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Chao Wang3 and Xiaoping Lu1,2

1Key Laboratory of Sustainable Development of Marine Fisheries, Ministry of Agriculture and
Rural Affairs, Yellow Sea Fisheries Research Institute, Chinese Academy of Fishery Sciences,
Qingdao, China, 2Laboratory for Marine Fisheries Science and Food Production Processes, Pilot
National Laboratory for Marine Science and Technology (Qingdao), Qingdao, China, 3College of
Life Sciences, University of Qingdao, Qingdao, China
Laver is the most widely farmed seaweed with the largest culture area in China.

The spatio-temporal variations in composition, diversity, and functional

properties of bacteria in seawater as well as the environmental variables of

seawater in a large-scale laver farm in China were studied. Both the community

richness indices and Shannon index in the laver farming area remained at a

relatively stable level during laver cultivation. Fifty-nine prokaryotic phyla were

detected in all samples, however, only six of these phyla accounted for 98.84%

of all sequences. Proteobacteria, Gammaproteobacteria, Rhodobacterales,

Rhodobacteraceae, and Octadecabacter were the most predominant

bacterial taxa at different levels of classification. The keystone bacterial taxa

were Bacteroidetes, Pseudomonadales, Rhodobacterales, Flavobacteriales,

Loktanella, and Pseudoruegeria based on network analysis. Members of

representative bacterial biomarker taxa in November may be associated with

degradation of algal cell wall polysaccharides. A significant increase in

metabolic exchange and transformation nutrients occurred in the seawater

during the early and late stage of laver cultivation, indicating that the laver

reproductive activities (i.e. the formation/release activities of archeospores and

zygotospores) probably drove the variation of metabolic functional diversity of

bacterial communities. Based on Mantel test and redundancy analysis, we

found the hydrographic parameters (e.g. salinity, temperature, DO, pH) as well

as the key carbon (e.g. POC, DOC) and nitrogen parameters (e.g. nitrate, DIN,

DON, TDN) were crucial environmental variables to shape the bacterial

community composition in the surrounding seawater of laver farm. In a

word, our results suggested that the microbial community structure and

function significantly changed across the different succession stages during

laver cultivation. This work provides new insights on the characteristics of

bacterial communities in a large-scale laver farming system and solidifies the

importance of laver farming in shaping seawater microbiomes.
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Background

Microbes are the prevailing drivers of a variety of principal

geochemical capacities, such as organic matter degradation,

nutrient cycling and energy conversion (Zhao et al., 2018).

The composition and diversity of bacterial communities is

thought to have direct effects on a wide range of ecosystem

processes (Fierer and Jackson, 2006). Knowledge of the

distribution and abundance of bacteria and the environmental

factors that control them is the key to understand ecosystem

function (Suh et al., 2015). In recent years, a lot of studies have

focused on aquatic microbial communities (Shafi et al., 2017;

Callieri et al., 2019). Especially, studies on biodiversity and

community composition of bacteria on the seaweed surface

have been one of the scientists’ focus in the microbial ecology

(Ahmed et al., 2021; Comba González et al., 2021; de Mesquita

et al., 2019; Ghaderiardakani et al., 2020; Singh and Reddy, 2014;

Zhang et al., 2020b).

Seaweed has attracted extensive attention worldwide due to

its ecological and industrial value (Ren et al., 2022). Within the

world aquaculture sector, the cultivation of seaweed is

expanding by almost 8% per year over the past decade (FAO,

2016). The seaweed farm based on open sea culture system is a

very dynamic environment that is affected by diverse biotic and

abiotic factors, which will contribute to shaping the bacterial

community associated with seaweed and surrounding seawater

(Hu et al., 2017; Xie et al., 2017; Zhao et al., 2018; Wang et al.,

2020). For instance, the large-scale cultivation of Gracilaria

lemaneiformis increased dissolved oxygen and pH but

decreased inorganic nutrients, which significantly changed the

composition and structure of the microbial community in the

surrounding environment (Hu et al., 2017; Xie et al., 2017). The

microbial community structures and functions in seawater were

significantly changed during the progression of Undaria

pinnatifida aquaculture (Zhao et al., 2018). Moreover, Clasen

and Shurin (2015) found that more extensive kelp forests are

associated with larger changes in water column microbial

communities; and they suggested that larger kelp forests

produced more detritus and dissolved organic matter, which

stimulate microbial activity. It was also reported that notable

changes in the bacterial community structures were observed in

a series of industrial algae production systems, and larger

systems contained richer bacterial communities compared to

smaller systems (Fulbright et al . , 2018). However,

characterization of the biotic component (communities) and
02
the process component of an open, large, complex, and

interacting ecosystem is a daunting task (Briones and Raskin,

2003; Butler and O’Dwyer, 2018). There is little information

available about how the bacterial communities in surrounding

seawater of seaweed farms vary on large time and spatial scales

and what are the main drivers of this variation (Egan et al., 2013;

Ren et al., 2022).

Laver is a popular seafood delicacy in many countries due to its

high nutritional value and delicious flavor (Venkatraman and

Mehta, 2019), and has the highest commercial value per unit

mass when compared to other aquaculture species (Kim et al.,

2017). Neopyropia yezoensis and Neoporphyra haitanensis are

industrially farmed laver species in China. The culture area of

laver is expanding over the past decade in China and it is still

increasing, accounting for nearly 60% of all the farmed seaweeds

(Wang et al., 2019; Liang et al., 2022). The relevant researches about

the associations between microbial communities and laver mainly

focused on the symbiotic microorganisms or pathogenic

microorganisms of laver (Guan et al., 2018; Xiong et al., 2018;

Yan et al., 2019; Liu et al., 2020; Wang et al., 2021). In terms of

symbiotic role, the enriched microbial community might promote

laver thallus morphogenesis and be beneficial for the growth and

development of laver (Miranda et al., 2013; Wang et al., 2020).

Reciprocally, the bacterial community diversity was affected by the

thallus morphology, culture time and environmental factors during

laver cultivation (Shen et al., 2013). In addition, a distinct shift in the

microbial community composition has also been observed between

seawater with and without N. haitanensis cultivation as well as

between the algal heteromorphic generations (Wang et al., 2020).

Nevertheless, a large number of comparative studies are still needed

to reveal the interactions between laver-associated microbe and

surrounding environments in the large-scale laver culture systems.

Therefore, a typical large-scale laver farm (approximately 40

ha) in Rizhao City, Shandong Province, China, were investigated

in the present study. The temporal and spatial distribution

characteristics of environmental factors and microbial

communities in the seawater were investigated monthly during

a production period of laver thallus stage in the study. The aim

of this study was to characterize the dynamics of the bacterial

community structure and function in the seawater from a laver

farm and explore the crucial environmental factors in shaping

them by means of metagenomics and physical-chemical

analyses. These findings will enhance our understanding of the

patterns and processes of microbial community assembly during

laver cultivation.
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Methods

Sample collection and water quality
characteristics determination

Samples were collected in the sea area near Fuxin fishing

port of Lanshan District in Rizhao, China, which has been

sustained the laver farming (including species of N. yezoensis

and N. haitanensis) more than 10 years and became a major

laver farming site in Northern China. The cultivation time of

laver thallus in the study area is generally from mid-October to

early April of the next year. In order to obtain representative

samples in the early (from October to November), middle (from

January to February) and late (from March to April) stages

respectively during a production period of laver thallus stage, we

collected seawater samples from November 2016 to March 2017

in the laver farm (Table 1). The sampling sites were established

from laver farming area (PF) (between latitudes of 35°14.04′N
and 35°15.68′N and longitudes of 119°24.44′E and 119°26.44′E),
near-shore non-farming sea area (CNS), and offshore non-

farming sea area (COS), respectively (Figure 1). Each sampling

area like CNS1 included six sampling sites in the study.

Each surface water sample (0.5-m depth) with volume of 3

liters was collected from all eighteen sampling sites monthly

from November 2016 to March 2017. Then, the water samples

were pre-filtered through nylon meshes (100-mm pore size) to

remove debris and subsequently filtered through 0.22-mmmixed

cellulose membranes (Merck Millipore, Burlington, MA) to

collect the microbial biomass. The fiber membrane were

preserved in the sterile centrifuge tube, stored in dry ice before

transport to the laboratory, then stored at -80°C until further

processing. Moreover, 50 mL of sample were filtered through

glass microfiber filters (GF/F, pore size 0.45 mm, Whatman) and

frozen immediately for later, shore-based phosphate (PO3
4 − P),

ammonium (NH+
4 − N), nitrate NO−

3N , nitrite nitrogen NO−
2N ,

dissolved inorganic nitrogen (DIN, defined as sum of ammonia,

nitrite and nitrate nitrogen) analyses. For particulate organic

carbon (POC) determination, 200 mL of sample were filtered

onto pre-combusted (450°C, 5 h) Whatman GF/F filters (pore

size 0.7 mm) and then frozen in dry ice. In addition, for

determinations of dissolved organic carbon (DOC) and total
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dissolved nitrogen (TDN), 100 mL of sample were put into glass

bottles and were preserved with mercuric chloride (HgCl2, 0.5

mM) to stop microbial activity.

The temperature, pH, salinity, and dissolved oxygen (DO)

were detected using the YSI-multiparameter instrument (600

QS-M-O, USA) at a depth of 0.5 m. The water transparency

(Tra) was measured with a Secchi disc (20 cm in diameter). The

concentration of total suspended solids (TSS) was determined by

comparing the mass difference of filter paper (cellulose nitrate

0.45 mm) before and after filtering the 500 mL sample of water.

The POC analyses were conducted according to Ray et al. (2018).

The concentrations of NH+
4 − N , NO−

3N , and PO3
4 − P were

determined using standard colorimetric techniques on an

auto-analyzer (Auto Analyzer AA-3, Bran-Luebbe,

Norderstadt, Germany). The concentrations of DOC and TDN

were determined using a total organic carbon analyzer (TOC-V

CSH, Shimadzu, Kyoto, Japan). TDN is comprised of DIN and

dissolved organic nitrogen (DON), i.e. DON is calculated from

measured TDN and DIN values (DON=TDNDIN).
DNA extraction, PCR amplification,
illumina Hiseq sequencing, and
data processing

The bacterial community DNA was extracted from the sample

using HiPureSoil DNA Kits (Megan, Guangzhou, China) according

to the manufacturer’s instructions. The hypervariable region V3-V4

of the 16S rRNA gene was selected to construct a bacterial

community library by Illumina sequencing. The specific primer set,

341F: 5’-CCTACGGGNGGCWGCAG-3’ and 806R: 5’-

GGACTACHVGGGTATCTAAT-3’, was used for amplification.

PCR amplifications were performed according to Liang et al.

(2019a). The amplicons were extracted by agarose gel

electrophoresis, purified using the AxyPrep DNA Gel Extraction

Kit (AxygenBiosciences,UnionCity,CA,USA) andquantifiedusing

QuantiFluor-ST (Promega, USA) according to the manufacturer’s

instructions. Purified amplicons were pooled in equimolar and

paired-end sequenced (2×250) by Illumina HiSeq2500 PE250

technology. Sequencing of the 16S rRNA gene was performed in

Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China). Then,
TABLE 1 Abbreviations of the samples.

Sampling area Sampling time

November 29, 2016 January 12, 2017 February 23, 2017 March 21, 2017

Near-shore non-farming area
CNS1 CNS2 CNS3 CNS4

Laver farming area
PF1 PF2 PF3 PF4

Off-shore non-farming area
COS1 COS2 COS3 COS4
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the data processing, including quality control and reads assembly as

well as OTU cluster and taxonomic classification, were carried out

according to the method of Gu et al. (2021). Raw-reads data were

deposited in the NCBI Sequence ReadArchive (SRA) with accession

number of PRJNA841061.
Alpha diversity and beta diversity analysis

Alpha diversities including the abundance-based coverage

estimator (ACE), bias-corrected Chao 1 richness estimator,

Shannon’s diversity index (H’) and Simpson’s diversity index (D)

were calculated in QIIME software package (Caporaso et al., 2010).

As D increases, diversity decreases and therefore Simpson’s index is

usually expressed as Simpson’s complementary diversity (1−D) or

Simpson’s reciprocal index (1/D) (Goswami et al., 2017). In this

study, the former expression (i.e. 1−D) was used. Community

richness and diversity comparisons among groups were

computed by Duncan multiple comparisons test using the SPSS

19.0 statistical software packages. The statistical significance was set

at p< 0.05. The coverage percentage was estimated by Good’s

method (Good, 1953). The Shannon rarefaction curve was plotted

using Mothur (v.1.34.0) to evaluate whether the sequencing data

amount was enough to cover all of the sample species.
Analysis of spatial and temporal
variations using PCA, cluster, and
LEfSe method

The principal component analysis (PCA), reflecting the

microbial community structures differences between samples,
Frontiers in Marine Science 04
was analyzed based on the expression profile of OTUs using R

software package. Moreover, according to the OTU expression

profile, the distance between samples was calculated and then

cluster analysis was carried out using R software package pvclust

(http://www.is.titech.ac.jp/~shimo/prog/pvclust/) to predict the

sample similarity on OTU level. Two kinds of p-value including

AU (Approximately Unbiased) and BP (Bootstrap Probability)

were provided to evaluate the reliability of cluster.

Linear discriminant analysis (LDA) effect size (LEfSe)

method was used to identify the most differentially abundant

taxa/pathways between groups (Segata et al., 2011). Differentially

abundant KEGG pathways at level 2 were compared using LEfSe

with default parameter (alpha value for Kruskal Wallis and

Wilcoxon test was set to 0.05 and LDA threshold value of > 2).

Whereas, to identify differentially abundant taxa at all

taxonomical level (from Phylum to Species level), LEfSe

analysis was carried out using a LDA threshold value of > 3.5

and the taxonomic cladograms representative of the structure of

microbial community were drawn.
Predicted functional analysis and
correlation analysis with environmental
factors

Phylogenet ic Invest igat ion of Communit ies by

Reconstruction of Unobserved States (PICRUSt) was used to

predict potential functional gene abundances of the bacterial

communities (Douglas et al., 2018). A Pearson’s correlation

analysis was calculated to determine the interaction between

environmental factors. Moreover, in order to assess the

relationship between environmental factors and taxonomic/
FIGURE 1

Map of the study area. (A) Location of the study area in Rizhao, a coastal city in East China’s Shandong province. The red dot indicates the study
sea area near Fuxin fishing port of Lanshan District in Rizhao city. (B) The sampling points (shown by ▲ and ●), with Jufeng River estuary at the
west and Futong River estuary at the north. The rectangle indicates a large-scale laver culture area (PF). The near-shore and off-shore non-
farming areas approximately 1 km away from PF were represented as CNS and COS, respectively.
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functional composition, a Mantel test was performed (Sunagawa

et al., 2015). Redundancy analysis was then conducted to further

evaluate the effects of water quality variables on the bacterial

communities using R software. Moreover, network analysis was

conducted on bacterial OTUs and water quality variables

according to Reshef et al. (2011) and Li et al. (2017).
Results

After filtering chimeric sequences and mismatches, the total

number of V3-V4 region of the 16S rRNA gene reads obtained

from the all samples was 4,614,926, which was clustered into

426,599 OTUs at a cut-off of 97% sequence similarity. The

Shannon rarefaction curves of all samples tend to be flat

(Additional File 1: Figure S1), suggesting that the sequencing

data amount was enough to cover all of the sample species.
Bacterial community richness and
community diversity

As shown in Figure 2, both the community richness indices

(ACE and Chao 1) and Shannon index (H’) were the highest in

near-shore non-farming area (CNS) in November. The values of

ACE, Chao 1 and H’ in CNS decreased from November to

February (during the first two stages) and then increased in

March (the late stage). However, ACE, Chao 1 and H’ in the

laver farming area (PF) remained at a relatively stable level

during laver cultivation. Furthermore, PF in January showed

higher (p< 0.05) bacterial equitability (i.e. Simpson 1-D index)

compared to that in November, and then remained at a steadily

high level in the last two stages during laver cultivation. The

community richness indices remained at a stable level in offshore

non-farming area (COS) during laver cultivation, but

equitability index decreased significantly (p< 0.05) in COS

in March.
Relationships among the bacterial
communities in the different sampling
groups

The principal component analysis (PCA) was carried out to

reveal the relationships among bacterial communities in the

different sampling groups at the order level (Figure 3A) and

genus level (Figure 3B). The first (PC1) and second (PC2)

principal components explained 52.28% and 32.21% of total

variation, respectively, at the order level. In addition, PC1 and

PC2 explained 50.98% and 33.98% of total variation,

respectively, at the genus level. The PCA diagrams illustrate

that samples are not clearly grouped by spatial variations, but

rather separated by temporal variation. Nonetheless, more
Frontiers in Marine Science 05
distinct spatial partitioning at early stage (November) was

observed compared to the other stages. Clear partitioning of

the samples collected in November (i.e. CNS1, PF1, COS1) from

the samples collected in January and February (i.e. CNS2, PF2,

COS2, CNS3, PF3, and COS3) along the PC2 (Figure 3A). The

cluster dendrogram (Figure 3C) shows that the CNS and PF

samples tended to cluster together, except the samples collected

in February, that is CNS3 and COS3 samples were merged into a

cluster in February.
Bacterial community composition

Fifty-nine prokaryotic phyla were detected in all samples,

however, only six of these phyla accounted for 98.84% of all

sequences. The predominant phyla were Proteobacteria

(78.04%), Bacteroidetes (10.58%), Firmicutes (3.92%),

Actinobacteria (3.53%), Cyanobacteria (1.57%), and

Verrucomicrobia (1.21%) in all sequences (Figure 4A).

Gammaproteobacteria, Rhodobacterales, Rhodobacteraceae,

and Octadecabacter were the most predominant class, order,

family, and genus with proportions of 39.00%, 27.49%, 27.47%

and 12.89% respectively. Moreover, Alphaproteobacteria

(31.34%), Oceanospirillales (13.65%), Halomonadaceae

(6.40%), and Candidatus Portiera (6.31%) were the second

most predominant class, order, family, and genus respectively.

The relative abundance of bacteria showed marked spatial

variations in the early stage (November) during laver cultivation

(Figures 4B–D). The abundance of Proteobacteria ,

Rhodobacterales, Alteromonadales, Pseudoruegeria, Glaciecola,

Octadecabacter, and Marinomonas in COS1 were all significantly

lower comparedwith those inCNS1andPF1 (p< 0.05).Conversely,

Actinobacteria, Pseudomonadales (belonging to Actinobacteria),

Firmicutes, Bacillales (belonging to Firmicutes), andCitrobacter in

COS1 were all significantly higher compared to those in CNS1 and

PF1 (p< 0.05). In the middle stage during laver cultivation (from

January to February), there were significant differences (p< 0.05) in

the abundance of Bacteroidetes, Firmicutes, Alteromonadales, and

Oceanospirillales among the groups of CNS2, PF2, and COS2, and

the abundance of Alteromonadales in PF3 increased significantly

(p< 0.05) compared to that in CNS3 and COS3. In addition, the

abundance of Cyanobacteria in COS3 was significantly lower (p<

0.05) compared to that in CNS3 and PF3. In the late stage during

laver cultivation (March), there were significant differences (p<

0.05) in the abundance of Marinomonas and Pseudoalteromonas

among the groups of CNS4, PF4, and COS4.

In general, the relative abundance of most bacteria also

showed marked temporal variations during laver cultivation

(Figures 4B–D). For example, the abundance of Bacteroidetes

in PF2 and COS2 increased obviously (p< 0.05) compared to

that in PF1 and COS1 respectively, then remained at high levels

during subsequent cultivation. The abundance of Firmicutes was
frontiersin.org
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significantly higher (p< 0.05) in the middle stage (from January

to February) compared with that in the early or late stage during

laver cultivation. The abundance of Cyanobacteria was

significantly higher in February compared to that in other

sampling times. Furthermore, both the abundance of

Pseudoruegeria and Glaciecola (both belonging to

Gammaproteobacteria) in PF2 and CNS2 decreased obviously
Frontiers in Marine Science 06
(p< 0.05) compared to those in PF1 and CNS1 respectively, then

Pseudoruegeri abundance continued to decrease and Glaciecola

abundance remained at low levels during subsequent cultivation.

In addition, the abundance of Octadecabacter and Loktanella

(both belonging to Alphaproteobacteria) were significantly

lower in the early stage compared the other stages during

laver cultivation.
A B C

FIGURE 3

Relationships between individual datasets illustrated by principal component analysis (PCA) at the order level (A) and genus level (B) as well as
cluster analysis at the genus level (C). In the PCA diagram, the axis labels indicate the percentages of variance explained by each principal
component. In the cluster dendrogram, AU and BP indicate approximately unbiased and bootstrap probability values (%), respectively. The
sample abbreviations are as in Table 1.
FIGURE 2

The water bacterial community richness and community diversity at different sea areas in different months during laver cultivation. Data were
separated into three categories representing three stages during laver cultivation: early stage (November), middle stage (from January to
February), and late stage (March). ACE (abundance-based coverage estimator) and Chao1 indices were used to evaluate the community
richness, while Shannon’s diversity index (H’) and Simpson’s complementary diversity index (1−D) were used to assess the community diversity.
The sample abbreviations are as in Table 1. The groups with the same subscript were compared. The different letters represent significant
differences. Data are the mean ± SD (n = 6).
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Specific bacterial taxa with statistically
significant differences based
on LEfse analysis

LEfSe was also used to assess the effect size of each

differentially abundant taxon (Figure 5). Fifteen, nineteen, and

fifteen biomarkers with a LDA score greater than 4 were

identified in the spatial comparison groups of CNS-PF

(Figure 5A), COS-PF (Figure 5B), and CNS-COS (Figure 5C),
Frontiers in Marine Science 07
respectively. The microbiota of PF was characterized by a

preponderance of microorganisms from the c lass

Gammaproteobacteria including families of Oceanospirillaceae

and Alteromonadaceae as well as genera of Marinomonas and

Glaciecola. Moreover, the microbiota of COS was characterized

by the class Acidimicrobiia including order Acidimicrobiales

and family OCS155 as well as the order Oceanospirillales

including family Halomonadaceae and genus Candidatus

Portiera. In addition, the genera of Pseudoruegeria and
A

B DC

FIGURE 4

The taxonomy and average relative abundance of core-mircobiome in all samples (A) and the relative abundance of predominant bacteria at
different sampling areas during laver cultivation at three classification levels. (B) at the phylum level; (C) at the order level; (D) at the genus level.
The sample abbreviations are as in Table 1.
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A B

D E F

C

FIGURE 5

Distinct bacterial taxa identified by linear discriminant analysis (LDA) coupled with effect size (LEfSe) in different spatial comparison groups (CNS-
PF (A), COS-PF (B), and CNS-COS (C)) as well as temporal comparison groups in the laver farming area (“January-November” (D), “February-
January” (E), and “March-February” (F)). For each comparison group, the LDA value distribution histogram (bottom of each sub figure) shows
bacterial communities or species (biomarker) with a LDA score greater than 4. The taxonomic cladogram was visualized with LDA values higher
than 3.5. The significantly distinct taxon nodes are colored in blue-green and brown circles. The nonsignificant bacterial taxa are indicated with
white circles. PF, CNS, and COS indicate the laver farming area, near-shore non-farming area, and off-shore non-farming area, respectively.
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Sediminicola were considerably more abundant in CNS than

those in COS.

Thirty-four, thirty-nine, and twenty-four biomarkers with a

LDA score greater than 4 were identified in the temporal

comparison groups of “January-November” (Figure 5D),

“February-January” (Figure 5E), and “March-February”

(Figure 5F), respectively. The class Gammaproteobacteria was

significantly more abundant in November compared to January,

with representative biomarkers of genera of Marinomonas,

Glaciecola, Pseudoruegeria, and Pseudoalteromonas in
Frontiers in Marine Science 09
November as well as genera of Octadecabacter, Candidatus

Portiera, and Citrobacter in January. Compared to January, the

classes of Alphaproteobacteria, Flavobacteriia, and Opitutae

were evidently more abundant and characterized by taxonomic

biomarkers of genera of Psychromonas, Octadecabacter,

Loktanella, Coraliomargarita, and Polaribacter in February.

Compared to February, the classes of Gammaproteobacteria,

Alphaproteobacteria, and Epsilonproteobacteria were markedly

more abundant in March, with representative biomarkers of

genera of Marinomonas, Arcobacter, and HTCC.
A B

D

E

C

FIGURE 6

Predictive functional profiling of the bacterial communities in all samples. (A) Pie chart showing the distribution of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthology groups at three levels in the bacterial microbiota. (B) Relative abundance of the top 10 predicted KEGG
modules in different sampling groups (PF, CNS, and COS). The length of the bars of the outer-ring on the above semicircle represented the
percentage of the KEGG modules and the width of ends of the colored stripes in the middle circle represented the relative abundance among
different samples. (C) Average number of the predicted KEGG orthology IDs in seven dominant KEGG modules for the sampling groups
collected in November, January, February, and March, respectively. (D) Heat map showing the hierarchical clustering of KEGG orthology groups
at level 2 in the bacterial microbiota. Heat map is color-coded based on row z-scores. (E) Linear discriminative analysis (LDA) effect size (LEfSe)
analyses of statistically significant KEGG modules with a LDA score cut-off of 2. The sample abbreviations are as in Table 1.
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FIGURE 7

Correlation analysis between environmental factors and bacterial community. (1) Pairwise comparisons of environmental factors are shown with a color
gradient denoting Pearson’s correlation coefficients in CNS (A), PF (B), and COS (C). Taxonomic (based on OTUs) and functional (based on KEGG
modules) community composition were related to each environmental factor by partial Mantel tests. Mantel’s r represents the coefficient of correlation,
in which thickness of the line represents the level of correlation and the color of the lines represents the Mantel’s p-value (purple line indicates p< 0.05).
(2) Redundancy analysis (RDA) biplot of bacterial community in relation to environmental data at the phylum level (D), order level (E), and genus level (F).
Species are labeled with asterisk. The closeness of these indicates correlation with each other and existence in similar environment. Only the
environmental variables that significantly explained variability in bacterial community structures are fitted to the ordination and are shown by arrows; the
relative length is positive correlation with the importance in influencing bacterial community structure. The angle between the arrow and the ordination
axis suggests the variable response with respect to the RDA gradient. The sample abbreviations are as in Table 1. The abbreviations for the
environmental variables are translated as follows: DO, dissolved oxygen; Tra, transparency; DIN, dissolved inorganic nitrogen; DON, dissolved organic
nitrogen; TDN, total dissolved nitrogen; N/P, ratio of nitrogen to phosphorus; POC, particulate organic carbon; DOC, dissolved organic carbon; TSS,
total suspended solids; Temp, temperature; Sal, salinity.
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Functional predictions for bacterial
communities

Based on PICRUSt analysis, 5068 KEGG Orthology IDs,

including 139 KEGG pathways, 25 KEGG modules and 6 KEGG

categories were generated in all sampling groups (Figure 6A).

The most dominant KEGG modules were global and overview,

carbohydrate metabolism, membrane transport, signal

transduction, amino acid metabolism, nucleotide metabolism,

and energy metabolism (Figure 6B). The samples collected in the

middle stage during laver cultivation (January and February)

showed a significant higher abundance of metabolism of

cofactors and vitamins compared to that in the early

(November) and late (March) stages (p< 0.05), and those

collected in January had a significant higher level of nucleotide

metabolism compared to other groups (p< 0.05) (Figure 6C).

The heat map of the dominant KEGG modules (Figure 6D)

showed distinct differences in functional potentials of bacterial

communities between early and middle stages, and between

middle and late stages across the laver cultivation period.

Nevertheless, the samples collected in the middle stage during

laver cultivation (i.e. January (CNS2, COS2, PF2) and February

(CNS3, COS3, PF3)) were tend to clustered together, and the

samples collected in the early stage (CNS1 and PF1, except

COS1) and late stage (CNS4, PF4, and COS4) were closely

related (Figure 6D). The LEfSe analysis showed that

metabolism of cofactors and vitamins, translation, nucleotide

metabolism, and cell motility were representative biomarkers in

PF1; carbohydrate metabolism, replication and repair, and

transport and catabolism were representative biomarkers in

PF4 (Figure 6E). Furthermore, KEGG modules of global and

overview, membrane transport, cell growth and death,

xenobiotics biodegradation and metabolism as well as folding,

sorting and degradation were significantly more abundant in

CNS1 (Figure 6E). In addition, signal transduction, lipid

metabolism, glycan biosynthesis and metabolism, and amino

acid metabolism were representative biomarkers of CNS2,

COS1, COS3, and COS4, respectively (Figure 6E).
Correlation among environmental
factors and bacterial community

The spatio-temporal variations of seawater environmental

factors were shown in Additional File 2 (Table S1). Water

temperature varied from maxima of 9.97–11.20°C in

November to minima of 5.03–5.53°C in February. Obvious

seasonal variation in DO concentration was observed and

maxima in mean DO were recorded in February (ranging

from 11.67 to 13.17 mg L-1). Salinity varied geographically

with an increasing trend from near-shore to off-shore sea

areas, which was likely to be caused by the river water runoff.

Generally, the spatial horizontal distribution of inorganic
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nitrogen and phosphate concentrations showed a decreasing

trend from the nearshore to offshore sea areas. The

concentrations of nitrate, phosphate, and DIN were

significantly different in the different months. The

concentrations of ammonium in PF2 group were significantly

higher than that in PF1 group. The concentrations of nitrate and

ammonium were the lowest in February, while the concentration

of phosphate was the lowest in March. Nitrate was the main

form of inorganic nitrogen, accounting for 79.76% of DIN.

DOC, DON, and TDN concentrations were significantly

higher in November than those in other months.

The links between taxonomic/functional community

composition and environmental factors were detected using the

Mantel test (Figures 7A–C). The taxonomic community

composition was significantly correlated (Mantel’s p< 0.05) with

some environmental factors, i.e. salinity in CNS (Mantel’s r =

0.832, Figure 7A), TDN (Mantel’s r = 0.649) and POC (Mantel’s r

= 0.519) in PF (Figure 7B), and TDN (Mantel’s r = 0.767) in COS

(Figure 7C). Moreover, the functional community composition

also had significant correlations (Mantel’s p< 0.05) with some

environmental factors, i.e. DO (Mantel’s r = 0.845) and TSS

(Mantel’s r = 0.917) in CNS (Figure 7A), temperature (Mantel’s

r = 0.979) and DOC (Mantel’s r = 0.756) in PF (Figure 7B), and

phosphate (Mantel’s r = 0.979) in COS (Figure 7C).

Redundancy analysis (RDA) was used to further discern the

vital environmental factors shaping bacterial community

structure. The RDA results showed that the first two RDA

axes explained 70.81%, 84.49%, and 84.96% of the

accumulated variance in the species-environment relation at

the phylum level (Figure 7D), order level (Figure 7E), and genus

level (Figure 7F), respectively. Of all the environmental factors

examined, pH, DO, POC, DOC, temperature and key nutrient

parameters (i. e. ammonium, phosphate, nitrate, DIN, DON)

were the crucial environmental variables in shaping the bacterial

community composition at the phylum level (Figure 7D).

Similarly, temperature, salinity, pH, DO, DOC, POC, DON,

nitrate, and DIN were the key factors affecting bacterial

community composition at the order level (Figure 7E) and

genus level (Figure 7F).

At the phylum level, Proteobacteria exhibited positive

correlation with ammonium and pH, and negative correlation

with phosphate. Three phyla (Firmicutes, Verrucomicrobia, and

Cyanobacteria) correlated positively with phosphate and DO

and negatively correlated with ammonium and pH (Figure 7D).

Moreover, Bacteroidetes correlated positively with POC, pH,

and DO, and negatively with temperature, DOC, and nutrient

parameters (i. e. phosphate, nitrate, DIN, DON). Both DON and

phosphate had significantly positive effect on Actinobacteria and

Planctomycetes. At the order level (Figure 7E), the most

dominant order Rhodobacterales exhibited positive

relationship with POC and pH, and negative correlation with

nutrient parameters (i. e. nitrate, DIN, DON and phosphate).

Furthermore, the second and third dominant order (i. e.
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Alteromonadales and Oceanospirillales) showed positive

associations with salinity, temperature, DOC, and DON. At

the genus level (Figure 7F), the most dominant genus

Pseudoruegeria was positively correlated with DIN, nitrate,

phosphate, DOC, and DON, and negatively correlated with

DO, POC and pH. The second dominant genus Glaciecola

correlated negatively with DO and positively with temperature,

DOC, DON, salinity, and ammonium. Besides, Sediminicola

correlated positively with DO.

The associations among dominant bacterial taxa and

environmental factors were further analyzed in the network

diagram (Figure 8). The network comprised 109 significant

associations (edges) of 36 nodes. Based on betweenness centrality

scores, the keystone members of the bacterial communities

were phylum Bacteroidetes, orders of Pseudomonadales,

Rhodobacterales, and Flavobacteriales, and genera of Loktanella

and Pseudoruegeria. POC showed strong positive associations with

Rhodobacterales, Flavobacteriales, and Loktanella. Nitrate had the

closest relationships with Actinobacteria, Methylophilales, and

Pseudoruegeria. Temperature showed strong positive associations

with Proteobacteria and Oceanospirillales. Both POC and TSS had

significant influence on Bacteroidetes, and both DO and

TSS exhibited significantly positive correlations with

Loktanella. Moreover, TDN had significantly positive effect on

Oceanospirillales and Pseudoruegeria.
Discussion

Understanding characteristic changes in aquatic bacterial

community composition over space and time can provide
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insight into the processes driving community assembly (Jones

et al., 2012). Given the large-scale cultivation of laver and its

ecological value, we used Illumina Miseq sequencing technology

to analyze the spatio-temporal dynamics of environmental

factors as well as bacterial communities and functions in the

seawater in a typical laver farm (locating in Rizhao City, China),

so that it would allow us to advance the comprehension of laver

farming practices shaping microbial structures and functions.
Bacterial community richness and
diversity

Biodiversity enhances ecosystem stability and productivity

(Maron et al., 2018). The diversity-stability hypothesis states that

systems with high diversity are more stable than systems with

low diversity upon environmental fluctuation (McCann, 2000).

Recent studies have shown that the microbial diversity in aquatic

ecosystems is strongly dependent on physicochemical and

anthropogenic factors (Shafi et al., 2017). The rapid growth of

seaweed blades could provide new surface area for microbial

colonization from the surrounding seawater, or other microbial

reservoirs (Weigel and Pfister, 2019). Furthermore, Selvarajan

et al. (2019) concluded that the diversity of epiphytic bacteria on

seaweed surfaces is greatly influenced by algal organic exudates.

The algal organic exudates would trigger chemical signaling and

transportation responses from the microbial community

(Ahmed et al., 2021). Some studies have found divergent

microbial communities between seaweed cultivation zones and

non-aquaculture zones (Hu et al., 2017; Xie et al., 2017; Zhao

et al., 2018; Wang et al., 2020). For instance, Wang et al. (2020)
FIGURE 8

Network analysis of the major bacterial taxa and environmental factors. POC, particulate organic carbon; DO, dissolved oxygen; TSS, total
suspended solids; DIN, dissolved inorganic nitrogen; DOC, dissolved organic carbon.
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found the microbial alpha-diversity (diversity, evenness, and

richness) of seawater in laver cultivation area was significantly

greater than that of non-cultivation seawater.

We found that both the bacterial community richness

indices (ACE and Chao 1) and Shannon index (H’) of

seawater in the near-shore non-farming area had obvious

dynamic changes over time, while those in the laver farming

area remained at relatively stable levels during the entire

monitoring period (Figure 2). Moreover, bacterial equitability

in the laver farming area also remained at a steadily high level

from January to March, but that in offshore non-farming area

decreased significantly in March. The physicochemical

structures of water can result abiotically from microscale

gradients in nutrients or chemicals (e.g. oxygen or light), or

can be established biotically through the metabolic activity

(Fenchel and Finlay, 2008; Schreiber and Ackermann, 2020;

Liu et al., 2022). Structured environments would lead to more

environmental gradients (i.e., habitats) (Fenchel and Finlay,

2008; Esteban et al., 2015; Quinn et al., 2018; Junkins et al.,

2022). Therefore, the observed stable microbial diversity in the

seawater may be a result of microbial community adaptations to

the diverse physical-chemical habitats in the laver farm.
Bacterial community composition

The samples are not clearly grouped by spatial variations,

but rather separated by temporal variation based on the PCA

and cluster analysis in this study (Figure 3). The relative

abundance of most bacteria showed generally marked

temporal variations during laver cultivation. Lachnit et al.

(2011) investigated the epiphytic bacterial patterns and their

spatio-temporal variability on host algae, and demonstrate that

macroalgae harbor species-specific and temporally adapted

epiphytic bacterial biofilms on their surfaces. Proteobacteria,

Bacteroidetes, Firmicutes, Actinobacteria, Cyanobacteria, and

Verrucomicrobia were the dominant phyla in all seawater

samples (Figure 4). Similarly, Hollants et al. (2013) pointed

out that bacteria described from seaweed surfaces or within algal

thalli generally belong to the phyla Proteobacteria,

Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes,

Planctomycetes, Verrucomicrobia, Chloroflexi, Fusobacteria,

etc. Epibiotic bacteria could be influenced directly by the

surrounding water body (He et al., 2014). Meanwhile,

macroalgae could modify the microbiota in their surroundings

through the dispersal of epibiotic microbes directly into the

water column or on particles of degrading algal tissue (Chen and

Parfrey, 2018). It was reported that some members of

Rhodobacteraceae, Gammaproteobacteria and Bacteriodetes

displayed considerable temporal variation, often with similar

trends in the seawater and the surface of the kelp (Michelou

et al., 2013). Besides, Ahmed et al. (2021) also found that the

profile of the bacterial community on laver thallus and the
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surrounding seawater showed spatial resemblance and

variation at the same time.

In this study, Proteobacteria had the highest contributions

in the seawater samples , wi th the dominance of

Gammaproteobacteria and Alphaproteobacteria (Figure 4).

Gammaproteobacteria are the most common bacterial clade

associated with seaweeds (Hollants et al., 2013). They play an

important role in the degradation and absorption of organic

compounds, ammonia and sulfide (Zhang et al., 2020a).

Members of Alphaproteobacteria contribute significantly to

global sulphur cycling (Malmstrom et al., 2004). In addition, a

wide variety of bacterial species isolated from seaweeds are capable

of assimilating algal cell wall sugars, and these algal cell wall

degrading bacteria mainly belong to the Alphaproteobacteria,

Gammaproteobacteria, and Bacteroidetes (Hollants et al., 2013).

Moreover, Rhodobacterales and Rhodobacteraceae (both

belonging to Alphaproteobacteria) were the most predominant

order and family respectively in this study (Figure 4).

Rhodobacteraceae are generally aquatic bacteria that frequently

thrive in marine environments (Pujalte et al., 2014).
Temporal changes of bacterial
communities and specific bacterial taxa

Biotic and/or abiotic factors have been extensively reported

to affect community assembly and stability to different extents

(Langenheder and Lindström, 2019). Seasonal alteration is one

of the most representative environmental variations (e.g.,

temperature and precipitation) that affect microbial

communities (Liu et al., 2022). The competitive advantage

between microorganisms changes under conditions such as

temperature changes (Zhang et al., 2020a). The maximum

seawater temperatures (9.97–11.20°C) occurred in November,

and the minimum seawater temperatures (5.03–5.53°C) in

February in the study (Table S1). The abundance of

Octadecabacter and Loktanella were significantly higher from

January to March (Figure 4). Compared to January, the genera of

Coraliomargarita, Psychromonas, Octadecabacter, Loktanella,

and Polaribacter were taxonomic biomarkers in February

(Figure 5). It is interesting to note that members of

Psychromonas, Octadecabacter, Loktanella, and Polaribacter are

known for their psychrophilic characters (Morita and Moyer,

2001; Auman et al., 2010; Angelaccio et al., 2012; Vollmers et al.,

2013; Pujalte et al., 2014; Alvarado and Leiva, 2017).

Psychrophilic bacteria synthesize cold-active enzymes to

sustain their cell cycle (Feller, 2013). Moreover, the function of

samples collected in February exhibited a significant higher

abundance of metabolism of cofactors and vitamins (Figure 6).

These findings suggest that a wide range of enzyme-catalyzed

reactions may occur in the psychrophilic bacteria to drive their

microbial metabolism for adapting to the cold environment in

the laver farm system.
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Compared to January, the genera of Marinomonas,

Glaciecola, Pseudoruegeria, and Pseudoalteromonas appeared

as biomarkers in November (Figure 5). It is interesting to

found that most of these bacterial biomarker taxa might be

associated with degradation of algal cell wall polysaccharides

(e . g . agar , ce l lu lo se , xy lan) . For example , many

Pseudoalteromonas strains have been described to have

agarolytic activities (Vera et al., 1998; Holmström and

Kjelleberg, 1999; Romanenko et al., 2003b; Khalifa and

Aldayel, 2019). Some Glaciecola strains exhibited agar-

digesting activities (Romanenko et al., 2003a; Yong et al.,

2007) and was capable of efficiently hydrolyzing cellulose and

xylan (Klippel et al., 2011). Yu et al. (2020) reported that a strain

of Marinomonas exhibited agar-degrading activity. Based on

these studies, we deduce that laver was a rich source of agarase-

producing bacteria.

The abundance of Firmicutes increased significantly in the

middle stage during laver cultivation (from January to February)

(Figure 4). Genera of Marinomonas and Arcobacter were

representative biomarkers in March as compared to February

(Figure 5). Compared to November, genera of Octadecabacter

and Citrobacter appeared as the representative biomarkers in

January (Figure 5). These bacterial taxa exhibit important

ecological functions. For example, Firmicutes from a coastal

marine sediment fermented almost all the high quality carbon

substrates (glucose and amino acids) (Chen et al., 2017);

Members of Marinomonas are known for their environmental

adaptation and metabolically versatility, with an abundance of

antifreeze proteins, osmotic pressure resistance, carbohydrase,

and a variety of secondary metabolites (Xue et al., 2022);

Arcobacter possess genes encoding enzymes to catabolize

dimethylsulfoniopropionate (DMSP), which is a secondary

metabolite produced in large quantities by marine algae and is

a key component of the global geochemical sulfur cycle (Wesley,

2014; Zeng, 2019); Some members of Octadecabacter are

psychrophilic (Vollmers et al., 2013) and also possess genes for

DMSP degradation (Zeng and Qiao, 2019); Citrobacter species

are strictly aerobic, and some of them are aerobic denitrifiers,

which could convert nitrate or ammonium ion to nitrite, thereby

playing important role in the nitrogen cycle (Huang and Tseng,

2001; Ko et al., 2015). Moreover, we found that the most

abundant functional categories of the bacterial communities

were related to carbohydrate metabolism, membrane

transport, signal transduction, amino acid metabolism,

nucleotide metabolism, and energy metabolism in all samples

(Figure 6). Similarly, Ahmed et al. (2021) showed that the

complex and diverse associations of microbial communities

with laver and surrounding seawater displayed an exceptional

transport, metabolic, and biosynthetic functions. In view of these

findings, the bacterial biomarker taxa among different months

were likely to function in the carbon, nitrogen, or sulfur cycles

through their diverse metabolic activities in the laver

culture system.
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Spatial changes of bacterial communities
and specific bacterial taxa

The relative abundance of bacteria showed marked spatial

variations in November (Figure 4). Membrane transport, cell

growth and death, as well as xenobiotics biodegradation and

metabolism were the representative functional biomarkers in

CNS1 group (Figure 6). This finding indicated that the water

runoff was likely to bring a large amount of potential pollutants

(e.g. pesticides, metals) into the near-shore sea area in

November, which may trigger chemotaxis responses from

bacteria with the requisite genes to metabolise these substrates.

One of the most relevant factors to bacterial growth and

reproduction is inorganic nutrition and algae biomass in

aquatic ecosystems (Zhang et al., 2020b). For example, a

unique shift in the kelp surface microbiome was associated

with changes of kelp growth (Minich et al., 2018). Hence, we

propose that the large increase in laver biomass was the

important biotic factor contributing to spatial variation of

microbial community composition in November in this study.

The LEfSe analysis showed metabolism of cofactors and

vitamins, translation, nucleotide metabolism, cell motility,

carbohydrate metabolism, replication and repair, and transport

and catabolism were representative biomarkers in groups of PF1

and PF4 (Figure 6). This finding suggest that a significant

increase in metabolic exchange and transformation nutrients

occurred in the seawater in the laver farm during the early and

late stage of laver cultivation. Cells at the edge of an intact laver

thallus can differentiate into archeospores during early growth

stage of N. yezoensis (Chen et al., 2020). The mature N. yezoensis

may release zygotospores during late stage of cultivation. After

reproduction, a lot of tissue at the edge of laver thallus would

release into the seawater. Hence, we speculate that the laver

reproductive activities (i.e. the formation/release activities of

archeospores and zygotospores during the early and late stage

of laver cultivation respectively) were probably accompanied by

decomposition of a large amount of laver tissue, thus providing a

large influx of carbon/nitrogen to the seawater. This process may

promote the assimilation and utilization of nutrition by bacteria

and driving the variation of metabolic functional diversity of

bacterial communities. But more evidence is needed to support

this assumption.

The abundance of Alteromonadales in the laver farming area

increased significantly compared to that in the two non-farming

areas in February (Figure 4). The families Oceanospirillaceae and

Alteromonadaceae (both belonging to Gammaproteobacteria)

were found as biomarkers in the laver farming area (Figure 5),

which was in agreement with the result ofWang et al. (2020). Both

members of Alteromonadales and Oceanospirillaceae have been

shown to support algal growth through the synthesis of vitamin

B12 (Delmont et al., 2015; Joglar et al., 2021). Ecologically,

Alteromonadaceae are often associated to nutrient-rich

environments (López-Pérez and Rodriguez-Valera, 2014).
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Alteromonadales also responded rapidly to changes in DOM (Shi

et al., 2011). Furthermore, it was reported that some marine

bacteria from the family Alteromonadaceae exhibited an ability of

degradation metabolism of plant cell wall polysaccharides (López-

Pérez and Rodriguez-Valera, 2014;Wietz et al., 2015; Mitulla et al.,

2016). The polysaccharides (agar, alginate, carrageenan, cellulose,

etc.) that compose the bulk of macroalgal biomass are rich sources

of energy and carbon that can promote epibiont settlement and

growth (Steinberg and De Nys, 2002; Lachnit et al., 2011). For

example, Saccharophagus (belonging to Alteromonadaceae) has

been shown to utilize a large set of sugars and polysaccharides as

carbon and energy source (Shin et al., 2010; Fraiberg et al., 2011).

Wietz et al. (2015) showed that the addition of soluble alginate to

seawater induced a strong increase in Alteromonadaceae.

Together these findings hint that the mutualistic relationship

between laver and bacteria probably has a strong influence on

the spatial changes of representative biomarkers.
Correlation among environmental
factors and bacterial community

The concentrations of inorganic nitrogen and phosphorus in

the near-shore waters were higher and varied monthly in the study

(Table S1), which were probably be attributed to the anthropogenic

flux of nutrients from the estuary and the monthly changes in

discharge of estuary. Inorganic carbon, nitrogen and phosphorus

are the main elements required by seaweeds for photosynthesis and

growth (Roleda and Hurd, 2019). Changes in discharge flow would

led to shifts in the nutrient and stoichiometric balance in an estuary,

which could influence the laver production (Kim et al., 2019). The

representative biomarkers in CNS group (e.g. Pseudoruegeria and

Sediminicola, Figure 5) were found to be significantly associated

with DO concentration based on RDA (Figure 7). Correspondingly,

DO was one of the main environmental drivers for functional

community composition in CNS group by Mantel test (Figure 7).

As excessive nitrogen, aromatic compounds and other pollutants

enter the aquatic environment, bacteria consume more oxygen to

participate in nitrogen transformation and organic matter

degradation (Liu et al., 2021). Furthermore, we found salinity was

the main environmental driver for taxonomic community

composition in CNS group based on Mantel test (Figure 7). The

salinity varied geographically with an increasing trend from near-

shore to off-shore sea areas (Table S1), likely owing to the influence

of discharge of Jufeng estuary. The salinity gradient is one of the

main features characteristic of any estuarine ecosystem (Telesh and

Khlebovich, 2010) and plays a unique and fundamental role in

structuring spatial patterns of physical properties, biota, and

biogeochemical processes (Cloern et al., 2017). Taken together, it

is reasonable to assume that microbial community composition in

the near-shore sea area were affected significantly by water runoff.

The organic matter is a carrier of large quantities of carbon

and nitrogen (Ye et al., 2018). Both algae and riverine are also
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key organic matter sources in the coastal zone (Ray et al., 2018).

Higher concentrations of DOC and DON were observed in

November in the study (Table S1), which were probably derived

from the releasing laver tissue or may be partly owing to the

cumulative influence of changes in phytoplankton abundance

and discharge of estuary (Liang et al., 2019b). Algae might

excrete a portion of photosynthetic organic matter as DOC,

and heterotrophic bacteria assimilate and decompose the algal

DOC for growth (Egan et al., 2013; Clasen and Shurin, 2015;

Kouzuma and Watanabe, 2015). Based on Mantel test, we found

the taxonomic/functional community compositions were

significantly correlated with TDN, POC, and DOC in group

PF (Figure 7), indicating that the bacterial community

composition was significantly affected by nitrogen and carbon

availability in the laver farm. Besides, we aslo found pH, DO,

POC, DOC, temperature and key nutrient parameters (i. e.

ammonium, phosphate, nitrate, DIN, DON) were the crucial

environmental variables at the phylum level based on RDA

(Figure 7). The most dominant phylum Proteobacteria exhibited

positive correlation with ammonium and pH, and negative

correlation with phosphate. These RDA results further

indicated the environmental variables such as key nitrogen

parameters (e.g. nitrate, DIN, DON, TDN) and pH, DO, POC,

DOC, and temperature were crucial in shaping the bacterial

community composition in the surrounding seawater of

laver farm.

Based on network analysis, the keystone members of the

bacterial communities were phylum Bacteroidetes, orders of

Pseudomonadales, Rhodobacterales, and Flavobacteriales, and

genera of Loktanella and Pseudoruegeria (Figure 8). Keystone

taxa are the species playing crucial roles in a community and

their removal can lead to a notable variance in community

structure and functioning (Mouquet et al., 2013). It was

suggested that seasonal variations of environmental factors

could influence microbial networks and community stability

via the regulation of keystone taxa (Liu et al., 2022).
Conclusion

The results of our investigation indicated that large-scale

laver aquaculture affects taxonomic diversity, composition, and

function of seawater bacteria communities. Laver cultivation was

likely to be beneficial to maintain seasonal stability of microbial

community richness and diversity in the laver farm ecosystem.

Many bacterial biomarker taxa with psychrophilic characters or

with an ability of degrading algal cell wall polysaccharides were

found in the samples. The bacterial biomarkers were probably

closely associated with temperature, concentrations of DO and

ammonium, as well as the secondary metabolite produced by

laver. The variation of metabolic functional diversity of bacterial

communities in the seawater were proposed to be promoted by

the laver reproductive activities during the early and late stage of
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large-scale laver cultivation. However, further long-term

temporal observations will be needed to develop a general

understanding of inter-annual bacterial community

composition variation. Future work should also focus on the

ecology and metabolic functions of the predominant species or

bacterial biomarker taxa in the laver farm.
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