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Abstract

Gummosis, one of the most detrimental diseases to the peach industry worldwide, can be induced by Lasiodiplodia theobromae. Ethylene
(ET) is known to trigger the production of gum exudates, but the mechanism underlying fungus-induced gummosis remains unclear.
In this study, L. theobromae infection triggered the accumulation of ET and jasmonic acid (JA) but not salicylic acid (SA) in a susceptible
peach variety. Gaseous ET and its biosynthetic precursor increased gum formation, whereas ET inhibitors repressed it. SA and methyl-
jasmonate treatments did not influence gum formation. RNA-seq analysis indicated that L. theobromae infection and ET treatment
induced a shared subset of 1808 differentially expressed genes, which were enriched in the category “starch and sucrose, UDP-sugars
metabolism”. Metabolic and transcriptional profiling identified a pronounced role of ET in promoting the transformation of primary
sugars (sucrose, fructose, and glucose) into UDP-sugars, which are substrates of gum polysaccharide biosynthesis. Furthermore,
ethylene insensitive3-like1 (EIL1), a key transcription factor in the ET pathway, could directly target the promoters of the UDP-sugar
biosynthetic genes UXS1a, UXE, RGP and MPI and activate their transcription, as revealed by firefly luciferase and yeast one-hybrid
assays. On the other hand, the supply of SA and inhibitors of ET and JA decreased the lesion size. ET treatment reduced JA levels
and the transcription of the JA biosynthetic gene OPR but increased the SA content and the expression of its biosynthetic gene PAL.
Overall, we suggest that endogenous and exogenous ET aggravate gummosis disease by transactivating UDP-sugar metabolic genes
through EIL1 and modulating JA and SA biosynthesis in L. theobromae-infected peach shoots. Our findings shed light on the molecular
mechanism by which ET regulates plant defense responses in peach during L. theobromae infection.

Introduction

Gummosis, a broad defense response to abiotic (environ-
mental adversity and physical wounds) and biotic (insect
and pathogen infestation) stresses, is characterized by
the formation and exudation of gum in the shoots of
several plant species, such as the stone fruit trees of
Prunus spp. Over the past decades, gummosis caused by
microbes has been reported in stone fruits (including
peach, nectarine, plum and cherry), citrus, and grape
[1–3]. Peach (Prunus persica) fungal gummosis is one of
the most prevalent and detrimental diseases in this tree
crop and limits the growth and yield of peach orchards
throughout southern China, the United States and Japan
[2, 4]. The causal agents colonize permanent woody
structures of peach trees (trunks, limbs, branches, and
twigs) via wounds and lenticels, causing large amounts of
gum exudation, wood necrosis, and stem-bark cracking,

eventually leading to poor tree vigor and reduced lifespan
[1, 4, 5]. Four species of Botryosphaeriaceae, Lasiodiplodia
theobromae, Botryosphaeria dothidea, Diplodia seriata, and
Neofusicoccum parvum, have been reported to cause peach
gummosis [2, 6]. Among these species, L. theobromae has
a broad host range, similar to that of biotic agents of
disease identified in other economically valuable fruit
trees, such as apple ring rot and grapevine bot canker [2,
7]. Very recently, a dominant resistance allele to peach
fungal gummosis was identified in Prunus using interspe-
cific crosses between Kansu peach (Prunus kansuensis),
almond (Prunus dulcis), and peach (P. persica) [8].

Ethylene (ET) plays sophisticated roles in plant defense
responses against various pathogens; it could steer
defense signaling to activate or suppress large and
complex defense networks that function during plant-
pathogen interactions [9]. On the one hand, ET activates
defense pathways to enhance plant resistance against
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pathogen attacks [10, 11]. For example, Arabidopsis ET-
deficient acs [lesioned in 1-aminocyclopropane-1-carboxylic
acid (ACC) synthase, ACS] mutants exhibit compromised
resistance mediated by pathogen-associated molecu-
lar patterns (PAMPs) and effector-triggered immunity,
rendering the plants more susceptible to Pseudomonas
syringae (Pst) infection [10]. On the other hand, ET
is also exploited by microbes to disturb the defense
signaling network and increase plant susceptibility [12,
13]. Ethylene insensitive3 (EIN3) and EIN3-like1 (EIL1),
two ET signaling components, negatively regulate PAMP-
triggered immunity and thus enhance susceptibility to
Pst invasion through the downregulation of salicylic acid
(SA) biosynthesis [12]. In addition, increasing evidence
suggests that ET modulates gum formation in response
to stress-related stimuli in plants. The application of
ethephon (2-chloroethylphosphonic acid, an ET-releasing
compound) induces gum formation in sour cherry [14],
grape hyacinth [15] and peach [16]; it also initiates gum
duct formation to facilitate gum exudation in Prunus
mume [17]. Moreover, the simultaneous application of
ethephon and methyl-jasmonate (MeJA) substantially
enhances gummosis in peach [16], cherry [14], and
hyacinth [15].

Previous studies have demonstrated that L. theobromae
infection can cause tissue necrosis and significantly
induce gum exudation in peach shoots [2, 18]. Peach
gum is a heteropolysaccharide that mainly consists of
arabinose, xylose, mannose, galactose, rhamnose, and
glucuronic acid at different molar ratios [19]. These
sugars can be transformed into UDP sugars, which are
necessary for the biosynthesis of gum polysaccharides,
by different types of interconverting enzymes [20]. Dur-
ing L. theobromae-induced gummosis, the concentrations
of soluble sugars (such as mannose, arabinose, and
xylose) are increased [18], and the expression of genes
involved in sugar metabolism changes significantly in
peach shoots, as revealed by transcriptome profiling [21].
In this pathosystem, as in the ones mentioned above,
pre- and posttreatments with ethephon indicate a dual
role for ethephon in regulating gummosis by affecting
both the peach sugar contents (sucrose, glucose, and
fructose) and the mycelial growth of pathogenic fungi
[22]. However, the use of ethephon (which can be
phytotoxic) can lead to nonspecific responses, leaving a
certain degree of uncertainty in the interpretation of the
results [23]. Thus, in addition to these limited insights,
the molecular mechanisms by which ET affects peach
fungal gummosis remain poorly understood, especially
in the shoot disease of perennial woody trees.

In this study, the role of ET in peach fungal gummosis
due to L. theobromae infection was investigated through
comparative transcriptome profiling and metabolite
measurements to understand the defense responses
of peach shoots at the physiological, molecular, and
metabolic levels. We first quantified ET, JA and SA and
investigated the effect of treatments with exogenous
ET, MeJA, SA or their inhibitors on peach gummosis

progression. The transcriptional and metabolic responses
of hormones and sugar pathways to ET supply were then
investigated in L. theobromae-infected shoots. We further
identified an ET signaling component, EIL1, that could
bind to the promoters of UDP-sugar metabolic genes and
activate them, as assessed by firefly luciferase-based
dynamic bioluminescence imaging and yeast one-hybrid
(Y1H) assays. These findings elucidate a regulatory role
played by ET during the defense response of peach
against L. theobromae infection and provide insights into
the molecular mechanisms by which ET promotes gum
formation in peach gummosis.

Results
L. theobromae inoculation induces ET production
The inoculation of L. theobromae onto the shoots of the
peach variety “Spring snow” led to brown necrotic lesions
at 24 hours postinoculation (hpi); the lesions enlarged
with time (Fig. 1A). In particular, L. theobromae-inoculated
shoots displayed typical gum release symptoms at 72
hpi (Fig. 1A). Another obvious morphological change was
that the tissues around the lesion turned red at 24 hpi
(Fig. 1A). In contrast, shoots mock-inoculated with sterile
PDA plugs did not develop necrotic lesions or exhibit
gum release and color change at any time point. Given
the previously reported effects of ethephon treatment
on L. theobromae infection [22] and the transcriptional
response of ET pathway genes during gummosis [21],
we measured ET accumulation in peach shoots over
time after L. theobromae inoculation. The amount of ET
released in L. theobromae-inoculated shoots was consis-
tently and significantly higher than that in the mock
control throughout the infection period and until 48 hpi.
Notably, ET was sharply and significantly induced at 6
hpi, peaked at 12 hpi, and then gradually dropped in L.
theobromae-inoculated shoots (Fig. 1B).

ET treatment aggravates L. theobromae-induced
gummosis
When peach shoots were treated with ET for 24 hours
before L. theobromae inoculation, released gum was appar-
ent at 48 hpi but was still barely detectable in untreated
L. theobromae- and mock-inoculated shoots (Fig. 2A).
Quantitatively, gum formation was consistently and
significantly higher in L. theobromae-inoculated shoots
treated with ET than in nontreated shoots. At 48 hpi, the
shoot gummosis ratio was measurable (at approximately
60%) in ET-treated and inoculated shoots; similar values
were reached in L. theobromae-inoculated shoots at 72 and
96 hpi, while ET-pretreated samples still showed values
that were approximately 30% higher (Fig. 2B). The total
dry weight of the gum of ET-treated and L. theobromae-
inoculated shoots was 2.9-fold higher than that of
L. theobromae-inoculated shoots at 96 hpi (Fig. 2C).
However, no significant difference in lesion length was
observed at any time point among inoculated shoots,
irrespective of ET pretreatment (Fig. 2D).
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Figure 1. Symptoms of peach gummosis and quantification of the ethylene content in peach shoots inoculated with Lasiodiplodia theobromae strain
JMB-122. (A) Morphological progression of gummosis in current-year peach shoots wounded and inoculated with sterile potato dextrose agar (PDA)
plugs (mock) or L. theobromae. Bar represents 1 cm. (B) Time-course assay of the ethylene release rate in mock- and L. theobromae-inoculated shoots.
Values represent the means ± SD of three independent replicates, with 40 individual shoots per replicate. Asterisks on top of paired bars indicate
statistical significance with ∗∗ P < 0.01.

Next, either an inhibitor of ET synthesis (aminoethoxy-
vinylglycine, AVG) or signaling (1-methylcyclopropene, 1-
MCP) was sprayed on peach shoots 24 h before L. theo-
bromae inoculation. The lesion length was significantly
decreased by 27% in AVG-treated shoots compared to
nontreated shoots (Fig. 2E). In infected tissues treated
with both AVG and ET, the lesion length was comparable
to infected tissues not pretreated with ET (Fig. 2E). A
similar trend of lesion development was observed in 1-
MCP-treated shoots (Fig. 2E). The gum formation ratio
in AVG- or 1-MCP-treated infected shoots was decreased
by 26 and 35% compared to that in nontreated shoots,
respectively (Fig. 2F). This drop was approximately 15% in
similar samples to which exogenous ET was also added
(Fig. 2F). Taken together, these results indicate that ET
positively affects peach gummosis progression both in
terms of lesion size and gum release.

Transcriptome profiling of peach shoots treated
with L. theobromae and ET+ L. theobromae
To elucidate the molecular network underlying the
effects of ET in promoting peach gummosis, RNA-seq
was performed on samples from mock- and L. theobromae-
inoculated shoots, both ET-pretreated and not, at 0, 6, 12,
24 and 48 hpi. The quality of the transcriptome data is
shown in Table S1. An average of 7.53 Gb of clean reads
(Q20 > 97%; Q30 > 92%) were obtained for each sample, of
which 91% were uniquely mapped to the peach genome
(Table S1). In the principal component analysis, samples
at different time points from L. theobromae-inoculated
shoots were highly dispersed, whereas L. theobromae-
inoculated samples collected at 24 and 48 hpi clustered
with ET-pretreated, L. theobromae-inoculated samples
harvested at 12 and 24 hpi (Fig. S1). To validate the RNA-
seq data, 16 randomly selected differentially expressed

genes (DEGs) were subjected to quantitative reverse-
transcriptase PCR (qRT–PCR) analysis, and the results
were highly consistent with the corresponding FPKM
values from RNA-seq (Fig. S2).

A total of 7045 DEGs were identified between the L.
theobromae- and mock-inoculated treatments (Fig. S3A).
In addition, 2733 DEGs were obtained between the L.
theobromae-inoculated samples that were pretreated or
not with ET (Fig. S3B). Venn analysis identified 1808
common DEGs shared between the two DEG datasets
(Fig. S3 and Fig. S4A). We further carried out GO and
KEGG enrichment analyses of the 1808 and 7045 DEGs,
respectively. In total, 972 and 3707 DEGs in the L.
theobromae-inoculated samples pretreated or not with ET,
respectively, were enriched in the GO categories “catalytic
activity”, “oxidoreductase activity”, and “carbohydrate
metabolic process” (Fig. S4B and C). In the KEGG analysis,
702 and 2627 DEGs in the L. theobromae-inoculated
samples pretreated or not with ET, respectively, were
highly enriched in “phenylpropanoid biosynthesis” and
“starch, sucrose metabolism” pathways, followed by
“glycolysis/gluconeogenesis”, “amino or nucleotide sugar
metabolism”, “pentose and glucuronate interconver-
sions” and “plant-pathogen interaction” (Fig. S4D and E).

To better understand the transcriptomic data, hier-
archical clustering analysis was performed, and a heat
map was generated. The 7045 DEGs in the mock- vs. L.
theobromae-inoculated samples were classified into five
subclusters (Fig. S5). The DEGs related to “environmental
adaptation”, “carbohydrate metabolism” and “secondary
metabolite biosynthesis” were dramatically upregulated
in subclusters 1, 3, 4, and 5, whereas DEGs related to
“photosynthesis” were downregulated in subcluster 2
(Table S2). For the 1808 common DEGs in the untreated
vs. ET-pretreated, L. theobromae-inoculated samples, eight
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Figure 2. Ethylene (ET) and ET inhibitor treatment of L. theobromae-induced gummosis in peach shoots. (A) Gummosis progression at 48 hpi. Bar
represents 1 cm. (B) Ratio of gum formation in peach shoots at 48, 72 and 96 hpi. (C) Gum weight analysis at 96 hpi. The gum weight was calculated by
dividing the total dry weight of the gum by the fresh weight of the experimental shoots. (D) Lesion length analysis in ET-treated and inoculated peach
shoots at 96 hpi. (E-F) Effects of ET and/or ET inhibitor treatments on lesion size and the gum formation ratio, respectively. The detached current-year
peach shoots were wounded and inoculated with a sterile PDA plug (mock), L. theobromae treated with 10 μL L-1 gaseous ET for 24 h before inoculation
(ET + L. theobromae), L. theobromae treated with AVG (aminoethoxyvinylglycine, an ET biosynthetic inhibitor) or 1-MCP (1-methylcyclopropene, an ET
signaling inhibitor) for 24 h before inoculation (AVG or 1-MCP + L. theobromae), or L. theobromae treated with AVG or 1-MCP and gaseous ET (AVG or
1-MCP + L. theobromae+ET). nd stands for not detected. Values are the means ± SD of three independent replicates, with 40 shoots per replicate.
Different letters on top of bars indicate statistical significance at P < 0.05.

transcriptional subclusters were defined (Fig. 3A and B).
The upregulated DEGs were markedly enriched in “starch
and sucrose metabolism”, “pentose and glucuronate
interconversions”, and “amino or nucleotide sugar
metabolism”, whereas the downregulated DEGs were
enriched in “cutin, suberin and wax biosynthesis” and
“fatty acid elongation” (Table S3).

ET interacts with JA and SA during L. theobromae
infection
ET is known to interact with JA and SA to modulate
the plant defense response against pathogen invasion
[9]. Here, we quantified the metabolite levels and gene
transcripts for SA and JA in L. theobromae-inoculated
peach shoots that were either pretreated with ET or
not (Fig. 4A-E). The JA content of inoculated shoots
was 5.5-fold higher than that of the mock control; ET
pretreatment significantly decreased JA to levels similar
to those of the mock-inoculated control (Fig. 4A). In con-
trast, the SA content was not changed in response to L.
theobromae inoculation alone relative to the mock control
but was significantly enhanced if ET pretreatment was
performed before inoculation (Fig. 4B).

As the heatmap analysis shows, all putative paralogs
of genes encoding ACS and ACO (ACC oxidase), the ET
core biosynthetic genes, were significantly upregulated
at 12 and 24 hpi in inoculated shoots, irrespective of
ET pretreatment (Fig. 4C). In the ET signal transduction
cascade, the transcripts of ETR and EIN4 (ethylene recep-
tor and ethylene insensitive4, respectively; both encoding
endoplasmic reticulum-associated receptors) and of EIN3
and EIL1 were significantly upregulated in L. theobromae-
inoculated shoots (Fig. 4C). The APETALA2 (AP2)/ethylene
response factor (ERF) superfamily plays an important
role in the biotic stress response [24]. The transcripts
of most ERFs were upregulated, whereas the transcripts
of ERF3, ERF5 and ERF23 were consistently downregu-
lated in the inoculated shoots compared with the mock-
inoculated shoots (Fig. 4C).

In ET-pretreated and inoculated tissues, the transcripts
of the JA pathway-related genes OPR, JAR1, JAZ and MYC2
were decreased, whereas the transcripts of the SA biosyn-
thetic gene PAL were sharply and significantly induced
at 6 hpi and peaked earlier (at 12 hpi) than they did
in L. theobromae-inoculated tissues (Fig. 4D and E). The
L. theobromae-induced transcriptional activation of NPR3
(coding for nonexpresser of pathogenesis-related 3, a key

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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Figure 3. Overview of the transcriptome of peach shoots treated with ET and/or L. theobromae, as well as mock-inoculated shoots. In total, 1808
common differentially expressed genes (DEGs) were identified between the mock vs. L. theobromae-inoculated and L. theobromae-inoculated vs. ET + L.
theobromae-treated shoot samples. (A) Temporal expression profiles of the common DEGs across different samples (false discovery rate < 0.05, absolute
log2 fold change ≥1). In the heatmap, each row represents a gene, and each column represents the sample indicated. The colors of the heatmap cells
indicate scaled gene expression levels across different samples. The color gradient ranging from blue to white to red represents low, medium, and high
levels of gene expression. (B) Subclusters of 1808 DEGs across different samples. Each box corresponds to the expression of the module eigengene.
Different colors of the centroid lines in B represent different gene expression patterns and correspond to subclusters identified in A by the colored bar
on the left of the heatmap.

SA signaling component) [25] was slightly delayed by ET
pretreatment and was undetectable at 12 hpi (Fig. 4E).
The relative transcript abundance of LOX2, OPR2e, JAR1,
and PAL1a in ET inhibitor-treated and inoculated shoots
showed an opposite profile to the ET-treated and inocu-
lated samples (Fig. S6).

To further assess the effect of JA and SA on gummosis
and thus the relevance of the effects of ET on their levels

in terms of L. theobromae infection, the detached peach
shoots were treated with different chemicals (ACC, MeJA,
SA and/or their biosynthetic inhibitors) before L. theobro-
mae inoculation. The lesion length of ACC (an ET biosyn-
thetic precursor)- and/or MeJA-treated peach shoots
was comparable to that of the control, whereas it was
significantly decreased by SA treatment (Fig. 4F). Treat-
ment with AVG and/or SHAM (salicylhydroxamic acid,

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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shoots treated with different chemicals for 24 hours before L. theobromae inoculation. ddH2O: the control; ACC: 1-aminocyclopropanecarboxylic acid,
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a JA inhibitor) significantly repressed lesion expansion
compared to untreated, L. theobromae-infected shoots
(Fig. 4F). When peach shoots were treated with ACC
for 24 hours before L. theobromae inoculation, gum was
observed at 48 hpi but was still barely detectable in
MeJA- or SA-treated shoots (Fig. 4G). In addition, the gum
formation ratio was not affected in SHAM-treated peach
shoots but was suppressed by AVG treatment, compared
with L. theobromae-infected shoots (Fig. 4G).

ET participates in sugar metabolism in L.
theobromae-infected shoots
To understand the effect of ET on gum formation,
transcripts of the DEGs involved in primary sugar

metabolism were compared between L. theobromae-
infected samples, either ET-pretreated or not, and
represented via schematic illustration and heatmap
insets (Fig. 5A). To this end, we identified 106 total DEGs
related to UDP-sugar metabolism (32 DEGs), pentose and
glucuronate interconversions (13 DEGs), and starch and
sucrose metabolism (61 DEGs). Inoculated peach shoots
consistently had higher transcripts of SS (encoding
sucrose synthase) than the mock shoots from 6 hpi
to the last time point, concomitant with the increase
in sucrose content (Fig. 5A and B). Expression of INV
genes (coding for invertases, which catabolize sucrose
into glucose and fructose) was induced and peaked
at 12 and 24 hpi in infected tissues, irrespective of
ET pretreatment (Fig. 5A). Sucrose content was higher
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in ET-pretreated tissues at 0, 12 and 24 hpi, followed by
a rapid decline, compared with nonpretreated, infected
tissues (Fig. 5B). The sorbitol content in ET-pretreated,
infected tissues was higher than that in L. theobromae-
treated tissues at 0 and 12 hpi, but the transcripts
of SDH genes (encoding sorbitol dehydrogenases) were
comparable between L. theobromae and ET + L. theobromae
treatments (Fig. 5A and C). In addition, both fructose
and glucose levels rapidly decreased from 12 hpi
onwards in infected samples, but their content in ET-
pretreated tissues was significantly lower than that in
nonpretreated tissues at all time points except 96 hpi
(Fig. 5D and E). The contents of arabinose and galactose
rapidly increased in peach shoots after inoculation, and
particularly within 24 hpi, the arabinose content was
much higher in ET-pretreated, inoculated tissues than in
nonpretreated, inoculated tissues (Fig. 5F and G).

UDP sugars are the most important precursors for
polysaccharide biosynthesis and are essential for cell
wall and gum formation [26, 27]. The transcript levels
of UXS, UXE, UGDH, RGP, MPI, and RHM (coding for UDP-
glucuronate decarboxylase, UDP-arabinose 4-epimerase,
UDP-glucose 6-dehydrogenase, reversibly glycosylated
polypeptide, mannose-6-phosphate isomerase, and UDP-
rhamnose synthase, respectively) were upregulated at
48 hpi in L. theobromae-inoculated samples and peaked
earlier with ET pretreatment (Fig. 5A).

ET triggers sugar transport and cell wall
degradation
Since sugars synthesized in healthy tissues are pre-
sumably translocated to sites of pathological changes
for the biosynthesis of UDP-sugars, which are then
transported to the Golgi lumen for polysaccharide
formation [18, 28], we analyzed the transcript levels of
sugar transporter-encoding genes (Fig. S7). As expected,
one SUC (sucrose carrier-encoding gene), four STPs (sugar
transport protein-encoding genes), three GONSTs (GDP-
mannose transporter-encoding genes), one ERD6-like
(sugar transporter ERD6-like gene), two URGTs (UDP-
galactose transporter-encoding genes) and SWEET, a bidi-
rectional sugar transporter, showed higher transcripts at
48 hpi in L. theobromae-inoculated samples compared
with the mock control (Fig. S7). The transcript levels of
GONSTs and URGTs (except for GONST1) were increased
by ET pretreatment at 6 or 12 hpi (Fig. S7).

The plant cell wall is mainly composed of polysac-
charides, which are crucial for physical defense [29],
so we examined the expression of genes involved
in cell wall degradation (Fig. 5 and S8). Transcripts
of Glu12s and CEL, encoding the important cellulose
degradation enzymes β-glucosidase12s and cellulase,
respectively, were significantly upregulated at 6, 12 and
24 hpi in ET-pretreated samples compared to merely
infected samples (Fig. 5A). Transcripts of genes encoding
the pectin degradation-related enzymes pectate lyase
(PEL), polygalacturonase (PG), and pectinesterase (PE)
peaked earlier in ET-pretreated than in nonpretreated

inoculated samples (Fig. 5A). Moreover, the genes coding
for expansins, endo-1,4-β-glucanase, galactosidase and
xylosidase (Exps, EGases, Gal, and Xyl) had consistently
and significantly higher transcripts at 0, 6 and 12 hpi in
ET-pretreated, L. theobromae-infected samples compared
with nonpretreated samples (Fig. S9).

Suppression of the ET pathway decreases the
transcript levels of UDP sugar- and cell wall
degradation-related genes
The transcripts of the UXS1a, UXE, MPI, RGP, UXS1b and
UGDH genes involved in UDP-sugar biosynthesis were
constantly and significantly upregulated by L. theobro-
mae inoculation compared to the mock treatment, as
expected (Fig. 6A-F). Furthermore, their transcripts were
constantly and significantly repressed in AVG-treated tis-
sues in relation to the corresponding nontreated tissues
but were still significantly higher than those in the mock
samples (except for MPI) (Fig. 6A-F). A similar transcrip-
tional change was observed in 1-MCP-treated shoots. In
AVG- or 1-MCP-treated samples, the expression of the
cell wall-degrading genes PEL, PG and Glu12 was signif-
icantly downregulated relative to the corresponding L.
theobromae treatment (Fig. 6G-I). These results indicate
that the expression levels of UDP-sugar biosynthetic-
and, to a greater degree, cell wall degradation-related
genes positively correlate with the presence of ET.

EIL1 directly binds to the promoters of UDP-sugar
metabolic genes and activates their transcription
We analyzed the promoters of UDP metabolism genes
and found that these promoters contained putative
EIN3/EIL1 binding sites (EBS, TACAT) [30] (Fig. 7A).
As shown in Fig. 4C, the transcription of EIL1 was
significantly upregulated in L. theobromae-infected peach
shoots. Accordingly, we further examined whether EIL1
could activate UDP-sugar-related gene transcription.
Reporter constructs for LUC expression (driven by the
UXS1a, UXE, RGP or MPI promoter) and constructs
for an effector fused with EIL1 were created for the
firefly luciferase assay (Fig. 7A). Transient expression
in fully expanded leaves of 4-week-old tobacco plants
showed that the coexpression of the EIL1-containing
effector and any of the reporter constructs significantly
increased LUC activity compared with the control
(Fig. 7B), indicating that EIL1 acts as a transcriptional
activator of UXS1a, UXE, RGP and MPI.

Furthermore, a Y1H assay was performed to test the
physical interaction between EIL1 and the UXS1a, UXE,
RGP and MPI promoters. The generation of the prey com-
bining an activation domain (AD) fused with EIL1 (EIL1-
AD) and of the baits containing the UXS1a, UXE, RGP
and MPI promoters is schematically described in Fig. 7C.
The prey EIL1-AD and baits of the tested sequences were
cotransformed into Y1H gold yeast cells. The results
showed that EIL1-AD dramatically activated AbA (aure-
obasidin A) resistance and that yeast cells grew well

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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Figure 5. Expression profiles of differentially expressed genes associated with the metabolism of primary sugars and sugar content changes in
mock-treated, ET-treated and/or L. theobromae-infected shoots. (A) Schematic illustration of UDP-sugar, starch, and sucrose metabolism, as well as
pentose and glucuronate interconversions. Gene transcript patterns are presented as heatmaps on the basis of log2(FPKM) values. (B-G) Primary sugar
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of three independent replicates. Different letters represent significant differences in different treatments at the same time point at P < 0.05.

on the selective medium (SD/-Ura-Leu + 200 ng/ml AbA)
(Fig. 7D).

Discussion
ET and JA enhance peach shoot susceptibility to
L. theobromae infection
Phytohormones regulate plant development and play
central roles in the sensing and signaling of diverse biotic

and abiotic stresses and in the priming of the plant
defense response [13, 31]. ET plays complicated roles in
plant interactions with numerous pathogens, conferring
either resistance or susceptibility to host plants depend-
ing on the pathogen lifestyle and plant genotypes [9].
High levels of ET increase the susceptibility of mature
peach fruits to Monilinia laxa [32]. In wheat, suppression of
the ET pathway attenuates resistance to hemibiotrophic
Fusarium graminearum in resistant genotypes, whereas
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Figure 6. Impact of the ET inhibitor AVG or 1-MCP treatment on transcripts of genes related to UDP-sugar metabolism and cell wall degradation in
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artificial applications of ET lower the susceptibility to
infection in susceptible genotypes [11]. Based on our
results, a schematic model (Fig. 8) is proposed for the role
of ET in the peach defense response during L. theobromae
infection, which significantly triggered the accumulation
of ET and JA but not SA in the susceptible peach variety
“Spring snow” (Figs. 1 and 4).

ET is a well-known modulator of plant immunity,
either directly or via crosstalk with SA and JA networks,
and activates specific and systemic defense responses
[9]. Generally, SA mediates resistance against biotrophic
and hemibiotrophic pathogens, whereas JA and ET act
synergistically to enhance resistance to necrotrophs in
dicots [33]. As L. theobromae is a hemibiotrophic pathogen
[34], the plant defense response to it is poorly understood.
Although ET, ACC and MeJA supply had no direct effect

on lesion length, blocking the ET or JA pathways with
their inhibitors (AVG, 1-MCP or SHAM) significantly
decreased the lesion size upon L. theobromae infection
(Figs. 2 and 4). It is possible that the use of a highly
virulent isolate of L. theobromae and the susceptible peach
variety “Spring snow” in our pathosystem resulted in a
rapid expansion of necrotic lesions, which could not be
further enhanced by ET, ACC and MeJA treatments. In
addition, transcripts of PR-1a, PR-3, and PR-4 were higher,
while the expression of cell wall degradation genes was
repressed in shoots treated with ET inhibitors compared
with those merely infected with L. theobromae (Figs. 6
and S9). For gum formation, several previous studies
have shown that MeJA could induce gum formation in
peach shoots [16, 35]. However, in our pathosystem, the
MeJA inhibitor SHAM had no significant effect on gum

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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Figure 7. EIL1 targets the promoters of the UDP-sugar metabolic genes UXS1a, RGP, UXE and MPI. (A) Schematic diagram of effectors and reporters used
in the luciferase (LUC) activity assay. Black rectangles represent the EIN3/EIL1 binding sites in the promoters of the test genes. The numbers below the
fragments (UXS1a, RGP, UXE and MPI) indicate the positions of the nucleotides at the 5′-3′ end of each fragment relative to the translation start site in
the reporter. (B) Transient expression assays showing that EIL1 activates transcription driven by the promoters of UXS1a, RGP, UXE and MPI.
Luminescence imaging of Nicotiana tabacum leaves is shown 48 h after coinfiltration with reporter and effector construct pairs. (C) Schematic diagram
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formation, whereas both ET and ACC increased the gum
formation ratio, irrespective of MeJA pretreatment (Figs. 2
and 4). These results demonstrate that ET plays a core
role in gum formation, while both ET and JA positively
regulate lesion expansion in peach fungal gummosis.

Pretreatment with exogenous ET also rapidly and
markedly upregulated PAL transcripts and thus increased

SA accumulation upon L. theobromae infection (Fig. 4B
and E). It also downregulated the JA biosynthetic gene
OPR and decreased JA levels (Figs. 4A, 4D, and S6).
SA treatment decreased lesion length but not gum
formation in infected peach shoots (Fig. 4F and G).
Although ET supply facilitated SA accumulation, there
were no significant differences between ET-treated and

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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untreated inoculated peach shoots, but there was a slight
decrease in lesion size in the treated set (Figs. 2 and 4).
We speculate that ET itself could also positively promote
lesion spread (Fig. 2), which could mask, to some degree,
SA-induced resistance during the defense response of
susceptible peach varieties against L. theobromae. These
results demonstrated that both the ET and JA pathways
could increase peach susceptibility to the hemibiotrophic
fungal pathogen L. theobromae, while SA could promote
resistance, consistent with previous studies [33]. Our
results indicate that ET could participate in complex
antagonistic and synergistic interactions with JA and SA
biosynthesis, but the interplay and relative contribution
of these hormones in peach defense responses to L.
theobromae require further in-depth exploration.

ET boosts primary sugars flowing into
UDP-sugar metabolism for gum polysaccharide
synthesis during peach gummosis
The phytohormones ET and JA are essential factors
known to induce gum formation in plants [15]. Both
ethephon and MeJA could stimulate gum formation in
tulip [15], sour cherry [36], culinary rhubarb [37], and
peach [16, 22]. Additionally, ethephon, rather than MeJA,
induced gum duct formation in the xylem adjacent to
the cambium in Ailanthus excelsa, Cerasus tomentosa, P.
mume and Liquidambar styracif lua [17]. Ethephon is widely
used in agricultural practices as fruit ripening inducers
and herbicides, but high concentrations of ethephon are
phytotoxic to plants, and its decomposition products
may cause nonspecific responses [23]. To advance our
understanding of ET action while avoiding such potential
pitfalls linked to ethephon, we used gaseous ET in
our experimental system. Consistent with previous
studies, ET treatment before L. theobromae inoculation

accelerated and aggravated gummosis symptoms in
the current work; this was nicely complemented by
the effects of ET inhibitor treatment (Fig. 2). Metabolic
analysis showed that sucrose and sorbitol accumulated
around the lesion area at 12 hpi, and high sucrose levels
were still detected at 72 hpi after the release of large
gum amounts in L. theobromae-inoculated peach shoots
(Fig. 5B and C). In the same samples, transcripts of SUC
and STP transporter-encoding genes were upregulated
(Fig. S7). This result suggests that high local sucrose
could be due to existing sucrose being transported from
healthy tissues to the lesion area and to new sucrose
being synthesized via the upregulation of SS expression.

ET treatment increased the content of arabinose,
which is a main component of heteropolysaccharides
[19]; moreover, it significantly and sharply (at 24 hpi)
reduced the contents of fructose and glucose, which
could be broken down during respiration or converted
into other sugars, such as UDP sugars and sucrose
(Fig. 5). The formation of UDP sugars by different
types of interconverting enzymes (such as epimerases,
decarboxylases and dehydrogenases) is an important
step for polysaccharide biosynthesis [20]. Herein, ET pre-
treatment induced transcripts of UDP-sugar metabolic
genes such as RHM, UXS, UXE, RGP, PGM and UGDH [38,
39], and they peaked significantly earlier than in non-
pretreated, L. theobromae-infected tissues (Fig. 5A), which
was in accordance with the results from ET inhibitor
treatment (Fig. 6A-G). Our results also demonstrated
that EIL1 could directly bind to the promoter of the
UDP-sugar biosynthetic genes UXS1a, UXE, RGP and MPI
and thus activate their transcription (Fig. 7). As a result,
ET could promote UDP-sugar metabolism through the
action of EIL1, leading to high accumulation of gum
polysaccharide precursors.

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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ET may facilitate the transformation of UDP
sugars into gum polysaccharides
The plant cell wall is a complex structure composed
of polysaccharides and plays an important role in pro-
tecting plants against pathogens [29]. A previous study
showed that peach gum might be generated from the
degradation of the cell wall in the periderm and vas-
cular cambium within the lesion area [1]. Interestingly,
however, gum was exuded from incisions 5 cm away
from the inoculation site (as well as out of the lesion
surrounding it) on the 4th day post L. theobromae inocula-
tion in peach shoots [40], suggesting that polysaccharide
synthesis underlying gum formation in L. theobromae-
infected peach shoots may not be fueled by local cell wall
degradation.

UDP-sugar metabolism and transport are responsible
for the assembly of polysaccharides and for pectin
biosynthesis during the remodeling of the cell wall
structure, which is directly affected by changes in the
UDP-sugar pools [28]. However, the cell wall structure
has been shown to be seriously degraded, and related
enzymes accumulate during peach gummosis progres-
sion [40]. In our study, ET application accelerated UDP-
sugar metabolism around the lesion (Fig. 5) and shifted
the transcript peak of genes encoding cell wall-degrading
enzymes earlier relative to infection alone, an effect
suppressed by ET inhibitor treatment (Figs. 6G-I and
S8). The essential transporters URGT and GONST are
responsible for importing UDP-sugar substrates into
the Golgi lumen to synthesize polysaccharides [41], and
ET pretreatment significantly increased the transcripts
of the corresponding genes induced by L. theobromae
infection (Fig. S7). Hence, based on our previously
published data [18, 22] and the results of this work,
we suggest that ET stimulates the metabolism and
transport of UDP sugars that are then transformed into
gum polysaccharides, in addition to accelerating cell wall
degradation in the lesion area.

Conclusions
L. theobromae inoculation sharply and clearly triggered
ET production in peach shoots. ET supply dramatically
accelerated gum polysaccharide accumulation; con-
sistently, ET inhibitor treatments slowed it down. A
key transcription factor in the ET pathway, EIL1, could
directly bind to the promoters of UDP-sugar metabolic
genes and activate them; similarly, we propose that EIL1
may activate the expression of these same genes during
L. theobromae infection. Blocking the ET pathway decreased
the lesion size; thus, we suggest that this regulation
may happen by the transcriptional downregulation of
cell wall-degradation genes in inoculated peach shoots
and reflects better infection containment. Furthermore,
ET treatment altered JA and SA synthesis and possibly
perception; this finding offers further mechanistic
insight into the hormonal interplay, ultimately defining
the severity of symptoms (tissue lesions, gum formation)

upon L. theobromae infection. Our study provides evidence
that ET acts as a negative modulator of symptom
development during gummosis progression and provides
information on the larger hormonal network regulating
disease progression.

Materials and methods
Biological materials and growth conditions
The peach (P. persica L. Batsch) variety “Spring snow”,
a genotype that is highly susceptible to L. theobromae
[42], was grafted onto wild peach rootstocks and used
in this study. The phenotype of orchard-grown plants
during the growth or dormant period is shown in Fig. S10.
Lignified, current-year shoots with a length of 50–60 cm
and a diameter of 0.5 cm were selected from 4-year-old
peach trees in the experimental orchard of Huazhong
Agricultural University (Wuhan, China) between July and
August 2017. The pathogen L. theobromae strain JMB-122
was previously isolated from a peach tree laden with
gummosis in Hubei Province, China [2]. Prior to inocula-
tion, L. theobromae was cultured on potato dextrose agar
(PDA) medium at 28◦C for 3 days under a 12 h dark/12 h
light cycle (300 μmol s−1 m−2).

Experimental design and sample preparation
Inoculation was performed as described previously
[40, 43], with minor modifications. In brief, current-
year peach shoots were cut into 15-cm segments, and
leaves were stripped off. After surface sterilization with
70% ethanol, shoot segments were wounded at the
midpoint using sterilized needles, and then a single
5 mm-diameter agar plug covered in L. theobromae
mycelium was placed onto the wound. In parallel, a
sterile PDA plug was placed onto the wounded site as
a mock control. The inoculated/mock shoot segments
were separately placed in an upright position in 1800 mL
plastic bottles that contained 200 mL of sterilized water,
and the bottles were covered with transparent plastic
film to maintain humidity. The water in the bottles
was refreshed daily. Unless otherwise specified, bottles
containing shoot segments were placed in a growth
chamber at 28◦C with 90% relative humidity and 12 h
of light (300 μmol s−1 m−2).

To assess the hormonal effects on gummosis, the
previously prepared peach shoots were pretreated
with either 500 μM ACC (Sigma, MO, USA), 10 μL L−1

gaseous ET (Newradar gas, Wuhan, China), 15 ng mL−1

AVG (Sigma, MO, USA), 0.1 mg mL−1 1-MCP (Yuanye
Biotechnology, Shanghai, China), 500 μM SA (Sigma, MO,
USA), 100 μM MeJA (Sigma, MO, USA) or 500 μM SHAM
(Sigma, MO, USA) before inoculation with L. theobromae.
For each chemical treatment, 40 detached current-year
shoots per replicate were placed in separate plastic
bottles and thoroughly sprayed twice, 12 hours apart,
with 5 mL of each aforementioned chemical solution
(except for ET) and water (control). For ET treatment,
10 μL L−1 gaseous ET was injected into sealed plastic

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab019#supplementary-data
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bottles containing 40 peach shoot segments per replicate
for four times at 6-h intervals before L. theobromae
inoculation. In parallel, AVG- or 1-MCP-pretreated peach
shoots were inoculated with L. theobromae concomitantly
with the injection of gaseous ET.

L. theobromae inoculation was set as the starting time
point in all the treatments. Each treatment was run with
three independent biological replicates. In each treat-
ment, 15 shoot segments at every time point per replicate
were pooled as one analytical sample. At harvest, the
shoot tissues within 0.5–1.0 cm of the lesion were sam-
pled from the different treatments at 0, 6, 12, 24, 48, 72
and 96 hpi. The shoot samples were immediately frozen
in liquid nitrogen and stored at −80◦C for physiological
and molecular analysis.

For gummosis phenotyping, 40 individual peach shoots
per replicate were used for gum formation ratio and
lesion length measurement in each treatment as men-
tioned above. The peach shoots with visible gum were
divided by total experimental shoots, which was defined
as the gum formation ratio. At 96 hpi, the gum was col-
lected and dried at 65◦C until weight stabilization. Gum
weight was calculated by dividing the total dry weight
of gum by the fresh weight of the experimental shoots.
The data are shown as the means of three independent
biological replicates ± standard deviation (SD).

ET, JA and SA analysis
ET produced by inoculated peach shoots was measured
as described previously [44] with minor changes. Forty
inoculated shoot segments were enclosed in an airtight
bottle as aforementioned at the indicated time points.
A headspace gas sample (1 mL) was withdrawn using a
syringe and then submitted to gas chromatography (GC;
7890B, Agilent, DE, USA) using a machine equipped with a
DB-624 column (J & W GDX-502) and a flame ionization
detector (FID) for ET analysis. The temperatures of the
front inlet, FID, and column were set at 230, 180 and 90◦C,
respectively. Nitrogen and hydrogen at rates of 350 and
45 mL min−1, respectively, were used as carrier gases. ET
was quantified using an external standard (2% ET in N2)
and expressed as μL kg−1 h−1.

The contents of JA and SA were determined as
described previously [45], with some modifications.
Briefly, 0.1 g of shoot tissues was manually ground to
fine powder in liquid nitrogen and extracted with 750 μL
of cold extraction buffer (methanol: water: acetic acid,
80:19:1, v:v:v) containing the internal standards H2-JA
(10 ng mL−1; Sigma, MO, USA) and d4-SA (10 ng mL−1;
Yuanye Biotechnology, Shanghai, China). The mixture
was incubated on a shaker at 4◦C for 16 hours. After cen-
trifugation at 12000 g for 15 min at 4◦C, the supernatant
was transferred to a new 1.5 mL tube, and the pellet was
re-extracted with another 450 μL of extraction buffer
without internal standards. The two supernatants were
combined and passed through a 0.22 μm filter (Nylon
66; Jinteng experiment equipment, Tianjin, China). The
filtrate was dried under nitrogen flow, and residues

were dissolved in 200 μL methanol for ultrafast liquid
chromatography combined with electrospray ionization
tandem mass spectrometry (UFLC-ESI-MS/MS; Shimadzu
Corporation, Kyoto, Japan) analysis. Samples were further
diluted 200 times with methanol for SA analysis.
Phytohormones were measured at each sampling point
of each treatment, with three biological replicates.

Quantification of primary sugars
An analysis of primary sugars and nontargeted metabo-
lite profiling were performed as previously reported
[46], with minor modifications. Briefly, a 0.2 g powdered
sample of fresh shoot tissues was extracted in a 5 mL
glass tube with 2.7 mL of a mixture containing 2.4 mL of
methanol and 0.3 mL of adonitol solution (0.2 mg mL−1

as an internal standard). The samples were vortexed
and incubated at 70◦C for 15 min and then cooled down
to −20◦C for 30 min. After centrifugation at 5000 g
at 4◦C for 15 min, the pellets were dried under speed
vacuum and then incubated with 80 μL of 20 mg mL−1

methoxamine hydrochloride (Sigma, MO, USA) at 30◦C
for 1.5 h, and 80 μL of 1% N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (Sigma, MO, USA) was added to the
mixture for another 30 min incubation. Samples were
subjected to gas chromatography mass spectrometry
(GC–MS; Thermo Fisher Scientific, MA, USA) using a
machine coupled to a DSQ II mass spectrometer (Thermo
Fisher Scientific, MA, USA) for sugar analysis. The
primary sugars were identified by comparing their MS
spectra with authentic reference standards or with those
available in the National Institute of Standards and
Technology library. All of the sugar quantifications were
performed with three biological replicates.

RNA-seq and data processing
Total RNA of current-year peach shoots was extracted
using the EASY Spin Plus RNA Kit (Aidlab, Beijing, China),
along with DNase digestion columns, according to the
manufacturer’s instructions. The quantity, quality and
integrity of RNA samples were assessed using a Nan-
odrop 2000 spectrophotometer (Thermo Fisher Scientific,
MA, USA) and an Agilent 2100 Bioanalyzer (Agilent, DE,
USA). Total RNA samples from the mock, L. theobromae
and ET + L. theobromae treatments at 5 time points (0, 6,
12, 24 and 48 hpi) in triplicate were used for RNA-seq
with an Illumina HiSeq 4000 at Majorbio Biopharm Tech-
nology (Shanghai, China). The samples were prepared
using the Illumina Truseq™ RNA Sample Preparation Kit.
After sequencing, the raw reads containing adapters, poly
N > 10%, or low-quality reads (> 50% of the bases with a
quality value Q ≤ 5) were filtered to obtain clean reads.
The GC content, Q20 and Q30 of the clean reads were cal-
culated. The resulting clean reads were then aligned to
the reference genome of P. persica [47] using the software
TopHat2 and HISAT2, allowing two bp mismatches per
read. Gene expression levels were calculated using the
FPKM (fragments per kilobase per million reads) method
as described previously [48]. Differential expression of
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genes in these samples was analyzed using DESeq2, and
only those genes with log2 expression level changes ≥1-
fold and false discovery ratios <0.05 for at least two time
points between mock vs. L. theobromae and L. theobromae
vs. ET + L. theobromae treatments were defined as differ-
entially expressed genes (DEGs). The transcriptome data
were deposited in the Sequence Read Archive of NCBI
(Accession number: PRJNA687321).

cDNA synthesis and quantitative
reverse-transcriptase PCR (qRT–PCR)
For qRT–PCR analysis, 0.8 μg of isolated total RNA was
reverse transcribed into single-stranded DNA using
the primer Script® RT Reagent Kit with gDNA Eraser
(TaKaRa, Dalian, China) according to the manufacturer’s
instructions. qRT-PCRs were set up in 10 μL volumes
using Hieff™ qPCR SYBR Green Master Mix (Low Rox
Plus, Yeasen, Shanghai, China) on a QuantStudio 6 Flex
system (Applied Biosystems, MA, USA). The putative gene
sequences used in this study were obtained from NCBI
(http://www.ncbi.nlm.nih.gov/). Gene-specific primers
were designed with the Primer3 Plus program (http://
www.primer3plus.com) and synthesized by Tsingke
Biological Technology (Wuhan, China). The primer
sequences used for qRT–PCR are listed in Table S4. Ther-
mocycling was conducted with the following settings:
95◦C for 10 min, followed by 40 cycles at 95◦C for 15 sec,
60◦C for 20 sec and 72◦C for 20 sec. The gene transcript
levels were normalized with the corresponding values
for translation elongation factor 2 (TEF2) transcripts as the
internal standard in peach [21, 44]. The fold-change of
transcript abundance was determined by the 2-��CT

method [49]. The qRT–PCR results are shown as the
means of three independent biological replicates and
four technical replicates ± SD.

Firefly luciferase assay
The coding sequence (CDS) of EIL1 was inserted into
pGreenII 62-SK to construct an effector, and promoter
fragments of the target genes were fused into the
pGreenII0800-LUC vector. The reporter and effector
constructs, together with the pSoup19 vector, were
transfected into Agrobacterium tumefaciens (GV3101).
After culturing for 12–16 hours, the agrobacterium cul-
tures harboring pGreenII-62-SK-EIL1 and pGreenII0800-
promoter-LUC were resuspended and mixed at a 10:1
(v:v) ratio. The mixed resuspension was infiltrated into
4-week-old Nicotiana benthamiana leaves. In parallel, the
agrobacterium culture mix harboring the pGreenII-62-
SK vector and pGreenII0800-LUC promoter was used
as a control. The experimental combinations and the
corresponding controls were injected into the same leaf
on the opposite sides of the main rib. Two days after
coinfiltration, luciferase activity was measured using the
VivoGloTM Luciferin, In Vivo Grade Kit (Promega, WI, USA)
and imaged using a NightSHADE LB985 system (Berthold
Technologies, Stuttgart, Germany).

Yeast one-hybrid (Y1H) assay
For the Y1H assay, the full-length CDS of EIL1 was cloned
into the pGADT7 vector containing a GAL4 transcrip-
tional activation domain to generate a prey. The promoter
fragments of UXS1a, UXE, MPI and RGP containing the
bait sequence were individually cloned into the pAbAi
vector. After verification of the integration of bait vectors
into the Y1H gold yeast strain (Shanghai Weidi Biotech,
China), the prey vector was transformed into the strain.
The cotransformed yeast cells were cultivated in SD/
-Ura-Leu medium with or without AbA at 30◦C for 3–4 d.
The Y1H assay was performed according to the manufacturer’s
protocol (Matchmaker One-Hybrid System; Clontech).
Plates were incubated at 30◦C for 3–5 days, after which
yeast growth was assessed.

Statistical analysis
Statistical significance analysis (one-way ANOVA and
Duncan’s post hoc test) was performed with the
program SPSS13 (IBM, USA) for the gummosis phe-
notype, phytohormone, primary sugar and transcript
abundance by qRT–PCR data. The transcriptome data
were analyzed on the Majorbio I-Sanger Cloud Platform
(www.i-sanger.com).
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