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Abstract

Empurau is a highly sought freshwater fish with high market value due to its unique flesh
taste. However, the main challenge of the industry remains the infectious disease outbreak,
with Pseudomonas species as one of the most threatening fish pathogens while residing in
a wide range of environments. Antibiotic use is a common solution to disease outbreaks
and leads to increased antimicrobial resistance. The development of disease-resistant
broodstock through the identification of SNP markers has emerged as a promising strategy.
In this study, a total of 1,048,576 SNP markers were identified via whole genome pooled
sequencing on samples treated with LDs,, forming resistant and susceptible groups. Mul-
tiple tests (pairwise Fgp test, CMH test, and FE test) and visualization were conducted to
screen and select candidate SNP markers for further validation using T-plex ARMS real-
time PCR assay. The genotyping results on the selected candidate markers were confirmed
using Sanger sequencing. Statistical analysis was performed to validate the significance of
the candidate markers. The successful validation of 19,564 G/C SNP markers is hoped to
contribute to research focusing on disease-resistant association SNPs, enabling the appli-
cation of genomic information to enhance artificial selection strategies in Tor tambroides
(empurau) breeding.

Keywords Tor tambroides - Pseudomonas koreensis - SNPs - Disease resistance - T-plex
ARMS PCR assay

Introduction

Aquaculture is expanding faster as one of the rapidly growing food production sectors
worldwide, driven by the increasing demand for fish products that provide proteins and
essential micronutrients for balanced nutrition and good health (FAO 2016; DOF 2019;
Jumatli and Ismail 2021). Fish production had achieved up to 17.3% of global population
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animals’ protein intake and 6.8% of all proteins taken in year 2017, further emphasizing the
importance of fish as the prime protein source. Furthermore, with the progressive improve-
ment of the aquaculture industry and stagnant capture fisheries, world fish production is
expected to increase up to 187 million metric tons (MT) to cope with the increasing world
population (World Bank 2013). Malaysia’s Fisheries Sector, including capture fisheries,
inland fisheries, and aquaculture, produced up to 5.7 million tonnes with an estimated
value of RM4 billion, with increments of 37.5% and 17.2% in quantity and value, respec-
tively, as compared to year 2021 (DOF 2022).

Tor tambroides, or locally known as “empurau,” is one of the prized species within the
Cyprinidae family, valued not only for human consumption but also for its ornamental
and sporting values. In addition to the excessive fishing pressure driven by its unique flesh
taste, the species is also threatened by artificial propagation activities undertaken for both
aquaculture production and conservation purposes (Ingram et al. 2005; Kottelat et al. 2018;
Lau et al. 2022). In spite of the challenges, its high market price allows it to be one of the
most prominent species in the aquaculture industry (Ingram et al. 2005). Nevertheless, its
susceptibility to disease outbreaks in captivity due to overpopulation further encourages
pathogen spreading (Magnadéttir 2010). There have been cases of viral and bacterial infec-
tions reported within local fish farms, further causing huge economic losses to the industry
(Chiew et al. 2019).

Bacterial pathogens are the primary culprits behind most fish farming illnesses (Irshath
et al. 2023). Diverse strains of Pseudomonas species pose a significant threat to fish, lead-
ing to considerable losses in the aquaculture sector (Pgkala-Safiriska 2018). Specifically,
Pseudomonas koreensis has been identified as a key contributor to the mortality of dis-
eased Tor tambroides. The symptoms displayed were exophthalmia, abdominal swellings,
loss of scales, and hemorrhaging found around the fins and gills (Lau et al. 2022, 2024).
Besides, back in the year 2014, P. koreensis was documented as the causative agent for eye
lesions in gold mahseer (Tor putitora) in India (Shahi and Malik 2014). Despite its limited
disease occurrence in fish, public health focuses much of its attention toward Pseudomonas
infection as it causes serious foodborne infection due to raw fish and byproduct consump-
tion (Zilberberg and Shorr 2012). These findings are reinforced by reported cases of Pseu-
domonas aeruginosa isolated from fish, which have been linked to instances of pneumonia
in hospital settings (Novotny et al. 2004) and the combination of P. koreensis and Aspergil-
lus fumigatus in causing mixed infectious keratitis in humans (Khoo et al. 2021).

Upon disease outbreaks, the fastest and immediate solution is the usage of antibiotics.
However, the extensive misuse of antibiotics can lead to immunosuppression, generation
of resistant pathogen strains, environmental pollution, and even high risk to human health
due to tissue deposition (Uddin et al. 2021; Rohani et al. 2022). While improving the water
environment can help manage survival rates to some extent, strengthening disease resist-
ance is recommended as a more effective and sustainable strategy for disease control in the
aquaculture industry (Irsthath et al. 2023). Antibiotics, heralded as one of the most impact-
ful medical breakthroughs of the twentieth century, have unquestionably played a vital role
in combating bacterial infections, ultimately saving millions of lives (Ribeiro da Cunha
et al. 2019). However, the occurrence of antimicrobial resistance (AMR) is still an una-
voidable evolutionary result. Antibiotic wastes were released into the environment, further
encouraging the formation of antibiotic reservoirs and antibiotic resistance genes along
with their resistance genes (Manyi-Loh et al. 2018). Consequently, human society has to
face the drawbacks as diseases including pneumonia, septicemia, tuberculosis, salmonel-
losis, and gonorrhea are becoming difficult to cure due to AMR (Bondad-Reantaso et al.
2023). In the year 2019, the World Health Organization (WHO) reported 700,000 deaths
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due to AMR, and it is predicted the figure will be on the rise to reach 20 million by the year
2050 (Watkins et al. 2016).

The success and sustainability of the aquaculture industry hinge heavily on effective
disease control measures. Developing disease-resistant broodstock has emerged as a prom-
ising strategy to address antimicrobial resistance (AMR) concerns in aquaculture (Moss
et al. 2012). Growth in genomic technologies has enabled molecular markers such as sin-
gle nucleotide polymorphism (SNP) to be readily available. It is cheaper to run in a dense
panel as compared to microsatellites, thus allowing more individuals to be genotyped at a
greater genome coverage level (Vignal et al. 2002). SNPs that are significantly associated
with a certain trait can be utilized further for trait improvement through selective breeding.
It has been applied in aquatic species to facilitate selective breeding and increase the rate of
gene discovery in relation to economic traits, for instance growth (Lv et al. 2015); disease
resistance (Yue et al. 2012; Zhang et al. 2019; Zhao et al. 2021); and body conformation
(Geng et al. 2017). As the number of SNPs associated with the target traits continues to
grow, a reliable approach for easy detection of these markers, not only in laboratory set-
tings but also in practical aquaculture environments, remains crucial. In this study, pooled-
sequencing (Pool-Seq) serves as a more cost-effective alternative for SNP identification.
Several studies have implemented this approach to quantify allele frequency differences
between populations to infer about the selection process (Boitard et al. 2012; Fischer et al.
2013; Bajpai et al. 2022). The T-plex real-time PCR assay utilizes a combination of tech-
niques, including tetra-primer ARMS PCR assay, SYBR Green [-based real-time PCR, and
melting point analysis. This approach incorporates a primer design strategy to specifically
detect the SNP (single nucleotide polymorphism) of interest (Baris et al. 2013). It is able to
distinguish the amplified allele-specific amplicons in a single tube via melting temperature.
Furthermore, pairwise Fgp, Fisher exact test, and Cochran-Mantel Haenszel (CMH) test
were implemented for SNP marker candidate selection which reflects allele frequency dif-
ferences and their respective genetic differentiation between both resistant and susceptible
groups.

Considering the significant economic and cultural value of Tor tambroides, any dis-
ease occurrence could potentially lead to severe repercussions. Therefore, in this study, we
aimed to detect and identify candidate disease-resistant SNPs towards Pseudomonas kore-
ensis by performing whole genome Pool-Seq on both groups of fish. These findings are
hoped to contribute to further studies considering disease-resistant association SNPs and
can be used in breeding programs to integrate genomic information into artificial selection
decisions in empurau breeding.

Materials and methods
Bacterial challenge and sample preparation

For the bacterial challenge, 60 juvenile Tor tambroides were obtained from a local aqua-
culture farm (GPS coordinates: 1° 32" 53.647°’N, 110° 32’ 53.233"’E) where the bacte-
rial strain was originally isolated from. The bacterial strain was previously isolated from a
diseased adult T. tambroides (intestine and liver) sampled from the local aquaculture farm
on Aeromonas isolation agar (Sigma Aldrich; USA) supplemented with ampicillin (0.5
mg/mL) (Lau et al. 2024). The juvenile fishes were randomly distributed into six tanks
equipped with filters and aeration. Treated tap water was used, and twice water changes
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(40% of the total water volume) were done per week. The fish were fed with commercial
pellets once daily in the morning.

The bacteria strain used was Pseudomonas koreensis CM-01 isolated from diseased Tor
tambroides (Kho et al. 2023; Lau et al. 2024). Five of the six groups were introduced to P.
koreensis at 5x 10" CFU/mL (LDs,) while the remaining group acted as a control group
(Lau et al. 2024). After the introduction of P. koreensis and 1x PBS (control group) into
the fish via peritoneal injection, all fish were raised for 7 days at 25 °C for observation. All
the experimentally infected fish were observed at hourly intervals for the first 12 h and at
6-h intervals for the subsequent observation period. Moribund or dead fish observed during
the post-infection challenge were categorized as the susceptible group (SG) while those
fish that survived the challenge were considered the resistant group (RG). Twenty samples
from SG and 20 samples from RG were collected randomly, and the genomic DNA was
extracted from muscle tissue and later stored at —80 °C. The genomic DNA extraction
was done in replicates via the modified CTAB-based extraction method. All experiments
comply with ARRIVE guidelines and were carried out in compliance with the guidelines
and permission approved by the Animal Ethics Committee of Universiti Malaysia Sarawak
(UNIMAS/TNC(PI)—-04.01/06-09(17)).

Sequencing and read cleaning

In this study, a pooled sequencing approach was implemented. A total of 40 individu-
als, consisting of 20 resistant and 20 susceptible individuals, were selected for the study.
The susceptible group primarily included individuals displaying severe clinical symptoms
such as pop eyes, inflamed vents, and petechial hemorrhages. Extracted DNA from both
resistant and susceptible groups was pooled to a final concentration of 40 pg/uL, with each
DNA sample contributing 2 pg/uL (Bajpai et al. 2022; Baltrusis et al. 2022; Rellstab et al.
2013). Approximately 1 pg of gDNA was sheared to 350 bp using a Bioruptor and directly
used for PCR-free library preparation using the NEB Ultra Illumina library preparation kit
(NEB, Ipswich, MA). The library was quantified with a Qubit (Invitrogen) and sequenced
on a NovaSEQ6000 (Illumina, San Diego, CA) with 2x 150 bp run configuration. The
sequences were trimmed off the adapter sequences by fastp version 0.23.0 before proceed-
ing with SNP calling (Chen et al. 2018).

Reads mapping, SNP calling, and identification

Trimmed paired-end reads of both resistant and susceptible reads were mapped to the
Tor tambroides reference genome (GCA_021397915.1) (Lau et al. 2022). The reference
genome was prepared prior to sequence alignment using the Burrows-Wheeler aligner
(BWA) index command (Li and Durbin 2010). The reads were mapped using the BWA
mem command. Samtools version 1.13 (Danecek et al. 2021) was then used to sort the
BAM file and subsequently create an mpileup file containing outputs from both sample
pools. Subsequently, the mpileup file was subjected to PoPoolation2 analysis (Kofler et al.
2011). A sync file was created using the PoPoolation2 script mpileup2 sync.jar by keep-
ing the base quality at 20. Next, SNPs’ allelic frequency (script: snp-frequency-diff.pl) was
used by maintaining a minimum allele count of 6, and minimum and maximum coverages
of 50 and 200, respectively. To investigate the presence of any consistent allele frequency
changes belonging to the two sample groups, Cochran-Mantel-Haenszel (CMH) tests were
conducted (script: cmh-test.pl). Nevertheless, due to the pooled samples in both sample
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groups, they do not represent true, distinct pairs and were compared in an arbitrary fash-
ion. Thus, the significance of per nucleotide allele frequency differences between the two
groups was determined using Fisher’s exact (FE) test (script: fisher-test.pl). Pairwise fixa-
tion index (Fgy) values were determined throughout the genome (script: fst-sliding.pl). The
filtered list of SNP markers was visualized using the Integrative Genomics Viewer (IGV)
to further refine the selection.

T-Plex real-time PCR assay

A total of five potential SNPs were targeted in this assay. The choices of the SNPs were
identified through the comparison of the SNPs between the resistant group, suscepti-
ble group, and reference genome (GCA_021397915.1) (Lau et al. 2022). The reference
genome serves as a control in the selection process, enabling more precise and reliable
identification of SNPs. Potential SNP markers were selected based on unique nucleotide
patterns that differentiated them from both the susceptible group and the reference genome.
The location of the selected five SNP markers was predicted using web-based Augus-
tus (https://bioinf.uni-greifswald.de/augustus/submission.php) (Stanke and Morgenstern
2005). Next, nucleotide and predicted protein sequences where each SNP marker is located
were functionally annotated using NCBI conserved domain (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) (Wang et al. 2023), Interproscan (https://www.ebi.ac.uk/interpro/
search/sequence/) (Jones et al. 2014), NCBI BLAST (Wheeler et al. 2007), and eggNOG-
mapper (http://eggnog-mapper.embl.de/) (Cantalapiedra et al. 2021). This approach aimed
to elucidate the underlying biological roles of the selected SNP markers involved.

For SNP genotyping, T-plex ARMS real-time PCR assay was used (Baris et al. 2013).
This assay is a combination of tetra-primer amplification-refraction mutation assay
(ARMS) PCR assay, SYBR Green I-based real-time PCR, and melting-point analysis with
primer design strategy to detect the SNP of interest (Baris et al. 2013) (Fig. 1A, B).

Primer design

The T-Plex real-time PCR assay was used to genotype the 6151 C/T, 112,388 G/A,
59747G/A, 27857 A/T, and 19564G/C. Primers were designed based on the sequences
available on the public databases (SRX21910145 and SRX21910146) using the web-based
software (http://primerl.soton.ac.uk/primer1.html) (Ye et al. 2001; Collins and Ke 2012).
Next, the specificity of the primers was checked using NCBI BLAST (https://www.ncbi.
nlm.nih.gov/tools/primer-blast/). The mismatch was introduced at the third position of the
3" end of both allele-specific primers to increase the specificity of the reaction, which is
automatically introduced by the software. The hypothetical T, values of the primers were
calculated using IDT OligoAnalyzer (https://sg.idtdna.com/calc/analyzer). The primers
used in this study are listed in Table 1.

SNP validation

Real-time PCR was conducted using Thunderbird Next SYBR qPCR Mix (Toyobo;
Osaka, Japan) and QuantStudio 5 (Thermofisher; Waltham, Massachusetts, USA). The
total volume of a single reaction mixture is 20 pL, containing 10 pL of qPCR mix, 1 pL
of each primer per reaction (500 nM), and 1 pL of genomic DNA dilution (10 ng/pL)
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Fig. 1 T-Plex real-time PCR assay. A It shows a schematic diagram of tetra-primer ARMS PCR for 19,564
G/C genotyping in this study as an example. During the PCR amplification, a 368-bp amplicon will be
amplified by the non-allelic outer primer, and the allele-specific amplification produced 175- and 247- PCR
products specific for the allele G and allele C, respectively. B T-Plex real-time PCR assay coupled with
melting curve analysis for the 19,564 G/C SNP marker genotyping using SG and RG samples. The genotyp-
ing was performed based on amplicons produced at specific T, with the red line representing CC genotype,
the green line representing GG genotype, and the blue line representing GC genotype

and ultrapure water. The qPCR was conducted as follows: an initial denaturation (95
°C for 7 min), followed by amplification and quantification steps repeated for 45 cycles
(95 °C for 10 s, 60 °C for 10 s, 72 °C for 20 s), with a single fluorescence measurement
at the end of the final elongation step. Next, the melting-curve analysis was conducted
by reducing the temperature to 65 °C and increasing the temperature by 0.2 °C/s to 95
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°C while continuously measuring the change in fluorescence. The reaction was termi-
nated by cooling to 40 °C. Genotypes were identified via the melting curves and the
melting-peaks display on the QuantStudio™ Design & Analysis Software version 1.5.3.
For verification of the genotypes identification results of the qPCR assay, six samples
(three samples from RG and three samples from SG) were chosen to be amplified using
non-allelic specific primers. The PCR products were sequenced, and the chromatogram
of the sequencing results was visualized and analyzed using QSV analyzer (Carr et al.
2009).

Results
General overview and SNP identification

A total of 50.87 Gb and 50.48 Gb of clean data were obtained from the RG and SG
sequencing libraries, respectively (Table 2). Both sample groups had shown high mapping
rates of 93.66% and 93.38% with 337.76 M and 314.71 M reads, respectively. The trimmed
sequencing data from both RG and SG were aligned to the reference genome before being
subjected to sync file generation before PoPoolation2 analysis. A total of 1,048,576 SNPs
had been successfully called from the sync file generated from both groups.

Among them, 629,670 SNPs were putative transitions (include four classes: A/G, G/A,
C/T, and T/C) and 390,111 SNPs were putative transversions (include eight classes: A/C,
C/A, AIT, T/A, G/C, C/G, G/T, and T/G) (Fig. 2). The distribution of transition SNPs was
higher than that of transversion SNPs by twofold. G/A and C/T were the most commonly
observed transition SNPs, recorded at 173,343 and 173,903, respectively. As for the trans-
version SNPs, there were 64,512 A/T and 63,510 T/A SNPs observed.

Pairwise Fp test, Fisher’s exact (FE) test, and Cochran-Mantel-Haenszel (CMH) test
were performed for selecting SNPs prior to T-plex real-time PCR assay. The SNPs were
filtered from the top 1% Fgr values and p-value from the FE test along with p-value
<0.001 in the CMH test. Nucleotide distribution among both groups was compared for
the subsequent validation step (Table 3). Table 3 showed the results of this study: the
selected SNP markers along with their respective contig and parameters, including the
CMH test, pairwise Fgp value, and FE test. All selected SNPs have p-value less than
1.0 x 107" and 1.0 x 10~ for CMH test and FE test, respectively. Candidate SNP mark-
ers were further refined using Integrative Genomics Viewer (IGV), selecting those with
unique coverage and distribution patterns in the resistant group compared to the suscep-
tible and control groups (Figs. S1, S2, S3, S4, S5).

Table2 Summary statistics

for the resistant group and the Parameter Resistant group (RG) Susceptible

susceptible group from pooled group (5G)

sequencing Total length (bp) 50.87 Gb 50.48 Gb
Map read rate (%) 93.66 93.38
Reads (M) 337.76 314.71
Sequencing depth 42.39 42.07
Total SNPs (sync file) 1,048,576
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Fig.2 Classification of SNP identification into transition and transversion types identified within the
genome of T. tambroides

Table 3 SNP selections including CMH test, pairwise Fgr, and FE test were performed for further valida-
tion using T-Plex real-time PCR assay

SNP Cochran-Mantel-Haenszel test Pairwise Fgr  Fisher’s exact test

RG (A:T:C:G:N) SG (A:T:C:G:N) p-value

6151 C/T 0:0:99:0:0:0 0:26:42:0:0:0 1.58 x 1072 0.2363 2.22x 10712
112,388 G/A  0:0:0:70:0:0 27:0:0:50:0:0 351 %107  0.2136 1.92x 107°
59,747 G/A 0:0:0:51:0:0 28:0:0:32:0:0 6.80 x 10714 0.3064 8.03x 10710
27,857 A/IT 0:113:0:0:0:0 23:76:0:0:0:1 6.38x 1074 0.1314 5.33%x107°
19,654 G/C  0:0:0:114:0:0 0:0:27:97:0:0 2.42%x 10713 0.1228 531%107°

N refers to any base A, T, C, or G

Functional annotation

All SNP markers were found to fall within gene and protein categories of KEGG Biomo-
lecular Relations in Information Transmission and Expression (BRITE) and all were cor-
related with metabolism (Table 4). Specifically, 6151 C/T SNP was responsible for tran-
scription machinery, DNA repair and recombination proteins, enzymes, ubiquitin system,
and RNA polymerase in T. tambroides. Furthermore, it was found to be associated with
posttranslational modification, protein turnover, and chaperones, which fall under the cat-
egory cellular processes and signalling in COG databases. It possesses DUF5401 super-
family and B-box-type zinc finger as domain as well. In NCBI, it was found to have 90.6%
similarity to E3 ubiquitin protein ligase TRIM35-like.

The second SNP marker, 112,388 G/A, falls within the coding region which encodes for
adrenoceptor alpha 2C (97.23%). NCBI conserved motif and Interproscan have reported
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on the presence of the alpha2 C subtype adrenoreceptor. It is associated with cGMP-PKG
signalling and neuroactive ligand-receptor interaction pathway in KEGG (Table 4). As for
COG databases, their categorization mainly falls within information storage and process-
ing, including transcription, signal transduction mechanism, replication, recombination,
and repair.

Subsequently, the 59,747 G/A SNP marker is an intron within a predicted gene, filamin-
C-like gene (NCBI similarity 96.69%). As reported from Interproscan and NCBI conserved
domain, it had filamin/ABP280 repeat containing protein and filamin type immunoglobulin
domain. It was found to be interacting with four KEGG pathways: MAPK signalling path-
way, focal adhesion, Salmonella infection, and proteoglycans in cancer. This can be further
supported by its classification, which mainly focuses on signalling and cellular processes
(enzymes, exosomes and cytoskeleton proteins) by both KEGG and COG databases.

The fourth SNP marker, 27,857 A/T, falls as an intron, which was characterized as con-
tactin-5-like by NCBI (97.55%). Both InterProScan and NCBI conserved motif reported
fibronectin type III and immunoglobulin-like fold as its domain, which was categorized as
cell adhesion molecules (Table 4). The 27,857 A/T SNP was found to be associated with
glycosylphosphatidylinositol (GPI)-anchored proteins, cell adhesion molecules, and mem-
brane trafficking in KEGG BRITE. It was classified as information storage and processing,
which is responsible for replication, recombination, and repair, as well as signal transduc-
tion mechanism, as reported in the COG database.

Lastly, 19,564 G/C SNP falls outside the transcript region as intergenic sequences and
its contig functions as zinc finger and SCAN domain-containing protein 29-like in NCBI
(94.02%) and its function may be regulated by Myb/SANT-like DNA binding domain. It
was not found in any KEGG pathways, but it did find an association with ubiquitin car-
boxyl-terminal hydrolase and ATP-dependent DNA helicase (Table 4). Within KEGG
BRITE, it was mainly classified as metabolism and genetic information processing, its
functions focusing on enzymes, peptidase and inhibitors, mitochondrial biogenesis, tran-
scriptional machinery, chromosome and associated proteins, ubiquitin system, and DNA
replication proteins. COG databases reported 19,564 G/C SNP to fall under posttransla-
tional modification, recombination, and repair as well as the replication, recombination,
and repair category.

SNP validation via T-Plex real-time PCR assay

Twenty samples in SG and 20 samples in RG were used to confirm the genotype of the
candidate SNP markers. A total of five SNP markers were selected to verify and four SNPs
were successfully verified except 59,747 G/A SNP due to its unsuccessful PCR amplifica-
tion (Figures S6, S7, S8, S9, S10). The significant different alleles from the SNP mark-
ers were detected between both RG and SG using X? test with one SNP marker success-
fully shown significant differences between both groups (Table 5). Out of the verified SNP
markers, only 6151 C/T SNP showed one genotype for both RG and SG, which is the CC
genotype. Furthermore, the same genotype distribution was observed for both 112,388 G/A
and 27,857 A/T SNP, with most of the individuals showing similar homozygous genotype
in both groups, eventually bringing to insignificant statistical differences in the particular
SNP for both populations. 19,564 G/C SNP shows greater GG genotype distributions in
RG while in SG, greater CC genotype distributions were observed. The T, graphs of each
SNP marker for both RG and SG are summarized in Figs. S6, S7, S8, S9, S10.
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Table 5 Distribution of the

five markers in the susceptible SNP Genotype  RG() G X(p)
jl;r(rilgfzztj;lt groups within 7. 6151 C/T cc 20 20 )
CT 0 0
112,388 G/A GG 20 17 3.24 (0.072)
AG 0 3
27,857 A/IT TT 20 17 3.24 (0.072)
AT 0 3
19,564 G/C GG 16 4 14.01 (0.000907)
CC 1 13
GC 3 3

For further verification, Sanger sequencing results of four SNP markers (6151 C/T,
112,388 G/A, 27,857 A/T, and 19,564 G/C) had portrayed that the SNP genotypes are consist-
ent with the grouping results of T-plex real-time PCR analysis (Fig. 3) with the red-colored
line graph representing RG and the blue-colored line graph representing SG. For the 6151
C/T SNP, selected RG samples (R16, R17, R20) and SG samples (S7, S10, S12) had shown
T, of around 76 °C (Fig. 3B) which can be further supported by the multiple alignment of
Sanger sequencing results showing that the T, belongs to the C allele (Fig. 3A). As for the
second SNP 112388 G/A, all RG samples (R1, R16, R20) and samples from SG (S14, S17)
had shown a single 7, peak at 87 °C. However, sample S20 from SG showed a double T},
peak at 87 °C and 77 °C for allele G and allele A, respectively (Fig. 3C, D).

As for 27,857 A/T SNP, all selected samples from RG (R1, R12, R15) and SG (S1, S2,
S12) had shown a single 7, peak at 74 °C, which is supported by Sanger sequencing results
(Fig. 3E, F). Selected RG samples (R2, R8, R17) had shown double T, peaks at 79 °C and
72 °C. As for the SG, three samples had shown different patterns of 7,,, peaks, with sampleS1
showing double peaks at 79 °C and 72 °C, and S2 and S20 showing single peaks at different
T, 0of 79 °C and 72 °C, respectively (Fig. 3G, H).

With the successful genotyping of 19,564 G/C SNP, Table 6 had summarized the geno-
type verification using Sanger sequencing in comparison with the melt curve from real-time
PCR. For RG samples, selected samples R2, R8, and R17 all show GC genotype due to the
double nucleotide peak detected from the Sanger sequencing chromatogram in QSV analyzer.
Besides, it is found consistent with the double T, peak of real-time PCR at 79 °C and 72 °C.
As for the SG, sample S1 showed a double peak in both the Sanger sequencing chromatogram
and melt curve, which confirmed its GC genotype. Furthermore, samples S2 and S20 por-
trayed a single peak with different nucleotide and T,,,, with allele G at 79 °C and allele C at 72
°C, respectively. Thus, the genotype for 19,564 G/C SNP can be deduced via the 7, shown by
each sample and is applied for all the SNP markers (Fig. S5) (Table 6).

Discussion
T-Plex ARMS PCR assay and pooled sequencing

In this study, we had pooled and sequenced the whole genome of two pools of DNA,
resistant group and susceptible group for the identification of disease resistant SNP
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( A) s7 ACCTACAACTTAAGATTTAAAAGATGTTTAATTCATTTCATTAGTATACTCACTGAGAGC 60
R16 ACCTACAACTTAAGATTTAAAAGATGTTTAATTCATTTCATTAGTATACTCACTGAGAGC 60
s10 ACCTACAACTTAAGATTTAAAAGATGTTTAATTCATTTCATTAGTATACTCACTGAGAGC 60
R17 ACCTACAACTTAAGATTTAAAAGATGTTTAATTCATTTCATTAGTATACTCACTGAGAGC 60
R20 ACCTACAACTTAAGATTTAAAAGATGTTTAATTCATTTCATTAGTATACTCACTGAGAGC 60
s12 ACCTACAACTTAAGATTTAAAAGATGTTTAATTCATTTCATTAGTATACTCACTGAGAGC 60
s7 ATTTGATGGCAGCATTTCTTCATCAGTCACTCTTCACTGGATAAACACACGTGTGTCTCA 120
R16 ATTTGATGGCAGCATTTCTTCATCAGTCACTCTTCACTGGATAAACACACGTGTGTCTCA 120
510 ATTTGATGGCAGCATTTCTTCATCAGTCACTCTTCACTGGATAAACACACGTGTGTCTCA 120
R17 ATTTGATGGCAGCATTTCTTCATCAGTCACTCTTCACTGGATAAACACACGTGTGTCTCA 120
R20 ATTTGATGGCAGCATTTCTTCATCAGTCACTCTTCACTGGATAAACACACGTGTGTCTCA 120
s12 ATTTGATGGCAGCATTTCTTCATCAGTCACTCTTCACTGGATAAACACACGTGTGTCTCA 120
s7 TCTGTCCCTGTAACATCCAGACAAGATTCAGTCACCTCTGTGATTTATCTGCTCAATACT 180
R16 TCTGTCCCTGTAACATCCAGACAAGATTCAGTCACCTCTGTGATTTATCTGCTCAATACT 180
s10 TCTGTCCCTGTAACATCCAGACAAGATTCAGTCACCTCTGTGATTTATCTGCTCAATACT 180
R17 TCTGTCCCTGTAACATCCAGACAAGATTCAGTCACCTCTGTGATTTATCTGCT CAATACT 180
R20 TCTGTCCCTGTAACATCCAGACAAGATTCAGTCACCTCTGTGATTTATCTGCTCAATACT 180
s12 TCTGTCCCTGTAACATCCAGACAAGATTCAGTCACCTCTGTGATTTATCTGCT CAATACT 180
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() 2 GACTTTGATTTGACTCTGGCTATTTGCCTGATGGTGCTGTGATTCGATTCTCACTCTCTC 60
R15 GACTTTGATTTGACTCTGGCTATTTGCCTGATGGTGCTGTGATTCGATTCTCACTCTCTC 60
R1 GACTTTGATTTGACTCTGGCTATTTGCCTGATGGTGCTGTGATTCGATTCTCACTCTCTC 60
sl GACTTTGATTTGACTCTGGCTATTTGCCTGATGGTGCTGTGATTCGATTCTCACTCTCTC 60
R12 GACTTTGATTTGACTCTGGCTATTTGCCTGATGGTGCTGTGATTCGATTCTCACTCTCTC 60
s12 GACTTTGATTTGACTCTGGCTATTTGCCTGATGGTGCTGTGATTCGATTCTCACTCTCTC 60
s2 GTCGAGAGTTGCTGACTGGATTTAT TTCTTGACTCATAGTGTTGAGACAAGGTTAGTATG 120
R15 GTCGAGAGTTGCTGACTGGATTTATTTCTTGACTCATAGTGTTGAGACAAGGTTAGTATG 120
RL GTCGAGAGTTGCTGACTGGATTTATTTCTTGACTCATAGTGTTGAGACAAGGTTAGTATG 120
sl GTCGAGAGTTGCTGACTGGATTTAT TTCTTGACTCATAGTGTTGAGACAAGGTTAGTATG 120
R12 GTCGAGAGTTGCTGACTGGATTTATTTCTTGACTCATAGTGTTGAGACAAGGTTAGTATG 120
s12 GTCGAGAGTTGCTGACTGGATTTATTTCTTGACTCATAGTGTTGAGACAAGGTTAGTATG 120

N
s2 TCACGTGACCTACACAATGCAACACGTAGAGTATCGCTTGTATAAAAACATTAGGGTAGG 180
R15 TCACGTGACCTACACAATGCAACACGTAGAGTATCGCTTGTATAAAAACATTAGGGTAGG 180
R1 TCACGTGACCTACACAATGCAACACGTAGAGTATCGCTTGTATAAAAACATTAGGGTAGG 180
s1 TCACGTGACCTACACAATGCAACACGTAGAGTATCGCTTGTATAAAAACATTAGGGTAGG 180
R12 TCACGTGACCTACACAATGCAACACGTAGAGTATCGCTTGTATAAAAACATTAGGGTAGG 180
s12 TCACGTGACCTACACAATGCAACACGTAGAGTATCGCTTGTATAAAAACATTAGGGTAGG 180
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Fig.3 The results of Sanger sequencing and T-plex real-time PCR analysis on 6151 C/T, 112,388 G/A,
27,857 A/T, and 19,564 G/C SNPs. A Multiple sequence alignment of PCR products of 6151 C/T SNP
for six samples. B Discrimination of 6151 C/T SNP marker among six corresponding samples. C Multiple
sequence alignment of PCR products of 112,388 G/A SNP for six samples. D Discrimination of 112,388
G/A SNP marker among six corresponding samples. E Multiple sequence alignment of PCR products of
27,857 A/T SNP for six samples. F Discrimination of 27,857 A/T SNP marker among six corresponding
samples. G Multiple sequence alignment of PCR products of 19,564 G/C SNP for six samples. H Discrimi-
nation of 19,564 G/C SNP marker among six corresponding samples. A red star represents SNP. RG repre-
sents resistance group (red-colored line graph) while SG represents the susceptible group (blue-colored line

graph)
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Table 6 Genotype verification via Sanger sequencing while in comparison with melt curve from real-time
PCR on 3 samples each from both RG and SG on 19,564 G/C SNP

Sample Sanger Sequencing Chromatogram Real-time PCR Melt Curve
(Genotype)
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markers towards Pseudomonas koreensis. A total of 50.87 Gb and 50.48 Gb clean data
were obtained with mapping rates of 93.66% and 93.38% from RG and SG, respectively.
A sync file was created from both groups before being subjected to SNP identification
using PoPoolation2. A total of 1,048,576 SNPs were identified from the sync file. Pair-
wise Fgr, Fisher exact (FE) test, and Cochran-Mantel Haenszel (CMH) test were per-
formed to select candidate SNP markers for further validation (Baltrusis et al. 2022;
Bankers et al. 2017; Bajpai et al. 2022). Allele frequency differences were calculated
with its degree of differences being measured by Fg pairwise test, where a higher Fgp
value indicates greater differentiation between both groups. Pairwise Fgy test was per-
formed to identify genes with especially high levels of genetic differentiation between
resistant and susceptible groups, which provide a set of potential SNP marker candi-
dates for subsequent validation (Bankers et al. 2017). In addition, FE test aimed to focus
on SNP markers exhibiting significant genetic differentiation between resistant and sus-
ceptible groups by comparing each allelic frequency (Bajpai et al. 2022) while CMH
test was performed to determine the presence of any consistent allele changes (Baltrusis
et al. 2022).

Pooled sequencing offers the advantage of predicting allele frequencies of SNP mark-
ers with reasonable accuracy, particularly at a substantially lower cost compared to indi-
vidual genotyping. This cost-effectiveness stems from its ability to achieve higher total
coverage, even though the accuracy may be relatively modest, especially for smaller or
less accurate datasets (Schlotterer et al. 2014; Guirao-Rico and Gonzalez 2021). The
accuracy of allele frequency estimation via the Pearson coefficient had shown up to 0.95
when two pools of samples achieved an average of 40 X sequencing depth (Dagnachew
et al. 2022) which is also shown in this study with RG and SG recorded as 42.39 and
42.07, respectively (Table 2). Nevertheless, the effect of unequal distribution of indi-
viduals into the pool can be decreased by having accurate equimolar pooling of each
genomic DNA and a balanced number of pooled samples (Gautier et al. 2013; Konczal
et al. 2014). Pooled sequencing, as one of the cost-effective alternatives in SNP mark-
ers identification, had been reported across various species, including white shrimps
(Zhang et al. 2019), geese (Ren et al. 2021), barber’s pale worm (Baltrusis et al. 2022),
freshwater snails (Bankers et al. 2017), rocket plant (Bajpai et al. 2022), and rainbow
trout (Al-Tobasei et al. 2017).

In this study, T-Plex ARMS PCR assay was used to validate the selected SNP marker
in association with disease resistance towards Pseudomonas koreensis. Tetra-primer
ARMS PCR amplifies both the wild type and mutant alleles, along with a control frag-
ment, within a single PCR tube. This method utilizes four primers to amplify a large,
non-allelic-specific fragment containing the SNP sites, as well as allelic-specific ampli-
cons representing each of the two allelic forms. The primer pairs amplifying the large
non-allelic-specific fragment are known as outer primers, while the primer pairs con-
taining a mismatch site (allelic-specific) at their 3’ end are the inner primers. Together,
the inner primers and the outer primers can simultaneously amplify both wild-type and
mutant amplicons (Fig. 1A). Within a single reaction tube, it is expected to produce two
or three PCR products via this tetra-primer ARMS PCR for genotyping both homozy-
gous and heterozygous individuals, respectively. The accumulation of amplicons in
the reaction can be tracked over time using the fluorescence dye SYBR Green and the
LightCycler System. The amplicons produced by the allelic-specific inner primers typi-
cally exhibit distinct melting temperatures, which vary based on factors such as their
GC content, length, and sequences (Fig. 1B). Thus, the genotyping can be performed
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based on the T,, of the specific amplicons and the unique shape of the melting peaks
(Baris et al. 2013).

Identification of disease-resistant SNPs against Pseudomonas koreensis

Out of the five selected SNP markers for further validation, all SNP markers were from
the intron region except for 112,388 G/A and 19,564 G/C SNP which are positioned in
the coding region and intergenic region, respectively. Studies had emphasized the ability
of intron to increase gene expression independently of their role as transcription factor
binding sites across numerous eukaryotic organisms. This phenomenon can be termed
as “intron-mediated enhancement,” allowing intron to boost transcript level by influenc-
ing transcription rate, nuclear export, and transcript stability. In addition, introns have
been found to enhance mRNA translation efficiency as well (Shaul 2017).

A study revealed that the majority of the disease-associated SNPs (daSNPs) of up
to 93% were located outside the coding region, including introns, long terminal repeats
(LTRs), and intergenic region (IGR) (Maurano et al. 2012; Chen and Tian 2016). This
posed a challenge to the scientific community to interpret their involvement in diseases.
Researchers had emphasized the common location of the non-coding region near the
regulatory region, which further suggests their possible interference onto the host regu-
latory elements (Maurano et al. 2012). Chen and Tian (2016) had summarized that up
to 60.5% of IGR daSNP-disease phenotype associations can be correlated through the
functional relevance of the predicted genes to the corresponding disease genes.

DUF5401 superfamily and B-box-type zinc finger are the domains identified within
the contig housing 6151 C/T SNP marker. Zinc finger family proteins form multiple
finger-like protrusions for zinc binding and further interact with DNA, RNA, and pro-
tein. B-box-type zinc finger domain is one of the representatives containing one or more
B-box proteins which bind to Zn ion to stabilize specialized tertiary structures (Klug
and Schwabe 1995). Alpha 2 C adrenoceptor was characterized within the contig where
the 112,388 G/A SNP marker was chosen from. It belongs to the subcategory of G-pro-
tein-coupled receptors (GPCRs) which are responsible for the signal transduction across
eukaryotic cell membranes and its vast range of signals includes light, hormone, olfac-
tory, and gustatory stimuli as well as neurotransmitters (Lefkowitz 2004). In addition,
the alpha 2 C adrenoceptor is reported to associate with deficit hyperactivity disorder
(AHDH) (Cho et al. 2008) and behavioral responses including psychiatric disorder and
suicide completion (Rivero et al. 2016), as well as colon cancer (Njeim and Eid 2018).

The contig containing the 59,747 G/A SNP marker was characterized as part of a filamin-
C-like (FLNC) gene with a filamin domain. FLNC serves as one of the filamin isoforms
(A, B, C) which form cross-linkage with actin filaments and interact with various binding
partners (Stossel et al. 2001). Besides maintaining the mechanical integrity of muscle cells,
FLNC was involved in multiple cellular processes including mechanoprotection, intracel-
lular signaling pathways, and actin remodeling as well as cell—cell and cell-matrix adhesion
(Feng and Walsh 2004; Fujita et al. 2012). A past study had reported on its nonsense muta-
tion which enlarged the heart due to the rupture of the myocardial wall and degeneration of
skeletal muscle (Fujita et al. 2012). Fibronectin III and immunoglobulin-like fold (Ig) were
characterized as the domain of contactin-5-like (CNTNS) gene found within the contig local-
ized 27,857 A/T SNP marker. It has been found to be associated with various neuropsychi-
atric traits including autism spectrum disorder (ASD) (Fernandez et al. 2017), anorexia ner-
vosa (Nakabayashi et al. 2009), substance abuse (Nikpay et al. 2012), and attention-deficit
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hyperactivity disorder (Lionel et al. 2011). They are crucial in neuronal migration, synap-
togenesis, regulation of neurite outgrowth, axon guidance, cell survival, neuron-glia interac-
tion, and myelin formation (Oguro-Ando et al. 2017; Mohebiany et al. 2014).

Myb/SANT-like DNA binding domain (MSANTD) was found within the contig where
the 19,564 G/C SNP marker is located. This domain in Danio rerio is orthologous to the
human MSANTD, known for its role in positively regulating DNA-templated transcription
and localized within nuclear bodies (Sayers et al. 2021). The SANT domain, a 50-amino-
acid motif, acts as a nuclear receptor co-repressor structurally resembling the DNA-bind-
ing domain (DBD) of Myb proteins (Ogata et al. 1994; Aasland et al. 1996; Tahirov et al.
2001). It consists of switching-defective protein (Swi3), adaptor 2 (Ada2), nuclear receptor
co-repressor (N-CoR), and transcription factor (TFIIIB) which acts as a unique histone-
interaction module coupling histone binding to enzyme catalysis in chromatin remodelling
(Aasland et al. 1996; Boyer et al. 2004). In addition, MSANTD was found to be associated
with neuro-developmental diseases (Etchegaray et al. 2022) and cancer, including salivary
gland acinic cell carcinoma (Barasch et al. 2017). Its inactivation in zebrafish caused devel-
opment delays in tail and nervous system malformation (Etchegaray et al. 2022). Further-
more, the 19,564 G/C SNP marker was found to be in high association with zinc finger and
SCAN domain-containing (ZSCAN) transcription factor. The complex regulation mecha-
nism of the ZSCAN transcription factor allowed promotive or prohibitive effects on cancer
progression, including cell apoptosis, cell migration and invasion, angiogenesis, cell dif-
ferentiation, stem cell properties, cell proliferation, and chemotherapy sensitivity (Huang
et al. 2019). Among the ZSCAN members, ZSCAN29 had shown the greatest range of
pleiotropic effects among 80 SNPs with pleiotropic effects on psychiatric disorders, includ-
ing its etiological role which influences DNA methylation and gene expression in the brain
(Pineda-Cirera et al. 2022).

In this study, 6151 C/T and 27,857 A/T SNP had shown a single melting temperature
(T,,) peak at 76.6 °C for allele C and 75.6 °C for allele T, respectively after subjecting three
random samples from each group to Sanger sequencing. 112,388 G/A and 19,564 G/C SNP
markers had shown homozygous (single T, peak) and heterozygous (double T, peaks).
Both primers were showing amplicons with close T, values as there were double 7, peaks
produced for a heterozygous sample, with both of its 7, values similar to each allele (Baris
et al. 2013). T-Plex real-time PCR assay had been applied in genotyping p-thalassaemia
among Iraqi patients (Al-Abedy et al. 2019) and introns found on human genes TLR4 and
S100 A9 (Dhas et al. 2015). Authors had summarized the assay as a swift and cost-effec-
tive assay to provide accurate allelic discrimination and zygosity testing despite some com-
plexity in primer design (Dhas et al. 2015; Al-Abedy et al. 2019).

Successful marker-assisted selections (MAS) were reported among fish, particularly
Atlantic salmon, with the discovery of three biomarkers to fight against infectious pancre-
atic necrosis and their application into MAS (Moen et al. 2009). Furthermore, later in the
year 2017, a major quantitative trait locus associated with red sea bream iridoviral disease
(RSIVD)-resistance was applied within the selection of red sea bream (Sawayama et al.
2017). Furthermore, MAS was reported to be able to reduce the disease outbreaks of infec-
tious pancreatic necrosis (IPN) by 75% and it is further applied into breeding programs in
Scotland and Norway to resist against IPN genetically (Houston et al. 2008; Moen et al.
2009). Despite its successful application in the aquaculture industry to reduce disease inci-
dence, there were still limited production derived from the selectively bred stocks. How-
ever, the proportion was observed to be on the rise rapidly, specifically for high economic
value species, including mollusks and crustaceans (Houston et al. 2020). The advance-
ments in methodology and technology had allowed the evolution of selective breeding

@ Springer



Aquaculture International (2025) 33:376 Page 190f24 376

from mass selection towards quantitative genetics and breeding methods, to candidate gene
and quantitative trait loci (QTL) information and genomic selection. The introduction and
advancement of genomics had accelerated genetic improvement programs and production
systems. It allowed a more precise understanding of the relationships between animals,
identifying markers associated with biological and economic significance, and enhanc-
ing the reliability of breeding value estimates, particularly for traits with low heritability
(Houston et al. 2020). Nonetheless, in light of the dynamic interplay between hosts and
pathogens, breeding for disease resistance may inadvertently drive pathogen evolution to
overcome resistance mechanisms (Masri et al. 2003). Therefore, it is imperative for the
continuous monitoring of the changes in pathogen characteristics, including molecular pro-
files, virulence, and antimicrobial resistance (Sciuto et al. 2022).

In a nutshell, with the successful identification and validation of 19,564 G/C SNP
marker associated with disease resistance towards Pseudomonas koreensis in Tor tam-
broides via whole-genome pooled sequencing and T-plex ARMS PCR assay in this study,
it is hoped that the marker can be used in molecular breeding for the disease-resistant trait
of Malaysian mahseer.

Conclusion

In summary, disease-resistant single nucleotide polymorphisms (SNPs) associated with
Pseudomonas koreensis were identified and validated through whole genome pooled
sequencing, T-plex ARMS real-time PCR assay, and Sanger sequencing on resistant and
susceptible fish pools. The successful validation of these SNP markers is expected to con-
tribute to future studies on disease-resistant associations and can be incorporated into
breeding programs to integrate genomic data into artificial selection decisions for Malay-
sian empurau breeding.
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