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Abstract

Sorbitol is an important primary metabolite that serves as both a carbon source and signal to pathogens. The leaf dis-
eases caused by Alternata alternata are particularly serious in crabapple (Malus micromalus). Here, we found that sorbi-
tol can enhance the resistance of crabapple to A. alternata R1 by increasing the content of flavonoid catechin.
Nanomaterials as an emerging technology tool can efficiently deliver INcRNA to target cells. Here, we found nanoen-
capsulated INcRNA809 (SPc/IncRNA809) exhibits significant resistance to R1strain. To elucidate the effect of SPc/
INcRNABQ9 on flavonoids catechin synthesis, we observed the expression of INCRNA809 was consistent with that of
MmNACT7 which regulates the synthesis of catechin and both could jointly respond to sorbitol. MMmNAC17 induced
the accumulation of catechin in vivo by directly activating the expression of catechin synthase genes MmF3H

and MmLAR. Correspondingly, overexpression of INcRNA8Q9 significantly upregulated the expression of MmNACT7
and enhanced the disease resistance. This study reveals for the first time that sorbitol positively regulates the expres-
sion of MMNAC17 through IncRNA8Q9, promoting the accumulation of catechin via the expression of MmF3H

and MmLAR, ultimately improving the defense response of M. micromalus. This research provides a crucial foundation
for the establishment and application of sorbitol-based signaling regulatory networks.
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Core

Sorbitol triggers M. micromalus with resistance to fungal
infections by regulating the biosynthesis of catechin. The
regulation of catechin biosynthesis by sorbitol is mainly
achieved through the cascade reaction of IncRNA809-
MmNAC17. Under pathogen infection, the transcription
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of IncRNA809 can be activated by the sorbitol signal.
LncRNAB8OQ9 positively regulates the expression of tran-
scription factor MmNAC17, which in turn binds to the
promoters of MmF3H and MmLAR, thereby positively
regulating the biosynthesis of flavonoid catechins and
ultimately enhancing the resistance of M. micromalus
to Alternaria R1. At the same time, SPc nanomedicines
derived from non-coding RNA IncRNA809 also have
a good defense effect against Alternaria pathogens by
mediating the biosynthesis of catechin.
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Introduction

In plant-microbe interactions, sugars produced by
photosynthesis not only provide a carbon source for
pathogens, but also fuel the growth and development
of host plant. Sorbitol, a carbon reservoir of plants in
the Rosaceae family, functions as the main accumula-
tion of photosynthetic products. Increasing amounts
of research have revealed that sorbitol also functions
as a signaling molecule, contributing to plant defense
against diseases. Aldose-6-phosphate reductase (A6PR)
was identified as a key enzyme in sorbitol metabolism.
In our previous research, two antisense A6PR lines were
found to be susceptible to A. alternata, as the decrease
of sorbitol altered the expression level of the disease
resistant protein MANLR16. When MdNLR16 was over-
expressed in two antisense A6PR lines, the plant was
given enhanced resistance. Further, our data indicated
that MdWRKY?79 functions as an upstream regulator of
MANLR16 in the signal transduction process in response
to sorbitol, thus altering the resistance of apple leaves to
A.alternata (Meng et al. 2018). Meanwhile, a reduction
in sorbitol synthesis is associated with abnormal stamen
development and diminished pollen tube growth in apple,
mediated by the MYB transcription factor MdAMYB39L.
MdMYB39L binds to the promoter ofMdSTP13a, a sugar
transporter that imports both hexose and sucrose. This
interaction activates MdSTP13a expression, which in
turn influences pollen tube growth (Meng et al. 2018; Li
et al. 2020). Malus micromalus, a plant in the Rosaceae
family with ornamental, edible, and medicinal purposes,
is widely distributed in northern China. Approximately
80% of this region is affected by fungal diseases of the
genus A.alternata. In wet years, leaf spot-like symptoms
were so severe that early defoliation occurred on these
trees. Therefore, as an important economic forest spe-
cies of the apple genus, it was also observed that external
application of sorbitol exhibited minimal symptoms.

In the field of plant disease resistance research, diverse
mechanisms of plant signal transduction have been
identified, including transcriptional regulation (Qi et al.
2021). Long non-coding RNAs (IncRNAs; longer than
200 nucleotides) regulation of target gene expression
(Palos et al. 2023), protein modifications including phos-
phorylation or ubiquitination and others (Zhang et al.
2023; Wang et al. 2023). It was reported the functional
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interpretation of long chain noncoding RNAs (IncRNAs;
over 200 nucleotides) is challenging due to their low
expression levels and a lack of sequence conservation.
However, multiple types and origins of IncRNA have been
identified and displayed in transcriptional regulation and
chromatin modification (Kung et al. 2013; Laurent et al.
2015). It has been found that IncRNA SABCI1 can act as
a molecular switch to balance plant defense and growth
by regulating SA biosynthesis (Liu et al. 2022). Upon acti-
vation of a plant’s disease resistance system, it promptly
initiates a cascade of early immune responses, including
calcium influx activation, phosphorylation of cytoplas-
mic kinases, as well as other signaling events. In addi-
tion, plant IncRNA plays a pivotal role in response to
biotic and microbial stress (Tan 2020). Several IncRNAs
that respond to pathogenic fungal infections have been
identified in plants such asArabidopsis (Zhu et al. 2014),
wheat (Bilir et al. 2019), and tobacco (Zheng et al. 2021).
LncRNA ELF18-INDUCED LONG-NONCODING
RNA1 (ELENA1) has been reported to interact with the
Mediator subunit 19a to regulatePRI, thereby enhanc-
ing resistance to Pseudomonas syringe (Seo et al. 2017).
Moreover, it was reported that the first charaterization
of resistance associated IncRNAs was conducted in two
distinct cotton species, with one being resistant and the
other susceptible to fungal disease (Zhang et al. 2018).
Species-specific IncRNAs with a higher density of sin-
gle nucleotide polymorphisms (SNPs) tend to exhibit
more pronounced induction levels following infection
compared to species-conserved (core) IncRNAs. These
reports indicate that IncRNA plays an important role in
the response of plants to fungal diseases.

In agricultural production, the prevention and control
of economic forest diseases mainly depend on agricul-
tural pesticides. However, the frequent use of pesticides
has raised concerns about environmental impact, as well
as human and ecological health and safety. Therefore,
an alternative green technology should be developed to
minimize toxicity, enhance target specificity, and ensure
environmental sustainability. Excitingly, the emerg-
ing generation of advanced pesticides based on nano-
technology (nanopesticides) offers a highly efficient and
low-toxicity solution for modern green prevention and
treatment. As an emerging technology, nanomaterials
can deliver siRNA, miRNA, and IncRNA to target cells,
thereby achieving more efficient treatment. Here we con-
structed a facile-synthesized Star Polycation (SPc) as a
low-cost dsRNA nanocarrier (Fig. 8A). The application of
nanomaterials in plant science has significantly propelled
the development of agriculture. The delivery of biomole-
cules (plasmid DNA, IncRNA, etc.) mediated by nanoma-
terials has achieved sustainable management of various
diseases and pests. Consequently, nanocarriers may be an
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effective tool for enhancing plant immunity and inhibit-
ing pathogens in the future.

Flavonoids, as an important secondary metabolite, are
believed to play important roles in both biological and
abiotic plants, serving as active oxygen scavengers. It was
found in recent studies that IncRNAs regulate the synthe-
sis of plant flavonoids by interacting with miRNAs and
protein coding genes (PC genes) (Yang et al. 2019; Zhang
et al. 2018). Activation of both PTI and ETI immediately
initiate a series of early immune responses, including
the activation of calcium influx, and the phosphoryla-
tion of cytoplasmic kinases and production of secondary
metabolites (Lee et al. 2021). Research has shown that
flavonoids in plants regulate drought and salt response
by promoting antioxidant enzyme activity, and repairing
damage caused by ultraviolet radiation. Abiotic stresses
such as drought can also promote can also promote
the synthesis and accumulation of flavonoids. It can be
inferred that the biosynthesis and regulation of flavonoids
are also closely related to biological stress. Specifically,
flavonoids can resist microbial invasion in various ways,
for example, by inhibiting bacterial toxin synthesis (Her-
tel et al. 2006), inhibiting bacterial migration (Riitschlin
et al. 2020), inhibiting biofilm formation (Bjarnsholt et al.
2013), and inhibiting fungal hyphal growth (Zhang et al.
2022). Recently, it has been discovered that hormones
like SA regulate the biosynthesis of catechin to resist
rust in poplar trees (Rabiey et al. 2022). Catechin is read-
ily induced and accumulated in antibacterial varieties
of poplar. The antibacterial activity of catechin in vitro
is regarded as considered one of the important reasons
for the difference in resistance between antibacterial and
non-antibacterial varieties of poplar, which has practical
significance for tree breeding (Yang et al. 2023).

We know that calcium signaling is an important fac-
tor involved in plant defense research, and the changes
in calcium ion influx can reflect the cell’s defense ability
against fungal diseases. NMT (Non-invasive Micro-test
Technology) is widely used in plant disease resistance
research. NMT has emerged as a critical tool for monitor-
ing calcium influx, but no studies to date have employed
NMT technology to reflect the relationship between fla-
vonoids and diseases resistance, especially in economic
trees. In this study, NMT was used to measure calcium
ions in leaf cells after fungal infection or sorbitol treat-
ment. The instantaneous increase of intracellular calcium
ions reflects the enhancement of resistance (Hao et al.
2024). The accumulation of flavonoids and its subsequent
modulation of plant tolerance are subjects of increasing
research interest. NMT is acknowledged for its conveni-
ence and clarity in reflecting the enhanced stress toler-
ance of cells.
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In the era of genomics, gene regulatory networks
(GRNs) have emerged as a prominent framework to
understand the development and evolution of organ-
isms. Therefore, researchers have conducted deep learn-
ing and established a multilayered hierarchical gene
regulatory network centered around transcription fac-
tors (TFs), which helps plants cope with environmental
fluctuations by dynamically regulating gene expression
profiles. From another perspective, we believe that the
expression of these core genes is guided by signals, that
is, plants transmit information through the “signal waves”
in their bodies. Therefore, this study mainly focuses on
the signal hierarchy regulation relationship between pri-
mary and secondary metabolites in terms of signal trans-
mission. In this work, we found that long non-coding
RNA IncRNAS809 is involved in regulating the expression
of both MmF3H and MmLAR, which encode two key
enzymes for catechin synthesis, in response to the pri-
mary signal sorbitol. Actually, IncRNA809 positively reg-
ulates the transcription of MmNACI7, which binds to the
promoters of both MmF3H and MmLAR to activate their
transcription. This process promote the accumulation
of catechin (the secondary signaling molecule) thereby
enhancing the disease resistance of Malus micromalus.

Results

The primary signaling molecule, sorbitol, significantly
enhanced the resistance of Malus micromalus to the A.
alternata R1 strain

Sorbitol is the main photosynthetic product of plants in the
Rosaceae family. Previous studies have found that reduced
synthesis of sorbitol leads to downregulation of the MdNL-
Rgene, thereby reducing the resistance of apple seedlings to
pathogenic fungi (Dong Meng et al. 2018). M. micromalus
belongs to the apple genus that has a similar photosynthetic
product to apples—sorbitol. To determine whether sorbi-
tol in M. micromalus exhibits disease resistance, a series of
sorbitol feeding experiments were conducted. Firstly, we
isolated three pathogenic fungi from the diseased leaves,
named “R1’ “R2’ and “R3’ respectively (Supplemental
Fig. 1A). The three pathogenic fungi were re-inoculated
onto the leaves to verify their infectivity, and the results
showed that R1 has strong pathogenicity (Supplemental
Fig. 1B). Therefore, R1 is the main pathogenic fungus caus-
ing the brown spot disease of M. micromalus. Sequence
identification and phylogenetic analysis confirmed that R1
belongs to the A. alternata R1 fungi (Supplemental Fig. 1C).
Subsequently, it was verified that 50 mM sorbitol had a sig-
nificant inhibitory effect on A. alternata R1. Sorbitol was
used to continuously feed the leaves of M. micromalus for
6 h. After that, the pathogen inoculation was carried out on
the surface of the leaves, and leaf lesions were subsequently
observed following infection. We fed leaves only with water
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as control. Exogenous feeding of sorbitol can increase the
endogenous content of sorbitol in leaves (Supplemental
Fig. 2). The proportion of disease spots formed on leaves
that were fed with sorbitol and R1-infected was higher than
that of the control group without inoculation, but signifi-
cantly lower than that of leaves that were not fed with sorbi-
tol but infected with R1. This indicates that leaves treated
with sorbitol showed better resistance. On the 7th day after
inoculation, 26% of the leaves infected with R1 but not fed
with sorbitol were mildly infected (lesion area<10%), and
26% were moderately infected (lesion area 10 -50%). In con-
trast, leaves fed with sorbitol had a lesion area of less than
10% (Fig. 1A-B). To observe the development of lesions
more vividly, we created movies based on the continuous
phenotypes of four treated leaves. The fungal infection can
be clearly seen (moviesl-4). To describe the extent of leaf
damage more specifically, cell membrane permeability was
used as a key indicator in different treatment groups. The
cell membrane permeability of the leaves in the sorbitol fed
group and R1-inoculated group was significantly lower than
that of the only inoculated group from 4th day, indicating
that sorbitol can alleviate the degree of disease infection to a
certain extent (Fig. 1C). In order to further illustrate the con-
clusion that sorbitol can alleviate fungal disease invasion, we
chose Ca®* as an important indicator. Ca?" is activated in
the early stages of pathogen invasion. The rapid increase in
Ca**concentration will trigger downstream signal transduc-
tion, leading to plant immune responses (Hao et al. 2024).
To some extent, we can use Ca?" influx to represent the
enhanced disease resistance of M. micromalus leaves due
to sorbitol. To further prove our hypothesis, the Ca* fluxes
of the infected leaves after sorbitol exposure were measured
by Noninvasive Microtest Technology (NMT). The Ca** in
untreated mesophyll cells was in a slight efflux state (about
80 pmol cm™ sec™), while the sorbitol treatment signifi-
cantly increased Ca** efflux, with a Ca®" flux value of 500
pmol cm ™ sec™!. Pathogen infection significantly increased
intracellular Ca" fluxes relative to the healthy control: Ca*"
influx induced by R1 increased by 201.5 pmol cm™ sec™! in
leaves not fed with sorbitol, and the intracellular Ca®* level
reached about —121.5 pmol cm™! sec™!. However, Ca?"
influx induced by R1 increased by 696 pmol cm™ sec™* in
leaves fed with sorbitol, and the Ca** flux value ultimately
reached about — 196 pmol cm™! sec™! (Fig. 1D). Since sorbi-
tol treatment led to a stronger calcium influx, so we believe
that sorbitol can enhance the resistance of M. micromalus to
A. alternata R1.

Sorbitol activating the expression of genes involved

in flavonoid biosynthesis for plant defense

Our previous research has indicated that sorbitol acts as
a function as a primary signaling molecule in the resist-
ance and development of apples and loquats (Meng et al.
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2018; Li et al. 2020; Xu et al. 2023). Therefore, it is essen-
tial to investigate which metabolic pathways and key
genes are regulated by sorbitol to jointly promote the
disease resistance ofM. micromalus. We performed tran-
scriptome sequencing on four groups of treated leaves
infected with R1 for 7 days: two groups of healthy con-
trol leaves (treated with water and sorbitol respectively),
and two groups of leaves inoculated with R1 (infected
with water/R1 and sorbitol/R1 respectively). We con-
structed 12 ¢cDNA libraries and obtained 69.931 Gb of
clean data. The average Clean Data of each group of sam-
ples was 5.828Gb, and Q30 base percentage was above
91.89%. The expression levels of 34,388 known genes
were detected. We first conducted an intergroup differ-
ential expression analysis of these genes and categorized
the pairwise comparison among different treatment
groups into four distinct groups. Group 1 represents the
comparison between sorbitol and water. Group 2 rep-
resents the comparison between R1 infection and the
water control group. Group 3 represents the comparison
between post-sorbitol feeding R1 infection and sorbi-
tol control group. Group 4 represents the comparison
between R1 infection after sorbitol feeding and R1 infec-
tion after water feeding. The volcano plot reveals that the
differential genes between Group 2 and Group3 reflect
the significant impact of pathogenic fungal infection on
the entire transcriptional level, while the treatment with
sorbitol (Group 1 and Group 4) may have a certain effect
(Fig. 2A). Specifically, fungal infection led to significantly
more downregulated genes than upregulated genes.
Group 2 and Group 3 had 2052 and 2090 downregu-
lated differentially expressed genes (DEGs), respectively.
However, Group 3 had more DEGs than Group 2, which
indicates that feeding with sorbitol increased the number
of DEGs. Group 4 revealed that sorbitol promoted differ-
ential upregulation of 337 genes and downregulation of
62 genes (Fig. 2B). In summary, the DEGs among differ-
ent groups reflected the role of sorbitol in plant disease
resistance by altering gene transcription levels.

We wish to further explore which secondary metabolic
pathways are regulated by sorbitol to take part in plant
disease resistance responses. Therefore, we performed
GO functional enrichment and KEGG pathway analysis
on four sets of differentially expressed genes. In Group 1,
97 GO entries were significantly enriched. Among them,
biological processes such as “flavonoid biosynthetic pro-
cess’, “flavonoid metabolic process’, and “response to
stimulus” were highly representative. In Group 4, 123 GO
entries were significantly enriched. We focused on the
top three biological processes, namely “cell wall organi-
zation or biogenesis’, “secondary metabolic process’,
and “phenylpropanoid metabolic process”. The results of
Group 1 and Group 4 suggest that sorbitol may enhance
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Fig. 1 Sorbitol enhances the resistance of M. micromalus to pathogenic fungus R1. A-C leaves that have not been treated with sorbitol are more
susceptible to Alternaria R1 infection. Young leaves were placed in 50 mM sorbitol solution and pure water for 6 h, and conidiospores of R1 were
drop-inoculated onto each leaf and kept in a high humidity environment for 7 days. The representative phenotypes A, plant disease severity B,
and cell membrane permeability (C) of R1-inoculated leaves are shown. The disease severity rating in (B) is represented as healthy (< 1%), mild
symptoms (< 10%), moderate symptoms (10 -50%), and severe symptoms (> 50%). 40-50 leaves are used for the statistics. Here, 1%,10% and 50%
represent the percentage of lesion area to leaf area. Different colors represent different rating. Ordinate represents percentage of different levels.
D Sorbitol can induce early Ca?* signaling. Detached leaves were drop-inoculated with conidiospores of R1 for 4 days. NMT technology was used
to detect Ca’* flux. The instantaneous Ca’" flux after adding sorbitol to the test solution reflects the effect of sorbitol. The steady-state fluxes were
continuously recorded for 5 min. The data are the mean +SD. *p < 0.05, ***p <0.001, ***p <0.0001, two-sided Student’s t-test. Scale bars, 4.5 cm

leaf disease resistance through flavonoid metabolism that “flavonoid biosynthetic process” and “flavonoid
(Fig. 2C). We also analyzed the metabolic pathways metabolic process” were significantly enriched under R1
enriched by DEGs in Group 2 and Group 3, and identified  infection (Supplemental Fig. 3). This observation not only
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indicates the potential role of flavonoids in resisting path-
ogenic fungi but also provides a basis for understanding
how flavonoid metabolic pathways mediated by sorbitol
contribute to plant defense responses.

Therefore, we continued to focus on the biological
processes enriched by the differentially expressed genes
of the four groups mentioned above. We also conducted
detailed KEGG analysis on the upregulated and down-
regulated genes, respectively, to confirm the potential
role of flavonoid biosynthesis in pathogenic fungal infec-
tion. In particular, differentially expressed genes (DEGs)
that are significantly enriched in the “flavonoid biosyn-
thesis” and “flavone and flavonol biosynthesis” pathways
were upregulated in Group 1 and Group 4 (Fig. 2D and
Supplemental Fig. 4A). In contrast, these genes were sig-
nificantly downregulated under pathogen infection in
Group 2 and Group 3 (Supplemental Fig. 4B). Therefore,
we believe that sorbitol mainly triggers plant resistance
to pathogen invasion by altering the transcription levels
of genes involved in flavonoid synthesis, which also indi-
cates the important role of flavonoid biosynthesis in plant
defense.

The secondary signaling flavonoid substance catechin

was induced by sorbitol to enhance defense against A.
alternata R1 strain

As shown in previous research results, feeding with
sorbitol remarkably enhances the tolerance of M. micro-
malus leaves against pathogenic fungi (Fig. 1). The KEGG
metabolite pathway enrichment analysis showed that
sorbitol feeding had a significant impact on the flavo-
noid biosynthesis process. It is necessary to clarify the
relationship between sorbitol and flavonoid, as well as
to understand the role of flavonoids in resisting patho-
genic fungi. The omics analysis results indicated that the
flavonoid synthesis-related genes were predominantly
upregulated rather than downregulated after sorbitol
treatment (Group 1). Upon A. alternata R1 infection,
the number of upregulated genes related to flavonoid
synthesis in the leaves pre-treated with sorbitol signifi-
cantly increased compared to those pretreated with the
water (Supplemental Fig. 5). Consequently, we analyzed
146 flavonoid synthesis-related genes responsive to sorbi-
tol. Among these, 87 genes were differentially expressed
after sorbitol feeding (Group 1, fold change>1 or <0.5),

(See figure on next page.)
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and 92 genes were differentially expressed after inocu-
lation with A. alternata R1 following sorbitol feeding
(Group 4). An overlap of 51 genes was observed between
the two groups, indicating shared regulatory responses
to sorbitol. Based on a selection strategy of p<0.05, we
identified 11 significantly up-regulated candidate genes
from the 51 genes. Among these, 6 genes were anno-
tated within the flavonoid biosynthesis pathway (Fig. 3A),
encoding CHS (Chalcone Synthase), F3H (Flavonoid
3-hydroxylase), F3’'H (Flavonoid 3’-hydroxylase), ANS
(Anthocyanidin Synthase), LDOX (Leucoanthocya-
nidin O-methyltransferase), and LAR (Leucoanthocya-
nidin Reductase), respectively. These genes were mainly
involved in the conversion process of p-Coumaroyl-CoA
to final products such as isorhamnetin, catechin, and epi-
catechin (Fig. 3B).

We also analyzed the expression levels of other mem-
bers of these gene families and discovered that they either
did not show a significant response to sorbitol or did not
show significant response to A.alternata R1 (Supple-
mental Fig. 6). To demonstrate the relationship between
sorbitol and flavonoid, we observed that after sorbitol
feeding, the expression levels of these flavonoid syn-
thase genes increased and then decreased after pathogen
infection, which was consistent with the transcriptome
data (Fig. 3C). Then, we focused on the accumulation of
the eight important typical flavonoids including liquir-
itigenin, naringin, dihydroquercetin, quercetin, isorham-
netin, isoquercitrin, epicatechin, and catechin, which
correspond to the six flavonoid synthases genes after
sorbitol feeding. High performance liquid chromatogra-
phy (HPLC) detection analysis revealed that the levels of
naringin, isorhamnetin, and catechin in the leaves of the
sorbitol-fed group were higher than those in the water-
fed group, and these levels remained at higher levels even
after pathogen infection (Fig. 3D). In particular, catechin
exhibited a notably higher content and displayed sig-
nificant variability, which is the focus of our subsequent
investigation.

In order to investigate whether catechin has inhibitory
effects on A. alternata R1, we first set up four catechin
standard solutions with different concentration gradients
and added them to PDA medium to determine the opti-
mal inhibitory concentration. The results showed that
as the concentration of catechin increased, the growth

Fig. 2 Transcriptome data analysis of leaves fed with water, fed with sorbitol, inoculated with R1, and inoculated with R1 after feeding with sorbitol.
A Volcano plot of differentially expressed genes in Group 1 (H,0 vs. sorbitol), Group 2 (H,0 vs. H,0+R1), Group 3 (sorbitol vs. sorbitol + R1), Group

4 (H,O0+R1 vs. sorbitol +R1). B Statistical analysis of up-regulated and down-regulated genes in four comparison groups. C GO enrichment analysis
of differentially expressed genes in Group1 and Group4. Here are the top 15 entries with p <0.05. D KEGG enrichment analysis of differentially

upregulated genes in Group 1 and Group 4



Du et al. Molecular Horticulture (2025) 5:5

H:0 vs Sor

®uwp
® down

-5

0 Group4

@ Groupt @ Group2  © Group3

Group1

response to stimulus

molecular_function

biological_process

H:0 vs H.0+R1 | Sorvs Sor+R1 | H:0+R1 vs Sor+R1 B

Gene Number

Page 7 of 25

BN down = up

25001 o
o~
S Q
2000
1500-

1000

Group2

Group1 Group3

Phenylalanine, tyro
tryptophan bios;

Flavone and flavonol
y 2%

Flavonoid biosynthesis : 10%

Group1

Stilbenoid, diary 7%

Starch and sucrose metaboti:

Amino sugar and nucleotide
"§sugar metabolism : 13%

Flavonoid biosyntfie atty acid elongation : 5%

Fatty acid metabolism : 8%

Group4

Fig. 2 (Seelegend on previous page.)



Page 8 of 25

Du et al. Molecular Horticulture (2025) 5:5
146 flavonoid 87 or 92 genes Groupt
metabolism were selected

related genes

11 genes were

according to the selected from

6 genes were
located on the
flavonoid

were annotated in ratio of ’;PIKM 51 genes using synthesis
Group1 and using fold p<0.05 pathway
Group4 change >1 or
<0.5 Group4
B CHS . . - — F3H
p-C yl-CoA —s Narngenin —s- Naringenin| == Dihydrokaempferol —= | Dihydroquercetin
‘CHS F3H “ANS
LDOX
Isoliquiritigenin Kaempferol Leucocyanidin — Cyanidin—= Epicatechin
l LAR *AA
Liquiritigenin Isorhamnetin |<— |Quercelin
CHS-2 F3H-1 F3'H-6 N ANS LODX-1 LAR-3
1_ H -
o o o 11 o 11 o 11 o 4
= [ =) |_| 1 o H o o H o1
i Felllo 5l gor- o 2 [
O -1+ O -1 3] I] o 3] 3] =
z z B.1q B 1 .14 =2 I_I
221 22 2 2 g 2,
3 3 24 -2 -2
[Group1 I Group2 EIGroup3 [1Group4 —+H.0 —1+Sor
MmCHS-2 MmF3H-1 MmF3'H-6 MmLDOX-1 MmANS MmLAR-3
Control R1 Control R1 Control R1 Control R1 Control R1 Control R1
R r l 1 [ —
£ | 4 p=0.016355
& |47 P 4 4 . 4 3+
I3 — —=— Kk
@ profacz ;,: ;,, 188 p=0.005790 p=0.007401 p=0.006393
2 |2 2 2| P 2] 2
o 24
3
o ol T ol= 0T ol T ’l‘ 1
>
s oI ol
S |-2- -2+ -2 -2 J_
4 A
-2
-4 -4 x, 4 -4- . 2
p=0.010866 Lkx x
5 _“';“12 - s p=0.002188 p=0.020523 o
i =0 | -6 | _ . )
D 6 pﬁu 3 P=0.004533
[J+H.0[ +s0r
Liquiritigenin Naringenin Isorhamnetin Quercetin
5 0.3+ p=0.010129 0.20
4 3 L
0.2 P=0.002592
3 e
2 0.10
= 2
E 0.1
@ 1 1 0.05
=]
gl , 0 0 0 |
™ Control R1 Control R1 Control R1 Control R1
2 Dihydroquercetin Isoquercitrin Epicatechin Catechin
£ | 0.08 0.8 109 peooorons
o =0.007657 P=0.023100 el
0.06 0.6 Lootsrrs ’ .
0.4 Lt~ p=0.033514
6 ¥
0.04 0.4
4
0.02 02
X 0.2 2
0 ] 0 0
Control R1 Control R1 Control R1 Control R1

Fig. 3 Sorbitol significantly increases the content of catechin, a flavonoid metabolite in the leaves to cope with R1 fungal infection. A Screening
of genes involved in flavonoid metabolism pathways. The differential genes enriched in flavonoid metabolism pathways in Group 1 and Group 4

were integrated, with a fold change > 1 or <0.5, p-value <0.05. B Display of

the location of differentially expressed genes screened in the flavonoid
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that will be the focus of the following text. C RT-gPCR analysis of the genes
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rate of the fungi decreased (Supplemental Fig. 7A). The
growth diameter of A. alternata R1 slowed down with
the increase in catechin concentration, and the num-
ber of their spores also decreased as the concentration
of catechin rose (Supplemental Fig. 7B-C). 10 mg/L and

20 mg/L catechin were found to exhibit the most obvi-
ous inhibitory effect on A. alternata R1, with similar
antifungal efficacy. Consequently, we selected 10 mg/L
catechin for the subsequent experiments. Following
24 h of co-cultivation, the growth of the fungal strain A.
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alternata R1 was significantly impeded by the presence
of 10 mg/L catechin, with the inhibitory effect becoming
more pronounced over time. After 96 h of co-cultivation,
the expansion diameter of A. alternata R1 had reached
4.7 cm in the culture medium without catechin, while the
expansion diameter was 3.6 cm in the medium with cat-
echin (Fig. 4A-B). We also observed the growth of spores
under a microscope (Fig. 4C) and measured the num-
ber of fungal spores and the length of germ tubes. The
data revealed that catechin significantly reduced both
the number of fungal spores and the germination rate
(Fig. 4D-E). In addition, we also focused on the antifungal
effects of other flavonoids, and it was found that these fla-
vonoids exerted a certain degree of inhibition on A. alter-
nata R1. Compared with the control group, naringin,
quercetin, isorhamnetin, isoquercitrin, dihydroquercetin,
and epicatechin showed a significant inhibitory effect on
the growth diameter of A. alternata R1 after 48 h of co-
cultivation, however, the inhibitory effect weakened at
96 h. Moreover, the spore density and the length of germ
tubes were significantly reduced by these flavonoids,
although none of them showed the same inhibitory
potency as catechin (Supplemental Figs. 8-13). These
results indicate that flavonoids have a significant inhibi-
tory effect on fungi, albeit with specificity and selectiv-
ity across different species. Specifically, catechin plays a
pivotal role in disease resistance in the leaves of Begonia,
and it was the sole flavonoid strongly induced by sorbi-
tol. We further explored whether catechin could enhance
the plant disease resistance. We collected M. micromalus
leaves and applied catechin to the surface of the leaves for
6 h before inoculation with A. alternata R1. The leaves
treated with catechin exhibited significantly smaller
lesion areas compared to the control (Fig. 4F). Accord-
ing to the statistical data, approximately 60% of the leaves
that were pre-treated with catechin were mildly infected
with A. alternata R1, around 27% were moderately
infected, and about 13% were severely infected. In con-
trol group, approximately 35% had mild infection, 40%
with moderate infection, and 25% with severe infection
(Fig. 4G). In addition, the leaves treated with catechin
also showed lower cell membrane permeability after A.
alternata R1 infection (Fig. 4H), indicating that catechin
can alleviate the degree of disease infection. Our previ-
ous research has shown that intracellular calcium sensors
such as CDPK, CIPK14, and CBL1 can directly or indi-
rectly regulate the expression of genes encoding flavonoid
biosynthesis enzymes, and alter flavonoid biosynthesis
level to resist stress (Yang et al. 2020; Meng et al. 2021). A
mysterious association is shown between calcium signal
and flavonoids. We wanted to know if flavonoids would
cause changes in intracellular calcium ion levels, and we
conducted NMT analysis on the Ca** fluxes of infected
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leaves pretreated with catechin, and the results showed
that when the leaves were not infected with R1, catechin
significantly increased Ca*" fluxes. After A. alternata R1
infection, the intracellular Ca>" fluxes of catechin treated
leaves reached to -137 pmol cm™! sec™?, while the intra-
cellular Ca*" fluxes of the water treatment group was
about —87 pmol cm™ sec™ (Fig. 4I). Clearly, catechin
treatment also led to stronger calcium influx, which is
similar effect observed with sorbitol. The above results
further support the viewpoint that sorbitol regulates the
biosynthesis of catechin to resist diseases.

The expression of transcription factor UmNAC17

was induced by sorbitol and enhanced resistance to A.
alternata R1

To identify transcription factors that may regulate cat-
echin biosynthesis and disease resistance, we conducted
a comprehensive analysis of all transcription factors
responsive to sorbitol using transcriptome data. It was
found that the number of up-regulated transcription
factors was less than that of down-regulated genes in
the late stages of pathogen infection (in Groups 2 and
3). However, due to the promotion of gene expression
upregulation by sorbitol treatment (Groupl), the num-
ber of downregulated transcription factors decreased,
and the number of upregulated transcription factors
increased in leaves pretreated with sorbitol under R1
infection compared to the control group (Supplemental
Fig. 14). Given that the expression of transcription fac-
tors and flavonoid synthase genes is quite consistent,
we believe that there must be a transcription factor that
regulates the expression of flavonoid synthase genes to
enhance the resistance of M. micromalus. We identi-
fied four transcription factors that were differentially
upregulated between Groups 1 and 4 (Fig. 5A), includ-
ing MmERF4, MmNAC17, MmIBH1, and MmbZIPI,
which were all significantly upregulated in response to
sorbitol, with MmNACI17 exhibiting a particularly high
degree of consistency in expression with the flavonoid
catechin content pattern (Fig. 5B and D). Therefore,
MmNACI7 may play a more important role in catechin
biosynthesis and resistance to fungal diseases caused by
A. alternata R1. To verify the function of MmNAC17
under pathogen infection in leaves, we determined dis-
ease tolerance using MmNACI7-RNAi and MmNACI7-
OE plants and compared their leaves phenotypes with
the empty control. Before inoculating with A. alternata
R1, the transcript level of MmNACI7 was first moni-
tored in MmNAC17-OFE leaves and MmNACI17-RNAi
leaves. The expression level of MmNACI17 increased by
about 6 times in MmNACI7-OE lines and decreased by
0.4 times in MmNACI7-RNAi compared to the empty
control, respectively (Supplemental Fig. 15A). After
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Fig. 4 Flavonoids metabolite catechin can inhibit the growth of pathogens and enhance the resistance of leaves to R1. A-E Catechin inhibits
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process (A) and spore morphology (C) of pathogen R1 are displayed in the presence or absence of catechin. Scale bars, 4.5 cm (A) and 20 pm (C).
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micromalus leaves to R1. Catechin was applied to the surface of detached leaves for 6 h, and conidiospores of R1 were drop-inoculated onto each
leaf and kept in a high humidity environment for 7 days. The representative phenotypes (F), plant disease severity (G), and cell membrane
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Fig. 5 Sorbitol enhances the resistance of M. micromalus to R1 by inducing transcription factor MmNAC17 expression. A Screening for differentially
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1, P-value <0.05. B Relative expression level of transcription factors in leaves under sorbitol feeding and pathogen R1

infection. Transcripts were quantified by RT-gPCR. The data is the mean+SD (n=3). *P<0.05, **p < 0.01, ***p <0.001, ns, not significant, two-sided
Student’s t-test. C-D MMNAC17 regulates the disease resistance of leaves. Transgenic M. micromalus leaves were inoculated with R1 for 5 days.
The representative phenotypes (C), quantification data of pathogen invasion severity (D) and Ca”* flux (E) are shown. ANOVA, Tukey's multiple
comparisons, P<0.05, different letters indicate significant differences, Scale bar, 2 cm

being inoculated with A. alternata R1, MmNAC17-OE
and MmNAC17-RNAi leaves displayed more milder and
severe leaf disease symptoms compared to the empty
control (Fig. 6C). Consistently, compared to the empty
control, the lesion area was smaller and the cell mem-
brane permeability was lower in the MmNACI17-OE
leaves, while MmNACI17-RNAi leaves exhibited opposite

phenotypes (Fig. 5D and Supplemental Fig. 15B). Fur-
thermore, MmNACI7 also significantly affected the
Ca”" level in leaves after pathogen infection, possibly
activating various Ca®* channels and promoting Ca*"
influx. Compared with the empty control, NMT indi-
cated that the MmNAC17-OE leaves had a higher intra-
cellular Ca®* fluxes, while the intracellular Ca®* fluxes in
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Fig. 6 MmNAC17 simultaneously binds to the promoters ofF3H and LAR and promotes their expression, thereby promoting the accumulation

of catechin. A Y1TH assays showing the interaction between MMNAC17 and F3H and LAR promoter fragments. Empty pGADT7-Rec2 vectors were
used as a negative control. AbA: Aureobasidin A. B The GUS expression system indicates that MmNAC17 can bind to the promoters of F3H and LAR
in vivo. C The luciferase assay showed that MmNAC17 activated the MmF3H and MmLAR promoters in N. benthamiana leaves. 35 StMmNAC17
co-expressed with promoter: LUC, and negative control of 35 S:sMmNAC17 or promoter: LUC was indicated, respectively. D EMSA indicating

the binding of MMNAC17 to the MmF3H and MmLAR promoters in vitro. A schematic of the position in the promoter was shown. A 26 bp DNA

fragment containing “CACGTG" and “CACGTA" was used, respectively. “+"and

“-"indicate the presence and absence of the corresponding proteins

and probes, respectively. 100x diluted unlabeled probes were added as competing probes. E and G Relative expression levels of F3H and LAR
in instantaneous transgenic leaves. Transcripts were quantified by RT-gPCR. F and H The content of catechin in leaves overexpressing MmNAC17
and inhibiting the expression of F3H and LAR, respectively. Catechin was quantified by HPLC. The data is the mean+SD (n=3). *P<0.05, **p < 0.01,

**¥p <0.001, two-sided Student’s t-test

the MmNAC17-RNAi leaves were significantly reduced
(Fig. 5E). It can be inferred that MmNACI7 is an impor-
tant gene responds to sorbitol and contributes to enhan-
ceing plant disease resistance.

MmNAC17 directly binds to the promoter of MmF3H

and MmLAR to activate their expression and promote

the accumulation of the second tier signaling substance
catechin

The above results have confirmed that both catechin and
transcription factor MmNAC17 exhibit disease resistance

functions, therefore the regulatory relationship between
them is worth studying. We analyzed most promoters
of genes related to catechin synthesis and found that
these synthase genes contain binding elements of dif-
ferent transcription factors. It is worth noting that there
are numerous and densely distributed NAC binding sites
on their promoters (Supplemental Fig. 16A). To deter-
mine the potential interaction between MmNAC17 and
the above promoters, we performed a yeast one-hybrid
(Y1H) assay. The 2 kb fragments of promoters were
cloned into a reporter vector to be used as the bait, and
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the MmNAC17-pGADT?7 vector was the prey. Yeast cells
co-transformed with the bait and prey grew on selective
media lacking leucine with or without Aureobasidin A
(AbA). The results showed that only yeast cells contain-
ing proMmF3H and proMmLAR could grow on SD/-Leu
medium with 250 pg/ml AbA, indicating that MmNAC17
could bind to the promoter regions of MmF3H and
MmLAR (Fig. 6A). In addition, we also examined
whether MmbZIP1 and MmERF4 have an activating
effect on these genes and found that neither of them can
bind to their promoter regions (Supplemental Fig. 16B).
This further confirms the important role of MmNAC17
in the regulation of catechin synthesis by sorbitol. To test
the effect of MmNAC17 on the transcription of MmF3H
and MmLAR, we used a transient expression assay in M.
micromalus leaves. The proMmF3H or proMmLAR was
fused to a GUS gene, and the expression of MmNAC17
was driven by the cauliflower mosaic virus (CaMV) 35 S
promoter. When proMmF3H::GUS or proMmLAR:GUS
was co-transformed with 35 S:MmNAC17, the GUS
expression level was highly promoted when compared
to that in proMmF3H:GUS or proMmLAR:GUS co-
transformed with control vector (Fig. 6B). We also con-
firmed an activation of proMmF3H and proMmLAR by
MmNACI17 using a luciferase-based reporter system
in Nicotiana benthamiana leaves. The proMmF3H and
proMmLAR were fused with a LUC gene, and MmNAC17
was constructed in the pGreenll-62SK vector, with its
expression driven by the CaMV 35 S promoter. The
results indicated that MmNACI17 could enhance the
expression of proMmF3H: LUC and proMmLAR: LUC
in tobacco epidermal cells (Fig. 6C). NAC protein mainly
regulates gene expression by binding to the NACRs core
motifs (CACG and CGT (A/G)) in downstream genes
(Yuan et al. 2019). Electrophoretic Mobility Shift Assay
(EMSA) showed that purified NAC17 protein could
bind to NACRs (CACGTG) onMmF3H promoter and
NACRs (CACGTA) on MmLAR promoter, respectively,
and the binding was disrupted by the addition of unla-
beled competitive probes. Besides, the overexpression
of MmNACI17 in leaves also enhanced the transcription
levels of MmF3H and MmLAR and promoted the accu-
mulation of catechin (Fig. 6E-F). Overall, these results
support the conclusion that MmNAC17 directly binds to
the promoter regions of MmF3H and MmLAR. MmF3H
and MmLAR are located upstream and downstream of
the flavonoid biosynthesis pathway, respectively, the lat-
ter is at an important branch point that directly converts
the substrate leucocyanidin to catechin (Fig. 3B). To
identify the role of MmF3H and MmLAR, we suppressed
their expression (Fig. 6G). As expected, low expression
of MmF3H and MmLAR significantly impaired the bio-
synthesis of catechin in M. micromalus leaves (Fig. 6H).
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These results fully demonstrate that the promoting
effect of MmNAC17 on catechin mainly depends on the
expression of MmF3H and MmLAR.

LncRNAB8O09 acts as an upstream regulatory factor

of MmNAC17

With the in-depth study of plant defense mechanisms,
our understanding of transcriptional reprogramming
during pathogen invasion, signal perception, and activa-
tion of defense genes has been expanded. Transcriptomic
studies have shown that plants can transcribe a large
number of long non-coding RNAs (IncRNAs), which are
related to almost every biological processes in the organ-
ism. It can be said that diverse IncRNAs play important
roles in plant development and stress response. There-
fore, revealing the role of IncRNAs in sorbitol signaling
and defense processes has become our research focus.
Based on the omics data of M. micromalus leaves fed
with sorbitol, we revealed that sorbitol regulated the
expression of numerous IncRNAs, which raised the pos-
sibility that they are linked to catechin biosynthesis.
Therefore, it is important to identify the IncRNAs that
play a role in the synthesis of catechin and the defense
response to A. alternata R1 in M. micromalus. According
to the genomic location, the IncRNAs of omics data were
categorized into five types: intronic IncRNAs, exonic
IncRNAs, intergenic IncRNAs, antisense IncRNAs, and
overlapping IncRNAs (Fig. 7A). Based on our IncRNA
database, intergenic IncRNAs and overlapping IncRNAs
constitute a larger proportion in Groups 1 and 4, approx-
imately 48% and 35%, respectively (Fig. 7B). To further
investigate the IncRNA that regulates the MmNACI7
expression we mainly analyzed consistently expressed
IncRNAs between Group 1 and Group 4. Thirteen IncR-
NAs existed in both groups (Fig. 7C) and six genes were
significantly upregulated under both sorbitol feeding and
pathogen inoculation. Notably, XLOC_035809 (named as
IncRNA809) was predicted to have the highest correlation
with MmNAC17 (r=0.8763) (Fig. 7D and Supplemental
Fig. 18), therefore we supposed that [ncRNA80O9 might
have a regulatory relationship with MmNACI7. To verify
this, we identified the response ability of IncRNA809 to
sorbitol and pathogens, and we found that the expres-
sion of IncRNA809 was significantly upregulated with
sorbitol feeding, which was consistent with the expres-
sion of MmNACI7 (Fig. 7E). Then, we cloned [ncRNA809
into the overexpression vector pROK2 and transiently
transformed it into M. micromalus leaves to generate
IncRNA809-OE transgenic leaves. As the expression level
of IncRNAS809 significantly increased, the expression
levels of MmNAC17, MmF3H, and MmLAR were also
significantly induced (Fig. 7F-G), ultimately leading to a
significant accumulation of catechin (Fig. 8H). The results
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indicated that /ncRNA809 can mediate the biosynthesis
of the second-tier signaling substance, catechin. To con-
firm whether IncRNA809 regulates catechin biosynthe-
sis by modulating the expression level of MmNAC17, we
detected the expression levels of MmF3H and MmLAR,
as well as the content of catechin, in the leaves co-trans-
formed with [ncRNA809-OE and MmNACI17-RNAi. The
reduced expression of MmNAC17 led to a decrease in the
expression levels of MmF3H and MmLAR, resulting in a
significant reduction in catechin content. If MmNAC17
was inhibited, even when IncRNA809 was overexpressed
at that time, it did not stimulate the synthesis of catechin
(Fig. 7G-H). These findings indicated that /ncRNA809
must act through MmNAC17 to respond to and transmit
signals of sorbitol, and MmNACI7 is a key downstream
gene for IncRNAS809 to regulate catechin biosynthesis.

In order to efficiently deliver IncRNA into plant
cell, SPc was selected as the nanocarrier. SPc has been
reported to have high intracellular delivery efficiency,
as well as good biocompatibility and biodegradability.
The SPc nanocarrier consists of a hydrophobic core and
a hydrophilic shell, featuring positively charged tertiary
amines in its side chains that enable binding to nega-
tively charged nucleic acids (Fig. 8A). We co-incubated
SPc nanocarriers with non-coding RNA, [ncRNA809,
for 30 min to promote their binding ability (Fig. 8B).
Here, we developed a straightforward working model
of the SPc/IncRNA809 complex: the prepared com-
plex was sprayed onto the leaves, where it penetrated
into the mesophyll cells through the stomata, followed
by the release of IncRNA809 to inhibit pathogen inva-
sion (Fig. 8C). To verify the application effect of the SPc/
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IncRNA809 complex, we inoculated the main patho-
genic fungus onto the Malus micromalus leaves. It can
be seen that SPc anlone did not enhance the resistance
of the leaves, wherase the SPc/IncRNA809 complex sig-
nificantly contributed to the resistant response (Fig. 8D).
The SPc nanocarrier successfully delivered IncRNA809,
thereby providing essential technical support for the sub-
sequent work of this study.

The primary signal, sorbitol regulates the secondary signal,
catechin, through the IncRNA809-MmNAC17 module,
thereby enhancing the disease resistance of M. micromalus
The above results confirmed that [ncRNA809 is involved
in the sorbitol signaling regulatory network to enchance
the biosynthesis of catechin. To address the question of
whether [ncRNA809 conferred disease resistance and
acted as a pivotal upstream regulatory gene in the pro-
cess of sorbitol regulating catechin synthesis we con-
structed [ncRNA809-OE and [ncRNA809-RNAi vectors
respectively and transformed them into leaves for disease
tolerance determination. Similarly, we first monitored
the expression of IncRNA809 in transgenic plant leaves
before inoculating with R1. Compared with the empty
control, the expression level of [ncRNA809 increased by
about 7.5 times in IncRNA809-OE leaves and decreased
by 0.3 times in [ncRNA809-RNAI leaves (Supplemental
Fig. 15C). After inoculation with R1, [ncRNA809-RNAi
leaves and [ncRNA809-OE leaves displayed more severe
and milder leaf disease symptoms, respectively, com-
pared with the empty controls (Fig. 9A). Consistently,
the lesion area was larger and the cell membrane perme-
ability was higher in the /ncRNA809-RNAI leaves, in con-
trast, the lesion area was smaller and the cell membrane
permeability was lower in the [ncRNA809-OE leaves,
compared to the empty controls (Fig. 9B and Supple-
mental Fig. 15D). In addition, we detected the Ca*" level
in IncRNA809-OE and /ncRNA809-RNAI leaves with or
without pathogen infection using NMT analysis. Com-
pared to the empty control, [ncRNA809-OE leaves main-
tained a higher intracellular Ca?* fluxes with R1 infection,
while the intracellular Ca®* fluxes in [#cRNA809-RNAi
leaves significantly decreased (Fig. 9C). Our data showed
that [ncRNA809 promotes M. micromalus resistance to
A. alternata R1 infection.

To determine whether [ncRNA809 plays an indispen-
sable role in sorbitol signal transduction, we planned to
inhibit the expression of [ncRNA809 and observe whether
the disease resistance and the biosynthesis of catechin
are still induced by sorbitol. Therefore, we set up differ-
ent transformation combinations [ncRNA809-OE group,
IncRNA809-OE and MmNAC17-OE co-transformation
group, [ncRNA809-RNAi group, [ncRNA809-RNAi
and MmNACI17-OE co-transformation group,
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IncRNA809-RNAi and MmNACI7-RNAi co-transfor-
mation group. We fed different combinations of instant
transgenic leaves with water and sorbitol, respec-
tively, and completed the inoculation treatment at the
same time. The leaves of the [ncRNA809-OE group,
IncRNA809-OE and MmNACI17-OE co-transformation
group actively responded to sorbitol treatment and main-
tained a smaller lesion area and lower cell membrane
permeability after pathogen infection. However, the
leaves from the [ncRNA809-RNAi group, [ncRNA809-
RNAi and MmNACI7-OE co-transformation group,
IncRNA809-RNAi and MmNACI17-RNAi co-transfor-
mation group were not sensitive to sorbitol and did not
change their lesion size and cell membrane permeability
(Supplemental Fig. 19A-B). Feeding with sorbitol could
still enhance the intracellular Ca*" fluxes of different
transgenic combination leaves before infection with R1 as
detected by NMT. After pathogen infection, the intracel-
lular Ca** fluxes in transgenic leaves with low expression
of IncRNA809 remained unchanged, while the intra-
cellular Ca®* fluxes in transgenic leaves of other com-
binations increased due to the resistance conferred by
sorbitol (Supplemental Fig. 19C). This observation sug-
gests that the expression level of [ncRNA809 determines
the strength of the sorbitol signal in the immune process.

To further investigate whether the regulation of cate-
chin biosynthesis by sorbitol also depends on lncRNA809,
we also examined the expression levels of key flavonoid
synthase genes and catechin accumulation in the leaves
of different transgenic plants. The expression levels of
MmF3H and MmLAR in the leaves of [ncRNA809-OE
group, mcRNA809-OE and MmNACI7-OE co-trans-
formed group were significantly increased in response
to the sorbitol signal. However, sorbitol did not alter
the expression of MmF3H and MmLAR in IncRNA809-
RNAI transgenic leaves (Fig. 9D). The content of catechin
detected by HPLC showed the same trend (Fig. 9E). These
data all supported the view that /[ncRNA809 plays an
indispensable role in the regulation of catechin metabo-
lism pathway by sorbitol signaling. Therefore, we propose
a viewpoint that sorbitol positively regulates the expres-
sion of catechin synthesis genes through the [ncRNA809-
MmNACI7 module, thereby resisting against the A.
alternata R1 fungal disease (Fig. 10). This expands our
understanding of the role of sorbitol in the resistance of
fruit trees to fungal diseases, especially as the upstream
primary signal is transmitted through non-coding RNA
to the secondary signal, the metabolite flavonoids, ulti-
mately achieving the effect of disease resistance.

Based on the anti-disease function of IncRNAS809,
we further propose the efficient utilization of IncRNA
through nanotechnology. We prepared SPc nanocarriers
and combined them with IncRNA809 and IncRNA809*
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Fig. 9 The key role of IncRNA809 in regulating catechin metabolism and enhancing M. micromalus disease resistance by sorbitol. A-C LncRNA809

regulates the disease resistance of leaves. Transgenic M. micromalus leav
quantification data of pathogen invasion severity (B) and Ca?* flux (C) ar

es were inoculated with R1 for 5 days. The representative phenotypes (A),
e shown. D-E Gene expression (D) and catechin content (E) under different

transgenic leaf backgrounds. Young leaves that have completed gene transformation are cultured in a high humidity environment for 2 or 3

days. Then they were collected for RT-gPCR and HPLC analysis. ANOVA, Ti
differences. Scale bar, 2 cm

(dsRNA targeting IncRNA809 and inhibiting its expres-
sion) to form SPc/IncRNA809 (IncRNA809*) com-
plexes. We first tested the effect of SPc/IncRNA809
(IncRNA809*) complex on the expression level of
IncRNA809 in M.micromalus. In SPc/IncRNA809 leaves,
the expression of IncRNA809 was significantly higher
than in that of IncRNA809-OE leaves, while in SPc/
IncRNA809* leaves, the expression of IncRNA809 was
significantly lower than that of IncRNA809-RNAi leaves
(Supplemental Fig. 15C). The application of the SPc
nanocarriers has successfully achieved efficient delivery
of IncRNA809. We further tested the application effect of
SPc complex on the disease resistance of M. micromalus.
The results showed that the SPc/IncRNA809 complex
significantly enhanced the resistance of M. micromalus
leaves to A. alternata R1 fungus, exhibiting a lighter leaf
disease phenotype(Fig. 9A), smaller leaf damage area
(Fig. 9B), lower cell membrane permeability (Supple-
mental Fig. 15D), and stronger calcium influx (Fig. 9C)

ukey’s multiple comparisons, P < 0.05, different letters indicate significant

than IncRNA809-OE leaves; The application of SPc/
IncRNA809* complex showed the opposite effect, which
was more severe than the performance of IncRNA809-
RNAi leaves. In summary, nonbiological protectants
enhance the plant’s defense response against pathogens,
achieving sustainable green management of A. alternata
R1 fungi from the perspective of pathogen inhibition and
elevated plant defense.

Discussion

As is well known, various factors can regulate plant
defense, such as resistance gene-triggered immu-
nity (Van Der Hoorn and Kourelis 2018), non-coding
RNA(IncRNA, miRNA)-mediated immunity (Zhang
et al. 2022; Cui et al. 2020), hormone-mediated immu-
nity (Mishina and Zeier 2007; Tsuda et al. 2008), and
secondary metabolite pathways (Ahuja et al. 2012;
Bednarek 2012). In early research, we found that the pri-
mary metabolite sorbitol is not only a product of plant
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are exposed to pathogens, sorbitol transmits signals to catechin through a series of processes, ultimately activating plant immunity. At the same
time, SPc nanomedicines derived from non-coding RNA IncRNA809 also have a good defense effect against Alternaria pathogens by mediating

the biosynthesis of catechin

photosynthesis and a carbon source for pathogens, but
also serves as a signal to regulate plant defense responses.
Sorbitol regulated the expression of R geneMdNLRI6 to
adjust apple resistance to A. alternataR1 fungi (Meng
et al. 2018). This resistance induced by the photosyn-
thetic product sorbitol provides new insights into plant
defense mechanisms. Here, we regard the sorbitol as
primary signal and observe that catechin biosynthesis
genesMmF3H and MmLAR expression is enhanced by
sorbitol, ultimately leading to increased resistance of M.
micromalus to A. alternata R1. Hence, catechin as the
main secondary metabolite flavonoids in response to dis-
eases is identified as the secondary signal.

Long non-coding RNA [ncRNA809 and transcription
factor MmNACI17 are key genes involved in the regula-
tion of catechin biosynthesis by sorbitol. MmNAC17
binds to the promoters of MmF3H and MmLAR in

activating their expression in response to sorbitol. These
findings reveal that the defense pathway mediated by
sorbitol in the synthesis of secondary metabolites has
become an important mechanism for plants to resist bio-
logical stress. The application of environmental-friendly
fungicides, such as elicitors and botanical fungicides,
to minimize the risk of exposure to the ecosystem has
become a global trend. A star polymer (SPc) is con-
structed to deliver plant elicitors/botanical fungicides
at a low production cost. The length of IncRNA exceeds
200 nucleotides, and their length and poor stability make
them difficult to synthesize. Thus, we have constructed
nanocarriers that encapsulate IncRNAs effectively to
overcome the instability of IncRNAs, poor specificity,
and their off-target effects.

How does sorbitol transmit signals when facing path-
ogen attacks? Based on our research, we believe that
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sorbitol, as an upstream signal, can control the output
of multiple downstream signals, and propose a hierar-
chical regulatory network centered on sorbitol signals.
The proposal of this viewpoint mainly stems from cur-
rent research on the Gene Regulatory Network (GRN).
In eukaryotes, environmental reactions and complex
developmental processes are regulated by various hier-
archical the GRNs (Song et al. 2016; Gerstein et al.
2012; Erwin and Douglas et al. 2009). The GRN model
captures the intricate interplay of regulatory genes over
time and space, thereby forming a broader hierarchical
structure. In the GRN model, the structural genes associ-
ated with a metabolic pathway or biological process are
used as inputs for the bottom layer, while all transcrip-
tion factors (TFs) are employed as inputs for construct-
ing the upper layers. This bottom-up algorithm has
successfully obtained a hierarchical regulatory network
centered on transcription factors (Wei 2019), which has
been applied in plant growth, development, and stress
response (Xu et al. 2022). By analogy, although no rele-
vant mathematical model has yet been established cen-
tered on signaling substances, as the signaling roles of
primary and secondary metabolites in plant resistance
are gradually being explored, the speculation of cascade
effects between primary and secondary metabolites will
also become possible. In our study, sorbitol significantly
increased the resistance ofM. micromalus leaves to A.
alternata R1. Under normal circumstances, R1 can rap-
idly expand on young leaves, while the expansion rate
was inhibited after pretreatment with sorbitol on the
leaves (Fig. 1A-B). In this process, we detected that a
large number of genes exhibited significantly downregu-
lated transcriptional levels, while many genes pre-treated
with sorbitol had higher transcription levels than those
treated with water (Fig. 2B). This indicates that sorbitol
triggers transcriptional reprogramming of some genes
under pathogen infection, keeping them at high expres-
sion, and these genes were significantly enriched in meta-
bolic pathways such as amino sugar and nucleoside sugar
metabolism, phenolpropanoid biosynthesis, starch and
sucrose metabolism, plant hormone signal transduction,
and flavonoid biosynthesis (Fig. 2D). Surprisingly, genes
involved in flavonoid biosynthesis exhibited specificity,
and they all exhibit upregulated responses induced by
sorbitol (Fig. 2D and Supplemental Fig. 4A). Therefore,
we believe that sorbitol may act as an upper-level signal
to regulate the metabolism of sublayer signal flavonoids
and plant disease resistance in plant immune signal
transduction.

Early research on flavonoids mainly focused on legu-
minous plants, as they are known to be a rich source of
flavonoids. In leguminous plants, flavonoids are a key sig-
nal for nodule formation in nitrogen fixation symbiosis,
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acting as inducers of nodulation and nodulation related
genes in rhizobia (Cooper 2007). Chalcones, flavanones,
isoflavones and flavones have been shown to exhibit-
nodgene induction activity in different leguminous-
rhizobia interactions (Aoki 2000). Meanwhile, flavonoids
are also considered effective substances in plant defense.
Relevant evidences suggest that isoflavones exhibit
broad-spectrum in vitro antibacterial activity (Dixon
et al. 2002)and accumulate in infected tissues under
pathogen attack, thereby qualifying them as important
plant antitoxins (Aoki 2000). In addition, flavonoids have
also been endowed with other biological significance. For
example, the accumulation of flavones and anthocyanins
in chrysanthemum is inhibited by high temperature, seri-
ously weakening its ability to cope with high temperature
and impacting flower color formation, thereby dimin-
ishing the commercial value of chrysanthemum (Zhou
et al. 2021). When plants are exposed to drought envi-
ronments, genes related to the synthesis of anthocyanin,
genistein, and apigenin are strongly induced to allevi-
ate their stress (Meng et al. 2021; Tapia et al. 2022). The
attack ofMagnaporthe oryzae can significantly enhance
the biosynthesis of the flavonoid sakuranetin in rice, and
the application of sakuranetin to osnomt mutants (trans-
genic lines with a low sakuranetin level) can rescue their
resistance to M. oryzae (He et al. 2024). These findings
indicate that the regulation of flavonoids by external
pressure conditions is complex and species-specific. In
this study, we investigated the regulatory effect of sorbi-
tol on the flavonoid pathway inM. micromalus leaves and
identified that catechin was significantly upregulated
by sorbitol treatment or fungal attack (Fig. 3B-D). Cat-
echin has been identified to have direct antifungal activ-
ity against fungal diseases. Catechin was first reported to
act as an allelopathic substance in leguminous plants. It
can trigger the production of reactive oxygen species in
susceptible plants, leading to cell death and preventing
pathogenic bacteria from absorbing nutrients (Bais et al.
2003). During the outbreak of apple rust, catechin also
increases during the stage of disease expansion (Lu et al.
2017). In vitro, catechin directly inhibited the mycelial
growth and spore germination of R1 in a concentration
dependent manner (Supplemental Fig. 7 and Fig.4A-E).
In plants, catechin treatment reduced the proportion of
diseased leaves, and alleviated the increase in cell mem-
brane permeability and Ca®" influx caused by pathogen
attack (Fig. 4F-I). Our findings underscore the role of
flavonoid metabolite catechin in the process of sorbitol-
mediated antifungal resistance in M. micromalusleaves.
Catechin may function as signaling molecules to regulate
intracellular signal transduction. At present, the claim
that flavonoids regulate intracellular signal transduction
in plants as signaling substances is receiving widespread
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experimental support. In addition to the discovery in the
interaction between leguminous plants and rhizobia, the
flavonoid compound hyperoside has also been reported
to promote pollen tube growth in okra flower develop-
ment by regulating actin depolymerization factors (Dong
et al. 2021). Although the above studies have confirmed
the signal role of flavonoids, it is still unclear how they
regulate the plant defense process and may become a tar-
get for future research.

As the most abundant class of ncRNAs, IncRNAs
serve as key regulatory factors for gene expression in
various biological processes, but the functional role of
many members in plants remains a mystery. Fortunately,
high-resolution analysis of plant transcriptomes has pro-
vided a more comprehensive view of IncRNAs in plants.
Research has shown that IncRNAs can perform their
functions in cis or frans, manipulating plant immune
responses by positively or negatively regulating func-
tional genes in plants. When IncRNA and its target genes
are located on the same chromosome and are very close,
IncRNA plays a role in a cismanner. Conversely, when a
IncRNA influences genes on different chromosomes,
it operates in a trans manner (Kornienko et al. 2013).
A recent study has demonstrated that IncRNA SABC1
inArabidopsissuppresses plant immunity by inhibit-
ing the transcription of its overlapping gene NAC3 (Liu
et al. 2022). In addition, the transcriptional regulation
of the immune response gene PR1 by long non-coding
RNA ELENAI enhances plant resistance toPstDC3000
(Seo et al. 2017). This demonstrates that transcriptional
regulation mediated by IncRNAs is a critical component
of the plant immune response. In this work, we identi-
fied the transcriptional regulatory effect of IncRNA809
onMmNAC17. MmNACI17 was a downstream target gene
of IncRNA809, and their expression profiles were highly
consistent under sorbitol treatment and pathogen attack.
Overexpression of IncRNA809 positively regulated the
transcription level of MmNACI7 (Fig. 7E-F). The ele-
vated expression of MmNACI7 significantly promoted
the accumulation of catechin, as it could bind to the pro-
moters of F3H and LAR and regulated their transcription
(Fig. 6). It is still unclear how IncRNAs successfully regu-
late plant immune responses, but targeting transcription
factors is an effective way for IncRNAs to exert their bio-
logical functions effectively (Gil and Ulitsky 2020). There-
fore, we could observe the active role of IncRNA809 on
regulating catechin biosynthesis (Fig.7G-H). When the
transcription of IncRNA809 was inhibited, the sorbi-
tol signal cannot be transmitted to the secondary signal
catechin (Fig. 8D-E), resulting no significant enhance-
ment of leaf resistance (Supplemental Fig. 19). Therefore,
we believe that the IncRNA809-NAC17 module is a key
point in the cascade reaction between sorbitol signal and
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catechin signal, providing a framework for revealing how
sorbitol metabolism regulates flavonoid metabolism in
Rosaceae plants under pathogen attack.

In this study, we revealed how sorbitol alters catechin
metabolism levels through IncRNA to resist fungal infec-
tion. When plants are exposed to pathogens, [ncRNA809
is maintained at a high expression level in leaves with high
levels of sorbitol, and positively promotes the expression
of transcription factor MmNACI7. MmNACI17 further
activates the expression of two synthase genes MmF3H
and MmLAR on the flavonoid metabolism pathway and
effectively promote the accumulation of flavonoid cat-
echins. Catechin can inhibit the mycelial growth and
spore germination of A. alternata R1, so leaves with high
levels of catechin are more resistant (Fig. 9). In summary,
this study indicates that a hierarchical regulation can be
formed between sorbitol and catechin to resist A. alter-
nata R1 diseases, and IncRNA809 and MmNACI17 are
important regulatory genes that connect the two signal-
ing factors.

Materials and methods

Plant materials and pathogen inoculation

Fully expanded young leaves from Malus micromalus
trees planted on the campus of Beijing Forestry Univer-
sity were collected for relevant experiments. A culture of
A. alternata strain R1 was initiated by plating stock cul-
ture stored at —80 °C on a Potato Dextrose Agar medium
at 25 °C. After 3 days, the actively growing hyphae were
transferred to a new medium and grow for 7 days at 25°C.
The culture was then filtered through two layers of nylon
cloth. The conidial concentration was determined using
a hemocytometer and the filtrate was adjusted to 1x 10°
conidia per milliliter by adding sterile water.

For R1 infection, M. micromalus leaves were infected
by drop inoculation with 10 ul R1 conidiospore suspen-
sion per leaf. The drop-inoculated leaves were placed in
high humidity to complete infection. Disease severity
was assessed by measuring lesion size (Image]J software)
and cell membrane permeability. For each leaf, the lesion
area needs to be counted. Then, the percentage of lesion
area to each leaf area was calculated. Based on the above
percentage data, disease severity was classified into four
grades: healthy, mild symptoms, moderate symptoms and
severe symptoms. 40—50 leaves were used for statistical
analysis of disease severity.

Sorbitol feeding experiment and sorbitol content assays

Fully expanded and healthy leaves outdoors were col-
lected and cleaned on the surface before being placed
in a plastic culture dish (150 mm) with a layer of moist
filter paper laid. 50mM sorbitol solution and a control
solution (water) were prepared, and the petiole base was
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trimmed with scissor. Fixing the leaves so that the peti-
oles are completely immersed in both solutions, and let
them stand for 6 h. The feeding process is completed in
an ultra clean platform, accompanied by a certain inten-
sity of wind to ensure the maximum absorption efficiency
of sorbitol. The Sorbitol Content Determination Kit
(Solarbio, China) was used to detect the sorbitol content
of leaves. Sorbitol can form a blue complex with copper
ions in alkaline solutions, with a maximum absorption
peak at a wavelength of 655 nm.

Ca?* flux measurement

NMT was used to measure the Ca’" flux of leaves
infected with pathogens and the effect of sorbitol or cate-
chin on Ca**flux as previously described (Luo et al. 2023;
Yu et al. 2023). In brief, the leaf samples were immobi-
lized in the testing solution (0.1 mM CaCl,, pH 6.0) for
30 min to achieve Ca*" flux stability. The electrode tip
was brought close to the mesophyll cell mass and main-
tained there until the signal stabilized. The effect of
sorbitol or catechin on Ca** flux was tested. sorbitol or
catechin was added transiently, and NMT data were
recorded. The steady-state fluxes were continuously
recorded every 6 s for 5 min. Data were obtained from at
least three leaves for each treatment.

Construction of IncRNA-seq and RNA-seq libraries

The leaves that had been treated with sorbitol and
infected with pathogens for 7 days were divided into four
groups: Healthy leaves fed with water, healthy leaves fed
with sorbitol, leaves infected with R1 after sorbitol feed-
ing and leaves infected with R1 after water feeding. Three
biological replicates were designed for each group, with
a total of 12 samples for whole-genome RNA-seq. RNA-
seq was performed by Yung Biotechnology Co., Ltd.(Bei-
jing, China). Total RNA was isolated from each leaves
sample using TRIzol® Reagent Plant Kits (Thermo, USA).
Ribosomal RNA was removed using the Ribo-Zero Mag-
netic kit (Epicentre, ShangHai). Sequencing libraries
were constructed using the TruseqTM RNA sample prep
Kit for Illumina, according to the manufacturer’s instruc-
tions. The libraries were sequenced on the Illumina
Novaseq 6000 platform.

Identification of IncRNAs and prediction of its regulatory
genes

The raw data were processed by filtering adaptors,
removing the low-quality reads, and trimming the reads
whose number of N bases accounted for more than 10%
of the total (quality score, Q>30). The reference Malus
domestica genome and the annotation files were down-
loaded from the NCBI database (ftp://ftp.ncbi.nlm.
nih.gov/genomes/all/GCA/004/115/385/GCA_00411
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5385.1_ASM411538v1). The genome index was built
with Bowtie2 and clean reads were mapped to the Malus
domestica genome using HISAT?2. If the protein coding
potential of a transcript is <0, it means that the transcript
cannot encode a protein and is considered non-coding.
The IncRNAs cis-regulated target genes were predicted
by Tbtools. Using genome annotation and genome
browser to identify genes within a 10 kb upstream and
downstream range of IncRNAs. The IncRNAs trans-reg-
ulated target genes were predicted using a Pearson cor-
relation coefficient analysis between the expression of
IncRNA and its protein coding genes. A Venn diagram
was used to screen for the specific IncRNAs and mRNAs
that had a significant difference in expression levels
between the samples fed with sorbitol and samples fed
with water while simultaneously having significant dif-
ference in expression levels between the infected samples
after sorbitol feeding and those infected after water feed-
ing. Using the Venn plot to screen for specific mRNA and
IncRNAs with significant differences in expression levels
between sorbitol fed and water fed samples, as well as
significant differences in expression levels between sam-
ples infected after sorbitol feeding and those infected
after water feeding. The screened genes were considered
to have R1 resistance and respond to sorbitol.

Identification of differentially expressed genes(DEGs)

The expression levels of IncRNA and the mRNA tran-
scripts were estimated using StringTie and all mapped
reads by StringTie. All RNA-seq datasets were respec-
tively aligned to Malus domestica genome using HISAT2.
The transcriptome from each dataset was then indepen-
dently assembled using StringTie. The differential gene
expression analyses were conducted using DESeq, based
on a negative binomial distribution. Genes with Q <0.05
and |log2_ratio| > 0.5 were considered to be differentially
expressed genes.

RT-gPCR analysis

Total RNA was extracted by using Eastep® Super Total
RNA Extraction Kit (Promega, USA) according to the
manufacturer’s instructions. Agarose gel electrophore-
sis was used to detect the degradation and integrity of
RNA, and NanoDrop 8000 (Thermo, USA) was used to
detect the quality of RNA. cDNA was synthesized with
a First-strand ¢cDNA Synthesis Mix (LABLEAD, China)
for qPCR. Quantitative PCR was performed by using
a SYBR Premix Ex Taq Kit (TaKaRa) on a QuantStudio
6 Real-Time PCR system following the manufacturer’s
instructions. Expression levels were normalized to the
expression of MmPRS5, which is stably expressed refer-
ence genes in M. micromalus. The relative fold change
of genes was calculated using the 2-AACT method. The
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quantitative primers used in this study were generated by
Sangon Biotech (https://www.sangon.com/primerDesi

gn).

Vector construction and instantaneous transformation

of leaves

In order to overexpress MmNAC17 and IncRNA809
in plants, specific primers were used to amplify the
ORF of MmNAC17 and the full-length sequence of
IncRNA809, and they were cloned into the pROK2 vec-
tor driven by the 35 S promoter fusion with GFP-tag.
In order to suppress the expression of MmNAC17 and
IncRNAS809 in plants, we amplified 80-200 bp specific
fragments of MmNAC17 and IncRNA809 and cloned
them into the pFGC5941 vector. For GUS expression
system, the promoters of F3H and LAR were inserted
into the pROK2 vector fused with GUS-tag to construct
proMmF3H::GUS, proMmLAR:GUS reporter vectors,
respectively. The construction of inhibitory expression
vectors for F3H and LAR is consistent with the described
methods for NAC17 and IncRNA809 mentioned above.
The above constructed vectors were respectively intro-
duced into the Agrobacterium tumefaciens strain
GV3101. The Agrobacterium tumefaciens was shaken and
cultured in YRK medium (YEP+25 mg L™! Rif+50 mg
L~! kana) for 12 h. Subsequently, we collected the plaque
and resuspend it with MS until the OD value is 0.4. 20
mM AS was added to activate the activity of Agrobacte-
rium and allowed to stand for 2-3 h. If two genes are co-
transformed into plant leaves, it is necessary to pre-mix
the MS solution in a 1:1 ratio. The leaves were placed in
MS solution containing the target gene and subjected to
vacuum filtration for 20 min. After translation, the leaves
were placed in a culture dish with high humidity and cul-
tured for 2 days under 16 h of light/8 hours of darkness.
The translation positivity rate was identified through
RT-qPCR. Primers used are provided in Supplemental
Table S1.

Synthesis of SPc, dsRNA and IncRNA in vitro

SPc was synthesized according to the method described
by Li et al. (2019). The star initiator Pt-Br was synthesized
using pentaerythritol as raw material. the polymeriza-
tion of star initiator with DMAEMA (2-(Dimethylamino)
ethyl methacrylate) and dried tetrahydrofuran was car-
ried out under nitrogen atmosphere. After removal of
THEF in a rotary evaporator, the water was added to dia-
lyze and purify the crude polymer, which was repeated 4
times to obtain the final SPc product.

We have previously cloned the 80-200 bp specific frag-
ment of IncRNA809 into the MCS1 and MCS2 regions of
the pFGC5941 vector, respectively. The above plasmids
were used as templates, and primers were designed for
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gene fragment amplification at the upstream position
of MCS1 and downstream position of MCS2, respec-
tively. The amplification product is named IncRNA809*.
The amplified IncRNA809* fragment was cloned into
pMD19T-vector and transformed into E. coli DH5«. The
plasmid (IncRNA809*-T) was extracted and verified by
Sanger sequencing. LncRNA809* and IncRNAS809 plas-
mids with T7 promoter were used as in vitro transcrip-
tion templates, and then a large amount of RNA products
were efficiently obtained through in vitro transcription
reaction using T7 High Yield RNA Transcription Kit
(Vazyme, China).

Y1H assay

The leaf DNA extracted by CTAB method was used as a
template to amplify 2000 bp of the CHS, F3H, F3’'H, LAR,
LDOX promoter region, which were cloned into the
pAbAi vector. The ORFs of MmNAC17, MmbZIP1 and
MmERF4 were inserted into the pGADT7-Rec2 (AD)
vector. These constructs or corresponding empty vec-
tors were co-transformed into the yeast strain YIHGold,
which was subsequently incubated at 29 °C on the syn-
thetic dropout (SD) medium lacking Leu. It was spotted
on selective media with 250 ng mL™" AbA following the
manufacturer’s instructions. Primers used are provided
in Supplemental Table S1.

Dual-LUC assay

The promoter regions of MmF3H and MmLAR were
inserted as reporter genes into the pGreenll 0800-LUC
vector. The coding sequence of MmNAC17 was cloned
into the pGreenlI-62-SK vector. The effector gene and
reporter gene were transformed into Agrobacterium
tumefaciens strain GV3101 and co-infiltrated into N.
benthamiana leaves. After 48 h, the luciferin substrate
was sprayed onto the surface of leaves and its lumines-
cence was detected with an imaging system (Tanon,
Shanghai). The primers used are listed in Supplemental
Table S1.

Protein purification and EMSA experiment

The CDS sequence of NAC17 was constructed into the
pET-30a vector, and the recombinant plasmid was sub-
sequently transformed into Escherichia coli BL21(DE3).
When the bacterial solution was cultured at 37°C until
the OD reached 0.8, the protein was induced to over-
express by adding 0.5mM Isopropyl-beta-D-thioga-
lactopyranoside (IPTG). After 16 h, the bacteria were
collected and resuspended. The components of the resus-
pension buffer are 1 M Tris HCI (pH 7.5), 0.5 M NaCl,
20mM imidazole, and 100 mM Phenylethenesulfonyl
fluoride (PMSF). The supernatant was collected by cen-
trifugation at 12,000 rpm for 30 min after sonication. The
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proteins in the supernatant were collected by Ni-NTA
agarose. The EMSA experiment was conducted using a
chemiluminescence EMSA kit (Beyotime Biotechnology,
China). Biotin-labeled DNA fragments containing the
NACR were used as probes, and the unlabeled DNA frag-
ments were used as competitive probes. The mutation
probe is a DNA sequence in which all NACR core motifs
have been mutated to A.

Determination of electrolyte leakage in leaves

after pathogen inoculation

The leaves inoculated with pathogens and the con-
trol leaves were washed with clean water and cut into
1 cmx1 cm sizes. They were placed in 50 ml tubes filled
with distilled water and stood at 37°C for 24 h. The con-
ductivity meter (Leci, DDS-307) was used to measure
and record the value E1. Subsequently, the test tube was
placed in a boiling water bath at 100°C for 15 min. When
that was completed, it was cooled to room temperature
and the value E2 was recorded for the second meas-
urement. Empty distilled water was used as a control,
and the values measured before and after boiling were
recorded respectively as EO and ELO. The relative conduc-
tivity (REC) is calculated according to the following for-
mula: REC (L)=(E1-E0)/(E2-ELO0).

Detection of flavonoids by high performance liquid
chromatography (HPLC) leaves inoculated with patho-
gens for 7 days or leaves transformed instantaneously
for 3 days are collected. 2 g of leaves were weighed and
ground, and then 20 ml 70% methanol solution was
used to prepare flavonoid extract. The target metabo-
lite was analyzed on an Agilent 1260 liquid chromatog-
raphy system equipped with a Gemini C18 column (
250%4.6 mm id, 5 pm, Phenomenex, USA). The detec-
tion wavelength is 254 nm. Chromatographic detec-
tion conditions: Mobile phase A is 0.1% formic acid,
and mobile phase B is methanol solution. Gradient elu-
tion procedure: 0~20 min, 45~65% B; 20-25 min,
65~80% B; 25~60 min, 80~90% B. Gradient elution
procedure: 0~ 10 min, 35~45% B; 10 ~20 min, 45~51%
B; 20~ 35 min, 51~80% B; 35~36 min, 80~100%. The
column temperature is 30°C. The injection volume of all
samples was 20 ul, and the peak area was normalized to
the control group for comparison.

The inhibitory effect of flavonoids on the growth

of pathogenic fungi R1

Different types of flavonoid standard solutions were pre-
pared and added to potato solid culture medium accord-
ing to concentration settings, with flavonoid free solid
culture medium as the control. R1 was inoculated into
the above-mentioned culture medium and cultured at
28°C, and the fungal growth diameter was recorded. R1
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cultured for 96 h were selected to prepare spore suspen-
sions, and the spore count and germ tube length were
observed under an inverted microscope. Image] is used
to statistically analyze the length of spore germ tubes.

Statistical analysis

All data are shown as means *standard deviation (SD)
from at least three biological repeats or from three tech-
nical replicates in one of three experiments with similar
results. Student’s T test was used for comparing means
between two samples (*p<0.05, **p<0.01, ***p<0.001,
*#%p<0.0001). One-way analysis of variance (ANONA)
was used for testing the significance of the difference
among different group means (different lowercase letters
indicate significant differences, p <0.05).

Abbreviations
M. micromalus
A. alternata

N. benthamiana

Malus micromalus
Alternaria alternata
Nicotiana benthamiana

NMT Noninvasive Microtest Technology

DEGs Differentially expressed genes

GO Gene ontology

KEGG Kyoto Encyclopedia of Genes and Genomes
EMSA Electrophoretic Mobility Shift Assay

CHS Chalcone Synthase

F3H Flavonoid 3-hydroxylase

F3'H Flavonoid 3"-hydroxylase

ANS Anthocyanidin Synthase

LDOX Leucoanthocyanidin O-methyltransferase
LAR Leucoanthocyanidin Reductase

HPLC High performance liquid chromatography
LncRNA809* a dsRNA targeting INcRNA809

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/543897-024-00125-z.

Supplementary Material 1. Supplemental table S1.The primers used in
this study.

Supplementary Material 2. Water-fed healthy leaves.
Supplementary Material 3. Sorbitol-fed healthy leaves.
Supplementary Material 4. Water-fed and R1-infected leaves.
Supplementary Material 5. Sorbitol-fed and R1-infected leaves

Supplementary Material 6. The molecular mechanism of sorbitol enhanc-
ing disease resistance in M. micromalus.

Supplementary Material 7: Supplemental Figure 1. Isolation and identi-
fication of the main pathogenic fungus R1 from M. micromalus. (A) The
isolation process of pathogenic fungi from M. micromalus. (B) Pathogenic-
ity identification of R1, R2, and R3. Scale bar, 1 cm. (C) Phylogenetic tree
analysis of R1. R1 belongs to the genus A. alternata R1. Supplemental
Figure 2. The content of sorbitol in the leaves of M. micromalus fed with
exogenous sorbitol is detected. The data is the mean + SD (n=3). *p <
0.05, two-sided Student’s t-test. Supplemental Figure 3. The GO pathways
that are enriched by differentially expressed genes regulated by the
pathogen R1. Group 2, H,O vs H,O+R1. Group 3, sorbitol vs sorbitol+R1.
Here are the top 15 entries with p < 0.05. Supplemental Figure 4. The
KEGG pathways that are enriched by differentially expressed genes. (A)
The KEGG pathways of downregulated genes in Group 1 and Group 4
are shown. (B) The KEGG pathways of upregulated and downregulated
genes in Group 2 and Group 3 aredisplayed respectively. Supplemental
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Figure 5. A heatmap with the expression level of genes related to flavo-
noid synthesis.Supplemental Figure 6. Family member analysis of genes
related to flavonoid synthesis. Supplemental Figure 7. The concentration
of catechin that inhibit the growth of pathogens is determined.The anti-
bacterial effect (A), pathogen growth diameter (B), and spore count (C) are
shown. Scale bar, 2 cm. Supplemental Figure 8. The antibacterial effects of
naringenin in vitro. R1 was inoculated onto PDA medium with naringenin
and cultured at 25°C for 96 hours. The growth process (A) and spore mor-
phology (C) of pathogen R1 are displayed in the presence or absence of
naringenin. Scale bars, 4.5 cm (A) and 20 um (C). The growth diameter (B),
spore quantity (D), and spore germination (E) are also statistically analyzed.
Supplemental Figure 9. The antibacterial effects of quercetin in vitro. R1
was inoculated onto PDA medium with quercetin and cultured at 25°C for
96 hours. The growth process (A) and spore morphology (C) of pathogen
R1 are displayed in the presence or absence of quercetin. Scale bars, 4.5

m (A) and 20 um (C). The growth diameter (B), spore quantity (D), and
spore germination (E) are also statistically analyzed. Supplemental Fig-
ure 10. The antibacterial effects of isorhamnetin in vitro. R1 was inoculated
onto PDA medium with isorhamnetin and cultured at 25°C for 96 hours.
The growth process (A) and spore morphology (C) of pathogen R1 are
displayed in the presence or absence of isorhamnetin. Scale bars, 4.5 cm
(A) and 20 pm (C). The growth diameter (B), spore quantity (D), and spore
germination (E) are also statistically analyzed. Supplemental Figure 11.The
antibacterial effects of isoquercitrin in vitro. R1 was inoculated onto PDA
medium with isoquercitrin and cultured at 25°C for 96 hours. The growth
process (A) and spore morphology (C) of pathogen R1 are displayed in the
presence or absence of isoquercitrin. Scale bars, 4.5 cm (A) and 20 pm (C).
The growth diameter (B), spore quantity (D), and spore germination (E) are
also statistically analyzed. Supplemental Figure 12 The antibacterial effects
of dihydroquercetin in vitro. R1 was inoculated onto PDA medium with
dihydroquercetin and cultured at 25°C for 96 hours. The growth process
(A) and spore morphology (C) of pathogen R1 are displayed in the pres-
ence or absence of dihydroquercetin. Scale bars, 4.5 cm (A) and 20 um (C).
The growth diameter (B), spore quantity (D), and spore germination (E) are
also statistically analyzed.Supplemental Figure 13. The antibacterial effects
of epicatechin in vitro. R1 was inoculated onto PDA medium with epicat-
echin and cultured at 25°C for 96 hours. The growth process (A) and spore
morphology (C) of pathogen R1 are displayed in the presence or absence
of epicatechin. Scale bars, 4.5 cm (A) and 20 um (C). The growth diameter
(B), spore quantity (D), and spore germination (E) are also statistically
analyzed. Supplemental Figure 14. The expression levels of transcription
factors are shown by heatmap. Supplemental Figure 15. Expression levels
of MMNACT7 and IncRNA809 and cell membrane permeability of leaves
under pathogen R1 infection. The relative expression levels of MMmNAC17
and INcRNAB09 (A, C). Transcripts are quantified by RT-qPCR. The data is
the mean + SD (n=3). **p < 0.01, ***p < 0.001, two-sided Student’s t-test.
The cell membrane permeability of leaves (B, D). ANOVA, Tukey's multiple
comparisons, P<0.05, different letters indicate significant differences.
Supplemental Figure 16. Prediction of promoter binding elements for
flavonoid synthesis related genes and Y1H assays. (A) The transcription fac-
tor binding sites predicted using the plantpan3.0 database are displayed.
(B) Y1H assay showing no interaction between transcription factors
MmbZIP1 and MmMERF4 and promoter fragments of flavonoid synthesis
related genes. Empty pGADT7 vectors were used as a negative control.
Supplemental Figure 17.The effect of overexpression of MmNAC17 on
the biosynthesis of other flavonoids. Supplemental Figure 18. A heatmap
of differentially expressed IncRNAs. Supplemental Figure 19. The lesion
area, cell membrane permeability, and calcium ion flux of transgenic
leaves under different backgrounds. The data is the mean + SD (n=3). *p <
0.05, *p < 0.01,***p < 0.001, ****p < 0.0001, ns, not significant, two-sided
Student’s t-test.
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