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Abstract: Tea is a healthy beverage made from the leaves of the tea plant [Camellia sinensis (L.)
O. Kuntze]. The tea plant is a perennial evergreen plant that is widely distributed in tropical and
subtropical regions. PR proteins (pathogenesis-related proteins, PRs) are defense-related proteins
induced under pathogenesis-related conditions. Currently, there are a few studies on PRs in plants.
Tea leaf color mutants have been of wide interest to scientists as special materials. A tea plant
displaying variegated spontaneous albinism found in a local tea plantation in Huangshan City,
Anhui Province, China, was used as the material sample in this study. An analysis of preexisting
transcriptomic and proteomic data revealed the significant upregulation of three classes of PRs. In
order to investigate the correlation between PRs and variegated tea plants, a series of studies were
conducted on PR genes. The results revealed the identification of 17 CsPR1, 3 CsPR4 and 31 CsPR5
genes in tea plants using bioinformatics methods, and their structures and promoter sequences.
The expression of three PR1, two PR4 and one PR5 genes was determined to be induced in stress
treatment experiments involving mechanical damage, insect bites, low temperature treatment, and
fungal infections. Additionally, the ribonuclease activity of CsPR4 was successfully verified. This is
the first study to report the ribonuclease activity of CsPR4 in tea plants. The results can serve as a
reference for future studies on PRs in tea plants, offering new insights into information on albinism
in tea plants.

Keywords: identification; function analysis; pathogenesis-related protein; variegated tea plants

1. Introduction

Biotic stress causes two types of immune responses in plants: pattern-triggered im-
munity (PTI) and effector-triggered immunity (ETI). PTI occurs in response to pathogen-
associated molecular patterns (PAMPs) in microbial or pathogenic structures. The secretion
of microbial pathogens that are recognized by resistance (R) proteins in plant cells leads
to ETI. Finally, salicylic acid (SA) or jasmonic acid (JA) signaling pathways are activated,
resulting in the production of pathogenesis-related (PR) proteins [1], which are produced
by plants exposed to some abiotic stresses, such as low temperature and mechanical dam-
age [2,3]. In addition, PRs are secreted when the plant matures or undergoes senescence [4].
However, it has also been reported that PRs accumulate during the growth and develop-
ment of plants such as tobacco, mung beans and tomatoes [5]. Initially, PRs were defined
as a class of defensive proteins on the base of their production under pathogenesis-related
conditions. However, some researchers determined that the expression of PRs increased in
plants during infection with pathogenic bacteria; therefore, PRs were believed to play a cru-
cial role in the defense response. PRs were first discovered in tobacco plants when infected
with the tobacco mosaic virus [6]. Later, PRs with high expression were reported in plants
when infected with bacteria, fungi, viruses or when attacked by insects or nematodes [7].
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To date, PRs have been divided into 17 families [8]. PR1 has been mostly studied
for its anti-fungal properties. For example, 16 PR1 genes have been identified in garlic,
and involved in the defense against Fusarium infection [9]. A PR1 gene was identified
in oats, being activated in response to many abiotic (drought and heat treatment) and
hormonal (JA, SA, abscisic acid (ABA), and indole-3-acetic acid) treatments [10]. The PR4
family is composed of low-molecular-weight acidic proteins that can be divided into two
categories on the basis of their structure. These proteins are found in both dicotyledons and
monocotyledons [11,12]. Studies have identified the functions of PR4 proteins: nuclease
activity, chitinase activity and antifungal activity. A PR4 gene was identified in cocoa, and
the PR4 protein was determined to exhibit nuclease activity and antifungal effects [13].
Two types of PR4 genes were identified in jelly fig (Ficus awkeotsang Makino) achenes.
The purified proteins exhibited ribonuclease and chitinase activities, as well as antifungal
activity [14]. The amino acid sequence and structure of the PR5 protein are similar to
those of an intensely sweet-tasting protein, namely thaumatin, also called a sweet-like
protein [15]. The PR5 protein possesses antifungal properties. The transgenic tomato
with a PR5 gene knockout showed lower resistance to pathogenic fungi compared to
the wild-type tomato [16]. A PR5 gene was recently identified in Camellia sinensis and
transgenically transferred into Arabidopsis thaliana. Compared to the wild-type plant, the
transgenic A. thaliana plant exhibited higher seed yield and viability, as well as higher
drought tolerance [17].

The tea plant [C. sinensis (L.) O. Kuntze] is one of the most important nonalcoholic
beverage crops. Under stimulation by the external environment, tea leaves produce a series
of mutations to survive and reproduce. Among them, those causing variations in leaf
color are of major concern. Albinism is a common variation in plants, and some albino
mutants have been found in rice [18], Arabidopsis [19], and maize [20]. In most crops,
albinism can cause adverse effects, such as decreased yield and quality. These effects are
also caused by the damage of photosynthetic organs and the imbalance of nitrogen and
carbon in plants [21]. However, the albino varieties of tea plants are popular because of
their freshness and high theanine content. In tea plants, theanine and catechins are the
main secondary metabolites which contribute to the flavor of tea. They also have healthy
and medicinal values. Currently, chlorosis tea plants can be divided into albino (white
leaves), etiolated (yellow leaves), and variegated types in accordance with light-sensitive,
temperature-sensitive, and ecologically insensitive factors. The material used in this study
is a variegated tea plant with an albino phenotype that does not change, regardless of
ecological factors.

Studies related to PR1 and PR5 in tea plants have been conducted, and the stress
resistance of PR genes in the tea plant has been reported. These studies have determined
that CsPR1 responds to blister-blight disease stress [22] and that CsPR5 enhances seed
production and viability in A. thaliana under drought stress [17]. Transfer of a PR5 gene
from a tea plant into a potato plant improved its resistance [23]. However, no study on
the expression of PRs in albino tea plants has been conducted. In this study, we collected
a tea plant sample exhibiting variegated albinism from Furong Valley, Huangshan City,
Anhui Province, China. The sample, which was subjected to transcriptomic and proteomic
analyses, was described in our previous publications [24]. A significant upregulation of
three classes of PRs was revealed after the analysis of pre-existing transcriptomic and
proteomic data. Then, PR genes were identified and cloned in tea plants and their physico-
chemical properties, gene structures, and cis-acting elements were determined. Moreover,
functional studies of the PRs were also performed. The obtained results can give some
basic information on PR genes in a tea plant with a phenotype of variegated albinism.
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2. Materials and Methods
2.1. Plant Material

A variegated tea tree, approximately 10 years old (Figure 1a), growing in a local tea
plantation in Furong Valley, Huangshan City, Anhui Province, China, was reported in our
previous publications [24]. Some of the tissues in the variegated leaves appear white and
the veins appear green. This tea plant has normal green-colored leaves (Figure 1b), as well
as variegated leaves (Figure 1c). Three biological replicates of the leaves were collected
from this tea plant at 3 stages of maturity, namely young leaves/control young leaves
(YL/CYL), mature leaves/control mature leaves (DL/CDL), and old leaves/control old
leaves (OL/COL). For the determination of PR genes expression, CK leaves from a normal
tea plant with no albino phenotype, which was grown in the same tea plantation, were also
used together with DL and CDL samples. Six-month-old cuttings of LongJing 43 (Camellia
sinensis) were cultivated in a light incubator under a 12 h alternating light/dark cycle at
70% relative humidity, light intensity of 10,000 lx at 25 ◦C. After a week of growth in the
greenhouse, the tea plants were subjected to the following treatments: low temperature,
mechanical damage, insect feeding, and pathogenic fungal infection. For the low tem-
perature treatment, tea plants were placed in a light incubator at 4 ◦C and subjected to
the aforementioned treatments. The second leaf samples were collected at 0, 12, 24, and
48 h after the 4 ◦C treatment. For the mechanical damage treatment, the second leaf of
the tea plants was damaged using scissors, and the plants were placed in the greenhouse
as described above. The second leaf samples were collected at 0, 12, and 24 h after the
mechanical damage treatment. For the insect (Ectropis obliqua) feeding treatment, the insect
was placed on the second leaf of the tea plants. We waited for the insect to bite and a
wound knot to appear, and then removed the worm. This tea plant was placed in the
greenhouse as described above. The second leaf samples were collected at 0, 12 and 24 h
after the insect feeding treatment [25]. The tea plants were inoculated with a pathogenic
fungus (Colletotrichum camalliae) using the pinprick method [26]. The complete culture of
PDA pathogenic fungus plate was cut into small pieces, the back of the leaf was scratched
with a needle, and the mycelial piece of the small fungus block was attached to the wound.
The block was removed by moistening for 24 h. The second leaf samples were collected at
0, 12, 24, 48, and 72 h after inoculation. Three pots of tea seedlings were set up for each
treatment at each time point. All the samples were processed in liquid nitrogen and stored
in a −80 ◦C refrigerator.
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Figure 1. The variegated albino tea plant with normal and variable leaves. (a) Variegated tea plant,
(b) normal mature leaf (CDL), and (c) variegated mature leaf (DL).
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2.2. Identification of CsPR1, CsPR4, and CsPR5 Genes

The hidden Markov model profiles of PR1, PR4, and PR5 domains were obtained
from the Pfam database (http://pfam.sanger.ac.uk/, accessed on 5 August 2022). The
nonredundant sequences of PRs were identified by searching the conserved domains
database [27] to validate the presence of PR domains. To identify all sequences of the PR
family, the PRs of A. thaliana were used as queries in the BLAST program in TBtools [28]
against the genomes of C. sinensis. The structures and the conserved motifs were analyzed
using Simple MEME Wrapper in TBtools software (V 1.046). The exon–intron structure was
identified from the Tea Plant Genome Database [29]. The structure was visualized using
TBtools software (V 1.046).

2.3. Physicochemical Characterization of CsPRs

The ExPASy tool [30] was used to predict the properties of CsPRs. The subcellular
localization of CsPRs was predicted using Plant-mPLoc ProtParam tools [31]. In addition,
signal peptides were predicted using the SignalP 5.0 Server (https://services.healthtech.
dtu.dk/services/SignalP-5.0/, accessed on 5 August 2022).

2.4. Promoter Analysis

The 2000 bp DNA upstream sequences of CsPR were extracted to predict the cis-acting
regulatory elements by using Plant CARE (http://bioinformatics.psb.ugent.Be/webtools/
plantcare/html/, accessed on 5 August 2022). These elements were visualized using
TBtools software (V 1.046) [28].

2.5. Phylogenetic Analysis of CsPR1, CsPR4, and CsPR5

The amino acid sequences of PRs from C. sinensis and A. thaliana (as a model dicot
plant) were used to construct a phylogenetic tree. All the PR sequences of the two species
were aligned using MEGA 7.0 software with the software parameters (Poisson distribution,
pairwise deletion, and a bootstrap value of 1000). [32]. A phylogenetic tree was constructed
using the neighbor-joining method with Poisson distribution, pairwise deletion, and a
bootstrap value of 1000 [32]. ITOL was used to modify the tree (https://itol.embl.de/,
accessed on 5 August 2022).

2.6. RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction

Total RNA was extracted using the RNA Prep Pure Plant Plus Kit (Tiangen, Beijing,
China) in accordance with the manufacturer’s instructions. RNA was used for the syn-
thesis of first-strand cDNA using the RTIII All-in-One Mix with dsDNase (Monad, Hefei,
China). Real-time quantitative polymerase chain reaction (qPCR) was performed using the
ChemoHS qPCR Mix (Monad, Hefei, China) on the CFX96 real-time PCR detection system
(Bio-Rad Laboratories) with the following protocol: 95 ◦C for 10 min; 40 cycles at 95 ◦C
for 10 s, and 60 ◦C for 30 s. The relative expression level was calculated using the 2−∆∆Ct

method. CsActin (Genbank ID: XM_028240324.1) was used as the internal reference gene.

2.7. Expression and Purification of Recombinant CsPRs

CsPRs were first amplified using the amplification primers listed in Supplementary
Table S1 (from NCBI and Tea Plant Information Archive, TPIA, http://tpia.teaplants.cn/,
accessed on 1 July 2022), with the sample tea tree cDNA as the template; the CsPRs were
ligated into the pEasy-Blunt cloning vector and sequencing was performed through colony
PCR to screen for positive clones. Plasmids with correct sequences were extracted from
single colonies and stored for backup. Primers were designed by adding the BamHI enzyme
(New England Biolabs (Beijing) LTD, Beijing, China) cleavage site upstream of the target
CDS (coding sequence) and the SalI enzyme (New England Biolabs (Beijing) LTD, Beijing,
China) cleavage site downstream of the gene. The plasmid from the single colonies with
correct sequences obtained after the sequencing of the aforementioned clone was used as a
template, and the target gene, along with the enzyme cleavage site, was cloned again. The

http://pfam.sanger.ac.uk/
https://services.healthtech.dtu.dk/services/SignalP-5.0/
https://services.healthtech.dtu.dk/services/SignalP-5.0/
http://bioinformatics.psb.ugent.Be/webtools/plantcare/html/
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resulting PCR product was purified and used to ligate the vector. Subsequently, the pMAL-
C2E prokaryotic expression vector (Laboratory preservation) was double digested with
BamHI and SalI and then purified. The target gene fragment with the enzyme cleavage site
was ligated to the expression vector fragment by using homologous recombinase and then
transferred into Escherichia coli Trans1-T1 (Shanghai Weidi Biotechnology Co., Ltd., Shang-
hai, China). Positive clones were screened through colony PCR and sequenced to ensure
in-frame insertion. The successfully ligated recombinant expression vector was transferred
into E. coli BL21 (DE3) (Shanghai Weidi Biotechnology Co., Ltd., Shanghai, China). Protein
expression in E. coli was examined as described previously [33]. Target proteins were
eluted using the indicated protein purification columns. The column was eluted with a
buffer comprising 200 mM NaCl (sodium chloride) (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), 1 mM EDTA (ethylene diamine tetraacetic acid) (Shanghai yuanye Bio-
Technology Co., Ltd., Shanghai, China), 20 mM Tris (hydroxymethyl)-HCL (aminomethane
hydrochloride) (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), and 1 mM
DTT (dithiothreitol) (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) buffer
(pH 7.5), followed by elution with the same buffer containing an additional 0.36 g of mal-
tose (Aladdin Industrial Corporation, Shanghai, China). The target proteins were analyzed
through 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis.

2.8. Statistical Data Analysis

The heat map of proteins with significant differential expression, identified through
proteomic data analysis, was generated using TBtools (V 1.046). The data were normalized
using log2 transformation. All statistical analyses were performed with the SPSS 25.0
statistical package. The Kolmogorov–Smirnov test was used to inspect the normality and
homogeneity of variance of all the data. A p > 0.1 was considered as an indication of
normality in the data. For multi-group comparisons, p values were derived from one-way
ANOVA and Duncan’s multiple range test. For all comparisons, p < 0.05 was considered
statistically significant, and statistical significance was indicated using different letters.

3. Results
3.1. Proteomic and Transcriptomic Analyses

The samples (normal green color leaves and variegated leaves) were subjected to tran-
scriptomic and proteomic analyses as described in our previous study [24]. We screened
differentially expressed proteins (DEPs) on the basis of changes in expression by more
than 1.2 times and by focusing on proteins with high expression in the proteome; a p value
of <0.05 was considered statistically significant. DEPs were acquired from the compari-
son group DL-VS-CDL, which included 20 upregulated proteins. Figure 2a presents the
quantitative proteomic statistics as a heatmap. We determined that the protein annotated
as PR4 had significant differences in protein expression. The expression of PR4 protein
was higher in DL than in CDL. Transcriptomic data for PR genes were also obtained. We
identified more differentially expressed PR genes in the transcriptome data, including
PR4, which was screened from the proteome data using the same method. The results
showed that the expression of either PR genes or proteins was higher in DL than in CDL.
As presented in Figure 2b, the expression of 21 PR genes exhibited significant differences in
the transcriptome data. The genes marked with asterisks in the figure were screened for
further research on the basis of their high expression levels and high significance.
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Figure 2. (a) Heat map of proteins with significant differential expression identified in proteomic
data analysis. Proteins marked with red stars show the differentially highly expressed PRs that
were selected. (b) Heat map of differentially expressed genes identified in the transcriptome data
analysis. Genes with red stars show the differentially highly expressed PR genes that were selected.
(c) Phylogenetic analysis of 115 PR genes in Camellia sinensis and Arabidopsis. PR genes in C. sinensis
are indicated by circles, those in Arabidopsis are indicated by pentagrams, and the six differentially
expressed PR genes are marked in red. Three different types of PR genes in C. sinensis are labeled
with different shades of blue, pink, and yellow.
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3.2. Identification of the PR1, PR4, and PR5 Gene Family Members in C. sinensis

A total of 17 CsPR1, 3 CsPR4, and 31 CsPR5 genes were retrieved from the tea genome
database (TPIA) [29]. All the PR genes were named as CsPR1-1 to CsPR1-17, CsPR4-1
to CsPR4-3, and CsPR5-1 to CsPR5-31 (Table 1). The CsPR1 protein had 159–376 amino
acids and a molecular weight of 17.52–41.14 k Da. The pI (isoelectric point) values ranged
from 4.88 to 10.07, indicating that the CsPR1 protein has both acidic and basic amino acids.
Hydrophilicity (GRAVY) analysis revealed that all the CsPR1 had negative GRAVY values;
thus, they were highly hydrophilic. The CsPR4 protein had 156–310 amino acids and a
molecular weight of 16.82–34.43 k Da. The pI values ranged from 4.53 to 6.23, indicating
that the CsPR4 protein had both acidic and basic amino acids. Hydrophobicity (GRAVY)
analysis revealed that CsPR4 had negative and positive GRAVY values and was both
hydrophilic and hydrophobic. The CsPR5 protein had 144–637 amino acids and a molecular
weight of 15.79–70.56 k Da. The pI value ranged from 3.83 to 9.08, indicating that the CsPR5
protein had both acidic and basic amino acids. Hydrophobicity (GRAVY) analysis revealed
that CsPR5 had both negative and positive GRAVY values and was both hydrophilic and
hydrophobic. More detailed information is listed in Table 1.

3.3. Evolutionary Relationships and Sequence Alignment of PR1, PR4, and PR5 Gene Family
Members in C. sinensis

On the basis of amino acid sequences, we compared 17 CsPR1, 3 CsPR4, and 31 CsPR5
genes with 58 PR1, 3 PR4, and 5 PR5 genes from A. thaliana to analyze the genetic evolution-
ary relationships. The results clearly revealed that the three types of PRs can be categorized
into classes I, II, and III, denoting PR1, PR4, and PR5, respectively (Figure 2c). The same
type of PRs in Arabidopsis and C. sinensis clustered together within the same large branch.
In the second group, two structures of PR4 were clearly delineated. Figure 3a presents the
multiple sequence alignment of 17 PR1 proteins in C. sinensis, with five conserved semi-fatty
acid sites, and the green boxes denote the regions contributing to their functions. Figure 3b
presents the multiple sequence comparison of PR4 in C. sinensis and that in other species,
with two PR4 types found. They both had a signal peptide at the front end and a Barwin
structure in the middle. The main difference between the two PR4s was that the first type
of PR4 had a chitin-binding domain structure between the signal peptide and the Barwin
structure. The red box denotes the signal peptide, the black line indicates the chitin-binding
domain structure, and the blue box represents a hinge. The pink line indicates the Barwin
structural domain. Figure 3c illustrates the multiple sequence comparison of PR5 from
C. sinensis and 10 other species. The red box represents the area contributing to its function,
and the black line represents the entire structural domain.

3.4. Gene Structures and Conserved Protein Motifs of CsPRs

The 51 members of PRs in C. sinensis were divided into three groups (Figure 4). On
the basis of the sequences of CsPRs, 15 conserved themes were predicted using MEME
in TBtools software. As presented in Figure 4a, 31 CsPR5 contained 6–10 motifs, 3 CsPR4
contained only 1 or 2 motifs, and 17 CsPR1 contained 4 or 5 motifs. The PR5 gene had
the most motifs, which might be related to the length of its conserved structural domain.
We visualized the conserved structural domains of genes to determine the length of the
gene expression region occupied by structural domains (Figure 4b). PR5 had the TLP
(thaumatin-like protein) conserved domain, PR4 had the Barwin domain, and PR1 had
the CAP conserved domain. Expressed and non-expressed regions were also visualized
(Figure 4c).
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Table 1. Gene and protein features of PR1, PR4, and PR5 gene family members in Camellia sinensis.

Protein Symbol Length (aa) MW (kD) pI SP SL GRAVY Sequence ID

CsPR1−1 162 17.88 6.86 Y Vacuole −0.297 TEA022240.1
CsPR1−2 168 18.53 8.10 Y Vacuole −0.354 TEA028218.1
CsPR1−3 162 17.87 8.62 Y Vacuole −0.345 TEA004541.1
CsPR1−4 191 21.53 9.16 Y Vacuole −0.340 TEA022150.1
CsPR1−5 170 19.25 9.22 Y Vacuole −0.375 TEA022585.1
CsPR1−6 173 18.60 6.81 Y Vacuole −0.227 TEA022146.1
CsPR1−7 160 17.58 4.96 Y Vacuole −0.235 TEA004542.1
CsPR1−8 376 41.14 4.88 Y Vacuole −0.574 TEA022692.1
CsPR1−9 196 22.60 6.09 Y Vacuole −0.479 TEA025681.1
CsPR1−10 159 17.52 8.47 Y Vacuole −0.270 TEA004551.1
CsPR1−11 204 22.59 5.66 N Vacuole −0.257 TEA030748.1
CsPR1−12 162 18.26 9.16 Y Vacuole −0.399 TEA028234.1
CsPR1−13 162 17.93 8.74 Y Vacuole −0.213 TEA021774.1
CsPR1−14 162 17.93 8.74 Y Vacuole −0.213 TEA017943.1
CsPR1−15 168 18.08 4.90 Y Vacuole −0.239 TEA011597.1
CsPR1−16 160 17.61 5.38 Y Vacuole −0.269 TEA021361.1
CsPR1−17 340 38.28 10.07 Y Vacuole −1.089 TEA002521.1
CsPR4−1 203 21.45 6.23 Y Vacuole −0.300 TEA013240.1
CsPR4−2 156 16.82 4.53 Y Cell wall 0.128 TEA013238.1
CsPR4−3 310 34.43 5.35 N Cytoplasm −0.034 TEA013261.1
CsPR5−1 328 34.22 4.74 N Cytoplasm 0.089 TEA007812.1
CsPR5−2 310 32.61 4.70 Y Cytoplasm −0.073 TEA032607.1
CsPR5−3 144 15.79 5.22 N Cytoplasm −0.062 TEA014403.1
CsPR5−4 533 58.55 6.85 N Cytoplasm −0.020 TEA014476.1
CsPR5−5 244 25.74 6.05 Y Cytoplasm 0.046 TEA008382.1
CsPR5−6 323 34.52 4.60 Y Cytoplasm −0.011 TEA019846.1
CsPR5−7 226 24.17 4.75 Y Vacuole −0.146 TEA026507.1
CsPR5−8 249 25.61 4.53 Y Cytoplasm 0.019 TEA027400.1
CsPR5−9 194 20.46 8.62 Y Cytoplasm 0.046 TEA028375.1
CsPR5−10 254 28.00 8.60 N Cytoplasm −0.374 TEA022860.1
CsPR5−11 240 25.97 5.29 Y Cytoplasm 0.053 TEA013937.1
CsPR5−12 250 27.03 9.00 Y Cytoplasm 0.004 TEA006411.1
CsPR5−13 278 30.17 8.62 N Cytoplasm −0.049 TEA015935.1
CsPR5−14 225 24.61 9.08 Y Vacuole −0.312 TEA032837.1
CsPR5−15 367 38.73 4.63 N Cytoplasm −0.187 TEA002766.1
CsPR5−16 251 26.57 5.75 Y Cytoplasm 0.112 TEA028896.1
CsPR5−17 234 25.01 8.73 N Cytoplasm −0.047 TEA027596.1
CsPR5−18 176 18.90 4.73 Y Cytoplasm 0.069 TEA032339.1
CsPR5−19 226 24.19 4.65 Y Vacuolar −0.152 TEA032349.1
CsPR5−20 226 24.61 5.09 Y Vacuolar −0.304 TEA032350.1
CsPR5−21 236 25.74 5.14 Y Vacuolar −0.005 TEA030559.1
CsPR5−22 406 41.93 4.32 Y Cytoplasm −0.086 TEA025008.1
CsPR5−23 260 27.67 8.92 N Nuclear −0.323 TEA012573.1
CsPR5−24 244 25.94 3.83 Y Vacuolar −0.061 TEA014245.1
CsPR5−25 413 44.90 8.34 N cytoplasmic −0.577 TEA014254.1
CsPR5−26 246 26.22 4.54 Y Vacuolar −0.105 TEA014256.1
CsPR5−27 637 70.56 8.49 Y Vacuolar 0.133 TEA029484.1
CsPR5−28 254 26.19 4.67 Y Vacuolar 0.139 TEA006040.1
CsPR5−29 261 27.11 4.98 Y Vacuolar 0.094 TEA006949.1
CsPR5−30 280 29.71 5.03 N Cytoplasmic −0.371 TEA033060.1
CsPR5−31 226 24.14 4.97 Y Vacuolar −0.140 TEA005276.1

MW: molecular weight; SP: signal peptide; SL: subcellular localization.
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Figure 3. Multiple sequence alignments of PR1, PR4, and PR5 proteins using GENEDOC software
(Version 2.7). (a) The amino acid sequence alignments of 17 PR1s in the tea plant. (b) The amino
acid sequence alignments of PR4s in the tea plant and other species. (c) The amino acid sequence
alignments of PR5s in the tea plant and other species. The main target genes in this study are marked
with red stars. The red box denotes the signal peptide; the blue box represents a hinge; the green box
denotes the region contributing to the function; the black line indicates the chitin-binding do-main
structure; the pink line indicates the Barwin structural domain.
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3.5. Analysis of Cis Elements of the CsPR Genes

To explore the regulatory network of CsPRs involved in plant growth and develop-
ment, the 2 kb 5′ upstream regions of 51 CsPRs were analyzed (Figure 5). These regions
could be divided into four categories: hormone response, plant growth and development,
stress response, and transcription factors. The hormone response category included methyl
jasmonate (31.50%), ABA (29.13%), gibberellin (18.50%), SA (13.39%), and auxin (7.48%).
The plant growth and development category contained the endosperm expression element
(27.45%), the meristem expression element (52.94%), and the circadian control element
(19.61%). The stress response category included the anaerobic induction element (73.43%),
low-temperature responsiveness (11.19%), and defense and stress (15.38%). However,
defense and stress were not found in CsPR4. The transcription factor category contained
MYB-drought inducibility (51.85%), MYB-light (29.63%), and MYBHv1 (18.52%). A large
number of light-responsive elements were observed in the promoters of all CsPRs.

3.6. CsPR Gene Expression in Variegated Tea Leaves and Expression Profiles under Biotic and
Abiotic Stresses

As presented in Figure 6, these six genes were found to have the most pronounced
changes in expression in both proteomic and transcriptomic data, and were considered the
most important in this study. We measured the expression of six PR genes in the available
samples. The results revealed that the gene expressions in DL leaves were significantly
higher than those in the control leaves of CK and CDL. However, the expression of CsPR1
was the highest, and that of CsPR4-1 was the lowest. The tea plant Longjing 43 was
subjected to insect bites, mechanical damage, low temperature (4 ◦C), and pathogenic
fungal infection treatments (Figure 7). The expression of all the six CsPR genes was induced
by insect bites and mechanical damage. The expression of these genes peaked at 12 h after
insect bites, and mechanical damage caused the CsPR gene expression to remain elevated.
At 4 ◦C, the expression of CsPR1-1, CsPR1-2, CsPR1-3, and CsPR4-2 genes all showed an
increase followed by a decrease. The expression of CsPR4-1 and CsPR5 demonstrated
an increase and then a decrease, followed by an increase. The infection of the leaves
with pathogenic fungus resulted in an increase in the expression of CsPR1-1 and CsPR1-2;
an increase and then a decrease in the expression of CsPR4-1, CsPR4-2, and CsPR5; and
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an increase followed by a decrease and then again by an increase in the expression of
CsPR1-3. These results indicate that low temperature, mechanical damage, insect bites, and
pathogenic fungal infection could all induce PR gene expression.
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proportions of cis-elements distributed.
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phenotype) samples. Data represent the means ± SD (n = 3) of three biological samples. Different
letters above bars represent significant differences at p < 0.05.

3.7. Expression and Ribonuclease Activity Determination of the Recombinant CsPR1, CsPR4, and
CsPR5 Proteins

The CsPR genes (PR1-1, PR1-2, PR1-3, PR4-1, PR4-2, PR5-1) were cloned in the pMAL-
C2E plasmid and successfully expressed in E. coli BL21 (DE3) (Figure 8a, lanes 2 to 5). No
bands were observed in the control (Figure 8a, lane 1). The protein was highly expressed
at 16 ◦C. We determined that 0.5 M isopropyl β-d-1-thiogalactopyranoside and 16 ◦C
(overnight) were the optimal conditions for CsPR expression. The molecular mass of the
recombinant protein was 56–61 kDa, which was close to the predicted molecular mass
(40 kDa with MBP maltose-binding protein). CsPRs were successfully purified using a
dedicated resin (Figure 8a, lane 5).

We determined the ribonuclease activities of the purified recombinant CsPRs. For the
controls, untreated RNA (2 µL) was introduced into the No. 1 reaction. Diluted RNA (2 µL
RNA + 38 µL RNase-free ddH2O) was added to the No. 2 and No. 5 reactions, respectively.
After that, 5 µg RNA was separately added to the other reactions. And 10 µg of protein
from two CsPR4s, after being treated at 100 ◦C for 10 min, was separately loaded to the
No. 3 and 6 reactions; untreated 10 µg protein of two CsPR4s was separately added to the
No. 4 and 7 reactions; 10 µg protein from three purified CsPR1s was loaded to the No. 8, 9,
and 10 reactions. The total volume of all reaction mixtures was 40 µL, and the reactions
were incubated for 50 min at 37 ◦C. After the reaction, all the mixtures were loaded into
lanes 1–10 and analyzed on the gel electrophoresis. Significant degradation of RNA that
was catalyzed by CsPR4 was detected. However, no degradation function was found for
CsPR1 (Figure 8b).
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Figure 7. Real-time quantitative polymerase chain reaction (qPCR) of 6 CsPRs in the leaves of Longjing
43 under insect bites (a), mechanical damage (b), low temperature at 4 ◦C (c), and anthracnose disease
stress (d). Expression was analyzed at different time periods. Data represent the means ± SD (n = 3)
of three biological samples. Different letters above bars represent significant differences at p < 0.05.
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Figure 8. (a) CsPRs expression in E. coli, and purification. The red arrow positions indicate success-
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pernatant; 4: induced precipitation; 5: purified protein; 6: purified MBP protein. (b) Ribonuclease 
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Figure 8. (a) CsPRs expression in E. coli, and purification. The red arrow positions indicate successfully
purified bands. M: marker; 1: pre-inducible protein; 2: post-induction protein; 3: induced supernatant;
4: induced precipitation; 5: purified protein; 6: purified MBP protein. (b) Ribonuclease activity
verification of the successfully purified protein CsPR4s (lanes 4 and 7). Lane 1, untreated RNA for
control; lanes 2 and 5, diluted RNA for control; lanes 4 and 7, the reaction mixture of two purified
CsPR4 proteins; lanes 3 and 6, the reaction mixture of two purified CsPR4 proteins (treated at 100 ◦C
for 10 min first); lanes 8, 9, and 10, the reaction mixture of three purified CsPR1 proteins.

4. Discussion

In this study, we found that the expression of the CsPR1, CsPR4, and CsPR5 genes
was significantly higher in the variegated leaves than in normal control leaves. In previous
studies, the expressions of the PRs genes were induced to increase resistance by biotic or
abiotic stresses in plants. Therefore, we suspected that variegated leaves were probably in a
stressed environment in comparison to normal control leaves. A total of 17 PR1, 3 PR4, and
31 PR5 genes were identified, and their gene structures, conserved motifs, and cis-elements
were analyzed, providing a scientific basis for future functional studies of PRs. PR1 belongs
to the CAP family (cysteine-rich secretory proteins, antigen 5, and PR1 proteins). PR4
belongs to the Barwin family, and class I contains a ChtBD1 structure, which is not present
in class II. PR5 belongs to the thaumatin family. All three structures were determined to
possess antifungal properties [27]. The PR1, PR4, and PR5 families, highly conserved, were
present in most of the studied species.

The findings from the promoter analysis revealed that many cis-acting elements were
activated for the regulation of CsPR genes, including phytohormone, stress, growth and
development, as well as MYB families. Thus, we performed a quantitative analysis of six
PR genes. We determined gene expression patterns in response to different treatments,
including low temperature, mechanical damage, insect bites, and pathogenic bacteria
infection. This result supports previous findings indicating that biotic and abiotic stresses
induce the expression of PRs. Under low temperature induction at 4 ◦C, the expression of
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the PR gene showed a trend of initial increase followed by a decrease. It was assumed that
the tea plant activated the defense mode pathway to induce the expression of PRs when
resisting external temperature changes. Additionally, it was expected that PRs would not
be overexpressed when the tea plant had adapted to the temperature environment.

In this study, six PR genes were screened and successfully cloned, and five PRs were
successfully expressed, including two types of CsPR4 proteins. The PR4 genes can be
divided into class I and II depending on their structures. It is widely distributed among
other species and plays a role in plant defense [13,14,34]. We found that the PR4 protein
showed a ribonuclease activity. This is the first report indicating that the PR4 protein
has a ribonuclease activity in the tea plant. Some studies examined PR4 in other species,
and most of them observed antifungal properties along with ribonuclease activity. It was
demonstrated that PR4 exhibits ribonuclease activity and anti-fungal properties against
Moniliophthora perniciosa in cocoa beans [13]. Another PR4 was identified to display ribonu-
clease activity and antifungal properties against Magnaporthe grisea in Lycoris radiata [34]. In
addition, a PR4 with ribonuclease activity and antifungal properties was found in figs [14].
However, the antifungal properties of CsPR4 were not verified in our present investigation.
The PR1 and PR5 proteins were reported to have antifungal properties in other plants. For
example, PR1 was identified in wheat and exhibited antibacterial activity in vitro experi-
ments against eight bacteria and fungi [35]. A PR5 gene was identified in Prunus domestica,
and the purified protein also displayed antifungal activity [36]. We found that PR1, PR4,
and PR5 showed high expression in response to pathogenic bacteria infection. However,
the antifungal properties of PR1 and PR5 proteins were not verified in this study.

Whether the upregulation of CsPR gene expression could lead to leaves with a var-
iegated phenotype was not verified in our study. We speculated that some external or
internal stimulus would contribute to the formation of variegated leaves, and that this
external or internal stimulus would also lead to the high expression of CsPRs. Based on
previous studies, there were no PR genes reported in albino tea plants. To some extent, we
doubted that the high expression of PRs might have a certain relation with the variegated
phenotype in albino tea leaves. The obtained results could serve as a reference for future
studies on PRs in tea plants, offering basic information to understand variegated albinism
in tea plants.

5. Conclusions

A significant upregulation of three classes of PRs was revealed by the analysis of
pre-existing transcriptomic and proteomic data in the variegated phenotype tea leaves. The
PR1, PR4, and PR5 genes were identified in tea plants, including the gene structure, motifs,
intron–exon distribution, cis-element features, and phylogenetic relationships. PRs were
expressed in E. coli, and the proteins were successfully purified. This was the first time we
found that CsPR4 exhibits ribonuclease activity. The expression patterns of six PR genes
were screened and then determined under the treatments of low temperature, mechanical
damage, insect bites, and pathogenic fungal infection. The obtained results could serve as
a reference for future studies on PRs in tea plants, especially in the context of variegated
albinism in tea plants.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14010156/s1, Table S1. Primers were used for quantitative
reverse transcription-polymerase chain reaction and amplification of PR genes.
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