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Extracellular polymeric substances, such as transparent exopolymer particles (TEP)

composed of acidic polysaccharides, are important particulate organic carbon

(POC) components of marine environments that affect particle dynamics and

ocean carbon export. However, how polymeric substances interact with and

shape bacterial communities associated with marine particles is poorly

understood. This study investigated whether the composition of particle-

associated bacterial communities differs between sinking and suspended particles,

which differ in their polymeric substance contents, in the upper water column of the

subtropical, oligotrophic Kuroshio region. Bacterial taxa likely involved in polymer

degradation (Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia) were

enriched on sinking particles with a lower TEP: POC ratio, indicating that bacterial

degradation of polymeric substances promotes particle sinking by removing

positively buoyant polymers. By contrast, suspended particles were increasingly

enriched for Bdellovibrionota andDesulfobacterota as the TEP: POC ratio increased.

These taxa, which include predatory microbes, seem to prefer polymer-rich

environments with a high density of potential prey. Planctomycetota were not

significantly related to the TEP: POC ratio, indicating their broad niche breadth on

particles’ polymeric substance contents. The results suggest that the bacterial niche

differentiation associated with the particle polymeric-substance gradient shapes

bacterial communities in a subtropical ocean.
KEYWORDS

particle dynamics, bacterial community composition, niche differentiation, ocean
carbon export, transparent exopolymer particles, differential abundance analysis
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1 Introduction

Extracellular polymeric substances (EPS), excreted by

phytoplankton and bacteria, abiotically assemble to form stable

gel particles that are part of the particulate organic carbon (POC)

pool in the oceans (Verdugo et al., 2004; Verdugo, 2012). Gel

particle formation links the dissolved and particulate phases of the

organic matter and leads to a size continuum of particles in the

oceans (Verdugo et al., 2004; Verdugo, 2012). Marine gel particles

include transparent exopolymer particles (TEP) consisting of acidic

polysaccharides (Passow and Alldredge, 1994) and proteinaceous

Coomassie Brilliant Blue-stainable particles (CSP; [Long and Azam,

1996]), which are thought to have different origins and fates

(Cisternas-Novoa et al., 2015; Zamanillo et al., 2021). Previous

studies have found that TEP influences carbon export through the

regulation of particles’ stickiness and buoyancy, thereby affecting

the partitioning between suspended and sinking particles in the

water column (Mari et al., 2017; Romanelli et al., 2023; Yamada

et al., 2024). Little is known about the role of CSP in particle

property regulations (Thornton, 2018); however, a recent study has

suggested an involvement of CSP in the aggregation of virus-

infected diatom cells (Yamada et al., 2018).

Previous studies have found that gel particles are hotspots of

bacterial activity (Busch et al., 2017; Grossart et al., 2006).

Although particle-associated bacteria typically account for only

approximately 1% of the total bacterial abundance in the open

ocean, as enumerated by epifluorescence microscopy (Nagata, 2008),

they are important for particulate organic matter degradation. They

produce various extracellular hydrolytic enzymes that cleave EPS,

altering the physicochemical properties of particles and contributing

to particle remineralization (Giljan et al., 2022; Grossart et al., 2006;

Smith et al., 1992; Wang et al., 2024). Bacterial production and

processing of EPS regulate the oceanic biological carbon pump

(Nagata et al., 2021; Quigg et al., 2021), mediating carbon transfer

from the sunlit layer to depths below the pycnocline (Boyd et al., 2019;

Herndl and Reinthaler, 2013). Therefore, investigating bacterium–EPS

interactions could enable a more accurate prediction of biological

carbon pump variations (Mari et al., 2017; Nguyen et al., 2022;

Yamada et al., 2024).

Particle-associated bacterial communities are typically

enriched with polymer-degrading taxa, such as Bacteroidia,

Gammaproteobacteria, and Planctomycetota (Boeuf et al., 2019;

DeLong et al., 1993; Duret et al., 2019; Mestre et al., 2017),

indicating that bacteria that are adapted to high-nutrient

environments (copiotrophs) interact with EPS. These bacterial

communities are distinct from free-living communities, which tend

to be dominated by oligotrophic taxa, such as the alphaproteobacterial

SAR11 clade (Giovannoni et al., 2014; Morris et al., 2012). The

composition of particle-associated bacterial communities varies

across particle types, distinguished by particle size (Mestre et al.,

2017; Yung et al., 2016) and sinking velocity (sinking vs. suspended

particles) (Duret et al., 2019). In the Scotia Sea, Duret et al. (2019)

found that the class Gammaproteobacteria and order Rhodobacterales

(class Alphaproteobacteria) were enriched on sinking particles, and

order Flavobacteriales (class Bacteroidia) on suspended particles. They

speculated that the lability of organic matter drove bacterial niche
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partitioning on particles; however, they did not investigate the organic

constituents of sinking and suspended particles. Therefore, the factors

responsible for the variability of the composition of particle-associated

bacterial communities across particle types are unclear.

Here, the bacterial community compositions of sinking and

suspended particles with concomitant measured amounts of EPS

(TEP and CSP) relative to particulate organic carbon (POC) were

examined. The aim was to evaluate the enrichment patterns of particle-

associated bacterial community composition along the EPS gradient of

sinking and suspended particles in an oligotrophic, subtropical ocean

region. Samples were collected from the mixed layer and the bottom of

the euphotic zone of the Kuroshio region, an oligotrophic, subtropical

region of the western North Pacific Ocean. In this region, suspended

particles tend to have higher TEP: POC and CSP: POC ratios than

sinking particles (Yamada et al., 2024). The results suggested that the

partitioning of sinking and suspended particles is involved in EPS self-

assembly and gel particle aggregation (Verdugo et al., 2004; Verdugo,

2012) accompanied by the aggregation of various other particles,

including microbes, organic detritus, mineral dust, and skeletons

(Cruz and Neuer, 2019; Richardson and Jackson, 2007), and together

with microbial production and the degradation of EPS (Yamada et al.,

2024). However, the compositions of the bacterial communities on

sinking and suspended particles in the Kuroshio region are unknown.

Through differential abundance analysis with bias correction

[ANCOM-BC; (Lin and Peddada, 2020)], the present study

investigated bacterial taxa enrichment patterns across free-living,

suspended particles, and sinking particle fractions. This enabled us to

identify the bacterial taxa enriched in particular fractions and those

present at equal abundances in multiple fractions. Redundancy analysis

(RDA) was performed to assess the relationship of the particle-

associated bacterial community composition with the EPS: POC ratio.
2 Materials and methods

2.1 Sampling sites and sample collection

Sampling stations were deployed in the western North Pacific

subtropical region (Supplementary Figure S1) during a cruise of R/

V Hakuho-maru (KH-20-9) between 10 September and 5 October

2020. Oceanographic and chemical data collected during the cruise

have been published elsewhere (Yamada et al . , 2024)

(Supplementary Table S1). This study uses the published data to

interpret microbial community variation in a new context.

Although Yamada et al. (2024) deployed thirteen stations during

the cruise, this study examined only eight stations due to logistical

constraints on microbial data collection.

At each station, the depth profiles of temperature, salinity,

chlorophyll-a, and photosynthetically active radiation (PAR) were

determined using a conductivity-temperature-depth (CTD) system

(SBE 911 Plus, Sea-Bird Electronics) equipped with sensors for

chlorophyll fluorescence (Chlorophyll fluorometer, Seapoint

Sensors Incs.) and PAR (PRR800/810; Biospherical Instruments Inc.).

Samples were collected at the mixed layer (ML; 10 or 40 m

depending on the station) and the bottom of the euphotic zone

(Z1%; the layer at which PAR is 1% of the sea-surface value) using
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marine snow catchers [MSCs; (Lampitt et al., 1993)]. The ML was

sampled using a small MSC (sampling volume of 100 L; OSIL,

Hampshire, UK), and the Z1% a large MSC (sampling volume of

300 L; OSIL, Hampshire, UK). The MSC was lowered to the target

depth and closed using a drop-weight messenger. After recovery,

the MSC was set on the deck to allow sinking particles to settle into

polypropylene containers at the bottom of the MSC. After 2 h,

seawater samples for the suspended particle fraction analysis were

collected from a faucet in the top section of the MSC. Subsequently,

the top section was detached from the bottom section of the MSC,

and the bottom containers (containing the seawater sample) were

removed for the sinking particle fraction analysis.

Seawater samples (2 L) for the suspended particle fraction

analysis were sequentially filtered through 0.8- and 0.2-μm pore-

size cellulose acetate filters (47 mm, Advantec Toyo Kaisha, Ltd.,

Tokyo, Japan) under a gentle vacuum (< 150 mmHg). Microbes

collected on the 0.8-μm pore-size filters were regarded as having

been attached to suspended particles (SS fraction), whereas those

collected on the 0.2-μm pore-size filters were regarded as free-living

(FL fraction; > 0.2 - 0.8 μm). The samples collected from the bottom

containers were filtered through 0.8-μm pore-size cellulose acetate

filters; the microbes therein were regarded as having been attached

to sinking particles (SK fraction). The filters for prokaryotic

community analyses were stored at −80°C until DNA extraction

in the onshore laboratory.

For the measurement of POC and particulate organic nitrogen

(PON) concentrations, seawater samples (suspended particle: 6.6-

18 liters; sinking particle: 0.12 liters) were filtered through pre-

combusted (450°C for 4 h) glass fiber filters (GF/F, Whatman,

Maidstone, Kent, UK). For the determination of TEP and CSP

concentrations, seawater samples (12.5–300 mL) were filtered

through 47-mm, 0.4-mm polycarbonate filters (Whatman) under a

gentle vacuum (< 150 mmHg). Filters for the determination of TEP

were stained with Alcian blue (8GX; Sigma-Aldrich; 0.02% w/v

dissolved in 0.06% v/v acetic acid; 0.2-μm pre-filtered) (Passow and

Alldredge, 1995), and those for the determination of CSP were

stained with Coomassie Brilliant Blue (G-250, SERVA

electrophoresis; 0.04% dissolved in 0.2-μm prefiltered seawater;

0.2-μm pre-filtered) (Cisternas-Novoa et al., 2014). Blank filters

were prepared by filtering 300 mL of surface seawater through 0.4-

mm polycarbonate filters. Sample and blank filters were stored at

−20°C until analysis in the onshore laboratory.
2.2 Particle and seawater chemistry

For the POC and PON measurements, the filters were fumed

overnight with HCl to remove carbonates and dried at 60°C for 24

h. POC and PON concentrations were determined using an

elemental analyzer (Carlo-Erba NA-1500, Fisons Instruments,

Beverly, MA, USA). TEP and CSP concentrations were

determined spectrophotometrically (Cisternas-Novoa et al.,

2014; Passow and Alldredge, 1995). The dyes were extracted

from filters with 80% sulfuric acid (2 h, room temperature)

(TEP) or 50% isopropyl alcohol with 3% sodium dodecyl sulfate

(2 h at ca. 37 °C) (CSP). The absorbances of the extracts were
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measured at 787 nm (TEP) or 615 nm (CSP) using a microplate

reader (Multiskan GO; Thermo Scientific). After blank

subtraction, TEP and CSP concentrations were determined

using xanthan gum (for TEP) or bovine serum albumin (BSA;

for CSP) as the standards. The coefficients of determination (R²)

of these calibration lines were 0.975 and 0.986, respectively

(Supplementary Figure S2). The TEP and CSP concentrations

were expressed as micrograms of xanthan gum equivalent per liter

(μg Xeq. L−1) and micrograms of BSA equivalent per liter (μg

BSAeq. L−1), respectively. For the determination of chlorophyll-a

concentrations, seawater samples were filtered through glass fiber

filters (GF/F, Whatman, Maidstone, Kent, UK) and extracted with

N,N-dimethylformamide. The concentration of chlorophyll-a in

the extract was measured using a fluorometer (Welschmeyer,

1994). Concentrations of nutrients (nitrate and phosphate) were

determined spectrophotometrically using an autoanalyzer

(QuAAtro, Bran+Luebbe) according to Armstrong et al. (1967)

(Armstrong et al., 1967). The detection limits of nitrate and

phosphate were 0.05 and 0.01 mM, respectively.
2.3 DNA extraction, amplicon sequencing,
and read processing

Prokaryotic DNA collected on cellulose acetate filters was

extracted using the DNeasy PowerSoil Kit (QIAGEN, Hilden,

Germany) (Hirai et al., 2017). The filters were cut into small

pieces (< 5 mm2), placed in a 2-mL tube (DNA LoBind® Tubes,

Eppendorf, Hamburg, Germany), and lysed in 400 μL of FL Buffer

(400 mM Tris-HCl [pH 8.0], 60 mM EDTA, 150 mMNaCl, and 1%

[wt/v] SDS) at 60°C for 10 min. Lysis was stopped by the addition of

120 μL of 3 M potassium acetate buffer (pH 4.8) and incubation on

ice for 5 min. After centrifugation (16,000 x g at room temperature

for 5 min), the supernatant was transferred to a 1.5-mL tube. This

step was repeated twice. The supernatant was purified according to

the DNeasy PowerSoil Kit protocol. First, the supernatant was

mixed with a double volume of C4 solution and DNA was

purified following the manufacturer’s manual. Then, 50 μL of

DNA solution was stored in 1.5-mL tubes at −80°C until small

subunit rRNA gene amplification.

Prokaryotic community composition was characterized based

on the V4–V5 region of 16S rRNA gene fragments amplified using

LA Taq polymerase (TAKARA Bio, Kusatsu, Japan) with the

primers 530F and 907R (Supplementary Table S2) (Nunoura

et al., 2012). The PCR conditions were as follows: initial

denaturation at 96°C for 1 min, followed by 25–30 cycles of

denaturation at 96°C for 25 s, annealing at 52°C for 4 s, and

extension at 72°C for 1 min; and a final extension at 72°C for 10

min. The Illumina adaptor sequence and Illumina Multiplexing

PCR Primer 2.0 sequence were added to the 5′-ends of the primers.

The amplicon libraries were mixed with Illumina PhiX Control ver.

3 (Illumina, San Diego, CA, USA) at a 1:1 ratio and sequenced using

the Illumina MiSeq Reagent Kit ver. 3 (600 cycles) on the Illumina

MiSeq platform (Illumina, San Diego, CA, USA). The sequence data

is publicly available in the UTokyo Repository (https://doi.org/

10.15083/0002010027).
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Forward and reverse sequences were merged using PEAR ver.

0.9.8 (Zhang et al., 2014). The primer and adaptor sequences at the

two ends of merged sequences were removed using Cutadapt ver. 3.4

(Martin, 2011) and sequence reads with a quality score < 30 were

trimmed. After denoising and removing chimeras, the sequences

were clustered into an amplicon sequence variant (ASV) with 99%

sequence identity using the DADA2 plugin (Callahan et al., 2016) in

QIIME 2 (Bolyen et al., 2019). A representative sequence of each ASV

was classified using blastn and the SILVA 138 database (Yilmaz et al.,

2014). Sequence read count data without reads classified as

chloroplasts and eukaryotes were used in the statistical analyses.
2.4 Basic alpha- and beta-
diversity analyses

The alpha diversity of bacterial communities was characterized

using the Hill numbers as the effective number of species. Hill

numbers of order q = 0, 1, and 2 were converted from the number

of ASVs, and Shannon’s and Simpson’s indices (Chao et al., 2014).

Shannon’s and Simpson’s indices were calculated from the sequence

read count data rarefied according to the minimum library using the

“diversity” function in R package “vegan” (Oksanen et al., 2022). To

evaluate the effects of the sampling layer and fraction on the effective

numbers of species, a two-way analysis of variance (two-way

ANOVA) was performed using JMP Pro (MA, USA). To investigate

the differences (beta-diversity) in bacterial community composition

among the sampling layers, fractions, and water masses using standard

distance-based statistical procedures and visualization, Permutational

analysis of multivariate dispersion (PERMDISP) (Anderson, 2006)

and Permutational multivariate analysis of variance (PERMANOVA)

(Anderson, 2001) were performed on the Bray–Curtis dissimilarity

matrix calculated from Hellinger-transformed data. The differences

in bacterial community compositions based on the Bray–Curtis

dissimilarity matrix were visualized via non-metric multidimensional

scaling (NMDS). PERMDISP and PERMANOVA were performed

using the “betadisper” and “adonis2” functions in R package “vegan”

(Oksanen et al., 2022). All analyses can be found at https://github.com/

Akiko-Ebihara/EPS-PAbacteria2020.
2.5 Differential abundance analysis

To investigate the enrichment pattern of bacterial taxa in the

three microhabitat fractions (SK, SS, and FL fractions), differential

abundance analysis was performed using ANCOM-BC [(Lin and

Peddada, 2020); https://github.com/FrederickHuangLin/ANCOM-

BC] after prevalence filtering to remove ASVs that occurred in < 10%

of the samples (Faust, 2021). A two-step procedure was used to divide

bacterial ASVs into microhabitat categories based on their enrichment

patterns (Figure 1). In the first step, the ASVs were divided into

Category FL (ASVs more enriched in the FL than the particle [PA;

including SK and SS] fractions), Category PA (ASVs more enriched in

the PA than the FL fraction and present in > 10% of the samples of the

PA fraction), and Category FL/PA (ASVs present in equal abundances

in the PA and FL fractions). In the second step, the ASVs of Category
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PAwere divided into Category SK (ASVsmore enriched in the SK than

the SS fraction), Category SS (ASVs more enriched in the SS than the

SK fraction), and Category SK/SS (ASVs present in equal abundances

in the SK and SS fractions). The significance of enrichment was

evaluated by calculating the log fold change, based on the p-value

adjusted for the false discovery rate using the Benjamini–Hochberg

procedure [false discovery rate (FDR) < 0.05; FDR, adjusted p-value].
2.6 Redundancy analysis

To investigate the relationships among particle-associated bacterial

community composition (Category PA), environmental variables, and

particle biochemical properties, RDA combined with compositional data

analysis was performed to circumvent the problem of spurious

correlations resulting from a constant-sum constraint of the relative-

abundance data (Gloor et al., 2017). Zeros in the relative-abundance data

of the Category PA community in the SK and SS fractions were replaced

by the multiplicative simple replacement algorithm, which preserves the

relative multivariate structure of the data using the “multRep” function

in R package “ZCompositions” (Palarea-Albaladejo and Martıń-

Fernández, 2015). Subsequently, the data were centered-log-ratio

(CLR) transformed (Aitchison, 1983; Gloor et al., 2017) using the “clr”

function in R package “compositions” (van den Boogaart and Tolosana-

Delgado, 2008). The RDA was performed using “rda” functions in R

package “vegan” (Oksanen et al., 2022) with the CLR-transformed

Category PA data as a response variable and the environmental

variables as the explanatory variables. The environmental variables

were centered and standardized using the “decostand” function.

Collinearity was avoided by removing a highly correlated explanatory

variable (|r| > 0.8 and FDR < 0.05, where r is Pearson’s correlation

coefficient and FDR is the p-value adjusted using the Benjamini–

Hochberg procedure). Important explanatory variables were selected

using the “rda” and the “ordiR2step” functions in R package “vegan”

(Oksanen et al., 2022). The distributions of ASVs and samples on the

RDA ordinations were represented by type I-scaled RDA scores, which

reflected their distances. The correlations of explanatory variables with

the RDA axes were represented by correlation-scaled RDA scores (type

II scaling). To examine differences in bacterial distribution across

microhabitat categories along the RDA ordinations, t-tests were

performed using JMP Pro (MA, USA). To investigate the distribution

patterns of taxa along the RDA ordinations, the one-sample Wilcoxon

signed-rank test was performed using JMP Pro (MA, USA).
3 Results

3.1 Environmental conditions and
particle properties

The sampling area was characterized by high temperature (26-

29°C), low chlorophyll-a concentration (0.08-0.77 μg L-1), and low

nutrient concentrations (nitrate concentration, < 0.02-0.81 μM) in

the ML (Table 1; Supplementary Table S3). The ML and Z1%

samples consisted of Kuroshio surface water and shelf water from

the East China Sea, respectively (Supplementary Figure S3). The
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TEP: POC and CSP: POC ratios of the sinking particles in the ML

were 0.68 ± 0.36 and 0.20 ± 0.09 (mean ± standard deviation),

respectively (Table 2; Supplementary Table S4). These were

approximately threefold lower than the corresponding ratios of

the suspended particles (Table 2; Supplementary Table S4). The

POC: PON ratio was lower in the suspended particles (mean ±

standard deviation, 10.6 ± 1.9) than sinking particles (16.6 ± 9.2)

(Table 2; Supplementary Table S4).
3.2 Bacterial community composition and
alpha- and beta-diversities

Alphaproteobacteria and Cyanobacteria were the most abundant

taxa, together accounting for 26.2–77.6% of the total reads irrespective of

the fraction (Figure 2; Supplementary Table S5). Approximately half of
Frontiers in Marine Science 05
alphaproteobacterial reads were affiliated with the SAR11 clade (Figure 2;

Supplementary Table S5). Prochlorococcus accounted for most of the

Cyanobacteria (Supplementary Table S6). Other abundant taxa (mean

relative abundance > 5% in at least one of the three fractions) were

Gammaproteobacteria, Bacteroidia, and Planctomycetota (Figure 2;

Supplementary Table S5). These taxa tended to be more abundant in

the particle (SK and SS) fractions than in the FL fraction (Figure 2).

NMDS plots based on the Bray–Curtis dissimilatory matrix

(Figure 3; Supplementary Figure S4) revealed some visually evident

clustering patterns, such as the distinction between the FL and other

fractions (SK and SS). However, differences in community centroid

positions among the sampling layers, fractions, and water masses

could not be evaluated due to heterogeneous dispersion

(PERMDISP: p = 0.033, 0.003, and 0.009 for the layers, fractions,

and water masses, respectively) (Supplementary Table S7). The Hill

numbers, a measure of the effective number of species, were higher
TABLE 1 Summary of environmental variables (salinity, temperature, nitrate and chlorophyll-a concentrations, and depth) for the data collected at the
eight stations shown in Supplementary Figure S1.

Salinity Temperature (°C) Nitrate conc. (mM)
Chlorophyll-a
conc. (mg L-1)

Depth (m)

ML Z1% ML Z1% ML Z1% ML Z1% ML Z1%

Minimum 33.1 33.2 26.1 21.4 < 0.02 < 0.02 0.08 nd 10 32

Maximum 34.5 34.8 28.7 26.4 0.81 5.84 0.77 nd 40 95

Mean 34.1 34.4 27.9 24.3 0.12 1.78 0.24 nd – –

Standard
deviation

0.5 0.5 0.9 1.7 0.28 1.95 0.22 nd – –
fr
nd, no data; ML, mixed layer; Z1%, layer at which PAR is 1% of the sea-surface value.
FIGURE 1

Division of amplicon sequence variants into microhabitat categories. Differential abundance analysis is shown in purple. FL, free-living fraction; PA,
particle-associated fraction (including SK and SS); SK, sinking-particle fraction; SS, suspended-particle fraction.
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at the Z1% than in the ML (two-way ANOVA: p < 0.0001, p <

0.0001, and p = 0.0004 for the sampling layer factor for Hill

numbers of order q = 0, 1, and 2, respectively) (Supplementary

Figure S5; Supplementary Table S8), and higher in the FL and SS

fractions than in the SK fraction [Tukey HSD: p = 0.033 and 0.036

for the pairs of SK and SS fractions (q = 1) and SK and FL fractions

(q = 2), respectively] (Supplementary Table S9).
3.3 Bacterial enrichment pattern

ANCOM-BC revealed patterns of taxonomic enrichment across

microhabitat categories. Most of the ASVs present in equal abundances

in the FL and PA fractions (Category FL/PA), which accounted for

14.4%–60.9% of total reads (Figure 4; Supplementary Table S10), were

Cyanobacteria (Supplementary Table S11). Alphaproteobacteria,

including the SAR11 and SAR116 clades, was the dominant class

enriched in the FL relative to the PA fraction (Category FL)

(Supplementary Table S12). The communities enriched in the SK

fraction (Category SK) included members of Alphaproteobacteria

(Rhodobacteraceae), Gammaproteobacteria (Oceanospirillales,

Cellvibrionales, and Alteromonadales), and Bacteroidia

(Flavobacteriaceae, Saprospiraceae, and Cyclobacteriaceae) (Table 3;

Supplementary Table S13). The community enriched in the SS fraction

(Category SS) consisted mainly of Bdellovibrionota (OM27 clade) and

Desulfobacterota (Table 4; Supplementary Table S14). The community

classified as Category SK/SS shared taxa with those of Categories SK and

SS; uniquely, it also included Planctomycetota (OM190, Phycisphaerae,

and Planctomycetes) (Table 5; Supplementary Table S15).
3.4 Relationship between particle-
associated bacterial community
composition and environmental factors

Particle properties related to the EPS gradient of particles (TEP:

POC, CSP: POC, and CSP: TEP ratios) and oceanographic
Frontiers in Marine Science 06
parameters (depth, temperature, and nitrate concentration) were

considered explanatory variables in the first RDA model. Nitrate

concentrations below the detection limit of 0.02 μM were replaced

by zero. Because the TEP: POC ratio was strongly positively

correlated with the CSP: POC ratio (r = 0.81 and FDR < 0.001),

the CSP: POC ratio was excluded from the analysis (Supplementary

Table S16). The final RDA model included four variables (depth,

temperature, nitrate concentration, and TEP: POC ratio) as

significant explanatory variables for the variability in particle-

associated bacterial community composition. These explanatory

variables explained 26.5% of the variation in the bacterial

communities associated with sinking and suspended particles

(Table 6; Figure 5). The RDA ordinations indicated that the first

axis was negatively correlated with the TEP: POC ratio, and the

second axis was correlated with depth and depth-related parameters

(temperature and nitrate concentration) (Figure 5). In this model,

the variation of community structure explained by the first and

second axes was 13.0% and 12.5%, respectively (Figure 5). On the

first axis, the ASVs enriched in the SS fraction (Figure 5; Category

SS) were separated from those enriched in the SK fraction (Category

SK) (Supplementary Table S17). The ASVs present at equal

abundances in the SK and SS fractions (Category SK/SS) were

distributed along the first axis (Figure 5). On the second axis,

bacterial communities were separated by sampling layer (ML vs.

Z1%) (Figure 5).

The distribution patterns of ASVs on the RDA ordinations

differed among taxa (Figure 6). The mean RDA first scores of

Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia were

0.60, 0.42, and 0.39, respectively (Table 7). These values positively

and significantly differed from zero (the one-sample Wilcoxon

signed-rank test: p < 0.05) (Figure 7; Table 7), indicating that

they were negatively correlated with the TEP: POC ratio. By

contrast, the mean RDA first scores of Bdellovibrionota (−0.35)

and Desulfobacterota (−0.65) were negatively and significantly

different from zero (Figure 7; Table 7), indicating that they were

positively correlated with the TEP: POC ratio. There was no

significant relationship between the RDA first score and
TABLE 2 Summary of particle property variables [the ratios of TEP: POC (mg Xeq.:mg C), CSP: POC (mg BSAeq.:mg C), POC: PON (mol:mol), and CSP:
TEP (mg BSAeq. : mg Xeq.)] in suspended and sinking particles collected at the eight stations shown in Supplementary Figure S1.

TEP: POC ratio CSP: POC ratio POC: PON ratio CSP: TEP ratio

ML Z1% ML Z1% ML Z1% ML Z1%

Sinking
particles

Minimum 0.22 0.16 0.03 0.02 5.50 5.87 0.13 0.10

Maximum 1.35 1.97 0.32 0.41 29.77 22.75 0.93 0.39

Mean 0.68 1.07 0.20 0.22 16.56 12.93 0.34 0.21

Standard deviation 0.36 0.55 0.09 0.13 9.20 5.90 0.25 0.10

Suspended
particles

Minimum 1.38 1.32 0.21 0.18 7.03 6.82 0.14 0.12

Maximum 3.23 4.60 0.92 1.25 13.60 14.41 0.42 0.38

Mean 2.30 2.75 0.57 0.61 10.57 9.71 0.26 0.22

Standard deviation 0.68 1.01 0.21 0.34 1.92 2.53 0.10 0.08
TEP, transparent exopolymer particles; CSP, Coomassie Brilliant Blue-stainable particles; POC, particulate organic carbon; PON, particulate organic nitrogen. ML, mixed layer; Z1%, layer at
which PAR is 1% of the sea-surface value.
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FIGURE 3

Non-metric multidimensional scaling ordinations representing the Bray–Curtis dissimilarities among samples. Symbol color and shape indicate the
sampling fractions and layers, respectively. Names of sampling stations are shown. FL, free-living fraction; SK, sinking particle fraction; SS,
suspended-particle fraction. ML, mixed layer; Z1%, layer at which PAR is 1% of the sea-surface value.
FIGURE 2

Taxonomic compositions of prokaryotic communities. Amplicon sequence variants are summarized according to phylum and class. FL, free-living
fraction; SK, sinking-particle fraction; SS, suspended-particle fraction. ML, mixed layer; Z1%, layer at which PAR is 1% of the sea-surface value.
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FIGURE 4

Contributions of the communities in each microhabitat category. Those labeled unclassified are amplicon sequence variants for which differential
abundance analysis was not performed because of their infrequency. FL, free-living fraction; SK, sinking-particle fraction; SS, suspended-particle
fraction. ML, mixed layer; Z1%, layer at which PAR is 1% of the sea-surface value.
TABLE 3 Relative abundance in the SK fraction of the amplicon sequence variants (ASVs) classified as Category SK.

Taxa Subclassification ASV

Summary of relative abundance
in SK fraction LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Cyanobacteria
Synechococcales;
Cyanobiaceae; Cyanobium

B_00181 0.71 0.70 2.51 0.17 1.61 < 0.0001 ***

Cyanobacteria Synechococcales; Cyanobiaceae B_02296 0.10 0.16 0.50 0.00 1.53 < 0.0001 ***

Alphaproteobacteria Rhodobacterales; Rhodobacteraceae B_00823 0.20 0.17 0.48 0.00 3.31 < 0.0001 ***

Alphaproteobacteria
Sphingomonadales;
Sphingomonadaceae; Erythrobacter

B_00857 0.12 0.15 0.54 0.00 2.92 < 0.0001 ***

Alphaproteobacteria
Rhodobacterales;
Rhodobacteraceae; HIMB11

B_00495 0.11 0.24 0.65 0.00 1.03 < 0.0001 ***

Alphaproteobacteria Rhodobacterales; Rhodobacteraceae B_00097 0.08 0.05 0.17 0.00 3.40 < 0.0001 ***

Alphaproteobacteria
Sphingomonadales;
Sphingomonadaceae; Erythrobacter

B_01077 0.07 0.07 0.19 0.00 2.23 0.0007 ***

Gammaproteobacteria
Oceanospirillales;
Halomonadaceae; Halomonas

B_00033 2.63 4.45 13.65 0.01 2.75 0.0020 **

Gammaproteobacteria
Alteromonadales;
Pseudoalteromonadaceae;
Pseudoalteromonas

B_00153 0.37 0.37 1.35 0.01 2.37 0.0002 ***

(Continued)
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TABLE 3 Continued

Taxa Subclassification ASV

Summary of relative abundance
in SK fraction LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Gammaproteobacteria
Vibrionales; Vibrionaceae; uncultured;
Paraphotobacterium marinum

B_00416 0.31 0.27 0.94 0.00 1.86 0.0021 **

Gammaproteobacteria
Cellvibrionales; Spongiibacteraceae;
BD1-7 clade;uncultured bacterium

B_01008 0.15 0.16 0.45 0.00 2.99 < 0.0001 ***

Gammaproteobacteria
Alteromonadales;
Pseudoalteromonadaceae;
Pseudoalteromonas

B_00863 0.06 0.08 0.25 0.00 2.37 0.0012 **

Gammaproteobacteria
Vibrionales;
Vibrionaceae; Photobacterium

B_01011 0.06 0.13 0.39 0.00 1.36 0.0283 *

Gammaproteobacteria Cellvibrionales; Halieaceae; Halioglobus B_01882 0.06 0.11 0.38 0.00 1.18 < 0.0001 ***

Gammaproteobacteria Cellvibrionales; Halieaceae B_01324 0.06 0.08 0.26 0.00 1.96 < 0.0001 ***

Gammaproteobacteria
Cellvibrionales; Halieaceae;
Halioglobus; Halioglobusjaponicus

B_01236 0.06 0.09 0.29 0.00 2.54 < 0.0001 ***

Gammaproteobacteria
Oceanospirillales;
Nitrincolaceae; uncultured

B_01933 0.06 0.07 0.20 0.00 2.68 < 0.0001 ***

Gammaproteobacteria
Oceanospirillales;
Alcanivoracaceae1; Alcanivorax

B_00782 0.05 0.06 0.18 0.00 2.13 0.0007 ***

Bacteroidia Flavobacteriales; Flavobacteriaceae B_00789 0.23 0.56 1.98 0.00 1.60 < 0.0001 ***

Bacteroidia
Cytophagales; Cyclobacteriaceae;
uncultured marine

B_00771 0.15 0.19 0.66 0.00 3.50 < 0.0001 ***

Bacteroidia
Flavobacteriales;
Flavobacteriaceae; Tenacibaculum

B_00741 0.13 0.18 0.69 0.00 2.58 0.0017 **

Bacteroidia
Flavobacteriales; Flavobacteriaceae;
Winogradskyella;
uncultured Flavobacteriales

B_01238 0.13 0.07 0.26 0.00 2.76 < 0.0001 ***

Bacteroidia
Chitinophagales; Saprospiraceae;
Lewinella; Cladosiphonokamuranus

B_01199 0.11 0.31 1.12 0.00 1.53 0.0318 *

Bacteroidia
Flavobacteriales; Flavobacteriaceae;
Gilvibacter; Gilvibactersediminis

B_01600 0.10 0.21 0.72 0.00 2.32 0.0006 ***

Bacteroidia Flavobacteriales; Flavobacteriaceae B_01028 0.08 0.17 0.61 0.00 1.89 < 0.0001 ***

Bacteroidia
Flavobacteriales; Flavobacteriaceae;
Kordia; uncultured Flavobacteriales

B_01033 0.08 0.11 0.38 0.00 2.06 < 0.0001 ***

Bacteroidia
Chitinophagales;
Saprospiraceae; uncultured

B_01046 0.07 0.07 0.25 0.00 2.15 0.0002 ***

Bacteroidia
Flavobacteriales; Flavobacteriaceae;
Aquibacter; uncultured bacterium

B_01454 0.07 0.16 0.60 0.00 1.84 0.0043 **

Bacteroidia
Cytophagales;
Cyclobacteriaceae; Fabibacter

B_00967 0.07 0.05 0.14 0.00 2.52 < 0.0001 ***

Bdellovibrionota
Oligoflexia; Oligoflexales; uncultured;
uncultured bacterium

B_01278 0.08 0.11 0.39 0.00 2.25 < 0.0001 ***
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The top 30 ASVs with the highest means of relative abundance, covering over 80% of total reads in the SK fraction, are listed. ASVs are arranged according to taxa and in descending order of the
mean value of relative abundance in the SK fraction. LogFC (SK vs. SS) represents the log fold changes between the SK and SS fractions, and positive values denote an enrichment in the SK
fraction. The significance level of the log fold changes: *** (FDR < 0.001), ** (FDR < 0.01), * (FDR < 0.05) (FDR is the p-value adjusted for the false discovery rate using the Benjamini-Hochberg
procedure). SK, sinking particle fraction; SS, suspended particle fraction.
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TABLE 4 Relative abundance in the SS fraction of the amplicon sequence variants (ASVs) classified as Category SS.

Taxa Subclassification ASV

Summary of relative abundance
in SS fraction LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Alphaproteobacteria Rhodobacterales; Rhodobacteraceae B_00275 0.05 0.14 0.44 0.00 -1.00 < 0.0001 ***

Alphaproteobacteria
Defluviicoccales; uncultured;
unidentified marine

B_01058 0.04 0.05 0.18 0.00 -1.67 < 0.0001 ***

Gammaproteobacteria
Gammaproteobacteria Incertae Sedis;
UnknownFamily; uncultured marine

B_01697 0.02 0.03 0.06 0.00 -1.17 < 0.0001 ***

Gammaproteobacteria
Francisellales; Francisellaceae;
uncultured bacterium

B_01753 0.01 0.02 0.07 0.00 -1.34 < 0.0001 ***

Bacteroidia
Flavobacteriales;
Flavobacteriaceae; uncultured

B_01280 0.04 0.08 0.26 0.00 -1.28 < 0.0001 ***

Bacteroidia
Flavobacteriales;
Flavobacteriaceae; Tenacibaculum

B_01983 0.03 0.04 0.10 0.00 -1.50 < 0.0001 ***

Bacteroidia
Flavobacteriales; Flavobacteriaceae;
NS2b marine group

B_01023 0.02 0.04 0.12 0.00 -1.24 < 0.0001 ***

Bacteroidia Flavobacteriales; NS9 marine group B_01621 0.02 0.06 0.22 0.00 -0.98 < 0.0001 ***

Bacteroidia Flavobacteriales; NS9 marine group B_01507 0.02 0.03 0.07 0.00 -1.02 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_00705 0.25 0.19 0.72 0.06 -1.31 0.0348 *

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_00840 0.14 0.15 0.53 0.00 -1.36 0.0218 *

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_00931 0.09 0.12 0.43 0.00 -2.11 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_00888 0.07 0.14 0.51 0.00 -1.90 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_02155 0.05 0.07 0.20 0.00 -1.88 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_02106 0.04 0.05 0.16 0.00 -1.44 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_01593 0.03 0.05 0.13 0.00 -1.58 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_01290 0.02 0.05 0.19 0.00 -1.14 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_01765 0.02 0.06 0.23 0.00 -1.11 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_02150 0.02 0.02 0.05 0.00 -1.66 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_01738 0.02 0.03 0.13 0.00 -1.26 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_02837 0.01 0.02 0.05 0.00 -1.06 < 0.0001 ***

Bdellovibrionota
Bdellovibrionia; Bdellovibrionales;
Bdellovibrionaceae; OM27 clade

B_02904 0.01 0.02 0.06 0.00 -1.34 < 0.0001 ***

Desulfobacterota Desulfuromonadia; PB19 B_00411 0.40 0.30 0.99 0.06 -1.23 0.0483 *

Desulfobacterota
Desulfuromonadia; PB19;
uncultured marine

B_00332 0.30 0.12 0.48 0.06 -1.39 0.0242 *

Desulfobacterota
Desulfuromonadia; PB19;
uncultured delta

B_00745 0.14 0.10 0.38 0.04 -1.35 0.0171 *

Desulfobacterota
Desulfuromonadia; PB19;
uncultured marine

B_00647 0.09 0.06 0.19 0.00 -1.26 0.0340 *

(Continued)
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TABLE 4 Continued

Taxa Subclassification ASV

Summary of relative abundance
in SS fraction LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Desulfobacterota
Desulfuromonadia; PB19;
uncultured marine

B_02186 0.02 0.05 0.18 0.00 -0.90 < 0.0001 ***

Desulfobacterota Desulfuromonadia; PB19 B_02215 0.02 0.05 0.20 0.00 -1.06 < 0.0001 ***

Desulfobacterota
Desulfuromonadia; PB19;
uncultured marine

B_02216 0.02 0.03 0.10 0.00 -1.18 < 0.0001 ***

Planctomycetota
Pla3 lineage;
uncultured Planctomycetaceae

B_02793 0.02 0.04 0.12 0.00 -1.49 < 0.0001 ***
F
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The top 30 ASVs with the highest means of relative abundance, covering over 80% of total reads in the SS fraction, are listed. ASVs are arranged according to taxa and in descending order of the
mean value of relative abundance in the SS fraction. LogFC (SK vs. SS) represents the log fold changes between the SK and SS fractions, and negative values denote an enrichment in the SS
fraction. The significance level of the log fold changes: *** (FDR < 0.001), ** (FDR < 0.01), * (FDR < 0.05) (FDR is the p-value adjusted for the false discovery rate using the Benjamini-Hochberg
procedure). SK, sinking particle fraction; SS, suspended particle fraction.
TABLE 5 Relative abundance in the SK and SS fractions of the amplicon sequence variants (ASVs) classified as Category SK/SS.

Taxa Subclassification ASV

Summary of relative abundance
in SK and SS fractions LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Gammaproteobacteria
Vibrionales;
Vibrionaceae; Vibrio

B_00057 2.68 6.00 24.20 0.00 1.07 0.2810

Gammaproteobacteria
Alteromonadales;
Alteromonadaceae;
Alteromonas

B_00076 1.71 2.55 11.23 0.00 1.22 0.4310

Gammaproteobacteria
Pseudomonadales;
Moraxellaceae;
Acinetobacter

B_00224 0.45 0.66 3.26 0.00 1.36 0.1448

Gammaproteobacteria
Vibrionales;
Vibrionaceae; Vibrio

B_00212 0.30 0.64 2.95 0.00 0.20 0.9262

Gammaproteobacteria
Alteromonadales;
Alteromonadaceae;
Alteromonas

B_00686 0.18 0.25 0.71 0.00 1.87 0.1396

Bacteroidia
Flavobacteriales; NS9
marine group;
uncultured marine

B_00195 0.35 0.27 1.05 0.00 0.34 0.8042

Bacteroidia
Flavobacteriales; NS9
marine group;
uncultured marine

B_00407 0.28 0.35 1.73 0.00 -0.21 0.9220

Bacteroidia
Flavobacteriales; NS9
marine group;
hydrothermal vent

B_00359 0.27 0.36 1.54 0.00 -0.82 0.2277

Bacteroidia
Flavobacteriales; NS9
marine group;
uncultured marine

B_00523 0.22 0.23 0.93 0.00 -0.36 0.8474

Bacteroidia
Flavobacteriales; NS9
marine group;
uncultured marine

B_01031 0.19 0.30 1.25 0.00 -0.49 0.7956

Bdellovibrionota

Bdellovibrionia;
Bdellovibrionales;
Bdellovibrionaceae;
OM27 clade

B_00171 0.33 0.29 1.25 0.00 -0.14 0.9262

Bdellovibrionota
Bdellovibrionia;
Bdellovibrionales;

B_00532 0.16 0.16 0.68 0.00 -0.69 0.1861

(Continued)
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TABLE 5 Continued

Taxa Subclassification ASV

Summary of relative abundance
in SK and SS fractions LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Bdellovibrionaceae;
OM27 clade

Bdellovibrionota

Bdellovibrionia;
Bdellovibrionales;
Bdellovibrionaceae;
OM27 clade

B_00425 0.16 0.15 0.50 0.00 -0.07 0.9665

Bdellovibrionota

Bdellovibrionia;
Bdellovibrionales;
Bdellovibrionaceae;
OM27 clade

B_00755 0.13 0.16 0.62 0.00 0.06 0.9710

Desulfobacterota
Desulfuromonadia; PB19;
uncultured marine

B_00227 0.25 0.25 0.96 0.00 -0.88 0.0985

Desulfobacterota Desulfuromonadia; PB19 B_00446 0.14 0.18 0.73 0.00 -1.01 0.2119

Planctomycetota

Planctomycetes;
Pirellulales; Pirellulaceae;
Rhodopirellula;
marine metagenome

B_00119 1.21 1.71 5.71 0.00 -0.45 0.7062

Planctomycetota
Planctomycetes;
Pirellulales;
Pirellulaceae; Pirellula

B_00068 0.86 0.97 3.65 0.00 -0.26 0.8604

Planctomycetota
Phycisphaerae;
Phycisphaerales;
Phycisphaeraceae

B_00107 0.56 0.52 2.09 0.04 -0.60 0.1536

Planctomycetota

Planctomycetes;
Pirellulales;
Pirellulaceae;
Rubripirellula

B_00286 0.34 0.35 1.57 0.00 -0.29 0.8819

Planctomycetota

Planctomycetes;
Pirellulales;
Pirellulaceae;
Blastopirellula

B_00281 0.33 0.56 2.02 0.00 0.04 0.9761

Planctomycetota

Phycisphaerae;
Phycisphaerales;
Phycisphaeraceae; CL500-
3; uncultured marine

B_00604 0.31 0.71 2.90 0.00 -0.22 0.9220

Planctomycetota
OM190;
marine metagenome

B_00517 0.18 0.20 0.84 0.00 -0.37 0.5928

Planctomycetota OM190 B_00361 0.17 0.35 1.67 0.00 0.16 0.9262

Planctomycetota

Phycisphaerae;
Phycisphaerales;
Phycisphaeraceae; FS140-
16B-02 marine group

B_00462 0.17 0.34 1.31 0.00 0.29 0.9015

Planctomycetota

Planctomycetes;
Pirellulales; Pirellulaceae;
Blastopirellula;
uncultured Pirellula

B_00337 0.16 0.20 0.90 0.00 -0.42 0.6438

Planctomycetota

Phycisphaerae;
Phycisphaerales;
Phycisphaeraceae; CL500-
3;
uncultured
Phycisphaeraceae

B_00566 0.14 0.14 0.55 0.00 -0.68 0.3059

(Continued)
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Planctomycetota (mean RDA first score, 0.06) (Table 7). The mean

RDA second score of Desulfobacterota (−0.34) and Planctomycetota

(0.36) was significantly different from zero, indicating that they were

correlated with sampling depth (Table 8).
4 Discussion

This study identified bacterial taxa enriched in particles

collected in the euphotic zone of an oligotrophic, subtropical

Kuroshio region. The RDA model, in which the particle TEP:

POC ratio was a significant explanatory variable, explained the

variability of the composition of particle-associated bacterial

communities on sinking and suspended particles.

Cyanobacteria (Prochlorococcus) and the alphaproteobacterial

SAR11 and SAR116 clades dominated the communities classified as
Frontiers in Marine Science 13
Categories FL/PA and FL, in agreement with reports that these taxa

are abundant in subtropical oceans (Morris et al., 2002; Partensky

et al., 1999). They undergo metabolic streamlining to reduce their

nutrient requirement in an oligotrophic ocean (Dupont et al., 2012;

Giovannoni et al., 2005; Roda-Garcia et al., 2021). Additionally,

their small size facilitates nutrient uptake in oligotrophic

environments (Giovannoni et al., 2005). Although these taxa are

free-living (Morris et al., 2011; Tripp et al., 2008), Prochlorococcus

accounted for a substantial proportion of total reads in not only the

FL fraction but also the SK and SS fractions. This likely reflects their

ready incorporation into aggregates, which is facilitated by polymer

production (Cruz and Neuer, 2019). The dispersal of

Prochlorococcus across free-living and particle microhabitats

shows the connection between microhabitats, facilitating the

homogenization of community assembly across the free-living

and particle phases in the Kuroshio region.

The bacterial taxa enriched on particles were divided into three

categories: those enriched on sinking (Alphaproteobacteria,

Gammaproteobacteria, and Bacteroidia) or suspended

(Bdellovibrionota and Desulfobacterota) particles, and those

equally abundant on sinking and suspended particles

(Planctomycetota). The distinct enrichment of taxa between the

sinking and suspended particles suggests niche differentiation

between the two particle types (Duret et al., 2019). RDA indicated

that the TEP: POC ratio explained the community variability

between the sinking and suspended particles. Because of the

strong positive correlation between the TEP: POC and CSP: POC

ratios, the TEP: POC ratio has potential as an indicator of EPS (TEP

and CSP) richness in particles collected in the Kuroshio region.

The bacterial taxa enriched on sinking particles, including

Alphaproteobacteria, Gammaproteobacteria, and Bacteroidia, are

found during phytoplankton blooms (Francis et al., 2021; Kruger

et al., 2019; Pontiller et al., 2022; Sidhu et al., 2023; Teeling et al.,

2012). Alphaproteobacteria often dominate bacterial communities on

marine particles (Boeuf et al., 2019; Milici et al., 2017). Studies have
TABLE 5 Continued

Taxa Subclassification ASV

Summary of relative abundance
in SK and SS fractions LogFC

(SK
vs. SS)

FDR
Significance

level
Mean

Standard
deviation

Maximum Minimum

Planctomycetota

Planctomycetes;
Pirellulales;
Pirellulaceae;
Rubripirellula

B_00200 0.14 0.17 0.68 0.00 -0.18 0.9262

Planctomycetota

Planctomycetes;
Pirellulales; Pirellulaceae;
Blastopirellula; bacterium
SH1-10

B_00624 0.13 0.27 1.04 0.00 0.92 0.4031

Planctomycetota

Phycisphaerae;
Phycisphaerales;
Phycisphaeraceae; CL500-
3; uncultured marine

B_00292 0.13 0.35 1.30 0.00 1.12 0.2810
The top 30 ASVs with the highest means of relative abundance, covering over 60% of total reads in the SK and SS fractions, are listed. ASVs are arranged according to taxa and in descending order
of the mean value of relative abundance in the SK and SS fractions. LogFC (SK vs. SS) represents the log fold changes between the SK and SS fractions. The significance level of the log fold
changes: *** (FDR < 0.001), ** (FDR < 0.01), * (FDR < 0.05) (FDR is the p-value adjusted for the false discovery rate using the Benjamini-Hochberg procedure). FDR values above 0.05 mean an
equal presence in SK and SS fractions. SK, sinking particle fraction; SS, suspended particle fraction.
TABLE 6 Statistical summary of the redundancy analysis (RDA) model,
explanatory variables (depth, temperature, TEP: POC ratio, and nitrate
concentration), and canonical axes.

Variance F P-value Adjusted R2

Model 443.1 3.8 0.001 0.265

E
nv
ir
on
m
en
ta
l v

ar
ia
bl
es Depth 146.2 5.0 0.001

Temperature 124.9 4.3 0.001

TEP :
POC ratio

118.4 4.0 0.001

Nitrate conc. 53.6 1.8 0.029

C
an
on
ic
al
 a
xe
s RDA1 160.3 5.5 0.001

RDA2 154.5 5.3 0.001

RDA3 77.3 2.6 0.002

RDA4 51.1 1.7 0.024
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found that Rhodobacteraceae (class Alphaproteobacteria), which are

known to be primary colonizers of surfaces (Dang and Lovell, 2016;

Elifantz et al., 2013), were enriched on sinking particles in the Scotia Sea

(Duret et al., 2019) and the North Atlantic Ocean (Baumas et al., 2021).
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Gammaproteobacteria and Bacteroidia are frequently present in

marine particle-associated bacterial communities (Boeuf et al., 2019;

Ganesh et al., 2014; Reintjes et al., 2023). The genomes of Bacteroidia

encode genes that produce enzymes capable of hydrolyzing
FIGURE 5

Scores and correlations of amplicon sequence variants (ASVs; purple, yellow, and gray dots), samples (red symbols), and explanatory variables (gray arrows)
on the redundancy analysis axes in the model. Dot color corresponds to ASV category. Arrow length is the strength of the influence on community variation.
Symbol shape corresponds to sampling fraction and layer; the names of sampling stations are shown. SK, sinking-particle fraction; SS, suspended-particle
fraction. ML, mixed layer; Z1%, layer at which PAR is 1% of the sea-surface value. TEP, transparent exopolymer particles; POC, particulate organic carbon.
FIGURE 6

Distribution patterns of amplicon sequence variants (ASVs) belonging to each taxon on the redundancy analysis ordinations. Each plot was drawn
separately for each taxon, and dots represent ASVs. TEP, transparent exopolymer particles; POC, particulate organic carbon.
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polysaccharides and proteins (Bennke et al., 2016; Cottrell et al., 2005;

Kruger et al., 2019), as well as genes involved in the uptake of high-

molecular-weight molecules using TonB-dependent transporters

(Kruger et al., 2019; Tang et al., 2012), facilitating the efficient use of
Frontiers in Marine Science 15
polymeric substances. By contrast, metagenomic analyses of

Gammaproteobacteria from North Sea spring blooms revealed a

range of potential lifestyles, including the exploitation of small

organic molecules such as amino acids, oligopeptides, sugar
TABLE 7 Statistical summary of the RDA first score of amplicon sequence variants for individual taxa.

Taxa Number of ASVs Median Mean
Standard
deviation

P-value

Alphaproteobacteria 18 0.78 0.60 0.95 0.0237

Gammaproteobacteria 40 0.41 0.42 0.47 < 0.0001

Bacteroidia 60 0.54 0.39 0.81 0.0007

Bdellovibrionota 69 -0.41 -0.35 0.59 < 0.0001

Desulfobacterota 36 -0.73 -0.65 0.58 < 0.0001

Planctomycetota 52 -0.10 0.06 0.78 0.9
The p-value is the probability calculated by the one-sample Wilcoxon signed-rank test, testing the null hypothesis that the median score equals zero.
FIGURE 7

Box-whisker plots of redundancy analysis (RDA) (A) first scores and (B) second scores among taxa. A score of zero indicates that the amplicon
sequence variant is neither positively nor negatively related to the RDA axes. Lines in boxes are medians. Box boundaries indicate the 25th and 75th
percentiles. Error bars above and below boxes indicate the 5th and 95th percentiles.
TABLE 8 Statistical summary of the RDA second score of amplicon sequence variants for individual taxa.

Taxa Number of ASVs Median Mean
Standard
deviation

P-value

Alphaproteobacteria 18 -0.11 -0.18 0.51 0.2645

Gammaproteobacteria 40 0.02 -0.14 0.77 0.7019

Bacteroidia 60 0.11 0.01 0.75 0.4708

Bdellovibrionota 69 -0.20 -0.16 0.74 0.0856

Desulfobacterota 36 -0.35 -0.34 0.89 0.0319

Planctomycetota 52 0.58 0.36 0.77 0.0011
The p-value is the probability calculated by the one-sample Wilcoxon signed-rank test, testing the null hypothesis that the median score equals zero.
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monomers, and oligosaccharides (Francis et al., 2021). This suggests

that Gammaproteobacteria scavenge the low-molecular-weight organic

compounds released by bacteria during polymer hydrolysis. On this

basis, these taxa are believed to be able to adapt to polymer-rich particle

environments (Reintjes et al., 2023; Sidhu et al., 2023; Teeling et al.,

2012). Importantly, RDA revealed a negative correlation between the

occurrence of these taxa and the TEP: POC ratio. Specifically, the TEP:

POC ratio decreased with the increasing abundance of these polymer-

degrading taxa on particles. The interpretation and the biogeochemical

implications of this are as follows. These taxa rapidly colonize and

proliferate on particles rich in EPS. By exploiting EPS (e.g.,

polysaccharides and proteins), they alter the microhabitat from EPS-

rich to EPS-depleted, ultimately increasing particle density by removing

positively buoyant EPS components and promoting particle sinking

(Mari et al., 2017; Yamada et al., 2024). This process, akin to bacterial

‘gardening’, enhances carbon export by converting suspended into

sinking particles.

The bacterial taxa enriched on suspended particles included

Bdellovibrionota and Desulfobacterota. RDA revealed that these

taxa were positively correlated with the TEP: POC ratio, suggesting

that their abundance is elevated on EPS-rich particles.

Bdellovibrionota and Desulfobacterota (previously classified as

Deltaproteobacteria [Waite et al., 2020]), include predatory taxa

and are found in particles and sediments in oceanic environments

(Dang and Lovell, 2016; Liau et al., 2022; Sockett, 2009). Duret et al.

(2019) reported that Desulfobacterota were enriched on suspended

particles in the upper mesopelagic layer of the Scotia Sea (Duret

et al., 2019). Despite their ubiquity on marine particles, the ecology,

predatory activity, and functions in ocean biogeochemical cycles of

these taxa are unknown. A study of the ecology of predatory

bacteria, using Bdellovibrionota as a model, showed that they

predate gram-negative bacteria in biofilms, thereby altering

biofilm surface structure and colonization by other bacteria

(Wucher et al., 2021). Given that marine aggregates, in which

bacterial densities are two- to three-fold higher than surrounding

seawater (Alldredge and Silver, 1988), are active sites for predation

by protist grazers (Caron et al., 1982) and viruses (Riemann and

Grossart, 2008), bacterial predators may modulate community and

particle dynamics. Further studies are needed to investigate

this possibility.

Planctomycetota, including Planctomycetes, were equally

present on sinking and suspended particles. Planctomycetes are

found on particles in subtropical and tropical oceans (DeLong et al.,

2006; Ganesh et al., 2014) and can degrade polymers; their draft

genome encodes a larger number of sulfatases (which cleave sulfate

esters of polysaccharides) than freshwater Planctomycetes

(Glockner et al., 2003; Woebken et al., 2007). The wide

distribution of Planctomycetota along the RDA first axis implies a

broad niche breadth for the particles’ polymeric substance contents

in the Kuroshio region.

It is increasingly evident that polymeric substances control

ocean carbon export via the partitioning of sinking and

suspended particles (Engel et al., 2020; Mari et al., 2017; Yamada

et al., 2024). Polymeric substances not only serve as nutritional

substrates for bacteria but also provide three-dimensional structures
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harboring bacterial communities. The degradation and

transformation of polymers by particle-associated bacterial

communities can affect multiple particle properties, including

size, density, shape, and porosity, thereby contributing to the

regulation of carbon export (Mari et al., 2017; Romanelli et al.,

2023; Yamada et al., 2024). Therefore, insight into the interactions

between bacterial communities and polymeric substances on

marine partic les could be appl ied to improve ocean

biogeochemical models (Maerz et al., 2020; Nguyen et al., 2022).

As well as the particle EPS: POC ratio, the depth and depth-related

parameters (temperature and nitrate concentration), represented by

the RDA second axis, significantly explained particle-associated

community variability. Taxonomically, Desulfobacterota was

negatively correlated with the second axis (i.e., more enriched in the

shallower layer), whereas Planctomycetota was positively correlated

with the second axis (i.e., more enriched in the deeper layer), suggesting

depth-dependent niche partitioning. The results align with reports that

microbial communities exhibit depth-dependent patterns in stratified

water columns in subtropical oceans (DeLong et al., 2006; Stephens

et al., 2024; Treusch et al., 2009), which are influenced by

environmental factors such as temperature, light, and nutrient

availability (Fuhrman et al., 2006; Van Mooy et al., 2004). However,

there is little information on the environmental factors that control

depth-dependent variability in particle-associated bacterial

communities (Stephens et al., 2024). Further studies of this issue that

consider particle dynamics (aggregation and sinking) in the upper

water column are warranted.
5 Conclusion

This study analyzed the bacterial community compositions of

sinking and suspended particles collected in the euphotic zone of a

subtropical ocean. The most important finding is that the

enrichment pattern of bacterial taxa differed between sinking and

suspended particles, which was explained in part by the particles’

polymeric substance contents. This indicates niche differentiation

among bacterial taxa attaching to particles and the effects of certain

taxa on polymer dynamics, which in turn would further affect

community composition. The next step is to investigate the effects

of the bacterium–polymeric substance interactions of individual

taxa on particle dynamics.
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