BB ZERTSE (] Taiwan Agric. Res.) 72(2):161-179 (2023) TR
DOI:10.6156/ITAR.202306_72(2).0006

VA GGE SEMiEIEF A A RRRE R S e £ din R S B
BB SIS
R T BT bk’ defhde’ R Y

e

FFORIE - MREREE ~ B IEET MR - BEE - IEIEEE - 2023 ¢ DL GGE il B 3G KA
SRR 7 e 538 S R HOERIR AT R - BB RESEST 72(2):161-179 -

KAG L MBI R ER > KW LR L4877 F BGOSR M  BERFAORAMZTIE - &G
B EAGRNE RN FERBERRSAET MW - L2 BAEMIES R R AEPTBE - KSR A GGE 4 b8 2
MR EFr R R ML AR (G) AR S AESLIR BT 0 SR (G x E) A £ MY (principle components) 13 5~
WERA SN L 2REPENAE KRS E T s 2 E (Houli; HL) A %163 %L (Changhua;
CH) W L3457 22 RBwW R - RAERE N F L6Y 21 ABKAGRIERE - LR EBT LI ARMIEARA
OB AT B Sh AR AR AGAR B R 3R Bk KRR Z A AL o 4 GGE 4 4b 8 547 A 5 1 IR BEAS R 09 1K45 R
Henft o TRERBAT MABYORERRIATEREABRE S ZRASALAGES ; BHERAHKE HL #i
CH #93RFERZH TR ARG PERELE > MEXRERERGRERKZHREESR -3 - % & GGE %

AT AR A AR IR R R AR R L F 2 A 5 2 A (FP A& PCL S PC2) T i 84% @ &l
B A R Z I R SR RAG R R ERR L H TR R BRI ARG £ Btk R RET "k 139 3%,

(‘KHI39") ~ "G4 3 38, (‘TKW3) ~ & B4 73 38, (‘TNGW73%) & & & 33 9%, (‘TT33)) Ak it -
F RIS T AR BAAFIE © Bk R E L3R40 08 % & R TR B KAG S AR BOK AR S K 4m AR L 0
ERRAT > WA R RARMAREEIEE FAR R R T 5 4 A B 64 1 T s A0AS 48 R AT B 1 ST
7 o 0 FLAG AR M 2 6% A £ B3 REE - ORI R KR ARG BTG « W AR ) AT R ik
BB TSR R B A ARG B A w ML R Gk o T R RS K e R AR AT
(0.4 mg kg™") = JAM °

RABEE © 8% - KHE - GGE e - SnfRERn SRl - RUETE -

=

B S GHEEDR I REEH#ERRNSIOHEE
S AES (Liu et al. 2018) = A Rydfa )5 4420 R B
ARE#GRENVESBSRCERRIEN 5 R e - B R AL E R B K
BENE > HEEVNVEFEABRBRENS K (Pulford & Watson 2003) » 48 1 % B % 4%
b b EEEEMEZVES SRRt L8 > RIER eV SR I 2 5%
G CHBEDEEEDNEENT R &AL A EER (Sebastian & Prasad 2014;
B EHBEIE YR ESE (screen effect) - Liu et al. 2017) - REEHBETEZE NEHER

R HIE 2 202244 H 25 H ; B2 HIH 1 202343 27 H -
TEEHES © kwjuang@mail.ncyu.edu.tw
'BZOREABEECEdRiviie - 68 ahh -
PEZgREARATE LA B - 52 A
‘HEVEEASBEE ARSI ET A - B8 2R -
TETTEBEALBEEE AR AT 28 EE .



162 H SRS

WIVERRNEZ — RN E/KEHEEAMEY) S
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ZREBORE DRI > BEEEMERE
R (quantitative trait loci; QTL) 434 » 253
FEFE AR B0 R B B SR 25 1 OsHMA3 - fi
Tk D 8% HE AR EER 0 B AR R R Y I 2 1
A FEARSR N R ALY 2R (Miyadate et al. 2011;
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e g o e AL R 05 O 5 2 RN S M HE T e e L ER
A A RABEAY R S e - EE SR BHRVAS T
JEA ] 3 00 57 £ BOR AR 2 8 M B B s
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(BIEZERUCA R MESR (Cd,) K 4888 (Cd) - EAME
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(‘KH145%) - &l 147 %8, (‘KH147") ~ &8
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Table 1. Physical and chemical properties of the studied soils.

Site pH SOM* (%)  CEC® [ecmole (t) kg']  Cd* (mgkg™) Cd," (mg kg™) Texture
Houli (HL) 6.26 2.19 5.39 3.18 2.73 Loamy
Changhua (CH) 6.25 1.64 6.94 0.25 0.13 Loamy

“ SOM: soil organic matter.

¥ CEC: cation exchange capacity.
* total Cd concentration
“available Cd concentration
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Study Site_HL

Cd conc.
mg kg
1.0-2.0
2.0-3.0
| 3.0-4.0
B 4.0-5.0
B 5.0-6.0
B 6.0-70

Rice varieties

1. TK2
2.TK8
3.TK9
4.TK14

5. TK16
6..1Y3

7. TNG71
8.TC192
9. TN11
10. KH139
11. KH145
12. KH147
13.TT30
14.TT33
15.TCS10
16. TCS17
17. KHS7
18. TNGW73
19. TKW1
20. TKW3
v 21. TCSW2

1. [EEAEE HL) H3EE T IR0ERY (mg ke 43l -
Fig. 1. Spatial distribution of soil total Cd concentrations (mg kg™ in the Houli (HL) study site.
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BERy Rk i - B AR FIEESHER  RE L
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mg kg™

B 0.20-0.25
I 0.25-0.30
0.30-0.35

Study Site_CH

Rice varieties

1. TK2
2.TK8

3. TK9

4. TK14
5.TK16
6.TY3

7. TNG71
8.TC192
9. TN11
10. KH139
11. KH145
12. KH147
13.TT30
14.TT33
15.TCS10
16. TCS17
17. KHS7
18. TNGW73
19. TKW1

20. TKW3
21. TCSW2

2. WLHERE (CH) L3R TR RIS (mg ke') S ffilE] -

Fig. 2.

4% ¢k (ICP-OES, Ultima 2C, Horiba Jobin
Yvon, Longjumeau, France) JH|E 1A Cd,
Bl Cd, » 2 el B & &% 2 HA/F L HUS 4 4HfE K
B PE LSRR B H K (Cyun)
FARME L EERRE (C,,) > FIEETRAEYR
45K T (bioconcentration factor; BCF) » 41 =\
(1) Frat » Wi LA 7553 M7 (analysis of variance;
ANOVA) 73 Jll 1 7 & 4 C,pn B2 BCF ERHE
rofE SR HEN > B R/NEEERE

(least significant difference; LSD) 1T i fE[E]
ZELRIRE -
Cgrain
BCF = —&4n (1)

soil

Spatial distribution of soil total Cd concentrations (mg kg™') in the Changhua (CH) study site.
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M R (3) 0 FHEITEEE (singular value)
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Yijk - l'l' - ej = (gl + geij) + 8ijk (3)

= ;V: léin(}\'nnjn) + gijk
Hp vy, ®onmiE i fFRE REE T

By BAEREEE A BEEn@l =1, ..,
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& 53 e A A bl s RAE TR E A R B AE
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x B) AR R 7 2 (HEEN TR AR (B
—HE_HRER) > BUARSLEERD
RENEEEEREZ 2 E XK 285y
% (scores) 4 #UEATE (H/Z GGE # & ) -
GGE il [&] 77 A BV R AR /2 S B i ] [ B
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B4 R [ LA Y 73 BB B B IR
Y O 0 FEE E IR R RIS T
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JE MERE - i LA [E s B R R A (7 & 57 U A dE
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ERIRiR B B SRR A AR R -

B E
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7
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(HL) 55— HA{EFEg 50 & 23.28C EENE
Ry 897 mm > ZfE H IRHFE U 596.7 h > 55 —HHfE
PHROR By 25.08C 0 EFENE B 484.5 mm -
FREH IR R 651.1 h s BALsERE (CH) 56
—HAE SR S B 24.03°C - BERERE B 720
mm - R H R 579.2 h o 5 ZHEFS
ROl Ry 26.73°C > BEMERE B 158.5 mm » REiE
H IS 80k 604.3 h o Bt & R » MHER
CH > HL¥ R HEMKWELEEEHR
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WP B e MAHESE —HAME - 55 T HATERYSS
T HERHRERE - (HRARRERK - HF
FHoo Rk MR RE L EAEE (soil
organic matter; SOM) i[5 B - 22 #& (cation
exchange capacity; CEC) ZEREHZE - 1 A&
TSR 2 AR (Cd,) B4EE (Cd) Z R -
RIE > AT & B BE R AR R B 1 13
RETREE SR BEER - BRI
B ERGEEE R A RRBREIE 2K
fefid ok BFEER 2 MET Bk > #8 DUst s /K fg K
TERRE WSz B T B 1Y o 7 B M B BRI 0 SRS
e L HAVE 1) Bl B T 7 S 0 B S AR R FE 1Y
SRR Al EE— > T REAE—
THAfEEE By 4 MEUBREREE (H1 - H2~ C1 &
C2) - i fRax 4 &RV B R 2 LR R KRS
R AR E 2 IBIEER LS KR R R
P Y o T 7 SR B ER SR SC R W #E T GGE
B e AT -

3R Ry/EE (HL) B4k (CH) &5
& 2 HA{E & s K R g ok R AR P 138 2 SRR
J3Af 0 7Y HL 5 —HAE » & e AR e 1 5 R
RS RS SR P14 2.80 mg kg o HfE
KRR S A HiE 1.58-4.23 mg kg SFH(E
2.66 mg kg » P fE sl o A 0V BE K SR R 1
R 3 1 2 TR R A E (PR B A E 0.4 mg kg
T BLCTCS10° ~ “TCSW2’ Kz “TK2’ it >k i &=
(3.88-4.23 mg kg') > ‘TKW1’ ~ ‘KHI139* &
“TT30° # >F M1 % #7 {K (1.58-1.74 mg kg') -
£ HL 55 —HAfF » & e AR el 1 SR 8RR IR
fEEAE AR > PI9ME 3.02 mg kg 3 BEKIEE
FERIA Y 1.55-6.84 mg kg » SPHYHEE —HAE
5 0 LLCTCS10° ~ “TCS17° k& ‘TCW2 #& >k &
= (6.68-6.84 mg kg') » 1fj ‘TKW3’ ~ “TT30
B TK2 KA AR (1.55-1.69 mg kg) -
H#E > 7 CH E—IAfE & ik 8RR /1
0.22-0.67 mg kg » SE 9 {E /% 0.38 mg kg >
BA 9 EmiE R RS SR EEE . K
B ‘TCS17° ~ ‘“TK14’ & ‘TCSW2’ kg EE
e /MY 0.45-0.67 mg kg » i ‘“TKW1”
‘TT33’ f ‘KH139’ K72 &K (0.22-0.30
mg kg') s 7E CH 55 —HA 1 - & 4 i 5 8
BIREFAE > TKY” B $FRE & (0.69
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Rhizosphere Soil Cd conc. (mg kg™)
0 0.5 1 15 2 25 3 35 4

TK2 abc "
TK8 bcde (A)
TK9 abcde
TK14 abcde
TK16 de
TY3 abcde
TNG71 abcde
TC192 abcde
TN11 - abcde
KH139 de
KH145 abcde
KH147 abcde
TT30 de
TT33 cde
TCS10 a
TCS17 abed
KHS7 abcde
TNGW73 bede
TKW1 e
TKW3 bede H1
TCSW2 . . . i A : ab ) )
0 1 2 3 4 5 6 7 8 9 10,

Brown rice Cd conc. (mg kg™)

Cultivar

Rhizosphere Soil Cd conc. (mg kg™)
0 0.5 1 1.5 2 2.5 3 3.5 4
TK2 * cd | ' ' ) ' )
TK8 - (B)
TK9 bed
TK14 * bed
TK16 o
TY3 bed
TNG71 “ bed
TC192 bed
TN11 bed
KH139 < cd
KH145 bed
KH147 bed
TT30 cd
TT33 bed
TCS10 e
TCS17
KHS7 bed
TNGW73 bed
TKW1 cd
TKW3 d H2
TCSW2 - - - - - - ; Fal .
0 1 2 3 4 5 6 7 8 9 10

Brown rice Cd conc. (mg kg™")

Cultivar

3. 21 fE/KHRG (‘TK2’ ~ “TK8 ~ “TK9’ ~ “TK14’ ~ ‘TK16’ ~ ‘TY3’ ~ “TNG71’ ~ ‘TC192’ ~ “TN11’ ~ ‘KH139" ~
‘KH145° ~‘KH147> ~“TT30> ~ “TT33’ ~“TCS10’ ~ “TCS17° ~ ‘KHS17" ~ ‘TNGW73’ ~ ‘TKW1’ ~ ‘TKW3’ JZ ‘TCSW2’)
AR FERERE K R AT T IRERIRY (mg ke') 1972 Bo IR MREWTREFTFOR © [FH (HL) B8 (A) 55—HifE
Ko (B) S SAfEEEAE (CH) sllglE (O) F—fE R (D) £ _F - iRERRERR RS P EAVEAE =
(n=16) » AHESCFRAHEFERE RIS E 22 5 LU N 72 5% (LSD) fE R (P <0.05) -

Fig. 3. Profiles of Cd concentrations (mg kg™) of brown rice and rhizosphere soil drawn with bar and line charts, re-
spectively, for the 21 paddy cultivars (i.e., ‘TK2’, ‘TK8’, ‘TK9’, ‘TK14’, ‘TK16’, ‘TY3’, ‘TNG71’, ‘TC192’, “‘TN11°,
‘KH139°, ‘KH145°, ‘KH147°, ‘TT30’, ‘TT33’, ‘TCS10’, ‘TCS17°, ‘KHS17°, ‘TNGW73’, ‘TKW1’, ‘TKW3’, and
‘TCSW2°): the (A) first and (B) second crops in the Houli (HL) site and the (C) first and (D) second crops in the Chan-

ghua (CH) site. Error bars represent the standard deviations of the mean values (n = 6). Same letters above the bars indi-
cate the mean values are not significantly different by least significant difference (LSD) test (P < 0.05).
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TT30
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TCS10
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KHS7
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TKW1
TKW3
TCSW2
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TK2
TK8
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TK14
TK16
TY3
TNG71
TC192
TN11
KH139
KH145
KH147
TT30
TT33
TCS10
TCS17
KHS7
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TCSW2
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Rhizosphere Soil Cd conc. (mg kg™)
0.05 0.1 0.15 0.2 0.25
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bedef
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becde
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defg
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(C)

C1

0.1 02 03 04 05 06 07 08
Brown rice Cd conc. (mg kg™")

Rhizosphere Soil Cd conc. (mg kg™)
0.Q5 0'.1 0.15 O.‘2 0.‘25

0.3

0.9 1

fgh
cdef

cde
fgh
efgh
defgh
cd
cdefgh

cdefgh
gh
cdefg
cdefgh

c
fgh
cdefgh
fgh

ab |

ab

C2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Brown rice Cd conc. (mg kg™)

0.9 1

“TK16” ~ “TY3’ ~ “TNG71° ~ “TC192* ~ “TNI11" ~

3. 21 fE/KHRG (‘TK2’ ~ “TK8 ~ “TK9’ ~ “TK14’ ~
‘KH145" ~‘KH147> ~“TT30> ~ “TT33’ ~“TCS10’ ~ “TCS17° ~ ‘KHS17" ~ ‘TNGW73’ ~ ‘TKW1’ ~ ‘TKW3’ JZ ‘TCSW2’)
REHERER AR H IR (mg kg™ Y2 B5 IR RELTAREIFTRR © 558 (HL) SEHE (A) B
Ko (B) S AfEEEZE (CH) sllglE (O) F—HIfE K (D) £ _MF - iRERR SRR RS P EAV AR
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Fig. 3. Profiles of Cd concentrations (mg kg™) of brown rice and rhizosphere soil drawn with bar and line charts, re-
spectively, for the 21 paddy cultivars (i.e., ‘TK2’, ‘TK8’, ‘TK9’, ‘TK14’, ‘TK16°, ‘TY3’, ‘TNG71’, ‘TC192’, “‘TN11°,
‘KH139°, ‘KH145°, ‘KH147°, ‘TT30°, ‘TT33’, ‘TCS10°, ‘TCS17°, ‘KHS17°, ‘TNGW73’, ‘TKW1’, ‘TKW3’, and
‘TCSW2’): the (A) first and (B) second crops in the Houli (HL) site and the (C) first and (D) second crops in the Chan-
ghua (CH) site. Error bars represent the standard deviations of the mean values (n = 6). Same letters above the bars indi-
cate the mean values are not significantly different by least significant difference (LSD) test (P < 0.05). (continued)
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B 4. 21 fE/AKRE (‘TK2 ~ “TK8” ~ “TK9’ ~ ‘TK14’ ~ “TK16’ ~ “TY3’ ~ ‘TNG71’ ~ “TC192’ ~ “TN11" ~ ‘KH139* ~
‘KH145° ~ ‘KH147° ~ “TT30’ ~ “TT33’ » ‘TCS10’ ~ “TCS17° ~ ‘KHS17" ~ “TNGW73* ~ ‘TKW1’ ~ ‘TKW3> K
‘TCSW2°) FIBtdbE RAVSRAEYIRAEA T (BCF) * J5H (HL) #=581E (A) S5—H(F & (B) 5 —HHfFEIEZ{L (CH)
AEEE (C) S5—IME & (D) 55 ZHAME « IREEREBRER RS afE FIERTEEE (n = 6) - HHSCFRHEEE
FORM L IE L DA N 2 L7k (LSD) e RN #EE (P < 0.05) -

Fig. 4. Profiles of Cd bioconcentration factor (BCF) by brown rice for the 21 paddy cultivars (i.e., ‘TK2’, ‘TK®,
‘TK9’, ‘TK14’, ‘TK16’, ‘TY3’, ‘TNG71’, ‘TC192°, ‘TN11’, ‘KH139’, ‘KH145", ‘KH147", “TT30’, ‘TT33’, ‘TCS10’,
‘TCS17°, ‘KHS17°, “TNGW73”, ‘TKW1’, ‘TKW3’, and ‘“TCSW2’): the (A) first and (B) second crops in the Houli

(HL) site and the (C) first and (D) second crops in the Changhua (CH) site. Same letters above the bars indicate the
mean values are not significantly different by least significant difference (LSD) test (P < 0.05).
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& 4. 21 f@/KRE (‘TK2’ ~ “TK8’ ~ ‘TK9’ ~ ‘TK14’ ~ “TK16’ ~ ‘TY3’ ~ ‘TNG71’ ~ ‘TC192’ ~ “TN11’ ~ ‘KH139’ ~
‘KH145” ~ ‘KH147° ~ “TT30’ ~ “TT33” ~ ‘TCS10’ ~ “TCS17° ~ ‘KHS17" ~ “TNGW73” ~ ‘TKW1’ ~ ‘TKW3> K
‘TCSW2) RSB ElE KAVERA VR4 7 (BCF) © 58 (HL) 58R1E (A) 55— HfF K (B) S5 IHfEBLEE (CH)
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PN R (E 22 52 DU NERE 72 540K (LSD) A E R (P <0.05) © (44)

Fig. 4. Profiles of Cd bioconcentration factor (BCF) by brown rice for the 21 paddy cultivars (i.e., “TK2’, ‘TKS’,
‘TK9’, ‘TK14’, “TK16’, “TY3’, “TNG71’, ‘TC192°, ‘TN11’, ‘KH139’, ‘KH145°, ‘KH147°, “TT30’, ‘TT33", “TCS10°,
‘TCS17°, ‘KHS17°, “TNGW73”, ‘TKW1’, ‘TKW3’, and “TCSW2’): the (A) first and (B) second crops in the Houli

(HL) site and the (C) first and (D) second crops in the Changhua (CH) site. Same letters above the bars indicate the
mean values are not significantly different by least significant difference (LSD) test (P < 0.05). (continued)
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5. 21 @ /KHG (‘TK2® ~ “TK8 ~ ‘TK9’ ~ “TK14’ ~ “TK16’ ~ “TY3’ ~ “ING71’ ~ ‘TC192’ ~ “TN11’ ~ ‘KH139" ~
‘KH145" ~*KH147 ~“TT30° ~“TT33’> ~ “TCS10° ~ “TCS17° ~ ‘KHS17 ~“TNGW73’ - ‘TKW1’ ~ ‘TKW3’ } ‘TCSW2’)
RS FEOR SRS~ GGE Heif[E §7J<$‘£&[Eﬁ%€ff}f}“ﬁn‘[<§u :A~B~C-D~E~F~-G-H-I-J-K-L-
M N-O-P-Q-R-~S T }U-FH (HL) & FE B " HENRE R S48 AR & HI B H2
#4L (CH) sEnlass ””*Hﬂf’ﬁﬂﬁfﬁf*ﬁﬁ%%ﬁ%ﬁﬁ—r% Cl1 81 C2 5 /NEIE IR A S A I ER R
> *HE%%E%?E?@@ETE%J?,.\EU\EZ—FV—J?%P%V RS ETERR R - A70E T (A FRORER R E T s VBRI R

Fig. 5. GGE bi-plot of brown rice Cd concentrations for the 21 paddy cultivars (i.e., ‘TK2’, ‘TK8’, ‘TK9’, ‘TK14’,
‘TK16°, ‘TY3’, “TNG71°, ‘TC192°, “‘TNI11’, ‘KH139’, ‘KH145", ‘KH147°, ‘TT30°, ‘TT33’, ‘TCS10°, ‘TCS17°,
‘KHS17°, ‘TNGW73°, ‘TKW1’, “TKW3’, and ‘TCSW2’), which are denoted as the capital letters, A, B, C, D, E, F,
G, HLJ,K,L,M,N,O,P,Q,R, S, T, and U, respectively. The environment vectors drawn with dot lines for the first
and second crops in the Houli (HL) site are denoted as H1 and H2; the environment vectors drawn with dot lines for
the first and second crops in the Changhua (CH) site are denoted as C1 and C2. The small open circle represents the
sum of environment vectors as the average of environments, the bold solid line is the average axis of environments,
and the arrow directs the environmental tendency toward Cd accumulation in brown rice.
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[ 6. D21 fd#/KRG (‘TK2 ~ “TK8” ~ “TK9” ~ “TK14’ ~ “TK16” ~ “TY3" ~ “TNG71” ~ “TC192" ~ “TN11” ~ ‘KH139" ~
‘KH145° ~ ‘KH147" ~ “TT30" » “TT33" » “TCS10” ~ “TCS17" ~ ‘KHS17* ~ “TNGW73’ ~ ‘TKW1" » ‘TKW3*
TCSW2’) sl K SRR GGE e [E T A R R Pl - KRl K F?iz[l"F?IJ'A *B-C D~
E~F~G-H-I-J KL -M-N-O-P-~Q RS TR U; [FH (HL) 3% 8% _H{ED BIER
# HI SLH2 ¢ WAL (CH) SURIE S —BE5E —IfEoTAIfn /s C1 B C2 - EEEE%EF” ff R R
SRS » B TE B RS 4 A R A E 4 - PTH HI - H2 - C1 B C2 SBPEN e
1% 2 {EEEfE A RRER ST (MEL i1 ME2) -

Fig. 6. Assessment of ecological regionalization with the GGE bi-plot of brown rice Cd concentrations for the 21
paddy cultivars (i.e., ‘TK2’, ‘TK8’, ‘TK9’, ‘TK14’, ‘TK16’, “TY3’, ‘TNG71’, ‘TC192’, “TN11", ‘KH139’, ‘KH 145",
‘KH147°, ‘TT30°, ‘TT33’, ‘TCS10°, ‘TCS17°, ‘KHS17°, ‘TNGW73’, “TKW1’, “TKW3’, and ‘TCSW2’), which are
denoted as the capital letters, A, B, C, D, E,F, G, H, [, J, K, L, M, N, O, P, Q, R, S, T, and U, respectively. The first
and second crops in site Houli (HL) are denoted as H1 and H2; the first and second crops in site Changhua (CH) are
denoted as C1 and C2. The connected polygon of the cultivars farthest from the origin. The red lines are perpendicu-
lar to the edges of the polygon to divide the tested environments (i.e., H1, H2, C1, and C2) into roughly two mega-en-
vironments (M1 and M2).
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7. LL21fE/KRE (‘TK2’ ~ “TK8 ~ “TK9’ ~ ‘TK14’ ~ ‘TK16’ ~ ‘“TY3’ ~ “‘TNG71’ ~ ‘TC192’ ~ “TN11" ~ ‘KH139’ -
‘KH145° ~ ‘KH147° ~ “TT30’ ~ ‘TT33” ~ ‘TCS10’ ~ ‘TCS17° ~ ‘KHS17’ ~ ‘TNGW73’ » ‘TKW1I’ » ‘TKW3> }z
‘TCSW2’) R AEREOK $RREHY GGE Sl - fhT & B A FsUBRIR s Bih (H1 - H2 - C1 2 C2) 1y
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TKU-

Fig. 7. Projected lengths on the axes of environment vectors drawn with bold solid lines for the first and second
crops in the Houli (HL) site are denoted as (A) H1 and (B) H2 and those in the Changhua (CH) site are denoted as
(C) C1 and (D) C2 for the 21 paddy cultivars (i.e., ‘TK2’, ‘TK8’, “TK9’, ‘TK14’, ‘“TK16”, TY3’, “TNG71’, ‘TC192",
‘TN11°, ‘KH139, ‘KH145°, ‘KH147°, ‘TT30’, ‘TT33’, ‘TCS10’, “TCS17°, ‘KHS17’, “TNGW73’, ‘TKW1’, ‘TKW3’,
and ‘TCSW2”), which are denoted as the capital letters, A, B, C, D, E,F, G, H, ], K, L, M,N, O, P,Q, R, S, T, and U,
respectively in the GGE bi-plot of brown rice Cd concentrations.
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8. LL217f@E/KRE (‘TK2’ ~ “TK8 ~ “TK9’ ~ “TK14’ ~ “TK16” ~ “TY3’ ~ “TNG71’ ~ “TC192’ ~ “TN11" ~ ‘KH139" -
‘KH145” ~ ‘KH147° ~ ‘TT30’ ~ “TT33” ~ “TCS10’ ~ ‘TCS17° ~ ‘KHS17’ ~ ‘TNGW73’ ~ ‘TKWI’ ~ ‘TKW3* }
‘TCSW2°) FAEFEREKSRREHY GGE SR - Bt 5 o eV S BR 5 RO B EE A - 2K RammiE ok
{ZEF?#DT?U'A B-C-DE~F~G-HI"J-K~L-M-N~OP~Q RS TKU: FH (HL) &
Bilen 55— BLEE T HAMEIVERER R S4BT BT R Ry H1 B2 H2 5 8241 (CH) sABRili 55— B EE —HAMERVIRBE ] 4%
vamll mTZ%J Cl B C2 5 /NEIREIUFRIRS (o SRR I B AR » H B4R Ry 8 208 A Ao [ RG DA s S BRI A
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Fig. 8. Projected lengths on the average axis of environments drawn with bold solid line for the 21 paddy cultivars
(i.e., ‘TK2’, ‘TK8’, ‘TK9’, ‘TK14’, ‘TK16’, ‘TY3’, ‘TNG71’, ‘TC192°, ‘TN11’, ‘KH139’, ‘KH145", ‘KH147",
‘TT30°, “TT33’, ‘TCS10’, ‘TCS17°, ‘KHS17’, ‘TNGW73’, ‘TKW1’, ‘TKW3’, and ‘TCSW2’), which are denoted as
the capital letters, A, B,C, D, E,F,G,H, L J, K, L, M, N, O, P, Q, R, S, T, and U, respectively in the GGE bi-plot of
brown rice Cd concentrations. The environment vectors for the first and second crops in the Houli (HL) site are de-
noted as H1 and H2; the environment vectors for the first and second crops in the Changhua (CH) site are denoted as
C1 and C2. The small open circle represents the sum of environment vectors as the average of environments, the bold

solid line is the average axis of environments, and the arrow directs the environmental tendency toward Cd accumula-
tion in brown rice.
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Using GGE Bi-Plot to Evaluate Paddy Genotypic
Variation in Cd Concentrations of Brown Rice and
Interaction with Environmental Effects

Chien-Hui Syu', Yu-Wen Lin', Bo-Jiun Yang®, Sung-Lin Chuang’, Chia-Yi Cheng’, and Kai-Wei Juang®"

Abstract

Syu, C. H., Y. W. Lin, B. J. Yang, S. L. Chuang, C. Y. Cheng, and K. W. Juang. 2023. Using
GGE bi-plot to evaluate paddy genotypic variation in Cd concentrations of brown rice and
interaction with environmental effects. J. Taiwan Agric. Res. 72(2):161-179.

Paddy rice (Oryza sativa L.) is the staple food of Asian countries. However, paddy rice cadmi-
um (Cd) pollution continuingly happened due to the increase in soil Cd concentration and the issue has
attracted more attention. As well known, the accumulation of Cd in rice grains is affected by paddy va-
riety, environmental effects, and the interaction effects between variety and environment. In this study,
the GGE bi-plot was used to analyze the main effect of genotype (G) and the interaction effect between
genotype and environment (G x E) on Cd accumulation in rice grains. According to the scores of princi-
ple components obtained from GGE analysis for different rice varieties, the bi-plots thus were drawn to
illustrate the levels of environmental effect on rice genotypes. There were two Cd-contaminated sites in
Houli District (HL), Taichung City, and Changhua City (CH), respectively, for a multiple-environment
trail to plant 21 rice cultivars in 2 crop seasons. The Cd concentrations in rhizosphere soil samples and
brown rice for the rice varieties were measured, and then the observed data were used to screen out the
environmentally stably low Cd-accumulation varieties. The results show that most indica varieties had
higher cadmium accumulations than japonica rice did. The profiles of brown rice Cd concentrations for
the paddy varieties in sites HL and CH are different. The lower Cd-accumulation varieties in HL were
not completely consistent with those in CH. This revealed that the interaction between genotype and
environment would be a dominant figure in brown rice Cd concentrations. In addition, according to
the GGE analysis, the effect G and the interaction effect G x E on Cd accumulation in rice grains have
been transported into the 2 principal components (i.e., PC1 and PC2), which were mutually independent
and dominated the variation of G and G x E approaching to 84%. The bi-plot gave PC1 and PC2 as the
coordinate axes were used to quantify the variation due to environmental effects in brown rice Cd con-
centration for each paddy variety. The brown rice Cd concentrations of the varieties, ‘KH139’, “TKW3’,
‘TNGW73’, and ‘TT33’, were relatively low and less varied with different sites and cropping seasons.
That is, they would be the more environmentally stably low Cd-accumulation varieties. Therefore, Cd
concentration and availability in the soil will dominate the Cd absorption by different paddy rice variet-
ies and accumulation in brown rice; the weather condition and management practices in different crop-
ping periods may be a secondary factor. In a comparison of indica and japonica types for accumulation
of Cd in brown rice, the indica was superior to the japonica. The relatively stable Cd low-absorption
varieties all were japonica rice. One can try to reduce the risk of brown rice Cd being higher than the
threshold (i.e., 0.4 mg kg") by selecting environmentally stably low Cd-accumulation varieties and
adopting the agronomic practices to go into a decline of soil Cd availability.

Key words: Cadmium, Paddy rice, GGE bi-plot, Interaction between genotype and environment, Cultivar.
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