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Abstract Potassium (K) is one of the essential
macronutrients of rice growth and eventually affects yields.
To investigate the genetics of low K tolerance and related
ions concentrations at the seedling stage in rice, quantita-
tive trait loci (QTLs) were detected using a doubled hap-
loid population derived from a cross between a japonica
cultivar CJ06 and an indica accession TN1. A total of 96
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QTLs were identified with phenotypic variation 5-29 %,
including 30 QTLs found to be associated with shoot
height, root length, shoot dry weight, root dry weight and
total dry weight under the control (40 mg L™' K™) and low
K stress conditions (4 mg L™' K™), 14 putative QTLs as-
sociated with the K tolerance coefficient of all examined
traits and synthetic appraisal index, and 52 QTLs control-
ling four ions (Na™, K*, Ca®* and Mg>") concentrations of
root and shoot under two treatments. The results indicated
that low K tolerance and related ions concentrations were
quantitatively inherited, and the detected major QTLs may
be useful for marker-assistant selection.
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Abbreviations

DH Doubled haploid
QTLs Quantitative trait loci
K Potassium

RDW Root dry weight
SDW  Shoot dry weight
TDW  Total dry weight

SH Shoot height

RL Root length

RNC Root Na*t concentration
RCC  Root Ca®* concentration
RKC Root K" concentration
RMC Root Mg>" concentration
SNC  Shoot Na* concentration
SCC  Shoot Ca>" concentration
SKC  Shoot K* concentration
SMC  Shoot Mg>* concentration
KTC K tolerance coefficient

SAI Synthetic appraisal index
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Introduction

Potassium (K) is one of the essential mineral elements for
plant growth and development (White and Karley 2010),
which account for 10 % dry weight in a plant (Watanabe
et al. 2007). The deficiency of K leads to growth arrest,
impaired nitrogen and sugar balance, increased suscepti-
bility to pathogens (Armengaud et al. 2004) and tremen-
dously affects crop yield (Laegreid et al. 1999). Rice
(Oryza sativa L.) is one of the most important food crops in
the world which consumes 13 % world K fertilizer supplies
(Heffer and Prud’homme 2010). The growth and devel-
opment of rice requires large amounts of available K, and
the K deficiency ultimately limits rice yields (Dobermann
et al. 1998). To solve this problem, one effective way is to
develop new varieties with higher tolerance to K deficient.
Some studies have reported on morphological, physio-
logical, biochemical analysis and K use efficiency under
low K stress, and found there is a significant difference
among rice genotypes in K deficient tolerance (Liu and Liu
2002; Liu et al. 2003; Tai et al. 2004; Yang et al. 2004).
However, the genetic mechanisms of controlling low K
tolerance in rice are not completely clear.

Quantitative trait locus (QTL) analysis is a powerful
approach to understand the genetic mechanisms of com-
plicated traits which controlled by multiple genes and
wildly used in identifying genetic loci of tolerance to low N
and low P growing conditions in rice (Cho et al. 2007; Lian
et al. 2005; Wissuwa et al. 1998; Hu et al. 2001). However,
genetic analysis associated with low K tolerance has little
reported in rice. Wu et al. (1998) conducted QTL analysis
for relative changes of the parameters of plant height, shoot
and root dry matter, K concentration in plant tissue, K
uptake, and K use efficiency using a DH population, and
a total of 21 QTLs were detected which explained
8.6-15.3 % phenotypic variety. Recently, Miyamotoa et al.
(2012) identified two QTLs associated with shoot Na™
concentration with 8 and 74 % phenotypic variation and
one QTL with shoot K* concentration explaining 12 %
phenotypic variation under low K condition.

The genotypic differences of low K tolerance in dif-
ferent rice varieties indicate it may be possible to develop
the cultivars with high tolerance and high K use efficiency.
In this study, we conducted the genetics analysis to identify
QTLs for low K tolerance and related ions concentrations
(Na™, K*, Mg”" and Ca") at seedling stage with a dou-
bled haploid (DH) lines derived from a cross of japonica
and indica, which will facilitate to understand the genetics
mechanisms of low K tolerance and gain major QTLs for
breeder to carry out molecular marker assisted breeding.
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Materials and methods
Plant materials and growth condition

Due to indica rice cultivar TN1 was more tolerant to low K
stress than japonica cultivar CJ06 (Wang et al. 2015), a
total of 116 DH lines were used in the present study which
was developed from a cross of CJ06 and TN1 (Sogava et al.
2005; Yang et al. 2004).

The seeds of DH lines and two parents were surface
sterilized in 3 % H,O, solution for 5 min, and rinsed three
times with deionized water. Then the seeds were soaked in
deionized water at 30 °C for 2 days in the dark, germinated
on a plastic net floating on deionized water at 30 °C for
1 day, and sown into sand in a controlled chamber with
photoperiod of 14 h light/10 h dark. The light/dark tem-
peratures were set at 31 °C/28 °C, and relative humidity
was kept at 80 %. After 10 days, rice seedlings with
similar size were selected and transplanted into 20 L
plastic containers containing nutrient solution and culti-
vated in the hydroponic form. The nutrient solution was
prepared according to Yoshida et al. (1976) and the pH
value was adjusted to 5.2 every 2 days. One week after
transplanting to the basic solution, two treatments were
established: control (40 mg L! K™) and low K stress
(4 mg L™' K™). The experiment was laid out as a split-plot
design with three separate repeats.

Measurements

After 3 weeks, plants were carefully taken out of the
containers, and washed with distilled water three times,
then emerged into 1.0 mM EDTA for 2 h to remove the
metals from plant surface. Shoot height (SH) was measured
from the coleoptilar node to the tip of the longest leaf and
root length (RL) from the coleoptile node to the tip of the
longest root. The mean values were calculated from data of
4-6 plants. The sampled plants were separated into roots
and shoots, dried at 105 °C for 1 h and then at 70 °C for
48 h in an oven. The samples of shoot dry weight (SDW)
and root dry weight (RDW) were measured and 0.5 g
sample was put into a digestion tube with 0.5 mL of HF
(GR, =30 %), 1 mL of H,O, (GR, >40 %) and 5 mL of
HNO; (GR, =65 %). The solution was digested using a
microwave digester (CEM, MARS). The concentrations of
Nat, KT, Mngr and Ca** in the digestion solution were
measured by graphite furnace atomic absorption spec-
trophotometry (PE Company, A800). Total dry weight
(TDW) was calculated according to SDW+RDW, and K
tolerance coefficient (KTC) of SH, RL, SDW, RDW and
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TDW was calculated using the following formula: KTC =
the value in K stress treatment (SH, RL, SDW, RDW and
TDW)/the corresponding value in the control. SAI (Syn-
thetic appraisal index) = (KTC of SH + KTC of
RL 4 KTC of SDW + KTC of RDW)/4.

Data and QTL analysis

Population distribution analysis was performed using SPSS
16.0 statistical software and correlation analyses were
performed using SAS8.0 statistical software. The genetic
linkage map was constructed using a total of 227 SSR and
STS markers distributed evenly on all 12 rice chromo-
somes. The 1674.8 cM linkage map covering nearly the
whole rice genome was used for QTL analysis (Zeng et al.
2009). The QTLNetwork version 2.0 (Yang et al. 2008)
was used in QTL detection and the nomenclature of QTL
followed the system of McCouch et al. (1997).

Results
Phenotypic variation

According to the measured data, the values of growth traits in
two parents were all reduced in the low K stress compared to
control except for RDW and RL in TN1. As shown in
Table 1, the KTC of all traits were greater in TN1 than in
CJO6 and there were significant differences between two
parents under low K stress condition which indicating TN1
has higher tolerance to low K than CJ06. In control condition,
the CJO6 had higher SNC (shoot Na™* concentration) and
RNC values than TN1, whereas opposite results were ob-
served under K stress condition. In addition, the Na™, Mg**
and Ca** concentrations of two parents in roots and shoots
were all increased in low K stress condition than control
(Table 1), but opposite results were found in K*
concentration.

For DH population, the SDW, TDW, SH, RCC, RKC,
SCC and SKC values under K stress condition were all
lower than control, whereas opposite results were observed
in RDW, RL, RNC, RMC, SNC and SMC (Table 1). There
was a continuous frequency distribution and transgressive
segregation in these parameters among DH population
under both conditions, indicating that the traits appeared to
be quantitative and matched the request of QTL mapping.

Correlation analysis

There were positive correlations between SAI and KTC of
all measured growth traits (Supplementary Table 1) and it
were also found among the KTC of SH, SDW, RDW and
TDW, but the correlarion was not found in KTC of RL with

other four measured growth traits (Supplementary
Table 1). Among them, the correlation coefficient of KTC
of RDW and SDW reached to 0.989 which indicated the
significantly positive correlations of biomass between
aboveground and underground part. In addition, the sig-
nificantly positive correlations were also found in KTC of
SH with other three traits of KTC of RDW, SDW, and
TDW which suggested shoot height is an important index
in plant aboveground and underground development.
Supplementary Table 2 showed that there were sig-
nificantly positive correlations among Na™, K, Mg®" and
Ca”* concentrations in roots and shoots respectively under
both the control condition and low K stress condition,
which suggested there may be some common QTLs play
role in regulating the ion absorption.

QTL analysis

A total of 96 QTLs were identified and distributed across
all 12 chromosomes clustering in 17 chromosomal regions
(Table 2 and Supplementary Fig. 1). The phenotypic var-
iation explained by each QTL ranged from 5 to 29 %.

QTL analysis for growth traits

Quantitative trait loci (QTLs) for five traits (RDW, SDW,
TDW, SH and RL) under the control and K stress were
mapped to rice chromosomes 1, 2, 3, 4, 5, 6, 7, 8, 10 and
11, and a total of 30 putative QTLs were identified in-
cluding thirteen QTLs under control conditions and sev-
enteen QTLs under K stress conditions. The detected QTLs
accounted for 5-22 % of the phenotypic variation, and the
main effects and graphical locations were shown in Table 2
and Supplementary Fig. 1.

Under control condition, two QTLs associated with
cRDW were identified on chromosomes 1 and 5 explaining
phenotypic variance 14 and 16 % respectively. Another two
QTLs were also detected for tRDW on chromosomes 1 and 5
under the low K stress, but not located in the same interval
with gcRDW1I and gcRDW5 (Supplementary Fig. 1). For the
traits of ¢cSDW and tSDW, six QTLs were detected on
chromosomes 3 (qtSDW3), 4 (qcSDW4), 5 (qcSDW5 and
qtSDW5), 6 (q¢cSDW6) and 7 (qtSDW?7) which accounted for
5-19 % phenotypic variation (Table 2). Among them, the
alleles of gtSDW3 and gtSDW7 from CJ06 posed an increase
in character values and the alleles of other four QTLs from
TN1 tended to increase the value. Moreover, a total of eight
QTLs for cTDW and tTDW were detected in control and K
treatments. Three QTLs were mapped on chromosomes 4
(gcTDWA4), 5 (qcTDWS) and 6 (qcTDW6) under the control,
explaining 11, 11 and 17 % of total RDW variation respec-
tively. Under K stress, five QTLs were mapped on chromo-
some 4 (qtTDW4), 5 (qtTDWS), 7 (qtTDW?7), 10 (qtTDW10)

@ Springer
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Table 1 Phenotypic variation

Parents DH population

of DH population and their

parents under the control CJ06 TNI1 Mean Min. Max. Skewness

(40 mg L™' K™) and low K

stress (4 mg L~ 'K Control
Crdw (g) 0.03 £ 0.001 0.04 + 0.001 0.03 0.01 0.09 1.65
cSDW (g) 0.16 £ 0.01 0.23 £ 0.02° 0.14 0.03 0.37 0.81
cTDW (g) 0.20 £ 0.03 0.28 £+ 0.02 0.17 0.04 0.44 0.91
¢SH (cm) 45.00 &+ 3.52 53.00 £ 2.96 45.89 17.00 63.00 —0.84
cRL (cm) 20.00 £ 2.62 16.50 £ 2.12 15.25 8.40 24.50 043
cRNC (ug/g) 0.28 £+ 0.01 0.25 £+ 0.01 0.39 0.12 0.76 0.77
cRCC (mg/g) 0.18 £ 0.01 0.12 4+ 0.008* 0.21 0.08 0.40 1.16
cRKC (mg/g) 1.70 £+ 0.06 2.23 + 0.08" 1.39 0.19 2.69 —0.27
cRMC (mg/g) 1.13 £ 0.03 0.91 £ 0.03* 0.95 0.31 1.46 —0.37
cSNC (ng/g) 0.47 £+ 0.01 0.27 £ 0.01° 0.35 0.16 0.77 1.31
¢SCC (mg/g) 0.53 £ 0.02 0.75 + 0.04* 0.59 0.33 0.75 —0.65
c¢SKC (mg/g) 472 £0.23 5.57 £ 0.36 5.64 3.19 7.06 —-1.09
c¢SMC (mg/g) 0.66 £+ 0.04 0.66 £+ 0.03 0.64 0.56 0.79 0.79
Low K stress
tRDW (g) 0.02 £ 0.001 0.05 £ 0.002 0.03 0.01 0.06 0.78
tSDW (g) 0.10 £+ 0.01 0.18 £ 0.02* 0.11 0.02 0.29 1.11
tTDW (g) 0.13 £ 0.01 0.24 £ 0.03 0.14 0.05 0.40 1.72
tSH (cm) 30.60 £ 2.21 40.5 + 5.68* 35.53 20.00 46.30 —0.14
tRL (cm) 19.90 £+ 1.97 19.00 £+ 1.53 19.13 9.00 30.00 —0.11
tRNC (ng/g) 0.98 £+ 0.03 1.25 + 0.05* 0.81 0.13 1.47 0.11
tRCC (mg/g) 0.22 £+ 0.01 0.15 £ 0.01 0.18 0.05 0.43 1.30
tRKC (mg/g) 0.31 £+ 0.02 0.71 £ 0.05° 0.44 0.24 0.74 0.71
tRMC (mg/g) 1.84 £+ 0.08 1.28 &+ 0.07° 1.46 0.68 2.17 —0.09
tSNC (pg/g) 0.81 £ 0.05 1.70 & 0.06° 0.47 0.11 1.82 1.30
tSCC (mg/g) 0.60 £ 0.04 0.83 + 0.06° 0.45 0.25 0.92 1.06
tSKC (mg/g) 1.46 £ 0.12 1.08 £ 0.11 1.64 0.74 2.62 0.26
tSMC (mg/g) 1.56 £ 0.21 1.31 £ 0.09* 1.38 0.24 4.31 0.85
KTC
RDW 0.72 £ 0.03 1.18 &+ 0.05* 1.11 0.33 2.39 0.91
SDW 0.63 £+ 0.02 0.78 + 0.02* 0.82 0.28 1.98 1.29
TDW 0.65 + 0.03 0.85 & 0.05° 0.89 0.29 2.14 1.31
SH 0.68 £ 0.05 0.76 + 0.03* 0.77 0.38 1.23 0.43

* Indicates significance of the TR 1.00 £ 0.05 1.15 £ 0.06° 1.31 0.64 2.39 0.98

parents at the level of 5 and SAI 0.76 & 0.02 0.97 % 0.05° 1.04 0.47 1.82 0.79

1 %, respectively

and 11 (g¢TDW11I), and totally explained 33 % phenotypic
variation. Two alleles of g#TDW7 and gtTDW10 from CJ06
tended to increase the value under K stress, whereas other
five QTLs from TN1 caused an increase in the value.

Two locus (qcSHS and gcSH10) influencing cSH were
identified on chromosome 8 and 10 under control condi-
tion. The gcSHS8 explained 9 % phenotypic variation and
increased 4.46 cm shoot height with positive effect from
CJ06, whereas gcSHI0 allele in TN1 had additive effect of
5.43 cm for increasing SH. Under K stress, four QTLs
associated with tSH were detected on chromosomes 2, 4, 6
and 8 which totally explained 36 % phenotypic variation.

@ Springer

In addition, three QTLs (gqcRL4, qcRL7 and qcRLII) re-
lated to root length were identified on chromosome 4, 7 and
11 under the control, whereas the other three QTLs (gtRLA4,
qtRL7 and gtRLS) were found in K stress which explained
7—-15 % of the total phenotypic variation.

QTL analysis for KTC of growth traits

A total of 14 QTLs were found to be associated with the
KTC of all examined traits and SAI on chromosomes 1, 4,
7, 8,9 and 10 (Table 2 and Supplementary Fig. 1) which
explained phenotypic variation ranged from 5 to 23 %
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Table 2 Putative QTLs associated with growth traits and ions concentration in DH population (CJO6/TN1) under control (40 mg L' K") and

low K conditions (4 mg L™' K™)

Traits QTL? Chr. Marker interval p® A° 2 (%)*
Control
cRDW gqcRDW1 1 RM1282-RM428B 5 0.01 14
qcRDWS 5 RM5642-RM6972 773 —0.01 16
cSDW qeSDWA4 4 RM1113-RM280 123.4 —0.03 8
qcSDW5 5 RM6972-RM3321 81.7 —0.03 11
qcSDW6 6 RM3183-RM3827 73.3 —0.02 5
¢TDW qcTDW4 4 RM1113-RM280 123.4 —0.03 11
qcTDW5 5 RM6972-RM3321 81.7 —0.03 11
qcTDW6 6 RM3183-RM3827 73.3 —0.02 7
cSH qcSHS 8 RM331-AGPS2A 54.8 4.46 9
qcSHIO0 10 RM228-RM4771 80.7 —5.43 13
cRL qcRLA 4 RM241-RM3276 88.6 -1.3 14
qcRL7 7 RM6835-RM418 55.6 0.9 7
gcRLII 11 RM2191-RM224 113.5 —0.94 8
cRNC gcRNC2 2 RM208-RM207 151.6 0.05 8
gcRNCS8 8 RM6976-ISA 91.7 —0.05 9
gcRNCI1 11 RM286-RM1812 0 0.07 20
cRCC gcRCC2 2 RMS5622-RM1358 16.5 0.03 10
gcRCC4 4 RM16874-RM1359 443 —0.03 9
gcRCC8 8 RM6976-ISA 91.7 —0.02 7
gcRCCI0 10 RM228-RM4771 80.7 0.03 12
cRKC gcRKC7 7 RM1279-RM505 74 1.8 8
gcRKCS 8 RM5493-RM3120 115.1 —1.49 6
gcRKCI2 12 RM3226-RM12 36.3 —3.34 29
cRMC gcRMC4 4 SSIII-1-RM3306 103.8 —0.08 9
gcRMCS8 8 RM1019-RM6925 0 —0.08 8
¢SNC qeSNC4 4 RM252-RM3735 75.5 0.08 20
geSNC6 6 RM340-SBE1 115.3 —0.04 5
geSNCI0 10 RM474-RM5271 0 0.05 11
¢SCC qeSCCl 1 RM246-RM1297 109.9 —0.03 7
geSCC2 2 RM7451-RM154 1 —0.03 7
qcSCC3 3 RM2334-RM1350 114 0.03 5
qeSCCY 9 SSIII-2-RM3700 40.2 —0.06 8
¢SKC qeSKC2 2 RM5472-RM240 130.7 0.26 8
qceSKC4 4 RM6997-RM252 65.7 0.28 9
qcSKC7 7 RM505-RM234 78.9 —0.23 6
cSMC qeSMC4 4 RM6997-RM252 70.7 0.03 10
qcSMC8 8 RM331-AGPS2A 54.8 —0.03 12
qeSMC9 9 RM278-RM160 73.9 —0.02 5
qecSMCI0 10 RM6737-RM1108 50.6 0.02
Low K stress
tRDW qtRDWI 1 RM246-RM1297 109.9 0.01 16
qtRDWS5 5 RM548-RM17954 0 —0.01 22
tSDW qtSDW3 3 STS146.1-RM143 145.5 0.03 6
qtSDW5 5 RM3321-RM3616 82.7 —0.03 6
qtSDW7 7 RM3555-RM1306 104.5 0.05 19
{TDW qtTDW4 4 RM1113-RM280 118.4 —0.04 8
qtTDW5 5 RM6972-RM3321 81.7 —0.03 6
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Table 2 continued

Traits QTL? Chr. Marker interval p° A€ % (%)°
qtTDW7 7 RM3555-RM 1306 104.5 0.04 8
qtTDW10 10 STS64.1-RM228 68.1 0.03 5
qtTDW11 11 STS30-RM202 30.6 —0.03 6
tSH qtSH2 2 RM324-RM341 52.6 2.02 9
qtSH4 4 RM3306-RM1113 114.8 —2.33 12
qtSH6 6 RM3827-RM454 77.7 —2.6 15
qtSHS 8 RM5493-RM447 108.2 1.72 6
tRL qtRLA 4 RM3735-RM241 76.3 —1.45
qtRL7 7 RM3555-RM1306 102.5 2.12 15
qtRLS 8 RM1111-RM310 36.3 1.81 11
tRNC qtRNC4 4 RM16874-RM1359 44.3 —0.48 14
qtRNC7 7 RM418-RM11 57.7 0.4 9
tRCC qtRCC1 1 RM23-RM8094 53.9 0.03 14
qtRCC6 6 RM539-RM63836 49.7 —0.02 8
qtRCC10 10 RM271-RM258 42.7 0.02 8
tRKC qtRKC3 3 RM6266-RM2334 104.3 —0.37 7
qtRKC9 9 RM5688-RM444 2 0.43 10
qtRKC11 11 RM286-RM 1812 0 0.44 10
qtRKC12 12 RM3226-RM12 36.3 —0.45 11
tRMC qtRMC1 1 RM8094-RM6716 65.4 0.16 12
qtRMC5 5 RM548-RM 17954 3 0.14 9
qtRMC6 6 WX-RM587 8.5 —-0.13 8
qtRMC10 10 RM467-RM 1083 23.1 0.12 6
tSNC qtSNC1 1 RM1297-RM1061 119.4 0.15 9
qtSNC3 3 RM1350-AGPL3 126.2 0.15 8
qtSNC4 4 RM16874-RM1359 48.3 —0.19 15
qtSNC10 10 STS64.1-RM228 67.1 0.13 7
tSCC qtSCCI 1 RM3411-RM212 125.8 0.06 7
qtSCC4 4 RM1113-RM280 123.4 —0.08 15
qtSCCo6 6 RM340-SBE1 116.3 0.07 11
tSKC qtSKC1 1 RM246-RM 1297 109.9 —0.13 5
qtSKC5 5 RM548-RM 17954 1 0.27 20
qtSKC6 6 SBE1-RM494 122.6 —0.17 8
tSMC qtSMC1 1 RM8094-RM6716 71.4 0.52 12
qtSMC4 4 RM3471-RM401 13.3 —0.44 8
qtSMC9 9 RM242-RM278 73.3 0.37 6
KTC
RDW gRDW1I 1 RM104-RM1067 176.8 —0.19 8
gRDW4 4 RM1113-RM280 123.4 0.19 8
gRDW?9 9 RM444-AGPSMA 8.4 —0.2 9
SDW qgSDW4 4 RM1359-RM1155 52.7 0.17 9
gSDW10 10 RM228-RM4771 79.7 0.17 10
TDW qTDW4 4 RM6997-RM252 66.7 0.21 23
qTDW9 9 RM1553-RM 1026 81.3 0.1 5
SH qSHI 1 RM5389-RM 1198 138.2 —0.06 5
qSH7 7 RM1306-RM248 112.4 0.07 7
gSHS8 8 RM6925-RM1235 3.1 —0.06 6
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Table 2 continued

Traits QTL? Chr. Marker interval p° A€ % (%)°

RL gRL7 7 RM5455-RM3555 94.1 0.1 7
gRLS RM5493-RM3120 118.1 0.09

SAI qSAILl 1 RM104-RM1067 167.8 —0.12 10
gSAIIO 10 RM228-RM4771 74.7 0.11 9

? Individual QTL are designated with the italicized abbreviation of the character and the chromosome number. When more than one QTL
affecting a character is identified on the same chromosome, they are distinguished using decimal numbers

® The peak position of QTL on chromosome was estimated by QTLNetwork

¢ Additive effects estimated by QTLNetwork. Positive (+) value indicates that the CJ06 allele increased the trait; negative (—) value indicates

that the TN1 allele increased the trait
4 Variation explained by the putative QTL

(Table 2). Among them, three QTLs (gRDW 1, gRDW4 and
qgRDW?9) for the KTC of RDW were detected on chromo-
some 8 and 9 which accounted for 25 % of the total phe-
notypic variation. Two QTLs (¢gSDW4 and ¢gSDWI0) for
KTC of SDW were mapped within the regions of RM1359-
RM1155 and RM228-RM4771 on chromosome 4 and 10
with total 19 % phenotypic variance, and the positive ad-
ditive effect indicated the alleles from CJ06 increased KTC
of SDW. Two QTLs (¢gTDW4 and gTDW9) affecting KTC
of TDW were identified on chromosome 4 and 9. The QTL
qTDW4 had a relatively large effect which explained 23 %
of the total phenotypic variance and had the positive effect
from CJO6. There were three QTLs for KTC of SH on
chromosome 1, 7 and 8, and explained 18 % of the total
phenotypic variation. Two QTLs related to the KTC of RL
(gRL7 and gRLS8) were mapped on chromosome 7 and 8
which accounted for 12 % of the total phenotypic variance,
and the allele from CJO6 had an additive effect for the
increase of KTC of RL. For SAI, two QTLs were identified
on chromosomes 1 (¢SAI4) and 10 (¢SAI10) with 10 and
9 % of total SAI variation respectively.

QTL analysis for ion concentration

A total of five QTLs (qcRNC2, gtRNC4, qtRNC7, gcRNCS8
and gcRNCI1) associated with Na™ concentration of roots
were detected (Table 2 and Supplementary Fig. 1). Under
control condition, gcRNC2, gcRNCS and qcRNCI1 were
mapped to chromosome 2, 8 and 9 in the regions of
RM208-RM207, RM6976-ISA and RM286-RM 1812 with
8, 9 and 20 % of phenotypic variance respectively. The
other two QTLs ¢gtRNC4 and gtRNC7 under K stress con-
dition were located on chromosome 11 in the marker in-
terval of RM16874-RM1359 and RM418-RM11 which
explained 14 and 9 % of phenotypic variance respectively.
For shoot Na* concentration, seven QTLs were mapped on
the chromosome 1, 3, 4, 6 and 10. Among them, gcSNC4,
qcSNC6 and gcSNC10 were detected under control condi-
tions and totally explained 36 % of the phenotypic

variation. Under K stress condition, the gtSNC4 was lo-
cated on chromosomes 4 with 15 % phenotypic variance
and the additive effects showed that the trait-enhancing
allele was derived from the parent TN1 (Table 1).

For K™ concentration, seven QTLs (qtRKC3, qcRKC7,
qcRKCS, qtRKCY, qtRKCI1I, qcRKCI2 and qtRKCI2)
were identified under control and K stress conditions in
root. The QTLs gcRKC7, qcRKC8 and qcRKCI2 were
detected with the phenotypic variance of 8-29 % under
control condition, and gtRKC3, qtRKC9, qtRKCII and
qtRKC12 were mapped to chromosomes 3, 9, 11 and 12
with 7-11 % of phenotypic variance under K stress con-
dition. Among them, gcRKC12 and qtRKC12 were mapped
on the same region of RM3226-RM12 on the chromosome
12 and the positive alleles for both of them were con-
tributed by TN1. Six QTLs associated with shoot K*
concentrations were detected under control and K stress
conditions. Three QTLs (qcSKC2, qcSKC4 and qcSKC?7)
were mapped under control condition on chromosomes 2, 4
and 7 in the marker intervals of RMS5472-RM240,
RM6997-RM252 and RM505-RM234 which explained
6-9 % of phenotypic variance. There are also three QTLs
for K™ in shoots (qtSKCI, qtSKCS5 and gtSKC6) under K
stress condition which were mapped to chromosomes 1, 5
and 6 in the marker interval of RM246-RM 1297, RM548-
RM17954 and SBEI-RM494 with 5-20 % phenotypic
variance respectively. Among them, gtSKC5 was detected
with the additive effect value of 0.27 mg/g which ex-
plained 20 % phenotypic variation and the positive allele
derived from CJ06.

Under the control condition, the Ca®* concentration of
roots and shoots were measured and a total of eight QTLs
were identified. Among them, four QTLs (gcRCC2,
qcRCC4, qcRCC8 and gcRCC10) for RCC were detected on
chromosomes 2, 4, 8, and 10 explaining 10, 9, 7 and 12 %
phenotypic variation respectively and gcSCCI, gcSCC2,
qcSCC3 and gcSCCY for SCC were mapped on chromo-
somes 1, 2, 3 and 9 with the 5-8 % phenotypic variance
respectively. Under K stress condition, three QTLs (gtRCC1,
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gtRCC6 and qtRCC10) for root Ca*" concentrations were
located on chromosomes 1, 6 and 10 which explained
8-14 % phenotypic variance, and the three QTLs gtSCC1,
qtSCC4 and qtSCC6 for shoots Ca** concentrations were
detected on chromosomes 1, 4 and 6 explaining 7, 15 and
11 % phenotypic variance respectively.

For Mg2+ concentration, two QTLs (gcRMC4 and
qcRMCS) in roots under control condition were identified
on chromosomes 4 and 8 which explained 9 and 8 %
phenotypic variation respectively, and four QTLs
(geSMC4, gcSMC8, gcSMC9 and gcSMC10) in shoots were
detected with the phenotypic variations 5-12 %. Under K
stress condition, four and three QTLs for roots and shoots
Mg®" concentrations were detected respectively which
explained 6-12 % phenotypic variance (Table 2, Supple-
mentary Fig. 1). Among them, gtRMC1 and qtSMCI were
detected at the same locus between RM8094 and RM6716
on the chromosome 1 and the CJ06 alleles of this locus
increased the root and shoot Mg>" concentrations.

Discussion

Rice is the staple food for more than 50 % of the world
population and consumes large K fertilizer supplies
(Dobermann et al. 1998). Therefore, understanding the ge-
netic mechanism of low K tolerance is important for se-
lecting and breeding rice cultivars with low K tolerance. In
this study, rice low K tolerance and the concentrations of four
ions in roots and shoots of DH population were determined
using a hydroponic experiment. The transgressive segrega-
tion of all measured traits suggested that low K tolerance and
ion concentration were quantitatively inherited traits and
were controlled by multiple genes (Table 1). In addition, the
different QTLs for the same trait were detected under the
control and low K stress which indicated that the expression
of QTLs associated with low K tolerance is readily affected
by K stress level. Similarly, the different QTLs for K toler-
ance coefficient (KTC) were identified under different K
concentration indicated the suitable K level should be se-
lected to detect the QTL for K tolerance.

In previous study, the 123 double haploid (DH) lines from
the parents IR64 and Azucena have been used to detect QTLs
under low K stress condition and five QTLs for plant height
have been detected on the chromosomes 1, 2, 3, 7 and 8 (Wu
etal. 1997, 1998). In the current study, four QTLs associated
with tSH were identified on chromosomes 2, 4, 6 and 8 under
K stress. Among them, the g#SHS8 located on the region of
RM5493 and RM447 was found in the same interval iden-
tified by Wu et al. (1997) which suggested the QTL for shoot
height under low K stress had a stable inheritance and not
affected by the mapping populations and environments. In
addition, the QTL ¢tSDW3 located on chromosome 3
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between the markers STS146.1 and RM 143 was also similar
with the QTL reported by Wu et al. (1997) under low K
stress. Although some QTLs (qcSDW4, gtRDWS5, qtSDW5
and gcSDW6) for dry shoot and root weight under control and
low K stress were located on the same chromosomes with
previous report (Wu et al. 1997), but not showed the same
loci which indicated that the genetic basis of dry shoot and
root weight variation is difference with different parents. We
also carried out the genetics analysis of KTC of growth traits
and twelve putative QTLs were detected on chromosomes 1,
4,7, 8,9 and 10. Moreover, we firstly detected the QTLs of
synthetic appraisal index of low K tolerance and two QTLs
gSAIl and gSA10 were located on chromosome 4 and 10
within the RM1359-RM 1155 and RM228-RM4771 region.
As expected, the two QTLs were located on the same region
as the ¢gSDW4 and gSDWIO0 indicated the significantly
positive correlation between the two traits.

We examined the related ion concentrations of Na™, K™,
Mg " and Ca®" in roots and shoots under the control and low
K stress condition. The correlation analysis showed there
were significantly positive correlations among Nat, K™,
Mngr and Ca>* concentrations in roots and shoots. In fact, a
lot of QTLs for Na™ or K™ concentrations have been iden-
tified in different populations under salt stress conditions
(Ahmadi et al. 2011; Cheng et al. 2012; Koyama et al. 2001;
Lin et al. 2004; Wang et al. 2012). However, there were little
studies directly for QTL mapping association with Na*, K™,
Mg " and Ca**concentrations under low K stress condition.
In this study, a total of 52 QTLs associated with the four ion
concentrations in roots and shoots were detected in rice
seedlings (Table 2). Lin et al. (2004) identified a major QTL
gSKC-1 for shoot K+ concentration on the chromosome 1
under salt stress and the locus has been cloned (Ren et al.
2005). But we not detected QTLs for shoot KT concentration
under low K stress on chromosome 1 which suggested the
genetic mechanisms of regulating shoot Kt concentration
under salt and K stress may be different in rice. It has been
reported that several QTLs for K concentration of rice plant
have been detected on chromosomes 1 and 8 by Wu et al.
(1997) under both control and low K stress, and one sig-
nificant QTL for shoot K™ concentration has been identified
near the marker C25 on the chromosome 3 under low K
condition (Miyamotoa et al. 2012). However, no one K+
concentration QTL correspond to these QTLs was detected
under control and low K condition in this study. One possible
explanation is the different genetic background between
parent cultivars or different culture conditions. In addition,
the QTL ¢cSNC6 for shoot Na* concentrations was located
in the same region with previous report on chromosome 6
under culture solution (Miyamotoa et al. 2012), which sug-
gested that the QTL for shoot Na™ concentration could be
stably detected by different mapping populations and envi-
ronments. For Mg2+ and Ca2+, the concentrations of them in
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roots and shoots of both parents under low K stress condition
were higher than control, but Ca®" concentrations in roots
and shoots of DH lines were lower than control. A total of 27
QTLs for Mg®" and Ca®" concentrations were detected un-
der control and low K condition in rice seedling. The QTLs
for SCC and RCC under both conditions were not mapped to
the same locations and the QTLs associated with SMC and
RMC were also different. These QTLs are helpful to un-
derstand the interaction among the ions under low K stress.

There was a major locus which associated with cSDW,
tTDW, cTDW, RDW and tSCC, and all of these QTLs were
mapped on the same region of chromosome 4. The region
flanked by the markers RM1112 and RM280 contained the
qcSDWA4, qtTDW4, gcTDW4, gRDW4 and gtSCC4, and the
positive alleles of these QTLs except for gRDW4 were all
from TN1. The results indicated that the QTLs in the same
region controlling different traits could be closely linked or
play a pleiotropic role. Similarly, the region flanked by the
markers RM6972 and RM3321 on chromosome 5 contained
the gcSDW5, qtSDW5, gcTDW5 and gtTDWS5 and all their
positive alleles also came from TN 1 which suggested that the
QTL is a stable locus controlling shoot dry weight and total
dry weight under control and low K stress conditions. A
pleiotropic region containing gtSDW7, qtTDW7 and gtRL7
between the markers RM3555 and RM 1306 on chromosome
7 were detected and the positive alleles of the three QTLs
were from CJ06 under low K stress condition. The results
indicated that this region of chromosome 7 is important for
low K tolerance in rice seedlings and the region may be used
as an important target for improving rice low K tolerance.
The other similar regions were also found on the rest of the
chromosomes including one on chromosome 1 (qgtRDWI,
qcSCCI1 and gtSKCI), one on chromosome 4 (qcRCCH4,
qtRNC4 and qtSNC4), one on chromosome 5 for gtRDWS5,
qtRMC5 and ¢tSKC5 and one on chromosome 10 for
qcRCC10, gcSHI10 and gSAI10 which indicated these QTLs
loci controlled more than one trait.

There was little research for QTL analysis of low K
tolerance and related ions concentrations of shoots and
roots in rice seedlings. The present results showed that
some QTLs under low K stress might exhibit the ability of
low K tolerance, and they might be useful in marker-as-
sisted selection (MAS) for developing the low K tolerance
rice cultivars. In addition, the results obtained in the current
study may be helpful for further understanding of genetic
mechanisms of ion absorption on the tolerance for low K
tolerance in rice.

Conclusion

In this study, the genetics of low K tolerance and related
ions concentrations were investigated in a DH population

at the seedling stage and a total of 96 QTLs were identified
with 5-29 % phenotypic variation. Among them, there are
six major QTLs more than 20 % effects were detected. The
qcRNCI11 and qtRKCI11 were located in the same region
between the markers RM286 and RM1812 explaining 20
and 11 % phenotypic variation. In the segment of
RM6997-RM252, qcSKC4, gcSMC4 and qTDW4 were
identified with the phenotypic variation of 9, 10 and 23 %
respectively, and another gcSNC4 was located in the ad-
jacent region with the phenotypic variation of 20 %. The
qtSKC5, qtRMC5 and gtRDWS5 explaining 20, 9 and 22 %
phenotypic variation respectively were detected in the in-
terval of RM6972-RM3321. The QTLs of gcRKCI2 and
qtRKC12 with 29 and 11 % phenotypic variation were also
identified in the same region of RM3226-RM12. These
results indicated that these major QTLs have pleiotropic
effects in K tolerance and related ions absorption, and the
major QTLs of gcSNC4, qcRNCI11 and gcRKCI12 may be
useful for marker-assistant selection in regulating the ab-
sorption of Na® and K* under the control condition. In
addition, the QTL ¢#SKC5 also could be used in rice
molecular breeding in regulating K* absorption under low
K stress condition.
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