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Abstract
Key message A dominant dwarfing gene, ds-4, encodes an Aux/IAA protein that negatively regulates plant stature
through an auxin signaling pathway.
Abstract Dwarfism is an important agronomic trait affecting yield in many crop species. The molecular mechanisms underlying dwarfism in oilseed rape (Brassica napus) are poorly understood, restricting the progress of breeding dwarf varieties in
this species. Here, we identified and characterized a new dwarf locus, DS-4, in B. napus. Next-generation sequencing-assisted
genetic mapping and candidate gene analysis found that DS-4 encodes a nucleus-targeted auxin/indole-3-acetic acid (Aux/
IAA) protein. A substitution (P87L) was found in the highly conserved degron motif of the Aux/IAA7 protein in the ds-4
mutant. This mutation co-segregated with the phenotype of individuals in the B
 C1F2 population. The P87L substitution was
confirmed as the cause of the extreme dwarf phenotype by ectopic expression of the mutant allele BnaC05.iaa7 (equivalent
to ds-4) in Arabidopsis. The P87L substitution blocked the interaction of BnaC05.iaa7 with TRANSPORT INHIBITOR
RESPONSE 1 in the presence of auxin. The BnaC05.IAA7 gene is highly expressed in the cotyledons, hypocotyls, stems
and leaves, but weakly in the roots and seeds of B. napus. Our findings provide new insights into the molecular mechanisms
underlying dominant (gain-of-function) dwarfism in B. napus. Our identification of a distinct gene locus controlling plant
height may help to improve lodging resistance in oilseed rape.

Introduction
Plant height is an important component of plant architecture
as well as a fundamental yield-related trait in crops. In the
1960s and 1970s, large-scale utilization of the semidwarf1
(sd1) gene in rice and the reduced height1 (Rht1) gene in
wheat was crucial to the success of the first ‘green revolution.’ This resulted in markedly increased yields in rice and
wheat by decreasing plant height and improving lodging
and fertilizer resistance, while increasing the harvest index
(Hedden 2003; Khush 2001). Since then, diversiform dwarf
mutants have been created and evaluated for their use in
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breeding. These mutants have also been characterized to
understand the molecular mechanisms underlying dwarfism.
Most dwarfism has been demonstrated to be related to
the biosynthesis and signal transduction of plant hormones,
including gibberellin (GA) (Hedden 2003; Sasaki et al.
2002), brassinosteroid (BR) (Tanabe et al. 2005; Yamamuro et al. 2000) and auxin (Stepanova et al. 2008; Timpte
et al. 1994). For instance, sd1 in rice encodes a gibberellin
20-oxidase (GA20ox), loss-of-function mutations of which
reduce the endogenous GA levels and consequently confer
reduced plant height (Sasaki et al. 2002; Spielmeyer et al.
2002). Non-functional mutations occurring in other GA biosynthesis genes, such as ENT-KAURENE SYNTHASE (KS)
(Fu et al. 2016), ENT-KAURENE OXIDASE (KO) (Helliwell
et al. 1999; Itoh et al. 2004) and GA3-OXIDASE (GA3OX),
also lead to short stature in plants (Chen et al. 2014; Itoh
et al. 2002). In addition to the biosynthesis of plant hormones, other dwarf loci have been found to be related to
hormone signal transduction. For instance, the DELLA proteins act as repressors of GA signaling (Davière and Achard
2016). N-terminal DELLA and TVHYNP domains are indispensable for the interaction between DELLA and the GA
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receptor GIBBERELLIN INSENSITIVE 1 (GID1) (Griffiths
et al. 2006; Murase et al. 2008; Ueguchi-Tanaka et al. 2007),
which largely determines the stability of DELLA proteins.
Mutations within the N-terminal DELLA and TVHYNP
domains block or weaken the interaction of DELLA with
GID1 in the presence of GA, which thereby stabilizes the
DELLA repressor and results in a semidominant GA-insensitive dwarf phenotype (Muangprom et al. 2005; Wu et al.
2018; Zhao et al. 2017).
Like GA, auxin also exerts a crucial role in mediating distinct developmental responses of plants across their whole
life cycle (Weijers and Wagner 2016). The modes of the
GA and auxin signaling pathway and their key components
are remarkably similar. Corresponding to the GA receptor
GID1 and the DELLA repressor protein, TRANSPORT
INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX
(TIR1/AFB) and AUXIN/INDOLE-3-ACETIC ACID (Aux/
IAA) proteins act as the receptor and repressor in the auxin
signaling pathway, respectively (Luo et al. 2018; Weijers
and Wagner 2016). Aux/IAA proteins represent a superfamily of transcription regulators in plants. Most Aux/IAA
proteins possess four highly conserved domains (domains
I, II, III and IV), which provide physical binding sites for
the regulation of the auxin signaling pathway. In the presence of auxin, Aux/IAA interacts with TIR1 via domain II,
within which the core GWPP (V/I) motif is indispensable
for auxin-induced destabilization of Aux/IAAs (Gray et al.
2001; Ramos et al. 2001; Tan et al. 2007). Therefore, the
GWPP (V/I) motif has been designated as the degron (the
minimum region required for auxin-induced degradation),
whose specific function is similar to that of the DELLA and
TVHYNP motifs within the DELLA domain. A variety of
point mutations within the GWPP (V/I) motif or its flanking sequences underlie gain-of-function mutants, which have
distinct or overlapping auxin-related developmental defects,
including short hypocotyls and stems, upcurled and wavy
leaves, agravitropic roots and hypocotyls, no root hairs and
few lateral roots, decreased shoot apical dominance, aphototropic hypocotyls and inflorescences, and barren inflorescences (Mockaitis and Estelle 2008; Reed 2001).
Oilseed rape (rapeseed, canola) (Brassica napus L) is
one of the most important oil crops around the world and
provides approximately 15% of all edible vegetable oil production worldwide (USDA ERS 2017). In China, canola oil
accounts for about 40% of total homegrown edible vegetable
oil production. Current oilseed rape varieties are tall and
easily lodged, which leads to losses in yield and quality, as
well as difficulties in harvesting. To address these issues,
considerable efforts have been made to create B. napus
mutants with reduced plant height and to functionally characterize the underlying genes and explore their application in
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oilseed rape breeding. Foisset et al. (1995, 1996) mapped the
dwarfing locus Bzh on the B. napus A06 chromosome (DY6
linkage group). Using the additive effect of bzh on reducing plant height, breeders in France have successfully bred
a semidwarf hybrid cultivar showing better lodging resistance and harvestability (Miersch et al. 2016). In addition,
several other dwarf loci have been identified with different
EMS-induced mutations. Of these, ndf-1 (Li et al. 2011),
ds-1 (Liu et al. 2010), bnaC.dwf (Zeng et al. 2011) and ds-3
(Zhao et al. 2017) are GA-insensitive (or reduced in GA sensitivity). These loci are controlled by semidominant genes,
except for bnaC.dwf, which is controlled by a recessive gene.
DS-1 and DS-3 both encode DELLA proteins, which are the
orthologs of REPRESSOR OF GA1-3 (RGA) in Arabidopsis,
Brrga1-d in Brassica rapa and Rht in wheat (Zhao et al.
2017). The number of dwarf loci identified to date in B.
napus is limited, and the molecular mechanisms controlling
the regulation of plant architecture are poorly understood,
restricting the progress of breeding dwarf varieties in this
species. Thus, it is necessary to develop dwarf mutants and
identify the underlying genes as well as elucidate the mechanisms underlying plant stature for breeding of oilseed rape
dwarf varieties.
In the present study, we identified a dwarfing gene, ds-4,
by map-based cloning from a novel dwarf B. napus mutant
that displayed an extreme reduction in height at maturity.
DS-4 was found to encode an Aux/IAA7 protein. Subsequently, a single nucleotide transition, resulting in the substitution of Pro (P) to Leu (L) in the highly conserved degron
motif in domain II of the DS-4 protein, was confirmed to be
the causative polymorphism for this extreme dwarf phenotype. Our results suggest that DS-4 plays an important role
in auxin-mediated stem elongation and leaf development in
B. napus.

Materials and methods
Plant materials and field‑based experiments
A B. napus dwarf mutant, ‘Aiyuan1,’ was obtained from
South Pacific Seeds (Griffith NSW, Australia) by the
Jiangsu Academy of Agricultural Sciences. A double haploid line that displayed downward-curving leaves and an
extremely short stature was isolated from microspore cultures of ‘Aiyuan1’ and named ds-4 in this study. The cultivar Zhongyou 821 (ZY821), with high resistance to Sclerotium, was chosen as a wild-type control for morphology
evaluation and genetic mapping. All materials were grown
in the research farm at Huazhong Agricultural University in
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Wuhan. Plants were sown in 1.5-m-length rows with 10 individuals in each row, and the row spacing was set at 0.3 m.
Plant heights were measured from the ground to the top of
the main inflorescence at maturity.

Seedling growth assays
Seedling growth assays were performed using methods as
described in Hobbie et al. (2000) and Yang et al. (2004) with
slight modifications. For seedling root growth assays, sterilized seeds were cold-treated for 3 days and then germinated
vertically on hormone-free Murashige and Skoog (MS) media
for 3 days in a 23 °C growth chamber. Seedlings were then
transferred to square plates with MS media supplemented with
or without various concentrations of IAA, and then returned
to the growth chamber and grown vertically under long-day
conditions. After four additional days of growth, roots were
photographed, and root length was measured using the image
analysis software Fiji (Schindelin et al. 2012).
For seedling root gravitropism assays, three-day-old seedlings were transferred to square plates with hormone-free
MS media in the growth chamber in a vertical orientation.
After 3 days, plates were turned 90° and photographed, and
then the plates were photographed subsequently at preset
time intervals. The angle of root tip reorientation in each
subsequent photograph was determined in Fiji by comparing
with the zero time point.

Genetic analysis
To evaluate the number of genes controlling the dwarf phenotype in the dwarf mutant ds-4, it was crossed with the
wild-type parent ZY821 and the resultant F1 hybrids were
self-pollinated and backcrossed to ZY821 to obtain F2 and
BC1F1 populations, respectively. All generations, including
F1, F2 and B
 C1 populations and their parental lines, were
grown in the field simultaneously. Leaf morphology and
plant height were phenotyped at the seedling and maturity
stages, respectively. The segregation in each population was
tested using the Chi-square (χ2) test for goodness of fit.

Genetic mapping of DS‑4
The F2 and BC1F2 populations developed from the cross
between ds-4 and ZY821 were used to refine the position
of DS-4. The F2:3 families obtained from self-pollinated
F2 plants were grown in the field to validate the phenotype
of corresponding F
 2 individuals. Equal amounts of DNA
from 30 extreme dwarf and 30 wild-type plants from the F2
population were pooled to form the dwarf bulk (DB) and the
wild-type bulk (WB), respectively (Doyle 1987). Insertion/

deletion (INDEL) markers from a previous study (Mahmood
et al. 2016) were used to screen polymorphisms between the
parents and between the bulks (Michelmore et al. 1991).
To develop all linked markers in the target region efficiently, bulked segregant analysis sequencing (BSA-seq),
similar to QTL-seq (Takagi et al. 2013), was performed in B.
napus. Genomic DNA from both parents and extreme bulks
was subjected to whole-genome resequencing. According
to the manufacturer’s instructions (TruSeq® DNA Sample
Preparation Kits, Illumina, San Diego, California), about
2 μg parental genomic DNA was prepared for short-insert
(350–450 bp) sequencing library construction. The quantified libraries were sequenced on the Illumina HiSeq 3000
platform (San Diego, California) to produce paired-end
150 bp (PE150) reads. INDELs and SNPs variation calling
were conducted following the protocol described previously
(Takagi et al. 2013; Wang et al. 2018). The de novo assembled genome of ‘Darmor-bzh’ (Chalhoub et al. 2014) was
used as the reference to calculate the SNP index of both the
DB and the WB. The Δ (SNP index) was determined by subtracting the SNP index for the DB from the SNP index for
the WB. Some polymorphic SNP loci were genotyped using
the cleaved amplified polymorphic sequence method (CAPS)
as described previously (Thiel et al. 2004) or by NGS as
described in Campbell et al. (2015). The corresponding mapping primers sequences are listed in Supplemental Table S1.

Development of allele‑specific dCAPS markers
In ZY821, nucleotides 836–841 from the translation start
site are GCCACCin the wild-type allele of BnaC05.IAA7.
In the dwarf mutant ds-4, this has been mutated to GCTACC
(the italic and underlined letter indicates the mutation).
To detect the causal point mutation in BnaC05.IAA7, an
allele-specific derived CAPS (dCAPS) marker was developed by introducing a mismatch into the forward primer
(ds4_dCAPS-F, Supplemental Table S1) to create a NheI
(Catalog FD0973, Thermo Fisher Scientific) recognition
site (GCTAGC) in the mutant allele BnaC05.iaa7 using the
dCAPS Finder 2.0 program (http://helix.wustl.edu/dcaps/
dcaps.html). PCR products were digested using NheI, and
the polymorphic bands were separated by 4% agarose gel
electrophoresis.

Comparative sequencing of the candidate Auxin/IAA
gene
A gene-specific primer pair, BnaC05.IAA7_orf-F and
BnaC05.IAA7_orf-R (Supplemental Table S1), was designed
based on the complementary DNA (cDNA) sequences of
Bo5g093110 and used to amplify the open reading frames
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(ORF) of BnaC05.IAA7 from the dwarf mutant ds-4 and the
wild-type ZY821. PCR was performed in 50 µL reaction
volumes containing 100 ng DNA template, 1 × KOD Buffer,
0.2 mM of each dNTP, 1.0 U KOD-plus (Catalog KOD-201,
TOYOBO) and 0.3 µM forward and reverse primers. The
following conditions were used: 94 °C for 3 min, followed
by 35 cycles of 94 °C for 15 s, 58 °C for 30 s and 68 °C
for 2 min, and a final extension was performed at 68 °C for
5 min. PCR products were cloned into the pGEM®-T Easy
vector (Catalog A1360, Promega) and then transformed into
DH5α cells. Three positive clones were sequenced for each
PCR product. The deduced amino acid sequences of Aux/
IAA7 homologs from different plant species were analyzed
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Fig. 1  Phenotype of the ds-4
mutant. a Leaf phenotype at
the seedling stage of wildtype ZY821, ds-4 and their
F1 hybrid. b–d Phenotype of
wild-type ZY821, ds-4 and
their F1 hybrid at the seedling,
flowering and mature stage,
respectively. e Plant height of
wild-type ZY821, ds-4 and
their F1 hybrid at maturity.
Values are mean ± SD (n = 15).
**Denotes significant differences at a 1% probability level
based on a two-tailed Student’s
t test. f Effects of different IAA
concentrations on seedling root
elongation. The x-axis indicates
concentration of IAA in the MS
medium, and the y-axis represents relative root elongation
compared to a hormone-free
control. Relative elongation is
presented as mean ± SD (n = 8).
Each experiment was carried
out in duplicate. Mean length on
hormone-free plates for wildtype ZY821 was 7.28 ± 0.86 cm
and for ds-4 was 6.66 ± 0.66 cm.
g Seedling root gravitropic
response. The x-axis indicates
the preset interval times, and the
y-axis represents the degree of
root tip reorientation compared
with the zero time point. Data
are presented as mean ± SE
(n = 8). Each experiment
was carried out in duplicate.
**Denotes significant differences at a 1% probability level
based on a two-tailed Student’s
t test

Time after reorientation (h)

using the online software tool Clustal Omega (http://www.
ebi.ac.uk/Tools/msa/clustalo/) to obtain multiple sequence
alignments. Alignment results were edited and labeled using
GeneDoc (http://www.nrbsc.org/gfx/genedoc/).

Arabidopsis transformation
A 5134 bp genomic fragment, including the entire 1971 bp
ORF, a 2233 bp upstream sequence from the translation
start codon and a 930 bp downstream sequence from the
stop codon, was amplified from both the dwarf mutant ds-4
and wild-type ZY821 with primers BnaC05.IAA7_g-F and
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BnaC05.IAA7_g-R (Supplemental Table S1). PCR products from ds-4 and ZY821 were digested by FastDigest®
EcoRI and PstI (Catalog FD0274 and FD0524, Thermo
Fisher Scientific), and then ligated into the binary vector
pCAMBIA2301 (Yi et al. 2018) to produce the constructs
pBnaC05.iaa7:BnaC05.iaa7 and pBnaC05.IAA7:BnaC05.
IAA7, respectively. These two plasmids were transformed
into Agrobacterium tumefaciens strain GV3101. Arabidopsis (Columbia ecotype) was transformed using the Agrobacterium-mediated floral dip method (Clough and Bent
1998). The transgenic T1 generation was selected on MS
media containing 50 mg/L kanamycin (GeneRay, China).
Two positive lines in the T
 2 generation that exhibited a 3:1
segregation ratio for kanamycin resistant/susceptible were
selected to generate homozygous transgenic plants (T3) for
further analysis.

Reverse transcription PCR analysis
Total RNA was extracted from different tissues of Huashuang5, an elite oilseed rape cultivar, including roots, hypocotyls, cotyledons, stems, leaves, flowers, siliques and seeds,
using the RNAprep Pure Plant Kit (TIANGEN, China).
Reverse transcription was performed using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Gene-specific primer pairs (BnaC05.IAA7-E2_F and
BnaC05.IAA7-E3_R) were used to detect mRNA transcripts
of BnaC05.IAA7. The expression of the endogenous gene
Epsin N-terminal homology in B. napus (BnaENTH) Yang
et al. 2014) was used as a reference to ensure equal RNA
loading. The corresponding primer sequences for RT-PCR
analyses are listed in Supplemental Table S1.

Histochemical staining and subcellular localization
The 2.2 kb upstream regulatory sequence from the translation start point of BnaC05.IAA7 was amplified and
cloned in front of the β-glucuronidase (GUS) reporter
gene in the pCAMBIA2301 expression vector and used for

transformation of Arabidopsis (Columbia ecotype). Cotyledons, seedlings, stems and lateral branches from Arabidopsis T2 transgenic lines were sampled and vacuum-infiltrated
with staining buffer containing 1 g/L X-gluc (Sigma-Aldrich,
USA) as previously described (Jefferson et al. 1987). The
tissues were then incubated at 37 °C overnight followed by
incubation in 1:1 ethanol/acetic acid for 6 h and decolorization in 80% ethanol.
Agrobacterium GV3101 cells containing the recombinant
pDOE20 plasmid expressing mTurquoise2 (CFP)-Ghd7 and
mVenus (YFP)-BnaC05.IAA7 were enriched and suspended
to a final OD600 of 0.8 in supernatant solution (10 mM MESKOH, pH 5.6, 10 mM M
 gCl2 and 150 mM acetosyringone)
and infiltrated into leaves of six-week-old Nicotiana benthamiana cv. SR1 plants as described previously (Yi et al.
2018). Three days after injection, YFP and CFP fluorescence
signals were observed with a laser scanning confocal imaging system (TCS SP2, Leica, Germany).

Yeast two‑hybrid assay
Total RNA from the dwarf mutant ds-4, wild-type ZY821
and Arabidopsis (Columbia ecotype) was used as templates
to amplify the ORFs of BnaC05.iaa7, BnaC05.IAA7 and
AtTIR1, respectively. The correct ORFs of BnaC05.iaa7 and
BnaC05.IAA7 were cloned into pB42AD (Clontech, Palo
Alto, USA) with the restriction enzyme sites EcoRI/XhoI
(Catalog FD0274 and FD0694, Thermo Fisher Scientific)
to generate constructs pAD-BnaC05.iaa7 and pAD-BnaC05.
IAA7, respectively. The AtTIR1 ORF was fused to the binding domain (BD) of pLexA (Clontech, Palo Alto, USA) to
form the pBD-AtTIR1 plasmid. A yeast two-hybrid assay
was performed following the MATCHMAKER LexA TwoHybrid System manufacturer’s instructions (Clontech). To
test interactions between the AD and BD fusion proteins, we
further streaked the positive transformants on SD/Gal/Raf/His/-Trp/-Ura media containing 80 μg/mL X-gal (NALCO,
USA) in the absence or presence of 20 μM IAA.

Table 1  Inheritance of dwarfism in the ds-4 mutant
Population

No. of extreme dwarf plants
with downward-curved leaves

No. of intermediate plants with No. of tall plants
downward-curved leaves
with normal leaves

Expected ratio

χ2a

P value

ds-4
ZY821 (+)
F1 (+/ds-4)
F2
BC1 (F1 × +)

15 (19–27 cm)b
0
0
98 (12–20 cm)
0

0
0
15 (50–60 cm)
214 (36–58 cm)
91 (45–65 cm)

1:0:0
0:0:1
0:1:0
1:2:1
0:1:1

0
0
0
0.53
0.28

0
0
0
0.77
0.60

a
b

0
15 (160–185 cm)
0
103 (100–180 cm)
84 (120–184 cm)

χ2(0.05) = 3.84

Numbers in parentheses indicate plant height at maturation
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◂Fig. 2  Initial mapping of DS-4 by bulked segregant analysis using

INDEL markers and sequencing. a The DS-4 locus was mapped on
B. napus chromosome C05 by INDEL markers and was in a 28 cM
region between ID-147 and ID-162. Numbers below the chromosome
indicate the genetic distance in cM between adjacent markers. b The
x-axis represents the physical position (Mb) of the 19 chromosomes
in Brassica napus. The y-axis represents the SNP index, which was
estimated according to a 3 Mb physical interval with a 10 kb sliding window. The Δ (SNP index) was plotted by subtracting the DB
from the WB. The threshold dotted line for Δ (SNP index) was set as
the mean Δ (SNP index) ± 3*SD. c A candidate major genomic interval (marked by a double-sided arrow) harboring the DS-4 locus was
defined by using the threshold dotted line

Results
Phenotypic characteristics of the dwarf mutant ds‑4
At the seedling stage, the ds-4 mutant displayed clearly
downward-curved and crinkled leaves with shorter petioles, compared to that of ZY821 (wild type, WT) (Fig. 1a,
b). At the flowering stage, the ds-4 mutant also displayed
downward-curved and crinkled leaves, an extremely dwarf
stature and compact architecture (Fig. 1c). At maturity,
the ds-4 mutant was only 23.4 ± 3.78 cm in height, which
is significantly shorter than that of the wild-type ZY821
(173.00 ± 12.28 cm, P = 7.16E − 13) (Fig. 1d, e). Moreover,
F1 hybrids of ZY821 × ds-4 also exhibited a plant architecture like that of ds-4, including the leaf shape and dwarf
stature (Fig. 1a–d), but their height (54.6 ± 4.88 cm) was
significantly taller than the mutant but shorter than the WT
(Fig. 1e).
It has been reported that some auxin-resistant mutants
display dwarfism similar to our mutant ds-4 (Reed 2001).
To test the IAA sensitivity of the ds-4 mutant, the seeds of
both ds-4 and ZY821 were sown on MS medium supplied
with or without different concentrations of IAA. The length
of seedling roots was measured 7 days after germination.
Under all concentrations of exogenous IAA tested, the relative root elongation rates of ds-4 seedlings were like that of
the wild-type ZY821 counterpart (Fig. 1f). In addition, there
is a report that some auxin-resistant mutants have an altered
response to gravity (Chen et al. 1999). To determine if the
ds-4 mutants were deficient in their gravitropic response, the
gravitropism in the seedling roots was tested by determining
the rate of root tip curvature since the reorientation of the
seedlings from the vertical to horizontal position. As shown
in Fig. 1g, the ds-4 mutant seedlings had a modest but significant decrease in their gravitropic response.

Inheritance of dwarfism in the ds‑4 mutant
An F2 population was derived from the cross between ds-4
and ZY821. According to height and leaf morphology, the F
2
individuals could clearly be classified into three types: dwarf

individuals with downward-curved leaves (dwarf type),
intermediate individuals with downward-curved leaves
(intermediate type) and tall plants with normal leaves (tall
type). Among 415 F2 individuals, 98, 214 and 103 plants
were identified as dwarf, intermediate and tall types, respectively, which fitted an expected Mendelian segregation ratio
of 1:2:1 (χ2 = 0.53, P = 0.77) (Table 1). In the BC1 population, the segregation pattern of intermediate and tall types
among 175 individuals fitted a Mendelian segregation ratio
of 1:1 (χ2 = 0.28, P = 0.60) (Table 1). These results indicate
that dwarfism in ds-4 is controlled by a single semidominant
gene.

Genetic mapping of the DS‑4 gene
To map the candidate chromosome interval of the DS-4
locus, bulked segregant analysis was performed with INDEL
markers. A total of 461 INDEL markers distributed evenly
across the 19 B. napus chromosomes (Mahmood et al. 2016)
were used to screen polymorphisms between the two bulks
(DB and WB) and between the two parents (ZY821 and
ds-4). Three INDEL markers, ID-87150, ID-87241 and
ID-87972, on chromosome C05, showed polymorphisms
between the tall and dwarf parents and between the two
bulks (Supplemental Fig. S1). The polymorphic INDEL
markers were used to genotype 384 wild-type F2 individuals. Based on the recombination site analysis with these
INDELs, the DS-4 locus was mapped to a region between
ID-87241 and ID-87972 on B. napus chromosome C05, with
ID-87150 and ID-87241 on the one side and ID-87972 on
the other side of the DS-4 locus (Fig. 2a).
Due to the lack of markers and the low efficiency of
INDEL marker development, we also employed bulked segregant analysis sequencing (BSA-seq) to detect all markers
linked to the DS-4 locus. The two parents and two bulks
were sequenced. We obtained 140,931,881, 96,328,306,
81,463,750 and 64,051,624 filtered reads for the WT parent, mutant parent, the WB and the DB, respectively. Based
on alignment to the ‘Darmor-bzh’ reference genome (Chalhoub et al. 2014), 204,810 SNPs and INDELs were identified between the two parents and the two bulks. The SNP
index of the two DNA pools was calculated for each identified SNP, and SNP index plots were drawn along the physical map of the reference genome of ‘Darmor-bzh’ for the
dwarf and WT bulks, respectively (Fig. 2b). Accordingly, a
Δ (SNP index) plot was drawn and a single genomic region
from 8.71 to 35.32 Mb on the physical map of chromosome
C05 was identified as harboring the DS-4 locus (Fig. 2c).
Three INDEL markers (ID-67, ID-147 and ID-162) and four
CAPS markers (SNP2CAPS1, SNP2CAPS4, SNP2CAPS8
and SNP2CAPS39) were developed from this region based
on the BSA-seq data and used to genotype the 384 wild-type
F2 individuals. Based on the recombination site analysis with
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Fig. 3  Fine-mapping of DS-4 with CAPS and SNP markers using
F2 and BC1F2 populations, respectively. a The DS-4 locus was further mapped genetically with CAPS markers to an interval of 4.1 Mb
flanked by CAPS markers SNP2CAPS-1 and SNP2CAPS-4 on the
‘Darmor-bzh’ reference genome basing on the recombinants screened
from 384 F
 2 tall-type plants. Numbers above the chromosome indicate the physical distance in Mb between adjacent markers. Numbers
below the chromosome indicate the number of identified recombinants. b SNP screening of 3788 
BC1F2 individuals originating
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Heterozygous segments

Segments from ZY821

from ds-4 × ZY821 narrowed down the location of the DS-4 locus
to a 476 kb region bounded by markers SNP32 and SNP40 on chromosome 5. Numbers above the chromosome indicate the physical
distance in Kb between adjacent markers. Numbers below the chromosome indicate the number of identified recombinants. c Relative
physical position of the DS-4 locus. The arrows represent 41 annotated ORFs in the 476 kb fine-mapping interval according to the
‘Darmor-bzh’ reference genome. BnaC05g29300D, in red, is the candidate gene for DS-4
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these INDEL and CAPS markers, the DS-4 locus was delimited to a genomic region of 4.1 Mb flanked by SNP2CAPS-1
and SNP2CAPS-4 on the ‘Darmor-bzh’ reference genome
(Fig. 3a), which overlapped with that delimited by ID-87241
and ID-87972 (Fig. 2a).

Fine‑mapping of the DS‑4 gene
To fine-map the DS-4 locus, we used NGS technology to
genotype a total of 3788 B
 C1F2 individuals with seven SNPs
(Campbell et al. 2015) in the region between SNP2CAPS-1
and SNP2CAPS-4. Based on recombinants detected by
these SNP markers, the DS-4 locus was narrowed down to
a genomic region between SNP32 and SNP40, with SNP18
co-segregating with plant height (Fig. 3b). This region corresponded to 476 kb on the physical map of the ‘Darmor-bzh’
reference genome (Fig. 3c).
From the BSA-seq data, we identified two SNPs,
SNP_28070369 and SNP_28080274, in this 476 kb region.
SNP_28080274 is in an intergenic region. SNP_28070369
(SNP18, containing the C-to-T mutation) is in the second
exon of BnaC05g29300D, which encodes an IAA7 protein
involved in auxin signaling. The single nucleotide transition (C-to-T) caused a substitution of proline (Pro) by leucine (Leu) at the position 87 (designated as P87L) in the
degron motif (GWPPV) of domain II (Fig. 4a; Supplemental
Fig. S2). The Pro residue in the degron motif is absolutely
conserved in all known IAA proteins from different plant
species (Fig. 4b, c) and changes in this Pro residue produce a dwarf phenotype (Reed 2001; Mockaitis and Estelle
2008; Calderon-Villalobos et al. 2010). Consequently, we
believe IAA7 is the best candidate gene for DS-4 and we have
renamed it BnaC05.IAA7.
To confirm if the point mutation co-segregated with plant
height in the large BC1F2 population (3788 individuals), a
locus-specific dCAPS marker, ds4_dCAPS, was developed
(see Materials and Methods). ds4_dCAPS (namely SNP18)
completely co-segregated with plant height and leaf shape
in the B
 C1F2 population (Fig. 3b, Fig. 4d). These results
indicated that the point mutation (C-to-T) in BnaC05.IAA7
is highly likely to be the causal mutation for the dwarf phenotype in ds-4.

Functional confirmation by Arabidopsis
transformation and yeast two‑hybrid assay
To confirm if the C-to-T transition in BnaC05.IAA7 is the
causal mutation, we used the mutant and WT alleles of

BnaC05.IAA7 driven by their native promoters to transform WT Arabidopsis (Columbia ecotype). The height of
homozygous T3 transgenic Arabidopsis lines expressing the
WT BnaC05.IAA7 allele was similar to that of WT plants,
whereas homozygous T3 transgenic lines expressing the
mutant allele displayed curly and wrinkled leaves at the
seedling stage and an obvious dwarf stature without apical dominance at maturity (Fig. 4e). In addition, the mutant
allele BnaC05.iaa7 driven by its native promoter was introduced into calli of the wild-type oilseed rape cultivar Westar
by A. tumefaciens-mediated transformation. The regenerated seedlings expressing the mutant BnaC05.iaa7 allele
displayed curly and wrinkled leaves (Fig. 4f). These results
again suggested that the C-to-T transition that causes the
P87L substitution in BnaC05.iaa7 is the causal mutation for
the dwarfism observed in ds-4.
Mutations in the degron motif abolish or attenuate the
interaction between TIR1 and Aux/IAA proteins upon induction of auxin (Gray et al. 2001). We tested the effect of the
P87L substitution in the degron motif GWPPV on the interaction between IAA7 and AtTIR1 using yeast two-hybrid
assays. BnaC05.IAA7 could interact with AtTIR1 with
auxin treatment, but not without. However, BnaC05.iaa7
cannot interact with AtTIR1 with or without auxin treatment (Fig. 5). These results suggested that the P87L substitution in the degron motif GWPPV abolished the interaction
between BnaC05.iaa7 and AtTIR1, as expected, and thus
was responsible for the dwarf ds-4 phenotype.

Expression and subcellular location of BnaC05.IAA7
The expression of BnaC05.IAA7 was monitored by RTPCR. The transcription level of BnaC05.IAA7 is low in
roots and seeds, while its level in hypocotyls, leaves, stems,
flowers and siliques is high (Fig. 6a). The expression of
BnaC05.IAA7 was also monitored by expressing the GUS
reporter gene in Arabidopsis driven by the native promoter
of BnaC05.IAA7. GUS staining indicated that BnaC05.IAA7
is expressed in nearly all tissues including hypocotyl,
young rosette leaves, flowers and inflorescence branches
(Fig. 6b–e), which is mostly consistent with the RT-PCR
results. BnaC05.IAA7 was predicted to encode a nuclear
localization protein (Supplemental Fig. S2). To investigate
the subcellular localization of BnaC05.IAA7, a fusion protein, mVenus(YFP)-BnaC05.IAA7, was co-expressed with
mTurquoise2(GFP)-OsGhd7, a nuclear-localized protein
in rice (Xue et al. 2008) and tobacco (Yi et al. 2018). As
expected, the mVenus(YFP)-BnaC05.IAA7 fusion protein
was co-localized with mTurquoise2(GFP)-OsGhd7 in the
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◂Fig. 4  Candidate gene analysis of the targeted region. a Sequence

analysis revealed a C-to-T nucleotide mutation, which results in a
substitution of the predicted Pro to Leu at position 87 in the degron
motif of domain II of BnaC05.iaa7. Exon (box)-intron (line) structure
of BnaC05g29300D and four domains of BnaC05g29300D are designated as I, II, III and IV; positions of the domains are indicated by
black boxes. b Alignment of partial amino acid sequence surrounding the 87th amino acid of 18 Aux/IAA proteins from different plant
species. The unfilled box indicates the conserved amino acid residue
proline (P) in the degron motif of domain II. The colored residues
indicate the gain-of-function mutations in domain II of different
Aux/IAAs homologs that confer the mutant defective developmental phenotypes. c Conservative sequence analysis of the amino acid
sequence surrounding the 87th amino acid of 19 Aux/IAA proteins
from different plant species. The probability indicates amino acid
conservation in each position. d The point mutation co-segregates
with the phenotype. The polymorphic bands of a dCAPS marker were
detected among iaa7 (the extreme dwarf individual), WT and the
hybrid (intermediate individual) in a 4% agarose gel. e Confirmation
of the causal mutation of ds-4 in Arabidopsis ecotype Columbia. WT/
col, wild-type Arabidopsis ecotype Columbia; BnaC05.IAA7, transgenic Arabidopsis lines expressing the wild-type allele BnaC05.IAA7;
BnaC05.iaa7, transgenic Arabidopsis lines expressing the mutant
allele BnaC05.iaa7. Bar = 4 cm. f Confirmation of the causal mutation of ds-4 in Brassica napus variety Westar. WT/Westar, wild-type
Brassica napus variety Westar; BnaC05.iaa7, transgenic Brassica
napus lines expressing the mutant allele BnaC05.iaa7

nucleus (Fig. 6f), indicating that BnaC05.IAA7 is localized
in the nucleus.

Discussion
Although architecture-related genes in many plants have
been intensively studied, the molecular mechanisms regulating plant architecture in oilseed rape are poorly understood. In this study, we characterized an extreme dwarf
mutant, ds-4, in oilseed rape. ds-4 was only about 23 cm in
height at maturity, which is much shorter than the previously
reported dwarf mutants in B. napus (Foisset et al. 1995; Liu
et al. 2010; Wang et al. 2004; Zeng et al. 2011; Zhao et al.
2017). The downward-curved and crinkled leaves of ds-4
were similar to that of other reported dwarf mutants in B.
napus including ds-1 (Liu et al. 2010) and ds-3 (Zhao et al.
2017) encoding DELLA proteins. In addition, ds-4 mutant
also displayed a decreased gravitropism response (Fig. 1g),
which is similar to that of Arabidopsis mutant axr2-l (Nagpal et al. 2000).
Genetic analysis indicated that the extreme dwarf phenotype of ds-4 was controlled by a single dominant gene.

Instead of using the traditional map-based cloning strategy,
we combined BSA with NGS to identify markers linked to
the target gene and variations in the target region (Takagi
et al. 2013). We fine-mapped the target gene to a 476 kb
region by using NGS-assisted SNP genotyping (Fig. 3b)
(Campbell et al. 2015). We finally identified the DS-4 gene
by using resequencing data of the parents and the two bulks.
This study provides an example of the integration of NGS
with BSA and SNP genotyping in a large population for
mapping-based cloning, which is time- and cost-saving
and efficient over the traditional maker systems including
restriction fragment length polymorphism (RFLP), simple
sequence repeat (SSR) and INDEL technologies.
The DS-4 gene encodes a canonical Aux/IAA7 (BnaC05.
IAA7) protein that most likely acts as a repressor in auxin
signaling. A single nucleotide transition (C-to-T) in the second exon of IAA7 caused a single amino acid substitution
(P87L) in the degron motif (GWPPV) in the highly conserved domain II (Fig. 4a–c). Expressing the mutant allele
in both Arabidopsis and rapeseed rendered dwarf stature,
demonstrating the dominant nature of the mutant allele.
Several dwarfing genes including ds-1, ds-3, Brrga1-d, D8,
Rht and Slr1-d6 have been cloned from crop species (Cassani et al. 2009; Liu et al. 2010; Muangprom et al. 2005;
Wu et al. 2011, 2018; Zhao et al. 2017). All these genes
encode DELLA proteins that act as repressors in gibberellin
signaling. As far as we know, the ds-4 gene identified in this
study is the first mutant gene that blocks auxin signaling and
decreases plant height in oilseed rape.
The molecular basis of auxin-regulated plant growth and
development has been intensively studied in the model plant
Arabidopsis and in rice (Guilfoyle 2016; Liscum and Reed
2002; Weijers and Wagner 2016). Aux/IAA proteins act as
repressors in the auxin signaling pathway. Molecular and
crystallographic studies revealed that the conserved degron
motif of domain II is essential for the auxin-induced degradation of the Aux/IAA proteins through an ubiquitin protein
E3 ligase ( SCFTIR1/AFB) and the 26S proteasome in an auxindependent manner (Dinesh et al. 2016; Kepinski and Leyser
2005; Tan et al. 2007). In our study, the P87L substitution in
the degron motif (GWPPV) blocked the interaction between
BnaC05.iaa7 and the auxin receptor AtTIR1 in the presence
of auxin (Fig. 5), which further repressed the degradation of
BnaC05.iaa7 and finally produced the extreme dwarf stature and crinkled leaves of ds-4. Similar phenomena were
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Fig. 5  Yeast two-hybrid
assay to assess the interaction
between IAA7 proteins and
AtTIR1 induced by IAA. The
AD panel indicates the IAA7
protein in the activation domain.
The BD panel indicates the
auxin receptor AtTIR1 in the
binding domain. Yeast transformants were spotted on control
medium (SD/Glu/-His/-Trp/Ura + BU salts) and selective
medium (SD/Gal/Raf/-His/Trp/-Ura + BU salts) containing
80 μg/mL X-Gal with 0 μM
IAA or 20 μM IAA

also observed in Arabidopsis, for example, axr2-1/iaa7 and
iaa16-1, conferring the identical point mutation, and displayed dwarf stature with decreased apical dominance and
wavy leaves (Rinaldi et al. 2012; Wilson et al. 1990). Our
findings further strengthen the conclusion that the conserved
proline residue in the degron motif GWPPV of Aux/IAAs
is essential for the formation of TIR1-Auxin-Aux/IAA complexes in the presence of auxin, which facilitates the activation of downstream target genes via auxin-triggered Aux/
IAA degradation. We believe that DS-4 may prove to be an
ideal target locus for improving oilseed rape germplasm in
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terms of lodging resistance, thanks to its main function in
the regulation of aboveground plant architecture, with little
or no disruption to root development.
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Fig. 6  Expression pattern of BnaC05.IAA7 and subcellular localization. a Expression pattern of BnaC05.IAA7 detected by RT-PCR in
root, hypocotyl, cotyledon, stem, leaf, flower, silique and seed from
B. napus cultivar Huashuang5. The BnaENTH gene was used as a
reference to ensure equal RNA loading. b–e BnaC05.IAA7 promoterdriven GUS expression. Cotyledon (b), young seedling (c), upper end
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at flowering (e). Bar = 1.5 cm except for b (bar = 0.1 cm). f Coexpression of mTurquoise2(CFP)-OsGhd7 (blue) and mVenus(YFP)BnaC05.IAA7 (yellow) fusion proteins in tobacco leaf epidermal cells. From left to right: CFP fluorescence showing the nuclei;
YFP fluorescence showing the location of BnaC05.IAA7; brightfield image; merged image of YFP and CFP under bright field.
Bar = 20 μm
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