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Effect of Oxygen and Temperature Levels on the Seedling Characteristics of Korean
and Anaerobic Germination—tolerant Rice under Flooding Conditions

Jong-Min Jeong"', Jinhee Kim? Youngjun Mo', Su-Kyung Ha', Woo-Jae Kim', Bo-Kyeong Kim®, and Ji-Ung Jeung®

ABSTRACT The aim of the present study was to compare the germination and seedling characteristics of rice varieties grown
under various flooding conditions and different temperature and oxygen levels and to identify germplasm suitable for wet direct
seeding. Three anaerobic germination tolerant (AGT) genotypes (PBR, WD3, KHO) and eleven Korean rice varieties (KVs)
adapted for direct seeding were evaluated for seedling performance under different temperatures (15, 18, 21, and 24°C) and
oxygen levels (Low, Normal, High). Compared with the KVs, the AGT genotypes (especially KHO and PBR) exhibited relatively
high germination and survival rates and coleoptile and radical growth rates under low temperature and low oxygen conditions,
thereby indicating their suitability for wet direct seeding. Among the KVs, ‘Dongan,” ‘Jungan,” and ‘Cheongdam’ rice exhibited
the highest survival rates under low temperature and low oxygen conditions. Three-way ANOVA indicated that temperature had
the greater effects on seedling characteristics (43.2-78.0%) than either oxygen level (15.4-37.5%) or genotype (2.0-29.8%) did.
Therefore, in direct seeding cultivation, temperature was the most important environmental factor for seedling establishment.
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Table 1. Korean and anaerobic germination-tolerant rice varieties used in the present.

Year

Group Variety released Cross combination Remark
Nongan 1994  Akitssuho/Fuji269//Pungsan Adaptable to dense direct-seeded cultivation
Juan 1995  Seolag/Koshihikari//Samnam Adaptable to dry or wet direct seeding
Dongan 1997 Milyang95/HR5119-12-1-5 Adaptable to dry or wet direct seeding
Hoan 1998 Kanto149/Milyang95 Adaptable to direct seeding
Jungan 1999 Namyang7/Hapcheonl*2 Adaptable to direct seeding

KV  Dongjinl 2001 Hwayeong/HR12800-AC21
Pyeongan 2003  Iksan438/HR15003-69-B-3
Cheongdam 2006 SR19200-HB826-34/Juan Adaptable to direct seeding
Hopum 2006 Milyangl65*2/Tksan438 Adaptable to dry or wet direct seeding
Hwanggeumnodeul 2007 Milyangl65/HR15151-B-21-3 Adaptable to direct seeding
Sukwang 2011 HR20017-B-19-3-1/HR19574-B-63-2
PBR - Korea, Weedy AGT, Weedy

AGT WD3 - Korea, Weedy AGT, Weedy
KHO - Myanmar landrace AGT, Weedy

KV, Korean variety; AGT, anaerobic germination tolerant
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Table 2. Effect of temperature on the germination performance
of Korean and anaerobic germination tolerant rice

varieties.

Group Variety OTG MGT LTG MGT
(%) (day) (%)  (day)
Nongan 94.0 34 66.7b  10.9bc
Juan 94.7 3.2 27.8c 11.3bc
Dongan 96.0 34  613b 11.7bc
Hoan 99.4 3.1 653b 1l.1bc
Jungan 96.0 3.2 66.0b 12.5¢

KV Dongjinl 94.7 34 64.0b 11.4bc
Pyeongan 92.6 3.2 60.0b 11.0bc
Cheongdam 96.0 33 60.7b 11.6bc
Hopum 98.0 3.1 57.3b  10.6bc

Hwanggeumnodeul 97.3 3.2 70.0ab 10.6bc

Sukwang 94.7 32 82.7ab 10.5bc

PBR 97.3 32 96.0a 9.4b
AGT WD3 96.5 3.4  87.3ab 10.4bc

KHO 97.8 33  953a 7.4a
KV Mean 958 33 623 112
AGT Mean 97.6ns 32ns 929" 9.1"

KV, Korean variety; AGT, anaerobic germination tolerant;
OTG, Percent germination under optimum temperature (30°C)
for 7 d; MGT, mean germination time; LTG, Percent of ger-
mination under low temperature (13°C) for 14 d. Different
lowercase letters indicate significant differences by DMRT
(p<0.05). ™", Significant difference between KV and AGT (-
test at p<0.001. ns; no significant difference
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Fig. 1. Changes in daily mean temperature and during the experiment period. (a) Environmental conditions of the net-house
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set to 15 (bl), 18 (b2), 21 (b3), and 24°C (b4), respectively. Each point represents the mean of 10 d.
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CJGR M SVR
Fig. 2. Germination and survival rates of 14 rice varieties under flooded conditions in a net-house. White and black bars represent
germination rate (GR) and survival rate (SVR) at 14 and 21 d after sowing, respectively. Values and error bars indicate
mean + SE values (n=3). Different lowercase letters indicate significant differences among the genotypes (DMRT, p <

0.05).
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Fig. 3. Effect of temperature and dissolved oxygen level on germination related traits in Korean (KV) and anaerobic germination
tolerant (AGT) rice genotypes under flooded conditions. (a) Germination rate; (b) Survival rate; (c) Coleoptile length;
and (d) Radical length.
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Table 3. Effects of temperature, dissolved oxygen level, and rice genotype on seedling performance.

Trait  Source of variation df Sum of Square Mean square F-value R? (%)
Genotype (G) 13 319908.9" 24608.4 163.8 29.8
Oxygen (O) 2 37837.9" 18919.0 126.0 22.9
Temperature (T) 3 106891.4™ 35630.5 237.2 432
GR GxO0 26 13701.4™ 527.0 3.5 0.6
GXT 39 31157.8™ 798.9 5.3 1.0
OXT 6 10350.7" 1725.1 11.5 2.1
GXOXT 78 27414.1° 351.5 23 0.4
Genotype (G) 13 42855.1"" 3296.5 11.8 5.7
Oxygen (O) 2 18574.6™ 9287.3 33.3 15.8
Temperature (T) 3 129373.3™ 431244 154.4 74.5
SVR  GxO 26 4789.4™ 184.2 0.7 0.3
GXT 39 25030.1"" 641.8 2.3 1.1
OXT 6 8059.0""" 1343.2 4.8 23
GXOXT 78 11124.6™ 142.6 0.5 0.2
Genotype (G) 13 4267.0™" 328.2 50.6 2.0
Oxygen (0O) 2 5192.6" 400.3 400.3 15.4
Temperature (T) 3 393482 2022.5 2022.5 78.0
CL GxO0 26 1102.6™ 6.5 6.5 0.3
GXT 39 2947.6"" 11.7 11.7 0.4
OXT 6 3982.4™ 97.2 97.2 3.7
GXOXT 78 25232 5.0 5.0 0.2
Genotype (G) 13 927.1""" 71.3 35.6 33
Oxygen (0O) 2 1620.6™" 810.3 404.4 37.5
Temperature (T) 3551.3™ 1183.8 590.8 54.8
RL GxO0 26 17417 6.7 33 0.3
GXT 39 4358 11.2 5.6 0.5
OXT 6 43417 72.4 36.1 33
GXxOXT 78 4995 6.4 3.2 0.3

GR, germination rate; SVR, survival rate; CL, coleoptile length; RL, radical length; ™~ and ", significance difference (3-way
ANOVA, p<0.01 and p<0.001); ns, not significant difference
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Table 4. Correlations between survival rate and seedling traits
under submergence conditions in the net-house and

greenhouse.
Experiment  Variables LT-MGT GR SVR
LTG -0.657" 0703 0.671""
Net-house ~ LT-MGT 204317 -0.564""
GR 0.831°"
Experiment  Variables SVR CL RL
GR 0450 0455 0.460™
Greenhouse SVR 0.630™"  0.567""
CL 0.822""

LTG, low-temperature germination; LT-MGT, mean germination
time at 13°C; GR, germination rate; SVR, survival rate; RL,
radicle length; CL, coleoptile length
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Supplementary Table 1. Effect of temperature and dissolved oxygen level on the germination rate of Korean and anaerobic germination tolerant rice
varieties under flooding conditions.

Germination (%)

Temp/DO 15°C 18°C 21°C 24°C
Group Variety Low Nor High Low Nor High Low Nor High Low Nor High
Nongan 0.0° 132" 33.2¢ 1327 33.0° 39.94 38.6%  39.6¢ 40.0® 66.4  59.9° 59.8de
Juan 0.0° 0.0’ 6.6 0.0 7.0° 19.8° 17.8 15.2" 26.4¢ 27.8° 33.1° 33.2f
Dongan 26.6% 53.0° 59.9% 533  728%  733° 53.0¢ 731 75.3% 7324 952%  73,0%
Hoan 1324 272 397%f 256%  464%  53.1° 33.0° 59.9%f 53 3%f 59.8¢ 65.4%  61.8%
Jungan 59.9% 66.7° 87.6" 66.4° 80.0°  88.0° 72.0° 93.3%®  92.0° 72.8°  96.0%  93.3%
KV Dongjinl 0.0° 464 66.5° 40.0¢¢  59.8¢ 930" 66.2  66.0°°  88.6% 80.0™°  100.0° 93.4%
Pyeongan 265 265% 266" 19.8%F  33.1° 33.3% 312 39.60 60.0°% 33.0° 66.5%  40.0F
Cheongdam 53.3° 53.4° 53,354 52.8°  66.8"  53.19 69.0° 59.6%"  66.4°* 59.64 59.8° 73.3%
Hopum 13.2% 19.88"  39.6%" 26.5%  33.1° 53.5 33.1° 39.78 53.4%f 39.7° 59.4° 46.5°
HGND 0.0° 19.88"  46.2% 26.4%  333° 53.3¢ 39.6%  46.7%  52.8F 59.64 733 59.9%
Sukwang 36.0° 4629 46.7% 39.9%  46.4%  39.8% 51.6% 547 61.0°% 59.9¢ 60.0° 63.2°%
PBR 73.3° 86.7°  100.0° 93.3° 86.7° 93.3 86.7°  100.0° 93.3° 867"  93.3®  100.0°
AGT WD-3 33.0° 39.9%  66.4° 40.0¢  66.7°  86.7" 599"  933®  60.0%"  933° 86.7°  93.3%
KHO 13.2% 3310 46.7°% 734%  80.0° 734 73.4%®  80.0*°  73.3™ 93.3° 80.0%¢  79.9%
KV Mean + SD  20.8+11.2 33.8+10.4 46.0£11.4 33.1£12.0 46.5£11.2 54.6+12.4 459492 53.4+11.3 60.8£11.4 57.4+£9.5 70.0+10.9 63’49*10'
AGT Mean = SD  39.8+153 532+13.5 71.0£12.0 68.9+12.8 77.8+8.1 84.5£8.6  73.3£9.7 91.2+7.6 75.5£102 91.1£7.6 86.7+8.4 91.1£7.2
KV v aGt w " i W

Different lowercase letters indicate significant differences (DMRT, p<0.05).
KV, Korean variety; AGT, anaerobic germination-tolerant; GR, germination rate; ", ™, ™, significant difference between KV and AGT by t-test (p<0.05,
p<0.01, p<0.001)

Supplementary Table 2. Effect of temperature and dissolved oxygen level on the survival rate of Korean and anaerobic germination tolerant rice varieties
under flooding conditions.

Survival (%)

Temp/DO 15°C 18°C 21°C 24°C
Group Variety Low Nor High Low Nor High Low Nor High Low Nor High
Nongan 0.0 0.0 0.0 0.0° 0.0° 0.0° 0.0° 27.7%% 411 0.0¢ 5104 5330
Juan 0.0 0.0 0.0 0.0° 0.0° 0.0° 0.0° 7.6 14.3¢ 0.0¢ 15.4° 26.5
Dongan 0.0 0.0 0.0 7.8° 33.4° 39.0° 26.7° 46.7%% 7120 467 556 74.5%
Hoan 0.0 0.0 0.0 0.0° 10.0%  13.9% 0.0° 26,6 39,9 333F  533% 0.0
Jungan 0.0 0.0 0.0 0.0° 14.5¢  60.2° 25.6 66.8  86.8° 46.7°%  86.8" 83.4
KV  Dongjinl 0.0 0.0 0.0 0.0° 0.0° 0.0° 14.4%  535%4  g1obde  400% 556 61.1%%
Pyeongan 0.0 0.0 0.0 0.0° 3.3° 13.3% 6.6° 19.9%  32.1f% 19.9F 26.5%  332°f
Cheongdam 0.0 0.0 0.0 0.0° 27.9% 0.0° 26.7° 657 533" 613®  533bd 53 3edef
Hopum 0.0 0.0 0.0 0.0° 0.0° 0.0° 6.6° 40.0%%" 13,18 26.6" 33.200 533l
HGND 0.0 0.0 0.0 0.0° 6.6% 0.0° 6.6° 19.9%  332% 0.0¢ 47.8%¢  533%f
Sukwang 0.0 0.0 0.0 0.0 0.0° 6.6% 13.3% 266 46.6%F 19.9F 54.5%  533%f
PBR 0.0 0.0 0.0 0.0° 267 412° 60.2° 80.2° 80.1° 60.1*  86.8" 93.5°
AGT WD-3 0.0 0.0 0.0 0.0° 0.0° 46.8° 46.8* 60.1%¢  73.4%° 60.1°  84.7° 86.8°
KHO 0.0 0.0 0.0 7.8° 200  21.2° 60.2° 80.2° 73.4% 73.5° 73.4%  80.1%
KV Mean+SD 0.0 0.0 0.0 0712 87464 12.049.7 11.546.1 36'4;10' 44'8:“' 26'7;10' 48.5:9.9 55.0+9.4
AGT Mean+SD 0.0 0.0 0.0 2.642.0 15.6£6.7 36.4+6.7 55.7+7.1 73.549.7 75.749.4  64.6+5.1 81.6+9.9 86.8+8.7
KV vs AGT ns ns . ” . . - . .

Different lowercase letters indicate significant differences (DMRT, p<0.05).
KV, Korean variety; AGT, anaerobic germination-tolerant; SVR, survival rate; e significant differences between KV and AGT (#-test, p<0.05,
p<0.01, and p<0.001, respectively), ns; no significant difference
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Supplementary Table 3. Effect of temperature and dissolved oxygen level on the coleoptile length of Korean and anaerobic germination tolerant rice
varieties under flooding conditions.

CL (cm)
Group Temp/DO 15°C 18°C 21°C 24°C

Variety Low Nor High Low Nor High Low Nor High Low Nor High
Nongan 1.7 1.3¢ 1.6 4.]%e 6.1% 4.1 537 14.8% 1654 6.5° 18.2%% 24,9

Juan 0.0° 0.0° 1.0° 0.0 43 1.58 2.3f 11.8%  12.1° 520 1487 285°
Dongan 23° 22% 1.9bede 5.1 8.9% 5.50def 13.0°  162%  17.2¢ 243" 23.5%  24.4%
Hoan 2.3%® 2.]%e 2.5%e 37% 10.0° 7.7%e 57 15.6%  17.4% 21.9® 224"  2].5%f
Jungan 2.5° 2.5% 2.2%cd 6.1 6.8 9.8* 1084 15.4%¢ 209" 146 227 268"
KV  Dongjinl 0.0° 0.0° 1.3% 1.44 2.2f 3.3% 7.8%  10.5° 14.7% 8.7  10.5° 21.9%f
Pyeongan 1.5% 2.5° 2.1 3.9% 6.1% 5.7¢0f 6.4° 165 14.3% 9.4%  16.2° 27.3%
Cheongdam 2.2% 2.1%e 1.8bede 5.30e 8.7%° 5.0%f 8.9 14.9%  [59% 16.8° 188 193"
Hopum 2.0%° 2.0%° 2.4%° 5.4%¢ 5.9% 3.9°% 12.4% 179"  16.8% 14.0¢ 108" 24,04
HGND 2.2% 2.3° 2.0 4.5%¢ 5.0% 5.9% 5.5 159>  17.6% 0.0 17.4%  24.7%%
Sukwang 2.1 220 2,200 43% g 7.00¢ 8.6% 158"  13.6% 627 18.2%%  20.8
PBR 2.6° 2.4 2.9° 6.0™ 6.9 8.9™ 6.5° 18.7° 23.1° 13.14 2130 57
AGT WD-3 2.2% 1.7 2.30bed 4.5% 6.1°% 9.9 10.4%4 187 232° 15.8* 256"  27.0"
KHO 1.24 1.6% 2.6% 5.5%¢ 5.7% 8.0 14.2° 25.8° 31.1° 27.7° 27.9* 35.1°
KV MeantSD 1.7£0.5 1.920.5 1.9+0.3  4.0£1.1 6413 54£13  7.9£19 150£1.5 16.1£1.9 11.6£3.9 17.6+2.7 24.0£1.9
AGT Mean+SD 2.0+03 1.7+03  1.2£0.5  53+1.1 62+09 89+1.3 10323 21.1£2.8 25.8+2.4  18.9+4.4 25.0+2.2 29.3+2.7

KV vs AGT ns ns ** . ns - ) - " " - )

Different lowercase letters indicate significant differences (DMRT, p<0.05).
KV, Korean variety; AGT, anaerobic germination-tolerant; CL, coleoptile length; o, significant differences between KV and AGT (#-test, p<0.05,
p<0.01, and p<0.001, respectively), ns; no significant difference

Supplementary Table 4. Radical length of 11 KV and 3 ATG under flooding condition with different temperature and oxygen.

RL (cm)
Temp/DO 15°C 18°C 21°C 24°C
Group
Variety Low Nor High Low Nor High Low Nor High Low Nor High
Nongan 0.0 0.2%% 1.5 0.3¢ 1.3% 4.7 0.7° 3.8° 4.8+ 1.8% 454 7.7°%
Juan 0.0° 0.0% 0.4 1.0%% 1.5 2.6 1.5% 4.4% 6.2% 1.6% 4.8° 6.6"
Dongan 0.7 1.0° 1.2 1.9%cde 53 5.2 5.5 8.3° 8.1° 5.30e 9.4% 11.1°
Hoan 0.1 0.8 1.5% 1.5%¢ 5.6° 5.0 0.4 6.6 8.2° 6.7 8.6 8.6°%"
Jungan 0.8 0.7° 1.7 3.7 4.1 5.4 3,10 5.20de g5t 3.4 8.4%  14.1°
KV Dongjinl 0.0 0.0° 0.2¢ 0.3 0.3¢ 2.4 1.9%d  34° 5.9 2.1% 1.64 7.4°%
Pyeongan 0.0° 0.8° 1.5% 1.0% 22%F  20f 1.9%d  43% 2.7¢ 1.4% 4.6° 8.6be%f
Cheongdam 0.3% g5 16" 24% 540 2.8%f 1.90cde 5 pbede 7 ghbe 4.9 7.8 5.6
Hopum 0.6 0.9° 1.6® 2.4%ed - gedel 3 gbede 3.4 6.4 6.4™ 3.3% 4.0 g.1%f
HGND 0.1%4 1.5% 1.5% 2.]%ed 3l 5.1bcd 3.2% 4.4% 7.7% 0.0° 6.3 6.3%
Sukwang 0.3%d Q4P 50 1.4 3.0 4,50 1.5% 5.1 5.6™ 2.1% 6.6 7.1¢%
PBR 0.6 0.6™ 2.5° 3.4% 3.4 6.1" 1.5% 6.1 6.7 4.3 9.5® 9,3bcde
AGT WD3 0.7 0.6 1.9® 2.7%e 5.8° 7.9 3.6" 7.1% 1220 41 10.9° 10.7%¢
KHO 0.0 0.1 1.5 1.8bcde g 5def 5.0Pcd 2.7° 6.8 6.5™ 5.7% 7.4 10.7%

KV Mean+SD 0.3+0.2 0.6+0.3 1.2+0.4 1.6+£0.7 3.1+1.0 3.9+0.9 2.3+0.9 52+1.0 6.4+1.2 3.0£1.2 6.0+14 83+14
AGT Mean+SD 0.4+0.3 0.4+0.2 1.9+0.5 2.7+£1.0 4.0+1.1 6.3+1.1 2.6£0.9 6.6+0.6 8.4+1.6 4.7+1.0 9.3+1.0 10.2+1.0
KV vs AGT ns ns ’ ’ ns - ns ) ” ** - )

Different lowercase letters indicate significant differences (DMRT, p<0.05).
KV, Korean variety; AGT, anaerobic germination tolerant; RL, radical length; T significant differences between KV and AGT (#-test, p<0.05,
p<0.01, and p<0.001, respectively), ns; no significant difference




