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Although the effects of certain species of seaweed on the microbial

community structure have long been a research focus in marine ecology,

the response of the microbial community to seasons and different

seaweed species is poorly understood. In the present study, a total of

39 seawater samples were collected during 3 months from three zones:

Neoporphyra haitanensis cultivation zones (P), Gracilaria lemaneiformis-

Saccharina japonica mixed cultivation zones (G), and control zones (C). These

samples were then analyzed using 18S and 16S rRNA gene sequencing to

ascertain the fungal and bacterial communities, respectively, along with the

determination of environmental factors. Our results showed that increased

dissolved oxygen (DO), decreased inorganic nutrients, and released dissolved

organic matter (DOM) in seaweed cultivation zone predominantly altered

the variability of eukaryotic and prokaryotic microbial communities. Certain

microbial groups such as Aurantivirga, Pseudomonas, and Woeseia were

stimulated and enriched in response to seaweed cultivation, and the enriched

microorganisms varied across seaweed cultivation zones due to differences in

the composition of released DOM. In addition, seasonal changes in salinity and

temperature were strongly correlated with microbial community composition

and structure. Our study provides new insights into the interactions between

seaweed and microbial communities.
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Introduction

Marine bacteria, which are ubiquitous in the ocean
environment, can form communities with unique functions
and structures that play key roles in recycling dissolved
nutrients and mediating the global biogeochemical flux
of carbon (C), nitrogen (N), phosphorus (P), and sulfur
(S) (Falkowski et al., 1998). Given the importance of
microbes in marine ecosystems, one of the most vital
questions in marine ecology is how microbial communities
respond to anthropogenic activities. Aquaculture, one of the
predominant human activities in marine systems, easily causes
environmental pressure; for example, fish mariculture can result
in eutrophication of surrounding seawater. The number and
abundance of microbial species in the environment surrounding
a fish-farming area is generally high, as is the number of
pathogenic bacteria (Buller, 2010). Therefore, more attention
has been paid to the response of microbial communities
to environmental changes and potential bioremediation of
polluted environments in mariculture areas (Apprill, 2017; Luo
et al., 2020). Different from aquatic animals, seaweed plays
an important role in several critical ecosystem services and
functions such as photosynthesis, carbon sequestration, and
reducing nutrients load (Duarte et al., 2022). This normally
attracts beneficial bacterial species to colonize and inhibit
pathogenic bacteria (Egan et al., 2013; Singh and Reddy,
2015). Therefore, the interaction between seaweed and the
microbial community is a key issue concerning the ecological
benefits of seaweed.

As a primary producer in the marine ecosystem,
economically important seaweed species such as Neoporphyra
haitanensis, Gracilaria lemaneiformis, and Saccharina japonica
can generate high levels of productivity through photosynthesis
and effectively remove excessive nutrients such as N and P
(Yang et al., 2015; Duarte et al., 2022). Wild seaweed form the
most extensive and productive vegetated coastal habitats and
contribute to C uptake in the global coastal ocean; seaweed
is estimated to support a global net primary productivity of
about 1.5 Pg C year−1 (Duarte et al., 2017). In addition, a recent
study confirmed that large-scale cultivation of S. japonica could
increase the seawater oxygen concentration and buffer seawater
acidification (Xiao et al., 2021). These studies suggest that
seaweed could play a vital role in the restoration and protection
of the marine environment. Seaweed normally attracts and
promotes colonization of beneficial bacteria that multiply on
the blade surface; in turn, these epiphytic bacteria regulate
seaweed development, reproduction, functioning, and counter
the intrusion and colonization of harmful bacteria by secreting
secondary metabolites and/or antimicrobials (Goecke et al.,
2010; Singh and Reddy, 2015). Therefore, significant research
has been aimed at studying the bacterial communities associated
with seaweed in order to understand the interactions between
bacteria and seaweed.

Xie et al. (2017) showed that G. lemaneiformis cultivation
shifted the diversity, composition, and structure of water and
sediment microbial communities in a mariculture system on the
coast of Nan’ao Island. In addition, Wang et al. (2020) showed
a notable distinction between the microbial communities of
seawater with and without N. haitanensis cultivation. Not only
did the bacterial biodiversity in the culture zones of Sargassum
fusiforme, Neopyropia yezoensis, Sargassum incisifolium, and
Phyllospora comosa show significant differences, but it was also
greatly influenced by abiotic factors (Selvarajan et al., 2019;
Ahmed and Khurshid, 2021; Zhang et al., 2021; Wood et al.,
2022). These results indicated that seaweed cultivation has a
strong capacity to shape the bacterial community of seawater.
Previous studies have focused on the effects of one natural or
cultivated seaweed species on microbial community structure,
but the conditions in nature are much more complex: whether
in a natural ecosystem or in aquaculture, several seaweed species
can coexist in the same sea area. To date, little is known
about the response of eukaryotic and prokaryotic microbial
communities to the comprehensive large-scale cultivation of a
variety of seaweed species.

The present study used high-throughput sequencing based
on 16S and 18S rRNA genes to assess the diversity and
structure of prokaryotic and eukaryotic microbial communities
in the seawater with cultivated N. haitanensis, G. lemaneiformis-
S. japonica mixed, and a control zone during different seasons.
This study provides useful information for comprehensive
understanding of the impact of seaweed cultivation on microbial
communities as well as their feedback to seasonal dynamics. The
results will promote future studies on the relationship between
seaweed and the microbial community in the coastal waters.

Materials and methods

Description of sampling sites

The sampling site was located north of Nan’ri Island
(25◦21′–25◦27′N; 119◦50′–119◦59′E), one of Fujian
Province’s largest mariculture bases in south China
(Supplementary Figure 1). The cultivation period of
N. haitanensis is concentrated from the end of September
to the second year in February. G. lemaneiformis is cultivated
from November to May, and S. japonica is cultivated in
December and harvested in February of the following year.
A total of 39 samples were collected in December 2019
and January and May 2020, meaning that 13 samples were
collected each month. Four sampling sites were selected in
the N. haitanensis cultivation zone (P). Six sampling sites
were selected in the G. lemaneiformis-S. japonica mixed
cultivation zone (G). Three sampling sites were selected in
a control zone without macroalgae cultivation (C). Seawater
samples were taken at a depth of ∼30 cm from the seawater
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surface. The sampling sites and samples were as follows: (i) P,
N. haitanensis cultivation zone with four samples (P1–4); (ii)
G, G. lemaneiformis-S. japonica mixed cultivation zone with six
samples (G1–G6); and (iii) C, another three samples from the
open sea adjacent to G but without seaweed cultivation (C1–3).
The samples were marked by sampling site and sampling time
(Supplementary Table 1).

Sample collection and environmental
data

Seawater samples with a volume of 2.5 L for each sample
site were collected in polyethylene containers. Microbes were
collected by filtering 1 L of water with 0.22-µm polycarbonate
membranes. The filters were then placed into a liquid nitrogen
container prior to being stored at −80◦C until DNA extraction.
Water temperature and salinity were measured on site. The
remaining water sample was immediately transported to the
refrigerator and subjected to measurements of the following
parameters: total nitrogen (TN), total phosphorus (TP),
nitrate–nitrogen (NO3

−-N), phosphate–phosphorus (PO4
3−-

P), biogenic silica (BSi), chlorophyll a (Chla), dissolved organic
matter (DOM) (including DOC, DON, DOP: dissolved organic
carbon/nitrogen/phosphorous), and POM (including POC,
PON, POP: particulate organic carbon/nitrogen/phosphorous).
Water samples for TN, TP, NO3

−-N, PO4
3−-P, DOM, and POM

measurements were filtered through pre-combusted Whatman
GF/F filters (25 mm, 0.7 µm; Whatman, Kent, United Kingdom)
under a low vacuum and were determined according to the
protocols of Chen et al. (2020). Water samples for chlorophyll
a (Chl a) analysis were filtered through Whatman GF/F
filters (25 mm, 0.7 µm), extracted with 90% aqueous acetone,
and measured fluorometrically using a spectrophotometer
(UV-1800, Shimadzu, Japan). BSi deposited on the acetate
microporous filter was analyzed using wet-alkaline digestion
method developed by Ragueneau et al. (2005).

DNA extraction, PCR amplification, and
Illumina novaseq 6000 sequencing

Microbial DNA was extracted using the HiPure Soil
DNA Kit (Magen, Guangzhou, China) according to the
manufacturer’s protocols. The 16S rDNA V3–V4 region of
the ribosomal RNA gene was amplified by PCR using
the primers 341F: CCTACGGGNGGCWGCAG and 806R:
GGACTACHVGGGTATCTAAT. The 18S rDNA V4 region of
the ribosomal RNA gene was amplified by PCR using the
primers 528F: GCGGTAATTCCAGCTCCAA. PCR reactions
were performed at 94◦C for 2 min followed by 30 cycles at 98◦C
for 10 s, 62◦C for 30 s, and 68◦C for 30 s with a final extension at
68◦C for 5 min. PCR reactions were performed in triplicate 50 µl

mixtures containing 5 µl of 10 × KOD Buffer, 5 µl of 2 mM
dNTPs, 3 µl of 25 mM MgSO4, 1.5 µl of each primer (10 µM),
1 µl of KOD Polymerase, and 100 ng of template DNA. Related
PCR reagents were from TOYOBO, Japan.

Amplicons were extracted from 2% agarose gels and
purified using the AMPure XP Beads (Beckman Agencourt,
United States) according to the manufacturer’s instructions,
then quantified using an ABI StepOnePlus Real-Time PCR
System (Life Technologies, Foster City, CA, United States).
Purified amplicons were pooled in equimolar and paired-end
sequences (PE250) on an Illumina HiSeq 6000 system (Illumina,
CA, United States) at Gene Denovo Biological Technology Co.,
Ltd. (Guangzhou, China). The raw reads were deposited into
the NCBI Sequence Read Archive (SRA) database. Bioinformatic
analysis was performed using Omicsmart, a dynamic and
interactive online platform for data analysis.1

Data processing based on
bioinformatics and statistical analysis

Raw reads were further filtered using FASTP. Paired-
end clean reads were merged as raw tags using FLASH
(version 1.2.11) with a minimum overlap of 10 bp and
mismatch error rates of 20%. Noisy sequences of raw tags
were filtered under specific conditions to obtain the high-
quality clean tags. The clean tags were clustered into operational
taxonomic units (OTUs) of ≥97% similarity using the UPARSE
(version 9.2.64) pipeline. All chimeric tags were removed using
the UCHIME algorithm to finally obtain effective tags for
further analysis. The tag sequence with highest abundance was
selected as the representative sequence within each cluster. The
representative OTU sequences were classified into organisms
by a naive Bayesian model using RDP classifier (version 2.2)
based on SILVA database (version 132), with the confidence
threshold value of 0.8.

The Chao1, Simpson, and other alpha-diversity indexes
were calculated in QIIME (V1.9.1) as mentioned above. An
OTU rarefaction curve and rank abundance curves were plotted
in QIIME. Statistics of the alpha index comparison between
groups were calculated by Welch’s t-test and the Wilcoxon
rank test in R. Alpha index comparisons among groups were
computed by Tukey’s HSD test and the Kruskal–Wallis H test in
the R project Vegan package (version 2.5.3). For beta diversity
analysis, PCA (principal component analysis) was performed
using the R project Vegan package (version 2.5.3). Multivariate
statistical techniques including PCoA (principal coordinates
analysis) and NMDS (non-metric multidimensional scaling)
of (Un) weighted UniFrac, Jaccard, and Bray–Curtis distances
were generated with the Vegan R package (version 2.5.3) and

1 https://www.omicsmart.com
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plotted with the ggplot2 package (version 2.2.1). Statistical tests
[Welch’s t-test, the Wilcoxon rank test, Tukey’s HSD test, the
Kruskal–Wallis H test, Adonis (also called Permanova), and
the Anosim test] were performed using the Vegan package in
R (version 2.5.3). A related analysis was carried out using the
online platform of Gene Denovo Biological Technology Co., Ltd.
(Guangzhou, China) (see text footnote 1).

Results

Effects of seaweed cultivation on
chemical properties of seawater

We measured the environmental variables of temperature
(T), salinity, NO3

−-N, PO4
3−-P, TN, TP, Chl a, BSi, DOM,

and POM of water samples (Table 1 and Figure 1). Generally,
physicochemical properties of seawater such as temperature
and salinity showed clear seasonal patterns. In all three sites,
the water temperature gradually decreased from December to
January, then increasing in May. In general, the concentrations
of NO3

−-N and PO4
3−-P tended to be lower in the seaweed

cultivation zones than in the control zone, while TN, TP, Chl a,
dissolved oxygen (DO), BSi, DOM, and POM showed opposite
trends (Table 1). In May, the concentrations of DO, DOM, and
POM in the P site were significantly lower than in the G site as a
result of complete harvesting of N. haitanensis.

General descriptions of 16 and 18S
rRNA gene amplicons

A total of 39 microbial communities present during
three sampling periods were analyzed by MiSeq sequencing
of 16S rRNA and 18S rRNA gene amplicons. We obtained
4,040,388 high-quality eukaryotic sequences reads and 3,855,691
prokaryotic sequence reads based on the 18S rRNA and

16S rRNA genes, respectively. Operational taxonomic units
were defined based on 97% identity, 18S and 16S reads
were clustered into 28,020 and 67,039 OTUs, respectively
(Supplementary Table 2). Most of the rarefaction curves for
the samples reached saturation (Supplementary Figure 2),
suggesting sufficient sequencing depth for this study.

Overall microbial community diversity
and structure

After blasting against NCBI using BLASTN, all OTUs were
classified into seven groups based on 18S: Viridiplantae (7.81–
46.16%), Stramenopiles (7.91–35.47%), Metazoa (9.77–28.17%),
Fungi (0.81–12.47%), Alveolata (2.79–11.21%), Rhizaria (1.20–
4.47%) and unclassified, while three groups based on 16S
were Bacteria (95.46–99.78%), Archaea (0.22–4.54%), and
unclassified. The alpha diversity of the eukaryotic and bacterial
communities in evenness and richness showed zonal and
seasonal differences between cultivation and control samples
(Figure 2 and Supplementary Figure 3). As shown in Figure 2,
significant differences in the Shannon and Chao1 indexes
were observed between zone C and zones P or G whether
in eukaryotes and bacteria, especially the biodiversity in zone
G that was significantly higher than in zones C and P from
December to January, although no differences were observed
in May. In May, the abundance of the bacterial community
decreased significantly (p-value < 0.05) due to the harvesting
of N. haitanensis and seasonal change (Figures 2D,F).

Changes of dominant microbial taxa in
response to seaweed cultivation

In terms of the relative abundance and taxonomic level, the
eukaryotic and bacterial communities in the cultivation zones
showed different profiles compared to the control zone. For the

TABLE 1 Environmental parameters of each sample from December 2019 to May 2020.

December 2019 January 2020 May 2020

P G C P G C P G C

Temperature (◦C) 16.70± 0.2a 16.73± 0.2a 16.60± 0.3a 14.63± 0.1a 14.53± 0.2a 14.73± 0.12a 23.10± 0.54a 23.13± 0.4a 23.13± 0.46a

Salinity (h) 30.00± 0.0a 29.83± 0.9a 29.00± 1.0a 27.75± 0.5a 26.83± 2.6a 28.33± 1.53a 25.75± 1.5a 29.0± 0.9b 26.67± 0.89a

NO3
−-N (mg/L) 0.48± 0.02b 0.52± 0.05a 0.54± 0.03a 0.53± 0.08a 0.41± 0.05b 0.53± 0.03a 0.33± 0.01b 0.29± 0.04a 0.32± 0.03b

PO4
3−-P (mg/L) 0.028± 0.0a 0.022± 0.0b 0.030± 0.0a 0.033± 0.0a 0.037± 0.0a 0.043± 0.01b 0.028± 0.01a 0.025± 0.0a 0.023± 0.01a

TN (mg/L) 1.72± 0.39a 1.68± 0.16a 1.36± 0.05b 1.13± 0.53ab 1.58± 0.37a 1.04± 0.26b 0.78± 0.17a 1.60± 0.12b 0.67± 0.08a

TP (mg/L) 0.045± 0.0ab 0.050± 0.0a 0.040± 0.0b 0.048± 0.0a 0.064± 0.0b 0.06± 0.00ab 0.042± 0.01a 0.050± 0.0a 0.020± 0.01b

Chl a (µg/L) 2.12± 0.84a 1.51± 0.38a 1.18± 0.20b 1.88± 0.16a 0.97± 0.40b 0.91± 0.18b 2.29± 0.61a 2.09± 0.45a 1.31± 0.93b

BSi (µg/L) 8.03± 0.82b 9.31± 0.78a 6.56± 0.52c 9.43± 2.63ab 11.53± 2.3a 7.93± 0.90b 12.73± 4.22a 11.02± 1.6ab 8.04± 2.23b

DO (mg/L) 12.71± 1.1a 14.66± 1.5a 9.98± 1.54b 11.85± 1.45a 13.27± 0.98a 9.93± 0.80b 8.88± 1.01b 12.39± 1.10a 9.73± 0.30b

Physical and chemical parameters of surface water at the three sampling zones. P, surface water of N. haitanensis cultivation zone; G, surface water of G. lemaneiformis-S. japonica mixed
cultivation zone; C, surface water of control zone. Different letters (a, b, c) represent significant differences (p-value < 0.05) in mean value among different water samples by ANOVA.
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FIGURE 1

The dissolved organic matter (DOM) and particulate organic matter (POM) released from three study zones during different periods. (A) DOC,
DON, DOP, dissolved organic carbon/nitrogen/phosphorous. (B) POC, PON, POP, particulate organic carbon/nitrogen/phosphorous.

eukaryotic community, the enriched phyla were Bacillariophyta,
Chlorophyta, and Cnidaria, but their proportions differed
among the three study zones (Figure 3A). In December, the
relative abundance of Streptophyta (p-value < 0.05) was higher
than during the other 2 months, and the relative abundance at
P was significantly higher (p-value < 0.05) than in C and G. In
May, the relative abundances of Mollusca, Bigyra, Ascomycota,
and Ciliophora were higher (p-value < 0.05) at P than at C
and G (Figure 3A). For the bacterial community, Proteobacteria
was the dominant phylum among all the seawater samples
(Figure 3C). During the N. haitanensis cultivation period, the
abundances of Actinobacteria and Planctomycetes at G and
C were significantly higher than at P, while the abundance of
Bacteroidetes at P was higher than at G and C (p-value < 0.05).
Verrucomicrobia was present at greater levels in May than in
other periods (Figure 3C).

Although the microbial communities had similarities at the
phylum level, the eukaryotic and bacterial communities were
strikingly distinct at lower taxonomic levels. For eukaryotic
microbes, the most abundant genera were Macrodactyla and
Micromonas. From December to January, higher abundances of
Micromonas were observed at C and G (p-value < 0.05) than at

P. The relative abundances of Bryopsis and Pelagostrobilidium
were higher in January and May, respectively, than in other
periods, especially at P (Figure 3B). For bacterial microbes,
the relative abundances of Persicirhabdus, Thalassobius, Nereida,
and Aurantivirga were higher in May than in other periods. The
relative abundance of Candidatus-Actinomarina was high at C
and G compared with P, while HIMB11 was present at a greater
level at P than at C and G during the N. haitanensis cultivation
period (Figure 3D). These results showed a clear dissimilarity
of microbial community structure at the three study zones in
response to different periods.

Similarity analyses

To further determine the differences in microbial
community structure in response to seaweed cultivation
and seasonal period, a dissimilarity test was performed using
Permanova (Adonis) across different zones and periods.
For both eukaryotic and bacterial communities, significant
differences (p-value < 0.05) in community structure were
observed among zones C, P, and G in the same period. Similar
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FIGURE 2

Effects of seaweed cultivation on the alpha-diversity indexes. The observed number of OTUs based on 18S (A) and 16S (D), the Shannon index
based on 18S (B) and 16S (E), and the Chao1 index based on 18S (C) and 16S (F) shows the alpha diversity of microbial communities across
different cultivation periods at the three study sites. Different letters (a, b) represent significant differences (p-value < 0.05) in mean value
among zones C, P, and G by ANOVA.

results were observed in the same study zone among the
3 months (Table 2). For beta diversity interpretation, principal
coordinates analysis, PCoA and non-metric multi-dimensional
scaling, NMDS was conducted to evaluate similarities among
different samples at the OTU level (Figure 4). The results
of PCoA showed that all samples formed three clusters.
Seawater samples from the same month clustered together,
whereas seawater samples from different periods were distantly
related with each other in all months (Figures 4A,B), and
the results are illustrated in the NMDS plot (Figures 4C,D).
Additionally, it should be noted that an NMDS analysis
based on each month revealed that the samples of zone

P formed a tight cluster that was clearly separated from
the other cluster formed by samples from zone C and G
(Supplementary Figure 4).

To identify eukaryotic and bacterial microbes responsible
for the diversification among the three sampling zones, we
employed relative abundance data based on the unique OTUs to
detect the differences in genera among the groups (Figures 5A–
F). Using this approach, we identified three distinct eukaryotic
and bacterial communities thriving at areas C, P, and G. In
addition, we found that there were significant differences in the
enriched genera at the same sampling zone in different periods
(p-value < 0.05).
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FIGURE 3

Microbial community composition across different cultivation periods at the three study sites. Relative abundance of different phyla (A) and
genera (B) based on 18S and different phyla (C) and genera (D) based on 16S in the 39 samples. The abundances are presented in terms of
percentages of total effective sequences in a sample at the different levels.

Relationships between microbial
community structures and seawater
properties

Heatmap and correlation coefficient were generated using
Omicsmart, a dynamic real-time interactive online platform for
data analysis (see text footnote 1). Canonical correspondence
analysis (CCA) was implemented to highlight the effects of
environmental factors on the microbial community structure
at the OTU level (Figures 6A,B). The CCA results showed
that the eukaryotic and prokaryotic microbial communities

TABLE 2 Dissimilarity tests of microbial communities of zones C, P,
and G across different periods by ADONIS.

Grouping by sample
periods and zones

18S 16S

R p R p

C-D vs. P-D vs. G-D 0.481 0.002 0.551 0.003

C-J vs. P-J vs. G-J 0.767 0.001 0.551 0.001

C-M vs. P-M vs. G-M 0.523 0.006 0.389 0.008

C-D vs. C-J vs. C-M 1 0.006 0.984 0.006

P-D vs. P-J vs. P-M 1 0.001 0.995 0.001

G-D vs. G-J vs. G-M 1 0.001 0.997 0.001

C-D, samples of area C in December; P-D, samples of area P in December; G-D, samples
of area G in December; C-J, samples of area C in January; P-J, samples of area P in
January; G-J, samples of area G in January; C-M, samples of area C in May; P-M, samples
of area P in May; G-M, samples of area G in May. The closer the R-value is to 1, the
greater the distance between groups relative to the distance within groups. p-Value < 0.05
indicates significant differences between and within groups.

in December, January, and May clustered in groups. The
eukaryotic and prokaryotic microbial communities were
regulated by multiple environmental variables. Temperature
(R2 = 0.517, p = 0.001), silicate (R2 = 0.270, p = 0.003),
salinity (R2 = 0.389, p = 0.001), DO (R2 = 0.232, p = 0.003),
and NO3

−-N (R2 = 0.173, p = 0.003) were four significant
environmental factors affecting the eukaryotic community
(Figure 6A). Temperature (R2 = 0.647, p = 0.001), silicate
(R2 = 0.256, p = 0.008), salinity (R2 = 0.299, p = 0.002), DO
(R2 = 0.302, p = 0.001), TN (R2 = 0.218, p = 0.008), and NO3

−-
N (R2 = 0.7215, p = 0.037) were significantly correlated with
bacterial communities (Figure 6B). Our results showed that
DO was negatively correlated with Chla and reactive silicate,
indicating that seaweed cultivation could decrease the density
of phytoplankton (Figure 6).

Spearman’s correlation analysis showed that some microbial
species could be regulated by different environmental factors.
Our results showed stronger negative correlations of most
eukaryotic communities with temperature and salinity,
while prokaryotic communities were positively correlated
with temperature (Figures 6C,D). Aspergillus, Tetraselmis,
Tursiops, and Marsupiomonas were positively correlated
with NO3

−-N and TN, while they exhibited strong negative
correlations with DOC (Figure 6C, p-value < 0.05). OM43-
clade, Sva0996, and Pseudoalteromonas were positively
correlated with NO3

−-N, PO4
3−-P, and DO concentrations,

whereas they showed strongly negative correlations with
DOC and temperature (Figure 6D, p-value < 0.05). In
addition, many other genera were also strongly correlated
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FIGURE 4

Microbial community structures and identification of patterns based on Bray–Curtis distances in different zones during the various cultivation
stages. Principal coordinates analysis (PCoA) plot: all samples (zones C, P, and G) taken in different months based on 18S rRNA genes (A) and
16S rRNA genes (B) of all the OTUs. Non-metric multi-dimensional scaling analysis (NMDS) plot: all samples (areas C, P, and G) taken in different
months based on 18S rRNA genes (C) and 16S rRNA genes (D) of all the OTUs.

with seawater properties, showing both positive and
negative correlations.

Discussion

Bioremediation potential of seaweed
cultivation for environmental
improvement

Seaweed cultivation is an environmentally beneficial model
of mariculture, and it has introduced co-culturing with animals

as an integrated multi-trophic aquaculture (IMTA) system that
can reduce nutrient effluents and pollutants as a result of
the high bioremediation efficiency (Chai et al., 2018; Xiao
et al., 2021). For example, this study found that cultivation of
N. haitanensis, G. lemaneiformis, and S. japonica improved water
quality by removing NO3

−-N and PO4
3−-P and increasing

the DO concentration (Table 1). This is consistent with recent
studies that also reported that seaweed mariculture could
mitigate ocean acidification (Krause-Jensen et al., 2016; Xiao
et al., 2021). In addition, as one of the most important
primary producers in coastal ecosystems, a large portion of the
photosynthetic products of seaweed was released into ambient
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FIGURE 5

Ternary plot derived from all studied zones and periods based on 18S (A–C) and 16S (D–F), and numbers of differentially enriched OTUs among
different sampling zones (a–g). Ternary plots of the 10 most abundant genera in seawater. For each plot, the group was taken into
consideration, and a density area was drawn to represent similarity within groups. Each circle represents one genus. The size of each circle
represents its relative abundance. The position of each circle is determined by the contribution of the indicated compartments to the total
relative abundance. Green, blue, and red circles mark genera significantly enriched in zones C, P, and G, respectively (p-value < 0.05). The
endpoints of each ternary plot represent the sampling zones of their respective periods, and the arrows indicate the direction of the increment.

seawater as DOM and POM (Wada and Hama, 2013; Chen
et al., 2020). As our results demonstrated, the DOM (including
DOC, DON, and DOP) and POM (including POC, PON, and
POP) contents tended to be higher in the seaweed cultivation
zones than in the control zone without seaweed cultivation
(Figure 1). On the one hand, DOC is a source of metabolic
energy for microorganism growth and as such enriches the
biodiversity of marine ecosystems (Thornton, 2014). On the
other hand, partial POC can be suspended in the water column,
buried in sediments, or exported to the deep sea, thereby
acting as a CO2 sink (Duarte et al., 2017; Chen and Xu,
2020).

Seaweed cultivation altered the
microbial community composition and
structure

The interactions between seaweed and microorganisms
depend on the variation of abiotic factors, as free-living
microbial communities are strongly driven by environmental
factors such as light, temperature, dispersal limitation, and the
chemical environment (Hellweger et al., 2014; Gusareva et al.,
2019; Ahmed et al., 2021). Metagenomic sequencing, COG, and
SEED annotations showed that microbial community assembly
was largely dependent on functions rather than phylogenetic
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FIGURE 6

Canonical correspondence analysis (CCA) biplot for the distribution of eukaryotic plankton (A) and prokaryotic plankton (B) communities with
environmental variables. Triangles, samples from area P; squares, samples from area G; circles, samples from area C. Brown, samples in
December 2019; blue, samples in January 2020; green, samples in May 2020. T, temperature; TP, total phosphorus; TN, total nitrogen; Si,
reactive silicate; DO, dissolved oxygen; DOC, dissolved organic carbon; Chla, chlorophyll a. Spearman’s correlation analysis between seawater
environmental factors and eukaryotic community (C) or prokaryotic community (D). The corresponding intermediate heat-map value is the
Spearman correlation coefficient r, r > 0: a positive correlation, r < 0: negative correlation. The symbols *, **, and *** indicate significance,
where p-value < 0.05, p-value < 0.01, and p-value < 0.001, respectively.

similarity and could adapt to new environments by changing the
community structure and composition to form a phycosphere
with unique structure and function (Logue and Lindstrom,
2010; Langenheder and Székely, 2011; Semblante et al., 2017;
Wang et al., 2020). Our results also identified differences in
microbial community structure between seaweed cultivation
and control zones, differences that may have been due to
the impacts of the seaweed cultivation on the environmental

factors (Table 1 and Figure 1). The thalli of N. haitanensis,
G. lemaneiformis, and S. japonica can take up CO2 and release
O2 into the seawater so that DO was greatly increased at zones
P and G (Table 1). Meanwhile, the CCA results indicated that
many microorganisms’ abundances were significantly positively
correlated with DO content (Figure 6). Many microbes in
the ocean require oxygen for basic metabolism in necessary
redox processes, while low concentrations of oxygen could
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restrict primary production and reduce microbial abundance
(Semblante et al., 2017). Thus, higher concentrations of DO
resulting from seaweed cultivation in coastal ecosystems could
be related to increased phylogenetic and functional diversity of
the microbial communities (Bryant et al., 2012).

In addition, the pattern and concentration of nutrients
have direct influence on microbial metabolism. For example,
nutrients usually increase microbial abundance by facilitating
cell growth and division, while decreased concentrations of
inorganic nitrogen and phosphorus due to nutrient uptake
by seaweed will impact the diversity and composition of
microbial communities (Donachie et al., 2001; Xie et al.,
2017). Furthermore, organic matter released by algae can be
stored, respired as DOC, or put into growth together with
other nutrients such as phosphate and nitrogen, then utilized
directly by microbes (Anderson and Ducklow, 2001; Jiao et al.,
2010). DOC released by seaweed is composed of free amino
acids, sugars, and organic acids (Thornton, 2014; Wegley
Kelly et al., 2022). Among these organic substances, the algal
polysaccharides are potential sources of carbon and energy for
various marine bacteria (Goecke et al., 2010; Hehemann et al.,
2012). For example, the marine macroalga Ulva mutabilis can
provide carbon for Roseovarius in the form of glycerol (Kessler
et al., 2018). Proteobacteria are known to digest galactan sulfates
in red algal cell walls (Miranda et al., 2013). Cole et al. (1988)
also found that the release of DOC by macroalgae may largely
affect the microbial loop; the more DOC exuded by algae, the
more bacteria grew in lakes and coastal waters. Herein, we
found that DOC released by seaweed had a significant effect
on the distributions of eukaryotic and prokaryotic microbial
communities (Figure 6).

Additionally, some potential pathogens such as Vibrio
were abundant at zone C (Figure 5E), implying a healthier
community composition at the seaweed cultivation zone (Austin
and Zhang, 2010; Hubbard et al., 2016). Such divergence in
abundances of genera may be due to the fact that seaweed can
defend against microbial and pathogenic invasion by producing
a wide variety of secondary metabolites (Goecke et al., 2010). In
summary, the decreased concentration of inorganic nutrients,
increased DO content, and the release of DOM by seaweed
cultivation could be the driving forces shaping the eukaryotic
and prokaryotic communities.

Enriched microbial groups in response
to different seaweed cultivation

Seaweeds are known to harbor a variety of bacterial
symbionts on and around the plants. Our results were
generally consistent with previous studies of marine microbial
communities showing that Cyanobacteria, Bacteroidetes, and
Proteobacteria were the dominant groups in seawater during
different seasons (Gilbert et al., 2010; Fuhrman et al., 2015). In

addition, even though the three study zones were geographically
adjacent and experienced the same ocean currents and climate
conditions during the same periods, the microbial communities
in zone C, P, and G showed spatial variation. The ternary plot
analyses showed that during the N. haitanensis cultivation
periods, zone P had larger percentages of Aurantivirga, NS5-
marine-group, NS4-marine-group, Pseudomonas, HIMB11,
Limnobacter, and Polaribacter-4 (Figures 5D,E). Aurantivirga,
NS5-marine-group, NS4-marine-group, and Polaribacter-4
are members of the family Flavobacteriaceae, bacteria that
are considered as potential microorganisms for degrading
seaweed fucoidan, a mixture of sulfated fucose-containing
polysaccharides. These microbes have the capacity to utilize
D-lactose, sucrose, and inositol and to reduce nitrates to nitrites
(Sakai et al., 2002; Nedashkovskaya et al., 2013). Pseudomonas,
Limnobacter, and HIMB11 play important roles in cycling of
S, N, and organic compounds in marine ecosystems, and thus
have environmentally beneficial potential (Spiers et al., 2000;
Lu et al., 2011). Moreover, Woeseia, Candidatus-Actinomarina,
and Blastopirellula showed higher abundances at zone G
(Figures 5D–F). Woeseia, as core members of microbial
communities in marine ecosystem, are able to assimilate
inorganic carbon (Dyksma et al., 2016). Bacterial communities
of Candidatus-Actinomarina have already been reported to
play a key role in organic matter processing in oceans and have
the potential for complex-polymer degradation (López-Pérez
et al., 2020; Kopprio et al., 2021). Blastopirellula abundance
was related to the microbial biomass, nitrogen, and nitrogen
mineralization rate (Lee et al., 2013). The above results indicate
that the microbial composition in seaweed cultivation zones has
been regulated by host-specific processes (Roth-Schulze et al.,
2016; Pei et al., 2021; Wood et al., 2022).

Increasing evidence suggests that microbial communities
are shaped by strong selective forces arising from their hosts
(Yakimov et al., 2006; Reis et al., 2009). On the one hand,
as an adhesion substrate, seaweed provides a good living
environment for the adhesion of microorganisms in seawater.
The three types of seaweed that were utilized in the present study
differed significantly in morphology and growth characteristics.
A recent study reported that the S. incisifolium thalli can attract
and accommodate more microorganisms than Arthrocardia
flabellata can (Selvarajan et al., 2019). In the present study,
during the cultivation period in December and January the
cultivation area of G. lemaneiformis-S. japonica was much
larger than that of N. haitanensis, which may be one of the
main reasons for the higher Chao1 index in the G zone
than in the P zone (Figure 2F). DOM is one of the most
complex and abundant chemical mixtures, and its composition
and concentration are posited to regulate microbial energetics.
Previous studies have reported that the released DOM (e.g.,
proteins, carbohydrates, and lipids) differ markedly among
different macroalgae species (Lancelot, 1984; Chen et al.,
2020; Lønborg et al., 2020). As our results showed, the DOC
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release amount in zone P was significantly higher than in
zones G and C in December and January (Figure 1); this
may have led to various microorganisms in zone P being
positively correlated with DOC, such as in Aurantivirga, NS4-
marine-group, HIMB11, and Nautella (Figures 5D,E, 6D). In
addition, the patterns in multivariate exo-metabolites featured
variation among different seaweeds. The molecular structures
of these compounds are one factor affecting the community of
microorganisms that metabolize the compounds (Wegley Kelly
et al., 2022). Thus, we suggest that the vast metabolic diversity of
natural compounds produced by seaweed may provide a basis
for selectively promoting, inhibiting, and recruiting specific
microbes to enable the shaping of microbial communities
tailored to the seawater properties.

Seasonal variation of the microbial
community

It is worth noting that due to the extension of the culture
period, certain environmental factors fluctuated, leading to
significant differences in microbial community structure in
different seasons (Figure 4). As indicated by the Chao1 index,
in the present study the highest eukaryotic and prokaryotic
diversity occurred in December, while the lowest appeared in
May (Figure 3). PCoA and NMDS analyses also confirmed the
diversity of microbiota distributed independently in different
periods (Supplementary Figure 3). This observation was similar
to previous studies that have highlighted remarkable seasonal
diversity and dynamics in marine microbes (Gilbert et al., 2010;
Egge et al., 2015; Fu et al., 2020).

The divergence of microbe communities could be
interpreted by the seasonally related features in salinity
and temperature in the studied areas. The present study
found significant variation in temperature and salinity among
different periods (Table 1). Eukaryotic and prokaryotic
communities had significant positive correlations with salinity
in December and positive correlations with temperature in May
(Figures 6A,B). It is well known that temperature is a major
environmental driver determining microbial populations and
their functional activities by effecting metabolic niches (Ian
and Smale, 2017; Gestel et al., 2020). For example, warming
will decrease total plankton biomass and alter prokaryotic
community composition in seawater (Flombaum et al., 2013;
Morán et al., 2017). Additionally, a large-scale meta-analysis
suggested that salinity was the major determinant across ocean
ecosystems, exceeding the influence of temperature (Lozupone
and Knight, 2007). This is consistent with a recent study that
demonstrated that microalgal community diversity, richness,
and evenness decreased with enhancing salinity in lake waters
(Yue et al., 2019). In the present study, the salinity level varied
seasonally, with the highest levels in December and lowest
in May (Table 1). This variation may drive the divergence of

microbial abundance and community structure. Accordingly,
the crosstalk of environmental factors (primarily including
temperature and salinity) caused by seasonal changes and
different species of seaweed critically affects the microbial
community structure.

Conclusion

In our research, N. haitanensis and G. lemaneiformis-S.
japonica cultivation increased DO, decreased nutrients, and
produced specific compounds (e.g., DOM and POM). These
changes may not only lead to improved water quality but also
alter the eukaryotic and prokaryotic microbial communities
in terms of alpha diversity, composition, and structure.
Additionally, different microbial groups were enriched in
response to different seaweed cultivation regimes and seasons.
Therefore, this study has enhanced our knowledge of the
important role of seaweed cultivation in shaping the microbial
diversity in seawater.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI, PRJNA850096
and PRJNA851214.

Author contributions

NX: data curation, experiment, and writing—original draft
preparation. WW and KX: methodology and writing—review
and editing. CX: conceptualization, methodology, and formal
analysis. YX, DJ, and CC: supervision and writing—review and
editing. All authors contributed to the article and approved the
submitted version.

Funding

We gratefully acknowledge funding from the National
Natural Science Foundation of China (grant numbers:
U21A20265 and 31872567), Fujian Province Science and
Technology Major Project (2019NZ08003), and the China
Agriculture Research System (grant number: CARS-50).

Acknowledgments

We thank LetPub (https://www.letpub.com/) for its
linguistic assistance during the preparation of this manuscript.

Frontiers in Microbiology 12 frontiersin.org

https://doi.org/10.3389/fmicb.2022.988743
https://www.letpub.com/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-988743 September 1, 2022 Time: 15:6 # 13

Xu et al. 10.3389/fmicb.2022.988743

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.988743/full#supplementary-material

References

Ahmed, A., and Khurshid, A. (2021). Structural and functional impacts of
microbiota on Pyropia yezoensis and surrounding seawater in cultivation farms
along coastal areas of the yellow sea. Microorganisms 9:1291. doi: 10.3390/
microorganisms9061291

Anderson, T., and Ducklow, H. (2001). Microbial loop carbon cycling in ocean
environments studied using a simple steady-state model. Aquat. Microb. Ecol. 26,
37–49.

Ahmed, A., Khurshid, A., Tang, X., Wang, J., Khan, T. U., and Mao, Y.
(2021). Structural and functional impacts of microbiota on Pyropia yezoensis and
surrounding seawater in cultivation farms along coastal areas of the yellow sea.
Microorganisms 9:1291.

Apprill, A. (2017). Marine animal microbiomes: toward understanding host–
microbiome interactions in a changing ocean. Front. Marine Sci. 4:222. doi: 10.
3389/fmars.2017.00222

Austin, B., and Zhang, X. (2010). Vibrio harveyi: A significant pathogen of
marine vertebrates and invertebrates. Lett. Appl. Microbiol. 43, 119–124. doi: 10.
1111/j.1472-765X.2006.01989.x

Bryant, J. A., Stewart, F. J., Eppley, J. M., and DeLong, E. F. (2012).
Microbial community phylogenetic and trait diversity declines with depth in
a marine oxygen minimum zone. Ecology 93, 1659–1673. doi: 10.1890/11-1
204.1

Buller, N. B. (2010). Bacteria and fungi from fish and other aquatic animals: A
practical identification manual. J. Fish Dis. 28, 627–627.

Chai, Z. Y., He, Z. L., Deng, Y. Y., Yang, Y. F., and Tang, Y. Z. (2018).
Cultivation of seaweed Gracilaria lemaneiformis enhanced biodiversity in a
eukaryotic plankton community as revealed via metagenomic analyses. Mol. Ecol.
27, 1081–1093. doi: 10.1111/mec.14496

Chen, S., Xu, K., Ji, D., Wang, W., Xu, Y., Chen, C., et al. (2020). Release
of dissolved and particulate organic matter by marine macroalgae and its
biogeochemical implications. Algal Res. 52:102096.

Chen, Y., and Xu, C. (2020). Exploring new blue carbon plants for sustainable
ecosystems. Trends Plant Sci. 25, 1067–1070. doi: 10.1016/j.tplants.2020.0
7.016

Cole, J. J., Findlay, S., and Pace, M. L. (1988). Bacterial production in fresh and
saltwater ecosystems: a cross-system overview. Mar. Ecol. Prog. Ser. 43, 1–10.

Donachie, S. P., Christian, J. R., and Karl, D. M. (2001). Nutrient regulation
of bacterial production and ectoenzyme activities in the subtropical North Pacific
Ocean. Deep Sea Res. Part II 48, 1719–1732.

Duarte, C. M., Bruhn, A., and Krause-Jensen, D. (2022). A seaweed aquaculture
imperative to meet global sustainability targets. Nat. Sustain. 5, 185–193. doi:
10.1038/s41893-021-00773-9

Duarte, C. M., Wu, J., Xiao, X., Bruhn, A., and Krause-Jensen, D. (2017). Can
seaweed farming play a role in climate change mitigation and adaptation?. Front.
Marine Sci. 4:100. doi: 10.3389/fmars.2017.00100

Dyksma, S., Bischof, K., Fuchs, B. M., Hoffmann, K., Meier, D., and Meyerdierks,
A. (2016). Ubiquitous Gammaproteobacteria dominate dark carbon fixation in
coastal sediments. ISME J. 10, 1939–1953. doi: 10.1038/ismej.2015.257

Egan, S., Harder, T., Burke, C., Steinberg, P., Kjelleberg, S., and Thomas, T.
(2013). The seaweed holobiont: Understanding seaweed-bacteria interactions.
FEMS Microbiol. Rev. 37, 462–476. doi: 10.1111/1574-6976.12011

Egge, E. S., Johannessen, T. V., Andersen, T., Eikrem, W., Bittner, L., and Larsen,
A. (2015). Seasonal diversity and dynamics of haptophytes in the Skagerrak.
Norway, explored by high-throughput sequencing. Mol. Ecol. 24, 3026–3042. doi:
10.1111/mec.13160

Falkowski, P. G., Barber, R. T., and Smetacek, V. V. (1998). Biogeochemical
controls and feedbacks on ocean primary production. (cover story). Science 281,
200–207. doi: 10.1126/science.281.5374.200

Flombaum, P., Gallegos, J. L., Gordillo, R. A., Rincón, J., and Martiny, A. C.
(2013). Present and future global distributions of the marine Cyanobacteria
Prochlorococcus and Synechococcus. Proc. Natl. Acad. Sci. 110, 9824–9829. doi:
10.1073/pnas.1307701110

Fu, Y., Zheng, P., Zhang, X., Zhang, Q., and Ji, D. (2020). Protist interactions and
seasonal dynamics in the coast of yantai, northern yellow sea of china as revealed
by metabarcoding. J. Ocean Univ. China 19, 961–974.

Fuhrman, J. A., Cram, J. A., and Needham, D. M. (2015). Marine microbial
community dynamics and their ecological interpretation. Nat. Rev. Microbiol. 13,
133–146.

Gestel, N. C., Ducklow, H. W., and Bååth, E. (2020). Comparing temperature
sensitivity of bacterial growth in Antarctic marine water and soil. Glob. Change
Biol. 26, 2280–2291. doi: 10.1111/gcb.15020

Gilbert, J. A., Field, D., Swift, P., Newbold, L., and Joint, I. (2010). The seasonal
structure of microbial communities in the western english channel. Environ.
Microbiol. 11, 3132–3139.

Goecke, F., Labes, A., Wiese, J., and Imhoff, J. F. (2010). Chemical interactions
between marine macroalgae and bacteria. Marine Ecol. Prog. Ser. 409, 267–299.

Gusareva, E. S., Acerbi, E., Kjx, Lau, Luhung, I., and Schuster, S. C. (2019).
Microbial communities in the tropical air ecosystem follow a precise diel cycle.
Proc. Natl. Acad. Sci. U. S. A. 116, 23299–23308. doi: 10.1073/pnas.19084
93116

Hehemann, J. H., Correc, G., Thomas, F., Bernard, T., Barbeyron, T., Jam, M.,
et al. (2012). Biochemical and structural characterization of the complex agarolytic
enzyme system from the marine bacterium Zobellia galactanivorans. J. Biol. Chem.
287, 30571–30584.

Hellweger, F. L., Van Sebille, E., and Fredrick, N. D. (2014). Biogeographic
patterns in ocean microbes emerge in a neutral agent-based model. Science 345,
1346–1349. doi: 10.1126/science.1254421

Hubbard, T. P., Chao, M. C., Abel, S., Blondel, C. J., Abel Zur Wiesch, P., Zhou,
X., et al. (2016). Genetic analysis ofVibrio parahaemolyticusintestinal colonization.
Proc. Natl. Acad. Sci. 113, 6283–6288.

Ian, J., and Smale, D. A. (2017). Marine heatwaves and optimal temperatures
for microbial assemblage activity. FEMS Microbiol. Ecol. 93, fiw243. doi: 10.1093/
femsec/fiw243

Jiao, N., Herndl, G. J., Hansell, D. A., Benner, R., Kattner, G., Wilhelm, S. W.,
et al. (2010). Microbial production of recalcitrant dissolved organic matter: long-
term carbon storage in the global ocean. Nat. Rev. Microbiol. 8:593.

Frontiers in Microbiology 13 frontiersin.org

https://doi.org/10.3389/fmicb.2022.988743
https://www.frontiersin.org/articles/10.3389/fmicb.2022.988743/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.988743/full#supplementary-material
https://doi.org/10.3390/microorganisms9061291
https://doi.org/10.3390/microorganisms9061291
https://doi.org/10.3389/fmars.2017.00222
https://doi.org/10.3389/fmars.2017.00222
https://doi.org/10.1111/j.1472-765X.2006.01989.x
https://doi.org/10.1111/j.1472-765X.2006.01989.x
https://doi.org/10.1890/11-1204.1
https://doi.org/10.1890/11-1204.1
https://doi.org/10.1111/mec.14496
https://doi.org/10.1016/j.tplants.2020.07.016
https://doi.org/10.1016/j.tplants.2020.07.016
https://doi.org/10.1038/s41893-021-00773-9
https://doi.org/10.1038/s41893-021-00773-9
https://doi.org/10.3389/fmars.2017.00100
https://doi.org/10.1038/ismej.2015.257
https://doi.org/10.1111/1574-6976.12011
https://doi.org/10.1111/mec.13160
https://doi.org/10.1111/mec.13160
https://doi.org/10.1126/science.281.5374.200
https://doi.org/10.1073/pnas.1307701110
https://doi.org/10.1073/pnas.1307701110
https://doi.org/10.1111/gcb.15020
https://doi.org/10.1073/pnas.1908493116
https://doi.org/10.1073/pnas.1908493116
https://doi.org/10.1126/science.1254421
https://doi.org/10.1093/femsec/fiw243
https://doi.org/10.1093/femsec/fiw243
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-988743 September 1, 2022 Time: 15:6 # 14

Xu et al. 10.3389/fmicb.2022.988743

Kessler, R. W., Weiss, A., Kuegler, S., Hermes, C., and Wichard, T.
(2018). Macroalgal– bacterial interactions: role of dimethylsulfoniopropionate in
microbial gardening by Ulva (Chlorophyta). Mol. Ecol. 27, 1808–1819.

Kopprio, G. A., Cuong, L. H., Luyen, N. D., Duc, T. M., Ha, T. H., and Huong,
L. M. (2021). Carrageenophyte-attached and planktonic bacterial communities in
two distinct bays of Vietnam: Eutrophication indicators and insights on ice-ice
disease - ScienceDirect. Ecol. Indicat. 121:107067.

Krause-Jensen, D., Marba, N., Sanz-Martin, M. I, Hendriks, E., Thyrring, J.,
Carstensen, J., et al. (2016). Long photoperiods sustain high pH in Arctic kelp
forests. Sci. Adv. 2:e1501938. doi: 10.1126/sciadv.1501938

Lancelot, C. (1984). Extracellular release of small and large molecules by
phytoplankton in the Southern Bight of the North Sea. Estuar. Coast. Shelf Sci.
18, 65–77.

Langenheder, S., and Székely, A. J. (2011). Species sorting and neutral processes
are both important during the initial assembly of bacterial communities. ISME J.
5:1086. doi: 10.1038/ismej.2010.207

Lee, H. W., Roh, S. W., Shin, N. R., Lee, J., Whon, T. W., Jung, M. J., et al.
(2013). Blastopirellula cremea sp. nov., isolated from a dead ark clam. Int. J. Syst.
Evol. Microbiol. 63, 2314–2319. doi: 10.1099/ijs.0.044099-0

Logue, J. B., and Lindstrom, E. S. (2010). Species sorting affects bacterioplankton
community composition as determined by 16S rDNA and 16S rRNA fingerprints.
ISME J. 4, 729–738. doi: 10.1038/ismej.2009.156

Lønborg, C., Carreira, C., Jickells, T., and Álvarez-Salgado, X. A. (2020). Impacts
of global change on ocean dissolved organic carbon (DOC) cycling. Front. Marine
Sci. 7:466. doi: 10.3389/fmars.2020.00466

López-Pérez, M., Haro-Moreno, J. M., Iranzo, J., and Rodriguez-Valera, F.
(2020). Genomes of the " candidatus actinomarinales" order: Highly streamlined
marine epipelagic actinobacteria. mSystems 5, e1041–e1020. doi: 10.1128/
mSystems.01041-20

Lozupone, C. A., and Knight, R. (2007). Global patterns in bacterial diversity.
Proc. Natl. Acad. Sci. U. S. A. 104, 11436–11440.

Lu, H., Sato, Y., Fujimura, R., Nishizawa, T., Kamijo, T., and Ohta, H.
(2011). Limnobacter litoralis sp. nov., a thiosulfate-oxidizing, heterotrophic
bacterium isolated from a volcanic deposit, and emended description of the genus
Limnobacter. Int. J. Syst. Evol. Microbiol. 61, 404–407. doi: 10.1099/ijs.0.020206-0

Luo, H., Wang, Q., Liu, Z., Wang, S., Long, A., and Yang, Y. (2020). Potential
bioremediation effects of seaweed Gracilaria lemaneiformis on heavy metals in
coastal sediment from a typical mariculture zone. Chemosphere 245, 125636. doi:
10.1016/j.chemosphere.2019.125636

Miranda, L. N., Hutchison, K., Grossman, A. R., Brawley, S. H., and Neufeld, J.
(2013). Diversity and abundance of the bacterial community of the red macroalga
Porphyra umbilicalis: Did bacterial farmers produce macroalgae? PLoS One
8:e58269. doi: 10.1371/journal.pone.0058269

Morán, X. A. G., Gasol, J. M., Pernice, M. C., Mangot, J. F., Massana, R., Lara,
E., et al. (2017). Temperature regulation of marine heterotrophic prokaryotes
increases latitudinally as a breach between bottom-up and top-down controls.
Glob. Chang. Biol. 23, 3956–3964. doi: 10.1111/gcb.13730

Nedashkovskaya, O. I., Kukhlevskiy, A. D., and Zhukova, N. V. (2013).
Polaribacter reichenbachii sp. nov: A new marine bacterium associated with the
green alga Ulva fenestrata. Curr. Microbiol. 66, 16–21. doi: 10.1007/s00284-012-
0200-x

Pei, P., Aslam, M., Du, H., Liang, H., Wang, H., Liu, X., et al. (2021).
Environmental factors shape the epiphytic bacterial communities of Gracilariopsis
lemaneiformis. Sci. Rep. 11:8671. doi: 10.1038/s41598-021-87977-3

Ragueneau, O., Savoye, N., Del Amo, Y., Cotten, J., Tardiveau, B., and Leynaert,
A. (2005). A new method for the measurement of biogenic silica in suspended
matter of coastal waters: Using Si:Al ratios to correct for the mineral interference.
Continent. Shelf Res. 25, 697–710.

Reis, A. M., Araújo, S. D. Jr., Moura, R. L., Francini-Filho, R. B., Pappas, G.
Jr., Coelho, A. M., et al. (2009). Bacterial diversity associated with the Brazilian

endemic reef coral Mussismilia braziliensis. J. Appl. Microbiol. 106, 1378–1387.
doi: 10.1111/j.1365-2672.2008.04106.x

Roth-Schulze, A. J., Zozaya-Valdés, E., Steinberg, P. D., and Thomas, T. (2016).
Partitioning of functional and taxonomic diversity in surface-associated microbial
communities. Environ. Microbiol. 18, 4391–4402. doi: 10.1111/1462-2920.
13325

Sakai, T., Kimura, H., and Kato, I. (2002). A marine strain of flavobacteriaceae
utilizes brown seaweed fucoidan. Marine Biotechnol. 4, 399–405. doi: 10.1007/
s10126-002-0032-y

Selvarajan, R., Sibanda, T., Venkatachalam, S., Ogola, H. J. O., Christopher
Obieze, C., and Msagati, T. A. (2019). Distribution, interaction and functional
profiles of epiphytic bacterial communities from the rocky intertidal seaweeds,
South Africa. Sci. Rep. 9:19835. doi: 10.1038/s41598-019-56269-2

Semblante, G. U., Phan, H. V., Hai, F. I., Xu, Z. Q., and Long, D. N. (2017).
The role of microbial diversity and composition in minimizing sludge production
in the oxic-settling-anoxic process. Sci. Total Environ. 607-608, 558–567. doi:
10.1016/j.scitotenv.2017.06.253

Singh, R. P., and Reddy, C. R. (2015). Unraveling the functions of the macroalgal
microbiome. Front. Microbiol. 6:1488. doi: 10.3389/fmicb.2015.01488

Spiers, A. J., Buckling, A., and Rainey, P. B. (2000). The causes of Pseudomonas
diversity. Microbiology 146, 2345–2350.

Thornton, D. C. O. (2014). Dissolved organic matter (DOM) release by
phytoplankton in the contemporary and future ocean. Eur. J. Phycol. 49, 20–46.

Wada, S., and Hama, T. (2013). The contribution of macroalgae to
the coastal dissolved organic matter pool. Estuarine Coast. Shelf Sci. 129,
77–85.

Wang, W., Wu, L., Xu, K., Xu, Y., Ji, D., Chen, C., et al. (2020). The cultivation of
Pyropia haitanensis has important impacts on the seawater microbial community.
J. Appl. Phycol. 32, 2561–2573.

Wegley Kelly, L., Nelson, C. E., Petras, D., Koester, I., Quinlan, Z. A., Arts,
M. G. I., et al. (2022). Distinguishing the molecular diversity, nutrient content,
and energetic potential of exometabolomes produced by macroalgae and reef-
building corals. Proc. Natl. Acad. Sci. U. S. A. 119:e2110283119. doi: 10.1073/pnas.
2110283119

Wood, G., Steinberg, P. D., Campbell, A. H., Verges, A., Coleman, M. A., and
Marzinelli, E. M. (2022). Host genetics, phenotype and geography structure the
microbiome of a foundational seaweed. Mol. Ecol. 31, 2189–2206. doi: 10.1111/
mec.16378

Xiao, X., Agusti, S., Yu, Y., Huang, Y., Chen, W., Hu, J., et al. (2021). Seaweed
farms provide refugia from ocean acidification. Sci. Total Environ. 776:145192.
doi: 10.1016/j.scitotenv.2021.145192

Xie, X., He, Z., Hu, X., Yin, H., Liu, X., and Yang, Y. (2017). Large-scale seaweed
cultivation diverges water and sediment microbial communities in the coast of
Nan’ao Island, South China Sea. Sci. Total Environ. 598, 97–108. doi: 10.1016/j.
scitotenv.2017.03.233

Yakimov, M. M., Cappello, S., Risafi, E. C., Tursi, A., Savini, A., Corselli, C.,
et al. (2006). Phylogenetic survey of metabolically active microbial communities
associated with the deep-sea coral Lophelia pertusa from the Apulian plateau,
Central Mediterranean sea. Deep Sea Res. Part I Oceanogr. Res. Papers 53,
62–75.

Yang, Y., Chai, Z., Wang, Q., Chen, W., He, Z., and Jiang, S. (2015).
Cultivation of seaweed Gracilaria in Chinese coastal waters and its contribution
to environmental improvements. Algal Res. 9, 236–244.

Yue, L., Kong, W., Ji, M., Liu, J., and Morgan-Kiss, R. M. (2019). Community
response of microbial primary producers to salinity is primarily driven by
nutrients in lakes. Sci. Total Environ. 696:134001. doi: 10.1016/j.scitotenv.2019.
134001

Zhang, Y., Xu, N., Li, H., and Li, Z. (2021). Evaluation of the correlation of
Sargassum fusiforme cultivation and biodiversity and network structure of marine
bacteria in the coastal waters of Dongtou Island of China. Aquaculture 544:737057.

Frontiers in Microbiology 14 frontiersin.org

https://doi.org/10.3389/fmicb.2022.988743
https://doi.org/10.1126/sciadv.1501938
https://doi.org/10.1038/ismej.2010.207
https://doi.org/10.1099/ijs.0.044099-0
https://doi.org/10.1038/ismej.2009.156
https://doi.org/10.3389/fmars.2020.00466
https://doi.org/10.1128/mSystems.01041-20
https://doi.org/10.1128/mSystems.01041-20
https://doi.org/10.1099/ijs.0.020206-0
https://doi.org/10.1016/j.chemosphere.2019.125636
https://doi.org/10.1016/j.chemosphere.2019.125636
https://doi.org/10.1371/journal.pone.0058269
https://doi.org/10.1111/gcb.13730
https://doi.org/10.1007/s00284-012-0200-x
https://doi.org/10.1007/s00284-012-0200-x
https://doi.org/10.1038/s41598-021-87977-3
https://doi.org/10.1111/j.1365-2672.2008.04106.x
https://doi.org/10.1111/1462-2920.13325
https://doi.org/10.1111/1462-2920.13325
https://doi.org/10.1007/s10126-002-0032-y
https://doi.org/10.1007/s10126-002-0032-y
https://doi.org/10.1038/s41598-019-56269-2
https://doi.org/10.1016/j.scitotenv.2017.06.253
https://doi.org/10.1016/j.scitotenv.2017.06.253
https://doi.org/10.3389/fmicb.2015.01488
https://doi.org/10.1073/pnas.2110283119
https://doi.org/10.1073/pnas.2110283119
https://doi.org/10.1111/mec.16378
https://doi.org/10.1111/mec.16378
https://doi.org/10.1016/j.scitotenv.2021.145192
https://doi.org/10.1016/j.scitotenv.2017.03.233
https://doi.org/10.1016/j.scitotenv.2017.03.233
https://doi.org/10.1016/j.scitotenv.2019.134001
https://doi.org/10.1016/j.scitotenv.2019.134001
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Cultivation of different seaweed species and seasonal changes cause divergence of the microbial community in coastal seawaters
	Introduction
	Materials and methods
	Description of sampling sites
	Sample collection and environmental data
	DNA extraction, PCR amplification, and Illumina novaseq 6000 sequencing
	Data processing based on bioinformatics and statistical analysis

	Results
	Effects of seaweed cultivation on chemical properties of seawater
	General descriptions of 16 and 18S rRNA gene amplicons
	Overall microbial community diversity and structure
	Changes of dominant microbial taxa in response to seaweed cultivation
	Similarity analyses
	Relationships between microbial community structures and seawater properties

	Discussion
	Bioremediation potential of seaweed cultivation for environmental improvement
	Seaweed cultivation altered the microbial community composition and structure
	Enriched microbial groups in response to different seaweed cultivation
	Seasonal variation of the microbial community

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


