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Mapping of QTL for Iron and Zinc Toxicity Tolerance at Seedling Stage Using
a Set of Reciprocal Introgression Lines of Rice
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Abstract: Ferrum and zinc are essential microelements for rice. However, rice growing in lowland or acid soil is easily subjected
to ferrous iron and zinc toxicities which harm plant growth and finally result in deduction of biomass and yield in production. The
aim of this study was to identify quantitative trait locus (QTL) underlying ferrous iron toxicity tolerance (FTT) and zinc toxicity
tolerance (ZTT) of rice using a reciprocal advanced backcross introgression lines, which was derived from the cross between Le-
mont (japonica) and Teqing (indica), and 308 evenly distributed single nucleotide polymorphism (SNP) markers developed from
the two parents. A total of 42 putative QTLs affecting shoot height (SH), shoot dry weight (SDW), and root dry weight (RDW)
under control and stress conditions and for the relative value of the stress to the control were detected, the alleles at most loci im-
proving the tolerance of ferrous and zinc toxicities were from Lemont. Among them, only four QTLs (9.5%) were detected under
the two backgrounds, indicating the expression of most QTLs is specific to genetic background. Nine QTLs were detected from
the same genetic background affecting the tolerance of both ferrous and zinc toxicities, in which QSdw5 was expressed under the
two backgrounds with the same direction and similar quantity of gene additive effect, suggesting that there is a genetic overlap
between FTT and ZTT at seedling stage in rice. It is likely, therefore, to improve Teqging’s FTT and ZTT by introgressing and
pyramiding Lemont favorable alleles at the overlapping QTLs via marker-assisted selection.
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Table 1 Performance of ferrous and zinc toxicity tolerance related traits in the reciprocal introgression lines
1)

- _ Lemont PP, ? +
Condition Trait Background (P1) (P2) Mean * SD CV (%) Range
CSH (cm) TQ 26.5 31.7 -5.2" 31.2+3.2 10.1 20.8t041.5
Control LT 24.8 29.2 4.4 24.7+2.0 7.9 18.1t0 31.0
CSDW (mg) TQ 48.3 59.4 -11.17 54.0+10.1 18.8 28.3 10 84.0
LT 28.0 35.8 -7.8" 30.946.3 20.4 18.0t0 53.2
CRDW (mg) TQ 75 9.4 -1.9" 9.4%2.0 21.4 4.31016.3
LT 6.7 7.8 -1.1 6.8+1.1 16.6 431011.3
FSH (cm) TQ 24.5 27.1 2.6 29.8+3.0 10.1 20.7 t0 39.1
Fe stress LT 22.7 24.8 -2.1" 22.5¢1.7 7.3 16.6 to 26.8
FSDW (mg) TQ 43.3 51.5 -8.2" 48.8+9.7 19.8 22.9t078.3
LT 25.4 30.7 -5.3" 26.1+5.2 20.1 16.4 to 43.6
FRDW (mg) TQ 6.8 8.2 -1.4 8.4+1.8 215 3.31014.3
LT 6.5 7.6 -1.1 5.5+1.1 20.5 2.51010.0
ZSH (cm) TQ 22.2 23.1 -0.9 23.6+2.3 9.8 16.310 32.1
Zn stress LT 21.3 22.2 -0.9 21.2+#1.3 6.4 16.9 to 23.9
ZSDW (mg) TQ 41.8 48.4 -6.6" 41.0+8.4 20.4 18.8 to 63.8
LT 23.1 27.3 -4.2" 23.6+4.1 17.5 13.5t0 41.7
ZRDW (mg) TQ 6.3 7.1 -0.8 6.1+1.6 25.9 2.91012.0
LT 6.1 6.9 -0.8 5.3+1.0 18.8 251009.3
FRSH TQ -7.5 -14.5 6.96 " -4.3+2.9 67.4 273100
Fe relative LT -85 -15.1 6.60" -8.945.0 56.8 ~27.810-0.2
value (%)
FRSDW TQ -10.4 -13.3 2.95 —9.6+7.4 77.8 -39.2t00
LT 9.3 -14.2 4.96 -15.1+10.5 69.3 -49.2100
FRRDW TQ 9.3 -12.8 3.43 -11.0£9.2 83.5 444100
LT -3.0 -2.6 -0.42 -18.2#12.1 66.6 -50.0t00
ZRSH TQ -16.2 -27.1 10.90 —24.0£5.1 21.0 -35.1t0-4.2
Zn relative LT -14.1 -24.0 9.86 -14.1453 37.5 -30.8t0-0.6
value (%)
ZRSDW TQ -135 -18.5 5.06 -23.5+10.0 43.4 -48.7t0-1.8
LT -17.5 -23.7 6.24 -22.3+10.8 48.5 -53.0t0-0.3
ZRRDW TQ -16.0 —24.5 8.47 -34.1£15.7 45.9 -49.2100
LT -9.0 -115 2.58 -20.7£11.6 56.3 -54.3100
Y CSH: ; CSDW: ; CRDW: ; FSH: ; FSDW:
; FRDW: 7 ZSH: ; ZSDW: ; ZRDW:
; FRSH: ; FRSDW: ; FRRDW:
; ZRSH: ; ZRSDW: ; ZRRDW: ar-

0.05 0.01

D CSH: shoot height under control condition; CSDW: shoot dry weight under control condition; CRDW: root dry weight under control
condition; FSH: shoot height under ferrous stress condition; FSDW: shoot dry weight under ferrous stress condition; FRDW: root dry weight
under ferrous stress condition; ZSH: shoot height under zinc stress condition; ZSDW: shoot dry weight under zinc stress condition; ZRDW:
root dry weight under zinc stress condition; FRSH: relative value of shoot height under ferrous condition to control condition; FRSDW: rela-
tive value of shoot dry weight under ferrous condition to control condition; FRRDW: relative value of root dry weight under ferrous condition
to control condition; ZRSH: relative value of shoot height under zinc condition to control condition; ZRSDW: relative value of shoot dry
weight under zinc condition to control condition; ZRRDW: relative value of root dry weight under zinc condition to control condition. ? “and
““indicate the significance at P<0.05 and 0.01 based on t-tests.
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Table 2 Correlation coefficients between ferrous and zinc toxicity tolerance related traits in the reciprocal introgression lines

CSH
CSDW CRDW  FSH FSDW  FRDW ZSH ZSDW ZRDW FRSH FRSDW FRRDW  ZRSH ZRSDW  ZRRDW
osH 0.75™ 0.51™ 071" 0507 0.30 0.60™" 0.46" 0.33 -0.50""  -0.38 -0.24 -0.63""  -0.38" —-0.24
0.85"" 077" 0.51™ 072" 0.44” 0.34" 0.65"" 051" —0417 -0.40"  -0.35" -0.60""  —0.49"" —0.34
CSDW
0.68""  0.83™ 0.40" 0.64™"  0.34" 0.25 0.64™"  0.58"™ -0.22 -0.21 -0.66 —-0.39%* -0.23 -0.58
CRDW
ESH 0.82""  0.70™  0.53™ 0.65""  0.28 0.70"" 0.46"" 0.33 0.25 0.16 -0.15 —0.22 -0.08 -0.10
0.76""  0.80"" 0.65"  0.84™" 0.45™ 0.32 0.66™"  0.52"" 0.12 0.33 -0.21 -0.30 -0.12 -0.19
FSDW
0.58™" 0.2  0.53™ 0.58  0.80"" 0.20 0.28 0.39™  —0.08 -0.01 0.45" -0.19 -0.23 0.02
FRDW
ZSH 0.76""  0.59™"  0.45" 0.677"  0.65"  0.50"" 0.47" 0.29 -0.06 -0.07 -0.08 0.19 0.03 0
0.68""  0.68" 0.56™" 0.58"" 0.70™" 0.5 0.90"™ 071" -0.07 —0.04 —0.35% -0.12 0.22 -0.04
ZSDW
0.56""  0.61 0.517" 044 054" 045" 0607 0.78 -0.05 -0.04 -0.22 -0.13 0.13 0.30
ZRDW
-0.33" -0.27 -0.26 0.26 0.11 0.13 -0.15 -0.17 -0.21 0.72"" 0.14 0.59"" 0.41" 0.19
FRSH
—-0.29 -0.48" -0.39" 0.05 0.10 0.12 —0.04 —-0.12 —-0.20 0.59"" 0.20 0.42" 0.47" 0.20
FRSDW
-0.14 -0.27 -0.50 0.13 0.11 0.42" 0.08 -0.04 -0.07 0.47" 0.60™" 0.23 0.04 0.56""
FRRDW
-0.40"  —0.42 -037" -0.26 -0.22 -0.16 0.28 0.19 0.09 0.30 0.38" 0.33 0.52"" 0.30
ZRSH
-0.26 -0.47" -037" -0.18 -0.19 -0.12 0.27 0.28 0.13 0.15 0.55™" 0.33 0.76"" 0.35
ZRSDW
—-0.10 —-0.20 -0.44"  -0.06 —-0.09 —-0.06 0.24 0.22 0.51 0.09 0.19 0.44™" 0.49"" 0.51"™"
ZRRDW
Lemont | S 0.05 0.01  0.001
Numbers below diagonal are for Teqing background-ILs, and those above diagonal for Lemont background-ILs. Trait abbreviations are the same as those given in Table 1. ", ", and ™" stand

for significant correlation at P < 0.05, 0.01, and 0.001, respectively.



Table 3 Main-effect QTL affecting ferrous and zinc toxicity tolerance related traits detected in the reciprocal introgression lines

#3 WMESARTENE WA KSFEHEI R ER QTL

1) Fe Fe Zn Zn
QTL Marker interval Control Fe stress Fe relative value Zn stress Zn relative value
Background Chr. (bp) LOD Add? LOD Add? LOD Add? LOD Add? LOD Add?
Shoot height
Qsh1 TQ 1 9765185-10822085 5.30 -1.90 4.89 -1.87 3.76 -1.20
Qsh2a LT 2 8454851-9511612 1.83 —0.62 7.20 -3.58 3.42 -11.56 2.33 -0.52
QSh2b TQ 2 23557743-24626496 2.64 -0.92 3.34 -2.72
LT 2 24626496-27547601 1.81 -0.47 3.21 —0.41
QSh3a TQ 3 17511092-18569787 3.22 -2.07 3.84 —-1.82
QSh3b LT 3 26517642-27447623 5.73 -0.84 1.81 -0.44
QSh5 TQ 5 18339192-19546328 4.44 0.91 3.89 1.36
LT 5 18339192-19546328 5.37 0.97 3.22 —2.27 4.85 -2.38
QShéa LT 6 9146196-9656257 10.21 -1.26 4.79 —0.88 5.05 -6.91 6.57 —0.46
QShéb TQ 6 28333687-29381647 _1.70 -0.85 4.54 8.49 3.22 —4.27
QSh7 TQ 7 27495091-29303506 4.35 2.84 4.47 2.83 2.39 _1.67 3.69 -11.43
LT 7 27495091-29303506 2.54 -0.30 2.44 _—2.34
Qsh8a TQ 8 18396373-19556500 3.74 1.09 5.45 1.12 1.71 _=2.03
Qsh8b TQ 8 24714824-26929959 3.49 1.34 4.56 1.16
QsSh9 TQ 9 5390612-7237057 5.15 4.21 4.49 3.91 4.44 -12.70 3.64 3.09
Qshl1 LT 11 749467-1767997 7.75 0.96 8.04 0.96
TQ 11 1767997-2857452 2.99 0.67
Shoot dry weight
QSdw1l TQ 1 9765185-10822085 3.67 -5.43 4.74 -5.54
QSdw2a LT 2 8454851-9511612 1.73 1.99 2.72 0.99 3.14 6.97 2.29 _4.74
QSdw2b TQ 2 23557743-24626496 2.12 -3.70 3.93 -5.57
QSdw4 LT 4 25526863-26638271 4.27 1.49 6.60 2.06
QSdw5 LT 5 17301701-18339192 5.24 2.66 2.36 -4.72 4.58 1.61 3.20 —7.64
TQ 5 18339192-19546328 5.95 5.36 7.58 5.45 1.76 -1.18 2.37 2.90 4.58 -3.87
QSdw6a LT 6 8126604-9146196 3.40 -1.70 4.48 -13.13
QSdweéb LT 6 24249085-28333687 4.48 1.66 2.52 4.53




(% 3)

n Fe Fe Zn Zn
QTL Marker interval Control Fe stress Fe relative value Zn stress Zn relative value
Background  Chr (bp) LOD  Add® LOD  Add?  LOD  Add?  LOD  Add?  LOD  Add?
Shoot dry weight
QSdw7a TQ 7 7321600-8393665 6.72 6.49 7.73 6.23
LT 7 7321600-10263906 3.32 1.90
QSdw7b TQ 7 27495091-28445737 3.40 4.41 2.37 =31.12
QSdwsa TQ 8 18396373-19556500 4.47 4.44 3.97 3.01 2.24 -3.28
QSdwsb TQ 8 24714824-26929959 2.35 3.19 4.68 4.67
LT 8 26929959-27849015 3.15 1.19
QSdw9 TQ 9 5390612-7237057 4.07 4.14 5.64 4.57 2.77 -5.32 1.99 4.39
QSdwl1 LT 11 749467-1767997 4.90 2.18 1.71 1.03
Root dry weight
QRdw1l TQ 1 9765185-10822085 2.55 -0.95 2.50 -10.88
LT 1 9765185-10822085 3.55 0.33 1.58 717
QRdw?2 TQ 2 8454851-9511612 3.38 0.36
LT 2 8454851-9511612 3.21 0.29 4.82 0.42
QRdw3 TQ 3 17511092-18569787 1.75 -0.87
QRdw4a TQ 4 2249986-4560663 1.68 0.29 3.08 -26.54
QRdw4b LT 4 26638271-28545803 4.00 0.35 2.68 0.47
QRdwba LT 5 6448201-10338341 5.53 0.54 4.11 0.62
QRdw5b LT 5 18339192-19546328 3.01 0.62 1.52 —6.39
QRdw6 LT 6 8126604-9146196 4.14 -1.42 2.08 -13.67
QRdw8 TQ 8 18396373-19556500 3.12 0.70 2.39 0.61 3.12 —6.92
QRdw12 LT 12 24328785-25495817 1.59 0.30 4.69 0.46
b QTL 2 QTL LOD 1.5 25 ; Lemont

Y The underlined physical sites are those closer to the true QTL positions. ¥ The underlined numbers indicate that these QTL were detected at the subthreshold of 1.5 < LOD < 2.5. Additive
effect (Add) is the effect associated with substitution of a “Lemont” allele by the corresponding “Teqing” allele.
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