Evolutionary ecology of the visual opsin gene sequence and its expression in turbot (Scophthalmus maximus)
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Abstract
As flatfish, turbot undergo metamorphosis as part of their life cycle. In the larval stage, turbot live at the ocean surface, but after metamorphosis they move to deeper water and turn to benthic life. Thus, the light environment differs greatly between life stages. The vision system plays a great role in organic evolution, but reports of the relationship between the visual system and benthic life are rare. In this study, branch- and branch-site models were implemented in the CODEML program within PAML4.9i to compare the selective constraints acting on the visual opsin genes of five flatfish species, including turbot and four freshwater species. Based on synteny and spectral tuning sites analyses, we demonstrated that RH2C may be an important subtype of green opsin gene that was retained by turbot and possibly other flatfish species during evolution. Moreover, E122Q and M207L substitutions in RH2C, which were found to be under positive selection, may contribute to the survival of turbot in the bluish colored ocean. Real-time PCR results suggested that heterochronic shifts in opsin expression may be an important strategy for turbot to adapt to benthic life. Finally, turbot exhibited a bounded plasticity of opsin expression in response to different photic environments, which seems to be a mechanism for rapid adaption to changing environmental light.
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1. Introduction
To survive, all organisms must react to changes in the physical environment, such as temperature, circadian rhythm of light, and humidity (Davies, Collin, & Hunt 2012). Thus, to frame the evolutionary perspective about the molecular basis of organismal adaption and biology, sensory systems are generally selected as ideal models (Hauser & Chang 2017). Vision is closely related to behaviors such as foraging, mating, parental care, and avoiding predation. As it allows for almost instantaneous transmission of information, vision likely plays a great role in organic evolution (Yokoyama 2002). Vision formation involves retinal reception, integration, and higher-order brain processing (Endler 1992; Valen, Karlsen, & Helvik 2018). Retinal reception is mediated by visual pigments, which consist of one opsin protein, a group of G protein-coupled receptors, and one chromophore (11-cis-retinal, A1, or 11-cis-3, 4-dehydroretinal, A2) (Yokoyama 2000).
Due to water absorption and scattering, the photic environment of the aquatic system in which fish live changes rapidly with depth, especially in the ocean. In order to adapt to different spectral conditions, teleosts possess five classes of visual opsin genes: 1) RH1 (rhodopsin) for dim light; 2) RH2 (rhodopsin-like opsin) for green; 3) SWS1 (short wavelength-sensitive type 1) for ultraviolet; 4) SWS2 (SWS1-like opsin) for blue; and 5) LWS (long wavelength-sensitive) for red. With the exception of RH1, which is expressed in rod photoreceptors, the other four classes are expressed in cone photoreceptors (Yokoyama 2000). The cone opsin genes derived from two rounds of whole genome duplication (Nordstrom, Larsson, & Larhammar 2004). It is believed that after several additional duplication events, diverse opsin repertoires were maintained among different species (Chinen, Hamaoka, Yamada, & Kawamura 2003; Matsumoto, Fukamachi, Mitani, & Kawamura 2006; Watson et al. 2011; Nakamura et al. 2013; Kasagi, Mizusawa, & Takahashi 2018; Liu et al. 2019). RH2 and LWS duplication events were most prevalent in ray-finned fish, and tandem duplication seems to have produced more duplicates (Rennison, Owens, & Taylor 2012). Due to substitution in key sites, the multiple opsin subtypes from duplication generally have different spectral peak absorbance (λmax), which helps enrich the visual system (Yokoyama 2002; Chinen et al. 2003; Nakamura et al. 2013; Hauser & Chang 2017).

In addition to the adaptive evolution of gene sequences, heterochronic shifts in visual opsin expression are an important mechanism of spectral tuning (Cheng & Flamarique 2004; Carleton et al. 2008). For example, single cones in rainbow trout (Oncorhynchus mykiss) switch opsin expression from SWS1 to SWS2 during the juvenile period (Cheng & Flamarique 2007). In winter flounder (Pleuronectes americanus), only RH2 was expressed in the premetamorphic retina, whereas RH1, SWS2, and LWS were also expressed in the postmetamorphic retina (Mader & Cameron 2004). Besides ontogenetic changes, plasticity of visual opsin expression in response to different photic environments is an important strategy that allows rapid adaptation to environmental changes. Plastic opsin expression was reported to have a profound effect on Nile tilapia (Oreochromis niloticus) and guppy (Poecilia reticulate) during development (Hornsby, Sabbah, Robertson, & Hawryshyn 2013; Ehlman, Sandkam, Breden, & Sih 2015). It was also reported for the adult stage of fish such as red shiner (Cyprinella lutrensis) and bluefin killifish (Lucania goodei) (Fuller & Claricoates 2011; Chang & Yan 2019). Additionally, a recent study showed that opsin coexpression might be a novel mechanism for modulating color vision (Dalton, Loew, Cronin, & Carleton 2014). However, it is unclear whether the direction and extent of opsin expression plasticity are limited by ontogeny (Harer, Karagic, Meyer, & Torres-Dowdall 2019).
The turbot (Scophthalmus maximus) is an important aquaculture species with great commercial value. As a flatfish, metamorphosis is a critical part of its life history. In the early stage, it lives at the ocean surface. After metamorphosis, turbot move to deep water and enter a benthic phase. This change in habitat results in a great shift in environmental conditions, and its visual system may change accordingly. However, visual characteristics and the opsin expression pattern of turbot and their relationship to benthic life remain unknown. In the present study, we investigated the selection pressure acting on turbot and eight other teleost species and conducted spectral tuning sites and synteny analyses to evaluate the adaptive evolution of turbot visual opsin genes. We also investigated the heterochronic shifts during development of turbot and plastic opsin expression in response to photic variation. Results of this study enrich the understanding of sensory adaption in demersal fish.
2 Materials and Methods
2.1 Phylogenetic and synteny analysis
To identify the visual opsin gene repertoire of turbot, zebrafish opsin sequences were used as BLASTp query sequences with e-value < 10–10, and they were downloaded from the chromosome of the reference genome. Opsin sequences of four flatfish (spotted halibut, Verasper variegatus; Japanese flounder, Paralichthys olivaceus; barfin flounder, Verasper moseri, and Atlantic halibut, Hippoglossus hippoglossus) and four freshwater species living in shallow water (zebrafish, Danio rerio; medaka, Oryzias latipes; guppy; and zebra mbuna, Maylandia zebra) were obtained from GenBank. For accession numbers, see previous research (Helvik, Drivenes, Naess, Fjose, & Seo 2001; Laver & Taylor 2011; Kasagi et al. 2015; Kasagi et al. 2018). Phylogenetic relationships among the visual opsin nucleotide sequences were inferred using MEGA 7 software (Kumar, Stecher, & Tamura 2016) by applying the neighbor-joining method (Saitou & Nei 1987) and maximum composite likelihood model algorithm (Tamura & Nei 1993). The reliability of tree topology was evaluated by bootstrap analysis with 1000 replications and uniform rates among sites. Genomicus synteny (Nguyen, Vincens, Roest Crollius, & Louis 2018) and Ensembl genome browsers were used to assess the syntenic regions between turbot and five other teleost genomes (tongue sole, Cynoglossus semilaevis; Japanese medaka HNI; zebra mbuna; zebrafish, and guppy).
2.2 Branch and branch-site test of selection

To estimate the differences in selection pressure between five flatfish and four freshwater fish, branch-specific models and branch-site models of maximum likelihood were implemented in the CODEML program of PAML4.9i (Yang 2007). Tree topologies of each gene were the same as those obtained in section 2.1. First, we compared the one-ratio model and free-ratios model in the branch test of selection (Yang 1998). We then compared null Model A against the alternative Model A in the branch-site test to determine whether positive selection was present; different sets of foreground lineages were marked with letters in each gene (Fig. 1) (Zhang, Nielsen, & Yang 2005). The likelihood ratio test (LRT) was used to compare all alternative models and their corresponding null models. The Bayes Empirical Bayes method was used to obtain the posterior probability of sites under positive selection (Yang, Wong, & Nielsen 2005).
2.3 Analysis of spectral tuning sites
Representative spectral tuning sites of amino acids were compared among the opsins of five flatfish and four freshwater species. The sites were referenced from a previous study (Nakamura et al. 2013). The amino acid sequence alignments were accomplished using ClustalX (Larkin et al. 2007). The number of amino acid sites was standardized to bovine rhodopsin, except for blue opsin, which was standardized to barfin flounder SWS2A.
2.4 Estimation of turbot RH2 divergence times 
The divergence time of turbot RH2 genes was estimated by MCMCTREE within PAML4.9i (Yang 2007). The neighbor-joining tree of six species (turbot; Atlantic salmon, Salmo salar; fugu, Takifugu rubripes; common carp, Cyprinus carpio; lungfish, Neoceratodus forsteri, and rainbow trout) was acquired by MEGA 7 using the same method as described above. The fossil calibrations were adopted from TimeTree (Kumar, Stecher, Suleski, & Hedges 2017). The tree topology and fossil calibrations were set as (((((((S.maximus_RH2B1, S.maximus_RH2B2), S.maximus_RH2C), T.rubripes_RH2), (S.maximus_RH2A1, S.maximus_RH2A2)), (S.salar_RH2,O.mykiss_RH2)) '>1.86<2.27', (C.carpio_RH2-1, C.carpio_RH2-2)) '>2.05<2.55', N.forsteri _RH2). The RootAge was set as '<6.0'.

2.5 Biological material
2.5.1 Heterochronic shift experiment

Laval and juvenile turbot were bred at Shenghang Aquatic Science and Technology Company (Weihai, Shandong Province, China). The ages of the individuals used for analysis of heterochronic shifts in opsin gene expression were: 0.5 month (15 days post hatch), 1 month, 4 months, 9 months, and 18 months.

2.5.2 Plasticity of opsin gene expression in response to different light environments
Seven-month-old turbot were reared in five light environments for 2.5 months. The experimental tanks (each 1.5 m in diameter and 0.85 m in depth, water volume of approximately 1 m3) were illuminated by LED lights with different spectra (full spectrum, blue, green, orange, and red) (Fig. 2) set over the tank’s center. Photon flux density on the water surface was set at approximately 7.0 μmol/m2/s, and the photoperiod was set as 16 L: 8 D. The LED lights were provided by Shenzhen Fluence Technology PLC (Shenzhen, China). 
2.6 Quantification of turbot opsin RNA expression
All individuals for mRNA expression analysis were euthanized with 300 mg/L of MS-222 (Sigma, Shanghai, China) before being decapitated. The eyes were removed and immediately stored in liquid nitrogen until analyzed. Total RNA was extracted using the RNA Isolation Kit (Vazyme Biotech Co, Nanjing, China). RNA purity and concentration were examined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Shanghai, China), and RNA integrity was verified by gel electrophoresis. The PrimeScript RT reagent kit with gDNA Eraser was used to synthesize first-strand cDNA from 0.5 μg of total RNA (TaKaRa, Dalian, China). Using the Bio-Rad CFX Connect™ Real-Time PCR System (Bio-Rad, Hercules, CA, USA), quantitative real-time PCR (qPCR) was conducted with TB Green Premix Ex Taq (TaKaRa) following the manufacturer's protocol. Melting curves were plotted to confirm amplification specificity. Using the 2−ΔΔCt method, the relative expression level of each opsin gene was normalized to β-actin, which was selected as the internal reference gene after evaluating the expression pattern of eight commonly used housekeeping genes (Dang & Sun 2011). Table 1 shows the specific primers for qPCR. The PCR mixture (20 µl) contained 10 μl of TB Green Premix Ex Taq, 7.6 μl of PCR-grade water, 1.6 μl of cDNA, and 0.4 μl of each of the primers. The qPCR reaction was performed in triplicate with the program of 95 ºC for 3 min, followed by 40 cycles at 95 ºC for 10 s, 57/58 ºC for 30 s, and 72 ºC for 30 s. Proportional opsin expression was determined as a fraction by calculating the proportion of each cone opsin (Ti) relative to the total cone opsin expression (Tall) as follows: 
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where Ei represents the PCR efficiency for each pair of primers and Cti is the critical cycle number for each gene (Fuller, Carleton, Fadool, Spady, & Travis 2004; Harer, Torres-Dowdall, & Meyer 2017).
To assess significance of the change in opsin expression between different stages and each experimental light environment, the least significant difference (LSD) post hoc test with 95% confidence level was used. Data were analyzed using SPSS 23.0 software. Relative expression data are shown as the mean ± standard deviation, and proportional expression data are shown as averages.
3 Results

3.1 Phylogeny and syntenic analysis of turbot visual opsin

Figure 1 shows an unrooted visual opsin phylogenetic tree of turbot and eight other species constructed using the neighbor-joining method. The tree confirmed the identities of turbot opsins: RH1, SWS1, SWS2, RH2A1, RH2A2, RH2B1, RH2B2, RH2C, and LWS. Unlike other single-copy opsin genes, turbot have five RH2 paralogs. Figure 3 shows the results of comparative synteny analyses among six selected teleost species. In general, opsin gene positions were conserved among teleosts. For example, the RH1 gene was typically positioned between the gene loci of prickle2a and ren. In addition to RH2C, four other RH2 genes of turbot were located in tandem on chromosome 6. By comparing the syntenic region containing RH2C, we found that although the genomic regions both downstream and upstream were otherwise maintained, RH2C was missing in the other five species (Fig. 3B). When we expanded the analysis to all fish genomes that could be analyzed, the RH2C loci was still not found. Similarly, LWS-1, LWS-2, and LWS-3 of guppy formed a tandem gene cluster, while LWS-4 was located on chromosome LG21 (Fig. 3C). Additionally, SWS1 was not present in the tongue sole genome (Fig. 3A).

3.2 Natural selection and spectral tuning sites analysis
To evaluate the selective constraints acting at the branch level in teleosts, branch-specific selection analysis was performed. In all cases of opsin genes, the free-ratio model provided a better fit, indicating the heterogeneity of ω values (nonsynonymous/synonymous rate ratio, ω = dN/dS) among branches (Table 2) (Yang 1998). For the branch-site models, the test was conducted on a particular branch of the tree. The LRT comparisons between model A and the null model revealed several sites under positive selection on nine branches of the tree (red labeled branches in Fig. 1). These sites under episodes of positive selection are listed in Table. 3. Among the lineages selected in the phylogenetic tree, only LWS lacked a positive selection site. Furthermore, positive results were found for all branches of zebrafish except LWS. Among all selected branches, the SWS2 branch of zebrafish had the most sites. 
Based on amino acid multiple alignments, we surveyed the main tuning sites involved in spectral sensitivity. Tables 4 and 5 show the results for RH1 and RH2, respectively, and the others are shown in Tables S1–3. Asparagine (N) was present at site 83 in five flatfish species, while the other teleost genomes had aspartic acid (D) in RH1; there were no differences in the other three sites. With the exception of Atlantic halibut, the other four flounders all had changes of glutamic acid (E) to glutamine (Q) at site 122 and methionine (M) to leucine (L) at site 207 in RH2C. For SWS1, sites 46 and 114 of turbot contained phenylalanine (F) and alanine (A), respectively, but serine (S) was present in those locations for the other four flatfish species. Moreover, in the b branch of SWS2 in the tree (Fig. 1), all four species had the same amino acid substitution of valine (V) for threonine (T) at site 99. We also found a turbot-specific amino acid site (122S) in SWS2.

3.3 Divergence time of turbot RH2 genes
The time that the turbot RH2 genes diverged was estimated by MCMCTree using the soft fossil constraints method, and then we obtained an evolutionary pathway (Fig. 4). We speculated that five RH2 genes were the product of several duplication events. The proposed first divergence time was 166 (138–192) million years ago (Mya) in the Jurassic, which formed RH2A and RH2B/RH2C. The third divergence (about 71 Mya) created RH2B and RH2C. The divergence times of RH2A1/RH2A2 and RH2B1/RH2B2 were estimated to be 87 (51–128) and 34 (17–57) Mya, respectively. The divergence of RH2B1/RH2B2 was the latest one, and it occurred in the Tertiary.

3.4 Heterochronic shifts in opsin gene expression
In these experiments, expression levels of visual opsin genes in turbot at different developmental stages were determined by qPCR. Eight of the visual opsin genes were expressed at a low level at 0.5 and 18 months of age, but RH1 was highly expressed at 18 months of age. From 1 to 9 months of age, RH1, SWS2, and SWS1 expression significantly increased and LWS, RH2A1, RH2B2, and RH2C expression significantly decreased as turbot grew. No significant change was detected in RH2A2 and RH2B1 throughout ontogeny (Fig. 5). Among the RH2 genes, RH2A1/RH2B2 and RH2A2/RH2B1 exhibited the same expression pattern throughout ontogeny, and the pattern for RH2C was closer to that of RH2A2 and RH2B1. When we analyzed the proportional opsin gene expression of each cone opsin gene, we found that LWS, RH2B1, and RH2C were the three genes present in the highest proportions. The maximum LWS expression level was 53.85% at 1 month of age, while that of RH2B1 was 63.27% at 9 months of age. Thus, the dominant opsin shifted from LWS to RH2B1 during turbot development (Table. 6).

3.5 Effects of light exposure on visual opsin gene expression
To unravel potential effects of light environment on visual opsin gene expression in turbot, we investigated the differential expression of opsin genes under different spectral treatments. Expression levels of RH2B1, SWS1, and SWS2 of individuals under full, green, and blue spectrum light were significantly greater than those under orange and red spectrum light. Although no differences in SWS1 expression were detected, SWS2 expression of individuals in the blue light treatment was significantly higher than that in the green and white light treatments. Additionally, RH2B1 expression in the full spectrum light treatment was significantly lower than that in the blue and green light treatments. However, no significant differences were detected in the expression levels of the other six genes among turbots cultured under different spectrum LED lights (Fig. 6).
4 Discussion

4.1 Molecular evolution of RH2 and RH1

Through phylogenetic analysis, we characterized the visual opsin genetic component of turbot. Five green opsin genes are present in the turbot genome, and this number is the largest among the sequenced fish species to date, along with Pacific bluefin tuna (Thunnus orientalis) (Nakamura et al. 2013; Figueras et al. 2016). Our gene synteny analysis showed that RH2C was not on the same gene cluster as the other four RH2 genes. In addition, the RH2C locus was absent in other teleost species analyzed in this study. Unfortunately, our gene synteny analysis failed to cover all species of fish, including some flatfish such as barfin flounder, spotted halibut, and Japanese flounder. We do not know yet whether their RH2Cs are arranged in tandem with other RH2 genes on the chromosome. Additionally, despite the close genetic relationship of tongue sole, it lacks the RH2C locus. We predicted that RH2C might have originated from flatfish-specific duplication, after which it was translocated to chromosome 8 from chromosome 6 in turbot. It is generally accepted that gene duplication may generate redundant genes, which is usually followed by degenerative mutations on one member of the pair and even gene loss (Force et al. 1999; Lynch & Force 2000; Rennison et al. 2012). Subsequently, some flatfish lineages lost RH2C, whereas other species such as turbot retained it. 
Although a previous study found no signals of positive selection on visual opsin genes of turbot (Figueras et al. 2016), we detected 10 amino acid sites of RH2C, and sites 122 and 207 are related to spectral sensitivity. In barfin flounder, the λmax of RH2C is blue shifted by approximately 16 nm compared to RH2B (Kasagi et al. 2015). Additionally, mutagenesis experiments in coelacanth indicated that both E122Q and M207L cause blue shift of optimum light sensitivities (Yokoyama, Zhang, Radlwimmer, & Blow 1999; Yokoyama & Tada 2000; Yokoyama 2002). Thus, we speculated that the λmax of RH2A1, RH2A2, and RH2C are blue shifted in turbot. Moreover, in turbot multiple copies of RH2 form green opsins with different λmax, as is found in zebrafish and medaka (Chinen et al. 2003; Matsumoto et al. 2006). Different spectral peak absorbance is beneficial because it allows the fish to discriminate a wider spectrum of light. It may enhance color vision and contribute to prey detection in the bluish ocean (Nakamura et al. 2013). Based on the loss of RH2A function in the genus Verasper (Kasagi et al. 2018) and our results showing low expression levels of RH2B2 and pairs of RH2A, we deduce that RH2B1 and RH2C are the major RH2 genes in turbot. Furthermore, the retention of RH2C is an adaptation of turbot to the spectral environment in the deep sea due to its short-shift of λmax. Additionally, some studies have shown that opsin genes are tied to nuptial and body coloration 
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(Wang et al. 2008; Montenegro et al. 2019)
, but further work is required to confirm this function. Regarding the RH1 genes, all flatfish species studied herein have the substitution of D83N, which has been demonstrated to cause blue shift in cattle and chameleons (Yokoyama 2000). However, this site was not positively selected. Therefore, whether this replacement is beneficial for benthic adaptation needs further study. For the other three sites, no differences were found in nine fish species (Hope, Partridge, Dulai, & Hunt 1997; Yokoyama & Takenaka 2004; Yokoyama, Tada, Zhang, & Britt 2008).

4.2 Heterochronic changes in opsin expression
Heterochronic changes in a variety of traits have been reported, including opsin expression (Hanken & Hall 1984; Schmidt & Roth 1996; Mabee, Olmstead, & Cubbage 2000; Linksvayer & Wade 2005; Carleton et al. 2008). A study of cichlids revealed that subfunctionalization of heterochronic changes in expression is critical for preservation of opsin genes (Spady et al. 2006). Furthermore, altering opsin expression patterns during ontogeny is an important mechanism for modulating color vision (Cheng & Flamarique 2004). In order to adapt to different life cycle stages, organisms retain three patterns of heterochronic changes in opsin gene expression. For instance, in cichlid fishes, Nile tilapia showed a normal pattern of opsin gene expression that changes dynamically from a larval gene set to a final adult set. In contrast, cichlids from Lake Victoria had only an adult gene set with little change through time (direct developing pattern), and rock dwellers from Lake Malawi had a reduced rate of change (neotenic pattern) (Carleton et al. 2008). In the current study, we found a normal pattern of visual opsin expression in turbot. Turbot undergo metamorphosis during growth and development, which is accompanied by changes in the spectral environment: the bright daylight and long wavelength spectrum environment during the pelagic phase and the dim light and short to medium wavelength spectrum environment in the benthic phase. Transformation of light environments in turn might lead to shifts in opsin gene expression and spectral sensitivity (Evans, Harosi, & Fernald 1993). Our results showed that turbot undergo heterochronic shifts in opsin gene expression, which may alter spectral sensitivity and contribute to scotopic vision. Specifically, the increased expression level of RH1 is beneficial for observation in diminishing luminance when the fish enter deep water. As for cone opsin genes, the highest proportional expression level of LWS at the early developmental stages is gradually replaced by RH2B1 at the later developmental stages during ontogeny. This variation means that the visual sensitivity shifts from red to green during adaptation to the deep sea environment. Downregulation of LWS and upregulation of RH1 expression level were also found during development in barfin flounder (Kasagi et al. 2015). Similarly, no rod photoreceptors were found in retinas of larval winter flounder (Pseudopleuronectes americanus), indicating no expression of RH1, whereas three types of photoreceptors with different λmax, including rods, were present in adult retinas. These results indicate increased RH1 expression and a shift in spectral sensitivity (Evans et al. 1993). In our study of turbot, we found low expression of cone opsins and a slight increase in proportional level of LWS at 18 months of age. Thus, color vision seems not to be important for turbot in the deep sea, and higher LWS expression may occur in preparation for reproduction. 
4.3 Bounded plasticity in opsin gene expression
In this study, turbot showed bounded plasticity in opsin expression. Only RH2B1, SWS1, and SWS2 responded to different spectral LED treatments. Together with the high expression level of RH2B1 described above, this result may indicate that RH2B1 is the cone opsin subtype with critical function in color vision. No significant differences in RH1 expression in our experiment is understandable owing to the same light intensity setting. We propose that treatment time was not the reason for the constant LWS level. Previous related studies suggested that the plasticity of opsin expression is highly species specific (Dalton, Lu, Leips, Cronin, & Carleton 2015; Stieb, Carleton, Cortesi, Marshall, & Salzburger 2016; Kranz, Forgan, Cole, & Endler 2018; Luehrmann et al. 2018). For instance, cod seemed to be robust to photic changes in the larval stage (Valen et al. 2018). However, in cichlids, plastic opsin expression occurs during development and in adults. Species-specific plasticity may be due to phylogenetic constraints or differences in ecological visual tasks. For example, guppies grown under orange light showed a higher level of LWS gene expression than those under green light, and the expression variations were related to behavioral sensitivities to the long wavelength spectrum (Sakai, Ohtsuki, Kasagi, Kawamura, & Kawata 2016). Similarly, for bluefin killifish, individuals raised in clear water exhibited higher levels of SWS2B and SWS1, while those raised in tea-stained (reduced UV/blue wavelengths) water exhibited higher levels of LWS and RH2 (Fuller, Carleton, Fadool, Spady, & Travis 2005). A recent study also indicated that opsin expression changes respond extremely quickly to environmental light differences, even within 3 days. These changes played a great role in the rapid divergence of African cichlids (Nandamuri, Yourick, & Carleton 2017). Overall, we speculate that the plasticity of opsin expression may be a mechanism that allows turbot to adapt to rapid environmental light changes, and it might help turbot find favorable habitats. However, the extent to which changes in opsin expression in different light environments can tune spectral sensitivity remains to be studied in more detail.
4.4 Genetically based versus environmentally triggered variation 
The developmental progression in opsin expression is strongly linked to shifts in spectral sensitivity, which is generally considered to be an adaptation strategy to ambient light changes that occur over the life cycle. It is not yet clear whether heterochronic shifts in opsin expression are genetically determined or environmentally triggered. Generally speaking, opsin expression should not need to change if there are no differences in the environmental spectrum. However, in the present study, we found that the turbot, which has been artificially domesticated for a long time, still showed variation of opsin expression in the same spectral environment during different developmental stages. Thus, it retains the developmental progression of the wild state. Hence, we speculate that the normal pattern of turbot opsin expression is a pre-programmed developmental event. Moreover, we propose that the plastic changes of opsin expression in response to changes in the photic environment are also genetically based. Cichlids from Lake Malawi also show bounded plasticity, which occurs within the genetically controlled expression profile (Hofmann, O'Quin, Smith, & Carleton 2010). In addition, the limit of adaptive plasticity in opsin expression in response to different spectral light environments in larval cod is consistent with our hypothesis (Valen et al. 2018). 

5 Conclusions

Our results indicate that evolutionary changes in gene sequences and heterochronic shifts in opsin expression are the main ways that turbot adapt to environmental photic variations from the pelagic to the benthic period. Specifically, the positive selection of E122Q and M207L of RH2C is closely related to a blue shift of the spectral peak absorbance, and RH2C may be an important green opsin gene retained by some flatfish species, including turbot, after gene duplication. Spectral sensitivities tuned by heterochronic shifts in opsin expression is another strategy to adapt to different ambient light spectra during the life cycle. We propose that the heterochrony is pre-programmed and that the plasticity of opsin expression level in response to different environmental spectra may be a complementary mechanism for adaption, although the ecological significance of it is not completely understood.
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Table Legends
Table 1. Nucleotide sequences of oligonucleotide primers.
Table 2. Statistics of branch-specific model analysis of turbot and other teleost species. 

Table 3. Parameter estimates of branch-site models and predicted positively selected sites.
Table 4. Comparison of representative spectral tuning sites among teleost RH2 opsins.
Table 5. Comparison of representative spectral tuning sites among teleost RH1 opsins. 
Table 6. Proportional expression of cone opsin genes of turbot at different stages.
Figure Legends

Fig. 1: Phylogenetic relationships of the turbot opsin genes and other teleost opsin genes based on the neighbor-joining method. The bootstrap test (1000 replicates) scores are shown on the nodes. Branches marked in red or green were selected for branch-site models analysis: red indicates that several sites under positive selection were detected, and green indicates the opposite. Different letters marked near the branches represent the settings of the different foreground branches introduced in section 2.2. 

Fig. 2: Different spectral conditions used in the plasticity experiments in this study. Spectral composition and light intensity were measured using a Plant Lighting Analyzer-20 (Yuanfang, Hangzhou, China), and the photon flux density was approximately 7.0 μmol/m2/s and the photoperiod was16 L: 8 D.
Fig. 3: Synteny analyses of visual opsin genes between turbot and five other teleost species (tongue sole, medaka, zebra mbuna, zebrafish, and guppy). (A) SWS1, (B) RH2, (C) LWS and SWS2, (D) RH1. Different gene families are represented by colored pentagons, and the direction of the pentagon indicates gene orientation. The dashed lines indicate that two adjacent genes in that species are not directly linked.

Fig. 4: An inferred evolutionary pathway of turbot RH2 genes. The number on each node of the dendrogram (left) represents a duplication event, whereas the right side shows the changes in RH2 gene orientations during evolution. 

Fig. 5: Visual opsin expression of turbot at different stages. Gene expression was measured by

quantitative Real-Time PCR (qPCR) with the TB Green Premix Ex Taq assay, and mRNA expression levels of each gene were averaged over several individuals: 0.5 month (15 days post hatching (dph), n > 30), 1 month (30 dph, n > 30), 2.5, 4, 9, and 18 months (n = 3). Different letters represent statistically significant differences between stages (P < 0.05). 
Fig. 6: Plastic opsin expression in response to different light environments. Abbreviations: F, full spectrum; B, blue; G, green; O, orange; and R, red. LSD multiple comparisons are indicated with different letters (n = 4, P < 0.05).
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Table S3. Comparison of representative spectral tuning sites among teleost LWS opsins.
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