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QTL Mapping for Heat Tolerance at Heading Stage Based on High Density
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Abstract With the increasing global warming, high temperature seriously threatens rice production and food security. Identifying heat-tolerant
genes and cultivating new heat-resistant varieties are crucial approaches to deal with the harm of high temperature. A set of RIL population, derived
from the cross between the heat-sensitive variety Junambyeo(JNB) and the strong heat-tolerant variety Ganzaoxian58(GZX58), identified the heat
tolerance related traits and QTL at heading stage under extreme natural high-temperature conditions based on high-density genetic map.Under
high-temperature stress, seed setting rate was significantly reduced, which is significantly correlated with the control seed setting rate and heat
resistance coefficient. The RIL population's seed-setting rates under high temperature showed a continuous and approximately normal distribution,
exhibiting highly significant correlations with control seed-setting rates and heat tolerance coefficients.Six QTL were detected for spikelet number,
filled grain number and seed setting rate under control environment, five heat tolerance QTL were detected under high temperature stress, including
qHTSF4, qHTSFII4, gHTC2, gHTC4 and qHTC6, among these QTLs qHTSFI4, gHTSFI14 and gHTC4 were located in the same chromosome region,
forming a major QTL cluster gHTH4. Utilizing high-density genetic map, extreme lines genotype and bioinformatics, it was confirmed that qHTC2,
gHTH4 and gHTC6 function in regulating heat tolerance and had additive effects, in here, the RIL lines that aggregated more than two major QTL had
significantly enhanced heat resistance, and then 14 directly related gene were screened in the key QTL mapping target regions, which laid the
foundation for the genetic improvement of heat tolerance and molecular mechanism analysis of key genes in rice.
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52 B SACHE O W A N 8IS, A BRAEARIE IR, 2011-2020 4 A ER RS 500 FE L
1850-1900 £EHAIE] T E T 1.09°C, FHrf 2003-2012 P35 Tt 0.1°C, CLBE R HHE TR 0.1°CH) BRI
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FAh 32 QTL gHTSFL.1 Fl qHTSF4.1 BAH IR B TTHR, Bl SRS A0 52 A7 50 0E T qHTSF4.1 PRt #A%
MThae: & E ML) SR 45 S N MRS I B — A B A e QTL, FEFI R4S gHTHS
BiUE AE RM592~RM17921 FRic 2 1], #)EREE B )y 304.2 kb; & 2508 7 —k& 140 /> SSR Rt (gt 1%
I3, JLAGII 3 NI PR SE QTL, vk qHT4 BTk ik 39.07%, & I HAE Je A7 25 . DA /KFER #4 QTL/
BRI A Z K8 T SSR. Indel SRR 2E B AL I, fATEB Ebric /b, B EIRIEEE; BARCEEZ MK
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1 M5 5%

1.1 BEEAHR R HiER L

DA S P FE FE - (Junambyeo, INBD Al #4 i Az LA 58 5 (Ganzaoxian58, GZX58) AKX
F1, Fo AT B A IR BRRAR TE AR 8 1) Fe, HIEEEEAH AR (Recombinant inbred lines, RIL) FEfA.
KHREE T 2022 4FAE B A T LA LM RHF B s 245G R S b T, SRAR 173 MK AM B4 9 1
(B H8HY VI (520 H) #Fk, 25d BdRedk, BNFKAK 3T, BT 8%, ML H, 1THIEN
20 cmx16.5 cm, e [ A BRI 24 A 7= 1
1.2 BiRBMEAE KA EEITM

WA 2012-2021 AFS R BT, TRV A AR TR 8 H 1 H~8 H 20 Hfm Uil 35°C.
I ARERE QUL 1D SRARAN RIL BEAA S K R AL (7~10 ) A Taimby B, a4
K ARIEH 5 MERE, ik 3~5 MREEEEER, VSR RBGR 10 MM iR A FH AR CH S
SRRRAERD , D BEECRI SRR, THEEE SRR A R A, 2022 4F | WIEAR Y RIL BEA R Rl H
Wit 7 15 HE 8 H 10 H, NREME RIL BAMEH AT 7 H 23 HE 8 H 18 H. ARk
R, 2022 oM s Gy, 7 H 9 HAE 8 H 30 Himm Uil 35°C HAV- 3 #d 30°C, B 7 A
17-18 HsmFE I sl e F ks 4h, minfassis 40 X (H 1, ® D . MEASEEERREME, K18,
AL 2 A, I DL 2022 EIAE RIL BRI ATEE STRIEONZS SR AE X IR, AR K& RIL A
EHATE 9 H 5-20 H 20, HEESIRIEMT 32°C, Kaiihia; 2023 45 H AR Rl s # [ 2022 4,
R ASR A RIL BHARE MORHZ L 3-5 BB NiRMIEAT i A 3, i i ab 38 7 K, H il BETE 40~
45°C, HRARAIRAE 29~32°C, M RE= Caif 4555 10 IR S5 SE R+ @it 45 503 WTIREE i) 12, LA
i 4% R B FRAR A B SR AR I RIL AR R #E, 2 IRE S BUSEE NS,



SRR SRAR 53 T | 30 11 S04 RIL HiAd 319340 1% 0

White and gray bar boxes show the distribution of RIL heading date for first and second sowing time, respectively

12022 SFI I IR R K FE TS - LR E it
Fig.1 Statistical analysis of the temperature at heading-flowering in 2022 year
% 12022-2023 FHFEHR G R EASTEHESIRERL
Table 1 The temperature of the test base at heading date in 2022-2023 years

i A IR (o0 BIRARISE (O B R O B RIE o0 i 35°CHE (O
ears Months Range of min Average min Range of max Average max Numbe‘r of days
temperature temperature temperature temperature exceeding 35°C
7H 26.0~29.0 27.6 29.0~39.0 355 22.0
2022 8 23.0~31.0 28.2 31.0~39.0 374 29.0
9 H (CK) 21.0~26.0 234 28.0~36.0 331 3.0
7H 25.0~29.0 27.2 33.0~38.0 35.1 15.0
2023 8 H 22.0~29.0 26.0 30.0~38.0 344 16.0

13 SEEREEIERES QTL o147

A LRI P SR EUOUGE M RIL BEAR R RFEK AL, NP3 8.65%, JL3KHX 318, 339 MNEfliE%
At SNP. $REX RIL #EIAZR RARCIERIRY, RATE 30 & 1 SRR 2 &0 SNP #5358 3321 4 Bin frid, K
We7E 2= FE R 4H 1 703.09 M, Zeft ki fEFE B AME N 195.3 cM, P& QL AR FRICECN 276.8 4, FRiclE]

AL PE BRI PR B Y E 43 > 0.51 cM RT 106 Kb (&1 2) , 8t f% i 4 i 2 25 k418,

K Wang ZE11QTL ICI Mapping 4.2 B 5¢ & X IER (ICIMD 5 ke ALt 2. QTL, LOD HIfE %
N 250, MEEBRoRAF LOD K T Z BB R e 1Z X AAAE 1 QTL, Fl% QTL It 2w flR M 5Tk % ;
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Fig. 2 Construction of the high-density Bin marker on the chromosome of the RIL population
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SR SR F AR R QTL DX I A Hofth QTL HEATARME MR A 8, RJA1E RIL BEAR h ik H
bR QTL XIOGBE B AL PR, U6UE H br QTL DUREA RIS,  [AIIFIHIAE W5 B S0 i A SG B QTL XK
(R R DR AT DU RE 7 A, DA 6 P P2 Rt A4V IR F) AR 2R A

2 GRS

2.1 7K#8 RIL BETH M RBLE

e P E AL TR RIL RS R SRR R R AIC, Horh 2022 FF ik B 28 m R BE RIL BEA R REE LR B %
BERAIG, Aoty AR il | R 11 AR FRAE e 22 Rl 2023 AR AR MR . A LRiRg iR R E R, AL
A g5 se R PR KT B AR R AN (B 3) o MRS, XORBIER. SOREUR 4 SE R FEAE R, RIL
B & R R SR BN, S BB LR AT ALER /0 A0 iR MRS SRR RIL B R 045 %
W NEE, BN 58 S A IR RIREUN, TN ARECEE = T AR, B 58 M ISR T A e RIL B
PRAS IR 55 2R e i 20 SRR T R B AR BOR AR R, D BEAE AN LI 1.00, RN NESL A 1R 73
Ao KT A2 BREIR, B HERME, 76 QTLAEEZESR (k2, H4) .

A: R0 HEIREE . 2022 M B AR mR | RS B AR IR 11 S5 SEEE; B ARORXIREREY . 2023 4F B AR R AN L i At Se .
A: represents the spikelet fertility of the control environment, extreme natural high temperature I and Il in 2022 year; B represents the spikelet fertility of the
control environment, natural high temperature and artificial high temperature in 2023 year, respectively

B 3 NEIRELE /KA RIL 8K 171 MRALILRIER
Fig.3 The spikelet fertility of 171 lines from RIL population at different temperature environments

R 2 FARM RIL BHAKFEHIREAN AR B4

Table 2 Phenotype of heat tolerance from the parents and RIL populations at heading stage

VAR A Parents RIL {4 RIL population
Traits JE A # A 58 ESlIER= AN E A2 e i i 5
JNB GZX58 Mean3SD Range Skewness Kurtosis
X HEBAEE GNC CRi/AED 135.70+16.40 230.50424.00** 211.66481.21  §8.58~633.33 1.88 1.61
SRRSO SNC CRi/D 128.0012.00 174.25+15.50** 137.28456.91  36.50~400.00 1.79 1.45
SR 45 S 2% SFC (%) 94.3024.20 75.6049.50%* 66.32411.24 33.55~94.67 0.10 -0.28
R4S SEH% I HTSFI (%) 52.8845.50 54.3345.30% 31.01+416.09 0.34~79.55 0.02 0.48
ERAE S 1 HTSFI (%) 55.5744.50 59.706.50* 29.73416.40 0.88~73.58 -0.47 0.32
fiif # R HTC 0.6240.06 0.7540.05%* 0.4610.20 0.03~1.03 -0.32 0.30

FUEEL, GNC: Shi¥, FGNC; £55%, SFC: Mi4isk® I, HTSFI: miR&55e3 1, HTSFI: ZAam#ARE, HTC, *FiI**43Jl& R 0.05 #10.01
TERRE R

Grain number under control, GNC; filled grain number under control, FGNC; spikelet fertilit yunder control, SFC; spikelet fertility under high temperature I,
HTSFI; spikelet fertility under high temperature 11, HTSFII; heat tolerance coefficient, HTC; * and ** represent for significant and highly significant differences
at the 0.05 and 0.01 level, respectively



A-C: SPFRIRA RIS N AER. SOR OS5 SER; D-E 203 il E AR B P R il 45 S | MIRRR AT SR 1, F R0Ri A R 4L
A-C: indicated that the grain number, filled grain number and spikelet fertility of the parents and RIL population lines under the control; D and E indicate the high
temperature spikelet fertility 1 and Il , F indicated the heat tolerance coefficient, respectively.

4 RIL AR A X RE S HIER
Fig.4 Phenotype distribution of heat tolerance traits at heading stage for RIL populations

2.2 WAEY QTL ¥ERBAYR A

XTHEIA RIS 6 DMIUEBNSE LMK QTL, 70458 2. 3. 6 110 Jetufk I, LOD A FTEH N
2.67~3.20, RATTERFAL 70 HE A 4.80%~9.07%, MNTERRAEAN T-24.73%~3.14% 2 [7] (£ 3. Kl 5) .
Hrf, qGNC6 1 qgFGNC6 7T 6 5 4u{i 4k Block10295-10302 Frici i), WIFHEE B4 N 104.24 kb, J&ifH4% 5
TEHORSRIEU F AL QTL,  EAEF AL AR H KRR A 7KL 58 5 ;. qFGN2 A qSFC2 fir T4 2 Y ik
QB A7 s YR SR BURN 25 SE A MR AR R0z o, 0 A R PR R | 35 Rl 58 5o Al 3] 5 iy
ZESERMKM QTL, A T5 2. 4 16 Jetatk, Hrh qHTSFI4, qHTSFII4 A1 qHTCA il A fE 4 54t
14 Block7164-7181 dric Z [A], TTRRFE ARG NAE BN, FE 1% il 5 S A AN P R B 4% QTL 7%, SRIR
TR 58 PSR KL D AT 2 R RS SR AN R B qHTC2 M1 gqHTC6 7l e fn 2 SHe ik
Block3417~3418 Al 6 5 44 Block10246~10249 Fric 2 [A], HEREEAr HE PRI oK H 5t 0l 58, 225 52T KAH
TR FAE B o
7k 3 IKFEHMEEEAM A QTL 204R
Table 3 Putative QTLs for heat tolerance were detected at heading stage

PR A7 55 Frid LOD {4 DIEREE RN (%) FRRYR WIELEE 2 Physical
Trait Locus Marker LOD value PVE (%) Additive effect Gene source distance
X RE AL qGNC6  Block10298~10302 2.86 6.42 20.81 GXZ58 55.47 kb
GNC gGNC10  Block15171~15223 2.84 9.07 24.73 GXZ58 445.90 kb
xof HE ST 4 gqFGNC2 Block4300~4307 2.67 5.29 13.24 GXZ58 177.42 kb
FGNC gFGNC6  Block10295~10298 3.12 6.93 15.15 GXZ58 48.77 kb
o i ks R qSFC2 Block4211~4226 2.98 4.80 2.49 GXZ58 304.64 kb
SFC gSFC3 Block4760~4764 3.20 7.60 -3.14 INB 53.29 kb
R S |

HTSFI gqHTSFI14 Block7164~7181 3.46 5.86 4.01 GXZ58 2725 kb
i’ﬁﬁ*z I gHTSFI14  Block7164~7181 3.12 8.99 4.88 GXZ58 2725 kb

qHTC2 Block3417~3418 4.42 8.86 20.49 GXZ58 69.2 kb

i &H HTC  gHTC4 Block7164~7181 2.38 2.85 11.62 GXZ58 272.5kb

qHTC6 Block10246~10249 3.74 6.70 17.82 GXZ58 151.4 kb




A-C: Gl xs BRERBEFAE R . SRiBOMZE S QTL 434, D-E: 43 i e AL B | A 11 455256 QTL 4340, F NI R %L QTL 44
A-C: indicated that the grain number, setting grain number and spikelet fertility QTL distribution under control environment, D-E: indicate the QTL of high
temperature spikelet fertility 1 and 11, F: indicated the QTL of heat tolerance coefficient, respectively

[E 5 kiEHFEEAM A QTL REHSH
Fig.5 Chromosome location of putative QTL for heat tolerance at heading stage

FIH “EFEAER” IR E TR QTL KR GHNL, ST QTL AR #E & RIL KR H S
%, T4 SR R B 5 26.32%F1 39.33%, RIUAMEUR; [ &4 qHTC2. qHTH4 A1 gHTC6
R 58 5 M2 RIL X AT AE R, Silas stk M REIME 7209 34.51%A1 53.95%, iR Ak &2
SRTHERRAE R, RIVBIH; 56 3 D ER QTL HE— L Rl 2 & il 45 5 3 AN 4 2 o 7 A
32.04%~32.50%71 45.53%~49.25%, M #PEMN] =T A S 2 QTL IR R, RIDVHEE; SHEE 2
ANERL QTL IS AR il 45 SL 2 M AN T R B = T A S sl B — AL QTL R R R, R BRI A
e (B 6) o XEW], 34T QTL RA M RIL BHAR R LRI ThRE, T3 QTL K& LI B nsk
R, BEAE TR QTL SRR RGN ot i 808, & 2 PLE TR QTL MIZK Rl LA

A: IRIE LR QTL qHTC2. qHTHA Fll qHTC6 [XIHARICH RIL BEAZK R4y 8 MR B G1-G8, n RymiZEF AR REE: B: R AREF R s,
W, B: R AR FE A SRR
A indicate that RIL lines divide to G1-G8 genotype, according to gqHTC2, gqHTH4 and gHTCS; n represent to the number of lines from this genotype; B and C
showed that the phenotype of high temperature SF and heat tolerance coefficient from these genotype, respectively

6 K FHHFERAM A TR QTL RABUNFMIGIES
Fig.6 Analysis of aggregation effect and verification of the major QTLs for heat tolerance at seedling stage in Rice



2.3 E¥ QTL BrXiE X B EF Fik

FIH https://rapdb.dna.affrc.go.jp F1 https://www.ricedata.cn/gene/ 35 7E 3 T2k QTL Hbp X I RiT R
B, ORI 148 NMEREER, Hb 14 MEIEREFATRES SEKRE . MmN (R 4) . F3% QTL gHTC2
T 2 5 4etafk Block3417~3418 Fricfi] 69.2 kb 1, G5 13 MERIERH, Hp s NMEHW RS EEKKE
J AR : LOC_0s02932110 Zihit— A 4Mih 3 5 R 1 45 #4038 LOC_0s02932120 4l — A4 il 1 3% b-cl
SEYWHE . LOC_0s02932140 Fifi—A~ AP2 3 [KF. LOC_0s02g32160 Zfis—4> OsBON1 & 4 H 4k
HES IR P45 G 8 . LOC_0s02932200 Zhd— ANt Be il X 5 B 1 I 2 SR 5 S BT BHE S, M e
7 AR DR G 0 I £ 1 e R T ESORE RET EE F ABUE SR s EAL QTL 7% qHTH4 (qHTSFI4. gHTSFI4
I gHTCA) fiT 4 S Yetafk Block7164~7182 #xict[i] 272.5 kb P, A7 108 MERIER, HAr 4 ANFEEFE AT
e 5K K EMITIE a0 : LOC_0s04935800 4ufih—MEEFEEE . LOC_0s04g36040 4ifih—AN/INik %
2 [ PTR2. LOC_0s04g36054 #ih— A K 2 B ZF A F-. LOC_0s04g36070 4ifid—4~ OsRR1 & HZ 5
TSR L, T FE B 103 /NI DR G ) TN B e T B B - B 1 F-box SR 45 3 B 1 S AR e B : qHT C6
1T 6 5 4L tafk Block10246~10249 tricli] 151.4 kb N, 08 27 MAEREERA, HAp 5 MEEEH g2,
A KRB A AN N . LOC_0s06g34620/LOC_0s06g34640/LOC_0s06g34650 H: BE4ifih C3HC4 4+
HHH. LOC_0s06g34830 gt — AN 2 % ie K & 1 OsAAP, LOC_0s06g34840 %uhid— A& [ B4/ g
SRR, HE 22 MERRETNESD . e TR X8 SiiEA &AM EEA. ET
2 PR A 0K 3 AN KRBT #3230 QTL H AR IX S8 B e FE ARG B /N X TH], - R A= P05 8241
H bR DX 21 14 AN FTRERISAE KR « s e e B (19 G F 5L A

4 EHQTL FRELLX B KB IR IEEF THE S 47

Table 4  Analysis of important candidate genes within the major QTL cluster

FEXQTL R KL FEF AE
Major QTL Candidate gene Gene function

i [X 4 18961014-19030194, WJFEFE ) 69.20 kb, & 13 MNMERHEH
LOC_0s02¢32110 Exostosin family domain containing protein, 4k 2 5 i 45 4 &

Cytochrome b-c1 complex subunit Rieske, mitochondrial precursor, #iiffitt 2 b-cl

LOC 0s02g32120 N
O AT, SRR

qHTC2

LOC_0s02932140 AP2 domain containing protein, AP2 ZFE3% KT
LOC_0s0232160 Copine gene OsBONL1, calcium;ﬁ%e%%eﬁr;](i%r}%lgig%ngng protein, OsBON1 %[, fk
LOC_0s02g32200 Thioesterase family protein, HiFEREEZ % E A
1336 X 35 21834003-22086708, #JEAREE 252.70 kb, 2 108 MEREIER
LOC_0s04g35800 Zinc finger CCCH domain-containing protein, ¢4 8 (45 #435
?(;*HTT';"‘:I AGHTSFILAIGHTCA) LOC_0s04g36040 Peptide transporter PTR2, /Mik#i% % (1 PTR2
LOC_0s04g36054 Auxin response factor 9, K KM &R T
LOC_0s04g36070 A-type response regulator OSRR1, A 4 57 i -5 [X] -+
{3 [X 45, 20108296-20259658, HEFH B 151.40 kb, £ 27 AMEREIER
LOC_0s06g34620 Zinc finger, C3HC4 type domain containing protein, C3HC4 B4R A
gHTCS LOC_0s06g34640 Zinc finger, C3HC4 type domain containing protein, C3HC4 B4R A
LOC_0s06g34650 Zinc finger, C3HC4 type domain containing protein, C3HC4 #%{5 8
LOC_0s06g34830 Amino acid permease family protein, Z LR 12 K & 1 OsAAP

LOC_0s06g34840 LTPLS5 protease inhibitor/LTP family protein precursor, & (IR, JEiiEEA




NERBI LR QTL qHTHA 52 AL X Mgk R [RI D g, % H AR DX Ik R Th REBEAT 73 70 Hr o BF FE R, qHTHA4
SEN DI TR R 0 hf 18 MR (3R 6) , TEREAF . DNA Bifil. HEABE. [HF5H T N6
EAAEI; RIS I e B R 3 B SRR 0] . DNA Beeiflis . AL . Zobiikis T 55
WIEIEN . XKW, FaORE. F9T. BABHRLBHIALE. Zonikaem M. o8 Rn 520w g
e VAR KRB LI 7 TR, IX WO AL QTL sE Az B bR DX OGS e 5 [ 1) 9 26 $2 (1L R0 J Al o
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Table 5 Functional classification analysis of annotated genes for the major QTL gHTH4 mapping regions

IS BV sgit] Hk
Classification Function type Numbers
C1 THd3ELK, General function prediction only 18
c2 DNA & #il. =4 MEE, Replication, recombination and repair 15
C3 {55 % 5i41%, Signal transduction mechanisms 15
c4 H5i4%, Transcription 14
C5 BREER AW, L EERE T, Posttranslational modification, protein turnover, chaperones 1
C6 fieEfLi5f, Energy production and conversion 1
C7 B MRS MR A9k 42, Translation, ribosomal structure and biogenesis 3
c8 YRR BE/EMu EAEY) K 2, Cell wall/membrane/envelope biogenesis 3
Cc9 WKL A%z i, Carbohydrate transport and metabolism 3
C10 Wl 52 A4, Coenzyme transport and metabolism 3
C11 M iz A14CH#HE, Inorganic ion transport and metabolism 3
C12 U428, Cytoskeleton 2
C13 FIERR L IE MR, Amino acid transport and metabolism 2
Cl4 Yett R 45 R AZh /7, Chromatin structure and dynamics 1
C15 S I . s, et fksric, Cell cycle control, cell division, chromosome partitioning 1
C16 54K 41, Defense mechanisms 1
C17 MBS, AN FEEEIZE, Intracellular trafficking, secretion, and vesicular transport 1
c18 ek, Function unknown 1
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