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A B S T R A C T

The small abalone (Haliotis diversicolor) is commercially valuable for fisheries and aquaculture. Once ranked first 
globally, Taiwan’s abalone industry is now on the brink of collapse due to disease issues. Despite improvements 
in survival rates through crossbreeding between Japan and Taiwan populations, the subsequent lack of further 
breeding selection and genetic management has led to disorder after over a decade of introduction. With frequent 
commercial exchanges, stock enhancement, private introductions, and hybridization, genetic management of 
H. diversicolor poses both challenges and necessity. This study utilizes ISSRseq technology to aid in the genetic 
management of H. diversicolor. Various analyses show significant differences among the Japan wild population, 
Taiwan wild populations, the Taiwan-Indonesia hybrid strain, and other cultured populations. Selective strains 
bred by research institutions and private hatcheries exhibit uniqueness distinct from commercial H. diversicolor. 
The presence of multiple populations exhibiting admixture may be attributed to improper stock enhancement 
and management practices. Our work elucidates the current status of genetic resources of Taiwan H. diversicolor, 
laying the foundation for future breeding efforts.

1. Introduction

The Haliotis genus, the only genus within the Haliotidae family, 
comprises approximately 67 species worldwide (MolluscaBase, 2024). 
These species inhabit a diverse range of temperate and tropical coastal 
reefs and rocky habitats, typically from sea level to depths of 30 m 
(Geìger, 1999; Degnan et al., 2006). About 14 of these species hold 
significant economic importance for fisheries and aquaculture, pre
dominantly thriving in temperate seas (Estes et al., 2005; Gao et al., 
2023). Notably, compared to the predominantly cultivated abalone 
species in temperate seas, the H. diversicolor is one of the few tropical to 
subtropical abalone species subjected to large-scale cultivation (You 
et al., 2009; Hsu and Gwo, 2017). It emerges as a globally significant 
commercial species, widespread across warm water regions of East Asia, 
including Indonesia, the Philippines, Taiwan, the southern coastal wa
ters of China, Jeju, Korea, and south Japan (Kuroshio warm water re
gion) (Geìger, 1999; Hsu and Gwo, 2017).

In Taiwan, the H. diversicolor represents a valuable commodity in 
fisheries and aquaculture due to its premium price, rapid growth, and 
short life cycle (Chen and Lee, 1999; Huang and Hseu, 2010; Hsu and 

Gwo, 2017). Taiwanese pioneers in H. diversicolor aquaculture witnessed 
rapid commercial expansion in the 1980s, propelled by successful seed 
production and the development of a unique land-based multiple-tier 
culture system (Chen and Lee, 1999; Huang and Hseu, 2010; Hsu and 
Gwo, 2017). From 1993 onwards, annual production soared rapidly, 
peaking in 2000 at approximately 2500 metric tons with a value 
exceeding 1.2 billion NTD, leading global production of farmed 
H. diversicolor (FAO, 2000). Besides Taiwan’s H. diversicolor aquaculture, 
Taiwanese farmers transplanted broodstock and farming techniques to 
southern China (Fujian, Guangdong, Guangxi, and Hainan Provinces) in 
the mid-1980s, spurring a massive expansion of the aquaculture in
dustry along the south of Chinese coasts throughout the 1990s (Nie and 
Wang, 2004; Zhang et al., 2004; You et al., 2009). By 2001, the esti
mated output of H. diversicolor in southern China reached approximately 
3878 tons (Nie and Wang, 2004; Zhang et al., 2004).

However, since 2002, Taiwan and southern China have experienced 
disease outbreaks and significant mortality among H. diversicolor at the 
postlarval and grow-out stages (Chang et al., 2005; You et al., 2009; Gu 
et al., 2019). Research attributes the large-scale winter mortality in 
2003 to two primary viruses: the Abalone Herpes Virus (AbHV) and the 
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Abalone Shriveling Syndrome-associated Virus (AbSV) (Chang et al., 
2005; Chen et al., 2012, 2014; Jiang et al., 2012). To enhance survival 
rates, crossbreeding individuals from different regions (Taiwan and 
Japan) is helpful (You et al., 2009). Thus, around 2010, H. diversicolor 
was imported from Japan for crossbreeding to increase genetic diversity 
and alleviate winter mortality issues (You et al., 2009; Hsu and Gwo, 
2017). However, after several years of development, although there was 
a slight improvement in production, the introduction of wild individuals 
led to a decline in growth and an issue of poor environmental adapta
tion. Starting from 2003, the Taiwan abalone industry suffered a sig
nificant downturn due to disease issues, with annual production 
plummeting to less than 40 metric tons by 2013, subsequently remaining 
below 300 tons (FAO, 2000; Hsu and Gwo, 2017). The Taiwan abalone 
industry is now facing imminent collapse. Meanwhile, China’s abalone 
aquaculture has shifted predominantly to disc abalone and its hybrids, 
with production expanding rapidly to 200,000 tons over the past two 
decades (Gao et al., 2023).

Due to a lack of knowledge and technical expertise in genetic man
agement among aquaculture operators, genetic resources have become 
disorganized after more than a decade of introducing Japanese pop
ulations to crossbreeding. To further improve survival and growth rates 
in cultured H. diversicolor, breeding program efforts must be guided by 
insights from genetic analyses into the population origins, the genetic 
introgressions, and the genetic health of the different strains. In the 
management of genetic resources, molecular markers play a crucial role. 

Molecular markers are DNA segments associated with specific genes or 
traits, allowing researchers to identify and select individuals with 
desirable characteristics and differentiate between various strains, 
populations, and species (Hsu et al., 2011; Hsu et al., 2020a, 2020b). 
They have become indispensable tools in fisheries and aquaculture 
research (You et al., 2020; Hsu et al., 2022; Wong et al., 2022).

In recent years, high-throughput next-generation sequencing (NGS) 
technologies have significantly advanced molecular marker-assisted 
breeding by facilitating the rapid identification and genotyping of 
numerous molecular markers. One such NGS-based technique is MIG- 
seq (Multiplexed Inter-simple Sequence Repeat Genotyping by 
Sequencing; Suyama and Matsuki, 2015), also known as ISSRseq tech
nology (Sinn et al., 2022). MIG-seq is an effective PCR-based genome-
wide method for single-nucleotide polymorphism (SNP) genotyping 
using the next-generation sequencing platform. It has been successfully 
applied to assist growth selection in tomato groupers and holds promise 
for enhancing genetic management in various aquaculture species 
(Onuki and Fuke, 2022; Hsu et al., 2024).

While one-on-one mating is feasible, commercial breeding primarily 
relies on large-scale reproduction. These species often encounter chal
lenges in frequent commercial exchanges, wild releases, undisclosed 
introductions, and hybridization, leading to difficulties and the necessity 
of genetic management. Due to the expected minor differences among 
various genetic resources, it is essential to employ next-generation 
sequencing to obtain more detailed and comprehensive analytical 

Table 1 
Genetic diversity of 255 individuals from 19 populations of H. diversicolor.

*Denoting eight clades based on STRUCTURE analysis.
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results. This study utilizes ISSRseq technology to aid in genetically 
managing H. diversicolor, including wild, commercial, and research 
populations from Taiwan. A comparison was made with wild samples 
from Japan to elucidate the current status of H. diversicolor genetic re
sources in Taiwan and lay the groundwork for future breeding efforts.

2. Material and methods

2.1. Sample preparation and DNA extraction

A total of 255 specimens of H. diversicolor were used in this study 
(Table 1). Fresh specimens were obtained from 2021 to 2022, including 
five private breeding program populations (strains) (P-CI, P-CL, P-CJ, P- 
CK, and P-CU; Commercial Hatchery, Miao-li), four commercial hatch
ery samples (S-JH, S-LC, S-WG, and S-XW), four commercial farm 
samples (F-CM, F-LS, F-ND, and F-WI), one hybrid population (strain) 
(Not F1, source from Taiwan (♀)-Indonesia(♂)), two research breeding 
program populations (strains) (R-SB, New Taipei City; R-NU, NTOU 108, 
National Taiwan Ocean University), two wild populations from Taiwan 
(W-TD, Tai-tung and I-lan, W-TI) and one wild population from Japan 
(Wakayama, Japan) (Table 1). Small pieces of muscle tissues (about 
3–5 mm) were prepared from fresh (use of 2 % alcohol for anesthesia) or 
frozen samples transported to the laboratory for molecular studies and 
preserved in 95 % ethanol. A tissue DNA extraction kit (AxyPrep™ 
Multisource Genomic DNA Miniprep Kit, Axygen Biosciences, Inc., USA) 
was used to extract genomic DNA from the tissue of each sample ac
cording to the manufacturer’s protocol. Moreover, 0.8 % agarose gel 
electrophoresis was performed to assess DNA template quality.

2.2. DNA library preparation

MIG-seq, or ISSRseq, is a PCR-based technique that uses multiplexed 
inter-simple sequence repeat (ISSR) primers to construct reduced rep
resentation libraries (Sinn et al., 2022). Our procedure adhered to the 
primary steps delineated by Suyama and Matsuki (2015), albeit with 
minor adjustments. To mitigate instability stemming from PCR ampli
fication, we conducted three PCR replicates for each sample, subse
quently consolidating them for a singular PCR cleanup procedure using 
the QIAquick 96 PCR purification kit (Qiagen; elution volume of 60 µL). 
Amplification of samples was verified through agarose gel electropho
resis (2 % w/v). Then, PCR products were combined and quantified 
using the Qubit dsDNA HS Assay before proceeding with library prep
aration, which adhered to the Illumina DNA PCR-Free Library Prep 
protocol. Subsequently, the library underwent sequencing using a 
300-cycle S4 kit on the NovaSeq 6000 platform (paired-end 150-bp 
reads, PE150) following the NovaSeq XP workflow. All aspects of li
brary preparation, sequencing, and base calling were conducted by 
Genomics BioSci & Tech (https://www.genomics.com.tw, accessed on 1 
April 2024).

2.3. SNP genotyping

The general quality of the NovaSeq reads underwent assessment 
through FastQC (Andrews, 2010). Within the raw sequence data, 
adapter sequences and low-quality tails (quality score ≤ 10) underwent 
trimming using Trimmomatic 0.32 (Bolger et al., 2014). Sequencing 
reads underwent filtration to eliminate those shorter than 150 bp. 
Subsequently, the remaining reads underwent demultiplexing for 
different individuals via Cutadapt 3.4 (Martin, 2011), which also elim
inated reads featuring ambiguous sites (Ns) or those displaying atypical 
and excessively short lengths compared to the anticipated size of the 
PCR amplicons. Additionally, primer clipping and length control of 
reads were executed using Cutadapt 3.4 (Martin, 2011).

The Stacks-2.64 software is extensively employed in RAD-seq data 
analysis (Rochette et al., 2019). Parameter settings predominantly 
adhered to default values, with parameter testing conducted following 

the methodology outlined by Paris et al. (2017). Ustacks, a component of 
the Stacks package, was utilized to cluster the reads for each sample, 
where each stack represented an enzyme cutting site (locus). The clus
tering parameters were set to -m = 3 and -M = 6 (Paris et al., 2017). 
Subsequently, statistical analysis was conducted on each sample’s loci 
and locus sequencing depth. Following this, Cstacks merged the loci 
from all samples across different sample loci to generate the catalog 
consensus sequence for each locus (-n = 4). Sstacks were subsequently 
utilized, with the minor allele frequency (MAF) set to 0.05 (Rochette 
et al., 2019). Loci in each sample that deviated from the catalog 
consensus sequence were identified, and populations were filtered to 
obtain the SNPs. Only loci shared by more than 50 % (all samples) and 
80 % (each population) of individuals were retained for further analysis.

2.4. Population genetic analysis

Genetic diversity parameters, including observed heterozygosity 
(Ho), expected heterozygosity (He), genetic differentiation (FST), the 
inbreeding coefficient (FIS), and nucleotide diversity (π), were assessed 
using Stacks-2.64 (Rochette et al., 2019).

Hierarchical analysis of molecular variance (AMOVA) was conduct
ed to dissect the total genetic variance within and between regions 
utilizing Arlequin 3.5 (Excoffier and Lischer, 2010). Permutations (9999 
iterations) of elements between and within regions were performed 
using FST-statistics to facilitate comparisons across different groupings. 
The optimal grouping was automatically determined using SAMOVA 
(Dupanloup et al., 2002).

Population structure analysis and genetic differentiation examina
tion were conducted to evaluate genetic variation. The R package poppr 
was utilized to compute a distance matrix and generate a heatmap 
(Kamvar et al., 2014). Discriminant Analysis of Principal Components 
(DAPC) was performed using the R package adegenet (Jombart and 
Ahmed, 2011). A phylogenetic tree was also constructed using the R 
package SambaR (euclidean distance and FST method) to investigate 
sample relationships (de Jong et al., 2021). The phylogenetic tree 
visualization was carried out using iTOL v6 (Letunic and Bork, 2021).

Compared to Structure, Admixture software provides a more rapid 
estimation of the ancestral components of individuals (Alexander et al., 
2009). Thus, ADMIXTURE software was employed to explore various 
numbers of putative clusters (ranging from 1 to 10) and compute the 
ten-fold cross-validation error to determine the most suitable number of 
clusters (Alexander et al., 2009). Best clustering results for H. diversicolor 
populations based on four supervised methods, including 
Median-of-Median (MedMed K), Median-of-Mean (MedMean K), 
Max-of-Median (MaxMedK), and Max-of-Mean (MaxMeaK) 
(Puechmaille, 2016; Li and Liu, 2018). Summation of the STRUCTURE 
results by using CLUMPAK (Kopelman et al., 2015; Li and Liu, 2018). 
The graphical representation of the structure analysis results was ach
ieved using Structure Plot version 2.0 (Ramasamy et al., 2014).

Pairwise relatedness (unrelated, half-sibling, full-sibling) between 
each pair of individuals was calculated using RELATED (Pew et al., 
2015) and Wang’s estimator (Wang, 2002). The expected relatedness 
values (r) were set to 0.5 for full-sibling pairs, 0.25 for half-sibling pairs, 
and 0 for unrelated individuals (Pew et al., 2015). A relatedness network 
was constructed based on pairwise relatedness (r) exceeding 0.1, indi
cating related individuals (Hsu et al., 2022, 2024). The graphical rep
resentation was generated using Gephi v0.9 (Bastian et al., 2009). 
Assessment of the gene flow patterns between populations was carried 
out using the divMigrate-online and Nm method (Sundqvist et al., 
2016).

3. Results

Utilizing ISSRseq, raw reads were obtained from 255 H. diversicolor 
individuals. Post-trimming of barcodes and filtering 251,662,792 high- 
quality clean reads were obtained. The count of clean reads per 
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individual displayed variation, ranging from 150,220 to 2742,087, with 
an average of 986,913 reads. Subsequently, employing the de novo 
procedure in Stacks (gstacks), 48,136,417 reads were utilized, ranging 
from 34,906 to 473,836 per sample, with an average of 188,770 reads. 
Eventually, 1066 to 10,844 loci were retained, averaging 4532 loci. 
Effective per-sample coverage: mean = 50.7x, stdev = 7.9x, min =
30.6x, max = 75.4x. All loci were retained for subsequent analysis.

The genetic diversity parameters were assessed across 19 pop
ulations, yielding the following statistical outcomes: the number of loci 
ranged from 391 to 1730; the count of variant sites (SNPs) varied be
tween 561 and 2827; nucleotide diversity (π) spanned from 0.076 to 
0.316; the inbreeding coefficient (FIS) ranged from − 0.098–0.37; 
observed heterozygosity (Ho) of individuals ranged from 0.067 to 0.313; 
and expected heterozygosity (He) of individuals ranged from 0.076 to 
0.296 (Table 1). The heatmap visually depicted the pairwise genetic 
distances among H. diversicolor individuals, ranging from 0.001 to 
0.061. Generally, the heatmap revealed low differences within pop
ulations and substantial differences among populations, particularly 
highlighting the dissimilarities of population H-XH, W-TD, and W-JP 
compared to other populations (Fig. 1).

In the Analysis of Molecular Variance (AMOVA), the majority of the 
variance (73 %) arises from within populations, with a smaller portion 
(27 %) attributed to among-population differences. The overall FST 
value is 0.272 (P = 0 < 0.001), indicating significant differentiation 
among populations (Table 2). Employing SAMOVA for automatic clus
tering, the highest supported result is K = 2 (FCT = 0.265), yielding the 
following clusters: (P-CI, P-CJ, P-CK, P-CL, F-CM, P-CU, S-JH, W-JP, S- 
LC, F-LS, F-ND, R-NU, R-SB, W-TI, S-WG, F-WI, H-XH, S-XW); W-TD 
(Table 3). Additionally, the second-highest supported result is K = 17 
(FCT = 0.197), with the following clusters: (P-CI, F-CM); (P-CJ, P-CU); P- 
CK; P-CL; S-JH; W-JP; S-LC; F-LS; F-ND; R-NU; R-SB; W-TI; W-TD; S-WG; 
F-WI; H-XH; S-XW (Table 3). Although these results are consistent with 
Fig. 1, they do not provide resolution regarding relationships among 
populations. Notably, lower support is obtained when manually testing 
clustering with k = 4 and k = 8 (FCT = 0.114 and 0.014, respectively).

Structure analysis was employed to assess the clustering relationship 
of the samples (Fig. 2a). The optimal clustering outcomes, supported by 
the highest consistency, were observed for k = 8 (MedMed and 

MedMean method), k = 13 (MaxMedK), and k = 11 or 12 (MaxMea), 
respectively (Fig. 2b). However, considering the integration of results 
from 20 independent simulations using CLUMPAK, k = 8 yielded the 
most stable outcome (19/20) (Fig. 2c). Hence, k = 8 was selected for 
further extended analysis and discussion. Based on the outcomes of the 
Structure analysis, a general categorization into 8 clusters was dis
cerned: (P-CI and P-CL); (P-CJ, P-CK, and P-CU); (S-JH, S-LC, and S-WG); 
(F-CM, F-LS, F-ND, F-WI, S-XW, W-TD, and W-TI); H-XH; R-SB; R-NU; W- 
JP. Despite some inconsistencies observed within specific populations. 
For instance, P-CK, S-WG, F-CM, F-ND, F-WI, W-TI, and W-TD exhibited 
noticeable admixture (Fig. 2a).

Discriminant Analysis of Principal Components (DAPC) further pre
sents the optimal clustering outcomes. DAPC distinctly separated the H- 
XH and W-JP populations from the rest. While the remaining pop
ulations exhibited minor spatial distribution differences, they also sup
port the clustering outcomes from STRUCTURE (Fig. 3). In analyzing the 
phylogenetic tree, notable disparities emerged between the results 
derived from the Euclidean distance and FST pairwise matrices. The 
phylogenetic tree constructed using Euclidean distance highlighted 
significant distinctions between W-TD and H-XH compared to other 
populations, aligning with Fig. 1 (Fig. 4). However, this observation 
does not correspond with the clustering outcomes from STRUCTURE. 
Conversely, the Fst outcomes revealed substantial differences between 
H-XH and W-JP relative to other populations (Fig. 5). This finding res
onates with the findings from DAPC analysis and corroborates the 
clustering results from STRUCTURE.

Although DAPC and the phylogenetic tree (based on FST) yield more 
consistent clustering results with the STRUCTURE analysis, these ana
lyses primarily operate at the population level. Further insights into the 
relatedness among individuals can be gained through a Relatedness 
network analysis using the best clusters (Fig. 3c). When we present 
relatedness values (r) > 0.1, all samples in the network exhibit a relat
edness relationship (Fig. 6). From a spatial perspective, W-JP exhibits 
the most significant distinct, while R-NU, R-SB, H-XH, and W-TD are 
located at the periphery of all individuals and appear more cohesive 
(Fig. 6). Additionally, individuals in the center do not exhibit complete 
clustering with others from the same population (e.g., F-ND, F-LS), 
consistent with the admixture observed among individuals from specific 

Fig. 1. The genetic distance matrix heatmap of 255 individuals of H. diversicolor.
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populations in STRUCTURE (Fig. 2a).
Gene flow patterns between eight major populations (clades) were 

estimated using divMigrate-online (Fig. 7) based on the results of the 
STRUCTURE analyses. Gene flow was greater among six populations 
(Nm > 0.5 between P-CU, R-NU, R-SB, W-TD, S-LC, and W-JP; Fig. 7b), 
whereas analyses detect lower connectivity between P-CI and H-XH with 
other populations (Nm > 0.3 but < 0.5; Fig. 7b). This result further re
flects the gene flow relationship between several major clades, and the 
high degree of gene flow also shows that the exchanges between the 
populations in the H. diversicolor are frequent.

4. Discussion

This study investigated the genetic diversity and population struc
ture of 255 H. diversicolor individuals across 19 populations using 
ISSRseq genotyping. Analysis of the inbreeding coefficient (FIS), 
observed heterozygosity (Ho) and expected heterozygosity (He) revealed 
that private breeding program strains (P-CI, P-CL, P-CJ, and P-CK) 

display higher genetic diversity compared to samples from commercial 
hatcheries and farms, indicating they have not experienced a higher 
level of genetic bottlenecking. Conversely, research breeding program 
strains (R-SB and R-NU) exhibit relatively higher levels of purification, 
though there is still considerable potential for improvement. Interest
ingly, despite originating from wild populations, samples from Japan 
exhibit lower diversity (He = 0.126) than those from Taiwan, while the 
H-XH hybrid strains demonstrate higher diversity (He = 0.296). These 
findings highlight significant genetic diversity among the sampled 
populations, suggesting substantial potential for breeding programs 
(Table 1). The sample size for certain populations in this study is small (n 
= 8–10), possibly leading to genetic diversity inaccuracy (e.g., He). 
Furthermore, we observed that higher sample sizes often correspond 
with lower He values. Theoretically, aggregating all samples and 
covering individuals from more diverse sources would yield higher He 
values. However, we observed the lowest He values instead. The main 
reason is that the proportion of shared loci needs to be adjusted when 
more samples are included. Generally, as the sample size increases, more 
individuals may lack common loci, thus lowering the proportion of 
shared loci. Although this study only retained loci shared by more than 
50 % (all samples) and 80 % (each population) of individuals for further 
analysis, it might be necessary to adjust this threshold to a lower value. 
The choice of analytical parameters for RADseq and similar technologies 
has been extensively discussed beyond the sample size. We adhered to 
the r80 principle in our preliminary analyses, reducing the potential 
inaccuracy (Paris et al., 2017).

In the commercial production of H. diversicolor in Taiwan, operators 
often require a substantial number of female abalone to ensure an 
adequate supply of fertilized eggs. In contrast, the demand for male 
abalones is comparatively lower, with only one-tenth of the breeding 
stock needed to obtain enough sperm. However, due to asynchronous 
spawning or spawning by immature individuals, as well as variations in 
egg quality, unintended genetic drift and bottleneck may occur despite 
the involvement of many individuals in each artificial fertilization and 
spawning event (Li et al., 2007; Slabbert et al., 2009; An et al., 2011; 
Aguilar-Espinoza et al., 2014; Chen et al., 2017). The FIS index shows 
that only H-XH has a relatively high value (FIS = 0.37), while the other 
populations have values below 0.1, with most even showing negative 
values. This indicates that the genetic diversity of farmed abalone in 
Taiwan remains relatively high, and there is no evidence of inbreeding, 
comparable to that of wild populations. This is partly because private 
breeding programs in Taiwan have not employed family selection 
methods or intensive selection, resulting in limited gene purification. 
Additionally, the past introduction of wild populations from Japan and 
the partial introduction of wild populations from Indonesia have 
contributed to maintaining higher diversity levels in farmed abalone 
populations in Taiwan (Hsu and Gwo, 2017). In many abalone hatch
eries, information about broodstock is frequently scarce, particularly 
when individual abalone lacks proper labeling. Moreover, seedling 
mix-ups can occur, leading to difficulties in managing genetic resources 
effectively. For example, we observed mixed clades within populations 
P-CK and S-WG. Therefore, continuously monitoring genetic diversity 
and inbreeding levels within cultured populations is crucial (Li et al., 
2007; Slabbert et al., 2009; An et al., 2011; Aguilar-Espinoza et al., 
2014; Chen et al., 2017).

The STRUCTURE analysis revealed eight distinct clades, corrobo
rated by DAPC and phylogenetic tree analyses (Figs. 2, 3, and 5). 

Table 2 
Analysis of molecular variance (AMOVA) among all H. diversicolor populations.

Source df Sum of squares Mean squares Variance components Percentage of variation

Among populations 18 230705.761 12816.987 802.962 27 %
Within populations 236 507733.141 2151.412 2151.412 73 %
Total 254 738438.902 2954.374 100 %

Overall FST value = 0.272 (P = 0 < 0.001)

Table 3 
The optimal grouping results of 19 H. diversicolor populations. K was automat
ically determined using SAMOVA.

K Best grouping results by SAMOVA FCT

2 (P-CI, P-CJ, P-CK, P-CL, P-CU, S-JH, S-LC, S-WG, S-XW, F-CM, F-LS, 
F-ND, F-WI, H-XH, R-NU, R-SB, W-TI, W-JP); W-TD

0.265

3 (P-CI, P-CJ, P-CK, P-CL, P-CU, S-JH, S-WG, S-XW, F-CM, F-LS, F-ND, 
F-WI, H-XH, R-NU, R-SB, W-TI, W-JP); S-LC, W-TD

0.183

4 (P-CI, P-CJ, P-CK, P-CL, P-CU, S-JH, S-LC, S-WG, S-XW, F-LS, F-ND, 
F-WI, H-XH, R-NU, R-SB, W-TI); F-CM; W-JP; W-TD

0.121

4* (P-CI, P-CJ, P-CK, P-CL, P-CU, S-JH, S-LC, S-WG, S-XW, F-CM, F-LS, 
F-ND, F-WI, R-NU, R-SB); H-XH; W-JP; (W-TD, W-TI)

0.114

5 (P-CJ, P-CK, P-CL, P-CU, S-JH, S-XW, F-CM, F-LS, F-ND, F-WI, H- 
XH, R-NU, R-SB, W-TI); P-CI; W-JP; S-LC; W-TD; S-WG

0.125

6 (P-CI, P-CJ, P-CL, P-CU, S-JH, S-WG, F-CM, F-LS, F-ND, F-WI, H-XH, 
R-NU, R-SB, W-TI); (P-CK, S-LC); W-TD; W-JP; S-XW

0.123

7 (P-CI, P-CJ, F-CM, P-CU, S-JH, F-LS, F-ND, R-NU, R-SB, S-WG, F-WI, 
H-XH, S-XW); P-CK; F-CL; W-JP; S-LC; W-TD; W-TI

0.149

8 (P-CJ, P-CU, S-JH, F-LS, F-ND, R-NU, R-SB, S-WG, F-WI, H-XH, S- 
XW); (P-CI, F-CM); P-CK; P-CL; W-JP; S-LC; W-TD; W-TI

0.135

8* (P-CI, P-CL); (P-CJ, P-CK, P-CU); (S-JH, S-LC, S-WG); (F-CM, F-LS, 
F-ND, F-WI, S-XW, W-TD, W-TI); H-XH, R-SB, R-NU, W-JP

0.014

9 (P-CJ, P-CU, S-JH, F-LS, F-ND, R-NU, R-SB, S-WG, F-WI); (P-CI, F- 
CM); (P-CK, P-CL); W-JP; S-LC; W-TD; W-TI

0.129

10 (P-CJ, P-CU, F-LS, F-ND, R-NU, R-SB, F-WI); (P-CI, F-CM); (P-CK, P- 
CL); (H-XH, S-XW); S-JH; W-JP; S-LC; W-TI; W-TD; S-WG

0.122

11 (P-CL, S-JH, F-LS, F-ND); (P-CU, R-SB, F-WI); (P-CI, P-CJ, F-CM); 
(H-XH, S-XW); P-CK; W-JP; S-LC; R-NU; W-TI; W-TD; S-WG

0.119

12 (P-CJ, P-CU, F-WI, H-XH, S-XW); (P-CI, F-CM); (P-CK, P-CL); (F-LS, 
F-ND); S-JH; W-JP; S-LC; R-NU; R-SB; W-TI; W-TD; S-WG

0.123

13 (P-CI, F-CM, P-CJ, P-CU, F-WI); (F-LS, F-ND); (P-CK, P-CL); S-JH; 
W-JP; S-LC; R-NU; R-SB; W-TI; W-TD; S-WG; H-XH; S-XW

0.138

14 (P-CI, F-CM, P-CJ, P-CU, F-WI); (F-LS, F-ND); P-CK; P-CL; S-JH; W- 
JP; S-LC; R-NU; R-SB; W-TI; W-TD; S-WG; H-XH; S-XW

0.153

15 (P-CI, F-CM, P-CJ, P-CU); (F-LS, F-ND); P-CK; P-CL; S-JH; W-JP; S- 
LC; R-NU; R-SB; W-TI; W-TD; S-WG; F-WI; H-XH; S-XW

0.157

16 (P-CI, F-CM); (P-CJ, P-CU); (F-LS, F-ND); P-CK; P-CL; S-JH; W-JP; S- 
LC; R-NU; R-SB; W-TI; W-TD; S-WG; F-WI; H-XH; S-XW

0.171

17 (P-CI, F-CM); (P-CJ, P-CU); P-CK; P-CL; S-JH; W-JP; S-LC; F-LS; F- 
ND; R-NU; R-SB; W-TI; W-TD; S-WG; F-WI; H-XH; S-XW

0.197

18 (P-CI, F-CM); P-CJ; P-CK; P-CL; P-CU; S-JH; W-JP; S-LC; F-LS; F-ND; 
R-NU; R-SB; W-TI; W-TD; S-WG; F-WI; H-XH; S-XW

0.190

* Manual grouping

Y.-C. Chang et al.                                                                                                                                                                                                                               Aquaculture Reports 38 (2024) 102345 

5 



Fig. 2. STRUCTURE analysis of 19 H. diversicolor populations. (a) Best clustering results for H. diversicolor populations (K = 8). (b) Estimated number of clusters (K) 
based on four supervised methods including Median-of-Median (MedMed K), Median-of-Mean (MedMean K), Max-of-Median (MaxMed K), and Max-of-Mean 
(MaxMea K). (c) Summation of the STRUCTURE results by using CLUMPAK.

Fig. 3. Discriminant Analysis of Principal Components (DAPC) scatterplot of 19 H. diversicolor populations. Small dots represent individuals and inertia ellipses 
represent populations. Big central dots and labels denoting 19 populations, colors represent eight clades based on STRUCTURE analysis.
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Although some analyses did not fully support this conclusion, primarily 
due to their reliance on genetic distance-based methods, STRUCTURE 
analysis based on admixture models is generally considered more reli
able (Lawson et al., 2018). Moreover, based on our prior knowledge, we 
were confident in distinguishing wild populations from Japan (W-JP), 

Taiwan-Indonesia hybrids (H-XH), and research breeding program 
strains (R-SB and R-NU) from commercial strains, a conclusion highly 
consistent with the results of STRUCTURE analysis. However, through 
STRUCTURE analysis, we further discovered genetic admixture in pri
vate breeding program strain P-CK and commercial hatchery sample 

Fig. 4. Phylogenetic tree of 19 H. diversicolor populations. Euclidean distance and neighbor-joining method were used. Colors denoting eight clades based on 
STRUCTURE analysis.

Fig. 5. Phylogenetic tree of 19 H. diversicolor populations. FST distance and neighbor-joining method were used. Colors denoting eight clades based on STRUC
TURE analysis.
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S-WG, which was previously unknown. The genetic admixture observed 
in several commercial farm samples, including F-CM, F-LS, and F-ND, 
was expected. As we know, many mass culture operators opt to release at 
least two batches of abalones from different origins to diversify the 
sources of seedlings. This strategy is adopted because relying solely on 
seeds from a single source may not ensure the minimum yield after mass 
mortality. Genetic admixture is also reasonable for wild populations 
from Taiwan (W-TD and W-TI) due to multiple stock enhancement ac
tivities in recent years, where the sources and genetic backgrounds of 
released seedlings are often uncertain, resulting in genetic introgression. 

As for the Taiwan-Indonesia hybrid strain H-XH, multiple backcrosses 
with Taiwanese stocks have occurred after introducing Indonesian 
stocks, resulting in a lack of apparent clustering in the STRUCTURE 
analysis, with most clusters only accounting for approximately 50 % of 
the results (Fig. 2a). A high degree of exchange (Nm > 0.3) was observed 
in the gene flow analysis of the eight major clades (Fig. 7a). The gene 
flow direction for H-XH (Taiwan-Indonesia hybrids) is unidirectional, 
indicating that H-XH indeed hybridized with other Taiwanese pop
ulations. This finding is consistent with the STRUCTURE results and our 
understanding. Apart from H-XH, the remaining seven major clades 

Fig. 6. Relatedness network of 19 H. diversicolor populations. Colors of square label denoting eight clades based on STRUCTURE analysis.

Fig. 7. Relative migration networks for eight major H. diversicolor populations (clades). Arrows indicate the putative direction and magnitude of relative migration 
levels using Nm. Darker arrows indicate stronger gene flow compared to lighter arrows. (a) arrows only present when Nm > 0.3; (b) arrows only present when Nm >
0.5. Colors of circle label denoting eight clades based on STRUCTURE analysis.
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exhibited bidirectional or indirect high gene flow, particularly P-CU, 
R-NU, R-SB, W-TD, S-LC, and W-JP (Nm > 0.5; Fig. 7b). This result 
further confirms the high exchange level among farmed abalone in 
Taiwan and reflects the history of past introductions and long-term 
releases.

From a spatial perspective, the relatedness network highlights W-JP 
as the most distinct, signifying significant differences between the 
populations of Taiwan and Japan (Fig. 6). Around a decade ago, 
H. diversicolor from Japan were introduced to Taiwan for breeding 
programs. However, Taiwan hatcheries did not consistently maintain 
pure Japan or Indonesian strains. Instead, they hybridized them with 
Taiwan stocks and subsequently backcrossed them. Over the past 
decade, spanning approximately 4–5 generations, this breeding 
approach has increased genetic distance between W-JP and Taiwanese 
stocks. Conversely, H-XH, originating from multiple backcrosses of 
hybrid offspring, demonstrates a high relatedness for Taiwan pop
ulations. In the network analysis, most population samples conform to 
prior information, clustering with individuals from the same source 
(Fig. 6). However, some individuals exhibit genetic admixture, which is 
consistent with STRUCTURE analysis, thus bolstering the credibility of 
both analytical approaches (Figs. 2a and 6). Furthermore, notable high 
relatedness is observed among wild populations (W-TD and W-TI) in 
Taiwan, commercial hatchery S-LC, and private breeding program 
strains P-CK. This suggests that S-LC and P-CK are predominantly 
derived from Taiwan’s wild populations. Industry sources confirm that 
this can be attributed to long-standing disease issues. In addition to 
hybridizing with Japanese and Indonesian stocks, some operators have 
introduced stocks from Taiwan’s wild populations to enhance the ge
netic diversity of commercial strains. Although this hypothesis diverges 
from the clustering results of STRUCTURE analysis, it remains note
worthy. We contend that spatially distributed network analysis offers 
more nuanced insights than structural analysis.

Previously, genetic management and parentage identification of 
abalones primarily relied on SSR markers. However, traditional molec
ular markers like microsatellites often involve fewer markers and longer 
development times (Aguilar-Espinoza et al., 2014; Chen et al., 2017; Hsu 
and Gwo, 2017). Despite efforts to accelerate development speed by 
obtaining SSR from the genome or transcriptome using NGS, subsequent 
genotyping still relies on traditional non-high-throughput methods (e.g., 
capillary electrophoresis) (Gao et al., 2012; Aguilar-Espinoza et al., 
2014; Hsu et al., 2021; Chen et al., 2022). Many studies have compared 
the advantages and disadvantages of SSR and SNP markers, and we 
specifically focus on the power of both methods for genetic structure 
(Muñoz et al., 2017; Lemopoulos et al., 2019; Hauser et al., 2021). Based 
on our past experiences, the resolution of genetic structure in abalones 
using SSR, mtDNA, and AFLP markers is far inferior to the results ob
tained using SNP markers in this study, especially when genetic differ
ences are minimal or there is frequent gene flow. The limited number of 
microsatellite markers may not allow in-depth individual-level analysis 
(Hsu and Gwo, 2017).

The widespread adoption and decreased cost of high-throughput 
sequencing technologies have broadened their applications and been 
successfully employed across multiple species (Yang et al., 2020; Chu 
et al., 2021; Wong et al., 2022). In our study, the ISSRseq method stands 
out from other RADseq techniques primarily because it is PCR-based, 
requiring lower sample DNA quantity and quality (Suyama and Mat
suki, 2015; Sinn et al., 2022). The ISSRseq technology utilized in our 
study enables individual identification by incorporating an index from 
the primer pair during PCR amplification of each sample, thus signifi
cantly reducing the cost of NGS sequencing (Hsu et al., 2024). Despite 
the increasing prevalence of genome research and the decreasing cost 
per unit, directly employing re-sequencing-based technology (e.g., 
low-coverage sequencing for genomic selection) for large-scale studies 
remains challenging (Zhang et al., 2021; Wong et al., 2022). However, 
for small-scale applications (with SNP numbers ranging from hundreds 
to thousands), the workflow of ISSRseq is considerably more 

straightforward than that of re-sequencing and RADseq-related tech
niques (Suyama and Matsuki, 2015; Sinn et al., 2022). These advantages 
render ISSRseq more suitable and efficient for genetic management (Hsu 
et al., 2024).

Our research underscores the existing gap between practical stock 
management and genetic management. We have demonstrated that 
ISSRseq can infer the clade relationships of H. diversicolor even without 
prior genetic and practical information, showcasing its potential for the 
genetic management and breeding program. Through various analyses, 
significant differences are found among the Japanese wild population, 
Taiwan wild populations, Taiwan-Indonesia hybrid strain, and other 
cultured populations. Selective strains bred by research institutions and 
private hatcheries exhibit uniqueness distinct from commonly com
mercial H. diversicolor. The presence of multiple populations exhibiting 
admixture may be attributed to improper stock enhancement and 
management practices.

Furthermore, although ISSRseq markers, like RADseq, do not require 
prior genomic information, they can still be mapped to a reference 
genome when available (Lee et al., 2019; Fujimoto et al., 2022; Hsu 
et al., 2024). This enables further exploration to determine whether 
specific SNPs originate from genic regions and are associated with 
specific gene functions, a potential that may be further exploited in the 
future (Lee et al., 2019; Fujimoto et al., 2022; Hsu et al., 2024). In 
summary, Our work elucidates the current status of genetic resources of 
Taiwan H. diversicolor, laying the foundation for future breeding efforts.
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