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The commercially important brown alga Saccharina japonica in China has been
believed to be accidentally introduced from Japan in 1920s. Meanwhile, spontaneous
populations in the wild are assumed to be derived from the locally farmed populations.
Spontaneous populations are often observed in the subtidal zones and on the
cultivation infrastructure near farmed populations in the north of China. However, the
genetic connectivity between these sympatric spontaneous and farmed populations
remains unclear. Here, three commonly farmed cultivars (farmed populations) and
three spontaneous populations (two from subtidal zones and one from cultivation
rafts) were sampled from a typical kelp farm in Dalian, China, and analyzed with ten
polymorphic microsatellite markers. Genetic diversity of farmed populations was found
to be higher than that of the subtidal spontaneous populations. Neighbor joining cluster
analysis based on genetic distance, Bayesian model-based structure analysis, and
discriminant analysis of principal components revealed significant genetic divergence
between the farmed populations and the subtidal spontaneous ones. Gene flow out of
farmed populations to the subtidal spontaneous populations was revealed to be very
limited, but gene flow in the contrary direction was more prominent. The spontaneous
sporophytes on the structural rafts contained pedigree from both farmed and subtidal
spontaneous populations. Results of this study may help us to understand reciprocal
impacts between sympatric spontaneous and farmed populations of S. japonica.
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INTRODUCTION

The important economic kelp species Saccharina japonica (J. E.
Areschoug) C. E. Lane, C. Mayes, Druehl, and G.W. Saunders
has been assumed to be non-native to China, but unintentionally
introduced from the north of Japan in 1920s (Tseng and Zhang,
1952; Tseng, 2001). This assumption is supported by the recent
genetic diversity analysis of S. japonica populations from Japan
and China as founder effect is revealed to be evident in Chinese
populations (Shan et al., 2017). Originally, small scale cultivation
experiments of this kelp was conducted using traditional Japanese
method by throwing stones with attached spores to the sea
(Hasegawa, 1976; Tseng, 2001). The experiments were first
performed in Dalian, and later expanded to Yantai, Weihai
and Qingdao in Shandong Province. Original spontaneous
(wild) populations of S. japonica in rocky shores of these
regions were thought to be derived from the zoospores escaping
from cultivated individuals (Tseng and Zhang, 1952). Now the
southernmost distribution of wild S. japonica populations in
China is around 36◦N latitude (Pang et al., 2007).

Conspicuous spontaneous populations of S. japonica are
often observed in rocky subtidal zones and on the cultivation
infrastructures adjacent to farmed populations in northern
China (Figure 1). The sympatric distribution of farmed and
spontaneous populations provides possibility of gene flow
between them. On one hand, farmers and breeders are most
concerned with the potential for contamination of wild pedigree
into the farmed populations, which may alter the agronomical
traits of the latter and thus degrade their quality or/and yield.
On the other hand, spontaneous populations play important
ecological roles in near shore rocky ecosystem, and may represent
specific gene repertoire which can be very valuable materials in
breeding programs (Fei, 2004; Zhang et al., 2017). From these
perspectives, measures should be taken to prevent gene flow
between them. It is therefore very important to evaluate the
level of genetic connectivity between these sympatric farmed and
spontaneous populations. However, no such studies have been
conducted for S. japonica in China.

Supposedly at least two alternative prerequisites should be
satisfied for the possibility of reciprocal gene flow between
farmed and subtidal spontaneous populations. One is overlap
of the reproduction season which makes their crossing possible.
Otherwise, the alternative one is that zoospores released from
the spontaneous or farmed populations are able to colonize the
cultivation longlines or subtidal zones, respectively, and grow
into mature sporophytes. Subtidal spontaneous sporophytes of
S. japonica are biennial. They usually reproduce twice in their
life history, in autumns when they are 1 year and 2 years old,
respectively, and then the sporophytes die away (Tseng and
Wu, 1962). In earlier times the “autumn sporeling” method was
used, in which seedlings are produced by employing mature
subtidal spontaneous individuals as parents (Shan et al., 2011).
After it was devised in the 1950s, the “summer sporeling”
method was gradually accepted by the cultivation industry and
has become the dominant method for large-scale production of
seedlings in China (Tseng et al., 1955; Tseng, 2001). The farmed
populations derived from this method produce sori in summer

(mainly from July to August), different from the reproductive
time of subtidal spontaneous populations (Shan et al., 2011).
Most of the farmed populations are harvested before July and
only hundreds of selected parental sporophytes are hung in deep
waters until August for the purpose of seedling production. Even
though the zoospores released from these parental sporophytes
are able to colonize in the subtidal regions, their derived
gametophytes and sporophytes are unlikely to survive the high
temperature (up to 27–28◦C) in summer (Pang et al., 2007).
Strings, on which grow young seedlings about 3–4 cm long
and the remnant gametophytes, are transported from hatcheries
to the open sea for transitional cultivation when seawater
temperature drops below 20◦C in late October. The transitional
cultivation lasts for 1 month until the young sporophytes
reach an average length of 20 cm. The subtidal spontaneous
populations reproduce at this period (Figure 1). Zoospores
released from them are likely to attach to the seedling strings
and their derived gametophytes might self-cross or cross with
the remnant gametophytes of the farmed populations. However,
selection of larger sporophytes in the insertion process for final
cultivation is expected to minimize the pedigree contamination
from spontaneous populations. According to the above analysis,
the genetic connectivity between subtidal spontaneous and
farmed populations is expected to be very limited. Spontaneous
sporophytes are also often observed growing on the structural
rafts of longline cultivation system (Figure 1). They usually
become conspicuous from January and February. They are
hypothesized to be derived from the zoospores released by the
subtidal spontaneous populations in autumn.

Microsatellites have been the markers of choice in genetic
structure analysis due to its codominant nature and high
polymorphism information content per locus owing to its
multiallelic nature (Liu and Cordes, 2004). They were successfully
used to assess the genetic connectivity between farmed and the
adjacent spontaneous populations of Undaria pinnatifida on the
cultivation infrastructure in our previous study (Shan et al.,
2018). By employing ten highly polymorphic microsatellites, our
objective in the present study is to assess the genetic connectivity
between farmed populations on a typical kelp farm and the
adjacent spontaneous populations of S. japonica in China.

MATERIALS AND METHODS

Sample Collection
Sampling of S. japonica were conducted from a typical kelp farm
and the adjacent subtidal regions on May 10, 2018 in a bay of
Lüshun district, Dalian city, China (Figure 2). The sampling
range was from 38◦47′N, 121◦15′E to 38◦47′N, 121◦16′E. Three
commonly farmed cultivars, which are designated as FB, FJ, and
XS, were sampled from longlines. All of them were produced
through “summer sporeling” method and grown on 8-m long
cultivation ropes, with both ends tied to the structural rafts
(Figure 1 in Shan et al., 2018). Subtidal spontaneous populations
were collected from two rocky locations adjacent to the farmed
populations, with the individuals sampled from the west and
east regarded as two separate populations, designated as SW

Frontiers in Marine Science | www.frontiersin.org 2 August 2019 | Volume 6 | Article 494

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00494 August 1, 2019 Time: 18:37 # 3

Shan et al. Genetic Connectivity in Saccharina japonica

FIGURE 1 | Schematic drawing of the sympatric spontaneous populations in subtidal benthic zone (BW) and on the cultivation rafts (RW), and farmed cultivars (FC)
of Saccharina japonica on a typical kelp farm in Dalian China. Their growing and maturation periods are also shown.

and SE, respectively (Figure 2). The distance between them
was ca. 400 m. Spontaneous sporophytes were also collected
from structural rafts adjacent to the farmed populations and
designated as population RW. The distance between any two
sampled individuals was at least 3 m to reduce the chance
of collecting siblings or close relatives. Thirty individuals were
sampled from each population except SE population, which
included 24 individuals. A small part of the blade was cut from
each individual, cleaned by sterilized seawater, blotted with paper
towels, and then dried in silica gels in plastic bags.

Microsatellite Genotyping
Genomic DNA was isolated using Plant Genomic
DNA kit Ca.#DP305 (TIANGEN, Beijing, China).Ten
polymorphic microsatellite markers H123 (Shi et al.,
2007), Zspj6, Zspj9, Zspj14, Zspj17, Zspj20, Zspj26, Zspj28,
Zspj39, and Zspj40 (Zhang et al., 2014) were employed
for genetic analysis. The polymerase chain reaction
(PCR) and microsatellite genotyping were conducted as
described in Shan et al. (2019).

Data Analysis
The number of alleles (Na), observed and expected
heterozygosities (Ho and He), inbreeding coefficient Fis

and Nei’s standard genetic distance (Nei, 1972) were computed
with GenAlEx 6.5 (Peakall and Smouse, 2006, 2012). The
deviation from Hardy–Weinberg equilibrium (HWE) was
evaluated by GENEPOP version 4.7.0 (Rousset, 2008). The
adjusted P-value < 0.05 after Bonferroni correction (Rice, 1989)
was regarded to be significant. The population selfing rate
was estimated by the index g2 using the inbreedR package
(Stoffel et al., 2016). A neighbor-joining (NJ) unrooted
phylogenetic tree was constructed with calculated genetic
distance between populations by the POPTREE software
(Takezaki et al., 2010). During bootstrapping, 1000 permutations
were performed to assess the robustness of the clusters. The
Fst values were computed by ARLEQUIN version 3.11 with
1000 permutations to assess pairwise population genetic
differentiation (Laurent et al., 2005). To adjust for multiple
comparisons, the false discovery rate (FDR) was controlled
by using “BH” method (Benjamini and Hochberg, 1995) in
the p. adjust function in R. The adjusted P-value < 0.05 was
considered to be significant.

A Bayesian model-based clustering analysis was conducted
with STRUCTURE 2.3.4 to evaluate the most possible
number of genetic clusters (Pritchard et al., 2000). This
clustering method was applied in identification of genetically
distinct subpopulations based on the allele frequencies.
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FIGURE 2 | Sampling site of the farmed populations and the adjacent
spontaneous populations of Saccharina japonica. Red rectangles indicate the
sampling range of the subtidal spontaneous populations SW and SE. Blue
dashed rectangle indicates the sampling range of farmed populations and the
spontaneous population on the cultivation structural rafts. The dark
rectangular areas in the sea are the cultivation infrastructure.

The number of clusters (K value) was set from 1 to 6,
and 20 independent runs were carried out for each fixed
K value using the admixture model and allele frequencies
correlated model. Each run included a burn-in length of
100,000 followed by 1,000,000 Mote Carlo Markov Chain
(MCMC) repetitions. The optimal K value was determined
by submitting all results files of K = 1–6 to STRUCTURE
HARVESTER (Earl and Vonholdt, 2012) according to the
method of Evanno et al. (2005). The run with the highest Ln
Pr (X| K) value (log probability) among the 20 independent
runs was chosen and the graphical result was displayed
with DISTRUCT 1.1 (Rosenberg, 2004). A multivariate
discriminant analysis of principal components (DAPC) was
also performed using the adegenet package in R in order to
infer genetic relationships among populations (Jombart, 2008;
Jombart et al., 2010).

TABLE 1 | Genetic diversity and selfing rates of the populations of Saccharina
japonica from a typical farm and the adjacent subtidal zones in Dalian, China.

Population Na He F is Selfing rate (g2) P (g2 = 0)

FB 2.9 0.400 0.063 0.013 0.354

FJ 3.8 0.496 0.039 −0.007 0.617

XS 3.5 0.477 −0.023 −0.041 0.964

RW 3.3 0.429 −0.001 0.071 0.036

SE 2.8 0.389 −0.022 0.042 0.211

SW 2.6 0.328 0.038 0.062 0.149

Na number of alleles, He expected heterozygosity, Fis inbreeding coefficient, Selfing
rate (g2) indicates selfing rate estimated from g2 in inbreedR package, P (g2 = 0)
the probability value for g2 = 0.

RESULTS

The data of microsatellite genotyping and allele frequencies was
provided in Supplementary Tables S1, S2, respectively. Both the
average Na and He across the 10 microsatellite loci were found
to be highest in FJ (Na = 3.8, He = 0.496) and lowest in SW
(Na = 2.6, He = 0.328) (Table 1). The genetic diversity of farmed
populations was higher than that of the subtidal spontaneous
populations in terms of average Na and He. No significant
deviation from HWE was detected for all populations either at
each locus or across all the 10 loci (Table 1 and Supplementary
Table S3). The average Fis values across loci were close to zero for
all populations (Table 1). The selfing rate g2 was only detected to
be significant in RW (P = 0.036).

Fst values were detected to be significant among all
populations except that between FJ and XS (Table 2). Values
of both Fst and Nei’s genetic distance showed that the genetic
differentiation between the farmed and the subtidal spontaneous
populations was much higher than those within the farmed
or subtidal spontaneous populations. The NJ phylogenetic tree,
which was constructed based on pair-wise genetic distance,
exhibited that SW and SE were grouped into a cluster, and FJ,
XS, and FB were grouped into another cluster (Figure 3). These
two clusters were clearly separated with large distance. RW was
shown to be intermediate between them.

The most likely number of K was identified to be 2 by
the use of STRUCTURE HARVESTER according to the 1K
values (Figure 4 and Supplementary Figure S1). Subtidal
spontaneous populations were assigned to the first cluster

TABLE 2 | Pairwise genetic distance (below diagonal) and Fst values (above
diagonal) in six populations of Saccharina japonica from a kelp farm and the
adjacent subtidal zones in Dalian, China.

Population FB FJ SE SW RW XS

FB 0.042∗∗ 0.127∗∗ 0.177∗∗ 0.041∗∗ 0.057∗∗

FJ 0.047 0.106∗∗ 0.128∗∗ 0.032∗∗ 0.009

SE 0.116 0.115 0.023∗ 0.026∗∗ 0.146∗∗

SW 0.143 0.114 0.023 0.048∗∗ 0.155∗∗

RW 0.043 0.042 0.032 0.039 0.050∗∗

XS 0.061 0.025 0.159 0.140 0.059

∗and ∗∗ indicate significance at P < 0.05 and P < 0.01 level for Fst

values, respectively.

FIGURE 3 | Neighbor-joining phylogenetic tree based on genetic distance
among the farmed and spontaneous populations of Saccharina japonica from
a kelp farm in China. The bar indicates the genetic distance.
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FIGURE 4 | Genetic structure revealed by the Bayesian model-based analysis
using STRUCTURE 2.3.4 for farmed and spontaneous populations of
Saccharina japonica from a kelp farm in China. Each individual is indicated by
a vertical colored bar, and the proportion of the color in each bar represents
the probability of membership in the corresponding cluster.

with high proportion of membership (>0.90), with only three
individuals containing a proportion of membership >20% from
farmed populations. Most individuals of the farmed populations
were assigned to the second cluster, but some individuals of FB
and FJ possessed high proportion of membership originated from
the subtidal spontaneous populations. The total proportion of
membership originated from subtidal spontaneous populations
was 0.28 and 0.19 in FB and FJ, respectively. By comparison, XS
contained less membership derived from subtidal spontaneous
populations (<0.10). Admixture of membership was most
marked in RW, with the membership proportion from the first
and second clusters being 0.62 and 0.39, respectively. The genetic
relationships among populations revealed by the DAPC analysis
were very consistent with those revealed by STURCTURE and the
NJ phylogeny (Figure 5).

DISCUSSION

As expected, farmed populations were found to have exerted
very limited impact on the genetic composition of the sympatric
subtidal spontaneous populations. This was consistent with the
results found by Zhang et al. (2017), although the spontaneous
population appeared to be far from the farmed populations
investigated in that study. The subtidal spontaneous populations
are therefore speculated to evolve almost without the interference
of the farmed population under the current farming system.
They are potentially valuable breeding materials for they can
integrate such characteristics as tolerance to high temperature
that has evolved to adapt to the local environment (Pang
et al., 2007). However, the gene flow from subtidal spontaneous
populations to the farmed ones was revealed to be larger than we
had expected. As is expected in the section “Introduction,” the
zoospores discharged by the subtidal spontaneous populations
may attach to the seedling ropes during the 1-month transitional
cultivation of the young sporelings in the open sea (Figure 1).
The derived gametophytes can produce sporophytes through
selfing or crossing with the remnant gametophytes of the farmed
cultivars on the ropes. On one hand, growth of some of these
sporophytes are likely to catch up with that of the earlier
born larger sporelings during the 1-month period, and thus are
exploited in the sporeling-insertion process for final farming. On
the other hand, because some sporelings usually detach from the
cultivation rope after insertion due to the loose attachment of
the holdfast, farmers need to supplement them by inserting new
sporelings from the back-up, and thus the smaller sporophytes

will obtain the opportunity of being used. These scenarios may
account for the relatively high level of gene flow from subtidal
spontaneous populations to the farmed ones. The existence of
more gene flow from subtidal spontaneous populations to the
farmed ones is likely to be one reason that results in higher genetic
diversity in farmed populations.

What is also unexpected is that the spontaneous population
on the structural rafts (RW) was revealed to contain a large
proportion of pedigree from farmed populations (39%), in
addition to that from subtidal spontaneous populations. From
June to July, zoospores released from the mature farmed
sporophytes may attach to the cultivation infrastructure. After
the harvest of S. japonica is finished, however, the cultivation
infrastructure including the cultivation ropes and structural
rafts are withdrawn to the bank for cleaning and repair. The
attached spores and gametophytes are impossible to survive
this long period of drought. Furthermore, the sporophytes
of RW were observed to be conspicuous from January and
February. So they were supposedly established in last November
and December. But during this period there were no mature
farmed sporophytes on longlines. One potential explanation
is that they were derived from the farmed sporophytes that
detached from the cultivation rope and sank in the sea bottom.
From the very beginning of transitional cultivation of young
sporelings to the time when they grow into adults, many of

FIGURE 5 | Discriminant analysis of principal components for farmed and
spontaneous populations of Saccharina japonica from a kelp farm in China.
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sporophytes detach from the ropes due to currents, storm and
unsteady fastening of their hapteras. The detachment rate of
the adult sporophytes was especially higher, up to 50% at the
most severe situation in recent years (M. F. Zhang, 2015–
2019). Some of them might be tangled with the substratum
or the flora at the bottom of the sea, and became sessile.
Some might go back and forth near the farm under driving
force of the tides and currents. It has been revealed that
low temperature and low light intensity can delay the mature
time of sporophytes (Tseng and Wu, 1962; Mizuta et al.,
1999). This principle has been exploited by farmers to adjust
the reproductive time in farming and seedling production
practice. In the north of China, farmers usually select desirable
sporophytes as parental individuals during the harvest season
and hang them deeply in remote areas where the currents are
fast, and both the temperature and light intensity are lower.
In the south of China (mainly in Fujian) where the high
summer temperature makes it unfeasible to preserve parental
sporophytes in the sea, the selected parental sporophytes are
transported to hatchery rooms, and low temperature and light
are given (Pang et al., 2007). Likewise, the sporophytes that
have sunken in the sea bottom experience poor light and
low temperature, and thus their mature time is likely to be
delayed to autumn, similar to that of the subtidal spontaneous
populations. These detached sporophytes could also be potential
media for the gene flow from the farmed populations to
the subtidal spontaneous ones, which may account for the
small amount of pedigree of the former detected in the
latter in this study.

The genetic diversity of the farmed and spontaneous
populations was consistent with those detected in the previous
studies (Li et al., 2017; Shan et al., 2017; Zhang et al., 2017).
Interestingly, the subtidal spontaneous populations exhibited
lower genetic diversity than the farmed populations. As suggested
by Zhang et al. (2017), introduction of alien germplasm,
intra- and inter-specific crossing in the breeding process
might increase the genetic diversity of farmed populations.
By comparison, the subtidal spontaneous populations have
supposedly been isolated from immigrants since their original
foundation. Reduction in genetic diversity is potentially
caused by founder effect and the subsequent genetic drift.
Meanwhile, the three farmed cultivars were demonstrated
to be genetically close to each other. As was suggested and
revealed in our previous studies, mixing among different
cultivars were most likely caused by sharing of refrigerated
seawaters during seedling production in the hatchery
(Shan et al., 2011; Li et al., 2017). The result was the
homogenization of genetic composition and agronomical
features of the cultivars.

In conclusion, very significant genetic divergence was
demonstrated to exist between the farmed populations on
a typical kelp farm and the adjacent subtidal spontaneous
populations of S. japonica in China. Gene flow out of farmed
populations to the subtidal spontaneous populations was revealed
to be very limited, but gene flow in the contrary direction
was more prominent. The pedigree of spontaneous sporophytes
occurring on the structural rafts was exhibited to be admixture

of both farmed and subtidal spontaneous populations. This
study provides useful information for management of breeding
programs and conservation of stock resources. In the long run,
genetic diversity of farmed and spontaneous populations, and
the genetic connectivity between them ought to be monitored
continuously for the benefit of sustainable development of
cultivation industry of S. japonica.
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