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Abstract: In order to characterize the genetic structure of wheat stripe rust pathogen Puccinia striifor-
mis f.sp. tritici (Pst) sampled from various geographical regions in Yunnan Province, 537 isolates were
grouped by three ways by county (Group C), by region (Group R), and by elevation (Group E) into
three hierarchy geographical subpopulations. The genetic diversity and population genetic structure
were analyzed using 12 pairs of SSR markers. The results of genetic diversity showed that there were
great differences among subpopulations in Group C, the isolates from central Yunnan (YC) and north-
eastern Yunnan (YNE) had highest genetic diversity. Subpopulations in Group R and Group E possessed
strongly gene flow and littlegenetic differentiation. The phylogenetic tree revealed that subpopulations
from YNE were similar to those from YC, and subpopulations from southeastern Yunnan (YSE) were
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similar to those from western Yunnan (Y W). Genetic components varied from east to west, from north
to south, from low altitude to high altitude, consistent with the characteristics of topography which grad-
ually climb from southwestern to northwestern Yunnan. The results of Mantel test revealed that there
were no significant correlations between the geographic distance and genetic distance, and sexual repro-
duction was detected in eight county-wise subpopulations, and two regional subpopulations. The results
indicated that the isolates from YC and YNE possessed higher genetic diversity, distance isolation
would be the reason for the lowest genetic diversity of subpopulations in YW, genetic differentiation oc-
curred among counties, there were two spatial genetic structures within the province, there were fre-
quent gene exchange of Pst sources from differing elevations, inferring Yunnan Pst as a mixed popula-
tion with sexual and clonal reproduction.

Key words: Puccinia striiformis f. sp. tritici (Pst); geographical subpopulations; elevation; genetic

differentiation; gene flow

INZE SR S B SRR AR B /N A R AL (Puc-
cinia striiformis f. sp. tritici, Pst) 5| {2 B —Fp K IX i
F7996% , TR T A TAE 03 7T 3 1™ S A ™ 28 55
PR (5 15,2018) . =PI R/ INEZ SR AE TR [E
AE 58 1R AR 16 20 19 Je R A8y (55 o5 8 55, 2004
2005) ,IZA8 /N SRR AR R A (B KORTAE, 2013)
HCTE A TR VY e AT X AR E AL R o (4%
Pz IR 1-35,2002) .

1T R/ NE SRR SRV AR P Hh B Ry DG SHEY — BR
(ZEHR IS AN 30, 2002) , 171 2= 7 48 358 N ) e T4 LS
XOBIX R BT, AR R A A
TR 1 900 m ()b X A7 7R B B P R (5K 5 48 55
2015) , 2B 2= F A0l H X 1) Pst B 32 1 28 1 B 4
T 1) 2 200 m B R T IR (g A =, 1982;
1986; 221 44,2004 ) , M BRIREE XS 25 p 48 Pst 19 &A=
FRAT R VE AR R Z A0 (B HF-45,2004) o Bl 777
S5 (2009) 5% 2 B, Blg P i1 X AS [R1IRE 34 1Y) Pt AR
W ACPAEEZE S, T = B NS R LIRSS T Pst
BRI AL I R W AN TE R, X2 0] (R 35 A o A
R AN, U 2 B Pst BEAR st AL 2549 047
RGP IR R 3B iR A T

ARIGEAE 25 B /N A PR X R A T 32 2R, XoF
FE b AT AN ) 255 ) RUBE A R AR 43, 1) 7 B e 42
J¥%1 (simple sequence repeat, SSR) % 5 | ¥ Fric J
BHIEY Pt b 3RO FEAR (9 352 15 2 HE v oAb st
73 (B G5 R A B 53 A LA e A= B8 5 5K, BHAf 2 F 48 Pst
FERTEAS ] M R A T e 25 R RUBE R st AL DG R DA &
FEAS R DX S [] 1) 43 AT R AE , B FEBEE = M8 /N2 5%
B i A TR, AR /INZZ SR I B B 45 S/ N A2
a5 U R S KA

1 MBS RFZE
1.1 8

HEUR B T DA BNz - T 201948 2—5 I HE
A 18 M (B ) 73 A RABE BR AR/ INZ 2 b
B[R] EL SRR Al /1N 22 o T AR R /NI R A, A
I 20 4™, AR HOCRAE H RS A AR RE I 1) % 9
L, TR O G U B R BT b L3 76
TR 1 FH R/ it /N2 SRR X g 32
i, T 1 23700 H A HRRL A3 B RN B 1Y)
PAPEA 192 Bk, PR BUR R R 345 T
FEARIUDNA (Ali et al.,2014) , M 537 B S5 bk
Hrpiige B 1K) E R (941%) SR B (40) &
B (LR A e B (55 0k ) AL AR AL BEAA WA
FElJ2 1 220~1 838 m; ikl B (19 0k) @i E (174%) .
BB (48R RSB (57 k) M AR BEA  TRE4RTE
FElJ& 1 201~2 036 m; 7RI (24 #F) AN HTT (14 #%)
A B (I8 M AR ma A VR L 1 376~
1775 m it fa) B (37 #F) AR IL T BEFH X (37 4% ) LI
T (34 kk) HEEm B (10 BR) A T B 2 (78k)
ST PR AT R 1 390~2 511 m, R ARES
INAZ PR BE 169 FRASSEIR EARAF IR L

% 7 K AL #§ : DNA Marker GS500., Tag Poly-
merase . 10xReaction Buffer, 5 H AP F AR (L)
A PR AL HAh AT Y R [ 725344l Fast Prep-24
AN A B R4, 35 [E]l MP 2 ] ; Mastercycler % 51 PCR
ASC, 7l [ 3 AN F] s Nano Drop ND-1000 3 & 435
JGRETE, iR E A BR A F] s ABI 3730XL £ BRI 7
1%, 26 ABIAH]
1.2 Ak
121 #FHANEE A%

BYHUS B — O BE AR 3~5 em, PRt
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T A5 B AL, B IS ZE VR I AR 1 R T 9 °C B
A2 12 h B2 A ) 2 A HE, R
AT BRICRA A HER R 2487 B 169 /N2 it
b, F16°C AT A% B R 1 dJS U, 40 EFE
B AR SRAE IR E S 17°C/14°C (H /R ) A IR N
16 W14 h( H/%) 15 % vh 3597 2 15~20 d J5 77 4E
AU R4 o IR 1Y Z A1 0.05%
(1) Tween-20 35 Wik 21 J5 W0 78 8% 5% 169 /N2 I
bk R E R R R, WER T, T
4°C T 1 )5 7% 2 -80°C I A7 (Wang et al.,2021) . A
g h 2 s alife 59 BRI ER] 192 FskE .
1.2.2 W28 BARR] 5

P AEAR AR 353k 3423 (R RUEE , B Bl 3k
TR (Group C) , H: 18 AN FEAAR ; X I8 IE A (Group
R) : VE ARG R4 VE rp S FE A VB R R R AR
TEL P I A A4 5 ¥ 4RO B A ( Group E) 246 1 200~
1400 m.1400~1 600 m.1 600~1 800 m.1 800~2 000 m.
2000~2 500 m.
1.2.3  Pst A 20 DNA #2 I A% SSR ¥ 3%

AR R 5 CTAB B (Justesen et al.,2002;
Wan et al.,2015)$2H Pst A1 TR 4L DNA, Al
DNA A BRI, K DNA VR TEES R 50 ng/ul, B

T-4CRAFR

ANHIGE R A E A& A 12 %% SSR B 4% Pst A
21 DNA #EATP 8 (R 1), ey 513 th Ae st R A
PIHARAG BRS w6 B, X B X5 10 0 F 6% 5 itt 47
PEIEhRIC . A SSRY IR R 1y 10 pL, Hop
RJO3 RJO20 5| ¥ ) JZ W {& % : 10xReaction Buffer
(Mg*plus) 1.0 uL.2.5 mmol/L dNTPs 0.3 pL .5 U/uL
Tag Polymerase 0.05 pL.10 umol/L 1ESZ [7]5 14945 1 uL.
50 ng/uL #% it DNA 1.0 pL, ddH,0 #h % 10 uL(Enjal-
bert et al.,2002) ; HABG | P [ AR & : 10xReaction
Buffer (Mg*plus) 1.0 puL 2.5 mmol/L dNTPs 1 pL .
5 U/uL Taq polymerase 0.15 puL 10 pmol/L 1F Jz [ 5|
Y45 0.5 uL .50 ng/uL Bt DNA 1.0 pL, ddH,0 #h =
10 pL (Bahri et al., 2009; Chen et al., 2009; Zhan et
al.,2015) . SSRYHIFEFF : 94°C L 4 min; 94°C
E30 s, FNLR KR E R (R 1)iB k305, 72°CHE
fi145 5,35 MG ; 72°CHEAH 10 min, 4°CZ L/
P48 58 UE 8 TEAGHEO A 1, % B AL ERVEY)
TOARAT IR ] AT B 404 FL Uk 0 PCR ™ ) 47 5k
Aoy R oy 1 b v 96 6 bR ic DNA Marker
GS 500(35~500 bp) .

R1 AHRPERBISSREMER

Table 1 The SSR primers used in this study

EIE7EAR N

B

: FEHIT g 1WA (5-3") . YR E =B UN
Primer . . Annealing .
Repeat motif Fluorescence Primer sequence (5-3") Product size/bp Reference
name temperature/ C

CPS8 (CAG), HEX F: GATAAGAAACAAGGGACAGC 55 203-209 Chen et al., 2009
R: CAGTGAACCCAATTACTCAG

CPS13 (GAQ), FAM F: TCCAGGCAGTAAATCAGACGC 58 125-128 Chen et al., 2009
R: ATCAGCAGGTGTAGCCCCATC

CPS27 (TTC), TAMRA F: GATGGGGAAAAGTAAGAAGT 57 225-228 Chen et al., 2009
R: GGTGGGGGATGTAAGTATGTA

CPS34 (TC), TAMRA F: GTTGGCTACGAGTGGTCATC 55 101-117 Chen et al., 2009
R: TAACACTACAAAAGGGGTC

RJO3 (TGG), HEX F: GCAGCACTGGCAGGTGG 52 203-205 Enjalbert et al., 2002
R: GATGAATCAGGATGGCTCC

RJO20 (CAQG), HEX F: AGAAGATCGACGCACCCG 52 285-288 Enjalbert et al., 2002
R: CCTCCGATTGGCTTAGGC

RJN3 (CT), ROX F: TGGTGGTGCTCCTCTAGTC 52 338-344 Bahri et al., 2009
R: AGGGGTCTTGTAAGATGCTC

RINS (CT), ROX F: AACGGTCAACAGCACTCAC 52 225-230 Babhri et al., 2009
R: AGTTGGTCGCGTTTTGCTC

RING (AAQ), FAM F: CAATCTGGCGGACAGCAAC 52 315-318 Babhri et al., 2009
R: CACCTAGGATACCACCGCC

RIN8 (GAT), FAM F: ACTGGGCAGACTGGTCAAC 52 305-308 Babhri et al., 2009
R: TCGTTTCCCTCCAGATGGC

RINI13 (ACG), HEX F: TTAGCTCAGCCGGTTCCTC 52 149-152 Babhri et al., 2009
R: CAGGTGTAGCCCCATCTCC

WSR44  (GT), HEX F: AGGCCCCAGGAACACAAAAA 56 185-189 Zhan et al., 2015

R: TCACACACGCTCCACAGTAC
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1.2.4  PstBRRIEAE S H AT

{di FH GeneMarker 2.2.0 #4352 B Pst FEAAR 1) 3 [K]
B, FIFH POPPR 2.5.0 F A5 A M AHA AU RE A
ECN, FE R AL A %0 (multilocus genotype, MLG)
(Hamrick, 1989) . [l if AT FE N B 2 REAE 207, £
FEREA RS R R 2 M L5 (MLG/N) R L [
1 (expected multilocus genotype, eMLG ) A1 & [A] 7Y
AR ZFEVEFREUE 4T Shannon-Wiener 541
H (Shannon, 2001) . Stoddart and Taylor 8§ %% G
(Stoddart & Taylor, 1988) £l Simpson $5& %% 4 (Simp-
son, 1949) . FJH GenAlEx 6.501 FAF /0 M B BFAA
FEH Z M A48 S 07 FE BN, AT 88085 v R A
N, .Shannon {7 B85 1 I A G FE H, WE A
H AL S SR 42 & B Ap(Nei, 1978)
1.2.5  Pst BRI AL HT

FH GenAlEx 6.501 #fF 1155 Pst HEMIE AL 73
1k 22 %4 F, (Nei, 1978 ; Peakall & Smouse, 2006 ) , Jf:
P47 1 000 YK permutation H Z5K: 5, 24 F,<0.15 B #
RIS AL Ak Rl 2200, 3 B 2 A S B AA o] 10K ] —
14 50.15<F,<0.25 I (A 458534k, SR B 24N A 4
R G REA  F,>0.25 I REM i B2 44k, R W] 2 1
B 8 FASEIREAA . [RIAsFF 845 P AR ] B 2 (A
it N, (Frankham et al., 2002) , 24 N >1, W BE{A 2 [5]
FER A GGG 3 N, >4, F WA Z B A2 = KT
FEHASL . A5 2250 8T (AMOVA) 1545 T
BEAR 22 18] B9 A8 530k 5 M A% 55 72 B (Excoffier et al.,
1992),
1.2.6  Pst AR 2L # 5H7

FIFH GenAlEx 6.501 1A r i) 32 424543 #7 (prin-
cipal co-ordinates analysis, PCoA) WL %% 45 IV B 1< 119
—4%E 1) 53 A (Orloci, 1978) . I POPPR 2.5.0
A JZ R B ML T Nei s 10044 15 85 R AR 4
IR, [RIH R Ward” s S50 TR 2Z R 1A
AL E TP 201 B 25 04 434, 1L helust R g
BT REAL, TR AR 9 35 A% 20 B L 91194
J5 A% 43 2H UFIE] (Murtagh & Legendre,2014) , 7E R
map R AN R HEAR Y 3545 43 2R 25 5%, WL gsas 1%
M FEA RIS [ RN AR a3

FFH GenAIEx 6.501 # 4 H1 (1Y) Mantel test £ %
Hb B R S 5 5 4% BR B A0 AH 22 PE (Maguire et al.,
2002) , A7 8 F A SENE (P<0.05) , W HEAAR A] Fr
WAL TR G 2 o PR 8 1 T i AR A o
1.2.7  Pst KA 897 Ko Hr

FIIHI POPPR 2.5.0 A rb iy BE X OCHKE 43 B 56 T

TR IE I I B B A L R FE B0 T, AR T S Bk
88 rbarD } 999 YR T & 4 H HGE B 1 PAE R PEAL
SEEAEAT PR AE A, AR A AR [a] 5 PR 43T A
AEf% [ i E 4, I rbarD (A .35 (P>0.05) , 251
J A G 5 2 rbarD B 1835 (P<0.05) B I 4E 40 %
B35, BI Aot 2518 (Kamvar et al.,2014) .

2 BER55H

2.1 EEE Pseitt IR BEA R 1E S

TE =P 5371 Pst 54 2 v 4G I 2] 180 4
MLG, B R ) BE R R L 5 0335, R BHAEZE R 1Y
I (F2) . FEHNFZREVE TS S B R TE
SRR b B R AR KT 22 R ABOR, SRR A L 51
TR 2 g L LI REAA (0.737) , FE R B 2 RE 4R 5K
H.G i 153 52 340 B (20.245) FIE @l (G
F1 2k 35.344 F10.972) S 5 DX I 0 A 1A v (1 4
AR 22 57 Ja vl i PRI TR 091 e K 1) 22 T o O
#4(0.607) , H.G A f e W2 AR AL AE 4 (3.949
26.733.0.963 ) s A A R B AR - 25 F /N
J KA He B e K R JE 1 600~1 800 m I #f A
(0.553) ,H.G A $x = B34 02 1 400~1 600 m I HE {4
A3 9 4.209.45.012 #10.978 . B Bk b i &
[ EIIA S NI S = S O R W | Y 5 2 N @ %7 s el ]
1 400~1 600 m VA (1) 5 R Y A Pk fe v

SR Z RS B 4 S 3R AR B0 AR L
N, B i 1) 3 ol 2 0 Jg T A TH T SRR, H A
5z 150 118 53 3] 2 e B DX R 27 LI R 5 DX 30 A1
W, N R R AR AR AR N, SR Y, H R H,
TR 43 SR TE PG AE AR W3R R A b 1 600~
1 800 m W FEIARI N, N, H, 1 H 5 5w, BT 1
WA B =F 5 3R R R BB . e Bk
A % ) B K RURA LS ARSI 281 A ) A %
(AR SN JE R, XS B A T B YL VG LA A I At A
PR 57 I 380 AL A A5 7 3 PR LV P I AR 1Y) A R
B, 0167, ¥ 0 R o 74K 1 600 m LA
TSI AR PR R T 1) [ A AR (0.083) 1 B AT 4
PR (F£2),

DL 5 53R B B O AR (9 35t A% 2 R 25 5%
IR, IR BB AR 22 /N R BB T
o) B L B DR v IR AR U 0 SR R 1Y a5t A%
Z A PRI 5, O I TEUAR R TR P R I AR A B
B L 2, H 250 A 7EIER 1 400~1 800 m
H X,
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Table 2 The genotypic and gene diversity of Pst geographic subpopulations in Yunnan
‘ P il SEIH AR
H B A , L Index of MLG .
Geographic NIZETEN . Genotypic diversity diversity Gene diversity
subpopulation Subpopulation Ratio of
G eMLG H G yl N, N. H, H Ap
Bk County Uii5EE: 21 9 0429 5733 1.814 4282 0.766 1.917+ 1.549+ 0.262+ 0.284% 0.000
Group C Shizong County 0229 0.173 0.069 0.063
T 94 58  0.617 9.267 3.838 35344 0.972 2417+ 1.550+ 0.250+ 0.277+ 0.000
Xuanwei City 0.398 0.190 0.058 0.061
R 40 12 0300 4.786 1.713 3.478 0.713 2.000+ 1.341= 0.208+ 0.206% 0.000
Yiliang County 0246 0.109 0.069 0.055
“ah 11 1 0.091 1.000 0.000 1.000 0.000 1.250+ 1.250+ 0.250+ 0.125+ 0.000
Ludian County 0.131 0.131 0.131  0.065
AR L 55 29  0.527 8.074 3.008 12.872 0.922 2333+ 1.388+ 0.256= 0.222+ 0.000
Zhenxiong County 0.355 0.125 0.085 0.059
FaE 71 45 0.634 8.709 3.463 20.245 0.951 2333+ 1364+ 0.230= 0.196+ 0.083
Xundian County 0.376 0.156 0.075 0.059
Il B 19 14 0.737 8.094 2.448 8.805 0.886 1.917+ 1.397+ 0.215+ 0.194+ 0.000
Eshan County 0313 0.184 0.078 0.066
BIINER= 17 8 0471 5525 1.727 4313 0.768 2.083+ 1.345+ 0.201= 0.218+ 0.000
Tonghai County 0.229 0.095 0.053  0.050
Hr- 4 2 0500 2.000 0562 1.600 0.375 1.333+ 1.300+ 0.250+ 0.156+ 0.000
Xinping County 0.142  0.131 0.131  0.067
WAHE: 57 26 0456 7.498 2.792 10.652 0.906 2.083+ 1.410+ 0.249+ 0.217+ 0.083
Shuangbai County 0.288 0.166 0.070 0.061
PR 24 16  0.667 7.248 2.354 6.000 0.833 2.000= 1.412+ 0.208+ 0.208+ 0.000
Mile City 0213 0.192 0.067 0.060
AMHETH 14 9  0.643 6.934 1.965 5.444 0.816 1917+ 1.576+ 0.274+ 0.198+ 0.083
Gejiu City 0.583 0300 0.129 0.087
gt 18 12 0.667 7.941 237 9.529 0.895 1.667+ 1.352+ 0.204+ 0.170+ 0.000
Guangnan County 0.333  0.159 0.093 0.071
Jiti ) L 37 23 0.622 8377 2.916 14.113 0.929 2.083+ 1.451+ 0.243+ 0.236+ 0.000
Shidian County 0.379 0.180 0.063  0.059
B FH X 4 1 0250 1.000 0.000 1.000 0.000 1.333% 1.333% 0.333+ 0.167+ 0.000
Longyang District 0.142 0.142 0.142 0.071
o] 34 24 0.706 8.168 2.863 10.509 0.905 2.333+ 1.496+ 0.245+ 0.246+ 0.000
Lincang City 0.355  0.193 0.080 0.064
e 30850 10 30300 3.000 0.802 1.852 0.460 1.417+ 1.284+ 0.250+ 0.156= 0.000
Yangbi County 0.149 0.122 0.116 0.063
5y 7 4 0571 4.000 1.277 3267 0.694 1.417+ 1.340+ 0.286+ 0.168+ 0.000
Yulong County 0.193 0.145 0.129 0.072
X Region  JHZL 22 93 0421 35.4763.949 26733 0.963 2.583+ 1.529+ 0.245+ 0.279+ 0.083
Group R Northeastern Yunnan 1 0.452 0.171 0.052 0.058
bELT 168 74 0440 31.6983.601 18.233 0.945 2.583+ 1.400+ 0.232+ 0217+ 0.167
Central Yunnan 0.358 0.165 0.062 0.056
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23R 2 Continued
. TR R FEPEE R §
‘ SR RERE ! MR LR
SIUBLIRIAIEIVN . T Index of MLG o
. MR Genotypic diversity . . Gene diversity
Geographic . diversity
. Subpopulation -
subpopulation Ratio of
eMLG H G N, N, H, H  Ap
MLG
HIRFE 56 34  0.607 34.000 3.229 17.231 0.942 2.500+ 1.455+ 0.223+ 0.222+ 0.083
Southeastern Yunnan 0.609 0.208 0.062  0.063
pi=nii) 92 45 0489 31.359 3.316 15389 0.935 2417+ 1.552+ 0.252+ 0.243+ 0.000
Western Yunnan 0.434 0.262 0.077 0.067
14K Elevation 1200-1 400 m 117 49 0419 16.389 3.069 10.073 0.901 2.417+ 1.431+ 0.221+ 0.234+ 0.000
Group E 0.434 0.173 0.051 0.054
1400-1 600 m 190 95 0.500 23.864 4.209 45.012 0.978 2.583+ 1.526+ 0.246+ 0.251+ 0.000
0.452 0.242 0.058 0.058
1 600-1 800 m 85 47  0.553 21.379 3.53522.937 0.956 2.750+ 1.592+ 0.256+ 0.287+ 0.083
0.605 0.202 0.063 0.064
1 800-2 000 m 116 57  0.491 19.813 3.526 19.558 0.949 2.500+ 1.445+ 0.237+ 0.247+ 0.083
0.379 0.159 0.061 0.055
2 000-2 500 m 29 16  0.552 16.000 2.558 10.646 0.906 2.083+ 1.479+ 0.244+ 0.254+ 0.083
0.288 0.176  0.061  0.058

N: REEREARREENEG MLG: KSR 5L R AL Ratio of MLG: JEIRY HLFi; eMLG: St/ IMEAS BE>10 i (401 22
LA 1. FEH A Z A Shannon-Wiener #6844 ; G: Stoddart and Taylor ¥8%%; /: Simpson 844 ; N, : WM A7 FE R K N,: ARK
SENTREPE H s N2 A H,: WEBARE s Ap: AVESEEEREL. /. JC8UE. N: Number of Pst isolates from each subpop-
ulations; MLG: number of multilocus genotypes observed; Ratio of MLG: the genetic diversty of MLG; eMLG: the number of ex-

pected MLG at the smallest sample size=10 based on rarefaction; H: Shannon-Wiener index; G: Stoddart and Taylor index; A: Simp-

son; N,: number of observed alleles; N,: effective number of alleles; H : observed heterozygosity; H: expected heterozygosity; Ap:

number of private alleles. / represents no data.

2.2 AEE Pt IBT BRI RE DK T

AL AT 45 R B, B B AR A R
H A KOS 3B Ak (F,=0.127) (A 1) , F (E A5
BR, B 52% W REIAR Y F 20.15, i B 5 & B
R AR R B S ok (F,=0.440) , E e HL 5
ANHTT SRR 3815 73 AL KRG (F,=0.01) 5 IX 35,
EREARTA] 09 FL 3/ T 015, Bk 52 90 A A 1Y
WAL R R IR () F 34/ T 0.05, i 1%
AT L2 . R S A Pst RERTFE 28 YEF AN
ANTR] DX B AN [l =2 ) )3t A% oA ks , rh A5
B REE A EAE T ELI0 A 1]

FE PR 0 445 SR B B Sl T A AR ] 11 35 PR 5 0 o Ak
I F AR A (N,=1.718) (& 2) , AUA 17% 1 7E
AR F B K BB R (N, >4) , LN, B AT
BER, RURA B 5511 v LI AR A 26 R 5 37 e oM A
(N,=17.727) , E-fa) B 5 Ui 5% B A4 (%) 36 PR A2 A
X (N, =0.318) 5 DX 388 S0 FF A [i) 1 32 PR 52 i 4 {4
I T R K (N,=5.704) (K 2) , H N [ 25 550,
TEL VG 5 YL /R T TR A 118 32 TR 58 9 A o A (N, =

18.623) , L /R b S5 VH AR m WP AR 9 BE PR 52 i e 2
{EATY SR AT A — 22 R B B JE P 3 3t (N, =3.643 ) 5 1T 1hf
P PR AR [] 11 35 R 38 9L 3 R A F v K OF (V=
18.975) , H N, B 175 Bl 5K, 1 200~1 400 m WEFF {4
552 000~2 500 m A4 1) 35 PR A2 3 e R i 2 (N, =
81.207), 1 200~1 400 W #4415 1 600~1 800 iV FHf {4
() N, (EAE A 2H e 1K (N, =9.417 ), {EATHIE KT 4, JE A
VAR . KW ST Pst BFERTE 248 3 Bl N A [
VR A 1) 366 R 58 97 A5 oM BT 6, AN [R) X 3 2 ) 3 PR 58
L E L R SR AR A E P 5 AR R WA R
UL S kg A, L 3T R AR R R A8 3 K O 3R AR A AR
AR 22 K, 5 F s MR (E2) .

Iy TSI 2243 M aE F R 3 A4 b L BEA Y
WAL AR S EEORIE T AR (2 3) , AR 8] A2 [a]
TEAE/NR A B AL AR S, B3 B AR PR A A A
S5 R Y 87.94% , X I BER R 92.49% , 153K
WRER N 93.40% , Ui W = R 4 Pt BEARATAE 36 1Y
AR AR S, FLIHR WA A e ol “F & A

PRI 5



24 TLURDRAE . Z A8 /N 2R TR S [ M B B R ) 38 A 25 A A 477

B35 County Group C

0.50
SZ 10.001/0.001/0.001 0.001 0.001/0.001 0.001/ 0.001 0.001 0.001/ 0.001/ 0.001/ 0.001/ 0.001 0.001|0.001/ 0.001
0.080| XW | 0.001/0.001/ 0.001 0.001/0.001/ 0.001/ 0.001 0.001 0.001/ 0.001/ 0.001/ 0.001/ 0.001 0.001|0.001/ 0.001 045
0.118{0.074| YL |0.001 0.001/0.001/0.005 -- |0.001 0.001/ 0.002/0.001/0.001 0.001 0.001 0.001/0.001/ 0.001
LD 0.023 0.001/0.001/0.001 0.232/ 0.003/ 0.001 0.030/ 0.001/ 0.001/ 0.001/ 0.004/ 0.001 0.181 0.40
0.129 0.055| ZX |0.001/0.001 0.001/ 0.143/ 0.002| 0.001 0.014 0.0010.001/ 0.003 0.019/0.001 0.224
30 0.081 0.042| XD 1 0.001/0.001/0.010 0.031 0.001/ 0.001/ 0.001/ 0.001/ 0.001/ 0.020/ 0.001 0.020 0.35
0.065(0.050 0.094| ES |0.003 0.001 0.0030.011 0.0010.001 0.001 0.003| 0.001 0.001 0.001
0.30
0.097/0.060| -- 0.129(0.070| TH |0.001 0.001 0.001/0.001/ 0.001| 0.001/ 0.002 0.001/0.001/ 0.001
0.026]0.038[0.143 [LL: XP 0.022/0.002 0.085 0.017/0.013 0.011 0.105 0.001/ 0.219
0.25
240.073(0.127(0.128] 0.0350.014/0.059]0.128(0.111| SB | 0.002 0.001 0.001/ 0.001 0.003/ 0.094/ 0.001 0.053
0.088/0.080 [102%:150.138|0.106[0.048| 0.05 0.067| ML | 0.001/0.001 0.001/ 0.003 0.001 0.001|0.001 020
WRL0]0.092(0.046(0.091 125:300.073(0.074 GJ 10.001]0.002/0.004 0.054/0.002 0.289
0 1340.115 0 0.128(0.133 GN 0.018/0.1490.001 0.002, 0.001 015
0.266 (RS 0.057/0.056[0.125 0.124/0.055/0.071(0.080[0.043| SD |0.078 0.015 0.001/0.007
0 0 0 0.058{0.067| LY |0.040 0.029 0.007 r0.10
0.262 [X}:5 0.095/0.022(0.020/0.100{0.135(0.0510.011{0.082(0.031{0.081(0.025|0.097| LC 0.001 0.137
F0.05
0 0.302 0 0 YB 0.001
0.0450.014[0.081 L) 0.038(0.060 0.010 0.098 40.025 (R YU
0.00
X3k Region Group R ¥R Evevation Group E
— 0.50 0.50
YNE 0.001 0.001 0.001 0.45 12-14K| 0011 | 0001 0014 | 0245 0.45
0.40 0.40
0.35 0.007 {1.4-1.6K| 0.001 | 0.001  0.028 0.35
0.024 YC 0.001 0.001 030 030
0.25 0.026 | 0.018 [1.6-1.8K| 0.005 = 0.013 0.25
0.064 0.048 | YSE 0.019 0.20 0.20
0.15 0.007 | 0.013 | 0.013 [L.8-2.0K 0.140 0.15
0.10 0.10
e iy | SR Y 0.05 0003 | 0014 | 0025] 0006 p.o-2.5k|| F 005
0.00 0.00

PR F(E s WAL R FR M ALLLT A F A MM B PE; -FRRE8UE. Group CH1SZ . XW YL,
LD.ZX.XD.ES.TH.XP.SB.ML.GJ.GN.SD.LY .LC.YB Al YU A 5lfEINFE R Hli R B SR8 s 346
Sl B iR Her-2 SRR SR AN HT TR R it B BERHIX i SR B A R e BRI Group R
YNE.YC.YSE il YW 73 SRR A AL 2R R FINE P9 EAFAK 5 Group E H11.2-1.4K \1.4-1.6K . 1.6-1.8K . 1.8-2.0K il
2.0-2.5K 3 AR M4 1 200~1 400 m. 1 400~1 600 m. 1 600~1 800m. 1 800~2 000 m.2 000~2 500 m WV #f{4& . The colour
represent the values of the F; subpopulation’s name in the diagonal; F, values are below the diagonal; P values are above the di-
agonal; — represents the no data. In Group C, SZ, XW, YL, LD, ZX, XD, ES, TH, XP, SB, ML, GJ, GN, SD, LY, LC, YB, and YU
represent county-wise subpopulations of Shizong, Xuanwei, Yiliang, Ludian, Zhenxiong, Xundian, Eshan, Tonghai, Xinping, Sh-
uangbai, Mile, Gejiu, Guangnan, Shidian, Longyang, Lincang, Yangbi, and Yulong; In Group R, YNE, YC, YSE, and YW repre-
sent regional subpopulations of northeastern, central, southeastern, and western Yunnan Province; In Group E, 1.2-1.4K, 1.4~
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Fig. 1 F, between geographical subpopulations of Puccinia striiformis f. sp. tritici from Yunnan
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Fig. 2 Gene flow between geographical subpopulations of Puccinia striiformis f. sp. tritici from Yunnan



24 TLURPRAE . Z A8 /INAE SR RS [ ML B R ) 8 A 25 A A 479

R3 AMOVA S FERFEN

Table 3 Analysis of AMOVA molecular variance %
A 523k 5 Sources of variation B3 County Group C [XJ#{ Region Group R ¥4k Elevation Group E
21 [5] Among pops 12.06 4.20 1.30
FEIR[E] Among individuals 0.00 3.31 5.30
FEAR PN Among individuals 87.94 92.49 93.40
A1 Total 100.00 100.00 100.00

2.3 EEIE Pst IR L BEOR 2 ] 1 1 4544

PcoA AT 45 S 87 1T R AW i A s 43 31) fie
TR F 1 30.81% 5 16.66% (18 3) . B,
ST A v O 252 R B T ) ST R R R B A T A
1AM, 51 BRHA DM 2 4 2R, iR
WA FESR 3R, Em B A HTTF) /B
FEIAR S A0 7R 55 2 G2 PR, 3 1 EL Aok 8y it S /AR 53 A
FESS 1.2 3 4B, it fm) B A v 77 SR AR 43 A 7 55
1.2.4, 5k B £ e B A SR 2 34 /R,
S B g Ll ELRDSUR B BEALE 4 DGR AT 4y
A 5 XA T 25 IEREATE 4 DG R 504 A
TEAEI A X 0 Lk s ik W AEA T, 552 000~2 500 m
WAHA EF AR 1.3 4 208, HAb W AHALE 44~
SRR A (K 4) . UL EZ5RS FOR N, 45582
18R T =48 Pst BEFARTE R[] X AN A7
TE) 12 RS H  7E B O — 2 s k.

RGKRE TR R, 3 A M P AT A
ANTRIRE B ) Mo B A (& 4) o B fE A, 7
0.035 122 5% A RFIARZR Oy 328 Hook A ki B
IV [ DX S A SR R o 120 it fe) L R B W
R SR IEeT R B R ANHT GEE
SR ) B AL 10 IREAR SR 5 2 25 R n (ki
Bl R SRR B CE T RO B AR A
325 KB BEAR R, E 0.005 1922 5 F 4% R AR
B 225 P ATE R AW REA SR —38, VG FE
KBRSy — 28 s M ORI T, 7E 0.004 119 25
5 AT HFAR R 2950k AR 1 600~1 800 m il
FEURON —25, Sk [ H Al Vg 44 1) S0 AFF AR B AR R Ol —
K. RV A Pst FEARTEAS [F] X SORTEE 4K 2 18] 1)
AL A B AN HL el R DX BT AR A 1) SR 2 D A
TAEAEE R SR VG S5 R B R A (R Z544 .

FE k=3 B A Y 3 AN AEHEL MG1 . MG2 il
MG3 £ 3 M REA Y 25 A2 3AdE 7 T 5 M P 5
P AHOCHE , SRR L G 2 B R 1) VG L i b T
BRI A R (S . B AT ok
AR B BRI IR L LSRR Y A A
MG1.MG2 HIMG3 HAMGI AIMG2 Ky ¥, e . |

BT T B ORI v T R AR Y A
MG1 . MG2 HIMG3 HAMG2 HIMG3 K ¥, F &
it ) ELREAAR B MG2 FIMG3 HLLAMG3 &,
S B AMHETE OFrE B B e B PR BUREERH X T
FEIR L MG3, 52 B R AR 45 MG1 RTMG2 H
PAMGI k3 5 XSSO AR v JE AR L5 v A A
I8 MG1 . MG2 FIMG3 H AR Y, i 2 4
DX O A A AR 20 2 B 2L, 5 R Gk B AR
AR TR, L 2R i R P ST A AR 5 T 2 1 MG2 il
MG3, FLEEAE P MG1s/D BRI . W3k
P, DA I B 31 5 T BRI B AR A 7 19 MG AN
MG2 Z#i D , MG3 & AHLE BN, U8 BH BE % T4k
ThE 4 WA Z [ s AL PR 25 52 o

I FH Mantel #5674 3 /1™ J2 U0 0 RS (AR 11
WAL 5 PR R 25109 ¢ & |, Group C Group R Fll
Group E Y AH & Z %0 r FIXF N Y PAE 4352 0.018 Fll
0.23.0.018 F110.18 .—0.063 F10.01 , HAH X 2%k r (44
FET T 0, 2 W G 25 1 BRI 5 A 386 0 , 345728 S A
JEARK,
2.4 =EIE Pst ARIMIETF BRI A

FIH FEREARS IE S 753 2 A4 181 4> Pst B RR 173
DRI A M (32 4) , 45 S b s 7 B sl 0 FRE A o ) 0
B ANHTT R E SO EL Gl R T B R
SR ME B 8 AN B A b R 2 A M AR B (P>
0.05) , b3 AE AR r () B AR P AR ARSI 22 4
PEAEFE VPR R AR AG I B A M A AR A, S
A PstRHARAEAEA MEE AR AT etk
3 Tt

TR AL AT AT A A R v % A it
1 % 75 S 1 126 B T BE (Escudero et al., 2003; Al et
al.,2014) . =R T FERE/INZ KGN, & Pst B2
(4 B X R X, 7 53 B 5 AR A T X R =2 ]
(R385 56 28 22 i 0L B A 1248 IS Pst B st L s 25
11 2278 M0 2 2= A SR A B 22 AL ) H 34
SR G280 T 128 AN FERES R Pt R 1) 80E
KRN . = FE K EUNZ P X ) BT



480 Y R % i 49 %

RIS AR IR 43 o = R AT X RPE AR b L
JEURLAT DX TR H g SR A T DX ORI P o L b O
T (Bt A 2, 19865 X1 F5 1655, 2016 ) , H/NE
P SRl 22 A B B R (220044 ,2013) , i JC TR

Xof /INAZ ity Aol S AT DR A T3 R DR B = v
A8 R T AN [ b B A= 25 0 P REARAE AN [] 25 ] R
JEE T 1 38 A 5 2R B X I8 19 3 A A7 B0 % /N 22 4%
B ) T K B e BoA H BT

E-:lﬁcoumy eSZ mXWAYL LDeZXmuXDaES o1H e XP
uSB aMLeGJ -GNmSDaLYeLC YB YU

Group C
I
o
L — ! {‘.IL
2 ¢ .!ﬁ b .
]
m B
. .
X3 Region ¢YNE mYC AYSE YW
Group R
S
°
- *
o ®
. °
30.81%
¥R Evevation 1.2-14K m 1.4-1.6K a1.6-1.8K = 1.8-2.0K 2.0-2.5K
Group E
[ ] =
'.:l Aﬂ.?lA. u "
3\2 PO L' 1'%' ¢ l“
P N o L | |
— ay '. me - A A
* He ' % o* * ‘ * A
| | [ | " u A
A A .
. -
u *
30.81%

Group C 1SZ . XW.YL.LD.ZX,XD.ES.TH.XP .SB ML .GJ .GN.SD.LY .LC . YB I YU /3 JifCFeiigs B o i % R
B ami gl S8 &8 GRS FTE SR R AN ET TR AR B e T
F I E W HEAR ; Group R T YNE . YC . YSE Hl YW 3 54X 3R WL AR b (8L v VAR 1 0 95 S & 5 Group E
1.2-1.4K . 1.4-1.6K . 1.6-1.8K . 1.8-2.0K Fll 2.0-2.5K 43 jl| f{ 32 i #% 1 200~1 400 m .1 400~1 600 m .1 600~1 800 m .
1 800~2 000 m .2 000~2 500 m V&4, In Group C, SZ, XW, YL, LD, ZX, XD, ES, TH, XP, SB, ML, GJ, GN, SD, LY, LC,

YB, and YU represent county-wise subpopulations of Shizong, Xuanwei, Yiliang, Ludian, Zhenxiong, Xundian, Eshan, Tong-

hai, Xinping, Shuangbai, Mile, Gejiu, Guangnan, Shidian, Longyang, Lincang, Yangbi, and Yulong; In Group R, YNE, YC,
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Fig. 3 The PcoA on Puccinia striiformis f. sp. tritici from different geographical subpopulations in Yunnan
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Fig. 4 Phylogenetic trees of Puccinia striiformis f. sp. tritici from geographical subpopulations in Yunnan
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Rt G AR IC 1) 25 S iU o TR LR AR
BRI IBAE 2R T RE S TS5 A AR I 1 (A
SN R B IESC TR (B ,2019) , R ELARILE
AR S ETE (F,>0.064) FIVE A< B WK (F,>0.062 )
AT AR 382 15 ) TR XS 338 7N 1) 35 PR VL (V<4 14
AT R RN e X N D O i Bl i < A
HOE AR ORISR =5 1 1t 1 2, FLAE S L OB

£ County Group C

YNE YC YSE YW

(oo ¢

LY LC YB

ML GlJ GN

SR 1 600 m DL SR (ARSI 2] ) 45 451 4 i L AT
SN PR 33X AT - VP e X e T AR R e ]
FUR KA (T, 1999)  FEAES 35 7™ B A X b 7=
A=A S (MR JTALAE, 2013) AT B F T kb X
(R 2R SRR I P BRI 175 748 (ZR RIS RIS 430,
2002) ., HEPHEEEE SEA, SEARIL HAM
FFIVTEC VG SV A (1) A o 1 6 DR AL (N, >4) R LA 47
R TRIR N At 2 5% ZRE MR R R 22—
TECVU PR (1) 352 4% Z2 P P R AR AIR , 3t 4 A A
—, M PR T B LA R S R R A AR
WAL A R 3R S I g B A I A I
T, oAk B8 B R (Wright, 1943) . 7S BF 5%
Mantel 6 40 45 5 i 718 153 4% BF 25 5 b FEER 29 00 i 3%
M, Rt R RER/N, DA A
Pst FERAF7E B B B B X, 5 7 A7 7 [ b 2
Jir A1 3 o 1 A B S . L VY 5 v R A A 1 1]
VG P i DX ) AR 22 L ik A 45, HH R A
b 5 TR B N BELRS TR P S b AR L b
DX ) PR L DRI S8, B AR T L3 A%
B MGl

B MG2
MG3

X3 Region Group R

¥R Evevation Group E

D 606 ¢

1.2-1.4K 1.4-1.6K 1.6-1.8K 1.8-2.0K 2.0-2.5K

Group C1'SZ . XW.YL.LD.ZX .XD.ES.TH.XP.SB.ML.GJ .GN.SD.LY .LC.YBHI YU /3t IfisE & & gy 5%
SN < e = W = W 1785 O 1 A 5 7 5 < 8 = 4 B W7 9 N [ = s BN A2 = 6 = 4 R PN IR 3
HAE IR EEAEAR; Group R YNE.YC.YSE Rl YW 43 BIMRU AL (L JEUAR g AL PSSP A4 5 Group E 1 1.2-
14K 1.4-1.6K . 1.6-1.8K . 1.8-2.0K #1 2.0-2.5K 43| 3R ¥#E4K 1 200~1 400 m . 1 400~1 600 m .1 600~1 800 m .1 800~

2 000 m.2 000~2 500 mEFEIR . MG Wi e e, A 3 st e el , Bl MG1 .MG2 1 MG3.

In Group C, SZ, XW, YL,

LD, ZX, XD, ES, TH, XP, SB, ML, GJ, GN, SD, LY, LC, YB and YU represent county-wise subpopulations of Shizong, Xu-

anwei, Yiliang, Ludian, Zhenxiong, Xundian, Eshan, Tonghai, Xinping, Shuangbai, Mile, Gejiu, Guangnan, Shidian, Long-

yang, Lincang, Yangbi, and Yulong; In Group R, YNE, YC, YSE, and YW represent regional subpopulations of northeastern,
central, southeastern, and western Yunnan Province; In Group E, 1.2-1.4K, 1.4-1.6K, 1.6-1.8K, 1.8-2.0K, and 2.0-2.5K rep-
resent subpopulations in elevation of 1 200—1 400 m, 1 400—1 600 m, 1 600-1 800 m, 1 800-2 000 m, and 2 000-2 500 m. MG
represent the Molecular Group, there have three MGs, that were MG1, MG2, and MG3.
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Fig. 5 Hierarchical cluster analysis on Puccinia striiformis f. sp. tritici from geographical subpopulations in Yunnan
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Table 4 The index of association of Pst geographic populations in Yunnan

Gfofiiij ALK . Index?jfE fszs{':oikiation R F I PAE Sz-rf:jfifeﬂf j:i " (ﬁggiff; o
population Subpopulation 1) Pa) of association (rbarD) P (rbarD)
B3k County  Iii5%E Shizong County 3.418 0.001 0.450 0.001
Group C 2 AT Xuanwei City 0.373 0.003 0.043 0.003
#% K H Yiliang County 1.184 0.013 0.262 0.010
4 Zhenxiong County 0.125 0.207 0.015 0.204
S £ Xundian County 0.028 0.385 0.003 0.382
I 111 £ Eshan County 0.131 0.637 0.023 0.641
¥ H Tonghai County 0.779 0.133 0.176 0.113
BUFH-E Shuangbai County 0.305 0.102 0.035 0.102
PR Mile City 0.640 0.011 0.100 0.009
/NMBET Gejiu City 0.184 0.677 0.185 0.952
J” & Guangnan County 0.406 0.089 0.107 0.086
Jiti fi) £ Shidian County 1.139 0.001 0.154 0.001
[f ¥ T Lincang City 0.515 0.026 0.063 0.021
18 £ Yangbi County 0.333 0.310 0.167 0.250
/it Subtotal 0.393 0.001 0.042 0.001
DX Region 4Rk Northeastern Yunnan 0.549 0.001 0.064 0.001
Group R {E  Central Yunnan 0.110 0.131 0.012 0.131
EZXF§ Southeastern Yunnan 0.150 0.137 0.022 0.133
VEL VY Western Yunnan 0.505 0.002 0.053 0.002
/N Subtotal 0.393 0.001 0.042 0.001
4R Elevation 1 200-1400 m 0.258 0.052 0.031 0.044
Group E 1 400~1 600 m 0.237 0.003 0.025 0.003
1 600~1 800 m 0.660 0.001 0.079 0.001
1 800~2 000 m 0.722 0.001 0.078 0.001
2 000-2 500 m 0.632 0.007 0.074 0.007
/it Subtotal 0.393 0.001 0.042 0.001

B P B e Bt T R TSR, TG . b S kL A i A AR AR T 245 1 A 5, B

P(rbarD)>0.05,

Ludian County, Xinping County, Longyang District, and Yulong County exhibited no data due to only one sam-

pling site. The subpopulations in bold represented the sexual reproduction, when P(rbarD)=0.05.

A VA T B AETE N Pst R BEAR AL T8 Bk iz
(RAAE,2018) , m A N IZ A0 AT /INEE Ry Pst A7
AT AL T AT fETE (Zhao et al.,2013) . AHFFEAE
9 A~ B AR 2 A DX A A K 1V I AR
HRS DU 20 A P AR B, TR A PR AR B Y 43 R
RS, K A L B2 3 P AR TP E B A ARE , X S
A8 Pst FER K 2808 ToHEREAR B SEPRAHAF (Liu et
al.,2011; XN F51455 2016) , 0 = 74 Pst BRA AT

PEE A ATCHE B AR AR, eI TE AT
SI M DA DK SRR A2 [ RUBE S o P AR B 25
BRI A AR B T X R I B A Y
GIEIDN R e 2 Nt = =30 ke el N TR S T NG U
[i) 353 1% 45 ¥ 32 Z2 o DK AR [R5, 455 Dy s A< AR
b HEAA /N BN A B 5 P 45 R E (Jones et al.,
2006;Born et al.,2008) . /INAZ S5 BRI E S (7] I
()35 A5 50 A1 52 B 22 05 T IR , RO A5 PR INGZ
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