
Page 1/30

Does selection occur at the intermediate zone of
two insu�ciently isolated populations? A whole-
genome analysis along an altitudinal gradient
Naofumi Yoshida  (  naofumi.yoshida.s2@dc.tohoku.ac.jp )

Tohoku University Graduate School of Life Sciences: Tohoku Daigaku Daigakuin Seimei Kagaku
Kenkyuka https://orcid.org/0000-0003-0215-9608
Shin-Ichi Morinaga 

Nihon Daigaku Seibutsu Shigen Kagakubu
Takeshi Wakamiya 

Tohoku Daigaku Daigakuin Seimei Kagaku Kenkyuka
Yuu Ishii 

Tohoku Daigaku Daigakuin Seimei Kagaku Kenkyuka
Shosei Kubota 

Tokyo Daigaku Daigakuin Sogo Bunka Kenkyuka Kyoyo Gakubu
Kouki Hikosaka 

Tohoku Daigaku Daigakuin Seimei Kagaku Kenkyuka

Research Article

Keywords: Local adaptation, selection, gene �ow, phenotypic divergence, whole-genome sequences,
homozygote

Posted Date: April 22nd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-447152/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-447152/v1
mailto:naofumi.yoshida.s2@dc.tohoku.ac.jp
https://orcid.org/0000-0003-0215-9608
https://doi.org/10.21203/rs.3.rs-447152/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/30

Abstract
Adaptive divergence would occur even between the insu�ciently isolated populations when there is a
great difference in the environments of their habitats. The individuals present in the intermediate zone of
the two divergent populations are expected to have an admixed genetic structure due to gene �ow. A
selective pressure that acts on the genetically admixed individuals may limit the gene �ow and promote
the adaptive divergence. Here, we addressed a question whether the selection occurs in the genetically
admixed individuals between the divergent populations and assessed its effects on the population
divergence. We obtained the whole-genome sequences of a perennial montane plant, Arabidopsis halleri,
which has clear phenotypic dimorphisms between altitudes, along an altitudinal gradient of 359–1,317 m
with a high spatial resolution (mean altitudinal interval of 20 m). We found the zone where the highland
and lowland genes were mixing. Using the FST approach, we found that 35 and 13 genes in the admixed
zone had a high frequency of alleles that are accumulated in highland and lowland subpopulations,
respectively, suggesting that these genes have been selected in the admixed zone. This selection might
limit the gene �ow and contribute to the adaptive divergence along the altitudes. In the single-nucleotide
polymorphism (SNP)-based analysis, 3,000 out of 27,792 Altitude-Dependent SNPs had extremely high
homozygosity in the admixed zone. In 84.7% of these SNPs, the frequency of homozygotes of highland
alleles was comparable to that of lowland alleles, suggesting that these alleles are neutral but the
heterozygotes were selectively eliminated. The distribution of highland and lowland alleles of these SNPs
was not clearly separated between altitudes, implying that such selection did not impede the gene �ow.
We conclude that the selection occurring at the intermediate altitude affects the genetic structure in the
admixed zone and adaptive divergence along the altitudes.

Introduction
Species having broad distributions would face different selections in each habitat and often obtain
population-speci�c polymorphisms on various traits and genes as a result of their local adaptation to
distinct environments (Pruisscher et al. 2018; Campbell-Staton et al. 2018). Such adaptive divergence is
more likely to occur between the geographically isolated populations because geographical distance can
provide a strong reproductive barrier and shape large environmental differences (Galloway and Fenster
2000; Kubota et al. 2015). Even with a short distance between the populations, adaptive divergence may
occur if there is a great difference of environments between them (Skelly et al. 2004; Antonovics et al.
2006; Hämälä and Savolainen 2019). The classical expectation has indicated a negative role of gene
�ow in adaptive divergence; if the populations are not su�ciently isolated and experience strong gene
�ow, maladapted genetic variation would be introduced from one population to another and their local
adaptation would be impeded (Lenormand 2002). However, if selective pressure in each environment is
strong enough, those maladapted genetic variations would be removed (Bisschop et al. 2020). Therefore,
on a small scale, the genetic structure would be established on a balance between the two competing
evolutional powers, gene �ow and selective pressure, in each habitat (Slatkin 1987).
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Genetic exchange between two populations may mainly occur through individuals located in the
intermediate zone of the two populations. The selection and gene �ow around such admixed individuals
in the intermediate zone may play important roles for the divergence of the two populations. Following
scenarios may be considered on the genetic structure in the admixed individuals of the two populations X
and Y. Scenario 1: If one of the alleles (allele x) of a gene is adaptive in population X and the other (allele
y) is adaptive in population Y, but the two alleles have similar in�uence on the �tness in the intermediate
zone, there is no selection on the gene and the accumulation of the two alleles in the admixed individuals
is in�uenced mainly by gene �ow. Scenario 2: If the allele x is adaptive not only in the population X but
also in the intermediate zone whereas the allele y is adaptive only in the population Y, the allele x
accumulates in the admixed individuals. Scenario 3: If an allele z is adaptive only in the intermediate
zone and maladaptive in the populations X and Y, and it accumulates in the individuals located in the
intermediate zone. Focusing on heterozygosity, genes belonging to the Scenario 1 may further be divided
into three groups: �tness of genotypes xx, xy, and yy is similar to each other and they are randomly mixed
(Scenario 1a), �tness of homogeneity genotypes xx and yy are similar to each other and higher than that
of heterogeneity genotype xy (Scenario 1b), and �tness of heterogeneity genotype xy is higher than that
of homogeneity genotypes (Scenario 1c). Under the Scenario 1c, the selection favoring heterozygotes
would promote the admixture of polymorphism and prevent adaptive divergence of the two populations.
Conversely, under the Scenario 2, the selection favoring one of the alleles would overwhelm gene �ow,
which restricts the admixture of polymorphism and acts as a potential driver of population adaptive
divergence. Under the Scenario 3, the selection favoring peculiar genes to the environment at the
intermediate zone would not relate with adaptive divergence between two edge populations, but would
take an important role in the evolution in the intermediate population.

A number of studies have demonstrated that the genetic admixture occurred between phenotypically
and/or genetically diverged populations (Ohtani et al. 2013; Richardson and Urban 2013; Le Moan et al.
2016; Puckett et al. 2016; Lipshutz et al. 2017), and individuals in such admixed populations often have
intermediate phenotypes of the two populations (Stacy et al. 2016; Hendrick et al. 2016; Linnen et al.
2013). These results would be consistent with Scenario 1a. In contrast, other studies showed that the
selection maintains lower recombination rates or genetic diversity on the particular genetic regions in the
hybrid populations even under strong gene �ow, which would be consistent with Scenario 1b or 2
(Comeault et al. 2015; Hämälä and Savolainen 2019). Heterosis, de�ned as a vigorous growth in the
hybrid offspring of genetically distant individuals relative to their homozygous parents, has been shown
in some species, which would be consistent with Scenario 1c (Facon et al. 2005; Li et al. 2018). However,
which of these scenarios is applicable to genes in the intermediate population is poorly understood. In
particular, the degree of heterozygosity and kind of genes that are selected in the intermediate zone have
not been studied yet. Furthermore, a high spatial resolution sampling of genetic data is necessary to
identify the zone where the admixture of gene occurs, but previous studies have not conducted such
sampling.

The altitudinal adaptive divergence is one of the fascinating materials. There are steep environmental
gradients along the altitudes to study the �ne-scale local adaptation. For instance, temperature and the



Page 4/30

length of growing season regularly decline with increasing elevation (Körner 2007). Many plant species
show intraspeci�c variations along the altitudinal gradient. For example, with increasing altitude,
Metrosideros polymorpha increases leaf mass per area, thereby enhancing tolerance to cold (Cordell et al.
1998). Fallopia japonica increases their �avonoid contents (Murai et al. 2015) and decreases the optimal
temperature of photosynthesis (Machino et al. 2021). Such a small-scale altitudinal divergence has also
been reported from a perennial montane plant, Arabidopsis halleri subsp. gemmifera. In Mt. Ibuki, a
mountain located in Central Japan, A. halleri plants are distributed along the broad altitudinal gradient.
Although the horizonal distance between the top and bottom populations is small (< 3 km), there are
various phenotypic differences between highland and lowland ecotypes. Highland ecotypes are
characterized by dense trichomes on the leaves, whereas lowland ecotypes have glabrous leaves (Fig. 1a,
b). Physiological differentiations have also been reported for the tolerance to UV radiation, the response
of biomass allocation to soil nutrient, and the water repellency of leaves (Wang et al. 2016, 2019; Aryal et
al. 2018). Analyzing the whole-genome sequences, Kubota et al. (2015) found unidirectional allele
frequency shifts along the altitudes in many genes; however, there is a relatively small genetic
differentiation between highland hairy ecotype and lowland normal ecotypes (Ikeda et al. 2010; Kubota et
al. 2015). The �owering time of lowland population is from the end of April to the end of May, whereas
that of highland population is from the middle of May to the middle of June. In intermediate altitudes,
plants with scarce trichomes on the leaf surface are often observed, suggesting that these plants have an
intermediate phenotype between highland and lowland ecotypes. However, the genetic structure of plants
inhabiting the intermediate altitudes individuals has not been studied yet.

In this study, we addressed a question how the selection and gene �ow shape the genetic structure in the
admixed individuals between two divergent populations. To answer this question, we sampled A. halleri
individuals with a very high spatial resolution (every 20 m on average from 359 m to 1,317 m above the
sea level, Fig. 1c) and analyzed their whole genome. First, we identi�ed the areas where the genetic
admixture of highland and lowland ecotypes mainly occurs. Second, we investigated allele frequency to
�nd genes that selected in the admixed zone according to the above-mentioned scenarios. If an allele that
is adaptive to the highland environment is also favored in the admixed zone, its frequency in the admixed
zone may be similar to that in the highland but higher than that in the lowland (Scenario 2H in Fig. 2).
Vice versa if an allele adaptive to the lowland environment is favored in the admixed zone (Scenario 2L).
If there is an allele that is adaptive only in the admixed zone, its frequency may be higher in the
intermediate zone than that in the highland and lowland (Scenario 3). If heterozygote of the two alleles
are eliminated in the admixed zone, homozygote of each allele may be more frequent than the expected
from the Hardy–Weinberg equilibrium (Scenario 1b). In contrast, if heterozygote is advantageous,
heterozygote of the two alleles may be more frequent than the expected from the Hardy–Weinberg
equilibrium (Scenario 1c). We investigated what kind of genes are selected in the admixed zone
according to these scenarios.

Materials And Methods
Species and Study Sites
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Arabidopsis halleri subsp. gemmifera is a diploid (2n = 16), self-incompatible, and perennial montane
plant (Al-shehbaz and O’kane 2002; Kolnik and Marhold 2006). In Japan, this plant is distributed in a wide
range of altitudinal and latitudinal gradients. Its leaves are generally glabrous, but the ecotypes in the
highland areas in Mt. Ibuki and Mt. Fujiwara in central Japan have dense trichomes on the leaves and
stems (Figs. 1a, b). A previous genome-wide association analysis suggested that the two highland
ecotypes at Mt. Ibuki and Mt. Fujiwara evolved independently from each other (Kubota et al. 2015),
though they have similar morphological characteristics.

We used plants growing in Mt. Ibuki, where the highland habitats are characterized by relatively low
vegetation heights, bright environment near the ground, and heavy snow in winter, whereas the lowland
habitats are characterized by dark forest �oor and relatively mild winter weather (Honjo and Kudo 2019).
We harvested the leaf samples from an individual plant at 48 positions along the altitude of Mt. Ibuki in
2007 and 2008 (Table S1). The lowest and highest sampling sites were at 359 m and 1,317 m above the
sea level, respectively, and their horizontal distance was approximately 2.8 km (Fig. 1c). To avoid the
sampling of same clones, the sampling positions were at least 3 m apart from each other. The mean
interval of the altitude and horizontal distance between the sampled plants was 20.4 m and 59.6 m,
respectively. We also used genome information reported in Kubota et al. (2015), which was obtained from
A. halleri plants growing at altitude of 380, 600, 1,000 and 1,250 m (�ve plants per site) in 2009 and 2010.

DNA Extraction, Individual-based Sequencing, and Data Processing

We extracted the genomic DNA from the dried leaf samples of collected 48 individuals using the DNeasy
Plant Kit (QIAGEN). Thereafter, we prepared the DNA libraries using the TruSeq Nano DNA Low
Throughput Library Prep Kit (Illumina). We generated reads using the Illumina HiSeq X Ten, and obtained
270 Gb of data from the 48 samples. The genome size of A. halleri is estimated to be 250 Mb (Briskine et
al. 2017), suggesting that the average coverage of our sequence data would be more than 22X. These
raw read sequences are available in the DNA Data Bank of Japan Sequenced Read Archive under the
accession number DRA010696. Furthermore, we added previously posed sequence reads of 20
individuals collected at the altitudes of 380, 600, 1,000 and 1,250 m on Mt. Ibuki (Kubota et al. 2015). We
trimmed the low-quality reads (more than half of the nucleotides with quality score less than 30) using
FASTX-toolkit v0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit). After the trimming, we mapped the reads
of total 68 individuals to the reference genome of A. halleri (Briskine et al. 2017) for each individual by
the alignment algorism, BWA-MEM v0.6.2 (Li 2013) with the default parameters. We removed PCR
duplication by SAMtools v0.1.8 (Li et al. 2009) rmdup. We employed SNP calling using SAMtools mpileup
and bcftools v0.1.8 (Li 2011). We trimmed loci whose coverage depth was lower than 4 or higher than
200 by bcftools varFilter. After generating the personal SNP data, we combined them using vcf-merge
(VCFtools v0.1.15) (Danecek et al. 2011).

Population Structure Analysis

To estimate the population structure of 68 individuals that were distributed continuously along the
altitudes at Mt. Ibuki, we employed genetic clustering analysis with ADMIXTURE v1.3.0 (Alexander et al.
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2009). For the population structure analysis, we only considered the SNPs that showed a minor allele
frequency (MAF) > 3%. Furthermore, we removed the loci that were in the linkage disequilibrium with each
other by plink –indep-pairwise 50 10 0.1 (plink v1.90b4) (Chang et al. 2015). For each value of K (the
number of subpopulations) ranging 1 to 5, we performed independent runs. To determine the optimal
number of subpopulations for the 68 individuals, we calculated the cross-validation (CV) error for each K
value. The CV error would be minimized when the number of K was best or appropriate for the data.
Based on this result, we divided the individuals into highland, intermediate, and lowland subpopulations.

Detecting altitude-dependent genomic region

We used FST approach to detect the genomic regions that accumulated in the intermediate subpopulation
in relation to the Scenario 2 and 3. We required MAF > 5% for all SNPs. Using vcftools, we calculated the
window-averaged FSTvalues in each 10 kbp window between three combinations of subpopulations,
highland and lowland, highland and intermediate, intermediate and lowland (FST_HL, FST_HI and FST_IL,
respectively). We classi�ed windows exhibiting extreme values of FST as outliers, de�ned as the higher 1%
quantile for each test, which contained 207 genomic windows. Genomic windows of each outlier were
expected to diverge signi�cantly between subpopulations. First, we selected windows that had higher
FST_HL values (included in the higher 1% quantile) as the altitude-dependent windows (ADW). Then,
among ADWs, windows with extremely high FST_IL (included in the higher 1%) and low FST_HI (included in
the lower 70%) were detected, which were considered to be consistent with the Scenario 2H (Table 1).
Similarly, among ADWs, windows with extremely high FST_HI and low FST_IL were also detected, which were
considered to be consistent with the Scenario 2L (Table 1). Alternatively, we selected windows that had
lower FST_HL values. Among them, windows with higher FST_IL and FST_HI were sought, which were
considered to be consistent with the Scenario 3 (Table 1). In the present study, we did not identify
windows that are consistent with the Scenario 1 and that are included in the regions A and B in Fig. 2,
because we were interested in the genes under the selective pressure in the intermediate subpopulation.

Homozygosity and Heterozygosity Analysis for Altitude-Dependent SNPs

We also used the latent factor mixed models (LFMM) (Frichot et al. 2013) to detect the Altitude-
Dependent SNPs genetic variant at the SNP level. In this analysis, we considered only SNPs with MAF >
5% following the manual of LFMM. For the following analyses, we considered bi-allelic SNPs only. For
each value of K (latent factor) = 1 and 2, we performed �ve independent runs. All the results were
integrated by the Fisher’s method (Fisher 1932), and SNPs whose false discovery rate (FDR) was below
0.05 were detected as Altitude-Dependent SNPs.

We sought Altitude-Dependent SNPs showing extremely high or low heterozygosity in the intermediate
subpopulation in relation to the Scenario 1b and 1c. We calculated an index ΔH, which represents the
difference between the expected and observed heterozygosity (HEXP and HOBS, respectively). We assumed
that the allele frequency and genotype frequency of a neutral SNP in the intermediate subpopulation are
in the Hardy–Weinberg equilibrium and those of SNPs selected in the intermediate subpopulation are
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deviated from the equilibrium. Therefore, for each bi-allelic SNP, an expected allele frequency in the
intermediate subpopulation (AFM_EXP) was calculated as the average of observed allele frequencies in the
highland and lowland subpopulations (AFH and AFL, respectively).

AFM_EXP = (AFH + AFL) / 2

Using AFM_EXP, the expected value of heterozygosity (HEXP) was calculated by assuming the Hardy–
Weinberg equilibrium.

HEXP = 2 × (AFM_EXP) × (1 − AFM_EXP)

The differences between the observed (HOBS) and expected heterozygosity in the intermediate
subpopulation were calculated for each SNP.

ΔH = (HOBS – HEXP)

ΔH changes between –1.0 and +1.0 and is higher if the heterozygosity is large. We de�ned the
Homozygote- and Heterozygote-selected SNPs that have ΔH value smaller and larger than 2.5% of total
SNPs, respectively. Then, we sought the overlap between the Altitude-Dependent SNPs and the
Homozygote- or Heterozygote-selected SNPs in the intermediate subpopulation, which were de�ned as
Homozygote- and Heterozygote-accumulated Altitude-Dependent SNPs in the intermediate
subpopulation, respectively.

To �nd genes that are consistent with the Scenario 1b (highland and lowland alleles have similar
in�uence on the �tness in the intermediate zone but their heterozygotes have lower �tness than the
homozygotes), we further assessed frequency of the homozygotes of the highland or lowland alleles in
the intermediate subpopulation. We calculated an index ΔGF by the following equation with the genotype
frequency of homozygote of highland and lowland alleles in the intermediate subpopulation (GFH_homo

and GFL_homo, respectively).

ΔGF = (GFH_homo – GFL_homo) / (GFH_homo + GFL_homo)

ΔGF would be large (Max = 1.0) if the homozygote of highland allele was abundant in the intermediate
subpopulation, and be smaller (Min = –1.0) if the homozygote frequency of lowland allele was large. In
the scenario 1b, ΔGF would be neither extremely large nor small due to the selection not favoring one of
the homozygotes of highland or lowland alleles.

Functional Annotation of Genes Including Candidate SNPs or Genetic Regions

We investigated functional genes included in the identi�ed genomic regions by annotation to General
Feature Format (GFF) �le of the reference genome of A. halleri (Briskine et al. 2017). We considered genes
that contained one or more SNPs within their coding regions. We also investigated whether the SNPs are
synonymous replacement, non-synonymous replacement and intergenic variant, and removed
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synonymous variants from candidate SNPs. A further functional annotation of detected genes in both
methods was employed with gene ontology (GO) analysis by PANTHER 15.0 using the reference gene list
of A. thaliana.

Results
Population structure

The ADMIXTURE analysis showed that the CV error was minimum when K = 1 (Fig.3a), indicating that the
population was not clearly differentiated. However, the CV errors were similarly low when K = 2 or 3,
suggesting that the population was weakly differentiated. When K = 2 was adopted, the divergence was
clearly found along the altitude; individuals inhabiting altitude below 700 m were occupied by one group
(blue in Fig. 3b), whereas those above 1000 m were occupied by the other (red). There were admixed
individuals between their two ecotypes in the intermediate altitudes (Fig. 3b). When K = 3 was adopted,
the third group was found mainly in the plants investigated by Kubota et al. (2015) (Fig. S1a). Further
analysis revealed that the third group are included only when the size of bam �le (compressed �le to save
alignment information of short reads mapped against reference sequence generated by Samtools) is
smaller than 5 GB across all data (Fig. S1b). We considered this grouping as an artifact due to a variation
in the data size and did not use in following analyses. Based on the result of K = 2, we de�ned following
three subpopulations: lowland subpopulation (29 individuals at 359~687 m), which had lowland
genotypes; intermediate subpopulation (16 individuals at 724~1,000 m), which had mixed genotypes;
and highland subpopulation (23 individuals at 1,051~1,317 m), which had highland genotypes. The
intermediate subpopulation was considered as the admixed subpopulation.

Genes matching the Scenarios 2 and 3

We obtained total 7,019,253 SNP loci by the whole-genome resequence. Selecting bi-allelic SNPs only,
and eliminating SNPs with the extreme coverage depth (lower than 4 or higher than 200) or the low MAF
in the 68 individuals (< 5%), we used 2,052,011 SNPs in the following analysis.

We detected 24 out of 207 windows whose window-averaged FST_HL and FST_IL were large and FST_HIwas
small, which are expected to match the Scenario 2H (S2H windows) (Fig. 4, Table 1). Total 35 genes were
included in 20 S2H windows (S2H genes) (Table S2). 828 out of 1,038 SNPs that located in coding
regions of 35 S2H genes were non-synonymous variants. We also detected 8 windows whose window-
averaged FST_HL and FST_HI were large and FST_ILwas small, which are expected to match the Scenario 2L
(S2L windows) (Fig. 4, Table 1). Total 13 genes were contained in 7 S2L windows (S2L genes) (Table S2).
477 out of 683 SNPs that located in coding regions of 13 S2L genes were non-synonymous variants. We
could not detect any window whose FST_LI and FST_HI were large and FST_HLwas small, which are expected
to match the Scenario 3 (Fig. 4, Table 1). However, when we relaxed the thresholds of FST outliers from
the higher 1% to the higher 1.67%, we found one window matching to the Scenario 3.

Genes matching the Scenarios 1b and 1c
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The LFMM analysis detected 30,417 and 30,969 signi�cant SNPs that were associated with altitude
under the latent factor K = 1 and under K = 2, respectively (FDR < 0.05). Among these SNPs, 27,792 SNPs
that overlapped between the results of K = 1 and 2 were de�ned as Altitude-Dependent SNPs.

We calculated the difference between the observed and expected heterozygosity (ΔH) for the whole-
genome 2,052,011 SNPs. We de�ned the top 2.5% (51,300 SNPs) and bottom 2.5% SNPs (51,300 SNPs)
as Heterozygote- and Homozygote-accumulated SNPs, respectively (Fig. 5a). In total, 3,000 SNPs of
Homozygote-accumulated SNPs overlapped with Altitude-Dependent SNPs and 73 of those were
synonymous variants and remaining 2,927 SNPs were de�ned as the Homozygote-accumulated Altitude-
Dependent (HAAD) SNPs (Fig. 5b). There were no Heterozygote-accumulated SNPs that overlapped with
Altitude-Dependent SNPs, suggesting that no genes match the Scenario 1c.

According to the index ΔGF, which represents the difference between the genotype frequencies of the
homozygote of highland or lowland alleles (H or L alleles, respectively), HAAD SNPs were classi�ed into
the Highland- (ΔGF > 0.5; 348 SNPs), the Lowland- (ΔGF < −0.5; 97 SNPs), and the Coexisting-HAAD SNPs
(−0.5 < ΔGF < 0.5; 2,482 SNPs) (Fig.6). Coexisting-HAAD SNPs are considered to match the Scenario 1b.

Based on the average of ΔGF of HAAD SNPs in each gene, we sought genes that tend to have the
Coexisting-HAAD SNPs (−0.5 < mean ΔGF < 0.5) and identi�ed 77 genes that are considered to match the
Scenario 1b (S1b genes) (Table S3). 174 out of 2,482 Coexisting-HAAD SNPs located in the coding
regions of 77 S1b genes. 32 out of 174 HAAD SNPs in S1b genes were missense variants and there was
no nonsense variant (Table S3). 2,002 Coexisting-HAAD SNPs located in the intergenic region.

We also identi�ed 22 genes that tend to have the Highland-HAAD SNPs (mean ΔGF > 0.5, the Highland-
homozygote genes) and 3 genes that tend to have the Lowland-HAAD SNPs (mean ΔGF < −0.5, the
Lowland-homozygote genes) (Table S3). Highland- and lowland-HAAD SNPs were expected to match the
Scenario 2H and 2L, respectively, but there were only three Highland-HAAD SNPs that were contained in
the S2H windows (Table 1) and no HSAD SNPs that were contained in the S2L windows.

We also identi�ed genes whose coding regions located near (< 1 kb) the HAAD SNPs. 286 genes near the
Coexisting-HAAD SNPs (Side-S1b genes), 64 genes near the Highland-HAAD SNPs (Side-Highland genes)
and 14 genes near the Lowland-HAAD SNPs (Side-Lowland genes) were identi�ed (Table S4). Because
the different types of HAAD SNPs located near genomic position, some genes were included in several
groups (11 genes belonged Side-S1b and Side-Highland genes, and 4 genes belonged Side-S1b and Side-
Lowland genes).

Function of the pickup genes

We employed the functional annotation of candidate genes detected in the FSToutlier analysis with GO
terms, which describe the functions of gene products. The S2H genes included, for instance, SAV6
(AT5G26680) implicated in “Response to UV” (Zhang et al. 2016) (Table S2). The genetic variants in this
gene showed that the lowland allele was observed only in the lowland subpopulation, whereas the
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highland alleles existed in the whole altitudes (Fig. 7a). 3 non-synonymous variants located in this gene
and there was no missense or nonsense variant. The S2L genes included AT1G07590 assigned to
“Response to cadmium ion”. The genetic variants in AT1G07590 showed that the lowland allele was more
frequent than the highland allele in the intermediate subpopulation, and the homozygote of the highland
allele was frequent only in the highland subpopulation (Fig. 7b). 7 out of 14 non-synonymous variants in
AT1G07590 were missense variant and there was no nonsense variant. A variant represented in Fig. 7b
was missense variant. GO terms that were assigned to S2H and S2L genes differed from each other in
most cases. Exceptionally, only one GO term “Golgi vesicle-mediated transport” was assigned to both
S2H and S2L genes (Table 2).

We also employed the functional annotation of the S1b genes. For instance, the S1b genes included
BAR1 (AT5G18360) implicated in “Immunity interacted in pathogen” (La�amme et al. 2020) and PDIL1-4
(AT5G60640) implicated in “Response to oxidative stress” (Sweetlove et al. 2002). 45 of 49 altitude-
dependent SNPs in BAR1 showed a similar pattern to each other that the heterozygotes were absent
throughout the altitudinal gradient (Fig. 8a), while other 4 SNPs in BAR1 and 2 SNPs in PDIL1-4 showed
the pattern that some heterozygotes were found in the lowland and highland subpopulations (Figs. 8b, c).
21 HAAD SNPs in BAR1 and 2 SNPs in PDIL1-4 were missense variants. To test whether the sets of 77
S1b genes and 286 Side-S1b genes locating near the Coexisting-HAAD SNPs (Tables S3, S4) were
accumulated in particular biological processes, we conducted GO enrichment analysis. However, we
could not �nd any strongly enriched term in both tests (Tables 2, S5). We found that some S1b genes
were expected to relate with response to metal ion, for instance, “Response to zinc ion” and “Response to
cadmium ion” (Table 2).

Discussion

Genetic structure in the intermediate subpopulation
We analyzed the individual-based whole-genome resequencing data of Arabidopsis halleri sampled along
the altitude between 359 m and 1,317 m with very high spatial resolutions. This dataset enabled us to
�nd the zone where the highland and lowland genes were mixing (Fig. 3b) and to investigate how gene
�ow and selective pressure shape the genetic structure in the intermediate subpopulation. The result of
ADMIXTURE (Fig. 3b) suggests that the direct crossing between lowland and highland subpopulations
might not occur so frequently, probably because of the less overlap of �owering time between the
highland and lowland subpopulations. Therefore, the gene �ow between the highland and lowland
subpopulations is expected to occur through the intermediate subpopulation, which have relatively
similar phenology to both highland and lowland subpopulations.

Our results suggest that there are various types of selection in the intermediate subpopulation of
Arabidopsis halleri. We found 24 genomic windows whose allele frequency in the intermediate
subpopulation is similar to that in highland but different from that in lowland subpopulation, which are
consistent with the Scenario 2H (a gene that is adaptive to highland is also adaptive to the intermediate
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zone). Similarly, we also found 8 genomic windows, which are consistent with the Scenario 2L (a gene
that is adaptive to lowland is also adaptive to the intermediate zone). On the other hand, we could not
�nd genetic windows in which one of alleles had high frequency only in the intermediate subpopulation
(Fig. 4, Table 1). This result might reject scenario 3 that individuals with peculiar alleles to the
intermediate zone are adaptive. However, when we relaxed the thresholds of FST outliers from the higher
1% to the higher 1.67%, we could �nd one window matching to the Scenario 3 (Fig. S2), implying that this
scenario can occur. We also investigated Altitude-Dependent SNPs whose heterozygote had low
frequency in the intermediate subpopulation and found that the 2,482 SNPs had similar frequencies of H
and L alleles in the intermediate subpopulation (Coexisting-HAAD SNPs), which are consistent with the
Scenario 1b. These alleles are considered to be neutral in the �tness in the intermediate subpopulation
but their heterozygotes are negatively selected. In contrast, we did not �nd any Altitude-Dependent SNPs
that had higher heterozygosity than the theoretical expectation (Fig. 5b). This result rejects the Scenario
1c that heterozygous individuals are advantageous (heterosis).

We found 35 and 13 genes that were contained in 2H and 2 L windows, respectively. These genes (2H
and 2L genes) are considered to be related with adaptation in the intermediate subpopulation. SAV6, one
of the 2H genes, is implicated in the responses to UV and Arabidopsis mutant of this gene showed
hypersensitivity to UV radiation (Zhang et al. 2016). As UV stress is known to be greater in higher altitude
(Wang et al. 2014), the variants in SAV6 might relate with adaptation to UV stress. Our observations in
SAV6 is also consistent with the fact that the light environment of A. halleri habitat changes with altitude;
the lowland subpopulation was covered by forest canopies, whereas the highland and intermediate
subpopulations were exposed to direct light (hemisphere photographs are presented in Wang et al. 2019).
Wang et al. (2016) reported that the response to enhanced UV was different between highland- and
lowland ecotypes of Alabidoposis halleri, implying that the variant in SAV6 is involved in the ecotypic
differentiation in the UV response. AT1G07590, one of the 2L genes, is considered to relate with the
responses to heavy metal stress (Sarry et al. 2006) (Table S2), suggesting that the genetic variants are
related to the altitudinal gradient of the soil heavy metal concentration. Although we do not have
information on the soil heavy metal concentrations at the studied site, it is known that the high altitudinal
area of Mt. Ibuki is characterized by calcareous soil, whereas non-calcareous area exists at lower
altitudes (Honjo and Kudo 2019), which may be related to heavy metal concentrations. Our results thus
suggest that the soil heavy metal concentration may be similar between the lowland and intermediate
zones, whereas that in highland soil differs from others.

We found 77 S1b genes, which are consistent with the Scenario 1b (the homozygous genotypes of both
highlands and lowlands are similarly adaptive in the intermediate subpopulation, but the heterozygous
genotype is less adaptive and eliminated). In some SNPs such as those in BAR1, we did not �nd any
heterozygote not only in the intermediate subpopulation but also in other subpopulations (Fig. 8a). This
observation implies that the heterozygote of this SNP has some adverse effects on the gene function.
The homozygotes of H and L alleles coexisted in the intermediate subpopulation, suggesting that they
are neutral in the intermediate zone. In contrast, in some genes such as those in PDIL1-4, the heterozygote
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was found rarely in the intermediate subpopulations but found frequently in the highland subpopulations
(Fig. 8c). This phenomenon suggests that their heterozygous genotype is maladapted only in the
intermediate zone. However, there is a possibility that we could not �nd heterozygote genotype by chance
because of the small sample size. A larger sample size may be necessary to judge which of these
hypotheses is true.

In this study, 210 out of 1,038 SNPs in S2H genes and 206 out of 683 SNPs in S2L genes were
synonymous variants, which seem to be neutral in terms of selection (Moutinho et al. 2020). In the SNP-
based method, 73 of 2,927 HAAD SNPs were synonymous variants, and the large proportion (2,002 out of
2,482) of Coexisting-HAAD SNPs located in the intergenic region. It would suggest that many candidate
SNPs do not relate with adaptation but are hitchhiked with the actual genetic target of natural selection.
Furthermore, our results might include some errors due to small sample size. However, we found 174 out
of 2,482 Coexisting-HAAD SNPs located in coding region of 77 S1b genes, and the 9 genes contained 32
missense variants (Table S3). We also found that 190 missense variants located in 35 S2H genes and
141 missense variants located in 13 S2L genes. In genes containing missense variants, such as
AT1G07590, BAR1 and PDIL1-4, amino-acids substitution and change in the protein structure might occur.
Mutation occurring in UTR or splice region would also regulate the gene expression and relate with the
phenotypic divergence (Mayr 2017, Guan et al. 2017). Therefore, S2H, S2L and S1b genes containing
non-synonymous variants might contribute to the adaptive divergence between the highland and lowland
populations. The mutation in intergenic regions would also change the expression levels of genes that
locate near the mutation sites (Ochiai et al. 2014). HAAD SNPs in the intergenic region might locate in the
promoter regions of Side-S1b, Side-Highland or Side-Lowland genes and be the target of selection. We
need to further assess whether the candidate genes actually relate with altitudinal adaptation by
improving the amount of data and/or using reverse genetics.

Is selection at the intermediate altitudes potentially a driver of adaptive divergence between highland and
lowland subpopulations?

A part of the results supported our hypothesis that the selective pressure at the intermediate zone could
constrain the gene �ow between the two populations and act as a potential driver of population adaptive
divergence. In genetic variants in AT1G07590, one of the S2L genes, the homozygote of H allele was
found mainly in the highland subpopulation and rare in the intermediate and lowland subpopulations,
whereas the homozygote of L allele was found in both intermediate and lowland subpopulations
(Figs. 7b). This pattern suggests that the instruction of H alleles to lower altitudes is prevented by the
selection favoring the homozygote of L alleles at the intermediate subpopulation. Theoretical studies
have suggested that the divergent selection due to environmental differences between the habitats can
reduce the effect of gene �ow and lead to the population adaptive divergence in particular environments
during the speciation process, especially ecological speciation (reviewed in Nosil et al. 2005). Although
supporting examples for this hypothesis were reported in the previous empirical studies that focused on
the populations experiencing migration from neighboring populations (Nosil et al. 2005), there seems no
empirical study that focused on an intermediate zone located between the two different environments.
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Our results of AT1G07590 suggest that selection to a particular genomic region at the intermediate
altitudes has acted as a driver of adaptive divergence between the highland and lowland subpopulations.

In genetic variant in SAV6, one of the S2H genes, the homozygotes of L alleles were rarely observed in the
intermediate and highland subpopulation, whereas the homozygotes of H alleles existed in the whole
altitudes (Figs. 7a). This pattern would be partly inconsistent with the hypothesis that the selection at the
intermediate altitudes act as a driver of adaptive divergence. This gene might possess a high
homozygosity at the intermediate subpopulation because of the maladaptation of the L alleles to the
intermediate and highland subpopulations, whereas constraint by the selection might be weak for the
gene �ow on the H alleles between the altitudes.

In S1b genes, both the H and L alleles tended to exist in the whole altitudes, and the differences of allele
frequency between the altitudes were relatively unclear (Figs. 8a-c). The patterns of S1b genes would
suggest that the heterozygotes were negatively selected at the intermediate altitude but the selective
pressure on each ecotype allele at highland and lowland altitudes was not strong, which was inconsistent
with our expectation. Therefore, the selection to these genes might not prevent the gene �ow between
altitudes and to be a driver of adaptive divergence.

Conclusions
In this study, we investigated a �ne-scale local adaptation along the altitudinal gradient using the whole-
genome sequence of individuals sampled with a very high spatial resolution. We detected the genetically
admixed zone between highland and lowland ecotypes in the intermediate altitudes. Using the FST

approach, we detected genomic regions that suggest the existence of selective pressure in the admixed
zone locating in the intermediate altitudes. Focusing on the genotype frequency of Altitude-Dependent
SNPs, we also found many SNPs that have maintained a high homozygosity in the admixed zone. In
some genes detected by the above two approaches, the distribution of genotypes was clearly separated
above and below the intermediate zone, suggesting that the selection might prevent the admixture of
highland and lowland genotypes by the gene �ow over the intermediate altitudes. We suggest that
selective pressures at the intermediate zone would partly contribute to the divergence between the
highland and lowland populations.
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Tables
Table 1 The de�nition for searching genomic regions or single-nucleotide polymorphisms (SNPs)
matching each scenario of selection and the numbers of detected genes or SNPs. The values of FST are
calculated for three combinations of two subpopulations; between highland and lowland, between
intermediate and lowland, and between highland and intermediate (FST_HL, FST_IL and FST_HI, respectively).
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Name Condition Number Scenario

S2H window Top 1% FST_HL × Top 1% FST_IL ×
Bottom 70% FST_HI

24
windows

2H

S2L window Top 1% FST_HL × Top 1% FST_HI ×
Bottom 70% FST_IL

8
windows

2L

S3 window Top 1% FST_HI × Top 1% FST_IL ×
Bottom 70% FST_HL

0 window 3

S2H gene Included in S2H windows × Coding
region containing SNPs

35 genes 2H

S2L gene Included in S2L windows × Coding
region containing SNPs

13 genes 2L

Altitude-Dependent SNP FDR < 0.05 in LFMM at K =1 and K
=2

27,792
SNPs

1

Homozygote-accumulated SNP Bottom 2.5% ΔH 51,300
SNPs

 

Heterozygote-accumulated SNP Top 2.5% ΔH 51,300
SNPs

 

Homozygote-accumulated Altitude-
Dependent (HAAD) SNP

Homozygote-accumulated SNP
×Altitude-Dependent SNP

2927
SNPs

1b

Heterozygote-accumulated Altitude-
Dependent SNP

Heterozygote-accumulated SNP
×Altitude-Dependent SNP

0 SNP 1c

Highland-HAAD SNP ΔGF > 0.5 348 SNPs  

Lowland-HAAD SNP ΔGF < −0.5 97 SNPs  

Coexisting-HAAD SNP −0.5 < ΔGF < 0.5 2,482
SNPs

1b

S1b gene −0.5 < mean ΔGF < 0.5 77 genes 1b

Side-S1b gene Locating near (< 1 kb) Coexisting-
HAAD SNPs

286 genes  

Highland-homozygote gene mean ΔGF > 0.5 22 genes 2H

Side-Highland gene Locating near (< 1 kb) Highland-
HAAD SNPs

64 genes  

Lowland-homozygote gene mean ΔGF < −0.5 3 genes 2L

Side-Lowland gene Locating near (< 1 kb) Lowland-
HAAD SNPs

14 genes  

  S2H genes × Highland-homozygote
gene

3 SNPs (2
genes)

2H
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  S2L genes × Lowland-homozygote
gene

0 SNP 2L

Table 2 The list of gene ontology (GO) terms and the number of candidate genes associated with each
term. The columns of Scenario 2H and 2L represent the results of the S2H and S2L genes, respectively.
The column of Scenario 1b represents the result of the S1b genes and not consider the Side-S1b genes. In
this table, only the GO terms comprising two or more candidate genes that detected by FST or SNP-based
approach have been shown.
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  FST approach SNP-based
approach

GO terms Scenario
2H

Scenario
2L

Scenario 1b

Negative regulation of biological process 0 0 6

Developmental process 6 0 0

Regulation of developmental process 3 0 3

Regulation of �ower development 2 0 2

Regulation of DNA-templated transcription,
elongation

0 0 2

Negative regulation of gene expression 0 0 3

Formation of plant organ boundary 1 0 1

Regulation of cell population proliferation 2 0 2

Catabolic process 4 0 0

Oxoacid metabolic process 0 0 6

Carboxylic acid metabolic process 3 0 5

Cytokinin biosynthetic process 1 0 1

Peptidyl-amino acid modi�cation 2 0 0

Dephosphorylation 2 0 0

Cellular localization 0 0 6

Organelle organization 0 3 0

Membrane docking 0 1 2

Protein transport 0 0 5

Golgi vesicle-mediated transport 1 1 0

Cellular response to stress 0 2 0

Response to zinc ion 0 0 2

Response to cadmium ion 0 0 3

Response to endoplasmic reticulum stress 0 0 2

Figures
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Figure 1

The leaves of (a) highland (hairy) and (b) lowland ecotypes (glabrous) of Arabidopsis halleri which were
grown from the seeds in the same growth chamber. (c) The sampling point of individuals analyzed in this
study. The horizontal axis represents the horizonal distance from the bottom sampling point (359 m
above sea level) to each point.
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Figure 2

The outline of detection of outlier genomic windows matching each selective scenario. Each circle
represents genomic windows that was signi�cantly different between the two subpopulations. Under the
Scenario 2H, genomic windows are expected to diverge between highland and lowland and between
intermediate and lowland, but not between highland and intermediate subpopulations. Under the
Scenario 2L, genomic windows are expected to diverge between highland and lowland and between
highland and intermediate, but not diverge between intermediate and lowland subpopulations. Genomic
windows that expected to match the Scenario 1 will be contained in the circle of genes that diverge
between highland and lowland subpopulations except genes matching the Scenarios 2H and 2L. Under
the scenario 3, genomic windows are expected to diverge between highland and intermediate and
between intermediate and lowland, but not between highland and lowland subpopulations. The area A
denotes the genomic windows that signi�cantly diverge between the intermediate and lowland
subpopulations but not in other combinations of subpopulations. The area B denotes the genomic
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windows that diverge between the highland and intermediate subpopulations but not in other
combinations of subpopulations.

Figure 3

(a) The cross-validation (CV) error as a function of the number of subpopulations (K). (b) The population
structure when K=2. Each bar represents one individual. The shaded bars represent individuals sampled
previously in Kubota et al. (2015), and the other bars represent individuals sampled in this study. The
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vertical axis represents the estimated membership in a particular genetic cluster, and the horizonal axis
represents altitude where each individual was sampled.

Figure 4

The numbers of genomic windows detected by the FST approach. Each small circle in a large circle
represents outliers whose statistic values of FST was extremely large (the higher 1%) in each calculation.
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Figure 5

(a) The histogram of the differences between the observed and expected heterozygosity in the
intermediate subpopulation (ΔH). The vertical axis is the number of single-nucleotide polymorphisms
(SNPs). The top 2.5% (51,300 SNPs) and bottom 2.5% SNPs are de�ned as Heterozygote- and
Homozygote-accumulated SNPs, respectively. (b) The number of the Altitude-Dependent SNPs de�ned by
the latent factor mixed models (FDR < 0.05), and Heterozygote- and Homozygote-accumulated SNPs. The
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overlap between the Altitude-Dependent SNPs and Homozygote-accumulated SNPs are de�ned as
Homozygote-accumulated and Altitude-Dependent (HAAD) SNPs.

Figure 6

The histogram of the index for assessing which of the highland or lowland alleles are more frequent in
the intermediate subpopulation (ΔGF) in the Homozygote-accumulated Altitude-Dependent single-
nucleotide polymorphisms (HAAD SNPs). The higher values of ΔGF mean that the homozygote of
highland allele is more abundant at intermediate altitudes. HAAD SNPs are classi�ed into the Highland-
(ΔGF > 0.5), the Lowland- (ΔGF < −0.5), and the Coexisting- HAAD SNPs (−0.5 < ΔGF < 0.5).
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Figure 7

The genotype pattern of variants contained in S2H and S2L genes along the altitude. Each circle
represents an individual. The vertical axis represents its genotype (homozygote of lowland allele = 0,
heterozygote = 0.5, and homozygote of highland allele = 1). The curvilinear is logistic regression.



Page 29/30

Figure 8

The genotype pattern of Homozygote-accumulated Altitude-Dependent single-nucleotide polymorphisms
(HAAD SNPs) along the altitude. Each circle represents an individual. The vertical axis represents its
genotype (homozygote of lowland allele = 0, heterozygote = 0.5, and homozygote of highland allele = 1).
The curvilinear is logistic regression.
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