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Neopyropia yezoensis is a typical intertidal seaweed and an indispensable species
for conservation of seaweed resources. As one of the most important marine
vegetables, the cultivation area of N. yezoensis has been largely increasing in the
past decade and ranked the second highest among all the farmed seaweeds in
China. It remains unknown whether large-scale cultivation of N. yezoensis has a
genetic impact on wild populations. In this study, SSR markers and 18S rDNA
were applied for diversity and genetic structure analysis of 22 N. yezoensis
populations from North China. Twenty-two haplotypes were generated from
352 18S rDNA sequences and only three haplotypes were shared by both
cultivated and wild populations. Based on 11 polymorphic SSR markers
developed, the average polymorphism of the cultivated N. yezoensis
populations was higher than that of the wild populations, with the percentage
of polymorphic loci being 90.91% in most cultivated populations. The cultivated
populations were clustered separately from the wild ones based on the
population phylogenetic tree. This indicates that cultivated N. yezoensis
populations are diverse and divergent from wild populations in China.
However, there were cultivated individuals mixed with the wild ones based on
the individual phylogenetic tree and STRUCTURE analysis. The genetic
differentiation between cultivated and wild populations decreased with
increasing cultivation time, suggesting a possible long-term and slow process
of genetic introgression between cultivated N. yezoensis and the wild resource.
The wild populations were grouped into two distinct clades by SSRs, with one
distributed around the intersection between the Yellow Sea and the Bohai Sea,
where the populations were characterized by a specific 18S rDNA haplotype.
These findings provide useful insights into germplasm conservation, genetic
breeding and improvement of N. yezoensis farming practices.
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Background

Global warming and human activities are causing significant
climatic, environmental and ecological changes, which leads to
various problems, such as the change of macroalgal habitat,
germplasm degradation, frequent occurrence of harmful algal blooms
(Zhao, 2014; Huang and Yan, 2019a; Huang and Yan, 2019b). Due to
the ecological and economic values, the scale and yield of cultivated
macroalgae in China has been increasing dramatically, ranking the first
in the world (Yang, 2016). It is essential to determine whether large-
scale cultivation of seaweed has a genetic impact on wild resources for
the protection of germplasm resources and to improve farming
strategies. It was found that the cultivated population of Undaria
pinnatifida (Shan et al., 2018; Li et al., 2020) and Saccharina japonica
(Shan et al,, 2019) had higher gene exchange with the spontaneous
populations on the cultivation rafts, but less with the spontaneous
populations in the adjacent subtidal zone. This area of research has
recently gained attention and warrants further study.

Neopyropia yezoensis belongs to the primitive red algal order
Bangiales, is a typical intertidal macroalga, and has received great
interest as a model organism for the study of intertidal germplasm
resources (litsuka et al., 2002; Mao et al., 2019). N. yezoensis is an
endemic laver species in the Northwest Pacific and is widely
distributed in North China, Korea and Japan (Yang et al., 2020).
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
artificial cultivation of N. yezoensis began in the 1970s and gained
a rapid development in the late 1980s in the southern Yellow Sea
that has long been the main cultivation area of this species with the
annual cultivation area exceeding 40,000 hectares (Yang et al,
2017). Owing to the full-exploitation of the applicable culture
area in southern Yellow Sea and global warming, farming of N.
yezoensis has been moving northward to the middle and northern
Yellow Sea in recent years, with the culture area increasing year by
year (Li et al., 2018; Wang et al,, 2019; Liang et al., 2022).

Bangiales has simple and highly variable morphology, which
leads to difficulties in species identification, interpretation of the
distribution of particular species and consequent knowledge of the
biodiversity in a particular region (Guillemin et al., 2016;
Gunnarsson et al., 2016). Molecular techniques provide a practical
tool to make the identification of Bangiales more accurate and enable
worldwide comparisons to be made (Yang et al., 2020). One such
technique involves the use of specific DNA sequences. Several DNA
sequences have been applied for species identification and
biosystematics of Bangiales, i.e., the nuclear small RNA gene (SSU-
nrDNA, 18S rDNA), the internal transcribed spacers of the nuclear
ribosomal DNA cistron (ITS-1 and ITS-2), the plastid-encoded
ribulose-1,5-biphospate carboxylase/oxygenase large subunit gene
(rbcL), the intergenic spacer between rbcL and small subunit gene
(rbeS) and the cytochrome c¢ oxidase subunit I (COI-5P), among
which 18S rDNA and rbcL sequences are the most widely applied
due to the moderate evolution rate and the abundance of reference
data in GenBank (Sutherland et al., 2011; Guillemin et al., 2015;
Gunnarsson et al., 2016; Yang et al., 2017; Yang et al., 2020). New
insights have been made regarding the systematics of bladed

Frontiers in Marine Science

10.3389/fmars.2023.1166508

Bangiales based on 18S rDNA and rbcL sequences, e.g., the species
N. yezoensis was initially defined as Porphyra yezoensis, later Pyropia
yezoensis (Sutherland et al, 2011), and now Neopyropia yezoensis
(Yang et al., 2020). Except for species identification, DNA sequences
have been widely subject to phylogeographic analysis of particular
seaweed species (Hu et al., 2017; Koh and Kim, 2020).

Another technique involves the use of molecular markers.
Several traditional molecular markers have been applied for N.
yezoensis, such as Amplified Fragment Length Polymorphisms
(AFLPs; Iitsuka et al., 2002; Weng et al., 2005; 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), Randomly Amplified
Polymorphic DNAs (RAPDs; Song et al., 1998; Jia et al., 2000; Yang
et al, 2016), and Sequence-Related Amplified Polymorphisms
(SRAPs; Huang and Yan, 2019a). Microsatellite DNA, also known
as the simple sequence repeats (SSRs), is ubiquitously distributed
throughout both eukaryotic and prokaryotic genomes (Tautz and
Schlétterer, 1994). Due to the advantages of high polymorphism,
codominant inheritance, objective and clear amplification bands,
simple experimental operation, good stability and repeatability,
SSRs have become the most widely used molecular marker system
for molecular biological research (Rungis et al., 2004; Shan et al.,
2018; Jia et al., 2022), including the use for genetic differentiation of
wild and farmed populations of varying economic species (Pan and
Yang, 2010; An et al., 2011). SSRs have been used for population
genetic diversity analysis of N. yezoensis (Yu, 2010; Wei, 2012). In
recent years, more and more SSR markers have been developed for
N. yezoensis based on the genomic and transcriptomic data (Lu,
2016; Huang and Yan, 2019b; Liu et al., 2019; Kim et al., 2021). The
most relevant studies were focused on the genetic diversification of
different geographical populations and/or species, and some were
regarding the construction of the genetic linkage maps, while none
have investigated the genetic impact of large-scale N. yezoensis
aquaculture on wild populations.

In this study, our primary objectives are to investigate the
genetic diversity and population structure of wild and cultivated
N. yezoensis populations from the Yellow Sea and the Bohai Sea in
China. By utilizing microsatellite markers and 18S rDNA
sequencing, we aim to (1) assess the genetic diversity within and
among these populations, (2) explore the genetic differentiation and
phylogenetic relationships between wild and cultivated populations,
and (3) evaluate the potential impacts of cultivation practices on the
genetic diversity of cultivated populations. Our findings will provide
valuable insights into the conservation and sustainable management
of N. yezoensis resources and may facilitate the development of
more effective breeding strategies to improve the productivity and
resilience of cultivated N. yezoensis populations.

Materials and methods
Sample collection
A total of 22 Neopyropia yezoensis populations were extensively

collected along the coasts and islands of the Yellow Sea and the Bohai
Sea in China, including 13 wild populations (grown naturally on rocks
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and/or other natural substrates in intertidal zones) and 9 cultivated
populations (cultivated on culture nets, with the samples from the
same source of seedlings defined as a cultured population). The
sampling sites selected represent a comprehensive range of
geographical locations and environmental conditions across the
coasts and islands of the Yellow Sea and the Bohai Sea in China,
which allowed us to capture the potential genetic variation in N.
yezoensis populations that may be influenced by factors such as
latitude, water temperature, salinity, and nutrient levels. The detailed
information on the sampling sites, including their geographical
coordinates, was provided in Figure 1 and Table S1 (Supplementary
Material 1). Samples were collected in the spring of 2021, with at least
15 samples from each population. After the samples were transported
to the laboratory in Qingdao at 4°C, they were rinsed several times
with filtered (0.22 um pore size) and autoclaved seawater to remove
the epiphytic organisms. Subsequently, the surface water was dried
with absorbent paper. Then, each sample (individual) was
immediately frozen in liquid nitrogen and stored at -80°C.

Genomic DNA extraction and
PCR amplification

The genomic DNAs of the samples were extracted by using the
Super Plant Genomic DNA Kit (for polysaccharide- and polyphenol-
rich plants) (DP360, Tiangen, Beijing, China). The concentration and
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FIGURE 1

Geographical location of the sampling sites for Neopyropia
yezoensis. The three blue circles showed the three regions with
both wild and cultivated populations.
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purity of the DNAs were assessed by a nucleic acid protein detector
(FC-2100, Lifereal, Hangzhou, China) and 1% agarose gel
electrophoresis (DYY-10C, Beijing Liuyi Biotechnology, Beijing, China).

The primer sequences for 185 rDNA amplification were:

Forward: 5- CAGAGCGCTTTGAGATGATTC-3;

Reverse: 5- CCCGACAAGAGGAGACAAACT-3.

The 25 pL reaction system was composed of 2 UL template
DNA (25 ng uL™"), 0.5 uL of each primer (10 wmol L), 12.5 uL
2xRapid Taq Master Mix (Sangon Biotech, China) and 9.5 pL
ddH,O. The PCR reactions were conducted on a gradient
thermocycler (Bioer Technology, China) using the program:
initialization at 95 °C for 3 min, followed by 35 cycles of
denaturation at 94 °C for 15 s, annealing at 53 °C 15 s, and
extension at 72 °C for 30 s, then a final extension at 72 °C for
5 min. The amplified products were stored at 4°C at the end of the
reaction process. The concentration and purity of the PCR products
were assessed using a NanoDrop spectrophotometer (Thermo
Fisher Scientific) and agarose gel electrophoresis, respectively.
Primers were synthetized and PCR products were sequenced by
Sangong Biotech (Shanghai, China). The raw-reads data were
deposited in the NCBI Sequence Read Archive (SRA) with the
accession number of PRINA936265.

Screening of microsatellite markers

Eight genomic DNA samples were randomly selected from 22 N.
yezoensis populations for SSR markers screening. A total of 68 SSR
markers from the transcriptome data were used for screening (Lu,
2016). All amplifications were performed in 20 UL reactions, which
included 1 UL of template DNA (50 ng uL™), 0.5 uL of each primer
(20 umol L"), 10 uL of 2xTaq Master mix (Taq DNA Polymerase,
dNTP, MgCl, and reaction buffer) and 8 puL of ddH,O. The PCR
amplification 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 at 55°C for 30 s, and elongation at 72°C for 20 s; and a final
extension at 72°C for 10 min. The amplified products were stored at
4°C at the end of the reaction process. Electrophoresis of the
amplified products was conducted in 1.5% agarose gel at 100 V for
15 min and then photographed and detected by a fully automated
image analysis system. (Tanon-3500R, Biotanon, Shanghai, China).
Capillary electrophoresis and genotyping of the PCR products with
stable amplification process and clear bands were performed using a
3730xl sequencer, and the data were analyzed by GeneMapper 4.1
software. The SSR markers with fragment polymorphism and high
amplification efficiency were screened out and used to analyze the
genetic diversity of the total 375 samples from the 22 N. yezoensis
populations. The PCR amplification procedure for 375 individuals
were performed at each annealing temperature of the screened SSR
primer pairs as shown in Table 1.

Data analysis

Popgen 32 software (Yeh et al., 1999) was used to calculate the
SSR loci and to analyze the genetic diversity of the N. yezoensis
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TABLE 1 Characteristics of 11 pairs of SSR primers for Neopyropia yezoensis.

Primer sequence

10.3389/fmars.2023.1166508

5.3 Repetitive sequence Annealing temperature Amplified fragment size/bp
RO AGOATCAGAGTEGG 1, g
w2 Cedeaerootriteore | (COGTCRY 56
SR racocracacoanas (€O g
W3 Geeaacecactactags | (90 7
St coonTaGoAcaac | s 2
W citacoadacacteriar | (CT9 56
RO CoemeactTeaiasneac | O &
SSRAS F: CTTCTGGCGACCCAACGT (TG), . 6

R: ATCAAGCCCAAGCAGCAAT
s deoteotatocoasace | 9Ok g
SRl Ciracoactacoctorte | (O 5
SRS GeGGGAAGGICRTCAKCA (s g

populations. The following parameters were obtained: number
of observed alleles (N,), effective number of alleles (N.),
Shannon’s information index (I), polymorphism information
coefficient (PIC), expected heterozygosity (H.), observed
heterozygosity (H,) and Hardy-Weinberg Equilibrium (HWE).
The phylogenetic trees were constructed based on 375 individuals
and 22 populations, respectively, by using POPULATIONS version
1.2.30 and FigTree version 1.4.3 (Andrew, 2016). The clustering
analysis of the N. yezoensis populations was performed using
STRUCTURE version 2.3.4 based on Bayesian models, with the
number of clusters set to 2-22, and 20 independent runs were
performed for each K value using a mixture model and an allele
frequency correlation model (Pritchard et al., 2000), and the best K
value was determined using STRUCTURE HARVESTER based on
the delta K value (Evanno et al., 2005). Based on the result of
population genetic structure analysis, the genetic differentiation
coefficient (Fy) between populations were determined with
GenAlex version 6.501 (Nei, 1972). Analysis of molecular
variance (AMOVA) was performed on the N. yezoensis
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.

BioEdit version 7.0.9.0 and MEGA 11 were used to manually
edit and align the obtained 18S rDNA sequences of the 22 N.
yezoensis populations. The number of segregating sites (S), number
of haplotypes (h), haplotype diversity (Hd), and nucleotide diversity
(Pi) were measured with DnaSP version 6.0. NETWORK 10.2
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software was used to generate the parsimony networks of
haplotypes based on the median-joining method.

Results

Characteristics and polymorphism
of SSR markers

Eleven pairs of primers with polymorphism were obtained
(Table 1). The genetic parameters showed that 60 alleles were
amplified for 11 microsatellite loci from 375 individuals of 22 N.
yezoensis populations (Table 2). The minimum number of different
alleles (N,) was 3 (SSR23, SSR24, SSR48, SSR66), and the maximum
N, was 9 (SSR02, SSR60). The number of effective alleles (N,) varied
from 1.271 (SSR48) to 4.414 (SSR01). Among the 11 microsatellite
markers, SSR48 had the minimum Shannon’s information index (I)
value (0.376) and polymorphic information coefficient (PIC) value
(0.191), which indicated its lowest polymorphism. I value (1.578)
and PIC value (0.738) of SSR01 were the maximum, indicating the
highest polymorphism of this locus. Except for SSR48, the I value of
the other 10 microsatellite markers were all greater than 0.5, and the
PIC value were all greater than 0.25. The expected heterozygosity
(H,) ranged from 0.213 (SSR48) to 0.773 (SSRO1), with an average
of 0.510, and the observed heterozygosity (H,) ranged from 0.009
(SSRO1) to 0.343 (SSR29). All the H, were smaller than H,,
indicating the loss of heterozygosity. All of the SSRs deviated
from the Hardy-Weinberg equilibrium significantly (P<0.01).
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TABLE 2 Genetic characteristics of the SSR primers for Neopyropia yezoensis.

Na, Ne He Ho | PIC

SSRO1 8 4414 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 1911 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

N,, number of different alleles; N,, number of effective alleles; He, expected heterozygosity; H,, observed heterozygosity; I, Shannon’s information index; PIC, polymorphic information

coefficient; SE, standard error.

Genetic diversity analysis of Neopyropia
yezoensis populations based on
microsatellite markers

Among the 22 N. yezoensis populations, N, ranged from 1.364
(DL-W2 and QD -W1, QD-W2) to 3.091(RZ-C), N, varied from
1.112 (DL-W2) to 2.092 (QD-C2), H, ranged from 0.082 (DL-W2)
to 0.474 (QD-C2), and H, ranged from 0.000 (QD-C4 and DL-W2)
to 0.286 (RZ-C). The I value in the 22 populations ranged from
0.137 (DL-W2) to 0.778 (LYG-C1), with the average of 0.400. The
percentage of polymorphic SSR loci in the 22 populations ranged
from 36.36% to 90.91%, with the average P value of 69.83%
(Table 3). The N,, N,, H. and H, values of population DL-W2
were all the minimum. Meanwhile, the I and P value of DL-W2
were the lowest. It indicated that DL-W2 had the lowest genetic
diversity among these 22 N. yezoensis populations.

The phylogenetic tree based on 375 individuals identified 2
major clusters (I and II), each of which was further grouped into 2
subclades (C1 and C2, C3 and C4) (Figure 2). Two hundred and
forty-two (64.53%) of the individuals were assigned into C3. The C1
contained the second largest number of individuals (66). The C2
contained the least individuals (12). None of the major clusters and/
or sub-clusters was composed of exclusively individuals from a
particular population or collection zone, indicating intermixing
among N. yezoensis populations.

The optimal K value was determined to be 4 based on the delta
K value (Figure 3), and the structure plot showed that the 22 N.
yezoensis populations were divided into 4 groups (Figure 4A).
Thirteen wild populations and 9 cultivated populations were both
divided into 2 different groups, respectively. If set the K value to 2
manually (Figure 4B), ie., assigning the 22 populations into two
groups, it was found there was a high gene exchange between the
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cultivated populations of NT-C, QD-C4, LYG-C1 and RZ-C and the
wild populations.

The 22 populations were divided into 3 major taxa based on the
PCoA analysis. DL-W1, DL-W2, DL-W3, YT-W3, YT-W4 were
one taxon, DL-C, LYG-C2, QD-C1, QD-C2, QD-C3 and a small
amount of individuals from RZ-C formed a taxon, and the
remaining individuals were clustered into a taxon (Figure 5).

The above analysis was made based on 375 individuals. It was
further analyzed based on 22 populations. It was found that the
highest genetic differentiation was between DL-C and NT-C
(F=0.767) and the lowest was between QD-C1 and QD-C2
(F4=0.006) (Table S2 (Supplementary Material 2)). The
populations phylogenetic tree showed that 22 populations were
divided into 2 main groups (Figure 6). Five 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,
among which 4 populations of DL-W1, DL-W2, YT-W3 and YT-
W4 were grouped into one branch, and 9 wild populations clustered
together and formed another subgroup.

The AMOVA (Table 4) showed that the genetic variation
among the 22 N. yezoensis populations (53%) was higher than the
intra-populational genetic variation (47%). However, the degree of
intra-populational genetic variations of both cultivated (53%) and
wild (55%) populations were higher than the inter-populational
ones (45% and 47%).

Gene exchange between cultivated and
wild populations based on SSR markers

Both wild and cultured populations were collected from 3
geographically separate regions, the northern Yellow Sea (Dalian),
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TABLE 3 Genetic characteristics of 22 Neopyropia yezoensis
populations based on SSR analysis.

Na Ne He Ho | 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%
SE 0.064 0.036 0.014 0.010 0.024 4.41%

N,, number of different alleles; N, number of effective alleles; H,, expected heterozygosity; H,,
observed heterozygosity; I, Shannon’s information index; P, percentage of polymorphic loci;
SE, standard error. See Table S1 for detailed information represented by population
abbreviations.

the middle Yellow Sea (Qingdao) and the southern Yellow Sea (the
southern Rizhao and the northern Lianyungang) (Figure 1).
Among the 3 N. yezoensis populations in the northern Yellow
Sea, the genetic differentiation coefficient between DL-C and DL-
W2 was the highest (F=0.683), and that between DL-W1 and DL-
W2 was the lowest (Fy=0.141) (Table S2 (Supplementary Material
2)). The optimal K value was identified to be 2, i.e., the 3
populations were divided into two groups (Figure 7A). 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).
Among the 7 N. yezoensis populations in the middle Yellow Sea,
the genetic differentiation coefficient between QD-C3 and QD-W2
was the highest (F,=0.641), and that between QD-C1 and QD-C2
was the lowest (Fy=0.006). The membership proportion was
0.586:0.414 in QD-CI and 0.582:0.418 in QD-C2. The genetic
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identity was the highest between QD-W1 and QD-W2 (0.994)
and the lowest between QD-C3 and QD-W2 (0.273) (Table S2
(Supplementary Material 2)). 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 formed another group with high proportion of
membership (average Q=0.874) (Figure 7B).

Among the 4 N. yezoensis populations in the southern Yellow Sea,
the genetic differentiation coefficient between LYG-C2 and RZ-W was
the highest (F=0.605), and that between LYG-C1 and RZ-C was the
lowest (F=0.072). The genetic identity was the highest between RZ-C
and RZ-W (0.909) and the lowest between LYG-C2 and RZ-W
(0.309) (Table S2 (Supplementary Material 2)). The optimal K
value was 2. RZ-W formed a separate group with high proportion
of membership (average Q= 0.994) and LYG-C2 formed another
group with high proportion of membership (average Q=0.974).
Marked admixture was identified in LYG-C1 and RZ-C, with the
membership proportion being 0.697:0.303 and 0.716: 0.284,
respectively (Figure 7C).

Genetic diversity analysis and haplotype
network of Neopyropia yezoensis
populations based on 18S rDNA sequences

A total of 352 18S rDNA sequences were obtained, after fully
aligned, the sequences length was 1249 bp. A total of 22 haplotypes
(H1~H22) and 156 segregating sites were identified, with the
haplotype diversity (Hd) of 0.77300 and nucleotide diversity (Pi)
0f 0.02660. Among the 22 N. yezoensis populations, Hd ranged from
0.00000 (DL-C, DL-W2, NT-C and RZ-C) to 0.68506 (DL-W3),
and Pi ranged from 0.00000 (DL-C, DL-W2, NT-C and RZ-C) to
0.09914 (DL-W3). The maximum values of both Hd and Pi were in
the DL-W3 population. The largest number (7/22) of 18S rDNA
haplotypes was identified in DL-W3 and WH-W. Three haplotypes
(H2, H5 and H16) were present in both the cultivated and wild
populations, 3 haplotypes (H1, H10 and H15) were only identified
in the cultivated populations, and the remaining 16 haplotypes (H3,
H4, H6~H9, H11~H14 and H17~H22) were only present in the
wild populations (Table 5).

The network of 185 rDNA haplotypes showed that the most
numerous linkages were emanated from H2. H2 was the most closely
associated with other haplotypes: 10 haplotypes (H3, H5, H9,
H11~H14, H16~H17 and H22) experienced within 10 steps of
mutation from H2. H6 and H8 were the most divergent from H2,
experiencing more than 100 steps of mutation from H2 (Figure 8A).
Among the 22 haplotypes, 12 haplotypes (H7, H8, H10, H12~HI15,
H17 and H19~H22) were site-specific, and 10 haplotypes (H1~HS6,
H9, H11, H16 and H18) were shared among locations (Figure 8B).
The most abundant haplotype H2 was shared by 142 specimens,
accounting for 40.06% of all individuals, and existed in 19 N. yezoensis
populations. Thirteen haplotypes (H7, H8, H10, H12, H13~H16 and
H18~H22, 59.09%) were represented by 1-2 specimens. Except for
H2, H5 and H16 were shared by both wild and cultivated populations,
with H5 present in DL-W3, WH-W, QD-W1, QD-W2, and RZ-C
and H16 present in LYG-C2 and RZ-W (Figure 8).
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FIGURE 2

The phylogenetic tree based on 375 individuals of 22 Neopyropia yezoensis populations by UPGMA method. See Table S1 for detailed information of

the 375 individuals.

DeltaK = mean(|L"(K)|) / sd(L(K))

300

Delta K

100

FIGURE 3

Determination of optimal K value: the optimal K value was identified
by the use of STRUCTURE HARVESTER according to the delta K
value.
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Discussion
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 highly
polymorphic (Weber, 1990; Gur-Arie et al., 2000). According to
Botstein et al. (1980), the polymorphic information coefficient
(PIC) is divided into three grades: PIC<0.25 (indicating a low
polymorphic level), 0.25<PIC<0.5 (a moderate polymorphic
level), and PIC>0.5 (a high polymorphic level). Eleven
microsatellite markers were developed in this study. The mean
PIC of these 11 markers was 0.459, with the values for SSRO1,
SSR02, SSR 029 and SSR40 over 0.5 and only the value for SSR48
lower than 0.25, indicating that the developed microsatellite
markers were highly polymorphic.

Most of the microsatellites were dinucleotide and trinucleotide
repeats. This result was consistent with the findings in many plants
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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 colored bar, and the proportion of the color in each bar represents the probability of
membership in the relevant cluster. See Table S1 for detailed information represented by population abbreviations.
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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). See Table
S1 for detailed information represented by population abbreviations.
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The populations phylogenetic tree constructed based on the genetic distance between individuals of 22 Neopyropia yezoensis populations and
through UPGMA method. See Table S1 for detailed information represented by population abbreviations.

(Sonah et al., 2011; Shan et al., 2018; Zhang et al., 2018). Besides,
GC-rich repeats types were the most populous, which is related to
the high GC content of N. yezoensis genome (Lu, 2016). SSR01 and
SSRO2 had the longest sequences and were highly polymorphic.
Generally, a longer microsatellite DNA sequence or a greater
number of nucleotide repeats leads to higher polymorphism of
the microsatellite locus (Gou et al., 2007). In addition, the genetic
parameters of the SSR markers developed in this study were all
higher than those of Wei (2012) when both cultivated and wild N.
yezoensis populations were used as samples. The numbers of allele
per SSR were higher than the SSRs developed by Kim et al. (2021).
The H, of the 11 SSR markers were all lower than the H,, and they
all deviated significantly from the Hardy-Weinberg Equilibrium.
Purifying selection, population substructure, copy number

TABLE 4 AMOVA analysis of the Neopyropia yezoensis populations.

Source of variation

variation, genotyping error and sampling effect are all potential
causes of departure from Hardy-Weinberg Equilibrium (Kang et al.,
2013; Chen et al, 2017; Qi et al, 2017). Taken together, these
markers will be valuable tools for germplasm resource evaluation,
genetic diversity protection and breeding of N. yezoensis.

Genetic diversity of wild N. yezoensis
resource in China

The wild populations of N. yezoensis collected in this study were
widely collected along the coast of the Yellow Sea and Bohai Sea,
covering the major natural distribution areas of this species in
China (Zhang and Zheng, 1962; Cao et al., 2018). These collecting

Rate of variation

Degree of freedom

Sum of squares

Variance component

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%

Pops, populations.
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Structure analysis of Neopyropia yezoensis populations in the 3 regions where wild and cultured populations were both collected. (A) 1 farmed and
2 wild populations in the northern Yellow Sea (Dalian). (B) 4 farmed and 3 wild populations in the middle Yellow Sea (Qingdao). (C) 3 farmed and 1
wild populations in the southern Yellow Sea (Rizhao and Lianyungang). See Table S1 for detailed information represented by population

abbreviations.

sites were almost geographically separated from each other. Fujio
et al. (1985) found that the natural populations of N. yezoensis has
more geographical genetic differentiation than many other diploid
organisms. The present SSR AMOVA analysis of 13 wild N.
yezoensis populations showed that the genetic variation mainly
occurred within the populations and no obvious correlation
between the genetic variation and geographical distance was
identified. The previous study has revealed that the genetic
distance between laver species is not always related to geography
or growing environment (Cui et al., 2006).

The phylogenetic tree, Structure and PCoA analysis based on SSR
markers consistently showed that the wild populations were divided
into two distinct groups, with the populations that were distributed in
the intersection region between the Yellow Sea and the Bohai Sea
forming a distinct clade (DL-W1, DL-W2, YT-W3, YT-W4,
Figures 4A, 5, 6). It was further found based on 18S rDNA
haplotype analysis that the H3 haplotype was specifically identified
in the populations distributed in this region (DL-W1, DL-W2, YT-
W2, YT-W3, YT-W4, Figure 8). In addition, the largest number of
haplotypes (10) were identified in DL-W3, YT-W2, YT-W3 and YT-
W4 (Figure 8), accounting for 45.45% of the total detected
haplotypes. The highest intra-populational genetic diversity
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(Hd=0.68506, Pi=0.09914) was present in DL-W3. For the
populations in this region (DL-W1, 3, YT-W2~4), the average Hd
(0.71139) was a little lower and the average Pi (0.05322) was a little
higher than that of all the 22 N. yezoensis populations (Nd=0.77300,
Pi=0.02660). Relatively high Pi and low Nd suggest divergence
between geographically subdivided populations (Grant and Bowen,
1998). Thus, it was consistently revealed by both SSR and 18S rDNA
that the N. yezoensis populations distributed around the intersection
region between the Yellow Sea and the Bohai Sea have undergone
distinct genetic divergence from the other populations in China. It
has been confirmed that genetic variation in organisms at the
molecular level was correlated with environmental heterogeneity
(Smith and Levins, 1970: Nevo, 2001). For example, the genetic
diversity of plants such as Primulafarinosa (Reisch et al., 2005) and
Pogonatherum paniceum (Ma et al., 2006) was correlated with
altitude and average annual temperature, and showed regular
patterns with altitude change. There is a strong intermix of distinct
water quality and between warm and cold ocean current around the
intersection between the Yellow Sea and the Bohai Sea, which may
lead to the genetic divergence (Koh and Kim, 2020; Zhou et al., 2023).
This region can be served as a genetic diversity hotspot of N. yezoensis
and needs to be further monitored for conservation (Hu et al., 2017).

frontiersin.org


https://doi.org/10.3389/fmars.2023.1166508
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xu et al.

10.3389/fmars.2023.1166508

TABLE 5 Summary of genetic diversity of 22 Neopyropia yezoensis populations based on 18S rDNA sequences.

populations N S h Hd Pi

Total 352 156 22 0.77300 0.02660
DL-C 10 0 1 0.00000 0.00000
DL-W1 7 2 2 0.28571 0.00104
DL-W2 20 0 1 0.00000 0.00000
DL-W3 29 129 7 0.68506 0.09914
DY-W 10 1 2 0.20000 0.00036
NT-C 9 0 1 0.00000 0.00000
QD-C1 10 11 2 055556 001115
QD-C2 10 32 3 0.60000 0.01825
QD-C3 10 11 2 035556 0.00714
QD-C4 10 11 2 0.20000 0.00401
QD-W1 35 6 4 0.67731 0.00248
QD-W2 20 3 4 0.61579 0.00133
QD-W3 9 1 2 055556 0.00101
LYG-C1 10 12 3 0.60000 0.01107
LYG-C2 10 12 3 037778 0.00665
RZ-C 1 0 1 0.00000 0.00000
RZ-W 14 49 5 059341 0.01566
WH-W 35 142 7 0.48571 0.02138
YT-W1 10 1 2 046667 0.00085
YT-W2 24 2 3 0.60870 0.00167
YT-W3 16 101 3 0.62500 0.06040
YT-W4 43 15 6 0.46069 0.00337

N, number of sequences; S, number of segregating sites; h, number of haplotypes; Hd, haplotype diversity; Pi, nucleotide diversity. See Table S1 for detailed information represented by population

abbreviations.

Genetic diversity of cultivated N. yezoensis
resource in China

The cultivation area of N. yezoensis is mainly distributed in the
southern Yellow Sea, accounting for more than 99% of N. yezoensis
production and processing enterprises in China (Yang et al., 2017).
The semi-floating 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). The intensive
cultivation and long-term selective breeding of cultivated N. yezoensis
germplasm led to reduced genetic diversity of stock, fragility to
climate change, susceptibility to disease, and decline in product
quality (Wernberg et al., 2013; Buschmann et al,, 2017; 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
etal, 2011) and disease (Park and Hwang, 2014) were bred to expand
culture space, improve production quality, adapt to different sea
conditions and meet diversified market demands.
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The cultivated populations of N. yezoensis were collected from 3
representative farming areas along the coast of southern, middle
and northern Yellow Sea, respectively. Based on SSR markers, the
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%). This suggested that the germplasm of cultivated
N. yezoensis in China are diversified, which was consistent with the
previous studies based on different molecular markers (Mei et al.,
2000; Chen et al., 2012). Based on 18S rDNA sequences, except for
H2, the ancestral haplotype of this species (Crandall and
Templeton, 1993), only 2 out of 22 haplotypes were shared by
both cultivated and wild populations. There was a haplotype (H1)
identified in almost all the cultivated populations but not in the wild
populations (Figure 8). The result confirmed the genetic divergence
of the cultivated populations from the wild populations.
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Comparison between cultivated and
wild populations

Generally, the genetic diversity is higher in wild populations
than in cultured ones, owing to multi-generational selection and
purification of the cultivars (Wei, 2012). In this study, by contrast, a
higher genetic diversity was identified in the cultivated populations
(average 1=0.469, P=78.79%) than in the wild populations (average
1=0.352, P=63.64%) based on SSR analysis. Although a higher
genetic diversity was identified in the wild populations (average
Hd=0.44712, Pi=0.01491) than in the cultivated populations
(average Hd=0.29877, Pi=0.00647) based on 18S rDNA
sequences. As mentioned above, the cultivated populations
contained 18S rDNA haplotypes distinct from the wild
populations. Population isolation caused by environmental or
anthropogenic disturbances and other factors can influence the
genetic diversity and population structure (Wen et al,, 2010). In
recent years, wild resources of seaweeds were deteriorated and the
biodiversity was declining due to global climate and coastal
environmental change (Sun et al,, 2010; Tanaka et al., 2012; Koh
and Kim, 2020). Aquaculture of N. yezoensis has incorporated new
germplasm resources from natural populations and new strains
obtained through mutation or crossbreeding (Zhang et al., 2011;
Park and Hwang, 2014; Li et al., 2018). It has been reported that
some of the N. yezoensis cultivars in China were introduced from
abroad (Qiao et al, 2007), implying possible distinct genetic
background from the indigenous germplasm. In addition, the
distinct genetic background of some cultured populations may
result from mutation or cross breeding. It seemed that different
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source of N. yezoensis germplasm and different strategy for N.
yezoensis seedling rearing (single strain or a mixture of several
strains) have led to the varying genetic backgrounds and genetic
diversity levels of the cultivated populations (Tables 3, 5).

A high genetic differentiation was identified between the
cultivated populations and the wild populations (Fy=0.529-0.683)
in the northern Yellow Sea according to the criteria of Wright
(1978). In the middle Yellow Sea, gene exchange was present
between some of the cultivated populations and the wild ones
(F=0.218-0.641). In the southern Yellow Sea, there was a high gene
exchange and a low genetic differentiation between the cultured
populations and the wild ones, especially between RZ-C and RZ-W
(F5=0.095). RZ-W, RZ-C and LYG-Cl were aggregated into a
group. There is the longest history of N. yezoensis aquaculture in
the southern Yellow Sea (40~50 years). Industrial culture of N.
yezoensis in the middle Yellow Sea (Qingdao) and northern Yellow
Sea (Dalian) started just 5-7 years ago. Thus, the gene exchange
between the cultivated populations and the wild populations
seemed to be related to the length of culture time. Nonetheless, it
can be seen from the structure analysis that the gene flow between
the cultivated populations and the wild populations was
asymmetric, and the gene flow from the cultivated populations to
the wild populations was limited (Figure 7). For 18S rDNA
haplotypes, 19 haplotypes were shown to be present either in the
wild populations or in the cultivated ones, only 3 haplotypes (H2,
H5 and HI16) shared by both wild and cultivated populations
(Figure 8). H2 was present in all the populations, thought to be
an ancestral haplotype of this species (Crandall and Templeton,
1993). H5 was present in 4 wild (DL-W3, QD-W1, W2, W3) and 1
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cultivated (RZ-C) population. Only H16 was shared by one wild
(RZ-W) and one cultivated population (LYG-C2) in the southern
Yellow Sea. Thus, both SSRs and 18S rDNA analysis indicated that
there was limited genetic impact of the cultivated N. yezoensis
populations on the wild ones. Even if there was an impact of N.
yezoensis aquaculture on the wild resource, it is a long-term and
slow process.

Reproductive patterns can influence the genetic diversity and
population structure (Wen et al., 2010). N. yezoensis is a
monoecious and self-fertilized species. The sporophytic blades can
repeat themselves by means of asexual reproduction through
archeospores (Fujio et al., 1985). The spreading of archeospores
may cause exchange and thereby decrease 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 in the southern Yellow Sea,
almost none spontaneous N. yezoensis has been identified along the
coast (Yang et al., 2017). It may be due to the sandy substrate in this
region. It has been found that the cultivated population of U.
pinnatifida (Shan et al., 2018; Li et al., 2020) 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
naturally settling on the cultivation stem ropes and rafts. In this
study, the QD-C4 was genetically distinct from the QD-C1 and QD-
C2 that were cultured at the same time and next to each other. It
indicated that the genetic impact between the adjacent N. yezoensis
populations is limited.

Conclusion

Eleven polymorphic SSR markers were developed to identify a
higher average polymorphism among the cultured N. yezoensis
populations than among the wild ones. The cultivated
populations were clustered separately from the wild ones based
on the population phylogenetic tree. A total of 22 haplotypes were
identified from 352 18S rDNA sequences and 86.36% of them were
specifically assigned to either the wild populations or the cultivated
ones. The results indicated that the cultivated N. yezoensis are
diversified and divergent from the wild populations in China. The
relationship between some populations can be well-traced by these
molecular markers 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. The genetic exchange
between the cultivated N. yezoensis populations and the wild
populations seemed to be related to the length of culture time,
being a long-term and slow process. The wild N. yezoensis
populations were grouped into two distinct clades by SSRs, with
one distributed around the intersection between the Yellow Sea and
the Bohai Sea, where 5 out of 6 wild populations were characterized
by a specific 18S rDNA haplotype. This region can be served as a
genetic diversity hotspot of N. yezoensis resource and needs to be
further monitored for conservation.
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