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PRAEVE R K, RETTAE AT T A& o AEAP 1 [
RidFEH, 1EPES (reactive oxygen species, ROS)
= L R B B BROK A B AT 0 OR 1 1
KRB, FEAREASRAE T, MR K P 4
PO ot S e R 0K, TR it P 2 B HH A R ) 2 T
% (alcohol dehydrogenase, ADH) %24,

ZE B RmR, H AR ZK R AR A2 R b BT ) i e
AR B S8 B R it i 1) AR Bl T KT A, (H
s W 7K T E 220 R R 0 DA S 5 SSOR G AR A i
A K BE ) 22 7 (1) R B AR BB AR I AN B » W]
AR FCIX — R A, AT TR 5.0 A1 10.0 cm
KSR, B SR DA 2 K B Dy 32 B A 4 8 A
AR R AT B, AR5 i — 25 I TG AU
R G Bl i 1t O N R R & &, R U A
R 5 1) DA R A HE A 18] T {1 280 B8 ) 22 1R DR B A
PRERFR, NES B K AE 58 I KRG A it
HEMWIRIEA S

1 #MRISREZE

1.1 REE# R
BRI F ok B 721 213 43 KRS

1219 GyHIFE, F 432 3 /K RERh BRI . 4T B Ah

SN s A S S N R 6 N = A R TR S RS T W 7

PJE T 50 °C FALFE 72 he
1.2 WA *%

RN HERM R PRI (g B . R R — R
100 %7, 3 IREE, £ 75%H1RE HIH# 5 min,
F 2% NaClO ¥ KB 15 min, #Ja F 4K pPE 5
o P HEECA R 73 31 T80T Bl A 002 8 4R 1 15 77 1L

(HA&9cm) HigFh 48 h, FFNEEPIE 25 biis
HF I 50 mL 808 (HE 2.7 em, &)E
11.5cm) , % 0.5, 5.0 1 10.0 cm 3 MAEKIEE,
HrF 0.5 cm AXTIRALFE (CK) o 435l ) 250
TEANZEKZ 0.5, 5.0 f110.0 cm, & RIEKBLREF
AH LV K A B = FEANAR o E 2642 °C\ AHXT IR B
T5% AT, BEERETE 7d. SRR TAE
TR (PR K A5 5 M 40E
L), BEHLEL 10 bifh I E IR ZE R R, IF
THEL P E (7K AL B R B 25 8K B 556 HEAL 2
IR ZERS KT I 25 /CK AL R IR 2R KT
1.3 MEERSHE

RIS IE 7d )5, HURZFESEERE, RS A
VI ELISA iXA)& (hE, Eifg; https:/www.
yuanjubio.com/) {K#E/E UL BT 455 1l € ABA. GA3
A IAA & &, L Ka-AMY. ADH %% f1 ROS
T,

1.4 HIELIE

8 F§ Microsoft Excel 2021 A 14T BG40 32,
{8 FH SPSS 26.0 #EAT K50 T 22 A i 2 B LU, Af
F GraphPad Prism 8.3.0 /£ &,

2 HERESR

2.1 WEEBEZMREIRRFIE

5.0 f110.0 cm #EKALEE TR, BT 4735 Z AR
R B IEM R (=0.75, P<<0.0001) .
DRk, A FC AH R 7 d FORE 2 8K B O 8 B R A
X} 432 4 KRR B R U AT AR GECHA IR I, 4
T L ) 4% 3 5 R B A R R 1. 050 5.0
10.0 cm FE/KALFEER, Bl A7 138 5 R A0l
N 44.88%. 97.93%K11 74.83%, JRZEESKEE S A
28.65%- 63.99%F1 46.28% (B 1 f1ZK 1) . 7F 0.5 cm
AEPRTR, FhF A AR MR N 13.33%~100.00%,
JE 25 85K P AR R A 0.55~1.93 ecm; 7 5.0 cm 7K
WERR, B AEE R IRTR N 0.00%~90.00%, fit
ZEEN K AR IR N 0.00~3.35 cm; 7 10.0 cm /K


https://www.yuanjubio.com/
https://www.yuanjubio.com/

218 TE¥p A& Crops 2026 55 3 H
- 0.5cm 5.0 cm - 10.0 cm
(@) 5t (b) 5
g 4t e 4 b a
S S -
S8 S EI
£ o : ;
z 2f = 2r
g E & ¥
Q Q
G L i B
o I o !
4 i
0 0 .
() 150 (d 150
S S .
s 2 100f 21000 = c b
aghs : ;g = : :
G €2 | 2 :
g = fg | = S
x 2 a2 50 == z
3 < — —
] 3 = F 3 %
wn wn — + i
0 100 200 300 400 500 0.5 5.0 10.0

fF Variety

/KR ¥ Flooding depth (cm)

(a)~(b) ANEIE KR L T /K TGRS IR AR ZF AL s (o)~(d) AN FIVEKIREE /K TR B BRI AE i R . ARG P RFRRER B (P<

0.05) o R

(a)~(b) The coleoptile length of rice germplasm resources under different water depths; (c)~(d) The survival rate of rice germplasm resources under
different flooding depths. Different lowercase letters indicate significant differences (P < 0.05). The same below.
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Fig.1

Submergence tolerance index of rice germplasm resources under different flooding depths
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Table I Means and coefficients of variation of seed survival rate and coleoptile length in rice under different flooding depths
HEKIRFE FFA7 % Seed survival rate (%) JiE 4854 Coleoptile length (cm)
Flooding B3 A £ A5 F A el FE EAbA ¢ A5 L
depth (cm) Range Mean Median CV (%) Range Mean Median CV (%)
0.5 13.33~100.00 48.40 4333 44.88 0.55~1.93 1.37 1.30 28.65
5.0 0.00~90.00 21.49 17.67 97.93 0.00~3.35 1.26 0.85 63.99
10.0 0.00~96.67 31.57 27.67 74.83 0.00~3.53 1.66 1.28 46.28
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Table2 Top ten germplasm resources with high germinability under submerged condition

s o EKEE SR EheEEC || oo Lo WOKME BOREKE Rl
. Flooding Coleoptile Waterlogging . Flooding Coleoptile Waterlogging
Number  Variety depth (cm) length (cm)  tolerance index Number  Variety depth (cm) length (cm)  tolerance index
1 A K 0.5 1.55 6 I 0.5 1.36
5.0 1.92 0.24 5.0 2.23 0.64
10.0 223 0.44 10.0 2.90 1.13
2 SR 0.5 1.97 7 Jan-76 0.5 1.87
5.0 2.18 0.11 5.0 2.14 0.14
10.0 2.58 0.31 10.0 2.72 0.45
3 TR 0.5 1.47 8 AL 58 0.5 1.89
5.0 1.66 0.13 5.0 2.03 0.07
10.0 2.73 0.86 10.0 2.59 0.37
4 bl T 2 0.5 1.80 9 3 PR 0.5 1.45
5.0 2.37 0.32 5.0 2.96 1.04
10.0 2.56 0.42 10.0 3.25 1.24
5 HB 0.5 1.37 10 LK 287 0.5 3.03
5.0 1.54 0.12 5.0 3.69 0.22
10.0 231 0.69 10.0 4.36 0.44
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Fig.2 Germinability of Huangpinuo (HPN), Putaohuang (PTH), Esiniu (ESN) and BoB (BB) under submerged condition
WHERFWZESR (R3) o PLESREKY, KR T 0.5 cm &3 WH & K a-AMY i%PEH ROS
st At LRI it Ao 2 B L B 9t ) i U SRU i R E TE, WK ROS §&E, @B Ha-AMY i
23 REME TIHREAR M ROEEE TR FIROS &5 0.5 cm hHLRZEZES (B3 .

f£5.0 cm J/KALTE T, #1451 ADH i1k, £10.0 cm /KA T, BRATE M ROS RS
W RE0-AMY 1 ADH W& 1E, HIEFe-AMY. 0.5 om A FE B Z 540, 4 AN EFa-AMY
ADH iFPERI ROS &8, 18 B i) ADH Gk R 2" ADH iETEHS R 35 & T 0.5 cm Ab2E (18 3) . £ 0.5,
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Table 3  Average coleoptile length of four
varieties under submerged condition

AR # BME BKE CPE R TR
Flooding Vuu‘ + Min. Max. Mean = E34
depth(em) Y (em)  (em)  (em) SD  CV (%)

0.5 WA 142 152 142gh 024 0.16
B 1.34 144 1355 025 0.19
W 138 158  1.44hi 0.11  0.08
AT 136 143 138 021 0.6
5.0 WA 1.89 216  1.92¢f 028 0.14
% B 1.96 223  213de 016  0.08
G 2.59 282  270bc 023  0.09
HWEE  1.80 193 1.84fg 027 0.5
10.0 WAL 2.64 287 283 016  0.06
MB 243 243  234cd 019  0.08
R 315 331 3.12a 027  0.09
AT 3.24 341  330a 030 0.09

ARNEFRF RN ZRBE (P<0.05) , T
Different lowercase letters indicate significant difference (P < 0.05),
the same below.
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Fig.3 Analysis of enzyme activity and ROS of hypoxia-
tolerant germination materials under different flooding depths

5.0 A110.0 cm WERAEHETN, KRS S AT a-AMY |
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Table 4 Characteristics of indica and japonica rice-related
enzyme activity and ROS under different flooding depths

’;ﬁgﬁg‘f KRG 5 H @-AMY  ADH ROS
depth (cm) Rice Item (U/g FW) (U/g FW) (ng/g FW)
05 hIFAE RME 37.60 7757  1322.95
e/ ME 3291 39.82 876.41
FHHE 3489c  58.90d 1087.69d
b2 2.88 16.64 177.10
FRAM (%) 0.08 0.28 0.16
R wKME 40.69 7822 1692.42
He/ME 38.97 7312 1179.65
TFIME 39.88b  75.58c  1415.90bc
b2 0.68 1.83 220.10
TREK (%) 002 0.02 0.16
50 ChIFE RME 39.68 80.03  1239.08
e/ ME 3331 53.46 920.04
FIME 36.23¢c  67.09d 1084.94cd
brifE 2 234 11.70 117.09
FRAM (%) 0.06 0.17 0.11
R wKME 43.26 87.77  1646.52
w/MA 37.77 80.85  1100.81
FHHE 40.85b  84.31b  1388.54b
FrifEZE 1.78 2.88 231.78

BRERE (%) 0.04 0.03 0.17

100  HiFE IS IN: | 4297 8520  1427.78
He/ME 36.71 57.43 945.54

FIME 39.67bc  71.23c  1171.51bc

brifE 2 247 12.42 204.58

BREK (%) 0.06 0.17 0.17

o IZPN | 45.70 9238  1652.19
w/MA 42.65 83.41  1446.48

“PEIE 4437a  88.82a 1560.67a

brifE 2 1.06 3.12 73.84

AR A (%) 0.02 0.04 0.05

24 REMETHREFBLAMBANERZEEDN
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MIAA &8, TGN GAs A TIAA & &, Witd
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0.5 cm AbEE; TR KRR ABA SR, HRIEF
ABA & &, 1B GA; fl ABA &5 0.5 cm 4t
HEREES (K4) . 7£10.0 cm E/KMEHE T,
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Fig.4 Endogenous auxin characteristics of hypoxia-tolerant
germination materials under different flooding depths

2.5 REE THHKE A & EFREAE K 24
7£ 5.0 cm #E/KALFE R, ADH 5 ABA. GAs.
IAA. ROS. a-AMY, ABA 5 IAA. ROS. 0-AMY,
GA3 5 IAA. a-AMY, IAA Ha-AMY A #UFHIIE
MM (7>0.6) ; {E£10.0 cm #E/KALFE R, ADH
5 GAs. IAA. ROS, ABA 5 ROS, GA; 5 IAA.
ROS. a-AMY, IAA 5 ROS. o-AMY R IEAX
(r>0.6) (K 6) o TMfE 5.0 1 10.0 cm /K AL EE
T, BHEEKES5a-AMY. GAs. TAA £ IEMH%
(r>0.9) . %, o-AMY iEPE. GA; T IAA &

RS NEEKRE THIEREEXH RS SHHE
Table 5 Characteristics of indica-japonica rice-related
hormone content under different flooding depths

TEIKIR KFE

Flooding < B E| GA; ABA IAA
depth (cm) Rice Item (pmol/g FW) (nmol/g FW) (nmol/g FW)
05 HifE BKE 0.62 379.86 0.31

w/MA 0.50 266.61 0.19
FHHE 0.56¢ 326.34de 0.25d
brifE 2 17.32 48.93 0.05
TRAM 31.02 0.15 0.19
KR BOKNE 1.07 545.33 0.45
He/ME 0.69 444.07 0.38
PHIE 0.88 500.21 0.41
FrifEZE 0.17¢ 34.15¢ 0.026b
TREH 019 0.07 0.06
50  HIfE AOKMH 0.67 356.41 0.34
He/ME 0.50 216.52 0.22
TFIME 0.60d 286.82¢ 0.28c
brifE 2 0.06 57.86 0.05
TRAM o011 0.20 0.19
Hifg ROE 1.18 557.85 0.49
w/MA 0.79 510.69 0.41
FHHE 0.98b 540.30b 0.45a
FrifEZE 0.15 17.32 0.03
TRAM 016 0.03 0.08
10.0  flfE HKME 0.67 482.44 0.34
He/ME 0.62 344.42 0.25
TFIME 0.64d 420.80d 0.29¢
bRt % 0.02 48.60 0.03
ARRH 003 0.12 0.12
HifE A 1.23 668.43 0.50
w/MA 0.94 595.42 0.41
TFIME 1.09a 624.95a 0.45a
brifE 2 0.12 27.50 0.04
BRAM o011 0.04 0.08

B KRR & R IE R M EE R, [
I 12 5 550 AL R T U 4 % B 0 22 7 0
G
3 g

IKFE B — R R TKRE TR
77 3, E i T H R B K S B 00 Wk 3
A A5 L1 1 0 R R e, 7 R B AR R £ R R 6T,
WEIER2IR 0, R 7 5 BT 6 1 O2 W FEIR T 10%
I, A RS B AR. Bk, EEEmHCE
%R 7R 4 70 T it A R 3 — i) R ) S R T
WEFTI-10G B, RV /KB AR, 7K i Ao 6] R 25 4
KA R I 225, Al IR 2 B BEAE i v
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Table 6 Correlation analysis between physiological indexes and coleoptile length under different flooding depths

wokiRp EEFRKE  cAMY EHE O b ROS & & GAs & ABA & & IAA & &
¥ekr Flooding ~ Coleoptile a-AMY . ROS GA; ABA IAA
. ADH activity
Index depth length activity content content content content
Ucm .U cm Ucm .U cm Ucm .U cm Ucm .U cm Ucm .U cm Ucm .U cm Ucm .U cm
(em) 59 10.0 5.0 10.0 5.0 10.0 5.0 10.0 5.0 10.0 5.0 10.0 5.0 10.0

U S 50 1.00 0.61 032 -0.54 0.69 -0.24 0.59
Coleoptile length  10.0 1.00 0.93 0.37 0.42 0.79 0.46 0.84
w-AMY JEHE 50 061 1.00 0.68 0.09 0.99 0.60 0.99
a-AMY activity 10.0 0.93 1.00 0.57 0.57 0.94 0.28 0.97
ADH i1 50 032 0.68 1.00 0.62 0.71 0.66 0.68
ADH activity 10.0 037 0.57 1.00 0.99 0.80 0.51 0.74
ROS 4 & 5.0 -0.54 0.09 0.62 1.00 0.06 0.78 0.11
ROS content 10.0 0.42 0.57 0.99 1.00 0.79 0.61 0.73
GA; 5 & 5.0 0.69 0.99 0.71 0.06 1.00 0.53 0.99
GA; content 10.0 0.79 0.94 0.80 0.79 1.00 0.32 0.99
ABA 4 & 50 -0.24 0.60 0.66 0.78 0.52 1.00 0.62
ABA content 10.0 0.46 0.28 0.51 0.61 0.32 1.00 0.31
IAA & & 5.0 0.59 0.99 0.68 0.11 0.99 0.62 1.00
IAA content 10.0 0.84 0.97 0.74 0.73 0.99 0.31 1.00
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Effects of Flooding Depth on Coleoptile Growth in
Rice and the Underlying Physiological Mechanisms

Liu Dong?, Li Junxia', Ma Mengjuan’, Zhang Qifei?, Li Ming", Fu Jing',
Wang Yuetao', Wang Fuhua', Yin Haiging', Wang Ya'
("Cereal Crops Research Institute, Henan Academy of Agricultural Sciences, Zhengzhou 450002, Henan, China;
2Fangcheng Meteorological Service, Nanyang 473200, Henan, China)

Abstract The screening, utilization, and investigation of the physiological mechanisms underlying anaerobic
germination tolerance germplasm resources are fundamental to developing new rice varieties suitable for direct
seeding. To simply and efficiently assess the anaerobic germination tolerance of germplasm resources, this study
employed coleoptile length as the primary screening criterion to assess hypoxia tolerance across 432 rice
accessions under 0.5 (control), 5.0 and 10.0 cm flooding conditions. The results showed that, under flooding
stress, coleoptile length and seed survival rate exhibited substantial genetic variation, with japonica cultivars
demonstrating significantly longer coleoptiles compared to indica cultivars. Ten germplasm resources with strong
anaerobic germination tolerance were identified through coleoptile length and hypoxia tolerance index. Among
these, the japonica rice varieties Putaohuang and Huangpinuo, as well as the indica rice varieties Esiniu and
BoB, exhibited superior hypoxia resistance during germination. Additionally, the coleoptile lengths of japonica
rice varieties Putaohuang and Huangpinuo were found to be longer than those of indica rice varieties Esiniu and
BoB under flooding treatments. Physiological analyses revealed that the contents of abscisic acid (ABA),
gibberellic acid (GA3), indole-3-acetic acid (IAA), and the activities of a-amylase (a-AMY) and alcohol
dehydrogenase (ADH) were significantly higher than the control (0.5 ¢cm) under flooding stress, and a-AMY
activity, GAz and IAA contents of japonica rice varieties were higher than that of indica rice varieties.
Correlation analysis showed that under flooding treatment, the a-AMY activity, GAs and IAA contents of four
varieties were positively correlated with coleoptile length (» > 0.9). The above results showed that ABA, GA3,
IAA and ROS contents and a-AMY and ADH activity promote the elongation of coleoptiles, while a-AMY
activity, GA3 and IAA contents play more important positive roles in the elongation of coleoptile under flooding
stress, and higher a-AMY activity, GAs and IAA contents gave japonica varieties more low-oxygen germination
tolerance.

Key words Rice; Flooding depth; Anaerobic germination tolerance; Coleoptile; Germplasm resources;

Physiological mechanisms
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