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A B S T R A C T

Abiotic photochemistry and microbial degradation are the two main removal processes of marine dissolved 
organic matter (DOM). However, the combined and repeated effects of irradiation and biodegradation on DOM 
remains poorly resolved due to their complex interactions. To disentangle the effects of abiotic photochemistry 
from photobiology, we alternately exposed coastal DOM to repeated exposures to simulated solar radiation and 
then to microbial communities in darkness. Our results demonstrated selective impacts on the DOM pool by 
photochemical and microbial degradation. Photodegradation resulted in the loss of fluorescent (both protein- 
and humic-like), the enrichment of aliphatic and nitrogen-containing compounds, and an increase in microbial 
diversity. However, biodegradation drove changes in key molecules (significantly altered) and enhanced the 
contribution of alicyclic compounds and aromatic compounds containing carboxyl/ester functional groups. 
Network analysis implicated the irradiation adapted (i.e., Methylophagaceae) microbes in DOM transformations 
involving the gain and loss of methyl groups, while the non-irradiation adapted (i.e., Alteromonadaceae) microbes 
appeared to alter DOM composition by the gain and loss of oxygen atoms. Our findings distinguish the selective 
contributions of irradiation and biodegradation processes and point to the complex interactions between 
photochemical and biological processes that jointly shape the DOM pool.

1. Introduction

Dissolved organic matter (DOM) represents the largest reduced car-
bon pool in the ocean and serves as a cornerstone of all major biogeo-
chemical cycles (Hansell et al., 2009; Jiao et al., 2010). In the open 
ocean, DOM is mainly produced by plankton, while in coastal waters, it 
is supplemented by many additional sources, predominantly from 
riverine input (Harrison et al., 2005; Moran et al., 2022). DOM un-
dergoes transformation and removals through photochemical and mi-
crobial processes, or through sorption to particles followed by 
sedimentation (Carlson and Hansell, 2015; Wen et al., 2022). These 
processes lead to both quantitative and qualitative changes in the DOM 
pool (Carlson and Hansell, 2015; Jiao et al., 2014; Siegel et al., 2002). 
Photochemical and microbial degradation are considered to be the 

primary drivers of DOM breakdown, but their relative importance de-
pends on the chemical compositions of DOM and microbial community 
composition, as well as spatial and temporal factors (Seidel et al., 2015; 
Song et al., 2022).

Photochemical degradation of DOM is initiated by absorption of ul-
traviolet (UV) light by its coloured or chromophoric fraction (CDOM) 
(Mopper et al., 2015). This absorption triggers a cascade of reactions, 
leading to the completely transformation of DOM into inorganic carbon 
or the production of new compounds that are often less humified with 
lower molecular weight (Holt et al., 2021; Li et al., 2020). Microbes 
comprise the majority of living organism in the ocean and dominate 
biologically mediated DOM degradation (Azam et al., 1983; Bar-On and 
Milo, 2019). Their diverse metabolic capacities and strategies enable 
microbes to constantly transform organic compounds, such as 
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converting labile forms to recalcitrant ones by modifying the chemical 
composition (Jiao et al., 2018). The photochemical and microbial pro-
cesses frequently co-occur in the sunlit ocean, where photochemical 
reactions modify DOM composition and influence microbial activity 
through various pathways (Lønborg et al., 2013; Wetzel et al., 2003).

Photobleaching of DOM is associated with a suite of free radicals, 
such as carboxyl radical, hydroxyl radical and superoxide anion 
(Mopper et al., 2015; Wei et al., 2023). Generally, aromatic moieties and 
unsaturated component (e.g., aromatic or unsaturated molecules) are 
the most photolabile reactants (Gonsior et al., 2009; Stubbins et al., 
2010). Upon light absorption, they can lead to the production of 
bioavailable compounds (e.g., polyols and pyruvate) for microbial 
further utilization (Gonsior et al., 2014; Kieber et al., 1989). However, a 
proportion of aromatic compounds can also fuel the growth of special-
ized bacteria which show alternative inhabitation effects when photo-
chemical processes are active (Nalven et al., 2020; Ward et al., 2017). In 
some cases, photodegradation can produce biodegradable aromatics 
that enhance microbial biodegradation of DOM (Bowen et al., 2020; Hu 
et al., 2023). In addition, photochemical processes can initiate 
cross-linking, humification and polymerization of labile biomolecules 
into more recalcitrant compounds that are resistant to microbial 
degradation (Benner and Biddanda, 1998; Obernosterer et al., 1999). 
The various effects of photochemical and microbial processes on the 
DOM pool likely result from their different impacts on the DOM chem-
ical and microbial community composition (Mopper et al., 2015; Ward 
et al., 2017). Coupled photochemical-microbial degradation regulates 
carbon cycling and plays a crucial role in marine food web dynamics 
(Mopper et al., 2015). Fully understanding the combined effects of 
photodegradation and biodegradation requires knowledge of how these 
processes influence molecular compositions of DOM and microbial 
community.

To evaluate the impact of repeated photochemical and microbial 
processes on DOM chemical composition and microbial communities, 
we continuously subjected DOM to irradiated or dark conditions fol-
lowed by inoculation with environmental microorganisms and repeated 
this in a two-phases experiment. Specifically, we wanted to: (1) identify 
how irradiation and microbial alteration impact DOM composition; (2) 
determine which microbial communities thrive when growing on irra-
diated and non-irradiated substrates; and (3) identify potential links 
between the microbial community and the DOM chemical composition. 
During the experiments we characterized changes in the DOM compo-
sition by fluorescent spectroscopy, Fourier transform ion cyclotron mass 
spectrometry (FT-ICR MS) and liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS), while changes in the microbial 
community was determined by high-throughput sequencing.

2. Materials and methods

2.1. Experimental setup

Our experimental setup included two phases: in the first phase, fresh 
DOM collected from station S07 close to Xiamen Island, China (~24◦ N, 
~118◦ E; September 2021) (Fig. S1) was irradiated or kept in the dark 
for five days and then inoculated with bacteria for an additional five 
days. In the second phase, DOM subjected to initial irradiation and 
microbial degradation was further irradiated or kept in the dark for 
another five days and then inoculated with fresh bacteria for an addi-
tional five days.

The initial collected seawater was pre-filtered (mesh size of 20 μm) to 
remove larger eukaryotic organisms and particles. Subsequently it was 
filtered using tangential flow filtration with pellicon (0.2 μm, Millipore, 
USA) to prepare bacterial inoculum and preserved at 4 ◦C. The filtrate 
was divided into 2 L quartz glass bottles (acid washed, rinsed with Milli- 
Q water, and pre-combusted at 450 ◦C for 6 h) and thereafter either 
exposed to irradiation in a solar simulation chamber (836 ± 56 μmol 
m− 2⋅s− 1) or kept in the dark over a five-day period. This light intensity 

was within average light intensities measured during September in the 
study area. All treatments remained at 26 ◦C with thermostatic baths 
regulating the temperatures. The concentrated “bacterial culture” was 
thereafter added to the irradiated and non-irradiated treatments in a 
ratio of 1:9 of the initial microbial abundance and thereafter incubated 
in the dark for 5 day at room temperature. For the phase II experiment, 
fresh surface seawater was collected from station GYS near Xiamen Is-
land and treated as described above to create a concentrated bacterial 
inoculum, which was kept at 4 ◦C until used. The irradiated treatments 
from phase I were again filtered by tangential flow filtration. The 
resulting filtrate was then separated into 2 L quartz glass bottles, which 
were either irradiated or kept in the dark for another five days. There-
after the phase II “bacterial culture” was added in a ratio of 1:9 of the 
initial microbial abundance and incubated in the dark for 5 day at room 
temperature. In the below we will refer to samples exposed to light as 
“irradiated” and those kept in the dark as “non-irradiated”.

2.2. Sample collection

Triplicate bottles irradiated or kept in the dark were subsampled 
during phase I (day 5, 7 and 10) and phase II (day 15, 17 and 20) during 
the incubations. The collected samples include bacterial abundance, 
microbial community composition, inorganic nutrients, dissolved 
organic carbon (DOC) concentrations, fluorescent DOM (FDOM), and 
DOM extraction for chemical analysis. Briefly, 2 mL samples were 
collected and fixed with glutaraldehyde (1% v/v) and kept at − 80 ◦C for 
bacterial abundance analysis. In addition, 500 mL of samples were 
filtered through a 0.22-μm polycarbonate filter (prewashed with 1 L 
Milli-Q water, Millipore, USA) for microbial community analysis. Sub-
sequently, 20 mL of filtered water samples were stored in two glass vials 
(CNW, German) at 4 ◦C for DOC and FDOM analysis, respectively, within 
three days. Additionally, 40 mL of filtrates were transferred to 50 mL 
acid cleaned tubes and stored at − 20 ◦C for inorganic nutrient analysis. 
For the DOM extraction, 400 mL filtrates were acidified to a pH of 2 in a 
1 L glass bottle. All glassware used in the experiment was acid washed, 
rinsed with Milli-Q water, and pre-combusted (450 ◦C for 6 h).

2.3. Inorganic nutrient and DOM analysis

Concentrations of nitrate + nitrite (NOx) and phosphate (PO4
3− ) were 

determined using a PowerMon Kolorimeter AA3 (Bran + Luebbe, Co., 
Germany) segment flow analyser, following previously described 
methods (Knap et al., 1996). While the ammonium (NH4

+) concentra-
tions were measured using a fluorometric method (Holmes et al., 1999).

The DOC concentrations were determined using a Shimadzu TOC- 
VCPH analyzer. Briefly, samples were acidified (pH = 2) with phos-
phoric acid before measurement. The DOC concentrations were calcu-
lated by subtracting a Milli-Q water blank and dividing by the slope of a 
standard curve made from potassium hydrogen phthalate standards.

Excitation (Ex)-emission (Em) matrices (EEMs) were measured using 
a Horiba Aqualog system. Once the samples reached room temperature, 
they were excited from 240 to 600 nm with 5 nm intervals using a 1-cm 
path length quartz cuvette. Emission scans ranged from 248 to 829 nm 
with 2.33 nm measuring intervals, and each scan had an integration time 
of 2 s. Parallel factor analysis (PARAFAC) was performed to decompose 
the data into individual fluorescent components in Matlab (2018) 
(Murphy et al., 2013). All measured fluorescence intensities of each 
sample were normalized to Raman Units (RU) with Milli-Q (Ex = 350 
nm, Em = 371–428 nm) as a reference (Lawaetz and Stedmon, 2009). 
The spectral were submitted to the OpenFluor database (https://openfl 
uor.lablicate.com) for source assignment.

Samples (400 mL) for solid phase extraction (SPE) were acidified 
(pH = 2) and then extracted using cartridges (200 mg, Agilent Bond Elut 
PPL, USA) as described previously (Dittmar et al., 2008). After extrac-
tion, cartridges were eluted with methanol and the estimated SPE 
extraction efficiency of DOM was ~35%. The FT-ICR MS analysis was 
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performed using a 9.4 T Bruker Apex Ultra equipped with an Apollo II 
electrospray ion source operated in negative mode, following previously 
established protocols (He et al., 2020). The mass peaks with 
signal-to-noise (s/n) ratios greater than 4 were exported for the formula 
assignment, and s/n ratio greater than 6 were selected for further 
analysis. Resolved isotopic species were excluded from further analysis 
and matched formulas consisted of the elemental combinations of 
12C1− 60, 1H1− 120, 14N0− 3, 16O0− 30, and 32S0− 1. Formulas presented in at 
least two replicates were considered and results were presented as 
average of three replicates. The relative abundance of identified for-
mulas (CHO, CHON, CHOS and CHONS), and ratios of hydrogen to 
carbon (H/C) and oxygen to carbon (O/C) were calculated for each 
sample (Sleighter et al., 2009). Double bond equivalents (DBE) and 
modified aromaticity index (AImod) of the identified molecular formulas 
were calculated as previously described (Koch and Dittmar 2006, 2016). 
Molecular formulas were assigned to saturated compounds (H/C > 2), 
unsaturated aliphatic compound (2.0 ≥ H/C > 1.5), lipid-like (0.2 ≥
O/C ≥ 0, 2.2 ≥ H/C ≥ 1.7), carbohydrates (1.2 ≥ O/C ≥ 0.6, 2.2 ≥ H/C 
> 1.5), lignin-like (0.6 > O/C ≥ 0.1, 1.7 ≥ H/C ≥ 0.6, AImod < 0.67), 
tannin-like (1.2 ≥ O/C ≥ 0.6, 1.5 ≥ H/C ≥ 0.5, AImod < 0.67) and 
condensed aromatics (1.0 ≥ O/C ≥ 0, 0.7 ≥ H/C ≥ 0.3, AImod ≥ 0.67) 
(Antony et al., 2014; Seidel et al., 2015). For LC-MS/MS measurement, 
chromatographic separation was performed on a SHIMADZU-LC30 
UHPLC system with a ACQUITY UPLC HSS T3 column (2.1 mm ×
150 mm, 1.8 μm, Waters, USA). The eluents were analyzed on a Q 
Exactive™ plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (QE 
plus, Thermo Fisher Scientific, USA) in heated electrospray ionization 
positive (3.8 kV spray voltage) and negative (3.2 kV spray voltage) 
mode. The capillary and probe heater temperatures were 320 and 
350 ◦C, respectively. The sheath gas, aux gas and S-lens RF level were 50 
Arb, 15 Arb and 50 Arb. The full scan was operated at a high resolution 
of 70,000 FWHM (m/z = 200) in the range of 80–1200 m/z with an AGC 
target setting of 3 × 106. Simultaneously, the fragment ion information 
of the top 10 precursors in each scan was acquired with a mass resolu-
tion of 17,500 FWHM, an AGC target of 1 × 105 and the HCD energy at 
20, 30 and 40 eV. The accurate m/z of precursors and product ions were 
matched against online databases including HMDB and MassBank, and 
an in-house standard library.

2.4. Bacterial abundance and microbial community composition

Bacterial abundance (BA) was determined using flow cytometry (BD 
Accuri C6). Thawed samples were stained with the nucleic acid-specific 
dye SYBR Green I (Invitrogen, USA) for 15 min in the dark before 
measurement (Marie et al., 1997).

The total microbial DNA was extracted from the collected filters 
using the phenol-chloroform-isoamyl alcohol method as previously 
described (Wang et al., 2017). For the microbial community structure 
analysis, bacterial 16S rRNA gene (V4-V5 region) of the DNA samples 
were amplified using forward primers (515F 
5′-GTGCCAGCMGCCGCGGTAA-3′) and reverse primers (907R 
5′-CCGTCAATTCMTTTRAGTTT-3′). Quantified amplicons were 
sequenced by the Illumina MiSeq PE250 platform (Illumina, USA). An-
alyses of the raw sequences including demultiplexing, denoising and 
taxonomy classification were performed using the QIIME2 pipeline 
(Version, 2020.2) with standard parameters (Bolyen et al., 2019). After 
importing and demultiplexing, sequences were trimmed to 230 bp, and 
the low-quality sequences were removed (with default parameters). 
Then the sequences were denoised into amplicon sequence variants 
(ASVs) using Deblur within QIIME2. The resulting feature table and 
representative sequences were classified using the QIIME2 pretrained 
SILVA database classifier (SILVA database release 132). The final dataset 
contained 2,848,108 sequences constituting 725 ASVs after removing 
the chloroplast. These ASVs were rarified to 45,571 sequences per 
sample for α diversity analyses.

2.5. Statistical analysis

Orthogonal projections to latent structures discriminant analysis 
(OPLS-DA) was conducted to identify metabolites that varied between 
irradiated and non-irradiated treatments, based on variable important in 
projection (VIP) values greater than 1. The significance of these me-
tabolites was further tested using TTEST (p < 0.05). Selected metabolites 
were grouped in the heatmap (standardization transformed). Key mo-
lecular formulas (top 10 formulas with significant alterations) were 
identified based on their relative intensity changes (Herzsprung et al., 
2023) and principal component analysis (PCA) was applied to investi-
gate the compositional differences of molecular characteristics among 
key molecules. Microbial community structures (family level) were 
shown in a circos plot to illustrate the successional changes of dominant 
microbial community. Alpha-diversity was determined by the Shannon 
and Pielou indices whose significance was tested by TTEST. Irradiation 
or non-irradiation adapted microbial community (ASV level) were 
identified by relative intensity changes with thresholds of log2(FC) > 2 
and TTEST (p < 0.05). Mentel test was applied to evaluate the associa-
tions between the microbial community and environmental variables. 
The associations between the microbial community (family level, rela-
tive abundance) and key molecules (relative intensity) were presented in 
the co-occurrence network based on a Spearmen’s rank correlation co-
efficient of |r| > 0.5, p < 0.01. Corresponding R codes for networks were 
derived from GitHub (https://github.com/ryanjw/co-occurrence) 
(Williams et al., 2014). The betweenness and degree indices were 
calculated to represent the centrality and connectivity of microbial 
communities and key molecules in the network, respectively. Addi-
tionally, molecular mass differences were calculated by subtracting the 
theoretical mass (theo = 12 × C + 1.007825 × (H− 1) + 15.994915 × O 
+ 14.003074 × N + 31.97207 × S) between key molecules (Audi and 
Wapstra, 1995) and matched to potential functional groups. All statis-
tical analyses were performed in R 3.6.1 (www.R-project.org) using 
‘statnet’, ‘circlize’, ‘ggplot2’, ‘vegan’, ‘dplyr’, ‘ggcor’, ‘devtools’, ‘ropls’ 
and ‘pheatmap’ packages, and network visualizations were conducted in 
Cytoscape V3.7.2.

3. Results and discussion

3.1. Impacts on dissolved organic carbon, microbial abundance and 
inorganic nutrients

The initial DOC concentration in phase I was 97.4 ± 7.1 μmol/L, 
which decreased to 85.8 ± 1.5 and 88.4 ± 2.0 μmol/L in irradiated and 
non-irradiated treatments, respectively (Fig. S2a). During phase II, DOC 
concentrations initially increased slightly but then gradually decreased, 
reaching 83.0 ± 0.1 μmol/L in the irradiated and 86.3 ± 0.2 μmol/L in 
the non-irradiated treatment by the end. Overall, BA increased in 
response to DOC consumption. During phase I, BA increased from 
initially 8.8 ± 0.8 × 104 cells/mL to peak of 1.6 ± 0.1 × 106 and 8.2 ±
1.3 × 105 cells/mL in irradiated and non-irradiated treatments, 
respectively (Fig. S2b). In phase II, BA increased from 1.5 ± 0.1 × 105 

cells/mL to peak values of 1.0 ± 0.2 × 106 cells/mL in the irradiated and 
9.3 ± 0.2 × 105 cells/mL in the non-irradiated treatment. It should be 
noted that a minor bacterial population (~104 cells/mL) remained after 
filtration, showing slight growth in the non-irradiated treatment before 
microbial inoculation. In comparison to the non-irradiated treatment, 
the irradiated treatment exhibited a relatively higher DOC degradation, 
which also lead to elevated bacterial abundances in both phases. 
Overall, irradiation solely, microbial alteration alone, and the combined 
impact of irradiation and microbial alteration contributed about 1%, 
11% and 12%, respectively, to DOC degradation by the end of the 
experiments.

The inorganic nutrient concentrations showed only slight changes. 
The NOx concentrations gradually decreased from 11.9 ± 0.1 to 11.6 ±
0.1 μmol/L in both irradiated and non-irradiated treatments (Fig. S2c). 
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The NH4
+ concentrations ranged between 0.21 and 1.02 μmol/L, while 

PO4
3− concentrations remained between 0.78 and 0.85 μmol/L 

throughout the two-phase experiment (Figs. S2d and e).

3.2. Photodegradation drive fluorescent DOM transformation

Three fluorescent components were identified using PARAFAC 
analysis (Fig. 1a). Component C1 (Ex/Em wavelengths: 275/321 nm) 
was defined as protein-like FDOM which is linked to aromatic amino 
acids that can potentially be available to microbial degradation (Bianchi 
et al., 2014). Component C2 (Ex/Em wavelengths: 300/387 nm) was 
similar to microbially derived humic-like component (Chen et al., 2019), 
whereas the other humic-like component C3 (Ex/Em wavelengths: 
350/458 nm) has a terrestrial signature (Du et al., 2021). The fluores-
cent intensities of the three FDOM components decreased during light 
process (irradiation) and showed slightly changes after microbial inoc-
ulation in the irradiated treatment (irradiation + microbial alteration) 
in both phases. On the contrary, the fluorescent intensities only 
exhibited minor changes in the non-irradiated treatment (microbial 
alteration) except for a pronounced decrease in C1 intensity during 
phase I.

Irradiation alone contributed to 65%, 72% and 69% of the loss in 
fluorescent intensities of C1, C2 and C3, respectively, which was very 
close to the combined effect of irradiation and microbial alteration on 
C1 (68%), C2 (72%) and C3 (70%). Fluorescent DOM is regarded as 
highly photo-reactive component, whose bioavailability tends to alter 
through sunlight mediated processes (Mopper et al., 2015). Photo-
chemical processes have shown the ability to transform complex humic 
acids, proteins and light-absorbing components into smaller and simpler 
structures (Miranda et al., 2020). Overall, microbial alteration alone 
only accounted for 13%, 8% and 8% of the changes in C1, C2 and C3 
fluorescence, respectively (Fig. 1b). The decrease in the protein-like 
component C1 corresponded with the growth in bacterial abundance. 
This aligns with the general labile nature of C1, which primarily origi-
nate from phytoplankton exudates and/or bacterial metabolites that can 
stimulate bacterial growth (Goto et al., 2017). The humic-like compo-
nents C2 and C3 increased slightly over time, aligning with their 

microbial production, which exhibit resistance to further bacterial 
degradation (Lønborg et al., 2010). Our results highlight photo-
degradation as a primary driver in the transformation of FDOM 
components.

3.3. Biodegradation drive key organic molecular transformation

A summary of molecular characteristics of DOM molecules identified 
by FT-ICR MS were shown in Table S1. Generally, DBE and AImod values 
were lower in the irradiated (8.075 ± 0.043 and 0.218 ± 0.004) 
compared to non-irradiated (8.137 ± 0.046 and 0.221 ± 0.002) treat-
ment. This indicates that the molecular composition exhibited a rela-
tively lower level of unsaturation and aromaticity after irradiation. This 
finding is consistent with recent studies showing that photochemical 
processes are typically linked with the decarboxylation of carboxyl 
functional groups or rupture of phenolic functional groups (Wei et al., 
2023), thereby producing saturated aliphatic compounds (Milstead 
et al., 2023; Yin et al., 2023). These transformations generally result in a 
decrease in the molecular unsaturation and aromaticity.

The relative changes in molecular intensity have been applied to 
identify the key molecular formulas and track molecular transformation 
process (Herzsprung et al., 2023). Similarly, we characterized the 
degraded or produced key molecules (top 10 formulas with significant 
alterations) during light process (irradiation) and subsequently micro-
bial inoculation in the irradiated treatment (irradiation + microbial 
alteration), as well as in the non-irradiated treatment (microbial alter-
ation) (Fig. 2). The irradiation process led to contrariwise impacts on 
molecular markers in the two phases. For example, lignin-like markers 
were produced in phase I but degraded in phase II. This difference may 
be related to the compounds present, with freshly collected seawater in 
phase I, while additional bacterial metabolites being present in phase II. 
Previous studies indicate that lignin-like compounds sourced from 
aquatic environments are susceptible to photodegradation (Stubbins 
and Dittmar 2015; Stubbins et al., 2010). However, lignin-like com-
pounds can also increase when pyrogenic or macrophyte-derived DOM 
is exposed to irradiation (Song et al., 2022). These previous are sup-
ported by our results showing that lignin-like compounds can be 

Fig. 1. Changes of the fluorescence components (in Raman units (RU)) (a) over the experimental period. Here component C1 is protein-like components, and 
components C2 and C3 are humic-like components. Fluorescence intensity changes (b) under irradiation or microbial alteration (micro_alteration) or both (irra-
diation + micro_alteration).
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degraded or produced by light, depending on the substrate composi-
tions. Similarly, aliphatic compounds can decrease due to photo-
decarboxylation following irradiation (Wei et al., 2023) or they may be 
produced as irradiation byproducts (Gonsior et al., 2014; Stubbins and 
Dittmar 2015). In addition to cleaving aromatic molecules, photo-
chemical processes have also been shown to increase the aromaticity of 
compound, leading to a more recalcitrant nature of the DOM pool (Hu 
et al., 2023). These previous results align with our findings showing that 
biologically recalcitrant compounds, such as tannin-like and condensed 
aromatics, were degraded in phase I but produced in phase II. However, 
further exploration is needed to understand the specific mechanism by 
which irradiation affects different molecules and functional groups.

Interestingly, microbial alteration alone and the combined impact of 
irradiation and microbial alteration exhibited similar patterns in the 
transformation of key molecules (Fig. 2). Both microbial alteration and 
combined impact of irradiation and microbial alteration degraded 
hydrogen (positive correlated with H/C) while producing unsaturated 
and aromatic (positive correlated with DBE and AImod) molecules in 
phase I, then further degraded molecules with these characteristics and 
produced oxidized (positive correlated O/C) formulas in phase II 
(Fig. S3). However, irradiation alone degraded oxidized while produc-
ing hydrogen formulas in phase I, then further degraded reduced 
(negative correlated with O/C) molecules and produced oxidized for-
mulas in phase II. This result suggests that biological processes play a 
more significant role than photochemical processes in driving the 
changes of these key molecules. During phase I, both microbial and 
combined processes led to the degradation of unsaturated aliphatic and 
saturated compounds, along with the production of lignin-like com-
pounds. The degraded and produced markers could be distinguished by 
a molecular labile boundary (H/C = 1.5) and a notable difference in 
aromaticity (0.02 ± 0.04 vs 0.16 ± 0.10), consistent with bacterial 
preference for utilizing more labile and less aromatic compounds (Chen 
et al., 2021; D’Andrilli et al., 2015). In phase II, the lignin-like com-
pounds were further degraded, while tannin-like compounds, carbohy-
drates and condensed aromatics were produced. During this second 
experimental phase, the O/C values were lower in the degraded key 
molecules (0.20 ± 0.05) compared to produced key molecules (0.68 ±
0.09), suggesting microbial production of oxidized compounds. A 

previous study demonstrated that tannin-like compounds and 
condensed aromatics with polyphenolic and/or carboxylic acid func-
tional groups are highly oxidized and generally resistant to bacterial 
degradation (Cai and Jiao, 2023), which could explain their enrichment 
in phase II. Carbohydrates are generally considered labile compounds 
which are preferentially degraded by bacteria (Moran et al., 2016). In 
our experiment, produced carbohydrates were only detected during 
phase II in the treatments where bacteria were present. This production 
can be attributed to bacterial transformation process, such as bacterial 
secondary metabolites or exopolysaccharide derivatives. Overall, we 
observed different molecular transformation patterns between irradia-
tion, microbial alteration, and the combined impact of irradiation and 
microbial alteration based on formula composition, despite the absence 
of structural information.

3.4. Structural shifts of metabolites under irradiation and biodegradation

A total of 320 metabolites were further identified by LC-MS/MS to 
access structural composition shifts in organic compounds. Metabolic 
compound compositions from irradiated and non-irradiated treatments 
were grouped into separate clusters in the OPLS-DA plot (Fig. S4a). 
Different metabolites were categorized into irradiated enriched (n = 17) 
and non-irradiated enriched (n = 13) groups based on their significant 
changes (VIP >1 and p < 0.05) with or without irradiation process 
(Figs. S4b and c). The enriched metabolites in either irradiated or non- 
irradiated treatment were well-clustered in the heatmap (Fig. 3). In the 
irradiated treatment, aliphatic compounds were enriched, while alicy-
clic compounds were more abundant in the non-irradiated treatment. 
This result implies that ring compounds potentially have undergone 
photodegradation, resulting in the formation or relative increase of 
linear compounds. Alicyclic compounds such as carboxylic-rich alicyclic 
molecules are highly sensitive to irradiation, with aliphatic compounds 
being predominant photodegradation products (Stubbins and Dittmar 
2015; Stubbins et al., 2010). Photochemically produced compounds 
consist of bioavailable polyols and carboxylic acid (Gonsior et al., 2014) 
which likely explain the enriched organic alcohol (i.e. hexaethylene 
glycol and lauryl diethanolamide) and organic acid (i.e. sebacic acid and 
azelaic acid) after irradiation and then gradually consumed during 

Fig. 2. Van Krevelen diagrams showing degraded or produced key molecules (top 10 formulas with significant alterations) due to irradiation or microbial alteration 
(micro_alteration) or both (irradiation + micro_alteration).
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microbial degradation (Fig. 3 and S4c).
Non-heterocyclic aromatic compounds containing carboxyl/ester 

functional groups were more enriched in non-irradiated (6 out of 10) 
compared to irradiated treatment (3 out of 9) (Fig. S4c). Previous studies 
have recognized these aromatic compounds with higher unsaturation or 
condensed aromatics as the most photoreactive structural compounds 
(Gonsior et al., 2009; Stubbins et al., 2010). Photodegradation of aro-
matic compounds follows an order of functionality loss, with a prefer-
ence for carboxyl/amide/ester groups (Thorn et al., 2010). Our results, 
combined with these previous findings, confirm the high propensity of 
carboxyl/ester aromatics for photochemical alteration. Alternatively, 
the enrichment of aromatic compounds containing carboxyl/ester 
functional groups can also be attributed to microbial transformation in 
the non-irradiated treatment. Additionally, heterocyclic compounds (i. 
e., nitrogen-containing compounds) along with nitrogen-containing al-
iphatics and aromatics were exclusively enriched in the irradiated 
treatment. These nitrogen-containing compounds may have been 
formed via the dearomatization of heterocyclic precursors during pho-
todegradation (Li et al., 2024). The presence of amide-nitrogen has been 
linked to labile high molecular weight compounds, whereas prevailed 
heterocyclic-nitrogen in low molecular weight compounds is mainly 
biologically recalcitrant (Broek et al., 2023). Our results demonstrate 
the importance of photochemical processes in the organic nitrogen 
cycle, as well as the irradiation mediated cross-linking of compounds 
between labile and recalcitrant forms. It should be noted that the 
enrichment of structural differences in organic compounds can also be 
influenced by distinct functional microbial communities under irradi-
ated or non-irradiated treatments.

3.5. Irradiation impacts on microbial successions and alpha-diversity

Microbial diversity was determined by Shannon and Pielou indices, 
corresponding to microbial diversity and evenness (Fig. 4a). Both 
Shannon and Pielou indices were significantly higher in the irradiated 
compared to non-irradiated treatment at the end of phase I (pShannon<

0.05; pPielou< 0.05) and phase II (pShannon< 0.01; pPielou< 0.05). This 
finding indicates that irradiated substrates support a higher diversity 
and evenness of the microbial community. The changes induced by 
irradiation in both fluorescent and molecular organic compounds 

(Figs. 1–3) likely led to the production of new substrates which could 
support specific microbial populations (Finke and Snyder, 2008). For 
example, irradiation exclusively produced lipid-like and saturated 
compounds (Fig. 2) can increase bioavailability of substrates which may 
support microbial utilization (D’Andrilli et al., 2015).

The circos plot illustrated the successional changes in microbial 
community in the irradiated and non-irradiated treatments (Fig. 4b). On 
average, the relative abundance of Nitrincolaceae (20.6% vs 4.4%), 
Methylophagaceae (14.9% vs 4.9%), Methylophilaceae (6.3% vs 1.0%) and 
Cellvibrionaceae (3.2% vs 1.0%) were higher in the irradiated treatment. 
Conversely, Flavobacteriaceae (27.4% vs 2.4%), Alteromonadaceae 
(17.0% vs 2.7%) and Marinobacteraceae (7.0% vs 2.0%) were enriched in 
the non-irradiated treatment. Rhodobacteraceae (25.6% vs 25.4%) 
remained similar levels in both treatments. During phase I, the respon-
sive microbes in freshly collected seawater included Nitrincolaceae (up to 
57.4%) in the irradiated and Alteromonadaceae (up to 51.3%) in the non- 
irradiated treatment, both belonging to Gammaproteobacteria. Their 
opportunistic lifestyles and metabolic versatility enable them to rapid 
grow when fresh labile organic matter is available (Landa et al., 2013; 
Teeling et al., 2012). During phase II, Methylophagaceae (up to 42.5%) in 
the irradiated and Flavobacteriaceae (up to 57.2%) in the non-irradiated 
treatment actively responded to the bacterial secondary 
metabolites/semi-labile compounds from phase I. Methylotrophs are 
known for their abilities to utilize one-carbon compounds, such as 
methanol and methylamine (Nercessian et al., 2005; Neufeld et al., 
2007). Photodegradation products (e.g., the photooxidation of glycerol) 
are potential source of these one-carbon compounds (Kumar et al., 
2023), thus supporting the growth of Methylophagaceae in the irradiated 
treatment. The successional dominance of Flavobacteriaceae in the 
non-irradiated treatment could be attributed to their various hydrolytic 
enzymes, which can facilitate the degradation of metabolites derived 
from Alteromonadaceae (Zheng et al., 2018) particularly bacterial exo-
polysaccharides (Zhang et al., 2015).

Individual ASVs were further classified into irradiation adapted or 
non-irradiation adapted microbial communities based on significant 
changes in relative abundance (log2(FC) > 2, p < 0.05) (Fig. 4c and S5). 
The irradiation adapted microbial community included Methyl-
ophagaceae, Nitrincolaceae and Rhodobacteraceae, whose average abun-
dance increased about 6 folds in the irradiated compared to the non- 

Fig. 3. Heatmap illustrating significantly changed metabolites in the irradiated and non-irradiated treatments.
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Fig. 4. Changes in microbial diversity (a) and circos plot of the microbial community compositions (b) in irradiated or non-irradiated treatments. Associations 
between the adapted microbial community under irradiated and non-irradiated conditions and environmental variables (c).
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irradiated treatments (Fig. S5). In contrast, the non-irradiation adapted 
microbial community dominated by Flavobacteriaceae and Mar-
inobacteraceae, whose average abundance enriched about 17 folds in the 
non-irradiated compared to the irradiated treatments. The irradiation 
adapted microbial community was negatively correlated with all three 
fluorescent components, which were degraded by irradiation (Fig. 4c). 
This suggests that photodegradation products from fluorescent compo-
nents may favour the growth of an irradiation adapted microbial com-
munity. On the other hand, the C1 FDOM component negatively 
correlated with non-irradiation adapted microbial community, sug-
gesting potential utilization of C1 for growth. In contrast, the positive 
correlations between non-irradiation adapted microbial community and 
humic-like components (C2 and C3) implies potential microbial pro-
duction of relatively recalcitrant components. This result is consistent 
with previous incubation experiments demonstrating bacterial utiliza-
tion of protein-like fluorophores and production of humic-like fluo-
rophores (Zheng et al., 2019).

3.6. Potential transformation between the microbial community and key 
molecules

Network analysis based on a Spearmen’s rank correlation was 

conducted to investigate potential interactions between the microbial 
community and key molecules (Fig. 5a). Both Methylophagaceae (relative 
abundance 10%) and Alteromonadaceae (10%) had the highest 
betweenness and degree values representing their important roles in 
connecting key molecules nodes and facilitating the potential trans-
formation across the networks (Table S2). These key molecules were 
also linked based on their molecular mass difference which matched 
different functional group. Methylophagaceae was associated with more 
labile molecules such as saturated compounds and unsaturated aliphatic 
compounds (Fig. 5a). These key molecules were predominantly linked 
by mass differences of CH2 groups (Fig. 5b and Table S2), suggesting that 
Methylophagaceae may transform those key molecules through (de) 
methylation processes. Methylotrophs are capable of growing on one 
carbon compounds (e.g., methanol and methylated nitrogen/sulfur 
compounds), as well as on multi-carbon substrates (Shmareva et al., 
2018). Recent studies have also demonstrated that Methylophagaceae 
rapidly respond to aliphatic hydrocarbons (Chen et al., 2020; Doyle 
et al., 2018). Our results further support these findings by showing that 
Methylophagaceae growth is favoured by irradiated substrates and that 
potential (de)methylation activities are correlated with their presence.

In contrast, non-irradiation adapted Alteromonadaceae were linked 
with recalcitrant molecules (e.g. tannin-like and condensed aromatics) 

Fig. 5. The co-occurrence network between the microbial community and key molecules (Spearman |r| > 0.5, p < 0.01) and mass difference among key molecules 
(a). The van Krevelen diagrams showing the microbial groups associated with the molecular composition (b).
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(Fig. 5b). In particular, we observed an increase in molecules that 
differed by O species (Fig. 5a), indicating that potential (de)oxidation 
reactions might be important to the formation of recalcitrant DOM by 
Alteromonadaceae. The type strain of Alteromonadaceae, Alteromonas 
macleodii, has been shown to decrease molecular oxygen fractions in the 
short term (36 h) but increase molecular oxygen content over longer 
periods (60 days) when degrading various photosynthates (Chen et al., 
2022; Koch et al., 2019). These findings suggest a partial molecular 
transformation potentially involving (de)oxidation by Alter-
omonadaceae. Overall, our study highlights the important role of Meth-
ylophagaceae and Alteromonadaceae in the potential transformation of 
various key molecules. The complementary substrate associations of 
different microbes under light and dark circles facilitate the utilization 
and transformation of organic compounds.

4. Conclusion

We investigated the effects of repeated cycles of photodegradation 
and biodegradation on the composition of DOM and the consequent 
microbial community (Fig. 6). Photochemical processes primarily 
altered protein- and humic-like fluorophores, whereas microbial 

processes dominated the transformation of key molecules. Photochem-
ical processes increased the presence of aliphatic and nitrogen- 
containing compounds, and enhanced microbial diversity. In contract 
microbial degradation enriched the DOM pool with alicyclic compounds 
and aromatic compounds containing carboxyl/ester functional groups. 
Correlation analyses that evaluated the responses of microbial commu-
nities indicated that Methylophagaceae (irradiation adapted) and Alter-
omonadaceae (non-irradiation adapted) were key taxa that left an 
imprint on DOM composition. Our study highlights that a sector of 
plankton microbial communities is apparently specialized for metabo-
lizing DOM that has been altered by photodegradation. Moreover, we 
show that the fate of DOM exposed in highly illuminated surface layers is 
partly determined by a complex but poorly determined interaction be-
tween light-driven abiotic processes and heterotrophic plankton mi-
crobial communities.
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