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Abstract
Neopyropia yezoensis is a typical intertidal seaweed and a major mariculture crops in China. The culture
area of N. yezoensis has been largely increasing in the past decade. Whether large-scale cultivation of N.
yezoensis has a genetic impact on wild populations remains unknown. Here, eleven polymorphic
microsatellite markers were developed and applied for the genetic structure analysis of 22 N. yezoensis
populations from along the coast of China. The populations were divided into 4 groups based on the
Bayesian model-based structure analysis. A signi�cant genetic structure difference was present between
the cultivated populations and the wild ones. The 13 wild populations were divided into two distinct
groups, with no obvious correlation between the inter-population genetic variation and geographical
distance within each group. The average polymorphism of 9 cultured N. yezoensis populations was
higher than that of the wild populations, and the percentage of polymorphic loci of the most cultivated
populations was at a high level (P=90.91%). It indicated that the germplasm of cultivated N. yezoensis in
China are diversi�ed. The genetic differentiation between the cultivated populations and the wild
populations decreased with the increasing cultivation time. But the gene �ow between the cultivated
populations and the wild ones was asymmetric, exhibiting a trend from wild population to cultured
population. The result indicated that even if there is a genetic impact of N. yezoensis aquaculture on wild
resource, it is a long-term and slow process. This research provided useful insights for future germplasm
resource evaluation and genetic breeding of N. yezoensis.

Introduction
Under the in�uence of global warming and human activities, off-shore environmental factors (such as
temperature and nutrient level) have undergone signi�cant changes, which results in the change of
macroalgal habitat, germplasm degradation, frequent occurrence of harmful algal blooms and other
problems (Zhao, 2014; Huang and Yan 2019). The production and scale of arti�cially cultivated
macroalgae in China has been increasing dramatically and ranked �rst in the world (Yang 2016). It is
great signi�cance to make clear whether large-scale cultivation of seaweed has a genetic impact on wild
resources for the protection of germplasm resources and for making farming strategies. It was found that
the cultivated population of Undaria pinnati�da (Shan et al. 2018; Li et al. 2019) and Saccharina japonica
(Shan et al. 2019) had higher gene exchange with the spontaneous populations on the cultivation rafts,
but less gene exchange with the spontaneous populations in the adjacent subtidal zone. In short, such
research has just attracted attention and is worth further study. 

Neopyropia yezoensis, previously known as Pyropia yezoensis (Yang et al. 2020), is a typical intertidal
macroalgae and has received great interest as a model organism for the study of seaweed germplasm
resources (Iitsuka et al. 2002; Mao et al. 2019). This species is widely spread in the western North Paci�c
(Sutherland et al. 2011). Among laver species, N. yezoensis has the widest natural distribution range and
the largest number along the coastal areas of Yellow Sea and Bohai Sea in China (Zhang and Zhen
1962). It is one of the most important mariculture crops with high nutritional values and is mainly
cultivated in Japan, Korea and China (Miura 1988; Park et al. 2007). In China, the earliest arti�cial
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cultivation of N. yezoensis began in the early 1970s and gained a rapid development in the late 1980s in
Jiangsu province (Song and Zhao 2003). Jiangsu province has long been the main cultivation area of
this species with the annual culture area being over 4×104 hectare. According to the full-exploitation of
the applicable culture area in Jiangsu and global warming, farming of N. yezoensis has been
transplanted northward to Shandong and Liaoning province in recent years, with the culture area
increasing year by year (Li et al. 2018; Lu et al. 2018; Wang et al. 2019). However, the genetic impact of
large-scale aquaculture of N. yezoensis on the natural resource remains unknown. 

Molecular markers can re�ect the differences in plant genetic background at the DNA level (Lu and Zhu
1995). The most studies have been focused on the genetic diversity of different geographic populations
of N. yezoensis and between N. yezoensis and other laver species by using different molecular markers,
such as Ampli�ed fragment length polymorphisms (AFLPs; Iitsuka et al. 2002; Yang et al. 2016; Cao et al.
2018), Inter-simple sequence repeats (ISSRs; Cui et al. 2006; Sun et al. 2007; Yang et al. 2016), and
Randomly ampli�ed polymorphic DNAs (RAPDs; Song et al. 1986; Jia et al. 2000; Yang et al. 2016).
Besides, the genetic linkage map of N. yezoensis has also been constructed by Sequence-related
ampli�ed polymorphisms (SRAPs; Huang and Yan 2019) and RAPDs (Weng et al. 2005). Microsatellite
DNA, also known as simple sequence repeats (SSRs), is ubiquitously distributed throughout both
eukaryotic and prokaryotic genomes (Tautz et al. 1994). SSRs have been widely used in population
genetic research, such as genetic map construction, genetic diversity analysis and population genetic
structure analysis (Ge et al. 2010; Luo et al. 2016; Nie et al. 2014), due to the advantages of high
polymorphism, codominant inheritance, objective and clear ampli�cation bands, simple experimental
operation, good stability and repeatability (Luo et al. 2010; Luo et al. 2013). Now, SSRs have now become
the most widely used molecular marker system in plant molecular biological research despite a few
disadvantages (Rungis et al. 2004; Pan et al. 2010). SSRs have been used for population genetic diversity
analysis of N. yezoensis (Yu et al.2010; Wei 2012). In recent years, more and more microsatellite markers
have been developed based on the genomic and transcriptomic data (Huang and Yan, 2019; Liu et
al.2019; Kim et al. 2021). 

In this study, SSRs was used to analyze and compare the genetic diversity and gene exchange among the
cultivated and wild N. yezoensis populations along the coast in China, so as to understand the status of
genetic impact of N.yezoensis cultivation on wild populations. This study can provide useful insights for
future germplasm resource evaluation and genetic breeding of N. yezoensis.

Materials And Methods

1.1 Materials
From December 2020 to June 2021, 22 Neopyropia yezoensis populations, including 13 wild populations
and 9 cultivated populations, were collected along the coast of Yellow Sea and Bohai Sea in China. The
collecting information was shown in Table S1. The geographical locations of the sampling sites were
shown in Fig. 1.
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After the samples were transported to the laboratory in Qingdao at 4°C, they were rinsed three times in
sterile petri dishes with �ltered (0.22-µm pore size) and autoclaved seawater to remove any epiphytic
organisms. Subsequently, the surface water was dried with absorbent paper. Then, approximately 0.1 g of
each sample was immediately frozen in liquid nitrogen and stored at -80°C.

1.2 Genomic DNA Extraction
The DNA of the sample was extracted by using the Super Plant Genomic DNA Kit (for polysaccharide-
and polyphenol-rich plants) (DP360, Tiangen, Beijing, China). The concentration and purity of the DNA
were assessed by a nucleic acid protein detector and 1% agarose gel electrophoresis, respectively.

1.3 Screening of microsatellite primers
Eight DNA samples were randomly selected from 22 N. yezoensis populations for microsatellite markers
screening. A total of 68 microsatellite markers were used for screening (Lu, 2016). All ampli�cations were
performed in 20 µl reactions, which included 1 µl of template DNA, 0.1 µl of each primer, 10 µl of 2×Taq
Master mix (Taq DNA Polymerase, dNTP, MgCl2 and reaction buffer) and 8.8 µl of H2O. The PCR
ampli�cation procedure was as follows: initial denaturation at 94°C for 5 min; followed by 35 cycles of
denaturation at 94°C for 30 s, annealing for 30 s, and elongation at 72°C for 20 s; and a �nal extension at
72°C for 10 min.

The ampli�ed products were stored at 4°C at the end of the reaction process. Electrophoresis of the
ampli�ed products was conducted in a 1.5% agarose gel at 100 V and 15 min and then photographed
and detected by a gel imager. Capillary electrophoresis and genotyping of the PCR products with stable
ampli�cation process and clear bands were performed using a 3730xl sequencer, and the data were
analysed by GeneMapper 4.1 software. According to the analysis of the loci information to determine
whether the detection markers has the loci polymorphism, the microsatellite markers with fragment
polymorphism and high ampli�cation e�ciency were screened out and used to analyze the genetic
diversity of all samples from the 22 N. yezoensis populations.

1.4 Data analysis and statistics
Popgen 32 software (Yeh et al. 1999) was used to analyse the SSR loci and genetic diversity of the N.
yezoensis population. The selected parameters included the number of different alleles (Na), number of
effective alleles (Ne), Shannon's information index (I), polymorphism information coe�cient (PIC),
expected heterozygosity (He), observed heterozygosity (Ho) and Hardy-Weinberg Equilibrium (HWE).

A structure (Version 2.3.4) cluster analysis based on a Bayesian model was performed for the N.
yezoensis populations. Twenty independent runs were performed for each K under the admixture model
and correlated allele frequency model (Pritchard et al. 2000), and the optimal K value was determined by
the use of STRUCTURE HARVESTER according to the delta K value (Evanno et al. 2005).

The genetic differentiation coe�cient (Fst) between populations were determined with GenAlex version
6.501 (Nei 1972). Analysis of molecular variance (AMOVA) was performed on the N. yezoensis
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populations, and principal coordinates analysis (PCoA) was performed based on individual genetic
distance matrices (Anderson and Willis 2003; Chae and Warde 2006) to infer the genetic relationship
between populations.

Results

2.1 Characteristics and polymorphisms of microsatellite
markers
Eleven pairs of polymorphic primers were obtained (Table 1). The genetic parameters showed that 60
alleles were ampli�ed for 11 microsatellite loci from 375 individuals of 22 N. yezoensis populations
(Table 2). The minimum Na value was 3 (SSR23, SSR24, SSR48 and SSR66), and the maximum was 9
(SSR02 and SSR60). Ne varied from 1.271 (SSR48) to 4.414 (SSR01). Both I value (I = 0.376) and PIC
value (PIC = 0.191) of SSR48 were the minimum, indicating the lowest polymorphism of this locus. The
PIC values of the other 10 microsatellite markers were all higher than 0.25. Both I value (I = 1.578) and PIC
value (PIC = 0.738) of SSR01 were the maximum, indicating the highest polymorphism of this locus. He

ranged from 0.213 (SSR48) to 0.773 (SSR01), with an average of 0.510; Ho ranged from 0.009 (SSR01) to
0.343 (SSR29). All of the SSR deviated from the Hardy-Weinberg equilibrium signi�cantly (P < 0.01).
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Table 1
Characteristics of eleven pairs of SSR for Neopyropia yezoensis

  Primer sequence

5’-3’

Repetitive
sequence

Annealing
temperature

Fragment
size/bp

SSR01 F: CTGCCACAGCCGCTCGTT

R: CGCAGCATCAGCAGTCGG

(TGT)12 60 294

SSR02 F:
GTGTTTTCTCACGCCCAGTG

R: CGGCAAGTTCGTTTTCCTC

(CCGTCA)6 56 214

SSR12 F: GGGGACCCGAGGAGAACA

R: AATCAGGCTGCCACGAAAA

(CG)5 60 218

SSR23 F:
CGTCGTGTCGCTTTGTAATGG

R: AGGGAAGGCAGTGGTGGG

(CGC)6 57 149

SSR24 F: CGTGGAGCAAATTGAGGA

R: CCAGCGAATAGGACAGACA

(CT)5 52 170

SSR29 F: TGGGCGTGTTGTCCTGTG

R: GCTGCGAGGCACTCTTCAT

(CTG)13 56 302

SSR40 F: CGCCGCTGAGGTGGAAACA

R:
CCCAGACACTTCGTGGCAGAC

(CA)4 59 267

SSR48 F: CTTCTGGCGACCCAACGT

R: ATCAAGCCCAAGCAGCAAT

(TG)4 55 226

SSR53 F: GGGCGAGCAAGGAACAGA

R: CGTGGTCGTGTCCGAAAGC

(GC)6 57 273

SSR60 F:
TCTTGTCCCTTCGCCGTGTC

R: CGTGCGAGTGGGCTCTTTC

(GA)4 57 157

SSR66 F: AGCATCGCCCGCTCAGTC

R: GCGGGAAGGTCGTCAACA

(AG)5 61 175
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Table 2
Genetic parameters (per locus) of eleven pairs of SSR primers for

Neopyropia yezoensis

  Na Ne He Ho I PIC

SSR01 8 4.414 0.773 0.009 1.578 0.738**

SSR02 9 3.077 0.675 0.024 1.491 0.646**

SSR12 4 2.194 0.544 0.046 0.946 0.487**

SSR23 3 1.514 0.339 0.021 0.530 0.283**

SSR24 3 2.326 0.570 0.059 0.951 0.498**

SSR29 8 3.493 0.714 0.343 1.372 0.665**

SSR40 6 2.781 0.640 0.124 1.226 0.589**

SSR48 3 1.271 0.213 0.078 0.376 0.191**

SSR53 4 1.461 0.316 0.083 0.530 0.271**

SSR60 9 1.911 0.477 0.039 0.750 0.377**

SSR66 3 1.531 0.347 0.046 0.596 0.301**

Mean 5.455 2.361 0.510 0.079 0.941 0.459

SE   0.991 0.185 0.093 0.423  

Notes: Na: number of different alleles; Ne: number of effective alleles;

He: expected heterozygosity; Ho: observed heterozygosity;

I: Shannon's information index; PIC: polymorphic information coe�cient.

2.2 Genetic diversity analysis of Neopyropia yezoensis
populations
Among the 22 N. yezoensis populations, Na ranged from 1.364 to 3.091, Ne varied from 1.112 to 2.092, He

ranged from 0.082 to 0.474, and Ho ranged from 0.000 to 0.286 (Table 3). The Na, Ne, He and Ho value of
population DL-W2 were all the minimum. At the same time, the Shannon's information index and
percentage of polymorphic loci of DL-W2 were the lowest. It indicated that DL-W2 had the lowest genetic
diversity among the studied N. yezoensis populations. The average percentage of polymorphic SSR loci
in the 22 populations was 69.83%, with the average I value of 0.400.
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Table 3
Genetic parameters for 22 Neopyropia yezoensis populations

  Na Ne He Ho I P/%

DL-C 1.636 1.158 0.115 0.073 0.198 54.55%

QD-C1 2.273 1.955 0.461 0.061 0.694 90.91%

QD-C2 2.364 2.092 0.474 0.080 0.726 90.91%

QD-C3 2.091 1.353 0.224 0.023 0.392 90.91%

QD-C4 2.000 1.238 0.155 0.000 0.275 90.91%

RZ-C 3.091 1.775 0.396 0.286 0.698 90.91%

LYG-C1 2.909 2.062 0.469 0.036 0.778 90.91%

LYG-C2 1.909 1.240 0.147 0.086 0.253 72.73%

NT-C 1.545 1.220 0.127 0.055 0.208 36.36%

DL-W1 2.182 1.735 0.355 0.078 0.570 72.73%

DL-W2 1.364 1.112 0.082 0.000 0.137 36.36%

DL-W3 2.182 1.369 0.246 0.100 0.425 90.91%

DY-W 2.000 1.344 0.184 0.121 0.318 63.64%

YT-W1 2.364 1.565 0.233 0.131 0.437 72.73%

YT-W2 1.545 1.267 0.169 0.091 0.262 54.55%

YT-W3 2.455 1.426 0.247 0.100 0.433 90.91%

YT-W4 2.455 1.977 0.420 0.059 0.669 81.82%

WH-W 2.000 1.380 0.171 0.077 0.315 54.55%

QD-W1 1.364 1.165 0.099 0.071 0.153 36.36%

QD-W2 1.364 1.210 0.124 0.061 0.187 36.36%

QD-W3 2.455 1.389 0.183 0.112 0.358 72.73%

RZ-W 2.000 1.301 0.181 0.051 0.313 63.64%

Mean 2.070 1.470 0.239 0.080 0.400 69.83%

Notes: Na: number of different alleles; Ne: number of effective alleles;

He: expected heterozygosity; Ho: observed heterozygosity;

I: Shannon's information index; P: Percentage of polymorphic loci
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  Na Ne He Ho I P/%

SE 0.064 0.036 0.014 0.010 0.024 4.41%

Notes: Na: number of different alleles; Ne: number of effective alleles;

He: expected heterozygosity; Ho: observed heterozygosity;

I: Shannon's information index; P: Percentage of polymorphic loci

The genetic differentiation was the highest (Fst=0.767) between DL-C and NT-C and the lowest between
QD-C1 and QD-C2 (Fst=0.006) (Table S2). The phylogenetic tree showed that 22 populations were divided
into 2 main subgroups (Fig. 2). The 5 cultured populations of DL-C, LYG-C2, QD-C3, QD-C1 and QD-C2
were grouped into one branch. Another 17 populations were divided into 2 subgroups, in which 4
populations of DL-W1, DL-W2, YT-W3 and YT-W4 were grouped into one branch. In the remaining
subgroup, 9 wild populations clustered together.

The optimal K value was 4 (Fig. 3), indicating that the 22 populations were divided into 4 groups based
on the structure analysis (Fig. 4a). Thirteen wild populations and 9 cultivated populations were divided
into two distinct groups. If K-value was manually adjusted to 2 (Fig. 4b), the cultivated populations and
the wild populations were divided into two groups, with some cultivated populations (NT-C, QD-C4, LYG-C1
and RZ-C) containing high gene exchange with the wild population. The 22 populations were divided into
three regions roughly by PCoA, in which DL-W1, DL-W2,YT-W3,YT-W4 clustered together, DL-C, LYG-C2, QD-
C1, QD-C2, QD-C3 and a small amount of individuals from RZ-C clustered together, and the rest of the
populations clustered together (Fig. 5).

The AMOVA (Table 4) showed that the genetic variation among 22 N. yezoensis populations (53%) was
higher than the intra-population genetic variation (47%). However, the degree of genetic variation within
cultivated (53%) or wild (55%) populations was higher than that among populations (47% and 45%,
respectively).
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Table 4
AMOVA of the Neopyropia yezoensis populations

Source of variation Degree of
freedom

Sum of
squares

Variance
component

Rate of
variation

Among 9 cultivated
Pops.

8 803.004 5.309 47%

Within 9 cultivated
Pops.

152 917.865 6.039 53%

Total 160 1720.870 11.347 100%

Among 13 wild Pops. 12 777.835 3.724 45%

Within 13 wild Pops. 200 898.179 4.491 55%

Total 212 1676.014 8.215 100%

Among 22 Pops. 21 2160.332 5.757 53%

Within 22 Pops. 353 1832.806 5.192 47%

Total 374 3993.139 10.949 100%

2.3 Gene exchange between cultivated and wild
populations
Among the 3 N. yezoensis populations in the Changshan Islands in the northern Yellow Sea, the genetic
differentiation coe�cient between DL-C and DL-W2 was the highest (Fst=0.683), and that between DL-W1
and DL-W2 was the lowest (Fst=0.141) (Table S2). The optimal K value was identi�ed to be 2, i.e., 3
populations were divided into two groups (Fig. 6a). DL-C was clustered into a separate group with a high
proportion of membership (average Q = 0.981) and DL-W1 and DL-W2 were clustered into another group
(average Q = 0.997 and 0.997).

There were 7 N. yezoensis populations along Qingdao Peninsula. The genetic differentiation coe�cient
between QD-C3 and QD-W2 was the highest (Fst=0.641), and that between QD-C1 and QD-C2 was the
lowest (Fst=0.006). The genetic identity was the highest between QD-W1 and QD-W2 (0.994) and was the
lowest between QD-C3 and QD-W2 (0.273) (Table S2). The optimal K value was 2. QD-W1, QD-W2, QD-W3
and QD-C4 were clustered into a group with high proportion of membership (average Q = 0.993, 0.998,
0.981 and 0.950) and QD-C3 was clustered into another group with high proportion of membership
(average Q = 0.874) (Fig. 6b). A marked admixture was identi�ed in QD-C1 and QD-C2, with the
membership proportion from the 2 groups were 0.586:0.414 and 0.582:0.418.

Among the 4 N. yezoensis populations along Haizhou Bay, the genetic differentiation coe�cient between
LYG-C2 and RZ-W was the highest (Fst=0.605), and that between LYG-C1 and RZ-C was the lowest
(Fst=0.072). The genetic identity was the highest between RZ-C and RZ-W (0.909) and the lowest between
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LYG-C2 and RZ-W (0.309) (Table S2). The optimal K value was 2. RZ-W was clustered into a separate
group with high proportion of membership (average Q = 0.994) and LYG-C2 was clustered into another
group with high proportion of membership (average Q = 0.974). Marked admixture was identi�ed in LYG-
C1 and RZ-C, with the membership proportion being 0.697:0.303 and 0.716: 0.284, respectively (Fig. 6c).

Discussion

3.1 Polymorphism of the microsatellite loci
As codominant markers, microsatellite markers have a high mutation rate among tandem repeat
sequences and can form many alleles. Therefore, microsatellite markers have been known with highly
polymorphic (Weber 1990; Gur-Arie et al. 2000). According to Botstein et al. (1980), PIC is divided into
three grades: PIC < 0.25 (indicating a low polymorphism level), 0.25 < PIC < 0.5 (a moderate polymorphism
level), and PIC > 0.5 (a high polymorphism level). Eleven microsatellite markers were developed in this
study. The mean PIC of the 11 markers was 0.459, with the values for SSR01, SSR02, SSR 029 and
SSR40 above 0.5 and only the value for SSR48 lower than 0.25, indicating that the developed
microsatellite markers were highly polymorphic.

Analysis of microsatellite DNA characteristics found that most of them being dinucleotide and
trinucleotide repeats. This result was consistent with the distribution characteristics of microsatellite loci
in most plant (Sonah et al. 2011; Shan et al. 2018; Zhang et al. 2018). Besides, CG-rich repeats types are
the most populous. The CG-rich SSRs identi�ed here is mostly owing to the high GC content of N.
yezoensis genome (Xu et al. 2006; Wang et al. 2007; Kim et al. 2021). SSR01 and SSR02 had the longest
sequences and were highly polymorphic. Generally speaking, the longer the microsatellite DNA sequence
or the more nucleotide repeats, the higher polymorphism of this microsatellite locus (Gou et al. 2007). In
addition, the genetic parameters of SSR markers screened in this study were all higher than those of Wei
(2012) when both cultivated and wild N. yezoensis populations were used as samples. And the number of
allele per SSR were higher than the SSRs developed by Kim et al (2021). The Ho of 11 microsatellite
markers were all lower than the He, and the microsatellite markers all deviated signi�cantly from the
Hardy-Weinberg Equilibrium. Purifying selection, population substructure, copy number variation,
genotyping error and sampling effect are all potential causes of departure from Hardy-Weinberg
Equilibrium (Chen et al. 2017; Kang et al. 2013; Qi et al. 2017). These markers would be valuable tools for
N. yezoensis germplasm resource evaluation, genetic diversity protection and breeding.

3.2 Genetic diversity of wild N. yezoensis resource in China
The wild populations of N. yezoensis collected in this study were distributed in 6 cities along the coast of
the Yellow Sea and Bohai Sea, which covered the major natural distribution of this species in China
(Zhang and Zheng 1962; Cao et al. 2018). The collecting sites were almost geographically separated
from each other. Fujio et al. (1985) found that the natural population structure of N. yezoensis has more
geographical genetic differentiation than many other diploid organisms. It has been reported that the
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degree of genetic differentiation among laver populations is related to geographical location and growth
environment (Xu et al. 2001; Yang et al. 2002). It has been tested in the other aquatic organisms as well
(Niu et al. 2007; Guo et al. 2011). The present AMOVA analysis of 13 wild populations showed that
genetic variation mainly existed within the population. The phylogenetic tree, structure and PCoA analysis
consistently showed that the wild populations were divided into two distinct groups with Miaodao Strait
as the boundary (Fig. 2). However, no obvious correlation between the genetic variation and geographical
distance was found among the wild populations within each group in this study. The previous study
revealed the similar phenomenon that the genetic distance between laver species is not always related to
geography or growing environment (Cui et al. 2006). The genetic differentiation coe�cients (Fst) among
the 9 wild populations from south of Miaodao Strait were 0.018–0.117, indicating a high level of gene
�ow and low level of genetic differentiation (Wright 1978). Yu (2010) also analyzed the genetic diversity
of N. yezoensis collected from Qingdao, Jiangsu and Japan using microsatellite markers, and got the
similar conclusion. During the long evolutionary process of wild N. yezoensis, ocean drift may result in
high gene exchanges and similar genetic background between wild populations in different geographical
locations in the same sea area.

3.3 Genetic diversity of cultivated N. yezoensis resource in
China
The cultivation area of N. yezoensis in China is distributed in Jiangsu, Shandong, and Liaoning province,
with more than 99% of the production and processing enterprises are distributed along the coast of
Jiangsu province (An et al. 2018; Lu et al. 2018). The semi-�oating raft or standing-pole culture systems
are generally used for laver cultivation, which leads to the limitation of laver aquaculture in shallow water
(Wang et al. 2016). Intensive cultivation and long-term selective breeding of cultivated N. yezoensis
germplasm leads to reduced genetic diversity of stock, fragility to climate change, susceptibility to
disease, and reduced product quality (Li et al. 2018). New strains of N. yezoensis with varying good
agronomic characters such as adaptation to non-drying culture system (Wang et al. 2016; Li et al. 2018),
resistance to high temperature (Zhang et al. 2011) and disease (Park and Hwang 2014) were cultured to
expand culture space, improve product quality, and adapt to different sea conditions and market
demands.

The cultivated populations of N. yezoensis were collected from 5 cities along the coast of Jiangsu,
Shandong and Liaoning province. Rizhao cultivated populations had the highest diversity (I = 0.698, P = 
90.91%), and Nantong had a low diversity level (I = 0.208, P = 36.16%). AMOVA analysis of 9 cultivated
populations showed that the genetic variation mainly existed within the population, which was consistent
with the previous study (Yang et al. 2016). The average polymorphism of 9 cultured N. yezoensis
populations in this study was higher than that of the wild populations, and the percentage of polymorphic
loci of the most cultivated populations was at a high level (P = 90.91%). The previous studies based on
different molecular markers found that there were great genetic differences among cultivated populations
of different N. yezoensis cultivars (Mei et al. 2000; Chen et al. 2012). This suggested that the germplasm
of cultivated N. yezoensis in China are diversi�ed.
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3.4 Comparison of diversity between cultivated and wild
populations
Generally, the genetic diversity is higher in wild populations than in cultured ones, owing to multi-
generational selection and puri�cation of the cultivars. Wei (2012) used SSR markers to analyze the
genetic diversity of some cultivated populations from Rizhao and Lianyungang (average I = 0.3537) and
some wild populations from Qingdao, Yantai and Weihai (average I = 0.3856). They found that the genetic
diversity of the wild populations was slightly higher than that of the cultivated populations. The genetic
variation was largely present within the populations (Wei 2012). In this study, a higher genetic diversity
was identi�ed in the cultivated populations (average I = 0.469, P = 78.79%) than in the wild populations
(average I = 0.352, P = 63.64%). In recent years, wild resources of seaweeds were deteriorated and
biodiversity was declining due to global climate and coastal environmental change (Sun et al. 2010;
Tanaka et al. 2012; Koh and Kim 2020). New germplasm resources from wild populations and new
strains obtained from mutation or cross breeding have been recruited for aquaculture (Zhang et al. 2011;
Park and Hwang 2014; Li et al. 2018). Usually, a mixture of seedlings from several sources is used in a
nursery farm, which may increase the genetic diversity within the cultured populations.

The genetic diversity of wild N. yezoensis populations was lower than the cultivated ones. Whether years
of N. yezoensis cultivation resulted in the lower genetic diversity of wild populations? From the structure
analysis, it can be seen that signi�cant differences were present between the cultured populations and
the wild ones. On one hand, it has been reported that some of the N. yezoensis cultivars in China were
introduced from abroad (Qiao et al. 2007). On the other hand, the distinct genetic background of some
cultured populations may also result from mutation or cross breeding.

According to Wright (1978) classi�cation, there was a high genetic differentiation between the cultivated
populations and the wild populations (Fst=0.529–0.683) in the Changshan Islands. Along Qingdao
Peninsula, gene exchange was present between some of the cultivated populations and the wild ones
(Fst=0.218–0.641). In Haizhou Bay, there were a high gene exchange and a low genetic variation between
the cultured populations and the wild one, especially between RZ-C and RZ-W (Fst=0.095). RZ-W, RZ-C and
LYG-C1 were aggregated into a group. As mentioned above, there is the longest N. yezoensis culture
history along Haizhou Bay (40–50 years). Industrial aquaculture of N. yezoensis in Qingdao and Dalian
started just 5–7 years ago. The gene exchange between the cultivated populations and the wild
populations seemed to be related to the length of culture time. However, it can be seen from the structure
analysis that the gene �ow between the cultivated populations and the wild populations was asymmetric,
and the gene �ow from the cultivated populations to the wild populations was limited. In other words,
even if there is an impact of N. yezoensis cultivation on wild populations, it is a long-term and slow
process.

N. yezoensis is a monoecious and self-fertilized seaweed, and the thallus is capable of repeating itself by
means of asexual reproduction through archeospores (Fujio et al. 1985). The spreading of archeospores
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may cause genetic exchange and the decrease of genetic variation between the geographically adjacent
populations (Cao et al. 2018). Nevertheless, the survival and germinating of archeospores depends on
suitable environmental conditions. Although there is the longest N. yezoensis culture history of about 50
years in Jiangsu province, no �ourishing of spontaneous populations have been identi�ed along the
coast. It may be due to the sandy substrate. It has been found that the cultivated population of U.
pinnati�da (Shan et al. 2018; Li et al. 2019) and S. japonica (Shan et al. 2019) had higher gene exchange
with the spontaneous populations on the cultivation rafts, but less gene exchange with the spontaneous
populations in the adjacent subtidal zone. In practice, there are very few individuals of N. yezoensis
growing on the cultivation stem ropes and rafts. In this study, the QD-C4 was genetically distinct from the
other 3 populations (QD-C1, C2, C3) that were cultured at the same time and next to each other. It
indicated that the genetic impact between the adjacent populations was limited.

In conclusion, the 11 SSRs markers e�ciently distinguished the wild and cultured populations of N.
yezoensis. The relationship between some populations can be well-traced. e.g., QD-C4 and LYG-C1
seemed to come from the same parents or germplasm, and the germplasm for DL-C and LYG-C2 had very
close genetic relationship. It was �rstly identi�ed that there are at least two distinct genetic resources of
wild N. yezoensis in China. The genetic exchange between the cultivated N. yezoensis populations and
the wild populations seemed to be related to the length of culture time. Even if there is a genetic impact of
N. yezoensis aquaculture on wild resource, it is a long-term and slow process.
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Figure 1

Geographical location of the sampling sites for Neopyropia yezoensis. wild samples pcultivated
samples; 
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Figure 2

The phylogenetic tree constructed based on the genetic distance between individuals of 22 Neopyropia
yezoensis populations and through UPGMA method.
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Figure 3

Determination of optimal K value: the optimal K value was identi�ed by the use of STRUCTURE
HARVESTER according to the delta K value.
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Figure 4

Genetic structure analysis resulting from a Bayesian model-based analysis using STRUCTURE Version
2.3.4 for 22 populations of Neopyropia yezoensis (a: K=4; b: K=2). Each individual is represented by a
coloured bar, and the proportion of the colour in each bar represents the probability of membership in the
relevant cluster. Site codes as in Table 1.
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Figure 5

Genetic relationship analysis of 22 populations of Neopyropia yezoensis using a scatter plot of the
principal coordinates analysis (PCoA). Site codes as in Table 1.
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Figure 6

Gene exchange analysis based on the structure analysis of Neopyropia yezoensis populations in 3
different sea area

a: Analysis of 3 N. yezoensis populations in the sea of Changshan Islands, northern Yellow Sea.

b: Analysis of 7 N. yezoensis populations in Qingdao Sea.

c: Analysis of 4 Neopyropia yezoensis populations in Haizhou Bay.

The optimal K value was identi�ed by the use of STRUCTURE HARVESTER according to the delta K value
and genetic structure analysis resulting from a Bayesian model-based analysis using STRUCTURE
Version 2.3.4. Site codes as in Table 1;
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