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Table 1 Names, chromosomes and sequences of 22 pairs of SSR primers

5| ¥4 FR Primer name

YLt Chromosome

IE 7] ¥ 51 Forward primer

JZ [l %1 Reverse primer

Bmac0305 1H TGTCCCACTGGTCATACTC AGGATGTTGTGTGGGTGT
Bmac0399 1H CGATGCTTTACTATGAGAGGT GGGTCTGAAGCCTGAAC
HVAB IH ATCTGTTTCAAAAATCCGATA ATAGCCAGGGTATTAAAGGAC
Bmag0749 2H CGGATTCTTGAGTAGTCTCTG GATCTGTTTTTGTAGAACATGC
HVM54 2H AACCCAGTAACACCTGTCCTG AGTTCCCTGACCCGATGTC
HVM36 2H TCCAGCCGACAATTTCTTG AGTACTCCGACACCACGTCC
Bmag0006 3H TTAAACCCCCCCCCTCTAG TGCAGTTACTATCGCTGATTTAGC
HVM62 3H TCGCGACCAGACGAGAAG AGCTAGCCGACGACGCAC
HVM74 3H AGGAAGTCATTGCGTGAG TGATCAAGAATGATAACATGG
EBmac0701 4H ATGATGAGAACTCTTCACCC TGGCACTAAAGCAAAAGAC
EBmac0775 4H GCTTCCTTCATAGACCCAT ATATCATGCCAATGGTGTC
Bmgcc0002 4H TAGCAAAGCCCATGGTACATC TGACGAGGAGGGAGTAGTTCTC
HVM20 SH CTCCACGAATCTCTGCACAA CACCGCCTCCTCTTTCAC
AF043088A SH CGACAAGGTGGAGGACTA CTGAAGGCCTGAACTCAC
Bmag0401 SH GGTTCCATAGGTATTAGCTACA TCCTACTAAACAAACCATAGAAA
AB009307 6H TTGTGCATATGTTGATGTGA CGGTACCAATTCTTTGATTAC
AB009308 6H ATGGAATCTTATCGCTGTTC CGGCAGATTTGAGAACTATTA
Bmac0018 6H GTCCTTTACGCATGAACCGT ACATACGCCAGACTCGTGTG
AF022725B TH AAACAAGACAGATTAGCTTGAA TACATCATCGCATGAACTAAA
HVM60 TH CAATGATGCGGTGAACTTTG CCTCGGATCTATGGGTCCTT
Bmag0385 TH CTCCACAGAGTCAGAGTTAGA CTGACATTAGCTGACTCTCTATC
Bmac0286 TH GTGGACGATTTGCTTGAT ATTTATTCTGCACCCTGG
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Table 2 Detection of polymorphism of 22 pairs of SSR primers in 327 highland barley materials

iie et b fir 5 R PR Shannon f%  ZAHEREE AR
Marker Chromosome Position Number of alleles Gene diversity index Shannon’s index PIC
Bmac0305 1H 45 2 0.4325 1.0632 0.3417
Bmac0399 1H 125 4 0.6844 0.5895 0.6408
HVAB IH 76 2 0.3515 0.6897 0.3304
Bmag0749 2H 85 3 0.4952 0.4074 0.4781
HVM54 2H 90 3 0.4745 0.5151 0.4527
HVM36 2H 108 5 0.7541 0.9635 0.7340
Bmag0006 3H 34 3 0.5523 1.0286 0.5322
HVM62 3H 84 2 0.3405 0.8251 0.3297
HVM74 3H 122 3 0.4985 0.4533 0.4778
EBmac0701 4H 24 4 0.6943 0.6939 0.6764
EBmac0775 4H 80 3 0.5776 0.3782 0.5640
Bmgcc0002 4H 130 5 0.7053 0.9813 0.6875
HVM20 SH 34 4 0.6354 0.3858 0.6104
AF043088A 5H 76 3 0.5784 0.7156 0.5530
Bmag0401 5H 115 6 0.8012 0.7133 0.7974
AB009307 6H 23 5 0.7032 0.7617 0.6876
AB009308 6H 36 4 0.5998 0.5296 0.5830
Bmac0018 6H 72 2 0.3769 0.7539 0.3554
AF022725B 7H 50 4 0.7123 0.5888 0.6879
HVM60 7H 154 3 0.5683 1.0539 0.5473
Bmag0385 TH 120 3 0.5749 0.5403 0.5579
Bmac0286 TH 163 3 0.5627 0.6404 0.5425
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Fig.2 Cluster analysis of 327 highland barley materials based on 22 SSR Markers
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Fig.4 Population genetic structure diagram of 327 highland barley materials



120 RZET

Crops 2026 55 5 H

®3 XBKIFEREMNRBETRIOMBREER

Table 3 Association markers and their explained

variance rate for phenotype %
I
faid Bettk Explaineﬁf ij;ince rate *ﬁfﬁ%ﬁ@
Marker Chromosome Grain color
GLM MLM
Bmac0305 1H 46.32 s,
Bmac0399 1H
HVAB 1H 28.07 B, HA
Bmag0749 2H 16.41 s, B
HVMS54 2H 22.52 2024  Ef, EfE
HVM36 2H
Bmag0006 3H
HVM62 3H 24.21 i,
HVM74 3H
EBmac0701 4H
EBmac0775 4H
Bmgcc0002 4H 32.04 W, %
HVM20 5H 43.46 B
AF043088A 5H
Bmag0401 SH
AB009307 6H 12.07 R
AB009308 6H
Bmac0018 6H
AF022725B 7H
HVM60 TH 17.87 13.23 FAREN
Bmag0385 7H
Bmac0286 TH 35.39 AR
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Fig.5 PCA analysis of SSR marker information
from 327 highland barley materials
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and grain color of 327 highland barley materials

5000
4500 : = @
g 4000 ¥ % :
- 5
£ 3500 &
< 1
3000
&
2500
2000 L L L L 1

Wt e Wt Rt Be
Brown Yellow Blue Purple Black
7 327 (I ERMEIREIR SR BT E
Fig.7 Boxplot between altitude and grain
color of 327 highland barley materials



S 234 11

Te AR5 DU BRIEAL 22 AR R 0 4 i DR 21 SCI O 121

IHLIX
KI5

ol Joft % A0 2 1 38 A 50 R A% 0 ) Jo
itk A S5 ol B 5 R 1 R 5 00T A B P SR 1 S
BTHEBO, 477, 3T SSR 2 Fhric R KFE (F
B BiE Z R R G QIR RRGERE TR &R, W
3 55 ZEDTIE T SSR 3T bR e Kl 1R B B B R
SR FH RURE ZRY 5631 SRS T Jj G A, o 9 AN i
bk T B KRR R 2 IR i R T A 5
6 ML EURE R I bR ST MR, X R RO
AL B A T 1~4H J2 TH Ytk X, T
VEYTE LIS FR R IR AT AEVF 2 S R A A
SEHIE SRR, BT S5 BT i
B R R SEMIRE M o AHIE SR F B AR AL 2
IIAT AT B B S R RN, IR B A T A%
RRBH (K=3) , 327 I EBM RSN 3 A
WAL R, HFEARZEN 58, 84 1 185 11, 45
SRR S R ARG T B, AR LE D SRR R AR
/N, St SSR FRic S AR I SRBR AT RN E F . #H
GBS T 224 %t SSR FRic it 137 4 KR
TR EL Z R ERE T, FIH GLM A1 MLM 2 Fjifs
RN 2 A0 s N R AR N D
FEECFIARAC S AT ORI BT, %57 HE RBAE 2 NIAES
[ ISP A6 0 B R IT AT A . X S BOR  T
96 17 KM A% O A, K H SSR 73 F-#rid
FRIF R BHE Z R T, MRS AL S5 MRHIE, 18
A 107 X 51 AT RS AL 0 A, IR
ROKZZ B FhAELE R 2 I B AL RSN, % T3
ST A S DX R R RS IR, AR S st
1 2 FEPE R DX AT AT RL, DI R & Rl R
BEAR A . TR ICICEEEOLL 102 4 B R A 2
fith, fHEH 92 4~ SSR Fric /At Hast 4% 2 At AR 1A
WALEEN, RIT 5Tk EMH M FRC GBM1238.
o A STE I A 108 47 T ek i SR 7 BB 2
TRIKRBL TR R, KA 92 4~ SSR bric k4T i 1%
PRSS R PE TS 2 A VP, Gl bR R A
RUFIVRA MR G307, BT X BB EL . MR =
FEK R o BERU R S E B R, AR #] 12 A
(GLM) F184 (MLM) Z&EMRBEA A, £H
SRR 39 I FH R ORI, RH 27 AN mE S
£ SSR bricHF e ist (& 25/ it « FEE5 &k /DR

2Ry BEAU S AR Z MR AT R B AT, R R
A HEANBERREM R R AN S . TR E TR
T3 R EZOA R SRR AL T A R, T
86 XF SSR ric AT 4 2L R ZH 2 FEdEMNT, t—20
HATBEARBAL 25/ AT, R tH {5 B = An 1l R T
JEAR ZVE R A LRI DGR 7L, i R SE, T
WA Z AP VTPAGHEZL I B AR 2540 40 J2 SR, ATk
BRI BT 25 RIG B AL RRE 182 T, AR E AR )
Iy TSR T Or e, R EY L R
IR . 7R REWILIR B = 145 3 X 1)
376 B3 REFONRTRL, JET 27 X4 T ARG RS A
BEZAEE, Rl T 5RBMEVOCERET], B
REMRREREC . FESTRIAL . FEUEURLECRN R S PR
AL 10% LA ERFRIE, Rl T RARAN 10
e BEUR

AHIFFTIE L SSR Ax et X 25 il AN [RLFF AL B €21
FSC PR DAL BEAT AFF 9, RELWS 23 B 45t 428 i 5 B W 1)
FENATHEAE 4H. 6H A1 7H Yetafhk b, ] 40Ri
FEP AT REAE 1H. 2H A 4H Getoik b, 25 Bk )
JERIATREAE 1H. 2H. 3H Ml SH Jeftk b, 5 Fid
WA B AR E, )52 % ER A E 2 Whrid g7 %
TE o KT RFERERIMICHT T, [ P A rIHRIE B
Z, KT EHEh e REE e AL, B sMe ot
T TRZWF, Xu 4T B AL e BB AR TR
HRACTE R A OB R HvGST FE41 2 Ar T 7TH 4t
Ak, Jia FELLBEAFBRAMEEFH MR, XH
Fo Al Fs BEAREAT 7081, R BSA-seq HiAR %
PR XL QTL 2T 1H Getifh b, SR krhn
W EERTE 1H 5 2H Y ik 2 2 2501 547 - Shoeva
ORI R B OB ITSER R (NILs) , &
OFFRIIE R HvPLP EAALE) 1H Jetafh b, T2
FRIFER HvBLP SEALT 2H Ytk . A£ 85 Thrid
FE AR A 2 () 38 A% S A7 AE 7 26 FRORT o a2k 6% [
i 328 o PRl V2 S J PR, AT DL B e (i S
PEAL S8 52 HERAR, B ek
PRI i S5 AL RIE M, RS AT T BN hE (2P
TE RS ) S B R 2 308 0 % FL Az 0o FE TR 7%

P BT B IR, Hm TR SRR SME G
Jo B 72 3 SR IR R, AR 2 A
PEFE R AL T JERRIS), AR SR RRRN RE 2 0 IR
TR EZERM b, Flnr=&. SR AED
Joip 3 P 5 1) A R A [ 7 7 BROP BT B IR 4R



122 RIETS

Crops 2026 55 5 H

HARIEDA, XM 75 BRAZ OBl o OR3P 8 R L
TER A5 T BR A 5T A H A (e, BRI 2H 2
PEVE R A 38 1 5 BEALVE BE R AL TR s, H
Z BT SR o A JE T E VIAR S, X RR i 2t
IR BA B o AT AT N TG T PR A ik
PSR DAL « FPRE AR AR 38 4% 9F 7E B 73 1A i A B
B SRALE IR AR .

4 ZEig

22 % SSR FRic AT E] 76 NEEALAR R, K bR
1AL RIS AL SR BTE 2~6, P 355 1 2 R4k
3.45. 327 AR 9 3 AN RIAEE, SRIFL. SRR
FIRHEILS ) 58 84 FlI 185 1o Fs il Wik (1 5t
RTE 4H (Bmgcc0002) « 6H (AB009307) 1 7TH

(HVMG60 Bmac0286) Geufk b, i 5k 1) 5

K{E 1H (Bmac0305. HVAB) . 2H (Bmag0749+

HVMS54) 1 4H (Bmgcc0002) Hetafh I, i 2

FLIIZERZE TH (Bmac0305+ HVAB) < 2H (HVMS54.

Bmag0749) « 3H (HVM62) F15H (HVM20) #*

ik b . HVM60 Aricifid 2 Moy 1 geder il 1 5

BERPEAROGHR, HVMS4 FRICAE 2 R AL vt 2k

AFERLRE R I OR, X 2 MridER R

SE Rk

[1] ZEfh, MR, 83, & BALMRREIIARE KRS
BARE, 2021, 38(6): 7-11.

2] BB K, B8, ReE, & 267 0E B0 R E BRI AORHT R
BIZFEME T, PEAbRL SR, 2018, 27(2): 182-193.

[3] Ki¥s, 2, 2%, 45 HHE RO FUs e KR I
R, EREGRME, 2022(7): 110-116.

[4] Ej%, REI, SHHE, & FROE R s ELT A
W, & i TR, 2022, 43(20): 403-413.

[5] #rioenn, RBRE, #HR, . HiEHXORESMERS B R4
ERETESM. FHERMAEY IR, 2011, 33(2): 13-16.

[6] #RIESC, DR, BUKZ, &5 PHiEL FE H X K 5 5 )
SN, hELORNE, 1984, 17(2): 41-48.

(7] SR, ZMER), WRSREHE, . VOO R KU Ut R,
PR, 1997(1): 2-8.

[8] JiaQJ, ZhuJ H, Wang J M, et al. Genetic mapping and molecular
marker development for the gene Pre2 controlling purple grains in
barley. Euphytica, 2016, 208(2): 215-223.

[9] Shoeva O Y, Mock H, Kukoeva T V, et al. Regulation of the
flavonoid biosynthesis pathway genes in purple and black grains of

Hordeum vulgare. PLoS One, 2016, 11(10): e0163782.

[10] Jia QJ, Wang J M, Zhu J H, et al. Toward identification of black
lemma and pericarp gene Blpl in barley combining bulked
segregant analysis and specific-locus amplified fragment
sequencing. Frontiers in Plant Science, 2017, 8: 1414.

[11] ZR45T-. T SLAF-seq H T SORLAE DRI (114 A2 A de HE R] 1)
DHRESGIE. P HIERSE, 2020.

[12] ZECHE. 5 ROFPRLE (A B2 e A AH S PR 4 1 DR 4 SR I 23 47
Mz PUNAOREE, 2022

[13] %A . A FE RGBS 78 5 BOE . F iR R,
2023(4): 58-64.

[14] 76T, MhIRtE, REG, &5 KFE GFEO FRBUE
FUHERE. T RERE, 2019, 47(18): 70-74.

[15] Chen H L, Chen X, Tian J, et al. Development of gene-based SSR
markers in rice bean (Vigna umbellata L.) based on transcriptome
data. PLoS One, 2017, 11(3): e0151040.

[16] ZET59E. SSR AR HARTEFh T4l L4 & Uik g, o b
Mk, 2009(11): 22-24.

[17] E%8, T, 22K T. SSR AFCTEARRERFF 78 i3 F ok
JE. BRpLOL BRI, 2012, 58(6): 137-140, 194.

(18] Mz, JHGE, /KM, T SSR Fricik S LA B L
ZREPERBE T AL, VY, 2025, 45(4): 654-666.

[19] Maccaferri M, Sanguineti M C, Noli E, et al. Population structure
and long-range linkage disequilibrium in a durum wheat elite
collection. Molecular Breeding, 2005, 15(3): 271-290.

[20] U, BUHEA, BUFEHI, 45 FET SSRARICHY 197 4T
FEZREE T, PR 2R, 2025, 34(6): 980-990.

[21] #i5, PigdE, EER, % F5IKE SSR bridiifE LRtk
FRERZMIRBI R T, ZIAEMEHR, 2017, 37(2):
197-204.

[22] FAKSC, RAFS, TRk, & B EUKFRILE R L 2R
JFGE 50 ARG, BHEEIR, 2006(6): 693-699.

[23] Flint-Garcia S A, Thornsberry J M, Buckler IV E S. Structure of
linkage disequilibrium in plants. Annual Review of Plant
Biology, 2003, 54(1): 357-374.

[24] WenZ X, Zhao TJ, ZhengY Z, et al. Association analysis of
agronomic and quality traits with SSR markers in Glycine max
and Glycine soja in China: 1. Population structure and associated
markers. Acta Agronomica Sinica, 2008, 34(7): 1169-1178.

[25] Huang X H, ZhaoY, Wei X H, et al. Genome-wide association
study of flowering time and grain yield traits in a worldwide
collection of rice germplasm. Nature Genetics, 2012, 44(1):
32-39.

[26] Sukumaran S, Dreisigacker S, Lopes M, et al. Genome-wide
association study for grain yield and related traits in an elite
spring wheat population grown in temperate irrigated
environments. Theoretical and Applied Genetics, 2015, 128(2):
353-363.

[27] Visioni A, Tondelli A, Francia E, et al. Genomewide association
mapping of frost tolerance in barley ( Hordeum vulgare L.). BMC
Genomics, 2013, 14(1): 424.

[28] Sun D F, Ren W B, Sun G L, etal Molecular diversity and
association mapping of quantitative traits in Tibetan wild and
worldwide originated barley (Hordeum vulgare L.) germplasm.
Euphytica, 2011, 178(1): 31.

[29] Paterson A H, Brubaker C L, Wendel J F. A rapid method for
extraction of cotton (Gossypium spp.) genomic DNA suitable for
RFLP or PCR analysis. Plant Molecular Biology Reporter, 1993,
11(2): 122-127.

[30] Porebski S, Bailey L G, Baum B R. Modification of a CTAB
DNA  extraction protocol for plants containing high
polysaccharide and polyphenol components. Plant Molecular
Biology Reporter, 1997, 15: 8-15.

[31] Babu B K, Sood S, Agrawal P K, et al. Molecular and phenotypic
characterization of 149 finger millet accessions using



S 234 11

Te AR5 DU BRIEAL 22 AR R 0 4 i DR 21 SCI O 123

microsatellite and agro-morphological markers. Proceedings of
the National Academy of Sciences, India Section B: Biological
Sciences, 2017, 87(4): 1217-1228.

[32] i, @iV, £8, 5 KL DR SOEBATHT 4.
EMIAR, 2013, 39(12): 2154-2161.

[33] Evanno G, Regnaut S, Goudet J. Detecting the number of clusters

[39] XIER, &he, S, & KREMRZEIER SSR g e 2 FEE
IIME. AR, 2011, 31(5): 839-846.

[40] FKICIC, 24, HIER, 5. HREE 2R R 2R
5 SSR ARic i KB #T. WiVL R 2= 3R, 2024, 36(9):
1977-1989.

[41] EEE, SHEE, RA, 5. SRS 2R VR 2R

of individuals using the software structure: a simulation study. 5 SSR Arid M RE AT, RO R (AR
Molecular Ecology, 2005, 14(8): 2611-2620. 2023, 38(1): 1-8.

[34] Earl D A, VonHoldt B M. STRUCTURE HARVESTER: a [42] £, K7 SSR bricigife o i L H 5 & Z R b, 22
website and program for visualizing structure output and e HRRRE, 2014,

[43] AN, BUEeE, #il, % ZmlBih XA %K SSR
FRICE A% 2 e R 2R MR i, TR,
2026(1): 33-46.

[44] XuD D, Dondup D, DouTY, etal. HvGST plays a key role in
anthocyanin accumulation in colored barley. The Plant Journal,
2023, 113(1): 47-59.

[45] M Fea3. POCEET A RS R L R LG, ri:
PEICR S, 2023.

[46] 1&H, =ik, k3R, & FlmEmERALMRREEES
FEMEAT. WHTAR2AR, 2019, 31(7): 1037-1044.

implementing the Evanno method. Conservation Genetics
Resources, 2012, 4(2): 359-361.

[35] dalvME, Wrhdh, VEEM, 5. FREE 2R AR 2R
5 SSR FRICHIREE 1T, /EVI4R, 2016, 42(2): 180-189.

[36] MHE, FEF, IR, S AS[E)E KSR BRI 1 2 R
Je. FIAE SRR, 2018, 19(1): 76-86.

[37] #i5, TMeE, Juikan, . K37 SSR bnicdiife ZAEr:
SARZMRE T, EAROLESE, 2013, 46(2): 233-242.

[38] BAMESC, MRAET, £, . KFE 4 MR CB . Wi
AR, 2020, 32(11): 1941-1953.

Genetic Diversity and Genome-Wide Association
Analysis of Grain Color in Xizang Highland Barley

Qiao Yunxiang'?, Wang Yancai'?, Ling Bo'?, Ma Haijuan'?, Feng Xibo'?

('College of Plant Sciences, Xizang Agricultural and Animal Husbandry University, Linzhi 860000, Xizang, China;
2Experimental Platform for Protection and Utilization of Plateau
Crop Germplasm Resources, Linzhi 860000, Xizang, China)

Abstract Xizang highland barley exhibits abundant genetic variation and diverse grain coloration. The genetic
diversity of 327 Xizang highland barley landrace accessions was detected by using 22 polymorphic SSR markers,
and the grain color, genetic similarity and genetic structure were analyzed. The results showed that a total of 76
alleles were detected from 327 materials with 22 SSR markers, with the number of alleles per marker ranging
from 2 to 6. The gene diversity index ranged from 0.3405 to 0.8012, with an average of 0.5760. The
polymorphism information content (PIC value) ranged from 0.3297 to 0.7974, with an average of 0.5531. The
two core diversity indicators were consistent. The genetic similarity coefficient (GS) of 327 highland barley
parents ranged from 0.5983 to 1.0000, with an average of 0.7546. When the GS value was about 0.6215, 327
tested materials could be clustered into three groups. Genome-wide association analysis of grain color revealed
12 markers associated with grain color, among them, HVMS54 associated with purple and black grains and
HVMO60 associated with blue grains were simultaneously detected by both GLM and MLM models. Dark grain
color was positively correlated with altitude.

Key words Xizang highland barley; SSR; Genetic diversity; Genetic structure; Correlation analysis; Grain

color
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