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Abstract

Dwarfing is the development trend of pepper breeding. It is of great practical and scientific value to generate new dwarf
germplasms, and identify new genes or alleles conferring dwarf traits in pepper. In our previous study, a weakly BR-insen-
sitive dwarf mutant, E29, was obtained by EMS mutagenesis of the pepper inbred line 6421. It can be used as a good parent
material for breeding new dwarf varieties. Here, we found that this dwarf phenotype was controlled by a single recessive
gene. Whole-genome resequencing, dCAPs analysis, and VIGs validation revealed that this mutation was caused by a non-
synonymous single-nucleotide mutation (C to T) in CaBRII. An enzyme activity assay, transcriptome sequencing, and BL
content determination further revealed that an amino-acid change (Prol157Ser) in the serine/threonine protein kinase and
catalytic (S_TKc) domain of CaBRI1 impaired its kinase activity and caused the transcript levels of two important genes
(CaDWF4 and CaROT3) participating in BR biosynthesis to increase dramatically in the E29 mutant, accompanied by
significantly increased accumulation of brassinolide (BL). Therefore, we concluded that the novel single-base mutation in
CaBRI1 conferred the dwarf phenotype and resulted in brassinosteroid (BR) accumulation in pepper. This study provides
a new allelic variant of the height-regulating gene CaBRII that has theoretical and practical values for the breeding of the
plants suitable for the facility cultivation and mechanized harvesting of pepper varieties.
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Introduction

Dwarfing is an important trait in crop breeding that has
attracted a great deal of attention because of its advan-
tages of allowing an increased planting density, improving
the photosynthetic efficiency per unit area, lowering water
consumption, conferring lodging resistance, and facilitat-
ing close planting and once-over mechanical harvesting.

Communicated by Stefan Hohmann.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00438-019-01626-z) contains
supplementary material, which is available to authorized users.

< Xuexiao Zou
zouxuexiao428@163.com

Longping Branch of Central South University,
Changsha 410083, China

Vegetable Institution of Hunan Academy of Agricultural
Science, Changsha 410125, China

Excellent varieties selected from dwarf germplasm resources
significantly increase the production of major crops. In par-
ticular, the breeding of varieties of Oryza sativa (Suh 1978)
and Triticum aestivum (Evans et al. 1998) in the twentieth
century led to a “green revolution” clearly demonstrating
the potential of dwarf crops for production. The advantages
of dwarf varieties that are suitable for facility cultivation
and once-over mechanical harvesting among vegetable crops
such as cucumber, pumpkin, and watermelon have been
demonstrated (Tang et al. 2017).

Identifying new genes or alleles conferring dwarf
traits is an important prerequisite for efficient breeding
of new dwarf varieties and clarified of dwarfing mech-
anisms. Since the 1990s, a number of important dwarf
genes related to the synthesis, metabolism, and signal
transduction of phytohormones gibberellin (GA) (Silver-
stone and Sun 2000; Wang et al. 2012; Perez et al. 2014),
indoleacetic acid (IAA) (Rouse et al. 1998), and strigo-
lactone (SL) (Tsuchiya and McCourt 2009) have been
cloned. In wheat, semi-dwarfism can be controlled by the
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Rht (for ‘reduced height’) gene, which encodes a DELLA
protein involved in the GA signalling pathway (Peng et al.
1999). In rice, the reduced plant height associated with the
sdl alleles is caused by a mutation of the GA20 oxidase
(GA200x-2) involving in GA biosynthesis (Sasaki et al.
2002). BRZ and DW3 genes widely used in dwarf breed-
ing of maize and sorghum are associated with IAA signal
transduction (Xu and Li 2006). In rice and barley, the reg-
ulation of BRI1 gene expression can make the plant type
more compact, improve the light utilization rate of crops,
and confer a greater production potential in high-density
crop-planting conditions (Yamamuro et al. 2000; Chono
et al. 2003; Morinaka et al. 2006; Nakamura et al. 2006).

The varieties with lodging resistance, high yield, and
good quality selected by dwarf genes play an important
role in the production of major crops.

Pepper is an important vegetable crop and condiment
that is widely cultivated around the world. In China, pep-
per is the most commonly cultivated vegetable, with an
area of 1.5-2 million hectares. The applied cultivation
methods include facility and field cultivation in the main
producing areas in China. At present, most of the pep-
per varieties used for facility cultivation are easy to grow
and do not resist lodging. Field cultivars exhibit a long-
harvesting period and need to be harvested several times in
batches. Facility suitability for cultivation and once-over
mechanical harvesting has become an important factor in
the selection of new varieties of pepper. Special pepper
varieties suitable for facility cultivation and mechanized
harvesting are urgently needed for breeding. However,
pepper breeders mainly pay attention to the yield and dis-
ease resistance, there are a few reports on the cloning of
pepper dwarf genes, and let alone apply them to genetic
improvement. It is of great significance to identify new
dwarf genes or alleles and generate new dwarf germplasms
in pepper.

In a previous study, we generated a weakly BR-insensi-
tive dwarf mutant, E29, through EMS mutagenesis of the
pepper inbred line 6421. E29 showed a shortened stem
and a compact plant type and could produce seeds (Yang
et al. 2017). This mutant can be used as parent material
for facility cultivation and mechanized harvesting and pro-
vides a good study material for the investigation of BR
signal transduction. Here, whole-genome resequencing,
dCAPS analysis, and virus-induced gene silencing (VIGS)
validation were used to map the dwarf gene. An enzyme
activity assay, transcriptome sequencing, and BL content
determination further revealed the molecular mechanism
of the dwarfism and BR accumulation in E29. This study
provides a good basis for understanding the molecular
mechanism of the mutation in pepper and for breeding
varieties suitable for mechanized harvesting.
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Materials and methods
Plant materials

The dwarf mutant E29 was identified through screening of
an EMS mutagenized population derived from the pepper
inbred line 6421. An F, generation was generated from a
cross between E29 and 6421, and an F, population was gen-
erated by selfing the F; plants. All plants were grown in a
greenhouse at the Vegetable Institute of Hunan Academy of
Agricultural Science, Changsha, China.

Histological observations

At the 12-leaf stage, the fourth stem internodes of 6421 and
E29 were collected and cut into 2 mm segments. Each sam-
ple was rinsed in 0.01 M phosphate-buffered saline three
times and then fixed in 2.5% formaldehyde solution for 2 h at
4 °C. The material was then rinsed as before and dehydrated
through increasing concentrations of ethanol (10 min each in
50, 75, 90, and 100% ethanol). The samples were dried in an
HCP-2 (Hitachi) critical point-dryer, attached to stubs with
colloidal carbon and coated with gold—palladium in a sput-
tering device. Specimens were examined and photographed
with a scanning transmission electron microscope (SU8010,
Hitachi Ltd, Tokyo, Japan) operated at 15 kV.

Determination of the chlorophyll (Chl) content

Fully developed leaves were selected from the second to the
fourth leaves of the plants. A total of 2.0 g fresh leaves were
homogenized using quartz sand, CaCOj;, and 3 mL of 100%
acetone, and then extracted with 80% acetone. After cen-
trifugation at 2500 rpm for 2 min, the supernatant was meas-
ured using a spectrophotometer (Ruili UV-2100, Beijing,
China) at 665 and 649 nm. The contents of Chl a, Chl b, and
total Chl (Chl (a+b)) were calculated using the equations
below: Chl a=13.95 ODgs—6.88 ODg,q; Chl b=24.96
ODg45—7.32 ODg4s; Chl (a+b)=Chl a+ Chl b.

Determination of endogenous BL levels

Leaves of 6421, E29, CaBRII-silenced 6421 plant, and TRV-
infiltrated 6421 plant (1.0 g) were ground into a powder with
liquid nitrogen, and then, the powder was extracted with
10 mL of 80% aqueous methanol in an ultrasonic bath at
4 °C for 2 h. The homogenate was centrifuged at 10,000 rpm
for 5 min at 4 °C, and the supernatant was loaded onto the
Bond Elut C18 column (100 mg packing material, Agilent).
Washing was performed with 3 mL of aqueous methanol,
and then, the samples were loaded onto the solid-phase
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extraction (SPE) columns (Strata-X8B-S100-UAK). Finally,
the samples were redissolved with 3 mL of aqueous metha-
nol. After being dried with an N, stream, the samples were
redissolved with aqueous methanol and filtered (0.22 um,
regenerate cellulose) before injection. The ESI-HPLC-MS/
MS system used consisted of a Qtrap6500 mass spectrometer
coupled to an Agilent 1290 HPLC (Agilent Technologies
Italian S.P.A., Cernusco Sul Naviglio, Milano, Italy). The
separation was performed at a flow rate of 0.35 mL/min with
a ZORBAX SB-C18 column (2.1 mm X 150 mm, 3.5 pm,
Agilent) with an injection volume of 5 pL and a column
temperature of 35 °C. The mobile phase consisted of a com-
bination of solvent A (0.1% formic acid in acetonitrile) and
solvent B (0.1% formic acid in distilled water). The gradient
was set as follows: from 5% A at 0 min to 80% A at 2 min,
then to 95% A at 2 min to 3.5 min, to 95% A at 3.5 min to
6 min, followed by a re-equilibration step (80% A) at 6 min
to 10 min. For full mass spectrometer (MS) analysis, default
settings for the electrospray ionization (ESI) source were
used: curtain gas press of 15 psi, nebulizer gas pressure of
65 psi, the auxiliary gas pressure of 70 psi, drying gas flow
rate of 7 L/min, and drying gas temperature of 350 °C. The
capillary voltage between the MS and nebulizer was 5500 V.
All remaining ion-transport parameters were determined by
the target mass (TM) parameter set by the operator. The TM
was optimized for each component, and the optimal value
was used during measurements of ionization efficiency. A
standard curve was prepared with BL standard (Olchemim,
purity > 95%) solution with concentration ranging from 0.5
to 50 ng/mL. BL content was calculated from the standard
curve and expressed as ng/g.

Bulked-segregant analysis (BSA) sequencing
and SNP detection

Genomic DNA was extracted as previously described (Mur-
ray and Thompson 1980) from fresh leaves of the parent
6421 and the F, population. Three DNA pools, a parent 6421
pool and two offspring pools (the wild-type pool and the
mutant pool), were constructed by mixing equal amounts of
DNA from 10 parent plants, 20 mutant plants, and 20 wild-
type plants from the F, population, respectively. Paired-end
DNA libraries with insert sizes of approximately 350 bp
were constructed using the [llumina Genomic DNA Sample
Preparation Kit and sequenced on an Illumina HiSeq 2500
platform following the manufacturer’s instructions (Illumina,
CA, USA).

Raw reads of fastq format were first processed through
a series of quality control (QC) procedures using in-house
Perl scripts. Briefly, reads with > 10% unidentified nucleo-
tides (N) or>50% bases having Phred quality <5 or> 10
nt aligned to the adaptor sequencing allowing < 10% mis-
matches were first removed. PCR duplicates generated by

PCR amplification in the library construction process, which
were defined as those with identical paired-end reads, were
then removed. BWA (Burrows-Wheeler Aligner) (Li and
Durbin 2009) was used to align the final cleaned paired-end
reads of the three DNA pools to the pepper genome (Zunla-
1, version 2.0) (Qin et al. 2014) with default parameters.
The alignment files were converted to BAM format using
SAMotools (Li et al. 2009).

Variant calling was performed for the three DNA pools
using the HaplotypeCaller function in GATK3.8 (McK-
enna et al. 2010) and the parameter “-stand_call_conf”
was set as 30. SNPs were filtered using VariantFiltration
in GATK3.8 with the following parameters: QD < 2.0,
FS > 60.0, MQ <40.0, MQRankSum < — 12.5, ReadPos-
RankSum < —8.0. Only the SNPs that exhibit G— A or
C — T transitions were retained, which were the most fre-
quent changes caused by EMS mutagenesis. ANNOVAR
(Wang et al. 2010) was used to annotate SNPs based on the
GFF3 file of the reference genome.

The read depth information for SNPs in the offspring
pools was used to calculate the SNP index according to the
method described in Takagi et al. (2013). At each SNP locus,
the genotype of the parent 6421 was used as the reference to
derive the number of reads corresponding to the genotype of
6421 and the genotypes of each of the two offspring pools.
Then, the ratio of the number of reads corresponding to the
6421 genotype to the total number of reads covering the
SNP locus was calculated and considered the SNP index of
that SNP site. Sites with an SNP index in the offspring pools
of less than 0.3 were filtered out. An average SNP index of
the two offspring pools was calculated using a 5 Mb slid-
ing window with a step size of 50 kb. We also calculated
the statistical 99% confidence intervals of the ASNP index
under the null hypothesis following the method described in
Takagi et al. (2013).

Verification of the causative SNP using dCAPS
markers

The causative SNP was confirmed by Sanger sequencing,
and a dCAPS marker was designed to assess its cosegre-
gation with the mutant phenotype. A dCAPS PCR primer
containing one mismatched base in the sequence was
designed using the online software dCAPS FINDER 2.0
(Neff et al. 1998). The other primer was designed using
Primer3. The products were digested with the appropri-
ate restriction enzymes at 37 °C for 4 h, and then ana-
lyzed by electrophoresis on 2.5% agarose gels. The PCR
system and conditions were as follows: 10 X PCR buffer
3 pL, dNTPs 3 pL, forward primers 0.9 pL (10 pM),
reverse primers 0.9 pL (10 pM), Taq enzyme 0.3 pL (5 U/
pL), DNA 1.5 pL (50 ng/pL), ddH,0 20.4 pL; 94 °C for
5 min followed by 35 cycles of at 94 °C for 35 s, 58 °C for
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35 s, and 72 °C for 30 s, with a final extension at 72 °C
for 10 min. The digestion system was as follows: 10X H
buffer 2.0 pL, restriction enzyme 0.3 pL (10 U/pL), PCR
products 15.0 pL, ddH,O 2.7 pL. The parents, and F, and
F, populations were tested with the dCAPS marker. The
primers and restriction enzymes used here are listed in the
Supplemental Table S1.

VIGS of CaBRI1in 6421 and E29 and RT-qPCR
detection

pTRV2:CaBRII was constructed from a 346 bp frag-
ment containing the mutation site of CaBRII, which was
PCR-amplified from a pepper 6421 cDNA template. The
resulting product was cloned into the Sacl-BamHI-cut
pTRV2 vector to form pTRV2:CaBRII. The sequence of
pTRV2:CaBRI1 was confirmed by sequencing. For the
VIGS assay, pTRV1, pTRV2, and pTRV2:CaBRII were
introduced separately into Agrobacterium tumefaciens
GV3101. The bacterial culture solution (5 mL) was grown
in LB medium-containing the appropriate antibiotics
(50 mg/L kanamycin, 50 mg/L rifampicin, and 50 mg/L
gentamycin) and shaken at 28 °C overnight. The Agrobac-
terium cells were collected by centrifugation (3000 rpm,
10 min) and then suspended in buffer containing 10 mM
MgCl,, 10 mM MES, and 200 pM acetosyringone. After
adjusting the concentration of the bacteria to an opti-
cal density of 0.5 at 600 nm, Agrobacteria carrying the
pTRV1 and pTRV2 or pTRV2:CaBRII were subsequently
mixed at a 1:1 ratio and incubated for 5 h at 25 °C, and
then infiltrated into the abaxial sides of the cotyledons of
6421 and E29 using a 1 mL sterilized syringe without a
needle. The Agrobacterium-infiltrated pepper plants were
transferred to 18 °C in the dark for 2 days and grown in
a growth chamber at 25 °C under a 16-h light/8-h dark
photoperiod cycle with 60% relative humidity.

RT-qPCR was used to quantify the abundance of
pTRV2:CaBRII transcripts in the leaves of inoculated pep-
per plants. The total RNA was extracted from the leaves of
silenced and nonsilenced (infiltrated with empty pTRV1 and
pTRV2 vectors) at 30 days after infiltration using Easy Pure
Plant RNA Kit (Tiangen, China), following the manufac-
turer’s protocol. Reverse transcription was performed with
1 pg of total RNA using the PrimeScript RT Kit (TAKARA
Biotech). The RT-qPCR assays using the TransStart® Green
gPCR SuperMix kit (Transgene Biotech) were conducted on
a Fluorescence quantitative PCR instrument (Light Cycler®
480, Roche, Switzerland). Primers were designed according
to the CaBRI 1 sequences, and the housekeeping gene fS-actin
was used as an internal control (Supplemental Table S2).
Three technical replicates were run for each biological
replicate.
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In vitro kinase assay

To enhance the expression level of CaBRI1-S_TKc (wild
type) and CaBRI1-S_TKc (dw) (mutant) in the E. coli host
cells in a synchronous manner, we optimized the DNA
sequences based on E. coli codon usage. In addition, 21
bases (CATCATCATCATCACCATTAA) were added at the
end of the sequence, so that the translated protein sequence
C-terminus contained a 6 X His-Tag, which facilitates the
detection and affinity purification of recombinant proteins.
The codon-optimized target gene was cloned into the mul-
tiple cloning sites Nde I and BamH I of the prokaryotic
expression vector pMAL-c5x (New England Biolabs). The
recombinant plasmid was then used to transform E. coli Arc-
tic Express into host cells and expression of the fusion pro-
tein was induced by supplementing the culture with 0.5 mM
isopropyl-p-D-thiogalactopyranoside (IPTG) at 37 °C for
4 h. The fusion protein was further purified using a Ni-
IDA-Sepharose CI-6B affinity column (Qiagen, Germany)
according to the manufacturer’s protocols. The purified sam-
ples were subjected to SDS-polyacrylamide gel electropho-
resis (SDS-PAGE), and then, the proteins were transferred
to a nitrocellulose membrane. The membrane was blocked
with 5% nonfat dry milk at 37 °C for 1 h and then incu-
bated with a His antibody (1:1000 diluted in 5% nonfat dry
milk) at 4 °C overnight. The membrane was removed the
next day and washed four times with PBST (1:25 diluted
in PBS-0.05% Tween-20) for 5 min each time. Then, the
membrane was incubated with a secondary antibody (goat
anti-rabbit IgG, HRP-conjugate, freshly diluted 1:5000 in
5% nonfat dry milk) at 37 °C for 1 h. The blotted mem-
brane was washed four times for 5 min each in TBST prior
to electro-chemiluminescence (ECL) detection in the dark.
Kinase activity was assayed according to the instructions
of the Kinase-Lumi Plus Luminescent Kinase Assay Kit
(Beyotime, China). Myelin basic protein (MBP), which is
an efficient artificial substrate for numerous protein kinases
including BRI1 (Zhao et al. 2013), was used as a substrate.
The relative luminescence unit (RLU) value of each well
was measured using a SpectraMax M5 microplate reader
(Molecular Devices, USA). The kinase activity was calcu-
lated per mg (protein) in U according to the kit instructions.

RNA-seq analysis and RT-qPCR detection

Total RNA from the fresh leaves of 6421 and E29 (three
seedlings each) was extracted with the Easy Pure Plant RNA
Kit (Tiangen, China). The mRNA was purified and frag-
mented. Using the mRNA fragments as templates, double-
stranded cDNA was synthesized, end repaired, and adap-
tor ligated. Finally, a cDNA library was created after PCR
amplification and purification, and sequenced on an Illumina
HiSeq 2500 platform.
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The raw RNA-Seq reads were processed with in-house
Perl scripts to remove the adaptor and low-quality sequences.
Reads with more than 15% low-quality bases (Phred qual-
ity value less than 19) or with more than 5% N bases were
treated as low-quality reads and therefore discarded. For
the paired-end sequencing data, both reads were filtered out
if one of the paired-end reads was removed. The obtained
high-quality cleaned RNA-Seq data were used for down-
stream analyses. The cleaned RNA-Seq reads were aligned
to the pepper reference genome (Zunla-1, Version 2.0)
using TopHat v2.0.12 (Trapnell et al. 2012). The Fragment
count for each gene in each sample was derived by HTSeq
v0.6.0 (Anders et al. 2015) and then normalized to FPKM
(fragments per kilobase per million mapped fragments)
(Mortazavi et al. 2008) to estimate the expression levels of
the genes in each sample. DESeq2 (Love et al. 2014) was
used for differential gene expression analysis between the
mutant E29 and the wild-type 6421. Genes with adjust p
values <0.05 and llog2 fold-changel > 1 were identified as
differentially expressed genes (DEGs).

The GO (Gene Ontology; http://geneontology.org/) terms
and KEGG (Kyoto Encyclopedia of Genes and Genomes;
http://www.kegg.jp/kegg) terms enriched in DEGs were

Fig. 1 Plant phenotype and scanning electron microscopic observa-
tion of 6421 and E29 stems sectioned. a, b Seedlings of 6421 (left)
and E29 (right), Scale Bar=1 cm. (c) Plants of 6421 (left) and E29
(right), Scale Bar=10 cm; (d, e) longitudinal sections on the fourth
stem internodes of 6421 (d) and E29 (e), Scale Bar=100 pm. f, g The

identified using the hypergeometric test, in which p value
was calculated and adjusted as g value, and the genes of the
entire genome were used as the background. GO terms or
KEGG terms with g <0.05 were considered to be signifi-
cantly enriched.

The expression of the genes identified using RNA-Seq
data was validated in the leaves of 6421 and E29 using RT-
gPCR. Three biological replicates were performed. The
reaction system and program were the same as those used
from CaBRII VIGS. Primers are listed in Supplemental
Table S2.

Results
Phenotypic characterization of the E29 mutant

The E29 mutant had a short stature, compact plant type, and
wide, thick, dark-green-bladed leaves (Fig. 1a—c). We histo-
logically examined the stems at the seedling stage to deter-
mine the cause of the shortened stem in E29. Longitudinal
sections of the stems revealed that the cell length in E29 was
reduced, while the cell width was increased (Fig. 1d, ). The
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Scale Bar=100 pm. h-m Phenotypic characterization of 6421 and
E29 at the adult stage. n—p The chlorophyll levels of 6421 and E29.
Data in H to P are given as means +standard deviation (SD) (n=6)
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epidermal stem cells were shorter and thicker in E29 than in
6421 (Fig. 1f, g). These results indicated that the shorter and
thicker stem in E29 was due to a reduction in cell length and
an increase in cell width.

We then investigated the main phenotypes of 6421 and
E29 at the adult stage. The plant height, plant width, and
main stem length of E29 were significantly lower than those
of 6421 by approximately 36.7%, 63.4%, and 50.6%, respec-
tively (Fig. 1h—j). The main stem diameter and leaf area of
E29 were significantly higher than those of 6421, approxi-
mately 1.15- and 1.41-fold, respectively (Fig. 1k, 1). The
internode elongation of E29 was severely inhibited, which
caused a decrease in the number of flowers. As a result,
the fruit yield per plant was decreased by 74.7% in E29
compared with 6421 (Fig. Im). In addition, compared with
those of 6421, the Chl a, Chl b, and Chl (a+b) levels of E29
were significantly increased by 33.2%, 321.1,% and 55.8%,
respectively, indicating that higher chlorophyll levels caused
the dark green leaves of E29 (Fig. 1n—p).

The signal-base mutation of CaBRI1 led to stunted
growth in E29 mutant

The phenotypes of F, and F, progeny were analyzed. All of
the F, progeny showed a wild-type phenotype, indicating
that the mutation was recessive. Among the 800 F, progeny,
the mutant phenotype segregated at a 1:3 ratio (wild-type
phenotype:dwarf phenotype =593:207, y*=0.281, p <0.05).
We thereby concluded that the mutant phenotype was caused
by a single recessive gene.

Whole-genome sequencing resulted in 245184846,
495574798, and 521749880 short reads from the parent
6421 pool (11.42 x average depth coverage), wild-type
pool (22.76 x average depth coverage), and mutant pool
(23.73 x average depth coverage), respectively. These short
reads were aligned to the Zunla-1 reference genome and
33,859 single-nucleotide polymorphisms (SNPs) were iden-
tified. SNP index graphs were generated for the wild-type
pool and mutant pool by plotting the average SNP index
against the position of each sliding window in genome
assembly (Fig. 2a). By combining the SNP index informa-
tion from the wild-type and mutant pools, A(SNP_index)
was calculated and plotted against the genome position
(Fig. 2b). A 99% confidence level was chosen as the thresh-
old for screening, and SNP sites with significant SNP index
differences between the two progeny groups were selected
from the genome. A total of 312 candidate SNPs were
found and annotated between the two bulks via analysis of
the sequencing data (Supplemental Table S3). Finally, we
focused on the SNPs that caused stop-loss, stop-gain, or non-
synonymous mutations or splice-site variants as the candi-
date SNPs and found one SNP, SNP12G174801930, which
was located in the exon of Capanal2G001867 (Fig. 2c).
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To confirm the causal SNP, the coding regions of Capa-
nal2G001867 (3642 bp) in 6421 and E29 were cloned and
confirmed by Sanger sequencing. The sequencing result
was consistent with that of the genome-wide resequencing
analysis (data not shown). 129 plants were examined in the
E29x 6421 F, population for the presence of this SNP. All
mutant individual plants showed homozygous T at this site,
while wild-type individual plants exhibited homozygous C
or heterozygous C/T (Supplemental Figure S1), suggesting
that SNP12G174801930 (C-to-T) cosegregated with the
dwarf phenotype. Deep resequencing of 6421 revealed that
SNP12G174801930 was C, and the same position in Zunla-1
was also C. We then examined another 200 dwarf plants in
the F, population for the presence of SNP12G174801930,
and found that all mutant individual plants showed homozy-
gous T at this site (data not shown). Therefore, we inferred
that SNP12G174801930 was the causative mutation under-
lying the dwarf phenotype. SNP12G174801930 was located
in the exon of the gene Capanal2G001867, which encoded a
homolog of the BR receptor BRI1, designated CaBRI1 here.

To further investigate the effect of C-to-T mutation of
CaBRI1 on plant height, VIGS was used to silence the
CaBRI1 gene in 6421 and E29. At 30 days after infiltration,
the phenotype of plants treated with Agrobacterium carry-
ing VIGS constructs targeting CaBRI1 was investigated. In
6421, compared with the TRV-infiltrated plants, plants infil-
trated with the TRV:CaBRI1I generally became stunted and
exhibited dwarfed morphology, a typical BR mutant effect,
with reduced CaBRII transcript level (Fig. 3a, c, d, f). How-
ever, in E29, the plants infiltrated with the TRV:CaBRI1
had the same phenotype as the TRV-infiltrated plants, with
reduced CaBRII transcript level too (Fig. 3b, c, e, f), sug-
gesting that this point mutation in CaBRII was highly likely
to confer a dwarf phenotype.

The signal-base mutation impaired the kinase
activity of CaBRI1

The C-to-T mutation at SNP12G174801930 was predicted
to result in an amino-acid change from proline to ser-
ine at residue 1157 (Prol157Ser) of CaBRI1 (Fig. 2d,
e). Alignment of the CaBRI1 amino-acid sequences with
those of homologous proteins from Arabidopsis, tomato,
tobacco, potato, and Brassica napus (Mayer et al. 1999;
Montoya et al. 2002; Scheer and Ryan 2002; Malinow-
ski et al. 2009) showed that Pro1157Ser was located in
the S_TKc domain and was highly conserved among
these homologous proteins (Fig. 2e), indicating that E29
contained a novel allelic mutation in the S_TKc domain
of CaBRI1. To investigate the possible effect of the
Pro1157Ser substitution in the S_TKc domain of CaBRI1,
purified proteins of CaBRI1-S_TKc and CaBRI1-S_TKc
(dw) were used for the in vitro kinase activity assay.
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Fig.3 VIGS of CaBRI! in
6421and E29. a The TRV-
infiltrated 6421 plant and
CaBRI1-silence 6421 plant. b
The TRV-infiltrated E29 plant
and CaBRI1-silence E29 plant.
¢ Plant height of TRV-infiltrated
plants and CaBRII-silence
plants. d The internodes length
of TRV-infiltrated 6421 plant
and CaBRI1-silence 6421
plant. e The internode length
of TRV-infiltrated E29 plant
and CaBRII-silence E29 plant.
f Relative mRNA levels of
CaBRI1 in RT V-infiltrated
plants and CaBRI!-silence
plants. Data in ¢, f are given as

TRV:CaBRI1
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The recombinant plasmid (Fig. 4a) showed a 6658 bp
band before enzyme digestion and exhibited two bands,
5677 bp and 981 bp, after digestion (Figure S2). SDS-
PAGE and western blot analysis showed that CaBRI1-S_
TKc and CaBRI1-S_TKc (dw) could be highly expressed
in E. coli Arctic Express. The purified protein showed a
molecular weight of 79 kD, which was consistent with the
expected molecular weight (Fig. 4b, c, Figure S2). The
CaBRI1-S_TKc showed strong activity, while this activity
was dramatically decreased in CaBRI1-S_TKc (dw) har-
boring the Pro1157Ser substitution (Fig. 4d). Therefore,
the mutation in the S_TKc domain impaired the kinase
activity of CaBRI1.
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The kinase inactive of CaBRI1 led to increased
expression of BR biosynthetic genes and BR
accumulation

In BR-mediated signaling pathway, BRI1 can activate BSKs
and BSUI to inactive BIN2, resulting in the activation of
downstream transcription factors (TF) (Kim et al. 2009).
The TF BES1/BZR1 can negatively regulate the expression
of genes involved in BR biosynthesis, such as CPD, DWF4,
ROT3, and BR6ox (He et al. 2005; Yin et al. 2005; Vert
and Chory 2006). Here, we used RNA-seq to identify the
BR biosynthetic DEGs between 6421 and E29 and to fur-
ther clarify the molecular mechanism of CaBRI1 in pepper.
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Fig.4 In vitro kinase activity of CaBRIl assay. a pMAL-c5x-
CaBRI1-S_TKc/pMAL-c5x-CaBRI1-S_TKc (dw) recombinant
plamid structure. b The SDS-PAGE results of CaBRI1-S_TKc and
CaBRI1-S_TKc (dw) purified proteins. M: protein marker; 1 and 2:
The eluted proteins of CaBRI1-S_TKc (1) and CaBRI1-S_TKc (dw)
(2). ¢ The west blot results of CaBRI1-S_TKc/and CaBRI1-S_TKc

A total of 238 DEGs, with 159 upregulated genes and 79
downregulated genes, respectively, were identified between
6421 and E29 (Supplemental Table S4; Figure S3). RT-
gPCR was performed on 12 randomly selected DEGs and
these 12 genes showed similar expression patterns between
RNA-seq and RT-qPCR (Supplemental Figure S4), confirm-
ing that the RNA-Seq data were reliable. GO term enrich-
ment analysis was performed to study the specific function
of these DEGs. The most enriched GO terms were the “cel-
lular process” of the biological process, the “cell part” of
the cellular component, and the “catalytic” of the molecular
function (Fig. 5). KEGG enrichment analysis discovered 269
KEGG pathways, including the BR biosynthetic pathway
(Supplemental Figure S5).

Two key BR biosynthetic DEGs, CaDWF4 (Capa-
na02g002685) and CaROT3 (Capana02g002751), sig-
nificantly upregulated in E29 mutant. RT-qPCR analysis
showed that the expression levels of CaDWF4 and CaROT3
in E29 were increased approximately 2.3- and 3.1-fold of
those in 6421 (Fig. 6a, b). It indicated that CaBES1/CaBZR1
cannot negatively regulate the expression of these two key
BR biosynthetic genes in E29 mutant because of its kinase
inactive of CaBRII.

In the BR biosynthetic pathway, the 22a-hydroxylase
encoded by DWF4 appears to catalyze rate-limiting steps
(Choe et al. 1998). ROT3 gene is required for the late steps
(Kim et al. 2005) and can catalyze C-23 hydroxylation of

351
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(dw) purified proteins. M: protein marker; 1 and 2: The purified pro-
teins of CaBRI1-S_TKc (1) and CaBRI1-S_TKc (dw) (2). d The
in vitro kinase activity of CaBRI1-S_TKc and CaBRI1-S_TKc (dw);
Data in d are given as means+SD (n=3) (**p<0.01 according to
unpaired ¢ test). The full-length blots and gels are presented in Sup-
plementary Figure S2

various 22-hydroxylated BRs with markedly different cata-
lytic efficiencies (Ohnishi et al. 2006). The increased levels
of these two genes may promote the synthesis of BR, result-
ing in the accumulation of a high level of BR. Here, we
found that the level of BL in E29 mutant was significantly
higher than that of 6421 (3.0-fold). Moreover, the level of
BL in CaBRII-silence 6421 plant was also significantly
higher than that of TRV-infiltrated 6421 plant (3.7-fold)
(Fig. 6¢).

Discussion

The whole-genome sequencing method used in this study
takes advantage of high-throughput whole-genome rese-
quencing and BSA. This technology is advanced and rapid,
and it serves as a tool for quickly identifying mutations
caused by EMS (Abe et al. 2012; Chen et al. 2014; Takagi
et al. 2015; Thole and Strader 2015; Xu et al. 2015; Trib-
huvan et al. 2018). In this study, the wild-type 6421 and the
EMS mutant line E29 derived from it can be considered
to be near-isogenic lines. The resequencing of bulk seg-
regant pools from an F, population derived from two near-
isogenic lines identified only one candidate causative SNP
(SNP12G174801930). dCAPS marker analysis revealed that
SNP12G174801930 cosegregated with the dwarf phenotype.
SNP12G174801930 was located in the exon of the CaBRII.
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Fig.5 GO analysis of DEGs
obtained through RNA-Seq of
6421 and E29. The abscissa of
the bar plot represents the gene
count within each GO category.
All listed processes have enrich-
ment p <0.05
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The VIGS system, which involves TRV1 and TRV2, is a
powerful tool for the functional characterization of genes
in vivo during seed germination or other stages of early plant
growth, and has been applied for dwarf phenotype identifica-
tion (Van Schie et al. 2007; Liu et al. 2016; Thyssen et al.
2017). We applied the VIGS technique to identify whether
a single-base mutation in CaBRII caused the dwarfing of
pepper plants. The CaBRI1-silenced 6421 seedlings became
stunted and exhibited a dwarf morphology, while CaBRII-
silenced E29 seedlings exhibited the same phenotype as
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TRV-infiltrated plants, suggesting that this point mutation
in CaBRII was highly likely to confer a dwarf phenotype.
BRs regulate a wide range of plant developmental and
physiological processes, such as cell elongation and divi-
sion, photomorphogenesis, seed germination, flowering,
male fertility, senescence, and tolerance to environmental
stress (Wang et al. 2012; Perez et al. 2014). BR signaling is
recognized by BRI1 to induce a phosphorylation-mediated
cascade that regulates downstream genes expression. BRI1
is a receptor kinase belonging to a large family of plant
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Fig.6 The expression levels of two BR biosynthetic genes, BL levels
and the simplified models of BR signal transduction and downstream
events. a, b The expression levels of CaDWF4 (a) and CaROT3 (b) in
6421 and E29. C The BL levels of 6421, E29 (left), TRV-infiltrated
6421 plants, and CaBRII-silence 6421 plants (right). d The kinase

leucine-rich repeat (LRR) receptor-like kinases (RLKs) (Li
and Chory 1997; Vert et al. 2005). In Arabidopsis, more
than 20 bril mutants with different mutation sites have been
identified. bril-6 (Gly644Asp), bril-7 (Gly613Ser), bril-9
(Ser662Phe), bril-9 (Thr7501le), and bril-116 (GIn583Stop)
were the bril mutants harboring missense or nonsense muta-
tions in the 70-amino-acid ID (Noguchi et al. 1999; Frie-
drichsen et al. 2000; Hong et al. 2008). bril-1 (Ala909Thr),
bril-8/108/112 (Arg983Gln), bril-101 (Glul078Lys),
bril-7 (Gly613Ser), bril-103/104 (Alal031Thr), bril-
115 (Gly1048Asp), bril-117/118 (Asp1139Asn), bril-301
(Gly989Ile), and bril-105/106/107 (Gln1059Stop) were the
bril mutants harboring missense or nonsense mutations in
the kinase domain (Clouse et al. 1996; Li and Chory 1997;
Noguchi et al. 1999; Friedrichsen et al. 2000; Hong et al.
2008; Xu et al. 2008). These mutants showed severe seri-
ous defects in growth and development processes including
extremely dwarfed stature, wide and dark green leaf, and
cannot be rescued by BR supplementation, which were simi-
lar to the E29 mutant trait.

RT-qPCR relative
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D wild type dwarf mutant

BR BR

I I
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active of CaBRI1 caused the CaBES1/CaBZR1 to negatively regulate
the expression of CaDWF4 and CaROT3, while the kinase inactive of
CaBRI1 cannot provide negative feedback regulation. The red letters
indicate the upregulated DEGs; Data in a—c are given as means +SD
(n=3) (**p<0.01 according to unpaired ¢ test) (colour figure online)

In this study, the allelic mutation in CaBRII was also
located in the kinase domain. The C-to-T mutation resulted
in an amino-acid change from proline to serine at residue
1157 (Pro1157Ser) of CaBRI1. This site was a new mutation
site, which was different from what was reported by previ-
ous researchers. The result can provide new insights into the
details of early events of BR signaling transduction.

The amino-acid change might affect the kinase activ-
ity of BRI1. In Arabidopsis, the BRII kinase with a
Glul078Lys mutation exhibited greatly reduced kinase
activity in bril-101 (Friedrichsen et al. 2000). BRI1 kinase
with a Ser1049Ala, Ser1044Ala, or Thr1045Ala mutation
completely lost its activity in vitro, and the presence of
these BRI1 mutations in transgenic plants failed to rescue
the dwarf phenotype in bril-5 (Wang et al. 2005; Yang
et al. 2011; Hao et al. 2013). In rice, the Fn189 mutant
exhibiting a change in a conserved residue (Ile1843Phe)
in the kinase domain also showed dramatically decreased
kinase domain activity of OsBRIl (Zhao et al. 2013).
In our study, we assayed the in vitro kinase activity of
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CaBRI1 and found that the mutation of Prol157Ser also
reduced the kinase activity of CaBRI1. The kinase-dead
BRI1 mutants are unable to activate the downstream tran-
scription factor BES1/BZR1. The plants cannot normally
grow and develop, because the inactivated BES1/BZR1
was unable to provide negative feedback regulation of
biosynthetic gene expression (Kim et al. 2009; He et al.
2005; Yin et al. 2005; Vert and Chory 2006). In this study,
we found that two key BR biosynthetic genes, CaDWF4
and CaROT3, were upregulated in E29 by transcriptome
sequencing. In Arabidopsis, BRIl and BAK]1 can interact
with each other through their kinase domains, depending
on the kinase activity of BRI1. Kinase-dead BRI1 cannot
interact with BAK1, resulting in the inability of BR sig-
nal to be transmitted. The mutant exhibited BR-insensitive
characteristics (Wang et al. 2005; 2008). In Arabidopsis
mutants bril-4, bril-5, bril-6 (Noguchi et al. 1999) and
pea mutant /ka (Nomura et al. 1997, 1999), a high level of
BL accumulated in BR-insensitive mutants. In this study,
a large amount of BL was also accumulated in E29 and
CaBRII-silenced 6421 plants. We inferred that the kinase-
inactive CaBRII prevented CaBES1/CaBZR1 from nega-
tively regulating the expression of CaDWF4 and CaROT3,
causing BR accumulation in pepper.

Therefore, we concluded that the new allelic variation
of CaBRII conferred a dwarf phenotype and BR accumu-
lation in pepper. This study has theoretical and practical
value for obtaining pepper varieties suitable for facility
cultivation and mechanized harvesting. In the next step,
we will establish a genetic transformation system for pep-
per to confirm whether CaBRII (C-to-T) can complement
the phenotype of E29 mutant and use the developed SNP
marker (SNP12G174801930) to rapidly select pepper dwarf
varieties.
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