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Abstract: The ppp2cab gene encodes the catalytic alpha subunit of protein phosphatase 2A (PP2A), a key regulator of cellular growth and proliferation. 
However, genetic variation within ppp2cab has not been previously investigated in European seabass (Dicentrarchus labrax). The aim of this study was to 
identify single nucleotide polymorphisms (SNPs) in a partial region of the ppp2cab gene, evaluate the associations between these polymorphisms and growth-
related traits, and investigate the structural effects of coding region variants using in silico analyses. A total of seven SNPs, including three exonic and four 
intronic variants, were identified in the targeted ppp2cab gene region. Two exonic SNPs resulted in nonsynonymous amino acid substitutions (Ala102Pro and 
Asp151Asn), whereas the third exonic SNP (g.7857G>A) was synonymous. Only the synonymous SNP g.7857G>A showed significant associations with 
multiple growth-related traits, including body weight, fillet weight, standard length, and several morphometric measurements (p < 0.05). Structural analyses 
indicated that Ala102Pro and Asp151Asn are located outside the predicted catalytic center of Ppp2cab and are unlikely to substantially alter the overall protein 
architecture, although localized effects cannot be excluded. The polymorphisms identified in the ppp2cab gene provide a basis for future validation studies in 
different populations and functional studies. 
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Öz: Hücresel büyüme ve proliferasyonun temel düzenleyicilerinden biri olan protein fosfataz 2A'nın (PP2A) katalitik alfa alt birimini ppp2cab geni 
kodlamaktadır. Bununla birlikte, ppp2cab genindeki genetik varyasyonlar Avrupa levreğinde (Dicentrarchus labrax) bugüne kadar araştırılmamıştır. Bu 
çalışmanın amacı, ppp2cab geninin kısmi bir bölgesindeki tek nükleotid polimorfizmlerini (SNP) belirlemek, bu polimorfizmlerin büyüme ile ilişkili özelliklerle 
ilişkilerini değerlendirmek ve kodlayıcı bölgedeki varyantların yapısal etkilerini in silico analizlerle incelemektir. Hedeflenen ppp2cab gen bölgesinde üçü 
ekzonik ve dördü intronik olmak üzere toplam yedi SNP belirlenmiştir. Ekzonik SNP'lerden ikisi sinonim olmayan amino asit değişimlerine (Ala102Pro ve 
Asp151Asn) neden olurken, üçüncü ekzonik SNP (g.7857G>A) sinonim özellik göstermiştir. Belirlenen varyantlar arasında yalnızca sinonim SNP g.7857G>A; 
vücut ağırlığı, fileto ağırlığı, standart boy ve çeşitli morfometrik özelliklerle anlamlı ilişki göstermiştir (p < 0,05). Yapısal analizler, Ala102Pro ve Asp151Asn 
değişimlerinin Ppp2cab proteininin öngörülen katalitik merkezinin dışında yer aldığını ve genel protein yapısını önemli ölçüde değiştirmesinin beklenmediğini, 
ancak lokal yapısal etkilerin tamamen göz ardı edilemeyeceğini ortaya koymuştur. Gelecekte farklı popülasyonlarda yapılacak doğrulama ve fonksiyonel 
çalışmalara ppp2cab gen bölgesinde tanımlanan polimorfizmler temel oluşturmaktadır. 

Anahtar kelimeler: Avrupa levreği, gen, ekzonik polimorfizm, in silico analiz, DNA markör 

INTRODUCTION 

Central to cellular regulatory mechanisms is Protein 
Phosphatase 2A (PP2A), a critical serine/threonine 
phosphatase governing essential processes including 
metabolism, cell cycle progression, and apoptosis (Lechward 
et al., 2001). PP2A regulates key signaling pathways,  
including Akt, Raf, and ERK, thereby influencing  
cell proliferation and growth-related processes (Wlodarchak 
and Xing, 2016). Given this central regulatory role, alterations 
in PP2A activity have the potential to influence  
growth-related phenotypes by modulating these signaling 
pathways (Wlodarchak and Xing, 2016). These regulatory 
functions make genes encoding PP2A subunits attractive 
candidates for investigating the genetic basis of growth- 
related traits. 

In the current NCBI RefSeq annotation of the European 
seabass (Dicentrarchus labrax) genome, the gene encoding 
the catalytic α-subunit of Protein Phosphatase 2A (PP2A) is 
annotated as ppp2cab (protein phosphatase 2 catalytic subunit 
alpha b), and this nomenclature is adopted throughout the 
present study. The corresponding gene in Asian seabass 
(Lates calcarifer) was referred to as ppp2ca in previous studies 
(Shen et al., 2016; Wong et al., 2025), whereas the current 
NCBI RefSeq annotation identifies the corresponding locus as 
ppp2cab. Genetic variation within this locus has been 
associated with body weight, and the gene has been localized 
within a major growth-related quantitative trait locus (QTL), 
supporting its biological relevance in teleost growth (Shen et 
al., 2016; Wong et al., 2025).  
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Single nucleotide polymorphisms (SNPs) are the most 
abundant form of genetic variation in eukaryotic genomes and 
serve as powerful tools for linking genomic variation to 
phenotypic traits (Morozova and Marra, 2008). In aquaculture 
species, SNPs within candidate genes have been widely used 
to identify molecular markers associated with economically 
important traits, including growth rate, disease resistance, and 
feed conversion efficiency (Tong and Sun, 2015). Unlike 
genome-wide approaches, candidate gene-based SNP 
analysis offers a targeted and cost-effective strategy, 
particularly when the gene of interest has a well-established 
biological role in the trait under investigation. When located in 
coding regions, SNPs may alter amino acid sequences, 
potentially affecting protein structure and function. In silico 
structural analyses provide a useful complementary approach 
for evaluating the potential effects of coding variants on protein 
structure and stability, thereby supporting the interpretation of 
genotype–phenotype associations identified in candidate-gene 
studies (Balatsky et al., 2026). 

Recent studies have identified ppp2ca as a candidate gene 
associated with growth- and meat quality-related traits across 
vertebrates. Variants in this gene have been linked to weaning 
weight in sheep (Zare et al., 2022), meat quality in livestock (An 
et al., 2024), and body weight regulation in Asian seabass, 
where lower expression was observed in fast-growing 
individuals (Wong et al., 2025). Stage-dependent expression 
of ppp2ca has also been reported in bivalve species, consistent 
with its involvement in MAPK and AMPK signaling pathways 
(Dong et al., 2022). Furthermore, regulatory variants upstream 
of ppp2ca have been associated with body weight in Asian 
seabass, highlighting the importance of genetic variation at this 
locus for growth regulation (Wong et al., 2025). Collectively, 
these findings support the biological relevance of this locus as 
a promising candidate for investigating growth-associated 
genetic variation in aquaculture species. 

European seabass is one of the most commercially 
important marine aquaculture species in the Mediterranean 
region, with Türkiye currently being the world's leading 
producer of this species (Aydemir, 2025). Accordingly, the 
species has been extensively investigated to identify the 
genetic basis of growth-related traits. Studies employing 
linkage mapping, genome-wide association studies, targeted 
candidate-gene approaches, and genomic selection have 
advanced the understanding of the genetic basis of growth-
related traits (Allal et al., 2025, Massault et al., 2010; 
Oikonomou et al., 2022; Özcan Gökçek et al., 2023;. 
Nevertheless, sequence variation within the ppp2cab locus and 
its association with growth-related traits have not yet been 
investigated in European seabass.  

Characterizing genetic variation within the ppp2cab gene 
may contribute to a better understanding of the molecular 
mechanisms underlying growth variation in European seabass. 
Therefore, this study aimed to identify SNPs within a partial 
region of the ppp2cab gene in farmed European seabass, 
examine their associations with growth-related traits, and 

assess the structural effects of coding region variants using in 
silico analyses.  

MATERIALS AND METHODS 

Fish samples and DNA collection 

Tissue samples, morphometric data, and genomic DNA 
used in this study were obtained from a previously described 
cohort of 100 harvest-size (24-month-old) male Dicentrarchus 
labrax collected during commercial harvest as part of the 

project FKP-2020-21912 (Ege University Scientific Research 
Projects Coordination Unit). During sample collection, sex 
determination confirmed that all randomly selected fish were 
male. This observation is consistent with the reproductive 
biology of European sea bass, which exhibits a polygenic, 

environmentally influenced sex determination system and 
frequently produces strongly male-biased populations under 
aquaculture conditions, sometimes exceeding 95% (Piferrer et 
al., 2005; Vandeputte et al., 2012; Geffroy et al., 2021). 
Morphometric measurements and genomic DNA from this 

cohort were previously reported by Özcan Gökçek et al. (2023) 
and were used in the present analyses. Genomic DNA samples 
were stored at −20°C until use. 

No additional animal handling, experimental procedures, or 
sampling were conducted specifically for the present study. 
Therefore, no additional ethical approval was required. 

Primer design and PCR amplification 

Using the shotgun genome sequence of D. labrax 
(accession number NW_026136705), a primer pair was using 
with Primer3 (http://bioinfo.ut.ee) to amplify a 981-bp fragment 
encompassing partial exon 2, partial exon 3, complete exon 4, 
introns 2 and 3, and a partial region of intron 4 of the ppp2cab 
gene. The primer sequences were as follows: forward 5′-
GGAAGTGAGATGTCCGGTGA-3′ and reverse 5′-
GGTGGAGCAGCACGTTAGTA-3′. PCR conditions were 
optimized prior to amplification and after that performed in a 
final reaction volume of 50 μL containing 30–50 ng of genomic 
DNA, 0.5 μM of each primer, 10 μL of 5x MyTaq™ Reaction 
Buffer (Bioline, part of Meridian Bioscience, Memphis, TN, 
USA), and 1 U of Taq Hot Start DNA polymerase (Bioline, part 
of Meridian Bioscience, Memphis, TN, USA). The thermal 
cycling protocol consisted of an initial denaturation step at 
95°C for 4 min, followed by 35 amplification cycles. Each cycle 
included denaturation at 95°C for 40 s, annealing at 63°C for 
45 s, and extension at 72°C for 90 s. A final extension step was 
performed at 72°C for 10 min. The target region was 
successfully amplified in all 100 samples, and the PCR 
products were visualized on 2% agarose gels. 

DNA sequencing and bioinformatic analyses 

PCR products of the ppp2cab gene were sequenced using 
a Genetic Analyzer System (3500XL, Applied Biosystems, 
Foster City, CA, USA). Raw sequence chromatograms were 
examined using ChromasPro version 2.1.10.1 (Technelysium 
Pty. Ltd., Australia). Sequence trimming and alignment were 
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performed using BioEdit version 7 (Hall, 2004). The identity of 
the amplified ppp2cab fragments was confirmed using the 
Basic Local Alignment Search Tool (BLAST) available through 
the National Center for Biotechnology Information (NCBI) 
database. 

Population genetic analyses 

Allele and genotype frequencies were determined for all 
identified SNP loci within the D. labrax ppp2cab gene. 
Expected heterozygosity (He), observed heterozygosity (Ho), 
and Hardy–Weinberg equilibrium were calculated for each 
SNP locus. Deviations from Hardy–Weinberg equilibrium were 
assessed using the chi-square (χ²) test. All population genetic 
analyses were performed using R Core Team (2024). 

Association analyses 

Associations between genotypes and growth-related traits 
were evaluated using the General Linear Model (GLM) 
procedure implemented in SPSS version 25.0 (IBM Corp., 
Armonk, NY, USA). 

The statistical model used was: 

Yjk = μ + Gj + ejk 

where Yjk represents the trait under investigation, μ is the 
overall mean, Gj represents the fixed effect of genotype (j = 1, 
2, or 3), and ejk is the random residual error term. Differences 
among genotype means were evaluated using the Bonferroni 
multiple comparison test. Statistical significance was declared 
at p < 0.05. The Bonferroni procedure was applied only as a 
post hoc multiple comparison test for genotype means within 
each GLM analysis; no global multiple testing correction across 
all SNP–trait association tests was performed. 

In silico protein modeling and structural analyses 

The nucleotide sequence of the D. labrax ppp2cab gene 
was translated into its corresponding amino acid sequence 
using the ExPASy Translate tool (https://web.expasy.org/trans
late/). The evolutionary conservation of amino acid residues 
was assessed using the ConSurf server (Yariv et al., 2023)  
to identify functionally important sites prior to structural 
analysis. 

The three-dimensional structure of the Ppp2cab protein 
was predicted using ColabFold, which implements the 
AlphaFold2 algorithm (Mirdita et al., 2022). Five structural 
models were generated, and the highest-ranked model was 
selected based on pLDDT and pTM confidence scores. 
Structural visualization and subsequent analyses were 
performed using PyMOL v3.1.8 (Schrödinger, New York, NY, 
USA). The structural consequences of the identified 
nonsynonymous substitutions were investigated by generating 
mutant protein models using the mutagenesis function 
implemented in the PyMOL software. The spatial locations of 
the substituted residues were examined relative to the 
predicted catalytic residues of Ppp2cab. 

To evaluate the potential effects on protein surface 

properties, electrostatic potential maps of the wild-type and 
mutant proteins were calculated and compared using the 
Adaptive Poisson–Boltzmann Solver (APBS). The potential 
impact of amino acid substitutions on protein stability was 
assessed using the I-Mutant2.0 server. In addition, the 
structural consequences of the identified missense variants 
were further evaluated using the Missense3D web server 
based on the predicted three-dimensional structure of the 
Ppp2cab protein. 

RESULTS 

Descriptive statistics for the production traits evaluated in 
this study are presented in Table 1. The coefficients of variation 
ranged from 12% to 36%, with the highest variability observed 
for total weight and fillet weight. 

Table 1. Descriptive statistics for production traits 

Traits Min Max Mean (SD) CV (%) 

SL (cm) 21.38 36.47 28.91 (3.36) 12 

BL (cm) 15.45 26.42 21.19 (2.53) 12 

HL (cm) 5.21 11.39 7.78 (1.14) 15 

PreAL (cm) 15.68 26.91 20.86 (2.61) 13 

AL (cm) 9.97 17.64 13.36 (1.79) 13 

PostAL (cm) 6.03 12.20 9.17 (1.19) 13 

HH (cm) 3.65 6.77 4.98 (0.68) 14 

BH (cm) 5.78 9.34 7.47 (0.90) 12 

TW (g) 171.05 772.70 445.81 (157.42) 35 

FW (g) 81.11 418.80 236.37 (84.94) 36 
*SL, standard length; BL, body length; HL, head length; PreAL, pre–anal length; AL, abdominal length; 
PostAL, post-anal length; HH, head height; BH, body height; TW, total weight; FW, fillet weight; CV, 
coefficient of variation. 

The structure of the ppp2cab gene in Dicentrarchus labrax 

consists of seven exons and six introns and encodes a  

protein of 309 amino acids (NW_026136705; NCBI). In  

the present study, a 981-bp fragment of the ppp2cab gene, 

encompassing exons 2, 3, and 4, introns 2 and 3, and a partial 

region of intron 4, was amplified and characterized for the first 

time. A total of seven novel single nucleotide polymorphisms 

(SNPs) were identified in the ppp2cab gene of European 

seabass (Table 2, Figure 1), including one SNP in exon 2, two 

SNPs in exon 3 and four SNPs in intron 3. Among the three 

exonic SNPs, two variants (g.7734G>C and g.7984G>A) were 

nonsynonymous mutations resulting in amino acid 

substitutions from alanine to proline (Ala102Pro) and aspartate 

to asparagine (Asp151Asn), respectively. In contrast, the 

g.7857G>A variant was a synonymous mutation that did not 

alter the encoded amino acid (Arg108Arg). Regarding mutation 

type, g.7734G>C was classified as a transversion, whereas 

both g.7857G>A and g.7984G>A were classified as transition 

mutations. 

Genotype distributions at the g.7857G>A, g.8132T>G, 

g.8133A>G, and g.8164C>T loci were consistent with the 

Hardy–Weinberg equilibrium (χ² < 3.84). In contrast, significant 

deviations from the Hardy–Weinberg equilibrium were 

observed at the g.7734G>C, g.7984G>A, and g.8095A>C loci 

(χ² > 3.84) (Table 3). 
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Table 2. Single-nucleotide polymorphisms identified in the ppp2cab gene of Dicentrarchus labrax 

Locus Reference Sequence SNP Region Amino Acid 

g.7734* SNP-1 G C Exon 2 Non-synonymous (Ala102Pro) 
g.7857* SNP-2 G A Exon 3 Synonym (Arg108Arg) 
g.7984* SNP-3 G A Exon 3 Non-synonymous (Asp151Asn) 
g.8095* SNP-4 A C Intron 3 - 
g.8132* SNP-5 T G Intron 3 - 
g.8133* SNP-6 A G Intron 3 - 
g.8164* SNP-7 C T Intron 3 - 

* position numbered according to GenBank reference sequence: NW_026136705 (minus strand)

 

Figure 1. Partial sequence of polymorphisms in the ppp2cab gene of Dicentrarchus labrax. (a) g.8132T>G and g.8133A>G, (b) g.7984G>A and 
(c) g.8164C>T. Chromatograms were generated from the reverse sequence. 

Table 3. Allele and genotype frequencies of the ppp2cab gene region in Dicentrarchus labrax 

* Significant deviation from Hardy–Weinberg equilibrium (p < 0.05), N:100 

Locus ppp2cab Genotypes Allel Frequences χ2 

g. 7734G>C SNP-1 

 GG GC CC G C 
*4.82 Observed 64 36 - 

0.82 0.18 
Expected 67.24 29.52 3.24 

g. 7857G>A SNP-2 

 GG GA AA G A 
0.694 Observed 34 52 14 

0.6 0.4 
Expected 36 48 16 

g. 7984G>A SNP-3 

 GG GA AA G A 
*54.6 Observed 15 85 - 

0.575 0.475 
Expected 33.062 48.875 18.063 

g. 8095A>C SNP-4 

 AA AC CC A C 
*4.14 Observed 71 23 6 

0.825 0.175 
Expected 68.062 28.875 3.0625 

g. 8132T>G SNP-5 

 TT TG GG T G 
2.92 Observed 69 25 6 

0.815 0.185 
Expected 66.422 30.155 3.4225 

g. 8133A>G SNP-6 

 AA AG GG A G 
0.174 Observed 92 8 - 

0.96 0.04 
Expected 92.16 7.68 0.16 

g. 8164C>T SNP-7 

 CC CT TT C T 
0.242 Observed 36 46 18 

0.59 0.41 
Expected 34.81 48.38 16.81 
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Significant associations were detected between the 
ppp2cab g.7857G>A polymorphism and several growth-related 
traits in European seabass (Table 4). Fish carrying the AA 
genotype exhibited significantly greater standard length (29.41 
± 0.52 cm), body length (21.84 ± 0.37 cm), pre-anal length 
(21.69 ± 0.42 cm), abdominal length (13.83 ± 0.27 cm), post-
anal length (9.49 ± 0.17 cm), body weight (486.33 ± 24.37 g), 
and fillet weight (255.65 ± 12.94 g) than those carrying the GG 
genotype (p < 0.05). Significant associations were also 
observed for head length and head width (p < 0.05). For all 
significantly associated traits, individuals with the AG genotype 

displayed intermediate mean values between those of the AA 
and GG genotypes. 

In silico analysis results 

ConSurf analysis showed that residues Ala102 and 
Asp151 were located outside the predicted conserved 
functional (f) and structural (s) sites and exhibited intermediate 
conservation scores (Figure 2). Structural mapping further 
revealed that neither residue was located in close proximity to 
the predicted catalytic residues (Asp57, His59, Asp85, Asn117, 
His167, and His241). 

Table 4. Associations between ppp2cab genotypes and growth traits of Dicentrarchus labrax  

ppp2cab Gene Region 

Trait Locus AA (n =34) AG (n = 52) GG (n = 14) *p 

Standard Length g. 7857G>A SNP-2 29.41±0.52a 28.91±0.45a 26.64±0.93b 0.006 

Body Length g. 7857G>A SNP-2 21.84±0.37a 21.28±0.34a 19.49±0.75b 0.010 

Head Length g. 7857G>A SNP-2 7.23±0.21a 7.71±0.15ab 8.14±0.28b 0.027 

Pre-anal Length g. 7857G>A SNP-2 21.69±0.42a 20.78±0.35a 19.27±0.57b 0.010 

Abdominal Length g. 7857G>A SNP-2 13.83±0.27a 13.37±0.25ab 12.29±0.49b 0.021 

Post-anal Length g. 7857G>A SNP-2 9.49±0.17a 9.17±0.16ab 8.41±0.33b 0.013 

Head Width g. 7857G>A SNP-2 5.15±0.112a 4.98±0.093ab 4.61±0.171a 0.037 

Body Weight g. 7857G>A SNP-2 486.33±24.37a 447.81±22.49ab 347.13±37.50b 0.015 

Fillet Weight g. 7857G>A SNP-2 255.65±12.94a 238.32±12.08ab 186.09±22.17b 0.028 
a, b – different superscripts within the same row indicate significant differences at p < 0.05 

 

Figure 2. ConSurf conservation profile of the Ppp2cab protein in Dicentrarchus labrax. Arrows indicate the positions of the Ala102Pro and 
Asp151Asn substitutions.
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Mutant protein models carrying the Ala102Pro and 
Asp151Asn substitutions were generated using the 
mutagenesis function in PyMOL to evaluate their structural 
effects. The predicted Ppp2cab structure consisted 
predominantly of α-helices, and no apparent structural 
differences were observed between the wild-type and mutant 
models (Figure 3A, B, C). The best-ranked mutant model 
showed a mean pLDDT score of 94.70 and a pTM score of 
0.92. The pLDDT values at residues 102 and 151 were 98.25

 and 98.69, respectively, and were comparable to those of the 
wild-type model. APBS analysis revealed a largely conserved 
electrostatic surface between the wild-type and mutant 
proteins, although localized differences in surface charge were 
observed around the mutation-containing regions, particularly 
near the Asp151Asn substitution (Figure 3D). Structural 
inspection revealed that Ala102 is located within an alpha-
helical element, while Asp151 is positioned near a helix-loop 
transition region (Figure 3B). 

 

Figure 3. Three-dimensional structural analysis of the Dicentrarchus labrax Ppp2cab protein. (A) Cartoon representation of the wild-type Ppp2cab 
structure showing its predominantly α-helical architecture. (B) Wild-type structure showing the SNP positions Ala102 (magenta) and Asp151 
(yellow sticks). (C) Mutant structure showing the corresponding substitutions Pro102 (magenta) and Asn151 (yellow sticks). (D) APBS-generated 
electrostatic surface potential maps of the wild-type (left) and mutant (right) proteins. Surface colors range from negative (red, −5 kT/e) to positive 
(blue, +5 kT/e). 

DISCUSSION 

This study represents the first systematic characterization 
of single-nucleotide polymorphisms within the partial ppp2cab 
gene of the European seabass and evaluates their 
associations with growth-related morphometric traits. The 
biological relevance of ppp2cab is further supported by 
genomic studies in other vertebrates, in which ppp2ca has been 
identified as a candidate gene associated with growth- and meat 
quality-related traits, suggesting a conserved role in the 
regulation of economically important phenotypes (An et al., 
2024). 

Among the seven SNPs identified, three were located in 
exonic regions, with two resulting in nonsynonymous amino 
acid substitutions (Ala102Pro and Asp151Asn) and one being 
synonymous (g.7857G>A). Transition mutations (G>A) were 
more frequent (two out of three exonic SNPs) than 
transversions, which is consistent with the well-documented 

mutational bias toward transitions observed in vertebrate 
genomes (Arshad et al., 2018). Four of the seven SNP loci 
(g.7857G>A, g.8132T>G, g.8133A>G, and g.8164C>T) 
conformed to the Hardy–Weinberg equilibrium, whereas three 
loci (g.7734G>C, g.7984G>A, and g.8095A>C) showed 
significant deviations. Deficits of heterozygotes, particularly 
evident at g.7984G>A (χ² = 54.60), where no AA homozygotes 
were observed despite an expected count of 18, indicate that 
non-random mating, inbreeding, or population substructure 
may be operating in the studied population. This interpretation 
is consistent with reports from other cultured finfish 
populations, where deviations from HWE have frequently been 
attributed to founder effects, limited effective population size, 
and varying intensity of artificial selection during domestication 
(Wang et al., 2024). In line with this, genomic analyses of 
Mediterranean farmed D. labrax populations have revealed 
high genetic heterogeneity among stocks attributable to 
multiple broodstock origins and varying domestication 
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histories, conditions that can promote non-random mating and 
contribute to HWE deviations in cultured populations 
(Villanueva et al., 2022). However, because the present study 
examined only seven SNPs within a partial fragment of a single 
candidate gene, population structure could not be reliably 
assessed. Therefore, the observed HWE deviations should be 
regarded as a limitation of this study and may have influenced 
the association analyses. Future studies using larger sample 
sizes and genome-wide markers will be required to validate the 
observed associations. 

The g.7857G>A locus showed the most consistent and 
statistically significant associations with the growth-related 
traits. Fish carrying the AA genotype exhibited markedly 
greater standard length, body weight, and fillet weight than GG 
individuals, with AG fish displaying intermediate values across 
all significantly associated traits. This genotype pattern is 
consistent with an additive mode of gene action, with the 
heterozygous genotype displaying an intermediate phenotype 
between the two homozygotes, and suggests that g.7857G>A 
may represent a promising candidate marker for growth-related 
traits. Nevertheless, validation in independent populations will 
be required before its potential application in marker-assisted 
selection can be fully assessed (Ali et al., 2020). 

A limitation of the present study is that all analyzed 
individuals were male because the available cohort consisted 
exclusively of male fish. This reflects the reproductive biology 
of European sea bass, in which polygenic and environmentally 
influenced sex determination frequently results in strongly 
male-biased cultured populations (Vandeputte and Piferrer, 
2018; Geffroy et al., 2021). Therefore, the observed SNP–
growth associations should be interpreted for male fish, and 
future studies including female individuals are warranted to 
determine whether these associations are consistent across 
both sexes. 

Although g.7857G>A is a synonymous substitution, 
synonymous variants are increasingly recognized as 
potentially functional, rather than biologically silent. They may 
influence gene function through mechanisms such as codon 
usage bias, mRNA stability, translational efficiency, co-
translational protein folding, or pre-mRNA splicing (Shabalina 
et al., 2013). Consistent with this view, Corzo et al. (2023) 
reported that differential synonymous codon usage within the 
B56 family of PP2A regulatory subunits was associated with 
differences in codon usage bias, mRNA secondary structure, 
and predicted expression patterns. Their study focused on 
regulatory rather than catalytic PP2A subunits; however, it 
provides additional support for the concept that synonymous 
variation in PP2A-related genes may have functional 
consequences. 

The biological relevance of genetic variation within ppp2ca 
is further supported by findings in Asian seabass, where 
naturally occurring regulatory variants upstream of ppp2ca (a 
10-bp insertion and a 218-bp deletion) were shown to alter 
gene expression and significantly associate with body weight 

(Wong et al., 2025). In the same species, ppp2ca was localized 
within a major growth QTL (Shen et al., 2016), and reduced 
muscle expression was observed in fast-growing individuals, 
suggesting that elevated ppp2ca expression may negatively 
regulate growth through suppression of cell proliferation (Wong 
et al., 2025). Collectively, these observations provide biological 
support for the association identified in the present study and 
suggest that g.7857G>A may either exert subtle functional 
effects itself or be linked to an unidentified functional variant 
within or near the ppp2ca locus. Further validation in 
independent populations and functional studies will be 
necessary to distinguish between these possibilities. 

The two nonsynonymous substitutions, Ala102Pro and 
Asp151Asn, are particularly noteworthy from a structural 
perspective. The Ala102Pro substitution replaces alanine with 
proline, a residue well known for disrupting regular secondary 
structures, particularly α-helices, because of its cyclic 
backbone and lack of an amide proton (Williamson, 1994). In 
contrast, Asp151Asn represents a charged-to-neutral isosteric 
substitution that may influence local hydrogen-bonding 
interactions. Similar substitutions have been shown to alter 
protein stability by replacing hydrogen-bonded charged 
Asp/Glu residues with their neutral isosteric counterparts, 
Asn/Gln (Irún et al., 2001). Our structural analyses revealed 
only localized alterations, whereas the overall three-
dimensional architecture of Ppp2cab remained largely 
unchanged. 

Taken together, the structural analyses suggest that the 
identified nonsynonymous variants are unlikely to directly 
impair the catalytic activity of Ppp2cab. Both Ala102Pro and 
Asp151Asn are located outside the predicted catalytic center 
and within evolutionarily variable regions, while the high 
structural similarity between the wild-type and mutant models 
indicates that neither substitution substantially alters the overall 
protein architecture. Supporting this interpretation, variants 
affecting the catalytic core of PP2A, such as p.Cys196Arg, 
markedly reduce phosphatase activity (Verbinnen et al., 2022), 
whereas Ala102Pro and Asp151Asn are unlikely to abolish 
enzymatic function. Nevertheless, Ala102 is located within an 
α-helical region, and substitution with proline may locally 
reduce helix stability because of its conformational constraints 
(MacArthur and Thornton, 1991). In contrast, Asp151Asn 
replaces a negatively charged residue and may alter the  
local electrostatic surface potential, potentially influencing 
substrate accessibility, interactions with regulatory B subunits, 
or PP2A holoenzyme assembly (Wlodarchak and Xing, 2016). 
Although these effects are likely to be subtle, they may 
contribute to the observed genotype–phenotype associations 
by altering local protein properties and regulatory interactions. 
However, in silico analyses cannot fully capture protein 
dynamics or molecular interactions (Arshad et al., 2018). 
Therefore, experimental validation using recombinant 
phosphatase assays or gene-editing approaches will be 
required to determine the functional consequences of these 
variants. 
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CONCLUSION 

The present study identified seven novel polymorphisms 
within the partial ppp2cab gene of the European seabass, one 
of which (g.7857G>A) showed significant associations with 
multiple growth-related traits. These findings support ppp2cab 
as a promising candidate gene for growth studies in this 
species and suggest that g.7857G>A may represent a 
candidate marker for future evaluation in marker-assisted 
selection programmes. Nevertheless, these findings should be 
validated in larger, independent populations and supported by 
functional studies before their application in marker-assisted 
selection programmes. 
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