 and coastal sediment-derived DOM,; for details, see (26).
As a result, the incubation experiments included a natural seawater
treatment (CSW) and two treatments amended with exogenous organic
substrates (DIA and SED). The incubations were conducted in a dark,
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temperature-controlled room (~20°C) for 90 days. The initial total or-
ganic carbon concentration in the CSW incubation was ~89 pmol C
liter™', which decreased to ~76 pmol C liter ™ by the end of the incuba-
tion. Total organic carbon concentrations in the DIA and SED treat-
ments showed sharper declines, dropping from ~535 to ~111 pmol C
liter ™" and from ~292 to ~91 pmol C liter ™, respectively. Samples ana-
lyzed in this study were previously measured using a 9.4-T Bruker Apex
Ultra FT-ICR mass spectrometer in direct infusion. Details on the ex-
perimental setup, DI-FT-ICR-MS results, bacterial abundance, and
organic carbon concentration variations are available in (26).

Measurement of the DOM extracts using LC-FT-ICR-MS

DOM from CSW, DIA, and SED incubations was obtained via solid
phase extraction using 200-mg styrene divinyl benzene copolymer
cartridges (Bond Elut PPL, Agilent) on days 0 and 90, following the
protocol of Dittmar et al. (70). The DOM extraction efficiency ranged
from 38 to 52%, similar to the range reported by Dittmar et al. (70).
Further experimental details were described by Lian et al. (26). Before
LC-FT-ICR-MS analysis, the SPE-DOM was adjusted to a dissolved
organic carbon concentration of ~10 mg C liter™" to facilitate semi-
quantitative DOM compositional comparison across samples. An
FT-ICR mass spectrometer (with 12-T refrigerated actively shielded
superconducting magnet and dynamically harmonized ICR cell,
solariX XR, Bruker Daltonics, Billerica, MA, USA) coupled with LC
(Fig. 1) as outlined by Han et al. (43) was used.

Separation of DOM was performed on an UltiMate 3000RS UH-
PLC system (Thermo Fisher Scientific) equipped with binary pump
(HPG-3200RS), column oven (TCC-3000RS), autosampler (WPS-
3000TRS), and diode array detector (DAD-3000RS). The LC system
was equipped with a reversed-phase polar end-capped C18 column
(ACQUITY HSS'T3, 1.8 pm, 100 A, 150 mm by 3 mm, Waters, Milford,
MA) and a guard column (ACQUITY UPLC HSS T3 VanGuard
Precolumn, 100 A, 1.8 pm, 2.1 mm by 5 mm). Ultrapure water (Milli-Q
system, Merck, Germany) and LC-MS-grade methanol (Biosolve,
Netherlands) were used as mobile phases A and B. Formic acid (0.05%)
was added to both eluents. The aqueous eluent was adjusted to pH 3.0
with ammonium hydroxide, and the same volume of ammonium hy-
droxide was added to eluent B. The eluent gradient started at 0.5 min
and linearly increased from 0 to 100% methanol within 14 min. A
second HPLC pump (LPG-3400SD) was used to add a postcolumn
flow (0.2 ml/min). A gradient was applied to reverse the gradient of
the first pump at the column outlet using the same solvents (A: meth-
anol and B: ultrapure water) but without buffer addition.

For the FT-ICR-MS measurement following the LC separation,
an electrospray ionization source (Apollo II, Bruker Daltonics Inc.,
USA) was used in negative mode (capillary voltage: 3.9 kV, nebu-
lizer gas pressure: 1.0 bar, dry gas temperature: 200°C, and dry gas
flow rate: 4.0 liters/min) (43). Mass spectra for LC-FT-ICR-MS mea-
surements were acquired in broadband m/z of 150~1000 with a
transient size of 2 M Word and full profile magnitude mode. Lock
masses (m/z of 150~600) were used to compensate mass shifts dur-
ing LC acquisition. A total of 834 scans were recorded between 11-
and 19-min retention time for each LC-FT-ICR-MS measurement
because this retention time range showed the maximum elution of
DOM according to the total ion chromatogram.

LC-FT-ICR-MS data processing
LC-FT-ICR-MS spectra were split and averaged using the Data Anal-
ysis software (Bruker Daltonics version 6.0). Mass spectra within
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1-min retention time intervals were averaged (resulting in nine dis-
tinct retention time segments; Fig. 1) and calibrated using known
m/z values of the Suwannee River Fulvic Acid reference natural or-
ganic matter (International Humic Substances Society, USA) via an
in-house web-based tool (Lambda-Miner) (7I). Peak picking was
performed with a signal-to-noise ratio threshold of >4 and a mass
accuracy of <1 ppm (parts per million) for molecular formula as-
signment (72). Formulae were assigned to the calibrated mass data
following Yi et al. (73). A molecular formula calculator generated
matching formulae according to elemental combinations of '*C;_gp,
13 1 14 15 16 18 32 34 31

Co-1> Hiz1200 No-3, "No-1, 0030, Op-1,""So-2, " So-1, and * Py_y.
All assigned DOM formulae had to meet other basic chemical crite-
ria: (i) the number of H atoms should be at least 1/3 that of C atoms
and cannot exceed 2C + N + 2; (ii) the sum of H and N atoms must
be even (the “nitrogen rule”); and (iii) the O/C ratio should not ex-
ceed 1.5. Isotopologs were excluded from further analyses.

Averages of H/C,, O/C,, m/z,, Al,, DBE,, and NOSC, were cal-
culated for each segment of the LC-FT-ICR-MS measurements
(60, 61, 74). These indices have been widely applied to evaluate bio-
availability of bulk DOM samples (49). Within each LC segment of
every incubation experiment (CSW, DIA, and SED), we classified
molecular formulae exclusively present in the 0-day incubation as
microbially labile DOM, and those exclusively present in the 90-day
incubation as microbially produced DOM, with both categories con-
taining CRAM. CRAM molecular formulae were assigned based on
an empirical criterion: (DBE/C = 0.30 to 0.68, DBE/H = 0.20 to
0.95, and DBE/O = 0.77 to 1.75) (22). In addition, we compiled a
global seawater DOM dataset to assess the frequency of detection
of the commonly labile and commonly produced CRAM formulae
identified in incubations. This dataset included 1485 DOM samples,
with 172 measured using a single FT-ICR-MS instrument following
a consistent protocol (orange circles in fig. S12) (75) and 1313 sam-
ples obtained from the literature sources (purple circles in fig. S12)
(11, 12, 76-79). We gratefully acknowledge the contributions of
these studies. Detailed information regarding the dataset’s composi-
tion is provided in table S1. To calculate the detection frequency, we
first determined the number of commonly labile (n = 63) or com-
monly produced (n = 684) CRAM formulae in each DOM sample
and then divided these counts by their respective totals (63 or 684)
to obtain percentages.

Supplementary Materials
This PDF file includes:

Figs.S1to S12

Table S1
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