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For aquaculture to be sustainable, it is very important to improve the growth rates of farmed fish by choosing the right species and their management. However, the integration of epigenetic markers in selective breeding programs remains underdeveloped, mainly due to limited understanding, particularly regarding DNA methylation’s heritability and its functional impact on growth traits. This gap is even more pronounced in mitochondrial epigenetics, despite mitochondria’s critical role in energy production and growth regulation, making it an important but underexplored area in aquaculture breeding strategies. The present study aimed to explore the relationship between differential mitogenome methylation and its role in growth rates and sexual dimorphism in Nile tilapia (Oreochromis niloticus). Nanopore sequencing was employed to compare mtDNA methylation patterns between fast- and slow-growing individuals, as well as between sexes. We found significant differences in mtDNA methylation, with males exhibiting higher growth rates and distinct methylation patterns in genes related to the electron transport chain, such as ND5, ATP6 and CYTB. This suggests a link between mitochondrial function and growth. Moreover, several differentially methylated sites were identified, including hypomethylation in genes associated with oxidative phosphorylation, which correlated with increased growth. Notably, larger individuals showed significant hypomethylation in ND5, ND6 and COX1, potentially enhancing ATP production. The differentially methylated positions across mitogenome may drive enhanced growth by optimizing mitochondrial function for higher energy output. Our study provides valuable insights for selective breeding programs to enhance growth traits, emphasizing the need for future research on the functional role of these epigenetic changes in sustainable aquaculture.
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1 INTRODUCTION
Optimizing fish growth is crucial for aquaculture sustainability, directly influencing food security and ecosystem management. Sustainable practices, including genetic selection, tailored nutrition, and environmental optimization, are essential for maximizing growth efficiency and production yields (Naylor et al., 2021). Additionally, research explores the effects of disease, stress, and climate change on fish growth, guiding conservation efforts and efficient fish farming practices (Marcos-López et al., 2010). Latest research on this important trait aims to understand the genes and genetic variations that influence growth rates in fish species. Scientists use techniques like QTL mapping, marker-assisted selection, and genome sequencing to identify growth-related genes (Li and He, 2014; Sciara et al., 2018; Ji et al., 2019). Moreover, researchers have also explored transgenics and gene editing methods to enhance growth traits (Cui et al., 2017; Wang et al., 2022). However, ethical and environmental considerations are important when applying these findings to ensure long-term sustainability. Moreover, understanding the molecular mechanisms of fish growth provides valuable insights that can be applied to improve aquaculture practices.
Oreochromis niloticus, commonly known as Nile tilapia, is a freshwater fish species belonging to the Cichlidae family. It is native to the Nile River basin in Africa but has been introduced and widely distributed in various freshwater ecosystems around the world due to its adaptability and commercial value (Canonico et al., 2005). Nile tilapia is known for its economic importance in aquaculture and serves as a valuable food source in many countries. This fish species exhibits a sexually dimorphic pattern, meaning that males and females of this species display distinct physical characteristics and reproductive behaviours (Lind et al., 2015; Mehrim et al., 2019). The sexual dimorphism in Nile tilapia also extends to various physiological and molecular aspects. There have been observations of differential growth rates between males and females, with males typically growing faster and larger than females. Interestingly, in mixed-sex culture of Oreochromis niloticus, it has been observed that the fish attain sexual maturity before reaching market size, leading to uncontrolled reproduction in grow-out ponds or tanks (Chen et al., 2018). This results in a portion of the stock being unsuitable for marketing purposes. In addition to this, the irregular growth pattern in male and female O. niloticus has been discussed recently (Lind et al., 2015). In captivity, male O. niloticus size ranged from 18 to 414 g at 6 months of age, while females ranged from 13 to 291 g. Understanding the underlying mechanisms responsible for sexual dimorphism in growth can provide valuable insights into the biology and reproductive strategies of this species. In recent years, researchers have begun investigating the role of epigenetic modifications, such as DNA methylation, in mediating sexual dimorphism and growth-related traits in various organisms including Nile tilapia (Nedoluzhko et al., 2021). Moreover, growth is also linked with mitochondrial efficiency (Salin et al., 2019). This is why we hypothesize that, mtDNA methylation plays a vital role in fish growth.
Fish growth is regulated by complex cellular pathways driven by hormones like growth hormone and insulin, which coordinate key processes such as nutrient uptake, metabolism, nutrient sensing, growth factor signalling, and gene expression regulation (Carmona-Antoñanzas et al., 2014). These molecular mechanisms rely on ATP, which supplies the energy necessary for processes such as enzymatic reactions, active transport, muscle contraction, signal transduction, as well as DNA, RNA synthesis, and cellular respiration (Dunn and Grider, 2020). The energy currency, i.e., ATP is readily accessible and fuels various cellular processes, making it vital for growth and development in organisms like fish. Since ATP synthesis primarily occurs in mitochondria, their efficiency directly determines the availability of ATP for essential functions.
Mitochondria, known as the cell’s powerhouse, are crucial for ATP production through oxidative phosphorylation and play a key role in growth. They have their own DNA, i.e., mitochondrial DNA (mtDNA) that is distinct from the cell’s nuclear DNA, encoding genes necessary for this process and for producing antioxidant enzymes to manage reactive oxygen species (ROS), preventing oxidative damage (Jarmuszkiewicz et al., 2015). Mitochondria also regulate intracellular calcium, essential for cellular signaling (El-Hattab and Scaglia, 2016). However, mtDNA mutations can disrupt these functions, leading to mitochondrial disorders affecting various organs due to impaired energy production (Haas et al., 2007). The specific regulation of mtDNA gene expression and its impact on cellular processes and disorders remains an area of ongoing research. This research is particularly significant as it explores how variations in mtDNA expression could affect not just mitochondrial function but also broader biological processes that govern fish growth.
Fish growth is influenced not only by molecular mechanisms, hormones, and mitochondria but also by environmental factors and epigenetic processes (Konstantinidis et al., 2023a; Konstantinidis et al., 2023b). Environmental conditions such as temperature, water quality, and food availability significantly impact fish growth. Epigenetic modifications, including DNA methylation and histone modifications, are key in regulating genes associated with growth (Bestor et al., 1994). DNA methylation, the addition of a methyl group to cytosine bases, can either silence or activate genes, affecting cellular identity and enabling genomic imprinting and transgenerational inheritance. These epigenetic modifications allow cells to respond to environmental shifts, highlighting the importance of both genetic and environmental factors in understanding growth mechanisms.
Methylation patterns in nuclear DNA are more extensive and often linked to gene regulation, particularly in promoter regions, whereas mtDNA typically shows more limited methylation, primarily in non-coding regions (Stoccoro and Coppedè, 2021). Strand-specific methylation has been observed in both nuclear and mtDNA, with potential regulatory effects on gene expression in nuclear DNA (Stoccoro and Coppedè, 2021). For mtDNA, strand-specific methylation, particularly on the heavy strand, could influence mitochondrial function, though this remains an area of ongoing research (Dou et al., 2019). However, the existence and significance of mtDNA methylation are still debated, with minimal evidence for its presence (Bicci et al., 2021; Guitton et al., 2022), many research have also found the existence of mtDNA methylation in both CpG and non-CpG context (Liao et al., 2015; Liao et al., 2016; Wang et al., 2020; Nedoluzhko et al., 2021). This controversy may stem from structural differences between nuclear and mitochondrial genomes and the limitations of techniques optimized for nuclear DNA methylation analysis (Leroux et al., 2021). Notably, mitochondria contain both 5-methylcytosine (5 mC) and 5-hydroxymethylcytosine (5hmC) at CpG dinucleotides (Shock et al., 2011). A mitochondria-targeted variant of DNA methyltransferase 1 (DNMT1), known as mtDNMT1, has been identified, suggesting a role in mtDNA methylation (Lopes, 2020). However, the exact functions of mtDNMT1 in mitochondrial gene regulation and biogenesis are not yet fully understood (Kikuchi et al., 2022). Further research is needed to elucidate the mechanisms and implications of mtDNA methylation in mitochondrial function and biogenesis.
Bisulfite sequencing, while a standard for DNA methylation analysis, faces limitations with human mtDNA due to its unique closed-circular-covalent topology, leading to inaccurate CpG methylation detection and substantial false positives, as demonstrated by Liu et al. (2016). The study of mtDNA is further complicated by its low abundance, the absence of specific detection tools, and isolation challenges (Low et al., 2003). Moreover, the relevance of mtDNA methylation and its evolutionary variations remain challenging areas (Stimpfel et al., 2018; Breton et al., 2021). Nanopore sequencing, as highlighted by Gouil and Keniry (2019), offers a superior alternative, enabling direct, real-time detection of multiple DNA modifications without the drawbacks of bisulfite conversion, thus preserving DNA integrity and avoiding PCR biases. Given the challenges associated with traditional bisulfite sequencing for analyzing mtDNA methylation, and the importance of understanding epigenetic mechanisms in growth and development, the analysis of mtDNA methylation in Nile tilapia presents an opportunity to apply nanopore sequencing techniques. This approach could provide crucial insights into the molecular mechanisms behind sexual dimorphism and growth variations in this economically important species.
Thus, the present study aims to explore the relationship between differential mitogenome methylation in growth of O. niloticus, shedding light on the potential influence of epigenetic factors on this important biological process.
2 MATERIALS AND METHODS
2.1 Ethical statement
The current research was granted approval by Nord University’s (Bodø, Norway) ethics board and was also authorized by the Norwegian Animal Research Authority under FOTS ID 1042. All animal-related procedures strictly adhered to the guidelines set forth in the EU Directive 2010/63 concerning the use of animals for scientific purposes.
2.2 Sampling
The Nile tilapia used in this study belong to the third generation (F3) of our in-house domestication program (Konstantinidis et al., 2020). The base population (F0) was established from wild Nile tilapia females captured at the River Nile in Luxor, Egypt. The fertilized eggs were collected via traditional fishing methods and transported to our research facilities in Bodø, Norway. Fertilized eggs were identified by the visible presence of developing embryos in the female’s buccal cavity, accompanied by swelling of the mouth and altered feeding behaviour, ensuring that only viable eggs were collected for transportation. Successive generations (F1, F2, and F3) were reared under standardized conditions in a recirculating aquaculture system (pH = 7.6, oxygen saturation = 100%, temperature = 28°C, and photoperiod of 11:13 dark). The fish were fed ad libitum with 0.15–0.8 mm Amber Neptun pellets (Skretting, Norway). This consistent environment ensured minimal external influences on the selection process. For each generation, the fish were measured for total length (cm) and body weight (g) using a digital calliper and electronic balance, respectively, to monitor growth performance and ensure standardized data collection. The full-sib fish groups were marked based on size as slow-growing male (SM) (size between 14 and 17 cm), slow-growing female (SF) (size between 10 and 14.3 cm), fast-growing male (BM) (size between 24.5 and 31 cm) and fast-growing female (BF) (size between 21.1 and 26.4 cm). There were 10 fish specimens per group. Prior to sampling, six fish from each group were euthanized with clove oil (Sigma Aldrich, UNITED STATES) using a 1:10 mix of 15 mL clove oil in 95% ethanol diluted in 10 L of freshwater. Fast muscle (white muscle) samples were collected from the specimens left dorsal quadrant, followed by snap-frozen in liquid nitrogen and stored at −80°С until DNA extraction.
2.3 DNA isolation
The genomic DNA was extracted from the samples (six per group) using the DNeasy Blood and Tissue kit (Qiagen, Germany), following the manufacturer’s instructions. To assess DNA purity, a NanoDrop ND-1000 spectrophotometer (Thermofisher Scientific, United States), was used, while its quantity and quality were determined using Qubit (Thermofisher Scientific, United States) and Tape Station Genomic DNA ScreenTape Assay (Agilent Technologies, United States). Though we initially sampled ten fish to account for biological variation and ensure the reliability of our results. However, we selected six fish based on the quality and quantity of extracted DNA, ensuring that only high-quality samples were used for the mtDNA methylation study to maintain the accuracy and reproducibility of the findings.
2.4 Restriction enzyme digestion
All the DNA samples from experimental groups were digested with DraI (NEB, United States) and EcoRV-HF (NEB, United States) restriction enzymes according to manufacturer’s protocols. DraI that cuts at 5′ TTT↓AAA 3′, has four restriction sites on mtDNA. Similarly, EcoRV cuts at 5′ GAT↓ATC 3′ and has two restriction sites on mtDNA. In a 50 µL reaction, 10X rCutSmart Buffer 5 μL, DraI enzyme 1 µL (4 units), EcoRV enzyme 1 µL (4 units), DNA template 1 µg and nuclease-free water was mixed. The reaction mix was incubated at 37°C for 30 min followed by heat inactivation at 65°C for 20 min, for complete restriction enzyme digestion of DNA samples.
2.5 Library preparation and nanopore sequencing
Genomic DNA libraries for Oxford Nanopore Technologies (ONT) sequencing were constructed for each specimen using Ligation Sequencing Kit SQK-LSK109 (ONT, United Kingdom), following the standard ONT protocol and adaptive sampling. For the purpose of adaptive sampling Nile tilapia mitogenome (NCBI accession number MW149239.1) sequence fasta file from our previous study was used (Nedoluzhko et al., 2021). Eight DNA samples (two from each group) were sequenced on a single R9.4.1 FLO-MIN-106 flow cell. A total of three flow cells were used to sequence all 24 samples from all the groups. Each sample utilized 1 μg of initial DNA for ONT sequencing library construction. Barcoding of samples was performed using the ONT kit EXP-NBD104, and the pooled libraries were subjected to ONT sequencing on a MinION Mk1c device until the end of flow cell life, i.e., usually set to 72 h by default on the sequencer.
2.6 Basecalling and adapter trimming
To process the raw sequencing reads obtained from the four groups of Nile tilapia samples (SM, SF, BM, BF), basecalling was performed using Dorado v0.7.2 (https://github.com/nanoporetech/dorado). Dorado, developed by Oxford Nanopore Technologies, utilizes deep learning algorithms to convert raw electrical signals (in.pod5 file) from the MinION and other nanopore devices into nucleotide sequences. The basecalling process was carried out using the pretrained model specifically optimized for R9.4.1 flow cells, which corresponds to the chemistry used in the sequencing runs, i.e., dna_r9.4.1_e8_sup@v3.3. For basecalling the raw reads, stored in the Pod5 file format, were taken directly into Dorado. The basecalling was executed using the following command-line parameters, dorado basecaller sup,5mCG pod5s/> calls.bam. This command automatically trims barcodes and adapters from raw reads.
2.7 Methylation calls extraction and analysis
The bam files generated from Dorado v0.7.2 contains information for modified bases in MM/ML tags. These bam files were used in Modkit v0.3.1 (https://github.com/nanoporetech/modkit) to extract methylation data in bed format. The bed files were later converted to a format suitable for methylKit v1.26.0 in excel. The per-site methylation was calculated in methylKit as the ratio of total number of sites counted as methylated to that of total number of sites in that position or the coverage. Then the differential methylation was analysed in CpG context using methylKit v1.26.0 in R at adjusted p-value ≤ 0.05. The differential methylation was analysed between SM vs. BM and SF vs. BF. The methodology and bioinformatics analysis followed has been outlined in Figure 1.
[image: Workflow for the analysis of differential DNA methylation in Nile tilapia from a common garden rearing. This infographic illustrates the experimental and analytical steps involved in studying the mtDNA methylation patterns in four groups: slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF). First, DNA was isolated from fast muscle samples, followed by ligation-based library preparation for Nanopore sequencing. The sequence data were then processed using Dorado for basecalling, with subsequent methylation extraction performed by ModKit. Finally, differential methylation analysis was conducted using methylKit in R.]FIGURE 1 | Workflow for the analysis of differential DNA methylation in Nile tilapia from a common garden rearing. This infographic illustrates the experimental and analytical steps involved in studying the mtDNA methylation patterns in four groups: slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF). First, DNA was isolated from fast muscle samples, followed by ligation-based library preparation for Nanopore sequencing. The sequence data were then processed using Dorado for basecalling, with subsequent methylation extraction performed by ModKit. Finally, differential methylation analysis was conducted using methylKit in R.2.8 Regression analysis
To assess the relationship between site-specific mtDNA methylation and somatic growth, we conducted a series of linear regressions using R v2024.12.1. For each methylation site, a separate linear model was fitted with fish weight as the dependent variable and methylation percentage as the independent variable: Weight∼Methylationi, where Methylationi refers to the methylation level at position i. Only numeric methylation data were used for modelling, excluding group identifiers. The regression loop iterated over all methylation positions, extracting the slope (estimate), p-value, and coefficient of determination (R2) from each model. Multiple testing correction was applied to the p-values using the Benjamini–Hochberg false discovery rate (FDR) method. Methylation positions with an FDR below 0.05 were considered statistically significant. The strength and direction of associations were interpreted based on regression slope estimates and corresponding R2 values. For each significant methylation site, scatter plots with regression lines were generated using the ggplot2 package. Plots depicted methylation percentage versus fish weight, with samples colored by group. Regression trends were overlaid with 95% confidence intervals.
2.9 Principal component analysis (PCA)
To explore patterns of variation in mtDNA methylation and assess whether epigenetic signatures were more strongly associate with sex or growth rate, we performed a PCA using R v2024.12.1 with packages tidyverse v2.0.0, ggfortify v0.4.17 and vegan v2.6-10. Methylation percentage data were first extracted from the dataset, excluding metadata columns (e.g., sample group and weight). The methylation matrix was then mean-centered and scaled before applying PCA via the prcomp () function. Sample group identifiers were parsed to classify individuals by sex (Male: SM, BM; Female: SF, BF) and by growth phenotype (Slow-growing: SM, SF; Fast-growing: BM, BF). The resulting principal component scores were visualized using ggplot2, with 95% confidence ellipses fitted to each grouping (SexGroup and GrowthGroup) to assess clustering tendencies. Variance explained by the first two principal components was included on axis labels. To statistically assess the influence of sex and growth rate on overall methylation profiles, we conducted permutational multivariate analysis of variance (PERMANOVA) using the adonis2 () function from the vegan package. The analysis used Euclidean distance and 999 permutations to test for significant group-level separation in the methylation matrix.
2.10 Statistical analysis
The statistical significance of differences in growth measurements across the four fish groups (SM, SF, BM, BF) was assessed using one-way ANOVA, followed by Post-hoc pairwise comparisons using Tukey’s Honest Significant Difference (HSD) test, which controls the family-wise error rate to account for multiple comparisons among groups. Visual representations of methylation data were created using ggplot2 (Wickham, 2011) in R, providing a clear visualization of the methylation landscape across the mitogenome. Circos plot was generated, using Circa v1.2.2 (http://omgenomics.com/circa) to visualize the distribution of methylation across different mitochondrial genes.
3 RESULTS
3.1 Adaptive sampling on the enrichment of mitogenome
The adaptive sampling after fragmenting mtDNA through restriction enzymes greatly improved the enrichment of mitogenome. On an average 8,346,306 reads were found per sample, out of which 6,856,653 reads were mapped to the reference mitogenome. So, on an average 82.15% reads were mapped to the mitogenome. The mean length of reads was found to be 2,356 bp. By utilizing adaptive sampling, we were able to selectively sequence mtDNA, enabling real-time enrichment by actively rejecting nuclear DNA (including NUMTs) during sequencing. This approach effectively minimized the impact of nuclear sequences on the methylation analysis.
3.2 Fish growth across groups
From the present study the growth variation was measured among different sex and size classes of Nile tilapia (O. niloticus) in a mixed-sex culture system. The growth was measured in terms of weight, of six replicates each from four distinct groups: slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF) (Supplementary Material: Supplementary_Table.docx- Supplementary Table S1). The weight measurements of the fish revealed a significant variation between the groups. The BM group showed the highest average weight, indicating a more rapid growth rate compared to other groups. The data recorded for this group ranged from 268 g to 382 g, with an average weight significantly higher than the other groups. In contrast, the SF group showed the lowest weight rate.
The boxplot analysis of the weights further underscored these differences, clearly depicting the upper and lower quartiles, thus highlighting the broader range of weights in the BM compared to the relatively narrow weight range observed in the SF (Figure 2). The mean weights for each group were as follows: BM > BF > SM > SF.
[image: Boxplot showing the weight distribution of four groups of Nile tilapia: slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF). The y-axis represents the weight in grams, while the x-axis indicates the different fish groups. Each boxplot displays the median weight and interquartile range, with whiskers extending to 1.5 times the interquartile range. Outliers are represented by individual points.]FIGURE 2 | Boxplot showing the weight distribution of four groups of Nile tilapia: slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF). The y-axis represents the weight in grams, while the x-axis indicates the different fish groups. Each boxplot displays the median weight and interquartile range, with whiskers extending to 1.5 times the interquartile range. Outliers are represented by individual points.3.3 Methylated positions across mitogenome
From the methylKit analysis, sites in the mitogenome with methylation levels greater than 25% were considered as methylated positions, while those with methylation levels below 25% were classified as unmethylated (Supplementary Material: Per_Site_Methylation.xlsx). From the analysis we identified several methylated positions across mitogenome unique to each group, reflecting potential group-specific regulatory mechanisms of gene expression influenced by methylation (Figure 3). In addition to this, our study also uncovered positions that were commonly methylated across all four groups. Moreover, the strand specific methylated positions were also analysed for plus (heavy) and minus (light) strands as shown in Figures 3a,b, respectively.
[image: Venn diagrams representing the distribution of methylated positions across the mitogenome in Nile tilapia growth groups. (a) Methylated positions across the plus strand of the mitogenome. Each ellipse represents a group with the number indicating unique and shared methylated positions among slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF) groups. (b) Minus strand methylated positions across the mitogenome. Similar to the plus strand, each ellipse corresponds to one of the growth groups, illustrating the overlap and unique methylated positions within each group.]FIGURE 3 | Venn diagrams representing the distribution of methylated positions across the mitogenome in Nile tilapia growth groups. (a) Methylated positions across the plus strand of the mitogenome. Each ellipse represents a group with the number indicating unique and shared methylated positions among slow-growing male (SM), slow-growing female (SF), fast-growing male (BM) and fast-growing female (BF) groups. (b) Minus strand methylated positions across the mitogenome. Similar to the plus strand, each ellipse corresponds to one of the growth groups, illustrating the overlap and unique methylated positions within each group.3.3.1 Complex I genes
The genes linked to Complex I of the electron transport chain (ETC) i.e., ND1, ND2, ND3, ND4, ND4L, ND5 and ND6 were found to be methylated in CpG context across mitogenomes of SM, SF, BM and BF. A total of 16, 31, 25 and 16 positions were found to be methylated in the plus strand of SM, SF, BM and BF, respectively. Similarly, 16, 22, 47 and 20 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively. On the plus strand positions 4360, 9848, 12,053, 13,220, 13,505 and 13,883 were found to be methylated in all the four groups across the mitogenome.
3.3.2 Complex III genes
The CYTB gene linked to Complex III of the ETC was found to be methylated across mitogenomes of SM, SF, BM and BF. A total of 2, 6, 2 and 4 positions were methylated in the plus strand of SM, SF, BM and BF, respectively. Similarly, 4, 5, 9 and 5 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively. On the plus strand positions 14,946, 15,524 and in the minus strand position 14,500 were methylated in all the four groups across the mitogenome.
3.3.3 Complex IV genes
The COX1, COX2 and COX3 genes linked to Complex IV of the ETC were methylated in CpG context across mitogenomes of SM, SF, BM and BF. A total of 7, 14, 14 and 9 positions were found to be methylated in the plus strand of SM, SF, BM and BF, respectively. Similarly, 9, 12, 26 and 18 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively. On the plus strand positions 6809, 7312, 7754 and in the minus strand position 6034, 6796 were found to be methylated in all the four groups across the mitogenome.
3.3.4 Complex V genes
The ATP6 and ATP8 genes linked to Complex V of the ETC were found to be methylated in CpG context across mitogenomes of SM, SF, BM and BF. A total of 3, 6, 3 and 3 positions were found to be methylated in the plus strand of SM, SF, BM and BF, respectively. Similarly, 3, 3, 7 and 3 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively. On the plus strand positions 8365, 8520, 8603 and in the minus strand position 8602, 8676 were found to be methylated in all the four groups across the mitogenome.
3.3.5 rRNA genes
Two rRNA genes, i.e. 16s rRNA and 12s rRNA were found to be methylated in CpG context across mitogenomes of SM, SF, BM and BF. In case of 12s rRNA gene, a total of 1, 6, 6 and 3 positions were found to be methylated in the plus strand and 2, 4, 4 and 4 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively across mitogenomes. Similarly, in case of 16s rRNA gene, a total of 1, 8, 5 and 7 positions were found to be methylated in the plus strand and 1, 7, 8 and 2 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively across mitogenomes.
3.3.6 tRNA genes
The tRNA genes were found to be methylated in CpG context across mitogenomes of SM, SF, BM and BF. A total of 2, 5, 5 and 3 positions were found to be methylated in the plus strand of SM, SF, BM and BF, respectively. Similarly, 3, 4, 8 and 5 positions were found to be methylated in the minus strand of SM, SF, BM and BF, respectively. On the plus strand positions 10,066 and in the minus strand position 5278 were found to be methylated in all the four groups across the mitogenome.
3.3.7 D-loop
The D-loop region was also found to be methylated in CpG context across mitogenomes of SM, SF, BM and BF. A total of 1, 3, 1 and 1 positions were found to be methylated in the plus strand of SM, SF, BM and BF, respectively. But in case of minus strand, position 16,518 in SM and position 16,425 in BF were found to be methylated only.
3.3.8 Methylated positions specific to a particular group
Interestingly, it was found that, 4, 38, 25 and 15 positions were methylated exclusively in SM, SF, BM and BF, respectively in plus strand. Similarly, 4, 15, 68 and 22 positions were methylated exclusively in SM, SF, BM and BF, respectively in minus strand.
3.3.9 Commonly methylated positions across the four groups
The methylation analysis revealed several positions in the mtDNA that were commonly methylated across the different groups of fish. These positions and their corresponding genes are shown in Figure 4. In the plus strand, these methylated positions were found in ND2, COX1, COX2, ATP6, ND3, tRNA-Arg, ND5 and CYTB genes. In the minus strand, these methylated positions were found in 12S rRNA, ND1, tRNA-Asn, COX1, ATP6, ND4L, ND5 and CYTB genes.
[image: Circos plot showing the mitogenome and the methylated positions in common to all four Nile tilapia growth groups. The outermost ring (first ring from the outside) represents the mitogenome. The second ring shows the gene names those have commonly methylated positions. The third ring illustrates the methylated positions on the plus strand, indicated by black lines. The innermost (fourth) ring depicts the methylated positions on the minus strand, indicated by black lines.]FIGURE 4 | Circos plot showing the mitogenome and the methylated positions in common to all four Nile tilapia growth groups. The outermost ring (first ring from the outside) represents the mitogenome. The second ring shows the gene names those have commonly methylated positions. The third ring illustrates the methylated positions on the plus strand, indicated by black lines. The innermost (fourth) ring depicts the methylated positions on the minus strand, indicated by black lines.3.4 Differentially methylated positions across mitogenome
3.4.1 Differential methylation based on size
3.4.1.1 Slow-growing male (SM) vs. fast-growing male (BM)
In the differential methylation analysis between SM and BM fish groups (taking BM as control) across different genes in the mitogenome, several significant differences were observed. The analysis showed specific cytosine positions that exhibited statistically significant changes in methylation levels (Table 1). Significant differential methylation was noted at multiple sites across various mitochondrial genes (Figure 5). The differential methylation analysis between SM and BM Nile tilapia revealed significant epigenetic changes in several mitochondrial genes across both the plus and minus strands. In the plus strand, notable hypomethylation was observed in the 12s rRNA gene (−15.12%), 16s rRNA gene (−15.41%), and ND5 gene at multiple positions (−10.31% to −15.75%). Additionally, hypomethylation was detected in tRNA-Ser (−12.28%), COX3 (−12.92%), and ND6 (−10.09%).
TABLE 1 | Comparative analysis of methylation differences between SM vs. BM, SF vs. BF, SM vs. SF and BM vs. BF across various mitochondrial genes, from methylKit in R. The table details the specific methylated positions, gene name, the strand orientation (+ or -), the methylation difference expressed in percentage, and the adjusted p-values highlighting the statistical significance of each difference. SM: slow-growing male, SF: slow-growing female, BM: fast-growing male (BM) and BF: fast-growing female.	Position	Gene name	Methylation difference	Adj. p-value	Comparison
	Plus strand
	11,329	ND4	−13.84	6.69E-06	SMSF
	993	12s rRNA	−15.12	2.30E-08	SMBM
	2007	16s rRNA	−15.41	3.29E-08	SMBM
	7071	tRNA-Ser	−12.28	1.07E-05	SMBM
	9567	COX3	−12.92	2.99E-06	SMBM
	12,053	ND5	−10.31	1.15E-04	SMBM
	13,061	ND5	−15.75	1.23E-10	SMBM
	13,505	ND5	−13.39	3.07E-08	SMBM
	13,883	ND6	−10.09	2.49E-05	SMBM
	16,519	D-loop	14.81	5.67E-05	SFBF
	6912	COX1	10.28	1.45E-02	BMBF
	461	12s rRNA	−10.13	7.50E-05	SMSF
	6073	COX1	−12.05	1.24E-05	SMSF
	13,000	ND5	−11.00	3.84E-07	SMSF
	13,479	ND5	−12.78	1.19E-09	SMSF
	14,587	CYTB	−12.41	1.18E-08	SMSF
	Minus Strand
	461	12s rRNA	−14.92	1.18E-09	SMBM
	3488	ND1	−11.17	2.49E-05	SMBM
	4921	ND2	−11.71	1.07E-05	SMBM
	7299	COX2	−11.78	1.07E-05	SMBM
	8679	ATP6	−12.60	1.96E-06	SMBM
	10,186	ND4L	−10.48	3.56E-05	SMBM
	10,672	ND4	−11.37	8.00E-06	SMBM
	12,052	ND5	−12.10	1.27E-06	SMBM
	13,000	ND5	−16.19	3.69E-13	SMBM
	13,856	ND6	−16.35	5.06E-14	SMBM
	14,500	CYTB	−11.09	8.15E-07	SMBM
	14,587	CYTB	−16.49	5.06E-14	SMBM
	15,368	CYTB	−11.43	3.74E-07	SMBM


[image: Differentially Methylated Positions (DMPs) across the mitogenome in Nile tilapia. The figure illustrates the hypo- and hypermethylated positions in the mitochondrial genome for four comparisons: SM vs. BM (SMBM) (in blue color), SF vs. BF (SFBF) (in green color), SM vs. SF (SMSF) (in purple color) and BM vs. BF (BMBF) (in orange color). DMPs are indicated for both the plus and minus strands of the mitogenome in different genes.]FIGURE 5 | Differentially Methylated Positions (DMPs) across the mitogenome in Nile tilapia. The figure illustrates the hypo- and hypermethylated positions in the mitochondrial genome for four comparisons: SM vs. BM (SMBM) (in blue color), SF vs. BF (SFBF) (in green color), SM vs. SF (SMSF) (in purple color) and BM vs. BF (BMBF) (in orange color). DMPs are indicated for both the plus and minus strands of the mitogenome in different genes.On the minus strand, significant hypomethylation was identified in the 12s rRNA gene (−14.92%), ND1 (−11.17%), ND2 (−11.71%), COX2 (−11.78%), ATP6 (−12.60%), ND4L (−10.48%), ND4 (−11.37%), ND5 (−12.10% to −16.19%), ND6 (−16.35%), and Cyt b at multiple positions (−11.09% to −16.49%) (Table 1).
3.4.1.2 Slow-growing female (SF) vs. fast-growing female (BF)
The comparison between SF and BF (taking BF as control) revealed significant methylation differences in the mitochondrial D-loop region on the plus strand, with a hypermethylation of 14.81% (Figure 5). Additionally, in the BF group, COX1 showed hypermethylation at one position with a difference of 10.28% (Table 1).
3.4.2 Differential methylation based on sex
3.4.2.1 Slow-growing male (SM) vs. slow-growing female (SF)
When comparing SM and SF (taking SF as control), several significant methylation differences were observed. In the plus strand, hypomethylation was noted in the 12s rRNA gene (−10.13%), COX1 (−12.05%), ND5 at multiple positions (−11.00% to −12.78%), and CYTB (−12.41%) (Figure 5). Additionally, in the minus strand, the 12s rRNA gene showed significant hypomethylation (−14.92%).
3.4.2.2 Fast-growing male (BM) vs. fast-growing female (BF)
The differential methylation analysis between BM and BF (taking BF as control) highlighted significant changes in several mitochondrial genes (Figure 5). In the plus strand, COX1 exhibited hypermethylation in BM with a difference of 10.28% (adj. p-value = 1.45E-02) (Table 1).
3.5 Regression analysis
3.5.1 Heavy strand methylation
The sites with highest R2 value (>0.7) have been shown for slow-growing, fast-growing, fast-growing males and common position in Figures 6a–d, respectively. The figures for the remaining significant positions have been given in Supplementary Material: Regression_Plus_Strand.zip.
[image: Regression plots showing the relationship between methylation percentage and fish body weight at mitochondrial positions on the forward strand with the highest R2 values (>0.7) (a) Position120 (ND5) shows a strong negative correlation with weight in slow-growing fish (SM, SF). (b) Position103 (ND4) shows a strong positive correlation with weight in fast-growing fish (BM, BF). (c) Position130 (D-loop) shows a strong positive association specific to fast-growing males (BM). (d) Position129 (CYTB), a site common to all groups, shows a significant positive correlation with weight.]FIGURE 6 | Regression plots showing the relationship between methylation percentage and fish body weight at mitochondrial positions on the forward strand with the highest R2 values (>0.7) (a) Position120 (ND5) shows a strong negative correlation with weight in slow-growing fish (SM, SF). (b) Position103 (ND4) shows a strong positive correlation with weight in fast-growing fish (BM, BF). (c) Position130 (D-loop) shows a strong positive association specific to fast-growing males (BM). (d) Position129 (CYTB), a site common to all groups, shows a significant positive correlation with weight.3.5.1.1 Methylation sites associated with slow growth (SM, SF)
Four methylation sites were significantly and negatively associated with weight specifically in slow-growing individuals (SM, SF). These were Position47 (ND2, Base 4273), Position80 (COX3, Base 8898), Position101 (ND4, Base 11,329) and Position120 (ND5, Base 13,311) (Supplementary Material: Regression.xlsx: Sheet Name- Plus_Strand). These sites were filtered based on the R value greater than 0.7 and represent epigenetic modifications localized in key oxidative phosphorylation genes. Among slow-growing fishes, several methylation sites exhibited strong negative slopes (ranging from −5.69 to −7.48), indicating that for every 1% increase in methylation at these loci, there was an associated decrease of approximately 5.7–7.5 g in fish weight.
3.5.1.2 Methylation sites associated with fast growth (BM, BF)
Three sites were found to be significantly associated with increased weight in fast-growing males and females (BM, BF). These were Position103 (ND4, Base 11,414), Position114 (ND5, Base 12,730) and Position45 (ND2, Base 4126) (Supplementary Material: Regression.xlsx: Sheet Name- Plus_Strand). The strong positive slopes observed (ranging from 5.62 to 6.20) indicate that for every 1% increase in methylation at these loci, there was an associated increase of approximately 5–6 g in fish weight.
3.5.1.3 Methylation sites specific to fast-growing males (BM)
A total of 25 methylated positions associated with higher weight specifically in BM individuals, exhibiting strong positive correlations (slopes 5.53–6.4) and high R2 values (∼0.64–0.65). The affected genes include ND1–ND4, ND2, ND3, COX1–COX3, CYTB, and multiple tRNAs (e.g., tRNA-Phe and tRNA-Asn). The most relevant sites were Position1 (tRNA-Phe, Base 63), Position54 (COX1), and Position130 (D-loop) (Supplementary Material: Regression.xlsx: Sheet Name- Plus_Strand).
3.5.1.4 Common methylation sites across all groups
Two sites were found to be significantly associated with growth across all fish groups, i.e., Position129 (Base 15,524) and Position125 (Base 14,946) (Supplementary Material: Regression.xlsx: Sheet Name- Plus_Strand). Interestingly, both common sites were within the CYTB gene, but with opposing directions of effect, suggesting potentially complex, context-dependent methylation regulation at this locus.
3.5.2 Light strand methylation
The positions with highest R2 value (>0.7) have been shown for slow-growing, fast-growing, fast-growing males and common position in Figures 7a–d, respectively. The remaining significant correlations are illustrated in Supplementary Material: Regression_Minus_Strand.zip.
[image: Regression plots showing the relationship between methylation percentage and body weight at mitochondrial positions on the reverse strand with the highest R2 values (>0.7). (a) Position55 (COX1) shows a strong negative correlation with weight in slow-growing fish (SM, SF). (b) Position152 (ND6) shows a strong positive correlation with weight in fast-growing fish (BM, BF). (c) Position158 (CYTB) exhibits a strong positive association specifically in fast-growing males (BM). (d) Position113 (ND4L), a site common to all groups, shows a significant positive correlation with weight.]FIGURE 7 | Regression plots showing the relationship between methylation percentage and body weight at mitochondrial positions on the reverse strand with the highest R2 values (>0.7). (a) Position55 (COX1) shows a strong negative correlation with weight in slow-growing fish (SM, SF). (b) Position152 (ND6) shows a strong positive correlation with weight in fast-growing fish (BM, BF). (c) Position158 (CYTB) exhibits a strong positive association specifically in fast-growing males (BM). (d) Position113 (ND4L), a site common to all groups, shows a significant positive correlation with weight.3.5.2.1 Methylation sites associated with slow growth (SM, SF)
Three methylation sites showed strong negative associations with fish weight and were specific to slow-growing fish (SM and SF). These sites were in mitochondrial 12s rRNA (Position4, Base 549), 16s rRNA (Position22, Base 2442) and COX1 regions (Position55, Base 5759) (Supplementary Material: Regression.xlsx: Sheet Name- Minus_Strand). The correlations exhibited strong negative slopes (ranging from −6.02 to −6.18), indicating that for every 1% increase in methylation at these loci, there was an associated decrease of approximately 6 g in fish weight.
3.5.2.2 Methylation sites associated with fast growth (BM, BF)
Seven methylation sites showed strong positive correlations with weight in both BM and BF, and had R2 values above 0.75, high positive slopes and highly significant FDR values. These were in multiple mitochondrial loci within genes involved in oxidative phosphorylation, namely, Position149 (ND5), Position152 (ND6), Position29 (ND1), Position54 and Position67 (COX1), Position81 and Position87 (COX2) (Supplementary Material: Regression.xlsx: Sheet Name- Minus_Strand).
3.5.2.3 Methylation sites specific to fast-growing males (BM)
A large set of 68 positions were significantly associated with increased body weight specifically in the BM group. These methylation sites were found across mitochondrial genes involved in respiration and protein synthesis, including ND1–ND6, COX1–COX3, CYTB, ATP6, ATP8, and various tRNAs. Some of the most significant positions were Position8 (12S rRNA), Position124 (ND4) and Position158 (CYTB) (Supplementary Material: Regression.xlsx: Sheet Name- Minus_Strand). The prevalence of mitochondrial coding and tRNA genes in these significant results implies a potential epigenetic mechanism specific to fast-growing males.
3.5.2.4 Common methylation sites across all groups
Only Position113 (ND4L, Base 10,186) was found to be significantly associated with growth across all groups (SM, SF, BM, BF), with a notably high positive slope of 23.79 and R2 = 0.67 (FDR = 5.45 × 10−6) (Supplementary Material: Regression.xlsx: Sheet Name- Minus_Strand).
3.6 PCA analysis of mitochondrial methylation with sex and growth rate
3.6.1 Heavy strand
The PCA of heavy strand mtDNA methylation revealed a clear separation among individuals based on both sex and growth rate (Figures 8a,b, respectively). The first two principal components accounted for a cumulative 76.5% of the total variance in the dataset, with PC1 explaining 44.9% and PC2 explaining 31.6%. When grouped by sex, male and female samples formed distinct clusters in the PCA space, separated primarily along PC1. Confidence ellipses showed minimal overlap between groups, indicating sex-specific methylated positions clustered. Similarly, grouping by growth rate (fast vs. slow) also resulted in separation along both PC1 and PC2. Although there was slightly more overlap compared to sex-based clustering, the fast- and slow-growing groups still formed distinguishable clusters. PERMANOVA analysis confirmed that both sex and growth group explained a significant portion of the variance in methylation patterns. Sex accounted for 34.7% of the total variance (R2 = 0.347, F = 11.71, p = 0.001), while growth rate accounted for 33.7% (R2 = 0.337, F = 11.18, p = 0.001).
[image: Principal Component Analysis (PCA) of mtDNA methylation patterns on the forward (a,b) and reverse (c,d) strands, showing separation of fish samples by sex and growth group.]FIGURE 8 | Principal Component Analysis (PCA) of mtDNA methylation patterns on the forward (a,b) and reverse (c,d) strands, showing separation of fish samples by sex and growth group.3.6.2 Light strand
The PCA of methylation on the light strand of mtDNA revealed distinct separation between sample groups when categorized by both sex and growth rate (Figures 8c,d, respectively). The first two principal components showed a total of 81.9% of the variance, with PC1 accounting for 57.3% and PC2 for 24.6%. When samples were grouped by growth rate, individuals from fast- and slow-growing groups formed clearly distinct clusters. The separation occurred predominantly along PC1, with minimal overlaps between groups, suggesting strong methylation pattern differentiation associated with growth phenotype. In contrast, grouping by sex showed partial separation primarily along PC1, but with greater overlap in PCA space. While male and female samples showed directional trends, the distinction was less pronounced than that observed for growth. These observations were supported by PERMANOVA analysis. Growth rate accounted for a greater proportion of variance (R2 = 0.337, F = 11.18, p = 0.001) than sex (R2 = 0.301, F = 9.47, p = 0.001).
4 DISCUSSION
4.1 Growth dynamics in mixed-sex culture system
Culturing fish in a mixed-sex system enhances genetic diversity, improving resilience against environmental stressors and diseases (Bouza et al., 1997; Ye et al., 2022). It also supports natural reproduction, reducing artificial breeding costs (Asturiano, 2020; Clearinghouse, 2022). While mixed-sex cultures can lead to balanced growth and higher yields, studies indicate no significant overall difference compared to mono-sex culture (Dan and Little, 2000). However, challenges such as differential growth patterns persist (Donaldson, 1994; Toguyeni et al., 2002; Chakraborty and Banerjee, 2010).
This study highlights significant growth variations among different sex and size classes of O. niloticus, aligning with prior findings (Lind et al., 2015). BM fish exhibited the highest average weights, while SF had the lowest, likely due to sex-specific growth influences. Males typically grow faster due to higher metabolic efficiency and better feed conversion (Schreiber et al., 1998; Toguyeni et al., 2002; Mamun et al., 2007; Lind et al., 2015; De Verdal et al., 2017). Understanding these variations is crucial for optimizing aquaculture practices and selective breeding programs.
Further, differential growth patterns in mixed-sex Nile tilapia may be linked to mtDNA methylation variations affecting energy metabolism and cellular respiration. Genes involved in ATP production exhibit methylation differences, potentially influencing metabolic efficiency (Eya et al., 2015; Mieiro et al., 2015; Maes et al., 2016). These findings underscore the role of mitochondrial epigenetics in growth regulation, presenting opportunities for targeted improvements in commercial fish farming.
4.2 Distinct mtDNA methylation sites linked to size variations
The methylation analysis of mtDNA across four groups of fish revealed specific positions of methylation that may be linked to growth in Nile tilapia. On the plus strand of mtDNA, 4, 38, 25, and 15 positions were found to be methylated exclusively in SM, SF, BM, and BF, respectively. On the minus strand of mtDNA, 4, 15, 68, and 22 positions were uniquely methylated in SM, SF, BM, and BF, respectively. These distinct methylation patterns suggest that DNA methylation might play a crucial role in the regulation of mitochondrial genes, contributing to the differential growth observed in these groups. The methylation of genes involved in mitochondrial function, such as those encoding components of the electron transport chain (ND2, COX1, COX2, ATP6, ND3, ND5, CYTB) and those involved in protein synthesis (tRNA-Arg, 12S rRNA), indicates a potential mechanism by which energy production and metabolic efficiency are regulated. The effect of mtDNA methylation on the regulation of genes encoding protein subunits of the ETC and oxidative phosphorylation system has also been reflected in earlier works (Gao et al., 2017). In particular, the unique methylation sites found in larger individuals (BM and BF) could reflect adaptations that enhance energy production and utilization, supporting increased growth. Conversely, the specific methylation patterns in smaller individuals (SM and SF) might reflect a different regulatory balance that limits growth, potentially as a response to environmental pressures or genetic factors. In an earlier work it has also been revealed that, specific regions in the mitochondrial genome with high levels of methylation, such as the D-Loop and genes like ND2 and ATP6 have been associated with various regulatory functions that could influence cellular and organismal phenotypes, including size (Devall et al., 2023). Additionally, the observed methylation differences could affect other indirect pathways related to growth. For example, altered mitochondrial function could impact cellular oxidative stress levels, signalling pathways, and metabolic homeostasis, all of which are critical for growth and development. Methylation changes in mitochondrial genes might also influence the expression of nuclear-encoded mitochondrial proteins, further affecting cellular energy dynamics. These methylation patterns could modulate hormonal signalling pathways by influencing mitochondrial function and energy availability, which are crucial for endocrine regulation. Hypomethylation in key mitochondrial genes, such as ND5, ATP6, and COX1, may enhance ATP production, supporting increased cellular energy demands for growth hormone (GH) synthesis and secretion. GH stimulates hepatic production of insulin-like growth factor 1 (IGF-1), which promotes protein synthesis, cell proliferation, and overall somatic growth. Additionally, altered mitochondrial efficiency due to differential methylation could affect the sensitivity of GH and IGF-1 receptors by modulating intracellular signalling cascades such as the PI3K/Akt and MAPK pathways. These pathways regulate anabolic processes, including muscle growth and lipid metabolism, further contributing to differences in body size and growth rates.
The commonly methylated positions across all the groups indicates a potential fundamental regulatory mechanism in the mitochondrial genome. These methylated positions in different groups could imply essential roles in mitochondrial function and possibly in the broader physiological processes such as energy production and metabolic regulation. These positions might be playing a crucial role in the regulation of mitochondrial gene expression independent of size or sex. The presence of methylation in the genes in plus strand suggests a potential regulatory role in mitochondrial function and energy production. Methylation in the ND2, COX1, and COX2 genes, which are involved in the electron transport chain, could influence the efficiency of oxidative phosphorylation and ATP synthesis. It is because methylation of the ND2, COX1, and COX2 genes, could reduce transcription of these genes, impair RNA processing, and decrease the production of essential mitochondrial proteins. This disruption would hinder the efficiency of oxidative phosphorylation, leading to lower ATP synthesis and cellular energy deficits. Such effects would be particularly detrimental to tissues that rely heavily on mitochondrial function, like muscle and brain cells, ultimately impairing overall cellular metabolism and function. Similarly, ATP6 is directly involved in ATP production, and its methylation could affect cellular energy dynamics. The alterations in the ATP6 gene impairing the function of the ATP synthase complex, which is crucial for ATP production in mitochondria has also been studied in earlier works (Dautant et al., 2018). The methylation of tRNA-Arg might play a role in the translation of mitochondrial proteins, impacting the overall protein synthesis machinery within the mitochondria. The ND5 and CYTB are also crucial components of the electron transport chain, and their methylation could indicate a broader regulatory mechanism affecting mitochondrial respiration and metabolic processes. On the minus strand, the methylated positions were found in the 12S rRNA, ND1, tRNA-Asn, COX1, ATP6, ND4L, ND5, and CYTB genes. The methylation of 12S rRNA suggests an influence on ribosomal function and mitochondrial protein synthesis, potentially affecting the overall efficiency of the mitochondrial translation system. ND1 and ND4L, being part of the NADH dehydrogenase complex, indicate that methylation might regulate the initial steps of the electron transport chain. The presence of methylation in tRNA-Asn highlights the potential for regulation at the level of mitochondrial tRNA processing and stability. The methylation on the COX1, ATP6, ND5, and CYTB genes on both the strands underscores the importance of these genes in mitochondrial function and suggests that methylation could serve as a key regulatory mechanism across different levels of mitochondrial gene expression.
4.3 Differential methylation in mitochondrial complex I genes linked to size variation
The analysis of differential methylation between SM and BM showed significant insights into the epigenetic regulation of genes within the mitogenome, which are crucial for energy production and metabolic processes. Notably, several genes within Complex I of the ETC, including ND1, ND2, ND4, ND4L, ND5 and ND6, showed changes in methylation patterns that may influence their expression and function. The phenotypic changes in the organism due to methylation in Complex I genes has also been studied previously (Lomba et al., 2010; Lozoya et al., 2018; Gardner et al., 2023). Methylation changes in these genes can affect their transcription and, consequently, the efficiency of ATP production. Although methylation changes in Complex I genes may not occur within the promoter regions and mitochondrial transcripts are polycistronic, these changes can still influence gene expression and mitochondrial function. Methylation in coding or intergenic regions can alter the secondary structure of mRNA, affecting RNA stability, processing, or translation efficiency. This could lead to reduced translation or improper processing of polycistronic transcripts, thereby decreasing the levels of individual Complex I proteins. Methylation might also impact the recruitment of regulatory proteins or RNA-binding factors that influence mRNA stability or translation, further impairing the production of functional Complex I subunits. These changes, even without directly affecting transcription, can disrupt the efficiency of oxidative phosphorylation and ATP synthesis. For instance, hypomethylation generally leads to increased gene expression (Chandler and Jones, 1988; Chen et al., 1998; Wilson et al., 2007; Ehrlich and Lacey, 2013). In the BM group, which exhibited hypomethylation at several sites within these genes, there may be an enhanced capacity for energy production, potentially explaining the observed larger somatic growth compared to SM.
The mitochondrial genes, especially those involved in the ETC, directly impact cellular energy availability. In fish, as in other vertebrates, growth rates are closely linked to energy metabolism. The differential methylation observed may alter the metabolic efficiency of these individuals, thereby influencing growth rates and sizes. Previous studies have highlighted the relationship between mitochondrial dysfunction and varied metabolic rates, which could be linked to differences in growth (Haque et al., 2016; Koch et al., 2021).
The differential methylation patterns observed between SM and BM could indicate adaptive epigenetic responses to environmental or physiological signals. In aquaculture, where growth rate and size at harvest are critical traits, understanding the epigenetic mechanisms that regulate these traits provides valuable insights for selective breeding programs. For example, selectively breeding individuals with methylation profiles conducive to higher growth rates could be a strategic approach to enhance productivity (Guppy et al., 2018; Houston et al., 2020; Rasal and Sundaray, 2020; Podgorniak et al., 2022). Our findings suggest that the methylation status of mitochondrial genes could be a key factor in the observed size differences between SM and BM tilapia. This association between epigenetic modifications and phenotypic traits aligns with studies in other species where DNA methylation has been linked to variations in phenotype, including stress response, aging, and development (Cheng et al., 2021; Liu et al., 2022).
As discussed before, in mixed-sex culture systems, differential growth rates between sexes often pose a significant challenge, with males typically outgrowing females, leading to uneven stock sizes and reduced marketability, as seen in our present study.
4.4 Sex-specific mtDNA methylation patterns linked to size and metabolic differences
The differential methylation analysis between SM vs. SF and BM vs. BF Nile tilapia groups has uncovered significant epigenetic variations within the mitochondrial genome. These variations could play a crucial role in understanding sex-specific differences in growth and metabolism, offering potential epigenetic markers for further studies.
In the comparison between SM vs. SF, significant hypomethylation was detected in several mitochondrial genes on both the plus and minus strands. Specifically, the 12s rRNA gene showed hypomethylation in both plus and minus strand. Additionally, COX1, ND5, and CYTB showed hypomethylation on the plus strand. These genes play pivotal roles in mitochondrial function and energy production. The 12s rRNA gene is involved in mitochondrial protein synthesis, while COX1, ND5, and CYTB are key components of the ETC and oxidative phosphorylation pathway (Kehrein et al., 2013). The hypomethylation in these genes suggests an increase in their expression levels, potentially enhancing mitochondrial efficiency and energy metabolism in SM compared to SF. Kehrein et al. (2013) discussed the pivotal roles of these genes in mitochondrial function, particularly in the ETC and oxidative phosphorylation, emphasizing their importance in energy production. Additionally, research has shown that hypomethylation can lead to increased gene expression, as demonstrated by Sharma et al. (2019), who found that hypomethylation in mitochondrial genes is associated with higher transcription and protein levels, potentially enhancing mitochondrial function. Studies by Wallace and Fan (2010) further support this by highlighting how epigenetic modifications, including DNA methylation, influence the expression of mitochondrial genes involved in energy metabolism. Moreover, research by Bellizzi et al. (2012) links hypomethylation of mitochondrial genes to improved mitochondrial efficiency and ATP production, aligning with the idea that hypomethylation in genes such as COX1, ND5, and CYTB could upregulate expression and enhance mitochondrial energy metabolism. Enhanced mitochondrial function could lead to higher ATP production, which is crucial for supporting the increased energy demands associated with growth and metabolic activities in males. This is supported by previous studies indicating that hypomethylation can lead to upregulation of mitochondrial genes, improving metabolic capacity and growth performance (Jia et al., 2015).
The observed methylation differences between SM and SF may explain the distinct growth patterns seen in these groups. Males generally grow faster and larger than females, which could be linked to more efficient mitochondrial function driven by specific methylation patterns. Enhanced mitochondrial activity in males, facilitated by hypomethylation, would provide the necessary energy for rapid growth (Castegna et al., 2015; Crouse et al., 2022). The differential methylation patterns also suggest that males and females have adapted their mitochondrial function to meet sex-specific energy demands. For example, females may exhibit hypermethylation in genes involved in oxidative stress response, aligning with their reproductive needs and energy allocation strategies.
In the BM vs. BF comparison, significant hypermethylation was observed in the COX1 gene on the plus strand in BM. The COX1 is a crucial component of the mitochondrial electron transport chain, and hypermethylation in BM suggests a potential downregulation of COX1 expression. This downregulation could lead to decreased mitochondrial efficiency and reduced ATP production, possibly as a metabolic adaptation to the larger body size and lower relative growth rate of BF compared to BM. Larger animals often have lower relative metabolic rates, despite potentially higher absolute metabolic rates (Nagy, 2005). This scaling of metabolic processes can influence mitochondrial function, particularly in animals with larger body sizes or slower growth rates. Slower growth and larger body sizes may lead to adjustments in mitochondrial efficiency to match lower energy demands (Kozłowski et al., 2020). In addition, previous reports showed that hypermethylation can repress gene expression, impacting mitochondrial function and metabolic processes (Minocherhomji et al., 2012; Mposhi et al., 2017).
4.5 Regression and PCA analysis for growth and sex-specific mitochondrial methylation
The observed positive association between mtDNA methylation and body weight in fast-growing fish in both heavy and light strands underscores the potential functional importance of mitochondrial epigenetics in growth regulation. Methylation at genes encoding components of Complex I (e.g., ND2, ND4, ND5) and Complex IV (COX1–COX3) likely enhances mitochondrial efficiency or bioenergetic output, aligning with the central role of these complexes in ATP production. This is consistent with findings in other vertebrates, where increased mitochondrial activity is linked to enhanced growth performance due to greater energy availability (Eya et al., 2011). Among these, most of the positions were linked to ND genes. ND2 and ND4 are known for their roles in proton translocation and respiratory chain function, both of which are crucial for sustaining high metabolic rates required for rapid growth (Mark et al., 2012). In contrast, methylation sites negatively correlated with growth were predominantly found in slow-growing fish and located in ND and COX genes. Hypomethylated sites in certain genes in the domestic fish modulates mitochondrial functions such as proteasomal degradation by negatively regulating an anti-apoptotic protein survivin (Podgorniak et al., 2022). It is plausible that methylation of these mitochondrial genes negatively correlating with growth may have a negative impact on mitochondrial function, leading to slower growth.
The PCA analysis of mtDNA methylation patterns revealed distinct clustering based on both sex and growth phenotype, highlighting the biological relevance of epigenetic variation in shaping these traits. On the heavy strand, sex differences were more prominent, with male and female samples forming non-overlapping clusters, suggesting sex-specific methylation signatures that may reflect divergent mitochondrial regulation or metabolic demands between sexes. In contrast, the light strand PCA emphasized growth-related methylation differences, with fast- and slow-growing individuals forming well-separated clusters and minimal overlap. This pattern suggests that methylation plays a critical role in modulating growth through mitochondrial pathways, possibly influencing gene expression or bioenergetic efficiency. Additionally, PERMANOVA confirmed that both sex and growth significantly contributed to methylation variation. These findings support the hypothesis that mitochondrial methylation is not random but structured according to physiological and developmental demands, potentially serving as an adaptive mechanism in fish to regulate energy metabolism and size differences.
5 CONCLUSION
The present study uncovers the possible role of mtDNA methylation in regulating size and sexual dimorphism in Nile tilapia. Using nanopore sequencing, we identified distinct mtDNA methylation patterns across different groups of Nile tilapia, specifically comparing slow and fast-growing males and females. Our findings suggest that these methylation differences may influence the efficiency of mitochondrial energy production and metabolic processes, thereby contributing to the observed variations in growth rates and sizes between the groups. Certain mitochondrial genes, particularly those involved in the ETC, including ND5, ATP6, COX1, and CYTB, exhibit differential methylation patterns that could regulate energy metabolism. Specifically, hypomethylation in genes like ND5 and COX1 in fast-growing individuals (BM and BF) likely enhances mitochondrial efficiency, supporting increased ATP production necessary for rapid growth. In contrast, specific hypermethylation patterns in slow-growing individuals (SM and SF) might indicate a more energy-conserving metabolic strategy. Moreover, the study highlights sex-specific methylation differences, which could explain the faster growth rates observed in males compared to females, potentially linked to the unique energy demands of each sex. These finding will help future studies for utilizing mitochondrial methylation profiles as epigenetic markers in selective breeding programs to optimize growth traits in aquaculture. By integrating mtDNA methylation data into breeding strategies, it may be possible to enhance productivity in Nile tilapia, improving energy efficiency and growth rates while maintaining genetic diversity and ecological balance in aquaculture systems. Our findings also underscore the importance of further research into the functional roles of these epigenetic modifications in shaping phenotypic traits and their broader implications for sustainable aquaculture practices.
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