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Abalone is one of the most economically valuable shellfish in the world’s aquaculture industry, and as production
has increased, it has led to a diversification of market quality needs. Taurine, an essential amino acid component,
has yet to be well investigated for its seasonal variation and genetically associated genes or loci in Pacific abalone
(Haliotis discus hannai). In this study, we investigated the variation of taurine content in different seasons under
two typical culturing systems in southern China. In addition, we conducted a genome-wide association study
(GWAS) with 274 abalone array sequencing and phenotypic data of taurine content. The results revealed that the
taurine content showed a trend of significantly decreasing and then increasing with seasonal changes. Individuals
farmed in land-based industrial culture system had a greater taurine content than those farmed in sea-based
floating raft culture system, with notable differences observed between May and September. A total of 69,530
high-quality SNPs and 274 individuals were identified by quality control. And 32 significantly related SNP loci of
taurine content were identified by GWAS, with chromosome 9 hosting the lowest P value. A total of 33 candidate
genes, including SLC6A7, EGF1, B3gnt6, and Ptpra, were annotated. These genes may be connected to amino acid
synthesis, transmembrane transport, energy production, protein phosphorylation, and other processes. Among
them, genes belonging to the SLC6A family may be the key gene taurine content. This study helped us better
understand the genetics of the taurine content of Pacific abalone.

1. Introduction

Aquaculture has emerged as one of the world’s fastest-growing and
most traded food industries, with Asia currently accounting for 90 % of
worldwide production (Stentiford et al., 2020). Abalone, a representa-
tive marine shellfish, is highly valued as a seafood delicacy in Asian
market due to its rich nutritional profile and numerous health benefits
(Kim and Pallela, 2012; Shi et al., 2020). China is the world’s largest
producer of abalone, producing 244,991 tons of cultivated abalone in
2023, making up more than 90 % of the entire production worldwide
(Wang and Gao, 2024). The Pacific abalone, Haliotis discus hannai, is
naturally distributed in parts of the Yellow Sea and Bohai Sea, the
Korean Peninsula, and the coasts of Hokkaido (You et al., 2021). Around

2000, abalone farming gradually extended from its natural temperate
habitat to subtropical regions. Due to longer periods of suitable tem-
peratures in southern China, the growth period of Pacific abalone has
been greatly shortened, making it the main abalone species used for
aquaculture.

Recently, there has been a growing demand for high-quality dietary
protein from aquatic products (Ghosh et al., 2012). As a delicious marine
product, abalone is an excellent source of essential fatty acids, amino
acids, and bioactive molecules that meet modern nutritional re-
quirements. It contains high levels of protein and low levels of fat,
making it a nutritious and healthy seafood option (Lou et al., 2013;
Suleria et al., 2017). The animal body contains large amounts of taurine
in many different tissues, including the heart, liver, neurological system,
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and visual system (Franconi et al., 1995). Over the last few decades,
research has demonstrated the various biological activities of taurine.
Taurine can improve metabolism (Yun et al., 2012; Yun et al., 2011),
boost brain growth (Gu et al., 2015), improve eyesight (Huang et al.,
2014), reduce tiredness (Geil et al., 1994), act as an antioxidant (Sirdah,
2015), etc. As a result, taurine has found extensive use in both clinical
treatment and dietary additives (Azuma et al., 1992; Militante and
Lombardiniab, 2001). Taurine is abundant in abalone foot muscle, with
studies on the nutritional quality-related traits of Pacific abalone
revealing that the muscle’s taurine level can exceed 80 mg/g and the
moderate heritability (Liu et al., 2024). As a result, selective breeding for
taurine content has the potential to significantly improve quality attri-
butes in the future.

The increased water temperature can cause changes in nutrient
metabolism; for example, it can result in an accelerated breakdown of
amino acids in fish (Geda et al., 2012). As the temperature rises, the
abalone’s respiration and metabolism are suppressed, which results in
internal energy imbalances and metabolic disorders (Hoegh-Guldberg
and Bruno, 2010; Shen et al., 2021). Ectothermic animals accomplish
adaptations through metabolic changes and energy turnover. When
environmental temperatures change, the relocated energy is used to
restore physiological homeostasis (Lermen et al., 2004; Romo et al.,
2010; Wu et al., 2021). In the study of juvenile South African abalone
(Haliotis midae) exposed to higher temperatures and hypoxia, substrate
utilization models switched from glycogen/lipid-driven metabolism to
protein-driven metabolism (Vosloo et al., 2013). Therefore, it is essential
to have a thorough understanding of the taurine content of Pacific
abalone in the context of increasing ocean temperatures.

The genome-wide association study (GWAS) is an effective method
for locating genes and genetic markers associated with intricate traits
(Wellek and Ziegler, 2009). In recent years, the GWAS has been
employed increasingly in aquaculture breeding due to the declining cost
of sequencing. It has also been used to identify candidate genes for
commercially important traits in various aquaculture species, including
growth (Ning et al., 2019; Peng et al., 2021), and resistance traits (Jin
et al., 2017; San et al., 2021). Furthermore, GWAS research on quality
traits in aquatic species has been extensively examined. The GWAS of
nutrient traits in 427 Pacific oysters (Crassostrea gigas) collected from
worldwide found three node SNP regions, which were identified to be
connected to the contents of aspartic acid, protein, and glycogen (Meng
et al., 2019). According to our previous report, the slit2, fgfr2, gria4,
hnrnpm, and megf11 genes were found by GWAS of the glycogen and
protein content of Pacific abalone (Liu et al., 2023). These genes may be
connected to energy metabolism, transmembrane transport, and im-
mune regulation.

In southern China, sea-based floating raft culture and land-based
industrial culture are the main abalone culture systems (Gao et al.,
2023). In the present study, the taurine content of Pacific abalone
muscle under two commonly cultured systems was examined over four
months including February, May, September, and December. The results
of seasonal and spatial variations in the composition of Pacific abalone
will provide valuable insights for the management of abalone farming to
cope with future global climate change and the identification of optimal
market times. Furthermore, we analyzed the taurine content of Pacific
abalone using GWAS to resolve the genetic structure and identify the
relevant SNP loci and genes, which will aid in future genomic selection
(GS) for taurine content.

2. Materials and methods
2.1. Sample collection and preparation

A total of 1200 Pacific abalone with the same genetic background
and similar sizes were randomly selected, and placed at Jinjiang (JJ),

Fujian Province, China (land-based industrial culture) and Dongshan
(DS), Fujian Province, China (sea-based culture), where they were
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cultured with the same density. Furthermore, the same Gracilaria
lemaneiformis was used as feed for them. Samples were collected at four-
time points (February, May, September, and December) based on the
annual average temperature of seawater in Fujian Province, where the
water temperature reached its maximum value in September (28 °C to
29 °C) and minimum in February (14 °C to 15 °C) (Yu et al., 2021). At
each sampling time, 30 abalone were randomly selected from each
location, and their shell length (SL), shell width (SW), and wet weight
(WW) were measured using vernier calipers with an accuracy of 0.01
mm and an electronic balance with an accuracy of 0.01 g. The foot
muscles were then cut into pieces, placed on dry ice, and immediately
transported to the laboratory, where they were stored at —80 °C. Each
sample was freeze-dried under vacuum for 48 h using a Labconco
FreeZone 4.5 L before being crushed to a fine powder for the analysis of
taurine. All samples were also randomly mixed and used for the mea-
surement of taurine, which was done three times.

For GWAS analysis, 274 Pacific abalone were chosen at random from
a 30-month-old base population in May 2020. The ancestors of this
population were the hybrid G2-generation groups from different
geographical locations in China (including Jinjiang in Fujian, Yangxia in
Fujian, Dalian in Liaoning, Dongshan in Fujian, and Changdao in
Shandong). It satisfied the GWAS analysis criteria with a variety of
population sources. After measuring the shell length, shell width, and
wet weight, the foot muscle was taken and eluted three times with 75 %
alcohol until completely dehydrated and stored in 95 % alcohol for
subsequent DNA extraction and sequencing. The remaining foot muscles
were stored in a refrigerator at —80 °C. Each sample was freeze-dried
under vacuum for 48 h using a Labconco FreeZone 4.5 L before being
crushed to a fine powder for the analysis of taurine.

2.2. Taurine content analysis

Use an amino acid analyzer to determine the taurine content of the
samples. Weigh approximately 0.1 g (accurate to 0.0002 g) of powdered
foot muscle into a 15 mL centrifuge tube. Add 4 mL of 4 % sulfosalicylic
acid solution and mix well. Following that, use an ultrasonic cell crusher
to perform ultrasonic homogenization for 5 min, and the power of the
ultrasonic cell crusher was set at 100 watts. To ensure the full extraction
of taurine in the sample while preventing its breakdown owing to
excessive heat, an ice water bath was also employed for chilling
throughout the process, with 20-second intervals per minute. Finally,
centrifuge the mixture for 10 min at a speed of 12,000 rpm. Then, the
supernatant is transferred to 25 mL volumetric flasks, and the pre-
cipitates using the previously described procedure, the precipitate is
extracted once again. The combined supernatant was then thoroughly
mixed and fixed with a solution of 0.02 mol/L hydrochloric acid. An
amino acid analyzer was used to measure the taurine content of the
sample after the solution had been filtered through a 0.45 pm membrane
and moved to the sample bottle.

2.3. Individual genotyping

In our previous study, the samples were sequenced using the Pacific
abalone 40 K multiple single nucleotide-polymorphism (mSNP) array
(Liu et al., 2022). Using PLINK software, the sequencing files were
filtered to eliminate loci of the following types: (1) loci with a minimum
allele frequency of less than 5 %; (2) loci with more than two allele
counts; (3) loci with a missing rate of more than 20 % for each individual
sample; and (4) loci with a locus missing rate greater than 10 %. It was
possible to get a genotype information file with 69,530 SNPs from 262
samples.

2.4. GWAS and candidate gene annotation

To reduce the impact of false-positive loci on the results, the sample
population was analyzed using principal component analysis using the
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PCA parameter in PLINK before GWAS, identifying population
stratification.

Genome-wide association analysis was performed using GEMMA
software (Zhou and Stephens, 2012). The result-setting threshold value
was corrected using Bonferroni correction, the gray dotted line repre-
sents the significance threshold —log10(1/N) = 4.84 (where N is the
number of all SNPs). However, this correction was too stringent. The
significance threshold was set as —1og10(1/K) = 3.58 (where K is the
number of SNPs on a single chromosome) (black line) to reduce the false
positive rate while maintaining the major significant SNP loci (Peng
et al., 2021; Zhou et al., 2019). The CMplot program of R software was
utilized to plot Manhattan and Q-Q plots (Yin et al., 2021). Genes with
SNP sites located within or closest to upstream and downstream of the
SNP sites were identified as potential candidates for taurine content in
Pacific abalone.

2.5. Statistical analysis

The means and standard deviations (SD) of each set of data are dis-
played. Analyses were performed using SPSS Statistics version 27.0
(George and Mallery, 2021). To compare the sample means, ANOVA
analyses were conducted, followed by the Tukey HSD test.

3. Results
3.1. The seasonal variation in two culture systems of taurine content

The average seawater temperature in Jinjiang reached a maximum of
27.38 °C in September and a minimum of 14.29 °C in February.
Furthermore, in September, the temperature in Dongshan reached
28.17 °C.

In the land-based culture system, the abalone shell lengths were
55.16 mm (February), 65.40 mm (May), 68.58 mm (September), and
72.04 mm (December) in the four seasons, with an average growth rate
of 30.6 %; in the sea-based floating raft culture, shell lengths were 55.16
mm (February), 65.40 mm (May), 70.32 mm (September), and 77.32
mm (December), with an average growth rate of 40.2 %. 65.40 mm in
May, 70.32 mm in September, 77.32 mm in December, and 55.16 mm in
February, with a growth rate of 40.2 % on average (Table. 1).

The taurine content under the two culture systems trended down-
ward and then upward considerably over time (Fig. 1). The one-way
ANOVA test findings for the land-based culture system revealed that
there was no significant difference in taurine content between February
and May or September and December. Except for February and May,
when there were no discernible variations in taurine content, there were
notable variations in every group for the sea-based floating raft culture
system.

3.2. The GWAS individual taurine content

The taurine content of the foot muscles of 262 Pacific abalone was
calculated after the missing and abnormal samples were removed. We
then plotted the frequency distribution histograms of the samples and
found that they followed a normal distribution (Fig. 2). Table 2 dis-
played the descriptive statistics of the taurine content and the growth-
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Fig. 1. The taurine content of two culture systems during different seasons. The
lowercase letters represent significant differences in taurine content between
seasons in the land-based industrial culture system; The uppercase letters
represent significant differences in taurine content between seasons in the sea-
based culture system; “*” represents significant differences between the two
culture systems in the same season.
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Fig. 2. Distribution statistics of Taurine content of Pacific abalone.

Table 2

Descriptive statistics of phenotypic growth and taurine content traits for GWAS.
Traits Max Min Mean SD cv
SL (mm) 93.93 42.40 74.95 8.16 10.89
SW (mm) 91.41 38.57 52.19 5.82 11.16
WW (g) 111.51 25.30 60.66 17.61 29.03
TC (mg/g) 119.77 40.89 80.71 15.44 19.13

SL: shell length; SW: shell width; WW: wet weight; TC: taurine content; CV:
Coefficient of variation.

Table 1
Distribution statistics of growth traits of Pacific abalone in different seasons in two culture systems.
Traits JJ DS
Feb May Sep Dec Feb May Sep Dec
SL (mm) 55.16 + 4.13 65.40 + 5.45 68.58 + 3.07 72.04 +£7.82 55.16 + 4.13 65.40 + 6.89 70.32 + 5.89 77.32 £ 5.27
SW (mm) 37.44 + 2.67 43.48 + 3.23 45.80 + 2.42 48.20 + 4.30 37.44 £+ 2.67 43.80 + 4.63 47.40 + 4.29 52.35 + 3.29
WW (g) 23.54 + 6.20 37.93 +£9.23 38.49 +7.73 47.55 + 16.98 23.54 £ 6.20 36.97 +11.48 45.64 + 10.66 59.57 +£13.51

JJ: Jinjiang, Fujian Province, China (land-based industrial culture); DS: Dongshan, Fujian Province, China (sea-based culture); SL: shell length; SW: shell width; WW:

wet weight.
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related traits. The content ranged from 40.89 mg/g to 119.77 mg/g,
with a mean value of 80.71 mg/g and a coefficient of variation of 19.13
%.

3.3. GWAS and putative genes identification

The results of the PCA analysis revealed considerable group strati-
fication of this population (Fig. 3). Then these three PCs were deter-
mined as variables to be incorporated into the model for subsequent
GWAS to lessen the effects of group stratification.

A total of 32 SNP loci were found to be substantially correlated with
the taurine content in the foot muscles of Pacific abalone. The
LC18319343 on chromosome 9 was the most significant SNP locus, with
a significance P-value of 9.95 x 107 (Table 3). Furthermore, chromo-
somes 4 and 9 displayed a clustered distribution of significant SNP loci,
and exhibiting the largest number of loci. Fig. 4 displays Manhattan and
Q-Q plots of GWAS.

A total of 33 candidate genes, including SLC6A7, EGF1, B3gnt6, and
Ptpra, were annotated. These genes may be connected to amino acid
synthesis, transmembrane transport, energy production, protein phos-
phorylation, and other processes. The pertinent candidate genes are
displayed in Table 4.

4. Discussion

One of the most prevalent free amino acids in tissues, taurine is
regarded as a functional amino acid that is crucial for many physio-
logical processes in aquatic animals, including growth, immunomodu-
lation, antioxidant defense, and stress reduction (Giiroy et al., 2024).
Taurine can be acquired by endogenous synthesis or external intake in
aquatic animals, with the liver serving as the primary source of taurine
synthesis (Sales, 2009). However, the ability to synthesize taurine varies
from species, and even the amount of taurine varies between tissues
(Wang et al., 2016). Furthermore, variations in water temperature that
are above the appropriate range may impact aquatic animal’s physio-
logical and metabolic processes (Kim et al., 2020). Decrease in several
amino acids (glutamine, tyrosine, and phenylalanine) and changes in
lipid metabolism induced by high temperature in Atlantic salmon (Salmo
salar) (Kullgren et al., 2013). In this study, there was a little decrease in
taurine content from February to May, which could have been caused by
the rising temperatures. However, there was a gradual increase in the
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Fig. 3. Principal component analysis (PCA) of the analysis population.
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Table 3
SNPs associated with taurine content traits in Pacific abalone.
Chr Position SNP Allele MAF P value
9 18319343 LC18319343 T/C 0.067 9.95E—-06
15 21093168 LC21093168 A/T 0.088 1.35E-05
4 50137351 LC50137351 T/A 0.086 1.49E—-05
15 21093167 LC21093167 T/G 0.09 1.69E—-05
10 25585499 LC25585499 T/C 0.257 1.97E-05
10 25585500 LC25585500 G/A 0.257 1.97E-05
6 35623333 LC35623333 G/T 0.067 2.87E-05
9 18478003 LC18478003 T/A 0.193 2.91E-05
1 19877259 LC19877259 C/T 0.169 3.58E-05
9 48406953 LC48406953 A/C 0.12 4.57E—05
16 62171683 LC62171683 C/T 0.294 5.27E-05
9 17202789 LC17202789 T/G 0.437 5.27E-05
4 8406545 LC8406545 A/G 0.214 5.30E-05
6 42569597 LC42569597 C/G 0.076 5.47E—-05
1 21672433 LC21672433 C/T 0.399 6.38E—05
4 8406458 LC8406458 A/G 0.258 6.77E—05
14 86226025 LC86226025 A/G 0.109 7.06E—05
18 67890438 L.C67890438 C/G 0.451 7.31E-05
7 40350143 LC40350143 T/A 0.079 7.50E—05
4 8406494 LC8406494 G/T 0.298 8.79E—05
18 38005134 LC38005134 A/G 0.212 1.28E—04
10 17493111 LC17493111 A/G 0.247 1.33E-04
16 64101470 LC64101470 A/T 0.109 1.67E—04
17 895380 LC895380 C/T 0.429 1.79E—-04
14 12983693 LC12983693 T/A 0.385 1.91E-04
4 53568837 LC53568837 C/T 0.416 1.92E-04
5 32536044 LC32536044 G/T 0.353 2.04E—-04
6 60515296 LC60515296 C/T 0.063 2.09E-04
1 20185694 LC20185694 A/G 0.275 2.21E-04
7 40350126 LC40350126 A/G 0.098 2.30E—-04
9 17471436 LC17471436 C/A 0.122 2.32E-04
1 33235477 LC33235477 A/G 0.141 2.46E—-04

Chr: chromosome; Allele: minor/major allele; MAF: Minimum allele frequency.

following months of September and December, which could be related
to high temperatures leading to a high consumption of energy sub-
stances. The previous reports have shown that the activity and gene
expression of enzymes including phosphofructokinase, glucokinase, and
glucose transporter protein 2, taurine enhances glucose metabolism
(Sampath et al., 2020). When exposed to summertime water tempera-
tures exceeding 28 °C, Pacific abalone, which is endemic to temperate
cold-water species, additionally utilizes glycogen as a heat-resistant
substance (Jentjens et al., 2002). The synthesis of glycogen under
stress may be assisted by an increase in taurine concentration. This
finding confirmed the high negative genetic correlation between taurine
and glycogen contents (Liu et al., 2024).

Quality traits have recently been studied in aquatic animals as a
result of selective breeding and commercial demand (Tan et al., 2020).
However, it is important to investigate the basic processes and genetic
characteristics of quality traits. The GWAS is a useful instrument for
linking genetic variation to complex quantitative trait phenotypes and
identifying feasible candidate markers and genes for molecular-assisted
breeding (Ali et al., 2019). Our GWAS research revealed 32 SNP loci
linked with abalone taurine content. These loci were found on multiple
chromosomes, however, there was no clear clustered distribution except
for chromosomes 4 and 9, which might imply that the characteristic
traits are controlled by multiple genes. Similar findings were observed in
the amino acid GWAS analysis of Pacific oysters (Meng et al., 2019).
Gene annotation results identified 33 genes, such as SLC6A7, EGF1,
B3gnt6, Ptpra, which play important roles in amino acid synthesis,
transmembrane transport, energy synthesis, protein phosphorylation
and other biological processes.

Indeed, genes change from season to season, such as in oyster
research, it was discovered that variations in glycogen content across the
seasons were linked to variations in both ChGS and ChGP expression
(Qin et al., 2021). Additionally, we found some research that suggests
that different animals may display distinct behaviors due to varying
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Fig. 4. Manhattan and QQ plot of taurine content in GWAS.

levels of expression of particular genes at varying temperatures. Ac-
cording to a study on Antarctic krill (Euphausia superba), all areas exhibit
up-regulated summertime expression of essential genes in comparison to
wintertime, which helps the animals adjust to their changing environ-
ment (Horing et al., 2021). Since different genes change with the sea-
sons, locating the significant genes at a particular time of listing is
crucial for genetic selection. During the market season, various pheno-
types related to economic traits of aquatic animals are most fully and
distinctly exhibited. At this point, GWAS research can more accurately
identify the gene loci linked to the economic traits. In the investigations
of Asian seabass (Lates calcarifer) (Sukhavachana et al., 2022) and Pa-
cific White Shrimp (Litopenaeus vannamei) (Lyu et al., 2021), GWAS
analyses were performed using individual traits at the time of listing.
Thus, we selected the listing season (May) for GWAS.

There are currently 458 transporter proteins within the SLC super-
family that carry a variety of chemicals across cell membranes. The
SLC6A family of transporter proteins uses sodium gradients for the
secondary active transport of tiny amino acids or substrates that
resemble amino acids, and the SLC6A6 transporter protein uses taurine
as a transport substrate (Broer and Gether, 2012). Additionally, the
SLC6A6 gene was found in taurine GWAS analysis of Japanese black
beef, indicating that selecting for higher taurine concentrations in black
beef could be aided by the significant SNP on the telomere side of
SLC6A6 (Sasago et al., 2018). Furthermore, mice with the taurine
transporter protein (TauT; SLC6A6) knocked out develop taurine-
deficient cardiomyopathy, which thins the ventricular wall and in-
duces heart failure (Ito et al., 2018). This implies that a major gene
involved in taurine synthesis in animal individuals is probably a member
of the SLC6A family. Moreover, Bsgn6 and Bsgn7 may have an anti-
inflammatory effect (Wang et al., 2024; Xiao et al., 2022), and other
genes, including CSMD2 and CTGF, have the effect of promoting cell
proliferation and differentiation (Gutierrez et al., 2019; Yan et al.,
2022). These findings imply that taurine may carry out a variety of
functions in organisms. As a result, several of the loci identified by our
GWAS may be suitable genes for future confirmation of variations in
expression between seasons, and determine if the characteristic of
taurine content is changed by gene and environmental interactions.

The accuracy of GWAS analysis results was significantly impacted by
high-throughput genotyping data. When compared to technologies like
SNP microarray and simplified genome (RAD-Seq), whole genome
resequencing offers a clear advantage in terms of the number of loci
(Talouarn et al., 2020). We selected the previously independently
developed 40 K multiple-SNP array for genotyping in our work, pri-
marily because of the advantages of customized flexibility, high flux,
low target sequencing cost, and accurate sequencing results (Liu et al.,
2022). Furthermore, the quantity of sequencing samples was another
important issue that restricts the accuracy of GWAS results (Fu et al.,

2020). Our study employed 274 samples, which is a modest sample size
but still reasonably informative. The taurine concentration of other
species has also been closely correlated with the genes we found, such as
the SLC6A family. In the meantime, our results can be analyzed together
with multi-omics data in the future to fully resolve the biological func-
tions and regulatory mechanisms of the genes at various levels. This will
help to identify the causal genes of the GWAS loci, enhance our un-
derstanding of the genetic basis of the taurine content, and increase
prediction accuracy in the GS model.

Taurine has been shown in several studies to serve a variety of
purposes for aquatic life. The research on yellow catfish (Pelteobagrus
fulvidraco) that taurine plays an important role when fish experience
oxidative stress (Zhang et al., 2018). By including taurine in their diet,
the ability to function as an antioxidant was increased through the
upregulation of genes linked to antioxidant enzymes. In grass carp
(Ctenopharyngodon idella) a comparable outcome was also verified (Sun
et al., 2024). Extensive research has demonstrated that taurine may
improve the immune system; in experiments with Litopenaeus vannamei,
taurine was discovered to be able to both dramatically improve the
immune system and prevent the development of apoptosis (Shi et al.,
2023). Furthermore, the organism suffers a variety of modifications in
response to high temperatures, and taurine assists in reducing this stress
reaction, as evidenced by research on carp and tilapia, in which taurine
seems to offset modest temperature-induced alterations in muscle his-
tidine and N-a-acetyl histidine (Geda et al., 2017). Additionally, taurine
was found to enhance heart thermotolerance by raising Hsp70 super-
somes, as demonstrated by a rainbow trout study (Luo, 2020). Moreover,
the study on broilers had confirmed, broilers elevate plasma taurine
levels for self-protection, implying that individuals with higher levels of
taurine may be more resistant to stress (Ruiz-Feria et al., 1999). This is
also lined up with our research, which showed that over the time of
rising water temperatures from May to September, the taurine content in
the foot muscles of Pacific abalone gradually increased in response to
high-temperature stress. Currently, breeding objectives are shifting from
purely production-oriented goals to more balanced approaches that
enhance both performance and robustness. Robustness, de-fined as the
ability to resist or recover from disturbances, which correlates with
improved health and survival in various species. Especially in aquacul-
ture, it is increasingly important due to pathogen mutations and envi-
ronmental complexity, some traits such as swimming performance in
large yellow croaker (Larimichthys crocea) (Zeng et al., 2023) and
carotenoid content in scallops (Chlamys nobilis) (Zhang et al., 2021) have
been linked to robustness. In conclusion, the benefit of indirect selection
in Pacific abalone is the fact that it selects for genes or combinations of
genes linked with high taurine concentration. These genes may regulate
taurine production and accumulation, resulting in greater taurine levels
in response to stress, indicating improved robustness. Meanwhile,
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Table 4
Genes associated with taurine content traits of Pacific abalone.

Chr Location (bp) Gene name Gene annotation

1 20,196,168-20,199,231 DCST2 DC-STAMP domain-containing
protein 2

1 21,668,480-21,681,411 ZNF235 Zinc finger protein 235
OS=Homo sapiens

1 33,227,653-33,242,197 SCNNIB Amiloride-sensitive sodium
channel subunit beta

1 19,959,491-19,973,083  LPAR6 Lysophosphatidic acid receptor
6

1 19,778,013-19,779,571 B0563.6 Probable G-protein coupled
receptor B0563.6

4 50,134,849-50,138,871 MIMI L93 Putative ankyrin repeat protein
L93

4 8,250,248-8,251,560 SPBC660.12c Uncharacterized

aminotransferase C660.12c

4 8,497,222-8,596,066 CTGF Connective tissue growth
factor
5 32,523,519-32,552,396 Yajo Uncharacterized

oxidoreductase YajoO

6 60,482,688-60,486,565  VIpE Variant surface antigen E

6 35,447,228-35,453,918  CSMD2 CUB and sushi domain-
containing protein 2
6 42,553,904-42,593,500 ABCCI Multidrug resistance-

associated protein 1
Fibropellin-1

Fibroblast growth factor
receptor 2

Homeobox protein DBX1-A
UDP-GlcNAc:betaGal beta-1,3-
N-
acetylglucosaminyltransferase
6

UDP-GlcNAc:betaGal beta-1,3-
N-
acetylglucosaminyltransferase
7

Neurogenic locus protein delta
Ankyrin-2

DnaJ homolog subfamily C
member 25 homolog
Histone-lysine N-
methyltransferase EHMT1
Inosine-uridine preferring
nucleoside hydrolase

6 60,572,795-60,636,250  EGF1
7 40,373,490-40,394,695  FGFR2

9 18,502,953-18,516,542  dbxla
9 17,875,208-17,876,215  B3gnt6

9 17,123,558-17,124,468  B3gnt7

9 18,354,689-18,359,537 DI

9 48,371,092-48,400,841  Ank2

9 48,410,274-48,437,414  CG7872
10  17,475,373-17,475,708  Ehmtl

10  25,585,006-25,590,664  NSNH

14 12,944,047-12,953,826  TRIM3 Tripartite motif-containing
protein 3

14 13,000,396-13,001,176 Trim2 Tripartite motif-containing
protein 2

14  86,182,350-86,224,805  Ptpra Receptor-type tyrosine-protein
phosphatase alpha

A-kinase anchor protein 17A
Splicing factor 3A subunit 2

Protein flightless-1 homolog

15  21,019,935-21,125,758  AKAP17A
16  62,158,152-62,158,946  SF3A2
16  63,911,906-64,061,044  FLII

16  62,211,559-62,233,473  ENGASE Cytosolic endo-beta-N-
acetylglucosaminidase

18 67,862,259-67,884,504 SRPX2 Sushi repeat-containing
protein

18 38,009,498-38,040,473  RGSL1 Regulator of G-protein
signaling protein-like

18 67,941,042-67,951,431 SLC6A7 Sodium-dependent proline

transporter

18  37,967,937-37,991,115  Kars Lysine-tRNA ligase

taurine may also affect the flavor and quality of flesh from animals. The
muscle quality of European sea bass (Dicentrarchus labrax) was found to
be considerably impacted by the addition of taurine to the diet, resulting
in reduced fillet elasticity (Kotzamanis et al., 2020). The taurine level of
the meat was shown to be strongly linked with the panel’s assessment of
the freshness of the products it evaluated in a study with Japanese black
cattle (Suzuki et al., 2017). As such, based on the rich biological func-
tions of taurine and its effect on meat quality, increasing taurine content
in abalone may be a future breeding objective, which may lead to an
increase in muscle quality while enhancing its robustness.
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5. Conclusion

We investigated seasonal variations in taurine in Pacific abalone foot
muscles under two culture systems, and performed GWAS analyses on
274 Pacific abalone individuals, which detected a total of 32 SNP loci
significantly associated with taurine content. The taurine content of
abalone was shown to be substantially correlated with 33 genes,
including the essential gene SLC6A7 for further validation. Our findings
contribute to the knowledge about the yearly variation in taurine con-
tent in abalone foot muscles. Furthermore, the identified genes may be
further confirmed as taurine markers, which would facilitate the
improvement of Pacific abalone quality in further studies.
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