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Abstract
Estuarine ecosystems frequently experience rapid fluctuations in light availability, yet the short-term
responses of microbial communities to such perturbations remain incompletely understood, particularly
with respect to shifts in functional potential and organic matter cycling. Multi-omics and geochemical
analyses were applied to examine microbial community responses during 24-h light/dark shipboard
incubations using seawater from the Yellow River Estuary (YRE). The dominant Synechococcus OTU
(OTU61), affiliated with S5.1 Clade IX, increased in relative abundance in both Light and Dark treatments
relative to the in situ samples. Surface communities showed greater compositional turnover during
incubation than bottom communities, as reflected by higher OTU loss rates (57.72% vs. 46.51%), though
enclosure effects cannot be excluded as a contributing factor. Functional annotation of metagenomic
data revealed differences in the relative representation of enzymes associated with carbon metabolism
and redox processes between Light and Dark treatments. Metabolomic profiles and dissolved organic
carbon (DOC) concentrations also varied between treatments, potentially reflecting differences in
organic matter pools associated with light conditions. These results indicate concurrent changes in
microbial community composition, functional gene representation, and metabolite profiles during short-
term light perturbation in shipboard incubation. These observations provide an exploratory framework
for understanding light-associated microbial processes in estuarine systems and highlight the need for
further validation using direct process-based approaches.

Introduction
Marine phytoplankton are exposed to highly dynamic light environments shaped by tidal mixing [1],
vertical water column structure [2], and variable weather patterns [3]. The selective absorption of
photons by water molecules further constrains the spectral and intensity range available for
photosynthesis [4], with light fluctuation in aquatic systems occurring over timescales of seconds to
minutes at intensities an order of magnitude greater than those in terrestrial environments [5]. Among
marine primary producers, picoplanktonic cyanobacteria, particularly Synechococcus and
Prochlorococcus, are ubiquitous and ecologically significant, collectively accounting for approximately
25% of ocean net primary production (~ 12 Gt C yr⁻¹) [6]. Synechococcus alone contributes
approximately 27% of total picophytoplankton carbon biomass globally and supports an estimated net
primary production of 8 Gt C yr⁻¹ [6, 7]. Beyond primary productivity, Synechococcus plays a key role in
mediating carbon, nitrogen, and phosphorus cycling and contributes to dissolved organic matter (DOM)
production and the biological carbon pump [8]. Light is a central driver of Synechococcus physiology and
ecology: diel transcriptomic profiling revealed synchronized oscillations in genes related to photosystem
activity, energy metabolism, and carbon fixation [9], highlighting the sensitivity of this organism to short-
term light variability. These light-driven shifts in Synechococcus physiology and metabolism are unlikely
to occur in isolation; rather, they may propagate to the surrounding microbial community through
changes in the quantity and composition of released DOM.
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Phytoplankton light responses often cascade to their surrounding microenvironment (the phycosphere),
altering the quantity and quality of released DOM and other microchemical conditions that directly shape
associated bacterial assemblages [10, 11]. Such associations between phytoplankton and bacteria are
fundamental to marine food web dynamics and global biogeochemical cycling [12, 13]. Synechococcus
is rarely found in isolation in natural environments; even under laboratory culture conditions, it is typically
accompanied by co-occurring heterotrophic bacteria [14–16]. These associations involve reciprocal
influences on physiology and metabolism: Synechococcus releases compositionally distinct DOM that
may shape associated microbial communities [17, 18], while heterotrophic bacteria in turn affect
Synechococcus growth and nutrient availability [19, 20]. Beyond indirect effects mediated through DOM,
heterotrophic bacteria can also respond directly to light through light-utilizing systems such as
proteorhodopsins and bacteriochlorophyll a, based phototrophy in aerobic anoxygenic phototrophs
(AAP), which may modify bacterial growth and metabolic potential under different light regimes [21–23].
Accordingly, these observations suggest that light availability may simultaneously drive shifts in
Synechococcus physiology and the composition of its co-occurring bacterial community. Such light-
mediated interactions are particularly relevant in dynamic estuarine environments, where light availability
fluctuates rapidly due to tidal mixing and episodic sediment loading, yet how these responses unfold
over short timescales in such settings remains poorly understood.

The Yellow River Estuary (YRE) represents one of the most dynamic and ecologically significant
transitional zones between terrestrial and marine environments in China, receiving substantial
freshwater, sediment, and nutrient inputs from China’s second-longest and sixth-longest river in the
world [24, 25]. The Water-Sediment Regulation Scheme (WSRS), implemented to manage sediment
accumulation in the lower Yellow River, delivers massive sediment loads within short periods,
dramatically reducing underwater light availability and reshaping phytoplankton community structure [26,
27]. Simultaneously, the WSRS substantially elevates near-shore concentrations of dissolved inorganic
nitrogen (DIN), dissolved inorganic phosphorus (DIP), and chemical oxygen demand (COD), pushing the
system toward moderate-to-severe eutrophication [24] and creating a new condition of “eutrophication
under P-limitation” that favors longer-lasting and more frequent harmful algal blooms [27]. Moreover, the
abrupt changes in hydrology, optical properties, and nutrient stoichiometry imposed by the WSRS exert
strong controls on phytoplankton community structure and species succession [26]. Under these
conditions of elevated nutrient loading, altered light climate, and hydrological disturbance,
Synechococcus has emerged as an ecologically important picocyanobacterium in estuarine systems,
with accumulating evidence suggesting bloom potential under eutrophic, low-phosphorus, or high
dissolved organic matter conditions [28, 29]. In the YRE, where light availability fluctuates abruptly in
response to WSRS-driven sediment pulses, understanding how Synechococcus and its co-occurring
heterotrophic bacterial community respond to short-term irradiance changes is therefore of both
ecological and biogeochemical relevance. Despite this relevance, community-level microbial responses
to such short-term light perturbations in the YRE remain poorly characterized, particularly with respect to
simultaneous shifts in community composition, functional gene representation, and metabolite profiles.
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Previous studies have shown that Synechococcus exhibits pronounced physiological and ecological
responses to light/dark cycles, including diel rhythms in growth, cell division, and gene representation, as
well as shifts in community composition under altered light regimes [30, 31]. However, most of this
knowledge derives from controlled laboratory experiments using simplified assemblages or model
strains under stable light conditions. How natural Synechococcus populations and their co-occurring
heterotrophic bacterial communities respond to abrupt, short-term light perturbations, as occur during
WSRS-driven sediment pulses in the YRE, remains poorly characterized at the community and functional
gene level. In particular, simultaneous multi-omics characterization of community composition,
functional gene representation, and metabolite profiles during such perturbations has rarely been
attempted in estuarine settings. Against this background, this study conducted 24-hour shipboard
light/dark incubation experiments using surface and bottom seawater collected from 3 stations in the
YRE, integrating metagenomic, metabolomic, and geochemical analyses. Given the exploratory nature of
the study design, in which samples from the 3 stations were pooled to obtain sufficient biomass for
omics analyses, the following working hypotheses are proposed to guide interpretation rather than
formal hypothesis testing. Light and dark conditions are expected to be associated with distinct
functional profiles of Synechococcus and co-occurring bacterial communities, as well as differences in
the overall microbial metabolite profiles. Differences in initial community composition and environmental
conditions between surface and bottom waters are expected to result in distinct response patterns
between depths. Metabolite profiles and dissolved organic carbon concentrations are anticipated to
differ between light and dark treatments, reflecting light-associated differences in organic matter
dynamics. This study aims to provide an exploratory, community-level characterization of microbial
responses to short-term light perturbation in a hydrologically dynamic estuarine system, generating
hypotheses for future process-based investigations.

Materials and methods

Field sampling
The seawater employed in all incubation experiments was meticulously procured from stations A3
(38°17’N, 119°13’E), B2 (37°59’N, 119°15’E), and E2 (37°38’N, 119°28’E) within the Bohai Sea during the
R/V Chuangxin Yi expedition, spanning the dates from July 18 to 22, 2022, coinciding with the post-
WSRS recovery period (Fig. 1). This seawater was meticulously collected from both surface and bottom
layers, utilizing the state-of-the-art shipborne CTD system manufactured by Seabird, USA. The water
depths at stations A3, B2, and E2 were 22.5 m, 15 m, and 13.7 m, respectively. Surface and bottom water
temperature, salinity, and turbidity at sampling stations affected by the Yellow River discharge are
summarized in Table 1.
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Table 1
Surface and bottom temperature, turbidity, and salinity data measured at the 3

stations.
Water column Stations Temperature/℃ Turbidity/NTU Salinity/PSU

Surface water A3 21.31 0.76 26.58

B2 21.68 6.98 24.63

E2 27.69 11.21 35.61

Bottom water A3 19.86 8.39 30.32

B2 23.12 7.69 29.51

E2 26.52 11.45 26.53

Incubation experiments and sample collection
1000 milliliters of seawater, sampled from both the surface and bottom layers at A3, B2, and E2 stations,
were subjected to a rigorous filtration process employing a nylon mesh with a pore size of 48 µm. The
filtered seawater was subsequently transferred into 2000 mL polycarbonate culture bottles (Thermo
Scientific Nalgene™, 2105 − 2000) and incubated for 24 hours under natural light and dark conditions.
For the dark treatment, each bottle was completely wrapped with aluminum foil (Aluminum Foil MF50;
MiaoJie Co., China), which provides 100% light exclusion. To minimize eukaryotic grazing effects,
filter‑sterilized cycloheximide (CHX) was added to each culture bottle at a final concentration of 50
mg·L− 1 [32]. After the incubation experiments, seawater was collected and filtered through 0.22 µm-
pore-size polycarbonate filters (Millipore Co., Bedford, MA, USA). The filtrate and filters were kept at
-80℃ until further analyses of the metabolite and planktonic communities included both in situ and
cultured samples. To capture a generalized community-level response to light conditions across the YRE
sampling sites, filters from the same treatment across the three stations were cut into small pieces and
pooled prior to DNA extraction; the corresponding filtrates were similarly pooled for metabolomic
analyses. This pooling approach was adopted to obtain sufficient biomass and dissolved organic matter
for downstream omics analyses and to derive a spatially integrated signal across stations.
Consequently, each treatment condition was represented by a single pooled composite sample for
metagenomic, and metabolomic analyses, with no independent biological replicates available for these
datasets. All omics-based comparisons between treatments should therefore be interpreted as
exploratory and hypothesis-generating rather than statistically confirmatory. Nutrient and dissolved
organic carbon (DOC) concentrations were measured independently for each station and treatment,
providing replicated geochemical observations that support quantitative comparisons between light and
dark conditions. Surface and bottom seawater collected directly from each station prior to incubation
served as in situ reference samples, denoted as S and B, respectively. Incubation treatments were
established for both depths: surface seawater incubated under natural light was labeled SL, and surface
seawater incubated in darkness was labeled SD. Similarly, bottom seawater incubated under natural light
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was designated BL, and bottom seawater incubated in darkness was designated BD. For subsequent
analyses, S and B are referred to as the in situ reference (ISR) group, SL and BL as the Light group, and
SD and BD as the Dark group.

Nutrient concentrations in all samples, including both in situ samples and culture treatments, were
determined after filtering 50 mL of seawater through 0.45 µm syringe filters (JINTENG Co., China). The
filtrates were collected in transparent plastic bottles for the analysis of nitrates (NO3

−), nitrites (NO2
−),

ammonium (NH4
+), phosphates (PO4

3−), and silicate (SiO3
2−). For dissolved organic carbon (DOC)

collection, seawater samples from both in situ and culture treatments were filtered through 0.45 µm
syringe filters (JINTENG Co., China). The filtrates were stored in brown glass bottles that had been
pretreated by soaking in 40% hydrochloric acid and combusted at high temperature in a muffle furnace
before use.

Determination of inorganic nutrients and DOC
Concentrations of dissolved inorganic nutrients were quantified using flow injection analysis (QuAAtro,
Bran+Luebbe, Germany) after thawing the samples at 4℃. The determination of DOC was carried out
concerning the method in Chinese national standard GB17378.4-2007. The specific operation is as
follows. The sample was automatically fed into the total carbon (TC) combustion tube (equipped with
platina catalyst, 680℃) through the injector, and the carbon-containing organic matter in the sample was
oxidized to carbon dioxide by passing high-purity air and then quantified by a non-dispersive infrared
detector. Then the same water sample was automatically injected into the inorganic carbon (IC) reactor
(equipped with 25% phosphoric acid solution), and the carbon dioxide generated by acidifying the
inorganic carbonate at room temperature was detected by a non-dispersive infrared detector to
determine the inorganic carbon content, and the total organic carbon (TOC) content is obtained by
subtracting the inorganic carbon from the total carbon.

Measurement of metabolites
LC-MS-based untargeted metabolomics was used to identify metabolite differences between in situ
seawater samples and those cultured for 24 hours under different light conditions. A 1 mL sample was
collected and put into freeze-drying machine, and then 100 µL 80% methanol aqueous solution was
added to freeze-dried powder. The obtained solution was subjected to vortex oscillation, fully mixed, and
then placed in an ice bath for 5 min, followed by centrifugation at 15,000×g, 4 ℃ for 15 min. A certain
amount of supernatant was moved, and mass spectrometry grade water was added to dilute the
methanol content in the supernatant to 53%. The diluted supernatant was then centrifuged again at
15,000 × g for 15 min at 4°C, and the final supernatant was subjected to LC-MS analysis using a
Vanquish ultra-high-performance liquid chromatography (UHPLC) system coupled with an Orbitrap Q
Exactive™ HF mass spectrometer (Thermo Fisher, Germany).
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DNA extraction and metagenomic sequencing
For DNA extraction, the membranes were cut into pieces, and then the DNA was extracted using the
Invitrogen DNA Extraction Mini kit (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA), following the
manufacturer's instructions. The genomic DNA was randomly sheared into short fragments. The
obtained fragments were end-repaired, a-tailed, and further ligated with an Illumina adapter. The
fragments with adapters were PCR amplified, size selected, and purified. The library was checked with
Qubit 2.0 (Life Technologies, CA, USA), real-time PCR for quantification, and a bioanalyzer for size
distribution detection. Quantified libraries will be pooled and sequenced on Illumina platforms, according
to effective library concentration and data amount required. The extracted DNA was sequenced by
Novogene Co., Ltd. (Beijing, China) using the HiSeq sequencing platform.

Metagenomic data process
Raw metagenomic data obtained from the Illumina HiSeq sequencing platform were preprocessed using
Readfq V8.0 to generate clean Data for subsequent analysis. Clean data were assembled using
MEGAHIT v1.0.4-beta, and the resulting Scaffolds were split at N junctions to obtain N-free Scaftigs.
Open reading frames (ORFs) were predicted from the scaftigs using MetaGeneMark. Predicted genes
from all samples were combined and clustered to remove redundancy, thereby constructing a non-
redundant gene catalogue. Representative sequences from each cluster were defined as unigenes.
DIAMOND was used to compare unigenes with the KEGG database for comparative analysis of
metabolic pathways [33].

To characterize bacterial community composition, 16S rRNA gene sequences were extracted from the
shotgun metagenomic reads using Metaxa2 [34] and clustered against the SILVA database (v132, 99%
reference OTUs) using VSEARCH at a 97% sequence similarity threshold to generate an OTU table with
QIIME 1.9.1 [35]. The 16S rRNA sequence of Synechococcus was removed, and the remaining bacterial
sequences were compared with the FAPROTAX database to obtain the functional prediction results of
the bacterial community. It should be noted that FAPROTAX predictions are based on taxonomic identity
rather than direct functional measurements, and therefore reflect inferred functional potential rather than
confirmed metabolic activity.

Results

Variations in inorganic nutrients and DOC concentration
As illustrated in Fig. 2, the three stations exhibited distinct vertical stratification in nutrient and DOC
profiles under in situ conditions. At station A3, phosphate concentration was higher in surface waters
(0.16 µmol•L⁻¹) compared to the bottom layer (0.09 µmol•L⁻¹), whereas ammonium (1.29 vs. 0.64
µmol•L⁻¹), nitrite (0.07 vs. 0.04 µmol•L⁻¹), silicate (6.28 vs. 4.66 µmol•L⁻¹), nitrate (0.29 vs. 0.08
µmol•L⁻¹), and DOC (3.22 vs. 2.07 mg•L⁻¹) concentrations were elevated in bottom waters. In contrast,
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station B2 showed higher concentrations of phosphate (0.05 vs. 0.01 µmol•L⁻¹), ammonium (2.18 vs.
1.93 µmol•L⁻¹), nitrite (0.14 vs. 0.09 µmol•L⁻¹), silicate (10.66 vs. 4.42 µmol•L⁻¹), and nitrate (3.81 vs.
0.94 µmol•L⁻¹) in surface waters, while DOC remained slightly higher at the bottom (3.23 vs. 2.70
mg•L⁻¹). At station E2, all measured parameters exhibited higher concentrations in bottom waters,
including phosphate (0.07 vs. 0.06 µmol•L⁻¹), ammonium (2.97 vs. 2.65 µmol•L⁻¹), nitrite (0.18 vs. 0.16
µmol•L⁻¹), silicate (17.93 vs. 14.70 µmol•L⁻¹), nitrate (4.87 vs. 4.31 µmol•L⁻¹), and DOC (5.77 vs. 2.05
mg•L⁻¹). Consistently, DOC concentrations at all three stations were elevated in the bottom layer, with
average values approximately 1.8 times higher than those observed in the top layer.

Following a 24-hour incubation period, changes in nutrient concentrations and DOC were observed in
both the surface and bottom layers. To assess these changes, the mean concentrations of nutrients and
DOC were calculated under different light conditions for each layer at all 3 stations, and compared
against in situ values. In surface seawater cultures (SL and SD), the concentrations of all nutrients,
except for NH4

+, were higher than those of the in situ samples (S). Conversely, in the bottom seawater

cultures (BL and BD), only the DOC concentration increased relative to the in situ samples (B), while all
nutrient concentrations, except for NH4

+, decreased. Among the measured parameters, DOC exhibited
the largest magnitude of change after 24 h. Relative to the corresponding in situ values, DOC
concentrations in SL, SD, BL, and BD increased by 15.08-, 17.69-, 6.86-, and 8.55-fold, respectively,
corresponding to net increases of 32.02, 37.96, 23.86, and 30.73 mg•L⁻¹, respectively. Comparison
between natural light and dark conditions showed minimal differences in NO2

− concentrations, whereas

slight variations were noted in the other nutrients. DOC concentrations were numerically higher under
dark conditions than under natural light in both surface and bottom waters; however, these differences
were not statistically significant.

LC-MS metabolic profiles
Data analysis of the metabolic profiles across the three treatment groups revealed 246 metabolites. The
Principal component analysis (PCA) scores of the metabolic profiles for different treatments (Fig. 3a)
indicated that the PC1 axis accounted for 82.06% of the total data variance. The metabolic profile of the
in situ seawater was distinctly separated from that of the samples cultured for 24 hours. The PC2 axis
accounted for 6.82% of the total data variance. The PC2 axis distinguished the metabolic profiles of
surface and bottom in situ samples, as well as those of the Light group from the Dark group.

To characterize the metabolic difference among the 3 groups, metabolites with |log2FC| >1 were
selected as differentially abundant metabolites. The metabolic profiles of the Light and Dark groups
were compared with that of the ISR group, which consisted of in situ seawater. Table S1 lists the
differentially abundant metabolites between the Light group and the ISR group, with 55 metabolites up-
regulated and 128 were down-regulated (Fig. 3b). Table S2 presents the differentially abundant
metabolites between the Dark group and the ISR group, with 46 metabolites up-regulated and 137 down-
regulated (Fig. 3c). In both comparisons, the up-regulated metabolites were mainly Benzenoids, Organic

Page 8/31



acid and derivatives, and Organoheterocyclic compounds, whereas the down-regulated metabolites were
mainly Lipids and lipid-like molecules, Organic acid and derivatives, Organoheterocyclic compounds, and
Benzenoids. Specifically, in Light vs. ISR, the up-regulated metabolites comprised Benzenoids (9),
Organic acid and derivatives (7), and Organoheterocyclic compounds (7), and the down-regulated
metabolites comparised Lipid and lipid-like molecules (21), Organic acid and derivatives (20),
Organoheterocyclic compounds (16), and Benzenoids (14); in Dark vs. ISR, the up-regulated metabolites
comprised Benzenoids (7), Organoheterocyclic compounds (7), and Organic acids and derivatives (6),
and the down-regulated metabolites comprised Lipid and lipid-like molecules (25), Organic acids and
dervatives (23), Benzenoids (17), and Organoheterocyclic compounds (17). Table S3 lists the
differentially abundant metabolites between the Light and Dark groups, with 8 metabolites up-regulated
and 1 down-regulated. The 8 up-regulated metabolites were Cyclohexaneacetic acid, trans-2-Butene-1,4-
dicarboxylic Acid, Capric acid, 4-Butylresorcinol, 12,13-EODE, Naringin, Isoproterenol, and 10-
Hydroxydecanoic acid, while the down-regulated metabolite was Riboflavin (Fig. 3d).

Metagenomic overview
A total of six metagenomic libraries were constructed. Sequencing statistics for all samples are
summarized in Table S4. Raw sequencing data ranged from 11,981.06 to 12,875.42 Mbp across all
samples. After quality filtering, clean data ranged from 11,970.67 to 12,869.66 Mbp, with effective rates
exceeding 99.9% in all samples, indicating minimal data loss during quality control. The Q20 and Q30
values of clean reads were consistently high, ranging from 96.37% to 97.12% and from 90.53% to
92.24%, respectively, demonstrating robust sequencing quality. GC content ranged from 41.57% to
52.75%, with surface-layer samples (S, SL, SD) consistently showing higher GC content than bottom-layer
samples (B, BL, BD), suggesting that the inherent differences in microbial community composition
between the two water layers were maintained even after 24 hours of light or dark incubation. De novo
assembly of the quality-filtered reads yielded scaftigs ranging from 407.45 to 521.54 Mbp in total length,
with N50 values between 1,187 and 1,378 bp across all samples (Table S5). Average contig lengths were
broadly consistent across all treatments (1,107.90–1,206.53 bp), suggesting comparable assembly
quality among groups. A non-redundant gene catalogue was subsequently constructed from all
assembled sequences, comprising 2,000,057 predicted open reading frames (ORFs) with a total length
of 1,217.03 Mbp and an average gene length of 608.5 bp. Among these, 36.31% were complete ORFs,
while 22.55%, 28.46%, and 12.68% were end-incomplete, start-incomplete, and both-end-incomplete,
respectively. The overall GC content of the gene catalogue was 46.95%. Rarefaction analysis based on
the pan-gene curve showed that the cumulative number of non-redundant genes reached a plateau as
the number of samples increased, indicating that the current sampling and sequencing depth were
sufficient to capture the gene diversity of the microbial community and that additional samples would
contribute few novel genes (Fig. S1).

The 2,000,057 ORFs in the non-redundant gene catalogue were functionally annotated against multiple
databases, including KEGG, eggNOG, and CAZy. KEGG annotation assigned genes to six major functional
categories (Fig. S2). Within the Metabolism category, the largest number of genes were associated with
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amino acid metabolism (72,326 genes), followed by carbohydrate metabolism (68,653 genes),
metabolism of cofactors and vitamins (47,833 genes), energy metabolism (46,222 genes), and
nucleotide metabolism (39,118 genes). Within Environmental Information Processing, membrane
transport (27,773 genes) and signal transduction (22,570 genes) were the most represented
subcategories. Within Genetic Information Processing, translation-related genes were the most
abundant (30,173 genes), followed by replication and repair (22,327 genes) and folding, sorting and
degradation (17,679 genes). eggNOG annotation further characterized the functional profile of the gene
catalogue across 24 COG categories (Fig. S3). The largest proportion of genes fell into the “Function
unknown” category (S, 262,382 genes), which is common in metagenomic studies of marine
environments. Among functionally characterized categories, amino acid transport and metabolism (E,
85,828 genes) was the most abundant, followed by cell wall/membrane/envelope biogenesis (M, 64,937
genes), energy production and conversion (C, 61,140 genes), replication, recombination and repair (L,
60,864 genes), and translation, ribosomal structure and biogenesis (J, 54,310 genes), consistent with the
KEGG annotation results. CAZy annotation revealed that the gene catalogue contained 41,035
carbohydrate-active enzyme (CAZyme) genes distributed across six classes (Fig. S4). Glycosyl
transferases (GT) represented the most abundant class with 17,186 genes, followed by glycoside
hydrolases (GH, 14,226 genes) and carbohydrate-binding modules (CBM, 6,140 genes). Carbohydrate
esterases (CE, 2,377 genes), auxiliary activities (AA, 745 genes), and polysaccharide lyases (PL, 361
genes) were comparatively less represented, suggesting that polysaccharide synthesis and degradation
are both active processes within the sampled microbial communities.

Variety in lineages and relative abundance of Synechococcus

The relative abundance of Synechococcus was 2.22% in the ISR group, 4.34% in the Light group, and
4.44% in the Dark group. Compared to the ISR group, the relative abundance of Synechococcus increased
in the Light and Dark groups, with an increase of 95.52% and 99.86%, respectively. Interestingly, when
light conditions were altered from the in situ state, the relative abundance of Synechococcus showed
larger changes in the treatments where illumination conditions were reversed. Specifically, switching
surface samples to darkness (SD vs ISR-S) resulted in a 217.57% increase in Synechococcus relative
abundance, compared to only a 28.44% increase under maintained light (SL vs. ISR-S). Similarly,
exposing bottom samples to light (BL vs ISR-B) corresponded to a 174.92% increase, whereas incubation
under continued darkness (BD vs. ISR-B) corresponded to a 39.48% decrease.

A total of 90 Synechococcus OTUs were detected across all samples. To avoid overlooking OTUs that
were locally abundant in individual samples but ranked low in overall abundance, the top 10
Synechococcus OTUs by relative abundance were selected independently from each of the 6 samples.
After removing duplicates, this yielded 14 unique OTU sequences for phylogenetic analysis. These
sequences were aligned with the 16S rRNA sequences of known Synechococcus strains to construct a
phylogenetic tree, which revealed affiliated with Synechococcus subcluster 5.1 clades I, II, III, V, VI, VII,
VIII, IX, WPC1, and WPC2 (Fig. 4). Among these, OTU61 was the dominant OTU, affiliated with S5.1 clade
IX, followed by OTU415 and OTU483, affiliated with S5.1 clade I and S5.1 clade II, respectively. Compared
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to the ISR group, the relative abundance of OTU61, OTU415, and OTU483 showed increases in both the
Light and Dark groups. In the Light group, the relative abundance of the 3 OTUs increased by 90.64%,
90.21%, and 107.01%, respectively, while in the Dark group, the corresponding increases were 106.34%,
93.12%, and 67.28%, respectively.

Diversity of co-occurring bacterial communities
The diversity and community structure of co-occurring bacterial communities are shown in Fig. 5.
Shannon index values ranged from 6.16 (SD) to 6.55 (SL) across all samples, with differences observed
among incubation treatments (Fig. 5a). The OTU level of the Venn analysis revealed that the surface (S)
and bottom (B) of the in situ sample shared 1112 OTUs, whereas the number of OTUs exclusive to the
surface and bottom layers was 1077 and 993, respectively. After 24 hours of incubation, the surface and
bottom samples lost 57.72% and 46.51% of OTU, respectively. In surface seawater (SL and SD), the
percentage of common OTUs was 44.15%, whereas the percentage of unique OTUs was 55.65%, based
on a comparison of natural light and dark circumstances. In the bottom seawater (BL and BD), the
percentage of common OTUs was 51.42%, while the percentage of unique OTUs was 48.57% (Fig. 5b).
The Principal Coordinates Analysis (PCoA) showed that the first 2 axes explained 90.15% of the variance
in bacterial community composition among samples (Fig. 5c). Axis 1 separated the in situ samples and
the bottom seawater incubation samples from the surface incubation samples (69.47% interpretation);
Axis 2 separated the surface light incubation sample from other samples (20.68% interpretation).

To elucidate the dynamics of bacterial community structure over the 24-hour incubation period, the
proportions of various taxa relative to the total sequencing reads were calculated for both ISR and
treatment groups (Fig. 5d and 5e). The bacterial composition of in situ seawater samples (S and B) was
essentially similar; however, after 24 hours, various degrees of change occurred. Throughout the
incubation period, Proteobacteria and Bacteroidetes emerged as predominant phyla in both ISR and
treatment samples, exhibiting average relative abundances of 61.87% and 14.08%, respectively (Fig. 5d).
When comparing the Light group to the ISR group (Light vs ISR), the relative abundances of
Proteobacteria, Bacteroidetes, and Marinimicrobia decreased by 10.43%, 2.46%, and 78.86%,
respectively, whereas Actinobacteria, Cyanobacteria, and Planctomycetes increased by 58.78%, 59.33%,
and 196.89%. In contrast, in the Dark group relative to the ISR group (Dark vs ISR), Bacteroidetes and
Actinobacteria exhibited trends opposite to those in the Light vs ISR, while the other four phyla showed
similar patterns: Proteobacteria, Actinobacteria, and Marinimicrobia decreased by 3.21%, 1.56%, and
67.15%, respectively, whereas Bacteroidetes, Cyanobacteria, and Planctomycetes increased by 0.19%,
81.78%, and 39.48%. Direct comparison between the Light group and Dark group (Light vs Dark) revealed
increases only in Actinobacteria (61.29%) and Planctomycetes (112.85%), while the relative abundances
of all other phyla were lower in the natural light treatment. At the class level, the most abundant taxa
were α-Proteobacteria, γ-Proteobacteria, and Bacteroidia, with average relative abundances of 33.31%,
26.76%, and 13.10%, respectively (Fig. 5e). After 24 h of incubation, the relative abundance of α-
Proteobacteria decreased in both treatments, but to varying extents (-44.88% in light and − 6.89% in
dark). In contrast, γ-Proteobacteria increased by 58.37% and 10.23% in the light and dark treatments,
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respectively, and Bacteroidia also increased in both treatments (by 3.74% and 6.17%). Notably, γ-
Proteobacteria increased by 43.67% in the direct comparison of Light vs Dark.

Functional potential of Synechococcus and bacteria communities

The inferred functional categories of Synechococcus co-occurring bacterial communities based on
FAPROTAX annotation included carbon (C), nitrogen (N), sulfur (S), and variable elements.
Chemoheterotrophy and aerobic chemoheterotrophy represented the most abundant inferred functional
categories, with relative abundances ranging from 26.94% (SD) to 41.68% (BD) and 23.23% (SD) to
34.22% (B), respectively (Fig. 6a). Even after removing the Synechococcus sequences, several inferred
light-associated categories, including phototrophy, photoautotrophy, photosynthetic cyanobacteria, and
oxygenic photoautotrophy, were still detected. The combined relative abundance of these categories
ranged from 6.93% (BD) to 38.69% (SD). Among the inferred functional categories, C-associated
functions accounted for the largest proportion, with an average relative abundance of 88.48% (Fig. 6b).
Following the 24-h incubation, the relative abundance of C-associated categories decreased by 3.22%
and 3.30% in the Light and Dark group, respectively, whereas variable-associated categories increased by
35.27% and 31.64%, respectively. In contrast, S-associated categories showed relatively higher
representation in the Light group (+ 29.25%), whereas N-associated categories were relatively more
abundant in the Dark group (+ 53.23%). Direct comparison between the Light and Dark groups revealed
only a marginal difference in C-associated categories (+ 0.08%), whereas N-associated categories were
31.49% lower and S-associated categories were 44.56% higher in the Light group than in the Dark group.

The gene sequences of Synechococcus and bacteria were annotated against the KEGG database. A
heatmap based on the 50 enzymes with the highest average relative abundance illustrated differences in
the relative representation of annotated enzyme-related genes among treatments under contrasting light
conditions (Fig. 6c and 6d). In Synechococcus, the 3 most abundant annotated enzymes were EC 7.1.1.2
(NAD(P)H-quinone oxidoreductase), EC 2.7.7.7 (DNA polymerase), and EC 1.9.3.1 (cytochrome c
oxidase), whereas in bacteria the most abundant annotations were EC 2.7.7.7, EC 7.1.1.2, and EC
1.17.4.1 (ribonucleoside-diphosphate reductase). Compared with the ISR samples, differences in the
relative representation of annotated enzyme-related genes were observed in both the Light and Dark
treatments for Synechococcus and bacterial communities. Many annotated enzymes showing relatively
higher representation under light conditions also exhibited similar patterns under dark conditions. In
Synechococcus, these annotations were primarily involved in nucleic acid metabolism (e.g., EC 6.3.5.3,
phosphoribosylformylglycinamidine synthase), transmembrane transport and ATP hydrolysis (e.g., EC
3.6.3.-), signal transduction (e.g., EC 2.7.13.3, histidine kinase), nutrient synthesis (e.g., EC 6.1.1.14,
glycyl-tRNA synthetase), vitamin B12 metabolism (e.g., EC 2.5.1.17, cob(I)alamin adenosyltransferase),
and redox reactions (e.g., EC 1.1.1.22, UDPglucose 6-dehydrogenase). In bacteria, these corresponding
annotations were mainly associated with lipid metabolism (e.g., EC 2.3.1.9, acetyl-CoA C-
acetyltransferase), amino acid metabolism (e.g., EC 6.2.1.1, acetyl-CoA synthetase), and energy
metabolism (e.g., EC 1.3.5.4, fumarate reductase flavoprotein subunit).
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When comparing the Light and Dark incubation conditions (Light vs. Dark groups), Synechococcus and
bacterial communities showed distinct patterns in the relative representation of annotated enzymes. In
Synechococcus, enzymes with increases under Light were mainly associated with carbon and
carbohydrate metabolism, nucleotide biosynthesis, amino acid metabolism, and aminoacyl-tRNA
biosynthesis. Representative annotations included aldehyde dehydrogenase (EC 1.2.1.3),
phosphoribosylformylglycinamidine synthase (EC 6.3.5.3), 3-isopropylmalate/(R)-2-methylmalate
dehydratase (EC 4.2.1.33/4.2.1.35), and several aminoacyl-tRNA synthetases. Under Dark, increasing
enzymes were mainly associated with respiratory electron transport, central carbon metabolism, and
nucleotide metabolism, including NADH dehydrogenase (EC 1.6.99.3), orotidine-5’-phosphate
decarboxylase (EC 4.1.1.23), and cytochrome c oxidase (EC 1.9.3.1). In bacterial communities, enzymes
with increases under Light were mainly related to carbohydrate and central carbon metabolism, amino
acid and nucleotide metabolism, aminoacyl-tRNA biosynthesis, and DNA methylation, with UDP-glucose
4-epimerase (EC 5.1.3.2), DNA (cytosine-5)-methyltransferase (EC 2.1.1.37), and glucose-1-phosphate
thymidylyltransferase (2.7.7.24) among the more prominent annotations. Under Dark, increasing
enzymes were mainly associated with central carbon metabolism, respiratory and redox processes, lipid
metabolism, and nucleotide and amino acid metabolism, including acetyl-CoA C-acetyltransferase (EC
2.3.1.9), NADH-quinone oxidoreductase (EC 1.6.5.3), succinyl-CoA synthetase (EC 6.2.1.5), and 3-
oxoacyl-[acyl-carrier protein] reductase (EC 1.1.1.100).

Discussion
Response of Synechococcus to light conditions

The results showed that, except for BD in the dark treatment, Synechococcus relative abundance
increased under both light (SL, BL) and dark (SD) conditions compared to their respective ISRs (S, B),
suggesting a potential release from eukaryotic inhibition [36]. Short-term culture experiments highlighted
the significant impact of light shifts on Synechococcus abundance, with responses varying based on the
specific light transition. Notably, shifts from light to dark (SD vs. S) and dark to light (BL vs. B) led to
substantial increases in Synechococcus abundance. Interestingly, the most pronounced Synechococcus
proliferation occurred under complete darkness (SD), possibly due to the alleviation of photoinhibition
and efficient repair of PSII. This allowed cells to restore photosynthetic capacity and maintain metabolic
homeostasis, thereby fostering population growth under low-light or darkness conditions [37].
Furthermore, short-term fluctuations in light can influence the abundance of Synechococcus by
modulating its photosynthetic efficiency and metabolic homeostasis. This phenomenon is consistent
with its capacity to sustain growth via mixotrophic or heterotrophic pathways, thereby augmenting its
proliferative potential under dark conditions [38, 39].

Among the 90 Synechococcus OTUs, OTU61, OTU415, and OTU483 were dominant, representing different
S5.1 clades. Their relative abundances increased during light-dark transitions, particularly OTU61 (clade
IX), which increased by 221.97% and 202.25% in SD vs. S and BL vs. B, respectively. These clade-specific
responses suggest substantial ecological heterogeneity within Synchococcus and rapid adjustment to
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fluctuating light availability. Such flexibility may benefit Synechococcus in the YRE, where tidal dynamics
and turbidity frequently alter the underwater light environmrnt [40]. Conversely, minimal changes under
stable light conditions (SL vs. S or BD vs. B) suggests that populations were already acclimated [41].

In this study, KEGG annotation of the metagenomic data showed that the 3 enzymes with the highest
annotated abundance in Synechococcus across all samples were NAD(P)H-quinone oxidoreductase (EC
7.1.1.2), DNA-directed DNA polymerase (EC 2.7.7.7), and an oxidoreductase (EC 1.9.3.1). The persistent
annotation of 3 enzymes across all treatment conditions suggests that they represent a core component
of the Synchococcus functional gene repertoire, indicating that the genetic potential for baseline
metabolic functions was maintained even in the absence of light. Light was associated with higher
annotated abundance of enzymes linked to energy acquisition, nucleic acid biosynthesis,
transmembrane transport, and redox reactions. This pattern is broadly consistent with the known role of
photosynthesis in supplying ATP and NADPH to support carbon and nitrogen metabolism, redox
regulation, and membrane transport [42], though whether these annotated differences reflect genuine
shifts in cellular activity cannot be determined from metagenomic data alone.

Restructuring of the co-occurring bacterial community
Marine bacterioplankton communities and their predicted functions exhibited vertical differentiation,
consistent with previous observations across depth-defined layers [43]. Although 1,112 OTUs were
shared between surface (S) and bottom (B) samples, 1,077 and 993 OTUs were unique to each layer,
respectively. After 24 h of incubation, OTU loss rates were higher in surface than bottom samples
(57.72% vs. 46.51%), potentially reflecting the bottle effect [44], cycloheximide treatment, and altered
environmental conditions. Bottom communitied remained more similar to in situ samples, whereas
surface communities showed greater compositional displacement. These patterns suggest different
degrees of community restructuring between water layers. From a functional perspective, light-
associated responses may involve phototrophic taxa and proteorhodopsin (PR)-mediated energy
acquisition by heterotrophic bacteria, which can enhance bacterial survival under starvation conditions
[45]. Previous studies have documented diel oscillations in microbial transcripts and particulate
metabolites in the surface ocean [46], while the prevalence of diel-cycling transcripts has been shown to
decrease with depth [47]. These findings suggest that surface bacterioplankton may be more responsive
to short-term environmental changes, whereas bottom communities may exhibit greater compositional
stability over the 24-h incubation.

Notably, community shifts under both light and dark treatments showed broad similarity when compared
with the in situ samples, suggesting that a substantial portion of the observed change reflects cultivation
artifacts (spatial confinement, reduced turbulence, and altered nutrient dynamics) rather than to light
itself [44]. Direct comparison between the light and dark treatments therefore provides a more
interpretable basis for assessing light-associated effects, as both treatments shared the same enclosure
conditions and differed only in illumination. Within this framework, Actinobacteria and Planctomycetes
showed higher relative abundance under light relative to dark, whereas α-Proteobacteria declined and γ-
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Proteobacteria increased. Although Actinobacteria lack functional photosystems, they possess
photosensory proteins such as CryB-type cryptochromes that may enhance their capacity to exploit DOM
released by primary producers under illuminated conditions [48], potentially contributing to their higher
representation under light. Certain Planctomycetes, including relatives of Rhodopirellula baltica, exhibit
tolerance to UVC radiation through DNA repair mechanisms [49], which may partly explain their
persistence and enrichment under light treatment. The contrasting trends between α- and γ-
Proteobacteria are broadly consistent with their differing ecological characteristics: α-Proteobacteria are
generally associated with stable, low-nutrient conditions, whereas γ-Proteobacteria tend to respond
more rapidly to pulses of labile organic matter such as those potentially released by photosynthetically
active cells [50]. These results suggest that light was associated with compositional shifts in the
bacterial community beyond those attributable to incubation effects alone, though the underlying
mechanisms warrant further investigation.

Light- and incubation-associated dynamics of DOC
DOC exhibited a clear vertical gradient in the in situ samples, with concentrations in bottom waters
averaging approximately 1.8-fold those in surface waters. This vertical pattern may reflect differences in
organic-matter accumulation and transformation between the 2 layers. Such processes may be
particularly relevant in this highly turbid YRE, where strong and frequent sediment resuspension can
enhance disturbance and decomposition of sedimentary organic matter [51]. Microbial remineralization
of particulate organic matter (POM) may further contribute to DOC pool, particularly in marginal seas
where bacterial carbon demand can exceed the supply of recently released phytoplankton-derived
carbon [52]. In addition, sediment desorption and pore-water release during resuspension in the turbidity
maximum zone represent significant DOC sources in the YRE [53], which may contribute to the elevated
DOC concentrations observed in bottom waters.

Following the 24-h incubation, DOC showed the largest change among the measured parameters, with
net increases of 32.02, 37.96, 23.86, and 30.73 mg•L⁻¹ in SL, SD, BL, and BD, respectively. This
accumulation likely reflects a shift in the balance between DOC release and removal following enclosure.
Reduced physical exchange with the surrounding environment limits dilution and export, while DOC-
releasing processes may continue within the bottles, including bacterial extracellular hydrolysis of POM,
cell leakage and lysis, and direct release from growing autotrophic prokaryotes such as Synechococcus
[44, 54, 55]. Viral lysis may provide an additional source of dissolved organic substrates [56]. The
continued released and transformation of organic matter under reduced physical exchange can tip the
balance toward net DOC accumulation. Accordingly, the elevated DOC concentrations reflect an
incubation-associated physical-biogeochemical response rather than a simple continuation of in situ
DOC dynamics.

Against this incubation-associated background, comparison between the natural light and dark
treatments provides an opportunity to assess whether light availability further contributed to DOC
dynamics during the 24-h incubation. DOC concentrations were numerically higher under dark conditions
than under natural light in both surface and bottom waters, but these differences were not statistically
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significant. One possible explanation is that sunlight promotes photochemical transformation of DOM
into low-molecular-weight and more biologically labile compounds, which can subsequently enhance
microbial utilization and contribute to DOC removal [57]. Light availability has also been reported to
enhance community-level DOC uptake, the magnitude of uptake also depended on salinity [58]. In
parallel, light-dark transitions can regulate intracellular carbon metabolism in cyanobacteria through
CP12-mediated regulation of the Calvin and oxidative pentose phosphate pathways [59]. Nevertheless,
the 24-h incubation showed a directional tendency toward higher DOC concentrations under dark
conditions, but not a statistically detectable effect of light availability on the bulk DOC pool. Longer-term
or time-resolved incubations would be needed to determine whether this directional pattern develops
into measurable changes in DOC dynamics.

Potential roles of Synechococcus-bacteria interactions in elemental cycling

Synechococcus and heterotrophic bacteria play important roles in marine elemental cycling, particularly
through the coupling of carbon and nutrient transformations [60, 61]. In this study, metabolomic profiles
showed a clear separation between the in situ seawaters and 24-h incubation groups, whereas only 9
metabolites differed between the Light and Dark treatments, suggesting that incubation-associated
changes were more extensive than those associated with light availability. Several metabolites differed
between the Light and Dark treatments, while DOC concentrations were numerically higher under dark
conditions but without a significant difference. This suggests that light availability may influence the
composition of the DOM pool without substantially altering its bulk concentration. Such changes in
individual DOM components may arise from differences in their production, transformation, or utilization,
and the DOM pool represents a potential interface linking autotrophic carbon production by
Synechococcus with heterotrophic bacterial utilization. Heterotrophic bacteria can selectively utilize
different carbon substrates and rapidly adjust substrate uptake in response to changing substrate
availability [9, 60]. Light-driven processes, including photoheterotrophic energy acquisiton and
photochemical DOM transformation, may influence bacterial energy supply and organic substrate
availability [22, 45, 57]. These processes provide a plausible framework in which light availability may
modulate potential carbon coupling between Synechococcus and heterotrophic bacteria, although the
specific direction and pathways of carbon transfer cannot be resolved from the pooled measurements.

Beyond the observed changes in DOM composition, KEGG enzyme annotations and FAPROTAX-based
functional predictions provided complementary, exploratory insights into microbial functional potential
associated with C-N-S elemental cycling under different light conditions. C-associated functions
dominated the predicted profiles, a stronger influence of incubation on broad functional composition
than of light availability. Nevertheless, Light and Dark treatments different in the representation of C-, N-,
and S-associated functions, with lower N-associated but higher S-associated functions under Light
conditions. The KEGG annotations provided finer-scale details of the light-associated functional shifts. In
Synechococcus, enzymes annotations showing increases in Light were mainly related to carbohydrate
metabolism, nucleotide biosynthesis, amino acid metabolism, and aminoacyl-tRNA biosynthesis, broadly
consistent with light-dependent metabolic reorganization involving carbon and biosynthetic [62]. In
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contrast, annotations showing increases under Dark included NADH dehydrogenase, cytochrome c
oxidase, and other enzymes involved in central carbon metabolism, indicating enhancement of
respiratory and redox-related functions under Dark. These contrasting patterns are consistent with
previous evidence that cyanobacteria metabolic responses vary across light-dark cycles, including
changes in respiratory gene expression in marine Synechococcus [63]. A similar functional differentiation
was observed in bacterial communities. Under Light, increased enzyme annotations were mainly related
to carbohydrate and central carbon metabolism, nucleotide and amino acid metabolism, aminoacyl-tRNA
biosynthesis, and DNA methylation. Under Dark, increases mainly in annotations associated with central
carbon metabolism, respiratory and redox processes, lipid metabolism, and nucleotide and amino acid
metabolism. These contrasting profiles may reflect differences in the potential metabolic strategies of
bacterial communities under light and dark conditions. Marine heterotrophic bacteria can use light-
derived energy while utilizing substrates, and interactions between Synechococcus and heterotrophic
bacteria may further influence these metabolic relationships [20, 64]. FAPROTAX and KEGG results
indicate that light availability may selectively modify microbial functional potential involved in carbon
processing, nitrogen-containing biosynthesis, and sulfur-related metabolism, potentially contributing to
variation in C-N-S cycling. However, these annotations represent functional potential rather than direct
measurements of elemental transformation.

The inorganic nutrient data provide an additional, but more indirect, perspective on these potential
elemental linkages. Under in situ conditions, vertical differences in NO3

−, NO2
−, NH4

+, PO4
3−, and SiO3

2−

concentrations were observed among the 3 stations, indicating spatial heterogeneity in nutrient
availability within the estuarine water column. Such vertical contrasts are consistent with evidence that
nutrient availability and microbial community composition can vary substantially across environmental
gradients, with different microbial groups exhibiting distinct nutrient-acquisition strategies [65]. In
contrast, the 24-h incubation produced only relatively small differences in inorganic nutrient
concentrations, with particularly limited variation in NO2

−. The weak response contrasts with the clearer
changes observed in microbial community composition, metabolite profiles, and functional potential.
Such a pattern may indicate that microbial restricting and changes in metabolic potential occur more
rapidly than detectable shifts in bulk nutrient concentrations during short-term incubations. This
interpretation is consistent with evidence that nitrogen transformation can proceed through temporally
separated stages, with organic matter consumption and ammonium accumulation preceding
subsequent nitrite and nitrate production [66]. The observed nutrient patterns should not be interpreted
as direct evidence of light-driven nutrient uptake or remineralization, but rather as evidence that short-
term microbial responses may occur without measurable changes in surrounding inorganic nutrient
pools. This caution is further supported by evidence that bacterial transporter gene expression responds
to dissolved organic carbon availability, while such expression does not directly quantify realized
substrate uptake fluxes [67]. The vertical nutrient and DOC gradients observed in situ further suggest
that these potential microbial interactions occur within a spatially heterogeneous nutrient environment,
where the availability of organic and inorganic substrates may vary substantially between surface and
bottom waters.
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Based on the observations from KEGG-based enzyme-level annotation, metabolomics, DOC, and
inorganic nutrient measurements under Light and Dark incubation conditions, a conceptual model was
developed to illustrate how changes in light availability may reshape the potential metabolic coupling
between Synechococcus and heterotrophic bacteria and thereby influence pathways associated with
elemental cycling (Fig. 7). Under Light, photosynthetic activity of Synechococcus may provide recently
fixed organic carbon and associated dissolved metabolites that could support or modify bacterial
heterotrophic metabolism. The representation of functions associated with carbohydrate, amino acid,
nucleotide, and aminoacyl-tRNA metabolism in both Synechococcus and bacteria, together with light-
dependent shifts in enzyme-level functional profiles, suggests potential processes of organic-substrate
transfer and transformation within the microbial assemblage. Changes in predicted bacterial functional
categories further suggest that this potential metabolic coupling may extend beyond carbon processing
to functions associated with nitrogen and sulfur metabolism. Under Dark, the increased representation
of NADH dehydrogenase, cytochrome c oxidase, and other respiratory or redox-related enzymes
indicated a shift in the metabolic profile of Synechococcus toward respiratory energy metabolism, while
bacterial functions associated with reparation, redox processes, lipid metabolism, and central carbon
metabolism were also increased. This metabolic differentiation between Light and Dark suggests that
changes in light availability may influence not only the amount of autotroph-derived organic carbon
potentially available to the microbial assemblage, but also the pathways through which this carbon is
metabolically processed. The relatively limited differences in inorganic nutrient concentrations after the
24-h Light and Dark incubations further suggest that metabolic responses may precede readily
detectable changes in bulk nutrient pools.

Conclusion
The 24-h shipboard incubation provided an exploratory assessment of the responses of Synechococcus
and co-occurring bacterial communities to light variation in the Yellow River Estuary (YRE). The relative
abundance of Synechococcus, particularly OTU61 (S5.1 Clade IX), increased under both light and dark
conditions, whereas OTU loss was greater in surface bacterial communities (57.72%) than in bottom
communities (46.51%). Compared with in situ conditions, incubation-associated changes were greater in
magnitude than light-associated changes, highlighting the importance of considering incubation effects
and initial environmental conditions when interpreting short-term microbial responses. Metagenomic
annotation revealed differences in the predicted functional profiles of Synechococcus and bacteria
between Light and Dark treatments. Under light conditions, the relative representation of enzymes
associated with carbohydrate, amino acid, nucleotide, and aminoacyl-tRNA metabolism increased,
whereas dark conditions were associated with increased representation of respiratory and redox-related
enzymes. 9 differential metabolites were identified between the Light and Dark treatments, although
these metabolites could not be assigned to specific microbial groups. Changes in dissolved organic
carbon (DOC) and inorganic nutrient concentrations provide additional information for interpreting
microbial responses to light variation; however, the 24-h incubation period may have been insufficient to
detect significant changes in some chemical parameters.
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Map showing the locations of the studied sites and sampling stations. Left: Schematic map of the
Yellow River Estuary, showing the locations of stations A3, B2, and E2. Right: Field photographs of the
shipboard light-dark incubation experiments.

Figure 2

Nutrients and DOC concentration. Diagrams (a to f) represent the concentrations of phosphate (PO4
3-;

μmol•L⁻¹), ammonium (NH4
+; μmol•L⁻¹), nitrite (NO2

-; μmol•L⁻¹), silicate (SiO3
2-; μmol•L⁻¹), nitrate (NO3

-;

μmol•L⁻¹), and dissolved organic carbon (DOC; mg•L⁻¹), respectively.
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Figure 3

PCA score plots (a) of metabolomic profiles of 3 groups. MA plots (b) represents the comparisons
between the Light group and the ISR group. Similarly, MA plots (c) and (d) illustrate the comparisons
between the Dark and ISR groups, and the Light and Dark groups, respectively. Red dots represent the up-
regulated metabolites. Green dots represent the down-regulated metabolites. Grey dots represent
metabolites no difference.
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Figure 4

Phylogeny clades composition of Synechococcus. The bar plot represents the relative abundance (%) of
Synechococcus in each sample. A maximum-likelihood phylogenetic tree of marine Synechococcus was
constructed using 16S rRNA gene phylogenetically informative marker genes. Synechocystissp.
PCC7942 was employed as the outgroup. Distinctively colored nodes denote the clade assignment of
each Synechococcus isolate.

Page 28/31



Figure 5

Diversity and community composition of bacteria based on 16S rRNA sequencing. Alpha diversity (a),
Venn diagrams (b), and PCoA (c) about bacterial OTUs, and bacterial community at the Phylum (d) and
Class (e) levels. Venn diagrams showing the shared and unique co-occurring bacterial OTU numbers
after 24h incubation.
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Figure 6

Functional annotations of Synechococcus and bacterial community. (a) FAPROTAX-predicted bacterial
functional categories. (b) Relative proportions of element-associated functional categories. (c) Top 50
KEGG enzyme annotations in Synechococcus. (d) Top 50 KEGG enzyme annotations in bacteria. EC
1.6.5.3, now marked “obsolete” in KEGG and transferred to EC 7.1.1.2

Page 30/31



Figure 7

Conceptual model of potential Synechococcus-bacteria metabolic coupling under Light and Dark
conditions
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