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2,4-EPIBRASSIONOLIDE ACTIVATES PRIMING RESISTANCE
AGAINST RHIZOPUS STOLONIFER INFECTION IN PEACH FRUIT
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This study was conducted to assess the effects of 2,4-epibrassionolide (EBR) on mold decay caused by Rhizopus
stolonifer and its capability to activate biochemical defense reactions in postharvest peaches. The treatment of EBR
at 5 M possessed the optimum effectiveness on inhibiting the Rhizopus rot in peach fruit among all treatments. The
EBR treatment significantly up-regulated the expression levels of a set of defense-related enzymes and PR genes that
included PpCHI, PpGnsl, PpPAL, PpNPRI, PpPRI and PpPR4 as well as led to an enhancement for biosynthesis
of phenolics and lignins in peaches during the incubation at 20 °C. Interestingly, the EBR-treated peaches exhibited
more striking expressions of PR genes and accumulation of antifungal compounds upon inoculation with the
pathogen, indicating a priming defense could be activated by EBR. On the other hand, 5 pM EBR exhibited direct
toxicity on fungal proliferation of R. stolonifer in vitro. Thus, we concluded that 5 uM EBR inhibited the Rhizopus
rot in peach fruit probably by a direct inhibitory effect on pathogen growth and an indirect induction of a priming
resistance. These findings provided a potential alternative for control of fungal infection in peaches during the
postharvest storage.
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Peaches (Prunus persica L.) are considered among the most cultivated horticultural crops
throughout the world because of their attractive flavour and abundant phytonutrients (AUBERT
& CHALOT, 2020). Nevertheless, harvested peach fruit ripen and deteriorate rapidly with the
high susceptibility to fungal infections by a broad range of bacterial phytopathogens, resulting
in severe economic losses. Rhizopus stolonifer (Ehrenb. ex Fr.) Vuill. is a representative
necrotrophic fungal pathogen that brings about severe Rhizopus rot in peaches (ROMANAZZI
etal., 2016). Constrain on postharvest decay in agronomic fruits relies on the use of chemical
fungicides mainly, but the public concerns over low-level chemical residuals in the
environment and the development of pathogen resistance to some fungicides have grown
dramatically in the last decade. Thus, there is an imperative need for natural substances to
control postharvest diseases of fruits (RUSSELL, 2000).

Recently, brassinosteroid (BR) as a natural growth-promoting phytohormone has been
catching the attention of researchers. Among the BRs, the most important compound of
2,4-epibrassionolide (EBR) has been well-documented to be an efficient inducer for both
functions of regulating plant physiological processes and inducing the transcriptions of
defense genes against pathogen attacks (FILEK et al., 2018). Furthermore, a few researches
have displayed that EBR or BRs are potential candidates for “assisted phytoremediation” in
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stress-responding systems and further up-regulated the resistances of model plant species to
viral, bacterial, and fungal pathogens, such as barley (AL et al., 2013), Arabidopsis thaliana
(ALBRECHT et al., 2012), tobacco, and rice (NAKASHITA et al., 2003). Nevertheless, limited
data are available on the EBR induction on disease-resistance responses in agronomic fruits.
Hence, the goal of the present research was to determine the most effective concentration of
EBR to reduce decay caused by R. stolonifer on peaches and to analyse the molecular
mechanisms involved.

1. Materials and methods

1.1. Fruit and inoculum

Typical commercially mature peaches (Prunus persica Batsch. cv. ‘Baifeng’) were picked
manually from an organic vineyard located in Suining, Sichuan Province, southwestern
China and transported to the laboratory within 2.5 h. Mechanical-damage-free peaches
without any visual infection with uniform size and colour were carefully chosen. The spore
suspension of R. stolonifer was made by rinsing the spores from the edge of the one-week-old
PDA culture of the pathogen with sterile water containing 0.05% Tween-80, and then the
suspension concentration of R. stolonifer was setto 1.0x10% spores ml "' using ahaemocytometer
counting chamber.

1.2. Preliminary experiment

In order to determine the optimal EBR concentration for inhibiting R. stolonifer infection, the
selected peaches were superficially sterilised with ethanol (75% v/v), air-dried at ambient
temperature, and then two uniform wounds (3-mm-deep and 3-mm-diameter) were punched
around the equatorial zone. The wounded peaches were then randomly divided into four
groups of 60 each. Afterwards, EBR solution at 0 (control), 1, 5, and 10 uM were injected
into the wounds in each group of peaches and subsequently inoculated with the spore
suspension of R. stolonifer. All peaches were sealed in polyethylene bags (60-pum thickness)
and incubated at 20+1 °C for 3 d with 80-90% R.H., and disease incidence was calculated at
hours 24, 48, and 72 during the incubation period following our previous method (L1 et al.,
2020). Each treatment consisted of three replications, and the entire experiment was repeated
in triplicate.

1.3. Induction of disease resistance by EBR in peaches

As our preliminary experiment showed, EBR at 5 uM presented the lowest disease incidence
and lesion diameter (Fig. 1). Therefore, 5 uM EBR was employed to treat peaches in a
subsequent experiment. The selected peaches were superficially sterilised and wounded as
described in section 1.2, and then randomly divided into four groups of 90 each and treated
as follows: (1) control peaches that were injected with distilled water alone; (2) EBR-treated
peaches that were injected with EBR alone; (3) pathogen-inoculated peaches that were
injected with R. stolonifer alone; and (4) EBR + inoculation, peaches were pre-injected with
EBR following subsequent R. stolonifer inoculation. Afterwards, all peaches were incubated
at 20+1 °C and 80-90% R.H. Healthy tissue samples were collected before the elicitations
and at 12-h intervals during 72 h of the incubation and then quick-frozen at —80 °C for
analysis of the induced resistance. Each treatment was employed based on a completely
random scheme with three replications, and the experiment was carried out three times.
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Fig. 1. Disease incidence (A) and lesion diameter (B) of peaches with 0, 1, 5, and 10 uM EBR treatment and R.
stolonifer inoculation during 72 h of incubation. Data are expressed as the mean + SE of triplicate assays. Vertical
bars represent the standard errors of the means. Different letters above the bars indicate statistically significant
differences between treatments (P<0.05).
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1.4. Total phenolic and lignin contents

Total phenolics content was measured based on the procedure of Folin—-Ciocalteu (SLINKARD
& SINGLETON, 1977), and the lignin content was gravimetrically quantified following the
assay of Assis and co-workers (2001). Both parameters were expressed as milligrams per
gram of FW (fresh weight).

1.5. Gene expression of defense-related enzymes and PR genes

The total RNA extraction from frozen tissue samples was carried out using RNAprep Pure
Plant Plus Kit (DP441, Tiangen). Aliquots (1 pg) of RNA were prepared to synthesize the
first strand cDNA using a PrimeScript™ RT reagent kit (RR037A, Takara). Quantitative real-
time PCR (qRT-PCR) was conducted using TB Green® Fast gPCR Mix (RR430A, Takara)
with the specific primers of resistance-related enzymes (PpCHI, PpGnsl, PpPAL) and PR
genes (PpNPR1, PpPR1, PpPR4), which are listed in Table S1. The qRT-PCR reactions were
normalised by cycle threshold value according to the method of Livak and SCHMITTGEN
(2001). The relative expression of defense-related enzymes and PR genes were calibrated
with the values for the day 0 fruit being set as 1.

1.6. Effect of EBR on spore germination of R. stolonifer in vitro

Spore germination and germ tube length of R. stolonifer were studied in potato dextrose broth
(PDB) tubes following the method of WANG and co-workers (2015). One hundred microlitres
of the spore suspension was transferred into the tubes with 5 ml PDB with or without 5 pM
EBR. All prepared tubes were incubated in a shaker (100 r.p.m., 26 °C). After 12, 24, or 36 h,
about 100 spores were evaluated for germination rate and germ tube length in three different
microscopic fields. Spores were recognised as germinated when germ tube length was not
lower than the largest diameter of the conidium.
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1.7. Effect of EBR on mycelial growth of R. stolonifer in vitro

To tests the effect of EBR on mycelial growth of R. stolonifer, 20 ml molten PDA at 50~60
°C were mixed with EBR to yield final concentrations of 0 or 5 M per Petri dish (diameter:
90 mm). After the dishes solidified, a 5 mm R. stolonifer disc taken from the periphery of
5-day-old culture was placed in the center of each PDA plate. All Petri plates were incubated
at 26 °C for 3 days. The effect of EBR on mycelial growth was calculated according to the
formula:
Inhibitory rate on mycelial growth (%) = [(dc—df)/(dc—5 mm)]x100%,

where dc = average diameter of fungal colony in control and dz = average diameter of fungal
colony in the treatment of EBR. Each treatment was replicated three times and the experiment
was repeated three times.

1.8. Statistical analysis

The data presented were on the basis of the three independent experiments and shown as the
means + standard errors (SE) of nine biological replicates. Statistical analysis was performed
by one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test using
the software SAS (ver. 8.2), and P-values <0.05 were considered to be significant.

2. Results and discussion

2.1. Effects of EBR treatments on inhibiting Rhizopus rot in postharvest peaches

Extensive research has manifested that BR metabolism serves as a rate-limiting regulator of
BAKI (a special interactor of Flagellin-Sensing 2) -mediated pathogen-associated molecular
pattern (PAMP) responses (GRUszKA, 2013). As an active BR, 2,4-epibrassionolide (EBR)
also exerted its biological role in eliciting resistance to pathogen or insect attacks in crops
(KHRIPACH et al., 2000; ZHoU et al., 2015). As can be seen in Fig. 1A, EBR treatment at 1 or
10 uM caused a significant inhibitory effect on disease incidence over the time-course of the
experiment compared with the controls. Specifically, treatment of peaches with 5 uM EBR
exhibited the most obvious effect on suppressing Rhizopus rot, with the disease incidence in
the 5 uM EBR-treated peaches being 26.93% or 17.40% lower than the 1 or 10 uM EBR-
treated samples at the end of the incubation, respectively. Simultaneously, the lesion diameter
in peaches treated with 5 uM EBR was significantly smaller than that seen in peaches with 1
or 10 uM EBR-treated during the incubation (Fig. 1B). As shown in Figure 2, harvested
peaches deteriorated more quickly once the fruit suffered from R. stolonifer infection.
Remarkably, 5 uM EBR treatment greatly delayed the degree of Rhizopus rot and the spread
speed of hyphae on the epidermis of peach fruit during 72 h of incubation. Therefore, 5 uM
EBR was recognised as the optimum concentration in inhibiting the natural postharvest decay
as well as the artificial infection caused by R. stolonifer in postharvest peaches, which
indicated that the 5 pM EBR was the appropriate measure to enhance disease resistance of
peach fruit and to prevent fungal attack after harvest.
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Fig. 2. Peach fruit with or without 5 uM EBR treatment and R. stolonifer inoculation display significant
appearance changes during 72 h of incubation. EBR and R. stolonifer inoculation experiments were conducted
three times independently with similar results. Representative peaches were photographed and compared at 24 h
intervals throughout the incubation period (24 h, 48 h, and 72 h).

2.2. Effect of the EBR on the elicitation of resistance in peach fruit against R. stolonifer
infection

Given that employing 5 uM EBR conferred with the lowest Rhizopus rot in peaches, this
concentration was chosen to analyse the effect of EBR on some parameters linked with
induction of disease resistance.

Plants survive fungal pathogen attacks by exerting several layers of defensive reactions.
They can rapidly perceive the presence of pathogens and elicitors responding by the induction
of a highly coordinated cellular biochemical and structural defense system to restrict the
development of pathogenic symptoms (MAOR & SHIrRASU, 2005). Among the PR proteins,
chitinase and [B-1,3-glucanase, which possess the capability of hydrolyzing the polymers
within fungal cell walls, are thought to be involved in the plant defense mechanisms against
fungal infections (MAUCH et al., 1988). Phenylalanine ammonia lyase (PAL) is a critical
enzyme in the phenylpropanoid pathway, which results in the biosynthesis of a variety of
active metabolites, such as phytoalexins, phenols, and lignins (RyaLs et al., 1996). In addition,
accumulation of lignin and phenolics can consolidate a potent physical barrier against
pathogen infection (MANDAL, 2010). In this study, the results revealed that the enhancement
of disease resistance by EBR treatment was paralleled with the enhanced contents of total
phenolics and lignins (Fig. 3) and the obvious increase on the gene expressions of a series of
defense-related enzymes, such as phenylalanine ammonia-lyase (PpPAL), chitinase (PpCHI)
and B-1,3-glucanase (PpGnsl) (Fig. 4A-C). These results were consistent with the viewpoint
of ZHuU and co-workers (2008), who revealed that the increase in activities of chitinase, B-1,3-
glucanase and PAL could contribute to the resistance against pathogen infection. Moreover,
PpNPR1 is highly homologous with the Arabidopsis thaliana NPR1 gene (Fig. S1), showing
similar defensive behavior in activating the expression of pathogen-related genes for
combating pathogens (KINKEMA et al., 2000). The peaches with 5 uM EBR treatment alone
have less significant capabilities to induce immediate and strong transcript level changes in
the three PR genes including PpNPR1, PpPR1, and PpPR4 (Fig. 4D-F), on the contrary, the
subsequent R. stolonifer inoculation triggered a remarkable defensive response and enhanced
the transcript values of the PR genes, which implied that the induced resistance mediated by
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EBR should not be employed as a direct response. Because the EBR alone failed to induce
phenotypic defence traits, we inferred that this pathogen-dependent resistance in EBR-treated
peaches can be attributed to a priming mechanism for expressing magnified molecular
defensive responses upon pathogen invasions. These findings support our previous researches
on antagonistic bacterium and BABA (B-aminobutyric acid) -induced resistance in strawberry
and grapefruit, demonstrating that the elicitor applied at relative low dose/concentration
could lead to a priming mechanism to confer necessary resistance against various postharvest
diseases (WANG et al., 2016; 2019).
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Fig. 3. Changes in the contents of total phenolics (A) and lignin (B) in peach fruit with or without EBR treatment
and R. stolonifer inoculation during 72 h of incubation. Data are expressed as the mean + SE of triplicate assays.
Vertical bars represent the standard errors of the means.

—{1—: Control; —&—: EBR; —#—: Inoculation; —@—: EBR+inoculation

It is noteworthy that PpNPRI is a key mediator protein in plant signal transduction
pathway, causing the activation of SAR (Systemic Acquired Resistance) (KINKEMA et al.,
2000). Alternatively, PpPR1, a marker gene of the SA (salicylic acid) -independent signalling
pathway, was evidently up-regulated in EBR-primed peaches infected with R. stolonifer (Fig.
4E). Thus, SAR presumably participates in the EBR-clicited priming state for inciting
sustainable increases in defensive response upon pathogen invasions.

2.3. In vitro efficacy of 5 uM EBR on the growth of R. stolonifer

Addition of 5 uM EBR to the minimal medium strongly restricted spore germination and
germ tube elongation of R. stolonifer in PDB tubes, both of which were obviously retarded
when compared with the controls at each time point (Table S2). Meanwhile, EBR treatment
also markedly restrained the mycelial growth of R. stolonifer in vitro during 72 h incubation,
and the inhibitory rate presented a growing trend within the incubation time (=0.96"") (Table
S2). Hence, our results confirmed that 5 uM EBR might have direct lethal effects on R.
stolonifer, ultimately resulting in an inhibition of Rhizopus rot on peaches. This direct
effectiveness of EBR in controlling fungal infection of table grape was also described by Liu
and co-workers (2016) through epidermal spraying.
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3. Conclusions

In addition to its direct inhibitory effects on R. stolonifer growth, treatment with 5 uM EBR
activated the significant disease resistance against Rhizopus rot in postharvest peaches during
the incubation. The EBR-induced resistance in the present study was a typical priming
defense, which primed peaches for the enhanced expression of PRs and biosynthesis of lignin
and phenolics upon challenge with R. stolonifer. Thus, the EBR treatment restricted the
development of Rhizopus rot in peaches through dual different modes including direct fungal
toxicity and indirect induced priming defense. Since priming defense represents a “cost-
effective” feature in evolutional disease strategy in plants by minimizing plant growth cost
and fruit quality loss when compared to the direct defense (CONRATH et al., 2015), we suggest
5 uM EBR treatment for the potential control of Rhizopus rot in postharvest peach industry
during distribution and storage.

This study was supported by the National Natural Science Foundation of China (No. 31671913 and 31672209) and
the Funding Project for Fifth Excellent Talents in the Universities of Chonggqing City (201731).
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