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Genetic diversity analysis and multi—trait evaluation of oat germplasm under
different ecological conditions
ZHANG Bo-hong, MA Xiang, JU Ze-liang, DUAN Lian-xue, WANG Xiao-jun, JIA Zhi-feng’

Qinghai University, Qinghai Academy of Animal Science and Veterinary, Key Laboratory of Superior Forage Germplasm in the
Qinghai-Tibetan Plateau, Xining 810016, China

Abstract: The Qinghai-Tibet Plateau is characterized by harsh climatic conditions and low primary productivity of
natural pastures. Establishing artificial grasslands has become a key strategy to alleviate the conflict between forage
availability and livestock demand. However, current artificial pastures face challenges such as limited varietal
adaptability and narrow genetic diversity, which hinder the sustainable development of animal husbandry. There is an
urgent need to identify high-yielding, high-quality oat (Avena sativa) germplasm adapted to alpine environments. In
this study, 48 oat germplasm lines were evaluated under different ecological conditions for agronomic traits, forage
yield, nutritional quality, and photosynthetic physiological parameters. Genetic diversity and multi-trait performance
were assessed using the Shannon-Wiener diversity index and the TOPSIS multi-criteria decision-making model.
Results showed a high level of genetic diversity among the germplasm lines, with Shannon-Wiener indices ranging

from 1.77 to 2.08. Structural equation modeling further revealed that genotype and plant height were the key

Wk H - 2025-08-14 5 Bl H - 2025-09-29
L& T H < F A B IR 515 10 (2025-NK-P22) FELA AR W 77 ol £ A A 2 #3198 4: (CARS-07) %l .
PB4 A ok S (1999 — ), 53, HOl P 5 A, #8201 . E-mail: zbhqhdx@163. com

* il {F1E# Corresponding author. E-mail: jzhfeng@163. com



152 ACTA PRATACULTURAE SINICA (2026) Vol. 35,No. 7

determinants of relative feed value (RFV) , with standardized total effects of 0. 506 and —0. 617, respectively. In
terms of regional adaptability, the germplasm lines Qingyongjiu 178, 257, and 226 exhibited superior performance in
Huangzhong District, while Qingyongjiu 486, 051, and 465 performed better in Guinan County. Notably,
Qingyongjiu 160, 458, and 085 ranked highly in both locations, demonstrating broad adaptability. These elite
germplasm resources identified in this study can be recommended as providing valuable genetic materials for the
development of oat cultivars suitable for the Qinghai-Tibet Plateau and other alpine pastoral regions.
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Table 1 Names and sources of the tested germplasm resources

95 o Jg % D5 P 3 95 o g % 5 P 3
Code Germplasm resources Origin Code Germplasm resources Origin
1 KA 471 Qingyongjiu 471 Jin£ K Canada 25 /K A 023 Qingyongjiu 023 JiIk Soviet Union
2 KA 465 Qingyongjiu 465 % it Sweden 26 7k A 027 Qingyongjiu 027 IRk Soviet Union
3 /K A 458 Qingyongjiu 458 i M Sweden 27 /K A 062 Qingyongjiu 062 % I, J¢ . Romania
4 KA 488 Qingyongjiu 488 % France 28 H KA 064 Qingyongjiu 064 I3 Ik Soviet Union
5 /K A 085 Qingyongjiu 085 Fti - Switzerland 29 KA 097 Qingyongjiu 097 Fii e Sweden
6 KA 084 Qingyongjiu 084 8 # Germany 30 H KA 160 Qingyongjiu 160 J}2 Denmark
7 5K e 145 Zhangyan 1 11 [ China 31 KA 479 Qingyongjiu 479 % 5 J¢ . Romania
8 PG % (4 BB Xizangbailang 1 [ China 32 7k A 480 Qingyongjiu 480 4t Z | . Victoria
9 /KA 045 Qingyongjiu 045 Ji£ X Canada 33 K A 486 Qingyongjiu 486 i M Sweden
10 H KA 051 Qingyongjiu 051 5 [H Germany 34 K A 482 Qingyongjiu 482 TRKF]F Australia
11 H 7k A 080 Qingyongjiu 080 ) 7F #| Hungary 35 H 7k A 092 Qingyongjiu 092 %) 7 F| Hungary
12 H K A 083 Qingyongjiu 083 5[5 Germany 36 7k A 090 Qingyongjiu 090 Fii -+ Switzerland
13 /KA 257 Qingyongjiu 257 F1% Denmark 37 /KA 061 Qingyongjiu 061 % T, J¢ . Romania
14 FH K A 326 Qingyongjiu 326 F}2 Denmark 38 K A 060 Qingyongjiu 060 LRI F W Bulgaria
15 KA 476 Qingyongjiu 476 H 7 Japan 39 H#ME5% Qingyan 5 1 [ China
16 F KA 475 Qingyongjiu 475 fif 2% Netherlands 40 52l M Menggu oat tf1[# China
17 T KA 477 Qingyongjiu 477 H 4 Japan 41 [ 34 55 Bayan 5 1 [ China
18 7k A 478 Qingyongjiu 478 H 7k Japan 42 %€ 7% Gaohan 7 H1[E China
19 /KA 226 Qingyongjiu 226 F1# Denmark 43 T /K A 052 Qingyongjiu 052 i 2F F] Hungary
20 7k A 178 Qingyongjiu 178 P14 Denmark 44 7K A 055 Qingyongjiu 055 % 5 J¢ I Romania
21 H 7k A 073 Qingyongjiu 073 %) 7F #| Hungary 45 H 7k A 057 Qingyongjiu 057 %1t Mongolia
22 7k A 066 Qingyongjiu 066 ) 4 #] Hungary 46 7k A 059 Qingyongjiu 059 LRI F W Bulgaria
23 T /K A 037 Qingyongjiu 037 Ji# K Canada 47 T K A 489 Qingyongjiu 489 ¥ [# France
24 KA 029 Qingyongjiu 029 Jn£ K Canada 48 7 7K A 089 Qingyongjiu 089 JiEk Soviet Union
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Table 2 Soil and climatic properties of the experimental site
156 b EFRR AETRBOKE EEERR ANUR e KR el 8 ik AL BB

Experimental Mean annu-  Mean annual Annual Organic Total  Total phos- Total po- Alkali-hydrolyz-  Available  Available

site al tempera-  precipitation  evaporation — matter  nitrogen phorus tassium able nitrogen  phosphorus  potassium

ture (°C) (mm) (mm) (g'kg M) (gkg) (gkg) (grkg)  (mg-kg ) (mg-kg ') (mg-kg ")
72 H Huangzhong 5.5 483 1180 34.2 2.21 0.87 23.46 119 19 260. 00
Ht 7 Guinan 2.3 404 1379 37.1 2.46 0.60 21.46 137 9 114. 67

1.3 Xkt

2 WY 86 22 A 7 R R TE g, S SR A T — M i I (75 kg-hm ?JR R A1 150 kg-hm CHBERR —
B At EWARE AR, BPiR R T 2024 4F 4 A 25 H R, SR s T 202447 6 7 14 HIEFh . K56 R F B HL
XA B, 3R &, A0y Fh IR e R Al A 1247, 474 5 m A7 25 em, /DX AL 15 m®, # I 3~4 om, & Fh oy :00 &
B G RPN 225 kg-hm * AR AT R ME 35 0 HoA Rk B HE S MR R R BR T AT
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1.4 M IARAT ix
1.4.1 R AR B Ay o o W R AE 3 HE A b A% R B S R B R 4 B Jo e R n9 AR PR AE AR, 2R3 15
TR o AR 1R 5 20 2 T 0T Al 2 o S5 SR A B AN AR A v ) S RO R AR R B L SR F L1-3000C #Y i
AR (LI-COR,, 26 [ ) I 5 1 £
1.4.2 Fp7a g SRy G 1 BRSO, S I8 AT K M Sk TR A 50 em S5, T LB AE 45 /0N DX P B B 3k BOK: #d
A JCHE B B X, S A ED 1 m o< L m A AR AR, 57 B AR 0 SR R i . AR AL 4R 105 "CHEAR R 30 min, FE T
65 CHETZRIEE G, il TR &, B0y Fp B L E 3/ X .
1.4.3 BF5 0BT E BEHE T RE S A 1 mm G L, 2R DS2500 #3821 AR 3L (FOSS, 22 ) I 52 KL K
53 (crude ash, Ash) ML I (crude protein, CP) MG i (ether extract, EE) | H % ¥ i £F 4t (neutral detergent
fiber, NDF ) J 2 1 ¥k ¥ £F 4t (acid detergent fiber, ADF) {5 dk o 47 F 50 5% U5 1) e 2 45 SR Oy 34 8 42/ DX 2
M SF- 240 (8 . A X4 B A {6 (relative feeding value, REV)" 3 A X 0F .
~ DMI(%) X DDM (%)

1. 29

120
DMI=——"——
NDF(%)

DDM = 88.9 — 0. 779 X ADF

A DMI R T 9 Jii % & B (dry matter intake ) ; DDM Ky 1 4 46 T4 5t (digestible dry matter) .
1.4.4 SLEZSEE 3T 2024 4F 8 A B A) (JE ) F1 2024 4F 9 H R A1 (Bt ) #4766 S 800 . 760 1)
KAWL 10:00—11:30, 45 /N X BE B 3 kK 35— S Jo W1 9 B A A Ak, D L 58 o R R et o SR A LI-
6800 AU i 45 = % & AL (LI-COR, & [# ) , ic 5 V6 & # % (net photosynthetic rate, P,) < L 7 & (stomatal
conductance, G,) g [E] CO, ¥ & (intercellular CO, concentration, C.) 7% [} # 3% (transpiration rate, T,) % 64X
A SR M B 7R 20 85 IR % OB 5E 1800 pmol-m *«s™ ' R A &1 T 3047, RR AR /2 Je id SR 2K
i BEARE 2 3R, FEUL AL I, #F— 2D 115 5 [ A 7K 43 1 2% (intrinsic water use efficiency, WUE,,,=
A/G,) | i IK 4 ) H %% R (instantanous water use efficiency, WUE,.=A/E) fl B i} 8 1k % *¥ (instantaneous
carboxylation efficiency, CE=A/C)"",
1.5 #@HZHRSH

ST HEUR N2 PEPRBE | LAP 35 0 (X0 FARE 22 (0) il 23 10145 2%, 55 1 AF <X — 20,5 10 % 4 =X 20,
W] A SF A 22 0. 50 BT — A - IR IE R Po= n,/n,n R RS 1A S A RS, n ok R R
M LT REAR PN A MR B |, R 1 2 AR {E B 45 20 (Shannon-Wiener diversity index, H') X} 45 Ptk /) 38t %
A SIS FEAT I . AR A H'=—3SP,In P,, o PR FE R A i AhAE S BAG AR
1.6 IS o4

Bl B B5 9) 20 52 1 53 BT E Microsoft Excel 2019 W58 i, 2 #E 1 48 it 70 B 5 BAE RN 73 B 72 SPSS 27. 0
PEAT . T R 4.4, 2, KK BEAT « Pearson M1 3¢ 1 23 # 55 Mantel ¥ 46 (dplyr. linkET 5 ggplot2) . K ¥ {8 & 25 7> ¥t
(factoextra) \ TOPSIS £ #f ] e 5 455 A1 #4 2 (dplyr) \GEE XUr B #4 # (GGEBiplots) | Bifi 1L £ A 2% 2 i % (random
forest) ; ¥E— 18 3 Piecewise SEM £ 415 A0 44 7 43 B 25 #4 7 REAR AU A v AL 800 (B U 2R FH Origin 2024 22 1) .
2 HERESW
2.1 B BRI S A ST

A8 13 MEFE T BT AE AR SRR VTR i BT RO A AU SS H 2 805 Oy T AR L B 0 1 R S R AR MR B AR 2R
PE(FR3) o AR P[] A28 S RECR 7. 2926~55.30% , Hoh 25 1B 3 (E) VAL 5 B2 (G LLSIBE I 7K 43 ) FH 2803
(WUE, )32 800 28 5 R B0 K, S48 18 50 %0 5 T R M Ve M 21 4 (ADF ) Al PR PR U 41 4 (NDF ) (19 48 53 2 S0k
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R E M 2.08.2.07.2. 07, H¥WK K 1. 77~2.08, F it T S Fh i & MR s & LRt E e M S48
A v AR o AR AL T A AL L
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Table 3 Genetic diversity statistics of 48 oat germplasm resources

PEIR Trait B (E £ h il 2 AR R WERARE ZHAEIE
Mean -+ standard Range Coefficient Shannon-
deviation (SD) of variation Wiener
(CV, %) index (H")
Bk Plant height (PH, c¢m) 147.884-24. 42 62.00~195. 00 16.51 1.91
22 Ml Stem diameter (SD, mm) 4.834+1.02 2.35~7.00 21.06 2.08
i1 X Leaf area (LA, em®) 27.18+8.93 7.00~48.15 32.86 2.07
fif # Fresh weight (FW, kg-hm ™) 29185.69411514. 59  9960. 00~62400. 00 39.45 1.97
+ & Dry weight (DW, kg-hm %) 10058. 53+£3224. 10 4765. 50~19561. 60 32.05 1.95
MK 4¥ Crude ash (Ash, %DM) 7.06+1.53 4.33~11.50 21.70 2.04
#H 2 11 Crude protein (CP, % DM) 7.78+1.29 5.15~13.90 16. 65 1.99
TR P Wk % £F 4k Acid detergent fiber (ADF, %DM) 40.92+3.96 28.00~49. 50 9.67 2.02
APk VR % 2T 4k Neutral detergent fiber (NDF, %DM) 62.07+4.52 48.00~73.00 7.29 2.01
AH T 4] MEE A7 {E Relative feed value (RFV) 66.89+£8.96 50. 07~100. 79 13.40 1.94
¥4 % Net photosynthetic rate (P,, pmol-m *+s™ ") 14.04+4.07 4.44~28.92 28.98 2.07
#JM # R Transpiration rate (7., mmol-m “+s ') 5.9043. 05 0.81~14.93 51.68 2.04
M) CO, % i Intercellular CO, concentration (C;, pmol-mol ") 249.69449.75 62.70~338.09 19.93 1.97
S AL % J¥ Stomatal conductance (G,, mmol-m ™ *+s ") 0.22+0.12 0. 04~0. 67 55.30 1.91
A [ A 7K 43 R %% % Intrinsic water use efficiency ( WUE,,,, pmol-mol ') 77.57+33.00 23.43~202. 06 42.54 1.94
Wit I 7K 43 1) FH % % Instantanous water use efficiency ( WUE,,, pmol-mmol ') 3.00+1.62 0.97~10.52 54.03 1.77
I 1 #2 16 24 & Instantaneous carboxylation efficiency (CE, mol-m *+s™ ') 0.06-0.02 0.01~0. 20 37.23 1.92

2.2 ARA LRI ZAFK 5

B Z I35 I &K (environment, E) JE K7 (genotype, G) W52 M #5135 4 I 3% (P<<0. 001) 7K -, H & MR 1Y
B R IR EE (G OXE) [ A7 £ 4 S 38 i AR RN (R 4)
2.3 X HELH

BOCH S8 AR R R i RE SR BT S A OC 48 AR #E 1T Pearson AH G ¥ 43 1 Fl Mantel £ 4% (& 1) o
Pearson M OCHE 73 BT 45 2R & 9, pk v (ZEOHL i T AR =38 ) 1 5 B 3 IE AR OC (>0, 5, P<<0. 05) ;¥ AR 5L
SR RN AR RN R A RS ) B TR AR OG5 i R [ A KA R RO 5 ARAL R R AR L E] CO, ¥k BE [R]
EHAOC ., Mantel #6560 #E — 2D BIRG 1 4 VAR 15 507 5 8 35 0l BT 22 (8] A AR OGP o ™ o SR A R Ok v L 25HL
T AR KOG A A BES E (L TE] COLYE B M 1A 7K 53 ) FH 8038 Bk I 7K o3 ) 803 B IS SR AL 0030 ) Z ) 2 122
FIEASC(P<C0.05) , #2755 3 S PRI 7L 5 B iUy OGP IR 3R . B 3R i 5B PR (ks v A SOt &
MBS CROG A A B R AR 3R ) (8] 2 I 2 IE AR G (P<C0. 05) , 48 75 3% S PR R 2 D0 Ab 1) Bt B 174 OC 5 ¢ A
PR AR BEAR
2.4 BMERAERFE R PO EF

AR B A PR BT A MF S S22 Bl BT e AR AR i B MR DL RO A SRR AR 45 5 T 34 3R B B Ky 22 ¢ (R

o WA HUR R HOR LT M COL M BE (RS K 2 R R R R B R AL ORS00 & A B S 5 i 3k
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Table 4 Analysis of the interaction effects between genotype and environment
AR Trait A5 R JR Variance sources F P PR Trait A5 5 R JR Variance sources F P
¥k Plant height (PH) JEH A Genotype (G) 290.87  0.00 || AHXSFA AN {H Relative F R Genotype (G) 33.59 .00
FBE Environment (E)  1211.13 0,00 || feed value (RFV) 34 Environment (E) 54.73  0.00
HE R XL G XE 81.72  0.00 FEH I X R BE GXE 14.93 .00
25 Stem diameter FE[H 1 Genotype (G) 293.61  0.00 || #4643 Net photo- FEP I Genotype (G) 4.78 .00
(SD) 4% Environment (E) 18786.96  0.00 |[syntheticrate (A) 5% Environment (E) 12.56 .00
FLIR Y X 45 G XE 132. 80 0.00 FEH I X B GXE 4.57 .00
1 FX Leaf area (LA) F: R Genotype (G) 25.89  0.00 J#5 1% % Transpiration FH I Genotype (G) 5.24 .00
FFBE Environment (E) 896.05  0.00 [rate (E) R Environment (E) 51126 0.00
HE R XL GXE 18.01  0.00 FER B X B JE G X E 6.48 .00
fiif F Fresh weight FH A Genotype (G) 345.16  0.00 || Mfa[E] CO,¥#< FE Intercel- FH A Genotype (G) 3.76 .00
(FW) 4% Environment (E) 4593.52  0.00 [|lular CO, concentration 5% Environment (E) 93.20 0.00
FLIN Y X 45 G XE 333.99 0.00 ) FEH I X B GXE 3.55 0.00
T3 Dry weight (DW) JLH A Genotype (G) 154.38  0.00 |[<FLF: ¥ Stomatal con- L A Genotype (G) 5.27 0.00

##4% Environment (E) 5997.95  0.00 ||ductance (G) F£4% Environment (E) 192.88 0.00

SEF R X B GXE 192.60  0.00 LR X % G X E 5.23  0.00
HLK 4 Crude ash JE I Genotype (G) 125.49  0.00 || M J A K 43 R0 A Genotype (G) 3.51  0.00

(Ash) 33 Environment (E) 2685.67 0.0 ||Intrinsic water use effi ¥4 Environment (E) 181.19  0.00
ciency (WUE,,,)
HL R X BREE G X E 208.94  0.00 BB R GXE 3.72  0.00
HLEE 1 Crude protein P Genotype (G) 118.25  0.00 || BRI 7K 43 F1 FH % % In- FEH Y Genotype (G) 4.78  0.00
(CP) 4% Environment (E) 335.79  0.00 ||Stantanous wateruse effi=  grpe gy ionment (E) 378.52  0.00
ciency (WUE,,,) )
FE A X MBS GXE 145.51  0.00 JLPR X B G X E 4.95 0.00
FRPEPR A 4E Acid de-  JEH R Genotype (G) 26.96  0.00 || BEHHR LA Instanta- A Genotype (G) 3.09  0.00
tergent fiber (ADF) 55 Environment (E) 61.85 0.00 |[neous carboxylation effi- R85 Environment (E) 13.11 0.00
ciency (CE)
HEH X RS G X E 14.37  0.00 R X FREE G XE 2.56  0.00
P PR R 4T 4E Neutral JEH B! Genotype (G) 29.92  0.00
detergent fiber (NDF) FR¥% Environment (E) 2561 0.00
FE R X BE GXE 13.35  0.00

B O B 5 0 5 g S R E P R B B R e AR R R ZERL AR e R AR AR R P R B B

AR S R AN TR R v 7 S AR 028 S R A P AR AT I T AR 2% i R B IR AR AR R BT Sk 3 PR AR 2 3R
R BRI ER

2.5 FRFLFHRESN

BT 17 A KREEMIR 1 K (E R 25001, 85 A8 1y e 22 Fh T R 43 S 3428 o e b IX (I8l 2a) 25 HF 1 (13437,
mi27.08%) R ZMOR S R R, EFRMKE CG S BRI DS, D m e BRI R (124, 4
25.00%) , K& S BRI AR MR s i KOE 38 0 TR B0 b A 2 0 R 0 O Ak B T 28 T (23
By 5 47.9200) B FR R B R ZER 7 MO A SRR . TESTME (K 2b) 60 T (1847, &
37.50%) , HF =i A i, R AR R CRZMIR VB IR D6 G S 80 RIS, s = RS BB I (110,
22.92%) B IR M B AR ZHAR 7 RO G SRR E 2 BRI (1903, 15 39.58% ) , R 2ok tk Fe i

PR, 7 P AR IR N B E O G SR BB, 5 B o 1 2R RUMDE A5 A PR 5
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Fig. 1 Correlation among forage yield, nutritional quality, agronomic traits, and photosynthetic parameters

PH: #:# Plant height; SD: Z5# Stem diameter; LA : M1 B Leaf area; A: %A # % Net photosynthetic rate; E: 7% % 3 % Transpiration rate; C;:
7] CO, ¥ ¥ Intercellular CO, concentration; G,: ‘< L5 ¥ Stomatal conductance; WUE,,.: " F [ A 7K 4 F] FI % % Intrinsic water use efficiency;
WUE,,,: W& 7K 43 Fl FI 2% Instantanous water use efficiency ; CE: Bl 2 f4% % Instantaneous carboxylation efficiency. F [i] The same below.
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Table 5 Trait variation across different environments

(EXN S Guinan 72  Huangzhong
Trait SEHME + bR 1fE2E Mean+ standard 28 5 R # Coefficient of - {H + FRifE 2% Mean+standard 28 5 &% Coefficient of
deviation (SD) variation (CV, %) deviation (SD) variation (CV, %)
PH (cm) 154.054+19. 19 12.46 141.71427.42 19.35
SD (mm) 5.5340.77 13.87 4.124+0.70 16.92
LA (cm®) 31.9447.06 22.11 22.43+8.05 35.88
FW (kg+hm *) 33252.004+11314. 29 34.03 25119. 384+10236. 44 40.75
DW (kg-hm ?*) 11720. 3443100. 47 26.45 8396.72+2384. 87 28.40
Ash (%DM) 6.484+1.10 16.97 7.6441.68 21.98
CP (%DM) 7.9941. 36 17.01 7.57+1.20 15.81
ADF (%DM) 40.26+4.12 10. 23 41.59+3.68 8. 86
NDF (%DM) 61.59+5.15 8. 36 62.55+3.75 5.99
RFV 68.204+10.17 14.92 65.5747.36 11.23
P, (pmol-m *+s ') 13.47+4.29 31.81 14.61+3.77 25.80
T, (mmol-m *s ') 3.9641.93 48.78 7.8542.71 34.51
C, (pmol-mol ") 230.56+53. 11 23.03 268.81+37.56 13.97
G, (mmol-m *+s™") 0.16+0.08 50. 56 0.28+0.13 46.23
WUE,, (umol-mol ) 94. 184 33. 40 35.46 60. 96+ 22. 68 37.21
WUE,, (umol-mmol ") 3.981.69 42.47 2.0240. 69 33.99
CE (mol-m *s ') 0.06=+0.03 42.58 0.06=+0.02 27.36
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