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Abstract: Botrytis cinerea, a pathogenic fungus that causes necrosis in plants, is one of the most
destructive pathogens of hazelnuts. This fungus is responsible for causing Husk Brown Rot, a
significant threat to hazelnut production. The plant’s defense mechanism against this pathogen,
as well as other pathogens, is a complex biological process that involves changes at molecular,
biochemical, and physiological levels. To better understand the molecular responses of hazelnut
plants to B. cinerea infection, we conducted a comparative transcriptome profiling study between a
B. cinerea-resistant Ping’ou hybrid hazelnut variety (Dawei; DW) and a susceptible variety (Qiuxiang;
QX). Our study focused on the transcriptome profiles of DW and QX plants after three days of
B. cinerea infection. The results of our study showed moderate changes in the defense strategies of both
DW and QX plants in response to B. cinerea infection. Specifically, we observed that the expression
of 14 disease-resistant genes was significantly different between DW and QX. Our comparative
analysis revealed that DW had a higher number and expression of immunity-related differentially
expressed genes compared to QX, which indicates that these genes play a crucial role in inducing
innate resistance in DW plants against B. cinerea infection. This study highlights that plant resistance
to pathogens like B. cinerea is a complex process that is controlled by multiple genes and biological
pathways, each playing a specific role. Our findings provide new insights into the development of
hazelnut varieties that are resistant to B. cinerea infection. By using the candidate genes identified in
this study, it may be possible to enhance the resistance of hazelnut plants to B. cinerea and reduce the
impact of Husk Brown Rot on hazelnut production.
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1. Introduction

Botrytis cinerea, a pathogenic necrotrophic fungus causing Hazelnut Husk Brown
Rot is responsible for yield losses and reduced economical values of Hazelnut. It causes
annual loss of 5 to 50% due to reduced yield [1]. The initiation of infection takes place
from the cell surface level and gradually spreads all over the plant causing brown rot
symptoms [2]. Different environmental factors affect plant immunity against pathogenic
infections [3]. Despite the great level of research and development of resistant varieties by
manipulating genes and proteins and their expression levels, complete genetic tolerance
to disease and other stresses is yet not been achieved in plants [4]. The plant resistance
mechanism to various pathogens including B. cinerea is a complex process that involves
various biological changes at physiological, biochemical, molecular, and hormonal levels [5].
The main factors that affect the capability of the host to resist the disease include the plant’s
ability to maintain cell wall integrity, production of reactive oxygen species, activation
of antioxidant enzymes production, expression of immune-related genes and hormonal
regulation of metabolites and phytohormones including jasmonic acid (JA), salicylic acid
(SA), ethylene (ET), abscisic acid (ABA) [3]. Once the plant detects the pathogen, effective
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plant immune response activates signaling mechanism to initiate defense pathways [6].
Previous studies reported many genes that are involved in causing plant resistance in
response to B. cinerea [3]. Plant hormones, including JA, SA, ABA, and ET are the primary
regulators of plant resistance against pathogens and pests. Several reports have revealed
the involvement of SA, JA, and ET pathways regulating genes against necrotrophic and
biotrophic pathogens [7,8].

Plants have a variety of defense mechanisms against the pathogenic fungus B. cinerea.
These mechanisms are triggered by the recognition of pathogenic microbial and damage-
associated molecular patterns (MAMPs/DAMPs) by the plant’s innate pattern recognition
proteins (PRRPs). Upon detection, the plant immune system is activated to defend against
the pathogen [9,10]. A previous study has shown that overexpressing the DAMP recogni-
tion receptor Wall associated kinase 1 (WAK1) can enhance resistance in Arabidopsis plants
against B. cinerea infection [10]. Additionally, the Arabidopsis Botrytis induced kinase
1 (BIK1) gene, which encodes a receptor-like cytoplasmic kinase (RLCK), plays a role in
mediating MAMP-triggered immunity during pathogenic infections [11]. Mutations in the
BIK1 gene can lead to increased susceptibility to fungal infections in plants. Upon initial
recognition of a fungal infection, the plant activates a series of signals that includes the
activation of mitogen-activated protein kinases (MAPKs). These MAPKs are responsible for
conveying signals from the receptors to specific effectors and for regulating gene expression
to induce resistance against the infection [11]. After a B. cinerea infection, MAPKs undergo a
series of phosphorylation events that result in numerous transcriptional changes, including
the activation of genes encoding transcription factors (TFs) [12]. The hypothesis of this
study is that the defense mechanisms in plants against B. cinerea are regulated by a complex
network of genes and signaling pathways, including PRRPs, MAPKSs, and TFs, each playing
a critical role in inducing resistance against the pathogen.

Many resistant varieties were developed to overcome the economic losses but the
studies to understand the differences in molecular mechanisms between susceptible and
resistant varieties are limited. The development of efficient tools in omics technologies has
made it very easy to better understand the concept and transcriptional differences between
resistant and susceptible varieties against plant pathogens. High-throughput experiments
can generate large-scale genomic and transcriptomic data to directly understand the tran-
script and expression differences of immunity related genes in plants [13]. Several stresses
induce pathogenesis related (PR) proteins encoding and other genes, such as chitinase,
Defensin, Oxalate oxidase, Expensin like proteins, NAC, WRKY TFs, etc. that play major roles
in inducing plant resistance [14-17].

In the current study, we used a comparative transcriptome profiling to elucidate the
resistance mechanisms and gene expression behavior between a resistant variety Dawei
(DW) and a susceptible one Qiuxiang (QX). We described the transcriptome profiles of DW
and QX after 3 days of B. cinerea infection and revealed relatively moderate changes in
their defense strategies, providing new insights into resistance mechanisms of Hazelnut to
B. cinerea.

2. Material and Methods
2.1. Experiment Location, Hazelnut Varieties, and Treatments

The experiment was performed at Songmudao Base (121°75’ E, 39°40’ N) located in
Dalian City, Liaoning Province, China from July 2020 to July 2021. Two Ping’ou hybrid
hazelnut varieties (Corylus heterophylla Fisch x Corylus avellana L.) were used: Dawei
(DW), a disease-resistant variety and Qiuxiang (QX), a disease susceptible variety. The
treatments applied were non-inoculated control of Dawei (A-CK), Inoculated Dawei (A),
Non-inoculated control of Qiuxiang (B-CK) and Inoculated Qiuxiang (B). Each treatment
was replicated three times.
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2.2. Botrytis Cinerea Z9 Cultivation and Inoculation

The pathogenic strain, Botrytis cinerea Z9 was cultured on a potato dextrose agar
plate and incubated at 27 °C for seven days in the dark. Ten bract clusters of 5- to 6-year-
old Ping’ou hybrid hazelnut were selected for Dawei (A) and Qiuxiang (B) varieties for
inoculation. The wound was caused by pricking the fruit bud, and the freshly grown
fungal plug with a diameter of 0.5 mm was punched in it with the help of a hole puncher
to cover the wound surface on the hazelnut bud. The wound was then bagged for 36 h
(Supplementary Figure S1).

2.3. Quantification of Disease Resistance

The disease index (DI) was calculated at 3rd day post inoculation (DPI) on wounded
fruit buds to evaluate disease resistance level in Dawei and Qiuxiang. The symptoms
on the fruit buds are divided into four levels, 1, 2, 3, and 4 depending on the severity of
disease [18]. DI was calculated by using the following formula:

Y Disease grades x Number of infected plants

DI
Total number of scored plants x 4

x 100

2.4. Transcriptome Analysis
2.4.1. Plant Sampling

Sampling for transcriptome sequencing of Dawei and Qiuxiang was done at 3 DPIL.
The fruit bracts were cut into 1-2 cm tissue blocks (weighing 2-3 g) and were immediately
flash frozen in liquid nitrogen. Samples were collected in 3 replicates for each inoculated
and non-inoculated treatment. Samples were stored at —80 °C for further analysis.

2.4.2. RNA Extraction, Library Preparation, and Sequencing

Total RNA was extracted following the protocol of RN Aprep Pure Kit DP432 (TIAN-
GEN Biotech, Beijing, China) and the integrity of the extracted RNA was assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA). All RNA samples were evaluated using Qsep 1 instrument for
their stability and 3.5 pg of total RNA was used for the construction of RNA libraries by
MGIEasy mRNA Library Prep kit After the construction of the library, the library was
initially quantified by Qubit2.0 Fluorometer, then diluted to 1.5 ng/pL, and the insert
size of the library is detected by Agilent 2100 bioanalyzer. After the insert size meets
the expectation, qRT-PCR is used to accurately quantify the effective concentration of the
library (the effective concentration of the library is higher than that of 2 nM) to ensure
the quality of the library. After the library is qualified, the different libraries are pooled
according to the effective concentration and the target amount of data off the machine, then
sequenced by the Illumina NovaSeq 6000 [19].

2.4.3. Transcriptome Assembly

The image data measured by the high-throughput sequencer are converted into se-
quence data (reads) by CASAVA base recognition. Raw data (raw reads) of fastq format were
first processed through in-house Perl scripts. At the same time, Q20, Q30, and GC content
of the clean data were calculated. After the clean reads were obtained, the Trinity software
(v2.6.6) was used to assemble the clean reads into the reference transcriptome [20,21].

2.4.4. Differential Expression Analysis

Differential expression analysis of two groups was performed using the DESeq2 R pack-
age (1.20.0) with a filter threshold of adjusted g-value < 0.05 and |log2FoldChange | > 2 [22].
The resulting p-values were adjusted using Benjamini and Hochberg’s approach for control-
ling the false discovery rate. FPKM values between the biological replications of resistant
and susceptible groups were analyzed for each gene. [23].
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2.4.5. GO and KEGG Enrichment Analysis of Differentially Expressed Genes (DEGs)

GOseq (1.10.0) and KOBAS (v2.0.12) software were used for GO function enrichment
analysis and KEGG pathway enrichment analysis of differential gene sets. Differential gene
sets are the gene set obtained by significant difference analysis and annotated to the GO or
KEGG database [24,25].

2.5. Validation of DEG’s by Real-Time Quantitative PCR (RT-gPCR) Analysis

Extraction of total RNA was performed by using a modified CTAB method (Tiangen
Biotech, Dalian, China; code: FPP204). The first strand of the reverse transcribed cDNA was
synthesized using the specifications of the Monad first-strand cDNA Synthesis Kit. The
primers were designed using NCBI'’s primer designing tool (Primer-BLAST). The ABI7500
quantitative PCR instrument was adopted to perform real-time fluorescence quantitative
PCR. The Cha-Actin (https:/ /www.ncbinlm.nih.gov/pmc/articles/PMC7830083/ accessed
on 12 July 2022) gene was selected as a reference gene in the study. All data were obtained
from three biological repetitions and experiments were repeated three times. The RT-
qPCR analysis was performed by Norminkoda Biotechnology Co., Ltd. (Wuhan, China)
(https:/ /doi.org/10.3390/horticulturae8070594, accessed on 12 July 2022). The primers
used are listed in Supplementary Table S1.

3. Results
3.1. Quantification of Disease Resistance

To determine the disease resistance level among two Ping’ou hybrid hazelnut varieties
Dawei (A) and Qiuxiang (B), a disease index was calculated. At 3 DP], the plastic bags
were removed and clear visual symptoms of disease in hazelnut buds were observed
(Figure 1A-D). The degree of infection in Qiuxiang (B) fruit bud was severe as compared
to Dawei (A). The hazelnut variety Dawei showed comparatively fewer disease symptoms
and only 28% disease index whereas 85% disease index was recorded in Qiuxiang (B)
variety (Figure 1E). Disease index observation clearly indicates that Dawei has more ability
to resist the disease as compared to Qiuxiang. Therefore, we further explored the resistance
mechanism at transcriptome level in the two varieties at 3DPI in response to B. cinerea.
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Figure 1. Disease occurrence in two hazelnut varieties infected by B. cinerea Z9. (A,C) are non-
inoculated controls for Dawei and Qiuxiang, (B) B. cinerea Z9 infected Dawei shows fewer symptoms,
(D) B. cinerea 79 infected Qiuxiang showing severe disease symptoms at 3 DPI and (E) Disease index
(%) in Dawei and Qiuxiang.
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3.2. Overview of Transcriptome Analysis and Differentially Expressed Genes

The bud samples from four treatments including A-CK (Dawei—control), A (Dawei—
B. cinerea infected), B-CK (Qiuxiang—control) and B (Qiuxiang—aB. cinerea infected) were
subjected to high throughput Illumina sequencing to obtain an overview of immunity-
related gene expression profiles between resistant and susceptible hazelnut varieties. The
transcriptome analysis of A-CK, A, B-CK, and B in three replicates generated a total
raw data ranging from 20362836 to 24855221 reads from which 20125481 to 24699286
of clean reads were assembled with the GC content ranging from 47.26% to 47.87%
(Supplementary Table S2). Each sample possessed up to 97.76 and 93.77 base score in
Q20 and Q30, respectively.

The differential gene analysis was performed through pair-wise comparison in four
comparison groups (A vs. A-CK, B vs. B-CK, A-CK vs. B-CK, and A vs. B) that generated
a total of 11,945 (3120, 2205, 4385 and 2235, respectively) differentially expressed genes
among which 7671 (1873, 1571, 2629 and 1598, respectively) were up regulated and 4274
(1247, 634, 1756 and 637, respectively) were down regulated (Table 1). The pattern of up
and down regulated genes in different comparison groups was also visualized through
volcano plots (>2-fold change, False discovery rate < 0.05). (Supplementary Figure S2).
The number of up regulated differentially expressed genes (DEGs) were higher in each
comparison group as compared to down regulated DEGs.

Table 1. Differentially expressed genes identified in four comparison groups of inoculated and un-
inoculated disease resistant Dawei (A) and susceptible Qiuxiang (B) hazelnut varieties. Treatments:
A-CK (Dawei-un-inoculated control), A (Dawei- inoculated with B. cinerea), B-CK (Qiuxiang-un-
inoculated control), B (Qiuxiang- inoculated with B. cinerea).

Comparison Groups Total DEG Up Regulated Down Regulated
Avs. A_CK 3120 1873 1247
Bvs. B_CK 2205 1571 634
A_CKvs. B_CK 4385 2629 1756
Avs. B 2235 1598 637

The expression levels of all DEGs were presented in a heat map. The color differences
indicate higher expression (red color) and low expression (green color). To visualize the
common and unique DEGs in each comparison groups, a Venn diagram was generated
which showed that only 38 and 2 up and down regulated common DEGs exist, respectively.
Whereas 788, 654, 1491, 526, up- and 832, 173, 1252, and 201 down regulated DEGs were
uniquely expressed in A vs. A-CK, B vs. B-CK, A-CK vs. B-CK and A vs. B respectively
(Figure 2A-C).

3.3. Potential Key Genes Involved in Detection, Progression, and Resistance to B. cinerea

In all pair-wise comparisons, a total of 40 DEGs were commonly identified (Figure 2A,B).
Among these genes, 5 genes involved in immunity related pathways were identified with
differential expressing in resistant (Dawei) and susceptible (Qiuxiang) samples. One GDSL
esterase (Cluster-22704.0), which plays a role in early detection of pathogen invasion, was
highly expressed in resistant Dawei before and after B. cinerea infection as compared
to susceptible Qiuxiang variety. A Pathogenesis related protein 1 (Cluster-35363.7914) was
identified with an increase in expression after B. cinerea infection in both varieties. Superoxide
dismutase gene (Cluster-1547.0) an important scavenger of oxidative stress also expressed
in both varieties, but it showed a higher expression in Dawei after B. cinerea infection.
Two putative cytochrome-P450 genes (Cluster-35363.28232 and Cluster-35363.28235) also
showed higher expression in the resistant variety Dawei which was further increased after
B. cinerea infection, whereas in the susceptible Qiuxiang the expressions of these genes were
down regulated after B. cinerea infection. Along with these genes, a transcription factor,
WRKY31 (Cluster-35363.3092), involved in various biosynthetic pathways was identified
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with increasing expression in both varieties but the highest expression was seen in Dawei
post B. cinerea infection. The over-expression of these identified key genes clearly signifies
their role in inducing resistance against B. cinerea infection in Dawei variety (Figure 2D).

(A) Down-regulated (B) Up-regulated
A-CKvs B-CK AvsB A-CKvs B-CK AvsB
Avs A-CK B vs B-CK Avs A-CK B vs B-CK
1252 201 1491 526
4 374 0 18 535 0
832 5 8 173 788 7 10 654
.2 . 38
44 ,:"\\\ 91 407 \\ 318
3 20 S 148 )
- o
LoEy L F
GDSL
WRKY 31

Superoxide dismutase

Cytochrome P450

Cytochrome P450

PR-1

Figure 2. (A,B) show the distribution of up and down regulating differentially expressed genes (DEGs)
in different comparison groups of resistant Dawei (A) and susceptible Qiuxiang (B) of hazelnuts after
B. cinerea 79 infection. (C) Heat map showing the expression level of DEGs in all groups. Red color
indicates higher expression and green color indicates lower expression. (D) Commonly expressed
potential key genes involve in resistance to B. cinerea. Treatments: A-CK (Dawei-un-inoculated
control), A (Dawei- inoculated with B. cinerea), B-CK (Qiuxiang-un-inoculated control), B (Qiuxiang-
inoculated with B. cinerea).

3.4. GO and KEGG Pathway Enrichment of DEGs

All DEGs were classified into different sub-groups belonging to three main groups
i.e., biological processes (BP), cellular components (CC), and Molecular functions (MF)
through Gene ontology (GO) annotation. In A vs. A-CK, A vs. A-CK, B vs. B-CK, A-
CK vs. B-CK, and A vs. B, DEGs were classified into 4, 3, 1, and 6 subgroups of BP, 2,
1, 1, 5 subgroups of CC and 7, 5, 3, 4 subgroups of MF (Figure 3). In the A vs. A-CK
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BP, cytoplasm and oxidoreductase activity were identified as highly enriched pathways
(Figure 3A), whereas, in B vs. B-CK multiple processes were highly enriched including
ribosome biogenesis, translation activity, ribosomes, and their structural constituents and
structural molecular activity but the greatest number of genes expressed in this group
belongs to oxidoreductase activity (Figure 3B). A-CK vs. B-CK was revealed as the least
enriched group in terms of GO annotation as all genes fall in a total of 5 but important
pathways including photosynthesis, thylakoid, kinase activity oxidoreductase activity,
and transferase activity (Figure 3C). Furthermore, the A vs. B group was found to be the
most enriched group in terms of pathways in which highly expressing pathways were
biosynthesis process, cellular nitrogen compound metabolism, protein-containing complex,
organelle, and intracellular processes (Figure 3D). Surprisingly the oxidoreductase activity
pathway which is the most enriched pathway in B vs. B-CK and A-CK vs. B-CK comparison
groups was not expressed in A vs. B. It indicates that the immune response was more active
in B (susceptible-Qiuxiang variety).
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Figure 3. Gene Ontology (GO) classifications of differentially expressed genes. The differentially
expressed genes were grouped into three hierarchically stretched GO terms, biological process (BP),
cellular component (CC), and molecular functions (MF). (A) Comparison between A and A-CK,
(B) Comparison between B and B-CK, (C) Comparison between A-CK and B-CK, (D) Comparison
between A and B. Treatments: A-CK (Dawei-un-inoculated control), A (Dawei- inoculated with
B. cinerea), B-CK (Qiuxiang-un-inoculated control), B (Qiuxiang- inoculated with B. cinerea).
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
of DEGs provides information on pathways and functions of genes associated with re-
sistant (A) and susceptible (B) hazelnut molecular mechanisms after Botrytis cinerea Z9
infection. The KEGG enrichment classified the DEGs into 20 highly enriched pathways
(p-value < 0.05) including, phenylpropanoid biosynthesis, phenylalanine metabolism, TOLL-
like receptors signaling pathway, flavonoid biosynthesis, drug metabolism-cytochrome P450
and plant hormone and signal transduction in all comparison groups (Figure 4).

( A) AvsA_CK (B) BvsB_CK
Tuberculosis [ ] Tuberculosis L[]
Toxoplasmosis ° Toxoplasmosis [ ]
Toll-like receptor signaling pathway [ ] Toll-like receptor signaling pathway [ ]
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Ribosome @ count Ribosome 1 [ ]
Platinum drug resistance . ® s Plant hormone signal transduction o Sount
Phenylpropanoid biosynthesis [ ] @ 100 Phenylpropanoid biosynthesis o @
Phenylalanine metabolism . . 150 Phenylalanine metabolism L] o
Pertussis ° @ 200 Pertussis ° o
NF-kappa B signaling pathway ° NF-kappa B signaling pathway ° X
Neurotrophin signaling pathway ° padj Neurotrophin signaling pathway [ ] gadl 1.00
of by P.{ e "% Metabolism of xenobiotics by cytochrome P .. . .
Measles ° | Measles ° -
Leishmaniasis ° 050 Leishmaniasis . |
| | 025
Influenza A ° 025 Flavonoid biosynthesis . ..
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Apoptosis - multiple species{ * ABC transporters L]
0.0 0.1 0.2 0.00 0.05 0.10 0.15 0.20 0.25
GeneRatio GeneRatio
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Ubiquinone and other terpenoid-quinone bi...{ Viral myocardiis
Tuberculosis [ ] Two-component system
Toxoplasmosis [ ] Tuberculosis °
Toll-like receptor signaling pathway ) Toxoplasmosis
Stilbenoid, diarylheptanoid and gingerol ... Toll-like receptor signaling pathway L] Count
Ribosome @ & Small cell lung cancer ® s
Plant hormone signal transduction L ] ® 50 Sesquiterpenoid and triterpenoid biosynth ... ® o
Photosynthesis - antenna proteins : 1:2 Ribosome [ ] : ;ZZ
Photosynthesis ° Pertussis ° ® =
Phenylpropanoid biosynthesis L] padi NF-kappa B signaling pathway L]
Phenylalanine, tyrosine and tryptophan bi ...{ ~ ® B 1.00 Neurotrophin signaling pathway ° pac
Phenylalanine metabolism . | Y3 Measles . - 1.00
Pertussis [ ] 050 Leishmaniasis o B o
NF-kappa B signaling pathway [ ] | . Influenza A L] 050
Neurotrophin signaling pathway ° GABAergic synapse | |
Measles [ ] o0 Chagas disease (American trypanosomiasis) ... L] ] .
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Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment scatter plot.
(A) Comparison between A and A-CK, (B) Comparison between B and B-CK, (C) Comparison
between A-CK and B-CK, (D) Comparison between A and B. The vertical axis represents the path
name, and the horizontal axis represents the path factor corresponding to the Rich factor. The size of
the g-value is represented by the color of the point. The smaller the g-value, the closer the color is to
the red color. The number of differential genes included in each pathway are expressed by the size of
the point. Treatments: A-CK (Dawei-un-inoculated control), A (Dawei- inoculated with B. cinerea),
B-CK (Qiuxiang-un-inoculated control), B (Qiuxiang- inoculated with B. cinerea).

3.5. Candidate Genes Involved in Oxidoreductase Activity

By exploring the DEGs involved in oxidoreductase pathway in the resistant (Dawei)
and susceptible (Qiuxiang) hazelnut varieties, a total of 1116 genes in all pairwise com-
parisons were identified. Among them, two protein kinase genes acting as a receptor to
initiate signaling pathway were highly expressed. Serine/threonine-protein kinase, SERK-2
(Cluster-35363.22630) and CERK-1 (Cluster-35363.27904) were found to be highly expressed
in Dawei specially after B. cinerea infection, whereas their expression in Qiuxiang was
relatively low (Figure 5A).
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Figure 5. Expression profile of potential key genes partaking in resistance of hazelnut plant against
B. cinerea infection. Heatmaps were generated with LOG2 transformation of FPKM values for each
treatment through TB-tool software. (A) expression changes of genes involve in oxidoreductase
pathway, (B) expression changes of genes involve in Phytohormone and signaling pathway and
(C) expression changes in key TFs. Treatments: A-CK (Dawei-un-inoculated control), A (Dawei-
inoculated with B. cinerea), B-CK (Qiuxiang-un-inoculated control), B (Qiuxiang- inoculated with
B. cinerea).

Two cytochrome P450 genes (Cluster-35363.16825 and Cluster-35363.24208) expressed
higher in both varieties but the expression was highest in resistant variety after B. cinerea
infection (Figure 5A). Three antioxidant enzyme associated proteins, Peroxidase (Cluster-
36501.0), Thioredoxin (Cluster-35363.1884) and oxygenase (Cluster-35363.26972) were down
regulated in CK plants (Treatment A-CK and B-CK) and only a slight increase in expression
was observed in Qiuxiang after B. cinerea infection. Whereas these genes were highly
expressed in Dawei after B. cinerea infection (Figure 5A).

3.6. Key Genes Partaking in Phytohormone Biosynthesis

Plants are sessile organisms which rely on different compounds and metabolites to
defend themselves from multiple pest and pathogens. One such group of compounds that
regulate signaling networks are phytohormones including, Auxins, JA, SA, ET. Through
pairwise analysis of DEGs, total 101 DEGs involved in phytohormone biosynthesis were
revealed in resistant (Dawei) and susceptible (Qiuxiang) hazelnut varieties. We detected
one auxin-responsive protein ARF-1 (Cluster-35363.12293) highly expressed in order of
CK-B > B > CK-A > A (Figure 5B).
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Similarly, one ethylene receptor gene (Cluster-35363.24745) was identified with higher
expression in both varieties after B. cinerea infection. Interestingly, we detected one Ethy-
lene insensitive-3 protein EIN-3 (Cluster-35363.16105) higher-expressing in susceptible
(Qiuxiang) variety as compared to Dawei. This gives the base evidence of Qiuxiang be-
ing susceptible as the high-accumulation of EIN-3 is known to exhibit enhanced disease
susceptibility by compromising in pathogen associated molecular pattern (PAMP) [26]
(Figure 5B).

Then, we found three pathogenesis related proteins (PR), PR-1 (Cluster-35363.1936), PR-
4 (Cluster-35363.2053) and PR-TA5 (Cluster-35363.10932) involved in SA signaling pathway.
PR-1 and PR-2 were found to be higher expressed after B. cinerea infection in both varieties
of hazelnut. Whereas PR-TA5 was seen to be expressed in all treatments but the highest
expression was recorded in resistant Dawei after B. cinerea infection (Figure 5B).

JA is considered the most important phytohormone in defense mechanism and is
responsible for induction of antioxidant enzyme, POD [26]. One POD-12 gene (Cluster-
35363.20218) was identified involved in JA synthesis cascade which showed higher ex-
pression after B. cinerea infection in both varieties. Similarly, one JA amino synthetase
gene JAR-1 (Cluster-35363.13467) showed increased expression after B. cinerea infection,
but the highest expression was again recorded in resistant Dawei. In addition, another
JA-related gene, Jasmonate O-methyltransferase J-Om (Cluster-35363.4911) was found with
an increased expression after infection in both varieties (Figure 5B).

3.7. Botrytis Cinerea Induced Expression Changes in Key Transcription Factors

We screened our 13 transcription factors (TFs) with differential expression profiles
belonging to important families involved in multiple physiological and defense regu-
lating pathways. Five WRKY genes (WRKY-71 Cluster-35363.15256, WRKY-41 Cluster-
35363.26912, WRKY-47 Cluster-35363.13044, WRKY-22 Cluster-35363.12679 and WRKY-18
Cluster-35363.14548) were identified with increasing trend of expression after B. cinerea
infection and the highest expression was recorded in Dawei. Susceptible Qiuxiang variety
also showed a slight increase in expression as compared to control, but the expression was
considerably low when compared with resistant Dawei (Figure 5C).

Two Ethylene responsive TFs, ERFs (Cluster-35363.16260 and Cluster-35363.15767)
were found with contrasting trend of expression. Cluster-35363.16260 (ERF-RAP2) showed
a slight increase in Qiuxiang whereas it was highly expressed in Dawei after B. cinerea
infection. Similarly, Cluster-35363.15767 (ERF-RAV2) also showed increased expression
after B. cinerea infection with no significant difference among susceptible and resistant
varieties. This indicates that ethylene can be a potential regulator of defense response in
hazelnut plant against B. cinerea (Figure 5C).

Two BHLH TFs were identified with considerable expression changes, of which BHLH-
49 (Cluster-35363.9932) largely expressed upon B. cinerea infection in Dawei resistant plants.
While BHLH-41 (Cluster-5598.1) was up regulated in both varieties upon B. cinerea infection.
On the other hand, one BZIP-58 gene (Cluster-35363.7106) had highest expression in all
treatments with no considerable transcriptional changes between CK and B. cinerea infected
plants of both varieties (Figure 5C).

Two MYB genes showed increasing expression, of which MYB-74 (Cluster-35363.10719)
showed highly increased expression in resistant Dawei plants upon B. cinerea infection.
While MYB-ETC1 (Cluster-35363.22755) showed an increasing expression pattern in Dawei
upon B. cinerea infection as compared to CK, the expression was seen to be high in control
treatment of susceptible Qiuxiang variety and no remarkable change in expression was
recorded upon B. cinerea infection (Figure 5C).

Moreover, we found one TF related to heat shock protein, HSFC-1 (Cluster-35363.20093)
with remarkably increased expression in resistant Dawei variety after B. cinerea infection,
whereas comparatively lower expression was recorded in susceptible Qiuxiang variety.
This indicates its positive role is inducing resistance against fungal pathogens (Figure 5C).
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Taken together the above results, suggest that B. cinerea infection induce multiple tran-
scriptional changes for early detection and initiation of signaling pathways by contrasting
expressional participation of genes and TFs, which at the end produce phytohormones
and several enzymes to minimize the spread of infection and develop resistance against
B. cinerea.

3.8. Expression Pattern and Validation of Immunity Related DEGs by Real-Time Quantitative
PCR (RT-gPCR)

The real-time fluorescence quantitative PCR analysis was performed to validate the
expression of 14 randomly selected genes in resistant Dawei (A) and susceptible Qiuxiang
(B) varieties of hazelnut after B. cinerea Z9 infection (A and B) and in their relative controls
(A-CK and B-CK). The q-RT-PCR results were found to be consistent with the RNA-seq
data (Figure 6).
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Figure 6. Validation of immunity related genes by Real-Time Quantitative PCR in both resistant
and susceptible varieties. (A) WRKY-71, (B) WRKY-41, (C) WRKY-47, (D) ERF-1, (E) ERF-RAV2,
(F) WRKY-22, (G) WRKY-18, (H) HSTF-1, (I) MYB-74, (J) MYP-ETC1, (K) bZIP-53, (L) bHLH-41,
(M) bHLH-49 (N) CERK-1. Treatments: A-CK (Dawei-un-inoculated control), A (Dawei- inoculated
with B. cinerea), B-CK (Qiuxiang-un-inoculated control), B (Qiuxiang- inoculated with B. cinerea).
Error bars indicates standard deviation.
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4. Discussion

Modern omics technologies have facilitated the development of an efficient platform
to understand the molecular and functional mechanisms in plants regarding their response
and resistance against biotic and abiotic stresses [13]. Botrytis cinerea is one of the destructive
pathogens of hazelnut causing yield and quality loss. In this study, high throughput
sequencing helped us to directly detect and identify genetic and defense mechanisms
regulating plant responses to curb the spread of B. cinerea in symptomatic and asymptomatic
plants [3]. Besides, the omics studies, especially transcriptomic studies can provide a list of
candidate genes partaking an important role in plant resistance, which can develop efficient
strategies to generate crop resistance in an accurate, inexpensive, and rapid way [27,28].
Higher expression of these genes can activate the signal transduction pathways which in
turn initiate the defense pathways through oxidant and anti-oxidant biochemical enzyme
production, defensive metabolite, and phytohormone signaling [28]. A gene-to-gene
relationship between host and pathogen occurs in which the pathogen’s a-virulence genes
are recognized by host plants’ resistance genes to initiate a hypersensitive response at the
infection site and cause programmed cell death to stop further spread of infection to other
cells and limit the pathogen growth [29]. However, this approach is least effective in the
case of necrotrophic pathogens [30,31]. So, identifying the most promising genes through
transcriptomic study and utilizing it to develop transgenic plants is a better way to manage
B. cinerea infection in hazelnut [3]. Transgenic plants can produce several enzymes, toxic
proteins and proteinase inhibitors that can hydrolyze key fungal compounds to retard their
growth in a plant [32]. But some plant species have developed innate resistance ability
through a higher expression of immunity-associated genes, Hazelnut variety Dawei is
one of them. So here we did an extensive study to determine the genetic responses in
Dawei which made it resistant to B. cinerea and compared it with the susceptible hazelnut
variety Qiuxiang. Through our study, we found out major expression differences in some
transcripts between resistant and susceptible hazelnut varieties which can be the reason of
causing immunity against B. cinerea.

Through transcriptomic analysis of resistant Dawei and susceptible Qiuxiang hazelnut
varieties three days post B. cinerea infection, we obtained 11,945 DEGs by performing
pairwise comparison of Dawei (A) and Qiuxiang (B) in four groups (A vs. A-CK, A vs.
A-CK, B vs. B-CK, A-CK vs. B-CK and A vs. B). More up regulated DEGs as compared
to down regulated DEGs was obtained. Some previous studies also reported more up
regulated genes against plant disease and pest attack [33-35]. The overall gene ontology
(GO) analysis revealed higher proportion of DEGs in functions related to biological, cellular,
and molecular processes and most of them were up regulated.

In our study, we noticed that the comparison group A-CK vs. B-CK possessed a higher
number of DEGs, but they were categorized into limited but most important pathways
including, photosynthesis, thylakoid, kinase activity, oxidoreductase activity, and trans-
ferase activity. The activation of these molecular processes indicates that the transcription
difference in resistant Dawei and susceptible Qiuxiang occur even without fungal infection
which is future enhanced and improved after fungal infection in A vs. B as this combination
revealed the most diverse pathway enrichment among all groups. Resistant Dawei when
compared to its relative control (A-CK) also showed diverse classification of DEGs in 13
groups belonging to cellular, biological, and molecular processes whereas the susceptible
variety Qiuxiang when compared to its relative control (B-CK) characterized DEGs into
only 9 subgroups related to biological, cellular, and molecular functions. Biosynthetic
processes, oxidoreductase activity, and kinase activity are the most important processes
detected, and as these GO terms can be linked to detoxification processes in plants, so, the
up regulation of these DEGs in B. cinerea infected plants especially in resistant Dawei can
be responsible for disease resistance. Oxidoreductase in a large group of enzymes that
are involved in REDOX reaction in plants. They are an important component of inducing
resistance in plants [36,37]. Some previous studies reported the oxidoreductase enzyme
activity in inducing plant resistance in different plant species [36,38].
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The KEGG analysis also revealed that the higher enrichment and up regulation of
DEGs occur in metabolic and detoxification pathways in all pairwise comparisons which
include TOLL-like receptor signaling pathway, drug metabolisms, phytohormone signaling,
phenylpropanoid biosynthesis. There was not much difference in KEGG enrichment among
all comparison groups except in resistant Dawei vs. susceptible Qiuxiang in which the
gene ratio was relatively low and absence of genes belonging to major signaling pathways
like phytohormone and phenylpropanoid signaling. These results are consistent with some
previous studies by [39-41]. Drug resistance-Cytochrome P450 promotes plant growth
and protects it from abiotic and biotic infections through activation of detoxification and
biosynthetic pathways [33]. Cytochrome P450 was reported to be involved in JA synthesis,
phytoalexin biosynthesis and hormone metabolism [42].

Key Genes Mutually Participating in Resistance Pathways

Plant pathogens boost the expression of phytohormone and pathogen-resistant related
genes [43]. Plant recognizes the initiation of fungal attack and counters it by producing
reactive oxygen species and effector proteins which aid in the activation of the signaling
pathway in systemic resistance and initiates the expression of defensive genes [44]. In this
study we identified two such signaling genes, SERK-2 (Cluster-35363.22630) and CERK-1
(Cluster-35363.27904) showing a higher response after B. cinerea infection specially in resistant
variety (Dawei). It was reported previously that some kinases and lipases are dependent
on ET pathway and responsible for protecting plant from pest and pathogens [33]. Their
accumulation also resulted in retarded growth of Pseudomonas syringae and are responsible
for linoleic acid metabolism for the synthesis of JA [45].

In our study we discovered that different pathways activate and interacts with each
other through involvement of multiple genes together at the same time. We found higher
expression of some genes involved in oxidoreductase pathway which also have function
in biosynthesis of phytohormone related compounds, like cytochrome P450 genes (Cluster-
35363.16825 and Cluster-35363.24208), that are involved in conversion of linoleic acid to
JA. CYP450 partakes in protection of plant from several biotic and abiotic stresses through
detoxification and biosynthetic pathways. So far, the involvement of CYP450 in metabolic
pathways including allene oxide synthesis in JA pathway is validated [33,46].

JA and ET biosynthesis aid in the production of multiple defensive proteins and en-
zymes like PR proteins and antioxidant enzyme encoded genes [47]. We identified three
highly expressing PR genes (PR-1 (Cluster-35363.1936), PR-4 (Cluster-35363.2053) and PR-
TAS5 (Cluster-35363.10932) and three antioxidant related genes (Peroxidase (Cluster-36501.0),
Thioredoxin (Cluster-35363.1884) and oxygenase (Cluster-35363.26972)). Peroxidases are
important enzymes involve in different physiological and metabolic activities apart from
ROS scavenging, like, lignin and suberin production to increase the barrier structure and
stop invasion of pathogens [47]. It was reported that different stress conditions increases the
ROS level in plant which results in an enhanced expression of thioredoxin and oxygenase
genes to participate in oxidoreductase pathway [37,48]. Apart from that, our results also im-
ply that other phytohormones including, auxin, SA and ET were involved in plant response
to B. cinerea infection. The expression of ET receptors, EIN-3, PR- proteins and auxin related
genes are the evidence of the hormonal cascade in defense. PR transcript accumulation due
to ET and SA signaling have also been reported previously in Arabidopsis [49].

Expression of various TF families indicated that TFs plays an essential role in resistance
response of hazelnut against B. cinerea (Figure 5C). Expression accumulation of large
number of WRKY transcripts reflect their important role in resistant related pathways.
The accumulation of ERF TFs signifies the importance of ET signaling in response to
B. cinerea infection. Nakayasu, et al. [50] reported increased plant defenses in tomato upon
overexpression of ERF TF JRE4. Apart from that, the expression changes in BHLH, BZIP,
MYB and HSTF TFs with increased expression in resistant variety Dawei presents them as
immunity related TFs. Our finding of these TFs was in consistent with previous findings
by [47], Li, et al. [51,52].
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The results of the comparative analysis between two hazelnut varieties, one susceptible
to B. cinerea (Qiuxiang) and the other resistant (Dawei), showed that Dawei had a higher
number and expression of immunity-related genes. This suggests that these genes are
instrumental in providing innate resistance against B. cinerea infection in Dawei hazelnuts.

5. Conclusions

The results of the study comparing the resistance of two hazelnut varieties, Dawei
and Qiuxiang, against B. cinerea infection is a significant contribution to the field of plant
immunity. With the help of high-throughput technology and a focus on the molecular and
genetic aspects of immunity, the research community has made great strides in understand-
ing the mechanisms of plant resistance and susceptibility. This study specifically highlights
the fact that resistance to B. cinerea is not controlled by a single gene, but rather, involves
the coordinated expression of multiple genes. The identification of these genes in this study
opens new avenues for future research and has implications for the development of more
resistant cultivars through transgenic technology. In conclusion, this study emphasizes the
importance of continued research in this field to gain a better understanding of the complex
processes involved in plant immunity, and how these processes can be harnessed to protect
crops against devastating pathogens like B. cinerea.
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(>2-fold change, FDR< 0.05) between four comparison groups of resistant Dawei (A) and susceptible
Qiuxiang (B) of hazelnuts after Botrytis cinerea Z9 infection. The scatter in the figure represents each
gene. Red indicates upregulated genes, green indicates downregulated genes, and blue are common
genes. Treatments: A-CK (Dawei-un-inoculated control), A (Dawei- inoculated with B. cinerea), B-CK
(Qiuxiang-un-inoculated control), B (Qiuxiang- inoculated with B. cinerea). Supplementary Table S1.
Primers used for RT-qPCR analysis. Supplementary Table S2. Summary of reads in Dawei (A) and
Qiuxiang (B) variety of hazelnut transcriptome. Treatments: A-CK (Dawei-un-inoculated control), A
(Dawei- inoculated with B. cinerea), B-CK (Qiuxiang-un-inoculated control), B (Qiuxiang- inoculated
with B. cinerea).
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