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Dynamic Quantitative Trait Loci (QTLs) with Additive, Epistatic and

QTL X Environment Interaction Effects for Salt Tolerance in Rice
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Abstract: Sodium (Na' ), potassium (K ) contents and Na® /K" ratio are the key indexes that affect the
salt tolerance of rice. The salt tolerance of rice is controlled by quantitative trait loci (QTLs). At present,
a number of quantitative trait loci for Na” and K* contents, as well as the Na™ /K" ratio, have been iden-
tified at the seedling stage, but few have been identified at the field growth stage. In this study, using a
recombinant inbred line (RIL) population derived from a cross between ‘Dongnong 425’ and ‘Changbai
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10°, dynamic QTLs for Na~ content, K~ content and the Na™ /K" ratio were identified by a combined
analysis of salt stress and control conditions at different developmental stages during the field growth stage
of rice. The additive (A), epistatic (AA), and QTL X environmental interaction effects (QE) of these
QTLs were analyzed using a mixed linear model (MCIM). The results show that: (1) under the salt stress
condition, the Na” content of stems (SNC), Na™ /K" ratio of stems (SN/K), Na' content of leaves
(LNC) and Na' /K" ratio of leaves (LN/K) in parents and RIL population were all higher than those of
the control at each stage, while the K' content of stems (SKC) and K* content of leaves (LKC) were all
lower than those of the control. There was no significant difference of traits between parents at most sta-
ges under control condition. Under the salt stress, a number of traits of the two parents were significantly
different at different development stages, among which SNC and LKC were significantly different at four
stages, SN/K and LN/K were significantly different at three stages, and SKC and LNC were significantly
different at two stages. (2) In total, 13 additive and 11 epistatic QTLs, including 14 unconditional and 10
conditional QTLs were detected using unconditional and conditional QTL mapping methods. We noted
that 8 out of 13 additive QTLs and 7 out of 11 epistatic QTLs had significant QE effects. (3) ¢SKC5-1
was detected at four developmental stages, suggesting a key role in regulating the salt tolerance of rice.
The additive X QE effect was detected in all QTLs of SNC, SN/K and LLN/K, and the epistatic X QE
effect was detected in all QTLs controlling SNC. indicating that the QTLs of these traits were more sensi-
tive to salt environment. The present study demonstrates that the expression of QTLs for Na™ content,
K" content and Na' /K" ratio in rice during the field growth stage was closely related to the developmental
stages. The heredity of salt tolerance of rice under field growth condition is very complex. Epistatic and
QE effects should be considered in producing new salt-tolerant rice materials by molecular marker-assisted
selection (MAS).
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Table 1 Additive (A) and additive X environment interaction (AE) effects of dynamic QTLs for Na = content,

K" content and Na™ /K" ratio under salt stress and control conditions

PR (A) N X R AR (AR
rfil-;{k QTL ;{%‘ﬁﬁs I iﬂgl‘[ﬂ 1 Additive effect Additive X environment interaction effect
Trait Chr. Marker interval Stage W% ﬁ@(% AL AL ﬁﬁk%

Effect h:/% S8 K h/ %
4SNC1 1 RMI1360-RM243 T, 113. 74 12.08 69. 65 —69. 59 4.02
* l\édl\;tﬁi 4SKC1 1 Tndel10-RM529 T, —63.84 5.95
¢SKC5-1 5 RMI18376-RM509 T, —95. 4 8.13 4.45 —4.24 1.12
¢SKC51 5 RMI18376-RM509 T,  —131.6 12. 90 5. 83 —5.12 1.65
ke OSKCS1 S RM18376-RM509 T,  —112.17 11.36 6.17 —5.94 2.08
SKC ¢SKC51 5 RM18376-RM509 T, —80. 33 7.14 3.45 —3.20 0.72
4SKC? 2 RMI2865-RM12941 T, —84. 56 6. 32
4SKC9 9 RM285-RM201  T,/T, 60. 11 6.49  —161.79 162. 01 3.43
= I;E;/I/(K 4SKC5-2 5 RM598-Tndel40 T, /T, —4 11 0.31 — 28,47 28.56 0.72
¢SNK1 1 RM243-RM490 T, —1. 54 1. 41 —1.25 1.25 1. 26
4SNK7 7 RM418-RM320 T, —1.09 1.75 —1.02 1.02 1.81
WoNat g GNC1Z 12 RMISIORMIZEE T, —115.20 7.77 63. 14 —63. 33 4.48
LNC gLNC12 12 RMI310-RM1264 T,/T,  —47.98 4.15 49. 87 —50.11 4,26
4LNC3 3 RM411-RM1352  T,/T, 10. 61 3.08
MK & LKC  gLKC7 7 RM1357-RM1306 T, —62.15 7.17
M Na /K LN/K LNK7 7 RM418-RM320 T, —0.43 3.05 —0.11 0.11 1.06

1 AEgs I AE o 43 51 367 5 10 38 RIS BB A% 4 9 g X o 858 A 3800

Note: AE¢ fll AE. indicate the additive QTL X environment interaction effects in salt stress and control conditions, respectively
F2 HMEMMBEMET Na¥ KT8 Na® /K" REHE QIL M L (AA) 1 LA X B EE(AAE) B KL
Table 2 Epistatic (AA) and epistatic X environment interaction (AAE) effects of dynamic QTLs for Na™ content,

K" content and Na' /K" ratio under the salt stress and control conditions

A B A 5 B AR (AAE)
Epistatic effect Epistatic X environment
H:IU\ QTL ﬁdﬂ_’zrﬂ QTL ﬁiia‘lZl‘Fﬂ ET%H (AA) interaction effect
Trait i Marker interval; i Marker 1ntcrvalj Stage — —
Ldma Jhn\ﬁfé: AAEg AAE fﬁtf
s Na g OSNCE RMIGTO4RMITI 4SNC7 RM1357-RM1306 T, —20.80  0.11 —6.84 6.77 0.42
SNC ¢SNC2  RMI2865-RM12941  ¢SNC9 RM285-RM201  T,/T, —68.85 1.24  —118.43 120.78 3.82
4LNC6 RM528-Indel51 ¢LNC12  RMI1310-RM1264 T,  —46.20  1.95  —62.45  63.09 2.46
4LNC1-1 RM9-RM5 qLNC7-1 RM320-RM560 T, —120.92 593  —91.59  93.64 4,54
i Nt g OONCIZ RMIS6Indel2 4LNC4 RM335-RM518 T, 23.18  0.81
LNC gLNC7-2  RMI365-Indel59  ¢LNC10-1  RM474-RM24952 T, —89.89  7.91 —76.33  74.49 6. 85
4LNC2 RM207-RM48 4LNC11 RM229-RM21 T,/T, 28.07  1.62
GLNC3  RMI230-RM571  ¢LNC10-2 ~ RM25213-Indel90  T,/T, 58.06  3.60 29.07 —29.26 2.25
GLNK7-1  RM180-Indel62 ¢LNK8  RMI1235-RM22475 T,/T,  —1.51 4.0l
" %/{(K‘ GgLNK7-2  RM346-RM1279 gLNK8  RMI1235-RM22475 T,/T,  —2.01  5.91
GLNK7-3 RMI1365-Indel59  ¢LNK7-4  RMI1357-RM1306  T,/T, 0.47  5.40 0.46  —0.42 2.32
W AR 1A EALEE QTL A4 QTL; AAE Il AAE o 43 51 36 7% 5 Wk 30 Akt B8 204 R 1Y b A5 0k < B 8 T 1 3% 07

Note: i and j indicate the two QTLs in a pair of epistatic QTL, respectively; AAE and AAE indicate the epistatic QTL X environment interac-

tion effects in salt stress and control conditions, respectively
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