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Abstract

Microorganisms play important roles in the growth and development of macroalgae. Still, the biodiversity of the epiphytic
microbial community associated with the economically important red alga Pyropia haitanensis during the cultivation period
remains uncharacterized, especially the effects of P. haitanensis cultivation on the microbial community of surrounding seawater.
Here, we isolated epiphytic microbes from P. haitanensis during the thallus stage during oceanic cultivation and the conchocelis
stage during industrial cultivation. The dynamic diversity patterns, as determined by 16S and 18S rRNA gene sequencing of the
bacterial and fungal communities, respectively, associated with P. haitanensis and seawater in the presence and absence of algal
cultivation were investigated. A notable distinction was observed between the microbial communities of seawater with and
without P, haitanensis cultivation. Additionally, the alpha-diversity of seawater with P. haitanensis cultivation was significantly
greater than without P. haitanensis cultivation. Cyanobacteria were the dominant species in the latter, while Rhodobacteraceae
was enriched in the former. Furthermore, there were significant differences in the microbial community of P. haitanensis at the
thallus and conchocelis stages. Seawater properties had significant direct effects on the microbial diversity of P. haitanensis and
cultivation seawater, but not on non-cultivation seawater. The enriched microbial presence might promote thallus morphogenesis
and be beneficial for the growth and development of both the thallus and conchocelis stages. These findings expand our
knowledge of the bacteria and fungi that are beneficial for Pyropia nursery seeding and cultivation, as well as the effects of
P, haitanensis cultivation on the seawater microbial community.
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Introduction

Microbes are widely distributed in seawater and selectively
enrich the phycosphere (Bell and Mitchell 1972). These mi-
crobes can form communities with unique functions and struc-
tures, which may play important roles in marine food webs
and biogeochemical cycles (Cole 1982; Armstrong et al.
2001; Farooq and Francesca 2007). Additionally, host
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microbe interactions play crucial roles in marine ecosystems
(Egan et al. 2013; Dittami et al. 2019); van der Loos et al.
2019. The interactions of bacteria with algae have evolved as
the result of the mutual exploitation of signals in the environ-
ment, such that the Roseovarius sp. MS2 and Maribacter sp.
MS6 strains release morphogenetic compounds and ensure
proper thallus morphogenesis of Ulva mutabilis (Kessler
et al. 2018). Moreover, the surfaces of seaweeds also provide
a habitat for microbial communities (Beleneva and Zhukova
2006; De Mesquita et al. 2019). The cultivation area of eco-
nomically important seaweeds in China comprised about
145,000 ha in 2017 (China Fishery Bureau 2018). Thus, the
microbes of seaweeds are an important component of marine
ecosystems on the Chinese coastline, and interactions between
cultivated seaweed and seawater may shape the marine micro-
bial community.

The red alga Pyropia haitanensis, which naturally inhabits
the coastal waters of southern China, has been extensively
cultured in the Fujian, Zhejiang, and Guangdong provinces
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for more than 50 years. Its cultivation accounts for more than
70% of all Pyropia production in China (China Fishery
Bureau 2018). The total annual harvest and cultivation area
of P. haitanensis were about 116,000 t (dry weight) and
29,000 ha in the aforementioned three provinces in 2017.
The annual life cycle of P. haitanensis consists of a thallus
stage, which is subject to marine aquaculture in the cool sea-
son (from September to December), and a shell-living
conchocelis stage, which is cultivated in industrial seedling
nurseries in the hot season (from January to August) (Zeng
1985; Blouin et al. 2011). During the conchocelis stage, the
filamentous conchocelis develops into sporangial branchlets
from which conchospores are released. Subsequently, during
conchospore germination, meiotic division gives rise to a
four-celled thallus to initiate the thallus stage for oceanic cul-
tivation. The thallus and conchocelis stages are entirely differ-
ent in morphology, longevity, ploidy, and living environment
between thallus stage and conchocelis stage. Therefore, mi-
crobes may play different roles during different cultivation
stages of P. haitanensis.

Recently, attempts have been made to elucidate the rela-
tionship between Pyropia and the epiphytic microbial com-
munity. For example, an analysis of the epiphytic microbial
community of P. haitanensis thalli using the denaturing gra-
dient gel electrophoresis method revealed that the microbial
community varied based on growth form, culture time, and
environment (Shen et al. 2013). Microbial communities on
Pyropia yezoensis thalli and in seawater were significantly
different when infected with the oomycetic genus Pythium
(Yan et al. 2019). In addition, industrial cultivation of the
conchocelis stage is also an important component of the
Pyropia industry. Gai and Zhang (2016) observed significant
differences between the microbial community compositions
of healthy and diseased shell-living conchocelis of
P. yezoensis using next-generation sequencing. However,
these studies focused on the impacts of pathogenic bacteria
on the microbial community of Pyropia. Whether the epiphyt-
ic microbial community associated with P. haitanensis differs
between different stages of its life cycle is unknown.

In this study, we used high-throughput sequencing based
on 16S rRNA gene and 18S rRNA gene to explore the dy-
namics of the microbial community on P. haitanensis during
the entire cultivation period and the effects of P. haitanensis
cultivation on the seawater microbial community. The sam-
ples were collected from all the important stages of the life
cycle, including both the conchocelis stage (filamentous
conchocelis, sporangial branchlets, and conchospores) and
the thallus stage (young, adult, mature, and advanced mature
thalli). Our main objectives were as follows: (i) to explore the
dynamics of the microbial community on P. haitanensis dur-
ing different life stages, (ii) to explore the effects of Pyropia
cultivation on the microbial community in surrounding sea-
water, and (iii) to investigate the interactions between the
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seaweed and epiphytic microbes during the cultivation of
P haitanensis. Taken together, these findings will enhance
our understanding of the interactions between seawater and
P, haitanensis, and the dynamics diversity changes in the mi-
crobial community during the cultivation of P. haitanensis.

Materials and methods
Sample collection

Conchocelis-stage samples were collected from a nursery
farm at Ningde City, Fujian Province, China. The filamentous
conchocelis and sporangial branchlets growing inside calcium
carbonate shells were scraped from the shell surface with a
sterilized trowel. Each sample was collected from 30 to 50
shells. The shells with mature conchocelis were stimulated
with flowing seawater by hanging from a boat overnight for
about 12 h and then moved to the laboratory and placed
upside-down on sterilized Petri dishes to encourage the release
of conchospores. Thallus-stage samples were obtained from
the coast at Quanzhou City, Fujian province, China. Young
thalli (1-3 cm), adult thalli (20-30 cm), mature thalli bearing
antheridia or carpogonia, and advanced mature thalli
(decaying thalli after the formation and release of carpospores)
were collected from culture ropes. Three biological replicates
from each sample were used for subsequent experiments. All
the samples were stored at — 20 °C until analysis.

Three cultivation seawater samples, three non-cultivation
seawater samples, and three algal samples were collected for
each of the afore-mentioned seven life cycle stages. These
samples were collected concurrently. For the conchocelis
stage, cultivation seawater was sampled from the culture
ponds of the nursery farm, whereas non-cultivation seawater
was collected from a reservoir that was used as the seawater
source for the culture pond. For the thallus stage, cultivation
seawater was collected from around the thalli, whereas non-
cultivation seawater was collected ~ 100 m from the culture
area. Two liters of each sample were passed through 0.22-pum
microporous filter paper and stored at —20 °C until analysis.

DNA extraction and PCR amplification

The filter papers used for the seawater samples were cut into
small pieces and placed in a 50-mL centrifuge tube. Extraction
buffer (4 g CTAB, 16.4 g NaCl, 20 mL of 1 M Tris-HCI, 8 mL
0of 0.5 M EDTA, and 200 mL distilled water) was added to the
tube together with 500-mg glass beads. The tube was vortexed
at maximum speed until the sample was thoroughly homoge-
nized. Then, the sample tubes were incubated at 90 °C for
10 min to ensure that all unicellular organisms were lysed.
Subsequently, the tubes were centrifuged at 4000xg for
10 min at 4 °C. The clear supernatant was transferred to a
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new tube, and an equal volume of phenol/chloroform/isoamyl
alcohol (25:24:1) was added. The liquid phase was removed
and extracted with an equal volume of chloroform/isoamyl
alcohol (24:1). Next, 50 mL of 3 M sodium acetate was added
together with a 60% volume of isopropanol to the solvent
phase. The solution was then incubated at — 20 °C overnight.
The DNA was pelleted (13,000xg, 15 min) and washed with
70% ethanol. An identical extraction procedure was used for
the conchocelis, thallus, and seawater samples.

The hypervariable V4-V5 regions of the 16S and 18S
rRNA genes were amplified using the primers 338F (5'-
ACTCCTACGGGAGGCAGCAG-3") and 806R (5'-GGAC
TACHVGGGTWTCTAAT-3") (Zhu et al. 2016) and the
primers SSUO817F (5'-TTAGCATGGAATAA
TRRAATAGGA-3') and 1196R (5-TCTGGACCTGGTGA
GTTTCC-3") (Rousk et al. 2010), respectively. The PCR re-
actions were performed in a 50-pL volume containing 1x
PCR buffer (20 mM Tris-HCI, 50 mM KCI, pH 8.4),
5.0 mM MgCl,, 0.5 uM of each primer, 200 uM of each
dNTP, 4 uL. DNA templates, and 2.5 U Taq polymerase.
The PCR reactions for amplifying 16S and 18S rRNA genes
were conducted using the following program: 3 min of dena-
turation at 95 °C, 27 cycles of 30 s at 95 °C, 30 s for annealing
at 55 °C, and 45 s for elongation at 72 °C, followed by a final
extension at 72 °C for 10 min.

lllumina MiSeq sequencing

The PCR products were extracted from 2% agarose gel and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, USA) in accordance with the manufacturer’s in-
structions and then quantified using a QuantiFluor ST fluo-
rometer (Promega, USA). Sequencing was performed using
the Illumina MiSeq platform at the Majorbio BioPharm
Technology Co., Ltd., Shanghai, China.

Processing of sequencing data

Data from Illumina sequencing were quality-filtered by
Trimmomatic and merged by FLASH with the following
criteria: (i) the reads were truncated at any site receiving an
average quality score <20 over a 50 bp sliding window; (ii)
sequences whose overlap was longer than 10 bp were merged
according to their overlap with a mismatch of no more than
2 bp; (iii) sequences of each sample were separated according
to barcodes (exactly matching) and primers (allowing 2 nucle-
otide mismatching), and reads containing ambiguous bases
were removed. Operational taxonomic units (OTUs) were
clustered with 97% similarity cutoff using UPARSE (version
7.1 http://drive5.com/uparse/) with a novel “greedy”
algorithm that performs chimera filtering and OTU
clustering simultaneously. The taxonomy of each 16S rRNA
gene sequence was analyzed by the RDP Classifier algorithm

(http://rdp.cme.msu.edu/) against the Silva (SSU123) 16S
rRNA database using a confidence threshold of 70%, and each
18S rRNA gene sequence was analyzed against the silval28/
18S eukaryota database using a confidence threshold of 70%
(Vilo and Dong 2012). The alpha-diversity level of microbial
community was described for each sample using the metrics
Chaol and Shannon (Hartmann and Widmer 2006).

Structural equation models (SEMs) were used to evaluate
direct and indirect effects of seawater properties, microbial
diversity of Pyropia haitanensis and seawater without
Pyropia cultivation on the microbial diversity of cultivation
seawater (Eisenhauer et al. 2015). All the data used in the
SEMs was standardized using Z scores. A covariance matrix
was calculated by pairwise correlations using SPSS statistical
software (version 20, SPSS Inc.,, USA) and was then
imported into AMOS 21 (SPSS Inc.) for SEMs construction
using maximum likelihood estimation. Goodness-of-fit index
(N0.90), X2 test (P NO0.05), and root mean square errors of
approximation (RMSEA b 0.05) were used to test the overall
goodness of the model fit.

A non-metric multidimensional scaling (NMDS) analysis
of Bray—Curtis distance (Kent 2011) and the alpha-diversity
(diversity, richness and evenness) (Hartmann and Widmer
2006) were calculated using the “vegan” package in the R
3.4.0 software for investigating the dissimilarities among sam-
ples and visualized with Orginlab 2019. Adonis tests (Su et al.
2015) were used to determine significant differences among
communities. An analysis of differences between samples was
performed on the I-Sanger online platform (https:/www.i-
sanger.com). All statistical tests using one-way ANOVA test
were conducted by SPSS Software V20.0 (IBM, USA).

Results

Characterization of prokaryotic and eukaryotic
microbial communities of seawater with or
without Pyropia haitanensis cultivation

A total of 4498 OTUs, with 3,085,384 high-quality prokary-
otic sequences, were obtained, in which, 982,608 sequences
of epiphytic microbes on P. haitanensis were distributed
among 3824 OTUs, 1,925,622 cultivation seawater sequences
were distributed among 3633 OTUs, and 2,278,090 non-
cultivation seawater sequences were distributed among 1921
OTUs (Table 1). For the eukaryotic community, 1139 OTUs,
with 3,590,560 high-quality sequences, were obtained, among
which, 1,223,131 sequences of epiphytic microbes on
P haitanensis were distributed among 751 OTUs, 2,044,299
cultivation seawater sequences were distributed among 790
OTUs, and 2,398,942 non-cultivation seawater sequences
were distributed among 617 OTUs (Table 1).
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Table 1 Detailed description of 16S rRNA gene data set and 18S rRNA gene data set during Pyropia haitanensis cultivation
Stage Category P. haitanensis Cultivation Non-cultivation
seawater seawater
All All OUT  Sequence OUT  Sequence OUT  Sequence
ouT sequence number number  number number  number number
number number
16S rRNA Conchocelis Filamentous 1205 155215 1099 146,288 625 149,216
gene stage conchocelis
Sporangial branchlets 752 188,050 1059 144,633 836 160,968
Conchospores 373 179,056 1311 142,280 1508 147,116
4498 3,085,384 All 1600 522,705 2138 433919 2012 457,987
Thallus stage Young thallus 459 132,048 1310 154,446 1156 122,138
Adult thallus 167 176,127 1866 154,898 1702 134,923
Mature thallus 238 152,565 1351 117,351 1318 127,986
Later mature 115 156,641 864 132,464 805 119,334
All 624 617,567 2456 560,548 2284 505,624
In total 3824 982,608 3633 1,925,622 1921 2,278,090
18S rRNA Conchocelis Filamentous 331 159,126 349 154,821 341 187,188
gene stage conchocelis
1139 3,590,560 Sporangial branchlets 151 185,064 239 185,861 150 164,003
Conchospores 322 166,755 399 167,634 196 165,840
All 528 511,037 617 508,407 486 517,062
Thallus stage Young thallus 196 179,419 204 172,671 194 160,233
Adult thallus 301 202,782 247 165,261 60 179,361
Mature thallus 210 146,721 207 175,605 51 168,621
Later mature 181 187,692 183 151,393 69 173,193
All 403 716,769 384 665,089 256 681,424
In total 751 1,223,131 790 2,044,299 617 2,398,942

The alpha-diversity of diversity, evenness, and richness
between the seawater with and without Pyropia cultivation
samples showed that the biodiversity of cultivation seawater
was significantly greater (P <0.01) than that of non-
cultivation seawater, but had no distinction from Pyropia sam-
ples base on the 16S rRNA gene analysis (Fig. 1). For the
eukaryotic microbial diversity, the richness of cultivation sea-
water was also significantly higher (P < 0.01) than that of non-
cultivation seawater (Fig. 1).

An NMDS analysis based on a Bray—Curtis dissimilar-
ity matrix revealed significant (P <0.001) differences be-
tween the seawater with and without Pyropia cultivation
samples at prokaryotic and eukaryotic microbial level
(Fig. 2). Additionally, the thallus and conchocelis stages
among cultivation seawater samples were also significant-
ly (P<0.001) distinctive and clustered with the thallus
and conchocelis stages of Pyropia samples, respectively
(Fig. 2).

The differences in the bacterial and eukaryotic community
compositions between the seawater with and without Pyropia
cultivation were further demonstrated in detail at phylum and
family levels. For the bacterial community composition at the
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phylum level, Proteobacteria and Cyanobacteria were the
dominant species among seawater samples. Cyanobacteria
were present at a greater level in the non-cultivation seawater
compared with in the cultivation seawater during the thallus
stage, while Bacteroidetes, Actinobacteria, and Proteobacteria
were present at greater levels in the cultivation seawater com-
pared with in the non-cultivation seawater (Fig. 3). For the
eukaryotic community composition at the phylum level,
Ciliophora, SAI-3C06, and Cryptophyta were present higher
levels in Pyropia cultivation seawater than in the seawater
without thallus cultivation, while Ascomycota were higher
in seawater without conchocelis cultivation than in cultivation
seawater (Fig. 3).

The compositions of bacterial and eukaryotic communities
in the seawater with and without Pyropia cultivation during
the thallus and conchocelis stages at family level (with > 1%
relative abundance) are shown in Fig. 4. For the bacterial
community, during the conchocelis stage, Rhodobacteraceae,
Flavobacteriaceae, Oceanospirillaceae, Litoricolaceae,
Saprospiraceae, Rhodospirillaceae, Hyphomonadaceae, and
Alteromonadaceae were significantly higher (P < 0.05) in cul-
tivation seawater than in non-cultivation seawater (Fig. 4).
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During thallus stage, Rhodobacteraceae, Flavobacteriaceae,
Rhodospirillaceae, Oceanospirillaceae, Methylophilaceae,
and Cryomorphaceae were significantly higher (P <0.05) in
cultivation seawater than in non-cultivation seawater (Fig. 4).
For the eukaryotic community, during conchocelis stage,
Stephanoecidae and Trichocomaceae were significantly
higher (P <0.05) in non-cultivation seawater than in cultiva-
tion seawater (Fig. 4).

The effects of Pyropia haitanensis cultivation
on the microbial community in surrounding seawater

One important capability of SEM is to partition direct and
indirect effects that one variable may have on another. Our
models explained 18 and 60% of the variances found in pat-
terns of bacterial diversity on P. haitanensis and in seawater
without Pyropia cultivation, respectively (Fig. 5a). However,
for the bacterial diversity in the cultivation seawater, 22% of
the variance was explained by our model. Seawater properties
had a direct positive effect on P. haitanensis bacterial diversity
(A=0.42%, P<0.05), which strongly positively affected the
cultivation seawater bacterial diversity (A=0.46*, P<0.05;
Fig. 5a). In addition, seawater properties had a direct negative
effect on bacterial diversity in non-cultivation seawater (A =

—0.78*%*%* P <0.05), but this had no significantly direct effect
on cultivation seawater bacterial diversity (Fig. 5a). For the
eukaryotic community, our models explained 43 and 7% of
the variances found in patterns of eukaryotic diversity on
P, haitanensis and in the seawater without Pyropia cultivation,
respectively (Fig. Sb). However, for the eukaryotic diversity
of cultivation seawater, 81% of the variance was explained by
our model. Seawater properties had a direct positive effect on
P haitanensis eukaryotic diversity (A=0.66%*, P<0.01),
which strongly positively affected cultivation seawater eu-
karyotic diversity (A=0.75*%** P <0.001; Fig. 5b).
However, seawater properties had no significantly direct ef-
fects on the eukaryotic diversity of the seawater with and
without Pyropia cultivation. The eukaryotic diversity in non-
cultivation seawater also had no significantly direct effect on
the eukaryotic diversity in cultivation seawater (Fig. 5b).

Characterization of prokaryotic and eukaryotic
microbial communities of Pyropia haitanensis
during different cultivation stages

To evaluate the biodiversity at the same sequencing depth,
34,200 bacterial sequences and 45,602 eukaryotic sequences
per sample were randomly selected to generate rarefaction
curves. The alpha-diversity (Fig. 6) showed a distinct level
of epiphytic microbes on P. haitanensis among different cul-
tivation stages based on diversity, richness and evenness. For
the bacterial community, adult thallus showed the highest di-
versity and richness levels compared with other cultivation
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Fig. 5 Structural equation models show the direct and indirect effects of
seawater properties, bacterial (a) and eukaryotic (b) diversity of Pyropia
haitanensis and seawater without Pyropia cultivation on the microbial
bacterial (a) and eukaryotic (b) diversity of seawater with Pyropia
cultivation. Solid and dashed arrows indicate significant and non-
significant relationships, respectively. Numbers adjacent to the arrows
are path coefficients, and the width of the arrows is proportional to the
strength of the path coefficients. R* denotes the proportion of variance
explained. Significance levels are indicated: *P <0.05, **P<0.01 and
#*%P < (.001. Standardized effects (total, direct, and indirect effects) are
derived from the structural equation models. The hypothetical models fit
our data well: x* = 0.658, P=0.417, CFI = 1, GFI = 0.984, and RMSEA
<0.001 (a); x*=1.381, P=0.240, CFI=0.991, GFI=0.968, and
RMSEA <0.001 (b)

stages. For the eukaryotic community, cochospores exhibited
the highest diversity and evenness levels compared with other
cultivation stages (Fig. 6).

Variations in the bacterial community composition, visual-
ized by the NMDS analysis based on a Bray—Curtis dissimi-
larity matrix, revealed a significant difference (P < 0.001) be-
tween the thallus and conchocelis stages of epiphytic bacterial
and eukaryotic community on P. haitanensis (Fig. 7).
Additionally, different developmental periods among the thal-
lus or conchocelis stages of epiphytic bacterial on
P haitanensis were also separated, as were those of the eu-
karyotic community (Fig. 7).
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Fig. 6 Alpha-diversity (diversity, evenness, and richness) of bacterial and eukaryotic communities among epiphytic microbe samples from different

stages of Pyropia haitanensis cultivation

Shifts in the bacterial and eukaryotic community composi-
tion were demonstrated in detail by examining community
compositions at phylum and family levels. At the phylum
level, Proteobacteria, Cyanobacteria, and Bacteroidetes were
dominant among the epiphytic bacterial community on
P, haitanensis during the entire cultivation period. Compared
with the conchocelis stage, Proteobacteria decreased during

the thallus stage, while Actinobacteria and Cyanobacteria in-
creased (Fig. 8). Ciliophora and Cryptophyta were the domi-
nant eukaryotic microbes of P. haitanensis during the entire
cultivation stages at phylum level. Compared with the
conchocelis stage, Ciliophora decreased during the thallus
stage, while Cryptophyta increased (Fig. 8). The composition
of the epiphytic bacterial and eukaryotic community on
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Fig. 7 Community structures of microbes based on Bray—Curtis distances during the thallus and conchochelis stages of epiphytic microbes on Pyropia

haitanensis
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Fig. 8 Significant differences in the bacterial and eukaryotic families between the thallus and conchocelis stages of epiphytic microbes on Pyropia
haitanensis were observed. Families with > 1% relative abundances in the thallus and conchocelis stages are presented

P, haitanensis between the thallus and conchocelis stages at
the family level (with > 1% relative abundance) is shown in
Fig. 8. Oceanospirillaceae was present at a significantly higher
level (P <0.05) during the conchocelis stage than the thallus
stage, while Acidimicrobiaceae, SAR116_clade and
SAR86 clade were present at significantly higher levels
(P <0.05) during the thallus stage than the conchocelis stage.
Among the fungal community members on P. haitanensis, the
level of Choreotrichia was significantly higher (P < 0.05) dur-
ing the thallus stage than the conchocelis stage (Fig. 8).

Conversely, Choanoflagellida, Cryptophyceae,
Capsasporidae, and Trichocomaceae were present at signifi-
cantly higher levels (P <0.05) during the conchocelis stage
than the thallus stage (Fig. 8).

Discussion

Macroalgae are living hosts, performing essential and defining
roles in coastal ecosystems (Burke et al. 2011). Microbial
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biofilm communities in the marine environment positively
affect the health, growth, and development of their hosts
(Marshall et al. 2006; Burke et al. 2011). However, studies
concerning the effects of the mariculture of economic red
algae Pyropia on microbial communities are scarce.
Additionally, the Pyropia life cycle contains two clearly dif-
ferent stages: the conchocelis and thallus stages (Blouin et al.
2011). However, the degree of microbial variation between
the two stages is unknown. In the present study, therefore,
deep sequencing was applied to investigate the microorgan-
isms associated with P. haitanensis during the entire cultiva-
tion period.

The effects of P. haitanensis cultivation on the microbial
community of the surrounding seawater The present data
showed that P. haitanensis cultivation had obvious impact
on the microbial community of the surrounding seawater
(Figs. 1, 2, 3, 4, and 5), such that P. haitanensis bacterial
diversity strongly positively affected cultivation seawater bac-
terial diversity and eukaryotic diversity (Fig. 5). Many bacte-
ria were enriched remarkably in P, haitanensis cultivation sea-
water. This result is consistent with the previous study that
Gracilaria lemaneiformis cultivation altered the microbial
community composition and structure in cultivation seawater
(Xie et al. 2017). The surfaces of marine macroalgae support
diverse microbial biofilms (Lemay et al. 2018). The seaweed
can also secrete various organic substances that can be utilized
by bacteria (Singh and Reddy 2014). The algal polysaccha-
rides (e.g., glucose, mannose and galactose) are potential
sources of carbon and energy for numerous marine bacteria
(Goecke et al. 2010; Hehemann et al. 2012). For example,
Proteobacteria are known to digest galactan sulfates in red
algal cell walls (Miranda et al. 2013). Roseovarius can also
use glycerol provided by the marine macroalga Ulva mutabilis
as a carbon source (Kessler et al. 2018). Here we found the
most dominant phylum in seawater was Rhodobacteraceae in
response to P. haitanensis cultivation (Fig. 3).
Rhodobacteraceae, belonging to Alphaproteobacteria, are
key players of biogeochemical cycling and account for up to
30% of bacterial communities in pelagic environments
(Simon et al. 2017). Marine Rhodobacteraceae generally func-
tion in fucoidan desulfonation and the synthesis of the plant
hormones and compatible solutes (e.g., ectoin and carnitine)
(Simon et al. 2017). Additionally, Flavobacteriaceae exhibited
higher abundance in seawater with Pyropia cultivation com-
pared with non-cultivation seawater (Fig. 4), and they have the
capacity to use brown seaweed fucoidan, a mixture of sulfated
fucose-containing polysaccharides (Sakai et al. 2002).
Moreover, Jiao et al. (2010) showed that dissolved organic
matter released by algae can be utilized directly by microbes,
constituting a microbial loop in aquatic ecosystems.
Therefore, P. haitanensis may provide a habitat and nutrients
for microbes able to degrade algal polysaccharides. The
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seaweeds have the capacity to exude organic carbon and nu-
trients, whereas the seawater without seaweed cultivation con-
tains relatively low nutrient concentrations. This might ex-
plain the strong differences in microbial communities between
seawater with and without seaweed cultivation (Pregnall
1983).

In addition to eukaryotes, a dominated fungal species is
Choreotrichia, which provides a key trophic link between
the microbial and macroscopic components of the pelagic
food web (Doherty et al. 2010). This finding indicated the
important role of P. haitanensis cultivation in shaping the
microbial diversity of cultivation seawater.

Differences in the microbial communities during various life
stages of P. haitanensis The annual life cycle of
P haitanensis consists of a thallus stage and a shell-living
conchocelis stage (Zeng 1985; Blouin et al. 2011). These
stages are remarkably distinct in morphology, longevity, ploi-
dy, and living environment. The conchospore develops into
the thallus after undergoing meiosis. Meiosis in P. haitanensis
occurs during the first two divisions of the germinating
conchospore. The initial four cells of a developing
conchosporeling constitute a linear genetic tetrad, resulting
in the formation of chimeric blades of P. haitanensis (Yan
et al. 2005). In the present study, the diversity, evenness and
richness of the bacteria were highest in the adult thallus stage
(Fig. 6). Additionally, the microbial community was obvious-
ly different between conchocelis and thallus stages (Figs. 6, 7,
and 8). Firmicutes and the SAR86 group that belong to uncul-
tured marine y-proteobacterial were enriched in the thallus
stage (Figs. 3 and 8). Interestingly, although the relative abun-
dance of Firmicutes is very high in seawater without sporan-
gial cultivation, it was not detected in sporangia (Fig. 3). This
indicated that Firmicutes play important roles in thallus
growth and development. Firmicutes and Proteobacteria
(Alphaproteobacteria and Gammaproteobacteria) are also
abundant on Porphyra umbilicalis blades collected in differ-
ent seasons (Miranda et al. 2013). Proteobacteria and
Firmicutes are involved in the morphogenesis of the green
alga Ulva by synthesizing the differentiation inducer thallusin
(Matsuo et al. 2005). Roseovarius sp. MS2 is able to sense
dimethylsulfoniopropionate released by Ulva and promote the
subsequent Ulva development and morphogenesis (Kessler
et al. 2018). Matsuo and colleagues (2003) also found that
the normal morphology of Monostroma oxyspermum depends
on the presence of particular bacteria and not on bacteria in
general. Therefore, the present data suggested that the
enriched bacteria might promote Pyropia morphogenesis.
The fungal enrichment results showed that Cryptophyta
was dominant during the thallus stage, while
Choanoflagellida, Cryptophyceae, Capsasporidae, and
Trichocomaceae were enriched during the conchocelis stage.
We also found that seawater properties had a direct positive
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effect on P. haitanensis eukaryotic diversity (A =0.66%*%*,
P <0.01; Fig. 5b). This difference, therefore, may result from
the higher water temperature in the culture ponds during in-
dustrial cultivation of conchocelis compared with the seawater
temperature during oceanic cultivation of thalli. High temper-
ature is known to improve the growth rates of marine fungi. In
addition, the water exchange rate in the conchocelis culture
ponds was lower than that in the ocean, and the slow flow rate
in the ponds may facilitate the accumulation of fungi. Pyropia
disease outbreaks always occur during conchocelis cultiva-
tion, especially in hot summers, and results in serious econom-
ic losses (Guan et al. 2013). Thus, excessive temperature
changes should be prevented and the seawater should be
refreshed in a timely fashion in the culture ponds to protect
conchocelis from disease induced by fungi. Furthermore, the
diversity, evenness, and richness of eukaryotes were the
greatest in the conchospore stage, while they were very low
in the sporangial stage (Fig. 6), even though conchospore are
released after sporangial mature. This might occur because
conchospores are single-celled algae that lack a cell wall
(Fan et al. 2008), which allows epiphytic eukaryotic to easily
parasitize or invade algae and even induce disease (Egan et al.
2013). For example, Olpidiopsis porphyrae utilizes encysted
zoospores to infect Pyropia (Sekimoto et al. 2008). In addi-
tion, some epiphytic and endophytic fungi secrete defensive
compounds to resist invasion from other microorganisms,
such as terpenoids, alkaloids, and lipids, which exhibit anti-
bacterial and antifungal activities (Rateb and Ebel 2011; Egan
etal. 2013). However, the functions of eukaryotes in the alga—
fungus symbiosis require further investigation.

The advantages of microbes for P. haitanensis growth and
development One topic in the macroalgal holobiont is the
advantages of the presence of microbes on macroalgae. For
example, the microbes produce plant growth regulators (e.g.,
indole-3-acetic acid and cytokinins) (Maruyama et al. 1990;
Singh et al. 2011), quorum sensing molecules (Twigg et al.
2014; Singh et al. 2015), and bioactive compounds (e.g., vi-
tamin By,) (Singh et al. 2011; Singh and Reddy 2014). Here,
Bacillaceae were enriched in the seawater with Pyropia culti-
vation (Fig. 4). Isolates of Bacillus species from the rhizo-
sphere of soybean (Glycine max) produce indole-3-acetic acid
and stimulate increased root lengths, shoot lengths, and num-
bers of lateral roots in soybean seedlings (Wahyudi et al.
2011). Furthermore, Bacillus pumilus and B. licheniformis,
isolated from the rhizosphere of alder (Alnus glutinosa), pro-
duce high concentrations of gibberellins to promote host plant
growth (Gutiérrez-Mafero et al. 2001). A Bacillus
megaterium strain promoted the growth of Arabidopsis
thaliana and Phaseolus vulgaris seedlings by regulating cyto-
kinin signal transduction (Ortiz-Castro et al. 2008). Pyropia
haitanensis co-cultured with Bacillus sp. WPySW2 grew bet-
ter than wild type at 20 °C (Xiong et al. 2018). The present

data suggested that Bacillaceac may be applicable as plant
growth and development promoters for Pyropia. Moreover,
Tait et al. (2005) demonstrated that the disruption of quorum
sensing (N-acylhomoserine lactone) in seawater prevents the
attraction of Ulva zoospores to bacterial biofilms.
Additionally, many macroalgae are rich in vitamin By, in-
cluding Pyropia (Nakamura et al. 2013), but vitamin B, can
only be synthesized by prokaryotes. Thus, a mutualistic rela-
tionship has been proposed to exist between vitamin B,-de-
pendent algae and heterotrophic bacteria. In the present study,
Firmicutes were a key factor in the interactions among differ-
ent bacteria in the thallus stage (Fig. 3). Firmicutes are gener-
ally one of the most abundant bacteria on seaweed surfaces
and are potential candidates as producers of vitamin B,
(Singh and Reddy 2014). Pyropia/Porphyra may obtain vita-
min B, from its abundant bacterial epiphytes (Brawley et al.
2017). Thus, the enriched microbial community in the culti-
vation seawater might be beneficial for the development and
growth of the host seaweed (Singh et al. 2011; Singh and
Reddy 2014).

Conclusion

We observed that P. haitanensis harbored phylogenetically
diverse bacteria and eukaryotic organisms during the entire
cultivation period. A distinct shift in the microbial community
composition of P. haitanensis was observed between seawater
with and without Pyropia cultivation as well as between the
oceanic cultivation of thalli and industrial cultivation of
conchocelis. The detected potential candidate bacteria might
promote Pyropia morphogenesis and produce vitamin By, and
various plant hormones that promote the growth and develop-
ment of Pyropia. The present results enhance our knowledge
of the important role of seaweed cultivation in shaping the
microbial diversity of cultivation seawater and the beneficial
bacterial and fungal associations with seaweed.
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