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QTL-Seq Analysis for Identification of Protein Content
Traits in Rice Grains

LIN Tianzi, SUN Liting, JING Dedao, YU Bo,ZENG Shengyuan, LI Chuang, QIAN Huafei,
DU Cancan,HU Qingfeng, YANG Jun,ZHOU Yiwen, Wu Zhangping, GONG Hongbing
(Zhenjiang Institute of Agricultural Sciences in Hilly Region of Jiangsu Province, Jurong 212400)

Abstract: Grain protein content (GPC) represents one of the critical factors affecting rice eating quality. It
is of great significance for improving this trait through analyzing its genetic regulation mechanism. This study
deployed a recombinant inbred line (RIL) population derived from two japonica rice cultivars, Zhengeng 2400
and Jiahe 218, showing significant difference on grain protein content. A quantitative trait loci (QTL)-Seq was
used to locate the QTLs controlling grain protein content in rice. QTL mapping and fine mapping was performed
using Ici Mapping 4.1 software. Through deploying A SNP index analysis of the F,., RIL population, four QTLs
on chromosomes 1, 2, and 12 were identified. Eight QTLs on chromosomes 1, 2, 6, 7, 8, 9, and 11 in the F,.,,
RIL population were detected by the Euclidean distance (ED) method analysis. A major QTL, designated
qGPCI, accounting for 13.20% of the phenotypic variation with a LOD score of 3.91, was consistently detected
both in F;., and F,.,, RIL. Fine mapping delimited gGPC/ to a 516 kb interval between markers 1-3782 and
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1-3834. Sequence analysis of a reported GPC regulatory gene Os4AAP6 revealed no polymorphisms between

parents, suggesting the presence of a novel regulatory gene controlling GPC. A low-GPC line with superior

eating quality from the RIL population was selected as a parental donor for developing the new cultivar strain

Zhendao 1818. This advanced line exhibited significantly improved palatability scores to commercial cultivars

Wuyunjing 23 and Nanjing 5055, along with increased plant height, seed setting rate, and thousand-grain

weigh. Collectively, this study lays the foundation for further cloning of grain protein content genes and

analyzing genetic regulatory mechanisms, and provides excellent germplasm resources for improving rice eating

quality.
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Table 1 Primer sequences of SNP markers for gene mapping and Os44P6 gene sequencing

brid YR (bp) IS5 -3")

Marker Position Primer sequence(5’-3")

1-3764 F 37643035 GTATTCGTGATCCATTTCATGTTG

1-3764 Rg 37643035 GAAGGTGACCAAGTTCATGCTGTATGTAACGGTCAGGTATAAGTTCAG
1-3764 Re 37643035 GAAGGTCGGAGTCAACGGATTGTATGTAACGGTCAGGTATAAGTTCAC
1-3782 F 37825493 GTGAGCTGCCATGACGCC

1-3782 Ra 37825493 GAAGGTGACCAAGTTCATGCTCGGCGTGGAAGAAGACGA
1-3782 Rg 37825493 GAAGGTCGGAGTCAACGGATTCGGCGTGGAAGAAGACGG
1-3806 Fc 38060795 GAAGGTGACCAAGTTCATGCTGGTTTTGTTAATTATCCCGTGACTAC
1-3806 Ft 38060795 GAAGGTCGGAGTCAACGGATTGGTTTTGTTAATTATCCCGTGACTAT
1-3806 R 38060795 CAAACCATTCCAATACTTCGCA

1-3834 F 38341969 CGTTGTTGTTCCCCCGG

1-3834 Rg 38341969 GAAGGTGACCAAGTTCATGCTGAAGGTCGTGCGCCCTG

1-3834 Ra 38341969 GAAGGTCGGAGTCAACGGATTAGAAGGTCGTGCGCCCTA
1-3876 Fa 38762634 GAAGGTGACCAAGTTCATGCTACATATCTATATAGTATCGGCCTTCAGCA
1-3876 Ft 38762634 GAAGGTCGGAGTCAACGGATTACATATCTATATAGTATCGGCCTTCAGCT
1-3876 R 38762634 AACCGAGAAAGCAGAGCGAA

1-3960 Fg 39602780 GAAGGTGACCAAGTTCATGCTCTGCAAATAGGCGTGATCCATTTG
1-3960 Fa 39602780 GAAGGTCGGAGTCAACGGATTCTGCAAATAGGCGTGATCCATTTA
1-3960 R 39602780 ATCTGCATTGAAAGGGGCCA

OsAAP6-F1 38136496 CTCAAAATCCTTTCCGCTCAG

OsAAP6-R1 38137749 CCACTTGGACTTGGTAGGGTAT

OsAAP6-F2 38137597 TTACTAGGACAACGTGAAGGATAG

OsAAP6-R2 38138955 AACAAAATTCAGTTTCGTCAGTG

OsAAP6-F4 38139928 GCGTCACGACCGTCTTCTAC

OsAAP6-R4 38140674 ACCATACTCCTCAAGTCCCAT

OsAAP6-F5 38138660 GATGGAATCCTGGAGATCCTTTTG

OsAAP6-RS 38139382

TCGTAGCGGTCGTGATGGTGT
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OsAAP6-F6 38138943 ACGCAAGAATGGCACTGACGAAA
OsAAP6-R6 38140201 CCAGCTTGCACAGCGTGAACC
OsAAP6-1-f 38134303 GGTGAAGGAAAACCACAGCCG
OsAAP6-1-r 38135699 CCGCCACGAAGCACACATTG
OsAAP6-2-f 38135363 ATATGACGACACGTGAGGCTGT
OsAAP6-2-r 38136838 TCAACGGTATGTGGTGACAATG
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Fig. 1 Distribution patterns of grain protein content and heading date in parents and RIL
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Fig. 2 Distribution of protein content in RILs with different genotypes of heading date
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Table 2 Selection criteria and number for lines with extreme protein content
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T 1.2.6.7.8 91 11 Jefafk FIAFHI8AQTL,  JCHRE VLol g kil 2, R X% QTL v i A 7
HX 84 QTLAFAET R ASNPHEE L AT SRk B0 TE SRS e 17 o

®3 ERASENFER

Table 3 Result of whole genome resequencing

B A A b FELRE 2400 FAR218 Fo i8I Fyommak i Fo, JREM Fo, &
Quality of data output Zhengeng 2400 Jiahe 218 Fy., LP-Pool Fg., HP-Pool  F,.  LP-Pool F,,  HP-Pool
JE Gl e 134 79381740 71597982 77642488 83963220 86657424 89637122
Raw reads

DG ECHE Y RIS (bp) 11907261000 10739697300 11646373200 12594483000 12998613600 13445568300
Raw bases

TR PR AL 78924050 71234480 77269480 83530060 86085918 88936900
Cleaned reads

o e B A (bp ) 11817033900 10667141054 11571778444 12509203080 12899711423 13327540729
Cleaned bases

Q20 (%) 97.08 97.32 97.42 97.21 97.19 96.96
Q30 (%) 91.89 92.40 92.58 92.12 92.22 91.81

GC &t (%) 42 41 41 41 43 43

GC content

S HNAR TR (%) 99.20 98.84 98.78 98.54 99.00 99.00

Comparison rate with reference genome

LP:Low protein content; HP: High protein content

R4 QTL-Seq MEIHEZHFERELARSEN QTLEXE
Table 4 Grain protein content QTLs detected by QTL-Seq

A SNP IEAA A (bp)

JLEAS Retalk i (bp) 21k (bp) A SNPIE{E ASNP peak Fr B/ (Mb)
Generations Chromosome Start End A SNP peak value position Size
Fg.o 1 21547 1975210 0.83 304376 1.9
1 36072210 39871484 -0.89 38762634 3.6
2 16395716 19999826 -0.86 19801825 3.6
12 21143708 24994311 0.77 23162720 3.9
Fo. 0 1 37643035 39609020 -0.96 38974500 1.9
1 41135157 43226829 -0.95 42529885 2.1
2 17321 2481618 -0.96 1585992 2.5
6 21023225 24999963 0.96 21359081 4.0
7 10000071 14998576 0.97 10572722 5.0
8 25022875 28433855 0.96 26870574 34
9 9000387 11997888 -0.96 11300356 3.0

11 24066710 29018426 0.97 26390493 49
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El3 QTL-Seq H#fiZ R
Fig. 3 Result of the QTL-Seq analysis
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Fig.4 Location and genetic effect of gGPC1
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SR TE2ES (I SA), HiZZE I shFIX Fgifi X 78
RGE A AN 2] 22 5 (] SA B) , iX 158 gGPC1 i
RUEE— BT TE A PR T f 5

I B 5 X A E 516 kb X 3] N 17
FEAEEXT A3 A 2 B, HERR & AR fESE R ) SRR
W T X AR R[] L A8 A 12 SRR &R

o

A Nip.sed
FER218.5eq
AR2400.5eq
Consensus

Nip.sed
FAR218.seq
HHAH2400.5eq
Consensus

Nip.sed
HR218.5eq
HR2400.5eq

Consensus

Nip.sed
FR218.seq
HHAH2400.5eq
Consensus

Nip.sed
FER218.5eq
HRE2400.5eq
Consensus
Nip.sed
FAR218 .seq
FEFE2400.5eq
Consensus

Nip.sed
FR21 8.seq
FHAE2400.5eq
Consensus
Nip.sed
HE/R218.5eq

HURI2400.5eq
Consensus

Nip.sed
FEAR218.5eq

HHAH2400.5eq
Consensus

Nip.sed
FR218.5eq
HRE2400.5eq

Consensus

Nip.sed
FEAR218.5eq
AHR#2400.5eq
Consensus

Nip.sed
FR21 8.seq
HURE2400.5eq
Consensus

Nip.sed
FER218.5eq
HR2400.5eq
Consensus

Nip.sed
FAR218.seq
HHAE2400.5eq
Consensus

Nip.sed
HR218.5eq
HR2400.5eq

Consensus

Nip.sed
FR218.seq
HEAH2400.5eq
Consensus
Nip.sed
FER218.seq
HRE2400.5eq
Consensus

cBCCCtottgCacagttgCacacagCacatatccataaatat88tcCatEtatagCCacattacacce

CCCCTCEETTECCECCCCTCTTTCESTTITTCCECTCEETCCCEECE858CEETTICTTCTITCTCEECCTCEE8TTCTTTICCTCCCCTCEa8CECETCCECCaTCSTCTCECCETCaTECaTT

SNP & InDel 72 5 , | FH] 7K i #3518 48 %2 (http 2/
ricexpro.dna.affrc.go.jp/index.html) X X 6 5L (K £ 1 7
LD RE T , 25 R R 12 DR TR 44 IR
SHRGE S R, 1R E A TS TR
RERIEIR (R 5)

363
363
363

484
484
484

605
605
605

cacgacctaccasaca

tgtacatsastgrtgategttttggsaccacgcagcasactttgatggtttccg
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B Nip.sed 121
#5AR218.5eq 121
HLRI2400.5eq 121
Consensus 8tgCECCtCCaCcaa8CCteCaCaCCaa8CCa8CCtoCCCCTCCaCcCaCCatgCCCCCCtCcagaa8Ccagga8CcgeotatgCacggCgaCgacgeacgecatcaccgecgtgategggtcaggegtee
Nip.sed %
FAR218.seq 242
HRE2400.5eq 242
Consensus TCCCCCTtCCCCtCCECCCTtCCCCCaECETCCCCtCCCtCCTtCCCCCCCaEtCCCCCTCCTCCtCtCCCCCTtECEtCaCcCTtactacacccecgctectectctgccactoctaccgcacgeecea
Nip.sed 363
#AR218.seq 363
HHAE2400.5eq 363
Consensus
Nip.sed 484
5AR218.5eq 484
HRE2400.5eq 484
Consensus
Nip.sed 605
#5/R218.5eq 605
HkE2400.5eq [ cT 1C v c 12 605
Consensus cggeggotegtectoteccegtgccegagcctogeEgeeeotogacgctcatctecgtegtegecgecgteatgtegttcacctactacttegtoggoctcttccteagecgecgetaaggtege
Nip.sed 76
FEAR218.5eq 756
HHAE2400.5eq 726
Consensus BcccceccctecteoccctcaccetcoCcccccCacceetcaccecgtccaccaacccctoccacttcctoccacaccocctccccaacatcgeccttcgccctacace
Nip.sed 847
%ﬂ%Zl&seq o 847
HRE2400.5eq 847
(jonsensus TECtCCETCCtCCICatCCaECETCCaECCaECaCCCtCaa8CtCCCCCCCCtCCCaCcaa8CCtCaCCatCcaa8CcaCcCCCCcaccctctaccecCcatccccctcaccaccctcttctacctctccatcy
Nip.sed 968
#5/R218.5eq 968
HRE2400.5eq 968
Consensus CCTCCCTCCCCtaCCCCCCCTttCCCCa8CCCCCCCCCCCCCE8CCTCCtCECCCCCTTCCTCCaCCCCTtCtCCCTtCCTtCCECatCCCCEECCTTCCCCTCCTCaTtCCaCCtCCtcCCace
Nip.sed 1089
FAR218.5eq 1089
HAH2400.5eq 1089
Consensus ctaccacctoctacccocaccecctottcoccctoctaccaeceactecctocccaccccttccccccacteccccttettecaccee
T:l_ip,scd 1210
FAR218.5eq 1210
HURI2400.5eq 1210
Consensus
Nip.sed 1331
FE/R218.seq 1331
HURI2400.5eq 1331
Consensus ccgctegtoctotocctect
Nip.sed 1400
#ﬁﬂ&seq 1400
HAH2400.5eq 1400
Consensus

[l A v REARIR C AGE Y728 S0 A

The boxes in figure A represent the reported mutation sites
El5 FEAK OsAAP6ERBEFX(A) HBEX (B)MFF 27
Fig. 5 Sequencing analysis of the promoter region (A) and CDS (B) of Os4A4P6 gene in parents

x5 ENXEMEEEERERTRERINAE
Table S Candidate gene and their putative functions in
the location interval

1A o AR
Gene Mutation Annotation

type
LOC Os01g65169  SNP U SR IR is /R
LOC 0s01g65200  SNP iR L2 R A
LOC Os01g65470  SNP TRsFECE
LOC Os01g65480  SNP PR H Dnal ZEEH
LOC Os01g65560 ~ SNP TRsFECE I
LOC Os01g65690 ~ SNP  24,5-DOPA BUIN4ABFS Wik 1
LOC Os01g65720  SNP WHAT K fieg ity
LOC Os01g65770  SNP PR RE HE
LOC _Os01g65780  SNP BRI RS il
LOC _Os01g65810  SNP KikEH

LOC_0s01g65920 SNP/InDel & &tz RE A | & MR & A
LOC _Os01g66060  SNP PRAF R FE A

2.6 fLRHBETE 1818 HIEIH

i AT A RIL 45 R R A Z MR ROK 0k 5
J5 K BRAR R PR A 2, A RIL 5% 22 R 18 H AR AR 1
SRR, H 54 18 5 42 22 G H A R 1818,
gGPCI L 538 FU DRI 2400 , ]I KA MU %) HE St il
RAZHE 23 S FTRGRE S05S AL , F B A B A (&1 6) , 48
T 1818 Bk e 445 S 2 A TR i L o %o B S S 18,
FR BB PR 5055 R & 22 5, A T A4 AN B
B SW ETCE 2E (F6) . iRk E
M S AR AR T R B, RS 1818 IR T %
W TR R A I T s 23 S R R
K 5055, MK £ W43 B B8 B i ELEE Ve 1% i 3y
25 T B S AR (2 7)), U B g AR 2R R
AT DABE i P A T A E R 1 S ST R S T,
X5 HTAMFFE 25 R —2L
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2235 Wuyungeng23

FEf#5055 Nangeng5055

£HFE 1818 Zhendaol818

6 $HTE1818 SXI MmN KRN AL

Fig. 6 Rice appearance analysis of Zhendao 1818 and control varieties

Fo6 HEBIBIBEXMNBMMREMRI

Table 6 The agronomic traits of Zhendao 1818 and control varieties

B BT R

. BERERRIER THE(g)
SRR Fk#g (cm) (x10Y) ‘ LESH (%) & HER(A)
X . ) . Spikelets per . Thousand-grain .
Variety Plant height Effective panicles . Seed setting rate . Growth period
) panicle weight
per hm
HFE 1818 101.2+0.84° 325.7+£32.58* 113.6+11.19° 92.8+2.32% 26.7£0.21* 160.8+1.92°
Zhendao 1818
RizHi 235 97.6+1.52° 321.0£20.10° 135.2+16.75° 89.8+0.47° 26.0+0.40° 159.2+1.30°
Wuyungeng 23
R 5055 96.0+1.41° 309.0+£24.60° 130.8+15.22 90.2+0.75" 24.6+0.29¢ 159.4+1.67*
Nangeng 5055
IINE PR RANIR] AR ) 22 548 P<0.05 19 8 MK T )
Lower case letters indicated the level of significance at P<0.05 of differences between different varieties; The same as below
F7 $EFE 1818 SR MFAKIE SRR FERENIBIRS T
Table 7 Eating quality of rice and physicochemical indicators of Zhendao1818 and control varieties
PSIUSEY) i TR (%) o " S A
I S . LEAE%)  EAFSE (%) BWE (mm)  HEEEH &R (%)
. Overall eating Rate of chalky ) ) .
Variety . Chalkiness Protein content Gel consistence Amylose content
quality kernel
FHAF 1818 84.85+0.39* 14.214+0.85¢ 3.73+0.22° 5.63+0.04° 81.50+0.41* 17.94+0.25"
Zhendao 1818
Wiz 23 79.70£0.65° 27.63+0.48"° 9.93£0.46° 6.50£0.04° 65.63+0.31° 17.30£0.13°
Wuyungeng 23
R 5055 82.60+0.25 34.60+2.06° 8.50+1.29° 7.27+0.06" 76.33+0.43° 8.61+0.14°
Nangeng 5055
3 i TR R A R . RS RIL K & B4
A\ Y

DI ROF IR S SU R RN EAE SR S A
) A A0 R 2 B ) A AR R TR AR I R S [ 3o e
PSR 25, 2 BN B A 25O

KA B

ol A A S R A A, B 1 T A S A R S A
O, bR L, B 1 e, (A R Hd 1
I ERd] FERTAN & R R WE A G R 2
FEAL , 3X 18 B % RIL K & 0 8 (1 &% S A7 R Fa e
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AHFSE H, F) FHAEDRE 2400 #1357 K 218 Y RIL
A 7E F o KT E] 44> QTL, 43 B4 T45 1.2 F1 12 4
ik, F,. K3 84~ QTL, 434 T451.2.6.7.8.9
AL G aR b o SRETAFGRES A AH g, B A a5
oAU 1U | IO VAR R A W R S 7 N 772260 B A R I T
RM472~RM104, H A< i i 47) LR 25 2k 37889084~
40167060 bp; Wang 257K Il 21 — A~ Fa il Z2 4~ 24 5L
iR & w1 L QTL, 1 FHRic RM315~RM 104, 43
HE BTk 36734135~40167060 bp, X M4~ QTL 5 AHF
I8 AL T A LG B K ) gGPCI (36072210~
39871484 bp) i i J& T [a]— i &0, Ui 1% QTL #f 55
e HRE B . F/ANEESEMBIMAL T 12
PRI gPaT12 15 F 45> FFric RM3331~RM5479,
W) B IE 5 23460827~24379166 bp, 5 F., K £
7 T 55 12 Je 5,1 1) QTL (4 BT B 21143708~
24994311 bp) (i iy E A . AR il 2 Y
P S K B (A S 8 1Y QTL A gBRPC6.2 61 T43
T #53C RM20076~RM3827 ( 4 B {v B 16811995~
22297320 bp) 5 F,.,, Kl 21 1 7 F 575 6 Y {1y
QTL (M3 & 21023225~24999963 bp) #E/r 4 o
A 5T o Fyo K5 M 3 4 4~ QTL 1 F,,, A5 10 21 8 >
QTL H, HA % | Ye k1 gGPCI #E E A I 5],
LA AT AS AR R] 318 B AR OR B 15 7 1 1 st A%
75 S 57 TR DRI 9 11 [R) BT, 30 32 B AU SE DR Fn oA
B R . AR, EE S S B
W O AT AR MDY AR ST T qGPC T 53l T 1 3%
WCRI™; Fy. SR R0 T2 6 YL ik i QTL %
I Dul3 3N, Dul3 3R 4h% C,H, B8 & 11, il 1 5%
i) W B4 B R0 R M — A R P R oK IR 2L B T A
T . KB 956 2 Y i {K QTL 5 OsBELD
JE DR S B, OsBEITD JE R 4t ks 43 S B 11b , XiF
IK AT R Ve Zh A A B AR O 5 Fy. R 21 1
55 8 YLt K QTL SvEM £ 3 LML K] OsISA1 i,
ISAT FEMATERY A AR FL & B Y, X el L IE R
FTE B -5 T A B G R ik A o6 R ),
AL TR S — 2P 5R .

2t SRS AR LRI, qGPCT A5 A5
A U T OsAAP6/qPC1 % HE ] i — >
A2 B 2 LR 325 Tl , RE NS 1 1) PR P AR B 1 5 7
A S s TE AR TR 24 B AR AR
ST R A S R 2R A X
2400 F1 575 A 218 () OsAAPG6 FEPIIN % , 45 5 & M
ZIERN S S 2R TE B PIAS B SRS S DG (B T

25, HiZ L R 4t X Fgmad X _EJiE 2 kb R4
ME 22 53 X 7R % QTL Al BEAFAE— AN 2L (K]
PR RL R (I & it 20 gGPCI AL
£ 516 kb X [H] , 3 15 X 4 3 K 2] 8 0 5 43 B &
P, I 12 & A2 T SNP Y InDel 25 57, Hirp
LOC _0s01g65200 JitS iR ER 7 s 8 1, iz A N 1
FEIR S INK ARG - v 0 A R R 1 AR Y
I PR SRR R 0 B P R VR R R 20, DR e
T IR A9 7 6 15 T B B8 E A 7 E— 25 A SRR
IEAR , A5 FI FH I 00 A 8 1 5 B G A4
il (R BERE 1818, 5427 I KT AR T (A 6 B b ek
IEHE 23 5 (4 TH A 66.67x10* hm* LA | ) Fl2p ks 71
PG BT W it B g B 5055 ()™ T8 FH 133.33%10* hm?
DL B FHEG, R0 A B R S 5T, 10 B R A8
IR R ZS A FhRic il Bl Bl L sl R &
TR ST
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