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Pivotal genetic mechanisms of the shoot cadmium accumulation in a low grain

cadmium-accumulating rice
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Abstract: Farmland soil is gradually polluted by cadmium (Cd), which leads to the excessive Cd concentration in grain.
Food security has attracted much attention of people all over the world. Therefore, the utilization of Cd polluted farmland
soil and reduction of the Cd concentration in grain have become an urgent issue to be resolved. Yahui2816, a low grain Cd-
accumulating rice line with high shoot Cd-accumulation, is potential to achieve these goals simultaneously. The genetic
stability of shoot Cd accumulation and the relevant genetic basis in Yahui 2816 was investigated in this study, providing an
idea for molecular marker-assisted selection of low grain Cd-accumulating rice with high shoot Cd accumulation. Three types
of F, hybrids were constructed by rice restorer line Yahui 2816 and three male sterile lines (Lu98A, 5406A and C268A) to
analyze the heterosis of shoot Cd accumulation. The F, population was constructed by Yahui2816 and C268A. The F,
population ( constructed by Yahui2816 and C268A) showed a distinct advantage and thus met the basic requirement of
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quantitative trait locus (QTL) analysis of phenotypic isolation. Furthermore, the F, was used to analyze the QTLs of shoot
Cd accumulation combined with the genetic linkage map. The results revealed that: (1) F hybrids showed a good heterosis
phenomenon of shoot Cd accumulation, indicating Yahui2816 had strong genetic stability. Meanwhile, a mid-/super-parent
segregation was observed in F, population. (2) A QTL controlling shoot biomass (¢SB-6) and three QTLs controlling shoot
Cd accumulation (gSCdA-4, qSCdA-6-1 and ¢SCdA-6-2) were detected on chromosome 4 and 6, explaining 10.6%—
14.4% of the phenotypic variance in the shoot Cd accumulation of the F, population. (3) Shoot Cd accumulation showed
significantly positive correlations with shoot biomass and Cd concentration, root and grain biomass and Cd accumulation,
transfer factor of Cd to shoot, and a negative correlation with transfer factor of Cd to grain. In addition, there were 4 overlap
regions (Cl-4-1, Cl-6-1, Cl-6-2 and Cl-6-3) controlling two or more traits at the same time. (4) Marker 04171-marker
04197 controlled shoot biomass and Cd accumulation simultaneously and did not overlap with the QTLs controlling grain Cd
concentration. In conclusion, Yahui2816 carried an allele which can enhance the ability of shoot Cd accumulation, and its
related traits could be stably inherited from generation to generation. QTLs ( ¢SCdA- 4, gSCdA-6-1 and ¢SCdA- 6-2)
controlling shoot Cd accumulation were beneficial for molecular marker-assisted breeding of rice with high shoot Cd

accumulation and low grain Cd accumulation.

Key Words: Oryza sativa L.; Cd accumulation; heterosis; quantitative trait locus
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QTL BN, FE/KAR 12 e ta i b % BT il K RkER A 350 Cd BLE A& QTLs ™' Xue 2517 1|
DH B 7258 7 S Yo fR A RS b &8 Cd & &) QTL ¢CDS7, Ueno £ 081 Tezuka 251 F) AR 55
AMIEER F B, RS 7 Sk AR E L3 cd BB R A QTL, Hih QTL ¢CdT7 43 iy 3 K
OsHMA3 RAESE G AR, DIAZFERAE R o0 FhRic, ik T Cd 15 Yeqc HAE 52 2008 B 3% B9 /K A b Bl Akita
11012 | BREE 7 S YRk oh , Ueno 25" Fl Yan 252 0 BIIAAESS 2.5 11 F1 10 S YL (o iR b @ o7 245 i K A5
Ho BB Cd FRE R QTL, AN, i A W5 & BKAE Cd FRZE A QTL 41 gCd-2 .qCd-7.GCCT .qCd1-3 ,CALL %5
SEMRRERL R MRAERAL Cd S nT I S QTL @ 2 KRS Cd AR B S SE R A B T 1 1)
IKFE Cd FRRABALALE], R 2 Fhn 0 5l B e 2 5 Fh 25 SEhl, AH R -8R 5 J5 00T, AR T I Aok r
Cd AR ZKRE Al HEVK 2816 ELAT H 5 3 B35 Cd FUEAE S, iTHT Cd [s ek g E A=, midie
X HFPRL Cd R RAFMEDEAT T3 (H L 13 Cd R i AL e e MRS AL AL i RIS AE R A
Pk 2816 2228 J5 X F A F, , AT HoHh 13 Cd B SR AH SR 9 P A 4, 32 i 4 ol b 138 Cd BB AR MR i
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1 #MRERFE

1.1 Ak

JKFEHEMK 2816( R) . 98A (S1) 5406A (S2) . C268A (S3) . Ui 98A/HEK 2816 (H1) 5406/ HETK 2816
(H2) .C268A/HEMK 2816( H3) F, BEIA (fu & HEVK 2816 5 3 NAE R AR 98A 5406A . C268A) 43 5| 258
R HE—HCREAR HI (H2 F1 H3) (F,BEAR (2 120 R R, 2258 AA H3 A ZSJEA0) o B UL R 24k
2EBEERHE HEPK 2816 S DU A4 F A4 38 A 7= RIRS S F, B B Cd i B R AR RL Cd IR SRR s o5
98A(S1) \5406A(S2) Fll C268A(S3) ¥ AAE /KM B, Hitth 13 Cd &1 5 F R e AR K H e rh 1y
BERTHEN 281607
1.2 Rt Sk

5 — ARG 21 MAK/NX (1 mx2 m) FAEEA R F B MRS 3 IKER . 5 il Itk 6 4~
RIS /NX AT AKX (1 mx4 m) , 53T FPAE A CHEPK 2816 ,C268A) Fll F,, #5/INX BEMLIX A HEF , 25 X
[ 20 em 2By . B/NX AR ZK A 32 70, B R XFARKRG 120 7C, B¢ 1 Bk BRATHE N 20 emx25 em, =0t
WA, R R E B, 7244 4 A 8RN, S ABAR, Hi 2 H 2J 15 T /K A4S B AN U BTG

TG DA T U128 BCERF JRRETT Y Cd T3 Gk B Ja rp 2 8 S B Y S X, T 507 m, AR 277 15.9—
16.1 C ,AFE¥[% K & 900—1000 mm,, {55 + 3 FEA AL PE TR pH 6.60 AT HLIT 34.61 g/kg 2R 2.43 g/kg.
B 100.31 mg/kg A %W 19.03 mg/kg JHELA 69.25 mg/kg 4> Cd 1.92 mg/kg A4 Cd 0.63 mg/kg,
1.3 FRACRES 4

TR, 2 BRRCRAEHEIK 2816 ,C268A Fll F M- FE T 2mL IR K B ZRAE A T , W R % VR i
FEF-75°CHAREVKFE T DNA $2HL, T /KR BUAIBRAE KRR A 1A SRk gk 0, A 20 mmol/LL
Na,-EDTA #0215 min ZBRRE M E 1 Cd™ , FH L8 Tk v, da FHOK 40+, AR o AR
25k RO 25 105 °C R AT 30 min 5,75 CHET R EE, FRE SRR H B2 KT RRE S R
il ORE KA
1.4 eI H 5

- A AR R T AT v 84 Cd A iR HNO,-HCI0,-HF (5:1: 1, R340 11k,
AR Cd F 8 R H] DTPA S0 AR Cd 2 5K H] HNO,-HC10,(5: 1, A FR3 850 T AL, KA T TR o3 66
11 ( AA400P, Analytikjena, Germany)M5E .
1.5 JLHEAE T

K Takara {5 & H#EHUT F DNA, FIH A7 A0 LI 7 32 K ( Genotyping by sequencing ) #4738 PR 7Y 4
€. WYIEEL AM Ecorl/Nlalll(New England Biolabs, Ipswich, MA) ,
1.6 QTL Efir

RIS A 7 %) 3842 32 B L A e RO s ) SR WinQTL Cartographer v2.5 &40 B9 & X A 4E & 3%
(Composite Interval Mapping, CIM) #E4T QTL /EAL70HT . PE#E 0.5 M YA X [H] , 72888 (83 g
G4 QTL, [RIHT, 343 M B A AG I X 1] 2270 10 oM, 5P IRAR St ol 2 PE B AU AT 15 A bRic Ve A P AE i,
KIERS 5 QTL & %t BARX 6] QTL 43 Hr A2 . L LOD {8 2.5 /E 9 e K I 8r QTL BB AFE7E , A ARIC X ]
1 LOD>2.5, WITAAZ X [4] LOD 5z e b i X6 07 () 457 55 A — 1> QTL, FAli1H 454~ QTL Xf 28 B A% S5 (1 BTk %%
QTL iy 44 FEA L IR McCouch %57 A9 B RIME RSN « q+ HARMEIRIE U S SR (I FHRERE )+ =7+
FER P+ =7 + A —ZEPIHE [ QTL £, A S0 QTL AFRIIHRMAR R . ¢SB Fe¥Hil 48 13 A W% QTL;
qSCdA F5¥= 45 1o L6 Cd B R =R QTL,
1.7 HdEabi

Mo 3R Cd B R =22 W xCE Cd S+ s xnt Cd & &, MR = (F RAUE - S R A R
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H) /B EEAR L REX100% , FoEEH = ( F REE-SOERASEE ) / SEE 4 EX100%
Si 5T TE SPSS 24.0 HikfT, 2 1 RS LSD 12 ; R HIVER ] Origin 8.0 1 Excel 2013,

2 HR55%H

2.1 F b B3 Cd BLRA MR (1 Rl R34

RAKILF b EAAEY R Cd B Cd RRRZREE (K 1,K2), SUENF,F b EAY 8%
Ak 2816, B% H2, 29541 & H1 A H3 5 HARE R AT R E 251, HI H2 1 H3 #b 134 ¥ 5 51k
VK 2816 11 1.43 (1.35 Al 1.43 £, T Z<5C G0 BFB Cd % i IR THEVR 2816, W3 M TR E REEA,
PR A8 A 1 18 Cd PR R B & T RN E REAS, S HEMK 2816 JC .35 22 5%, H1 H2 Al H3 H 17 Cd
B BN HENK 2816 19 1.17 1,16 A1 1.16 fi5, F b 13 Cd AR ZAH S IR 2 B0 5 e iy v/ 8 5 A 34, Cd
B BRI MR P O 34057 3845 3500, A B ), C268 A/ FEWR 2816 S ARFR ALY, rI A FHHE F b ATt Rtk 43 #T

®1 FARHEF, M A CdRBMEXMEK

Table 1 Comparison of differences of traits related to shoot Cd accumulation between rice parents and their F, hybrids

S A7/ Cd &t Cd RE&E o p AP Cd &t Cd REE
ﬁ(jjfiji Biomass/ Cd concentration/  Cd accumulation/ ;fjsfiltt Biomass/ Cd concentration/  Cd accumulation/
(g/ ) (mg/kg) (ng/#R) (g/tk) (mg/kg) (pg/th)
R 27.51£2.16¢ 8.88+0.22a 245.28+24.58ab H1 39.42+1.71ab 7.32+0.28bc 288.57+14.63a
S1 40.57+0.58a 5.02+0.35d 204.01+16.74b H2 37.22+0.49ab 7.64+0.17b 284.07+3.38a
S2 29.41+2.35¢ 6.77+0.11¢ 198.61+12.48bc H3 39.41+2.67ab 7.23+0.1bc 285.03+20.83a
S3 35.08+1.18b 4.29+0.25¢ 150.82+13.38¢

FHRHACFARFEIKFER R, BT R HEVK 2816, S1.349 98A,S2:5406A,S3: C268A , H1 . ¥ 98A/HEWR 2816

Ze B —A%  H2 . 5406 A/ HEIR 2816; 758

% —1%, H3.: C268A/HEMK 2816 2385 —48 ; ANRI/ING FREFRIR AR KRG 22 57 W25 (P<0.05)

%2 F, i FE Cd REBAXMERI P/ BERE
Table 2 Mid-/Super-parent heterosis of traits related to shoot Cd accumulation in F, hybrids

25 #Y Mid-parent heterosis/ %

PN HBEALH Super-parent heterosis/ %
Hybrids Rt Cd ot Cd B R Rt Cd okt Cd BB
Biomass Cd concentration Cd accumulation Biomass Cd concentration Cd accumulation
H1 15.83 18.67 28.46 -2.81 -17.56 17.65
H2 30.76 8.37 27.99 26.53 -14.04 15.82
H3 25.93 24.53 43.92 12.34 -18.64 16.21

2.2 F,Hb B Cd BUEAH MR 1 s G Rt o

HEMK 2816 Hi 3K Cd & Cd FRER B EE T C268A ALY LBEE R (% 3) ., MK 2816 H#b -3 Cd
FERN Cd AL R EATHN C268A 1Y 2.17 F12.03 75, F, i1 E3BA Y& Cd & EA Cd R BRI ES i
/B 2E B AR BB N 51.14% 15.18% F1 57.79% , Herp Cd FRE RS Ak, il 3K cd L E
FROCHR B IR 38 A 31T QTL 4,

®3 RASF, LA CdRBEXMERHFETR

Table 3 Phenotypic variation of traits related to shoot Cd accumulation in rice parents and F, population

SEAR Parents F, K F, population
P b2 SFEHE A5 FAL
AR Trait ~ I e/
r TR 2816 C268A Hij({ﬁ H,i J fii Standard Avgerage Coefficient
Maximum Minimum . .
deviation value variation/ %
H: W)t Biomass/ (g/FR) 40.46 43.18 93.70 7.56 19.06 37.27 51.14%
Cd & Cd concentration/ ( mg/kg) 9.19* 4.23 11.37 5.93 1.26 8.28 15.18%
Cd B84t Cd accumulation/ ( g/ Fk) 371.77" 182.77 1007.00 57.95 179.55 310.69 57.79%

# FRWIFEAR A 22 57 .3 (P<0.05)
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Xt F, ML B Cd BURE S AR BEATRIOCHE 0T (3R 4)  BRIRAIRE K Cd &40, M B3 Cd URE S
Mo EERAEY R Cd & AR ORERA Y& Cd TR R FIAR - R RS R BRI W 3 B ARG, S 3 b BBk hE
R R W TG, DEWI KRS 13 Cd FRERE S B A (Cd & i AR RER AR R Cd LR
AR - M AR RS R AL LS AR, TSR - R A R A

F4 F,iEE CdRBEESERE Cd REMBXMERZ BRIEXES

Table 4 Correlation analysis between shoot Cd accumulation and traits related to organs Cd accumulation in F,population

b EH cd B R i b cd BB
EZIN Shoot Cd PR Shoot Cd
Trait accumulation/ Trait accumulation/
(pg/Bh) (/B
b 131 Shoot Biomass/ (g/#) 0.953 ** REK M Grain Biomass/ (g/#k) 0.263 **
Hb 1 Cd 7 & Shoot Cd concentration/ ( mg/kg) 0.356 ** FEK Cd & Grain Cd concentration/ ( mg/kg) 0.067
A Root Biomass/ (/) 0.439 ** Rk Cd B E Grain Cd accumulation/ ( pg/#) 0.279 **
R Cd & Root Cd concentration/ ( mg/kg) 0.164 - L4588 R AL Transfer factor of Cd to shoot 0.458 **
R Cd FLE = Root Cd accumulation/ ( pg/#) 0.458 ** b 1 EB- KPR RS AL Transfer factor of Cd to grain -0.422 **

# % FOREVEIRA NN 2 (P<0.01) , + F/R&VRIRACHE 3 (P<0.05)

2.3 F MBS Cd AR B AHDCHAR QTL 2 1

FIFH C268A SHEVK 2816 H Y F AR IR  SLE M 2] 4 A 5 i E3BA A od L2 B sing £
B QTL A s (R 5, 1), Horp b B AW S BB QTL ¢SB-6 13 T4 6 Syl , Py X 0] K/ A
4.28cM, RAITTRR N 14.4% , 3 DI HL_LHB Cd LR QTL ¢SCdA-4 .qSCdA-6-1 Fil ¢SCAA-6-2 43 55 T
4.6 F16 Ty @A H M BIX A K /N B 9.64 13,5 Fll 2.43¢M, 32 M TRk R0 9 M 11.7% . 14.4% FiI
10.6% , 4 4~ QTL BYMNTERUN 5 0 f, R BHE 3G I s34 W i J Cd A B f L R385k [ AXARHEDK 2816,
T 6 FYL AR I | X 18] marker 04171-marker 04197 [RIAFFE M FA Y5 Cd B S , HA B IX (8] K/ K
3.28¢M,

x5 F,i EAB Cd FREMEXMER QTL EfL
Table 5 QTL mapping of traits related to shoot Cd accumulation in F, population

. REgS  brid X N X A o N
Pl HEIRS RO mie PE emmes e
. QTL Chromosome ~ Maker Physical ) o
Trait . LOD . R/ % Additive effect
No. interval interval

b |3 ) i

Lﬁ%ﬁi%m ¢SB-6 6 marker 04171-marker 04197 4.06 17.24-21.52 14.4 -8.94

Shoot Biomass

o B3 Cd BURE qSCdA-4 4 marker 03334-marker 03367 3.25 92.98-102.62 1.7 -94.78

Shoot Cd Accumulation ¢SCdA-6-1 6 marker 04124-marker 04200 4.06 9.77-23.27 14.4 -91.97

¢SCdA-6-2 6 marker 04225-marker 04239 2.92 26.26-28.69 10.6. -81.18

3 Wig

3.1 JKFEHL R Cd B R A AR UL 34 B st (L HL 3

Cd e F P IE R A K BB 225, 1 e R R 25 AR AR AR, 24 sc 4l
AU 98 A/ HEK 2816 5406 A/ HEWK 2816 1 C268A/FENK 2816 Ml 32k Wyie i & v TACARHEMK 2816, KB
/SR R 2228 &R, v DABH W38 Sk R AE i, Rl 45 2422 4l A b B3 Cd & A Cd LR
R ERETAERYA, FZH /BRI, AR, 7E Cd 15 Y K H AR Cd AbBE A R, & 4%
S ARPRL Cd A i R TR0 , B A A i SR R 3 0% BT R, 243K Rk Cd YRR B
ZRCERAETE SR Y | MK 2816 HA KPR Cd IRBLR M 13 Cd BB B4, niA e e 45 510, ik,
DL EZesc G W T Cd W5 Qe i =i g 5 . BA Zef Ui 38 ng PR — 8 B eIk 52 2 B 4
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18 44 MBS PR SRR S KRG 10 v AR B AL R A AT
Chr4 Chr6
marker02617 marker02618 0 marker04034
marker02619 23 marker04039
ker0262 27 marker04051
marker02620 85 marker04057
marker02625 marker02627 34 marker04062
marker02636 47 marker04066
marker02643 marker02650 6 marker04088 o cis-1
marker02664 6.9 marker04094 -
marker02665 8.2 marker04097
marker02668 9.8 marker04124
marker02673 marker02675 1013 maftergﬂ gg
. markert
| cie2
marker02706 11.5 marker04137
Ker02707 11.6 marker04139
marker 12.9 marker04141
markfro()22771 127 (6102722 14.6 marker04151
marker marker 15 marker04155 ~
marker02724 16 marker04166 (T css
marker02725 16.2 marker04168
marker02736 marker02737 17.2 marker04171
marker02806 17.9 marker04179
marker02837 18.6 \' marker04180
Ker02907 18.8 marker04181
marker 18.9 marker04183
marker02908 20.2 marker04185 marker04188
marker02914 21.4 marker04192
marker02917 215 marker04193 marker04195 marker04197
marker02997 225 1 marker04199
marker03001 233 marker04200
marker03002 242‘1* | maftergiggg
. il markert
marker0303 1 262 Il marker04223
marker03042 |
marker03079 26.3 marker04225
26.7 i marker04228
marker03088 273 | marker04231
marker03102 27.8 i marker04237
marker03103 28.7 marker04239
marker03104 30.1 marker04241
marker03106 marker03107 30.4 marker04245 marker04246
marker03108 marker03109 30.7 marker04248
marker03110marker03112 31 marker04249
marker03123 315 marker04252
ker03132 31.8 marker04262
T35 333 marker04264 marker04265
45.8 marker04292
marker03164
46.5 marker04312
marker03182 467 marker04313
marker03187 48 | marker04316
marker03198 50.8 | marker04360
marker03203 50.9 marker04361
marker03206 52.5 marker04369
marker03259 535-2 mafterggg;g
il markert
marker03262 591 | marker04433
marker03268
marker03278 59.9 marker04436
marker03279 64.9 marker04444
Ker03284 67.6 marker04451 marker04456
marker 70.7 marker04457
o5 N\ manemey
markert
% marker03334 794 Il [\ W\ markero4476
79.5 — marker04477
96.9 marker03357 Cl4-1 79.6 marker04478
80.8 marker04484
82.4 marker04493
102.6 marker03366 marker03367 90 Y 1|\ marker04548
93.7 marker04553
94 marker04554
95.6 marker04596
102.9 marker04695
112.3 marker04699
112.8 -}~ — marker04703 marker04704
116. ker047
1149 marker03427 Hes markeroar08
117 7 marker04707
BER LY 9GB Hi EESA R 9SB
M FICAFR R & gSCdA mmmm CAFR R B gRCdA
-3 LR R B qTr-s

E1 F,ih 3B Cd REHXMIR QTL M EM
Fig.1 Chromosome location of QTL related to shoot Cd accumulation in F, population

QTL T-r-s-6-2 .qGB-4 1 qRCAA- 6 F IR T AT 57 45 H2 12731

ﬂ%ﬂ,%ﬁiﬁﬂﬂ@iﬁ%ﬁ%ﬁ%ﬂ BRI A Cd LB B K ZE R WA T2 IR ATZ KRS Cd

FRR IR ML AT 32 2 24 PR AR AR ARBFSE A 38 Cd R SRRt 22 53 38 SR AR MR} 7R84 N
6 SR A E P R Cd BUBRE ) QTL ¢SCdA-4 gSCAA-6-1 Fl gSCA-6-2, 5T NG5 F LS, B i)
Pl KR M R Cd AR E A AL QTL,
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3.2 JKFE Cd BLRAHSCHERRIBAL OC R b

TR KRG SRR Cd R AR AL R A XS T Cd {5 gk A =B 2 Hir 2 L E %, Wang
SEUSURI Y RIL BEAA, 78 7 5 et fh e £ 21 [R] i J K Fif 358 Cd & B AR K Cd & =AY QTL ¢Cd7.1,,
Ishikawa 257 F| ] BILs BEUAC, 7055 2 S e R L3 HlFRL Cd & 2 QTL ¢GCd2 5 ¥ 138 Cd # &1
QTL ¢SCd2 B8, 7E55 7 5 Yo otk BARHIFFRL Cd &1 QTL ¢GCd7 Fih 3 Cd & 819 QTL ¢SCd7 584
B, Hu %55 Abe %75 3 Sy ik 435l (i 2l ROK Cd &8/ QTL ¢CCBR3 &y 3 Cd %
H 1 QTL ¢IGCd3 , — FAFAEE X, Ueno 25" F Liu 251 F) IS [ AOVE EIREAR , DLk R 356 Cd AL 24
5REK Cd & N8R T QTL EAL, 7656 2 S Yk I A~ QTL FAAEE S, ASWF5E b4 6l K Ag b
#Cd BUREAY QTL SHTA I 4 MRk Cd & =AY QTL 7 f TARF B YL k" | 5 Wang 25
Ishikawa 257 FURFFE 45 RA R, B HAA 3 s, i IF B X, 5 Hu 2% R Abe %1% Ueno 251 Al
Liu S W EEHURT], 3X 0T BB 5 ISR 1 0L 8t 1% 22 S AR AR BRI 60 AR5 vh Bl Rk Cd %
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