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Abstract: The tea leafhopper (Empoasca (Matsumurasca) onukii Matsuda, 1952) is the predominant
pest infesting tea and causes significant losses in yield. Plants have evolved multiple defense
responses to protect themselves from insect herbivores. Camellia tetracocca, a kind of ancient tea
with local popularity, is unique to southwest China. This ancient tea is often attacked by the tea
leafhopper. However, there are no relevant reports on changes in volatile components and defense
signaling pathways after Camellia tetracocca has been attacked by E. onukii. To reveal changes in the
responses of the volatile components of C. tetracocca to E. onukii, the headspace sampling technique
and GC-MS were adopted to determine and analyze the volatiles. Furthermore, to unveil the
defense mechanisms of C. tetracocca in response to E. onukii, transcriptome analysis was applied to
damaged tea leaves and healthy leaves. The GC-MS analysis showed significant increases in the
linalool and (E)-2-hexenal contents. The transcriptome analysis revealed a set of core pest-responsive
genes (3074 upregulated and 5098 downregulated). Most of the enriched pest-responsive genes
are mainly involved in plant hormone signal transduction photosynthesis, terpenoid backbone
biosynthesis, alpha-linolenic acid metabolism, and the NF-«kB signaling pathway. A conjoint analysis
of the transcriptome and metabolome indicated that N2-acetylornithine, D-malic acid, theogallin,
fucosyllactose, 5-caffeoylquinic acid, fumarprotocetraric acid, and arabinogalactose have a significant
correlation with LOC114279735, LOC114317534, LOC114282078, LOC114317768, and LOC114263181.
This study lays a foundation for further research on the breeding and cultivation of insect-resistant
germplasm resources for C. tetracocca and on the promotion and development of the plant.

Keywords: Camellia tetracocca; Empoasca onukii; HS-SPEM-GC-MS; transcriptomic; conjoint analysis; karst

1. Introduction

Tea is the most popular and extensively consumed beverage worldwide and is one of
the three popular non-alcoholic drinks [1]. Camellia tetracocca Zhang is a singular tea variety
discovered in Guizhou by Mr. Hongda Zhang in 1981 [2] and distributed in Majiaping
Village, Pubai Forest Farm, and other areas [3,4]. Empoasca (Matsumurasca) onukii Matsuda,
1952 (Hemiptera, Cicadellidae) is the most destructive pest in the tea field, and up to 50% of
economic losses in tea production annually are caused by these pests [5]. Both nymphs and
adults pierce and suck the sap of young tea shoots. In addition, adult females lay their eggs
in these young shoots, causing unrecoverable damage [5,6]. C. tetracocca, being planted
and consumed locally, is inevitably damaged by E. onukii, thus resulting in a significant
reduction in yield or even death of C. tetracocca [7].

Plants have generated sophisticated defense mechanisms to protect themselves from
insect herbivores, including direct responses and indirect responses [8]. Direct responses,
including various secondary metabolites, play an important part in defending against
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insect invasion [9,10]. Indirect responses also play a crucial role in resistance to pathogen
and insect attacks, relying on the jasmonic acid (JA), salicylic acid (SA), and the ethylene
(ET) signaling pathway [11,12].

Headspace solid-phase microextraction (HS-SPME), coupled with the gas chromatog-
raphy with mass spectrometry detection (GC-MS) technique, have been widely applied to
identify and determine the volatile constituents of various plants. For example, volatile
organic compounds were identified using SPEM-GC-MS to detect Aspergillus flavus infec-
tion in pistachios [13]. Differences in volatile emissions between healthy and gall-induced
branches of Haplopappus foliosus (Asteraceae) were studied using GC-MS [14]. Transcrip-
tome analysis has proven to be an accessible tool for plant defenses against insects [15-17].
Rice leaves were investigated after 0, 1, 6, 12, and 24 h of being fed on by the rice leaf folder
Cnaphalocrocis medinalis, and those results showed that the most remarkable transcriptional
changes occurred within 6 h after the initiation of feeding [18]. Similarly, the transcrip-
tome was used to investigate the change in Gossypium barbadense leaves after Helicoverpa
armigera infestation, which indicated that catalytic products of GbTPS1 were significantly
elevated [19]. In addition, this means was adopted to understand the defense mechanisms
of spinach, by comparing the transcriptome of spinach leaves exposed to beet armyworm
(Spodoptera exigua) larvae with that of unexposed control leaves [16].

Although there has been some research on the response of tea plants to biotic fac-
tors [20,21] and abiotic factors [22,23], there are few reports on changes in volatile com-
ponents and the molecular mechanism analysis of the response of C. tetracocca trees to
E. onukii based on the uniqueness of C. tetracocca. Therefore, in the current study, we
compared the differences in C. tetracocca after feeding by E. onukii via HS-SPEM-GC-MS
and transcriptome analysis. Moreover, based on previous research [7], we will further
explore the defense mechanisms of the transcriptome and metabolome. Our findings will
provide an essential basic knowledge for further research and development of prevention
and control strategies for E. onukii.

2. Materials and Methods
2.1. Collection of C. tetracocca Leaves

C. tetracocca was planted in the field of the state-owned Pubai Forest Farm, Pu’an
(25°25'57"" N, 104°59'36” E), Guizhou, and all plants were derived from seeds with a consis-
tent genetic background. The identical C. fetracocca branch was collected, and the tea plant
cutting and seedling raising were performed from June to September 2020. After cutting,
the tea branch was maintained and watered. Light, temperature, and other conditions
were fully utilized to ensure the normal growth of tea seedlings in the natural environment.
All the plants are biennial tea trees. Adult E. onukii were obtained from the C. tetracocca
cultivation base at a distant greater than 5 km away from the experimental center. After
propagation for four generations, vigorous third-instar nymphs were collected and applied
in this experiment. These E. onukii were reared on a fresh shoot of C. tetracocca after starva-
tion for 2 h, and then the fresh shoots were cut from the tea branches of the C. tetracocca
cultivation base. Every separate plant was surrounded and isolated by adopting insect-
rearing cages (35 cm X 50 cm) in the field to avoid interference from other pests. Each plant
shroud in an insect cage enjoyed the same light intensity, temperature (monthly average
high and low temperature: 18~27 °C), and rainfall (monthly precipitation: 327.7 mm). The
leathopper feeding (E1, E2, E3) group and leafthopper not feeding (N1, N2, N3) control
group were set up, and three biological replicates were obtained from each group. Each
replicate was placed with 100 individuals of E. onukii, and 10 individuals were replenished
every other day. We observed the tips of the leaves every day, and gathered the leaves
when the blade tip was about to turn fire-like (Figure 1). In each treatment, six leaves of
three tender shoots per plant were collected, and the leaves of different treatments were
merged and placed in self-sealing bags and immediately brought back to the laboratory for
further testing. The remaining leaves were immediately wrapped in an aluminum foil and
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stored in liquid nitrogen until sample collection was achieved. Then, they were stored at
—80 °C for subsequent transcriptome detection.

-

Figure 1. The tea plant leaves of C. tetracocca attacked by E. onukii are represented as E1, E2, E3 and
the healthy leaves of C. tetracocca are represented as N1, N2, N3.

2.2. Volatile Component Analysis Using the Leaves of C. tetracocca Attacked by E. onukii and
Healthy Leaves

The leaves were cut into small pieces, and 2 g of the samples were weighed and mixed.
The samples were placed in the sampling bottle of a solid-phase microextraction instrument,
and the manual sampler for the 2 cm-50/30 um DVB/CAR/PDMS StableFlex fiber head
was used to insert the sample bottle. After 60 min of headspace extraction under flat plate
heating conditions at 80 °C, the extraction head was removed and immediately inserted
into the gas chromatography inlet (at 250 °C) for thermal analysis injection.

Gas chromatography-mass spectrometry (GC-MS) (HP6890/5975C, Agilent, Santa Clara,
CA, USA) was used to analyze the volatile component. The HP-5MS (60 m x 0.25 mm
x 0.25 pum) elastic quartz capillary column was used as a chromatographic column. The
specific detected conditions were as follows: the injection volume was 0.2 pL, the initial
temperature of the chromatographic column was 40 °C (2 min retention), the temperature
was raised to 208 °C (3.5 °C/min) and then to 308 °C (10 °C/min), the running time was
62 min, the temperature of vaporization chamber was 250 °C, and the high-purity He
(99.999%) was used as the carrier gas. The pre-column pressure was 15.98 psi, the flow rate
of carrier gas was 1.0 mL/min, and the solvent delay time was 3 min. The electron ionization
ion source temperature was 230 °C, the quadrupole temperature was 150 °C, the electron
energy was 70 eV, the emission current was 34.6 A, the multiplier voltage was 1718 V, the
interface temperature was 240 °C, and the mass range was 29-500 amu. The peaks in the
total ion chromatogram were searched using a mass spectrometry computer data system,
and the Nist20 and Wiley275 standard mass spectra were checked to determine the volatile
chemical constituents. The relative quality percentage of each chemical component was
measured utilizing the peak area normalization method.

2.3. RNA Extraction, Library Construction, Sequencing, and Validation

Total RNA from C. tetracocca leaf samples was extracted by applying the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), following the protocol provided by the manufacturer.
RNA purity and quantification were checked using the NanoDrop 2000 spectrophotometer
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(Thermo Scientific, Waltham, MA, USA). The Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA) was used to evaluate RNA integrity. According to the
manufacturer’s instructions, the VAHTS Universal V6 RNA-Seq Library Prep Kit was
adopted to construct the libraries. OE Biotech Co., Ltd. (Shanghai, China) carried out
the transcriptome sequencing and analysis. The libraries were sequenced on an Illumina
sequencing platform (Illumina Novaseq 6000, Illumina, San Diego, CA, USA) and yielded
150 bp paired-end reads.

2.4. RNA-Sequencing Data Analysis

To obtain high-quality reads, raw reads in fastq format were processed for the first
time [24] and low-quality reads were removed as clean reads. The clean reads were aligned
to the Camellia sinensis reference genome (https://www.ncbi.nlm.nih.gov/genome/?term=
txid4442, accessed on 6 September 2022) using HISAT2 [25]. The htseq-count software was
adopted to calculate the FPKM and read counts of each gene [26,27].

2.5. Gene Ontology and Clustering Analysis

Differential expression analysis was conducted by using the DESeq?2 (version: 1.20.0) [28].
Q-value < 0.05 and fold change > 2 or fold change < 0.5 were set as the threshold for
significantly differential expression genes (DEGs). R (v 3.2.0) was used to carry out the
hierarchical cluster analysis of DEGs to visualize the expression pattern of genes in different
groups and samples.

On the basis of the hypergeometric distribution, GO [29], KEGG pathway [30], Re-
actome, and WikiPathways enrichment analyses of DEGs were applied to screen the
significantly enriched term using R (v 3.2.0), respectively. The column diagram and bubble
diagram of the significant enrichment term were drawn using R (v 3.2.0).

2.6. gPCR Validation

In order to verify the results of the DEGs analysis, qPCR was performed on the
detection genes, using tea plant Camellia sinensis GAPDH (GE651107) as the reference gene.
All C. tetracocca samples for qPCR validation were prepared as described above. Each gPCR
reaction was performed using a LightCycler® 480 II Real-time PCR Instrument (Roche,
Basel, Switzerland) with 10 uL. PCR reaction mixture. The PCR reaction mixture consisted
of cDNA (1 uL), 2xPerfectStartTM Green qPCR SuperMix (5 pL), forward primer (0.2 puL),
reverse primer (0.2 pL), and nuclease-free water (3.6 puL). Reactions were incubated in a
384-well optical plate (Roche, Basel, Switzerland) at 94 °C for 30 s, followed by 45 cycles of
94 °C for 5 s, and 60 °C for 30 s. Each sample was run in triplicate for analysis. At the end
of the PCR cycles, a melting curve analysis was performed to verify the specification of the
expected PCR product. The primer sequences were designed and synthesized by TsingKe
Biotech according to the mRNA sequences obtained from the NCBI database as follows:
The expression levels of mRNAs were calculated with the 2~22¢t method using GAPDH:
GE651107 as standard [31]. Nine genes from differentially expressed genes were randomly
selected as validation genes, and the gene primer information is shown in Table 1.

Table 1. qPCR validation primer.

Primer Name Gene ID Forward Primer 5'-3’ Reverse Primer 5'-3’
12-oxophytodienoate reductase LOC114317389 TCCTCTCCTCACTCCCTAC ATGATCTGTTCCTTGTTAGTGG
Vinorine synthase LOC114307312 GACAGTATATCAACCAGTGCAT ACAGAGTTGCTGCGTTAT
GABA transporter LOC114266816 CTGGACTTTGTTCTGCCTG GCAACTGCTGCTATGACAC
ile;;‘;i/lfc‘rg%‘me protein LOC114287022 ~ GCCTAAGCTTGTGACGAGTA  CTCTTCGATTGTAAAGCACCA

(+)-neomenthol dehydrogenase LOC114300036  TCATTGTTAACTCTGTCTGTCC GGCAACAGAGCAAGTCTCA

Ethylene-responsive transcription

factor ERF118
Cold-responsive protein kinase

LOC114288909 ACTTGTTCTGGAGTAGAGTG GAGTTGTTTCAAGTAAGAGGC
LOC114258604 ACCTTCCTCTCTACATGGAC GCCACTTGACCCTTATCG
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Table 1. Cont.
Primer Name Gene ID Forward Primer 5’'-3’ Reverse Primer 5'-3’
Chalcone-flavanone isomerase LOC114292457 GTCGCTTGCGGTTAAGTG CGGAGACGATATCCCTGAA

Caffeoyl shikimate esterase

LOC114280802 AGGATGCTTGCATGATCTACTA ACGACTCAGCCAATAACCTT

2.7. Joint Analysis of the Transcriptome and Metabolome

Based on the relative content data of the transcriptome and metabolome [7], the top
20 differential metabolites and differential genes were selected by default, respectively, and
the correlation between the expression level of differential genes and the response intensity
data of differential metabolites was calculated using the Pearson algorithm.

3. Results
3.1. Volatile Component Analysis of the Leaves of C. tetracocca Attacked by E. onukii and
Healthy Leaves

The volatile chemical components in the headspace samples from the healthy leaves
mainly included 3-hexenal (1.128%), (E)-2-hexenal (2.841%), (E)-3-hexen-1-o0l (22.523%),
(Z2)-2-hexen-1-ol (1.941%), 1-hexanol (1.685%), (Z)-3-hexen-1-ol-acetate (6.694%), linalool
(14.021%), (Z)-butanoic acid, 3-hexenyl ester (4.379%), methyl salicylate (18.568%), and
a-farnesene (6.75%) (Table 2). However, the volatile components changed, with a significant
increase or decrease, when C. tetracocca was damaged by E. onukii. These volatile compo-
nents mainly included (Z)-2-penten-1-ol (1.546%), (E)-2-hexenal (12.653%), (E)-3-hexen-
1-o0l (21.076%), (Z)-2-hexen-1-o0l (1.699%), 1-hexanol (1.931%), (E)-3-hexen-1-ol-acetate
(1.337%), B-ocimene (1.077%), 2-furanmethanol, cis-5-ethenyltetrahydro-a,a,5-trimethyl-,
(1.333%), Ethyl 2-(5-methyl-5-vinyltetrahydrofuran-2-yl)propan-2-yl carbonate (1.89%),
linalool (17.472%), (Z)-butanoic acid, 3-hexenyl ester (1.001), methyl salicylate (7.649%),
(Z)-hexanoic acid, 3-hexenyl ester (1.053%), 1H-3a,7-Methanoazulene, octahydro-3,8,8-
trimethyl-6-methylene-, [3R-(3x,3a,78,8ax)]- (2.433%), x-farnesene (4.254%), and cedrol
(1.311%) (Table 2). In conclusion, (E)-2-Hexenal emitted by damaged leaves was four times
that by healthy leaves. Linalool emitted by damaged leaves is about 3% higher than that
for healthy leaves. In addition, (Z)-3-hexen-1-ol-acetate, (Z)-butanoic acid, 3-hexeny] ester,
and methyl salicylate had a certain degree of reduction compared to damaged leaves. The
other detected volatile compounds are shown in Table S1.

Table 2. The volatile components emitted by leaves of C. tetracocca damaged by E. onukii and

healthy leaves.
Compounds Molecular Molecular Percentage Content (%)  Percentage Content (%)
Formula Weight (Damaged Leaves) (Healthy Leaves)

(Z)-2-penten-1-ol CsH19O 86.07 1.546 0.34
3-Hexenal CgH;100 98.07 0.546 1.128
(E)-2-Hexenal CgH19O 98.07 12.653 2.841
(E)-3-Hexen-1-ol CgH120 100.09 21.076 22.523
(Z)-2-Hexen-1-o0l CgH1,0 100.09 1.699 1.941
1-Hexanol CgH140 102.1 1.931 1.685
(E)-3-Hexen-1-ol-acetate CgH140, 142.1 1.337 6.694
B-Ocimene CioHie 136.13 1.077 0.772

1-Octanol CgHy50 130.14 0.577 0.313

cis-2-Furanmethanol,
5-Ethenyltetrahydro-a,a, 5-trimethyl CroHi180; 170.13 1333 0821
Ethyl 2-(5-methyl-5-vinyltetrahydrofuran-
2-yl)propan-2-yl C13HO4 24215 1.89 1.769
carbonate

Linalool Cy0H150 154.14 17.472 14.021

(Z)-Butanoic acid, 3-hexeny]l ester C1oH150; 170.13 1.001 4.349
Methyl salicylate CgHgOs3 152 7.649 18.568
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Table 2. Cont.

Compounds Molecular Molecular Percentage Content (%)  Percentage Content (%)
Formula Weight (Damaged Leaves) (Healthy Leaves)
(Z)-Hexanoic acid, 3-hexenyl ester C1oHy0, 198.16 1.053 0.775
1H-3a,7-Methanoazulene,
octahydro-3,8,8-trimethyl-6-methylene-, Cis5Hpy 204.19 2.433 2.693
[3R-(3w, 3a, 7B, 8an)]

«-Farnesene CisHyy 204.19 4254 6.75
Cedrol Ci5Hp60 2222 1.311 0.745

3.2. Sequencing and Assembly

In order to compare the transcriptomic differences between leaves of C. tetracocca
damaged and undamaged by E. onukii, six RNA-Seq libraries of three biological replicates
for N (N1, N2, N3) and E (E1, E2, E3) were prepared, and then paired-end sequencing was
performed. Overall, 23.67 Gb and 23.5 Gb raw reads with an average length of 150 bp were
obtained from undamaged and damaged leaves of C. tetracocca (Table 3). After dislodging
low-quality sequences and short reads, 22.8 Gb and 22.65 Gb clean data were generated
from the N group and E group, respectively (Table 3). High-quality reads from all samples
were merged and the transcriptome assembly program was conducted [32]. The Q30 base
percentage ranged from 91.73% to 92.33%. In total, >78.72% of sequences were aligned to
the genome of Camellia sinensis. The mapped rates were from 78.72 to 82.66% (Table 4).
Principal component analysis (PCA) was used to generalize the similarities and differences
between leaves damaged by E. onukii and the healthy leaves of C. fetracocca. The PCA
score plot showed that the first four components explained 89.62% of the total variation at
transcription levels (Figure 2A). The correlation coefficients of different samples are shown
in Figure 2B.

Table 3. Summary for RNA-Seq datasets of C. tetracocca.

Sample Raw Reads (M) Raw Bases (G) Clean Reads (M) Clean Bases (G)  Valid Bases (%) Q30 (%) GC (%)
El 51.87 7.78 51.73 7.49 96.3 91.75 44.68
E2 56.3 8.44 56.15 8.14 96.42 92.17 44.79
E3 48.5 7.28 48.37 7.02 96.46 91.95 46.19
N1 54.94 8.24 54.78 7.93 96.18 91.73 45.1
N2 51.55 7.73 51.43 7.48 96.7 92.33 45.49
N3 51.35 7.7 51.22 7.39 95.96 92.16 45.23

A B < <& <&@ < < L -
Et 097 | 083 076 @ 076 | 08 rz_m
Group
30 ® E 0.9
o o N E2 . 083 076 | 073 079
% 4\12 r0.87
g &
2, £ Ny E3 0.64 0.7 0.66 ﬂo-f:‘
f_ﬂ: 2 '
8 N1 0.87 0.92 lo.77
a J\‘H
l0.74
0 N2 0.97
r0.71
N3 "I V 1 . +0.67
E 30 __d

0
PC1: 81.28% variance .64

Figure 2. Data analysis of the transcription in the damaged leaves (E) of E. onukii and healthy leaves
(N). (A) Principal component analysis (PCA). (B) Pearson correlation between samples.
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Table 4. Results of the quality evaluation of RNA-Seq data for the six libraries.

Sample Total Reads Total Mapped Reads Mapped Rate
E1 51,732,120 41,868,448 80.93%
E2 56,151,682 44,204,355 78.72%
E3 48,370,234 39,981,306 82.66%
N1 54,783,750 45,083,014 82.29%
N2 51,428,726 42,485,786 82.61%
N3 51,217,692 42,052,676 82.11%

3.3. Differential Expression of C. tetracocca Genes in Response to E. onukii

To identify differentially expressed genes (DEGs) in damaged leaves of C. tetracocca,
the htseq-count software was used to map the reads of six generated libraries to unigenes,
and the expression level was calculated [27]. The gene expressions from each sample were
33,889 (E1), 34,312 (E2), 33,271 (E3), 34,144 (N1), 34,333 (N2), and 34,389 (N3). The adjusted
g-value < 0.05 and Log2FC > 1.0 were used as the standard for screening DEGs, and
compared to undamaged leaves of C. tetracocca, 8172 genes were differentially expressed
(3074 upregulated and 5098 downregulated) upon E. onukii damage.

3.4. DEGs Associated with Phytohormones Biosynthesis and Signal Transduction

JA, SA, ET, and ABA pathways play crucial roles in inducing the defense responses of
tea green leathoppers, which can transmit signals to trigger the expression of downstream
defense genes and defense-related genes. Different DEGs in phytohormones synthesis and
signal transduction were produced by the tea green leafthopper infestation of C. tetracocca.
There were six genes upregulated and three genes downregulated in the JA synthetic path-
way, among which the genes with the highest expression levels were 12-oxophytodienoate
reductase and acyl-coenzyme A oxidase. One downregulated gene occurred in isochoris-
mate synthase (ICS) of the SA synthetic pathway. For the ET signaling pathway, E. onukii
induced the regulation of four genes. The ERF1B genes (LOC114277384, LOC114283936)
had very high fold-change levels (FC > 20). For the ABA synthetic pathway, there were
13 upregulated genes and 1 downregulated gene (Table S2).

3.5. DEGs Associated with Secondary Metabolites

Secondary metabolites of plants are chemicals with different important biological func-
tions produced by plants to adapt to the environment and resist various biological stresses.
Alkaloid biosynthesis-related genes mainly included perakine reductase, polyneuridine-
aldehyde esterase, salutaridinol 7-O-acetyltransferase, and vinorine synthase. Among them,
the expression level of perakine reductase from leaves damaged by E. onukii was more
than twice that of healthy leaves. All genes related to flavonoid biosynthesis pathways
were downregulated.

Plants release a specific set of compounds after being attacked by herbivorous insects,
and these compounds are called herbivore-induced plant volatiles (HIPVs) [33]. Terpenoids
are the main components of HIPVs, including monoterpenes, sesquiterpene, and deriva-
tives, and they play an important role in the indirect defense reaction of plants. The
relative content of terpenoids in most pest-induced plant volatiles was significantly higher
than that in healthy plant volatiles. Genes related to terpenoids, including 4-hydroxy-3-
methylbut-2-en-1-yl diphosphate synthase (ferredoxin), chloroplastic, cytochrome P450
82Gl, (E,E)-a-farnesene synthase, and (E,E)-geranyllinalool synthase were upregulated.
In particular, the expression level of (E,E)-a-farnesene synthase from leaves damaged by
E. onukii was 70 times higher than in healthy leaves (Table S2).

3.6. DEGs Associated with Plant—Pathogen Interaction and Defense Response to Insect

E. onukii feeding on leaves from C. tetracocca induced significantly different expressions
of genes related to the plant response to insects. Sixteen genes, seven of which were
upregulated and nine of which were downregulated, are involved in the plant response to
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insects. Two upregulated genes had FC > 2 and five upregulated genes had FC > 5. The
two genes encoding pathogen-related proteins were all upregulated, and one gene had
FC > 5. The findings demonstrated that the upregulation of a greater number of genes
with a high fold change (FC > 2 and FC > 5) was involved in C. tetracocca’s response to E.
onukii. Most enriched pest-responsive genes are mainly involved in plant hormone signal
transduction photosynthesis (Col1, MYC?2), terpenoid backbone biosynthesis (VIP1), alpha-
linolenic acid metabolism (AOC), and the NF-kB signaling pathway (CRPK1) (Table S2).

3.7. DEGs Associated with Transcription Factors

Transcription factors (TFs) actively participate in the regulation of plant stress; there-
fore, the expression analysis of transcription factors is crucial. A total of 600 TFs genes
were identified. Most of the transcription factors, including MYB, MYC, AP2, NAC, WRKY,
BZIP, and bHLH, were involved in the response of C. tetracocca leaves to the feeding of
E. onukii. MYB genes were upregulated, including MYB108, MYB62, MYB36, MYB4S,
MYB14, MYB15, MYB6, MYB58, MYB5, MYB3R4, MYB20, MYBS3, MYB4, and MYB72. In
particular, most of these genes can respond to salicylic acid, abscisic acid, salicylic acid, and
sucrose. Two genes encoding MYC2 were upregulated. AP2, as a floral homeotic protein,
is upregulated. NAC genes encompass NAC100, NAC021, NAC096, NAC098, NACO0S3,
NAC104, NAC71, NAC075, and NAC056, and these genes were upregulated. NAC096 is
mainly involved in the positive regulation of the abscisic acid-activated signaling pathway.
NACO083 participates in the response to abscisic acid. Most of the WRKY (WRKY22, WRKY?¥,
WRKY28, WRKY71) and BZIP (BZIP23, BZIP19, BZIP53, BZIP11, BZIP44, BZIP4) genes were
upregulated. Among them, the WRKY22 transcription factor is mainly involved in defense
responses. Ten bHLH transcription factors, including bHLH10, bHLH51, bHLH30, bHLH137,
bHLH72,bHLH112, bHLH162, bHLH120, bHLH118, and bHLH140, were upregulated. The
results showed that these subfamilies may play more important roles in stress response
(Table S2).

3.8. DEGs Associated with Protease Inhibitor, Chitinase, and MAPK

Three Glu-specific Streptomyces griseus protease inhibitor genes were all upregulated
and responded to wounds. Moreover, there were nine (three upregulated and six downreg-
ulated) chitinase activity genes expressed in damaged leaves. The genes encoding chitinase
4 were downregulated, while the genes encoding chitinase 1 were upregulated. MAPK
signaling plays a critical role in regulating the induced defense responses of C. tetracocca to
E. onukii, and the expression of several MAPKSs was significantly upregulated, including
mitogen-activated protein kinase kinase MKK1 (LOC114295503), MKK5 (LOC114278743),
MKK®6 (LOC114322094), MKK9 (LOC114288490), and mitogen-activated protein kinase
kinase kinase MEKK1 (LOC114315690), MAPKKKS5 (LOC114271130), and MAPKKK17
(LOC114304498, LOC114311515, LOC114315690) (Table S2).

3.9. Functional Classification of DEGs

To provide the biological significance of RNA-Seq data, Go categorization analysis was
performed to determine the enrichment of biological functions associated with genes. Many
enriched categories were identified, including “biological process”, “cellular component”,
and “molecular function” (Figure 3). KEGG enrichment analyses showed four main parts
(cellular processes, environmental information processing, genetic information processing,
metabolism) containing twenty-three KEGG pathway categories (Figure 4). We further
screened pathway entries with a corresponding number of differentially expressed genes
greater than 2, and ranked the top 20 in terms of the —log10 of the p-value corresponding
to each entry in descending order, as shown in the bubble chart below. The upregulated
genes were enriched in plant hormone signal transduction, metabolism of xenobiotics
by cytochrome P450, the drug metabolism—cytochrome P450, glutathione metabolism,
phenylpropanoid biosynthesis, and starch and sucrose metabolism (Figure 5A). The down-
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regulated genes were enriched in amino sugar and nucleotide sugar metabolism, starch
and sucrose metabolism, and flavonoid biosynthesis (Figure 5B).
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Figure 3. Diagrams of gene ontology database annotations. Note: Pink refers to GO level 2 entries
with upregulation of differentially expressed genes, light blue refers to GO level 2 entries with
downregulation of differentially expressed genes, the horizontal axis refers to the entry name, and
the vertical axis refers to the number and percentage of genes corresponding to the entry.
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Figure 5. Enrichment bubble diagram of differentially expressed genes of C. tetracocca leaves feeding
by E. onukii vs. healthy leaves. (A) The upregulated gene KEGG enrichment pathway and (B) the
downregulated gene KEGG enrichment pathway. Note: The Enrichment Score on the horizontal axis
in the figure represents the enrichment score. The larger the bubble, the more differential protein-
coding genes it contains. The color of the bubble changes from blue to white to yellow to red, and the
smaller the enrichment p-value, the greater the significance.
3.10. Validation of DEGs by gPCR
A total of nine DEGs were used to validate the data from the RNA-Seq analyses.
Compared with the healthy leaves, six genes were upregulated and three genes were
downregulated after C. tetracocca leaves were fed on by E. onukii. We further analyzed the
correlation between RNA-Seq and qPCR, and the results were consistent (Figure 6A,B).
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Figure 6. (A) Quantitative real-time PCR validation of C. tetracocca leaves feeding by E. onukii and
healthy leaves. (B) Quantitative real-time PCR validation of transcriptome sequencing results.
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3.11. Joint Analysis of the Transcriptom

The correlation enrichment heatmaps of the top 20 DEGs and DEMs discovered
between the transcriptome and metabolome with the associated correlation coefficient (dif-
ferent colors) are shown in Figure 7. The top 20 DEGs and DEMs with absolute correlation
coefficient values larger than 0.5 were filtered in order to create the network diagram with
all metabolites since the correlation network diagram placed the genes or metabolites in
significantly associated positions (Figure 7). We also plotted the correlation network of
the top 20 DEGs and DEMs. N2-acetylornithine had a significant positive correlation with
LOC114287676 (DNAJ1) and LOC114275037 (GOS2). The DNAJ1 gene was significantly up-
regulated and its expression level was approximately five times that of healthy leaves. The
GOS2 gene was also significantly upregulated and its expression level was approximately
six times that of healthy leaves. D-malic acid has a remarkable effect with LOC114282078.
However, LOC114282078 encoding chalcone synthase 2 was significantly downregulated.
Seven secondary metabolites, including N2-acetylornithine, D-malic acid, theogallin, fu-
cosyllactose, 5-caffeoylquinic acid, fumarprotocetraric acid, and arabinogalactose, were
located at the center of the network and had a significant correlation with genes (Figure 8).
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Figure 7. A correlation heatmap based on the results of analyzing the association between the top
20 differentially expressed genes and differentially expressed metabolites. Note: Each line represents
a different gene and each column is the corresponding metabolite. Jacinth is a positive correlation
and blue is a negative correlation. The darker the color, the greater the correlation, and white is zero.
The *** in the figure represents a correlation p-value less than 0.001, the ** in the figure represents a
correlation p-value less than 0.01, and the * in the figure represents a correlation p-value less than 0.05.
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Figure 8. An association network diagram based on the association analysis results of differential
genes and differential metabolites, the p-value < 0.05 was used. Note: The red line represents a
positive correlation and the green line represents a negative correlation. The thickness of the line
represents the correlation coefficient.

4. Discussion

Plants release a series of volatile organic compounds into the environment, and
these compounds are highly responsive to biotic and abiotic factors [34,35]. Since the
reactions of O3 molecules with VOCs contribute to non-stomatal flux, plants’ exposure to
high concentrations of ozone can be damaged to a certain extent [36]. Therefore, when
studying plant volatiles, we also need to consider their impact on the environment. Our
results indicated a variation in damaged leaves and healthy leaves. (E)-2-hexenal and
linalool, emitted by damaged leaves, were significantly increased compared to healthy
leaves. Contrarily, (Z)-3-hexen-1-ol-acetate, (Z)-butanoic acid, 3-hexenyl ester, and methyl
salicylate had a certain degree of reduction compared to damaged leaves. (E)-2-hexenal is a
potentially natural antifungal compound and a female-attracting pheromone produced by
disturbed Megacopta cribraria [37,38].

Phytohormones are produced or increased within plants that govern multiple phys-
iological processes. JA, SA, ET, and ABA are major defense-related phytohormones [39].
JA plays a central role in regulating plant defenses against insect herbivore attacks [40]
as shown in the current study. In the JA pathway, six genes were regulated, including
12-oxophytodie reductase (OPR) and acyl-coenzyme A oxidase, which showed higher ex-
pression levels. The 12-oxophytodienoate reductase (OPR) gene is a key gene for jasmonic
acid synthesis in plants [41]. Similar results have also been demonstrated in Haloxylon
ammodendron responses to osmotic stress [42]. These genes encoding OPR are involved
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in the response of cucumber (Cucumis sativus L.) to aphid infestation [43]. Additionally,
the ERF family is a major subfamily of the plant-specific APETALA2/ethylene-responsive
factor (AP2/ERF) transcription factor, which participates in the signaling pathway of ET
hormones and enhances resistance to biotic and abiotic stresses by positively regulating
the expression of plant pathogen-related genes [44]. ERF transcription factor enhances
Chinese cabbage resistance to Myzus persicae and Spodoptera litura [45], and ERF1B was
significantly upregulated when C. tetracocca was damaged by E. onukii in that work. The
results indicated that ERF transcription factors actively participated in the process of insects
feeding on plants. ABA and JA signals modulate plant defenses against herbivorous insects,
and 13 genes were upregulated in the study. The results were consistent with the ABA and
JA signaling pathways in rice-mediated defenses against Nilaparvata lugens [46].

Herbivorous insects share the potential to induce chemical changes for the plants
they feed on, and plants produce or increase the contents of secondary metabolites, which
reduces herbivore feeding [47,48]. Terpene synthases (TPSs), as key enzymes for terpene
biosynthesis, catalyze the formation of terpenes from isoprenyl diphosphate substrates
of assorted chain lengths [49]. The expression level of (E,E)-alpha-farnesene synthase
from leaves damaged by E. onukii was higher than in healthy leaves. This indicated that
(E,E)-alpha-farnesene has a role in the defense against E. onukii. An (E,E)-a-farnesene
synthase gene of soybean also plays a defense role against nematodes [50], and is involved
in synthesizing insect-induced volatiles.

Transcription factors (ITFs) play key roles in plant responses to biotic stress. Under
E. onukii stress, many upregulated TFs include MYB, AP2, NAC, WRKY, BZIP, and bHLH.
The results are consistent with former studies [50]. Camellia sinensis was damaged by
Ectropis oblique, and these TFs including AP2, bHLH, MYB, NAC, and WRKY were upregu-
lated [51]. Rice plants’ responses to Cnaphalocrocis medinalis caterpillar damage and WRKY
TFs were involved in regulating the induced defense response to this pest [16]. MYB is one
of the largest families of TFs in plants and is characterized by a highly conserved DNA-
binding domain: the MYB domain. Numerous MYB-related genes were upregulated, and
a similar finding was reported in the Nicotiana benthamiana response to Bemisia tabaci [52].
MYC TFs are well-known regulators of plant defense against insects. MYC2 is considered
to be the master regulator of most aspects of JA signaling transduction. In our work, MYC2
was upregulated when leaves of C. tetracocca were damaged by E. onukii, and this result
confirms the contribution of MYC2 to Arabidopsis [53].

Our transcriptome analysis indicated that upregulated genes were enriched in plant
hormone signal transduction in KEGG terms. Similar results were also identified showing
that Ectropis oblique stress led to the ABA and JA signaling genes being enriched in plant
hormone signal transduction [51]. Combined with our previous study, the top 20 DEGs
and DEMs were screened with absolute correlation coefficient values greater than 0.5.
Here, N2-acetylornithine, D-malic acid, theogallin, fucosyllactose, 5-caffeoylquinic acid,
fumarprotocetraric acid, and arabinogalactose had a significant correlation with genes. In
addition, 4-feruloylquinic acid had a significant negative correlation with LOC1142799735
(—0.85622) and LOC114263171 (—0.84108); therefore, we can lower the expression of these
two genes and increase the content of this compound by feeding E. onukii on ancient
tea leaves. Overall, our results suggest that when C. tetracocca is attacked by E. onukii,
a defense mechanism based on plant hormone signal transduction and transcription factors
is activated.

5. Conclusions

E. onukii feeds on young shoots of tea leaves and causes serious damage to tea pro-
duction and quality. C. tetracocca is a unique and ancient tea tree variety. There is a poor
understanding of the response of C. tetracocca’s volatile components to E. onukii infesta-
tion, and the molecular mechanisms by which C. tetracocca perceives, responds to, and
defends against E. onukii damage are unclear. Therefore, volatiles were determined using a
headspace sampling technique and analyzed using GC-MS. Linalool and (E)-2-hexenal were
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identified to have increased levels. (E)-2-hexenal could be considered as female-attracting
pheromones of E. onukii, so that E. onukii could be better attracted to achieve more efficient,
green, and environmentally friendly prevention and control. Meanwhile, the transcrip-
tome was applied to analyze the recognition and initiation of defense responses upon
damage by E. onukii. We identified the key genes, metabolites, and metabolic pathways
related to C. tetracocca’s response to E. onukii. This provided a total of 8172 DEGs including
3074 upregulated genes and 5098 downregulated genes. The OPR gene, (E,E)-a-farnesene
synthase gene, and MYC2 gene could be considered as strong candidates for adapting
to E. onukii damage. Therefore, these candidate genes could be used for future genetic
improvements of C. tetracocca to improve insect resistance. Further analysis of these DAMs
and DEGs demonstrated that N2-acetylornithine, D-malic acid, theogallin, fucosyllactose,
5-caffeoylquinic acid, fumarprotocetraric acid, and arabinogalactose might be involved in
the complex response to E. onukii. Our research sheds light on the molecular mechanisms
involved in the resistance of C. tetracocca to E. onukii stress. Future research will identify
and evaluate the appropriate candidates and metabolites among response genes that confer
single stress tolerance to ancient tea plants, and will provide a theoretical basis for the
development and utilization of ancient tea trees.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14102059 /51, Table S1: Volatile compounds detected in leaves of
C. tetracocca fed by E. onukii and healthy leaves; Table S2: Differentially expressed genes from leaves
of C. tetracocca fed by E. onukii (E) vs. healthy leaves (N).
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