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Abstract
As the main fungal etiologic agent of apple (Malus domestica) replant disease (ARD), Fusarium solani seriously damages apple roots. 
Ethylene response factors (ERFs) play an important role in plant resistance to biotic stress. Here, we show that MdERF114 is expressed 
during F. solani infections and positively regulates the resistance of apple roots to F. solani. Yeast one-hybrid, dual-luciferase, elec-
trophoretic mobility shift assays and determinations of lignin content indicated that MdERF114 directly binds the GCC-box of the 
MdPEROXIDASE63 (MdPRX63) promoter and activates its expression, resulting in lignin deposition in apple roots and increased re-
sistance to F. solani. We identified a WRKY family transcription factor, MdWRKY75, that binds to the W-box of the MdERF114 pro-
moter. Overexpression of MdWRKY75 enhanced resistance of apple roots to F. solani. MdMYB8 interacted with MdERF114 to 
enhance resistance to F. solani by promoting the binding of MdERF114 to the MdPRX63 promoter. In summary, our findings reveal 
that the MdWRKY75-MdERF114-MdMYB8-MdPRX63 module is required for apple resistance to F. solani and the application of this 
mechanism by Agrobacterium rhizogenes-mediated root transformation provides a promising strategy to prevent ARD.
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Introduction
Apple (Malus domestica) replant disease (ARD) is a soil-borne 
disease that severely inhibits the growth of young apple trees 
and reduces yield during apple replanting (Grunewaldt-Stöcker 
et al. 2019). The etiology of ARD is complex yet the accumulation 
of harmful soil fungi is hypothesized as its main cause (Mazzola 
1998; Manici et al. 2003; van Schoor et al. 2009). Indeed, Fusarium 
species are the causal agents of ARD in the Bohai Gulf, South 
Africa, and Italy (van Schoor et al. 2009; Kelderer et al. 2012; 
Wang et al. 2018). A current study showed that Fusarium solani 
destroyed the reactive oxygen species scavenging system, causing 
both oxidative damage and growth inhibition of apple root-
stocks (Xiang et al. 2021b). Moreover, F. solani blocked water 

transport, resulting in water deficit stress and disruption of the 
apple photosystem (Yan et al. 2018). Despite them posing a 
threat to both the environment and human health, fumigation 
and fungicide use are the current main methods of controlling 
ARD. The most effective strategy for prevention and control of 
ARD is to breed ARD-resistant rootstocks using molecular bio-
logical techniques (Zhu et al. 2014). However, the mechanisms 
by which apples defend themselves against F. solani remain un-
clear. This thus necessitates investigations into the mechanism 
of interactions between apples and F. solani.

To mitigate the adverse effects of harmful fungi, plants 
evolved a series of effective mechanisms to defend against 
fungal infections. Relatedly, transcription factors (TFs) con-
tribute to biotic stress defenses by activating the expression 
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of target genes via binding to specific DNA sequences 
(Reboledo et al. 2022). The ethylene response factors (ERFs) 
TF is involved in plant defense responses to biotic stress 
(Feng et al. 2020). ERFs belong to APETALA2/ETHYLENE 
RESPONSE FACTOR (AP2/ERF) superfamily and thus contain 
a conserved AP2 domain (Nakano et al. 2006). ERFs specifically 
bind to GCC-boxes to activate downstream defense genes in-
volved in the plant response to biological stress. For example, 
in Arabidopsis (Arabidopsis thaliana), ERF11 activated BTB 
AND TAZ DOMAIN PROTEIN 4 (BT4) transcription to regulate 
immunity to Pseudomonas syringae (Zheng et al. 2019). 
AtERF114 enhanced the resistance of Arabidopsis to PevD1 
by increasing lignin content via binding to the PAL1 promoter 
(Li et al. 2022). ZmERF105 positively regulated maize (Zea 
mays L.) resistance to Exserohilum turcicum by regulating 
the expression of several pathogenesis-related (PR) genes 
(Zang et al. 2020). Relatedly, the apple rootstock G.935, which 
was resistant to ARD, had numerous highly expressed ERFs 
(Zhu et al. 2016). Apple roots responding to F. solani had 
many highly expressed ERFs (Xiang et al. 2021a). However, 
the function of ERFs in defending the apple against ARD is un-
clear, necessitating the determination of the specific tran-
scriptional regulation mechanisms of ERFs in ARD.

Other families of TFs contribute to plant resistance to biotic 
stress, such as WRKY and MYB TFs (Jiang et al. 2017; Ma et al. 
2022). The Gossypium hirsutum WRKY genes GhWRKY39-1 and 
GhWRKY40 mediated the resistance of Nicotiana benthamiana 
to Ralstonia solanacearum (Shi et al. 2014). In Arabidopsis, 
WRKY8 regulated their susceptibility to P. syringae and 
Botrytis cinerea, to confer resistance to TMC-cg by coordinating 
abscisic acid and ethylene signaling pathways (Chen et al. 2013). 
NtWRKY12 regulated the transcription of PR-1a, which is a sali-
cylic acid (SA)-inducible defense gene (van Verk et al. 2008). 
MYB TFs also contributed to plant defenses against biotic stress. 
Heterologous expression of MdMYB30 in Arabidopsis enhanced 
resistance to various bacterial pathogens (Zhang et al. 2019). 
AtMYB96 enhanced Arabidopsis resistance to P. syringae by 
regulating SA-signaling pathway defense genes (Seo and Park 
2010). Several WRKY and MYB TFs were involved in genetic re-
sponses to F. solani infections (Xiang et al. 2021a).

Lignin is an important phenolic polymer in plants with re-
sistance to biotic and abiotic stresses (Mottiar et al. 2023). 
The biosynthesis of lignin occurs in plants via phenylpropa-
noid pathway. Three monolignol precursors (p-coumaryl, 
coniferyl, and sinapyl alcohols) are formed from phenylalan-
ine through a series of catalytic reactions and then oxidized 
and polymerized by cross-linking reaction triggered to form 
lignin (Mottiar et al. 2023). Peroxidases (PRXs) play an im-
portant role in the oxidative polymerization of three mono-
lignol precursors to form lignin (Barceló et al. 2004; Marjamaa 
et al. 2009). In Arabidopsis, the suppression of AtPRX72 lead 
to the decrease of lignin content (Fernandez-Perez et al. 
2015). Overexpression of OsPRX38 promotes the deposition 
of lignin in Arabidopsis which confer the tolerance to arsenic 
(Kidwai et al. 2019). The seeds from prx2 prx25 double mu-
tant plants shows changes in lignin content which leads to 

shortened seed longevity (Renard et al. 2020). However, there 
are few studies on the function and regulatory relationship of 
PRXs in interaction between roots and pathogenic fungi.

In this study, the ERF TF MdERF114 positively regulated apple 
resistance to F. solani. MdERF114 bound directly to the MdPRX63 
promoter to increase the deposition of lignin, which resulted in 
resistance to F. solani. MdWRKY75 enhanced apple resistance to 
F. solani by binding to the MdERF114 promoter. Moreover, 
MdMYB8 participated in the apple defense against F. solani 
by interacting with MdERF114 to enhance its binding to the 
MdPRX63 promoter. Our study reveals a molecular mechanism 
by which MdWRKY75-MdERF114-MdMYB8-MdPRX63 med-
iates apple resistance to F. solani. These insights will aid the 
breeding of resistant rootstocks. It provides an important means 
to obtain ARD-resistance rootstock by Agrobacterium 
rhizogenes-mediated root transformation producing overexpres-
sion transgenic plant.

Results
The expression pattern and subcellular localization of 
MdERF114
The RNA-seq results (Xiang et al. 2021a) showed that F. solani 
up-regulated MdERF114 (MD06G1130400) (ERF TF). Further 
analysis showed that MdERF114 contains an 807 bp open 
reading frame and encodes a protein with 269 amino acids. 
RT-qPCR showed that F. solani induced MdERF114 expres-
sion, peaking at 72 h (Supplemental Fig. S1A). MeJA also in-
duced MdERF114 expression (Supplemental Fig. S1B). 
However, SA treatment did not significantly change 
MdERF114 expression (Supplemental Fig. S1C). MdERF114 
was highly expressed in roots and stems (Supplemental 
Fig. S1D). Analysis of the MdERF114 promoter sequence re-
vealed that it contains several cis-acting elements related 
to stress and hormonal responses (Supplemental Fig. S1E). 
These results indicate that MdERF114 may play an essential 
role in root response to stress.

The ORF sequence of MdERF114 was cloned and inserted 
into pBIN-GFP vector, and transformed into Agrobacterium 
tumefaciens strain GV3101, then observed using a confocal 
laser scanning microscope (Leica SP5, Leica Microsystems, 
Buffalo Grove, IL). Results revealed that MdERF114 was loca-
lized in the nucleus (Supplemental Fig. S2).

MdERF114 positively regulates apple resistance to 
F. solani
The MdERF114-overexpressing and MdERF114-RNAi roots 
were obtained via A. rhizogenes-mediated transformation 
(Supplemental Fig. S3), then inoculated with F. solani to 
explore the function of MdERF114 in apple response to 
F. solani. There was no obvious difference in growth between 
MdERF114-overexpressing lines and WT-pBIN line or 
MdERF114-RNAi lines and WT-pK7 line before F. solani in-
oculation. However, F. solani inoculation inhibited the 
growth of all the plants (Fig. 1A). Fusarium solani inoculation 
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Figure 1 MdERF114 positively regulates the resistance of apple to Fusarium solani. A) Phenotypic analysis of plants overexpressing MdERF114 in the 
roots under F. solani treatment. Scale bar = 10 cm. B) Observation of MdERF114-overexpressing roots under F. solani treatment. The black arrow in-
dicates the wound. Scale bar = 100 μm. C) Phenotypic analysis of plants with MdERF114-RNAi roots under F. solani treatment. Scale bar = 10 cm. 
D) Observation of MdERF114-RNAi roots under F. solani treatment. The black arrow indicates the wound. Scale bar = 100 μm. E) Height of plants over-
expressing MdERF114 in the roots under F. solani treatment. F) Root vitality of MdERF114-overexpressing roots under F. solani treatment. G) REL of 
MdERF114-overexpressing roots under F. solani treatment. H) Height of plants with MdERF114-RNAi roots under F. solani treatment. I) Vitality of 
MdERF114-RNAi roots under F. solani treatment. J) Root REL of MdERF114-RNAi roots under F. solani treatment. WT-pBIN, GL3 transformed with 
an pBIN-GFP empty vector; OE 1–6, different MdERF114-overexpressing root lines. WT-pK7, GL3 transformed with an pK7GWIWG2 empty vector; 
RNAi 1–6, different MdERF114-RNAi root lines. Data are shown as means ± standard deviation (SD) with three biological replicates. Different letters 
indicate significant differences between treatments based on Student’s t-test (*P ≤ 0.05; **P ≤ 0.01).
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significantly inhibited the growth of plants with WT-pBIN 
roots than those with MdERF114-overexpressing roots. The 
plant heights of OE-2, OE-4, and OE-6 were 23.41%, 24.06%, 
and 21.43% higher than those of WT-pBIN, respectively 
(Fig. 1E). Moreover, F. solani inoculation significantly inhib-
ited the growth of plants with MdERF114-RNAi roots than 
WT-pK7 plants. The plant heights of RNAi-2, RNAi-4, and 
RNAi-6 were 87.57%, 84.98%, and 84.56% of those of 
WT-pK7 plants, respectively (Fig. 1H). A microscope showed 
that no damage occurred in the roots before F. solani treat-
ment. However, the MdERF114-overexpressing roots were 
slightly injured after F. solani treatment, with a few brown 
spots and minor wounds (Fig. 1B). Besides, dense brown le-
sions were observed on MdERF114-RNAi roots, some of 
which were necrotic (Fig. 1D). The root vitality and relative 
electrolytic leakage (REL) were also measured to evaluate 
the root damage. The MdERF114-overexpressing roots had 
higher root vitality and lowered REL after F. solani treatment 
than WT-pBIN (Fig. 1, F and G). However, MdERF114-RNAi 
roots had lower root vitality and higher REL than WT-pK7 
(Fig. 1, I and J). These results indicate that MdERF114 positive-
ly regulates apple resistance to F. solani.

MdERF114 directly binds to the MdPRX63 promoter
The downstream target genes of MdERF114 were predicted 
via DNA affinity purification sequencing (DAP-seq) to ex-
plore the regulatory network of MdERF114 under F. solani 
treatment. A total of 2,483 potential downstream target 
genes and the highest scoring cis-acting element, GCC-box 
(GCCGCC), were identified (Fig. 2A). A previous study found 
that AtERF114 is involved in lignin synthesis in Arabidopsis 
(Li et al. 2022). Herein, DAP-seq found several genes related 
to lignin synthesis (MD17G1040100, MD04G1101700, MD16G 
1085600, MD13G1086200, MD09G1226600, MD03G10590 
00, MD09G1039100, MD16G1062800). However, the identifi-
cation of the promoter of these genes revealed that only the 
peroxidase MdPRX63 (MD17G1040100) had a GCC-box 
(Fig. 2B), indicating that MdPRX63 might function as a down-
stream target gene of MdERF114. Yeast one-hybrid assay 
(Y1H), electrophoretic mobility shift assay (EMSA), dual- 
luciferase assay, and β-glucuronidase (GUS) staining assay 
were then performed to further verify this hypothesis. Y1H as-
say showed that the Y187 yeast strain co-transformed with 
pGADT7-MdERF114 and pHIS2-proMdPRX63 could grow on 
the medium supplemented with 100 mM 3-amino-1, 2, 

Figure 2 MdERF114 directly binds to the MdPRX63 promoter. A) Potential binding elements of MdERF114 identified by DNA affinity purification 
sequencing (DAP- seq). B) MdPRX63 promoter sequence analysis revealed the presence of GCC-box binding element. C) Yeast one-hybrid (Y1H) 
assay showed that MdERF114 binds to the MdPRX63 promoter. The yeast strain co-transformed with pGADT7 and pHIS2-proMdPRX63 was 
used as the control. The screening concentration of 3-AT was 100 mM. D) EMSA indicates that MdERF114 binds to the GCC-box in MdPRX63 
promoter. The “+” represents the presence of relevant probes or proteins and “-” represents the absence of relevant probes or proteins. The 
5’-AGCCGCC-3’ is the motif bound by MdERF114 in “P” and the 5’-AGCCGCC-3’ motif was replaced by 5’-GATTATT-3’ in “mP”. E) Relative 
LUC/REN activity in Nicotiana benthamiana co-expressing MdERF114 and proMdPRX63. F) GUS staining assay showing that MdERF114 can activate 
proMdPRX63 expression. Data are shown as means ± standard deviation (SD) with three biological replicates in E and F. Different letters indicate 
significant differences between treatments based on Student’s t-test (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).
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4-triazole (3-AT), while the yeast strain transformed with 
pHIS2-proMdPRX63 could not grow on this medium 
(Fig. 2C). EMSA results also showed that MdERF114 could 
bind to the promoter of MdPRX63 while the mutant probe 
could not be bind by MdERF114 (Fig. 2D). In addition, lucifer-
ase assay was conducted by constructing the ORF sequence of 
MdERF114 in pGreenII 62-SK vector and the MdPRX63 pro-
moter in pGreenII 0800-LUC vector. The N. benthamiana co- 
injected with the MdERF114 and MdPRX63 promoters had 
higher firefly luciferase (LUC) activity than control (Fig. 2E). 
Similarly, GUS staining assay showed that apple callus co- 
expressing MdERF114 and MdPRX63 promoters had higher 
GUS activity than callus expressing MdPRX63 promoter 
(Fig. 2F). Taken together, these results suggest that 
MdERF114 directly binds to the promoter of MdPRX63.

Detection of lignin content in MdERF114 transgenic 
roots under F. solani treatment
Previous studies have shown that PRX genes are associated 
with lignin synthesis. In this study, we determined the lignin 
content of MdERF114 transgenic roots under F. solani treat-
ment, and the results showed that the lignin content of 
MdERF114-overexpressing roots (OE-2, OE-4, and OE-6) 
was significantly higher under F. solani treatment than that 
of WT-pBIN roots by 1.16, 1.21 and 1.22 times, respectively 
(Fig. 3A). However, the lignin content of MdERF114-RNAi 
roots under F. solani treatment was lower than that of 
WT-pK7 roots (Fig. 3B). These results indicate that 
MdERF114 affects root lignin deposition under F. solani treat-
ment by regulating MdPRX63 transcription.

MdPRX63 overexpression enhances the resistance of 
apple roots to F. solani
The MdPRX63-overexpressing roots (Supplemental Fig. S4) 
were inoculated with F. solani to explore the function of 
MdPRX63 in apple root response to F. solani. The results 
showed that plants with MdPRX63-overexpressing roots 
had better growth status and higher plant height under 
F. solani treatment than WT-pBIN plants (Fig. 4, A and C). 
Moreover, MdPRX63-overexpressing roots had higher root vi-
tality and lower REL after F. solani treatment (Fig. 4, D and E). 
In addition, microscopic observation showed that the brown 
wound in MdPRX63-overexpressing roots was much less than 
that of WT-pBIN roots after F. solani inoculation (Fig. 4B). 
These results indicate that MdPRX63 overexpression en-
hances root resistance to F. solani.

MdWRKY75 binds to the MdERF114 promoter
The MdERF114 promoter was constructed in pHIS2 vector as 
bait for screening upstream proteins of MdERF114 using Y1H 
system to further understand the signaling pathway of 
MdERF114 involved in apple root defense against F. solani. 
Results showed that a WRKY family TF, MdWRKY75 
(MD09G1008800), could bind the MdERF114 promoter. From 
the analysis of the MdERF114 promoter, it was found that there 
is a W-box (TTGACC) element on the MdERF114 promoter 
(Fig. 5A). Y1H assay was performed to further verify this result. 
The yeast strain co-transformed with pGADT7-MdWRKY75 
and pHIS2-proMdERF114 could grow on the medium supple-
mented with 50 mM 3-AT, while that co-transformed with 
pGADT7 and pHIS2-proMdERF114 could not grow on this me-
dium (Fig. 5B). Meanwhile, the MdWRKY75-GST fusion protein 

Figure 3 Determination of lignin content in MdERF114 transgenic roots under Fusarium solani treatment. A) Determination of lignin content in 
MdERF114-overexpressing roots. B) Determination of lignin content in MdERF114-RNAi roots. WT-pBIN, GL3 transformed with an pBIN-GFP empty 
vector; OE 1–6, different MdERF114-overexpressing root lines. WT-pK7, GL3 transformed with an pK7GWIWG2 empty vector; RNAi 1–6, different 
MdERF114-RNAi root lines. Data are shown as means ± standard deviation (SD) with three biological replicates. Different letters indicate significant 
differences between treatments based on Tukey’s test (P < 0.05).
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was purified, then the probe containing W-box (TTGACC) 
was synthesized for EMSA. The results showed that 
MdWRKY75-GST fusion protein could bind to the MdERF114 
promoter, while the mutant probe could not be bound by 
MdWRKY75-GST (Fig. 5D). Dual-luciferase assay was per-
formed to further verify when MdWRKY75 can directly regu-
late MdERF114 in vivo. The results showed that the LUC 
activity of N. benthamiana leaves co-expressing MdWRKY75 
and MdERF114 promoter was significantly increased compared 
with the negative control (Fig. 5C). These results suggest that 
MdWRKY75 binds to the MdERF114 promoter.

MdWRKY75 overexpression enhances the resistance 
of apple roots to F. solani
The expression of MdWRKY75 in roots under F. solani was as-
sessed to investigate whether MdWRKY75 is involved in the re-
sistance of apple roots to F. solani. RT-qPCR results showed 

that F. solani induced MdWRKY75 expression, peaking at 
48 h (Supplemental Fig. S5A). Further results showed that 
the growth of plants with MdWRKY75-overexpressing roots 
was better than that of WT-pBIN. Although F. solani 
inhibited the growth of all plants, the height of plants with 
MdWRKY75-overexpressing roots was significantly higher 
than that of WT-pBIN plants (Fig. 6, A and C). Furthermore, 
WT-pBIN roots had dense wounds and even necrosis, while 
MdWRKY75-overexpressing roots only had fewer brown 
wounds (Fig. 6B). Meanwhile, MdWRKY75-overexpressing 
roots (WRKY75 OE-2, WRKY75 OE-4, and WRKY75 OE-6) 
had higher root vitality than WT-pBIN roots by 1.22, 
1.25, and 1.33 times, respectively (Fig. 6D). However, 
MdWRKY75-overexpressing roots had a significantly lower 
REL than WT-pBIN roots (Fig. 6E). These results indicate 
that MdWRKY75 overexpression increases the resistance of ap-
ple roots to F. solani.

Figure 4 Overexpression of MdPRX63 enhances apple resistance to Fusarium solani. A) Phenotype of plants overexpressing MdPRX63 in the roots 
under F. solani treatment. Scale bar = 10 cm. B) Observation of MdPRX63-overexpressing roots under F. solani treatment. The black arrow indicates 
the wound. Scale bar = 100 μm. C) Height of plants overexpressing MdPRX63 in the roots under F. solani treatment. D) Vitality of 
MdPRX63-overexpressing roots under F. solani treatment. E) REL of MdPRX63-overexpressing roots under F. solani treatment. WT-pBIN, GL3 trans-
formed with an empty vector containing the GFP tag; PRX63 OE 1–6, different MdPRX63-overexpressing root lines. Data are shown as the means ± 
standard deviation (SD) with three biological replicates. Different letters indicate significant differences between treatments based on Student’s t-test 
(*P ≤ 0.05; **P ≤ 0.01).
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MdMYB8 interacts with MdERF114
The MdERF114 interacting proteins were screened using a 
yeast two-hybrid (Y2H) system to further analyze the regula-
tory network of MdERF114 involved in apple defense against 
F. solani. The results showed that an MYB family TF 
MdMYB8 (MD06G1217200) could interact with MdERF114. 
The Y2H assay was performed to elucidate whether 
MdMYB8 interacts with MdERF114. The results showed that 
the yeast strain co-expressing MdERF114-pGBD and 
MdMYB8-pGAD could grow normally in SD/-L/-H/-T/-A, 
while the control could not grow in SD/-L/-H/-T/-A 
(Fig. 7A). Meanwhile, luciferase complementarity assay was 
performed to verify the interaction between MdMYB8 and 
MdERF114. Fluorescence signal was detected in sites co- 
injected with MdERF114-Nluc and MdMYB8-Cluc (Fig. 7B). 
Bimolecular fluorescence complementation (BiFC) assay was 
further used to verify the interaction between MdMYB8 and 
MdERF114. The MdERF114-YFPC and MdMYB8-YFPN vectors 

were constructed and transferred into A. tumefaciens, then in-
jected into N. benthamiana. Confocal microscope showed that 
MdMYB8 interacted with MdERF114 in the nucleus (Fig. 7C). 
In addition, pull-down assay was conducted using the fusion 
proteins of GST, MdERF114-HIS, and MdMYB8-GST to verify 
the interaction between MdMYB8 and MdERF114. The 
MdERF114-HIS could be captured by MdMYB8-GST, but 
could not be captured by GST (Fig. 7D). Taken together, these 
results indicate that MdMYB8 can interact with MdERF114, in-
dicating that MdMYB8 may affect the binding of MdERF114 to 
the MdPRX63 promoter.

MdMYB8 promotes the binding of MdERF114 to the 
MdPRX63 promoter
Luciferase assay was performed to verify whether MdMYB8 
can affect the binding of MdERF114 to the MdPRX63 pro-
moter. The ORF of MdMYB8 and MdERF114 were inserted 
into pGreenII 62-SK vector, while the MdPRX63 promoter 

Figure 5 MdWRKY75 directly binds to the MdERF114 promoter. A) MdERF114 promoter sequence analysis reveals the presence of W-box binding 
element. B) Yeast one-hybrid (Y1H) assay shows that MdWRKY75 binds to the MdERF114 promoter. The yeast strain co-transformed with pGADT7 
and pHIS2-proMdERF114 was used as the control. The screening concentration of 3-AT was 50 mM. C) Relative LUC/REN activity of Nicotiana 
benthamiana co-expressing MdWRKY75 and proMdERF114. Data are shown as means ± standard deviation (SD) with three biological replicates 
in C. Different letters indicate significant differences between treatments based on Tukey’s test (P < 0.05). D) EMSA indicates that MdWRKY75 binds 
to the W-box in promoter of MdERF114. The “+” represents the presence of relevant probes or proteins and “-” represents the absence of relevant 
probes or proteins. The 5’-TTGACC-3’ is the motif bound by MdWRKY75 in “P” and the  5’-TTGACC-3’ motif was replaced by 5’-GGACTT-3’ in “mP”.



2022 | PLANT PHYSIOLOGY 2023: 192; 2015–2029                                                                                                               Liu et al.

was inserted into pGreenII 0800-LUC vector. The luciferase ac-
tivity of N. benthamiana leaves co-expressing MdMYB8, 
MdERF114, and MdPRX63 promoter was significantly higher 
than that of N. benthamiana leaves co-expressing MdERF114 
and MdPRX63 promoter (Fig. 8, A and B). GUS staining assay 
was performed to further confirm this result. Three vectors 
(35S::MdMYB8, 35S::MdERF114, and proMdPRX63-GUS) were 
constructed, then transformed into apple callus. The callus co- 
expressing MdMYB8, MdERF114, and proMdPRX63 had higher 
GUS activity than the callus co-expressing MdERF114 and 
proMdPRX63 (Fig. 8, C and D). These results indicate that 
the interaction between MdMYB8 and MdERF114 promotes 
the binding of MdERF114 to the MdPRX63 promoter.

MdMYB8 overexpression enhances the resistance of 
apple roots to F. solani
The above results indicated that MdMYB8 may be involved in 
the mechanism of apple root resistance to F. solani. The expres-
sion pattern of MdMYB8 in apple roots was determined under 
F. solani treatment to assess this hypothesis. RT-qPCR results 

showed that F. solani induced MdMYB8 expression 
(Supplemental Fig. S6A). The MdMYB8-overexpressing roots 
were then inoculated with F. solani to explore the function of 
MdMYB8 (Supplemental Fig. S6, B and C). The growth status 
of plants with MdMYB8-overexpressing roots was better 
than that of WT-pBIN plants under F. solani treatment 
(Fig. 9A). Furthermore, plant height and root vitality of 
plants with MdMYB8-overexpressing roots were significantly 
higher than those of WT-pBIN, while REL was lower in plants 
with MdMYB8-overexpressing roots than in WT-pBIN plants 
(Fig. 9, C–E). In addition, F. solani caused less damage to 
MdMYB8-overexpressing roots than WT-pBIN roots 
(Fig. 9B). These results indicate that MdMYB8 overexpression 
increases the resistance of apple roots to F. solani.

Discussion
MdERF114 enhances the resistance of apples to 
F. solani by regulating lignin biosynthesis
Fusarium solani, the main pathogenic fungus associated with 
ARD, causes substantial damage to apple roots (Yan et al. 2018; 

Figure 6 Overexpression of MdWRKY75 enhances apple resistance to Fusarium solani. A) Phenotype of plants overexpressing MdWRKY75 in the 
roots under F. solani treatment. Scale bar = 10 cm. B) Observation of MdWRKY75-overexpressing roots under F. solani treatment. The black arrow 
indicates the wound. Scale bar = 100 μm. C) Height of plants overexpressing MdWRKY75 in the roots under F. solani treatment. D) Vitality of 
MdWRKY75-overexpressing roots under F. solani treatment. E) REL of MdWRKY75-overexpressing roots under F. solani treatment. WT-pBIN, 
GL3 transformed with an empty vector containing the GFP tag; WRKY75 OE 1–6, different MdWRKY75-overexpressing root lines. Data are shown 
as means ± standard deviation (SD) with three biological replicates. Different letters indicate significant differences between treatments based on 
Student’s t-test (*P ≤ 0.05; **P ≤ 0.01).

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad057#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad057#supplementary-data
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Xiang et al. 2021b). ERF TFs are plant-specific TFs involved 
in plant growth, development, and response to biotic and 
abiotic stresses (Licausi et al. 2013; Feng et al. 2020). A pre-
vious study reported numerous ERF TFs after conducting 
RNA-seq of apple rootstock M9T337 in response to F. so-
lani (Xiang et al. 2021a). A combination of the above 
RNA-seq data and expression pattern analysis revealed that 
MdERF114 was upregulated by F. solani, suggesting that 
MdERF114 might play a role in the interaction of apple roots 
with F. solani. Herein, MdERF114 transgenic roots, obtained by 
A. rhizogenes-mediated transformation, were inoculated with 
F. solani to explore the function of MdERF114. Results demon-
strated that overexpression of MdERF114 enhanced the resist-
ance of apple roots to F. solani, whereas MdERF114-RNAi 
roots exhibited higher susceptibility. These results suggest 
that MdERF114 mediates the defense response of apple roots 
against to F. solani.

Lignin, the main component of plant cell wall, plays a crit-
ical role in determining the cell wall’s mechanical strength 
and oxidation resistance (Xie et al. 2018; Cesarino 2019; 
Vanholme et al. 2019). When pathogenic microorganisms 
infect plants, lignin is rapidly deposited in the cell wall, 
thereby limiting the diffusion of mycelia and toxins into 
the plant cell and preventing pathogens from absorbing nu-
trients from the plant cell. This process provides a physical 
barrier for plants to resist the invasion of pathogenic micro-
organisms (Ma et al. 2018; Dong and Lin 2021). Here, a 
PRX gene, MdPRX63, was identified as the target gene of 
MdERF114, and MdERF114 was further verified to bind to 
the MdPRX63 promoter by Y1H, luciferase, and EMSA assay. 
A previous study showed that PRX genes are involved in the 
last step of the lignin biosynthesis pathway, which mediates 
the final synthesis of Guajacyl lignin, Syringyl lignin, and 
Hydroxy-phenyl lignin (Quan et al. 2019). The result of 

Figure 7 MdMYB8 interacts with MdERF114. A) Yeast two-hybrid (Y2H) assay showing that MdMYB8 interacts with MdERF114 in yeast. 
B) Luciferase complementarity assay showing that fluorescence signal was only observed in sites co-injected with MdERF114-Nluc and 
MdMYB8-Cluc. C) BiFC assay showing that MdMYB8 interacts with MdERF114 in the nucleus. Scale bar = 50 μm. D) Pull-down assay showed 
that MdERF114-HIS could be captured by MdMYB8-GST and not Glutathione S-transferase (GST). The “+” represents the presence of relevant pro-
teins and “-” represents the absence of relevant proteins.
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the lignin content determination in MdERF114 transgenic roots 
showed that the transcriptional regulation of MdERF114 on 
MdPRX63 affected the lignin biosynthesis under F. solani treat-
ment. Similar to the function of ERF114 in Arabidopsis (Li et al. 
2022), ERF114 affected lignin content by regulating the expres-
sion of PAL1. The deposition of lignin had a substantial effect 
on the disease resistance of apple roots (Zhu et al. 2021). In 
addition, we also found that overexpression of MdPRX63 en-
hanced the resistance of apple roots to F. solani. Thus, the re-
sistance of apple roots to F. solani mediated by MdERF114 
may be achieved by regulating the transcription of MdPRX63 
to influence lignin biosynthesis.

MdWRKY75 increased apple resistance to F. solani by 
regulating MdERF114
WRKY TF, one of the largest family of TFs in land plants, 
modulate plant response to biotic and abiotic stress 
through the hormone signal pathway (Jiang et al. 2017). 

Accumulating evidence has revealed that WRKY TFs are in-
volved in plant defense pathways to pathogens, growth 
and development, senescence, biosynthesis, and regulation 
of hormone signaling (Rushton et al. 2010; Bakshi and 
Oelmuller 2014). In addition, they play an important role 
in plant disease resistance. A previous study showed that 
nine WRKY TFs in Brochypodium distachyon were induced 
upon infection with Fusarium (Wen et al. 2014), and 
MdWRKY74 in apple is involved in the resistance to F. solani 
(Xiang et al. 2022). Interestingly, the Y1H system performed 
in this study found that MdWRKY75, a WRKY TF, binds the 
MdERF114 promoter, and the result was verified by Y1H, lu-
ciferase, and EMSA assays. A previous report has revealed 
that MdWRKY75e, a homolog of MdWRKY75, could confer 
elevated apple resistance to Alternaria alternata through 
regulating lignin biosynthesis (Hou et al. 2021). 
Interestingly, our data also showed that MdWRKY75 was in-
duced by F. solani, and MdWRKY75 overexpression apple 
roots led to enhanced apple resistance to F. solani. We 

Figure 8 MdMYB8 promotes MdERF114 binding to the MdPRX63 promotor. A, B) Relative LUC/REN activity of Nicotiana benthamiana co- 
expressing MdMYB8, MdERF114 and proMdPRX63. C, D) Relative GUS activity analysis. The 35s::MdMYB8, 35s::MdERF114 and proMdPRX63-GUS 
were co-transformed into apple calli and stained. The apple calli co-expressing 35s::MdERF114 and proMdPRX63-GUS, 35s::MdMYB8 and 
proMdPRX63-GUS, proMdPRX63-GUS were used as control. Data are shown as means ± standard deviation (SD) with three biological replicates 
in B and D. Different letters indicate significant differences between treatments based on Tukey’s test (P < 0.05).
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speculate that MdWRKY75 may confer enhanced resistance 
to F. solani by regulating the transcription of MdERF114, con-
sidering that MdWRKY75 can bind to the MdERF114 pro-
moter. However, future work is needed to determine the 
underlying mechanism by which MdWRKY75 manipulates 
pathway for apple resistance to F. solani.

MdMYB8 enhances resistance to F. solani by 
interacting with MdERF114
It is well known that ERF TFs can interact with other proteins 
to play a role in the plant disease resistance process (Meng 
et al. 2013). For example, the interaction between VaERF16 
and VaMYB306 improves the resistance of grapevine to 
Botrytis cinerea (Zhu et al. 2022). MdERF100 interacts with 
MdbHLH92 to enhance apple resistance to powdery mildew 
(Zhang et al. 2021). In this study, a Y2H was employed to 
screen the interaction between MdMYB8 and MdERF114, 
and the results were verified by Y2H, BiFC, luciferase comple-
mentation, and pull-down assays. Previous studies have 

shown that MYB8 is involved in the synthesis of secondary 
metabolites in Nicotiana attenuate and hop (Humulus lupu-
lus L.) (Onkokesung et al. 2012; Schäfer et al. 2017; 
Kocábek et al. 2018). Our results also demonstrated that 
the interaction between MdMYB8 and MdERF114 enhanced 
the binding of MdERF114 to the MdPRX63 promoter. 
Moreover, under F. solani treatment, MdMYB8 was induced 
to up-regulate and enhance the resistance of apple to F. so-
lani. Therefore, we speculate that MdMYB8 participates in 
the defense response of apple roots against F. solani by inter-
acting with MdERF114 to promote the binding of MdERF114 
to the MdPRX63 promoter.

In conclusion, this study identified a defense mechanism 
against F. solani infection in apple roots mediated by 
MdERF114 (Fig. 10). Specifically, MdERF114 promotes lignin 
deposition in apple roots by binding to the promoter of 
MdPRX63 and regulating its transcription, thereby enhancing 
the resistance to F. solani. We also found that the expression 
of MdWRKY75 was upregulated by F. solani infection. 
Subsequently, MdWRKY75 regulates the expression of 

Figure 9 Overexpression of MdMYB8 enhances apple resistance to Fusarium solani. A) Phenotype of plants overexpressing MdMYB8 in the roots 
under F. solani treatment. Scale bar = 10 cm. B) Observation of MdMYB8-overexpressing roots under F. solani treatment. The black arrow indicates 
the wound. Scale bar = 100 μm. C) Height of plants overexpressing MdMYB8 in the roots under F. solani treatment. D) Vitality of 
MdMYB8-overexpressing roots under F. solani treatment. E) REL of MdMYB8-overexpressing roots under F. solani treatment. WT-pBIN, GL3 trans-
formed with an empty vector containing the GFP tag; MYB8 OE1–6, different MdMYB8-overexpressing root lines. Data are as means ± standard 
deviation (SD) with three biological replicates. Different letters indicate significant differences between treatments based on Student’s t-test 
(*P ≤ 0.05; **P ≤ 0.01).
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MdERF114 by binding to the W-box element of the 
MdERF114 promoter, ultimately conferring resistance to 
F. solani. In addition, results revealed that MdMYB8 is 
involved in the MdERF114-mediated defense network against 
F. solani by interacting with MdERF114 to promote 
binding of MdERF114 to the MdPRX63 promoter. The ap-
plication of the A. rhizogenes-mediated root transform-
ation makes it possible to obtain transgenic rootstocks 
with resistance genes quickly and efficiently. Transgenic 
roots with defense mechanisms were obtained by 
A. rhizogenes-mediated root transformation and applied 
to grafting, providing a promising strategy to prevent 
ARD. Overall, this study provides a reference on the 
MdERF114-mediated root defense response to pathogens 
and lays the theoretical foundation for breeding resistant 
rootstocks and prevention ARD.

Materials and methods
Plant materials and growth conditions
Tissue culture seedlings of apple cultivar GL-3 (Malus × do-
mestica cv. Gala) were used for apple root transformation. 
The seedlings were cultured on MS basal medium containing 
30 gL–1 sucrose, 0.3 mgL–1 6-BA, and 0.2 mgL–1 IAA under a 
14 h photoperiod with 60 μmol m−2 s−1 light intensity for 
1 month. The 35S::MdERF114-GFP, MdERF114-RNAi 35S:: 
MdPRX63-GFP, 35S::MdWRKY75-GFP, and 35S::MdMYB8-GFP 
fusion vectors were constructed. Then, A. rhizogenes K599 
(Weidi Biotechnology, Shanghai, China) was transformed 
with pBIN-GFP, pK7GWIWG2, and the fusion vectors to 

obtain transgenic roots as described by Meng et al. (2019). 
The primers are listed in Supplemental Table S1.

Positive transgenic root transformants were used to inocu-
late F. solani as per the method of Liu et al. (2022a). Briefly, 
potato glucose liquid medium was inoculated with F. solani 
strain (MG836251.1) and incubated at 24°C in the dark for 
48 h. The spore suspension was obtained by filtering the me-
dium through eight layers of sterile gauze. Its concentration 
was adjusted to 105 cells/mL–1 using sterile water. 
Treatments and control plants were watered with 200 mL 
of spore suspension and water only, respectively.

Physiological analysis
Root vitality was measured using a root vitality analysis kit 
from Suzhou Grace Biotechnology Co. Ltd (Suzhou, China). 
Three biological replicates were performed for each 
treatment.

According to the method of Liu et al. (2022a), fresh roots 
were used to determine the REL of roots. Three biological re-
plicates were performed for each treatment.

The lignin content of roots was determined using a lignin 
content analysis kit (Suzhou Comin Biotechnology Co., Ltd., 
Suzhou, China). Three biological replicates were performed 
for each treatment.

Y1H assay
Inserts containing the ORFs of MdERF114 and MdWRKY75 
were cloned into the pGADT7 vector. Likewise, inserts contain-
ing the promoters of MdPRX63 and MdERF114 were cloned 
into the pHIS2 vector. The 3-AT was used to suppress the 
expression of pHIS2-proMdPRX63 and pHIS2-proMdERF114. 
Then, according to the method of Liu et al. (2022b), the yeast 
strain Y187 was transformed with fusion vectors for Y1H assays. 
The primers are listed in Supplemental Table S1.

Dual-luciferase assays
Each of the ORF sequences for MdERF114, MdMYB8, and 
MdWRKY75 were individually cloned into pGreenII 62-SK 
vectors. Each of the promoters for MdERF114 and 
MdPRX63 was individually cloned into pGreenII 0800-LUC 
vectors. Agrobacterium tumefaciens strain GV3101 (Weidi 
Biotechnology, Shanghai, China) was transformed with 
fusion vectors. Then, LUC and renilla luciferase (REN) activ-
ities were assessed using a dual-luciferase reporter gene assay 
kit (Yeasen, Shanghai, China). Three biological replicates 
were performed for each treatment. The primers are listed 
in Supplemental Table S1.

EMSA assay
The ORFs of MdERF114 and MdWRKY75 were cloned into the 
pET-32a (+) vector and upon expression, MdERF114-HIS and 
MdWRKY75-HIS fusion proteins were obtained. Biotin-labeled 
probes for MdPRX63 and MdERF114 were synthesized by 
Sangon Biotech (Shanghai, China). The EMSA assay was 
done with a LightShift Chemiluminescent EMSA kit 

Figure 10 A working model illustrating the role of MdWRKY75- 
MdERF114-MdMYB8-MdPRX63 in apple response to Fusarium solani. 
Fusarium solani induces the expression of MdWRKY75, which directly 
binds to the W-box motif in the promoter of MdERF114. MdERF114 dir-
ectly binds to the GCC-box motif of the MdPRX63 promoter and acti-
vates its expression, resulting in lignin deposition. The expression of 
MdMYB8 is also induced by F. solani. The interaction between 
MdMYB8 and MdERF114 enhances the binding of MdERF114 to the 
MdPRX63 promoter. The deposition of lignin increases the resistance 
to F. solani in apple roots.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad057#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad057#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiad057#supplementary-data
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(Thermo Scientific, Waltham, MA, USA). The primers are 
listed in Supplemental Table S1.

GUS analysis
The promoter of MdPRX63 was cloned into the pC0390-GUS 
vector, and apple callus was co-transformed with 35S:: 
MdERF114 and proMdPRX63-GUS (35S::MdERF114, 35S:: 
MdMYB8, and proMdPRX63-GUS) using a vacuum method. 
Histochemical staining was performed to measure the GUS 
activity in the transformants (An et al. 2018). Three biological 
replicates were performed for each treatment. The primers 
are listed in Supplemental Table S1.

Y2H assay
The ORFs of MdERF114 and MdMYB8 were cloned into the 
pGBKT7 and pGADT7 vectors, respectively. Y2H Gold yeast 
(Weidi Biotechnology, Shanghai, China) was transformed 
with both plasmids. Positive transformants were selected 
for by cultivation on media lacking Trp and Leu, and also 
media lacking Ade, Trp, Leu, and His. The primers are listed 
in Supplemental Table S1.

Pull-down assay
The ORFs of MdERF114 and MdMYB8 were cloned into the 
pET-32a (+) and pGEX-4T-1 vectors, respectively. Pull-down 
assays were carried out using a Pierce GST Protein 
Interaction Pull-Down Kit (Thermo Scientific, Waltham, MA, 
USA). The primers are listed in Supplemental Table S1.

BiFC assay
The ORFs of MdERF114 and MdMYB8 were cloned into the 
pSPYCE-35S and pSPYNE-35S vectors, respectively. 
Agrobacterium tumefaciens strain GV3101 (Weidi 
Biotechnology, Shanghai, China) was transformed with the 
two vectors, which were also co-injected into N. benthami-
ana. Yellow fluorescent protein (YFP) fluorescence was ob-
served under a confocal laser scanning microscope (Leica 
SP5, Leica Microsystems, Buffalo Grove, IL, USA). The excita-
tion wavelength was 514 nm and the fluorescence was de-
tected with a 522–560-nm band-pass filter. The primers are 
listed in Supplemental Table S1.

Luciferase complementation assay
MdERF114-NLuc and MdMYB8-CLuc vectors were con-
structed. Agrobacterium tumefaciens strain GV3101 (Weidi 
Biotechnology, Shanghai, China) was then transformed with 
these two vectors, which were also co-injected into N. benthami-
ana. The fluorescence intensity was measured with an in vivo 
imaging system (Xenogen, Boston, USA) (Jiang et al. 2021). 
The primers are listed in Supplemental Table S1.

Statistical analysis
Statistical analysis was conducted using SPSS Statistics ver-
sion 18.0 (SPSS Inc., Chicago, IL, USA). One-way ANOVA 
and Student’s t-test were used to determine the statistical 
significance of differences between various treatments.

Accession numbers
Sequence data from this article can be found in the NCBI data 
libraries under accession numbers MdERF114 (XM_01732813 
3.2), MdPRX63 (XM_008343268.3), MdWRKY75 (XM_00838 
0876.3), and MdMYB8 (DQ267899.1).
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