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ABSTRACT

Proteins containing valine-glutamine (VQ) motifs play important roles in
plant growth and development as well as in defense responses to both
abiotic and biotic stresses. Blackleg disease, which is caused by
Leptosphaeria maculans, is the most important disease in canola (Brassica
napus) worldwide; however, the identification of Brassica napus VQs and
their functions in response to blackleg disease have not yet been reported.
In this study, we conducted a genome-wide identification and character-
ization of the VQ gene family in Brassica napus, including chromosome
location, phylogenetic relations, gene structure, motif domain, synteny
analysis, and cis-elements categorization of their promoter regions. To
understand Brassica napus VQ gene function in response to blackleg
disease, we overexpressed BnVQ7 (BnaA01g36880D, also known as the
mitogen-activated protein kinase 4 substrate 1 [MKS1] gene) in a blackleg-
susceptible canola variety, Westar. Overexpression of BnMKS1 in canola

did not improve its resistance to blackleg disease at the seedling stage;
however, transgenic canola plants overexpressing BnMKS1 displayed an
enhanced resistance to L. maculans infection at the adult plant stage.
Expression levels of downstream and defense marker genes in cotyledons
increased significantly at the necrotrophic stage of L. maculans infection in
the overexpression line of BnMKS1, suggesting that the salicylic acid- and
jasmonic acid-mediated signaling pathways were both involved in the
defense responses. Together, these results suggest that BnMKS1 might play
an important role in defense against L. maculans.

Keywords: abiotic disorders, Brassica napus, fungal pathogens, genetics,
genomics, host parasite interactions, Leptosphaeria maculans, MKS1,
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Valine-glutamine (VQ)motif-containing proteins are encoded by
Valine-glutamine genes, designated as the highly conserved motif
structure FxxhVQxhTG, and were identified in both monocotyle-
don and dicotyledonous plants (Cheng et al. 2012; Kim et al. 2013;
Wang et al. 2014, 2015). A 2018 study showed that VQs are
nonplant specific and play a comprehensive function in various
biotic and abiotic stresses. Single VQs to very few VQs were also
found in some fungi, taxonomically lower animals, and bacteria
(Jiang et al. 2018). In Arabidopsis (Arabidopsis thaliana), AtVQ8
contains an N-terminal signal peptide and is understood to be a
chloroplast-targeting signal. Leaves of the vq8 mutant presented
pale-green and stunted growth because of abnormal chloroplast
development (Cheng et al. 2012).AtVQ14 (IKU1-proteinHAIKU1)
has been characterized to function in the early stages of seed
development and growth, whereasAtVQ29 is involved in hypocotyl
growth under far-red and low-white light intensity (Li et al. 2014a;
Wang et al. 2010). VQs are up- or downregulated by abiotic stresses
or phytohormones in rice (Kim et al. 2013), maize (Song et al. 2016),
and Chinese cabbage (Zhang et al. 2015).VQs were reported to display

different expression patterns in Arabidopsis thaliana, rice, and other
plants under biotic stresses (Cheng et al. 2012; Jiang andYu 2016; Kim
et al. 2013; Li et al. 2014b;Wang et al. 2015). VQs are also considered
regulators, interacting with other proteins such asWRKY transcription
factors in plant growth and development (Cheng et al. 2012; Chi et al.
2013). For example, AtVQ9 interacts with WRKY8, has a mediated
response to salt stress, and decreases the tDNA binding activity of
WRKY8 (Hu et al. 2013). Both AtVQ1 and AtVQ10 were reported to
interact with WRKY33 and be closely related to WRKY25 and
WRKY26 (Cheng et al. 2012; Lai et al. 2011). AtVQ21, which was
renamed mitogen-activated protein kinase 4 substrate 1 (MKS1) and
acts as a substrate of mitogen-activated protein (MAP) kinase 4
(MPK4), has also been found to interactwithAtWRKY33 (Andreasson
et al. 2005). MKS1 plays an important role in response to plant
pathogens through its interaction with AtWRKY33 and AtMPK4
(i.e.,Botrytis cinerea,Sclerotinia sclerotiorum;Wanget al. 2009;Zheng
et al. 2006).Wanget al. (2009, 2014) reported that the overexpressionof
BnMPK4 and BnWRKY33 enhanced resistance to S. sclerotiorum in
Brassica napus. BnMKS1, encoding one of the VQ-motif proteins in
Brassica napus, was characterized as being able to interact with both
BnMPK4 and BnWRKY33, resulting in a nuclear-localized complex,
which allows for disease resistance in canola (Wang et al. 2014).
Canola (Brassica napus L. AACC, 2n = 38) is a relatively young

allotetraploid species that was derived from the hybridization
between the ancestors of Brassica rapa L. (AA, 2n = 20) and
Brassica oleracea L. (CC, 2n = 18) (Nagaharu 1935). Canola/
rapeseed oil is the thirdmost-used crop for oil production, following
palm oil and soybean worldwide, and is one of the most important
economical crops in Canada (Canola Council of Canada 2020;
Gunstone 2011). Genome-wide identification of gene families has
been widely reported since several genomes sequences of Brassica
napus were published (Chalhoub et al. 2014; Sun et al. 2017). A
total of 518 AP2/EREBPs, 252 BnbZIPs, 721 BnMYBs, 398
BnNACs, 278BnWRKYs, 87GRASs, and 460 bHLHsbelonging to
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transcription factors have been characterized from Brassica napus
genome sequences (Guo et al. 2019; Shen et al. 2019; Wang et al.
2018). Wei et al. (2019) reported 179 glutathione transferase genes
in Brassica napus through genome-wide analysis. A total of 47
Hsp70 genes, which play an important role in plant growth and
stress responses, havebeen identified inBrassica napus (Liang et al.
2019). Other gene families, including 67 auxin response factors
(Wen et al. 2019), 121 aquaporins (Yuan et al. 2017), and 23
cytokinin oxidase/dehydrogenases (Liu et al. 2018a), were
extensively reported. To date, genome-wide studies have been
applied to identify a total of 34, 74, 61, 57, and 18 VQs from
Arabidopsis plants (Jing and Lin 2015), soybean (Zhou et al. 2016),
maize (Song et al. 2016), Chinese cabbage (Zhang et al. 2015), and
grape (Wang et al. 2015), respectively. To our knowledge, the VQ
gene family from Brassica napus has not yet been characterized in
detail.
In Canada, canola fields encounter various biotic stresses,

especially from diseases (i.e., blackleg, clubroot, and Sclerotinia
stem rot). Blackleg disease is caused by Leptosphaeria maculans
and is one of the most devastating diseases worldwide, resulting in
significant yield loss (Fernando et al. 2016; Fitt et al. 2006).
Brassica napus and L. maculans exist in a gene-for-gene interaction
between the R gene in the plant and its corresponding avirulence
gene (Avr) in the host, which results in both compatible and
incompatible interactions (Ansan-Melayah et al. 1997; Balesdent
et al. 2002).L.maculans is a hemibiotrophic fungus,which includes
biotrophic and necrotrophic stages when infecting canola plants.
For example, when L. maculans infects canola plant leaves, the
fungus has a 5- to 15-day biotrophic stage and colonizes the plant
leaf apoplast (Fitt et al. 2006). The fungus then causes leaf spots and
reaches the necrotrophic stage (Rouxel and Balesdent 2005);
however, when L. maculans infects the cotyledons of canola
seedlings in compatible interactions, the fungusmost likely stays in
the biotrophic stage at 0, 2, and 4 days postinoculation (dpi) and
turns to the necrotrophic stage at 6 or 8 dpi (Haddadi et al. 2016). In
the biotrophic stage, there are no obvious visible disease symptoms
for the first 4 dpi, and a clear chlorotic ring surrounding the wound
site can be observed at 4 to 6 dpi. Later (8 dpi), it expands and leads
to lesion formation and tissue collapse, indicating that L. maculans
likely switches to necrotrophy (Haddadi et al. 2016). A similar
study investigated the comparative transcriptomes of virulence
factors involved in biotrophic (7 dpi) and necrotrophic (11 dpi)
stages during compatible interactions between Brassica napus and
L. maculans (Sonah et al. 2016). Very few studies were published
that report an investigation of the functional genes in response to
blackleg disease. A better understanding of the VQ genes involved
in disease resistance will provide new insights for disease
management. In this study, we characterized the VQ-motif proteins
in Brassica napus by using genome-wide bioinformatics analysis,
such as genome locations, promoter analysis, gene structures,
conserved domains, duplication patterns, and karyotype and
phylogenetic relations with Arabidopsis thaliana, Brassica rapa,
and Brassica oleracea. The expression patterns of these genes in
response to blackleg disease were analyzed. Overexpression of
BnMKS1 (one of the BnVQ genes) enhances the adult plant
resistance of Brassica napus in response to blackleg disease.

MATERIALS AND METHODS

Identification of Brassica napus VQ gene family
members. The 34 AtVQ protein sequences retrieved from the
Arabidopsis thaliana genome (https://www.arabidopsis.org/) were
used to identify VQ genes in Brassica napus by a BLASTP search
(Altschul et al. 1997). BLASTP was searched using default
parameters with an E-value of £ 1 × 10_20 and the score set ³
1,000. Brassica napus genome sequences were obtained from a
recent version of Centre National de Sequençage (http://www.ge-
noscope.cns.fr/brassicanapus/; Chalhoub et al. 2014). To confirm

the identifiedBnVQs, the obtained sequences were searched against
the Arabidopsis thaliana protein database again. The identified VQ
protein sequences were analyzed using the Batch CD-Search to
ensure that the target proteins contained VQ motifs (https://
www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). The Bras-
sica napus, Brassica rapa, Brassica oleracea, and Arabidopsis
thaliana VQ protein sequences were used for multiple sequence
alignments (ClustalW) and the phylogenetic treewas established in
MEGA 6.0 using neighbor-joining method with bootstrap calcula-
tion as 1,000 replications (Tamura et al. 2013).

Chromosomal location, orthologous identification, and
karyotype of Brassica napus VQs. Chromosomal locations of
Brassica napus VQ genes were determined based on the Brassica
napus Genome Browser and were mapped by using MapChart 2.2
(Voorrips 2002). The collinearity relationships and gene duplication
types of identified Brassica napus VQ genes were analyzed via
MCScanX (Wang et al. 2012b). Self–self-comparison of Brassica
napusVQ protein sequences were conducted by BASTP (E-value £
1 × 10_10). The program in MCScanX, detect_collinearity_within_
gene_families.pl, was introduced to detect collinearity within the
Brassica napus VQ gene family (Wang et al. 2012b). A built-in
programwithinMCScanXwas applied to classify the origins of the
duplicate genes of the Brassica napus genomewith five duplication
types, including whole-genome duplication (WGD), segmental
duplication, tandem duplication, and rearrangements. In addition,
duplication information of the Brassica napus VQs was extracted
and displayed using the circle_plotter program in MCScanX.
Karyotype and synteny from Arabidopsis thaliana and three
Brassica species (Brassica rapa, Brassica oleracea, and Brassica
napus) were analyzed and visualized in jcvi (https://github.com/
tanghaibao/jcvi/blob/master/jcvi/graphics/karyotype.py).

Gene structures and protein-conserved domain analysis
of the VQ gene family in Brassica napus. The intron/exon
structures of Brassica napus VQs were retrieved from the generic
feature format files and drawn using TBtools software (Chen et al.
2018). To assess the structural divergence of Brassica napus VQs,
the conserved domains of identified VQ proteins were investigated
using the Batch CDD tool (https://www.ncbi.nlm.nih.gov/Struc-
ture/bwrpsb/bwrpsb.cgi) with default parameters and displayed by
TBtools (Chen et al. 2018).

Promoter analysis. A total of 2,000-bp upstream sequences of
the coding region of each predictedVQ genewere obtained from the
Brassica napus genome database. The promoter sequences of each
Brassica napus VQ were screened for cis-acting regulatory
elements using the PlantCARE database (http://bioinformatics.ps-
b.ugent.be/webtools/plantcare/html/). The PlantCARE database
was also employed to identify putative plant-specific transcription
factor binding sites using a given DNA sequence.

Plant growth and fungal materials. Brassica napus
‘Westar’, which is a spring canola cultivar and susceptible to
blackleg disease, was used in this study. Plants were grown in a plant
growth chamber at 16�C (night) and 21�C (day) with a 16-h
photoperiod/day. L. maculans isolate JN3 havingAvrLm1-4-5-6-7-8-
10 was used for inoculation (Rouxel et al. 2011). The isolate was
grown andmaintained on aV8mediumplate (Zou et al. 2018, 2019).

Plasmid construction for canola transformation. The
total RNA from the canola plant Westar leaves was isolated using
PureLink Plant RNA Reagent (Invitrogen, Carlsbad, CA). The
purified RNAwas then digested with DNase at 37�C for 30 min to
degrade the genomic DNA using a TURBO DNA-free kit
(Invitrogen). The first-strand cDNAwas synthesized from 1 µg of
total RNA using the first cDNA synthesis kit (Thermo Scientific,
Waltham, MA). The In-Fusion cloning strategy was applied to
design the overexpression primers to ligate the full-length cDNA of
BnMKS1 (BnVQ7: BnaA01g36880D) to pRI201-AN vector having
aCauliflower mosaic virus (CaMV) 35S promoter (catalog number
3264; Takara Bio USA, Mountain View, CA; https://www.takar-
abio.com/learning-centers/cloning/in-fusion-cloning-tools). The
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primers were CACTGTTGATACATATGGATCCGTCG-
GAGTCTTTCGCCGGC and ATTCAGAATTGTCGATTATCCC-
CAAATATGACTGAACAAATCAGC. The inserted fragment was
confirmed by digestion with restriction enzymes SacI and NdeI
(New England Biolabs, Ipswich, MA) and sequencing. Then the
construct pRI201-AN-35S-BnMKS1-NOS was transformed into
Agrobacterium tumefaciens (LBA4404). Hypocotyl explants of
Westar were used for the generation of overexpressed transgenic
lines by in planta Agrobacterium-mediated transformation accord-
ing to the protocol described previously (De Block et al. 1989). Two
independent transformants overexpressing BnMKS1 were exam-
ined using quantitative PCR (qPCR) (Supplementary Table S1).
Kanamycin-resistant T2 generation plants were identified by PCR
from the T0 transgenic lines.

Cotyledon inoculation and adult plant resistance
screening. The concentration of harvested pycnidiospore suspen-
sion ofL.maculans isolate JN3was adjusted to 2× 107 spores/ml for
cotyledon inoculation testing (major gene resistance). Cotyledons
of 7-day-old seedlings of Westar and transgenic lines of T0 and T2

plants were punched and inoculated with 10 µl of inoculum at each
of the two wound sites (24 wound sites for six plants) (Zou et al.
2018). The disease rating scores were recorded at 14 dpi as
described by Zhang et al. (2016). Disease rating scores from 6.1 to
9.0, 4.6 to 6.0, and <4.5 were considered as susceptible,
intermediate resistant, and resistant, respectively (Zhang et al.
2016; Zou et al. 2018, 2019). The lesion sizes of infected cotyledons
were quantified using Assess 2.0 (American Phytopathological
Society, St. Paul, MN) for each experiment and line. Statistical
analysis was performed using SAS version 9.4 for analysis of
variance and mean comparison using Tukey’s honest significant
difference studentized test at P £ 0.05.
The cotyledon inoculated seedlings were transplanted to pots and

placed in a growth room at 16�C (night) and 21�C (day) with a 16-h
photoperiod to evaluate the adult plant resistance of Westar and
overexpression T2 lines, which was from T1 lines showing the
highest expression of BnMKS1. Finally, plant disease severity was
scored from basal internal infection using a rating scale from 0 to 5
(West et al. 2001). The rating scale was as follows: 0, no disease; 1,
25% infection; 2, 50% infection; 3, 75% infection; 4, 100%
infection; and 5, 100% infection and plant death.

Sampling, RNA extraction, and real-time qPCR
analysis. Cotyledons of Westar and transgenic overexpressing
line 7 (OEBnMKS1-7) inoculated with L. maculans isolate JN3
were sampled at 7 and 11 dpi. RNA extraction and cDNA synthesis
were conducted as described above. cDNA was diluted 100 times
for the qPCR assay: 4.2 µl of cDNA, 5 µl of SYBR Green I Master
Mix (Clontech, Palo Alto, CA), and 0.4 µl of each primer (10 mM).
The primers used for BnMKS1, the reference gene (Brassica napus
actin: AF111812.2), and downstream genes are listed in Supple-
mentary Table S1 (Liu et al. 2018b). The qPCR cycling was set to
95�C for 1 min, 40 cycles of 95�C for 10 s, 60�C for 30 s, followed
by 95�C for 10 min using a CFX96 real-time instrument (Bio-Rad,
Hercules, CA). The temperature of 0.5�Cat 5 s/step from65 to 95�C
was used to estimate the specificity of the product for melting curve
analysis. Relative gene expression was calculated according to the
2_DDCTmethod (Livak and Schmittgen 2001). All experiments were
conducted from three biologically independent RNA samples and
three replicates for each qPCR assay.

RESULTS

Genome-wide identification of VQ genes in Brassica
napus. A total of 118 genes were identified from Brassica napus
genome sequences, which encoded highly conserved VQ motif-
containing proteins. All VQs were assigned specific names
according to their locations in the Brassica napus genome. A total
of eight VQs (BnVQ111 to BnVQ118) could not be assigned to any
of the chromosomes of Brassica napus since the contigs containing

these genes were not located on any chromosome. The number of
VQs on each chromosome ranged from 3 to 10: chromosome C03
had 10 VQs, whereas both chromosomes A06 and C09 only had
three (Supplementary Fig. S1; Supplementary Table S2). The
predicted protein length of BnVQs varied from 90 to 1,040 amino
acids. The majority of the protein length contained £300 amino
acids (103 of 118; 87.3%) (Supplementary Table S2). A total of 15
BnVQs had>300 amino acid sequences; one, BnVQ51, was located
at ChrA09 and had 1,040 amino acids (Supplementary Table S2).
The molecular weight of the identified BnVQs ranged from 10.0 to
117.6 kDa, with an average of 25.3 kDa (Supplementary Table S2).
Additionally, the theoretical isoelectric point was distributed from
4.36 to 10.97 (Supplementary Table S2). Four duplication models,
includingWGD, dispersed, tandem, and proximal, were detected in
118 BnVQ genes (Supplementary Table S2). Among them, 105
BnVQ genes were produced by WGD and 10 were produced by
dispersed duplications. Two and one BnVQ genes were obtained by
tandem and proximal duplications, respectively (Supplementary
Table S2).
A total of 94 BnVQs showed no intron (79.7%), whereas only

nine, five, and five BnVQs showed one, two, and three introns,
respectively (Fig. 1; Supplementary Table S2). One and threeBnVQ
genes had four and five introns, respectively. BnVQ15 had 14
introns (Fig. 1).
Further analysis indicated that most of the BnVQ proteins

contained a conserved VQ motif (Fig. 2B). An alternate variant
such as the VH motif was found in two BnVQs (BnVQ110:
BnaC09g52630D; and BnVQ51: BnaA09g21180D) (Fig. 2B;
Supplementary Table S2). Besides the core amino acid sequence,
FXXXVQXLTG, a total of 17, six, and three BnVQs had FTG,
VTG, andYTG, respectively (Fig. 2B).We found 10 othermotifs in
the BnVQ proteins, including five BnVQs of the PLN03210
superfamily (BnVQ76-BnaC03g72990D, BnVQ19-BnaA03g24930D,
BnVQ50-BnaA09g20940D, BnVQ110-BnaC09g52630D, and
BnVQ51-BnaA09g21180D), four BnVQs of the PHA03247
superfamily (BnVQ18-BnaA03g16140D, BnVQ66-BnaC02g32710D,
BnVQ84-BnaC04g09870D, and BnVQ99-BnaC07g14570D),
two BnVQs of the Calmodulin_bind superfamily (BnVQ110-
BnaC09g52630D and BnVQ51-BnaA09g21180D), and two BnVQs
of the Cadherin C superfamily in BnVQ13 and BnVQ98
(BnaA03g54240D and BnaC07g46730D) (Fig. 1). Each of one of
the BnVQ proteins was found in the STKc_GSK3 superfamily
(BnVQ15-BnaA03g05700D), BgIB superfamily (BnVQ117-
BnaCnng66440D), Sema superfamily (BnVQ113-BnaAnng39520D),
PRK13335 superfamily (BnVQ35-BnaA06g40350D), and flgJ su-
perfamily (BnVQ100-BnaC07g19440D), respectively (Fig. 1). Among
them, BnVQ110 and BnVQ51 contained both the PLN03210 and
Calmodulin_bind superfamilies except the VQ motif.
Fifteen categories of cis-elements were identified in the promoter

regions of BnVQ genes, including 1,542 basic CAAT boxes
(Supplementary Fig. S2). The first category distributed in promoter
regions was “light responsiveness,” which accounted for 21.1%
(1,090 of 5,165) of the total elements. Fourteen percent were
hormone-responsive elements, such as 247 abscisic acid (ABA), 76
auxin, 60 gibberellin (GA), 350 methyl jasmonate (MeJA), and 30
salicylic acid (SA) responsiveness elements. A total of 674 MYB
and 294MYC binding sites were identified in the promoter regions
of Brassica napus VQ genes; 188 drought-inducible elements and
defense and stress-responsive elements were also obtained
(Supplementary Fig. S2; Supplementary Table S3).

Evolutionary analysis of VQ genes between Brassica
napus and its ancestors. The protein sequences of BnVQ genes,
AtVQ genes, and their homologs in Brassica rapa and Brassica
oleraceawere used for phylogenetic tree analysis to understand the
evolutionary relationships ofVQproteins.A total of 118BnVQs, 33
AtVQs of Arabidopsis thaliana, 64 BoVQs of Brassica oleracea,
and 56 BrVQs of Brassica rapa were applied to generate a
phylogenetic tree. Brassica VQ proteins were divided into four
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groups, and a total of 16, 24, 16, and 62 BnVQs were classified into
groups I, II, III, and IV, respectively (Fig. 2A). The collinear
relationships of duplication pairs in the BnVQ family indicated that
166 paralogs were sharing higher identities with their protein
sequences (Fig. 3A).We also identified enormous synteny blocks of
Brassica napus subgenomes of A and C or between different
chromosomes of A and C. The identified paralog pairs were all
located within syntenies on Brassica napus chromosomes
(Fig. 3A).
Synteny analysis of VQ genes in the three Brassica genera

(Brassica napus, Brassica rapa, and Brassica oleracea) and their
common ancestor Arabidopsis thaliana showed strong collinearity
even though the chromosomal rearrangements or gene duplication
occurred between Brassica napus and ancestral species (Brassica
rapa and Brassica oleracea) divergent from Arabidopsis thaliana
(Fig. 3B). Using synteny analysis, we categorized four gene types,
including novel genes that emerged in Brassica napus only;
conserved genes that had a unique copy in four Brassica species;
multicopy genes, which are presented as homologous genes in four
species; and lost genes thatwere detected in the three other ancestral
species but not in Brassica napus. Through a karyotype analysis of
the VQ genes in the Brassica genus, we identified 91 conserved and
90 multicopy VQ genes in 27 groups and 27 novel and six lost VQ
genes in Brassica napus, respectively (Fig. 3B).

Identification of BnVQ7 encoding BnMKS1. Among the
BnVQs, one (BnVQ7 [BnaA01g36880D]) was located in chromo-
someA01,whichwas characterized as aMAPkinase substrate gene
MKS1. BnMKS1 has one exon including 218 amino acids, in which
the estimated molecular weight was 22.86 kDa. The promoter
region of BnMKS1 had 45 cis-acting elements, including 15 light
responsiveness elements, two anaerobic induction elements, 11
hormone-related elements, one defense and stress responsiveness
element, and one wound responsive element, demonstrating that
BnMKS1 plays an important function in plant defense signaling and
pathogen resistance. There was a meristem-specific expression cis-
element in the BnMKS1 gene.

Overexpressing BnMKS1 in Brassica napus transgenic
lines display a semi-dwarf phenotype. To further understand
the function of BnMKS1, we overexpressed the gene in the Westar
variety by inserting the full length of cDNA behind the CaMV 35S
promoter. Kanamycin and PCR were used to screen the BnMKS1
transgenic lines. Two independent transgenic lines (OEBnMKS1-7
and OEBnMKS1-33) showing much higher expression of the
BnMKS1 gene than thewild-type control were selected and used for
further studies from 31 positive T0 plants by qPCR analysis
(Supplementary Fig. S3). Compared with wild-type plants, over-
expressing BnMKS1 transgenic lines displayed a semi-dwarf
phenotype in T0 plants (Fig. 4). We observed that both of the
overexpressed transgenic canola lines grew shorter and smaller at
the 2-week stage and later than the untransformed control.

Overexpressing BnMKS1 in Brassica napus transgenic
lines did not enhance resistance to L. maculans at the
seedling stage. To test the effect of the overexpressed BnMKS1
gene on resistance to blackleg disease in canola, we inoculated
isolate JN3 onto the cotyledons of two T0 transgenic lines
(OEBnMKS1-7 and OEBnMKS1-33) and onto six lines of T2

plants from each of the overexpressed T0 plants. There was no
significant change in disease between the wild-type plants and
transgenic lines, which means that the cotyledons of Westar and
overexpressed BnMKS1 plants still showed susceptible/compatible
reaction to the L. maculans isolate. This was confirmed by the
quantification of lesion sizes on wild-type and transgenic plants
since the percentages of lesions on the cotyledons of seedlings did
not show any significant variation in wild-type and both T0 and T2

plants of transgenic lines (Supplementary Fig. S4). Taken together,
transgenic canola plants overexpressing BnMKS1 did not show
enhanced resistance to blackleg disease at the seedling stage.

Overexpressing BnMKS1 in Brassica napus transgenic
lines showed enhanced resistance to L. maculans in adult
plants. SinceBnMKS1 does not contribute to qualitative resistance
against blackleg disease in canola, we investigated adult plant
resistance in both wild-type and transgenic plants. The average

Fig. 1. Left, Intron and exon structure of the Brassica napus valine-glutamine motif (BnVQ) genes according to the phylogenetic relationships. The untranslated
region (UTR) and exon are indicated as black and green boxes, respectively. The black lines denote introns. Right, Conserved domain analysis of BnVQs and
predicted domains are represented by different colored boxes. CDS = coding sequence.
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disease rating scores inWestar T2 plants derived fromOEBnMKS1-
7 and OEBnMKS1-33 showing higher expression of BnMKS1were
3.83, 1.67, and 2.16, respectively (Fig. 5). We observed that there
was less infection in the cross-section of canola stems in
overexpressing BnMKS1 lines compared with the wild-typeWestar

plants (Fig. 5). This finding indicates that theWestar plant displayed
susceptible reaction to the blackleg L. maculans isolate, whereas
overexpressing BnMKS1 lines showed resistance to blackleg disease;
therefore, the transgenic canola lines with the overexpressed BnMKS1
gene showed enhanced resistance to blackleg disease in adult plants.

Fig. 2. A, Phylogenetic tree of valine-glutamine motif (VQ) proteins from Arabidopsis thaliana, Brassica rapa, Brassica oleracea, and Brassica napus. The VQs
were divided into four groups (groups I to IV) based on the clustering of the protein sequence. Proteins from Arabidopsis thaliana, Brassica rapa, Brassica
oleracea, and Brassica napus are colored in red, light blue, light red, and yellow, respectively. B, Distribution of the BnVQ conserved motifs in Brassica napus.
MEME motifs are stacked by letters at each investigated site. The x-axis represents the width of the motif, whereas the y-axis represents the frequency of each
letter.
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Expression analysis of downstream genes of BnMKS1.
Based on the disease progression in cotyledons, eight downstream
genes, includingBrassica napus phytoalexin deficient 3 (BnPAD3),
BnCYP71A13 (cytochrome P450, family 71, subfamily A, poly-
peptide 13), BnNUDT6 (nudix hydrolase homolog 6), BnROF2
(FK506 binding protein 65), BnPR2 (pathogenesis related: b-1, 3-
glucanase), BnPR3 (pathogenesis related: chitinases), BnPR5

(pathogenesis related: thaumatin like), and BnPDF1.2 (plant
defensin 1.2), were included for gene expression analysis in both
Westar and the OEBnMKS1 line (OEBnMKS1-7) inoculated with
L.maculans isolate JN3 at biotrophic and necrotrophic stages (7 and
11 dpi) (Haddadi et al. 2016; Sonah et al. 2016). The transcript
abundance of BnPAD3 was elevated in the overexpression of the
BnMKS1 transgenic line. There was a slight increase in BnPAD3

Fig. 3. A, Collinear gene pairs of Brassica napus valine-glutamine motif (BnVQ) genes on 21 Brassica napus chromosomes (chrs) are indicated as red lines in the
circled plot. B, Synteny map of orthologous relationships between VQs in Arabidopsis thaliana, Brassica rapa, Brassica oleracea, and Brassica napus. VQ genes
are plotted against their predicted counterparts in the four species.
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expression in theWestar plant from7 to 11 dpi; however, expression
of BnPAD3 significantly increased in the overexpression line at 11
dpi (Fig. 6). There was no expression of BnCYP71A13 in Westar
plants at both 7 and 11 dpi when inoculated with L. maculans
isolate JN3; however, the expression level of BnCYP71A13 was
significantly increased in the OEBnMKS1 line, especially at 11 dpi

(Fig. 6). Interestingly, the transcripts of BnNUDT6 and BnROF2
were only enriched in the OEBnMKS1 line at 11 dpi (Fig. 6). The
expression levels of BnPR3 and BnPR5 had significant increases in
the overexpression line at 11 dpi, whereas there was no obvious
change in Westar plants (Fig. 6). BnPR2 transcription in the
overexpression line was higher than that in Westar and it increased

Fig. 4. Phenotype of wild-type (Brassica napus ‘Westar’) and two transgenic overexpressing mitogen-activated protein kinase 4 substrate 1 (MKS1) canola T0 lines
(OEBnMKS1-7 and OEBnMKS1-33) at A, 2 weeks and B, 1 month, respectively.

Fig. 5. Adult plant resistance evaluation of wild-type (Brassica napus ‘Westar’) and T2 plants of two transgenic overexpressing mitogen-activated protein kinase 4
substrate 1 (MKS1) lines (OEBnMKS1-7 and OEBnMKS1-33). A, A cross-section of the base of blackleg infected canola plant stem. B, Average disease rating
scores. Plants were harvested and rated after maturing.
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significantly at 11 dpi in the OEBnMKS1 plant. BnPDF1.2, one of
the plant defensemarker genes, showed higher expression inWestar
at 7 dpi but increased slightly at 11 dpi. By contrast, BnPDF1.2
expressed a lower level at 7 dpi but displayed a significant increase
of transcripts in the OEBnMKS1 line at 11 dpi (Fig. 6).

DISCUSSION

In this study,we identified theVQ gene family from the published
genome sequences of Brassica napus. The comprehensive analysis
of BnVQ genes, including chromosomal localization, phylogenetic
relations, collinearity, gene structure, and promoter, was investi-
gated. Overexpression of BnVQ7 (reported as BnMKS1) enhanced
plant resistance to blackleg disease in adult canola plants. We also
analyzed the expression patterns of BnMKS1 downstream genes.
We hope that the understanding ofBnVQ genes and their function in
resistance to blackleg disease provided in this study will facilitate
understanding of the mechanisms of plant growth and development
and canola disease resistance.
Blackleg disease is one of the most important diseases in canola/

oilseed rape (Brassica napus) in Canada, Australia, and Europe,
which causes significant yield loss yearly. This disease is mainly
caused by the aggressive species L. maculans and less aggressive
Leptosphaeria biglobosa. There are two types of resistance for the
canola plant against blackleg disease. First, qualitative resistance is
controlled by major (R) genes. Eighteen R genes have been
identified from different Brassica species such as Brassica napus,
Brassica juncea, or Brassica rapa (Delourme et al. 2006; Raman
et al. 2013). Adult plant resistance conferred by multiple minor/
quantitative resistance genes or loci is considered more durable
toward blackleg resistance in canola. R gene resistance is effective
against the fungal population with the corresponding avirulence
gene; however, the selection pressure generated from the pathogen
population in canola fields can cause a breakdown of R gene
resistance (Marcroft et al. 2012; Rouxel et al. 2003; Sprague et al.
2006; Van de Wouw et al. 2010; Zhang et al. 2016). On the other
hand, adult plant resistance is more durable and can supplement R

gene resistance as an effective strategy for the management of
blackleg disease. Then, understanding minor gene effects on
blackleg disease resistance is also important to decrease disease
incidence/severity and reduce yield loss. Overexpression of BnVQ7
(BnaA01g36880D, also known as MKS1) did not alter disease
symptoms and resistance at the seedling stage by cotyledon
inoculation; however, it significantly enhanced resistance to
blackleg disease in the susceptible canola variety Westar. These
results showed that theBrassica napus VQ genes cannot function as
anR gene at the seedling stage butmay play important roles in adult
plant disease resistance.
The VQ–WRKY partnership was extensively studied in Arab-

idopsis thaliana, which indicates that the interaction of the VQ
protein with different WRKYs can trigger the defense response
(Jing and Lin 2015). Other studies demonstrated that VQ proteins
are involved in the SA- and/or jasmonic acid (JA)-mediated defense
response. For example, overexpressed VQ23 lines showed reduced
disease symptoms after infection with both Pseudomonas syringae
and Botrytis cinerea. In addition, the VQ23 overexpression line
displays enhanced resistance to Botrytis cinerea depending on a
functional WRKY33. It is likely that VQ23 positively mediates the
plant defense to necrotrophic and biotrophic pathogens through a
WRKY-dependent signaling pathway (Jing and Lin 2015; Lai et al.
2011; Xie et al. 2010). VQ21 (MKS1) is reported as the substrate of
MPK4 and linksMPK4kinase toWRKY33 by interactingwith both
proteins. Then, WRKY33 binds to the promoter of PAD3 to trigger
the plant defense response (Andreasson et al. 2005; Qiu et al. 2008).
Previous studies also suggested that VQ21/MKS1was involved in a
positive role in the SA-mediated defense response against
biotrophic pathogens but a negative role in the JA-regulated
defense response to necrotrophic pathogens (Fiil andPetersen 2011;
Petersen et al. 2010). In Brassica napus, Wang et al. (2009, 2015)
also confirmed that BnMKS1 could interact with both BnWRKY33
and BnMPK4. Consequently, they were substantially and syner-
gistically expressed in response to S. sclerotiorum infection;
therefore, overexpression of BnWRKY33 and BnMPK4 lines
enhances resistance to Sclerotinia disease in oilseed rape. In this

Fig. 6. Real-time PCR quantitation of Phytoalexin deficient 3 (PAD3), CYP71A13 (cytochrome P450, family 71, subfamily A, polypeptide 13), NUDT6 (nudix
hydrolase homolog 6), ROF2 (FK506 binding protein 65), PR2 (pathogenesis related: b-1, 3-glucanase), PR3 (pathogenesis related: chitinases), PR5 (pathogenesis
related: thaumatin like), and PDF1.2 (plant defensin 1.2). Expression analysis in the wild type and the overexpressing mitogen-activated protein kinase 4 substrate
1 (MKS1) line with the highest transcripts level (OEBnMKS1-7) inoculated by Leptosphaeria maculans at 7 and 11 days postinoculation (dpi). Means ± standard
deviations are indicated above bars. * indicates that the transcription abundance varies significantly compared with the control plant (P < 0.05).
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study, overexpression of BnMKS1 in the transgenic line enhances
resistance to L. maculans, whichwas the first report to characterize the
function of the Brassica napus VQ gene. L. maculans is considered a
hemibiotrophic fungal pathogen, which stays in the biotrophic and
necrotrophic stages on canola cotyledons at 7 and 11 dpi, respectively
(Fitt et al. 2006; Haddadi et al. 2016; Sonah et al. 2016). We observed
that the BnMKS1 overexpression line showed increased expression of
PR2 and PR5 at both biotrophic (7 dpi) and necrotrophic stages (11
dpi), suggesting that the SA signaling pathway was activated,
especially at the necrotrophic stage of L. maculans infection. Thus,
the accumulation of SA marker proteins leads the plant to obtain a
systemic acquired resistance. Expression of PR3 and PDF1.2 in the
BnMKS1 overexpression transgenic line was lower at the biotrophic
stage (7 dpi) but significantly increased andwas higher than that of the
control plants at the necrotrophic stage of L. maculans infection,
indicating the activation of the JA signaling pathway to obtain the local
acquired resistance. This observation is consistent with the finding
that necrotrophic pathogens induce JA signaling and the activation of
JA marker genes including PR3, PR4, and PR12 in Brassica juncea
(Ali et al. 2017). Wang et al. (2012a) also reported that both SA- and
JA-mediated pathways were involved in defense responses to
S. sclerotiorum in Brassica napus. In conclusion, the SA- and JA-
mediated signaling pathways are both involved in the defense response
to L. maculans infection in Brassica napus.
Since BnMKS1 interacts with both BnWRKY33 and BnMPK4,

we also investigated the expression of downstream genes of
WRKY33, including PAD3, CYP71A13, NUDT6, and ROF2, in this
study (Fiil and Petersen 2011; Petersen et al. 2008; Qiu et al. 2008).
BnNUDT6 and BnROF2 expressions only seem to be induced
in dependence of BnMKS1 in Brassica napus challenged by
L. maculans at the necrotrophic stage. The necrotrophic pathogen
Botrytis cinerea induced similar expression patterns of PAD3 and
CYP71A13 genes in both wild-type and 35S-MKS1 Arabidopsis
plants. This indicates that MKS1 utilized other mechanisms to
control the 35S-MKS1 susceptibility (Fiil and Petersen 2011);
however, in this study, we found that the hemibiotrophic pathogen
L. maculans significantly enhanced expression of BnCYP71A13 in
the OEBnMKS1 transgenic line but not in wild-type plants,
suggesting that the dependence of BnCYP71A13 expression in
OEBnMKS1 may play important roles in deference to blackleg
disease. Similar expression levels of BnPAD3 in the Westar variety
and the OEBnMKS1 line were observed at the biotrophic stage of
L. maculans infection, indicating that BnMKS1 cannot induce
expression of BnPAD3 against a pathogen at the biotrophic stage.
By contrast, BnPAD3 probably plays important roles in the defense
response to the L. maculans pathogen at the necrotrophic stage,
since the abundance of transcription increased significantly in the
OEBnMKS1 transgenic line. Another possibility is that other
proteins, such as WRKY25 and MPK11 that also interact with
MKS1, may comprise and be involved in the resistance to fungal
pathogens (Andreasson et al. 2005; Cheng et al. 2012; Pecher et al.
2014; Petersen et al. 2010). Further studies are required to understand
why the expression patterns of these four downstream genes in
Brassica napus induced by a hemibiotrophic fungal pathogen are
different from dependent or independent expression in 35S-MKS1 in
Arabidopsis thaliana. For example, the involvement of BnWRKY33
and BnMPK4 in the defense responses against biotrophic, necrotro-
phic, or hemibiotrophic pathogens and their effects on expression of
BnMKS1 should be further studied and discussed.
In plant immunity systems, two models were proposed:

pathogen-associated molecular pattern-triggered immunity (PTI)
and effector-triggered immunity (ETI). Pathogen-associated mo-
lecular patterns consist ofmicrobial and pathogen structures and are
recognized by plant recognition receptors (i.e., pattern recognition
receptor proteins). Then PTI is activated to produce an immune
response against pathogen infection (Ali et al. 2018). On the other
hand, a fungal pathogen (e.g., L. maculans) can secrete effector
proteins (Avr) that interact with or are recognized by resistance

proteins (R inBrassica napus) and then induce the defense response
(ETI). Westar is a susceptible canola variety, which has none of the
identified resistance genes (R). Overexpression of BnMKS1 in
Westar plants showed enhanced resistance to L. maculans infection,
providing the first insight into the function of Brassica napus VQ in
the PTI system. In the future, it will be interesting to investigate
BnMKS1 function in both PTI and ETI systems in canola plants that
have the blackleg R gene. Besides the functions in plant defense
responses, VQ genes also play various roles in plant growth and
development; for example,AtVQ14/IKU1 regulates endospermgrowth
and seed size in Arabidopsis plants (Wang et al. 2010), and AtVQ29
causes hyposensitivity in hypocotyl growth and elongation in different
light sources (Li et al. 2014a, b). Interestingly, overexpression of
AtVQ21/MKS1 plants showed a semi-dwarfed phenotype in Arabi-
dopsis plants (Andreasson et al. 2005). A similar semi-dwarfed plant
growth phenotype was found in overexpression of VQ17, VQ18, and
VQ22 in Arabidopsis plants (Cheng et al. 2012). In this study, we also
observed the semi-dwarf phenotype in Brassica napus transgenic
plants overexpressingBnMKS1, suggesting thatBnMKS1maintained a
similar function fromArabidopsis thaliana VQ21/MKS1. In summary,
these findings indicate that BnVQ7/BnMKS1 plays an important
function not only in response to pathogen infection but also in canola
plant growth and development. The identification of Brassica napus
VQ geneswill provide a foundation for further studies on the biological
functions of BnVQ proteins against biotic and abiotic stresses.
In this study, 118 VQ genes were identified from the Brassica

napus genome,whichwas over three times theVQ gene number (n=
34) in Arabidopsis thaliana. A previous report indicated that there
were 57VQs inBrassica rapa (A genome), which has experienced a
whole-genome triplication from its ancestor Arabidopsis thaliana
(Zhang et al. 2015). We have to note that the number of BrVQs is
expected to be >100 because the whole-genome triplication
occurred in the evolution process from Arabidopsis thaliana;
however, there are only 57 identified BrVQ genes in Brassica rapa,
which indicates that extensive gene loss occurred during genome
duplication (Cheng et al. 2013; Wang et al. 2011). Similarly, we
found 64 VQ genes in Brassica oleracea (C genome), suggesting
that gene loss occurred during evolution as well. As is well known
by U’s triangle, Brassica napus is an allotetraploid with the AACC
genome derived from a combination of the two diploid genomes of
Brassica rapa (AA genome) and Brassica oleracea (CC genome)
(Nagaharu 1935); therefore, the number of VQ genes found in
Brassica napus (n= 118)was almost the same as the total number of
VQ genes detected from the two ancestral species, including 57 in
Brassica rapa and 64 in Brassica oleracea. Taken together, these
results suggest that extensive gene loss occurred in Brassica napus
since the hybridization of Brassica rapa and Brassica oleracea
diverged from the duplication from the common ancestor
Arabidopsis thaliana. Genome duplication usually expands the
genome content and diversifies the gene function (Liu et al. 2014).
Gene duplication can drive the genes to form silenced function,
partitioned function, and/or a new function (Barker et al. 2012;
Krishnamurthy et al. 2015; Zhang 2003). Thus, understanding the
VQ gene duplication models and their collinearity and synteny
relationships among the close species is valuable. WGD or
segmental duplication mainly caused the expansion of the BnVQ
gene family (105 of 118; 89.0%),whereas fewotherswere produced
by dispersed duplication (10 of 118; 8.5%), tandem duplication (2
of 118; 1.7%), and proximal duplication (1 of 118; 0.8%). This
result is consistent with previous reports that high segmental and
low tandem duplication ratios were detected in Brassica rapa and
Arabidopsis thaliana for the expansion of the gene superfamily
(Cannon et al. 2004; Krishnamurthy et al. 2015). It is important to
know that segmental duplication orWGD is one of themain reasons
tomaintain the gene family (Cannon et al. 2004). Thus, themajority
of segmental duplication that occurred in BnVQ genes caused them
to retain a similar function in Brassica napus to their homologs in
Arabidopsis thaliana. The VQ gene duplication that occurred in
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Brassica napus was similar to the identified transcription factors,
such as BnAP2/EREBPs and BnMYBs (Wang et al. 2018).
Usually, the core amino acids V and Q are conserved in plant

species, such as in Arabidopsis thaliana, Brassica rapa, or grape
(Vitis vinifera), and there are no other variants in VQmotifs (Cheng
et al. 2012;Wang et al. 2015; Zhang et al. 2015). The alternativeVH
amino acids found in two Brassica napus VQ are another example
that shows how the VQ domain could be replaced by VH. Kim et al.
(2013) reported that there are two VQ proteins, OsVQ37 and
OsVQ39, that have the VH domain in rice as well. By contrast, the
ending of VQ motif sequences such as VTG, FTG, or LTG was
commonly found in the VQ proteins identified from different plant
species. Besides the light-responsiveness elements detected in
Brassica napus VQ proteins, the most abundant cis-element
category identified in the promoter regions was hormone-
responsive elements, including ABA, SA, GA, auxin, and MeJA.
The cis-elements involved in SA, JA, and MeJA were reported to
play critical roles in plant signaling transduction for defending
against biotic and abiotic stresses (Gaffney et al. 1993; Xu et al.
1994). Thus, most of the identified BnVQs in this study may be
involved in plant defenses against fungal pathogens. We identified
many cis-elements related to drought and stress responses or
transcription factors in Brassica napus VQs, which are also similar
to the cis-elements reported in promoter regions from other plant
species. Thus,BnVQ genes express and provide a certain function in
response to abiotic/environmental stimuli. The diversified cis-
element types in the promoter regions of BnVQs indicated that they
might display a wide range of functions. For example, gene
expression analysis indicated that some of the rice VQ genes were
coexpressed withWRKY transcription factors in the defense against
three different pathogens (Li et al. 2014a, b; Wang et al. 2015). Song
et al. (2016) reported that 27 ZmVQ genes were coexpressed with 49
ZmWRKY transcription factors under drought stress. GrapeVQ genes
exhibited altered expression patterns in response to drought, powdery
mildew infection, SA, and ethylene treatment and showed significant
correlations with WRKY transcription factors (Wang et al. 2015).
The results of the gene structure and promoter analysis show that it is
worth exploring the functions of BnVQ genes and their responses to
various biotic and abiotic stresses in Brassica napus.
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