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Effects of Elevated Temperature after the Booting Stage on Physiological
Characteristics and Grain Development in Wheat
Ki Eun Song', Jae Eun Choi’, Jae Gyeong Jung?®, Jong Han Ko®, Kyung Do Lee?, and Sang-In Shim®%'

ABSTRACT In recent years, global warming has led to frequent climate change-related problems, and elevated temperatures,
among adverse climatic factors, represent a critical problem negatively affecting crop growth and yield. In this context, the present
study examined the physiological traits of wheat plants grown under high temperatures. Specifically, the effects of elevated
temperatures on seed development after heading were evaluated, and the vegetation indices of different organs were assessed
using hyperspectral analysis. Among physiological traits, leaf greenness and OJIP parameters were higher in the high-temperature
treatment than in the control treatment. Similarly, the leaf photosynthetic rate during seed development was higher in the
high-temperature treatment than in the control treatment. Moreover, temperature by organ was higher in the high-temperature
treatment than in the control treatment; consequently, the leaf transpiration rate and stomatal conductance were higher in the
control treatment than in the high-temperature treatment. On all measuring dates, the weight of spikes and seeds corresponding to
the sink organs was greater in the high-temperature treatment than in the control treatment. Additionally, the seed growth rate was
higher in the high-temperature treatment than in the control treatment 14 days after heading, which may be attributed to the higher
redistribution of photosynthates at the early stage of seed development in the former. In hyperspectral analysis, the vegetation
indices related to leaf chlorophyll content and nitrogen state were higher in the high-temperature treatment than in the control
treatment after heading. Our results suggest that elevated temperatures after the booting stage positively affect wheat growth and
yield.
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Fig. 2. Changes in the SPAD value of flag leaf and second uppermost leaf in wheat grown under ambient and elevated

temperatures (P < 0.05).
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SHAX|(KOREAN J. CROP SCl.), 66(4), 2021

Days after heading

in wheat grown under ambient and elevated temperatures.
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Fig. 6. Surface temperature of flag leaf, second uppermost leaf, and spike in wheat grown under ambient and elevated temperatures
at 14 days after heading (P < 0.05).
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temperatures (P < 0.05).
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Table 1. Yield-related characteristics of wheat grown under ambient and elevated
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Fig. 9. Changes in the seed growth rate of wheat grown under
ambient and elevated temperatures (P < 0.05).

temperatures (P < 0.05).

No. of spike Spike weight Yield 1000 seeds weight
(No.-10a™) (kg-10a™) (kg-10a™) (2)
Control 450° 766° 510° 50°
High temperature 510° 974* 689° 47°
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Table 2. Vegetation indices calculated based on the spectral reflectance of the flag leaf.

0 DAH 7 DAH 14 DAH 21 DAH 28 DAH 35 DAH

Indices Control High Control High Control High Control High Control High Control High
temp. temp. temp. temp. temp. temp.

NDVI' 0.784 0.769 0.730  0.726 0.702  0.728 0.712  0.733 0.666  0.702 0.209 0.674
RE-NDVI? 0.513  0.511 0.448 0.459 0417 0.458 0.408  0.464 0.347 0.434 0.060 0.362
MRE NDVP? 0.755 0.737 0.732  0.741 0.671  0.709 0.610  0.709 0.592 0.767 0.101 0.614
NRI* 0.227 0.155 0211  0.180 0.205 0.164 0.225  0.148 0.251  0.153 0.068  0.205
GP° 1.591 1.367 1.538  1.442 1.517  1.394 1.586  1.348 1.680  1.363 1.195 1.530
SRI® 9481 7.937 7.082  6.679 6.249  6.848 6475  6.528 5.831  6.057 1.979 5914
GNDVI’ 0.657 0.653 0.566  0.587 0.538  0.595 0.551 0.608 0.485  0.565 0.190 0.515
VOG REII® 1.647 1.643 1.511  1.525 1.454  1.534 1.435 1.541 1.342 1.491 1.055 1371
PRI’ 0.020 0.014 0.038  0.031 0.020  0.025 0.011  0.023 0.010  0.031 -0.098  0.010
PSRI" -0.014  0.004 -0.022  -0.012 -0.010 -0.006 0.007  0.007 -0.007 -0.015 0.347 -0.007
SIpI"! 0.955 0.987 0946 0.961 0972  0.976 1.004  0.992 0.953  0.934 2.186  0.959
BI" 1.208 1.061 1.097 1.121 1.061  1.098 1.022  1.056 1.132  1.141 0979 1.123
PSSRa'? 9.228 7.774 6.892  6.509 6.128  6.681 6.331 6.353 5.607  5.823 1.941 5.815
PSSRb'* 8.358 7.667 6.430 6.293 5.755 6414 5994  6.519 5.040 5.721 1.600 5225
PSSRc"? 8.268 7.975 6.040  6.089 5784 6.419 6.588  6.600 5425  5.400 3.601 5.588
cr's 0.826  0.828 0.869 0.878 0.833  0.860 0.784  0.854 0.784  0.894 0.612  0.806
RI" 1.772  1.544 1.629  1.547 1.599  1.563 1.730  1.527 1.803  1.505 1.364  1.685
PhRi'® -0.070  0.092 0.026 0.014 0.064  0.040 0.075  0.020 0.002  0.003 0.057  0.025
GCr1” 4318 4210 3.024  3.281 2.739  3.385 2.850  3.569 2211  3.007 0.603  2.485

NDVI' - (R800-R680)/(R800+R680), Re-NDVI® - (R750-R710)/(R750+R710), MRE NDVP - (R750-R705)/(R750+R705-2*R445), NRI*
- (R570-R670)-(R570+R670), GI° - R570/R670, SRI® - R900/R680, GNDVI’ - (R750-R550)/(R750+R550), VOG REII® - R740-R720,
PRI’ - (R531-R570)/(R531+R570), PSRI'’ - (R680-R500)/R750, SIPI'' - (R800-R445)/(R800+R680), BI'? - R450/R490, PSSRa" -
R800/R680, PSSRb'* - R800/R635, PSSRe'® - R800/R500, CI'S - R515/R570, RI' - R700/R670, PhRi'® - (R550-R531)/(R550+R531),
GCI"” - (R780-R550)-1.

Table 3. Vegetation indices calculated based on the spectral reflectance of the second uppermost leaf.

0 DAH 7 DAH 14 DAH 21 DAH 28 DAH 35 DAH

Indices Control High Control High Control High Control High Control High Control High
temp. temp. temp. temp. temp. temp.

NDVI' 0.753  0.770 0.716  0.718 0.697 0.724 0.709 0.719 0.624  0.671 0.150  0.527
RE-NDVI? 0.488 0.508 0.431 0.442 0.399  0.435 0.389 0.424 0.300 0.379 0.044  0.237
MRE NDVE  0.734 0.735 0.727  0.718 0.667  0.675 0.591  0.659 0.502  0.679 0.067  0.433
NRI* 0.185 0.162 0.210 0.180 0.218 0.185 0.253  0.172 0.290 0.187 -0.087  0.157
GI’ 1.457 1.387 1.534  1.440 1.562  1.455 1.688 1.416 1.826  1.464 0.850  1.395
SRI® 7.628 8.215 6.781  6.457 6.262  6.830 6.761 6.412 5.849  5.605 1.391  4.133
GNDVI’ 0.634 0.658 0.556  0.577 0.529  0.582 0.544  0.582 0.436 0.515 0.218  0.411
VOG REI1® 1.600 1.644 1.479  1.501 1.425 1.484 1.401 1.462 1.281 1.398 1.038  1.215
PRI’ 0.014 0.022 0.035 0.033 0.033  0.028 0.016  0.025 0.008  0.025 -0.112  -0.025
PSRI" -0.006  0.000 -0.025 -0.011 -0.024 -0.007 -0.004  0.000 -0.015 -0.013 0.465  0.057
SIpI"! 0.971 0.980 0.936  0.960 0.949  0.973 0.988  0.985 0.959 0.938 3.150  1.048
BI' 1.137  1.109 1.147  1.095 1.096 1.078 1.053  1.065 1.082  1.153 0.833 1.103
PSSRa" 7.439 7973 6.602  6.329 6.127  6.665 6.626  6.248 5.567 5.386 1.339  4.025
PSSRb™ 7.108 7.717 6.056  6.098 5.610 6.247 5.900 6.125 4.468 5.106 1.357  3.453
PSSRc"? 7.140 7.972 5.766 5942 5.442  6.387 6.480 6.248 5.170  5.073 3.046  4.470
cr's 0.841 0.844 0.875 0.876 0.867  0.849 0.780  0.853 0.772  0.865 0.662  0.764
RI" 1.630 1.612 1.640  1.588 1.704  1.648 1.885 1.633 1.972  1.617 1.075  1.628
PhRi'® 0.046 0.018 0.037  0.032 0.069  0.032 0.050 -0.021 -0.066 -0.095 0.035  0.037

Gcr” 3.874 4.297 2.898  3.144 2.614 3.178 2.746  3.180 1.842  2.469 0.715  1.664
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Table 4. Vegetation indices calculated based on the spectral reflectance of spike.

0 DAH 7 DAH 14 DAH 21 DAH 28 DAH 35 DAH
Indices Control tilfllit’l Control tljrlf; Control tI: :f; Control ,[I;}Irlf; Control tI:rlri})l Control ,[I;}Irlf;
NDVI' 0.752  0.740 0.658 0.672 0.642  0.693 0.656  0.687 0.557 0.572 0.467 0.452
RE-NDVI? 0.431 0.425 0.393 0.412 0378 0.418 0373 0411 0.283  0.305 0.197 0.208
MRE NDVI* 0611 0.599 0.687 0.703 0.702  0.624 0.540 0.594 0.452  0.520 0302 0.372
NRI* 0.290 0.261 0.248 0.248 0.219 0.273 0.284 0.269 0.285 0.264 0.275 0.220
GI° 1.819 1.709 1.662  1.660 1.560 1.753 1.793  1.736 1.796 1.718 1.760  1.566
SRI® 8.795 7.642 5970 6.159 5.560 7.180 6.181 6.710 4890 4.885 3.963 3.783
GNDVI’ 0.611 0.608 0.488 0.506 0.469 0.541 0.504  0.540 0413 0.425 0.349 0.344
VOG REI® 1.500 1.490 1.448 1.480 1.420 1.496 1.398 1.479 1.283 1316 1.176  1.189
PRI’ 0.010 0.012 0.032  0.032 0.031 0.013 -0.004  0.006 -0.021 -0.005 -0.043  -0.027
PSRI" -0.011 0.000  -0.053 -0.049 -0.062 -0.026 -0.011 -0.014 -0.017 -0.028 0.015 -0.013
SIp1"! 0.977 0.997 0.926 0.936 0917 0974 1.015  1.000 0.999 0.959 1.081 0.998
BI"? 1.090 1.081 1.073  1.059 1.062 1.031 0.934 0972 0.967 1.038 0.886 1.011
PSSRa"? 8.623 7.546 5.869 6.057 5.416 7.083 6.188 6.675 4853 4812 3.982 3.778
PSSRb" 7.074  6.702 4.864 5.103 4.592  5.560 4.868 5.427 3.538 3.685 2.770  2.676
PSSRc" 7.921 7.520 4.604 4.802 4.194  6.045 5.834 6.143 4498 4.264 4208 3.555
cr'e 0.796 0.811 0910 0911 0.934 0.832 0.775 0.815 0.764 0.814 0.717 0.784
RI" 2246 2.150 1.732  1.707 1.621 1.897 1.920 1.892 1.923  1.836 1.976 1.711
PhRi'® -0.002 0.016  -0.015 -0.017 0.019 0.078 0.021  0.131 0.031 0.395 -1.484  0.029
GC1" 3.487 3.431 2240 2417 2.136  2.664 2312 2.658 1.567 1.642 1.167 1.155
ZED BMS E5F 7|2 AIMX|A A 452 SRIZ PSSRa= &4+ § 149702 FA4 217}
oAl g ATAY, HYUA2Y D olAE A RGO} T o] Follt BeHEToIH e AOE HopA,
24 FASS vlashy] fsiA 715 E AR A s FA e 2Rz Ge] el Wt Aoz AekEr):
(£ 5 359)7HA] 400~1000 nm 2] 223 WhA&-S 0|4 (Table 3).
skl =2 ARAFES FE5ItH(Tables 2, 3, and 4). ojatel =A== 7|de FHjA EA4 HER 7IVE
Ao APArE E4 AiNTable 2), P54 A F o7 FA o] ofHAN, 2% E4& &3 YA
HH AAR]4=2] NDVI, SRI, GNDVI, PSSRa, PSSRb2 2A0 g vgia Wi or sHrlrl 7hssicth 2 Lo
S5 3 TY7MAE FAT7E LA 2ol Blsl =9kA A AT 24729 AAg=Sl vls) o4t =
Tk, Algko] Aol whet AL A2 Gt7E wobsh Qo] Aa Mm@ Aoz SRl EgItk(Table 4)- o Fold &
JHE Tefshs AAA4¢l RIS PhRi= 919 Farky &3 WlE o4e PRI= &4 £ 74 %E‘Rk%tﬂ A 3
O FobA= AFol A=t o] AeEd A7 AYHARGE E5 F Tl & A2 YETtH(Tables
AR Wek7] wiigel]l A1Fe] Ha Al Al 2,3,4). o] A¥te 5 5 7L ASF A2 22T
ToA Fagt Aoz AZE T5 a5 9 T FESEY Aot fAfskle
2ZAA29 Y] dEa dFY HdE HEAeE F = AS 7S EEA7IE BAAY FFol AN 5
NDVI®} GNDVI= L2 A 2|qt7F FA 2 e 9ok I T A2 SR FAFHE S He
Zhan et al. (2008)°] 9J5}H =4 M9} Chl ab, Chl/Car Qlo] Ale A& A st= a1 = ¢S u(Sofield et al.,
o AZol A U YAS Yehle AEL shck.  1977), o] Fmo| w1 dgko] thma(Khan, 2020),
wheba] 7R E o] EA] M0t PR HIEE HolFs A AL MY AJ7]9F 312 Aol whE FAof wA= FFol
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S $RE YA A&77HA] & I I
Aol A e47F AR 2 o= 4
H3, 33 As A4 W OJIP-derived parametero]
A a2 et glo] A gt YETh =k 2 A
Ay, 971 & A2A = Y k3 A AAFAL F
ALY 58L& F7HIZ A91 2497299 38
BAES A2A P F7F FA 2| vls A5kt =A4 A&
ol SAREY 7|3 R E e A A Qo] FA
T Slof w8 etk

2. &4 270l 3R FEEAY AR} o)A,
o AEsE A2A Y7t FA o Bl =qkA,
AlZkol Aol whel @A e ey FA gl tof Al =3

th 37|l olaht FA Y] RAE AL F
ARt B9k, 24 YAEE DX R7L £
TR 9k

3. AGT HA9NA AATE T d85a S g
A et BE AYARES A7

=014 1 AW%E} S5 5 7YY AR AEST 5
B3 o4t AES 9 A R e ATE
Horok
Ab AL
o] =R FEAZAY YA FE5ATAAES
A 5:PJ013841032021)2] A YL ‘,ﬂ:*%k&tﬂ, olof] A=
Yyt
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