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Abstract

Gummosis is 1 of the most common and destructive diseases threatening global peach (Prunus persica) production. Our pre-
vious studies have revealed that ethylene and methyl jasmonate enhance peach susceptibility to Lasiodiplodia theobromae, a
virulent pathogen inducing gummosis; however, the underlying molecular mechanisms remain obscure. Here, 2 ethylene re-
sponse factors (ERFs), PpERF98 and PpERF1, were identified as negative regulators in peach response to L. theobromae infection.
Expression of 2 putative paralogs, PpERF98-1/2, was dramatically induced by ethylene and L. theobromae treatments and ac-
cumulated highly in the gummosis-sensitive cultivar. Silencing of PpERF98-1/2 increased salicylic acid (SA) content and patho-
genesis-related genes PpPR1 and PpPR2 transcripts, conferring peach resistance to L. theobromae, whereas peach and tomato
(Solanum lycopersicum) plants overexpressing either of PpERF98-1/2 showed opposite changes. Also, jasmonic acid markedly
accumulated in PpERF98-1/2-silenced plants, but reduction in PpPR3, PpPR4, and PpCHI (Chitinase) transcripts indicated a
blocked signaling pathway. PpERF98-1 and 2 were further demonstrated to directly bind the promoters of 2 putative paralo-
gous PpERF1 genes and to activate the ERF branch of the jasmonate/ethylene signaling pathway, thus attenuating SA-depend-
ent defenses. The lesion phenotypes of peach seedlings overexpressing PpERF1-1/2 and PpERF98-1/2 were similar. Furthermore,
PpERF98-1/2 formed homodimers/heterodimers and interacted with the 2 PpERF1 proteins to amplify the jasmonate/ethylene
signaling pathway, as larger lesions were observed in peach plants cooverexpressing PpERF98 with PpERF1 relative to individual
PpERF98 overexpression. Overall, our work deciphers an important regulatory network of ethylene-mediated peach suscepti-
bility to L. theobromae based on a PpERF98-PpERF1 transcriptional cascade, which could be utilized as a potential target for
genetic engineering to augment protection against L. theobromae-mediated diseases in crops and trees.

Introduction
distributed hemi-biotrophic pathogen in the tropical and sub-

tropical regions (Paolinelli-Alfonso et al. 2016; Liu et al. 2022).
The causal agent colonizes the permanent woody structures
of peach trees via wounds and lenticels, causing large amounts

Peach (Prunus persica) gummosis is 1 of the most prevalent
and detrimental diseases in this tree crop and severely impacts
economical production of peach orchards (Wang et al. 2011).

This disease is mainly caused by Botryosphaeriaceae, including
L. theobromae, Botryosphaeria dothidea, and Diplodia seriata,
among which L. theobromae is known as a latent and widely

of gum exudation, wood necrosis, and stem-bark cracking,
eventually leading to poor tree vigor, fruit yield, and quality
(Beckman et al. 2003). Due to the severe damage caused by
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Two ERFs during Lasiodiplodia theobromae invasion

L. theobromae on economically important horticultural crops,
such as apple (Malus domestica), grape (Vitis vinifera), and cit-
rus (Citrus sinensis), an increasing number of studies have fo-
cused on the modes of plant defense response to tissue
invasion by this pathogen (Wang et al. 2011; Travadon et al.
2013; Delgado-Cerrone et al. 2016; Paolinelli-Alfonso et al.
2016). However, the molecular mechanisms influencing the
severity of L. theobromae infection, and the final extent of tis-
sue colonization during peach gummosis, are largely
unknown.

The phytohormone jasmonates (JAs), ethylene (ET), and sali-
cylic acid (SA) and their elaborate cross talk play important
roles in plant response to diverse pathogens. Generally, the ac-
tivation of the JA/ET pathway results in enhanced defense to-
ward necrotrophic pathogens, whereas the activation of SA
signaling leads to increased plants resistance to biotrophic
and hemi-biotrophic pathogens (Zhang et al. 2017). The JA/
ET and SA pathways have usually been considered as mutually
antagonistic in plant response to pathogen attacks, namely in
Arabidopsis (Arabidopsis thaliana) (Pieterse et al. 2012). The
APETALA2 (AP2)/ET response factor (ERF) superfamily is de-
fined by an AP2/ET responsive element-binding (EREB) factor
domain that consists of ~60 to 70 amino acids and is important
for DNA binding (Nakano et al. 2006a). ERF members of the
AP2/ERF superfamily of transcription factors regulate the so-
called ERF signaling branch of JA/ET signaling and act as integra-
tors between the JA/ET and SA pathways (Lorenzo et al. 2003;
Pré et al. 2008). The AP2/ERF transcription factors usually inter-
act with several cis-elements, such as the GCC-box, dehydration
responsive elements (DRE), or C-repeat binding factor (CBF) in
the promoters of target genes (Nakano et al. 2006a).

Notably, ERF members of the VIl and IX subgroups, such as
ERF1, ERF96, and Octadecanoid-responsive Arabidopsis 59
(ORA59) in Arabidopsis, are key regulatory hubs in the cross
talk between JA/ET and SA pathways and have been reported
as important players in different plant-pathogen interac-
tions (Fujimoto et al. 2000; Nakano et al. 2006b; Catinot
et al. 2015). ERF1, a core regulator in the ERF branch of the
JA/ET pathway, modulates plant defense responses by acti-
vating the expression of the pathogenesis-related (PR) genes
CHI (BASIC CHITINASE) and PLANT DEFENSIN 1.2 (PDF1.2)
and increases Arabidopsis resistance to necrotrophic fungi,
such as Botrytis cinerea and Plectosphaerella cucumerina
(Berrocal-Lobo et al. 2002). In wheat (Triticum aestivum),
ERF1 overexpression dramatically increases plant resistance
to the necrotrophic fungus Rhizoctonia cerealis (Zhu et al.
2014). On the contrary, AtERFT1-overexpressing Arabidopsis
lines show reduced tolerance against the hemi-biotrophic
bacterium Pseudomonas syringae pv. tomato (Pst) DC3000,
demonstrating that the role of ERF1 in plant resistance
may depend on the pathogen lifestyle (Berrocal-Lobo et al.
2002). Similarly, AtERF96, a small ERF, could modulate the
transcription of AtORA59 and of several PRs (e.g. PR3, PR4,
and PDF1.2a) by binding to the GCC elements of their pro-
moters, revealing an important role for AtERF96 in the JA/
ET-dependent resistance to B. cinerea (Catinot et al. 2015).
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Our previous RNA-seq data have shown that ERF mem-
bers such as putative PpERF1 paralogs, and 2 putative par-
alogous PpERF98 genes, PpERF98-1 and 2, are sharply and
markedly induced in peach shoots inoculated with L. theo-
bromae (Gao et al. 2016; Zhang et al. 2022). ERF98 protein
putative orthologs that belong to the subgroup IX of the
AP2/ERF superfamily are 128 to 139 amino acid long
with an EDLL/CMIX-I motif (a potent plant transcriptional
activation domain) at the C-terminal region (Tiwari et al.
2012). AtERF98 directly binds to the cis-element
GCC-box in the promoters of ascorbic acid biosynthetic
genes and activates their transcription, positively regulat-
ing plant salt tolerance (Zhang et al. 2012). AtERF98 is
also shown to physically interact with AtMED25
(MEDIATOR 25), an integrative hub of JA signaling
(Cevik et al. 2012). In addition, the transcript of AtERF98
is induced by chitin, a plant defense elicitor (Libault et al.
2007). However, knowledge on the regulatory network in
which ERF98 is embedded during the response to biotic
stress remains quite limited. We have additionally shown
that suppression of the JA and ET pathway boosts peach
resistance to L. theobromae infection (Zhang et al. 2022).
Here, we describe a regulatory module composed of phys-
ically interacting PpERF98-PpERF1 proteins activates JA/ET
signaling. This triggers the ERF branch of the JA/
ET-dependent response, which in turn may repress the
SA-dependent defense pathway and promote peach sus-
ceptibility to L. theobromae. Our findings characterize
key molecular players in the cross talk between JA/ET-
and SA-related defense pathways, during peach responses
to L. theobromae attack.

Results

PpERF98-1/2 transcripts accumulate in the infected
shoots of a peach cultivar susceptible to

L. theobromae

To investigate ET involvement in L. theobromae-induced peach
gummosis, we identified 19 differentially expressed ERF mem-
bers from a previous RNA-seq data set (Zhang et al. 2022).
Two putative paralogs belonging to the IX subgroup of ERF fam-
ily were dramatically upregulated in L. theobromae-infected
peach shoots (Supplemental Figure STA). Based on contig se-
quences, their coding sequences contained 540 and 492 bp en-
coding 179 and 163 amino acids, respectively. We designated
them PpERF98-1 and 2 (hereafter indicated as PpERF98-1/2
when referring to both members, and likewise for other
PpERFs), based on homology in Arabidopsis (Supplemental
Figure S1B). The phylogenetic tree showed that PpERF98-1
and 2 are evolutionarily closest to ERF98 putative orthologs in
Prunus mume, Prunus dulcis, and M. domestica (Supplemental
Figure S1B).

Subsequently, we quantified relative transcripts of
PpERF98-1/2 in different peach cultivars infected with L. theo-
bromae. The pathogen inoculation assays in shoots and
leaves confirmed the susceptibility of the ‘Spring Snow’
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Figure 1. PpERF98-1/2 transcripts accumulate in the infected shoots of a peach cultivar susceptible to L. theobromae. A and B) Morphological pro-
gression of gummosis in the current-year shoots and fully expanded leaves inoculated with L. theobromae. All leaf images were digitally extracted
with the same scale in panels A (bar = 1 cm) and B (bar = 2 cm). C and D) Comparison of lesion size in the infected shoots and leaves between the
susceptible cultivar ‘Spring Snow’ (SS) and the tolerant cultivar ‘Da Hongpao’ (DHP). Asterisks indicate statistical significance between SS and DHP at
the same timepoint with *P < 0.05, **P < 0.01 using Student’s t test. E and F) Relative transcript levels of PpERF98-1/2 in infected shoots normalized
on the reference gene PpTEF2, and displayed as fold changes compared with mock samples at time 0 h. Hpi: hours post inoculation. Different letters
show statistical significance of different treatments at the same time point and P < 0.05 based on Duncan’s post hoc test. Error bars represent means

+ SD of three biological replicates.

(SS) cultivar to L. theobromae and the tolerance of ‘Da
Hongpao’ (DHP) (Fig. 1, A and B). The infected shoots and
leaves showed visible necrotic lesions at 48 h post-
inoculation (hpi) in both cultivars, but the lesion size on sus-
ceptible shoots rapidly and continuously expanded, whereas
expansion on tolerant shoots was significantly slower
(Fig. 1C). At 48 and 96 hpi, leaf lesions on the susceptible cul-
tivar were 3.9- and 2.4-fold larger than on the tolerant one,
respectively (Fig. 1D). The transcripts of PpERF98-1/2 were
comparable in the noninfected shoots of the 2 cultivars
and highly induced in both after L. theobromae infection
(Fig. 1, E and F). The transcript of PpERF98-1 was sharply up-
regulated at 6 hpi, peaked at 12 hpi, then declined (Fig. 1E),
while PpERF98-2 was quickly and significantly upregulated at
12 hpi and remained high in tissues of the susceptible cultivar
(Fig. 1F). Noticeably, the transcripts of PpERF98-1/2 were sig-
nificantly higher in the susceptible cultivar SS than those in
the tolerant cultivar DHP.

Subsequently, the cis-acting regulatory elements in the pro-
moter regions of PpERF98-1/2 were analyzed, identifying a var-
iety of hormone- and stress-response elements (Supplemental
Table S1). In detail, the promoter of PpERF98-1 contains mul-
tiple cis-binding elements for ET- (1), abscisic acid- (1), JA-
(2), and auxin-related responsive factors (2), while the pro-
moter of PpERF98-2 contains 4 ET-responsive elements, 1
ERF-binding site, 2 abscisic acid-responsive elements, and 2
auxin-responsive elements. We further tested the transcription-
al response of PpERF98-1/2 to hormone treatments and ET

inhibitors. The transcripts of PpERF98-1/2 were significantly up-
regulated by SA and ET treatment of shoot segments, whereas
methyl JA (Me)A) induced PpERF98-1 but repressed PpERF98-2
transcripts (Supplemental Fig. S2). Transcripts of PpERF98-1/2 in
the inoculated shoots treated with inhibitors of ET synthesis
(aminoethoxyvinylglycine [AVQ]) and perception
(1-methylcyclopropene [1-MCP]) were significantly decreased,
compared with the L. theobromae-infected shoots alone
(Supplemental Fig. S3). These results indicate that PpERF98-1/
2 are induced shortly after L. theobromae inoculation in de-
pendence from ET synthesis and signaling and more intensely
so in the susceptible cultivar.

PpERF98-1/2 are transcriptional activators that
localize in the nucleus

Multiple alignments revealed that PpERF98-1/2 have 1 highly
conserved AP2 domain and a short EDLL motif at the N- and
C-termini, respectively, and share high sequence similarity to
ERF98 proteins of Arabidopsis, rice (Oryza sativa), tomato
(S. lycopersicum), apple (M. domestica), plum (P. mume),
and citrus (C. sinensis) (Supplemental Fig. S4). To examine
the transcriptional activities of PpERF98-1/2, the full-length
protein and truncated fragments were tested in a yeast trans-
activation reporter assay (Fig. 2A). Yeast cells grew well on
the synthetic dextrose (SD)/-Trp medium, whereas only
those transformed with constructs expressing the full-length
PpERF98-1/2 or their C-termini exhibited normal growth on
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Figure 2. PpERF98-1 and 2 are transcriptional activators. A) Schematic diagrams of construct vectors used for transcriptional activity assays. The
full-length and truncated fragments of PpERF98-1/2 were introduced downstream of the GAL4BD (galactose-specific transcription enhancing factor
binding domain) in the pGBKT?7 vector. PpERF98-1/2 AN and AC represent the deletion of the N and C termini of PpERF98-1/2 proteins, respect-
ively. Numbers above shaded boxes indicate the position of nucleotides. AP2, APETALA2-domain; EDLL, a potent plant transcriptional activation
domain. B) Growth of the yeast strain AH109 (Saccharomyces cerevisiae) transformed with the vectors, along with the negative control (pGBKT7),
on synthetic dextrose (SD)/-Trp, SD/-Trp-His-Ade and SD/-Trp-His-Ade added with X-a-gal. C and D) Subcellular localization of PpERF98-1/2 based
on the visualization of the GFP signal. The fusion construct PpPERF98-1/2-GFP was co-transformed with the nuclear marker gene VirD2NLS fused to
mCherry into Nicotiana benthamiana leaves. Confocal microscopic images of the cells were taken for GFP, mCherry fluorescences or bright field.

Scaleb bar = 20 um.

the selective media and displayed o-galactosidase activity
(Fig. 2B). To analyze the subcellular localization, the 35S:
PpERF98-1/2-GFP constructs and the nuclear marker
VirD2NLS-mCherry were coinfiltrated into Nicotiana
benthamiana leaves. The microscopic observation of the
transiently cotransformed leaves showed the PpERF98-1/
2-GFP signal in the nucleus, colocalized with the nuclear
marker (Fig. 2, C and D). These results indicate that
PpERF98-1/2 have transcription-activating capacity via the
activation domain located at the C-terminus and localized
in the nucleus. Both features are consistent with a role in
transcriptional regulation.

Knock-down of PpERF98-1/2 enhances peach
resistance to L. theobromae

To functionally characterize PpERF98 in peach defense
against L. theobromae, we generated peach plants silenced
in PpERF98-1/2 expression using a Prunus necrotic ringspot
virus  (PNRSV)-mediated virus-induced gene silencing
(VIGS) system. The top leaves of peach seedlings showed vis-
ible bleaching 2 wk after agroinfiltration with PNRSV:
Phytoene desaturase (PpPDS) (Supplemental Figure S5, A
and B), which verified the VIGS efficiency. The transcripts
of PpERF98-1/2 were correspondingly reduced in the silenced
plants compared with mock controls (PNRSV; Figs. 3, A and B,
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Figure 3. VIGS of PpERF98-1 and 2 increases peach seedlings resistance to L. theobromae infection. A and B) Relative transcript levels of PpERF98-1/2 in
PNRSV-mediated VIGS seedlings and the negative control (PNRSV). C) Phenotype of PpERF98-1/2-silenced peach leaves at 24 and 48 hpi. Bar =1 cm.
D and E) Lesion size and relative fungal biomass in the PpERF98-1/2-silenced peach leaves inoculated with L. theobromae. F to }) Relative transcript levels
of PR genes (PRs; PpPR1, PpPR2, PpPR3, PpPR4, and PpCHI) in the PpERF98-1/2-silenced peach leaves infected with L. theobromae. Error bars represent
means =+ sp of 3 independent replicates. Asterisks on top of bars indicate statistical significance with *P < 0.05 and **P < 0.01 using Student’s t test, while

ns indicates no significance.

and S5, C and D). When infected with L. theobromae, the le-
sion area of PpERF98-1/2-silenced leaves decreased by ~40%
compared with the mock control (Fig. 3, C and D).
Furthermore, the relative fungal biomass in the infected
PpERF98-1/2-silenced peach seedlings was significantly lower
than that of the infected, mock-transformed controls
(Fig. 3E). In the infected plants at 24 or 48 hpi, the transcripts
of PpPR1 and PpPR2 were significantly higher in the
PpERF98-1/2-silenced plants than the mock control (Fig. 3,
F and G). In contrast, the transcripts of PpPR3, PpPR4, and
PpCHI were significantly reduced at 24 and/or 48 hpi
(Fig. 3, H to J). These results suggest that the silencing of
PpERF98-1/2 enhances peach resistance to L. theobromae

and that resistance corresponds with PpPR1 and PpPR2
transcripts.

OE of PpERF98-1/2 increases peach susceptibility to
L. theobromae infection

To confirm the hypothesis that PpERF98-1/2 promote sus-
ceptibility, PpERF98-1/2 were overexpressed individually in
peach leaves, along with empty vector controls (Fig. 4, A
and B), and then inoculated with L. theobromae. The lesions
of PpERF98-1/2-overexpressing leaves were ~1.5-fold larger
than that of the inoculated, mock-transformed controls
(Fig. 4, C and D). Consistently, the transcripts of PpPR1
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Figure 4. OE of PpERF98-1 and 2 in peach and tomato leaves attenuates resistance to L. theobromae infection. A and B) Relative transcript levels of
PpERF98-1/2-overexpressing peach seedling lines (#1 and #2). Peach seedlings transformed with the empty vector and inoculated with L. theobromae
were regarded as controls (empty). C) Phenotype of PpERF98-1/2-overexpressing peach leaves inoculated with L. theobromae at 24 and 48 hpi. Leaf
images were digitally extracted with a same scale, and bar=1cm. D) Lesion areas in L. theobromae-infected leaves of the PpERF98-1/
2-overexpressing peach seedlings. E to 1) Relative transcript levels of PRs (PpPR1, PpPR2, PpPR3, PpPR4, and PpCHI) in the infected leaves of
PpERF98-1/2-overexpressing seedlings. ) and K) Leaf symptoms and lesion areas in tomato wild type (WT) and lines (#1 and #2) constitutively over-
expressing PpERF98-1/2 and inoculated with L. theobromae. Leaf images were digitally extracted with a same scale, and bar = 1 cm. L and M) Relative
transcripts levels of PRs (SIPR1, SIPR2, SIPRS, SIPRNP24, SIPR4, and SICHI) in the PpERF98-1/2-overexpressing tomato lines infected with L. theobromae
(Lt) or treated with a sterile PDA plug (Mock). Relative transcript levels were normalized on the reference genes PpTEF2 in peach and SlActin in
tomato and are displayed as fold change compared with mock samples at 0 hpi (which were therefore set to 1). Error bars represent means +

sp of 3 independent replicates. Asterisks on top of bars indicate statistical significance with *P < 0.05 and **P < 0.01 using Student’s t test, whereas
ns indicates no significance.

and PpPR2 were significantly repressed by PpERF98-1/ PpERF98-1/2 negatively affect tomato defense against
2-overexpression (OE) (Fig. 4, E and F). Notably, the tran- L. theobromae infection

scripts of PpPR3, PpPR4, and PpCHI were significantly upre-  To further consolidate the association between PpERF98-1/2
gulated at 24 hpi, whereas PpPR3 and PpCHI were  expression and susceptibility to L. theobromae in peach, we
significantly downregulated at 48 hpi in the infected leaves  generated analogous tomato lines ectopically overexpressing
of the PpERF98-1/2-overexpressing plants compared with  PpERF98-1/2 in a stable fashion. Totally, 5 and 6 transgenic
the control (Fig. 4, G to I). lines were obtained for the 35S:PpERF98-1 and 2 constructs,
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respectively (Supplemental Figure S5, E and F). The 2 lines for
each gene with the highest transgene expression (labeled #1
and #2) were chosen for phenotypic and transcriptional ana-
lyses in comparison with wild type as a control.

The transgenic lines and wild-type plants showed compar-
able phenotypes in the absence of the pathogen. After inocu-
lation with L. theobromae, leaf lesions of the PpERF98-1/
2-overexpressing lines were ~2-fold larger than those of
the wild type (Fig. 4, ] and K). Subsequently, we also quanti-
fied the transcripts of PR genes in response to L. theobromae.
Compared with wild-type plants, the transcripts of SIPRT,
SIPR2, SIPRS, and SIPRNP24 (Prion protein 24) were consist-
ently and significantly decreased in noninoculated,
PpERF98-1/2-overexpressing lines, indicating that their basal
expression was affected (Fig. 4, L and M). When inoculated
with L. theobromae, the transcripts of these 4 SIPRs were up-
regulated in all plants, but their transcripts in the PpERF98-1/
2-overexpressing lines were significantly less concentrated
than in the wild type. However, the transcripts of SIPR4
were significantly increased in the uninfected PpERF98-1/
2-overexpressing plants and were repressed after L. theobro-
mae infection, while transcripts of SICHI were highly accumu-
lated in the transgenic lines irrespective of inoculation (Fig. 4,
L and M). In addition, when tomato plants were challenged
by the necrotrophic pathogen B. cinerea, the necrotic lesions
on PpERF98-1/2-overexpressing leaves were larger than in the
wild type (Supplemental Figure S6, A and B). Transcripts of
most SIPRs (except for SIPR4 and SICHI) in the PpERF98-1/
2-overexpressing plants were significantly repressed com-
pared with the wild type after B. cinerea infection
(Supplemental Figure S6, C and D). These results confirm,
in stably transformed tissues, the role of PpERF98-1/2 also
in the interaction of a taxonomically unrelated plant with
the same pathogen and with a pathogen with a slightly dif-
ferent lifestyle (necrotrophic vs. hemi-biotrophic).

PpERF98-1/2 activate the transcription of 2 PpERF1
genes and of their shared PR gene targets
Based on the expression patterns of the bona fide marker
genes PR1 and PR2 (for the SA-dependent defense pathway)
and PR3, PR4, and CHI (for the JA/ET pathway) (Lorenzo et al.
2003) in PpERF98-1/2-overexpressing or silenced plants, we
hypothesized that PpERF98-1/2 might be a cross talk node
between these 2 pathways. Both our reverse transcription
quantitative PCR (RT-qPCR) and RNA-seq data showed
that 2 PpERF1 genes (hereafter designated PpERF1-1 and 2)
were significantly induced by L. theobromae inoculation
(Figs. 5, A and B, and S1A). ERF1, belonging to the IX subclus-
ter of the ERF family together with ERF98, is a central regula-
tor in the JA/ET signaling pathway (Lorenzo et al. 2003). Since
ERF1 is a hub gene in the JA/ET and SA-related defense path-
ways in Arabidopsis, we hypothesized that also for peach and
tested if PpERF98-1/2 may interact with PpERF1.

Firstly, PpERF1-1/2 were successfully overexpressed in
peach leaves (Supplemental Fig. S7). The leaf lesions and
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relative fungal biomass were significantly increased by
PpERF1-1/2-OE (Fig. 5, C to E), implying that each of them
promotes peach susceptibility to L. theobromae infection.
The coding sequences of PpERF98-1/2 were separately used
as effectors and promoter fragments of PpERF1-1/2
(proPpERF1-1/2) as reporters fused to luciferase (LUC) in a
dual-LUC assay (Fig. 5F). The results indicated that coexpres-
sion of either PpERF98-1/2 effector with any proPpERF1-1/2
reporter fragment containing a GCC-box element and puta-
tive ERF-binding site (Fig. 5F) dramatically increased LUC ac-
tivity relative to the control. By contrast, the reporter
sequences without the ERF-binding site did not (Fig. 5, G
and H). The LUC/Renilla (REN) ratio values corroborate the
finding (Fig. 5, 1 and J). Yeast 1-hybrid (Y1H) assay confirmed
physical binding of PpERF98-1/2 and proPpERF1-1/2 frag-
ments containing the GCC-box element (Fig. 5, K and L).
Although the dual-LUC assay showed that PpERF98-1/2
could activate fragment F2 in the PpERF1-1 promoter, yeast
cells harboring it could grow on selective media even in the
absence of exogenous effectors, making it impossible to test
physical binding by PpERF98-1/2 via YTH assay. These results
collectively demonstrate that PpERF98-1/2 can function as
transcriptional activators of PpERF-1/2 via the GCC-box
element in proPpERF1-1/2 sequences.

Given the upregulation of PpPR3, PpPR4, and PpCHI in
PpERF98-1/2-overexpressing plants (Fig. 4), we speculated
that these PR genes may also be regulated by PpERF98 pro-
teins. The promoters of PpPR3, PpPR4, and PpCHI contain pu-
tative ERF-binding sites (ERE) (Supplemental Figure S8A).
The coexpression of PpERF98-1/2 effectors, and of promoter
fragments for PpPR3, PpPR4, and PpCHI containing the ERE
element, showed robust luminescence intensity compared
with the control (Supplemental Figure S8B). This confirms
that PpERF98-1/2 could promote the transcription of the
PR genes PpPR3, PpPR4, and PpCHI, which are induced by
the JA/ET pathway based on published findings in
Arabidopsis and our own in peach.

PpERF98-1 and 2 form homodimers/heterodimers
and interact with PpERF1-1/2 proteins to promote
peach susceptibility to L. theobromae

A previous study in Arabidopsis has shown that ERF proteins can
form homodimers/heterodimers with themselves or each other
in responses to heat stress (Huang et al. 2021). To validate a pos-
sible physical interaction between PpERF98-1 and 2; PpERF1-1
and 2; and PpERF98s and PpERF1s, we used the bimolecular
fluorescence complementation (BiFC) and LUC complementa-
tion imaging (LClI) assays. Coexpression of PpERF98-1-nYFP
(N-terminal yellow fluorescent protein) and PpERF98-1-cYFP
(C-terminal YFP) in N. benthamiana leaves resulted in strong
YFP signals in the nucleus. Similar results were observed with
the cotransformation of PpERF98-2-nYFP and PpERF98-2-cYFP
(Fig. 6A), demonstrating that both PpERF98-1 and 2 can
form homodimers. Coinfiltration of PpERF98-1-nYFP with
PpERF98-2-cYFP into N. benthamiana leaves also showed
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Figure 5. PpERF1-1/2 negatively regulate peach defense against L. theobromae infection, and are activated by PpERF98-1/2. A and B) Time-course
transcripts of PpERF1-1/2 in shoots infected with L. theobromae. C) Lesion phenotype of the infected peach leaves of PpERF1-1/2-overexpressing
plants at 24 and 48 hours post inoculation (hpi). Peach seedlings transformed with the empty vector and inoculated with L. theobromae were re-
garded as controls (Empty). Leaf images were digitally extracted with a same scale, bars = 2 cm. D and E) Lesion size and relative fungal biomass in
the infected leaves of peach seedlings transiently overexpressing PpERF1-1/2. Data are means =+ SD of three independent replicates and four ana-
lytical replicates. F) Schematic diagram of different fragments (Fn) used for reporter constructs for luciferase (LUC) activity assay. The pentagram
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Numbers below the fragments indicate the positions of the nucleotides at the 5’-3" end of each fragment relative to the translation start-site in
reporters. G and H) Transient expression assays showing that PpERF98-1/2 could activate the expression of PpERF1-1/2. Luminescence imaging

(continued)



3142 | PLANT PHYSIOLOGY 2023: 192; 3134-3151

YFP signals in the nucleus, indicating that PpERF98-1 can
interact with PpERF98-2 and form heterodimers. Negative
controls, i.e. PPDERF98-1/2-nYFP coexpressed with cYFP, or
nYFP coexpressed with PpERF98-1/2-cYFP, did not develop
fluorescence (Fig. 6A). Further, coexpression of PpERF98-1/
2-nYFP with PpERF1-1/2-cYFP showed YFP signals in the nu-
cleus, implying that PpERF98-1/2 can interact with
PpERF1-1/2 (Fig. 6B). These results were confirmed by LCl as-
says, for which a simplified layout is shown in Fig. 6C. Here,
the reconstitution of LUC expressed as separate C- and
N-terminal fragments in fusion with each of the
PpERF98-1/2 or PpERF1-1/2 proteins led to the emission of
luminescence. As shown in Fig. 6, D to F, the same pairs driv-
ing BiFC complementation led to LUC reconstitution.
However, PpERF1-1 cannot form dimers with itself or
PpERF1-2 (Supplemental Fig. S9).

These results drove us to explore whether dimerization by
PpERF98s and PpERF1s could increase peach sensitivity to
the gummosis pathogen. Thus, peach leaves were coinfil-
trated with the OE constructs PpERF98-1/2-OE and
PpERF1-1/2-OF in various combinations and inoculated
with L. theobromae. All OE combinations of PpERF98-1/2
and PpERF1-1/2 obviously increased lesion areas compared
with empty vector controls (Fig. 6G). Lesion areas were sig-
nificantly increased in leaves cooverexpressing PpERF98-1
and PpERF1-1/2, while only slightly increased in leaves coo-
verexpressing PpERF98-1 and PpERF98-2, relative to leaves
overexpressing either 1 alone (Fig. 6, G and H). These data in-
dicate that PpERF98-1 and 2 can form homodimers with
themselves or heterodimers with each other and that they
can interact with PpERF1-1/2 proteins, increasing peach sus-
ceptibility to L. theobromae.

PpERF98-1/2 modulate the JA/ET- and SA-related
defense pathways

To clarify whether hormone contents corresponded with
PpERF98-1/2 levels, we quantified JA and SA after L. theobro-
mae inoculation in peach leaves silenced in PpERF98-1/2 or
tomato plants overexpressing them. Both JA and SA contents
in PpERF98-1/2-silenced peach leaves were significantly high-
er than in the controls regardless of L. theobromae inocula-
tion (Fig. 7, A and B). The JA content of the PpERF98-1/
2-overexpressing tomato leaves was instead lower than
that of the wild type but showed no significant difference
when inoculated (Supplemental Figure S10A). The SA

Figure 5. (Continued)
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content of these plants was also significantly decreased, by
at least 42% compared with mock-transformed controls,
when infected with L theobromae (Supplemental
Figure S10B). Consistently, pretreatment with exogenous
MeJA of both the susceptible and tolerant peach genotypes
significantly increased the lesion areas relative to uninocu-
lated, and the water pretreated and inoculated controls, irre-
spective of peach cultivars; SA treatment decreased them
(Fig. 7, C to F). However, the 1-aminocyclopropane-1-
carboxylic acid (ACC, a key ET biosynthetic precursor) treat-
ment group showed comparable lesion size relative to
L. theobromae inoculation alone.

Subsequently, we quantified the relative transcripts of JA/
ET- and SA-related genes in the PpERF98-1/2-silenced or overex-
pressing plants. In L. theobromae-infected peach seedlings,
the transcripts of PpERF1-1/2 were significantly decreased by
50% in the PpERF98-1-silenced plants compared with mock-
transformed, infected controls (Supplemental Figure S11, A
and B). This agrees with the data reported above, about the
activation of PpERF1-1/2 promoter sequences by PpERF98-1/2.
The transcript of PplICS2 (Isochorismate synthase 2), a key SA
biosynthetic gene, was upregulated in PpERF98-1-silenced plants
irrespective of L theobromae inoculation (Supplemental
Figure S11C). NPR1 (nonexpresser of PR 1) and TGA (TGACG
motif-binding factor) are crucial components of SA signaling
(Zhang et al. 2003). The transcript of PoNPR1 was downregulated
after L. theobromae inoculation but slightly less so in the
PpERF98-1-silenced plants than in the mock-silenced, infected
control (Supplemental Figure S11D). The silencing of PpERF98-1
significantly also increased the transcript of PpTGA3
(Supplemental Figure S11E). In the PpERF98-1-overexpressing
plants, on the other hand, the transcripts of PpERF1-1/2 were sig-
nificantly upregulated when noninoculated, but transcripts did
not increase in the infected leaves as much as in the corresponding
controls (infected but not overexpressing Supplemental
Figure S11, F and G). The transcripts of PplCS2, PpNPR1, and
PpTGA3 were significantly repressed in the infected PpERF98-
1-overexpressing plants relative to the controls (Supplemental
Figure S11, H to ). Similar transcriptional patterns were observed
for these genes in the peach seedlings altered in PpERF98-2 expres-
sion (Supplemental Fig. S12). These results demonstrate that
PpERF98-1/2 confer peach susceptibility to L. theobromae infec-
tion by positively regulating the ERF branch of the JA/ET pathway
and repressing SA-related defense genes, acting at the level of hor-
monal biosynthesis, and/or in downstream signaling.

of N. benthamiana leaves is shown 48 h after co-infiltration with different pairs of reporter and effector constructs. pGreenll-62-SK(62-SK)+pGreenll-

0800-promoter-LUC(proPpERF1-1/2 Fn) was the control on the

left, and 62-SK-PpERF98-1/2(PpERF98-1/2)+pGreenll-0800-promoter-

LUC(proPpERF1-1/2 Fn) was the treatment on the right in one N. benthamiana leaf. | and J) Activation of proPpERF1-1/2 by PpERF98-1/2 in N.
benthamiana leaves, as measured by the transient dual LUC assay. Data are means + SD of five independent replicates. K) Schematic diagram
of fragments (Pn) of proPpERF1-1/2 used as baits in yeast one-hybrid assay. L) Interaction analysis of PpERF98-1/2 with the fragments of
proPpERF1-1/2. Transformed yeast cells containing both prey and bait were cultured on the selective medium SD/-Leu-Ura+AbA (aureobasidin
A). Co-transformation of pGADT7-53 and pAbAi-p53 was used as positive and of pGADT7 and pAbAi-bait as negative controls, respectively.
Asterisks on top of bars show statistical significance between transgenic and control plants at same time point and P < 0.05 using Student’s t

test, while ns indicates no significance.
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formation between PpERF98-1/2 and PpERF1-1/2 in vivo by BiFC analysis. Bar = 20 um. C) Schematic diagram of the construct combinations for
LCI analysis, showing 1 experimental group (Genel-nLUC + Gene2-cLUC) and 3 parallel controls in 1 tobacco leaf. D) Interactions between
PpERF98-1 and PpERF98-2 by LCl. E and F) Interactions between PpERF98-1/2 and PpERF1-1/2 as determined by LCl. Combinations of nLUC or
cLUC with the corresponding PpERF98-1/2 and PpERF1-1/2 constructs were used as negative controls. G and H) Lesion phenotype and size in peach
leaves after coinfiltration with PpERF98-1/2-OFE and PpERF1-1/2-OE constructs in Agrobacterium for 48 h and inoculation with L. theobromae at 24
and 48 hpi. Bar = 2 cm. Peach seedlings transformed with the empty vector and inoculated with L. theobromae were regarded as controls (empty).
Leaf images were digitally extracted with a same scale in panel G), bar = 2 cm. Different letters show statistical significance of different treatments at

the same time point and P < 0.05 based on Duncan’s post hoc test. Error bars represent are means =+ sp of 3 independent replicates.
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P < 0.05 based on Duncan’s post hoc test. G) Proposed regulatory model for the role of PpERF98-1 and 2 in peach response to the gummosis fungus
L. theobromae. When plants are infected by L. theobromae, large amounts of ET are produced and induce the transcription of PpERF98-1/2. These 2
PpERF98 proteins form heterodimers and homodimers with themselves and directly bind to the GCC-box cis-elements of the promoters of
PpERF1-1/2, activating their transcription. Further, these 2 PpERF98 proteins interact with 2 PpERF1 proteins to form heterodimers and amplify
JA/ET signaling. Moreover, the PpERF98s can also activate the transcription of the JA/ET-responsive genes PpPR3, PpPR4, and PpCHI through putative
ERF-binding cis-elements. Blocking the JA and ET pathways can decrease peach susceptibility to L. theobromae, while SA can promote tolerance (our
earlier work; Zhang et al. 2022). Altogether, our data show that 2 interacting PPERF98 genes negatively regulate peach resistance to L. theobromae by
activating JA/ET signaling to attenuate the SA-dependent defense pathway. Red bars represent GCC-box, and solid green circles indicate other pu-
tative ERF-binding sites in target genes.

Discussion diverse pathogens, and different ERFs have positive and/or nega-

Gummosis is a destructive trunk fungal disease that causes  tive functions in plant resistance depending on the pathogen
huge economic losses in peach production and quality. ERF lifestyles (Berrocal-Lobo et al. 2002; Miller and Munné-Bosch
transcription factors play important roles in response to  2015; Van den Broeck et al. 2017; Feng et al. 2020). However,
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how individual ERF members participate in peach resistance
to gummosis-inducing pathogens remains poorly elucidated.
Hereto, we comprehensively deciphered the role of 2 inter-
acting PpERF98 proteins involved in peach defense to L.
theobromae-mediated gummosis and shed light on part of
their regulatory network (Fig. 7G).

PpERF98-1/2 reduce peach resistance to gummosis
caused by the hemi-biotrophic pathogen
L. theobromae
In Arabidopsis, 4 small ERFs (ERF95, ERF96, ERF97, and ERF98)
are involved in the regulation of plant tolerance to stresses;
for example, AtERF98 positively modulates salt tolerance
by activating ascorbic acid biosynthesis (Zhang et al. 2012),
while AtERF96 and AtERF97 modulate plant defense against
biotic attack (Catinot et al. 2015; Wang et al. 2015; Wang
et al. 2017; Huang et al. 2021). AtERF98 is identified as a
core component of a transcription factor network managing
resource allocation decisions between abiotic stress toler-
ance and leaf growth (Van den Broeck et al. 2017), but a
role for ERF98 in biotic stress has not been reported yet.
Most members of the IX subgroup in the ERF family are in-
volved in plant defense responses to pathogens (Nakano
et al. 2006a). Two peach ERF98s also belong to this subgroup
and contain the EDLL motif at the C-termini (Supplemental
Fig. S4), which was identified as a strong plant transcriptional
activation domain in AP2/ERF transcription factors (Tiwari
et al. 2012). As these putative PpERF98 paralogs are signifi-
cantly and differentially expressed upon L. theobromae in-
oculation (Supplemental Fig. S1), we focused on their roles
in peach responses to gummosis. The starting hypothesis
was that they would increase susceptibility to L. theobromae,
since they are significantly more expressed in the susceptibil-
ity than in the tolerant peach cultivar (Fig. 1) and are induced
by ET, which promotes susceptibility (Zhang et al. 2022).
Indeed, the PpERF98-1/2-overexpressing peach and tomato
plants were more susceptible to infection by L. theobromae,
whereas the PpERF98-silenced peach plants were more
tolerant (Figs. 3 and 4). These results confirm that
PpERF98-1/2 negatively regulate plant resistance to this
hemi-biotrophic causal agent of gummosis. In addition,
PpERF98-overexpressing tomato lines were more susceptible
to the necrotrophic pathogen B. cinerea than the wild type
(Supplemental Fig. S6). While internally consistent, this find-
ing may seem to contradict previous reports, where other
members of subgroup IX in the ERF family such as AtERF1,
AtORAS59, and AtERF96 positively regulate A. thaliana resist-
ance to B. cinerea (Lorenzo et al. 2003; Pré et al. 2008; Catinot
et al. 2015). However, previous studies have demonstrated
that SA, not JA, plays a major role in plant basal defense to
B. cinerea in tomato (Audenaert et al. 2002; Achuo et al.
2004; Li and Zou 2017; Zhang et al. 2018). Therefore, this sug-
gests that the role of each ERF gene will depend on the spe-
cific pathosystem and thus will require direct experimental
confirmation for each plant-pathogen pair.
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PpERF98-1/2 control the expression of PpERF1 and
activate the JA/ET-dependent pathway

ERF1 has been known to act as important regulatory hub for the
JA/ET pathway (Lorenzo et al. 2003; Huang et al. 2016). OE of
AtERF1 positively regulates plant resistance to B. cinerea through
binding to the GCC element of the defense-related PR genes
PDF1.2a, PR3, PR4, and CHI, whereas it decreases resistance to
the hemi-biotrophic bacterium P. syringae (Lorenzo et al.
2003). In our study, OE of PpERF1-1/2 increased peach suscepti-
bility to the hemi-biotrophic fungus L. theobromae (Fig. 5, C and
D), consistently with the function of AtERF1 in Arabidopsis re-
sponse to P. syringae. Notably, the promoters of PpERF1-1/2 con-
tain GCC-boxes, and we could show that PpERF98-1/2 can
directly bind them to activate gene transcription (Fig. 5, G
and H), implying that PpERF98-1/2 work upstream of
PpERF1-1/2. Also AtERF96, another small ERF, could control
the transcription of AtORA59 and JA/ET-dependent defense
genes by binding to the GCC elements of their promoters
(Catinot et al. 2015). Although the GCC-box was not found in
the promoters of PpPR3, PpPR4, and PpCHI, PpERF98-1/2 could
activate their transcription via other putative ERF-binding ele-
ments (Supplemental Fig. S8). Our results suggest that
PpER98s, like AtERF1, AtORAS9, and AtERF96, could regulate spe-
cific subsets of defense-related genes and activate the JA/ET sig-
naling pathway by targeting the GCC-box element or other
ERF-binding elements in the promoters of their targets
(Lorenzo et al. 2003; Pré et al. 2008; Catinot et al. 2015).

The defense responses activated by the JA/ET-dependent
pathways are especially effective against necrotrophic patho-
gens and insects, whereas SA-dependent defense signaling is
thought to be crucial against biotrophic and hemi-biotrophic
pathogens; L. theobromae is a typical hemi-biotrophic fungus
(Wang et al. 2011; Delgado-Cerrone et al. 2016; Liu et al.
2022). Our study showed that JA treatment significantly in-
creased lesion area in infected peach leaves, while SA treat-
ment alleviated it (Fig. 7), in accordance with our previous
results (Zhang et al. 2022). These findings imply that JA/ET
promote peach susceptibility to the hemi-biotrophic L. theo-
bromae, while SA positively regulates resistance.

Does L. theobromae hijack the ERF branch of the JA/ET de-
fense pathways, to suppress SA synthesis and signaling and
favor tissue colonization?

In PpERF98-1/2-silenced peach seedlings, we observed higher
SA content and transcription of the SA-related genes PpICS2,
PpTGA3, and PpPR1 (Figs. 3 and 7). JA content was significantly
increased in the same plants, but common targets of JA/ET sig-
naling (e.g. PpPR3, PpPR4, and PpCHI) (Naidoo et al. 2013) were
downregulated (Figs. 3 and 7). The opposite finding was ob-
served in the PpERF98-1/2-overexpressing plants (Figs. 4, S11,
and S12). Therefore, we speculate that PpERF98-1/2 positively
regulate JA/ET signaling and thus downregulate SA biosyn-
thesis, signaling, and responses. This hormonal imbalance will
increase peach susceptibility to L. theobromae.

In Arabidopsis, the JA/ET-induced defense signaling is an-
tagonistic to the SA-dependent defense pathway, which
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allows the plant to fine-tune defense strategies against patho-
gens (Kunkel and Brooks 2002). Several biotrophic and hemi-
biotrophic pathogens have developed strategies to activate
JA/ET signaling, suggesting this to be beneficial for the attacker
due to the attenuation of the SA-dependent defense responses
(Doehlemann et al. 2008; Howe et al. 2018; Darino et al. 2021).
For instance, several pathogens like L. theobromae and P. syrin-
gae can generate JA or JA analogs. These in turn inhibit SA bio-
synthesis in the infected plants, thus resulting in suppression of
SA-mediated defense responses and decreased plant resistance
(Uppalapati et al. 2007; Tsukada et al. 2010). In maize (Zea
mays) and Arabidopsis, ectopic expression of Jsi1 (encoding
the Ustilago maydis effector JA/ET signaling inducer 1) leads
to stimulation of the ERF branch of the JA/ET signaling pathway
and increases susceptibility to U. maydis (Darino et al. 2021).
Thus, it is tempting to speculate that the same may occur in
the peach tree—L. theobromae pathosystem and that L. theobro-
mae activates or hijacks the PpERF98-dependent branch of the
pathway to attenuate SA biosynthesis/signaling and trigger sus-
ceptibility. The characterization of the role and downstream
targets of PpERF98-1/2 achieved in this work are important pre-
liminary steps to explore this possibility.

The formation of homodimers/heterodimers by
PpERF98-1/2 and PpERF1-1/2 could enhance their
functionality

Some studies have demonstrated that most regulatory proteins
physically interact with other proteins, to form complexes par-
ticipating in stress defense (Chi et al. 2013). Noticeably, their
interaction with transcription factors could enhance DNA bind-
ing (Alves et al. 2014). WRKY proteins, for example, can interact
with themselves and with each other to form homo/hetero
complexes, which affect the DNA binding and transcription-
regulatory activity, thereby modulating WRKY-regulated gene
expression (Chi et al. 2013). For instance, cotton (Gossypium hir-
sutum) GhWRKY41 physically interacts with itself and directly
activates its own transcription and the expression of the phenyl-
propanoid pathway genes, thereby increasing lignin and flavo-
noids biosynthesis and conferring enhanced resistance against
Verticillium dahlige (Xiao et al. 2023). Recently, Huang et al.
(2021) showed AtERF95 and AtERF97 to form homodimers or
heterodimers with themselves or each other and this interaction
to be heat inducible. Here, PpERF98-1/2 proteins also could form
homodimers and heterodimers with themselves and each other
(Fig. 6, A and D). Combined PpERF98-1 and 2 OFE increased peach
susceptibility compared to the individual OE of either gene
(Fig. 6, G and H). Furthermore, PpERF98-1/2 could form hetero-
dimers with the PpERF1-1 and 2 proteins (Fig. 6, B, E and F).
Cooverexpression of PpERF98-1 and PpERF1-1 or 2 further in-
creased peach susceptibility to L. theobromae (Fig. 6H).
However, PpERF1-1 and 2 could not form dimers with them-
selves (Supplemental Fig. S9). Therefore, we speculate that dimer
formation between ERF98 and ERF1 proteins may promote bind-
ing to the cis-elements of downstream targets, thus maximizing
the activation of the JA/ET signaling pathways.
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Conclusions

We propose a working model on the role and regulatory net-
work of PpERF98-1/2 in peach resistance to L. theobromae
(Fig. 7G). Our previous study has shown that L. theobromae
infection induces the accumulation of ET and JA, which in
turn reduce the resistance of peach trees to L. theobromae
during gummosis progression (Zhang et al. 2022). In this
work, ET and infection activate the transcription of
PpERF98-1/2. Homodimers/heterodimers of PpERF98-1/2 dir-
ectly bind the promoters of 2 PpERF1 genes activating their
transcription. These encode core regulatory proteins in the
ERF branch of JA/ET signaling, which in turn can form hetero-
dimers with PpERF98-1/2, thus likely modulating their activ-
ity. PPERF98-1/2 could also activate directly a common
subset of target genes downstream of JA/ET signaling:
PpPR3, PpPR4, and PpCHI. Dimer formation between
PpERF98s and PpERF1s could maximize the activation of
the ERF branch in JA/ET signaling and thus suppress the
SA-dependent defense pathway at the biosynthesis and sig-
naling level; this is likely the key mechanism by which they
decrease peach resistance to gummosis. All findings advance
our understanding of the interactions among ERF proteins in
plant responses to biotic stresses and of the molecular under-
pinnings of peach susceptibility to the devastating gummosis
pathogen.

Materials and methods

Biological materials and growth conditions

The ‘SS’ and ‘DHP’ peach (P. persica Batsch) cultivars grafted
on wild peach rootstocks, showing susceptibility and toler-
ance to gummosis, respectively, were used in this study.
Lignified, current-year shoots were collected from 5-yr-old
trees in the peach orchard of Huazhong Agricultural
University (Wuhan, China) between July and August. For
seedlings generation, mature wild peach seeds were stratified
in moist vermiculite and kept at 4 °C for 3 mo to sprout and
then transplanted into plastic pots containing commercial
nursery substrate: perlite:vermiculite:nutrient soil 2:1:1:1
(Shangdao Biotech, Shandong, China). The tomato (S. lyco-
persicum) A57 and N. benthamiana seeds were also potted
into the same substrate after germination. All seedlings
were cultivated in a growth room at 25 °C, 65% relative hu-
midity with 16-h light (300 zmol s™' m~?) and watered with
full-strength Hoagland solution every 4 d.

The L. theobromae strain was originally isolated from an in-
fected peach tree in the Hubei Province, China (Wang et al.
2011). B. cinerea strain B05 was used to infect tomato leaves.
The pathogens were cultured on potato dextrose agar (PDA)
medium at 28 °C under a 12-h dark/12-h light for 3 d before
inoculation.

Pathogen inoculation and chemical treatment
Peach shoots were inoculated as described previously, with
slight modifications (Zhang et al. 2022). Leaves were stripped
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off current-year shoots, which were cut into 15-cm segments.
After surface wash and sterilization, the segments were
wounded and inoculated with a 5-mm diameter PDA plug
covered with L. theobromae mycelium. In parallel, sterile
PDA plugs were placed onto the wound as a mock. The in-
oculated/mock peach shoots were separately placed in plas-
tic boxes with moist filter paper at the bottom and covered
with transparent plastic film to maintain humidity; the shoot
segments were sprayed with sterilized water every 12 h. Two
days after inoculation, the shoots were individually placed in
an upright position into plastic bottles containing 200-mL
sterilized water, which was refreshed daily, and nursed as
above. Unless specified otherwise, the shoots were incubated
in a growth chamber at 28 °C, with 90% relative humidity and
12-h light (300 umol s~' m™2). For leaf inoculation assays,
5-mm agar plugs covered with mycelium were placed onto
the abaxial side of freshly detached, fully expanded peach
or tomato leaves, on both sides of the main rib. In parallel,
sterile PDA plugs acted as mock inocula.

To evaluate the effect of hormones on transcription, peach
shoots prepared as above were pretreated with 100 um Me)A,
500 um SA, 10 yL L' ET, 15 ng mL™" AVG, or 0.1 mg mL™"
1-MCP (Zhang et al. 2022). For leaf treatment, fully expanded
peach leaves were sprayed with 100 um MeJA, 500 um SA,
500 um ACC, or ddH,O. After 24 h, the pretreated leaves
were inoculated with L. theobromae or not (mock) and
nursed as aforementioned.

The time of pathogen inoculation was set as the starting
point in all treatments. Each treatment and time point was
run in 3 biological replicates made of 15 pooled shoot seg-
ments or leaves. For lesion phenotyping, 40 individual peach
shoot segments, and 20 peach or tomato leaves per replicate
were used in each treatment. At harvest, the shoot and leaf
tissues within 0.5 to 1.0 cm of lesion were sampled at 0, 6,
12, 24, 48, and 72 hpi for peach shoots and at 0, 24, and 48
hpi for leaves. Tomato leaves were sampled at 0, 48, 72,
and 120 hpi (with L. theobromae) or at 0, 48, and 72 hpi
(with B. cinerea), instantly frozen in liquid nitrogen and
stored at —80 °C for further analyses.

Gene cloning and RT-qPCR assays
Total RNA was isolated using the EASY spin Plus RNA kit
(Aidlab, Beijing, China), followed by DNase digestion.
Single-strand ¢cDNA was synthesized using the PrimeScript
RT reagent Kit with gDNA Eraser (TaKaRa, Kusatsu, Japan).
The coding sequences of PpERF98-1 and 2 (Prupe.
8G224700 and Prupe. 1G037800) and PpERF1-1 and 2
(Prupe. 6G348700 and Prupe. 8G224600) were downloaded
from the GDR database (https://www.rosaceae.org/) and
amplified with specific primers (Supplemental Table S2).
The RT-qPCR assays were performed as previously re-
ported (Zhang et al. 2022). The putative gene sequences
were retrieved from NCBI, and the primers are shown in
Supplemental Table S2. The gene transcript levels were nor-
malized on the values of PpTEF2 (translation elongation factor
2) in peach (Gao et al. 2016) or SlActin in tomato (Yang et al.
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2018). Genomic DNA of the pathogen and host was ex-
tracted with cetyltrimethylammonium bromide and quanti-
fied in the infected tissues using qPCR (Zhang et al. 2021)
with PpEF1a (elongation factor 1a) and LtITS as plant and fun-
gus internal control genes, respectively. The fold-change va-
lues were calculated using the 272" method, and
RT-gPCR data are presented as means of 3 biological and 4
analytical replicates.

Plant transformation

For the stable transformation in tomato, PpERF98-1/2 coding
sequences were amplified using Phanta Max Super-Fidelity
DNA Polymerase (Vazyme, Nanjing, China) and cloned into
the pK7WG2D vector by a Gateway technology. The recom-
binant vectors were transformed into Agrobacterium tumefa-
ciens GV3101 and the transgenic lines were generated and
identified as described previously (Horsch et al. 1985), se-
lected under 100 mg L™ kanamycin, and raised to T, gener-
ation for further analysis, while wild-type plants grown under
the same conditions were regarded as controls.

Transient OE in peach leaves was achieved as previously de-
scribed (Cui and Wang 2017; Zhao et al. 2020), with minor
changes. Briefly, PpERF98-1/2 and PpERF1-1/2 were separately
subcloned into the OE vector pK7WG2D, the constructs trans-
formed into A. tumefaciens GV3101, and the bacterial cultures
resuspended in the infiltration medium (10 mm MgCl,, 10 mm
MES, 200 pm acetosyringone, and pH 5.8) to ODgqo = 0.8. Equal
volumes of 2 Agrobacterium cultures were mixed to obtain vari-
ous combinations. After incubating for 1 h in the dark, the re-
suspension was gently infiltrated into fully expanded leaves of
peach seedlings at 4 wk after transplantation using a sterile,
needleless syringe. In parallel, the bacterial culture harboring
the empty pK7WG2D vector acted as the control. At least 20
peach seedlings per treatment (4 leaves per plant) were infil-
trated; after 48 h, infiltrated leaves were inoculated with L. theo-
bromae, and the disease index evaluated.

For VIGS in peach seedlings, specific fragments of PpERF98-1/
2 and PpPDS <DNA were separately cloned into the
Xbal-digested pCaRNA3 vector of the PNRSV system to con-
struct the PNRSV-PpERF98-1/2 and PNRSV-PpPDS vectors un-
der the control of the CaMV 35S promoter. The primers
used for plasmid construction are listed in Supplemental
Table S2. The pCaRNA1&2, pCaRNA3, and the generated con-
structs were transformed into A. tumefaciens GV3101 to trans-
fect leaves of peach seedlings 2 wk after transplantation as
previously reported (Cui and Wang 2017), with slight modifica-
tions. Briefly, equal volumes of 2 Agrobacterium cultures, har-
boring pCaRNA1&2 and PNRSV-PpERF98-1/2 vectors, were
mixed and agroinfiltrated as aforementioned. In parallel, a com-
bination of the pCaRNA1&2 and pCaRNA3 empty vectors was
taken as negative controls (marked PNRSV), whereas a combin-
ation of the pCaRNA1&2 and PNRSV-PpPDS, which causes an
albino phenotype when knocked down, was used as positive
control. Four weeks after infiltration, the fully expanded leaves
at the top of the silenced peach seedlings were sampled for
transcript quantification and then L. theobromae inoculation
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as described above. A total of 20 plants (3 to 4 leaflets per plant)
per treatment were used to evaluate the disease index.

Subcellular localization

The coding sequences of PpERF98-1/2 without the stop co-
don were separately amplified and inserted into the pRI101
vector fused with the GFP under the control of CaMV 35S
promoter. The recombinant plasmids pRI101-PpERF98-1/
2-GFP were transformed into A. tumefaciens GV3101 and in-
filtrated into leaves of 4-wk-old N. benthamiana plants to-
gether with the nuclear marker 35S:VirD2NLS-mCherry
(Kumar and Kirti 2010). Two days later, the subcellular local-
ization of the target proteins was visualized under a confocal
laser scanning microscope (Leica TCS SP8, Wetzlar,
Germany). The excitation/emission wavelengths during ac-
quisition were 488 nm/495 to 539 nm for GFP, intensity
4.9%, and gain 800 and 552 nm/560 to 610 nm for RFP, inten-
sity 4.9%, and gain 735.

Transactivation and Y1H assays

The transactivation and Y1H assays were conducted as previous-
ly (Ming et al. 2020). The coding sequences of PpERF98-1/2 or
their truncated fragments (coding for the N- or C-terminal re-
gions) were individually inserted into the pGBKT7 vector and
transformed into the yeast strain AH109, plated on SD/-Trp,
SD/-Trp-His-Ade, and SD/-Trp-His-Ade supplemented with
4mg mL™" X-a-Gal (Sigma-Aldrich, MO, USA), and cultured
at 30 °C for 3 d. The pGBKT?7 vector was used as the negative
control.

The Y1H assay was performed following the manufac-
turer’s protocol (Matchmaker One-Hybrid System;
Clontech, CA, USA). To create the prey constructs, the cod-
ing sequences of PPERF98-1/2 were separately cloned into the
pGADT?7 vector containing a GAL4 transcriptional activation
domain. The promoter fragments of PpERF1-1/2 containing
GCC-boxes were separately cloned into the pAbAi vector.
After confirming the integration of each bait vector into
the yeast strain YTH gold, the prey vectors were added.
The cotransformed yeast cells were cultured on
SD/-Leu-Ura and SD/-Leu-Ura media with aureobasidin A
(AbA; TaKaRa, Kusatsu, Japan) at 30 °C for 7 d.

Binding tests

The dual-LUC assay was conducted following Zhang et al. (2022).
The coding sequences of PpERF98-1/2 were separately cloned
into the pGreenll-62-SK vector to obtain the effector constructs,
while the reporter constructs included individual promoter frag-
ments of PpERF1-1/2 in the vector pGreenll-0800-LUC. The re-
porter and effector constructs, together with the pSoup19
vector, were transformed into A. tumefaciens GV3101. The sus-
pensions of cells containing either effector or reporter constructs
were mixed equally and coinfiltrated into leaves of 4-wk-old N.
benthamiana seedlings. After 2 d, LUC activity was measured
using the VivoGlo Luciferin, In Vivo Grade Kit (Promega, Wi,
USA) and imaged under a Night SHADE LB985 system
(Berthold Technologies, Stuttgart, Germany). Meanwhile,
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transient expression was evaluated by the activities of firefly
LUC and REN LUC using the Dual-Luciferase Reporter Assay
System (Promega) on a VICTOR Nivo Multimode Plate Reader
(PerkinElmer, Waltham, USA). Six biological replicates were mea-
sured for each sample.

For LCI assays, Agrobacterium-mediated transient expres-
sion in N. benthamiana leaves was performed as described
previously (Huang et al. 2021). The coding regions of
PpERF98-1/2 and PpERF1-1/2 were fused into the N-terminus
LUC-fusion vector JW771-nLUC and C-terminus LUC-fusion
vector JW772-cLUC, respectively. Different combinations of
recombinant vectors were transformed into A. tumefaciens
GV3101 and coinfiltrated into 4-wk-old N. benthamiana
leaves. After 2 d in the dark, the infiltrated leaf regions were
injected with 100 um VivoGlo luciferin solution (Promega)
and kept in the dark for 5 min for LUC activity detection using
the NightSHADE LB985 In Vivo Plant Imaging system.

For BiFC assay, the coding sequences of PpERF98-1/2 and
PpERF1-1/2 were individually cloned into the pCL112-nYellow
and the pCL113-cYellow vectors, respectively, and transformed
into A. tumefaciens GV3101, which was then infiltrated into the
leaves of 4-wk-old N. benthamiana plants. After 2 d of incuba-
tion in the dark, fluorescence was visualized under a confocal
laser scanning microscope. The excitation/emission wave-
lengths during acquisition were 514 nm/545 to 580 nm for
YFP and 552 nm/650 to 700 nm for chloroplast, intensity 8%,
and gain 800. The relevant primers are listed in Supplemental
Table S2.

JA and SA measurement

The leaves of PpERF98-1/2-overexpressing and silenced plant
seedlings were collected, homogenized in cold extraction buffer
(methanol:water:acetic acid, 80:19:1, vivw), and extracted follow-
ing a published method (Zhang et al. 2022). Both JA and SA were
quantified by Triple Quadrupole Liquid Chromatography—Mass
Spectrometry (TSQ Altis; Thermo Fisher Scientific, MA, USA)
using labeled internal standards, in 3 biological replicates at
each sampling point of each treatment.

Statistical analysis

All experiments were run independently with at least 3 bio-
logical replicates for each treatment and time point. All data
sets are shown as means + sp of 3 independent replicates
(each in 4 analytical replicates for RT-qPCR) and were pro-
cessed using the SPSS Statistics 25.0. Statistical significance
was analyzed using Student’s t-test and 1-way ANOVA based
on Duncan’s post hoc test at P < 0.05 and 0.01 levels.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under accession numbers:
0Q876620 for PpERF98-1 and OQ876621 for PpERFI8-2.
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