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Abstract
Background
Myopia is a common eye disorder that results from gene-environment interactions. The prevalence of myopia varies across populations, and exposure to bright sunlight may prevent its development. We hypothesize that local adaptation to light environments during human migration played a role in shaping the genetic basis of myopia, and we aim to investigate how the environment influences the genetic basis of myopia.

Method
We utilized the whole-genome variant data of the 1000 Genomes Project for analysis. We searched myopia-associated loci that were under selection in Europeans using population branch statistics and the number of segregating sites by length statistics. The outliers of these statistics were enriched in the Kyoto Encyclopedia of Genes and Genomes pathways and the gene ontology biological process terms in searching for pathways that were under selection. We applied Bayesian inference to estimate the correlation between environmental factors and allele frequencies of the selected loci and performed causal inference of myopia using two-sample Mendelian randomization analysis.

Results
We detected signatures of adaptation in vision and light perception pathways, supporting our hypothesis of sunlight adaptation. We discovered a strong correlation between latitude and allele frequencies in genes that are under significant selection, and we found pleiotropic effects of pigmentation or circadian rhythm genes on myopia, indicating that sunlight exposure influences the genetic diversity of myopia.

Conclusions
Myopia genes involved in light perception showed signs of selection. Local adaptation during human migration shaped the genetic basis of myopia and may have influenced its global prevalence distribution.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40101-023-00341-4.
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Introduction
Myopia, or nearsightedness, is widely acknowledged as the leading cause of distance vision impairment worldwide [1]; since its emergence in the last century, it has become a significant public health burden [2, 3] and is believed to result from gene-environment interactions [4, 5]. Previous studies have demonstrated that spending more time outdoors and under bright sunlight can help prevent the progression [6, 7]. This protective effect in both human and animal models [8–10] suggests that the gene-environment interactions of sunlight in myopia are evolutionarily conserved.
Findings in previous genetic studies of myopia [4, 11] suggested that genetic susceptibility to myopia was not different between Europeans and East Asians. In contrast, the prevalence of myopia was significantly higher in East Asia than in Europe (Supplementary Figure S1) [1, 12–15] despite adequate urbanization and education levels. Myopia is considered to be an evolutionary mismatch [16], which was hypothesized to be the result of genes that were advantageous in the ancient environment and became deleterious in the modern environment [17]. Bright sunlight inhibits myopia progression and profoundly influences genetic and phenotypic diversity in humans [18, 19]. We hypothesized that adaptations to different sunlight environments during modern human migration diversified the genetic basis of myopia worldwide and subsequently contributed to discrepancies in the prevalence of myopia. Major large-scale genetic studies of myopia have been European centric, and the annual sunshine duration varies drastically in Europe, making Europeans ideal subjects for testing our hypothesis.
This study examined the signature of adaptation to myopia-related loci in 1000 Genome Project (1KGP) populations [20], aimed to infer drivers for the differentiation of the genetic basis of myopia. It investigated the role of sunlight exposure in the diversification of myopia prevalence and deepen the understanding of gene-environment interactions in myopia.

Methods
This study aimed to detect selection signatures in myopia-associated genes within sunlight-related pathways. Given the highly polygenic nature of myopia, we investigated selective sweeps based on allele frequencies and haplotypes, as well as polygenic adaptation based on subtle shifts in allele frequencies within certain pathways. We validated the correlation between the allele frequencies of identified loci and environmental factors and inferred a correlation between sunlight-related exposures and myopia.
Genotype and summary statistics
The 1KGP phase 3 variant data was downloaded from the International Genome Sample Resource (IGSR) (ftp://​ftp.​1000genomes.​ebi.​ac.​uk/​vol1/​ftp/​release/​20130502/​). A set of summary statistics of a meta-genome-wide association study (GWAS) of myopia [21] was downloaded from the FTP site of the King’s College London (ftp://​twinr-ftp.​kcl.​ac.​uk/​Refractive_​Error_​MetaAnaly--sis_​2020). The GWAS summary statistics used in the two-sample Mendelian randomization [22] were obtained from online sources (https://​gwas.​mrcieu.​ac.​uk/​) [23].

Population statistics
Quality control (QC) and formatting of the genotype data were performed using PLINK v.1.9 [24]. The fixation index (Fst) was calculated using vcftools [25] (https://​vcftools.​github.​io/​man_​latest.​html). Population branch statistics (PBS) [26] were calculated using pairwise Fst in three combinations: Finnish in Finland (FIN), Toscani in Italy (TSI), and Yoruba in Ibadan, Nigeria (YRI); FIN, Bengali in Bangladesh (BEB); and YRI, FIN, Han Chinese in Beijing, China (CHB), and YRI. nSL [27] was computed using Selscan 2.0 (https://​github.​com/​szpiech/​selscan). Statistical analyses were performed using the R 4.3.0 software, implemented in RStudio 2023.03.1 + 446 (https://​www.​R-project.​org/​).

PBS selection index and detection of polygenic adaptation
A previously described method [28] was applied to detect polygenic adaptation by constructing a SNP-based PBS selection index.
To maximize the inclusion of informative SNPs associated with myopia, we extracted 9927 SNPs from myopia meta-GWAS summary statistics [21] based on linkage disequilibrium (LD) r2 < 0.1 in 1KGP Europeans (EUR) and P < 5.0 × 10−3 for myopia association. These SNPs were annotated to 4006 genes using g:profile [29]. An additional 64 loci, expressed in the retinal layers and associated with common refractive errors [11, 21], were added in cases not captured by the g:profile annotation. After removing redundancies, 4033 genes were identified.
The PBS selection index was computed for 4033 genes to measure the likelihood that the mean PBS of randomly selected SNPs would be greater than that of the observed SNPs of the same number. To address the skewed gene size distribution, genes were binned by SNP counts at a window size of 11, which was the mode of all gene sizes. A permutation test with 100,000 iterations was performed to ensure the robustness of the bin PBS selection index. These indices were adjusted using the false discovery rate (FDR). The per-gene PBS selection index was the mean of the corresponding bins, with a PBS selection index < 0.01 considered significant. This metric was not biased by gene sizes (linear regression, R 2 =  − 2.4 × 10−4, F-statistic P = 0.8586).
A total of 4033 genes were mapped to Gene Ontology Biological Process (GO BP) terms using QuickGO [30]. GO terms with gene counts below the median (n = 16) were excluded, resulting in 302 terms. To minimize redundancy, these terms were clustered using the GOSemSim R package [31] and pruned by cutting a Ward hierarchical clustering tree to a height of 0.5. Overlapping terms were removed by prioritizing gene counts, resulting in 260 GO terms. A two-sample proportion test was used to estimate the probability of nonrandom occurrences of per-gene PBS selection index values < 0.01 for each GO term. Outliers indicate subtle shifts in allele frequencies among the GO BP terms, implying polygenic adaptation.

Gene-environment correlation
Correlations between allele frequency and environmental factors were assessed by Bayenv [32], who described the likelihood that the outliers of selected allele frequencies relative to a standardized set of allele frequencies were due to the selected environmental effect rather than by chance.
Two-sample Mendelian randomization (MR) analyses were conducted using the R script at https://​mrcieu.​github.​io/​TwoSampleMR/​articles/​introduction.​html.


Results
Signatures of selection in myopia-associated loci
PBS estimates allelic frequency changes between two populations by incorporating an outgroup population to polarize frequency shifts among the three branches based on pairwise Fst. A highly positive PBS suggests the presence of potentially positive selection. In total, 6,404,423 SNPs were derived from the summary statistics of a meta-GWAS conducted on European populations [21] after QC. We retained the 99th percentile from the three PBS sets, FIN-TSI-YRI, FIN-BEB-YRI, and FIN-CHB-YRI (Supplementary Figure S2). We filtered their intersection using a threshold of P < 5.0 × 10−3 for association with myopia [21] meanwhile including more informative SNPs. This process yielded 535 SNPs, subsequently annotated to genes using g:Profiler [29]. We identified 80 genes associated with myopia and showed high PBS values (Supplementary Table S1).
nSL is a modified version of the integrated haplotype score (iHS) that employs the count of segregating sites instead of genomic distance for the haplotype length estimation [27]. This modification enhanced its resilience to variations in recombination rates. When nSL value is large (|nSL|≥ 2), it signifies positive selection for an SNP of interest. In total, 435 autosomal loci of genome-wide significance from a myopia meta-GWAS [21] were subjected to nSL filtering. Fourteen loci, including 53 genes, remained at the top SNP at each locus |nSL|≥ 2. These were combined with the 80 genes identified by PBS, resulting in 133 myopia-associated genes showing strong signatures in the positive natural sections (Supplementary Table S1). A gene-list enrichment analysis of these genes was performed using KOBAS-i [33], revealing 19 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with corrected P < 0.05 (Table 1). Notably, the KEGG pathway term “phototransduction” piqued our interest. The input genes for the enrichment analysis influencing phototransduction were derived from RHO (rs7984 and rs2855558) and PDE6G/TSPAN10 (rs9747347), and the expected population differences in allele frequencies were observed, as summarized in Table 2.
Table 1Significant terms of gene enrichment analysis


	KEGG ID
	KEGG term
	Enrichment corrected P

	hsa05416
	Viral myocarditis
	5.94E-03

	hsa04612
	Antigen processing and presentation
	7.48E-03

	hsa05321
	Inflammatory bowel disease (IBD)
	3.59E-02

	hsa04145
	Phagosome
	3.59E-02

	hsa05150
	Staphylococcus aureus infection
	3.59E-02

	hsa05140
	Leishmaniasis
	3.59E-02

	hsa05164
	Influenza A
	3.59E-02

	hsa05152
	Tuberculosis
	3.98E-02

	hsa04964
	Proximal tubule bicarbonate reclamation
	3.98E-02

	hsa04658
	Th1 and Th2 cell differentiation
	4.16E-02

	hsa05169
	Epstein-Barr virus infection
	4.19E-02

	hsa04744
	Phototransduction
	4.19E-02

	hsa05168
	Herpes simplex virus 1 infection
	4.19E-02

	hsa05310
	Asthma
	4.19E-02

	hsa04659
	Th17 cell differentiation
	4.19E-02

	hsa05145
	Toxoplasmosis
	4.55E-02

	hsa04714
	Thermogenesis
	4.60E-02

	hsa04152
	AMPK signaling pathway
	4.75E-02

	hsa05330
	Allograft rejection
	4.75E-02

	GO term
	GO name
	Two-sample proportions test P

	GO:0001889
	Liver development
	6.75E-09

	GO:0007420
	Brain development
	9.68E-06

	GO:0050896
	Response to stimulus
	3.37E-04

	GO:0007608
	Sensory perception of smell
	5.94E-04

	GO:0006357
	Regulation of transcription by RNA polymerase II
	7.74E-04

	GO:0006606
	Protein import into nucleus
	8.83E-04

	GO:0060271
	Cilium assembly
	1.07E-03

	GO:0001933
	Negative regulation of protein phosphorylation
	1.74E-03

	GO:0007368
	Determination of left/right symmetry
	2.33E-03

	GO:0043010
	Camera-type eye development
	2.33E-03

	GO:0001701
	In utero embryonic development
	3.27E-03

	GO:0007601
	Visual perception
	4.11E-03



Table 2Allele frequencies of highlighted SNPs detected by selective sweeps


	Gene
	RHO
	RHO
	TSPAN10

	rsid
	rs7984
	rs2855558
	rs9747347

	A1/A2
	G/A
	G/A
	T/C

	A1 effect size
	 − 0.01552
	 − 0.01385
	 − 0.03339

	GWAS P-val
	6.47 × 10−5
	3.14 × 10−4
	2.22 × 10−50

	FIN nSL
	 − 2.58406
	 − 2.41519
	2.0204

	Phenotypic consequence of the selected allele
	Hyperopic
	Hyperopic
	Myopic

	A1 frequencies in PBS populations

	    FIN-TSI-YRI
	0.07, 0.23, 0.97
	0.07, 0.23, 0.97
	0.42, 0.34, 0.07

	    FIN-BEB-YRI
	0.07, 0.47, 0.97
	0.07, 0.46, 0.97
	0.42, 0.20, 0.07

	    FIN-CHB-YRI
	0.07, 0.58, 0.97
	0.07, 0.58, 0.97
	0.42, 0.005, 0.07


A1 represents the effect allele, and A2 represents the alternative allele. The A1 effect size (diopters) and P-value were derived from the summary statistics of a myopia genome-wide association study (GWAS) [21]. FIN nSL denotes selection intensity, and a positive value indicates the extension of haplotypes favoring A1. Population branch statistics (PBS) were calculated using FIN Finnish in Finland, TSI Toscani in Italy, YRI Yoruba in Ibadan, Nigeria, BEB Bengali in Bangladesh; and CHB Han Chinese in Beijing, China



Rhodopsin, encoded by RHO, is responsible for light detection in rod photoreceptor cells. Rhodopsin exhibits significant molecular diversity among mammals based on its ecological niches and behavior [34–36]. The haplotypes of SNPs near rs2855558 and rs7984 (Fig. 1) displayed markedly reduced heterogeneity in the 1KGP Europeans (EUR), mixed Americans (AMR), and South Asians (SAS), whereas East Asians (EAS) and Africans (AFR) exhibited more diverse haplotypes. The cluster of homogeneous haplotypes was predominantly shared by the EUR populations, suggesting strong selection in these populations (Fig. 1).[image: ]
Fig. 1Haplotype distribution of a ~ 30-kb window near the SNPs of interest. Each row represents a haplotype, each column represents an SNP, the black dot indicates a derived allele, and the white dot represents the ancestral allele. The color band on the left indicates the 1KGP population, and the thick group of rows represents a high-frequency haplotype. Left: ~ 30-kb window at RHO, including rs7984 and rs2855558. Right: ~ 30-kb window at TSPAN10, including rs9747347. EUR, European; EAS, East Asian; AMR, admixed American; SAS, South Asian; AFR, African. The haplotype structures were generated by haplostrips [37]


The haplotypes of TSPAN10 exhibited a more diverse pattern (Fig. 1), and the EAS and AFR clusters differed from the EUR, AMR, and SAS clusters. Notably, rs9747347 showed a significant association with hair color (P = 2.94 × 10 −21) [38]; meanwhile, hair color demonstrates a strong connection to skin pigmentation due to the pleiotropic effect [39]. Given its significant association with hair color and myopia and the selection favoring myopia at this locus (Table 2), we inferred that the selective pressure at TSPAN10 may originate from adaptation events related to the light environment rather than myopia. Moreover, the two SNPs in RHO did not show genome-wide significance in the GWAS summary statistics. Therefore, selective signatures in RHO and TSPAN10 may result from sunlight-related environmental factors, such as pigmentation, rather than selective pressure on myopia (Supplementary Table S2).

Signatures of polygenic adaptation
Myopia is a complex trait with a highly polygenic architecture [11, 21]. However, methods used for selective sweeps have limited power to detect polygenic adaptations [40, 41]. Using a previously described approach [28], we calculated the PBS selection index for genome-wide myopia-associated genes. Genes with a mean per-gene PBS selection index of less than 0.01 were considered to have constant allele frequency shifts that were not by chance, indicating polygenic selection. These genes were subsequently enriched in GO BP pathways, and we applied a two-sample proportion test to search for polygenic allele frequency shift signatures. We highlighted “camera-type eye development” (GO:0043010, P = 2.33 × 10−3) and “visual perception” (GO:0007601, P = 4.11 × 10−3) out of 12 significant GO BP terms (Table 1).
To locate the most significant genes from the identified GO terms, we filtered the genes with a PBS selection index < 0.01, and minimized myopia association P-values yielded three loci: MED1, ARL6, and RPGRIP1L. The most significant SNPs in ARL6 and RPGRIP1L were enriched in PBS to close to zero (Fig. 2), indicating that allele frequency shifts in these two genes are less likely to be associated with myopia. Steady allele frequency shifts were enriched in genome-wide significant SNPs in MED1 (Fig. 2), which serves as a nuclear receptor coactivator and interacts significantly with RNA polymerase II, influencing the expression of protein-coding genes [42]. MED1 is associated with mammalian circadian rhythms [43–45].[image: ]
Fig. 2PBS distribution of representative genes in GO term “camera-type eye development” and “visual perception.” A, B, and C illustrate the physical position-dependent distribution of the population branch statistics (PBS) within a 2-kb window upstream and downstream of the ARL6, RPGGRIP1L, and MED1 coding region, respectively. PBS values were calculated using the FIN, TSI, and YRI populations. Circles and colors represent allele frequencies and P-values of each SNPs, respectively, in a previous myopia GWAS in Europeans [21]. FIN, Finnish in Finland; TSI, Toscani in Italy; YRI, Yoruba in Ibadan, Nigeria



Gene-environment interactions
Consistent with rs1426654 (SLC24A5), a marker for skin pigmentation [18], a robust correlation was found between latitude and allele frequencies of RHO across 1KGP populations (Bayes factor = 37.62 ± 2.7; Supplementary Table S2), supporting its interactions with sunlight exposure. The diminished correlation in TSPAN10 (Bayes factor = 5.72 ± 0.4; Supplementary Table S2) did not negate its interaction with sunlight exposure regarding function and pleiotropic effect from skin pigmentation genes. The inflated Bayes factor for temperature and longitude could result from covariance with latitude. At the same time, the poor relationship with sunshine duration may be due to confounding factors such as measurement methods.
Our two-sample MR analysis (Supplementary Table S3) investigated the relationship between sunlight-related exposure and myopia, as sunlight exposure inhibits the progression of myopia, and adaptive signatures were identified in light-related pathways. The examined exposures included ease of skin tanning, time spent outdoors, and sleep duration. A significant correlation was found between sleep duration and myopia (MR Egger, P = 0.01, Supplementary Table S3), with the causal inference that longer sleep leads to a higher risk of myopia. This finding supports the selective signature of MED1. However, a significant pleiotropic effect (P = 0.0184, Supplementary Table S3) between genes of sleep duration and myopia suggested that this causal relationship could be a false-positive result. Marginally, significant pleiotropy (P = 0.0506, Supplementary Table S3) was observed in the time spent outdoors in summer, implying a shared genetic background between myopia and these sunlight-related traits.


Discussion
School myopia, or simple myopia, is the main form in the recent epidemic. It is typically characterized by a mean spherical equivalent ranging from − 0.5 to − 6 diopters. High myopia, defined as less than − 6 diopters, involves extreme axial elongations and is distinct from school myopia in terms of etiology and genetics [4, 21, 46]. Given that school myopia is the major form of myopia and is largely influenced by environmental factors, our study concentrates on gene-environment interactions, and it should be noted that our findings and implications are specifically applicable to school myopia.
We identified significant selection signatures in myopia-associated genes related to sunlight, including RHO, TSPAN10, and MED1, and we validated the interaction between these genes and the light environment. These findings may provide insights into the genetic basis and diversity of the protective effect of bright sunlight exposure on the risk of myopia incidence.
We proposed TSPAN10 as evidence of evolutionary mismatch in myopia. We examined the top 64 myopia-associated loci that were expressed in the retinal layers and associated with common refractive errors [11, 21], SNPs representing TSPAN10, KCNJ5, TFAP2B, and FBN2 had |nSL|> 2, which were under strong selection. In contrast, selection favoring the risk allele associated with myopia predisposition was only observed in TSPAN10 (Table 2) and FBN2 (P = 8.63 × 10−11 for rs6860901) [4, 21]. Such loci are considered as evidence of evolutionary mismatches. However, a comprehensive explanation or quantitative approach is lacking to address how these mismatches contribute to the disparity in myopia prevalence.
Most of the top KEGG pathways enriched in myopia-associated genes, with evidence for selective sweeps, were related to communicable diseases and the immune system (Table 1). These identified pathways may be involved in the rapid evolution of immune system during the dispersal of northern Europeans [47]. Myopia is driven by genes participating in the development of all components of the eye [21]. The eye is unique in that it possesses immune privilege [48, 49]; meanwhile, the ocular layer is exposed to the external environment that has developed specific strategies to defend against microbial pathogens [50]. Myopia has also been reported to be related to the immune system, inflammation plays a crucial role in the development of myopia, and HLA genes were reported involving genetic diversity of myopia [51, 52]. Natural selection acting on the immune system, either in the eye or in other organs, may have contributed to the formation of genetic susceptibility to myopia. On the other hand, the outliers of the GO terms in the test for polygenic adaptation (Table 1) are consistent with previous findings that myopia-associated genes are enriched in signal transduction pathways[4, 21]. Meanwhile, PBS was calculated using FIN-TSI-YRI, which reflects traces of recent adaptations of Europeans involving diet, pigmentation, immunity, and body morphology (Table 1), as reported in a previous study [47]. The difference between the two pathway sets is due to the methods used, PBS and nSL were used to search for selective sweeps in KEGG pathways, while the PBS selection index was used to search for subtle allele frequency shifts in GO terms. Our results intuitively show that communicable diseases and pathogens are often fatal, while selective pressure from lifestyle changes is mild and long-lasting.
The prevalence of myopia has surged over the past century, paralleling the advent of modern lifestyles. Consequently, this phenotype is unlikely to have been adaptive in ancient environments. There is consensus in the literature that biological pathways related to perception play a critical role in the development of myopia. Signatures of natural selection found at RHO and other light perception genes indicate that the evolution of such pathways contributed to shaping the genetic background of myopia. Additionally, the selection signature at MED1 and the potential causal relationship between sleep duration and myopia may suggest that adaptative changes in the circadian rhythm pathways also participated into this process. The evolution of the genes in these pathways would be related with adaptation to sunlight environment of northern Europe. Moreover, the broad pathways identified in the top selective signatures provide additional evidence that adaptation of the immune system during the migration to Europe has profoundly and systematically impacted the genetic background of myopia. However, it remains unclear which phenotypes natural selection at myopia-related genes favored in ancestral European populations, and selection patterns may have varied depending on local environments over time.
Our inferences were derived exclusively from GWAS summary statistics based on European populations. Comprehensive inference of gene-environment interactions remains challenging owing to insufficient population diversity in Europeans. While we focused mainly on light-induced pathways, morphological and immunological pathways were more robust among outliers, implying an underestimated systematic pleiotropic effect on the genetic basis of myopia.

Conclusion
We reported significant selection signatures enriched in pathways related to vision and light perception in 1KGP Europeans. These findings suggest that variations in myopia prevalence among populations can be attributed to local adaptation to the light environment and the relevant pleiotropic effects of other biological pathways, such as immune function. We infer that the geographic diversity of the genetic predisposition to myopia is substantial. However, this hypothesis necessitates further corroboration from parallel studies. Notably, GWAS of myopia with power equivalent to those conducted in Europeans are conspicuously lacking in other populations, especially in high susceptibility regions such as East Asia. Our findings contribute to a better understanding of the global disparity in myopia prevalence and provide insights into the implementation of population-targeted strategies from the perspective of evolutionary medicine.
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