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Effects of Water and Phosphorus Limitation on Oat Growth and Development
and Screening of Comprehensive Evaluation Indices

MA Xiang-yu"*, LIU Jia-jia"?, DUAN Bo-wen'*, ZHANG Cong-yan'?,
HU Xiao-wei"*, ZHOU Qing-ping"*
(1. College of Grassland Resources, Southwest Minzu University, Chengdu, Sichuan Province 610041, China;2. Sichuan Zoige Alpine

Wetland Ecosystem National Observation and Research Station, Southwest Minzu University, Chengdu, Sichuan Province 610041, China)

Abstract: Drought and phosphorus deficiency are key factors limiting oat (Avena sativa) production in the Qing-
hai-Tibet Plateau. In order to elucidate the effects of water and phosphorus stress on oat growth, identify the
primary limiting factors, and screen for key indicators of oats’ synergistic adaptation to water and phosphorus
constraints. This study utilized 14 oat cultivars in pot experiments, with treatments including a control (CK),
low phosphorus stress ( —P) , drought stress ( —W) , and combined drought and low phosphorus stress
(—W—P). Additionally, this experiment measured 18 indicators, including agronomic traits, biomass, and
phosphorus accumulation, among others. Results indicated that stress treatment significantly suppressed oat
aboveground biomass and biomass of individual aboveground organs, spikelet number, grain per spike, and
phosphorus accumulation at the 0. 05 level. Moreover, the degree of inhibition is greater under combined stress
than under single stress. Different indicators exhibited varying degrees of susceptibility to each factor, with
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water availability being the primary growth-limiting factor. Methods such as grey relational analysis and princi-

pal component analysis jointly identified grain biomass, aboveground biomass, spikelet number, grain per

spike, belowground biomass, flag leaf area, and phosphorus accumulation in plants and grains as key indicators

reflecting oats' tolerance to water and phosphorus stress. The findings of this study provide theoretical founda-

tions and methodological guidance for the breeding and evaluation of drought-tolerant and low-phosphorus-toler-

ant oat cultivars on the Qinghai-Tibet Plateau.

Key words: Oats; L.ow phosphorus stress; Drought stress; Combined stress
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1.1 R BERER

RIS T 2024 4F 4 H 7 74 g RO R 24 00 Ik 4t
EREAT o e b 7 T VA W AR T E B B AR
H(ZRZ 101.9638°, b4k 36. 84257, 14K 2776. 66 m,
AR R 5. 8°C A1 H RS %y 2581.7 h, &
FEWI 20 114 d 4E R K B 29 Ry 477, 4 mm, - 78 & &
1198. 3 mm. SL% 0 JE45 -  BRAPE AN R
A 1.15 gokg L AL A & & 108. 1 mg-kg ',
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MLBR & 1 11, 4 g-kg ', pH1E 8. 26,

1.2 R H R R

S AR 14 7 ez AP (R D Y TE R R
JG R 2 4 it

AR Ry G ARG, 675 H AR 26 em, 1 21 em,
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Table 1 Tested oat cultivar

4“5 Number s Cultivar J5U = Origin|| 4“5 Number s Cultivar J5U = b Origin
1 HIFHIMER A, sativa * Qinghai sweet oat”  H1[E China 8 HME 34 Al sativa ‘Qingyan No. 3" H1[# China
2 T 444 A. sativa * Qinghai No. 444’ 1 China 9 A A. sativa ‘Model’ Jn£ K Canada
3 H5l 15 A. sativa * Qingyin No. 1’ H1[E China 10 LA AL sativa ‘Beili’ Jn£ X Canada
4 H5l 2% A. sativa * Qingyin No. 2’ 1 China 11 IL#) A. sativa ‘Baler’ Jn#E K Canada
5 FEME 25 A. sativa ‘Dingyan No.2’ 1 China 12 L A. sativa ‘Kaisa’ Z[H America
6 HiE 15 A. sativa ‘Qingyan No. 1’ 1 [ China 13 WA A. sativa ‘Lena’ M Norway
7 HHE 25 A. sativa ‘ Qingyan No. 2° H1[E China 14 AL sativa * Abbott” Jin& K Canada
*2 WAWwigt
Table 2 Experimental design
95 K G4k ¥R WAL 3 TR it (P,O;) 6 BE
Number Water condition treatment Phosphorus treatment Irrigation level Phosphorus (P,O;) level/(kg:hm %)
CK W75 P60 752 £5% 60
—P W75 PO 75% +5% 0
—W W35 P60 35%+5% 60
—W—P W35 PO 35%+5% 0
1.3 WERRRTTE R, HAbAE bR LRSI SPSS 27. 0 #E 47
1.3.1 RARZHRAAYFGMNE ZH(IE 200, ZE LB R Duncan % , 45 R ¥ 1

27 P O IR R AR RS ) 7E Bl A 9 A B P ik
B3 bk HE 22 M AR A RO B R o K e B 3
SA T R =K X FE X 0.86' % FLEU FH £ N 8k
bR AR RO S bk ZEHL B R R ORI K, B
TH I N BB R B R R, 8 IR
BT BEE S, R BB E I E e bR
AN AEY R FREY R T AEY R TR

ThE., HE &Y ESH FEYENEITE
M L .
1.3.2 #HEMHRBELSZTOMNT BT B

0 5, I H.SO,-H,O, 3511 2 18] Ak 27 70 430
i B R L 0 ik g 0 I E A AR E R R A ORI
PR R B R =T X AR,

1.4 HELE

JH Excel ¥ 17 FE il K 45 % 20, 941 50 0 B LR
FURA X AR A 38 AH X722 4k %8 = (b 321 48 A il 22 {8
—CK 4 8 F5 M 5 (6 ) =+ CK 4 48 #x W & H <
100%6 %o K A0 G HR 43 B 20 11 SR0FF e A a5 R
PR A FLA AR AR E] 0 QI B, LI RL AR i o 5

B+ AR e iR F£ R . B SPSS AU #E47 3 8 4 43 47
HI Origin 2022 #£ 47 AH KW 43 BT K 43 i T 22 14T
Forb R 3 B LABK [C R B9 3155, 26 249 35 % AR 4 A8
(=S TFY TN

2 HEREGH

2.1 KRR 3t E & KRB
2.1.1 KREBFRF A ®EEREBEKRKS Hwm 5 CK

FHEG, 45 Ab BB S5 R T e R AR R K .
PR A — W Hl— W —P 4 B R 43 5] F B 16. 40% Al
18.15% , (% 2% K F —PALFE (4. 26 %) , H K 4>
R KT R 1R A R I Bk 28 M T R BB K R T
PREU MRS AL, SRR, 5 CKAH T, 25 R
25 Ab BN 38 S R AG, HL— W — P Ak B R R K
(21.23%), BEM TR —Phia . BT 2K 2K
Bk, — W b BRAS CK R % 35.40% , H i 1%
T—PM—W—PA#, HErHR, 5 CKAHLIL,
—P,—W il —W—P 4B i b K o 51 T
B 9.77% ,8. 11% F120. 67 % ; HENF 55 43 3] B 2 R f&
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6.00% ,7.33% A1 14. 00 %% ; K mF 18 AL 43 1) 8 5 B
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BN A _E AR A B 2 2 AR T At Ak B R K B R
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Table 3 Effects of water and phosphorus limitation on agronomic traits of 14 oat cultivars

LS. B eyl (RSN LSS JHErE 5 JHE T AR
Treatment  Plant height/cm  Stem diameter/mm Stem length under spike/cm Flag leaf length/cm  Flag leaf width/em Flag leaf area/cm®
CK 94.214+0.71° 5.04+0.05° 22.124+0.33*° 16.89+0.26 * 1.50+0.02* 21.944+0.50°
—P 90.20+0.87" 4.524-0.04" 20.66+0.33" 15.24+0.22" 1.414+0.02" 18.624-0.39"
—-W 78.76+0.68 ¢ 4.4240.04" 14.2940.31¢ 15.5240.25° 1.394£0.01° 18.76£0.44 "
—W—P 77.114+0.69° 3.97+0.03°¢ 15.84+0.32°¢ 13.40+0.22°¢ 1.2940.01°¢ 14.974+0.33 ¢

=5 RN PR R R AR B B 25 5 (P<<0.05), F [

Note: Different lowercase letters within the same column indicate significant differences among treatments at the 0.05 level. The same as

below

2.1.2 REBFRBI M EEAMFTH YR YR
Bra B, & han Ab s B i T A R R, B
s, EM Y EAE—P, — WA —W—PAH R
I3 WA CK R 17.08%,23.61% F134.64% , H 4%
Qb B R 25 5 R 2, IR X K 4 T R R KRR
YIAE—P, — W Hl— W —P AL B F 43 3% CK F %
T 19.47%,21.58% F131.22% ,(H B —Jpir i) 2% S
ARE EEWE S EMT R -BE., WTAEYE

Xof A [ W 30 A9 0 97 A — B3 — P AR B4 CK 5 35 FRAIG
17.18% , -W b3 s i 35 in 11. 07 % , — W — P 4b 3
HCKILB#HE2ES . Wtk EEZKSEE, T
ZAEE W TR WAL ROIR 0 X R R L 2%
e KA A e 6 Hb A g A B R P ) AR
FH B — I B ol 52 0 ek AR A 4 e A 0 A
FHAT , AR 28 A2 W 6 68 7K 3 R0 19 T 6 D) ¢ 00+ A I
{18y e iy AR K (6 4D o

F4 KBEIRHI 14BFHERTHEYN BN

Table 4 Effects of water and phosphorus limitation on biomass of 14 oat cultivars

ELE YR LIRRE YR

Mo bR R AR

b3 . S . . 7 H

A Stem and leaf biomass/ Grain biomass/ Aboveground biomass/ Belowground biomass/ iR .
Treatment ) . . . Root-shoot ratio

(gepot ) (gepot ) (gepot ) (gwpot )

CK 10.42+0.22° 10.89+0.25" 23.2840.43" 2.62+0.07" 0.1140.00"

—P 8.64+0.27" 8.77+0.23" 18.77+£0.42" 2.17-+0.06° 0.12+£0.00°

—W 7.96+0.24° 8.544-0.22" 18.084-0.36" 2.91+0.07° 0.16+0.00"
—W—P 6.81+0.23" 7.49+0.22° 15.6340.34¢ 2.6240.06" 0.1740.00°

E gepot T2
Note:g-pot ' is grams per pot

2.1.3 KEBRHANEEIFEEAY TR T A
TR R 43 BT 2 A, 4% T 6 Ach 3 G T R 1
EH KT o, NS BHOR O K 43 B R
L AE—P, —W Hl—W —P &b BT 48 CK 43 51 F F%
12.02%, 14.94%, 22.27% #1 14.98%, 19.98%,
30.26% , HA A iR 2 5 W& , IRHA N —P
>—W>—W—P, BiKE—-P, —WH -W—PAt

PR % CK 40 51 F % 5.64%,8.69% #i1 13.49%,
—PH—WHE LR EES H—-W—P &8 FK
T TREAUCK K N 2 TR AT
Fhr B HE R X L TE B E . R b BR TRLE A,
P =Rl I S ED e N RS R A O E N = S SR R (B
FH AR AE B — (I 5T 5 038 R A2 40 A AR R A
(LS,

R5 KBERHIT 140 FHERIIFREYEE FHIHM

Table 5 Effects of water and phosphorus limitation on biomass factors of 14 oat cultivars grains

fib # IR /NEEEL TR SN TR
Treatment Number of whorls Spikelet number Grain per spike Panicle length/cm 1000-grain weight/g
CK 5.83+0.05" 20.21£0.20° 35.39+0.46" 17.7240.25 34.09+0.66"
—P 5.79+0.05" 17.78+0.21° 30.0940.47" 16.72+0.26" 34.2140.59"
—-W 5.78+0.05" 17.1940.21° 28.324£0.49¢ 16.18+0.21° 36.04£0.77"
—W—P 5.70+0.05" 15.7140.20" 24.68-+0.41¢ 15.3340.20° 36.04+0.64"
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— Je S i s N R R — W — PACHR 2%
FHAth, F A A A i SRR Y R 6).
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Table 6 Effects of water and phosphorus limitation on phosphorus accumulation of 14 oat varieties

Ab P Treatment

4Bk 2L Plant phosphorus accumulation/(mg-pot )

KRB BB Grain phosphorus accumulation/(mg-pot™ 1)

CK 43.964-1.08"
—P 34.61+0.93
—W 32.3241.05
—W—P 28.9040.75°

34.124-1.03°
26.50+0.79"
24.70£1.07"
21.9140.67¢

¥ smgepot ! WA 4G AL
Note:mg-pot ' is milligrams per pot

2.1.5 KREBRFAMNELZAEARLAFTOEZA LTS £
S ZHEFEFEEERFEHEED, SR COX AN
SEAE BRI AFAE M B35 50 (P<<0. 01), K 43 4 3 (W)
XiF 5 6 J2 A 1 6 b 34 Wk 3 R e (P<Z0. 01D 5 B
AbFE (P XS BRAR T 25K e R BN TR A R AR A
W F R (P<<0. 0D (HW 5 CHIPMIL, BAH &

) FAE, RUTEXNAR T Z 058 M E K, X 52 H I
AN — (R 3~FK6) . FEZHAEH I, WX P
XA W AR AR A 3 A HAE JH (P<<0.05) ;CX W,
CXPHICXWXP, 7528455 L 28 0 &8 bR
FH(P<C0. 05) , {56 20 FERLECN TR R 2 185 5
M), 52 B b 5 P 5 B 22 B A A B2 2= R SR 2R o

RT SEREFESVRERMNEEFNEINENEFHEEERNFE

Table 7 F-values for the main effects and factor interactions for various variables for oat cultivars analyzed using multifactorial

ANOVA
FE 1 Index C W P CXW CXP W XP C XWX P

Pk Plant height 163.3317  1498.139” 59.395” 3.649™ 7.8527" 6.133" 4.459™
ZEHL Stem diameter 29.474™ 484.849"  323.756" 6.114™ 5.610" 1.543 2.850"
R 25K Stem length under spike 113.6917  1481.206™ 0.028 13.250™ 4,527 82.229" 5.122"
M Flag leaf length 41.399" 113.839"  157.677" 4.864™ 6.860" 2.396 2.207"

% Flag leaf width 16.474™ 92.803" 63.225" 3.585™ 2.631" 0.585 1.771°

AL Flag leaf area 24.626" 129.303"  140.282" 4.292" 6.237" 0.607 1.912°
22 Stem and leaf biomass 30.094" 307.0377  143.330" 3.540™ 4,787 6.717" 2.180"

KPR A=)t Grain biomass 25.389" 224.070"  170.429™ 2.898™ 5.964" 19.339™ 1.989°
Mo B W Aboveground biomass 16.094™ 340.183"  237.750™ 3.518™ 6.9427" 20.801°" 2.681°"
iR A9 1 Belowground biomass 18.582" 126.185"  124.839” 7.351°7 10.357" 5.705" 3.567"
I e Root-shoot ratio 13.538"  1229.663" 9.895™ 8.568™ 7.717" 3.102 4.138™

2% Number of whorls 31.832" 2.858 2.465 1.084 2.339" 0.131 1.529

/N Spikelet number 47.225™ 355.714  210.424™ 3.020™ 2.266" 12.397" 1.930°

TR EL Grain per spike 26.959" 357.9177  185.799" 3.5227 6.688" 7.530" 1.256

K Panicle length 266.998" 325.418"  129.129" 6.044™ 6.829" 0.752 2.082"

TRLE 1000-grain weight 188.036" 80.856" 0.078 3.951" 3.236" 0.094 1.515
KPR 2B Grain phosphorus accumulation  19.5197 198.767"  109.830" 3.730" 5.846" 23.614" 4.139"
R BB Plant phosphorus accumulation 19.886™ 258.9317  140.187" 3.683" 4.948" 30.283" 3.100"

e AE 0. 05 7K - b b B A OC , ++4E 0. 0L K Bl i3OG . @Al (C) s /K or b FR (W) s B AL FE(P) |, R[]

Note: * Significant correlation at 0. 05 level, ** extremely significant correlation at 0. 01 level. Cultivar(C); Water condition(W) ; P treat-

ment(P). The same as below

2.2 JKBERRHI T &SRS AL E M ENE X ES T
A=y

AR TE K B BR A 2% T 4548 b A5 kR AR
Py ik 2 6] 9 5C 28 A S HEAT 1 RE SR IR €8 5 1k
M. FPRLAEWI RS 12 R AR A AR B3 IE A GG
AU D T LSRR IKOCH T, 5

27 FP R AR ) i O BR R AR R 1 O M b R e Ok
B RN A YR A R SRR I T AR R R
ZPR RS KT 0.9, £ XI5 4R 54
Hr A ) i 2 ) FLA W i S M | TP R AN e A
KB BRHOF T B R BE I RS H K
PECFE .
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Bl 1 KBER T S5 4R EIHE K2 4
Fig.1 The correlation analysis among various indicators under water and phosphorus limitation
T GB AR R A= Wy e 5 SLB Oy 25 AL Wy a5 SB O b A=Wy s RB O M T A= 9 4 s RSR OWARGE LU 5 SD 2 2541 FLL W< s FLW Ay JE I 5 5
FLA T i 11 25 PH A Bk i 5 SIS AR 251 NW #8280 SN A /NEEEL GPS BRI PL R B s TGW S TORLHE ; GPC L i 32 1

it PPC 2k o 2 B

Note: GB represents grain biomass; SLB represents stem and leaf biomass; SB represents aboveground biomass; RB represents belowground bio-

mass; RSR represents root-shoot ratio; SD represents stem diameter; FLL represents flag leaf length; FLW represents flag leaf width; FLLA rep-

resents flag leaf area; PH represents plant height; SLS represents stem length under spike; NW represents number of whorls; SN represents

spikelet number; GPS represents grain per spike; PL represents panicle length; TGW represents 1000-grain weight; GPC represents grain phos-

phorus accumulation; PPC represents plant phosphorus accumulation

®8 KEBIRHTEERSHNENENRBRKERF
Table 8 Grey correlation coefficients and rankings of traits

and grain biomass under water and phosphorus limitation

17 Index ﬁﬁ)ﬁ %Eﬂ%

Correlation degree -~ Correlative order
Hb E A5 Aboveground biomass 0.985 1
TR B Grain per spike 0.964 2
20t A i Stem and leaf biomass 0.955 3
4 bkBE AV Plant phosphorus accumulation 0.944 4
T 7 Flag leaf area 0.935 5
FFRL B R A i Grain phosphorus accumulation 0.925 6
VAL Spikelet number 0.881 7
T F 2K Stem length under spike 0.860 8
ZH Stem diameter 0.858 9
HEM K Flag leaf length 0.837 10
N} 5 Flag leaf width 0.794 11
H5 1 Root-shoot ratio 0.591 12

2.3 KBERFTEERZEEMERRKBHOERS
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A H5it e Root-shoot ratio

kR 2R Grain phosphorus accumulation |

Rk 2R Plant phosphorus accumulation |
ZEM-/f: 441 Stem and leaf biomass

Hb_I- 44t Aboveground biomass :'_
¥R Hrht Grain biomass

R 25 Stem length under spike }

FRI%T Grain per spike

JHER 16X Flag leaf area

Hb R 25t Belowground biomass

JINEH# Spikelet number

C ZEH Stem diameter

JHEM- I Flag leaf length
P Plant height :I
|
I

< Panicle length

JHE-5E Flag leaf width
FRLE 1000-grain weight
515481 Number of whorls |

0.1 0.3 0.5
B2 KEEREIT I8N IEMREN T RELSIN
Fig. 2 Cluster analysis of relative change rates for 18 indicators under water and phosphorus limitation
TE < A BUBHE B3 5 B Ry BUBER A5 5 C W ARBBUEAE B 5 D o AU b

Note: A represents highly sensitive indicator; B represents moderately sensitive indicator; C represents lowly sensitive indicator; D represents

insensitive indicator

x99 HEABREZETNERS SN

Table 9 Principal components analysis of various indicators for the tested oats

A R B PCA loading

F8 45 Index

1 il I} I\
M- 9 Aboveground biomass 0.916 0.178 0.298 0.045
/INEE%L Spikelet number 0.902 —0.008 0.140 —0.075
FHKLEL Grain per spike 0.892 0.137 0.125 —0.176
¥k Plant height 0.884 —0.307 0.070 —0.225
FFRLA: #) i Grain biomass 0.878 0.309 0.171 0.080
220 )t Stem and leaf biomass 0.878 0.024 0.361 0.017
ZEH Stem diameter 0.857 0.272 0.025 —0.196
PR 2BUE Plant phosphorus accumulation 0.830 —0.093 —0.092 0.520
TR 25K Stem length under spike 0.793 —0.379 0.019 —0.263
AT R B A Grain phosphorus accumulation 0.740 —0.164 —0.174 0.612
e Lt Root-shoot ratio —0.738 0.626 0.031 0.054
JEE T Flag leaf area 0.700 0.334 —0.596 —0.136
HERF 4 Flag leaf length 0.640 0.370 —0.652 —0.111
bR A9 & Belowground biomass —0.044 0.935 0.295 0.082
FE{E{A Eigen value 8.818 2.008 1.196 0.889
BTk % Contribution/ % 62.988 14.345 8.544 6.347
B BTk Cumulative Contribution/ % 62.988 77.333 85.877 92.224

U Weight/ % 68.30 15.55 9.26 6.88
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