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Plants with deficiency in Gibberellins (GAs) biosynthesis pathway are sensitive to exog-
enous GA3, while those with deficiency in GAs signaling pathway are insensitive to exoge-
nous GA3. Thus, exogenous GA3 test is often used to verify whether the reduced height (Rht) 
gene is involved in GAs biosynthesis or signaling pathway. In the present study, we identi-
fied the genetic factors responsive to exogenous GA3 at the seedling stage of common wheat 
and analyzed the response of the plant height related quantitative trait loci (QTL) to GA3 to 
understand the GAs pathways the Rht participated in. Recombinant inbred lines derived from 
a cross between KN9204 and J411 with different response to exogenous GA3 were used to 
screen QTL for the sensitivity of coleoptile length (SCL) and the sensitivity of seedling plant 
height (SSPH) to exogenous GA3. Two additive QTL and two pairs of epistatic QTL for SCL 
were identified, meanwhile, two additive QTL and three pairs of epistatic QTL for SSPH 
were detected. For the adult plant height (PH) investigated in two environments, six additive 
QTL were identified. Three QTL qScl-4B, qSsph-4B and qPh-4B were mapped in one cluster 
near the functional marker Rht-B1b. When PH were conditional on SSPH, the absolute addi-
tive effect value of qPh-4B and qPh-6B were reduced, suggesting that the Rhts in both two 
QTL were insensitive to exogenous GA3, while the additive effect values of qPh-2B, qPh-
3A, qPh-3D and qPh-5A were not significantly changed, indicating that the Rhts in these 
QTL were sensitive to exogenous GA3, or they were not expressed at the seedling stage.

Keywords: quantitative trait loci (QTL), gibberellin sensitivity, coleoptile, plant height, 
common wheat

Introduction

Gibberellins (GAs) are the essential regulators of plant growth and development, such as 
stem elongation, flower development and seed germination (Silverstone et al. 1997; 
Yamaguchi et al. 1998; Itoh et al. 1999; Rebers et al. 1999). Plants with deficiency in GA 
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biosynthetic pathway or GA signal transduction pathway usually shows dwarfism pheno-
type. All of the five dwarf mutants in Arabidopsis, ga1 to ga5, have deficiency in GA bio-
synthetic pathway (Koornneef and van der Veen 1980; Talon et al. 1990). The ‘Green 
Revolution’ gene sd1 that have been widely used in rice production encodes an oxidase 
enzyme involved in the biosynthesis of GA (Sasaki et al. 2002). The Arabidopsis dwarf 
mutant sly1 (Strader et al. 2004), as well as the gid1 (Ueguchi-Tanaka et al. 2005) and 
gid2 (Gomi et al. 2004) mutants in rice have deficiency in GA signal transduction path-
way. In wheat, Rht-B1b and Rht-D1b, two ‘Green Revolution’ genes, are also involved in 
GA signal transduction pathway (Peng et al. 1999). The dwarfism of mutants caused by 
defects in GA biosynthetic pathway could be complemented by exogenous GA3 treatment 
in different levels (Magome et al. 2004; Chen et al. 2014), while the dwarfism resulted 
from the defects in GA signal transduction pathway could not be rescued by exogenous 
GA3 treatment and the mutants displayed GA insensitive phenotype (Koornneef and van 
der Veen 1980; Tang et al. 2009; Wu et al. 2011). Based on the different response to ex-
ogenous GA3, the reduced height genes (Rht) in wheat can be classified into two groups: 
GA3 sensitive genes and GA3 insensitive genes.

The changes in coleoptile length and seedling plant height after treated with GA3 are 
usually used to evaluate the sensitivity of wheat to GA3 (Tang et al. 2009). In this study, 
recombinant inbred lines (RILs) derived from KN9204 and J411, two parents with dif-
ferent response to exogenous GA3, were used to identify genetic factors affecting the 
response of the coleoptile length and seedling plant height to exogenous GA3. Condi-
tional QTL mapping was performed to analyze the response of the QTL for adult plant 
height (PH) to exogenous GA3 and to determine in which GAs pathway the Rht is in-
volved.

Materials and Methods

Plant materials and field examinations

A population of 188 RILs derived from a cross of Kenong 9204 (KN9204) × Jing 411 
(J411) (denoted by KJ-RILs) was used in this study. The KJ-RILs together with two par-
ents were planted in Shijiazhuang (L1: 37°53′N, 114°41′E, altitude 54 m) in 2014 (14E1) 
and 2015 (15E2), respectively. A randomized block design with three replications was 
used for each environment, and 40 seeds were hand-planted in each row in a pattern of 
two-row plot with a row spacing of 0.25 m and length of 2 m. Five representative plants 
in the middle of each row were selected to measure the PH.

GA3 sensitivity test

Sixty seeds from each line of KJ-RILs and two parents were packed in gauze, dipped in 
3% H2O2 for 10 min for sterilization, and then washed 2–3 times with pure water fol-
lowed by initiating shoot for 24 hs at 25 °C. Then, the seeds were separated into two equal 
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groups and planted in two 10-cm Petri dishes. One group was watered with GA3 solution 
(5 mg L–1) while the other group was watered with the same volume of pure water as 
control. After incubated at 25 °C for ten days in dark condition, ten representative plants 
from each Petri dish were used to measure the coleoptile length (CL) and seedling plant 
height (SPH). The SPH was measured from the bottom of the stem to the tip of the longest 
leaf. Two independent experiments were carried out in March and April (Shijiazhuang, 
2016) with three replications and designated as E1 and E2, respectively. Sensitivity of 
coleoptile length (SCL) was calculated with the formula: SCL = [(CL(GA) – CL(CK)) ÷ 
CL(CK)] × 100, in which CL(GA) and CL(CK) indicate the CL treated with GA3 and pure 
water, respectively. Sensitivity of seedling plant height (SSPH) was obtained by the for-
mula: SSPH = [(SPH(GA) – SPH(CK)) ÷ SPH(CK)] × 100, where SPH(GA) and SPH(CK) indi-
cate the SPH treated with GA3 and pure water, respectively. t-test was used to testify the 
difference between the GA3 treatment and pure water.

QTL detection

A high density genetic map with 119,566 loci spanning 4,424.4 cM was used to scan QTL 
(Cui et al. 2017). Of these loci, 119,001 were SNP markers derived from Affymetrix 
660K SNP Array, and the remaining 565 markers have been reported by Cui et al. (2014). 
Both unconditional QTL and conditional QTL were detected with the mixed linear model 
using the software of QTL Network version 2.0 (http://ibi.zju.edu.cn/software/qtlnet-
work/). The threshold to declaring QTL is set to P value of 0.05 by permutation method. 
The conditional phenotype values data were collected according to Zhu (1995) and Fan et 
al. (2015) using QGA Station 2.0 (http://ibi.zju.edu.cn/software/qga/v2.0/index_c.htm). 
The broad-sense heritability was also obtained through QTL Network version 2.0. The 
QTL were named following the nomenclature of ‘QTL + trait + chromosome’. The statis-
tical analysis was performed with the software SPSS 13.0.

Comparative genome analysis

Flanking sequences of SNP markers in the region of QTL clusters were used to conduct 
comparative genome analysis. Firstly, to identify on which contig the SNP was located, a 
BLASTN against Chinese Spring contigs (http://www.wheatgenome.org/) was per-
formed. Then, contigs from each bin were used to blast against the wheat coding se-
quences (CDS) (ftp://ftp.gramene.org/pub/gramene/, verified 4 Apr. 2016). If several con-
tigs corresponded to one bin, five contigs were randomly selected to perform the blast. 
Finally, the corresponding CDS of wheat were compared with the CDS of rice (Oryza 
sativa L., http://gramene.org/ pub/gramene/, verified 4 Apr. 2016). The High-scoring 
pairs (HSP) with an E-value greater than 1E-10 were rejected (Rota et al. 2004).
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Results

Performance of SCL, SSPH and PH in the parents and KJ-RILs

The difference of CL and SPH between the treatment of GA3 and pure water were signifi-
cant at P < 0.05 level. The broad-sense heritability of SCL, SSPH and PH ranged from 
42.5% to 83.6%. The SCL and SSPH of J411 were higher than that of KN9204 (P < 0.05), 
indicating that J411 is more sensitive to GA3, which is consistent with the fact that the 
plant height of J411 is higher than that of KN9204 at the mature stage (P < 0.05). Con-
tinuous variations of the three traits in the population were observed with transgressive 
segregation (Fig. S1*). The skewness for the distributions of the three traits in RILs were 
all less than 1 in absolute values (Table 1), indicating that these traits followed normal 
distribution manner, and the experimental data were suitable for QTL analysis. Signifi-
cant correlations were detected among three traits at P < 0.01 (Table S1).

The QTL for SCL

Two additive QTL for SCL, qScl-4B and qScl-4D, were identified with additive effects 
ranging from –4.62 to 2.77 cm and the contribution rate to phenotypic variation ranging 
from 7.2 to 13.6% (Table 2). For the qScl-4B, the negative effect was contributed by 
KN9204, while the negative effect of the qScl-4D came from J411. Two pairs of epistatic 
QTL, qScl-2D.1–qScl-2D.2 and qScl-5D.1–qScl-5D.2, were identified, with the effect 
ranging from –4.36 to –2.93 cm and their contribution rate to phenotype varying from 
7.88 to 16.43% (Table 3). For the qScl-2D.1–qScl-2D.2 and qScl-5D.1–qScl-5D.2, the 
parent genotypes have lower SCL than that of the recombinants. The position of QTL for 
SCL is illustrated in Fig. 1.

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.

Table 1. Phenotypic values of the RIL population and its parents

Env. Traita
Parents RIL-Population

KN9204 J411 Mean±SD Range Skewness Kurtosis

E1
SCL 2.7 14.8* 1.8 ± 11.7 –23.0 to 55.2 0.95 1.62

SSPH 13.7 22.0* 0.4 ± 17.0 –41.3 to 54.0 0.21 0.08

E2
SCL –2.6 10.6* 0.3 ± 11.0 –44.5 to 39.7 0.24 1.66

SSPH 16.8 20.0* 3.3 ± 17.8 –47.1 to 59.2 0.17 0.13

14E1 PH 71.5 85.4* 84.6 ± 11.2 55.2 to 112.7 0.02 –0.61

15E2 PH 66.0 89.0* 81.3 ± 10.5 54.4 to 112.4 0.25 0.13

a SCL, sensitivity of coleoptile length; SSPH, Sensitivity of seeding plant height; PH, plant height.
* Significant at P < 0.05.
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The QTL for SSPH

Two additive QTL for SSPH, qSsph-3B and qSsph-4B, were identified with additive ef-
fect ranging from –6.67 to 2.75 cm and the contribution to phenotypic variation ranging 
from 5.8 to 13.5% (Table 2). We found that the negative effect of the qSsph-3B was con-
tributed by J411 and the negative effect of the qSsph-4B came from KN9204. Three pairs 
of epistatic QTL, qSsph-3A–qSsph-5D, qSsph-3D.1–qSsph-4A.1 and qSsph-3D.2–qSsph-
4A.2, were identified with the effect ranging from –4.62 to 3.39 cm and their contribution 
to phenotypic variation ranging from 1.5 to 10.9% (Table 3). Regarding to the qSsph-3A–
qSsph-5D, the parent genotypes have lower SSPH than that of the recombinants. How-
ever, for the qSsph-3D.1–qSsph-4A.1 and qSsph-3D.2–qSsph-4A.2, the parent genotypes 
have higher SPH than that of the recombinants (Table 3; Fig. 2). 

The effect of SSPH on adult PH

Six putative additive QTL for adult PH, qPh-2B, qPh-3A, qPh-3D, qPh-4B, qPh-5A and 
qPh-6B, were identified across two environments with additive effect ranging from –4.10 
to 1.48 cm and could explain the phenotypic variation ranging from 2.25% to 27.16% 
(Table 4). After removing the effect of SSPH on the PH through conditioned analysis 

Table 2. Additive effect of QTL for sensitivity of coleoptile length (SCL) and sensitivity of seeding plant 
height (SSPH)

QTL Interval Range R2 (%)a Ab

qScl-4B AX-110376140 – AX-110455326 41.0–43.4 13.6 –4.62

qScl-4D AX-110289945 – AX-109001644 72.7–74.0 7.2 2.77

qSsph-3B AX-108749543 – AX-110422984 134.0–136.8 5.8 2.75

qSsph-4B AX-108759486 – AX-109195695 36.7–38.2 13.5 –6.67

aRate of contribution to phenotype. Hereinafter same.
bAdditive effect. A positive sign indicates that alleles from KN9204 increased the corresponding trait value, and a negative 

sign indicates that alleles from J411 increased the corresponding trait value. Hereinafter same.

Table 3. Epistatic effects of QTL for sensitivity of coleoptile length (SCL) and sensitivity of seeding plant 
height (SSPH)

QTLi Rangei QTLj Rangej R2 (%) AAa

qScl-2D.1 129.2–129.8 qScl-2D.2 142.1–143.8 7.7 –4.36

qScl-5D.1 158.0–166.2 qScl-5D.2 273.7–275.2 6.2 –2.93

qSsph-3A 156.2–158.4 qSsph-5D 232.6–234.7 10.9 –4.62

qSsph-3D.1 56.1–57.3 qSsph-4A.1 118.3–123.2 6.5 3.39

qSsph-3D.2 58.0–59.8 qSsph-4A.2 135.2–139.2 1.5 2.46

aInteraction effect of additive by additive.
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method that means all the KJ-RILs had the same sensitivity to GA3 at the seedling stage, 
we found that the six additive QTL for PH could still be identified (Table 4). But the ab-
solute additive effects of qPh-4B and qPh-6B were decreased by 26.8% and 55.3%, re-
spectively. The additive effect of the other four QTL, qPh-2B, qPh-3A, qPh-3D and qPh-
5A, showed little changes (less than 20%). Thus, SSPH influenced the additive effect of 
qPh-4B and qPh-6B, and the alleles from two parents in these two QTL regions had dif-
ferent sensitivity to GA3 at the seedling stage. Compared to the wild type alleles from 
J411, the reducing height alleles (Rhts) in the qPh-4B and qPh-6B regions from KN9204 
are insensitive to exogenous GA3. SSPH has no effect on the additive effects of the qPh-
2B, qPh-3A, qPh-3D and qPh-5A, indicating the the reducing height alleles (Rhts) and the 
wild type alleles from two parents confer the plants with similar sensitivity to exogenous 
GA3 at the seedling stage, which means either the Rhts in these regions are sensitive to 
exogenous GA3, or they did not express at the seedling stage.

The QTL cluster

The qScl-4B, qSsph-4B and qPh-4B were mapped in the interval of AX-108759486–AX-
110455326 and found to form a QTL cluster (Fig. 3). All of the negative effects of these 
three QTL were derived from KN9204, indicating that this region from KN9204 is not 
only responsible for the reduction of the SCL and SSPH to GA3, but also responsible for 
the reduction of PH. This QTL cluster showed good synteny to the physical region of 28.0 
to 30.0 Mb on chromosome 3 of rice (Fig. 3), in which the LOC_Os03g49990, one or-
tholog of wheat Rht-B1b and encoding a GA signal repressor SLR1 (Hirano et al. 2010), 
is localized. In our previous report, the Rht-B1b and Rht-B1a were cloned from KN9204 
and J411 (Zhang et al. 2017). And the functional marker of Rht-B1b designed based on 
the SNP between Rht-B1b and Rht-B1a (Ellis et al. 2002) was also mapped in the interval 
of qPh-4B, indicating that the Rht-B1b gene might be the Rht gene in the interval of  
qPh-4B.

Table 4. Unconditional additive QTL for plant height and conditional QTL for plant height independent 
of sensitivity of seeding plant height (SSPH) to exogenous GA3 treatment

Chr. QTLa Range R2 (%)b Ac

2B qPh-2B (cqPh-2B) 68.7–69.7 2.25 (2.46) 1.47 (1.30)

3A qPh-3A (cqPh-3A) 142.5–143.3 2.37 (1.62) 1.48 (1.22)

3D qPh-3D (cqPh-3D) 93.5–94.1 4.19 (4.30) 1.7 (1.53)

4B qPh-4B (cqPh-4B) 38.2–40.3 27.16 (17.6) –4.1 (–3.0)

5A qPh-5A (cqPh-5A) 65.6–67.7 2.48 (3.03) –1.57 (–1.65)

6B qPh-6B (cqPh-6B) 108.9–109.2 8.57 (2.29) –3.09 (–1.38)

a, b, cValues before the parentheses are for the unconditional additive QTL for plant height; Values in the parentheses are for 
the conditional QTL for plant height independent of sensitivity of seeding plant height.
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Discussion

GAs are essential for plant growth and development (Hooley 1994; Swain and Olszewski 
1996). Plants with defects in GA biosynthetic pathway or GA signal transduction pathway 
usually result in dwarfism phenotype (Talon et al. 1990; Peng et al. 1999; Gomi et al. 
2004; Ueguchi-Tanaka et al. 2005). The dwarfism caused by impaired GA biosynthesis 
could be complemented by exogenous GA3 treatment and the plants displayed sensitive 
to exogenous GA3 (Magome et al. 2004; Chen et al. 2014). On the other hand, it is diffi-
cult to complement the dwarfism resulting from the defects in GA signal transduction 
pathway using exogenous GA3 and the plants displayed insensitive to GA3 (Koornneef 
and van der Veen 1980; Tang et al. 2009; Wu et al. 2011). In wheat, GA3 treatment was an 
efficient way to identify whether the Rht gene is sensitive or insensitive to GA3 (Chen et 
al. 2014), and then provided referential information in judging in which GAs pathway the 
Rht genes are involved. Previously, the Rht-B1b was verified to be the Rht gene in qPh-4B 
and the other allele from J411 is Rht-B1a (Zhang et al. 2017). A substitution of C with T 
between the sequences of Rht-B1a and Rht-B1b led to a stop codon, resulting in a trun-
cated protein without the functional DELLA domain (Peng et al. 1999). And this DELLA 
protein was the critical regulator of the GA-signaling pathway (Peng et al. 1997; Ikeda et 
al. 2001). As a result, plants containing Rht-B1a were sensitive to GA3 with normal PH, 
while plants with Rht-B1b were short and insensitive to GA3 (Wu et al. 2011). In the pre-
sent study, we used conditional QTL analysis to understand the response of the Rhts loci 
to exogenous GA3. The conditional QTL analysis (Table 3) showed that the two alleles in 
the qPh-4B showed different response to exogenous GA3 and the reducing height allele 

Figure 3. Comparison of the QTL cluster region on 4B with the rice chromosome. The QTL in red is the QTL 
for sensitivity of coleoptile length (SCL); The QTL in pink is the QTL for sensitivity of seeding plant height 
and the QTL in blue is the QTL for plant height. The wheat markers are listed on the right of the chromosome, 
and the genetic distances are listed on the left in centimorgans. The rice coding sequences that showed synteny 
to the wheat markers are listed on the left of the rice chromosomes, and the physical distances are listed on the 

right in megabase pairs. The marker Rht-B1b and its corresponding gene in rice are in bold and underlined
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from KN9204 was insensitive to GA3, in line with the fact that Rht-B1a/Rht-B1b is sensi-
tive/insensitive to GA3 (Wu et al. 2011; Zhang et al. 2017). This consistence verified that 
conditional QTL analysis is an efficient way to evaluate the response of the Rhts to GA3. 
The conditional QTL analysis showed that, at the seedling stage, alleles from two parents 
in the qPh-6B region had different sensitivity to GA3. As the allele from J411 was sensi-
tive to exogenous GA3, we proposed that the reducing height allele (Rht) in the qPh-6B 
might show insensitive to exogenous GA3 and it may participate in GA signal transduc-
tion pathway. Likewise, the reducing height alleles (Rhts) in the qPh-2B, qPh-3A, qPh-
3D and qPh-5A that showed the same sensitive response to exogenous GA3 as the wild 
type alleles from the other parent at the seedling stage may be involved in GA biosyn-
thetic pathway. However, given that Rhts are selectively expressed in different develop-
ment stages (Sun et al. 2006; Wang et al. 2010), we can not rule out the possibility that 
they may be not expressed at the seedling stages, and therefore, the plants containing Rhts 
could show the same response to exogeneous GA3 as the wide type do at the seedling 
stage (Ellis et al. 2004).

The CL and SPH are frequently used to testify the sensitivity of plant to exogeneous 
GA3 treatment (Beharav et al. 1994; Tang et al. 2009). Both traits were used to detect QTL 
response to exogeneous GA3 in this study. The qScl-4B and qSsph-4B were also mapped 
near the marker of the Rht-B1b, which was consistent with the previous report that the 
SCL and SSPH of plants containing Rht-B1a showed sensitive to exogeneous GA3 but not 
for plants with Rht-B1b (Beharav et al. 1994). Thus, we proposed that Rht-B1b is the 
candidate gene of the qScl-4B and qSsph-4B. The findings that the QTL cluster region 
was collinear with part of rice chromosome 3 (28.0 to 30.0 Mb) and SLR1 was ortholo-
gous to wheat Rht-B1a (Fig. 3) also supported our hypothesis. Besides the qScl-4B and 
qSsph-4B, other additive QTL for SCL and SSPH did not co-localize with the QTL for 
adult PH, indicating that they may be participated in other development process, such as 
seed germination, leaf expansion, floral initiation and others (Hooley 1994; Swain and 
Olszewski 1996).
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