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Abstract: Flag leaf, which is a major sink organ of rice plant, was reported to significantly positive correlate
with the grain yield. Illustrating the genetic basis of flag leaf related traits and the grain yield is of significance in
breeding for high-yield varieties with ideal plant type. In the present study, a diverse panel of 1016 rice accessions
was evaluated for flag leaf related traits including flag leaf length ( FLL ), flag leaf width ( FLW ), flag leaf area
(FLA ), as well as the grain yield per plant ( GY )in Jingzhou of Hubei province in two calendar years ( 2015
and 2016 ). The abundant variations at four traits were observed within this population, but the phenotypic
variations were found to be largely environmental-dependent. The correlations between GY and each of FLL,
FLW, FLA were low. Using genome-wide association analysis based on 4.8M high throughput SNP datasets, a
total of 31 QTL for flag leaf related traits and GY were identified. Especially, one QTL ( ¢gFLW4 ) for FLW was
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detected in both two calendar years. Three regions were found to be associated with two traits including gFLW4
and gFLA4 for FLW and FLA, gFLL6 and gFLA6 for FLL and FLA, and gFLLI0.1 and gFLA10 for FLL and

FLA. Using haplotype and bioinformatic analyses in QTL regions, seven candidate genes and 10 favorable alleles

were identified. Taken together, our results provided a preliminary base in order to clone the functional genes

underlying rice flag leaf related traits, and breed for elite rice varieties with an ideal plant type by deploying

different favorable genes by marker-assisted selection.

Key words: flag leaf trait; grain yield per plant; genome-wide association analysis; quantitative trait locus

( QTL ); candidate genes; favorable allele
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Table 1 Performances of flag leaf length and width in the two years
PEAR Ay A =+ bRz gl 5 AL .
Trait Year Mean + SD Range (%)CV g
£ (em ) Flag leaf length 2015 35.94+9.18 12.00~72.00 25.54 584x10™"
2016 38.68 +9.79 11.90~86.70 2531
I 58 (cm ) Flag leaf width 2015 1.67+0.30 0.90~3.10 17.87 7.81%x10°
2016 1.74 +0.30 0.85~2.80 17.03
)1 (cm® ) Flag leaf area 2015 4542 +15.72 10.98~138.78 34.62 32110
2016 50.85 = 16.65 9.82~119.20 32.75
Hipkra i (g ) Grain yield per plant 2015 24.97 £ 9.67 0.22~75.31 38.74 1.08+107
2016 16.39 +6.98 1.78~48.00 42.59

* P PSRRI 28 77 22 03 T AR R PR P AT (14 22 53 B 257K

*Significant differences for the same trait between the two years by one-way ANOVA

®2 WRFREEFEELMHKERNEXE

Table 2 Correlation coefficients among flag leaf related traits and grain yield per plant in the two years

ERUN B -2016 BIH-5E -2016 S -2016 Fk A -2016
Trait Flag leaf length-2016  Flag leaf width-2016  Flag leaf area-2016  Grain yield per plant-2016
B4 2015 Flag leaf length-2015 0.44™" 0217 0.85" 0.04
I35 2015 Flag leaf width-2015 0.20"" 0.63" 0.67" 0.13™
S A 2015 Flag leaf area-2015 0.84"" 0.68" 0.46"" 0.09°
Rk 22015 Grain yield per plant-2015 0.09” 0.15™ 0.13" 029"
SR 3 0.05,0.01 F110.001 K-
", "and """ represent significant levels at P<0.05, 0.01 and 0.001, respectively
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Table 3 QTL for flag leaf length and width detected by genome-wide association analysis
PF F 8
Loy ek SR
etk o B RGIE  sise ii% P O e
Trait Year Chr. Peak SNP zjor/ P-value Effect 5 Cloned gene
minor MAF R
allele
il [ qFLL2 2015 2 rs2 9469330 C/T 0.11 4.18x 107 3.34 5.08
Flag leaf length qFLL4 2016 4 rs4 23198537 C/A 0.40 1.76 x 10 1.46 2.25
qFLL5 2015 5 1s5_5766753 C/IT 0.29 5.93x107 -0.43 0.17
qFLL6 2015 6 rs6_4737943 G/A 0.20 3.54% 107 2.78 5.73
qFLL8.1 2016 8 rs8 2013344 C/A 0.29 1.43 %10 2.32 4.95
qFLLS8.2 2015 8 rs8 11143479 C/A 0.07 3.88x 10" 4.66 6.84
qFLL9 2016 9 1s9_ 16271846 C/T 0.10 2.12%x10° 3.67 5.28
qFLL10.1 2015 10 rs10_1660773 T/A 0.37 3.97x 107 1.85 3.82
qFLL10.2 2015 10 rs10_20173166 C/T 0.20 1.81x10° -1.71 2.09
qFLI11.1 2015 11 rsl1_9705547 C/T 0.17 1.94%10° -0.44 0.12
qFLLI11.2 2015 11 rsll 22157236 C/G 0.16 1.44 %10 -0.19 0.02
qFLLI2 2015 12 rs12 21134380 C/A 0.18 1.01x10° 0.19 0.02
Gl v qFLW1 2015 1 rsl 5293237 C/T 0.35 2.05x10° 0.06 3.66
Flagleafwidth  gFLW4 2015 4 rs4 31049635 A/G 048  7.08x10™"  -0.04 145  NAL1/SS1'*2)
2016 4 rs4 31113748 T/A 0.13 233%x 107 -0.04 1.27
qFLW5 2015 5 rs5 23746806 C/G 0.33 8.9x 107 0.01 0.17
qFLW7 2016 7 rs7_4602855 C/G 0388  6.93x107 -0.03 0.69
qFLW8 2016 8 rs8 4598392 C/IT 0.36 1.28x 10 0.03 0.66
qFLWI1I 2015 11 rsl1_24266497 C/A 0.40 1.39%x 10 0.07 4.40
il Ly TS qFLA3 2016 3 rs3 27947681 G/A 0.37 1.45%10° 1.43 0.68
Flag leafarea  gFLA4 2016 4 rs4 31199843 G/A 0.10  201x10° 298 1.09  NAL1/SS1™!
qFLA6 2015 6 rs6_4727405 C/T 0.19 3.51%x107 5.93 8.45
qFLAS 2015 8 rs8_ 12746308 C/A 0.07 1.85% 10 7.99 6.38
qFLAIO 2015 10 rs10_1660773 T/A 0.37 1.22x 107 3.80 5.23
qFLAI2 2015 12 rs12 691051 T/C 0.39 2.09%10° 0.54 0.11
PR qGY2.1 2016 2 rs2 11258953 G/T 0.37 3.49x 107 3.44 22.18
Grain yield »
per plant qGY2.2 2015 2 rs2_22898578 A/G 0.05 1.59 x 10 1.98 0.42
qGY3 2015 3 rs3 23574827 C/G 0.09 1.68x 10 0.94 0.26
qGY5 2016 5 rs5_228752 C/T 0.09 9.90 x 107 -2.43 3.67
qGY7.1 2015 7 rs7_780430 A/G 0.17 1.71%10° 0.66 0.23
qGY7.2 2016 7 rs7 16310522 C/T 0.10 627x 10" 0.76 0.41
qGY9 2016 9 rs9 22137372 T/C 0.46 1.46x10°° 2.13 9.64

MAF : Frequency of minor allele, R*: Phenotypic variation rate
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fie Ry qFLW4/qFLA4 ) i 36 3 R (% 4), 1 H A4y
FR) 17 A~ 32 R %) B35 780 2 i) 1) i i R 01 - g B 32
AN EES, LOC 0s04g52290 i i — A & F
PPR 5 & 45t WA & I T, 1> SNP F 3% 5L K 43
2 BRI A A A 2 ] RN S
T AR Y A7 AR 2 3 22 5, Hovh Hap2 S A #1550
K, LOC_Os04g52310 %i i — A~ 4 Bk 8 1 5% iz
EH,IZIEK IS 6 1 SNP, 73 h 4 FiBAf5 A, H
' Hap2 1 Hap3 ¥ I %8 i 3 9% T Hapl, i A Fl
ST LR 3 PR R () G TR 25 R B
LOC_Os04g52370 %i i — 4~ IR A5 = B R - 4 4
B -1- BERR IR 1T E S R, & 5 1> SNP, -k
G384 P AE R, o Hap2 Fil Hap3 Y 56 b 35
ST Hapl, A FISEA A o DUFp Ay a] 1
AR 2ZEF AR E. LOC_0s04g52479 J& . 3 &
[ NALI, % it 25 19 25 11 il 22 52 1% 70~ I 240 1R 2R
FIf, & 4 3~ SNP, Z L ILAg 4 Fp o fi5 A
Hovh Hapl 7€ 2015 4F 19 @1 0 98 8 3% %% + Hap2

KT

—log10 (p)
()}
T
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SEAGCIRYIIAIE (Mb )

1 Hap3, 1M 7€ 2016 4F ) £ it 5 1 2 %% T Hap3;
Hapl 7 2016 4F () €1 nf 1# 1 & 2 /N T Hap2 il
Hap3, I, Hap2 1 Hap3 & £ F| &5 {7 5 [,
Hap4 ( CAA ) HA —A>ahfilr, s A EOR DA S A
30T

TE4S 6 YL i ik 4.57~4.89 Mb [X [i] N AETE 49 4
e R 4), Hoh A 2 M@ s L 45 SNP #
S, LOC_0s06g09330 Fihth— N7 2 45 A 1,
FH P 3 A4 SNP B i 3 R 4 ok 2 Fh s A5 AL, HL 2
Fofr L% R0 114 1) i A 6] e AR S 2 S R, o
Hap2 i A F 45 i I (R 4), LOC_Os06g09380
G — KB E B, B ST XA 1A SNP ff F
JB3 R Ay 2 B R L, I rf Hap2 19 81 i il
i i B ) 3 K T Hapl, Hap2 Sy 47 i 45 47
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1645 10 4 {5, {4 1.50~1.82 Mb [X. 8] N 1 7 44
AMEBEIE D (& 4), 4047 1 AL 47 SNP #8
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Fig. 4 Manhattan plots for candidate regions of important QTLs
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Table 4 Haplotype analysis of candidate genes of important QTLs
2015 4F Year 2015 2016 4F: Year 2016
e
- BUEMPI ST MU ik oiid SRl SIS oWtEE g:iﬁ
Candidate gene ~ Hap# Haplotype Flag leaf ~Flagleaf Flagleaf  Flagleaf Flag leaf description
length width area width area
gFLW4/ gFLA4 LOC 0s04g52290 Hapl T — 1.54a — 1.57a  46.83a % PPR EE 45K
Hap2 C — 1.70b — 1776 52.71b H
LOC 0s04g52310 Hapl CCTCAG — 1.53a — 1.58a  46.79a  FHKIAEIZEA
Hap2 CCTCCG — 1.70b — 1786 52.41a
Hap3 TGCACA  — 1.71b — 1776 53.11a
LOC 0s04g52370 Hapl CTGAC — 1.52a — 1.56a  47.28a  JRIT WEER - WA
Hap2 CTGTC — 1.71b — 178 sigla OH-1- PRRIRHHEAE
R il
Hap3 TGTTT — 1.69b — 1776 52.48a
Hap4 CTTTT — 1.90ab — 2.15ab  77.86a
LOC Os04g52479 Hapl  CGG — 1.39a — 1.53a  39.8la ZKJHEHE2ZZRM
Hap2  TGA — 1.67b — 1.73ab  s081b T WEEMEHN
Hap3  CAG — 1.72b — 1.78b  53.05b
gFLL6/ qFLAG LOC _0s06g09330 Hapl  TGT 31.98a — 36.83a — — Z R AT
Hap2  AAC 37.79b — 48.69b — —
LOC 0s06g09380 Hapl GT 32.11a — 37.11a — — FKIKEH
Hap2 cC 37.76b — 48.70b — —
gFLL10.1/gFLAI0  LOC Os10g03700 Hapl A 34.38a — 41.81a — — YRR
Hap2 38.07b — 49.40b — —

A FREFRR Z 8 HARTE 107 /KP9 22 5 5 K

Different letters represent differences significant at P <10~ by multiple comparison

3 it
3.1 KFESIM R BERTENERE R
SRR e AR A R, B H R KA
AR RLAR B ABFFEFIAT 1016 13K
TRz R A KRS ST R AR S M 2
AFRERE T ST R i, DA ] S
T ST BRI AR B AR IR, g A A S o
o AR R PTAR TR rh R TEASG , it
LR AR DA ) BN (B IEASG , Tl A PR S5
KSR B B K, KT B A 5 0 B
S S E 2 [ AH G R I8 2 KF  (HAH G A
B, RIAPTE S A R LAEA -0 i, B &2
A ] s 421 2 9 1 R R 5 [ A, 421 A
F [ P 1) - 28 O BT B I /s 8204 i A T
IRPERER, BEIR P AP AE AN A ST AR 9 S 2 7
FpR S RIS TR A S EARDG  (HADC R

BUIN, R OCHREEAR, B IE R 8 i 81 it 5 5 &1 i
AT FR ) B — AR A AN — 2 7 R i ™, B ™ F AR AR
RERRE b Az FCA PR 2 A5 i), /KR 7= 1 5 8 -k
ARZIAFEAE RN R

TR A 5 PR 2 DG BB 43 A 3 2 A5 38 52 il 7K A 801
IR B R P A 31 QTL, i B 14
(3.2% ) QTL 7E A58 T 4 i 5], i K £
0 QTL X IS ARfEURR &1 i 1] - 5 52 A ) 1)
AR QTL , i B WA IR A st A AL B /N,
S TR EEA . 78 3 YL R H TR X [H]
€A B 5 S K 95 T AR AR [R] QTL, #H Xk
DR A R B0 AT R A [R5 PR 52— PR 2 80PE 25
o REBEIE AT 2B, 5 4 YL i ik 30.95~31.27 Mb
DX [RIAFAE 4 A st 35 PR s g 82 i 55 A 80 b g A, JHG
H1 LOC_0s04g52290 Fl LOC _Os04g52479 () A~ []
0 2 ] () G i TR AR 2 S 1 b 2, R 2 Ak
¥E 3 P (LOC 0s04g52310 F1 LOC Os04g52370 )
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IR RR A B W 3 2 S, AR 2 S IX R A £
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G AR SR Z (R A BIAH A ) QTL , FRK 50
UE T EAE S MR 5 bk ™ i Z (B A BOC R, Ui
TR PR T 7= i ) B STk T BE N, T BB E
T X AP DR 118 5 i [R5 7 o R HEAE o
3.2 FMREMEIR QTL 55T A RAILLE

I 4 e R 2 S I 43 B 7 2 4 S A3 315
TR FE S PR R TR 7 82 19 31 4> QTL Hr, Horpr 1
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