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Fish are considered objective indicators of environmental health and ecosystem stability. Establishing regional reference databases of mitochondrial genome sequences from local fish communities can significantly enhance fish monitoring using environmental DNA (eDNA) analysis. For non-native species, the eDNA technique provides early detection and rapid monitoring. It is also crucial to include fundamental genetic information for both native and non-native species in genetic databases. This study presents the complete mitochondrial genomes of 17 fish species inhabiting the Baiyangdian Basin, a national key wetland in China. The mitochondrial DNA of these fish was analyzed to investigate their characteristics, and their phylogeny was determined using maximum likelihood (ML) methods. Various analyses were performed, including the examination of nucleotide composition, evaluation of AT-skew and GC-skew, analysis of codon frequency, and determination of relative synonymous codon usage (RSCU) values, and assessment of selection pressure on protein-coding genes (PCGs). The analysis showed that all PCGs in all fish underwent purifying selection. Using Xenocyprididae as a representative, this study investigated the genetic selection tendencies of native and non-native fish species in the Baiyangdian Basin. Significant differences were found in five of the 13 PCGs: COI, COII, COIII, Cytb, and ATP8. Except for ATP8, the findings indicated that the genes of non-native species underwent stronger purifying selection during evolution compared to native species. Additionally, comparing the population ω values of non-native species to those of native species showed that the Cytb and COIII genes exhibited greater differential purification selection than COI and COII. These differences may be the result of the evolution of non-native species to migrate and adapt to the Baiyangdian Basin, thereby affecting the evolution of related genes.
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1 INTRODUCTION
With advancements in molecular theory, mitochondrial techniques have become increasingly mature. The mitochondrial genome, which is inherited maternally, is characterized by a high mutation rate (Chinnery and Hudson, 2013; Q. L; Wu et al., 2014). Due to this characteristic, the mitochondrial genome is commonly employed in evolutionary analysis and species identification in fish (Ceruso et al., 2019; Sharma et al., 2020). A phylogenetic tree utilizes tree-like branching patterns to represent the evolutionary relationships and ancestral connections among species (Hayati et al., 2019). Although phylogenetic trees do not directly trace the origin of species, this method offers valuable insights into the evolutionary history of organisms and their interrelationships (Levin et al., 2012). For example, the complete mitochondrial genome of an unknown fish has been utilized to classify its species using a phylogenetic tree (J. Hu et al., 2023). Mitochondria also play important roles in the context of invasive species. Invasive species are costly to manage, with increasing economic impacts worldwide, and are recognized as one of the main drivers of biodiversity loss (Diagne et al., 2021; Hoffmann et al., 2010). However, accurately assessing the invasion history and negative impacts of non-native species can be challenging due to the lack of systematic surveys and historical data on non-native species (Chen et al., 2017). Examining the patterns of genetic variation in mitochondrial DNA is one approach to understanding the geographic history of invasive species (Du et al., 2018).
The mitochondrial DNA of all fish species includes 37 genes, consisting of two ribosomal RNAs (12S rRNA and 16S rRNA), 13 protein-coding genes (PCGs) (Cytb, ND6, ND5, ND4, ND4L, ND3, COIII, ATP6, ATP8, COII, COI, ND2 and ND1) and 22 transfer RNAs (tRNAs) (Brown, 2008; Montag et al., 2023). Among these genes, genes such as Cytb, 12S rRNA, and COI are particularly valued for their utility in environmental DNA (eDNA) metabarcoding (Feng et al., 2023; Leray et al., 2013; Levy et al., 2023). Published mitochondrial genomes have become a valuable resource for primer design and are considered to be among the most crucial components of eDNA metabarcoding (Collins et al., 2019; Ficetola et al., 2008). eDNA metabarcoding is widely recognized as a highly effective technique for monitoring the diversity of organisms and community mechanisms (Qian et al., 2023; Sahu et al., 2023; Yan et al., 2023). This method offers advantages such as low time consumption and minimal cost compared with traditional detection (Cristescu and Hebert, 2018; M; Shen et al., 2022). The mitochondrial genome is often preferred over other genes as a molecular marker for eDNA metabarcoding (Jensen et al., 2021). Research suggests that establishing a local database of mitochondrial genomes for aquatic organisms can promote the application of the eDNA technique (S. Wang et al., 2021). Early monitoring of invasive species is crucial, as effective and low-cost methods are essential during the initial stages of invasion. Once invasive species are established, eradication becomes exceedingly challenging (Larson et al., 2020; Vander Zanden et al., 2010). The use of eDNA had emerged as an important monitoring tool for both native and non-native species (Sepulveda et al., 2020). eDNA monitoring can facilitate the early detection of invasive species (Banerjee et al., 2021).
The Baiyangdian Basin is the largest freshwater basin in the North China Plain, with an area of 366 km2 (S. Hu et al., 2012), as well as a national key wetland (Li et al., 2023). As apex predators within aquatic ecosystems, fish play a crucial role in maintaining the ecological balance and contribute significantly to economic activities (Harris, 1995; Konar et al., 2019). The biodiversity of fish is a critical indicator for assessing the ecosystem health of the Baiyangdian Basin. However, fish communities in the Baiyangdian Basin have not been investigated systematically. Therefore, establishing a local mitochondrial genome reference database for the Baiyangdian Basin is through systematic investigations is necessary.
This paper investigated the mitochondrial genomes of 17 fish species, aiming to provide a comprehensive overview of the mitochondrial genomes in these species. The primary goal of this study was to document this genomic data to contribute to a genetic database that will aid in the recording and management of both native and non-native fish species by the relevant authorities. Furthermore, this study aimed to reveal selection pressures on PCGs in native and non-native fish species of the Xenocyprididae family within the Baiyangdian Basin.
2 MATERIALS AND METHODS
2.1 Sample collection and sequencing
Fish samples were collected from 30 sites in the Baiyangdian Basin using traditional fishing methods from April 12 to 20 April 2019. The collected samples were initially identified based on morphological features. DNA extraction was performed using the QIAquick Gel Extraction kit (Qiagen, GER). Following extraction, the DNA underwent quality control, genomic library construction, and screening. Pre-sequencing quality assessment was also conducted. The sequenced samples were processed using the Illumina NovaSeq platform, and the resulting data were assembled with the Fast-Plast software.
2.2 Sequence annotation
The mitochondrial DNA was annotated using the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/) and the MITOS (http://mitos2.bioinf.uni-leipzig.de/). This process involved retrieving the reference sequence from NCBI (Wolfsberg et al., 2001), and annotating the assembled sequence using MITOS (Bernt et al., 2013; D; Wu et al., 2022). Geneious Prime Software and CGView (https://cgview.ca/) were employed for data visualization.
2.3 Sequence analyses
The data analyzed consisted of the mitochondrial genomes of 17 fish species. The AT-skew and GC-skew information was obtained using MEGA 11 based on the following formulas: AT-skew = (A−T)/(A + T) and GC-skew = (G−C)/(G + C) (Perna and Kocher, 1995). The codon usage data of all 17 fish species were collected using MEGA 11 (Tamura et al., 2021), and Python 3.11.2 was employed to design heatmaps of the related data. The non-synonymous substitution rate (Ka) and synonymous substitution rate (Ks) for 13 PCGs were calculated in DnaSP6. To avoid phylogenetic inertia, five genera of native species and three genera of non-native species were selected from the Xenocyprididae family. The mitochondrial DNA of the selected species was analyzed to determine the Ka/Ks ratio. The ω value referred to the ratio of the non-synonymous substitution rate to the synonymous substitution rate. In this study, the ω values from native and non-native species served as quantitative data. If the quantitative data were normally distributed, intergroup comparisons were conducted based on one-way analysis of variance (ANOVA); if the quantitative data did not conform to a normal distribution, the non-parametric Wilcoxon signed-rank test was employed. A p-value <0.05 was considered statistically significant, and the p-value was calculated using the SPSS27 software.
2.4 Phylogenetic analyses
The mitochondrial genomes of 17 fish species were analyzed to investigate their phylogenetic evolution. A phylogenetic tree was constructed using the whole mitochondrial DNA sequences of the fish, to illustrate the kinship between native and non-native species. The 13 PCGs were concatenated into a single dataset using PhyloSuitev1. Subsequently, these 13 PCGs were processed to construct a maximum likelihood (ML) tree in MEGA 11 software using the general time-reversible model. One hundred bootstrap repeat tests were conducted to verify branches. The phylogenetic tree was visualized using FigTree software.
3 RESULTS AND DISCUSSION
3.1 Basic information
Out of 17 fish species investigated in this study, examining the historical records of fish in the Baiyangdian Basin revealed that 13 were native species, while four were non-native species. The native species belonged to eight families and 13 genera, while the non-native species belonged to two families and four genera. All 17 fish species were in the Xenocyprididae family (Table 1). The four non-native species were S. undulata, Megalobrama amblycephala, Culter dabryi, and Plagiognathops microlepis. Figure 1 illustrates the entire mitochondrial DNA of R. sinensis, a representative fish species. The mitochondrial genomes exhibited similar nucleotide composition. A small difference was observed in the A + T content, which ranged from 54.60% (S. undulata) to 58.76% (Pseudorasbora parva). The AT-skews were positive in all species except Micropercops swinhonis (−0.02261), and the GC-skews were negative across all species. In all 17 fish species, the A + T content of PCGs was exhibited a narrow range, from 54.20% to 59.40%. All GC-skews of the PCGs in the 17 fish species were negative, while only five fish species exhibited negative AT-skews for PCGs (M. swinhonis, P. parva, Paramisgurnus dabryanus, R. sinensis, and S. undulata). The most common PCG start codon was ATG, although some start codons of PCGs, such as COI, were in the form of GTG. The termination codons of PCGs predominantly consisted of variants of T- (T, TA, TAA, and TAG), with TAA being the most common at 48.42%, followed by T at 30.77%. The occurrences of TA and TAG were similar, accounting for 10.41% and 9.95%, respectively. In all 17 species, the termination codon was T or TA, possibly due to polyadenylation after translation (Ojala et al., 1981; T; Wang et al., 2019).
TABLE 1 | Information of mitogenomes.
[image: Table 1][image: Figure 1]FIGURE 1 | Mitogenome map of Rhodeus sinensis. Fluctuation in numerical values of GC-skew was visualized. Locations of PCGs and tRNAs were indicated. It also showcased the length of all portions.
Half of the species exhibited high-frequency codons including GCC(A), GAA(E), UUU(F), UUC(F), CAU(H), CAC(H), AUU(I), AUC(I), AAA(K), AAG(K), UUA(L), CUU(L), CUA(L), AUA(M), AAU(N), AAC(N), CCU(P), CCC(P), CCA(P), CAA(Q), UCU(S), UCC(S), UCA(S), AGC(S), ACU(T), ACC(T), ACA(T), UAU(Y), UAC(Y), UAA (*), and UAG(*). In this study, high-frequency codons were defined as codons with frequency values above the median. The high-frequency codons for all the fish species were AUU(I), AAA(K), CUU(L), CUA(L), and UAU(Y). Relative synonymous codon usage (RSCU) values greater than 1 indicate positive codon usage biases. Conversely, RSCU values lower than 1 suggest negative codon usage biases, while a value of 1 signifies no bias (Sheikh et al., 2020). The RSCU values for AUU(I), AAA(K), AUA(M), ACC(T), and UAA (*) were positive, while the RSCU values of GAG(E), AUC(I), AAG(K), CUG(L), AUG(M), CCG(P), UCG(S), ACG(T), and AGA (*) were negative in all species. According to the standard established by some researchers, an RSCU value exceeding 1.6 indicates the over-representation of synonymous codons, while an RSCU value below 0.6 reflects the under-representation of synonymous codons (Wong et al., 2010). In this study, GCG(A) (except for in H. nobilis) CCG(P) and UCG(S) (except for in S.undulata and C. dabryi); and ACG(T) (except for in H. nobilis) were under-represented with relatively high-frequency. Conversely, GCC(A) (in four species), GGA(G) (in three species), CUA(L) (in three species), and UAA (*) (in seven species) were over-represented with relatively high-frequency. The study of codon usage is of great significance for understanding the theory of gene expression during the process of evolution (Figures 2, 3) (Chakraborty et al., 2017).
[image: Figure 2]FIGURE 2 | The graph is codon frequency of the 17 species species. The X-axis represents the species, The Y-axis records the types of amino acids and codons; * = the termination codon, A = Ala, F=Phe, C=Cys, D = Asp, N=Asn, E = Glu, Q = Gln, G = Gly, H=His, L = Leu, I=Ile, K = Lys, M = Met, P=Pro, R = Arg, S=Ser, T = Thr, V=Val, W = Trp, Y = Tyr.
[image: Figure 3]FIGURE 3 | The graph shows relative synonymous codon usage (RSCU) of the 17 species species. The X-axis represents the species, The Y-axis records the types of the amino acids and codons.
The ability of a molecular sequence to adapt through evolution can be determined based on the ω value (Dos Reis, 2015). Purifying selection is indicated when the Ka/Ks value is smaller than 1 (especially less than 0.5) (Ivanova et al., 2017). The present study found that the ω values of 13 PCGs in all 17 fish species met the requirements for purifying selection during the evolutionary process (Figure 4). ATP8 exhibited the maximum [image: image] value, while COIII exhibited the minimum ω value (Figure 4).
[image: Figure 4]FIGURE 4 | The Ka/Ks values of 13 PCGs from the 17 species species. Ka refers to nonsynonymous nucleotide substitutions. Ks refers to synonymous nucleotide substitutions.
The A + T content of 22 tRNAs from all 17 fish species in this investigation varied from 57.00% (S. undulata) to 54.45% (P. dabryanus). Additionally, all values exhibited positive AT-skew and GC-skew. The length of the base pairs varied, with a maximum of 946 bp and a minimum of 962 bp in 12S rRNA sequences, and the A + T content of ranged from 49.60% to 54.60%. Concurrently, the length of the 16S rRNA ranged between 1581 and 1692 bp, with its A + T content falling within the range of 54.20%–58.30%. Both 12S and 16S rRNA showed positive AT-skew but negative GC-skew. The highest A + T content was found in the D-loop, ranging from 61.40% to 67.50%. Additionally, all GC-skew values were less than zero, and most AT-skew values were greater than zero. Regarding the AT-skew from the D-loop, Carassius auratus had a value of zero, while Tachysurus fulvidraco (−0.0195) and R. sinensis (−0.0475) had negative values.
3.2 Phylogenetic analyses
A phylogenetic tree (Figure 5) for the 17 fish species was constructed using ML methods. For this survey, there were four orders and nine families. Among these four orders, Cypriniformes dominated with a majority share of 76.47%, followed by Siluriformes (11.76%), Gobiiformes (5.88%), and Centrarchiformes (5.88%). Xenocyprididae, Cyprinoidae, Gobionigae, Cobitidea, and Acheilognathidea were included in Cypriniformes. Siluriformes includes two families, Bagridae and Siluridae. Gobiiformes and Centrarchiformes contain Odontobutidae and Sinipercidae, respectively. Most bootstrap values exceeded 70, with strong node support. The relationship of this branch for all orders was ((Gobiiformes + Centrarchiformes) + (Siluriformes + Cypriniformes)). The relationship of this branch of Cypriniformes was (Cobitidea + ((Xenocyprididae + (Gobionigae + Acheilognathidea)) + Cyprinoidae)).
[image: Figure 5]FIGURE 5 | Phylogenetic tree of 17 species.
3.3 Analysis of ω values between native and non-native fishes
In the Xenocyprididae family, the average ω value for the 13 PCGs was less than 1 for both the five native species and the three non-native species analyzed to determine the Ka/Ks ratio (Figure 6). This indicated that the genes were subject to purifying selection during the evolutionary process. Among both native and non-native species, there were significant differences in the ω values for five genes among the 13 PCGs. These five genes were ATP8 (p = 0.026, ANOVA), COI (p = 0.007, Wilcoxon), COII (p = 0.001, Wilcoxon), COIII (p = 0.023, Wilcoxon), and Cytb (p = 0.023, ANOVA). Among the five genes, except for ATP8, the ω values of all other genes demonstrated that the genes of non-native species experienced stronger purifying selection during evolution compared to the genes of native species. Studies have shown that COX and Cytb have a higher number of conserved amino acid sites (Satoh et al., 2016). ATP8 is a component of Complex V in the mitochondrial respiratory chain that participates in the process of oxidative phosphorylation within the cell (Vercellino and Sazanov, 2022). In some fish species, ATP8 is the most adaptive and fastest-evolving gene site within the mitochondrial genome (Ragauskas et al., 2023). In the non-native fish species in the Xenocyprididae family, the results showed that ATP8 gene underwent significantly less purifying selection during the evolutionary process compared to native species. Studies have indicated that within the Gobiidae family, positively selected genes may be linked to energy metabolism adaptations across various environments. ATP8 has positively selected gene sites, and its ω value is higher (but less than 1) than in environments that do not require adaptation (Shang et al., 2022). Therefore, we speculate that non-native species may exhibit a higher ω value than native species due to their adaptations to new environments. The ω values of COX and Cytb in non-native species in the Baiyangdian Basin were significantly smaller than those found in native species. Studies have indicated that the ω values of genes in birds with different flight capabilities vary, with birds that have strong migratory abilities exhibiting smaller ω values compared to birds with weaker flight capabilities (Y. Y. Shen et al., 2009). Research also suggests that higher energy requirements in fish are accompanied by stronger purifying selection on genes (Sun et al., 2011). COX is a component of Complex IV in the mitochondrial respiratory chain and is involved in important processes such as energy supply, apoptosis, and metabolism (Uddin et al., 2019; Vercellino and Sazanov, 2022). Cytb, the only cytochrome encoded by mitochondrial DNA, is a component of Complex III2 in the mitochondrial respiratory chain and participates in electron transport within the mitochondrial respiratory chain (Vercellino and Sazanov, 2022). Mitochondrial protein genes produce not only the energy required for exercise and other purposes, but also the heat that aids in the regulation of body temperature, especially for organisms living in cold climates (Ruiz-Pesini et al., 2004). The Baiyangdian Basin is in the warm temperate, semi-humid continental monsoon climate zone with cold winters. Different genes in non-native species exhibit a variety of functions that play roles of differing importance, with varying effects attributed to energy production (such as Cytb and COIII) and heat generation (such as COI and COII). Depending on which factor plays a more significant role, different selective constraints are observed (Sun et al., 2011). In this study, in terms of the ratios of the ω values between non-native species gene populations and native species gene populations, the ratio of Cytb was 53.4494%, that of COIII was 49.0398%, that of COI was 84.2803%, and that of COII was 68.0333%. Here, it was found that the Cytb and COIII genes, relative to the COI and COII genes, exhibited greater differential purifying selection in non-native species compared to native species gene populations. Therefore, it is reasonable to speculate that there is a greater demand for energy under the cold climate conditions of the Baiyangdian Basin and for non-native species that need to migrate. This leads to a stronger purifying effect on genes such as COX and Cytb in non-native species compared to native species. Thus, it is likely that energy production plays a more important role than heat generation in the invasion and adaptation of non-native species to the environment of Baiyangdian Basin.
[image: Figure 6]FIGURE 6 | Comparisons of the Ka/Ks values for the 13 PCGs between the native species and non-native species groups. Note: *0.01 < p ≤ 0.05, **0.001 < p ≤ 0.01, ***p ≤ 0.001.
4 CONCLUSION
This paper analyzed the mitochondrial genomes of 17 fish species in the Baiyangdian Basin for the first time. The basic characteristics of the complete mitochondrial genes of each species, including their basic composition, PCG selection pressure, base preference, and RSCU, were fully elaborated. Phylogenetic relationships were established using ML trees to reveal the evolutionary relationships among species. This study also provided fundamental information on native and non-native species in the Baiyangdian Basin. Using Xenocyprididae as a representative family, this study investigated the selective pressures on PCGs of both native and non-native fish species. Among the 13 PCGs, the ω value of the ATP8 gene was significantly lower in native species than that in non-native species, while the ω values of the COX gene and Cytb gene were significantly lower in non-native species compared to native species. These differences may have arisen because the survival of non-native species during migration and in cold receiving environments depends on the adaptation of genes that encode proteins involved in energy production and heat generation. These results suggest that energy production plays a more important role than heat generation in the invasion and adaptation of non-native species to the environment of the Baiyangdian Basin.
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Culter alburnus Chordata | Actinopteri | Cypriniformes  Xenocyprididae Culter + 16625bp
Ctenopharyngodon Chordata | Actinopteri | Cypriniformes | Xenocyprididae | Ctenopharyngodon + 16609bp
idella
Silurus asotus Chordata | Actinopteri | Siluriformes Siluridae Silurus + 16769bp
Rhodeus sinensis Chordata | Actinopteri | Cypriniformes  Acheilognathidea Rhodeus + 16677bp
Paramisgurnus Chordata | Actinopteri | Cypriniformes Cobitidea Paramisgurnus + 16574bp
dabryanus
Pseudorasbora parva | Chordata | Actinopteri | Cypriniformes Gobionigae Pseudorasbora + 16601bp
Micropercops swinhonis | Chordata | Actinopteri | Gobiiformes | Odontobutidae Micropercops + 15893bp
Tachysurus fulvidraco | Chordata | Actinopteri | Siluriformes Bagridae Tachysurus + 16527bp
Hypophthalmichthys | Chordata | Actinopteri | Cypriniformes | Xenocyprididae | Hypophthalmichthys + 16614bp
‘molitrix
Cyprinus carpio Chordata | Actinopteri | Cypriniformes Cyprinoidae Cyprinus + 16582bp
Plagiognathops Chordata | Actinopteri | Cypriniformes | Xenocyprididae Plagiognathops + 16619bp
microlepis
Culter dabryi Chordata | Actinopteri | Cypriniformes | Xenocyprididee | Chanodichyhys + 16509bp
Megalobrama Chordata | Actinopteri | Cypriniformes | Xenocyprididae Megalobrama + 16622bp
amblycephala
Carassius auratus Chordata | Actinopteri | Cypriniformes Cyprinoidae Carassius + 16579bp
Siniperca undulata Chordata | Actinopteri | Centrarchiformes | Sinipercidae Siniperca + 16496bp
Hemicultr eucisculus | Chordata | Actinopteri | Cypriniformes | Xenocyprididae Hemiculter + 16619bp
Hypophthalmichthys | Chordata | Actinopteri | Cypriniformes | Xenocyprididae | Hypophthalmichthys + 16618bp

nobilis
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