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BE  LEmHKF(Oryza sativa) s i i M K HT A S A EESE N, AT HGR4& B AR LIS ST %, HAEESREER
M. FIFIFEFE(O. sativa subsp. japonica) it TD70ATHIFE(O. sativa subsp. indica) i fKasalathfi7 4 I E 41 H 32 & (RILs)
TR B SR R, M i T B T U e 1) v 2% FE Bindgit A% B3 QTL IciMappingvii 25 T 58 & 52 A X A EE 5 K FE
B R A R 1 4 A TR R AT QT Ls 2 BT o FR I 311264 il v AT A PEQT LS, A TERREE 35 e iR MM 11 SR e ik
I, LOD{f ~2.59-16.15, H 441 QTLsHILODIE K10, 71MQTLs 5 C A m iR i tEQTLs 4 B A A E B H 4 B S,
HEMQTLAL A QHTSRS. 207 555 4 (1.{£26.25-26.38 Mb([X ], LOD{H }N16.15, fEF7.18% KRB TTRAR . K44 T
QTLsX [ A7 £ D BB SR AR T 51 o3 b, SR 27 ANERA Thag AFE2 0SB AR R R 10 X AFTEAE R CRB I E R . R
PR I I SNP 1 R BN RILSHEAR K R A7 56 IR S5 067 Y 0 AN ORI A3 AT, RIS EE KA [R5 B I RILS AR X 2R 1y L A 3

JE BN P AES RAEAE B 22 5, NPT R R A, AT T S KR e T A 0 20 T LR I

XBIR  mHE, SR EBInEE, QTLEN, KFE, 1

R, B, B, kE, B, BE, FRE, KEFR (2025). T 5% BN E S ) KR @I R EQTLE . 14
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JKFE(Oryza sativa) &3 H FEZEARSIEY, X T
REAR T B AEEEM. KEELESREY, A
AU BRI AR A KR B TR IR IR, 2
TR e, HAEKKE. mEMRRE R S%
W (B 745, 2020; RA w5, 2021; VLHLAE,
2022). Tk, B H R 2 BN R, AR e i
B B A% DL R i P S i, X KRR, N
(Triticum aestivum)fl £ K (Zea mays)5s = ZAR &1
WA i AN [FIFE FE 1) f . IPCC (2021)Tiii12016—
20354 Ak P2 K HF+0.3-0.7°C. 20224,
TG Py LT s i, VTR R i X
1540°C LA b H 7 2L (A2 30 K (R 32 A2 5%, 2022),
WIS TEAB K FE SR A, KRG AR PP T R
SR B K Gei R R AT R = B AR R, 2R
X R AT, 20224 & ERE A B L S
20214EAH ELI4545 BT T B (http://www.stats.gov.cn/sj/) .
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F112050 4 % 208 AT B 5 H0R E KRG 5 B K1 0%—
19%, fEilm#AE BRI E KRG A = I EEA R
K %E(Chen and Chen, 2018).

AN [F KRG S P A SR AE AR B R 22 %, 5 0 T 4
ol 5 R 2 R T 40 356 R /67 st 2 55 T T A ot B K
a5 ) o IE R, M O ECA/K g TR 5 5 g
BRI R — o KT A B T A A R
PR, M2 2 B Rz B 5 2RI, (21
AH R ) L R Y 5 R AR (B 2 5%, 2020). 4K,
FN BRI AR [FR 3s L B AR (F o Fass BC. DH. RIL
FICSSLSZEVEA A B I (. 2R . Hhfds
TEHAFIRE IR IASE), KA RPN Fe bR (T K & T
PR IAE il TR DCHR AR AN AR AL B ) 55 ) 7R K
FE124 Yt fk b E A1 52002 M #QTLs (Chen et
al., 2021). {HZHUEE FKFENHQTLIX [Al4ECK, H
5 A2 N T TR (b e NN RS s T B2



B, XEEQTLAL s I TTBR B AAR S A K ZE 7, X
AR —F . ZEbki(2023)%F 1704 B &k 2 KK R i
AR RQTLIEAT T oo/ i, fE12% 4 ik Bk
& 35 QTLIT, £ Meta-QTLE D 524 R 1k
i} P A1 ZQTL, HrhMeta-QTL10.31X [a] £ & 1) R
HQTLH E i £, N91; Meta-QTL8.1 Fl Meta-
QTLO. 3 E 7N FUIEQTL . 1022 MR #3225 A s/ K]
(QHTCGR5. OsTT1. OsTT2. OsHTASHITOGR1
S8 )RS 4 8 A Bl v B, A R D ARG TR A A O AR 3
AL 5 o TR HLEI B 5E T &AL et al.,, 2015; i
i A1 HT, 2016; Liu et al., 2016b; Wang et al.,
2016; # &%, 2020; Cao et al., 2020; Chen et
al., 2021; [ XAk E, 2022; Kan et al., 2022).
BN /KRR 2P 48 8 22 R AR 2R e R T A
SHANERHBEAT, JELAEM B I Z5sede. oK il
B FVRE M N FR FR AT VAN (B B Ak, 2009) .
ST R RAR IR, R 8 AL B A AT e il 5 72 P
T B G SRR AR, BR 1) T KR v R A5 Rt 11
SE AN R 5 [ AH DG Uik o i I A s B TR
FAFR Gk BRI P, R % w45 R (A2
AP FEIRSER ZR R ), HEAT QL E A0 R0 i 2 [R] o
[(CL I ET

IKFE IR B3 4%, ¥ e 2 A R
SRS HEl, WY s TS5 E0E RS
filt IS FIFEIE . g B AR KA A PR A A IE )R
S5 IR DR RN B R L BCRIR N o R ITE 52 e il
HEZEESHS, BRRREMEZIHE R
RAET AN, o f B SRR PR I R B
& K, N #GE [ (heat shock proteins, HSP)
7 SRR PR (555, 2008; 224 & 2016). K&
WA R, PMERBRA S THAAMER, HAK
5V AR IEAX, REE AR E
M R 50 b7 b B A AR R R AE 2 5 A s
S (Khan et al., 2019; Haq et al., 2019). [
HSPIL[R 41, B AT 2 7 B 1 7K R i #4358 IR 4 5 7 )
H26SH FARGAR TS . G Ay . 45 I & 47 1)
E37Z 3% 1% 45 il Ak S 4 T 1 2 1 A5 (i SORIRR IS &
2022). R Haixs KR Rk 1AL K oy 1 L i
AT R, BT EEE TS AR
() AR FIHSPF 5 iy i B 1t 25 5 T A HLER O 90
Rk

X

vt TR Bin [ HUKRE VIR, QTL ik 343

P AT 7K B ST B R S A SRR R, o T4 7R K
FEAT #5143 1 WL S 355 8 A0S s e oK e o A B A
FEEE L. BiniE 25 T SNPARIC 1 HT — R iE 4 K
i, HTSNPHRIL ) 12 AR, BE AR
RS =, {EE 2B E MR 5 h A B B e A
JZ R AT R (R AR SE, 2021; RS, 2022). A
W 72 DA i 38 T 4 A7 T A AR B 2 R R RS
TD70 41 ¥l f& Kasalath fi7 2 ) = 4H H % & (recombi-
nant inbred line, RIL)AERIEER, K& %
R VS R AT P B e IR T R QTLE 7, ik — 2D 4 5E ik
EIELR, DL 7K Fi B a6t 4 o R 9 35 e ki

1 MR5FE
1.1 st

PLFEFE(Oryza sativa subsp. japonica)fh 2TD70 (K
#E231119520//72-496/ 75 1045 (1) J5 A ) FIRIFE (O. sativa
subsp. indica) it fiKasalath i) 5 20 4 38 2 BE A g sz
p ek, 20054 ZUIF ARk B AT, LBk
EM R 186K R M HIRILs . R Y 2 HFqo
AR, RALR A NF AR,

1.2 #RMERSERLE

202247, (EVLIME AW B B AR £ AE Y ot 72 Bir
N TAAFERE R R RILSTEAA 1186 K R L 24 B A .
Jo FH B R AKIR B 25, 7K J5 50 B K A 55 55 1 4
B N B4 T 96 LB N L, B RFP41T, BAT
128k, WE22KBENLES . Si0h Rl re FH a2 5% 97
%:(PhytoTech LABS)AC il )& 77 (pH5.7-5.8) H135%
FRAEIM 0 G HHAT R A E, B A3 R RIS
FEM - BT RE TR R 77 0] N A5 = 0% A
916/ G R (28°C)/8 /NI B (24°C), MIXTIEE Y
60%.. e i b R IE D R I J7 kAT . SeitAT
38°C 4/}, 40°C 6/ il AL EE, SR 5 HF 4R kAT
AL FE 5 I 14 /8 G E (42°C) 10/ I BB %
(38°C), AHNTIEE N60%. mrimAbBEEK 5K 5357
K, SR iR 40T 4775 % (high temperature see-
dling survival rate, HTSR). %l /7i% 2 = 6 ia
TS S ECS A ER L U A R OR, B2k
HE N FRMEIAT ST EAE R A R IESZ
AL A T QTLE N
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1.3 QTLEfI

FIFH 1861 5% 7 S o A (1 4 J5 IR 41 3 00 7 45080, A
5L TSNP 5 % £ Binigt 4% K1, Kl & A 12 3284
Binbric, ARic Al I BEEE 55°530.26 kb (5K 7 7R
4 2021). FIFHQTL IciMappingvik 14:3.4 ki 3 T 56 4%
IX R B2k AT A R R 2 A i (R 2 BR, 2009; Meng
et al., 2015), LALOD=2.5y 5 {45 I 42 1] 117 JI R 45
PEQTL, #E1TQTLAr 4 (McCouch et al., 1997).

14 BRGS0

1 FAMicrosoft Excel 2016544 4b ¥ & A4 £ 4E A4 B
L AR A3 AT B S AT 7 22 W o

2 HERE59DH

21 RILBAFRHEFXRNEAMAMRE
ERRABE T, W24 A SRILsEA R RHATHH
AR Y5, 45 RRYISEARTDTOM B M HA M 5,
e Tk AL B ) 400 ARG 2R 0980.98%, MR A K HE A
ANZ 5, T Kasalath 7 i AT s i e UK, 4
5 N12.54%, =i A FE 5 40T SE A 340 T .
TD70 %) i 735 %A% 2. % = T Kasalath (P<0.01).
RILsH 4 K H XS B T FA M 1 26 20 A8 S WL &1 A
RILSHF A 1 )y B A7 1% F M N 32.76%, i = )
K F1K98.1%, MAKMIFE R N1.2%, B A7E

A

TD70 Kasalath

Bl SEAMEE E AR (RIL)EAR I E A St

RILs population

RAFAE W B E L o RILSEEAAR A [R] 5% 2 1) ) ird
PR ZER, AR EIIESES A,
R W KR T SIS A 52 B R % (1B

2.2 HEHmHMEQTLEN
FI I RILS T 4 LG I 21 26 447 ) 15 Wi 4 M QTLs,
IIATERR RIS Yt R A1 1 26 etk b (B2). FH
TE S8 105 Je o fae b H 5 07 3014 2 i 5 300 i 402 1)
QTLALf, £, 2. 8. 9. MANM25 Je(afk 1w
REB2ANQTLAL &, 7E554. 5F165 Yetaik g fr 53
ANQTLAL A, fESRT7 5 Yo tith e $14QTLAL £ .
261 QTLsILOD{E A F2.59-16.152 [f], vigkFE A
1.88%—7.18%, Itz M AE H-5.99%—1.85%. H
gqHTSR2.1. gHTSR2.2. qHTSR4.1. gqHTSR5.2.
qHTSR8.1. qHTSR8.2F1qHTSR12. 14k & {7 £ K T
0.1 MbI¥J X [H] 4

LOD1E & KL s qHTSR5. 247 5555 4L ik
RBN5335-RBN53361X [f], ¥ { & /26 253 196—
26 385 406 bp, LOD{E ~N16.15, KA TTHRE A
7.18%, RSB R K H Kasalath, 0] B#AK & il b
B2 AFE%5.99%. FRqHTSRS5.24k, &l #I3
ALODE KX F10/1QTL, 4 #I°HgHTSRL.1. gHTS-
R4.1FIgHTSR5.1. qHTSR1.147 T 5515 Je (A H T
ii#71.9 Mbib, LODfE A11.18, HEATTERE A
4.79%,k [F Kasalath 138 25 55 47 1 PR w] 48 4)) 1 A7 35

B
35 -

30 A
» 25 - Kasalath TD70

(0]

£ 20 - l l
o

s 154

z

102030405060 708090100
HTSR (%)

(A) SEAFIEA>RILSTER Y & BRI i 2 3 (bars=2 cm); (B) RILSEEK 2B 4N G R M E T AR . HTSR: ENR4IHfEE %

Figure 1 Heat tolerance of parents and some recombinant inbred lines (RILs) during the seedling stage
(A) Heat tolerance of parents and RILs population during seedling stage (bars=2 cm); (B) Distribution of high-temperature
seedling survival rates in the RILs. HTSR: High-temperature seedling survival rate
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Figure 2 Locations of QTLs contributing to heat tolerance at the seedling stage

K EAK3.53% . qHTSR4.1HL T 2545 e tafh15.71—-
15.92 MbIX[f], LOD{E ~10.25, £MTTHkE N4.81%,
oK H Kasalath [ 48 252543 56 K m] DU 40 1 4735 25 PR
3.38% . gHTSR5.11 T %5 55 4% A {4 Tl %y 20.41—
20.48 Mb[X [}, LOD1E }12.07, FAITTHRAE J94.86%,
Sk F Kasalath (138 25 55 407 3 PR w] {5 &)y 1 4735 2 PRI
3.78%.

2.3 (RiREEMTFE
I FH 7K e v B BHfE % (Rice Annotation Project Da-
tabase, https://rapdb.dna.affrc.go.jp) Xt 4 I 1 1 5
M 7 = 3R AT TS F 44 E &L QTL, gHTSR1.1.
qHTSR4.1. qHTSR5.1/IqQHTSR5.2[X [i] Py )3 [A
ITINREERE(R).
qHTSR1.147 T 2515 4L 4441.90-1.95 MbIX ],
LODMH #511.8, KA TTHRH H4.79%, %X [HH 84
ERA DRI . A1 KL, BrEEKOs01g0-
135000#10s01g01360504F, -+ &6 F [l 1 4 i [X
FE2ASEAR A A AE AR R LA . HiOs01g0135-
7004 i 45 1 2 (4 3£ [ OsCML16, 5 /K Fg 4= 4
B FE PR 1E 5§ %, 0s01g0135800. OsO-
190135900 F10s01g0136000¥) 4 i #4i#4% & H (Yang
et al., 2018; Sarkar et al., 2020). RHEIX44FEH 1)
SNPEAINTRILSHEAAR X R AT S50 AL 532K, SNPAL A

AR N2 ARTD708 ¥ iy 4 AHapT, Kasalath !
()4 % NHapK. 83l 7 Z 5 Hr K Hap T ATHapK %5
PR BEAR R R A T AT TR 2R N, 25 SR R
Hh 3™ g i BB R 1Y 9 (K] (0s01g0135800. Os01-
g0135900£10s01g0136000) 4~ 7] {7 B RILS X £ [H]
el ) A7 S B AT AE 3 2 57 (P=0.0367. 0.0156.
0.0218), &l HqHTSRA.1 1] it i ik 3 K (B 4)
0s01g0135800 L\ }% 0s019g0135900 % i HSP20 %
HFH, HH0s01g0135800 (LOC_0s01g04340)4:K:
807 bp, Yl X A7 7E240H LR FI4 kR 1 AT
0s01g0135900 (LOC_0s01g04350)4: K 4839 bp,
G X fETD705Kasalath A fEE4 b L RAZFI1 A0
fi5¢45 . 0s01g0136000 (LOC_0s01g04360)%i iHS-
P17 5 & 1, 4K N542 bp, 1R A/KFEOSHS-
P16.9C 3t 5 (Zhang et al., 2016), H:DNAJF 51| 1
TD70 5 Kasalath[H] {7 7E 1 4b Ff LR (AIC), F5
RS & FE L th AsnE fLys (K13).
qHTSR4.147 T 5545 Y 14£15.72-15.92 Mb[X
6], ZX A NATNERA DRe B A, Hf44 5L
(1 gm B X AE 24 SR A (B A AE AR [R) SURAR, 43 7l dm b R
K E B AR/ . SAD2. IN2-275 [ fl%E 1k
LR B . AR 24 B R A R S5 A7 B RILS 5K 4 [A] (1)
HTSRZR AR,
qHTSR5.167 T 555 44 1.14£20.41-20.48 MbIX
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RL FRMQTLIX [A] 2 R R
Table 1 Annotated genes within the interval of major QTLs

QTL

Chr. Interval (Mb)

Genes

Annotation

Reference

gHTSRL.1I 1

gHTSR4.1 4

1.90-1.95

15.72-15.92

gHTSR5.1 5 20.41-20.48

gHTSR5.2 5 26.25-26.39

0s0190134800*
0s0190134900*
0s01g0135000

0s01g0135700*

0s01g0135800*
0s01g0135900*
0Os01g0136000*
0Os01g0136050
0Os04g0336600
0Os04g0337000*
0s04g0337201*
0s04g0337300
0Os049g0337500
0Os04g0337800*
0Os04g0338000*
0s05g0417000*
0s05¢0417100*

0s0590417800*
0s05g0418000*
0s05g0528500
0s05g0528600

0s0590528900
0s05g0529000*
0s05g0529200
0s05g0529300
0s0590529400*
0s0590529600*
0s0590529700
0s05g0529900

0s059g0530400*
0s05g0530500

0s05g0530701
0s05g0531000*

0s05g0531100
0s0590531200
0s0590531400

05050531500

Glycosyl hydrolase family
Glycosyl hydrolase family
Similar to 1,4-beta-D xylan xylanohydrolase

OsCML16, calmodulin, calcium signaling during abiotic
stress
HSP20, heat shock protein

HSP20, heat shock protein

OsHSP16.9C, HSP17.5 heat shock protein
16.9 kDa heat shock protein

Peptidase aspartic, catalytic domain containing protein
Aspartyl protease domain containing protein
SAD2, sensitive to ABA and drought2
SAD2, sensitive to ABA and drought2
Oxidoreductase

IN2-2 protein

Aldo/keto reductase family protein

DUF260 domain containing protein

Deg Protease Protein, chloroplast development and main-
tenance of PSII function under high temperatures
ulp1 protease family

GDP-dissociation inhibitor
OsWRKY58, WRKY transcription factor

OsYUCCAZ2, flavin monooxygenase-like enzyme, auxin
biosynthesis
Ribosomal protein

OsCOLE1, regulation of intracellular auxin transport
Enoyl-CoA hydratase/isomerase family protein

ER lumen protein retaining receptor

Ubiquitin domain-containing protein

ATP binding protein

Electron transporter/heat shock protein binding protein

Cell cycle control protein, OsHsfA4d; Heat stress trans-
cription factor

Plant growth and balancing reactive oxygen species du-
ring biotic and abiotic stress

Snf1 protein kinase; sucrose non-fermenting-1 related
protein kinase 1

Leucine-rich repeat

A member of S40 gene family, regulation of crosstalk a-
mong abiotic and biotic and developmental senescence
A member of S40 gene family, regulation of crosstalk a-
mong abiotic and biotic and developmental senescence
Pollen Ole e | allergen and extensin family protein prec-
ursor

Pollen Ole e | allergen and extensin family protein prec-
ursor

Hydrolase

Yang et al., 2018

Sarkar et al., 2020
Sarkar et al., 2020

Kim et al., 2019

Zheng et al., 2016

Shad et al., 2023

Yamamoto et al.,
2007

Liu et al., 2016a

Mittal et al., 2009

Kanegae et al.,
2005

TR G D [XAE S AR TRV ) LR
"There are non-synonymous mutations in the coding sequence (CDS) of genes between parents.



], LODE }¥12.07, KA TTHRZE }94.86%, X[AINA
AN VEREA DIRE LA, g B X AE 24 55 A (] 3 £A 1
AE[F) LA, 4B 4misDUF 26045 i & 115 . Degk
G ulpt 8 E 505 A% 51 LA S G D P figk 25 41 i) 551 2
M. #E—H0H KB, Os05g0417100410s05g0417-
8003 KA [ 254 B FIRILS 5% 4 7] o R 40 1 17475 SR AT
725 2 57(P=0.044 7. 0.041 6), HEMI'EA1NIZAL &
AJ RE [k % 3 (K (B 4) . 0s0590417100 (LOC_Os-
05934460)%: [K(TCM5)4K:1 845 bp, %4615 aa
(1)Degk AN, HATEm N4ERF 2844k & FIPSII
LIRERIYE FH(Zheng et al., 2016), H:DNAFHIE24
SRAREAAFAEV L EE SRR (AIG), U i 1 R
HHLys#Z itArg. Os05g0417800 (LOC_0s05g34520)
BN 4 K2 289 bp, JfGulpt & ABEF KRG, H

A 932 bp
f Forward strand >
[ [ J
i |
B 951 bp
f Forward strand >
| [ |
c 809 bp
} Forward strand >
[ [ |
|
D 4567 bp
f Forward strand >
E 6071 bp
f Forward strand >
111 | i ||

B3 TD705Kasalath [5/Miik 4 BRl f48 1 A [R] SCRAR
(A) LOC_0s01g04340; (B) LOC_0s01g04350; (C) LOC_
0s01g04360; (D) LOC_0s05¢34460; (E) LOC_0s05g34520.
MROME: SR KBS EARYTE; Ok B R
A, WEE Sk BIERAL; ROk FCRE

Figure 3 Gene structure and non-synonymous mutation of five
candidate genes between TD70 and Kasalath

(A) LOC_0s01g04340; (B) LOC_0s01g04350; (C) LOC_Os-
01g04360; (D) LOC_0s05g34460; (E) LOC_0Os05934520.
Frames with black lines: Exon; Grey boxes: Protein coding
sequence; Red arrow: Missense mutation; Blue arrow: Fra-
meshift mutation; Black arrow: Synonymous mutation

X

ZAE BT R L Bin P AR I A QTL EAL 347

DNAJF FITE2AN SR AR [AFAEB AL H L RAE . TR ID R
AR AL R XA (KI3).

qHTSR5.2f7 T 5555 44 4,14 26.25-26.39 Mb [X
BN, X EA18MEEA TR EER . Hrh £ R
0s05g0529000. 0s05g0529400. 0Os05g0529600.
0s05g0530400 f10s05g0531000 (] 4 i [X 7£ 24> 3%
AAEAE AR R SCRAR, 1E— 4 Bt R IR 5AN JE A
[0 BRILS X R MHTSRY 2 F A 3% .

IS R4 R QTLH PR VERE . SEAR ] 7 51
FOAS S S5 A B AN KR B, e 280 e e 24 EQTL
gk R . qHTSRL.147 £ 3/ Mk ZE (A, 0s01-
g0135800. Os01g0135900£10s01g0136000, 434l
i 5% BB ( HSP20 f1HSP17.5, J A+ 0s01g01-
360004 & 7% F% 1) OsHSP16.9C3: K . qHTSR5.111
BE ML, 0s0590417100% i%Deg 2 [ i,
TE s T 4E R SRR K B AIPSII T fg; Os05g0-
4178004 i ulp 1 1 i 5 A I

3 g
3.1 IKEEMAMEREQTLILE

| ==

o U P 3 A e R [ T 2R A BROK RS AR PR ) R B AEAE
PR R 2 —, R AE — B R KRR s AL Ao
AR A I AR . (EL R TR AR B A AT i A
% 5 7 B E AR, R R A R AT
TR P 45 e O R M . B AT CARIE KRG AP AR O
QTLIN A 2002 4N, ¥ SR AN R ()38 A& B 4A, 7EA
5] R AR T N A48 5 AN TR AR

AT 72 R RIEE A2 RILSHEAR A 2 55 % ¥ Binidt 1%
Pl i, s 0 380 26445 1) B AT F it QT Ls, dlad i
F& A SR L (http:/www.gramene.org), K I—Lk
fr i 5 CHNN AL AFAEIX A, IgHTSR1.1.
gHTSR2.2. gqHTSR5.2. qHTSR9.1fIgHTSR10.
AWM E HQHTSRS. 247 F 5555 4L i 1k
26.25-26.39 Mb[X Ji] . 3k#%%5(2008)F f s .85/
FHIEH AL RBAESES T Y5 14£3.08-26.85
Mb [X [f] 5& fir 214 il /K g AR 47 48 S #4 EQTLs, H
LOD{# #94.55. XI#%%(2022a)F| F o855/ 5.8
SIRILSHEE, 75555 Jetai£25.78-26.28 Mb[X [f]
o Wl B4 ) SR SN B A IS B AL, R T IRATTA I
FJgHTSR5.2. M #:(2020)# FIR498/R3551{IRILs
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P=0.0367 P=0.0156 P=0.0218 P=0.0447 P=0.0416
100 - 100 - - 100 - 100 -
80 - 80 - 80 - 80 - 80 -
E 60 4 E 60 4 E 60 4 E 60 4 E 60 4
& &b &b &b &
I:—:40— '3_:40' I£40— I:I—:40— l£40—
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Figure 4 Effects of different Haps of candidate genes on the HTSR of recombinant inbred lines (RILs)
HapT: The SNP of the candidate genes are the same as those in TD70; HapK: The SNP of the candidate genes are the same as

those in Kasalath. HTSR is the same as shown in Figure 1.
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Table 2 Overlap of known QTLs contributing to heat resistance with the QTLs detected in this study

aTL This study Known QTLs or genes
Chr.  Position (Mb) Population Traits Position (Mb) Reference
gHTSR1.1 1 1.90-1.95 Nipponbare/Kasalath back- HT during grain filling 0.64-3.44 4B 2% 2005
cross inbred lines (BILs)
Tegin/Yuanjiang Common  HT at flowering stage 0.38-2.18 LML, 2008
Wild Rice BlLs
N22/IR64 recombinant in-  Shoot length under 1.86-2.31 Kilasi et al., 2018
bred lines (RILs) heat stress
gHTSR1.2 1  39.82-39.86 Longdao 5/Zhongyouzao  HTSR 37.6-39.08  xI|i#%%, 2022a
8RILs
Bala/Azucena RILs HT at flowering stage 38.35-40.66 Jagadish et al., 2010
gHTSR2.2 24.58-24.72 255 core materials HTSR 24.66 ALK, 2020
gHTSRA4.1 4  15.71-15.92 996/4628 RILs HT at flowering stage 15.74-18.82 Xijao et al., 2011; #%
B4k, 2011
Bala/Azucena RILs HT at flowering stage 14.19-16.86 Jagadish et al., 2010
gHTSR 5.2 5 26.25-26.39 Zhongyouzao 8/Fengjin RILsHT at flowering stage 3.08-26.85 gk ¥E%E, 2008
Longdao 5/Zhongyouzao 8 HTSR 25.78-26.28  x|jt%%, 2022a; FHk
RILs i, 2023
R498/R3551 RILs HT at flowering stage 26.69-27.69 [i7;, 2020
gHTSR9.1 9  9.42-9.46 Nipponbare/Kasalath bils ~ Thermo-tolerance of 5.27-21.85 E 2%, 2006
amylose content
gHTSR10 10 22.57-22.63 Bala/Azucena RILs HT at flowering stage 20.84-23.45 Jagadish et al., 2010
233 core materials HT during grain filling 22.62 ¥k, 2020
Sasanishiki/Habataki CSSLsPollen fertility under  19.89-23.01 Zhu et al., 2017

high temperature

HT: i #M:. HTSRIFIE 1. HT: Heat tolerance. HTSR is the same as shown in Figure 1.
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Mapping of QTLs for Heat Tolerance at the Seedling Stage in
Rice Based on a High-density Bin Map

Ling Zhao', Ju Guan', Wenhua Liang’, Yong Zhang?, Kai Lu’, Chunfang Zhao'
Yusheng Li', Yadong Zhangv

Jiangsu High Quality Rice Research & Development Center, East China Branch of National Center of Technology Innova-
tion for Saline-Alkali Tolerant Rice, Nanjing Branch of China National Center for Rice Improvement, Institute of Food Crops,
Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China; 2Biological Breeding Research
Laboratory, Wuxi Branch of Jiangsu Academy of Agricultural Sciences, Wuxi 214000, China

INTRODUCTION: As the main grain crop, rice plays an important role in ensuring food security of China. Rise in global
average temperature is detrimental to crop yield and heat stress is currently one of the major abiotic threats on rice
production. There are significant variations in heat tolerance among different rice varieties. As a typical quantitative trait,
heat tolerance of rice is controlled by multiple genes. Identification of new QTLs and genes related to heat tolerance is
very important for the genetic research and the breeding of new heat-tolerant rice varieties.

RATIONALE: In recent years, many heat tolerant QTLs had been identified with different genetic populations and
evaluation indicators at different growth stages. Most of those QTLs were mapped in large intervals due to the limited
population sizes, simplified experimental designs and inaccurately controlled environments. The heat tolerance level
identification in a population is very difficult for mature plants. Therefore, we developed a population of recombinant
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inbred lines (RILs) with 186 lines derived from japonica rice TD70 and indica rice Kasalath, which showed large varia-
tions in seedling survival rates under high temperature stress (HTSR). QTLs associated with HTSR were mapped by the
high-density linkage Bin-map and candidate genes were identified.

RESULTS: Twenty-six QTLs related to the HTSR were mapped on 11 of the 12 chromosomes, with the exception of 3.
The LOD values of single QTL ranged from 2.59-16.15, four of which with LOD values greater than 10. Seven QTLs
were located within the same interval or adjacent to known heat tolerance QTLs. The major locus of qHTSR5.2 was
located in the 26.25-26.38 Mb region of Chr. 5 with an LOD value of 12.07, which explained 7.18% of the total pheno-
typic variation in the HTSR. According to the annotation and sequence analysis of the genes located in the region of four
major QTLs, we found that twenty-seven annotated genes with non-synonymous mutations in the coding regions be-
tween TD70 and Kasalath. Five of them were identified as potential candidate genes because the RILs sharing each of
the distinct haplotypes of their parents for each gene exhibited significant different HTSR resistance level. Among them,
three candidate genes encode heat shock proteins HSP20 or HSP17.5.

CONCLUSION: We detected 26 QTLs controlling seedling heat tolerance based on a high-density Bin map in a RIL
population. Some of the QTLs were overlapped with known heat tolerance loci, indicating their strong effects on regu-
lating heat tolerance of rice. Five candidate genes were identified through gene annotation, parental sequence com-
parison, effect analysis of heat tolerance between RILs with different haplotypes. The candidate genes identified in our
study could be used for molecular mechanism research on high temperature tolerance of rice in the future.
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Mapping of QTL for heat tolerance at seedling stage in rice based on a high-density Bin map. Heat tolerance of parents
and RILs population during seedling stage. Location of QTLs contributing to heat tolerance at seedling stage.
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