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Abstract

Glomerella leaf spot (GLS) is a fungal disease caused by Colletotrichum fructicola, which severely restricts the yield and quality of apples.
Valine–glutamine (VQ) proteins are transcriptional regulators involved in the regulation of plant growth and stress responses. However,
little is known about the role of VQ proteins in the biotic stress response in apple. Here, a VQ gene, MdVQ17, that was highly induced
by C. fructicola infection was identified. Overexpression of MdVQ17 in apple increased susceptibility to C. fructicola and significantly
reduced the salicylic acid content and β-1,3-glucanase and chitinase activities. Based on yeast two-hybrid screening, MdWRKY17,
which promotes susceptibility to C. fructicola, was identified as an MdVQ17-interacting protein. Co-expression of MdVQ17 can promote
the binding and transcriptional activation activity of MdWRKY17 on the promoter of Downy Mildew Resistant 6 (MdDMR6), thereby
promoting MdWRKY17-mediated salicylic acid degradation. Based on DNA affinity purification sequencing, the pectin lyase-encoding
gene MdPL-like was identified as a direct target of MdWRKY17. MdWRKY17 can directly bind to the promoter of MdPL-like and activate
its transcription, and the binding and activation of MdWRKY17 on the MdPL-like promoter were significantly enhanced by MdVQ17
co-expression. Functional identification showed that MdPL-like promoted pectin lyase activity and susceptibility to C. fructicola. In sum,
these results demonstrate that the MdVQ17-MdWRKY17 module mediates the response to C. fructicola infection by regulating salicylic
acid accumulation and pectin lyase activity. Our findings provide novel insights into the mechanisms by which the VQ–WRKY complex
modulates plant pathogen defense responses.

Introduction
Apple (Malus × domestica Borkh.) is widely grown in temperate
regions worldwide; it is highly popular among consumers for its
unique flavor and rich nutrient profile. In recent years, Glomerella
leaf spot (GLS) has become an increasingly significant problem in
multiple apple-producing areas in China, and this poses a major
threat to the sustainable and healthy development of China’s
apple industry [1]. GLS is mainly caused by the dominant species
of the hemibiotrophic nutritional pathogen Colletotrichum fructicola
[1]. GLS infects leaves and fruits under high temperature and
humidity conditions, which causes leaf death and fruit spots
and induces fruit fall, and this has a major effect on apple
fruit yield and quality [2, 3]. GLS also weakens apple tree vigor,
which decreases fruit yield the following year. The most effective
method for controlling GLS is the application of dithiocarbamate
fungicides [3]. However, the long-term use of such fungicides
leads to ecological deterioration, poses fruit safety and quality
issues, and significantly increases production costs [2, 3]. There-
fore, in order to develop new methods of prevention and control,
it is crucial to elucidate the molecular mechanisms underlying
apple response to GLS infection. Such studies can also provide
important optimized genes and technical support for improving

and cultivating new apple disease-resistant germplasm through
molecular breeding methods.

Plant-specific valine–glutamine (VQ) family proteins are
transcriptional regulatory cofactors that contain a conserved
VQ (FxxhVQxhTG) motif [4]. The conserved VQ motif plays an
important role in transcriptional activity, subcellular localization,
and protein interaction [4–6]. There is increasing evidence that
VQ proteins regulate plant tolerance to pathogens. For example,
vq12 vq29 mutant plants exhibit markedly enhanced resistance to
Botrytis cinerea, while transgenic Arabidopsis plants overexpressing
AtVQ12 or AtVQ29 are sensitive to B. cinerea [7]. The sigma
factor-binging protein 1 (sib1)/vq23 mutation reduces resistance
to Pseudomonas syringae, and constitutive overexpression of
SIB1/VQ23 can enhance resistance to P. syringae [8]. A study of
VQ21/Mitogen-activated protein kinase4 substrate1 (MKS1) found
that the resistance of plants overexpressing AtVQ21/MKS1 to P.
syringae was significantly enhanced [9], but the resistance to B.
cinerea was decreased [10, 11]. In rice, OsVQ13-overexpressing
transgenic plants showed increased resistance to Xanthomonas
oryzae pv. oryzae (Xoo) [12]. Overexpression of GmVQ58 inhibited
resistance of Arabidopsis mutant to the common cutworm (CCW),
but silencing GmVQ58 in soybean roots increased the resistance
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Bimolecular fluorescence complementation
assays
The MdWRKY17 and MdVQ17 CDSs were introduced into pSPYNE
and pSPYCE vectors, respectively. Agrobacterium strain C58c1 was
used to introduce these constructs into tobacco leaves in different
combinations. Yellow fluorescence was observed through a con-
focal laser-scanning microscope (LSM510 META; Zeiss, Germany)
after 2 days of infection. DAPI (4′,6-diamidino-2-phenylindole) was
used for cell nucleus marking.

Split-luciferase assays
The MdWRKY17 and MdVQ17 CDSs were inserted into
pCAMBIA1300-nLuc or pCAMBIA1300-cLuc. EHA105 was used
to introduce these constructs into tobacco leaves in different
combinations. Three days later, spraying 1 mM fluorescein
(Promega) on the leaves allowed the observation of fluorescence
signal via a multispectral dynamic fluorescence microscopy
imaging system (PlantView100, China).

Pull-down assays
The pET32a-MdWRKY17 (His tag) and pMAL-C5X-MdVQ17 (MBP
tag) recombinant vectors were created to express MdWRKY17–
HIS and MdVQ17–MBP fusion proteins in Escherichia coli strain
Rosetta. Following expression, the proteins were purified using
HIS and MBP purification columns (Beyotime), respectively. Pull-
down assays were conducted according to the method by Mao
et al. [59]. The proteins were captured with anti-MBP amylose
resin (New England Biolabs, Shanghai, China) for 8 h at 4◦C. The
eluted proteins were subsequently identified using western blot
analysis with specific anti-HIS and -MBP antibodies (Beyotime).
MBP protein was used as a negative control.

DAP-seq analysis
The DAP-seq assays were conducted according to the method
by Dong et al. [60]. ‘Gala’ leaves were used to extract genomic
DNA (gDNA). Bluescape Scientific Co., Ltd (Hebei, China) handled
the purification and sequencing of the DNA samples. Two
technical replications were carried out. DAP-seq reads were
aligned with the apple genome (GDDH13) (https://www.rosaceae.
org/) utilizing Bowtie2 software [61]. MACS2 callpeak and IDR
software were used to merge the peaks (P < 0.05) and score the
reliability of peaks [62]. Analysis of conserved motifs within
the peak regions and the annotation of bound peaks were
performed using MEME-CHIP software and Homer software,
respectively [63, 64].

Yeast one-hybrid assays
The MdWRKY17 CDS was integrated into the pGADT7 vector. A
1500-bp MdPL-like promoter was integrated into the pAbAi vector.
They were simultaneously transformed into yeast strain Y1H and
spread on SD medium lacking Leu with or without 100 ng/ml AbA
to confirm positive interactions. The empty pGADT7 vector was
used as the negative control.

Electromobility shift assay assays
MdVQ17–GST and MdWRKY17–HIS were expressed and purified.
Probes were designed according to the locations of the W-box ele-
ment. Competitor probes (cold probes) were unlabeled probes. The
probe sequences can be found in Supplementary Data Table S1.
The Chemiluminescent EMSA Kit (Beyotime) was utilized for
EMSAs.

Chromatin immunoprecipitation–qPCR assays
MdWRKY17-HA transient transgenic apple leaves were treated
with spore suspension for 12 h and then harvested and cross-
linked by immersion in formaldehyde solution. After sonication,
the chromatin was immunoprecipitated with or without anti-HA
antibody. We used qPCR to determine the relative enrichment
values of the promoter fragments, with the enrichment of control
(EV-HA) used as the reference and set to 1.0. The experiment was
replicated three times. Details of the primers used can be found
in Supplementary Data Table S1.

Dual-luciferase assays
The dual-LUC assays were conducted using the method by Yang
et al. [65]. The MdPL-like and MdDMR6 promoters (1500 bp in
length) were individually inserted into pGreenII 0800-LUC reporter
vectors. The MdVQ17 and MdWRKY17 CDSs were inserted into
pGreenII 62-SK effector vectors. GV3101 was used to introduce
these vectors into tobacco leaves in different combinations. After
2 days of incubation, LUC and REN activities were measured using
a dual-LUC assay kit (Yeasen, Shanghai, China). Each combination
underwent a minimum of six experimental replications.

Statistical analysis
The data were analyzed using IBM SPSS 20.0. One-way analysis
of variance (ANOVA) was utilized for comparing the differences
between the control plants and transgenic lines. Duncan’s test or
Student’s t-test was applied to assess the significance level.
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