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Abstract: Phytoplasma-infected Chinese cherry (Cerasus pseudocerasus L.) exhibits symptoms of
phyllody and stiff fruit. To reveal the molecular mechanism of stiff fruit, the current study integrated
transcriptome with metabolome. Results showed that the differentially expressed genes and the
differentially accumulated metabolites were related to a high proportion of two aspects: pathogen
resistance and signaling or regulatory functions, and the molecular mechanism of stiff fruit that were
majorly induced by plant biotic stress response via phytohormones signal transduction, especially
signal pathways of salicylic acid, auxin, and abscisic acid. Notably, there was a large overlap
between phytoplasma stress response and drought stress response genes. Phytohormone content
ﬁ*;,ej;‘tf;’sr displayed significant difference that abscisic acid and salicylic acid content of phytoplasma-infected

Citation: Li, J; Chen, S.; Wang, W fruit were higher than that of healthy fruit, whereas zeatin, jasmonic acid, and IAA showed the
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opposite results. In addition, the expression of key candidate genes, including IAA4, IAA9, IAA14,

with Metabolome Reveals the IAA31, ARF5, ARF9, GH3.1, GH3.17, SAUR20, SAUR32, SAUR40, PR1a, PRB1, TGA10, SnRK2.3,
Molecular Mechanism of and AHK?2, was responsible for cherry stiff fruit. In conclusion, the current study contributed a
Phytoplasma Cherry Phyllody foundation for understanding the molecular mechanism of cherry phyllody disease on stiff fruit,
Disease on 5tiff Fruit in Chinese a better understanding of fruit development, and found the potential candidate genes involved in
Cherry (Cerasus pseudocerasus L.). cherry stiff fruit, which could be used for further research in associated fields.
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1. Introduction

Chinese cherry (Cerasus pseudocerasus L.) is one of the four major cherry cultivars in
Publisher’s Note: MDPIstays neutral - China. With special flavor, this species is widely grown in the mountain area of south China
with regard to jurisdictional claims in - and has important economic value for achieving targeted poverty alleviation. In 1971,
published maps and institutional affil-  cherry phytoplasma diseases were first reported by Granett and Gilme as the symptoms
iations. of cherry X disease [1]. The subgroup 16SrV-B of sweet cherry virescence disease and the
subgroup 165rl-B phytoplasma of sweet cherry fasciation disease have been reported in
recent years [2-4]. However, cherry phytoplasma diseases are rarely reported in China.
From 2016 to 2020, a large-scale (over 50%) phytoplasma disease incidence was dis-
covered in the Chinese cherry planting area in Chongqing, China. The previous study
identified that Chinese cherry was infected by 16SrV-B subgroup phytoplasma and named
cherry phyllody disease (ChP) [5]. The symptoms include plant decline, clustered leaves,
conditions of the Creative Commons _ Virescence, phyllody, and stiff fruit. The cherry phytoplasma disease with complicated
Attribution (CC BY) license (https://  Symptoms: stiff fruit show small size and deformity, stay in young fruit period, and drop
creativecommons.org/ licenses /by / within a week before fruit expansion stage (Figure 1).
40/).
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Figure 1. (a): Stiff fruit in the tree show abnormal shape and stagnant development. (b): Healthy
fruit in the tree show spherical shape and well-development. (c): Stiff fruit fail to mature and keep
abnormal shape when healthy fruit is ripe. (d): Ripe healthy fruit show red color and spherical shape.

Phytoplasmas are obligatory parasitic bacteria that have no cell wall, are hard to be
cultured, exist in the phloem sieve cells of plants, and can cause phyllody, witches” broom,
clusters, and virescence [6]. Its transmission mainly relies on Hemiptera insect, and it can
also be transmitted by Cuscuta chinensis and grafting. Previous studies of phytoplasma
diseases mainly focus on the isolation, detection, and identification of phytoplasma effectors.
Three well-known phytoplasma effectors are TENGU, SAP11, and SAP54. SAP54 induces
the development of leaf-like flowers, and SAP11 induces stem proliferation and alters
leaf development, while TENGU induces witches” broom, dwarfism, and flower sterility
in plants [7-9]. Recent studies found more Phytoplasma effectors, such as SAP05 from
Arabidopsis of Aster Yellows phytoplasma strain Witches” Broom (AY-WB) [10], SAP11CaPM
from apple proliferation phytoplasma in the 165rX-A subgroup [11], SWP1 from wheat blue
dwarf phytoplasma in the 165rl-C subgroup [12], and SJP1 and SJP2 from jujube witches’
broom in two 16SrV-B group [13].

Molecular mechanisms of plants resistant pathogen including phytoplasma almost
are through the regulation of non-expressor of pathogenesis-related genes 1(NPR1) by
salicylic acid (SA)-mediated systemic acquired resistance (SAR) [14]. Jasmonic acid (JA)
and ethylene are considered the major defense phytohormones in abiotic and biotic stress
response, while auxin, abscisic acid (ABA), cytokinin (CTK), and gibberellins (GAs) are
also deemed to be involved in plant immunity. The regulation of plant pathogen immunity
is quite complicated process, through an intricate signaling network. The stiff fruit caused
by cherry phytoplasma disease is involved in the fruit development process regulated by
the phytohormone network, which makes things more complex.

Previous studies have documented in detail that Aux/IAA (Auxin/indole acetic acid)
genes, ARF (auxin response factor) transcription factors, GH3 (Gretchen Hagen 3) genes,
and SAURs (small auxin up RNAs), many of which are induced by auxin, take part in
nearly all stages of plant development and regulate a series of essential activities [15-17].
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These genes have a common auxin response element, and their promoter regions contain
a cis-acting element (TGTCTC) [18]. The interaction network of these genes is complex;
for example, 70% of ARFs can interact with Aux/IAA factors through the integration of
co-expression profiles and protein-protein interaction data [19]. Aux/IAA proteins are a
kind of short-lived nuclear protein, encoded by primary auxin response genes [20]. SAURs
are the largest family of early auxin response genes with regulation of a huge series of
cellular, physiological, and developmental processes [17].

Although previous studies had highlighted the pathogenesis of phytoplasma dis-
eases in many crop species, the release characteristics of stiff fruit under cherry phyllody
disease phytoplasma infection need more study in Chinese cherry. By integrating tran-
scriptomics with metabolomics, this study focused on the molecular mechanism and
revealed a complex signal network of stiff fruit during early cherry fruit development
under phytoplasma infection.

2. Materials and Methods
2.1. Sample Collection

Here, 5-year-old Chinese cherry trees were selected to be samples, which grew with
rainfed water in Qijiang District, Chongqing (the average annual temperature is 18.8 °C,
with an average precipitation of 1070 mm). The fruit samples were collected in the 2nd in
week of March 2021 from three ChP-infected trees (Fr3, 106.660059° N, 28.930975° E, soil
pH 6.8) within a range of 0.1 km and three healthy trees (Ckfr, 106.659721° N, 28.930932° E,
soil pH 6.8) within a range of 0.1 km; to satisfy basic biological replicates, the Fr3 group
was 1 km away from the Ckfr group. The collected fruit samples were immediately
frozen in liquid nitrogen after being collected from trees and were stored at —80 °C until
further experiment.

2.2. Total RNA Extraction, Expression Analysis of Genes with RNA-Seq

Extraction of total RNA was performed using the RNA plant Plus Reagent (Tian-
gen, China, https:/ /www.tiangen.com/asset/imsupload /up0031254001467350989.pdf,
accessed on 10 November 2021). RNA purity was assessed spectrophotometrically using
the model NC2000 Nanodrop (ThermoFisher Scientific, Waltham, MA, USA). Concentra-
tions of the RNA preparations were assessed using the Qubit RNA Assay Kit (ThermoFisher
Scientific, Waltham, MA USA) with the model NC2000 Nanodrop (ThermoFisher Scientific,
Waltham, MA, USA). RNA degradation and contamination were firstly examined on a 1%
agarose gel (Biowest, France) [2]. Further assessment of RNA integrity was performed us-
ing the model 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA) with
the RNA 6000 Nano Kit (model 5067-1511, Agilent Technologies, Santa Clara, CA, USA).

Generation of RNAseq libraries used 1.5 ug RNA samples with the NEBNext Ultra
RNA Library Prep Kit for Illumina (NEB, Ipswich, MA, USA, https://www.neb.com/
products/e7770-nebnext-ultra-ii-rna-library-prep-kit-for-illumina, accessed on 10 Novem-
ber 2021). After quality inspection of the library by model 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA), the prepared libraries were sequenced on an Illu-
mina NextSeq 500 platform for generation of paired-end reads. Construction of RNA-seq
library construction and Illumina sequencing procedures were performed at Personal
Biotechnology Co., Ltd. (Shanghai, China, http://www.personalbio.cn/, accessed on
10 November 2021).

Raw data were removed, along with reads containing adapters, reads containing poly-
N, and low-quality reads, to obtain clean reads. Clean reads were used for calculation of
the Q20, Q30, guanine, or cytosine content and sequence duplication level. The sequenced
left files (read1 files) from all RNA-seq libraries were pooled into a single left fq file; in the
same way, all right files (read2 files) were pooled into a single right fq file. The filtered
reads were compared to the reference genome DBcherry v1.0 (https:/ /www.rosaceae.org/
species/prunus_avium/genome_v1.0.al, accessed on 10 November 2021) using Hisat2
(http://ccb.jhu.edu/software/hisat2 /index.shtml, accessed on 10 November 2021) soft-


https://www.tiangen.com/asset/imsupload/up0031254001467350989.pdf
https://www.neb.com/products/e7770-nebnext-ultra-ii-rna-library-prep-kit-for-illumina
https://www.neb.com/products/e7770-nebnext-ultra-ii-rna-library-prep-kit-for-illumina
http://www.personalbio.cn/
https://www.rosaceae.org/species/prunus_avium/genome_v1.0.a1
https://www.rosaceae.org/species/prunus_avium/genome_v1.0.a1
http://ccb.jhu.edu/software/hisat2/index.shtml

Agriculture 2022,12,12

40f 15

ware. Transcriptome assembly was accomplished based on the left fq and right fq files
using software Trinity (Dublin, Ireland). All assembly parameters were set to the software
default values. Annotation of gene function was based on six publicly available databases,
including Nr (NCBI non-redundant protein sequences), EC (enzyme commission), GDR
(genome database for rosaceae), Swiss-Prot (a manually annotated and reviewed protein se-
quence database), KEGG (Kyoto Encyclopedia of Genes and Genomes Ortholog database),
and GO (gene ontology).

Gene expression levels were estimated by expectation-maximization (RSEM) before
GO enrichment or KEGG enrichment. the gene ontology analysis tool was used for GO
enrichment analysis of the differentially expressed genes (DEGs). According to the GO en-
richment analysis results of DEGs, GO classification was carried out according to molecular
function (MF), biological process (BP), and cell component (CC), and the top 10 GO terms
were selected in each GO classification with the least p-value. The top 20 GO terms of all
GO classification were selected with the least false discovery rate (FDR) value according to
Rich factor, FDR, and the content of this GO term. The statistical enrichment of DEGs in
KEGG pathways were evaluated using KEGG orthology-based annotation system (KOBAS)
software (Beijing, China). According to the results of KEGG enrichment, the degree of en-
richment was measured by Rich factor, FDR value, and the number of genes enriched in this
pathway. The top 20 KEGG pathways were selected with the most significant enrichment.

2.3. Metabolome Analysis
2.3.1. Metabolites Extraction

The samples were freeze-dried (model FreeZone 2.5 Liter, LABCONCO, Waltham,
MA, USA) and crushed by a mixer mill (model A11, IKA, Darmstadt, Germany) at 60 Hz
for 1 min. Then, 50 mg aliquot of individual samples were transferred to an Eppendorf tube
after precise weighing, following addition of 1 mL of pre-cooled at —40 °C extract solution
(containing internal standard, the proportion of methanol and pure water is 3:1). After
vortex (model 88882010, ThermoFisher Scientific, Waltham, MA, USA) at 60 Hz for 30 s, the
samples were homogenized at 40 Hz for 4 min and sonicated in an ice-water bath (model
DT 1028 FE, WIGGENS, Darmstadt, Germany) for 5 min. The cycle of homogenization and
sonication was repeated for three times. The extracting solution was put on a constant
temperature shaker over night at 4 °C before centrifugation at 12,000 rpm for 15 min at 4 °C.
The supernatant liquid was carefully filtered through a 0.22 pm microporous membrane
(BKMAM, China), and then the resulting supernatant liquid was diluted 5 times with
mixture solution (containing internal standard, the proportion of methanol and pure water
is 3:1) and vortexed at 60 Hz for 30 s. Then, 30 pL of sample from each vial were used as QC
samples, which were stored at —80 °C before the ultra-performance liquid chromatography-
mass spectroscopy (UPLC-MS, UPLC: model ExionL.C AD, AB Sciex Technologies, Ume3,
Sweden; MS: model QTrap 6500+, AB Sciex Technologies, Umed, Sweden) analysis [21].

2.3.2. UPLC-MS Examination

An EXIONLC UPLC system (AB Sciex Technologies, Umed, Sweden) was chosen for
separation; the column temperature was set at 40 °C, the mobile phase A was pure water
containing 0.1% formic acid, and the mobile phase B was acetonitrile. The auto-sampler
temperature was set at 4 °C, and the injection volume was 2 pL. A QTrap 6500+ MS was
applied for assay development, and ion source parameters were set as typical values:
IonSpray voltage: +5500/—4500 V, temperature: 400 °C, curtain gas: 35 psi, ion source
gas 1:60 psi, 2:60 psi, DP: £100 V. The primary and secondary MS data were qualitatively
assessed by searching the internal apparatus database and using a self-compiled database
PMDB (PANOMICX Biomedical and Technology Co., Ltd. Suzhou, China, http://www.
bionovogene.com/, accessed on 10 November 2021).
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2.3.3. Metabolomics Analysis

An internal control was used to normalize metabolomics data and the data subjected
to principal component analysis (PCA) using SIMCA-Q 17.0.1 (Sartorius, Germany, https://
www.sartorius.com/download /1014254 /simca-q-17-0-1-64-bit-en-b-00269-sartorius-zip-
data.zip, accessed on 10 November 2021). In addition, the differential metabolites were
identified as responsive biomarkers for determining the pattern of metabolic regulation.
These metabolites were selected based on a combination of a statistically significant thresh-
old of VIP (variable influence on projection) values obtained from the OPLS-DA model
(orthogonal partial least squares” discriminant analysis) and the p-value from a two-tailed
Student’s t-test on the normalized peak areas. The names and the change times of metabo-
lites were input into the genes cloud tool personal (Biotechnology Co., Ltd., Shanghai,
China) metabolic pathways analysis. The metabolic information was mapped to the KEGG
database to identify enriched KEGG pathways.

2.3.4. Quantification of Phytohormones

First, 50 mg of freeze-dried fruit samples of phytoplasma-infected cherry trees and
healthy cherry trees were ground with liquid nitrogen into powder. After being put into
5 mL of isopropanol/hydrochloric acid buffer and shaken at 4 °C for 30 min, they were
added to 10 mL dichloromethane and shaken at 4 °C for 30 min. The current study took
the lower organic phase after 13,000 rpm centrifugation for them at 4 °C for 5 min and then
dried the organic phase with nitrogen in dark condition. After that, 250 pL of them was
used to dissolve in methanol (contained 0.1% formic acid), and they were finally detected
by UPLC-MS [21].

2.3.4.1. cDNA Synthesis, and Quantitative Real-Time PCR

Samples of phytoplasma-infected fruit and healthy fruit were selected for gRT-PCR
analysis. Total RNA extraction was same as described above. Reverse transcription was
implemented with SuperScript IV VILO Master Mix (ThermoFisher Scientific, Waltham,
MA, USA), and (3-actin was used as the qPCR internal control. The selected genes and
gene-specific primers used for gJPCR were listed in Table S1. Gene expression was relatively
quantified using the 22C; method [22]. Three biological replicates were used for each
treatment, and each experiment was performed twice times. The means standard errors
(SEs) were presented using ORIGIN 8.6 (https://www.originlab.com/index.aspx?go=
Support&pid=1838, accessed on 10 November 2021).

3. Results
3.1. GO Enrichment and KEEG Pathway Enrichment Analysis of DEGs

Differentially expressed genes analysis showed that 7770 total DEGs included 3049 up-
regulated genes and 4260 down-regulated genes (Figure 2). Phytohormone related genes
SAUR20 was not expressed in non-infected samples (CKfr), while GH3.9 and SAUR40 were
not expressed in ChP-infected samples (Fr3).

GO enrichment analysis indicated that the DEGs of this study were enriched in
three categories: BP (biological process), CC (cell component), and MF (molecular function).
Under BP, most of the DEGs belonged to three subcategories: oxidation-reduction process,
aminoglycan catabolic process, and numerous metabolic processes. Under CC, most of
the DEGs belonged to three subcategories: microtubule, supramolecular complex, and
supramolecular polymer. Under MF, most of the DEGs belonged to three subcategories:
oxidoreductase activity, catalytic activity, and various binding functions containing main
DEGs (Figure 3).
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Figure 2. (a): Different expression genes” heatmaps. The abscissa is simple name, and the integration
is gene. Red color represents high expression genes, and green color indicates low expression genes;
(b): different expression genes volcano map. The abscissa is log2foldchange, and the integration
is —log10 (p-value). The two vertical dashed lines in the figure are 2 times expressed difference
threshold, the transverse line is a p-value = 0.05 threshold. The red color dot indicates that the group
is up-regulated, the blue color dot indicates that the group is reduced, and the ash represents a

non-significant difference expression gene.
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Figure 3. (a): GO enrichment analysis bubble map. The figure abscissa is Rich factor, and the figure
integration is GO term. Rich factor is positively correlated with enrichment, and the FDR value is
negatively correlated with enrichment; (b): top GO terms. The figure abscissa is GO level 2 term

name, and the figure integration is —log10 (p-value).
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Pathway

The enrichment analysis of KEGG pathway revealed that the DEGs of this study
were implicated in one hundred twenty-three pathways, many of which were involved in
the phytohormone signal transduction, including all kinds of phytohormones pathways.
Numerous DEGs were involved in several functional pathways such as phenylpropanoid
biosynthesis, monoterpenoid biosynthesis, and starch and sucrose metabolism. The KEGG
pathway enrichment is shown in Figure 4a, and the top 30 KEGG pathways are shown
in Figure 4b.

KEGG Pathway Enrichment

Amino sugar and nucleotide sugar metabolism 4 @
Corotenoid biosynthesis °
Fatty acid biosynthesis °
Fructose and mannose metabolism ®
Cyanoamino acid metabolism ®
= Category
Glycolysis / Gluconeogenesis 1+ @ FDR 3 [ ——
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< cocsm
075 %
Pyrimidine metabolism ® ' Il omima systems
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Plant hormone signal transduction [ ]
0.4 05 06
rich Pathway

Figure 4. (a) KEEG enrichment analysis bubble map. The abscissa is rich factor, and the integration is
KEEG pathway. Rich factor is positively correlated with enrichment, and the FDR value is negatively
correlated with enrichment; (b) top KEEG pathways. The abscissa KEEG pathway name, and the
integration is —log10 (p-value).

3.2. Differentially Accumulated Metabolites Analysis

Differentially accumulated metabolites (DAM) analysis shows 178 DAMs, including
127 up- and 51 down-accumulated compounds. (Figure 5a) The KEGG pathway analysis
revealed that the metabolites were implicated in thirty-nine pathways, many of which
were involved in the phenylalanine metabolism, aminoacyl-tRNA biosynthesis, flavonoid
biosynthesis, and monoterpenoid biosynthesis (Figure 5b).

Quantification of phytohormones showed significant different accumulation between
ChP-infected fruit and healthy fruit. ABA and salicylic acid contents of phytoplasma-
infected fruit were higher than those of healthy fruit. In contrast, zeatin, jasmonic acid, and
IAA levels of ChP-infected fruit were lower than those of healthy fruit (Figure 6).

3.3. Validation of RNA-Seq Data by qRT-PCR

To verify the reliability of RNA-seq data, forty-four DEGs related to phytohormone
signal transduction and plant immunity response were selected. The qRT-PCR data exhib-
ited the same tendency of genes expression as transcriptome except for the special genes
SAUR?71 and AREB3. If the Ct value of single gene exceeds 35, then it will be regarded
as the gene is not expressed. The Ct value of forty-four genes was shown in Table S2.
The current study found that GH3.9 in ChP-infected samples was not expressed, while
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SAUR40 in ChP-infected samples and SAUR20 in non-infected samples had relatively low
transcription levels. In addition, IAA11 in ChP-infected samples produced few mRNA.
Similarly, IAA14, GH3.17, and PR1a produced few mRNA in non-infected samples. More
information about Log2FC, —AAC, and relative expression values of selected genes were
shown in Table 1.

Flavonoid biesynthesis

Phenylalanine metabolism
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Y Pgr——— threonine metabalism
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Figure 5. (a): Different accumulated metabolites volcano map. The abscissa is log2foldchange, and
the integration is —log10 (p-value). The red color dot indicates that the metabolite is up-regulated,
the blue color dot indicates that the metabolite is reduced, and the ash represents a non-significant
difference expression metabolite; (b): KEEG pathway analysis treemap plot. Each block represents an
enriched metabolic pathway, each block size indicates that the impact of the pathway in topology
analysis. The color of each block shows the enrichment of pathway.
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Figure 6. Heatmap of phytohormones.



Agriculture 2022,12,12

9of 15

Table 1. Log2FC, —2ACt, and relative expression values of selected genes.

Gene 1og2FC(FR3/CKfr) —22C; Relative Expression
Pav_sc0000998.1_g200.1.mk (IAA4) 2.31 3.73 13.29
Pav_sc0002327.1_g560.1.mk (IAA9) 1.53 3.36 10.25

Pav_sc0000716.1_g230.1.mk (IAA17) 1.13 2.26 4.78
Pav_sc0000478.1_g250.1.mk (IAA31) 2.49 3.66 12.62
Pav_sc0000752.1_g190.1.br (SAUR20) / 3.82 14.17
Pav_sc0000586.1_g800.1.mk (SAUR32) 2.66 4.34 20.21
Pav_sc0001583.1_g270.1.br (SAUR?72) 1.52 2.92 7.55
Pav_sc0004359.1_g050.1.br (ARF5) 492 3.06 8.31
Pav_sc0002250.1_g170.1.mk (ARF9) 1.44 4.82 28.27
Pav_sc0000049.1_g070.1.mk (GH3.1) 1.50 2.29 4.90
Pav_sc0001540.1_g090.1.mk (GH3.17) 4.81 / /
Pav_sc0000554.1_g390.1.mk (PP2CA) 1.46 222 4.66
Pav_sc0000848.1_g040.1.mk (AHP2) 2.60 2.54 5.80
Pav_sc0000157.1_g130.1.mk (AHK2) 1.49 5.15 35.45
Pav_sc0001335.1_g500.1.mk (PYLS) 1.26 1.90 3.73
Pav_sc0001242.1_g120.1.mk (SnRK2.3) 1.29 3.09 8.53
Pav_sc0008321.1_g030.1.mk (TGA10) 4.19 4.94 30.72
Pav_sc0004469.1_g010.1.br (ARG?) 3.79 420 18.36
Pav_sc0000567.1_g900.1.mk (PAN) 2.29 3.72 13.19
Pav_sc0000568.1_g810.1.br (PR1a) 494 / /
Pav_co04011651.1_g010.1.br (PRB1) 3.28 3.44 10.85
Pav_sc0006499.1_g050.1.mk (MYC2) 1.96 3.20 9.21
Pav_sc0002181.1_g160.1.mk (IAA11) —2.78 / /
Pav_sc0000545.1_g110.1.mk (IAA12) —5.76 -3.99 0.06
Pav_sc0000800.1_g500.1.mk (IAA26) —2.43 —1.42 0.37
Pav_sc0000212.1_g380.1.mk (IAA27) —2.28 —0.81 0.57
Pav_sc0000568.1_g290.1.br (SAUR24) —4.29 —1.49 0.35
Pav_sc0000395.1_g310.1.mk (SAUR40) / —5.24 0.03
Pav_sc0001248.1_g030.1.mk (SAURS50) —3.85 —1.09 0.47
Pav_sc0000752.1_g020.1.mk (SAUR71) -1.17 0.39 1.31
Pav_sc0000373.1_g220.1.mk (LAX2) —3.82 —3.05 0.12
Pav_sc0001900.1_g150.1.mk (ARF3) —2.58 —3.04 0.12
Pav_sc0000852.1_g400.1.mk (CYCD3-1) —1.57 —0.50 0.71
Pav_sc0001807.1_g180.1.mk (CYCD3-2) —2.50 -1.10 0.47
Pav_sc0009346.1_g010.1.mk (AREB3) —1.56 0.08 1.05
Pav_sc0000893.1_g690.1.mk (WOL) —4.27 —4.79 0.036
Pav_sc0000700.1_g840.1.mk (AHP1) —-1.99 —1.02 0.49
Pav_sc0001801.1_g110.1.mk (TGA9) —2.31 —1.16 0.45
Pav_sc0000848.1_g820.1.mk (GH3.9) / / /
Pav_sc0002360.1_g300.1.mk (GH3.10) —3.14 -1.19 0.44
Pav_sc0001341.1_g250.1.mk (PYL4) —1.80 —0.46 0.73

The ‘/’ mean value of this item cannot be calculated, as numerator or denominator is zero.

4. Discussion

The Chinese cherry is an important economic fruit crops that belongs to the Rosaceae
family, with a history of more than three thousand years of cultivation [23]. Most cherry
cultivars are susceptible to phytoplasma disease, which is a fatal and devastating disease
in cherry. Thus, there is urgent need for study of ChP-resistant Chinese cherry germplasms,
as well as detailed information about phytoplasma—plant interactions to further resist
and prevent the disease. However, few previous studies focus on stiff fruit, which is
caused by some phytohormones involved in signal transduction pathways in woody
crops (Figures 3 and 4). This study provided some new information about regulating the
development of stiff fruit that plant immunity induced the expression of some genes and
substance synthesis or metabolism, which led to changes in the content of phytohormones
in the fruit and increases the occurrence of stiff fruit in Chinese cherry, such as ABA and
auxin signaling pathway DEGs (PYLS, PYL2, PP2CA, SnRK2.3, SAUR32, and SAUR71);
these were also involved in abiotic drought stress response (Table 1). Screening ChP-
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resistant Chinese cherry germplasms should pay more attention to ahk2 mutant and genes
with improved disease resistance. In general, these findings could be helpful to reveal the
pathogenic mechanism of cherry phyllody phytoplasma and provide available knowledge
for the breeding of ChP-resistant plants. Furthermore, the current study contributes to a
better understanding of phytohormones function in pathogen stress response and fruit
development, especially those infected by pathogens.

Salicylic acid signal transduction pathway plays a central role in Chinese cherry against phytoplasma.

Like plants resisted other pathogens by SAR, phytoplasma-infected plants had in-
creased SA content, and the transcription levels of SA signal transduction pathway genes
were up-regulated, especially genes TGA10, PRB1, and PR1a. SA is produced by pheny-
lalanine ammonia lyase (PAL) pathway and isochorismate synthase (ICS) pathway [24].
Up-accumulated phenylalanine metabolism pathway is directly connected to SA synthesis,
and up-accumulated flavonoid biosynthesis is directly connected to pathogen resistance
(Figure 5). SAR arouses the resistance genes to create phytoalexins and reinforce the cell
wall [21,25,26]. DAMs analysis showed up-accumulated phytoalexins including chloro-
genic acid, sakuranetin, wighteone, and capsidiol [27]. Phenylalanine is involved in S- and
G-lignin biosynthesis during cell lignification [28]. Up-regulated lignin synthesis genes
and phenylpropanoid biosynthesis pathway are directly associated with lignin synthesis
(Figures 3-5).

Most ChP-infected Chinese cherries cannot enter the fruit-set period. The occurrence
of stiff fruit was the result of Chinese cherry effectively resisting phytoplasma. The current
study surmised that exogenous SA treatment in early phase could improve phytoplasma
resistance ability of plants. Phytoalexin synthesis pathway and mechanism should be
further explained, and new substances with similar function deserve more attention.

AUXIN signal transduction pathway restricts fruit development and is involved in
phytoplasma resistance.

Auxin plays a vital role in regulating each plant growth stage and fruit development.
A transcriptome integrated with qRT-PCR showed that numerous genes were actively
expressed in auxin signaling pathway, including up-regulated genes (IAA4, 9, 14, 31,
SAUR20, 32, 71,72, GH3.1, 3.17, ARF5, 9) and down-regulated genes (AUX22, IAA11, 12,
16, 26, 27, SAUR?24, 40, 50, GH3.9, 3.10, ARF3) (Table 1, Figure 4). Low auxin content seemed
to be considered to positively control defense responses and resist to pathogens [29,30], but
repression of auxin signaling could reduce sensibility to pathogen (Figure 6). AUX22 is early
auxin-responsive protein, which is repressed by low auxin content. Previous studies show
than GH3.17 can conjugate free IAA with glutamate irreversibly and GH3.1 overexpression
in citrus decreased free IAA content, which indicated that up-regulated GH3.1 and GH3.17
could be responsible for low IAA content in ChP-infected samples [31,32].

Some of these differentially expressed genes directly lead to abnormal fruit devel-
opment and play an important role in the fruit development process affected by auxin.
Tomato is a parthenocarpic fruit with down-regulation of IAA9 [33], and IAA14, 16 nega-
tively regulate tomato development by suppressing auxin signal response [34]. In addition,
down-regulation of IAA27 results in the formation of tomato fruit with a modified shape
and reduced size [35,36]. IAA26 perform down-regulated expression level, which is related
to fruit sac granulation in late-ripening navel orange [37]. During the early development
of tomato fruit, ARF9 negatively controls the period of cell division by responding auxin
dynamics [38]. Those genes expressed in phytoplasma-infected cherry may play a major
role in occurrence of stiff fruit.

Some of these differentially expressed genes also play an essential role in morpho-
genesis, but there is a lack of research on their functions during fruit development. ARF3
is known to play a positive role in leaf polarity specification, gynoecium patterning, and
floral meristem determinacy [39], and ARF5 acts predominantly in embryos, meristems,
and organ primordia [40]. According to a previous study, IAA11 is specifically and strictly
required for callus initiation in the lateral root formation area, and IAA12 prevents the
formation of an embryonic root [41]. IAA16 promotes plant development and fertility
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in auxin and ABA response [42], and IAA26 promotes hypocotyl elongation [43]. The
overexpression seedlings of IAA31 in Arabidopsis exhibit semi-dwarf phenotype [44]. Addi-
tionally, the overexpression of GH3.1 in rice causes dwarfism and significantly reduces both
free auxin content and cell elongation [45]. GH3.9 influences primary root growth and is
repressed by low content of exogenous IAA in seedlings [46], and the overexpression lines
of GH3.10 in Arabidopsis have shorter hypocotyl than wild type [47]. In addition, SAUR50
promotes cell expansion during the development of apical hook [48]. Those genes have
potential research value in regulation of fruit development.

Some of these differentially expressed genes possess cross regulation with other
phytohormones. SAUR72, SAUR71, and SAUR40 belong to the SAUR41 subfamily, which
is induced by ABA and negatively controls cell expansion in Arabidopsis seedlings [49].
Previous work also indicates that the balance between the expression of ABA-repressed
and ABA-induced SAUR41 family may be indispensable for plant abiotic responses [50].
SAURB32 is dominantly expressed in roots and is highly induced by ABA and drought
treatment [51]. It has been widely reported that cytokinin affects auxin levels through PIN5
and GH3.17 [52]. This indicates that CTK is involved in plant immunity and negatively
regulates the synthesis of IAA via GH3.17.

The functions of some differentially expressed genes were out of the blue. SAUR20
and SAUR24, belonging to the SAUR19 subfamily, promote cell expansion [53]. In our
study, SAUR20 was significantly positively expressed in ChP-infect samples, whereas
SAUR24 had a negative expression level. We proposed two hypotheses, and the first
one was that SAUR24 competed with SAUR20 for regulating downstream genes, and yet
SAUR24 played a major role. The other was that SAUR19 family played minor role in fruit
development, and their functions were covered by other negative genes. Transcriptome and
RT-gPCR analysis demonstrated that GH3.9 was not expressed in ChP-infected fruit with
low auxin content, so the current study speculated that GH3.9 could be expressed normally
or positively under high concentration of IAA. Moreover, obvious growth phenotype was
not observed in iaa4 mutant lines of Arabidopsis [54].

Stiff fruit is the result of abnormal fruit development, and it may be associated with
auxin signal transduction. Therefore, the current study focused on auxin signaling pathway
and conducted detailed research. The result provided numerous genes with potential value
to deepen the cognition of fruit development in both promotion and inhibition.

ABA contributes both positive and negative sides to phytoplasma resistance.

It has been reported in detail that ABA is involved in plant response to abiotic stress,
which may often be correlated with other phytohormones [55]. ABA majorly regulates the
adaptation of plants to environment through a double negative regulatory system: PYL—

| PP2C— | SnRK2. However, in the current study, the expression of down-regulated PYL4,

up-regulated PYLS, PYL2, PP2CA, and SnRK2.3 was not in conformity with the double
negative regulatory system mechanism. SnRK2.3 belongs to subclass III SnRK2s, which
are positive regulators in ABA signaling pathway as a central hub and are essential for
the formation of drought tolerance [56]. Previous studies showed that up-regulated PYL2,
PYL4, and PYLS elevated drought tolerance [57], and ABA induced SAUR31 and SAUR71,
which are involved in auxin signaling pathway and have the same function. Nevertheless,
the connection between biotic stress response through ABA-induced pathway and abiotic
drought stress response should be further studied.

The p-aminobutyric acid (BABA) is a well-known activator in plant defense response
and considered to restrict pathogens migration. Studies state that the ABA pathway seems
to play a more important role than JA and ET signaling pathways in BABA-induced
resistance [58]. In current study, -aminobutyric acid accumulated at higher level, and
JA accumulated at a lower level in phytoplasma-infected fruit, which was consistent with
the above view. However, the mechanism and related genes in ABA signaling pathway
inducing 3-aminobutyric accumulation need to be more elucidated.

Previous work confirmed that AHK?2 attenuate plant response to abiotic stress in ABA
signaling regulation [59]. In this study, it was noticed that AHK2 involved in CTK signaling
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pathway was significantly up-regulated in phytoplasma-infected fruit. Many pathogens
are capable of increasing ABA content, resulting in weakening basal defense responses
of plants [60]. Therefore, the current study reckoned that phytoplasma impaired plant
immunity, which was connected with ABA-induced expression of AHK?2.

Cytokinin plays a negative role in fruit development.

It is considered that CTK signaling has complex effects on abiotic stress responses.
As the current study shows, CTK signaling could respond to biotic phytoplasma stress
as well by transcriptome and qRT-PCR validation. The CTK signal transduction pathway
directly controls cell division and is involved in a multi-regulated system: AHK2-4 (AHK4
also named CRE1/WOL)-AHP-ARR. CTK mainly includes kinetin, zeatin, and 6-BA.
Zeatin was detected in Chinese cherry fruit samples and accumulated at lower level in
phytoplasma-infected samples. The AHK4-AHP1-ARR9 system was negatively expressed
in response to low CTK content, which reduces cell division and further leads to smaller
fruit. Up-regulated AHK2 could be responsive to ABA signaling rather than CTK and
positively regulated downstream genes.

Other phytohormones make limited contribution to plant immunity.

JA and ethylene, as plant immunity signals, are considered equally important as SA.
In ChP-infected fruit, the small expression of genes in the two signaling pathways might
account for phytoplasma resistance. MYC2 is main regulator in JA signaling pathway
exhibiting significantly positive expression, but only this single gene was up-regulated
in the whole pathway, and its effect was limited. Ethylene signaling pathway had the
similar situation.

Genes involved in the remaining phytohormones signaling pathways were slightly
differentially expressed. For instance, the DELLA protein GAIPB was up-regulated in the
gibberellin signaling pathway, and CYCD3 was down-regulated in the brassinosteroid
signaling pathway. ARF5 and the BES1 co-regulated a subset of growth-promoting genes,
and BES] play a major role in auxin response in young seedlings [61]. During the cherry
immunity process, BES1 and BEH2 could be responsive to auxin signal transduction in
fruit rather than BRs.

The occurrence of stiff fruit is the result of resisting phytoplasma through phytoalexins
synthesis, cell wall reinforcement, and the suppression of cells division and enlargement by
expressing genes involved in phytohormone signal transduction in Chinese cherry. In ChP-
infected cherry fruit, SA was the primary signaling in plant biotic stress response, and IAA
was the central signaling in fruit development with the assistance of other phytohormones.
Additionally, ABA had both positive and negative functions in plant immunity. The
foremost purpose of plant immunity is to ensure survival. Plant immunity system copes
with pathogens by biological active substance in first stage. When the plant immunity
system fails to annihilate powerful pathogens, plants slow the development of pathogen-
infected tissues and guide those parts to apoptosis status for whole-body survival.

5. Conclusions

This study revealed how complex signal network influenced the development of stiff
fruit under phytoplasma infection. In summary, this study result showed auxin signaling
play the master role in the stiff fruit development, SA signaling play the master role in
phytoplasma resistance, and that ABA signaling could be hijacked by phytoplasma through
AHK?2 to impair plant immunity. Future research should pay attention to the candidate
genes of phytoplasma resistance and ABA or auxin signal pathway (e.g., AHK2), and verify
their function in mode plants. The connection between biotic stress response through ABA-
induced pathway and abiotic drought stress response should be considered. Moreover, the
current study contributed to better understanding of phytoplasma, Chinese cherry, and
fruit development.
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