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Abstract

Purpose: To study the structure of the epiphytic bacterial community of the male and female Porphyra haitanensis,
in order to explore the similarities and differences of epiphytic bacterial community structure between dioecious
macroalgae.

Methods: Collection of male and female Porphyra haitanensis from the intertidal zone of Niushan Island, Fujian,
China. Epiphytic bacteria were collected and studied, and the community composition and diversity of epiphytic
bacteria were explored using high-throughput sequencing technology.

Results: There was no significant difference between male and female Porphyra haitanensis on a-diversity and
B-diversity. Proteobacteria and Bacteroidetes were the core microbiota in male and female Porphyra haitanensis. Bac-
teria from the Maribacter (male 14.87%, female 1.66%) and the Tenacibaculum (male 1.44%, female 25.78%) were the
most indicative epiphytic bacterial taxa on male and female Porphyra haitanensis.

Conclusions: Sex differences have some influence on the construction of epiphytic bacterial communities in Por-
phyra haitanensis, but they are not the decisive factors affecting the construction of epiphytic bacterial communities

in Porphyra haitanensis.
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Introduction

A rich and diverse group of microbes lives on macroal-
gae, which play important roles in the lives of their hosts
(Hollants et al. 2013), and the interactions between mac-
roalgae and their epiphytic bacteria are intricate. Mac-
roalgae release many organic substances during growth
(Croft et al. 2005), which are absorbed and utilized by the
surrounding epiphytic bacteria. Some of these organic
substances are metabolized by the bacteria and released
back to the ocean in mineral or other forms, providing
nutrients and essential growth factors for algal growth
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(Florez et al. 2017). Meanwhile, macroalgae could also
produce chemical defense agents (antibacterial com-
pounds such as peroxides) to prevent some bacteria
from adhering (Campbell et al. 2015). Nevertheless,
bacteria have developed metabolic pathways to combat
these chemical defenses (Oliveira et al. 2012), and they
can even inhibit algal growth or disrupt algal cells. The
epiphytic bacteria of macroalgae can be both mutually
beneficial and antagonistic, and they can be selectively
enriched through specific interactions with their host
macroalgae.

There have been many studies on epiphytic bacte-
ria in macroalgae, and it has been shown that the com-
munity structure of epiphytic bacteria in macroalgae is
host-specific and varies among macroalgae. For exam-
ple, Selvarajan (Selvarajan et al. 2019) studied the struc-
ture of epiphytic bacterial communities of eight common

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13213-022-01675-7&domain=pdf

Yang et al. Annals of Microbiology (2022) 72:17

seaweeds growing in the intertidal zone of Cape Verde,
South Africa. The results showed that the bacterial com-
munities of brown algae were similar to those of green
algae, while that of red algae formed an independent
branch. The structure of epiphytic bacterial communi-
ties of the same species also varied across seasons and
geographic regions. Comba Gonzalez (Comba Gonzalez
et al. 2021) studied the epiphytic bacterial communities
of Ulva lactuca growing in Santa Marta, La Punta de La
Loma, Colombia, using the high-throughput sequenc-
ing technique and found that the changes in abundance
of Rhodobacteraceae, Hyphomonadaceae, and Flavo-
bacteriaceae might be due to the increase in seawater
temperature. Roth-Schulze (Roth-Schulze et al. 2018)
studied the community structure of epiphytic bacte-
ria on Ulva lactuca collected from Spain and Australia.
The results showed that the community structures of
epiphytic bacteria on Ulva lactuca collected from Spain
and Australia were different, and the correlation between
them was slight (18% similarity), reflecting the relation-
ship between attenuation and distance, with a decrease
in similarity between microbial communities associated
with an increase in geographical distance. However, most
of the current studies on epiphytic bacteria of macroal-
gae are about monoecious macroalgae, and there are few
studies on the community structure of epiphytic bacteria
of dioecious macroalgae.

Porphyra haitanensis is one of the two main species of
purslane cultivars in China and is abundant in the area
of Pingtan, Fujian. Most of the algae are dioecious, a few
are monoecious, and the male and female individuals can
be distinguished by observing the morphology and color
of the terminal and marginal germ cells (spermatophore
and fruit spores) after the algae have matured (Pan 2006).
It is an ideal object to study the structure of epiphytic
bacterial communities in this particular group of dioe-
cious macroalgae. Therefore, this study was conducted to
investigate the differences in epiphytic bacterial commu-
nity structure between male and female algae of Niushan
Island, Pingtan, Fujian, China, by sequencing epiphytic
bacteria using high-throughput sequencing technology.
The results of this study provide new insights into the
relationship between epiphytic bacteria and dioecious
macroalgae.

Material and methods

Sampling site and sampling male and female Porphyra
haitanensis

The sampling site was in the rocky intertidal zone of
Niushan Island (25°N, 119°E) in Fujian, on January 19,
2020. Three samples from male Porphyra haitanensis,
three from female and three samples from seawater were
collected from same site.
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Samples of epiphytic bacteria of male and female Porphyra
haitanensis

Sample collection of epiphytic bacteria of Porphyra
haitanensis: take the sample of Porphyra haitanensis,
wipe a sample evenly with 10 swabs, put swabs into
sample tube after wiping, quickly put them into dry ice,
take them back to the laboratory and store them in the
refrigerator at -80 °C until DNA is extracted.

Environmental water sample treatment

The seawater around Porphyra haitanensis was col-
lected by sterile sample bottles; 500 mL seawater was
collected for each sample, and filtered through a poly-
carbonate membrane (Millipore, USA) with a pore size
of 0.22 um. The polycarbonate filter membrane rich in
microorganisms was stored in dry ice, frozen and taken
back to the laboratory, and stored in the refrigerator at
— 80 °C until DNA extraction.

16S rDNA high-throughput sequencing

After extracting genomic DNA from the samples, the
V3 + V4 region of 16S rDNA was amplified using the
following specific primers with barcodes: 341F, CCT
ACGGGNGGCWGCAG; 806R, GGACTACHVGGG
TATCTAAT. The PCR amplification products were
then cut, recovered, and quantified using a QuantiF-
luorTM fluorometer. The purified amplicons were sub-
sequently sequenced (PE250) on the Illumina MiSeq
platform according to standard protocols by Guang-
zhou Genedenovo Biotechnology Co., Ltd.

Data analysis

Species were clustered into a taxonomic operational
unit (OTU) using Uparse software (v9.2.64_i86linux32).
The resulting OTUs were taxonomically compared by
Greengenes (gg_13_5) and SILVA (Version 106) data-
bases, and the sequences were sampled using Mothur
software (v.1.39.1) to calculate diversity indices Shannon,
Simpson, Ace, Chaol indices, and p-diversity was cal-
culated and subjected to NMDS analysis. The resulting
high-throughput sequencing data were clustered accord-
ing to OTU classification to analyze species diversity at
the phylum level, phylum level, and genus level, respec-
tively. Differential inter-group analysis was performed
using LEFse software (v1.0). The accession numbers for
sequencing data presented is PRINA 776695.

Results

Sequencing summary by 16S rRNA high-throughput
sequencing

A total of 1,146,486 tags were obtained. After quality
control, a total of 1,119,154 effective tags were retrieved
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(Table S1), and these samples were assigned to a total
of 3310 OTUs. The rarefaction analyses indicated that
the diversity of all samples was well represented by the
number of sequences analyzed (Figure S1). The bacte-
rial sequences in the female and male microbial com-
munities were clustered into 1335 and 1666 OTUs at
a 97% sequence similarity, respectively. The bacterial
sequences in the microbial community in the surround-
ing seawater were clustered into 1453 OTUs with 97%
sequence similarity (Figure S2).

Sexual differences in a-diversity and B-diversity

The results of a-diversity and (B-diversity showed that
there was no significant gender difference (p > 0.05) in
the diversity of Porphyra haitanensis (Figs. 1 and 2), but
the epiphytic bacterial communities were clustered sepa-
rately according to gender (Fig. 3).

Community structure of the epiphytic bacterial community
A total of 3310 OTUs were identified in 9 samples (Fig-
ure S2), which were distributed in 34 phyla and 84 classes
and 410 genera.
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Fig. 2 NMDS analysis based on Bray-Curtis distance showing
microbial community composition differences between male, female
Porphyra haitanensis and seawater
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Fig. 3 UPGMA analysis based on Bray-Curtis distance showing the distance relationship between samples

In this study, 34 phyla were identified (Fig. 4A). Pro-
teobacteria was the most abundant phylum in most
samples. Other dominant taxa included Bacteroides,
Actinomycetes, and Cyanobacteria. The abundance of
Proteobacteria was higher in seawater (61.59%) than in
male Porphyra haitanensis (41.25%) and female Por-
phyra haitanensis (32.43%).

At the class level, a total of 84 classes were identified.
The bacterial taxa with high relative abundance at the
class level (Fig. 4B) were Bacteroidia, Alphaproteobac-
teria, and Gammaproteobacteria. The average relative
abundance of Bacteroidia were male Porphyra haitan-
ensis (41.61%), female Porphyra haitanensis (49.82%),
and seawater (8.48%); the average relative abundance
of Alphaproteobacteria were male Porphyra haitan-
ensis (26.30%), female Porphyra haitanensis (25.96%),
and seawater (25.07%); the average relative abundance
of Gammaproteobacteria were male Porphyra haitan-
ensis (14.42%), female Porphyra haitanensis (5.87%),
and seawater (34.64%).

At the genus level, a total of 410 genera were identi-
fied. The bacterial taxa with high relative abundance at
the genus level (Fig. 4C) were Tenacibaculum, Maribac-
ter, and Granulosicoccus. The average relative abundance
of Tenacibaculum were male Porphyra haitanensis
(1.44%), female Porphyra haitanensis (25.78%) and sea-
water (0.06%); the average relative abundance of Mari-
bacter were male Porphyra haitanensis (14.87%), female
Porphyra haitanensis (1.66%), and seawater (0.22%);
the average relative abundance of Granulosicoccus were

male Porphyra haitanensis (12.20%), female Porphyra
haitanensis (3.04%), and seawater (0.15%).

Core microbiota in male and female Porphyra haitanensis

A total of 752 OTUs were common in male and female
Porphyra haitanensis, being mapped to 17 phyla and 31
classes and 147 genera. Proteobacteria and Bacteroidetes
were the core microbiota in male and female Porphyra
haitanensis. Proteobacteria was represented by Granu-
losicoccus, Hellea, Litorimonas, Marinicella, and Sphin-
gorhabdus, which were present in all male and female
Porphyra haitanensis samples. The phylum Bacteroidetes
was represented by Maribacter, Lewinella, Euzebyella,
Tunicatimonas, and Wenyingzhuangia, which were pre-
sent in all male and female Porphyra haitanensis samples.

Indicative species of the epiphytic bacterial communities

on male and female Porphyra haitanensis

There were 33 and 31 indicative epiphytic bacteria taxa for
the male and female Porphyra haitanensis, respectively
(Fig. 5) and among them, bacteria from the Maribacter (male
14.87%, female 1.66%) and the Tenacibaculum (male 1.44%,
female 25.78%) were the most indicative for male and female
Porphyra haitanensis, respectively, according the negative
linear discriminant analysis (LDA) score (Figure S3).

Discussion

Our results indicated that the influence of male and
female Porphyra haitanensis on epiphytic bacterial
community was statistically not significant, which is
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consistent with previous studies on male and female
epiphytic bacteria in higher plants. Liu (Liu et al. 2021)
found that there was no significant difference between
female and male phyllosphere bacterial communities;
however, there was significant difference in the relative
abundance of phyllosphere bacterial and fungal at genus
level between female and male Populus cathayana by
using 16S rRNA/ITS1 gene-based MiSeq sequencing.
Our results are similar to those above and support the
view that sex has little effect on epiphytic bacterial diver-
sity. It is speculated that sex differentiation of Porphyra

haitanensis has minor impact on the epiphytic bacterial
communities. There were bacteria with significant differ-
ences in relative abundance at the genus level between
male and female algae, and both male and female algae
had their unique flora.

In the results of this high-throughput sequencing, Pro-
teobacteria and Bacteroidetes constitute the most abun-
dant bacterial phylum of Porphyra haitanensis, which
is consistent with previous studies on other algae (Ser-
ebryakova et al. 2018; Mancuso et al. 2016). In previous
studies, Alphaproteobacteria exhibited functions such as
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nitrogen fixation and degradation of phenolics (Cernava
et al. 2017). Most of the macroalgae-related functions
reported by these bacteria are related to the growth and
development of macroalgae.

In this study, there were sex variations in the relative
abundance of some taxa in the bacterial community,
with different indicator bacteria for male and female
Porphyra haitanensis. Maribacter was the most indica-
tive for male Porphyra haitanensis. Research shows that
(Mark et al. 2020) the engineered Maribacter sp. and
Roseovarius sp. consortium modulate Ulva mutabilis
growth rate and photosynthate content of constituents
relevant for bioethanol production. And, in a study by
Alsufyani (Alsufyani et al. 2020), Thallusin released by
Maribacter sp. can induced rhizome and cell wall forma-
tion. It is hypothesized that Maribacter can help male
Porphyra haitanensis to adapt to environmental changes.
The relative abundance of Arthrospira_ PCC_7345 in
male Porphyra haitanensis was also significantly higher
than its relative abundance in female Porphyra haitan-
ensis in a study by Lochab (Lochab et al. 2014), where
Arthrospira_PCC_ 7345 has the ability to perform nitrate
uptake and assimilation. Another indicator species in the
male Porphyra haitanensis was Euzebyella who has been
claimed to contain a large number of carbohydrate-active
enzymes with carbohydrate utilization capacity (Liu et al.
2019). The most significant difference in female Porphyra
haitanensis was Tenacibaculum which is a bacterium
with algaecidal ability (Li et al. 2013). Nonlabens, Luteoli-
bacter, and Olleya were also indicator species for female
Porphyra haitanensis, and their relative abundance in
female Porphyra haitanensis was significantly higher
than that in male Porphyra haitanensis. Nonlabens has
been reported to degrade green algae (Ulaganathan et al.
2017). Luteolibacter has also been reported to degrade
fucoidan (Ohshiro et al. 2012). Studies have shown that
Olleya can degrade agar (Sanchez Hinojosa et al. 2018).
In this study, the indicator species in the male Porphyra
haitanensis are mostly bacteria that help Porphyra hai-
tanensis to grow and adapt to the environment, while the
indicator species in the female Porphyra haitanensis are
mostly bacteria that have the ability to kill algae.

Conclusion

In conclusion, this study explored the influence of sex
in the construction of epiphytic bacterial communities
in Porphyra haitanensis. No significant differences were
found in the abundance and diversity indices of the epi-
phytic bacterial communities on the male and female
Porphyra haitanensis. However, the results of bacte-
rial community composition showed that some bacte-
ria were differentially enriched on the male and female
Porphyra haitanensis. These bacteria have specific
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ecological functions, but more experiments are needed
to verify whether these functions are consistent with
the physiological responses of the male and female Por-
phyra haitanensis. The present study contributes to our
understanding of the mechanisms underlying the con-
struction of bacterial communities attached to dioecious
macroalgae.
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