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Ȃ Ṝ ꜚҊ̆

₮ ԅ ₮ ̆ ⌠֒ ȁ ץ ̆

ҍ ֟ ԅ Ȃ ̆ ╠ᶭ ӎ ᴰ

ῒ № └ ῒ׆ Ȃ ץ

ῒ ̂Quercus sect. Heterobalanus̃

҂ҩ ҹ ̆ ῃ ̆ ᵣ №

ῤ ᴰ ȁ № ȁ ȁ ץ

̆ Ҭ ῏ Ṝ ȂҺ Ҋ̔ 

̂1̃ ᴰ ̆ ₮ №

Ȃ ᵣ ᴰ K = 4 ᶃ ṿ̆№ҹԅץҺ
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Abstract 

The Qinghai-Tibet Plateau (QTP), characterized by its unique environmental conditions and rich 

species diversity, serves as an ideal natural laboratory for investigating species evolution and 

diversification. A number of studies found that many species migrated out of the QTP and spread to other 

regions under climate change, such as Asia, North America and Europe, which played an important role 

in the formation of biodiversity. However, the genetic variation patterns and the genetic mechanisms of 

local adaptation are still a lack of alpine plants in QTP region. This study focuses on seven sclerophyllous 

oak species of Quercus sect. Heterobalanus in Fagaceae family (Quercus), which mainly distributed in 

the QTP and its adjacent high-altitude areas. This study combined with population genomics and 

landscape genomics analysis to investigate the genetic diversity, lineage divergence, evolutionary history, 

selective sweep and local adaptation using whole-genome resequencing, and explore adaptive candidate 

genes in local adaptation. The main results are as follows: 

(1) Genetic cluster of seven sclerophyllous oak species is not consistent with the traditional 

morphological species boundaries, but showed different geographical regions. The population genetic 

structure showed that K = 4 was the optimal value of Quercus sect. Heterobalanus, which could be divided 

into four genetic lineages̔lineage A in Tibet region; lineages B and C in the Hengduan Mountains; and 

lineage D ranging from the Qinling Mountains to East China region. Lineages B and C had higher genetic 

diversity, lineage A exhibited a moderate level of genetic diversity, while lineage D had the lowest genetic 

diversity. The relative divergence (FST) between lineages C and D was the highest (FST = 0.2), while FST 

between lineages A and B was the lowest (FST = 0.04). An asymmetric gene flow was observed between 

different lineages, and the direction was mainly from lineage A to lineage B. Demographic history showed 

that all lineages was subjected to repeated population expansion and contraction during the Quaternary 

glaciations, increasing the possibility of secondary contact. The Mantel test showed that geographical 

isolation may be the main factor driving the genetic differentiation of Quercus sect. Heterobalanus 

(Mantel r = 0.39, P = 0.0001), and the PCA-env plots showed that low or even no overlap was observed 

among different lineage pairs, suggesting that there is an ecological preference in each lineage. 

(2) The genome scan revealed significant differences in highly diverged regions (HDRs) between 

pairs of different lineages through selective sweep. The process of lineage differentiation may not only 

the changes in protein-coding sequences but also regulatory variations play a crucial role in the adaptive 

evolution of lineage divergence. The most HDRs were detected between lineage A and B, which had 

experienced positive natural selection. More SNPs in positive selection HDRs were located in intergenic 

regions in all lineage pairs, while the lower proportion of SNPs were located within the transcripts. A total 
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of 910 candidate genes were identified in positive selection HDRs in different lineages pairs, GO 

enrichment analysis of the candidate positive selection HDRs were enriched in developmental regulation, 

abiotic stress response, and reproductive-related processes. Stress response-related gene, such as 

temperature and salt-stress tolerance, were identified between a lineage and all other lineages. 

Additionally, homologous genes related to leaf size and morphological development were found only in 

three lineages distributed in QTP regions. 11% - 38% of candidate SNPs were located in the upstream and 

downstream regulatory regions of the genes, the cis-regulatory elements revealed that a large proportion 

of candidate SNPs can be matched with elements related to light response and leaf development. These 

results indicated that the lineage differentiation of Quercus sect. Heterobalanus not only depends on 

functional conserved genes, but also achieves lineage-specific adaptive evolution by regulating variation. 

(3) Each genetic lineage of Quercus sect. Heterobalanus adapted to environmental gradient 

variations in mountain ecosystems through lineage-specific environmental response strategies to achieve 

local adaptation. FST outliers test and genotype-environment association showed that the largest number 

of putative selected SNPs was identified in lineage A. The redundancy analysis indicated that genetic 

variation was found to be mainly by climatic variables in each lineage. The partial redundancy analysis 

showed that the adaptive genetic variation of lineages A and C was driven by both geographical and 

climatic factors, while lineages B and D was mainly explained by climatic factors. The gradient forest 

indicated that solar radiation was an important environmental factor driving the adaptive genetic variation 

of the alpine oak species, and each lineage responded differently to climatic factors. GO enrichment of 

candidate adaptive genes were enriched in the category of response to light, abiotic stress response, 

metabolic regulation, and regulation of growth, development. Finally, this study found that each lineage 

had potential drought-stressed related genes in response to environmental changes through identifying 

common genes among positive selection HDRs and putative selected SNPs, which promote the local 

adaptation of alpine plants to the arid ecological environment in QTP and its adjacent areas. Therefore, 

the drought-tolerant genes and the internal reproductive isolation mechanism of Quercus sect. 

Heterobalanus may act synergistically to jointly drive lineage differentiation and adaptive evolution.  

This study provides genomic evidence for understanding the species definition, lineage divergence, 

and the ecological adaptation mechanisms of complex evolutionary history of the QTP alpine plants. It 

also provides important theoretical foundation for the protection and management of alpine forest 

ecosystems under the global climate change. 

Key Words: Quercus, Qinghai-Tibet Plateau (QTP), Lineage divergence, Ecological 

adaptation, Landscape genomic  
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ᴰ № № ̆ ₮ 239ҩҍ Ṝ ῏ ᵝ ̆ῒҬ

ҹ ꜚ ᴰ [53]Ȃ

̆ ԍῃ ̂Whole-genome resequencing, WGS̃

̂Eucalyptus pellita F. Muell.̃ ̆ ᴰ ₮

№ ̆ ₮ 198ҩҍ Ṝ ῏ ᵝ ̆ ҍ ȁ №

῏ 45ҩⱳ [54]Ȃ ̆ ҹ ᴰ ῒ

ꜚ └ ᶫԅ ̆ ῒ Ṝ

ᵬ ̆ ԍ

ꜛԍ ѿ ᴰ ῒ ꜚ └Ȃ 

1.2 Ὶ ┼ 

̂Qinghai-Tibet PlateaŭQTP̃ ῃ
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̂microrefugiã̆ ֓ ҹ ᴰ Ḡ ᶫԅ ᴆ̆

Ṝ Ḇ ԅ [74]Ȃ ᵌ ̂Potentilla fruticose (L.) 

Rydb.̃ҬӞ ⌠ԅ ̆ῒ ᵣ DNA№ ̆ — ҍ — ӊ
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ԅ № ̆ ԅ ᴰ [75]Ȃ ᵣ ̆

Ṝ ꜚ № ҍ ̆ ᴰ ̆

Ḇ ӊ ԋ ҍ ֜ ̆ ῒ ᴰ

ԅ ᵬ Ȃ 

1.2.2  

№ ̆ ׆ ֒

ῒז ῀ Ҭ ԅ Ȃ Ebersbach[76]ԍ 60%

̂Saxifragaceaẽ ̂Saxifraga Tourn. ex L.̃

ԍ ̆ № ֒ ̆ ҕ

̆ № ׆ Ȃ

Lai[77] ῌ ̂Orchidaceaẽῌ֒ ̂Orchidinaẽ ̆

ԍ № ȁ ῀ ῍ ᵬ ̆

ғ № ֒׆29 ȁ Ԋᴆ̆ץ 15

׆ Ԋᴆ̆ ғ 600̓

Ȃѿ֓ ↕ ԍ ̆ ԅ № ̆

̆ ῒז Ȃ Zhang[78] ̂Crassulaceaẽ

̂Rhodiola L.̃55ҩ ̆ ҩ

ԅ № ̆ ᾢ ԍ ̆

ῒז Ȃ ᵌ ̂Elaeagnaceaẽ

̂Hippophae L.̃[79]ȁ ̂Brassicaceaẽ ̂Megadenia Maxim.̃[80]ȁ

̂Gentianaceaẽ ̂Gentiana (Tourn.) L.̃ № [81]ȁ ‏

̂Caprifoliaceaẽ ‏ ̂Lonicera L.̃[82] Ӟ ⌠ԅ ᵌ Ȃ

҉ץ ֓ ̆ ₮ԅñ ₮ òẊ ̂Out-of-Tibet Hypothesis̃[83, 84]̆

₮ Ҍֽ ̆Ӟ № ֒

̆ ֓ [60, 61]Ȃ ̆

ѿ ̆ № ȁ ץ῀ ῍

̆ῒҬ ľ ₮ Ŀ Ҭ ԅ

ᵬ Ȃ 

1.3  

1.3.1 №  

̂Fagaceaẽ ̂Quercus L.̃ ֒ Ҭ

̆ῃ 400-600[85]Ȃ № ҹ №ҹңҩ

֒ ῇҩ [86]ȂῒҬ̆ ֒ ̂Subgenus Quercus̃ № ԍ ֒

̂Section Quercus̃̆ № ԍ ̂Section 
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Ponticaẽ̆ ֽ№ ԍ Ҭ ̂Section Protobalanusȁ̃ ̂Section 

lobataẽ ̂Section Virentes̃̕ ῒ ֒ ̂Subgenus Cerris̃ ֽ№

ԍқ֒ ῧ ̂Section Cyclobalanopsis̃̆ ֒ ‏ ̂Section Ilex̃

ῒ ̂Section Cerris̃[86]Ȃ 

̆ᵀ 255 ̆ ῃ 60%̆Һ

№ ԍ ̆Ҭ ֽ № ̆ῒҬ ̂ 170̃ ̂91

̃ ү ңҩ ̆ ῃ 38% ̆

ҹῃ [87, 88]Ȃ֒ Ӟ ῃ №

ӊѿ̆ 150φ ̆ ῃ Һ̆҉ץ35% Ҭ№ ԍқ֒ қ

֒ № ̆Ҭ ү ӊѿ[86]Ȃ 29φ ̆

Һ № ԍҬ ȁ Ҭ [89]Ȃ 

1.3.2  

ᴰ ȁ ⱬץ

֜ҍ ̆ᶏῒ Ҍ ᴆҊ ׆̆

№ [87, 90, 91]Ȃ Ҍ ȁ ȁ

҉ ₮ № ̆ᶏῒ ҹ ҍ
[47, 92]Ȃ ̆ ֜ҍ ҹ ҍ

῍ ᵬ Ҋ ᶫԅ [93]Ȃ ̆ ᴰ ҍ

̆ ꜛԍ ᴰ

Ȃ 

̆ ⌠῏ ̆

Sork[94] ⱴ ̂Q. lobata N®ẽ ץ ̆ ῀

ԅ ̆ף Ҍ Ȃ ̆֒

̂Q. mongolica Fisch. ex Ledeb.ȁ̃ ̂Q. dentata Thunb.̃

̂Q. longispica (Hand.-Mazz.) A. Camus̃ ץ̆ ⱴ ̂Q. 

lobataȁ̃ ̂Q. rubra L.̃ ̂Q. tomentella Engelm. & A.Graỹ

̂ 1.1̃Ȃ ֓ Ҍֽҹ ῏

ᶫԅ ̆ ҹ ȁ ҍⱳ ῏

ԅ ׆̆ ҹ └ ᶫ Ȃ 

1.1 ῃ Ḥ  

Table 1.1 Genomic resources are available for Quercus 

 

Species 

≢ 

Section 

 

Distribution 

 

Genome size (Mb) 

 

Reference 

 Q. mongolica  қ֒ 809.84 Ai et al., 2022[95] 

ⱴ  Q. lobata   810 Sork et al., 2022[96] 
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Species 

≢ 

Section 

 

Distribution 

 

Genome size (Mb) 

 

Reference 

 Q. robur   790 Plomion et al., 2018[90] 

 Q. rubra   739 Kapoor et a., 2023[97] 

 Q.dentata  қ֒ 893.54 Wang et al., 2023[98] 

 Q. suber ‏   953.3 Ramos et al., 2018[99] 

‏  Q. ilex ‏   842.2 Rey et al., 2023[100] 

 Q. longispica ‏  қ֒ 901.31 Ren et al., 2025[101] 

ῧ Q. gilva ῧ  қ֒ 889.71 Zhou et al., 2022[102] 

ῧ Q. sichourensis ῧ  қ֒ 848.75 Liu et al., 2024[103] 

ῧ Q. rex ῧ  қ֒ 883.46 Liu et al., 2024[103] 

 Q. acutissima  қ֒ 758 Fu et al., 2022[104] 

 Q. variables  қ֒ 791.89 Chang et al., 2023[105] 

 Q. tomentella Ҭ   781 Mead et al., 2024[106] 

 Q. alba   794 Larson et al., 2025[107] 

̆ ץ ᵀ ᴰ ȁ

ȁ ץ Ȃ

Martins[108]ץⱴ ҹ ̆

̂Q. rugosa N®ẽ ᴰ№ ̆ ԅ

ꜚ ᴰ ̆ ₮ԅѿ֓ҍ ῏ ⱳ

Ȃ ̆Gugger[109]ⱴ

Ҋ̆ᶭ Ҋ Ṝ ꜚ ԅⱴ

ᴰ№ ̆ ₮ ҍ Ṝ Ṝ Ȃץ ҹ

̆Sun[110] ῧ̂Q. longinux Hayatã ꜚῒ

ᴰ ̆ ԅ ᴰẒ № ᵀ

Ṝ ⱬȂQuijano[111] ꜚῒ

ᴰ№ Ṝ Ȃ ῃ Ҋ̆Mead[112]ץⱴ

ҹ ̆ № Ṝ ῍

ԅῒ ᴰ ̆ῒҬ Ṝ ᴰ ̆ ԅ ᴰẒ ᵀȂ

Ren[101]ץ ҹ ̆ ̂Q. aquifolioides Rehder & E. 

H. Wilsoñ ῒ ̆ ԅ № ꜚ

ῤ ᴰ Ȃ ̆Meger[113]ץ ҹ ̆

↓ ̂Sequence capturẽ ̆ ₮ԅҍ ȁ Ṝ

῏ ᵝ ̆ ԅῒ ⱬ̆ ᵀԅ№

ῤ Ṝ Ȃ 

Ӟ Ҍᶭץ ԍ ̆ Ḇ ԅ

̆ ꜚ ᴰ └Ȃ ̆

ᴆҊ̆Vanhove[114]Ҭ ̂Q. suber L.̃
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Ṝ ̆

ԅ Ṝ Ҋ ᴰ Ȃ 

ԅ ̆ᵖ ╠ ׅҺ

Ҭԍ ̆ ῏ԍқ֒ ׅ

Ȃ ̆ қ֒ ̆ ԍ Ҋ

└ΐ ӈȂ 

1.3.3  

̂1̃ ӈ 

ԍ ‏ ̂Quercus sect. Ilex LoudoñҬ ѿҩ

̆ Ҭ ҕҬ ԅ № [115-117]Ȃ Һ ᶭ

ȁ № ≢ҍ∆ № [118]Ȃ [119]

ѿ № № ԅ ̆

7 11ҩ ȂȇҬ Ȉ 1998 22

⅞№ҹ 11ҩ ̆№≢ҹ ȁ ̂Q. semecarpifolia Sm.̃ȁ

̂Q. senescens Hand.-Mazz.ȁ̃ ̂Q. guyavifolia H. L®v.ȁ̃ ̂Q. 

monimotricha (Hand.-Mazz.) Hand.-Mazz.ȁ̃ ̂Q. rehderiana Hand.-Mazz.ȁ̃

̂Q. pannosa Hand.-Mazz. ̃ȁ ̂Q. fimbriata Chun et Huangȁ̃

̂Q. longispica (Hand.-Mazz.) A. Camus̃ȁ ᾣ ̂Q. 

pseudosemecarpifolia Ä Camus̃ ┬ ̂Q. spinosa David ex Franch.Ȃ̃

1999ȇҬ Ȉ̂ ḱ ̆FOC̃ ⅞№ҹ7ҩ ̆№≢

ҹ ȁ ȁ ȁ ȁ ȁ ┬ [120]Ȃ 

№ ҹ ̆ ̆қ ̆ ԍ

҉ ̕ Ҭ ̆ № ԍ ῒ

̆ῒҬ қ ԍ ̆ ┬ ׆

ѿ № ⌠ [119]Ȃ № ׆ 1700 m⌠ 4800 

m̆ ץ 2400 m⌠ 3600 m ҹ Ҭ[119]Ȃ ҹ ҹ ȁ

̆ ̆ ΐᾣ ȁ Ҍ ̆ ̕ ҹ

ȁ ȁṕ ȁ ̕ᾢ ȁ ȁ ̕ ȁ

̕ ῃ ̆ ΐ ȁ

̆ ᴪ ̆ ̕

ȁ ȁ ̕ ҹ ȁ ȁ [119, 120]Ȃ

̆ № ȁ ᵌ ץ ֜ ̆ᶏ

ῒ № Ҭ Ԉ ̆ҹѿҩῖ ᵣȂ 

Ҭ ᴨל ̆

ȁⱳ ץ ᵬ Ȃ ̆
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ᵞ ȁ ȁ ΐ ̆ ҉ץ

Ҭ Ȃῒ ꜛԍ ȁ

⁞ ̆ Ҍ Ҭ [121]Ȃ

̆ ᵬҹ ̆ ΐ

̆ №̆ ΐ ᵬ ̕ ̆

ῒ› ҹ ᶫ ̆Ḇ Ῑ№ ׆̆

ⱳ [122]Ȃ ̆ Ҋ

Қ ҹ ȁ ꜚ ᶫ ̆ῒ ȁ ҹ ȁ

Ӳꜚ ᶫ [123]Ȃ ̆ ҍ ῍

῏ ꜛԍῒ ̆ Ḇ Ҋ Ῑ№ Ȃ ̆

ץ Ӟ ̆ ȁ Ȃ 

̂2̃  

₮ԅ ⱬ̆ῒ ῤ ҹ

̆ ѿ ȁ ѿ ѿ Ӟ ̆ ҹץ ȁ

ṕ ̆ ̆ ץ [124]Ȃ

Sun[125] ̆ῒ / ᵞ ҍ

῏̆ / ↕ҍ UV-B

῏ȂBai[126] Ҭ

Ҭΐ ̆ ľ Ḡ Ŀץ

Ȃ ̆ῒ ᴰȁ

№ Ṝ ᴆ῍ ᵬ ̆ῒҬ ꜚ ῏

Ṝ [127, 128]̕ ῒ ҍ┬ № ѿ

Ҥ ΐ [129]Ȃ Ӌ ┬ ⱳ

̆Ҍ ┬ ԅҌ ץ
[130]Ȃ ֓ ԅ №ȁ ̆

Ӟᵣ ԅῒ Ҋ ҍ Ȃ 

̂3̃ ᵣ ᴰ  

≠ ᵣ ᴰ ᵣ ᴰ

ꜚ ȂMeng[131]≠ 9ҩ № 4ҩ ᵣ № ԍ

ῒ ҂ҩ ̆ ᵌ Ҭ

ᴰ ҉ ᵌȂJu[132]ԍ ᵝ ̂SLAF-seq̃ ┬

̆ ῒ ңҩ ᴰ ȂDu [133, 134]

ԍ № ȁ ᵣ ̆

ῤ ᴰ № ₮ ȂLiu[135] №

┬ ңҩ ῤ
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ᴰ№ ̆ ѿ - ῏ № №≢ ңҩ Ҍ

ᴰ ᴰ ῏ Ȃ ̆Ma [136]ῃ

11ҩ ᵝԍ

ԅѿҩ ᵣ̂SyngameonȂ̃Ju[137]ԍ SLAF-seq ҂ҩ

̆ҩᵣ ᴰ ⌠ ᾢ ᴰ № ȂRen
[101]ῃ ҍῒ ӊ

̆ ԅ ᴰ ῏ Ȃ 

╠῏ԍ ᴰ׆ № ⌠№ ȁ

ᵣ ᴰ ҩ ̆ᵖ ҉ ꜚ ᴰ

№ └ ׅ ӎȂ ᵣ ȁ

ѿ ᴰ№ └ȁ ῒ └̆

ҹ ȁ ᴰ№ └ ῒ

ᶫ ᶭ Ȃ 

1.5 ғῪ  

1.5.1  

Ҭ Һ № ԍ ῒ ̆ ȁ

Қ Ҭ ᴨל Ȃ ⌠

Ṝ ꜚ ̆ ᴰ └ҍ

Ȃ ץ ҂ҩ ҹ ̆ ῒ№ ῤ

̆≠ ῃ ̆ ᵣ ҍ

№ ᴰ ȁ └ ̆

ꜚ ᴰ№ ῏ └Ȃ Ҍֽҹ

Ṝ Ҋ ȁ № └

ᶫ ᶭ Ȃ 

1.5.2 ῤ  

ῃ ᴰ ԅ

̆ ῤ ΐᵣ Ҋ̔ 

̂1̃ ≠ ᵣ ᴰ ȁ ᴰ

ꜚ № ̆ № ̆

ѿ ҹ ⅞№ ᶫ ᶭ ̕ 

̂2̃ Ṝ ̆≠ ᵀ ҍ Ṝ ᴰ

̆ ᵝ № ҬҌ ᵝ№ ̕ 

̂3̃ Ҍ № ҍ Ḥ ̆

GO ȁⱳ ̆ ̆ ᵀ
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№ Ҭ ΐ ̕ 

̂4̃ ≢ ꜚҌ ᴰ ῏

̆ ꜚҌ ֟ № ῏ Ṝ ̆

ᴰ Ȃ 

 

1.5.3  
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2 ᴶ ┼ 

2.1  

ᴰ ᴰ Ҍ ӊ № [138, 139]̆ῒ ҍ ⌠

῍ ᵬ ̆ ȁ ᴰ ȁ [140]Ȃ Ҭ̆

ᴰ Ҍֽ ̆Ӟ ᴰ№

Ȃ ̆ ᴰ └̆ ԍ

ȁ ץ ΐ ӈȂ 

Ṝ ᴪ ᴰ ֟ Ȃ

֜ ̆ ֟ ᴰ№ [141, 142]Ȃ Ṝ

ꜚ ֟ ᴰ№ ̆ Ḇ ̕

└ Ḇ ᴰ№ [143]Ȃ ᴰ ⌠ԅ

Ṝ ̆ ≢ ῒ ̆▲

ꜚ Ṝ ꜚ ֟ ԅ ̆ ҹ ῃ

ꜚ ӊѿ[61, 65]Ȃ ̆ Һ №

₮ ᴰ№ [65, 144]Ȃ ̆ ̆

Ḥ ԍ ᴰ ̕ ̆ ᴰ ҍ

ӊ ῏ ҹ ῀ ᴰ№ └ ᶫԅ Ȃ 

‏ Ҭ Һ № ԍ ῒ ̆

ץ ᴆ ̆Ҍ ӊ

׆̆ ҹ ᴰ

ᶫԅ ᵣȂ ץ ҹ ῃ

̂Single nucleotide polymorphism, SNP̃

̆ Ҭ ҂ҩ ᴰ № ̆ ῒ №

̆ ȁ ᴰ ҍ ᵝ№ Ȃ  

2.2 ғ  

2.2.1  

῍ 68ҩ 109ҩ‏ ҩᵣ̆ ԅ

҂ҩ Ҭ Һ № ̂ 2.1̃Ȃ ̆ ῤҩᵣӊ

Ḡ ץ100̆ ᾧᾥ Ȃ ҩ 2

ҩᵣ ̆ ҩᵣ ҩᵣ ̆ № ῀

Ҭ ῀ Ȃ ҩ ȁ Ḥ

Ȃ ̆ ҩ └ᵬ 1ᴍ ̆ ȁ ȁ

Ḥ Ȃ ȇҬ ȈҬ ∆
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̆ Ḡ ԍ ȂῒҬ 18ҩ 24ҩᵣ̆┬ 18

ҩ 25ҩᵣ̆ 6ҩ 12ҩᵣ̆ 7ҩ 12ҩᵣ̆

7ҩ 14ҩᵣ̆ 5ҩ 10ҩᵣ̆ 7ҩ 12ҩᵣ

̂ 2.1̃Ȃ ’Ҋ̆ Ҭ ҩ ̆ ҩ ҩᵣ

̆ ҹ ΐ ף

ҍ ᴰ № ‰ ᴰ ᵀ [145, 146]Ȃ 

2.1 7ҩ № Ȃ̂ ã ̂̕ b̃ ̂̕ c̃

̂̕ d̃ ̂̕ ẽ ̂̕ f̃ ̂̕ g̃ ┬  

Figure 2.1 Sample sites and leaf morphology in natural populations of seven species of Quercus sect. 

Heterobalanus. (a) Quercus aquifolioides, (b) Q. guyavifolia, (c) Q. semecarpifolia, (d) Q. senescens, 

(e) Q. monimotricha, (f) Q. rehderiana, (g) Q. spinosa 

2.1 Ḥ  

Table 2.1 Sampling information of seven species of Quercus sect. Heterobalanus 

 

Species 

  

Code 

 

Longitude 

 

Latitude 

ᵝ  

Location 

 

̂Q. aquifolioides̃  

PW 104.53  32.46   

BMS 95.21  30.06   

GBX 93.16  29.92   

LZA 94.34  29.30   

MLJ 93.38  29.07   

LZ 94.52  29.55   

LZD 93.02  28.37   

BMR 95.99  29.75   
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Species 

  

Code 

 

Longitude 

 

Latitude 

ᵝ  

Location 

CYX 97.32  28.61   

MKD 98.18  29.57   

MKR 98.47  29.72   

BZL 99.15  28.31  Ԑ  

ZD 99.64  27.90  Ԑ  

XCR 99.84  28.68  Ӡ  

DCE 100.28  28.95   

YJH 100.69  30.15   

DMX 101.50  29.71   

JCK 102.06  31.27   

 

̂Q. guyavifoliã  

BMXS 99.15  28.31  Ԑ  

ELS 102.26  29.85   

MLXS 98.87  28.45  Ԑ  

MNP 100.25  27.17  Ԑ  

MPS 102.00  23.94  Ԑ  

MYL  102.81  31.66   

 

̂Q. semecarpifoliã  

BMXS 99.15  28.31  Ԑ  

FMC 102.26  28.58   

GSL 101.26  27.17   

MEX 102.48  30.87   

MLXS 98.87  28.45  Ԑ  

 

̂Q. senescens̃ 

ELS 102.26  29.85   

FMC 101.24  27.98   

JZS 100.36  25.97  Ԑ  

MNP 100.25  27.17  Ԑ  

PMS 101.96  32.06   

XYZ 100.17  26.24  Ԑ  

ZJY 103.95  25.91  Ԑ  

 

̂Q. monimotrichã  

ELS 102.26  29.85   

GZX 99.78  28.06  Ԑ  

LS 102.26  27.83   

MNP 100.25  27.17  Ԑ  

PMS 101.96  32.06   

XZ 99.64  27.90  Ԑ  

ZR 101.38  28.93  Ӝ  

 

̂Q. rehderianã  

ELS 102.26  29.85   

FMC 101.24  27.98   

JZS 100.36  25.97  Ԑ  

KKZ 103.78  31.67   

LS 102.26  27.83   

XYZ 100.17  26.24  Ԑ  

ZR 101.38  28.92  Ӝ  

┬  

̂Q. spinosã  

XGJQ 100.04  26.86  Ԑ  

GZ 99.63  27.91  Ԑ  

ZJH 106.57  33.36  ָא  

GDS 101.98  30.01   
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Species 

  

Code 

 

Longitude 

 

Latitude 

ᵝ  

Location 

SWJ 101.92  31.57   

LBZ 103.68  31.50   

JZG 104.29  33.25   

TM 95.10  30.10   

TJS 107.76  33.87   

BDX 109.29  32.15  ≠  

TDY 110.50  31.79  ῾  

DJP 110.38  31.50  ῾  

WDS 111.00  32.40  Ҹ  

TMS 110.48  29.05   

WKS 114.96  28.96   

SQS 118.06  28.91   

CYXC 97.46  28.66   

BLLK  98.12  28.58   

2.2.2  

̂1̃ DNA ȁ ҍ  

ᶏ CTAB׆ Ҭ DNA[147]Ȃ

DNAᶏ ₀ ̆ DNA Ḡ ԍ -20

— Ȃ BGISEQ-500 ‰ ̆└ ῀ ҹ 150 bp

̆ ̆ ⌠ 30ĬȂ ᶏ

̂BGĨ SOAPnuke 1.5.4[148]ᴆ

̂Raw datã̂ FASTQ ̃ └ Ȃ ᾢ− reads̕

ᵞ ᶛ readŝ ṿ Ò 5 50%̃̕

̂Ñ ᶛ 1% reads̆ ∆ └ ̂Clean 

dataȂ̃ 

̂2̃  

ᶏ BWA-MEM [149]̆ ҹñ-t 4 -M -Rò̆

̆ Burrow-Wheeler aligner (BWA) v.0.7.15ᴆ[150]҉ ↓

Ȃ SAM ᴆ ̆ ᾢ≠ SAMtools v.1.3.1sortפ ῒ

ҹ BAM ᴆ̆ Ҋ № Ȃ ̆ҹ

̆ BAM ᴆ Ҥ ̔ῒѿ̆ PCR

῀ reads̆ Ẋ ̕ῒԋ̆ᶏ samtools view 

-q 30Ҥ ̆╧ ṿ̂MAPQ̃ᵞԍ30ᵞ Ḥ Ȃ

ң Ḥ ̆ Ḡ ‰ Ȃ GATK 

MarkDuplicates ΐ reads̆׆ ҉ ᵞ

Ẋ Ȃ ᶏ GATK UnifiedGenotyker ᵣ
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̆ Ḥ ṿ ̆ ѿҩ Ḥ .vcf ᴆȂ 

̂3̃ SNP  

ᶏ GATK[151]SelectVariantsΐ ∆ ⌠ .vcfᴆҬ ₮

SNP ̆ VariantFiltrationΐ SNP Ҥ Ȃ

ҹ̔gatk VariantFiltration -R Reference Genome.fasta -V SNP.vcf.gz -O 

SNPfiltered.vcf.gz --filter-name "ExcessHetFilter" --filter-expression "ExcessHet > 13.0" --

filter-name "MissingRateFilter" --filter-expression "AN < (10 * 2 * 0.9)" --genotype-filter-

name "DPFilter" --genotype-filter-expression "DP < 10.0 || DP > 200.0" --genotype-filter-

name "AF04Filter" --genotype-filter-expression "isHet = 1 & (AD[1] / 

(AD[0]+AD[1]+0.001)) < 0.4" --genotype-filter-name "AF06Filter" --genotype-filter-

expression "isHet = 1 && (AD[1] / (AD[0]+AD[1]+0.001)) > 0.6" --genotype-filter-name 

"HomoRefFilter" --genotype-filter-expression "isHomRef = 1 & (AD[0] / 

(AD[0]+AD[1]+0.001)) < 0.99" --genotype-filter-name "HomoAltFilter" --genotype-filter-

expression "isHomVar = 1 && (AD[1] / (AD[0]+AD[1]+0.001)) < 0.99" --genotype-filter-

name "ZeroRead" --genotype-filter-expression "AD[0]+AD[1] = 0"Ȃ PLINK2

פ ∆ SNP Ῥ Ҥ └̆Һ ̔j ᵝ

̂Minor allele frequency, MAF̃ᵞԍ0.05β ̕k Ҭ

ԍ5% ᵝ ̕l Ҍ ̂Linkage disequilibrium, LD̃ ׆

Ҭ ₮ ԑ ᵝ ̆ ҹ̔--indep-pairwise 50 10 0.2Ȃ 

̂4̃ SNP ҍ  

≠ SNPEffᴆ[152] ᵝ ̆ ᾢᶏ SNPEff פ ΐ̆

ᴆ Ȃӊ ѿ

VCFᴆ ᵝ № ̆ ⌠ ҩSNP ȁ ᵝ

ץ IDḤ ̆ EXCELҬ └ Ȃ 

2.2.3 №  

̂1̃ ᴰ ҍ ᴰ №  

Admixture v.1.4.0[153] ҂ҩ ᵣ ᴰ № Ȃ

ᴆẊ Kҩ ᾢ ᵣ̆ ᵌ ̂Maximum likelihood, ML̃

ᵀ ᾢ ᶛ̆ ֜ ṿ̂Cross validation error, CV error̃

ᶃKṿȂ Kṿ ҹ1~15̆ ҩKṿ 20̆ ֜

(CV) Kṿ̆ .P.Qᴆ R 4.3.2[154]Ҭ ҩᵣ

ᴰ ᶛ Ȃ 

Һ №№ ̂Principal component analysis, PCÃ ᵣ ᴰ Ҭ ᵣ

ѿ ғ ץ̆ ῒҬ Һ ȂҺ ῃ

҉ ҆ץ SNPs ̆ ⌠ ₃ҩ ף

Һ ᴰ Һ №҉Ȃ SNPs ̆ ҩᵣ ҹҌ ᵣ̆׆
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ᵀ Ȃ ≠ PLINK v1.90[155] PCA№ ̆ vecevalᴆ

R 4.3.2[154]Ҭ Ȃ 

VCFtools v.0.1.15 [156]ΐ --window-pi 4ҩ

̂Nucleotide diversity, ˊ̃̆ץ 10 kbҹ ȁ10 kbҹ

̂ ̃ ῃ ῤ ҩ ῤ

ṿ̆ ץ ᵀ ᵣ ᴰ Ȃ ≠ VCFtools v.0.1.15ᴆ ԅ4ҩ

̂Expected heterozygosity, HẼ ȁ ̂Observed 

heterozygosity, HÕ ȁ ֜ ̂Inbreeding coefficient, FIS̃ Tajimaôs DṿȂTajimaôs 

Dṿ ץ ԍ ȁ ȂTajimaôs Dṿ ѿ

ҩ ῖ Ҭ ̆ Tajimaôs Dԍ0 ̆ Ҭ ̆

ᵣῤ ᵝ ᵞ̆ Ȃ

Tajimaôs Dԍ0 ̆ ᵞ ̆ ᵝ ⱴ̆

ԍ Ȃ Pixy v.0.95.0[157]ᴆ ԍ ꜚ

10 kb № ̂FST̃ № ̂dxỹ ᵀ ᴰ№ Ȃ 

̂2̃  

ԍ ῃ ̆ PLINK v1.9[155]ᴆ ҩᵣ ԍ

̂Identity By State, IBS̃ ᴰ ץ ᵀҩᵣ ֪ ῏ Ȃ

VCF2Dis v.1.53e[158]ᴆ ̆ ΐ

№ ̆ ‰ VCFᴆ̆ ᴋ ңҩ ῃ ῤ SNP

ᵝ ҉ ᵝ ̆ ῒ ⱴ̆ ѿҩ ҩᵣ

Ȃ ̆ ԍ SNP ̆ ᾢᶏ bgzip

ΐ VCFᴆ ̆  ҹVCF2Dis -InPut SNP.vcf.gz -OutPutפ

all_dis.mat̆ ԍҊ № ᴆ all_dis.matȂ ̆ᶏ

iTOL v.6̂Interactive Tree Of Lifẽ[159] ΐ Newick ᴆ̂.nwk̃

҉ᴰ iTOL v.6̂Interactive Tree Of Lifẽ ҍ Ȃ 

̂3̃  

ᴰ№ Ҭ ῏ ᵬ Ȃᶏ TreeMix v1.12[160]

̆ ׆ ҩ Ҭ ᵝ

ᵌ Ȃ ̆ ҉ ῏ ᶫᵀ ṿȂ ̆

ᵀ ṿ ṿӊ ꜚԊᴆȂTreeMix

̂Migration edges, M̃ҹ10̆ᶏ R Ҭ OptM [161]ᵀ TreeMix

ᴨ ׆̆ ᵀ ᶃ ꜚԊᴆȂ 

DSuite v0.3[162]ԅ ABBA-BABA№ ̂D-statistic̃ ᵀ

’ȂD ҹ P1ȁP2ȁP3 ̂Õ 4ҩ№ ᾝ

Ȃ OȁP1ȁP2 P3ӊ ῀ ̆D ҹ 0̕ P2 P3ӊ
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P1 P3ӊ ῀̆↕D ҹ Ȃ 

̂4̃ Ҍ  

ԍMaxDistҹ100 kb PopLDdecay V3.26[163]ᴆ Ҍ ᴋ ң

ҩᵝ ӊ ῏ r2ṿ̆ ᶏ PopLDdecayᴆ ᶫ Plot_MultiPop.pl

└LD ⁞ Ȃ 

̂5̃ ꜚ №  

ᾢ ↓ ῍ ̂pairwise sequentially Markovian coalescent̆

PSMC̃[164]ᵀ Ҍ ̂Effective population size, Nẽ

Ȃ׆ ҩ Ҭ ԍ 30¦ ҩᵣ ԅ ל

Ȃ Ҋ̔̂ 1̃ ≠ BWA-MEM ҩᵣ №≢

.bamᴆ̂̕ 2̃ .bamᴆ ԋṐᵣѿ ↓̆ҹ.fq ᴆ̂̕ 3̃

PSMC v.0.6.5-r67 ΐ Ҭ fq2psmcfa.fqᴆ ҹPSMC ῀ ᴆ

.fa ̂̕ 4̃ PSMC ̔/psmc-master/psmc -N25 -t15 -r5 -p "4+25*2+4+6" -

o diploid.psmc diploid.psmcfa;̂5̃ PSMC v.0.6.5-r67 ΐ Ҭ psmc_plot.pl

ȂῒҬ ꜚ ҹ 1e-8̆ ҕ

ף ҹ30Ȃ 

↓ ῍ ̂Sequential Markov coalescent̆SMC++̃

̂Nẽ № ̆SMC++ץ ҩ

ҩҩᵣ ᵝ Ḥ ̆ [165]Ȃ№

Ҋ̔̂ 1̃ ̆ vcf2smc ҩ ᴰ ᴆ.vcf

ᴆ ᵣ № SMC++͂ ᴆ .smc.gz̆פҹfor i in 1..12 

do smc++ vcf2smc SNP.vcf.gz chr$ i.smc.gz $i S: Sample1,Sample2, ...,Sample* donê̕ 2̃

ᵀ ҹ103-107ףӊ ̆smc++ estimate --spline cubic --

knots 15 --timepoints 1000 1000000 --cores 20 -o Quercus 1e-8 *.smc.gẑ̕ 3̃ ҉ѿ

ṿ ̆smc++ plot ./Quercus.pdf ./Quercus/model.final.json -g 30 

--ylim 0 100000 -cȂ 

̂6̃  

׆ WorldClim version 2.1̂https://worldclim.org/data/worldclim21.htmlҊ

№ ҹ 30 19ҩ Ṝ ȁ ȁ
[166]̆ῒҬ ȁ

ҩ ȁ ̆ ῍ 22ҩ ̂Ҍ ȁ

Ȃ̃ ArGIS 10.8Ҭ GCS_WGS_1984Ҋ ҹ 1Ὲ №

̆ ҩ Ȃҹ⁞ ῍

̆ usdm v.2.1.7[167]ᶏ № ̂Variance Inflation Factor, VIF̃
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VIFṿ ԍ5 ╧ Ȃ ᾥ - ≠ ̂Kruskal-Wallis test̃

ҩ Ȃ 

̂7̃ №  

̂Mantel test̃№ ҍ

ᴰ№ Ҭ ᵬ Ȃ ᴰ ᾢ PGDSpider_2.1.1.0[168]ᴆ

LinuxҬ .vcfᴆ GENEPOP ᴆ̆ ᶏ genepop

ᴰ№ ̂FST ̃̆ ѿ ₮ FST/(1 - FST)ṿ̆

ᴰ ‰ ҹ Ȃ ᶏ ñgeosphereò[169]

ԍ ̆ᶏ HaversineῈ Ȃ Ṝ ᶏ

ñecodistò[170] Bray-Curtis ҹ Ȃ №

R 4.3.2Ҭ ̆ᶏ vegan[171] ̆ ҹ9999̆

ҹP = 0.05Ȃ 

̂8̃ ᵝ  

Broennimann[172]₮ Ҭ ᵝ ᵌ ̂Niche 

Similarity Tests̃№ Ҍ ᴰ ᾝ ᵝ№ ҍ ᵌ Ȃ ᶏ

̂Schoenerôs D̃ᵬҹ ᵝ ̆ ѿҩ ץ̆

ᵝ ᵌ ̔ Warren[173]ҹ ңҩ Ҭ ̆Schoenerôs Dṿ

ҹ 0̆ ңҩ ῍֣ ̆Schoenerôs Dṿҹ 1Ȃᶏ Һ №№

╠ңҩ ⇔ ѿҩ ̆Һ ade4[174] dudi.pca₱ ‰

̆Ḡ ╠ңҩҺ № ᵬҹ ᵝ Һ ̆ Һ №№

ԅᾢ╠ ̂PCA-enṽȂ Һ ҹ ᵀ

ҩ ̂Zij̆̃ ғ ԍ Ҍ ṿ Schoener's DṿȂ

ecospat[175]grid.clim.dyn₱ ᵝ ץ̆ PCA

Ҭ № ᵬҹῃ ̆ ҩ ᴰ ᾝ№≢ ῒ Ҭ

ᵝ ’Ȃ № ҹ 100¦100 ̆ ᵀ ҩ

ᾝ ̆ ᵝ№ Ȃ ңҩ ᵝ

№ ᵌ ₮ ᵝ Schoenerôs D ̆ ׆ 0̂

̃⌠1̂ ῃ ̃̆ Schoenerôs Dṿ ᵝ ̆ ᵌȂ 

ҹ ѿ ᵝ ̆ ԅ ᵝ ᴇ

ᵝ ᵌ Ȃ ᵝ ᴇ ԍ ңҩ ᴰ ᾝ ᵝ ῃ

ץ̆ ңҩ ᵝ ԑץ Ȃ ecospat.niche.equivalency.test₱ ̆

ҹ 1000Ȃ ᴇ ԍ ᵀ ᵝ ᵌ ₮ ̆

Ȃ ᴰ ᾝ ᵝ ṿ̂Dҍ 100ҩ ṿ №

Ȃ ᵝ ᵌ ̂M ̃ ᴆ ᴆҊ̆

ᵀᴋᵥ ᴰ ᾝ ᵝ ҌἝẼ ᵌ̆ῒҬ M ҹ №
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Ȃ Ҭ̆ҹ ᾧ ᵝ№

̆ ⱬ̆ ԍ ̆

‖ ᵬҹ ᵝ№ M Ȃ ᾢ ̆ WGS84

̂EPSG:4326̃ € ף̆ № ̕

ԍ ̆ € №≢Ạ 50 km ‖ ̆ № Ȃ

№ ᶏ R 4.3.2Ҭ Ecospat ecospat.niche.similarity.test₱ ̆

1000Ȃ P < 0.05↕ ᵝ ᵌ ԍ ̆ ᵝ

Ȃ ̆ ᵝ ᵌ̕

Ҍ ̆ ᵝ№ ̕ ֽ ̆↕ ᵝ῏ Ȃ

№ R 4.3.2[154]Ҭ Ȃ 

2.3  

2.3.1 SNPβ  

ῃ 109ҩ ῍ 4153.49 G ̂Raw 

datã̆ └ȁ ḱ◄ȁᵞ ↓ 4035.98 G

̂Clean dataȂ̃ҩᵣ ҹ 32.27Ĭ̆ҍ ⌠

97.96%̆ ̂ 1̃Ȃ Ҥ └ ̆ Ḡ 309547ҩ

SNPs Ȃ SNPs 12 ᵣ҉№ ̆SNPsβ

№ 12 ᵣ҉̂ 2.2̆̃ ₮ Ҥ ’̆

ᵣ ’̆ҹ Ҋ № ᶫԅ

’Ȃ 

ᶏ SNPeffᴆ 309547ҩ SNPsβ ⱳ №

̆ᵝԍ SNPs ̆ ⌠ 182970ҩ̆ ῃ 59%̕ῒ

ῤ ̂Intronic̃ SNPsβ ῍ 49033ҩ̆ ῃ 16%̕β ԍ

҉Ҋ 2000 bp SNPsβ ̆῍ 44874ҩ̆ ῃ 14%̕ ᵝԍ

↓ ̂Exonic̃ SNPs 30784ҩ̆ ῃ 10%Ȃ

̆ ◄ ᵝ ̂Splicing̃ ̆῍ 1885ҩ̆ 1%̂ 2.3̃Ȃ 
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2.2 12 ᵣ҉Ҍ SNPs  

Figure 2.2 The distribution of SNPs on 12 chromosomes 

2.3 SNPsβ ҉Ҍ ῃ ᵝ №  

Figure 2.3 The number and percentage of SNPs in different regions of the genome 

2.3.2 ᴰ ҍ ᴰ  

Admixture№ ᵣ № K = 4 ֜

ṿ ̆ҹ ᶃ ṿ̂ 2.4̆̃ ҹ№⅞ץ ҩ



2 ᴰ └ 

23 

ȂK = 2 ̆ № Һ ҍ қ

ҩᵣӊ ̂ 1̃̕K = 3 ̆ қ ҩᵣ ѿ

№ ҹңҩ ᴰ ̂ 2̃̕ ᶃ K = 4 ̆ ҂ҩ №ҹԅ

ҩҌ ᴰ ̂A-D̃̆ Â lineage Ã ȁ ȁ

ȁ┬ ȁ ҩᵣ̆Һ ᵝԍ ̕ B̂ lineage B̃

ȁ ȁ ȁ ȁ ȁ┬ ҩᵣ̆Һ

ᵝԍ ̕ Ĉ lineage C̃ ┬ ȁ ȁ

ҩᵣ̆Һ ᵝԍ ̕ D̂ lineage D̃ ┬ ȁ

ҩᵣ̆Һ ᵝԍ қ ̂ 2.5̆ 3̃Ȃ 

ѿ ԍῃ SNPsT ҩᵣ ֪ ῏ ᴰ ̆ ᵝ

῍֣̂IBS̃ № ȁ ̂Neighbor-Joining tree, NJ̃ Һ №№

̂PCÃ ᵝԍ қ ҩᵣҍ ҩᵣ ᴰ

̆№≢ ҹѿҩ ̂ 2.6̆2.7̃Ȃ ᵣ ̆ ᵝ

῍֣ № ȁ Һ №№ ҍAdmixture ѿ ̆

ᴰ ̆ ₮ѿ №

Ȃ ̆ ҹ ҩ ᴰ ̆ ѿ ҹ

῏ ᶫԅ ╠ ҍ№ ᶭ Ȃ 

2.4 Admixture№ Ҍ Kṿ ֜ ṿ 

Figure 2.4 The maximum marginal likelihood values and cross-validation (CV) values for different K 

values are calculated using Admixture analyses 
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2.5 № ᴰ ̂K = 2-4̃Ȃ ȁ ȁ ȁ ȁ

ȁ ᵣ ף≢№ ȁ ȁ ȁ ȁ

ȁ ┬  

Figure 2.5 Genetic structure of Quercus sect. Heterobalanus using Bayesian clustering analysis (K = 

2-4). The blue, orange, purple, pink, blue-green, green and yellow of the font represent Q. 

aquifolioides, Q. guyavifolia, Q. semecarpifolia, Q. senescens, Q. monimotricha, Q. rehderiana and 

Q. spinosa, respectively 

 

2.6 ̂ã ҍҺ №№ ̂b̃  

Figure 2.6 The result of phylogenetic tree (a) and principal components analysis (b) of Quercus sect. 

Heterobalanus 
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2.7 ᵝ ῍֣№ Ȃ ȁ ȁ ȁ ȁ ȁ

ף≢№ ȁ ȁ ȁ ȁ ȁ ┬  

Figure 2.7 The result of Identity by State (IBS) of Quercus sect. Heterobalanus. The blue, orange, 

purple, pink, blue-green, green and yellow represent Q. aquifolioides, Q. guyavifolia, Q. 

semecarpifolia, Q. senescens, Q. monimotricha, Q. rehderiana and Q. spinosa, respectively 

̆ C ᴰ ̂HE = 0.28̃̆ῒ B̂ HE = 

0.26̃ Â HE = 0.25̃̆ D ᴰ ᵞ̂HE = 0.24̃̂ 1̃Ȃ

B ̂  ́= 1.04¦10-4̃̆ D

̂  ́= 0.77¦10-4̃̂ 2.8-ãȂTajimaôs D AȁB

C ԍ 0̆ ῒҬ B ṿ ̂Tajimaôs D = 0.445̃̆ ῒ ҹ Â Tajimaôs D 

= 0.426̃ҍ Ĉ Tajimaôs D = 0.247̃̆ D ṿ ғ ԍ ṿ

̂Tajimaôs D = -0.004̃̂ 2.8-b̃Ȃ Ҍ ̂LD̃ ⁞№ D

⁞ ̆ A ⁞ ̂ 2.8-c̃Ȃ №

№ ҩ ᴰ№ ̆ῒҬ Cҍ

Dӊ ᴰ№ ̂FST = 0.2̆dxy = 0.11̃̆ Aҍ Bӊ ᴰ

№ ̂FST = 0.04̆ dxy = 0.107̃̂ 2.8-d̃Ȃ ᴰ№ ̂FST̃ Ҍ

ӊ ԅ № Ȃ 
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2.8 ҩ ᴰ ᴰ Ȃ̂ ã ;̂ b̃ Tajimaôs D;̂ c̃

Ҍ ⁞ ’;̂ d̃ ҩ ңң ᴰ№ ̂FST̃ №

̂dxỹ Ȃ ᴰ№ ᵞ̆ ᴰ№  

Figure 2.8 Genetic parameters of different genetic lineages of Quercus sect. Heterobalanus. (a) 

Nucleotide diversity, (b)Tajimaôs D, (c) The decay of LD measured by r2 as a function of physical 

distance. (d) The heatmap of relative (FST) and absolute (dxy) divergence for pairwise comparisons 

among different lineages of Quercus sect. Heterobalanus, with blue and purple indicating lower and 

higher genetic differentiation, respectively  

2.3.3 ҍ ꜚ  

TreeMix№ ̆OptMM = 3ᵬ

ҹ ᶃ ̆ ᶛ ⌠99.5%̕ Ҍ ̆

Aҍ B ⌠ ̆ ҹ A B̕ ԅ D

B ̂ 2.9̃Ȃ D-suite № ̆

ҬD-statisticԍ 0̂ D = 0.02 ï 0.09̆Z-score = 5.43 ï 19.55̆P < 

0.001̃̆ Ҍ ᴰ ӊ Ҍ ֜ ̂ 2̃Ȃ 
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2.9 TreeMix№ Ҍ Ȃ̂ ã ҩҌ ӊ

ꜚԊᴆ̂M best = 3Ȃ̃ ꜚ Ȃ 1⌠0׆ Ȃ̂ b̃

ᵀTreeMix Ҍ M ᴨ ̆ ᶃ ṿ̂M = 3̃ 

Figure 2.9 Gene flow of different lineages of Quercus sect. Heterobalanus using TreeMix. (a) Gene 

flow events among different lineages (M best = 3). The direction of gene flow is indicated by an 

arrow. The colored arrows show the migration weight from zero to one. (b) Optm fit plots, which 

evaluated different m results of the TreeMix, showing the best fit (M = 3) 

≠ ↓ ῍ № №≢ ҩ

ꜚ ̆ ҩ ⌠ѿ ԓ ҆ ╠ӊ ̆ ԅ ᵌ

ꜚ Ԋᴆ̆ ᾢҌ Ҍ ̂ 2.10Ȃ̃׆ѿ ԓ

҆ ╠⌠ѿ ѿ ҆ ╠ӊ ̆ A C ᾢ ԍ ̆ B

D ₮ ̂ל 2.10Ȃ̃׆ѿ ѿ ҆ ╠⌠10̓ ╠

ӊ ̆ ҩ ⌠ ̂ל 2.10Ȃ̃ 
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2.10 PSMC Ҍ  

Figure 2.10 Demographic history inferred by the PSMC model among different lineages 

Ӟ ↓ ῍ № ҩ ꜚ

̆ѿ ҆ ╠⌠ ҆ ╠ӊ ̆ ҩ -

- ̕ ң҆ ╠ ҈҆ ╠̆ ҩ ₮ ԅ ̂

2.11Ȃ̃ 

2.11 SMC++ Ҍ Ȃ̂ ã A

̂̕ b̃ B ̂̕ c̃ C ̂̕ d̃

D  

Figure 2.11 The historical effective population size of four different lineages was inferred by SMC++. 

(a) Historical changes in effective population sizes of lineage A, (b) Historical changes in effective 

population sizes of lineage B, (c) Historical changes in effective population sizes of lineage C, (d) 

Historical changes in effective population sizes of lineage D 
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2.3.4 №  

ᶏ № 22ҩ ῍ № Ḡ ԅץҊ

҂ҩ ̂ 3̃̆№≢ ף Ṝ ̔ ̂Bio02̃̆

‛ ᴍ ᵞ ̂Bio07̃̆ ̂Bio09̃̕ ף Ṝ ̔

ᴍ ̂Bio13̃ ̂Bio15̃̕ ΐ

̂Srad̃ ̂Wind̂̃ 2.2̃Ȃ ҩ Ṝ

̆ ȁ ҩ

̆ῒҬBio02̆Bio07̆Bio09̆Bio15Srad

̂P < 0.001̃̆ Bio13 ̂P < 0.04̃̆ Wind ̂P = 0.69̃

̂ 2.2̆ 2.12Ȃ̃ 

2.2 ̂VIF̃  

Table 2.3 Results of variance inflation factor (VIF) analysis for screening environmental variables and 

their corresponding significance tests 

Ṝ  

Climate variables 

 

VIF 

ṿ 

chi-squared 

 

df 

ṿ 

P 

Bio02 2.53 34.73 3 1.39E-07 

Bio07 2.70 37.38 3 3.82E-08 

Bio09 4.62 31.92 3 5.45E-07 

Bio13 2.32 8.56 3 0.03572 

Bio15 2.10 21.90 3 6.85E-05 

Srad 1.43 36.71 3 5.30E-08 

Wind 2.67 1.48 3 0.6861 

 

2.12 Ḡ ҂ҩ Ṝ ᵀҌ Ȃy ף ṿ 

Figure 2.12 Environmental differences among lineage as measured by the seven retained 

climatic factors. The y-axis represents the climatic factor 
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ҩ Ṝ PCA№ ̆╠ңҩҺ № ԅ

54.1%̆ ῒҬPC1PC2№≢ ԅ34.6%19.5%̂  2.13Ȃ̃ ҩ

Ṝ ᵝҬ₮ ԅѿ Ȃ 

2.13 7ҩ Һ №№  

Figure 2.13 First two axes of the principal component analysis of seven climatic variables 

̂Mantel test̃ ᴰ№ ҍ

῏ № ̆ ᴰ

̆ ᴰ ҍ ῏̂Mantel r = 0.39, P = 0.0001̃̆

ᴰ ҍ Ӟ ῏῏ ̂Mantel r = 0.18, P = 0.01̃̂ 2.14Ȃ̃ 

2.14 ҍ Ȃ̂ ã ᴰ FST / (1 ī 

FST)ҍ ῏̂̕ b̃ ҍ ῏Ȃ 9999

Ȃ ̆ ף 95%Ḥ  

Figure 2.14 Isolation by distance and environment using Mantel test. (a) Pairwise genetic 

distance FST / (1 ī FST) is significantly associated with geographic distance and (b) 

environmental distance. The significant test using 9999 permutations. Lines show model the 

predictions, and the orange shading represents the 95% confidence intervals 
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2.3.5 β  

ԍҺ №№ - ̂PCA-enṽ ̆ ҩ ᵝ № ̆

ѿ ԅ ᵝ ᴇ ᵌ ̆῍ ԅΈ №

̂ 2.15Ȃ̃Һ №№ - № Ҍ ᵝ ̆

ῒ ̂Schoenerôs Dṿ̃ ⌠ᵞ№≢ҹ̔ A/B̂ D = 0.149ȁ̃ B/D

̂D = 0.089ȁ̃ A/D̂ D = 0.008ȁ̃ B/Ĉ D = 0.005ȁ̃ A/Ĉ D = 0.003̃̆

ץ C/D̂ D = 0̃Ȃ ᵣ҉̆ Dṿ ԍ ᵞ ̆ ῒ

CҍDӊ ῃ ̂D = 0̃̆ ץ ңҩ ╠ ҉ ᵝ

№ ̆ Ҍ ῍֣ Ȃ 

ᵝ ᴇ ̆ ԅ B/Dӊ ₮ ̂P < 0.05̃̆

ῒᵩ ӊ ⌠ ̂P > 0.05̃̆ Ҭ

ᵝ ҉ΐ ̆ B D ᵝ Ҍ Ȃ ᵝ

ᵌ ̆ B/Dȁ B/Cȁ B/Aӊ ᵝ ᵌ

ԍ ̂P < 0.05̃̆ ѿ ᵝḠ ̆ל ῒᵩ ӊ

↕ ⌠ ̂P > 0.05̃̆ ӊױ ᵝ ῒ №

Ȃ ҍң ץ ₮̆ ҩ ᵣ

₮ ᵝ № ᵖ ᵝ ᴇȁֽ № ᵝḠ

Ȃ 
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2.15 ҩ ᵌ № Ȃ Έ ңң ̔̂ ã

Aҍ B̂̕b̃ Aҍ Ĉ̕c̃ Aҍ D̂̕d̃ Bҍ Ĉ̕ẽ Bҍ D̕

̂f̃ CҍDȂ ᶷҺ №№ - ̂PCA-env plot̃ ᵌ Ȃ

Ҭ ᾝ Ҭ № Ȃ ṿ 100%≠ ̂

Ȃ̃ ף ѿ ᵝ̆ ף ԋ ᵝȂ ҹ

№ ᵝ֜ Ȃ ᵝ№ ҍ ᵌ Ȃ ԅ

ңҩ№ ӊ ⌠ ᵝ D̂ ץ̃ ᵝ ̂ ̃̆

ᵝ№ ԍ100 ף ₮Ȃ ᵝ Ҭ

ᵞ ҹ0 

Figure 2.15 Similarity test analysis for four lineages of Quercus sect. Heterobalanus. The six 

pairwise comparisons were tested between different lineages, (a) lineage A/B, (b) lineage A/C; 

(c) lineage A/D, (d) lineage B/C, (e) lineage B/D, (f) lineage C/D. The PCA-env plots (left) are 

shown according to the similarity test. Shaded areas in each plot show the density of the 

occurrences of the populations by cell. The solid contour lines illustrate 100% of the available 

(background) environment. The green colour represents the niche of the first population and the 

red colour the niche of the second population. The purple shaded areas are the niche 

intersections among kernel densities of occurrences. The histograms correspond to the results of 

equivalency and similarity tests to test for niche divergence. Histograms show the observed 

niche overlap D between the two ranges (red lines) and simulated niche overlaps (grey bars) on 

which tests of niche divergence are calculated from 100 iterations. The absence of red lines 

indicates extremely low ecological overlap or even zero overlap in equivalency tests 
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2.4  

2.4.1 ҍ ᴰ Ҍѿ  

№ ѿ ꜜⱬ ̆ ׅ ԍ№

̆ Ҍ ̆ № ᵬѿ Ҍ ̆ ≢

ү Ҭ[176-178]Ȃ ῒ ѿ Ҍ ᴆҊ ₮

Ҍ ׆̆ ᴰ № Ҭ ҹ Ҍ ̆ ԍ

ᵌȁ֪ ῏ ℗ғ ҹ ᵣ̂Species complexes̃
[176, 179]Ȃ ̆ ֜ ץ ᵌ̆׆

ѿ ӊ ̆ ⱴ ᵣ ̆ ҹԅ ᴰ

№ ҍ ᴰ ᾝ ѿҩ [180-182]Ȃ 

ԍῃ ҂ҩ ҍ ᵣ ᴰ

№ ̆ ԍᴰ № ⅞№ 7ҩ ᴰ ̆

҉ ₮ ҩҺ ᴰ Ȃ ѿ ҍJu[137]

ᴰ ѿ ҩ ᴰ ⅞№Ȃ Ҋ̆

Ҭ ⌠ Ҍѿ № ̆

ԍ ⅞№ ᴰ ҉ Ҍ [183, 184]Ȃ

ῒ Ҭ̆ ̂RanunculaceaẽӋ ̂Aconitum L.̃[185]ȁ
[76] ̂Poaceaẽ ̂Elymus L.̃[186]ҕף ȁ №

ץ ꜚ ᵖ ᴰ№ ȂXu [187]ԍᴰ

№ 6ҩ ᶏ ȁ ᴰ ᵝ№ №

ңҩ ᴰ ̆ ᵀῒ ⅞№Ȃ

’ Ӌ ⅞№ ̂A. pendulum̃ ᴟ ̂A. 

flavum̃ңҩ ̆ ᶏ ᴰ ᵝ № ңҩ

ᴰ Ҍ ғ ᵝ ̆ ҹῒ Ҍ ҹңҩ [188]Ȃ

Ҭ̆№ ̂Pinaceaẽ ̂Pinus L.̃[189]ȁ

̂Salicaceaẽ ̂Populus L.̃[190] ̂Ericaceaẽ

̂Rhododendron L.̃[191] Ҭ Ȃ 

ҍ ᴰ ӊ Ҍѿ ῍

̆ ֜ȁ Ҍ ῃ ̂Incomplete lineage sorting, ILS̃ Ȃ ԍ

TreeMix№ ⌠ԅ A B Ḥ ̆

Ӟ ⌠ԅ D B ȂD-suite№

⌠ Ҍҹ0 D ̂Z-score > 3̆ P < 0.001̃̆ ԅ

ғ Ȃ ̆Ma [136]

ᵣ Ҍѿ ̆ № Ҭ
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Ҍ ῃ ̂Incomplete lineage sorting, ILS̃ Ȃ ̆

Ҭ ԍ ‏ ѿҩ ̆ᵖ ԍΐ ȁ

ȁ ֜ ᶏ №

ᴪ ֜ ̆῍֣ ᾢ ׆̆ ԅ

Ҍ ̆ [192-194]Ȃ ᵌ

ᵣ̂Q. laeta complexes̃ҬӞ ̆ ᵣ ῒ № ῤ ₮

̆ᴰ № ԍ № Έҩ ̆ᵖ

ᵣ ῏ ᵣ ғ

⅞№₮ 6ҩ ᴰ [195]Ȃ ̆ ᴰ ץ №

⅞№̆ ᶏ ᵝ № ҬӞ [196]Ȃ Ӟ

ҩ ᴰ № ᴰ Ȃ K = 2 ̆ ᴰ №

⅞№ңҩ ᴰ ̆ѿҩ ᴰ ҹ№ ԍ ̂QTP̃ ҩᵣ̆

ԍ Ṝ ῒ№ ԅҌ

№ ̆ ԍ Ҍ ῃ ̆ ӊױ ֜ ᴪ
[193, 197]̕ ѿҩ ᴰ ҹҺ № ԍ Ҭ ̂non-QTP̃

ҩᵣ̆ ԍ ᵌ ԅ ̆ Ҭ

ԅ ᵌ ᵝ [198]ȂK = 3 ̆ᵝԍ

ѿ ֟ ԅ ᴰ№ ̆ ԍ Ṝ ҩ—

̆Ҍ Ḇ ԅ ѿ № [199]Ȃ K = 4 ᶃ ṿ ̆

ҩ ᴰ №≢Һ ᵝԍ ̂ Ãȁ ̂ B̃ȁ

̂ C̃ Ҭ ̂ D̃Ȃ № ̆

ᵌ ᴰ № ῒז Ҭ ̆

̂Pinus densata Mast.̃[200]ȁ ‛ ̂Abies faxoniana var. faxoniana (Rehder & E. 

H. Wilson) T. S. Liũ[201]Ȃ 

̆ ꜚ № Ӟ

№ ҍ ᴰ Ҍѿ ӊѿ[5, 184]Ȃ Ҭ

ӎ № ̆ ѿ ₃ᵥ ȁ

῀ № ҍ № Ҍѿ └̆ᵖ

ᴪ Ҍ ̆ ȁ
[124]Ȃ қ ‛

ӊѿ̆ № ȁ ᵞ ץ ȁ

ⱬ ΐ ᵬ ̆ Ӟ № ӊѿ
[202]Ȃҍ ̆ ┬ ̆ΐ ѿ֓

ᵞ ᴆȂ ̆ Ӟ

ѿ Ȃ ̆ ᵞ ⁞ ȁ
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ᵞ ᵬ ׆̆ Ҭ ⱬ[203]Ȃ ̆ ԅ

Ҭ ̆ῒז Ҍֽ ӓץ ԍ Ҭ̆ ץ

Ҥ Ȃ ֓ ԅ ▲

Ҭ̆ ᴪ ᴆ ѿ

Ҍᵄ ᴰ№ ׆̆ ҉ ⅞№ҹҌ ᶭ ԍ

ѿ ᴰ Ȃ 

2.4.2 ᴰ№ ҍ ꜚ  

ᴰ ᵬҹ №̆ ⱬ
[204, 205]Ȃ ̆ ԍ ԅ ғ Ṝ

ᵬ ̆ ᴰ ₮ [206]Ȃ Ҭ № ̆

⅞№ ҩ ᴰ № № ѿ ҉

ԅ ף ̆ ⁞ ᴰ ᵀ ̆ Ҍ

ᴰ ȂῒҬ̆ᵝԍ B C

ᴰ ̆ ѿ ԅ ᴰ

Ȃ ҹ қ ҹү ӊѿ̆

— [199]̆

Ҭ ᴰ Ҭ — ׆̆

≠ԍ ᴰ Ȃ ̆

№ ̆Ḇ ԅ ֜ ̆ҹ ᴰ ᶫԅ

ᴰ Ȃ ᵌ ₮ ᴰ

ῒ ҬӞ ̆ ҹҍ Ṝ ꜚ ᵬҹ

— ᵬ ῏[200, 201, 207]Ȃ № ԍ Ҭ D ₮ ᵞ

ᴰ ̆ҍᾢ╠ ῒ ѿ ̆ ⌠

ᵞ ᴰ ԍ ֜ [208]Ȃ 

ᴰ№ ̂FSTҍ dxỹ ̆ Ҍ ӊ

₮ ԅ ҹ ᴰ№ ̆ ῒ Dҍᵝԍ ῒז ӊ

ᴰ№ Ẓ Ȃ ᵌ ᴰ№ ѿ֓ ̂Allium cyaneum 

Regel̃[209]ȁ ̂Pinus armandii Franch.̃[210] ̂Rheum palmatum L.̃

[211] ҍ ӊ Ӟ Ȃ Ҭ̆ Cҍ

Dӊ ᴰ№ ҹ ̂FST = 0.20̆dxy = 0.11̃̆ № ԍ

Cҍ№ ԍ - Ҭ Dӊ ⌠ ̆

׆ └ԅ ᴰ ̆ ԅ ֜ ̆ Ḇ ԅ ᴰ№ Ȃ

ӊҊ̆Һ № ԍ Aҍᵝԍ B № ̆ῒ

ᴰ№ ᵞȂ ΐ ȁ ᴰ ץ ֜

̆ ץ № ֜ ̆ ᴰ№
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[192]Ȃ ῒז ҬӞ ⌠ ᵌ ̆ ̂Q. robur̃

̂Q. petraeã ҉ ₮ ̆ᵖ Ҍ ᶭ

ҹ ֜ [212]Ȃ № A

B Ȃ ╠̆Jiang[213] ҹ‏ ԍқ֒ ̆

̆ ȂLiu[135] ┬

ңҩ ΐ ׆ қ ̆ҍ

ѿ Ȃ ̆ ѿ №

ѿ ҉ ľ ₮ Ŀ̂ Out of the Qinghai-Tibet Plateau, Out of QTP̃Ẋ

Ȃ ᵌ ҩ Ҭ ̆ᶛ ȁ

̂Primulaceaẽ ̂Primula L.̃ץ ҹ

̆ қ֒ῒז [61, 214]Ȃ 

Tajimaôs DҌ Ȃᵝԍ

AȁB C ҹ ṿ ױ ԅ Ԋᴆ ̆ ҍ

ҕ Ṝ Ҋ ҍԋ
[66, 70]Ȃ ṿ D ῒ ԅ Ȃ ̆

Ҭ ҕ ҉ ҕ ԅ ̆ ᵄ ֒

ⱴ ̆ ֓ ┴ ԅ № [58, 61]Ȃ ѿ

ꜚ № ҩ Ҭ ҕץ ԅ Ҋ ̆

ԍҬ ҕ ᵄ Ṝ ̆

ԅ ȁᵞ ץ ̆

׆̆ ᶏ ▲Ҋ Ȃ ҉ ҕ ̆ Aҍ

C ԍ ̆ B D↕₮ ̆ ԍ

ԍ ̆ Ṝ [58, 61]Ȃ 

2.4.3 ҍ ꜚ ᴰ ҍ ᵝ№  

ҹ ᴰ Ȃ

ᴰ ҍ ῏̂Mantel r = 

0.39, P = 0.0001̃̆ ̆ ֜ Ȃ ѿ ῖ

̂Isolation by distance, IBD̃ ̆ └ Ḇ

ᴰ№ [141]Ȃ ≢ Ҭ̆ ԍ ȁ ץ

ⱬ ̆ Ҭ [215]Ȃ ԍ ̆

֜ Һ ᶭ ԍ ᴰ Ȃ ᴰ ץ ѿ ҉

ᴰ ̆ ⌠ ᴆ ׆̆└ ӊ

֜ ⌠ [216]Ȃ Һ № ԍ ῒ ̆

ᴪ ᵞ ᴰ ׆̆ ⱴ ̆ ԅ

֜ Ȃ ץף ԅ ĺ
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̆ № №◓ҹ ԑ

ᾝ̆׆ └ ӊ ֜ ̆ Ḇ ᴰ№ [131, 214]Ȃ ᵌ ꜚ

ᴰ Ҭ Ȃ ̆ ⌠ԅ

̂Isolation by environment, IBẼ̂ Mantel r = 0.18, P = 0.01̃̆

Ӟ ᴰ ΐ ᵬ Ȃ

Ҍ ᴆҊ Ḇ ӊ № ̆ ᶏ

’Ҋ̆Ҍ Ҭ Ӟ ֟ ᴰ [217]Ȃ

̆ ԍ ȁ Ṝ ᴆ ץ ̆

ҹ ᶫԅ ⱬ̆׆ Ḇ № Ȃ №

Ҭ̆ ꜚ ᴰ№ Ҭ ̆ Ԑ

̂Picea brachytyla (Franch.) E. Pritz.̃[218]Ȃ ̆

ⱬҊ̆ Ҍ Ҭ̆ ԅ

№ ׆̆ ԅ ╠ ᴰ Ȃ 

῍ ᵬ Ҋ̆ ѿ ᵝ№

Ȃ ᵝ № ԅ ᵝ№

№ ѿҩ [219]ȂҌ ᵝ№

̆ ᵞ Ԉ ̆ ѿ ≠ ҍ ̆

Ḇ № Ȃ ԍ PCA-env ԅ Ҍ

Ҭ ᵝ ̆ ᵝ ᴇ ҍ ᵌ ̆ ᵝ№

№ ̆ ӊ ̂Schoenerôs D̃ṿ ԍ ᵞ

̆ Ҭ ᵝ ̆ΐ ᵝ№

̆ל Ȃ ѿ Ҍ Ҭ

ԅҌ ⱬ̆׆ Ṝ ҉ ԅ ᵝȂ

ᵝ ᴇ Bҍ Dӊ ԅ ᵝ ᴇ Ẋ ̆

ңҩ Ҭ № Ȃ ѿ Һ ⌠ ᵝ

ᴆ ̔ B№ ̆ ȁ ȁ

Ṝ ̆ DҺ № Ҭ ̆ ᴆ Ȃ

ⱬ Ḇᶏң Ҍ ׆̆ ᵝ҉

№ Ȃ ̆ ᵝ ꜛԍ⁞ Ԉ ̆

῍ ̆ Ḇ ᴰ ̆ ѿ └ҍ № ῒז

ѿ [220, 221]Ȃῒᵩ 5ҩ ᵝ Ҥ ̆ A C

ԅ Ȃ ѿ ҍᾢ╠ ѿ ̆ ֪ ῏

Ҋ Ҍ Ḡ Ҥ ᵝ̆ ᵝ№ ҹ
[172, 220]Ȃ ᵝ ᵌ ѿ ԅ B ҩ Ҭ ₮

ᵝẒ ̆ῒ ᵝ№ Ҍ ԍ AȁC D̆ Bҹԅ



ԍ  

38 

ԅ Ȃ ᵝ

Ҍ ⱬץ № ҉ [173]Ȃ ̆ Ṝ

Ḇ № ԅ ᵬ Ȃ 

2.5  

109ҩᵣ ῃ ᵣ № Ȃ

ᵣ ᴰ № ̆ ᴰ

̆ ₮ ̆ ҩ ᴰ ̆ ԅ №

ᾝҍ ᴰ ᾝӊ Ҍ ῃѿ ’Ȃᵝԍ B C

ᴰ ̆ № ԍ қ D ᴰ ᵞȂ ̆

ӊ ᴰ№ ̆ῒҬ Cҍ Dӊ № ̆

AҍBӊ № ᵞ̆ғ A B Ȃ ꜚ №

ѿ ̆ ҩ Ҭ ҕ ԅ ҍ Ԋ

ᴆ̆ ⱴԅԋ ᴪȂ ᴰ ҍ ӊ ῏

ԍҍ ӊ ῏ ̆ ᴰ ֟ ԅ ᵬ ̕

̆Ҍ ᴰ Ṝ Ҭ ̆ ᵝ №

Ẓᵞ ̆ ₮ ԅ Ẓ Ȃ ̆

ꜚ ׂ ᴰ Һ ̆ Ṝ ᴆ Ḇ

֟ № Ȃ  
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3 Ḫ  

3.1  

Ṝ ꜚ ῍ [73, 138]Ȃ

ҹ ῤ ᴰ№ ҍ [222, 

223]Ȃ Ҭ̆Ҍ ᴪ ҍ ῍

ᵬ Ҋ № [224, 225]Ȃ № Ҍֽ

ҍ ꜚ ̆Ӟ ԅ ҍ Ҭ ᵬ [32, 226]Ȃ

̆ № Ҍ ѿ

№ ̆ № ₮ Ẓ ᴰ№ ̆ ῒז ↕Ḡ

ᵞ ᴰ№ [224, 227]Ȃ № ԍ ῍

ᵬ ̆ ȁ ȁ ץ

[228, 229]Ȃ ԍ ᴰ№ Ҭ̆ ⌠

№ ׆̆ ľ № Ŀ̆ ֓ ᴪ ҍ

῏ ⱳ [229]Ȃ 

№ ԍ ῒ ̆

Ṝ ῍ ᵬ ḆᶏҌ ԅҌ ⱬ̆

Ҍ [61, 70]Ȃ └ԅ

֜ ̆ Ṝ № ↕ ꜚ Ҍ

Ҭ № [32, 230]Ȃ ׆̆ ᵀ № ҍ Ḥ

№ ̆ ꜛԍ ѿ ҍ ⱬ ҍ Ҭ

ᵬ Ȃ 

ԍ ᵣ ᴰ№ ̂FST̃ ᵣ ᵌ

̂Cross-Population composite likelihood ratiŏXP-CLR̃ң

№ ץ̆ ≢ Ṝ ̆ ѿ ⱳ ҍ GO

№ ҍ Һ ȂFST ᵣ ᵝ

Ḥ [138]Ȃ ᵣ ᵌ ҩSNPḤ

̆≠ ñ ᵌ ò Ḥ ⱬ̆ ≠ԍ

ᵝ Ẓ Ҍ ̂LD̃ [231]Ȃ ̆ № ̆

̆ᵖҕף ȁ ᴰ ȁ ֜ҍ ̆ғ

ץ Ҭ ⱳ ̆ └ԅ ԍ ⱳ

Ȃ Ṝ Ҭ ̆ Ṝ

ⱳ ׆̆≢ Ҭ ᴰ

̆ҹ № └ № ᶫ ᶭ Ȃ 
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3.2 ⅎ  

3.2.1 №  

VCFtools v.0.1.15 [156]ᵀ ҩ ᴰ ᵣ

Tajimaôs Dṿ̆ Pixy v.0.95.0[157]ᵀ ҩ ᴰ №

̂FST̃Ȃ 

3.2.2 №  

̂Selective sweep̃ ꜛ ≢ҍ ῏ Ḥ ץ

ᵣ№ Ȃ ֽ ᴰ № ҩᵣ̂Qṿ > 0.9  

< 0.1̃ ⁞ץ̆ ֜ Ḥ ̆ ѿ ҉ ᵞ

ҩᵣ ᵣ Ẓ ̆ № Ȃ ᵣ

ᴰ№ ᵣ ̆

10 kb ꜚ Ȃ ԍ ᵣ ᴰ№ ̆ ᴰ№ ̂FST̃

№ ≢̆ ╠5% ᵬҹ № ̂Highly diverged regions, 

HDRs̃Ȃ № ̂HDRs̃ҍ № ̂non-HDRs̃ № ̆

ggplot ̆ggsignifԍ ⱴ ̆ t

̂t-test̃ Ȃ ԍ ᵣ ̆ ᶏ ꜚ

ᵣ ᵌ ̂XP-CLR̃№ Ȃ ╠5% ᵬҹ Ḥ Ȃ 

̆ ᵣ ᴰ№ FST ₮ № ᵣ

Ḥ ң ӊ ֜ ̆ ᵬҹ № ̆ №

ῤ ӈҹṜ ̆֜ jvenn

̂http://bioinfo.genotoul.fr/jvenñ ҍ Ȃ 

3.2.3 №  

Ṝ ↓ BLASTP ̂Arabidopsis thalianã

̂TAIR, https://www.arabidopsis.org/̃ ̆ E-

valueԍ1e-05ץ ̆ BLAST

Ȃ ̆ ֓ ᵬҹ ↓ ̆ ץ ῃ

ᵬҹ ̆ ֜ PANTHER ̂https://www.pantherdb.org/̃ ᵣ

̂GÕ № [232]̆ ῒ ҍḤ Ȃ ≠

̂Fisherôs exact tests̃ ̆ ᶏ ̂False discovery rate, FDR̃

Ȃ ԍṜ ̆ Ҥ FDR ̂FDR < 

0.05̃ Ҍ GO Ȃ ̆ № [233, 234]̆

Pṿ ԍ0.05ғ Ҍ ԍ5ҩ ╠20ҩGO ̆ᵬҹ

ⱳ  Ȃל
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3.2.4 ᾝᴆ№  

ԍ FST ᵣ ᵌ № ῍ ₮ № ̆

ᾢ ᵝԍ ҉ ̂upstream̃ Ҋ ̂downstream̃ SNPβ Ȃ

ҩᵝԍ ҉Ҋ SNP̆׆ῒ5ǋ3ǋң 10 bp ↓ ̆

SNPβ 21 bp ↓̆ ԍ ֓ ↓ҍ ᾝᴆ

NewPLACÊhttp://www.dna.affrc.go.jp/PLACE/̃ ᵌ ץ̆

ᾝᴆ ↓[235]Ȃ ֲ ҍ ̆Ḡ IDȁ

ᾝᴆᵝ ⱳ Ḥ Ȃ ץ ң ҹ№

ҩ ᾝᴆ ̆ΐᵣ ң ̔ѿ ̆ ȁ

№ ᾣ ᴆ̕ ѿ ̆ ȁ Ȃ 

3.3  

3.3.1 №  

ҩ ῃ Aΐ

̆ D ᵞ̆ ҩ ᵣ҉

₃Ӎל ̆ ԅ C D 9 ᵣ҉₮ ᵞ ῒҬ̆ל 12

ᵣ҉₮ ̂ B́-́D = 3.8¦10-5̃̂ 3.2-ãȂ A ᵣ ҉

Tajimaôs D ҹ0.36̂2 ᵣ̃-0.49̂12 ᵣ̃̆ B ᵣ

҉ Tajimaôs D ҹ0.38̂2 ᵣ̃-0.51̂12 ᵣ̃̆ C ᵣ

҉ Tajimaôs D ҹ0.17̂4 ᵣ̃-0.32̂10 ᵣ̃̆ D ᵣ

҉ Tajimaôs D ҹ-0.11̂10 ᵣ̃-0.1̂ 2 ᵣ̃̂ 3.2-b̃Ȃ Ҭ

Aȁ B C ᵣ҉ Tajimaôs Dṿ ҹ ṿ̆ ҈

ҩ ԅ ᵣ Ԋᴆ̆ᵖ D 1ȁ9ȁ10ȁ11ȁ12

ᵣ҉ Tajimaôs Dṿҹ ṿ̆ ғTajimaôs D ṿ ṿ̆ D ԅ

ᵣ ԊᴆȂ׆ ᵣ ᴰ№ ̂FST̃ ̆ C

ҍDӊ ᴰ№ ̆ AҍBӊ ᴰ№ ᵞ̆

1ȁ2ȁ3 ᵣ҉ ᴰ№ ῒז ᵣ FSTṿ̂ 3.2-c̃̆

֓ ᵣ҉ ᵬ Ȃ 
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3.1 ᵣ Tajimaôs Dҍ ᴰ№  

Figure 3.1 Nucleotide diversity (a) and Tajimaôs D (b) of each chromosome in different lineages 

and genetic differentiation between lineages (c) of Quercus sect. Heterobalanus 

3.3.2 №  

ҹԅ ᴰ№ ̆ᶏ ꜚ ӊ ᵣ

ᴰ№ ̂FST̃̆ top 5% ≢ҹ № ̂HDRs̃ ̆

AҍD FST ⌠3660ҩ № ̆ AҍB FST ⌠3676ҩ

№ ̆ AҍC FST ⌠3670ҩ № ̆ BҍD FST

⌠3649ҩ № ̆ BҍC FST ⌠3654ҩ № ̆

CҍD FST ⌠3576ҩ № Ȃ № ҍ №

№ № Ҭ6ҩ ӊ FSTṿ ԍ № ̆

֓ № ꜚԅ № ̂ 3.2̃Ȃ 

Ҍ ӊ № №̆ 470 - 1599ҩ῍֣

№ ̂ 3.3̃Ȃ ѿ ̆ № ѿ № ῒז ᴰ Ӟ

№ ̆ № ̆ ᵌ

ȁ ᵌ Ҭ̆ ᶭ / ̆ Ҍ

ᴰ Ȃ 
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3.2 № ̂HDRs̃ ҍ № ̂non-HDRs̃ Ȃ

̂ã AҍDӊ HDRs non-HDRsFST№ ’̂̕ b̃ AҍBӊ HDRs non-

HDRsFST№ ’̂̕ c̃ AҍCӊ HDRs non-HDRsFST№ ’̂̕ d̃ B

ҍDӊ HDRs non-HDRsFST№ ’̂̕ ẽ BҍCӊ HDRs non-HDRsFST

№ ’̂̕ f̃ CҍDӊ HDRs non-HDRsFST№ ’ 

Figure 3.2 Comparison of HDRs and non-HDRs between lineage pairs. (a) Boxplots showing the 

distributions of FST for HDRs and non-HDRs in lineage A/D, (b) Boxplots showing the distributions of 

FST for HDRs and non-HDRs in lineage A/B, (c) Boxplots showing the distributions of FST for HDRs 

and non-HDRs in lineage A/C, (d) Boxplots showing the distributions of FST for HDRs and non-HDRs 

in lineage B/D, (e) Boxplots showing the distributions of FST for HDRs and non-HDRs in lineage B/C, 

(f) Boxplots showing the distributions of FST for HDRs and non-HDRs in lineage C/D 
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3.3 Ҍ ӊ № Ȃ̂ ã A/BҍA/C;̂ b̃ A/B

ҍA/D;̂c̃ A/BҍB/C;̂d̃ A/BҍB/D;̂ẽ A/BҍC/D;̂f̃

A/CҍB/C;̂g̃ A/CҍB/D;̂h̃ A/CҍA/D;̂ĩ A/CҍC/D;̂j̃

A/DҍB/C;̂k̃ A/DҍB/D;̂ l̃ A/DҍC/D 

Figure 3.3 Comparison of the number of overlapping highly diverged regions between different 

lineage pairs. (a) lineage A/B vs. lineage A/C, (b) lineage A/B vs. lineage A/D, (c) lineage A/B 

vs. lineage B/C, (d) lineage A/B vs. lineage B/D, (e) lineage A/B vs. lineage C/D, (f) lineage 

A/C vs. lineage B/C, (g) lineage A/C vs. lineage B/D, (h) lineage A/C vs. lineage A/D, (i) 

lineage A/C vs. lineage C/D, (j) lineage A/D vs. lineage B/C, (k) lineage A/D vs. lineage B/D, 

(l) lineage A/D vs. lineage C/D 

3.3.3 Ḥ  

ᵣ ᵌ ᵀ ⱬ̆ ᵣ ᵌ ṿ╠5%

ҹ Ṝ Ȃ AҍD ₮1489ҩ ̆ Aҍ

B ₮ 2528ҩ ̆ Aҍ C ₮ 2216ҩ ̆

BҍD ₮2528ҩ ̆ BҍC ₮2216ҩ ̆

CҍD ₮2216ҩ Ȃ 

FST ᵣ ᵌ № №

̂ 3.4̔̃ AҍD 165ҩ № ̆ №

̂HDRs̃ 4.5%̆ 765ҩSNPsȂ ֓SNPҬ 486ҩSNPsβ ԍ

̂Intergenic regioñ̆ 280ҩ SNPsβ ԍ Ҭ̂TranscriptȂ̃ Aҍ B

749ҩ № ̆ № 19.8%̆ 3504ҩ SNPsȂ ֓

SNPsҬ 2178ҩSNPsβ ԍ ̆1326ҩSNPsβ ԍ ҬȂ AҍC

459ҩ № ̆ № 12.5%̆ 2020ҩSNPsȂ ֓

SNPsҬ 1275ҩSNPsβ ԍ ̆745ҩSNPsβ ԍ ҬȂ BҍD

396ҩ № ̆ № 10.1%̆ 2121ҩSNPsȂ ֓

SNPsҬ 1190ҩSNPsβ ԍ ̆931ҩSNPsβ ԍ ҬȂ BҍC
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491ҩ № ̆ № 13.4%̆ 2475ҩSNPsȂ ֓

SNPsҬ 1526ҩSNPsβ ԍ ̆949ҩSNPsβ ԍ ҬȂ CҍD

239ҩ № ̆ № 6.7%̆ 1258ҩ SNPsȂ ֓

SNPsҬ 733ҩSNPsβ ԍ ̆525ҩSNPsβ ԍ ҬȂ 

̆ 6 № №

̆ №῍֣ ΐ ̆ᵖׅ № ңҩ

Ҍ ӊ ₮ ῍֣ ’̂ 3.5̃Ȃ 

3.4 Έҩ FST ᵣ ᵌ № Ȃ̂ ã Aҍ

B̂̕b̃ Aҍ Ĉ̕c̃ Aҍ D̂̕d̃ Bҍ Ĉ̕ẽ Bҍ D̂̕f̃ CҍDȂ

FST ᵣ ᵌ ⌠  

Figure 3.4 Manhattan plot of FST and XP-CLR analyses for six lineage pairs (a) lineage A/B, (b) lineage 

A/C, (c) lineage A/D, (d) lineage B/C, (e) lineage B/D, (f) lineage C/D. The Venn diagram plots with 

overlapping windows among HDRs detected by FST and XP-CLR 
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3.5 Ҍ ӊ № ῍֣  

Figure 3.5 Shared segments of positively selected highly diverged regions between different lineage 

pairs using Venn diagram 

3.3.4  

ԍ╠ 6ҩ ₮ № №≢ ᵣ̂GÕ

№ ̆ ֽ ≢Ҭ ╠ 20ҩ ̂ 3.6̃Ȃ A

ҍ B № ῍ ⌠ 321ҩ Ṝ ̆ 302ҩ

̆GO № Һ ҍ ȁף ̆

┬ ȁ ῏Ȃ Aҍ

C № ῍ ⌠204ҩ Ṝ ̆ 191ҩ

̆GO № ῏ Һ ԍ ῏

ץ Ȃ AҍD № ῍ ⌠67ҩ Ṝ

̆ 59ҩ ̆GO № ῏ Һ

ԍף ҍ ῏ ȁҍ ῏ ┬

Ȃ Bҍ C № ῍ ⌠ 237ҩ Ṝ ̆

218ҩ ̆GO № ῏ Һ

ԍ ῏ ȁ ȁ Ȃ

Bҍ D № ῍ ⌠ 229ҩ Ṝ ̆ 221ҩ

̆GO № ῏ Һ ԍ ȁ

ף ȁ ȁ Ȃ Cҍ D

№ ῍ ⌠ 125ҩ Ṝ ̆ 120ҩ
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̆GO № ῏ Һ ԍ ȁף ȁ ȁ

Ȃ 

6ҩ № Ҭ ῍ ₮ 910ҩ Ṝ Ȃ

̆ 864ҩΐ

Ṝ ̆ῒҬ ѿҩ Ҭ 679

̂78.6%̃ҩ̆195̂22.6%̃ҩ ῍֣ԍ 2-4ҩҌ Ȃ 195ҩ῍֣ԍ

Ҍ Ҭ ⱳ ̆ 66ҩ

ᵣ ₮ΐᵣⱳ ̆ ₮ѿ ↓ № Ҭ ῏ Ṝ ̆

Һ Ẓ ̂ ȁ ȁᾣ ȁ̃ ̂

ȁ ≢ȁ ȁ̃ ̂ ȁ

̃ ̂ ȁ ̃ ̂ 4̃Ȃ BRS1ȁ

ERDJ3BȁCNGC20ȁPRL1ȁPRR7 KOIN ̆CYP707A1ȁ

TLP3ȁGAUT10ȁHPCA1ȁGPA1ȁGTL1BRM ҍ ῏̆

PGX3ȁAtHSPRȁATC3H17MYB3 ҍ ῏̆DWF6ȁSEUȁ

PSYCK1 ҍᾣ ῏̆NIP1;2ȁANL2PCR2 ҍ

῏̆PWO1ȁARI8ȁSEC3AȁPEPȁNDR5ȁPGM3ȁBBM PTB1 ҍ ╠

῏̆TIM50ȁTTM2ȁTAF13KUP4 ҍ

῏̂ 4̃Ȃ ̆ ԅANTȁDPA4ȁPAT14ȁGVS1DRD1ҍ

῏ ̆XPO1AȁGSL04ȁIQD22NUDX19 ҍ ῏̂

4̃Ȃ 
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3.6 ҩ Ҭ ╠20 GO Ȃ

ҩGO Ҭ ̆ ↕ Ȃֽ

 

Figure 3.6 Top 20 of Gene Ontology (GO) enrichment analysis of candidate genes under selection in 

biological process for each lineage of Quercus sect. Heterobalanus. Bubble size represents the number 

of genes enriched in each GO term, while bubble color indicates the significance level of enrichment. 

Only significantly enriched biological processes are shown 

3.3.5 ᵬ ᾝᴆ 

ᵝԍ № SNPs ᾝᴆ

̂ 3.7̆̃ Aҍ D № SNPsҬ̆87ҩ̂11%̃

SNPsβ ԍ ҉Ҋ ̆80%̂70ҩ̃ SNPsβ ԍ DNAᾝᴆ

Ҭ̆ῒҬ38%SNPsҍᾣȁ ȁ ῏ Ȃ Aҍ
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B № SNPsҬ̆473ҩ̂36%̃ SNPsβ ԍ ҉Ҋ

̆69%̂ 328ҩ̃ SNPsβ ԍ DNAᾝᴆ Ҭ̆ῒҬ29%

SNPsҍ ȁ №ȁᾣȁ ȁ ȁ ῏ Ȃ AҍC

№ SNPsҬ̆286ҩ̂38%̃ SNPsβ ԍ ҉Ҋ ̆

66%̂ 190ҩ̃ SNPsβ ԍ DNAᾝᴆ Ҭ̆ῒҬ25% SNPs

ҍ ȁ №ȁᾣȁ ȁ ȁ ῏ Ȃ Bҍ D№

№ SNPsҬ̆349ҩ̂38%̃SNPsβ ԍ ҉Ҋ ̆

73%̂ 257ҩ̃ SNPsβ ԍ DNAᾝᴆ Ҭ̆ῒҬ30% SNPs

ҍ ȁ №ȁᾣȁ ȁ ȁ ῏ Ȃ Bҍ C

№ SNPsҬ̆357ҩ̂38%̃SNPsβ ԍ ҉Ҋ ̆74%

̂263ҩ̃ SNPsβ ԍ DNAᾝᴆ Ҭ̆ῒҬ29% SNPsҍ

ȁ №ȁᾣȁ ȁ ȁ ῏ Ȃ Cҍ D

№ SNPsҬ̆191ҩ̂36%̃SNPsβ ԍ ҉Ҋ ̆68%

̂129ҩ̃ SNPsβ ԍ DNAᾝᴆ Ҭ̆ῒҬ34% SNPsҍ

ȁᾣȁ ȁ ȁ ῏ Ȃ 

3.7 ᵝԍ ῤ № ᵬ ᾝ

ᴆȂ DNAᾝᴆ Ҭ  

Figure 3.7 Predicted functional regulatory elements of positively selected highly diverged regions 

located within regulatory regions for each lineage of Quercus sect. Heterobalanus. Blue bars represent 

the number of SNPs found in motifs of known plant cis-regulatory DNA elements 
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3.4  

3.4.1 №  

ᴰ№ ҍ ᵬ ̆ῒҬ

ꜚ ⱳ № ҍ └ ῤ [236, 237]Ȃ

Ṝ ᴆҍ ҍ ᴆ̆׆

ҍ ᵝ̆Ḇ № [220]ȂFSTҍ ᵣ

ᵌ № ̆ 6ҩ Ҭ 4.5% - 19.8% №

̆ ѿ № ҩ Ҭ ῍֣̆ғ

⌠ Ҭ῍ № Ȃ ԍ

ѿ Ẓ ̂Reference bias̃̆ ֓

└ Ҭ ׆̆ № ᴰ Ḥ ᵞᵀ̆ ᴪ

№ ‰ ̆ ѿ ҉ № № ῍

֣ Ḥ ≢Ȃ ̆ №

Ҭ̆Geng[238] ̂Ranunculaceaẽ ̂Aquilegia L.̃ ң

ҩ ̂A. ecalcarata Maxim.̃ ̂A. oxysepala var. 

kansuensis Br¿hl̃ қ № ҹ 17%-

38%ȂYang[239]ԅ ̂Dasiphora fruticose (L.) Rydb.̃ Ҍ ᴰ ᾝ

№ ҹ37% - 53%Ȃ Ҍ Ҭ №

ṿ ̆ᵖ ץ ҬҌ ӊ №

ҍῒז ᵣ ᶛ ẒᵞȂ ѿ Ҍ №

ⱬ ̆ № ̆ ₮ Ȃ ᶏ

№ ̆ᵖ ῍֣ Ḥ ᵣ ₮

ᵌ ⱬҊ Ḡ ̆ ԅ ᾢ ᴰ ҍ ⱬ

Ḡ ̆ Ҍ ᵌ Ȃ 

3.4.2 Ḥ № └ 

Ҍ ץ ᴰ ᴰ ̆ ҹ ҍ

ᶫ ᴰ [240]Ȃ ԍ FST ᵣ ᵌ

№ ̆ ⌠

̆ A/B № ̆ A/D ̆ ѿ ҉

Һ ᵝԍ Aҍ - қ D № ғ

̆ ⱬ₮ ԅ № Ȃ ѿ ҍ ᴰ ᵣ ₮ Dᾢ№ ₮ ѿ

̆Ῥѿ ԅ ľ ₮ ĿẊ Ȃ ԍ 6ҩ Ҭ

₮ № ᵣ̂GÕ № Һ ҍף

̆ ┬ ȁ ȁ ῏ ץ ȁ
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Ȃ ׆̆ № ’ ̆ Ҭ

№ SNPsβ ԍ ̆ ᵝԍ ῤ SNPs ᶛ ᵞȂ

ѿ Ҍ № Ҭ̆ ᵬ ԍ

׆̆↓ ⱳ ̆

Ҭ [241]Ȃ

ᾝᴆ ȁ Ҭ ᵬ [242, 243]Ȃ

ӊ № ᵬ ᾝᴆ ̆ Ҍ

Ḥ Ҭ ҍᾣ ̂ᾣ ȁ ȁUV-B ȁ̃ ҍ ȁ

ץ ᾝᴆ Ȃ ̆ᾣ ҍ ῏

ꜚ № Ḡ ȁ῍ └̕ ȁ №

῏ ↕ᵣ ԅ Ȃ 

Ҍ ᴰ Ҭ̆ ԅ ⱳ

῍֣ ̆Ӟ Ȃ 6ҩ № Ҭ ₮῍֣

ⱳ ̆ 3ҩ ѿ ҍῒᵩ

Ҭ̆ 3ҩ ꜚ ҍῒז № ῏ ̆Һ

┬ Ȃ ѿҩҹ Aҍῒז № Ҭ

⌠ ERDJ3BȂ ERdj3B Ҋ

̆ Ҋ ȁ ⱬҊ ̆ ⱳ [244, 

245]Ȃ AҺ № ԍΐ ȁ ץ [246]̆

▲ ꜚ ⱴ ῤ ⱬ̆׆ ῤ

̆ ֟ Ҍ≠ Ȃ ᴆҊ̆ҍ

└ ῏ № ᵄᶳ ⌠ ⱬȂ ᵝԍ ғ ֒

Ṝ └ [247] B C̆ ץ № ԍ Ṝ [248]

D̆ A ῏

֟ ⱬ̆׆ ERDJ3B Aҍῒז ӊ ₮

ᴰ№ Ȃ ԋҩҹ Bҍῒז № Ҭ ⌠ PGX3 ̆

ꜚ Ҭΐ ᵬ Ȃ Rui[249]

PGX3 ꜚ ׆̆ ҍ

ҍ Ȃ ̆ ᴆҊ̆ ᵄ

̂ROS̃ ̆ ׆̆
[250, 251]Ȃ ԍҺ № ԍ B ̆ ̆

▲ Ṝ ᴆץ № ᴆ ̆ ֟ ⱬ̆Ḇ

ԅ Bҍῒז № Ȃ ҈ҩҹ Cҍῒז №

Ҭ ⌠ԅΐ ᵞ KOIN [252]Ȃ ᵞ ᴪ

ꜚ ȁ ῤ ȁ └ᾣ ҍף ̆
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ȁ ҍ Ȃ ̆ ҳҤ ᵞ ⱬ[253, 

254]Ȃ Ҭ̆ᵞ ҍ

Ṝ ℗ ῏[255, 256]Ȃ ̆ CҬKOIN ԅ C

ᵞ Ҋ ׆̆ ԅҍῒז Ҍ Ȃ 

̆ № ̆ ѿ֓ҍ

℗ ῏ Ṝ ̆ ֓ Ҭ ₮

ᴰ Ȃ A/C B/CҬ ⌠ԅ ANT Ȃ

ANT‗ ̆ΐ

ⱳ [257, 258]Ȃ ̆ A/B B/CҬӞ ⌠ԅDPA4 ̆

ҍ [259]Ȃ ֓ ᶏҌ

҉ № ̆῍֣ Ḡ ̆

ᵬҹץ ҍ ᴰ Ҍ ῃѿ ѿҩ Ȃ AȁB C№

ԍ ̆ Ṝ ᴆ̆ҹ

ᶫԅ ⱬȂ Ҭ ₮
[188, 260, 261]Ȃ ̆ ᶏ AȁB C

’Ҋ̆ ׅױ ȁ ҉ ₮ ᵌ ׆̆ ᴰ

ԍ ⅞№ Ȃ 

῍֣ ⱳ ᵬ Ҭ̆

Ҭ̆ ῏ Ṝ Һ ҍ ȁ

ץ ȁᵞ ȁ ῏Ȃ ԍ҉ץ ̆

ѿ dxy ˊ ҍ ᵣ ᵌ ֜ Ҥ ץ̆ ῃ

Ḥ ‰ ץ ᵀ ᴰ№ ῒ Ȃ 
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3.5  

Ҍ № ҍ Ḥ

̆6ҩ № Ҭ № ⌠ ̆ ֓ №

ȁ SNPs№ ̆ῒҬ Aҍ B №

̂19.8%̃̆ Aҍ D № ᵞ̂4.5%̃ ̆ ԅҌ

Ҭ ⌠ ⱬҌ ̆Һ ᵝԍ Aҍ -

қ D № ғ ̆ ⱬ₮ ԅ № Ȃ ѿ

ҍ ᴰ ᵣ ₮ Dᾢ№ ₮ ѿ ̆ ľ ₮

ĿẊ ȂGO № Ṝ Һ ȁ

῏ ̆ҍ ⱬ ῏Ȃ ̆

ᵝԍ ҉Ҋ Ṝ SNPs ᾝᴆ ̆ ҍᾣ

῏̆ ԅ № ҍ Ҭ ᵬ Ȃ

№ ֽ Ҭ ῍֣ ̆

Ҭ ₮ ᴰ ̆ ῍֣ҍ

ҹ № ᶫԅ№ Ȃ 
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4   

4.1  

׆ ᴰ ≢ ̆ ῒ

ᴰ ̆ ԍ ᵬ [32, 225, 262, 263]ȂWalden[264]

̂Arabidopsis lyrate (L.) O'Kane & Al-Shehbaz̃ қ ңҩ

ᴰ ᵝ ≢ GO № ңҩ ᴰ ӊ ₃ӍҌ ԍ

̆ᵖ ᵌ ̂ ȁ ȁ ̃ ҍԅ

Ȃ ԍ№ ғ ⱬ ̆

ᴪ Ҍ ᴰ [139, 265]ȂҌ ᴰ

Ҭ ԅҌ ȁ ץ└ ⱬ̆׆

ᴰ ҉ ₮ѿ Ȃ 

̂Landscape genomics̃ ҍ ̆

ץ ≢ҍ ῏ ᵝ ׆̆ Ҍ Ҭ

ᵬ └[263, 266]Ȃ ̆ ΐ ᴰ Ҭ̆Ҍ ᴰ

ᴪ ԍҌ Ҭ̆ ⌠Ҍ ⱬ̆׆

ᴰ Ҍ ӊ ₮ № [267]Ȃ ҩ ῤ

- ῏ № ̆ ᵣ ᴰ ᴪ֟ ׆̆ ᵞ

Ḥ ‰ [268]Ȃ ̆ ᴰ ⅞№ ᴰ ҉̆№

≢ № ѿ ҉⁞ ҍ

̆ ⱴ ≢ Ḥ Ȃ 

ҩ ᴰ №≢ № Ȃ

ҩ ≢ ᵝ ̆ ѿ ≠ Όᵩ№ ҍ ᵀ

̆ Ҍ ᴰ Ҋ

№ ῒ ꜚ └̆ ץ ᴰ№

└ ̆ҹ Ҭ ᶫ Ȃ 

4.2 ⅎ  

4.2.1  

№ ̆ ᾣ ȁ №

῍֣̆ № ԍ ᴰ № 2 ῍

№ 7ҩ ץ̆ ҳ ⱬҊҌ Ȃ 

4.2.2 β  

ҹῃ ҍ ῏ ᴰᵝ ̆ ᵝ

≢ Ṝ SNPsβ ⁞ Ẋ ̆№≢ҹң ԍ
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ᴰ№ ң ԍ - ῏ ᵝ Ȃ 

̂1̃ ԍ ᴰ№ FST 

ᾢᶏ ԍLogistic ðBayescan№ ≢ ᵝ ̆

̂5,000 iterations, thinning interval = 10, 20 pilot runs of 5,000 length, burn-in 

= 50,000, prior odds for the neutral model = 10̃[269]Ȃ № ꜚᵀ qṿץ

̆ qṿ < 0.05SNPs ≢ҹ ṿȂ ѿ ԍҺ №№

̂PCÃ ᵝ ðPCAdapt ≢ ⌠ SNPs̆№

R Ҭ PCAdapt[270]̆ ҩᵣ Һ №№ ≢

ṿȂ Һ № ̆ ᵝ ԍ

№̆ ᾧ Ḥ ҡ Ȃ ̆ ԍ № PCAdapt̆

ҩSNPpṿȂ ᶏ R qvalueᵀqṿ └ ̂FDR̃̆ FDR

ṿ╠10%SNPsᵬҹoutlier SNPsȂ 

̂2̃ ԍ - ῏ №  

ң - ῏ № ᵝ ð

̂Latent factor mixed model, LFMM̃ Όᵩ№ ̂Redundancy analyses, RDÃ

outlier SNPs ≢Ȃ ᾢ R 4.3.2LEAҬ LFMM№ ̆ №

№ ῏ץ̆ ᵝ ҍ

̆ ᴰ ᵬҹñ ò[271]Ȃ № ᵬ

ҹ ῀ ҩ ̆№≢ ȁ ȁ 7ҩ № ̕

№ ̂Sparse non-negative matrix factorization, SNMF̃

ץ ᴰ Ȃ ᾢ ᴰ ̆ VCFᴆ

0/1/2 ṿ ̆ ҹ̔10000ף ̆ῒҬ

burn-inҹ5000̆ Ȃ Όᵩ№ ᵬҹѿ ᾝ

ץ̆ ≢ῒ ᴰ ҍ ℗ ῏ SNPsȂ № ᶏ veganҬ rda

₱ ̆ῒҬ ̂ ҹ 0̆ 1̆ 2̃ ᵬҹ ̆ ‰

ᵬҹ ץ̆ Ҍ [272]Ȃ

ҍΌᵩ№ ṿ ҹP ̖ 0.001 ṿ Ȃ 

̆ BayeScanȁPCAdaptȁ ҍΌᵩ№ ≢

₮ ᵝ ⌠ Ҭ̆ץ ֓ ҍ Ȃ └

Ẋ Ḡ Ҍ Ḥ ̆ ֜ ῍ ≢₮ SNPsᵬҹ

SNPŝ Putative adaptive SNPs̃̆ ҍΌᵩ№ ῍ ≢

₮ SNPsᵬҹ ῏ SNPŝ Climate-associated SNPsȂ̃ 

4.2.3 Όᵩ№  

SNPsȁ SNPs ҍ Ṝ ῏ SNPsβ №≢ᵬҹ

̆ Ṝ ᵬҹ Όᵩ ẒΌᵩ̂pRDÃ№ ̆
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Ҍ ᴰ Ȃ ᾢ .vcfᴆ SNP

ҹ0ȁ1 2 ף≢№̆ ҍ ᵝ ȂRDA

҈ Ҍ ҩ ᴰ № Ȃ ѿ ץ

ҹ ̕ ԋ ץ ҹ ̕ ҈ ץ

ҹ Ȃ ̆ҹ ѿ № ҍ ᴰ ᵬ ̆

ẒΌᵩ№ ҍ №≢ └№ Ȃ └

ᴆҊ̆ Ṝ ᵬҹ ץ̆ ᵀ ᴰ ̕ ̆

└ Ṝ ᴆҊ̆ ᵬҹ ץ̆ ᴰ

Ȃ Όᵩ ẒΌᵩ№ ̆ ҍ

Ҍ ᴰ Ҭ ᵬ Ȃҹ ᾧ ӊ

῍ ̆ № ╠ ῍ Ȃᶏ

veganҬ rda₱ Όᵩ№ anova.cca₱ 999 ↓̂permutations̃

ҍ ᵀ[272]Ȃ 

4.2.4  

ѿ ӟ ð ̂Gradient Forest̆GF̃

ҍ ᴰ ӊ ῏ Ȃ

̆ ≢ ᵝ ῏ [273]Ȃ

ԍ Ҭ ₱ ̂Turnover functions̃̆ ᵀ ᵝ

ꜚᵬ Ȃ № R 4.3.2Ҭᶏ gradientForestȂ № ҩ

SNPsβ 500 ̆ maxLevel = log2(0.368n)/2̆

0.5 ῏ ṿ ᴆ ̆ῒᵩ Ȃ

№≢ᶏ ԅ SNPs - ῏ № ₮ ҍ Ṝ ῏

SNPs̆ ץ 7ҩ Ṝ ̆ Ҍ ᴰ

ꜚ Ȃ Ṝ ῒⱴ RĮṿ Ȃ ̆

Ӟ Ṝ №◓ ҍ ԅ Ȃ 

4.2.5 Ṝ  

ҹ ҩ ᴰ ҍԅ ̆

ᵝ ҍ 3.2.2№ Ҭ № ᵝ № Ȃ

SNPs ҹ ҍ № Ṝ Ȃ

ҩ Ҭ SNPsҍ № Ȃ 

4.2.6 ⱳ ҍ №  

ԍ Ṝ № Ṝ ⱳ ҍ № ̆

4.2.3Ȃ 
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4.3  

4.3.1 β  

ԍ ᴰ№ ̂FST̃ ṿᵝ BayeScan AҬ ₮

2308ҩ SNPs̆ BҬ ₮764ҩ SNPs̆ CҬ ₮270ҩ

SNPs̆ DҬ ₮ 441ҩ SNPŝ 4.1̃Ȃ ԍ PCAdapt ṿᵝ

̆ AҬ ₮4493ҩ SNPs̆ BҬ ₮2839ҩ

SNPs̆ CҬ ₮5709ҩ SNPs̆ DҬ ₮4433ҩ SNPŝ

4.2̃Ȃ 

4.1 Bayescan̆ ף qṿ ṿ̂ qṿ

=0.05Ȃ̃̂ ã A ᵝ ̂̕ b̃ B ᵝ ̂̕ c̃ C ᵝ

̂̕ d̃ D ᵝ  

Figure 4.1 Plot of SNPs of different lineages of Quercus sect. Heterobalanus according to FST and 

log10(PO), with the indication of the threshold (=1) used to identify the decisive SNPs under 

selection. The vertical black line represents the cutoff of q values = 0.05. (a) Outlier loci identified for 

lineage A, (b) Outlier loci identified for lineage B, (c) Outlier loci identified for lineage C, (d) Outlier 

loci identified for lineage D 
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4.2 Ҍ PCAdaptȂ̂ ã A ᵝ ̂̕ b̃ B

ᵝ ̂̕ c̃ C ᵝ ̂̕ d̃ D ᵝ  

Figure 4.2 Manhattan plots depicting PCAdapt detection of outlier loci for four lineages in Quercus 

sect. Heterobalanus. (a) Outlier locus identified for lineage A, (b) Outlier locus identified for lineage 

B, (c) Outlier locus identified for lineage C, (d) Outlier locus identified for lineage D 

4.1 Όᵩ№ Ṝ ᵝ  

Table 4.1 Number of candidate SNP loci under putative selection identified by LFMM and RDA of 

different lineages of Quercus sect. Heterobalanus 

 ̂LFMM̃  Όᵩ№
RDA Lineage Bio02 Bio07 Bio09 Bio13 Bio15 Srad Wind Sum 

A 1483 2502 2695 2861 2022 2143 2714 12204 11158 

B 1279 1588 1134 1495 1902 1730 1318 8118 11824 

C 455 427 460 726 408 518 494 2284 12067 

D 269 2688 2113 2052 459 1 432 6802 5670 

҉ ̆ ԍᴋ ң ῍ ≢ SNPsᵬҹ SNPŝ Putative 

selected SNPs̃ ̆ AҬ ₮3540ҩ SNPs̆ BҬ

₮960ҩ SNPs̆ CҬ ₮ 689ҩ SNPs̆ DҬ

₮731ҩ SNPŝ 4.3̃Ȃ ԍ Όᵩ№ ῍

≢₮ SNPsᵬҹ Ṝ ῏ SNPŝ Climate-associated SNPs̃ ̆ A
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Ҭ ₮ 568ҩҍ Ṝ ῏ SNPs̆ BҬ ₮ 352ҩҍ Ṝ ῏ SNPs̆

CҬ ₮ 123ҩҍ Ṝ ῏ SNPs̆ DҬ ₮ 217ҩҍ ῏

SNPŝ 4.3̃Ȃ BayeScanȁPCAdaptȁ

Όᵩ№ № ῍ ⌠ SNPs ̆ AҬ ⌠ 32ҩ῍

SNPs̆ BҬ ⌠ 2ҩ῍ SNPs̆ CҬ ⌠῍ SNP̆

DҬ ⌠3ҩ῍ SNPŝ 4.3̃Ȃ 

4.3 ᵝ ҍ Ṝ ῏ᵝ Ȃ

̂ã Â̕b̃ B̂̕c̃ Ĉ̕d̃ D 

Figure 4.3 Venn diagram of putative selected SNP and climated-associated SNP were identified 

for different lineages of Quercus sect. Heterobalanus using the four methods. (a) lineage A, (b) 

lineage B, (c) lineage C, (d) lineage D 

4.3.2 - ῏ №  

SNPsβ Όᵩ№ ̂ 4.2̆̃ ҩ

ᴰ ҍ Ṝ ῏̆ Ṝ AȁBȁC D

Ҭ№≢ ԅ 16%̆6%̆ 17%18%̕ №≢ ԅ

9%̆ 3%̆ 7% 3%̕ Ṝ ῍ ԅ AȁBȁC DҬ

17%̆7%̆ 18%19%Ȃ ẒΌᵩ№ ѿ ᵀ Ṝ

̆ └ ̆ AȁB C ᴰ ҍ Ṝ

῏̆ D ᴰ ҍ Ṝ ῏ ̕ └ Ṝ ̆

A C ᴰ ҍ ῏̆ B D ᴰ ҍ

῏ ̂ 4.2̃Ȃ 
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SNPsβ Όᵩ№ ̂ 4.2̆̃ ҩ

ᴰ ҍ Ṝ ῏̆ Ṝ AȁBȁC DҬ

№≢ ԅ 50%̆19%̆56%63%̕ №≢ ԅ

31%̆11%̆31%47%̕ Ṝ ῍ ԅ AȁBȁC DҬ

52%̆19%̆61%65%Ȃ ẒΌᵩ№ ѿ ᵀ Ṝ

̆ └ ̆ ᴰ ҍ Ṝ ῏̕

└ Ṝ ̆ A C ᴰ ҍ ῏̆ B D

ᴰ ҍ ῏ ̂ 4.2̃Ȃ 

ҍ Ṝ ῏ SNPsβ Όᵩ№ ̂ 4.2̆̃ ҩ

ᴰ ҍ Ṝ ῏̆ Ṝ AȁBȁC DҬ

№≢ ԅ 41%̆24%̆55%45%̕ №≢ ԅ

21%̆13%̆26%29%̕ Ṝ ῍ ԅ AȁBȁC DҬ

42%̆25%̆57%48%Ȃ ẒΌᵩ№ ѿ ᵀ Ṝ

̆ └ ̆ ᴰ ҍ Ṝ ῏̕

└ Ṝ ̆ AȁB C ᴰ ҍ ῏̆ D

ᴰ ҍ ῏ ̂ 4.2̃Ȃ 

ԍ SNPsβ ȁ SNPsβ Ṝ ῏ SNPsβ

Όᵩ№ ẒΌᵩ№ ̃ ̆ ҍ Ṝ ῍

ԍ Ṝ Ȃ 
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4.2 SNPsȁ ҍ Ṝ ῏ SNPs Όᵩ№ ẒΌᵩ№  

Table 4.2 Results of RDA and pRDA for all SNPsɹputative selected SNPs and climate-associated SNPs among different lineages of Quercus sect. Heterobalanus 

  

SNPs (All SNPs)  SNPs (Putative selected SNPs)  Ṝ ῏ SNPs (Climated-associated SNPs) 

R2 adjR2 P  R2 adjR2 P  R2 adjR2 P 

lineage A  RDA 
           

G-Env 0.31  0.16  0.001  0.59  0.50  0.001  0.52  0.41  0.001 

G-Geo 0.14  0.09  0.001  0.34  0.31  0.001  0.25  0.21  0.001 

G-Env+Geo 0.37  0.17  0.001  0.64  0.52  0.001  0.56  0.42  0.001 

pRDA            

G-Env|Geo 0.23  0.08  0.001  0.29  0.22  0.001  0.31  0.21  0.001 

G-Geo|Env 0.06  0.02  0.001  0.04  0.02  0.001  0.04  0.02  0.002 

lineage B  RDA 
           

G-Env 0.24  0.06  0.001  0.35  0.19  0.001  0.39  0.24  0.001 

G-Geo 0.08  0.03  0.002  0.16  0.11  0.001  0.18  0.13  0.001 

G-Env+Geo 0.30  0.07  0.001  0.39  0.19  0.001  0.44  0.25  0.001 

pRDA            

G-Env|Geo 0.22  0.04  0.001  0.23  0.08  0.008  0.26  0.12  0.001 

G-Geo|Env 0.06  0.01  0.078  0.04  0.00  0.421  0.05  0.01  0.033 

lineage C  RDA 
           

G-Env 0.45  0.17  0.001  0.70  0.56  0.002  0.70  0.55  0.001 

G-Geo 0.19  0.07  0.003  0.40  0.31  0.005  0.36  0.26  0.001 

G-Env+Geo 0.52  0.18  0.001  0.70  0.56  0.001  0.70  0.55  0.001 

pRDA            

G-Env|Geo 0.25  0.10  0.004  0.30  0.25  0.002  0.34  0.29  0.001 

G-Geo|Env 0.11  0.07  0.01  0.42  0.46  0.001  0.22  0.20  0.001 

lineage D RDA 
           

G-Env 0.54  0.18  0.001  0.79  0.63  0.001  0.69  0.45  0.001 

G-Geo 0.24  0.13  0.001  0.53  0.47  0.001  0.38  0.29  0.001 

G-Env+Geo 0.65  0.19  0.002  0.85  0.65  0.001  0.77  0.48  0.001 
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SNPs (All SNPs)  SNPs (Putative selected SNPs)  Ṝ ῏ SNPs (Climated-associated SNPs) 

R2 adjR2 P  R2 adjR2 P  R2 adjR2 P 

pRDA            

G-Env|Geo 0.41  0.06  0.069  0.32  0.19  0.001  0.39  0.19  0.004 

G-Geo|Env 0.10  0.01  0.45  0.05  0.02  0.186  0.08  0.03  0.18 

̔G̔ ᵝ ̕Geo̔ ̕Env̔ ̕R2̔ ̕adjR2̔ ̕* P-value < 0.05̕** P-value < 0.01̕*** 

P-value < 0.001 

Note: G: Dependent matrix of population allele frequencies; Geo: geography variables; Env: environment variables; R2 coefficient of determination; adjR2: 

adjusted coefficient of determination; * P-value < 0.05̕** P-value < 0.01̕*** P-value < 0.001 
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ҹ ѿ ᴰ ңҩ ð SNPsβ

ҍ Ṝ ῏ SNPsβ Һ ̆

Ҋ̔ 

A SNPsβ Ҭ̆ №

̂Srad̃ ᴰ Ṝ ꜚ ̆ῒ

̂Wind̆̃ ‛ ᴍ ᵞ ̂Bio07̃ ̂Bio15̃̂

4.4-ã̕ҍ Ṝ ῏ SNPsβ ҍ SNPsβ ѿ ̂

4.4-b̃Ȃңҩ ᵝ

14000 - 15000 kWh/mĮ/yr ԅ ̆ 2.0 - 2.5 m/s

ԅ ̆ ‛ ᴍ ᵞ 2.6 ԅ ̆

80 - 90 mmӊ ԅ ̂ 4.4-c̃Ȃ 

4.4 ԍ AҬ SNPs ҍ Ṝ ῏ SNPs

Ȃ̂ ã SNPs ̂b̃ ҍ Ṝ ῏

SNPs R2ⱴ ̂̕ c̃ SNPŝ ̃ ҍ Ṝ ῏

 SNPŝ ̃ ̆ ᵝ  

Figure 4.4 Comparison of explanatory variables for putative selected SNPs and climated-

associated SNPs of lineage A and cumulative importance of environmental gradients based on 

Gradient Forest analysis. The R2 weighted importance of explanatory variables ranked for both 

(a) putative selected SNPs and (b) climated-associated SNPs, (c) Cumulative importance of 

allelic turnover along environmental gradients for both putative selected SNPs (black solid line) 

and climate-associated SNPs (red dashed line) models 

B SNPsβ Ҭ̆ №
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̂Srad̃ ᴰ Ṝ ꜚ ̆ῒ

̂Bio15̃̆ ̂Wind̃ ̂Bio09̃̕ ҍ Ṝ ῏ SNP

ᵝ ̂Srad̃ ᴰ Ṝ ꜚ ̆

ῒ ̂Bio15̃̆ ̂Wind̃ ‛ ᴍ ᵞ

̂Bio07Ȃ̃ңҩ ᵝ ῍

13000 - 15000 kWh/mĮ/yr ԅ ̆

ҹ ̆ 2.5 - 3.0 m/s ԅ ̆ ‛ ᴍ

ᵞ 24 - 26 ԅ Ȃῒ SNPsβ Ҭ̆

-4 - 2 ԅ ̆ҍ Ṝ ῏ SNPsβ Ҭ

ל Ȃ 

4.5 ԍ CҬ SNPs ҍ Ṝ ῏ SNPs

Ȃ̂ ã SNPs ̂b̃ ҍ Ṝ ῏

SNPs R2ⱴ ;̂ c̃ SNPŝ ̃ ҍ Ṝ ῏

SNPŝ ̃ ̆ ᵝ  

Figure 4.5 Comparison of explanatory variables for putative selected SNPs and climated-

associated SNPs of lineage B and cumulative importance of environmental gradients based on 

Gradient Forest analysis. The R2 weighted importance of explanatory variables ranked for both 

(a) putative selected SNPs and (b) climated-associated SNPs, (c) Cumulative importance of 

allelic turnover along environmental gradients for both putative selected SNPs (black solid line) 

and climated-associated SNPs (red dashed line) models 

C SNPsβ Ҭ̆ №

̂Wind̃ ᴰ Ṝ ꜚ ̆ῒ ̂Sradȁ̃
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ᴍ ̂Bio13̃ ‛ ᴍ ᵞ ̂Bio07̃̂ 4.6-ã̕ҍ

Ṝ ῏ SNPsβ ̂Bio09̃ ᴰ

Ṝ ꜚ ̆ῒ ‛ ᴍ ᵞ ̂Bio07̃̆

̂Bio02̃ ̂Bio15̃̂ 4.6-b̃Ȃңҩ ᵝ

῍ ṿ 10.5 - 11 

ԅ ̆ ‛ ᴍ ᵞ 24Ņ ԅ ̆

5-6 ԅ▲ ̆ 75 - 80 mm

̆ 2.1 - 2.2 m/s ԅ Ȃῒ

SNPsβ Ҭ̆ 13600 - 14000 kWh/mĮ/yrԅ▲ ̆

ᴍ 130 mm ԅ ̕ҍ Ṝ ῏ SNPsβ Ҭ̆

14000 - 14200 kWh/mĮ/yrԅ▲ ̆ ᴍ

150-160 mm ԅ ̂ 4.6-c̃Ȃ 

4.6 ԍ CҬ SNPs ҍ Ṝ ῏ SNPs

Ȃ̂ ã SNPs ̂b̃ ҍ Ṝ ῏  

SNPs R2ⱴ ̂̕ c̃ SNPŝ ̃ ҍ Ṝ ῏

 SNPŝ ̃ ̆ ᵝ  

Figure 4.6 Comparison of explanatory variables for putative selected SNPs and climated-

associated SNPs of lineage C and cumulative importance of environmental gradients based on 

Gradient Forest analysis. The R2 weighted importance of explanatory variables ranked for both 

(a) putative selected SNPs and (b) climate-associated SNPs, (c) Cumulative importance of 

allelic turnover along environmental gradients for both putative selected SNPs (black solid line) 

and climated-associated SNPs (red dashed line) models 
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D SNPsβ Ҭ̆ №

̂Srad̃ ᴰ Ṝ ꜚ ̆ῒ ̂Wind̃ȁ

̂Bio15̃ ̂Bio02̃̂ 4.7-ã̕ҍ Ṝ ῏

SNPsβ ̂Bio15̃ ᴰ

Ṝ ꜚ ̆ῒ ̂Bio09̃̆ ᴍ

̂Bio13̃ ̂Bio02̃̂ 4.7-b̃Ȃ SNPsβ

Ҭ̆ ̂Bio02̃ 9 - 10 ԅ ̆ ᴍ

150 mm ԅ ̆ 75 - 80 mm

̆ 12000 - 12500 kWh/mĮ/yrԅ▲ ̆

1.8 - 2.0 m/s ԅ ̆ ‛ ᴍ ᵞ

Ȃҍ Ṝ ῏ SNPsβ Ҭ ̂

4.7-c̃Ȃ 

4.7 ԍ DҬ SNPs ҍ Ṝ ῏ SNPs

Ȃ̂ ã  SNPs ̂b̃ ҍ Ṝ ῏

SNPs R2ⱴ ̂̕ c̃  SNPŝ ̃ ҍ Ṝ ῏

 SNPŝ ̃ ̆ ᵝ  

Figure 4.7 Comparison of explanatory variables for putative selected SNPs and climated-

associated SNPs of lineage D and cumulative importance of environmental gradients based on 

Gradient Forest analysis. (a) The R2 weighted importance of explanatory variables ranked for 

both (a) putative selected SNPs and (b) climated-associated SNPs, (c) Cumulative importance 

of allelic turnover along environmental gradients for both putative selected SNPs (black solid 

line) and climated-associated SNPs (red dashed line) models 
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4.3.3 GO ҍ ᾝᴆ 

ԍ ₮ SNPs ᵣ̂GÕ № ̂

4.7̆̃ ֽ ≢Ҭ ╠ 20ҩ Ȃ A

SNPs̓̀ ⌠1192ҩ ̆ 1127ҩ ̆GO

№ Һ ԍҍ ҍ ̂ -phyllome 

development̆ -reproductive structure developmentȁ̃ף ҍ

̂ ף -metabolic process̃ ┬ ̂response to abiotic stimulus̃

̂ 4.7-ãȂ B SNPs̓̀ ⌠372ҩ ̆ 355ҩ

̆GO № Һ ԍҍᾣ ̂

-response to radiation̆ᾣ┬ -response to light stimulusȁ̃ ̂

-post-embryonic developmentȁ̃ ̂ -iron ion transportȁ̃

ף ̂ ∆ ף -primary metabolic process̃ ┬ ̂response 

to abiotic stimulus̃ ̂ 4.7-b̃Ȃ C SNPs̓̀ ⌠257

ҩ ̆ 247ҩ ̆GO № ῒ

ԍᾣ ᵬ ̂ ᾣ ᵬ -photosynthesis̆ᾣ ᴰ -photosynthetic electron 

transport chainȁ̃ף ҍ ̂ ף - lignin metabolic process̆RNAף

-positive regulation of RNA metabolic processȁ̃ ̂

-inorganic cation transmembrane transport̃ץ ┬ ̂ ┬

-response to stimulusȁᾣ┬ -response to light stimulus̃ ̂ 4.7-c̃Ȃ

D SNPs ῍ ⌠271ҩ ̆ 259ҩ

̆GO № ῒ ԍף ̂ ף -lipid 

metabolic process̆ ף -oxoacid metabolic processȁ̃┬ ̂ ┬

-response to stimulusȁ -response to radiatioñ ┬ ̂response 

to abiotic stimulus̃ ̂ 4.7-d̃Ȃ 
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4.7 Ҭ SNP Ҭ╠20 GO Ȃ̂ ã

Â̕b̃ B̂̕c̃ C;̂ d̃ DȂ ҩGO Ҭ

̆ ↕ ֽ̆ ԅ  

Figure 4.7 Top 20 of Gene Ontology (GO) enrichment analysis of putative selected SNPs in different 

lineages of Quercus sect. Heterobalanus in biological process. (a) lineage A, (b) lineage B, (c) lineage 

C, (d) lineage D. Bubble size represents the number of genes enriched in each GO term, while bubble 

color indicates the significance level of enrichment. Only significantly enriched biological processes are 

shown 

ԍ ҉Ҋ SNPs ↓ ᾝᴆ

̂ 4.8̆̃ A ᵝ SNPsҬ̆554ҩ

̂40%̃ SNPsβ ԍ ҉Ҋ ̆73%̂ 405ҩ̃SNPsβ ԍ

DNAᾝᴆ Ҭ̆ῒҬ 34% SNPsҍ ȁ №ȁᾣȁ ȁ ȁ

῏ ̂ 4.8-ãȂ B ᵝ SNPsҬ̆140

ҩ̂35%̃ SNPsβ ԍ ҉Ҋ ̆84%̂ 118ҩ̃SNPsβ ԍ

DNAᾝᴆ Ҭ̆ῒҬ 38%SNPsҍ ȁ №ȁᾣȁ ȁ ȁ

῏ ̂ 4.8-b̃Ȃ C ᵝ SNPsҬ̆99ҩ

̂36%̃ SNPsβ ԍ ҉Ҋ ̆61%̂ 60ҩ̃SNPsβ ԍ DNA

ᾝᴆ Ҭ̆ῒҬ 14% SNPҍ ȁ №ȁᾣȁ ȁ

῏ ̂ 4.8-c̃Ȃ D ᵝ SNPҬ̆111ҩ̂39%̃ SNP

ᵝԍ ҉Ҋ ̆72%̂ 81ҩ̃SNPβԍ DNAᾝᴆ Ҭ̆

ῒҬ 42% SNPҍ ȁ №ȁᾣȁ ȁ ȁ ῏ ̂

4.8-d̃Ȃ 
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4.8 ᵝԍ ῤ ᵬ ᾝᴆȂ̂ ã A;̂ b̃

B̂̕c̃ Ĉ̕d̃ DȂ DNAᾝᴆ Ҭ

 

Figure 4.8 Predicted functional regulatory elements of putative selected SNPs located within regulatory 

regions. (a) lineage A, (b) lineage B, (c) lineage C, (d) lineage D. Blue bars represent the number of 

SNPs found in motifs of known plant cis-regulatory DNA elements 
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Figure 4.9 The number of Arabidopsis homologous genes between putative selected SNP and positive 

selected highly diverged regions for different lineages of Quercus sect. Heterobalanus. (a) lineage A, 

(b) lineage B, (c) lineage C, (d) lineage D. Green and yellow color represent the gene in putative 

selected SNPs and positive selected highly diverged regions, respectively 
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