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Local Adaptation to Climate in Pinus densata Complex

Abstract

Global climate change has been challenging the world. Animals can adopt
migration and climatic adaptation while plants mainly depend on local adaptation to
face climate change. Coniferous species have experienced past climate oscillations
since the Carboniferous Period (360-286 million years ago, MYA). During this time,
they have adapted to different climatic conditions and have given rise to new species
while undergoing many demographic events, such as range and population size
expansions, bottlenecks and variable gene flow. Conifers is therefore becoming a
great study system for investigating how plants adapt to climate change. Moreover,
conifers play a dominant role in global carbon fixation. Investigations of climatic
adaptation in conifers have its potential to shed light on how people will act on future

global warming.

I used Pinus densata from the Qinghai-Tibetan Plateau (QTP) and its potential
parental species Pinus tabulaeformis and Pinus yunnanensis as a system to detect
molecular signals of climatic adaptation in the species complex. Previuos
investigations suggested that P. densata might be a result of homoploid hybrid
speciation between P. tabulaeformis and P. yunnanensis, using cytoplasmic and
nuclear genetic varaiton. However, reproductive barriers between the species are still
incomplete. As the species are distributed in parapatry, lineage sorting in the
speciation continuum is complicated by introgression. The processes of speciation in P.
densata complex might be more complicated than what previously known. The
species have adapted to different environmental conditions by divergent selection
shaping underlying genes. The genomic islands under local selection can extend
gradually to the whole genome by linkage disequilibrium. This process is also in line
with ecological speciation. Anyway, there is another interesting question about how P.
densata can have better fitness than its parental species and can adapt to the drought
and cold enviromental conditions at the QTP. Physiological and ecological studies
have suggested that P. densata had better fitness for drought stress and clod tolerance
at some pysiological traits than its parental species, but by far the genetic basis of the
possible hybrid vigor is poorly known.



Both recent local selection and ancient balancing selection contribute to climatic
adaptation. In model organisms, climatic adaptation have been studied using
population genetic analyses on genome-wide data sets, which suggested that recent
local selection played a major role. However, as conifers have a rich experience of
past climate change, ancient balancing selection might also favored climate change
adaptation in the species, but previous studies have been mainly focused on detecting
molecular footprints of recent selection. Local selection for adaption use either new
mutations or alleles from standing genetic variation, It is hard to distinguish between
the two when the investigation is only based on single species. However, in the P.
densata complex, we can detect whether the adaptive allele is presented in its parental
species (standing genetic variation) or only specific in P. densata (new mutation).
Heterosis or hybrid vigor might explain P. densata adapting to the drought and cold
enviroments in the QTP, interactions between the alleles or gene regulations from both
parental species may enable the species to harbor better fitness compared to its

parental species.

We sampled 68 natural populations across the ranges of the three species, 10-15
individual for each population. We sequenced all the individuals using four cp and
two mt gene fragments. We also sequenced 25 climate-related candidate genes and 12
reference loci for 27 populations chosen across the species’ ranges. Using population
genetic, landscape genetic and biogeographic approaches, we detected signals of
ancient at the lineages of the species and the outgroup belonging to sfrobus, and
recent selection within species especially for marginal populations. We then compared
patterns of intra- and interspecific distribution of cp, mt, neutral nuclear and adaptive
nuclear genetic variation to distinguish selection on new mutations and standing
genetic variation, and to detect possible adaptive introgression, as well as to

investigate the roles of cp and mt gene flow in adaptive evolution.

Our results showed that 1) both recent local selection and ancient balancing
selection contribute to climatic adaptation in the species; 2) climate-related candidate
genes, such as agp4, aqua-MIP, dhn7, dhn9 and [p3-1 were found to be under recent
positive selection in P. densata; 3) recent differential selection but ancient shared
selection signals were detected because of the shared evolutionary history between the
species; 4) in line with conditional neutrality, different sets of SNPs were detect under

local selection at the southern and northern marginal populations in P. tabulaeformis;
v



5) both new mutations and standing genetic variation have contributed to local
climatic adaptation in P. densata; 6) adaptive introgression or benificial ancestral
polymorphisms from both parental species favors climatic adaptation of P. densata to
the QTP; 7) co-specific populations have been linked by cp gene flow which might
have also transferred adaptive alleles across populations. Shared alleles for climatic
adaption between the species might have been caused by mt gene flow or incomplete

lineage sorting.

The results in this thesis are valuable for understanding evolution in general,
especially for forest genetics. The results can also be used for other applied purposes

such as tree breeding and climate change adaptation.

Key words: population genetics, landscape genetics, natural selection, adaptive

introgression, conditional neutrality, climate change, conifers
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1.1 E{Ki®EfE% (Population Genetics)

BUREZEENRBERPEMNERREN ST 5T, FEREGKER
SR % 34F (Natural selection), B4EE AT (Genetic drift), FE 35 (Mutation), EFHR
(Gene flow), #E81{E 4 (Linkage and Recombination), ZZHCHR Fi(Breeding System),
BE4K [ $1 (Demography) I &f /A 45 ¥ (Population structure)® . BfARfEEMAAE
R B R B A M 3E N (Local adaptation) Fl i % 4 F 18] B9 ¥ #b T& B
(Speciation) ZFHLITHE .

BsfEE R —TIENERL WARIER (PFEYE)Y (Darwin 1859)

18 /R B 4% 2 2 (Mendel 1866) IR IFFER, B FA —+3 =1, ZZFFH
EE A: Sewall Wright, John Burdon Sanderson Haldane F1 Ronald Aylmer Fisher €l
SLTEABEBERM, HPXESBuTRE Z5H (Provine 1971). B2, H
B FHEARTER, BATARBEMENEQNTF R EEIE. BKE 1980s,
DNA JUFFH AR A TR st 2 IR EE, REMTRINBME =%, Fibf@st
T USSR RAEE. BREEAR THAEYER, KUK, ERERHR
BIRBHRT LRI (Veuille & Slatkin 2002). B2, FEENFHERNERE,
KENBAERAZIERIN, Biest2ZNERMACTEEES LERHRK K
J&(Hedrick 2011). BATFEE V)& LRERANERELY, RN HERERNTE
YT B R RN A NIRRT X o R ZEREEER AT RT, B
B IREHN - EERER .

1.1.1 R3i8-;B {AH& & (The Hardy-Weinberg Equilibrium)

38 (Godfrey Hardy)-iE 18 %& (Wilhelm Weinberg) 45 & .+t 9181 (1908
) WL, BREHTFRERESMERRESE. H52, HPEANER
A AL T R R SR AR B P (R RS . B o IR B ST R 2EPR A 0 a
ERAEEEREERES N p Mg p+q=1, AT —REER AA, Aa FI
aa, BISRES> B4 p2 2pq, &, p? + 2pq + 2 = 1. LA -0 (4 P o] A B —
RE)F—RIEEEAE . (R ZPERBES AR LR, Bk
EMRA, THRERE TER, TEAFTHUREAROAMEE R L.
MR BRI, (BiRE RS 2 A TR ki3 h. Hodn,
ZERY T BB R BL S B BB AL (QTL mapping) B, 454 T8 B2 5 385 fh 5 14 -
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MK F WA ALR S i LA SR URIE Y

WA FET I o RIRIARAL AT BE— 2B 04T, (H RIS R AT fEB R 5C ke
(R MRSCHRAT S HERRTEST . ERFARERA S, WE RO, B~
B BT (Linkage disequilibrivum) 1S3 -VR {HAK B X BhAT Y Bliz

1.1.2 {438 i$ (The Neutral Theory)

1968 £, HAZEAM (Kimura 1968) S5AR4HE 5 AR SR AL RN
B, DR BEREBAZIR . 5 BB F A A YK T DI RE R
=L, R TN HERAZRMYLEZZ S UL (The neutral mutation-random
drift theory), AR PEINR. ZFEUINA: EWKRSFRX LR KESHLSEZ L
KR K2 B R AR B ARERER TAEARZMS I, R27EELNR
AR R T dak B b B M E sk b i A SR AR S5 A B BE VLR A [ 2 BT A - 2E1E
FE PR AR IR B AR B AL 45 SR (Kimura 1968).

PR HIA A R A 0 TR R B R, mekT
AT A B FE AR KRR E B R i BEMLIE IR A BT o ) (Kimura 1968). ‘£ BEA] LU#
Bt AR R/ 2 SIE, ] DB B IR E BRI R AR R 1
HEL, AL FUFRAT —MREZRANMEMEIRIESR. B B 2%
Z TR

BRSBTS BRI AR R, REFRZER, BIEE
HAE, AR EAZ AL (Darwin 1859). A 1t B 108 L BEALER AR Ui AR BE AV K
MG FKFRE, REHRNWERATREAFFIINEE, 2R, AIE
FRHAKTRE, KL R E DI e 2@ N A, XS N 3L ]
20 BL g FR O 2R A4 S5 5 (Genomic islands), eATIRIBER A& N4H 1 RIIR /M
—BEE JLRK . BREFERRP IR ZFZIATE, EARIL, H2%
BRWEAR. fEMEFME FERE WK H—DMUET 755 BT K
S, ZHEMEANTE, EERER T ARG AA . FEBLSE R, 34
TEAE LUZE R AR 4 O Th MR S A Bl T RE A2 B ARIE R M IR 4 48

WA BRI E AN R AR RE, BB L IR S ML TR S #1 H 2
Be N, AEgRD X 1AL 5 AT RE T I A AR 73 7 5 A0 1 T eSO R R A 4% I % (The
ENCODE Project Consortium 2012), 34658 R PEAFE A AT A% 2 8 o R B 51
ISR S, FELEEgAD 8 TR RAD W] BE R R K A RS, T B
HERBEREHEN, #— PR YMAENME. B, EREHEAKA K, B
MR T R P RE . BRI M IR IX A ThREtE R AR AT e RAE P 7ETR
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ZMRFEF LR EZAR I = WA R SR ETSIRIERE

IMOEN R A S, KRSHERAXEAIEE2RBREPH.
1.1.3 #4832 (The Coalescent Theory)

BEE TR — P K, PIHEIRT 1982 F£MIE T4 (Kingman 1982).
WItH B & T Wright-Fisher #E! (Fisher 1930; Wright 1931) [ 4t %%k El
PERTRERE, ZEERM2#ETEFBNRNEENMBEFIIZEREE.
ER—METHFIHENFRARALIEN T TE. PHEBERERSEW

(Genealogical trees) AN[E, RIHHAR—E DNA JF5IH 5L, EHERIHR
BT RE, BB MFEE (Effective population size, Ne, 7E 5328 FIE AR [ -4
B, BEAEEZEE: 0=4NpAREREER) K/MIBEMIE N MR
ik ETYHER, BEETREBBEEA DNA FAE E— R E R ILFIHEE

( The most recent common ancestor, MRCA) HJLE. BEtRMEARRT B
Hon KIS HIRYIETE, A MRCA FHf, B LB EERmIE. BT
R, FRFFIZIER SRS, XM EERHERSERZWHE. WHEKTT
R T B S B9, 4120 A ms(Hudson 2002, —MRE S AL A4
AT LU 4% 2 S 8008 3P B K/ Ne F{X 3 (generation ) B 18] T)5E % 247 ( Prior )
THIRH A EEE.

AR, T EBR T E#H — PR, MABKLUREE (11 IMa, Wakeley
& Hey 1998; Nielsen & Wakeley 2001; Hey 2010 ) B& & DU M #7 % 2 £ v
(Approximate Bayesian Computation, ABC) (Beaumont et al. 2002; Kuhner 2009;
Csilléry et al. 2010; Sunnaker ef al. 2013) H—FERAFBED LT T FE .

1.1.4 B#Ri%kIF (Natural Selection)

BARBAEFEPIN AR RN EES ), BERHEHAKERAEER—
AERERE. BATNFEYFENTSIMESR, thin, HYRFENE, 77
FEMBE, 3P NMERDFRFRG. BR—BEHPINMEREHED
ERLZR, HEXRYE, ERER+ARER>RULTRSENER, FHXEE
R B AR E N (Relative fitness) , EFEARZEREERT—
REIHXTBE S . 1930 4, Ronald Fisher KX 3& T The Genetical Theory of Natural
selection, XA AR EBAL F N A BIE/RICEFMBEZR — N BER. ZPRE
TIR/RICEFRMBEFERERM. B TRYNBERTERIHERE, FESN
K=, FE, SR RBEEHRSEFRNZHERETRE, BRRENEFER
W, BIEHRCHIE, DERZ AERGFREEZ, s eENtE_RRER,
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ZMRFF LB AEFER R WA R SRR S BRIER

ERZEREHK? RHNERRTERBEFTRERENE —IFENMEEE
M? %5,

S FKE, EFESHRNRHETHERR, PHERETARE-E
RPHHEM L, FEPHEREESEER BREFNIER. ELFRET,
£ FACPRINIE RS S SR B D £ IR A5 5B 24b(Wright & Gaut 2005).
SRV, FREEDT SRR R R SRR, TR RER T#E4 B/
$¢EXIH (Genomic islands) o AN[E] B9 PR £ 60T LU SRAS U A [R) 3t 4K B )
REMBREHEES (B 1-1, Niesen 2005; Hohenlohe et al. 2010) . BE X T 5
RAEEMERZHM (Genetic diversity) + EE R TERA LT EMNEEE L
(Genetic differentiation, Fs1) + EF T ERAE RHESH A FH/KFE (Linkage
Disequilibrium, LD)= WA EEEE S (Strong positive selection or selective sweep)
(Niesen 2005). ZE—MNFMEA, TN BREFETUHZTFA SHE (Site
frequency spectrum, SFS, Tajima 1989), J&# i8] 434t /K (Fst, Beaumont 2005; Foll
& Gaggiotti 2008) DA R FEHES K Fi4TH8 (B 1-1, Niesen 2005; Hohenlohe et
al. 2010). TE—MIFERAN, Z/MEFRYFZ HIERE S 0 DO R
PN 5 K 22 B MR b E) A KSR AT R (B 1-1). 130 Hudson— Kreitman—Aguad'e
(HKA)¥: % (Hudson et al. 1987), McDonaldKreitman (MK) #%;(McDonald &
Kreitman 1991) LR BT E: BKXLUAR HKA K% [the maximum likelihood
HKA tests (Wright & Charlesworth 2004)] #1 MK A #2 B&E Ml 5 & % [the
McDonald-Krietman Poisson Random Field (MKPRF) test (Bustamante ez al. 2002)].



MAFEBEFREEMLRX RS SRR RIS

Time Scale
(A) short long

D\

Number of Populations Knowledge of substitution class

one multiple yes no
Mode of Selection « population differentiation (Fsr) i . substitution rates » HKA test
positive balancing e LD (Zy, XP-EHH) HE (dN/dS) HIE L e

Sl ST SISO R TN EET . SRS e e
i *nucleotide diversity (x) i

Type of Sweep : - allele frequency spectrum B e
hard soft 2 (Tajima's D) : (B) Er— :‘L.’b:”t:“.oi(it?l 5

[ RN
E——— [\ S
esssmmm———= " Ucleotide diversity

gesssssansseasesseserstosesnsnsancsarenaras,  gessasasatennratnany I DO differentiation
¢« nucleotide diversity () i i +LD(HS) : — | D

- allele frequency spectrum  : Tesassipseaseeniees i

(Tajima's D) : selection Time

* LD (iHS)

B 1-1 (3K A Hohenlohe et al. 2010, International Journal of Plant Science) A &, SLRIEE
A N AR AR SR EZRNERNEFHER, BEES R NIER T &ES SN
FiE. B EEREMHRANFERERGANENBRENERES.

Fst BH A (Fsroutliers) #%) ¥2 A 78 #F 4R 2 R 40 $dE B 4800 vl e (i
WiEES. BEESTERAY RN FrEMREANEERNER, MEEEKT
HERAE BN Fer W e & FHNIEEG RN . EFNARBMAFEEZERTHM: —
F R E T B U5H A ) Bayescan(Foll & Gaggiotti 2008), A — &4 2 Bl HY
(Hierarchical island model, Excoffier e al. 2009) ik, #i—FMAEEES L L Bk
fe R R, BUE AR A, TG — M INE &8 B MBS E S W raf.
B, FrHREETRERERTE - ERE, W% ERFEZIROEEE
H7 o EFER T, AT LU 55— Ry 480UF BE%s € 5340 (Frr, differentiation between
a focal population and all the other populations, Yang 1998)3R A M4 52 /& B 8 A3
ERL. BIEREN hapFix Z5& T Fsr MLD 58, BUASERISHEY E. €
BEB AT A TR Ak # {5 5 (Farielloeral 2013) .
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1.2 =MiEfEZ (Landscape Genetics)

FWBRIEFER—TIRE ARG REE, RAESENZERETENTEE
BFRUER S R R A A BRI A A X S Yo A vk O 2 BRI AN 2 (R 2 4 40 A O 2 e
BXFER. EEEVSHERY, ANRINEVET BRI E SRR L BEE
VPRSP EESTHAERT ZAONANR. G52, BirRWBEENsIRE
BERWMTEAT5H:

1. BT GIS SARMIA SR HEIE MY FEES i Rl K
fif§ B & ( Maximum entropy model )  (Phillips et al. 2006; Phillips &
Dudik 2008) . %77V AI M AR UL R EV 2R+ .

2. WiITAEAREMMERENZEREMERZEESAREH (IBE M
IBD, %l Wang et al. 2013) . iXXF T BB AW L FEVE A R DT TE A —
EAMBEEER X,

3. EEREBMHERT,AUWEEEN— N EERREARGENEZRM
AIERNERIEE L BEE. SGE5EFAHER (Genome Scan, il Foll
and Gaggiotti, 2008) FIEEFFE L HIHEEERERRAERRE T EIL
22 1R B F0EF 52 31 3 A F 19 B 2 M 55 28 R 4L /5 (Clinal variation, Barton
1999; Savolainen et al. 2013). XfiE MH2R 5 g SR AL E B AT e [E] &
Bk N 2R, RIS SENEN LT E L2
BRATBR M8 B 45 i) R ?

1.2.1 HIBPEEINESRE (Isolation by Geography and Isolation by Ecology, IBD
and IBE)

WIREHMBRESIUNEERESEFNELEDERN A KB ERK
(Wright 1921; Mayr 1963; Coyne & Orr 2004). #5238 R H BB BP0
ASFRIEBNZRZRMEFET: 1) 2506665 85 AT fE 4 P Hh g =
(Isolation-by-distance, IBD, Weight 1943), St W [ERFE & 2 Hh IR IR B9k /b T R EH A
s 20 ARAERIFEE I BR8] i L F 5 R 32 3 B 4RI 350 A 1 iE [ £ BR 1
(Dobzhansky 1936), B 4= 7 R & 5% & ¥f 3% % B (Isolation-by-Environment, IBE,
Wang & Summer 2010 ). Ho35 7 55 700 b 20 20 28 SR AR A% KPS, AR
R I M S BE S A AT RERR T B R R AMA R EY Bl MASKRE RN ES
ERBERBESMKTERK, BAESERBX, ZRMBREFEE B
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(Crispo et al. 2006; Lee & Mitchell-Olds 2011) . 4R, HHEEEBAESREIR
HAHHEFH, PIE T RE— RSB LN EFERERN (e.g. Coyne & Orr 2004;
Crispo et al. 2006; Thorpe ef al. 2008) . Hu¥E 7 25 ERFFEE P s AH S H- AT e S BUFFBE
Bl AR S, 5B Bi(Allopatric speciation), T AE 725 FR B R A< Hb & I
AR,

KL, ARFETERAMARE BN EESML, MESHEREE
WIRBE, TR REDFE T R EE/EH Ecological Speciation, Nosil 2012).
[RS8 5T IBD F1 IBE 3i8t4% 434 AU WA F B T RATER AR SOWL A BRI 2 el B2 iy
BERRERSAE, R SR RsEYRPRAES % .

1.2.2 SEHEZSR (Clinal Variation)

EN AR R AEY R E EEYEFRIESER T ERZELN BRIERE
(Spatially varying natural selection)5 |#2 R4 thi@E N1, AR B TRE il
MR, EHX—RRERE. SEHERUNZRREERHEERSEN.
B MNMER/NISGERE, FRHOEETE, YE2EYNEDSRISE (L
FEBT A FNZE f 242D . (ERERIFIE T, AR AER SEFMMRED S HER,
HEARBDF G, BEAR. HWEREIZENAE BN S,
LAAMAE, SEMEIRR, RARZH T ERFRARERER (B 2-1, y=2NeS, H
h Ne BB FEELR/ND, S REFERHE. e.g Gossmann et al. 2012). ﬁjﬂﬁﬁvﬁ
RS B R B IR AR /D B VG [ A PoE Rk (B 2-1b, Barton
1999), RMEBB=EY, HARARKREMNERGESGEHEERKKBE
JEE N ZRG(E 2-1c). BRATFTRETREE 5 V)& 55 b AR B Z2 BN SR L DR S R 6 FEE
R L.
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FI A2 H 0 U ) 0
BEREAR A A P ST
DU Y 1) Bayenv (1.0 B,
Coop et al. 2010; 2.0 i ,
Gunther & Coop 2012) Fl#%
fE N = R A& B (latent
factor mixed model, LFMM,
Frichot er al. 2013) . —#4
A LAAE G B F A B g 52
M s s ok, A T
I IE N M S T K DR ) A
FREEAS1Y . Bayenv J7iE T B
HR 4% L T R 477 51 Bt 5k
PR, L FRUEK G B 1 38 B
FHETC K —R(S 7% B X ol
KERAH SO TSR 8]
1) #1 & X Z& (Population
history), IXANHER G R HFE
BaimsE A TIRFERES
PRSI o 17T ERAZRARF A A DG HR —
P (i KL, 3T 2K D RE
ST IR 650K B T AR B
LA A

Bl 1-2 7 2Rk PR 7 (1 A0 s
A2k, (3K [ Savolainen et al. 2013,
Nature Reviews Genetics) H &
a TR WO AR ZF AU RN [R] 5
2B K R E M K (Mikola

1982) ; P b, FRRLDUAR I s S5 A7 5 RS A v of P AE AR /N e b B i R 9 ARG 22 L (Barton
1999) : fHZ, BEc, EMREZ i, ik 55 B i i 55 67 5 B AR 70 AR K Ay S S Rl Py v

hEEREEAR L (Chen et al. 2012) »

ML S . 1 LEMM J5 i AR R 20 2K . UM E R Z 8RR 2 b,
HEPR D RE M ANE 2 s AT AR (0 DU /D> HOE AR A A R R R 4%, il A=
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P1%h(Lankinen1986), ah#)¥257%E 724 BH A i UL XA ) T 7E.(Olsson & Agren
2002)%; KEIFHEKRAERRIZATGN AENIRERE, HnExETFEEK
(Transcription factor binding sites)iN#RF (enhancer)f1/3 3 F X (promoter) B 5
BT S SRR TS G AR, TR RFE B A S8R 5 LA = A AE DG B R T
W&k, IXLEPE XA REE AN, NMA 3, Wik TIREERERES
(Kasinathan ef al. 2014) . XFMEAT, MiZAH LFMM K475, @ S5
PrERE SR ERNE R, B3EERIRENERESR.

1.3 SEZT{LiELN (Adaptation to Climate Change)

LERAR AP RN E E P 2 . RN =TT, KEYRH
oA B FERARAL T R AL, 2 2050 4F, KAF 15%-36% MW T K4
(Thomas et al. 2004) . HAEMIARRENHFHAIERAE, E5HAFBEL
(Fragmentation) 5 1& B AESTE WM . S FREIIAE T 2 NES 246, |
TR, LU EFESREEER A RERT &R EERYB)
(Assisted gene flow, 55 X ¥ BR 1& IV B &7 B DR T 59 7 11 4% S BE 13 A B X F
15 N L KR I BB (Savolainen 2011; Aitken et al. 2013) . BT ALK B 5 i % R B,
IS SR H O R4 45 SR S5 oAt U7 Vs

W TR A BRI R AR A AR SR @ N PR AR e, FRATT W] LU BE 47 1) B AR B A G ] 3
T Br7E B R R EE,  [R] B T 420 ok Gn ] B X R SR B 3 85 AR 4k (Hoffman
and Sgro 2011; Franks & Hoffmann 2012). 3 A'10] LLU# i HLEE R P 82 4E 2 AR
Folt 1R) 43 A7 ST A AT 7 S AR AR A X A W A K BT« o LR B IR S A 1
BRI ACE, R mURE DL SGE SIAPATARS,  BATH ] LA B B,
FREE P B SR ARG Y o 2 FE 2 FPRF U7 SR A0 BRG] L5 e RS HUw S T
PEFEA . BEAARBE KA 2038 o) LI RO X 70 S g Fml e & AR 7 . BHEE R
TIFEFEFRETE (Medicago truncatula) B PR K20 H0E & ISR N 2 % 2
FEHIE, IXLIE 2 2R 55 1 IEEFEIE 71 (Soft sweeps) TAS &K AR Pk FE
(Balancing selection) (Yoder et al. 2014) . {HZ, TE#THEHYF, EBMNKETHK
S IR . 75— POl s A% 2% ZX N 9 77 15 A2 2 A — 2 BREE R AR AEAH O
K%L FEE (Candidate genes) Fl15 —ZHERZFFIEANH KIS HEA (Reference
genes, 11 Keller ef al. 2013; Kujala & Savolainen 2012; Chen et al. 2012),

SRR, AR AR Fob o Y B K B B E IR S) 1 2 —(Aitken et al. 2008;
Richardson ef al. 2009; Alberto ef al. 2013) . 7RI % FrMMF T, HARXANRRIRT

9
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% 395 5 DR ) S5 7 2 BRI A 3R BRSUA% R 7 B0 B B 3 AL G« 481 2 R IR R BRI ZE 4 1

&N (Holliday et al. 2010; Olson et al. 2013; Chen et al. 2012), 5K, TRME

EAE% (Bower & Aitken 2008; Eckert et al. 2010; Ma et al. 2010; Prunier et al. 2011;
Prunier et al. 2012; Hall et al. 2011; Keller et al. 2011; Mosca et al. 2012) ., Z£ 55 —8&

T AT AR SURFAF R A E R F S, BTRARIRS T 1R TURE A R

HIiEFE{5 S (W Gonzalez-Martinez et al. 2006; Pyhijirvi et al. 2007; Eckert et al.

2009; Grivet et al. 2009; Wachowiak et al. 2009) .

BT, 2T e o TR ic A 5k 20 5 X B P shAa Y R B s
P 5 4 RURVE BOFPBE I 5 sh AR R AMEXS T 3BT X b K R G
S B EEMEHHewitt 2000), T HASHRSEZLE R THEDES LR,
LR A0 e 8 5 23R 43 AT AR R M R SR SR SRR R KR . B e SRk,
T R B NV ER- KA RS SPGB AT, TI7ERIUKI, Mixis
BT RAE T ZREEEY KB B2 AX, X R ETENY KILRE
BB E TG R FE L 2 Pt 5345 U AE(Abbott ef al. 2000; Avise 2000).

R ERIURMRERN, FEFHEYEN L RS LM
IR T e A AW % R RIP DL R A SR S GUBIR ER 22K 38, X th R RWE
R EERAARE.

1.4 BEEZZIFAZA (Homoploid Hybrid Speciation)

EME DR TR R B J A7 A R A F R R . AR —AR:
WAHRERHIHESMEMR (Coyne & Orr 2004) RS HFERFZ RKAER
[RE, BTl Z ATRHE SN A R T TR D> . (B, 23T BT,
B EREHARSERTRANERE, NTEERM RS T BB LE
A RIESTIEHR ST FER M Z B4 HERRE (Gross & Rieseberg 2005),
FR, BTALSANREAFEATREESLMNAFELAMZBNEHERES

(Rieseberg et al. 1995; Rieseberg 1997).

B A BEA A RAZ DR TR — N LB T, 7 LR B = WA AR 2%
AR RET, BREART T 5 UL G858 MR AT 2 S0 75 3w R itk
M BE (Wang & Szmidt 1994; Wang et al. 2011; Gao ef al. 2012; Zhao et al. 2014).
G AR XS F i R A S BB N R R R FE RO A2 R kA, Rz BT &
HERYTFFE AL (Nosil 2012) . AEBAFIERRHE WRER RN LA H

10
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MR E AR TR IEEFM (Maeral 2010; 2013), B2 HETRATNAE 25 LR
MBI THEANESEENE, NTTEL=/1YHEBEBEAHEE

(reproductive incompatibility).

1.5 #A#A24EH (Coniferous Species)

R EYEFETARL (360-286 Mya, Miller 1977) ,ERBFHEY D EE
BEHEEE, B8 H, 68/4NB, K4 630 MR, Tz TAbERU KB E
FIELEAK, RET KT 80%K LAY E Neale & Kremer 2011). A
EYEEEEEENSFMESNE. SNRIFHEN TEARTRERE, I
IET 300 TERSHSERN, FLRZIFFTEIx SRR KA R . B
SOV IE R AR BE DG A R TR RS, B U R RS RS
JIVAIE

HARE (Pinus) BFE KL 110 MM, AT ERERZ 076 FALEER.
MBMREAS, 20 MM oA TR KR . HPRMAFR (Pinus sylvestris) 43
), BT X RS W RR K B, T H AR A 2 LU R R e S i 75 X407
H 12 M ER ES A (Richardson 2000). MM EE S BHS MK . Bl
WA A FRER O EBRE, MRS TR TFENSFEIL S . EPENKRE (S
BAMEIL) MAREEBE GRAFMER) 258N IRNES S H. LB
WYE =ZEERA: 7HR—RRXRBENHGE, FREAHGR ATXGRRER
FEE (Wagner er al. 1987). X A BAVRM T RIFH N EWEHA R RS

R BEEHB R (K2 20-40Gb, 2n=24) , B AKFERHEKL 7-13 1%,
MBEHBESR, FERENERFS. NFEAEFANFSHEEEHNSR, W
FREBRRNERAKIBREEE. BRTRERFNERANSE KIEWR (Pinus
teada ) KHEAEZ N EAFEBRANFRMA ARV ERA C
http://procogen.wordpress.com/) . KIEFARIEERF KA 22Gb, HPEE4 82%
REEFS, SAAERNGE EBT KL S5 IMEE (K44 16000 FREE
{fEE) (Neale et al. 2014; Wegrzyn et al. 2014; Zimin et al. 2014) . PRAHIEYDE
K2 1500 MFFEEERK, HPBREZBAEEFER (Wegrzyn et al. 2014) . £F
MHERERANKEES RS, HEUERRZERERMEEPTRESI TR
2, MHRERAR B REEMBEETRN KR, ERA%EF(Genomic selection)
SEHEBN S TE T EBRRE N A TR HEEYE % F M (Neale & Kremer
2011)s

11
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1.5.1 7#1#2 (Chinese pine, Pinus tabulaeformis Carr.)

A FHARl(Pinaceae), ¥AJ&(Pinus), FAAFAILH (Section Pinus, subsection
Pinus). WRARTDEHEFER, R—MARMYHENRH, TG TFPEEF TR
£ 102-122 FEAILS 32-43 EZF(Wu 1995), A A EEEESHEFME.
HEAREIT, Wi EEZUNFZ—.

A Y B R R AR RS AZE T B NLKSER R, KEER
KB, AT O] B84 A T AN VKA 8 P (Glacial refugia), 3| T EUKHEE, ©X
¥ EELEE M4 (Chen ef al. 2008) . FRAZHIMBAME—RE, BN
RMRH—NEERME, B2, BifhREHIHREEAARAEL S TER. B
I, WARBfE SRR ZNAEE ST . AN, &E, HRAZKR
F W18 #£ (Epigenetics) 7E A 1 3E IV H 8 EEAE A (Cortijo ef al. 2014) . HFFIZRAL
NARSCE B AR A E .

1.5.2 HL#2 (High mountain pine, Pinus densata Mast.)

AR MR FI Z R RIE G, —EFRR TIALH(Wang et al. 1999). Hi
WAt 2P EFEM, 4 TERRRURLGRBKEE PR 3000 X
PLbED. BREHFE EE =4 —R, MEERNRE A= —R, AHEXE
HREFIEN TR ZREARZE, N EeRamRK B Tl f=Ei 6,
AU EZEAREFHNTERANTRSEER, =HNLEEAAREE —B(2n=24).
ETFUEZE, BE_THHEYE, R 0EN LA AT RERIE 467 KA f
75 5 7 1 = B R A5 1A 2438 P F ik (Homoploid Hybrid Speciation, HHS).

IEEESR, BRI A 4 ML A% 80 2 T #R15(Song et al. 2002; 2003; Wang
etal 2011) , BiEEEIE (Ma et al. 2006; Gao et al. 2012) , FEIBHE (Mao et al.
2009; Ma et al. 2010) DA RAEBEAEEIE Mao et al 2011) #H—HRX—HiRRE
GE T FHIER . BB TFEZRMYFMLEREMBRESEYE, TREFRNAT
2% R & (Incomplete lineage sorting) B{# ZE K2 A (Introgression)(Du et al. 2009;
Zhou et al. 2010; Li et al. 2012; Zhou et al. 2014 unpublished results) , FRWEH 2
B E—H, RUREAHERISS (Zhou et al. 2014 unpublished results) .
A, B =ANHATREAE N B R RS R EZEMAEE, ®mURKY
FRRERE RN THRIEIFNE . BT & bR DL K3 R 4 505
%45 A SR — P 5 R LA I R T U 2

12
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F—AMEEEFBERIOMENHEARRLUAENTHBRREERENS
FHEM. K2z —H e 224 (Heterosis or Hybrid vigor). Z¥fp{t#
R R G AR LI LREN R TR ERANSHILEYERS,
TTENAEEMNG . AR IRBN AR R TR IR EARERYA [ R
T, TR T —SE MR EEG RN, fnRR-£REE, &A-
HREE/E, RNA-DNA BELLREM B (e.g. Chen etal 2013) . BiTHBET=
MYFPNEET RERNEAE T RENYE, FRARKIATHLURESHERS
¥ EBERTHREERMaeral. 2010; 2013) . BEE KIEX, LHEFIREN
RRMAIARISZER ARG, ETEEHA, RWiEE, RNA BAEULEREE
BRI 5 F A S B AL 7 v v AR SRR AT R s AR I Ze P 03 . S —FPAT R
AR SUMRHNEBEEENTTRES FHEREZ R New mutation) 512, WA RE
Y ¥ A (Adaptive introgression)5Y % [& A % Kl 5228 (Standing genetic variation) 5|
R . B R EMHANRIEREN S BREEXRNSEZER, 7R85 HEE
R, REITERMENERR. NAREREEN NG T RER— 8
71~ e LU FAIE R 1 DA R Hh a8 4% 45 M9 53 7 (Adaptive and neutral genetic structure),
FEEZBERSFRZUBFER, ARKE LA TRAMGRFRAR ZKIE.

1.6 KARRIBEARY (Study questions)

BAENREE R TR WRAMELRAM MM ZEmR 0o mE, JERET
68 1~ (IRB\AH KT TR MBEBRESEN, BIDERT K 27 MHTEEE
FEEGH) BERRKSHARE, RREANER 10-15 DME. BB EREN
FEERISMERIHEES AT, BRAOVEEIFNFT 25 5T RBMEAMRKZERM
HAth 18 NIRRT RMEBERA LT RNER . NHBEREEMIWBRIEZTES
B T =AU R RARURE R UK PR A S A S AR, BAT I E] & L
TILA B

1. BESEERFREXMHRH AR BN ERREFE? RAOEH, L
BERECRIMAESHE TRESBNRARERIML? £ 516 B4R
FADFRAEAL A LA R BATHIRFAL AR GPS /5 8 i ESIRBIBRES RS
REFHI B IR, BAIVRYAEEE R T E B ILASEE
TRUMIGREERERNR . XESRE TR EH TR KRB0 7.

2. MERFNE SNPs Z2| T RHEEERRR S TR NEREE
N, RBETZEAYFERREN? B R 5546 R ¥ 8 (Fsr outliers,

13
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Lewontin & Krakauer, 1973; Foll & Gaggiotti 2008; Excoffier ef al. 2009) , UL &
SETHESHMESEBNOBEEERS ST (HapFLK, Fariello ef al.
2013) ZRFARLEEFXEZ I AMBENKZE. BN, EdNEESER
TRREMERMBH KBS, HERSRIREERMSEER, T IH
HiE 4 1) Bayenv, Gunther and Coop 2013)FIAN 432K [ % R B BB ER KEAN
EEEIThEE T, ETHMMNERREN SR W FAER, BERRRS
% %4 (latent factor mixed model, LFMM), Frichot ef al. 2013] %75 ¥k 3= 1R 5
SRR AR LRI ZE B AN SNPs. i LR TR E L R EEHRE R,
REABENIRENERZR.

3. AT EERWALER. ESMYMNASERP, RERENE
SNPs 23] 7 A#hi%#E? B MEILA M EH P2 A M S REFL WIS
HEMFLREF? BAIHEY, & F1TiEN (Parallel adaptation)il & 444+t

(conditional neutrality) ?

4. WA PR A S RIEFER SNPs 2 L2 B A T 2k T HEA?
RFTNZREREARFRE T = AR SEEN?

5. ZMF P RBIMSFENNER R —HAERAN—FR? Baibi#t,
Be 75 $k 3] 2 P47 3& M. (Parallel adaptation) 58X # #& 5+ 3£ fb (Divergent evolution)
EHE? A M = B R R AR RIS A, XM PATIER MR ST RER
i F3& B 38 A (Adaptive introgression) S 8. A LL SNPs i# i &N B
RFETRUMENTE R ENERREE?

6. JEIT LB SR AR SR A B 0% BRI I A A0 o M S R i 43 A AR K
TIARL B FR 7 I F BT M SRR E R R AER A 3 RZR A R AR A b
B RN RLE R AR B A F E R .

7. EEHSBEEUNERT, FLAESRAMRANELRRERPIE
GiNERE L

14
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FE MRAEZE

2.1 AR

AR EBRFARR UL EOHAREN MR =@, ENAHHT
HFEmEAEGX, PEIETNaEEEEEREEFNESE XN ERERF.

2.1.1

i #2 Pinus tabulaeformis Carr, & & AR 1A 40 #A W 4 B9 % & Ir K (Pinus
subgenus Pinus subsection Pinus, Gernandt et al. 2005) , Wi 2R K, W
Bikkifs, AHMES:FRFFR. M2 8F—3R, ek, i, K 10-15 BEX,
HEZ2Y 15 2K, LEAHERN, WEASA, WHE S8 M RES, WETHER.
HERRAEBRE, MIRESZEA, FFRB6E, ERK 1.5-1.8 EX. A 4S5
H, BSLAWE 10 Ak@. REWE, K49 BK, SFRE, HRlL. B74E
W OMRBRARE, MR A A, 8CEE, EWRA%, MRE, thE 0.4-0.54,
EWAE, ™AW 1999). MRAEARBERERF, FESGETERIETHTEE
AHX . WIADAETERR 500-2000 5K, FEF A )R AL 2700 K. MWia2
RS, BRREST KR EFENERRMZ— FEEEN
EBMEFTFEX.

2.1.2 5142

% W HA Pinus densata Mast 0, 7 i Bl #2 40 f2 Y2 4 ) % 8 I¢ K (Pinus
subgenus Pinus subsection Pinus, Gernandt et al. 2005) . #T T S Bz g K18 €8,
GHBEBERE, LEMEAOE, @R BR%E,: 28 —R, 34—Rak24
34F3AE, HHEE, K 6-15 EXK, £1.2-1.5 XK, ¥, HEASAL, 4%
PERER; MABIE 3-7 4, ME. REWEE, HTRKBE, HERZRPEE,
W, FERREA, BTAMEKL 2.5 BEX. BHAES A, RETE_-F
10 ARE (Wu 1999). = IR MZET 8 = R FE B 14 44K 2 500~4000m(HL
BRI R 43 A1 AT IEHEHR 4350 m)FHIE, 1B 283 40 - R 2 XA BH 3 A0 4 B3Rt 40 A7 o
SRS =B, iR 5RO AR AR E . B IR EREBIRAELE,
ERRER I EZER MR ERKREELS, HERTHERMPESA. &axt
FRIEEBRERSMNESEEAEEER X
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2.13 =@k

ZFI¥A Pinus yunnanensis Faranch: th2'E AR HAMTHKERTAR
(Pinus subgenus Pinus subsection Pinus, Gemandt et al. 2005). =FaHAMH K 3 4 —
B, MK, K, WIRIE 4-6 M EHLAE, TEHATREZRBEEEIR 1500-3000
KBS R, ZERANEEENESURESTFEEEER L.

2.2 FZHEURSIEMERRERSE

BAVRE T A& WA ATEE A 2 AN BRI &, RN GIS AiEH
AFXBHEE (40 WorldClim) WE S MERRSESHIE. SPMBEERET 10-20
A, BPNMERERE 2030 SR JEMIRR 4-10 . REIHEETELE
2008-2010 2 [&] 9-11 A FF BB 52 i .

221 F#

KRS TS T R MR RN, HRIES THEAA M ST FT . RREA
WFE2-2FE 2-1. EEANREMEZ [BIFER R Z /DK TF 100 K LA 1EREE
— K RZME.
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Fig. 2-1 Geographic information and sampling sites for P. densata complex.
F22 FHEANALENERE RO

Table 2-1 Location of the twenty-two sampled populations of Pinus tablaeformis and the number of
seeds analyzed per location in this study.

Code N XH& Location Latitude (N) Longitude (E)  Altitude (m)
M (Pinus tabulaeformis)

1 10 TTFHELHTLAARRFK Qian Mt LN 41°01.439'  123°07.255 231
2 10 AREHEHE Wenniuteqi NMG 43°24.930°  119°01.090' 362
3 10 LERHTEZEFRTHEERG Miyun BJ 4039286 11722047 550
4 10 FREFEREESAESLILED Xiaowutai Mt HB 40.00.290'  115.03.525' 1370
5 10 ARHELTABRASE Baotou NMG 4047.302'  110.18.533" 1510
6 10 TER=ZLHEO Helan Mt NX 38°30.761'  105°88.180' 2018
7 10 HRERAKM DMLk Tianshui GS 3420315  106.00.744° 1350
8 10 HRHEEEEERE Gannan GS 33°59.860°  103°26.0200 2147
9 10 FERAHNERFKRAE Kanbula QH 36°06.299°  101°43.355' 2581
10 10 D& T RE Guangyuan SC 32°36.678'  106°06.260' 1400
WS (Pinus densata)

11 g pres Xiaojin SC 30°57.155'  102°18.037 2676
12 8§ HhE=EME Baoxin SC 30°24.651'  102°46.351' 2209
13 8 HIEFEEE Luding SC 29°54.608°  102°13.888' 2357
14 8  FNESmEDRER Xiangcheng SC 29°09.061°  99°56.333' 3422
15 6 TEERETHREE Mangkang XZ 29°34.297  98°18.029' 3691
16 8  EEAE Linzhi XZ 29°38.850'  94°24.712' 4491
17 9 THEAKME Milin XZ 29°11.544'  94°8.593 3531
18 38 TEBEHE Langxian XZ 29°1.701' 93°4.405' 3755
19 8 SHEEKARES Degin YN 28°27.410'  98°51.338' 3234
20 8 ZHEEREN Zhongdian YN 27°49.179'  99°26.349 3284
21 8 ZHEWT Lijiang YN 26°55.027  100°16231' 2603
ZE¥, (Pinus yunnanensis)

22 6 ZEABRENEQKE Baishuitai YN 27°29.803'  100°2.176' 2536
23 6 TEARMEBRE Tengchong YN 25°1.656' 98°29.732" 1891
24 6 ZEHEBREEEAE Lufeng YN 25°9.647 102°4.356' 1628
25 6 THAARATEH Shiping YN 23°42.138'  102°29.591' 1661
26 6 ZEEHEAKCEALRAKE Yongren YN 26°3.054' 101°40.254 1534
27 6 ZHHEBEN Chuxiong YN 25°1.539' 101°31.492’ 1966

N, number of individuals sampled; NMG, Neimenggu; LN, Liaoning; BJ, Beijing; HB,
Hebei; NX, Ningxia; GS, Gansu; QH, Qinghai; SC, Sichuan; XZ, Xizang; YN, Yunnan.
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ZMRFLHREZMRT AR A A BOEN

222 SEREREE

R A1—3E M WoorldClim(http://www.worldclim.org/) W T 19 MEFIFIEH
FHEE (R 2-1D. RESHREFEFEXTRENER. ANRIXESRESE
FTEEBEAN GPS ER. GPS 5 R4S RE 734 H FHERNEARE WL
RHRBEES A, BRI oAKIEN EEREE T, XECRE 7%
R TR EERIRBE Tt £ R A R AL SRR,

& 2-1 RTYM o AR BT 19 MEYSIRE 7308

Table 2-1 Climate data used in species’ distribution modeling and association
analyses

Name of bio-climate data

biol Annual Mean Temperature

bio2 Mean Diurnal Range: Mean of monthly (max temp - min temp)
bio3 Isothermality: (P2/P7)* 100

bio4 Temperature Seasonality (standard deviation *100)
bio5 Max Temperature of Warmest Month

bio6 Min Temperature of Coldest- Month

bio7 Temperature Annual Range (P5-P6)

bio8 Mean Temperature of Wettest Quarter

bio9 Mean Temperature of Driest Quarter

biol0  Mean Temperature of Warmest Quarter

bioll = Mean Temperature of Coldest Quarter

biol2  Annual Precipitation

biol3  Precipitation of Wettest Month

biol4  Precipitation of Driest Month

biol5  Precipitation Seasonality (Coefficient of Variation)
biol6  Precipitation of Wettest Quarter

biol7  Precipitation of Driest Quarter

biol8  Precipitation of Warmest Quarter

biol9  Precipitation of Coldest Quarter

2.3 M FF
2.3.1 W IEFL B 651k DNA 125

JREUDNA KIFEEZH: CTAB (TAEE=REERIE) B &K PH
W BEBKE; SDS(HTHREMBNE: KBiE%. SDS Ml CTAB %% H
FEm R E A B DNA KR &A% KA EA CTAB i, MR KFF

18



_ EMARFBBRAEZTR I # WA R SRS REN

FEFL PR B AE 4K DNA. Fif=eeBr I TREs T8 . Barkm
F

(1 FsbHE: FENREARBOMT, w5, THEBKRNEEIFRIA
NEBENZEK, BN EBREL 2-3 R KR T 2 AVEAN N5 B3RP (T
VRARAT HORD T FR B AE, FETLIME, ASRE, FTLUREUET, S DNA B 1T
SR ), 25 CHEFAEPESE 36 UL E, (Ll 48-60 /N AED. BERETEK
HNEARGHELE, THERANREURKENSE, ZIEGAMHETEES T
i) DNA F&H _f5hHR, HREEMARTIRML. MHRNELIEK, Fr7FR#
BT XEMRERET=Y, ZWETRIN DNA KRE.

(2) BRI BFRERE, ElFE LRENIE, SERMERL,
FEREFNAEFL 2 B IR N4 5 B9 1. Sml T2 B, EWSH SR H. BEIAFA
-T0CHIVKFEPRTE, ET/REDT. BRBA4CIKFE &I REL.

(3) #EE£THE: LRPHHERIBHRL. # (F 1L5ml BLENREBHE
FEER4rAHED ). Z9RLA BI AR E K . 237 30 4T K4k, HBRZE 65T, #
CTAB UL ImL &A%, FE&MA 10UB-FEZEHESERAL DM, BE
OHLAZE 4°C, LHBAFHE . RERAERA-20CHRKERFRA.

(4) /& DNA #£H: OB—fEE, MEPEANSERE, BEERILNE
BMABRES (HETHRE, UERIENTHEAE) BFEAKERH A, LA
B, A XKEMFREREIFARTL, ARSI PVP R, SEFEZHAR,
BEEMAN MRS 65CHMK CTAB FZARBREWIHR. O EREZE
2.0ml BOE (REABE, WM *, 65C, 200rpm /K 1h £8& 3-4min LT
EE—IK. @KBERE, 4°C, 12000rpm B0 10min. @WREX_E#EZ) 800ul,
B 8ooul CI (& Afi: FKEE=24:1), T—HHREN LEERES) 10min, 4TC,
12000rpm B> 10min. ®EZ P E®, A Cl HHR—K. @MW EF, MAHA
KI5 REE 800ul J5F-20CTliE & . V582G, 4C, 12000rpm B 6min T
& DNA. @/PN0FEEEFE, A 500u 75%K) 2.8, BRBBHREET 4C,
12000rpm 2.0 6min. @EF S ED, H 75% M ZEBHE—IK. @Q/PMLFEE LF,
HIA 600ul 100%K Z B2 #EEET 4°C, 12000rpm 5L 6min. W3 _LiE

CNOAES DNA i), REHE0EHEMTEEK LY 15min, 85T 37°CH;
FEPMETLZE R R1E (—H&LL 30 min HED. A 80-120pl i TE (10 mM
Tris-HCI (pH8.0), 1 mM EDTA (pH 8.0) & fEiiic, ET 4CikfE 2h Ul Lk, REH
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EMKFEG AL LRI AR AR S RERN

1% RTE AL U DNA. BT B HE M K DNA A2 B2 m e a2 i,
HEABRATAB Y HEMER KL 50 MEFF B . BA1H CTAB #L3RH ) DNA
RATFsIWKREE, mEAENFHAHERK DNA UK H#EY DNA 7 &
(QIAGEN DNeasy Plant Mini Kits (QIAGEN, Inc., Valencia, CA, USA)) #&Hl. #F
R EN S EREH B CTAB EHREEE (1) 8 (3 1.

2.3.2 EREERFAGIEIT

BT AWRERARK, FEIERTBRaZERA KRR, ATHRER
FRRBIRE R BT R UMM SRR T HRMyiEest, RIIABEES
FEBUER T B G P77 HE N A KRR RS X L5 R Sy 2l 2R
ik, REOITETEEEEYFH PR RN . FRER T ARG
BEXMERFFIAESEER. BILRTAMKA5IF5H 207 X, Kk
ZEAYIRh R Y AL 43 X451 W. 51FS, EETIEE, BRSNS
IS TR 2-2 .

2.3.3PCR ¥"#&, FP¥4{b AR FF

YR NAEZRA 25u, RMKZREFE: 10-40 ng DNA, 10xBuffer, 2.5mM,
MgClz, 1.5mM, DNTP, 0.5mM, IERZ|#& 2uM, DNA & 588 0.75U. 5I91&
BLBA B R4 2T TakaRa A d]) » PCR RNFER: 1.3, 94°C, 6min; 2.3 4
94°C, 30s; 3.8k, 56°C (EFE F BRFFRIIB KR, 30s; 4.2, 72°C, Imin; (2-4,
28 cycles); 5.3E{#, 72°C, 10min; 6.4°C,10h. PCR I RAFI & LM (TIANquick
Midi Purification Kit = TIANGEN BIOTECH <BEIJING >). EL{&#/E 88 4 7=
T HKERAP . AP YRA 2%K SRR Bk, 25 AW Ny
HAFEEBFF 5. 8951900 FE RN 27 ABI-3130x] Genetic
Analyzer L334T, BAAENF R ABI-3730x] Genetic Analyzer - SEBRII, 1§/
ABI AR TMEMAN. WHERKNK 10 pl 4 FEE: 6.21u ddH.0, 0.64
ITS1a/ITS4(5pM), 0.3pl Bigdye, 1.85pl 5xSequencing Buffer 1 1.0nl itk DNA.
AV 1 5 B IE R 5 | AT i .

% 22 R EEMSEERNEFIIGE, EERSH, 5IWF5, BXEE, BURERERFSI
HFFIS U RSE IR .

Table 2-2 Putative functions, gene structures, primer sequences, annealing temperatures, Genbank
homologs and source for each amplicon.
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2 NKEWETIE LR RIS A I URE R

2.4 iR

R FH BB AL AR DLB AL T i, BA1S ETA=ANF B 2 HER,
Bl ERE N R AL M. B, RATBUMR, & LR AL
REpRES RN K, FREBREETEESRNEAN R REZE B REFN
A, ZRIFITHABERENAEN: BfE, NMARWREFRTE BAD
BRE R ISR A BB R Lk, 2 — R P AE N AR A R B 3 A AR
o

2.4.1 FFHItEXF0ER

WFF4E R A Chromas #1448, SR J5 %44 MUSCLE (Edgar 2004) , MEGA
5.1 # Clustalx (1.8 )BT F L5 RAEW L&A T RSN . &
HERRET BLAST A HWEERN. FIRESTNREEEENSHIITER
2-2 1,

242 BEZHESH

DNA £5HREETHSMAERER. #HRPARE (£28) FFIMNHEE (O
B— R RBRK PR ZENKFRERERRBET KESHAX/DEERX;
FA (gene) B AfE R (haplotype)ZHE (h Bl Hd) FEAH T2 A HKEENei
& Tajima 1981), & 5% FZENMBOE— A B35 | NMEAER B RET K
MR ERBEBA RIS A (segregating site) FH (Ps) E%&ﬁ’&%#?&ﬁ%%&
tEFebR, Ps=S/N, Hi, SKRER—APIBEPHAEIEALAHE, NE—4HAHHR
PREREREE . EAFEEFEARIRE BB FERNEET (BAKFET
FRAL SAREL), Ps MUBAE{E E (Ps) =00 (Watterson 1975); 0 B—A . ps B
AREERRSE, 0=4pN,H P N Mpi WARE B PG AHRE
EE, HMRETERFZEEMBARPIR, FFEHISFHAXAD: H—H
EEENEZTUEREANFIESEMLE LR ERER N FHERRZETR
ZFEtEn (Nei & Li 1979), n=X_pipjxij, Eof pi fl pj REESFF] i A j HRE,
xij & i FFFIA j FFIZ R ZER S FF R KR HEIN). &% AR, ALK
1%/ DnaSP 5.10 2 3o+ T RS R X AR FHZER (n) (Nei & Li 1979).
Watterson’s estimates (8) (Watterson 1975)F1 5858 £ &4 (Hd) (Nei 1987). FBf K
IHE T & & 2 A _E R R SCE AR ER R EE =R,
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_ EMKRFMERAEFABI = WA R A URIE R

243 EBISEH

% 8 A~ 7 #5 (Linkage Disequilibrium LD ) X FREZS A 2 B 2 B FIAH% Callelic
association) , I8N AREANL & L, S EE R FFERILIAE S ¥ (Goldstein 2001).
HRANRRE T SFHEHAFERISH, KPR REEHRLBEZ R,
WHKAE: D. ID|.D. |D|.R.R. BREEHEA. BIHEIFESLS R PA)
1 PB), ENHABKRAEELIKMER P(AB), Ml: D=PAB)-PA)PB); D' =
D/Dmax, TR D HIEME, W Dmax 2 piqz F poq PRIB/PNE; MR D HH{EH, Dmx 2
piqi 70 p2qz F 8 /ME; R2= DY P(A)*P(B) (Hill and Robertson 1968). D'Fl R? 2 Fi
BEENEETE.

MR D=1, NEEZEHAFHE (Complete Linkage Disequilibrium), BiREAEE
4, ZHERTHLANNHEARNESHR = . MED <1, WRELTER (F
RIS & B I DMEAIZEAL), DURAMERIARA ARSI, (ELCR! DMERH
SHARANBAIKT BN (D =07 #1 D'= 03 KEKEM). WE DESE 1, WIRFELAE
Fish b% EEAMTT RSB (B80S DT o R T %48 B P AL A LD 22
BMER, TREMEAD DELEE L.

REAEMWALRG W Z EHXR, EMEE LT LMEN D' AE. R2=1 Ri5ERE
B{AFH (Perfect Linkage Disequilibrium) , B BB EA 4T, T HSAEEM
AR, XFPE AL T B P AL A H R DU B R FE B i i A oh KU BB F(ab F1 AB).
BMRATHERMR, HBRTHEARRRBUR=EREBAM S . ERE-FEEHEU S,
LD BEAE AL s 2 7] 25 85 () 358 7T DL 9 &% 4 (5113 75 2 R 4l . (Hill & Robertson 1968).
BATAHES M8/ ek EAHEAL R Z M B EH 5 $p (p= 4Nec, Ne BHHFH
BN, c REHXR),

244 BHEBEEM

A TR RS LR B eSS A, BRINEAT WM BR ik
STRUCTURE v.2.3.3 (Hubisz ef al. 2009). 75 30444080 B T4k /8 I K A B
F£., RIMNEEZBET6IR, BIRKMEWN1-8, 107 MEH K TEMER N 10077
AMEF R BIEWE . RATAAK (Evanno et al. 2005)S 55k R 5 5 7T GEHIBEA K.
BEARGE I 45 S AR YE B T RE K (SR ARRR 14
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245 AL BRERMZEES

RE=AFUR T RE LR T BRERNES: EHOHHNERES;
AR LRA S R (ERA-R LY, K3 BASE); RIS RTBH
HEEHE (AR-IRER, TR-RLRIER, K4 45-85 BAF).

2.4.5.1 RIS LR R E S URM A S EHER A HERN

KT RREE Y (0 3E B RS 2 £ E ST R T F AR S AR R R o SR ) O B
B . AU R AL S L (Site Frequency Spectrum, SFS) AHCKI AR,
b 4n Tajima’s D, Fu and Li’s D*, F*, Fay and Wu’s H f1 Zeng’s DHEW % . Fsr
BEEET 2 TR A % (Local selection), A MIRNTH Fsr B HEKY
SIS FE BE 18] B FT REAR AR R 1 FE (Divergent selection){5 5«

Tajima’s D W8 554 B4 S A2 E (the number of segregating sites, 6w)
PP ER (pairwise differences, 0x) (Tajima 1989). D BEF X TFEa e TF
BN EFMEOEIBA, D EHEENTENHTERMIEESE, BiEy 7k
BREB AR IERIT S8 Hedrick 2011) . Hlim A#+ HLA-A EEK D&
F 3.69, TEERAMN D AEEBEFNTE, X HLA-A ZE T E8RZ 2 F4
HE, TINKBHARGZ TIEMBAY K. Fuand Li's D*LLERATAE M B 53
FBBATERZ S H Fu and Li's F*HCEAT A B 58RI 51 (8] B9-F 35 e 22
5 (Fu & Li 1993). Fay and Wu’s H HC3IRT A2 B S50 55 B SR AN B 22 52 30 (Fay
& Wu 2000). LRSS HRE7E DnaSP v5 (Librado & Rozas 2009) K LK.
DHEW # 5 & — 4 & T Tajima’s D, Fay and Wu’s H F11 Ewens-Watterson (EW
Watterson, 1978) R HIE SHY (Zeng et al. 2007) , EAEBIIRDZBIFEE
2 # ¥ m . DHEW K % 2 #& DH ® # Lk 5% B #
(http://zeng-lab.group.shef.ac.uk/wordpress/?page_id=28) .

B, BAIRAH T4 R B H K E (maximum frequency of derived
mutations, MFDM) 2t LI # B AR iEH & IR §E(Li 2011). MFDM #5368 i b
B U AOENEBEOKERE BRERE. XAEEIRDZBIFEED £ &S
AW B KR W L oe o 2011) o &ATA T MFDW & ff
(http://www.picb.ac.cn/evolgen/softwares/) 25 4l & /™ 2 (K & L 3 B B 2R IEFE 1
AR

Fsr R EEEHTZRATRAEHBREE (B 1-) . BERETHPHEIERN
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ZMAFEF LB AEEALR I WA R SRR IREN

FsrHRBTAMEFREBRWEFIIEIMEZ R TP HHEN FaeER-RET
SE47i%FE5 | B2 H9(e.g. Beaumont & Nichols 1996; Foll & Gaggiotti 2008) . 15 F
TEMETAFERR Fsr 28032 3015 B A b % B R

9

2)

3

Bayescan (Foll & Gaggiotti 2008) 4 —NE-F B USHBR FpEE D, 2
HEGEREWHSEBR S — AN EERERRNERE IR
EMEZHo, HPpHRERF AR PR E, Mol TEEMST
H o KA B 2 AR RS RE. N EFRERH
B RB R ERNPEER AN TR . BIOIERBENEAGFT
4355347 T 15%3i% SNPs F12% SNPs. J THHRHMELS R, 10 kY]
FIEH, RS TIRME, #EF 10 JkEHER, HBREEIE 10
W, FFITT 1 HIRERAEE . B 5%BEKFHEEME HEIE
THRRMRLRIRHE.

2 F 5 B S5 R (Hierarchical island model) 1 7 % {H¥:, B TR E
B BN ERBESEH, XMHEATET SISHEA Bayescan 5
FRHRIB 2 NEAEMERALE. ZREAX—K, BEF4E5i5E
R GEAUERE AR E R AEMNAETRNBARAERES

(Excoffier et al. 2009) . & LWFARINHIZ B 1A RO e HIR1L 45
¥, RET R SIS K For 58 1E RN % 68 58 G (R U 3%
#ES.

#TF LD Ma 2 BISRAK R EEE, SMHNEHNEARIEFRNT

ERENMAELD 2 kR, FABRKEEERSBERMLARSES

HHRR, ANERNREEN. BFNHEEET LD Fa R ¥E

¥, RNNADESIEEEY, BERMHTRNENERERES
(hapFLK, Fariello et al. 2013).

2452 HR-BURPRERES (KXY 3 ERENHERERE)

FERK AR B R E L, Wm0l b i iEEE S ARSI For BH
{E R P FPRA R 2 [ s h i 8 . 3411t A Hudson-Kreitman-Aguadé(HKA) £
%M B K Bl 4R HKA & B (maximum likelihood HKA, MLHKA) LA &%
McDonald-Kreitman (MK) #%i % L & McDonald-Kreitman YH #2 Bt Hl 3% & &
(McDonald-Kreitman Poisson Random Field analysis, MKPRF)# ¥ A -5 WAL
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BI& R (BEIERE, FEHEFEMBEIIESE, Positive selection, balancing
selection and purifying selection). HKA fl MK &1 ffEf1894 E: MLHKA
MKPRF #5585 L A 2 BRI R] A SRAQ I B R 845 5 (TR 2.4.4.3).

2.4.53 TMR-BINER, OR-SIUNERPEEEE (KLY 45-85 AAEMNK
B e RE)

EEKRHEI AR R E B - R R-FURER B EFEFE
FH HKA 1 MK f36f4hfi 1899 fE: MLHKA H1 MKPRF % .

McDonald-Kreitman (MK) 15 % LA &2 McDonald-Kreitman 74 #2 B8 #1355 ¥ 38
(McDonald-Kreitman Poisson Random Field (MKPRF) analysis) . MK ¥4 f& 22 3. 7E
b 285 o py FURD 5] B9 [R] A HER) X 53 (McDonald & Kreitman 1991). 14435 %

(ND),
A IER X ES0 R
Fiia) e R SCE e R R
FhiE) R & e fr = (Rand & Kann, 1996)

VIR B s R e P i, AR R B B AL 8 MR IE &R S, it
WHFER L 2L R E LA FEEFNE S RITHLR RS KEBELDnaSP
VSEE TP RS, B XREER X 2250 E E AL A 1.4 Sk EMKPRF
B A 5 B B 4K % ¥ 2 $ (Population selection parameter, gamma = 2NeS ,
Bustamante ef al. 2002), F-PNcRHRFBEA/D, SRIEBFAMN. MKPRFEHR
B E T B A E R e v il BB SRE R 5 ), [R) B — 2 EE
B i ES . MKPRFNM AZEF FIESRERENSENER S A XA
BAVFEST T 10X BT RATAEEEF10XFHE—IK, BIREBEHE LK
TR BAIRE TEHANEAFIEERBINIS%ERFX KGRI 6.

Hudson-Kreitman-Aguadé (HKA) 36 f1 &5 KR HKA KK  (maximum
likelihood HKA, MLHKA)  HKAR % (Hudson ef al. 1987) 15 £ 5 DR B {7 )
AR A SR EE R RPN R B Z AR SN A R ZFIEFIERN .
BRNEBR-B LR EMB -0 K& WL -4 8 b 75 HKA 3K
(http://lifesci.rutgers.edu/;heylab/ProgramsandData/Programs/HKA) 8 THKAKS % .
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_EMRFEIPAEZMRT AW R S ERSIRERN

TP AFREHEARRESG I EEE. B TEFFU LN=ZXRRPRITEENE
g, BALE—PNARKURBKARE X RAIBANERZREEE M.
B RUSRHKA ZHKAR—ANF 5K, BReE H T R B R e L S iR B
B B SREERE e A EE — A R EFRE (Wright & Charlesworth 2004). B 5%
BAE TN SEERNBEPHE. £S5 EED, RITEPHEREFEEET
- BEBEANSEERAFTHNSEERN, BIVE TS MIREERSEK. %S5
BN EAXN FRE SRR SEMEKTE, KEEEXRTEHPTFEEESH
EEMANSENY, KEEEDNTERHEEERFSERRERMASENE. F
YEAUAR LAY B0 45 P R EL Ry )E AL MU 2 i R BT AL S P R CREZEF

(BHEAND. #iHEATHENSEREREE X ACmPHERE". £, BA
K T MR e B E R RIS R N —MEEER T B bR R [FHETT
FEEREEE B, SMREERNSHEKNEZEHKFRARSERER P
o4 R O K F B . R 1l E MLHKA & # W&
(http://www.yorku.ca/stephenw/Stephenl. Wright/Programs.html) EA 4~ [5) # %7 4 {8 4
LB RIS TERIEIT 75BN, SREFB1EHTRG/REIRE.

24.6 =MERESH

R WL IR A% 2 07 R SRR 2 B 450 SR 9 o 4tk RV 7 P X R [ 2 IR
11 522 1 0 e P RE B 4 2R R ) UL 43 A (Manel & Holderegger 2013). AT & 5B/
AR AR BIR TR E B KA I, FIRHRB B 2 A R E
BEAEYAAEED P E BT o KR TR AR JE SRR R T R B R 2 [E K
KERHT

2.4.6.1 545> F1&Hl(Species distribution modeling)

H T IRFHAFE LB ESAR U EEEEN S ARERTF, BIINH
TR THIEE B RLE(GIS)M 4 2 I 4R 1 & K K5 B & (Phillips ef al. 2006;
Phillips & Dudik 2008) = BB B AN B E 43 X . AN T maxent 3.3.3
B, BREDHNRERIZBESIBES M. BRIV S BLEAREIER
HMISEIE R HIFE A GPS 18 BBEBIA S . BAIT—3L M WorldClim L FE T 194
PR 2.5 KBHBTE (£ 3-2). BNIHT maxent 3.33 RGBT
S8, Kb 715% 00 FHATISRES, 54 25%H TFHERK. SRPR
EYPFERM A EESER TR T RS R WB LS.
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2.4.6.2 RERAFIEFEMERM XKL

A T H— AP EANBEEE SRS E R AHERN, ZA3CRAT R
M3 X 2k VR & % B (Bayesian generalized linear mixed model, BAYENV, Coop
et al. 2010; Gunther & Coop 2012) FIFEF KBS A (latent factor mixed
model, LFMF, Frichot et al. 2013) =¥l S8 SRR 7 5 G A0 2 FAE 1) KBk R
R, WWEKERSASEZEERNRERER, S2EERBHFEEMEDE, REE
B RSMEE T HRBKREE B T Ml L e E g ain; mEEAHS R,
BT R R TG B R Se AR B St . R T-RAMaSR R DIRE S E PR,
IR TFIE S YRR RIENEER 32K eI F A KR, iUl EZ6 U =&
MEFE S EHATT 2.

Bayenv # R EIEEEERMER[UEE FZ REZBHTNANSEER
MHE TR B AL REIEFE (Coop ef al. 2010) . Bf{kZE F AT 5 5040 RE 2
E T RENIE AR TR S AL RSR AR AL, S8 o R b SR AR
RIS EER R SNPs FERE LA g P I BT £ . RAI7E BAYENV2
(Gunther & Coop 2012) E3LIZ4TT 5K, XA 50 FTHD/RRRE. Mils
R PR R BRI RERR T RS 8, RINEAEZETSEEENH
A L AR FR H50 5 F T B A 7 S ) [ B A 00 T ko TR B A e B 5 S S DR R R
HEE TR . X FHREERE SNP, BAYENV2 844 Lb B —4 SNP 5 iR
BT AR BN —AMUAT SNP SR BRIFEE R FAHR I & 1B R,
DU B R 7 Rl A R R SRR M R B R A e 1 . B SRR
BHEX R E TR, Spearman HIEET-HEFF R FAE R o8 A R HEBR BAHSC . BAT
S5 HT T ML SNP HEE T e R FRERRHE. BIT—H
FIBTT 10K, BRSO TLRERE. #F sS»ERNHHETFH 5%RE
Spearman’s p{E ] SNPs 35 B % 4 L RRZ IS B BN .

¥ 1E R £ B A 8 % (latent factor mixed model, LFMM, Frichot ef al. 2013)
RN IERHAR £ BE RAATIR T AL 5467 2 KRR BRI B R F A5 itk . LFMM
HEET PCA MM B FFIBERME AN L, EXAERM i E— SRR
B AT R SNPs S FEAT,
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B=EH WRGR

3.1 %EBEEZ 1 (Intraspecific genetic diversity)

ATV B =AM ERZHEEER, BRIINHABEBRE TS50 E
TEMNFH, UIBRALR A RIER R A ER S HE.

AR A=) 267 MRS T4k (AL B 267 MR, 37 Mx
EREPEAL, 36000 575, XA BACH 24389 bp (B 1), Al
ZEWE, BRI RS PEME 646,1271 F1 429 M5 BALA, Hrp 8 WD40
EERNERM RBEEE TR .

EWR S, SMABFERBUIEHLE (Maetal. 2006), EATEBING
BEHRE AT (0.=0.00632, 7=0.00822), F.XA SEEBEERE AN (0=
0.02343, 7= 0.02492) HIE K TFIER XALm (6,=0.00073, n=0.00107) ®HEK
IEERBEZN. A A6, PEREFRESMEESNEREZ ZWL (6,=0.01033
7=0.01087), BIEAIRE BQ (8,=0.00472 7=0.00473). [FIXAIHZEFMELANEE
B2 ZWL[#=0.03064), % X2 BQ F1 KY (n=0.01734). FER AL 5 I FH
BLSERENRE KY (7=0.00650), HKK 2 HB 1 BQ (2=0.00000) (& 3-2).
BEMNEE () EHEFUHH)ERRENBERAER, HPhBEEHE BQ
M KY (He=1.0000) ,REAME HB (He=0.0667), BFEHEZEUFHERE

(Hg=0.0856), BT &RBENMEAY, FUNERREAERHEABSEIT B XA
K, BRENTTLUHIE R, HZ 8305 B AEX D> T HALE B (PR D.

B 3-1 REEF NS EREFNER L H UKL SHEST Tajima’s D

HE: M EZET 45 M Tajima’s D, FEEZHMr, & ILAK Tajima’s D, EERBHEMR
LK =EIFA Tajima’s D, RS MR

Figure 3-1 Genetic diversity and site frequency spectrum for each amplicon in the three species
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Tajima’s D LI F(H. 41 LKl 3-1 FT7R, erd3, GI, Glu, Ino3 F1 pp2c 7E A Kl & 1L
P [ IS R B A KL PR 22 REVE RN S Tajima’s Do 176 2 B A T B T SRAEAMA

B/, D EAN T v E T B AR T

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.
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3.2 g 44t (Interspecific genetic divergence)

AT RNl 2 18] ) 73 A RERE » BTG S T RN HE DR A8 67 F) 6 [ 23 46 (B Dixy
(& 3-2). FINEAMB S 7T RKDR eS8 BER SRR, £
AN [ S T 3Nk b A S AR 1 LA AR I AR S 8 (R 3- 10

A
Illlll IlII-l'l Ill-lll'lll.lll- .II
B
lilllllllll-ll--lll |-IIII---I|_IIII
C
=
| | I | || I| |I._.-,II_I.-,I‘I,I,I,II,l,.,ll, 1 0n
=" m @ = = = = =2 2 8 =2 & = & g
= % = g =

3-2 ik 1 DRI 25 2 R K] B0 7 () 6 K] 2 1
He A MARIE LIRS, B: mEMARIE LS, C: mMiAFI = FEFAR Dxy E

Figure 3-2 Genetic divergence measured by Dxy between the three species

o b BB R, AR AR A s LA LA A R e FA I LL L, comt, dhn9, pho
1 wdd0 2R T et Dxy fH (8 3-2), 5248 comt,pp2c F1 pho 414 ¥ ] [
Mz FRALR (K 3-1). iX‘Lb%-lT“"‘fi?EAWB‘J%W%)ﬁEF‘E?UEgVEﬂ%
R S DA — LS, MR = F A LA S A R s AR AR 41 AN E 2 7
A7 5, T e LLAR RN R B A 2 [8) AT A [l 58 22 567 L, X HR 7~ = B A BR iy LU A2 /]
RERUTYE, M 3-2 BoRmMaa) o A SRR IX — 4k
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4&3-1 Al mn LR Mz s ka p w) 3 fe e oF
Table 3-1 Summary statistics of genetic divergence among the three pine species

P. tabulaeformis& P. densata P. tabulaeformis& P yunanensis P. densata & P.yunanensis

Locus
Fixed pl p2  shared Fixed pl p2  shared Fixed pl p2 shared

Climate related candidate genes

alip2 0 3 13 12 0 2 12 13 0 6 6 19
AGP4-2 0 17 15 33 0 30 2 0 21 O 27
aqua-MIP 0 9 5 0 0 0 0 9 0 7 1 8
ara 0 5 1 1 0 3 1 3 0 9 1 3
araR 0 11 2 3 0 3 0 1 0 4
ccoaomt 0 7 6 0 0 4 0 5 0 8
comt 12 5 3 0 12 0 0 2 1 1
dhnl 0 16 24 25 0 23 11 20 0 30 11 19
dhn2 0 4 8 7 0 6 4 5 0 7 1 8
dhn9 0 13 87 14 0 6 16 11 0 76 2 25
dhn7 0 13 12 0 7 8 0 14 4 11
erd3 0 7 9 0 2 0 9 0 3
Gl 0 19 4 0 2 2 0 9 0 4
Glu 0 2 76 14 0 16 2 0 0 81 1 11
Hinl 0 4 24 2 0 6 0 0 0 27 0 0
Ino3 0 i1 o 0 0 0 1 0 0 0
LEA 0 8 24 4 0 3 15 3 0 16 3 14
Ip3-1 0 32 10 0 5 5 6 0 3t 0 11
MdhAa 0 5 15 19 0 8 9 6 0 10 1 24
PHYO 0 3 2 2 0 5 0 0 4 1

Pod 0 29 12 0 32 1 3 0 16 2

ppac 5 4 4 2 2 0 3 2 2
ppapl2 0 9 0 9 0 0 1 8 0 3 6
RD21 0 26 6 14 0 28 7 2 0 6 13
SUM can 13 234 400 222 13 303 112 141 1 403 46 223
Reference loci

2009 0 13 2 5 0 14 13 14 13 15
C3H 0 9 16 6 0 0 13 5 0 6 2 16
CesA2 0 10 3 0 3 0 0 0 1
GapCp 0 8 9 9 0 6 1 0 1 2
LHCA4 0 7 9 6 0 4 0 8 0 8
nir 0 8 9 0 4 1 6 0 11 6
PAL 0 2 3 2 0 3 4 0 1 1 4
Pho 15 5 6 5 9 2 0 6 1 5
pt-1 0 0 6 3 0 1 0 16 0 3
pt-2 2 0 0 1 0 2
WD40 0 6 62 38 5 36 41 0 54 29 46
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SUM_ref 15 75 145 105 15 100 75 82 0 143 48 110

Total 41 543 945 549 41 706 299 364 2 949 140 556

3.3 IERBIARIERES

T RMEAR BRERES, RATH T Fer REMEE, W TER (A 3-3),
FE A P 8 BB JE A A R B A EE A P A S I R T 3 A BEE S, AR
BAEICHTA R BERI 25 BRI 2] . RN, 76t il o R BE R LA /2
BN, FRAIEA RN F] B2 T SNPs. X156 B 30 2 B mT e i AS [R) A 47
FOEN T FTER SRR . TR AR E R 2 AR R E, EEREE A
I e ERE R, X% E BEAHIE N ARG S AT BE 245, R,
R SE R 70 A R AL P AR K #4473 K (Chen et al. 2008), 432 45 HIHE RS
NAiZH TR SR (Excoffier ef al. 2009; De Mita ef al. 2013 ).

0.45
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DHN7_289 .
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ARAR_321 .
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0.10
|

T T T T T
0.0 05 -10 =15 -20

log10(q vaiue)

P 3-3 Fi Fsr 5o A AE AL PRI AL S5 5

Fig. 3-3 Fs outliers detected using Bayescan methods in P. tabulaeformis.

RIS, AT A o BT B9 SRR 23 VR AT T S5 B PR R BRI Sk R 7 2
A B3 R TR . WA 3-4 s, SEALIE DR ERYIFP A S e IR 1 22 (]
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Fig. 3-4 Examples of candidate SNPs that showed a significant regression of the
transformed allele frequency on transformed altitudes
R RR T BRI E K SNPs HA R —E# 2> B, 1X AT g Ul B IX PR Fh 7 VA I AS
[FARAEEN AR (De Mita ef al. 2013).
fEm AR, BATH T FRFERITERNE] T 248N BT R, il g
XA s Aoy Py AP ] ) 2 ) o AR AR, FRATTIX 23 T YT 28 e R Y v N B3 T
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Figure 3-5 MKPRF analysis showing the mean and 95% credible interval of the posterior
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distributions for selection coefficients (y) at each locus for (a) P. tabulaeformisand (b)
P.densata, a selection coefficient less than zero implies selective constraint at amino acid
replacement sites while a coefficient greater than zero implies accelerated fixation of amino
acid replacements. y significantly greater or less than zero were implied using plus sign (+)
and minus sign (-), respectively. +/-, P < 0.05; ++/—, P < 0.01 and +++/—-, P < 0.001.

% BB AP AL FEth T BE R HERA AR MI AP B9 SR IERE, RAINA HKAMK L
BAMIKY A T RERES. WTHE 35 fiR. 2ASEEREREER
REMPEFERY. ENEREZFEREEENNE, EERRZERTRZHT
HARKEERY, AR ZERTRZ R GARFEERESE SRR LGS, T
BAIFARAGNE T MLHKA KER K EEERT 1, ZHERNEE, XEHE RyHE
ROZER AL T RESZ B T S AP B ER . R, BATEMR-LE RS L,
HERNSHER L (pho M nir, B 3-3 T EED KR T HARPEEFEHEN.

Bt ETHE, BN, BMERS X ERTZRZRFENZERE A<M,
R, XesR R E LAEERARyRr, WnF UMD ERTERT HRERES
(Zhou et al. 2014) , BAXETEYFMILZR KA 2.

3.5 AR

B JE B 2 ] LA e A 2 16 B 2 BRI A PT Be Rt T PP I AR AR IE N . RATTA
ML I ZE R AL T T AR R R R . R4E AR R T 5B, X
FARER TG T MR R ER R, S4RRNE3-6. WMIENei (1973) RMKTT
%, HGstiEIHMERR (Nm) HHEETGERMHUEER. NGERTLUER, W
TR A BRI E A
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Table3-2 Estimation of gene flow between the 5 populations

Haplotype Data Sequence Data Lynch and Hudson, Slatkin

Information Information Crease and Maddison
Population (Nei 1973) ( Nei 1982) 1990 1992
P1 P2 Gst Nm DeltaSt GammaSt Nm Nst Nm Fst Nm
GN TS 0.00030 84000  0.00091 0.10670  2.09 0.06897 337 0.06845 3.40
GN  ZWL 003128 774 0.00036 0.04157 576 0.09051 -3.01 -0.09012 -3.02
GN HZ 002917 88 0.00028 0.03676  6.55 0.06466 -4.12 -0.06455 4.12
GN  HLS 000746 3325 0.00036 0.04732 503 0.06125 433 006124 433
TS ZWL 003495 690 0.00100 0.10892 205 005812  4.05 0.05796 4.06
TS HZ 003604 669 0.00099 011970 184 0.10892 2,05 0.10865 205
TS HLS 003210 754 0.00108 013065 166 011496 192 0.11411 1.94
HZ  HLS 004815 494 . 0.00024 003272 739 007182 -3.73 -0.07161 3.74
ZWL HZ 005625 419 0.00034 004124 581 0.07361  -3.65 -0.07313 3.67
ZWL HLS 001770 1338 0.00038 004625  5.16 008143 332 008129 333
GN  ZWL 003128 774 0.00036 004157 576 -0.09051  -3.01 -0.09612 -3.02

Species 0.00855 2897 0.00109 013482 160 40.09058  -3.01 -0.09059 3.01

¥: RAEERKHNBEENBKR RS T ZERB AT

SRARR R R T T A S0, B BT 0 SR AR AT
HERERAHFERERER BENZ SN, MENFBRERNSHBREEN TR
¥ (Chenet al. 2008).

3.6 W5 T EH

2 AARBIR A BATU RARA KR R SR, BA IR AR LR i
SR IRHAT T, SR WE 3-6 FoR, BMAFBHREELS X ER S LM
o AEBEESTEILT, MRUREEMMGEFTBRRIRULFLIKEK. &2 A
R R WAL o N E B R B RS RNERR ANSERR LR W EER
ERMERT, BAVHXERTFHT T — 2R %E 7 AEE 5 KB
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3-6 JHAA(E) RN FIRA R 78 73 A DX I 40 45 2

Fig. 3-6 Species distribution modeling for Pinus tabulaeformis and Pinus densata

ik 3-3 fron, AR X R A B STk A A AH ] . T RO
PR A R ZE 1, PRt FATTAE AU, R A0 8 LR 23 A7 Y L o N B R
YEN S 20 MR 7. BERYL, 1 B 3-6 Fizr, BTS2 A o R A
SYR I SE A AR . AR m AR T, iR STERAE Y R 4 A5G B AU R
52.9%IMoTik. HAR SR, TR, R BN, BT EMNZFETEN
Rz (K2-1 MK 3-3). fEMAT, AR EZEEMENESS, HA 9.6%, &
[ N B B PGER T, 5 20.9%IPAHX TTEk, B RN, SR %
W LA R R IR . AEBLSEH, AR AR T i A P 7 e o R R 9 R A
WA EZ A e E AT, E’F‘I% XETRMIEAR I B0 T
AN b STER AT TR UK B 5 TR AR DG, BT AE J 82 )< R A
AL EE DR AR SR 2 i ’
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Table3-3 Percent contribution and permutation importance of each enviromental variable in P.
densata and P. tabulaeformis

. Percent Permutation ) Percent Permutation

Variable . . Variable . .
contribution importance contribution importance

P. densata P. tabulaeformis
alt 52.9 5 bio19 20.9 17.2
bio4 229 61.2 bio9 13 2.6
biol8 10.6 0.3 bio6 10.1 1.2
biol5s 9.9 0 biol8 9.8 0.1
bioll 2.2 274 biol 9.7 1.8
biol9 0.5 2.8 alt 9.6 1.7
bio2 04 0.1 biol5 8.3 0.1
biol7 0.2 0 bio3 53 11.8
bio8 0.1 0.4 bio4 4.1 0.5
bio3 0.1 2.7 biol4 4.1 57.8
biol 0.1 0 bio5 3.2 0.2
biol4 0 0 biol3 1.5 0.3
bio6 0 0 biol2 0.2 1.9
biol6 0 0 biol7 0.1 0
bio9 0 0 bioll 0.1 2.8
biol2 0 0 bio2 0.1 0
bio5 0 0.1 biol6 0 0
biol3 0 0 bio7 0 0.1
biol0 0 0 biol0 0 0
bio7 0 0 bio8 0 0
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FHE Wit

4.1 HEHBRE SN

S AL TAEME, BNBSATHUNZFRS AM%MET (R
4-1). BAVAT HTERHREY P BRKIPFFIX MR @4 2 R T 2
¥r. 5 Maeral (2006) FIEER—3, HUNHTRSNEZEREZHEE (R4,
XA S E RS AURRZYHEEEX. B TRURSHRAZEREE
KEHNZ RN R, FibfmERREEHATRETRNER. SHAAMBKRMF
JEEIEIEMRAHEL, Wi, BILRAZEREE EEREES . —5m,
WMRRHMARFAFKIERE, ENEELENS A, B, FNERRESEETRRER
B—4k. TfEMRR, MWL R=mEHRT, BEZENhERE X, WHhamhs
Bk, HREHZENSMER, NI TRENZERSEE. 570,
HTFEUREGFETSERERNERRE S, BRER, THE PEEFE TR
THHEBRERNE.

K41 BHRESHLBRMT

Table 4-1 Comparation of genetic diversity in coniferous species

Species loci Length 6, T Specieswide = Reference
bp)

Pinus densata 7 3040 0.0143 0.0122 Yes Ma et al. (2006)

Pinus pinaster 10 4746 0.0017 0.0024 Yes Pot ez al. (2005)

Pinus radiata 10 4746 0.0008 0.0007 No Pot et al. (2005)

Pinus 7 3040 0.0153 0.0119 Yes Ma et al. (2006)
abuliformis

Pinus sylvestris 2 4136 0.0030 0.0019 Yes Garcia-Gil et al.(2003)

Pinus taeda 19 17580 0.0066 0.0064 Yes Brown er al. (2004)

Pinus taeda 18 10116 0.0079 0.0085 No Gonzalez-Martinez  ef  al.

2006)

Pinus 7 3040 0.0077 0.0095 Yes Ma et al. (2006)
UNRANENSIs

Pinus 37 24389 0.0083 0.0083 Yes This study
abuliformis

Pinus densata 37 24389 0.010 0.010 Yes This study

Pinus 37 24389 0.0071 0.0073 Yes This Study
unnanensis

8, average 0, at silent sites; x_, average x at silent sites.
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HTREVLR SRR ERNEERASTBETRESHENSEE, EhlgE
EXERTHRAEMA, TWEEER TRMNMLAURIEEX S (Galtier er al. 2000).
R, ZERASNELARETREMEH (R 4-2), XEHABHLBEEZRRE
SRR REKERTEAEM, M EEREEHYNT 1,

4.2 EPAEE

#Hig b, EPATPEE (LD) ZZM#MGEHREELWE, fln: %F &
M, FEER, RTAEIHENSE, BRPHERNEREREHDIERE, HHKE
ARFZmWEA LD WEERE. AN, BT XEREUIMERRE S, EHE
BAR, WA RFZ A LD FERRR, B ALRAZ RN LD (R 4-2).
FrLUMEBU N AL T iz LD ER EERE. BNLKBERRFHEY £
ik, M AERFHEY B BRSSO, #E—m T 4 RMA R 5k
JRAMER S

R 42 ARAR(E BAL R MEYRN ST BE Y
Table 4-2 Statistical significance of linkage disequilibria among informative sites of ARA loci

S 246 267 279 303 315 336 367 382 387

8 C=0317 C=0.671 C=0.003 C=0.013 C=0.584 C=0.000 C=0.000 C=0.000 C=0.336

7 2=1923  p=0.466 ** * =0.900 ***B ;! ssp 2=1567
$=8.644 2=7219 £=16.004 ?=24.505 »2=19.899
*% L33 ***B ***B ***B
C=0327 C=0.071 C=0.024 C=1.000 C=0.003 C=0.327 C=0.346  C=0.000
£=1.705 x=4179 * X=0435  ** P=1705  2=1497 ***B
6 * £=5.947 =11.649 $=40.741
* ***B *#*B

C=0.008 C=0.722 C=0.098 C=0.046 C=0.663 C=0.665 C=0.569

*s £=0.340  =4344% * $=0.781 =0542  x=1.389
2£=7.661 $=4.392
*% *

C=0.000 C=0.279 C=0.001 C=0.008 C=0.009 C=0.142

*exp ©=1.956  ***B - s 23405
=18.783 £=10.767 32=7.661  =6.727
***B L 2 2 3 B *% x¥k
C=0279 C=0.000 C=0.000 C=0.000 C=0.005
0 x2=1.956 ***B ***B ***B %%k
£=28.663 y=20395 =17.908 1>=9.064
***B *k *B *% *B *%
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C=0.558 C=1.000 C=1.000 C=1.000
$=1.121  x=0.798 <0701  x=0.355

C=0.000 C=0.000 C=0.001

xxkp *xp *ap
¥=18.945 y=15294 ¥>=15.812
Qg g )

C=0.000 C=0.569

saep $>=1.389
$=43.902
***B
C=0.570
¥>=1.220

0.01<P < 0.05, *; 0.001<P<0.01, **; P<0.001, ***; B, significant by the Bonferroni
procedure; S, Sites; C, Fisher’parameter; %2, Chi-square.

DAIVIFA R ARA BEEBAING), ZRAMEZEERT 250 BE REBH, XATa
RSB ARFRESFEBRERNER. R, Z8EARS S ERREFRNR B
PSR, EHA-FET ot ol TRl B R FEMBEISH L.

4.3 BRNMEN (Adaptive introgression) U SUAEN FEE SR
R EIMNE

FEFEYIEER A 8 DNA BHEEERR, HSERE, LhkRiE (Wolfeer
al. 1987). HTFICREMLRYE, RERFFFIRETEEEHNEEGER. HYRE
N HRZAEMARENREEAEY), NHEREAEDUEIT RIS

(Aguade 2001). XEYFREMER SRR FH FEKRERERD), B4R
=, BT HEYREE RSB R R A ST A B R R R T )LA e EY . bEE
MFFBARKE K, FRAZERFFIIFRLEIEA S FHEY RS 2R R
18 3k (Aguade 2001; Schneider ef al 2001; Zhu et al. 2003 ). ZSER M RER
FAE (BRI AR, X—FFREERBREREYNSAERFE/ES,
n xR EEm AR R EE N, EESERAAERERTFY R ED &
BAERE R BT RA W HI
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