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Background
The process of plant growth and development, such as 
seed germination, growth, flowering, and senescence, 
were vulnerable to various adverse effects. The health 
of plants will be damaged by stress factors, particularly 
biotic stress factors such as fungi, bacteria, and viruses, 
which will lead to plant death or disease. To respond to 
a variety of biotic stresses, such as the majority of micro-
bial pathogens and other invaders, plants have evolved 
sophisticated immune defense systems.

The core of the plant immune system, papain-like cys-
teine proteases (PLCPs), is regulated by a series of vari-
ables in the plant defense responses [1]. These enzymes 
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Abstract
Background  Papain-like cysteine protease (PLCP), a vital subgroup of peptidases, play crucial roles in various 
biological processes including plant growth, seed germination, anther development, and stress responses.

Results  In this study, 44 FvPLCP genes were identified through phylogenetic tree analysis and divided into 9 groups. 
Chromosomal localization revealed that the FvPLCP genes are unevenly distributed on 7 chromosomes. The Ka/
Ks results demonstrated that FvPLCP genes have predominantly undergone purifying selection during evolution. 
The phylogenetic tree and motif analysis results indicated that FvPLCP genes has a conserved domain and different 
subfamilies have special motifs, suggesting that different subfamily members have different functions. The cis-
element analysis indicated that FvPLCPs contains a significant number of cis-elements under biotic and abiotic stress. 
The single-cell transcriptome and dual transcriptome of woodland strawberry in response to B. cinerea indicated 
that the subfamily members of FvPLCP genes exhibit specific expression in different cell types and infection stages. 
RT-qPCR and strawberry fruit transient expression experiments showed that the FvPLCP genes may be involved in the 
strawberry defense process against B. cinerea by participating in the hormone pathway.

Conclusions  These findings provided a theoretical basis for further elucidating the role of FvPLCP genes in response 
to biotic stress.
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function through multiple mechanisms: PLCP protein 
precursors induce the accumulation of salicylic acid (SA) 
by releasing the immune signal peptide Zip1 [2], thereby 
activating the SA signaling pathway. This SA accumula-
tion subsequently enhances PLCP protein activity, creat-
ing a positive feedback loop that promotes the expression 
of SA-related immune genes [3]. However, pathogens 
like Phytophthora infestans can subvert this defense 
through effectors such as EP11, which inhibits PLCP 
activation in the proteolytic cascade [4]. Conversely, 
certain plant metabolites like maize-derived 10-OPEA 
(10-oxo-11-phytoenoic acid) can enhance PLCP activ-
ity, triggering programmed cell death (PCD) as a defense 
mechanism [5]. The activated PLCP OsXCP2a in rice 
demonstrates the broad regulatory capacity of these 
enzymes, upregulating genes associated with SA, jas-
monic acid (JA), and ethylene (ET) hormone pathways, 
while also enriching disease resistance genes in the phe-
nylalanine metabolic pathway [6], These findings under-
score the crucial role of PLCP-dependent SA signaling 
in plant immunity. Additional evidence suggests nuclear 
involvement, with studies showing that Ralstonia sola-
nacearum's PopP2 effector mediates nuclear translo-
cation of RD19, implying potential nuclear regulatory 
functions for PLCPs in immune gene expression [7].

Structurally, PLCPs belong to the C1A family of cyste-
ine proteases (CA clan) and function through cysteine-
dependent proteolytic activity  [8]. The protein structure 
of PLCPs has been reported to be mostly composed of 
an ɑ-helix domain and a ß-sheet domain, which together 
constitute the papain-like folding of the protein [9]. 
The cysteine catalytic function of the PLCPs protein is 
located at the N-terminal of the ɑ-helix domain. The sub-
strate binding site of the PLCPs protein contains the cat-
alytic triplet Cys-His-Asn at the deep cleavage site at the 
junction of the two domains, which proved that PLCPs 
function as cysteine proteases [10]. As stable proteolytic 
enzymes, PLCPs perform essential physiological func-
tions in various organelles including lysosomes, vacuoles, 
and exosomes, participating in critical processes ranging 
from developmental transitions (senescence, vegetative 
and reproductive growth) to defense responses [11].

While PLCP functions have been characterized in 
model systems including Arabidopsis [12], Oryza sativa 
[13], Vitis vinifera [14], Ficus carica [15] and Gossy-
pium hirsutum [16], their roles remain largely unex-
plored in Rosaceae species. The woodland strawberry 
(Fragaria vesca) offers an ideal model for Rosaceae stud-
ies due to its compact genome (240 Mb), diploid nature 
(2n = 14), rapid life cycle, and genetic tractability [17]. 
This study comprehensively analyzes the PLCP gene 
family in F. vesca, examining gene structures, conserved 
domains, protein characteristics, and evolutionary rela-
tionships. By integrating single-cell transcriptome and 

dual-RNAseq, we elucidate the expression dynamics of 
FvPLCP genes across cell types and during early infec-
tion stages, providing a foundation for advancing disease 
resistance research and breeding programs in Rosaceae 
crops.

Materials and Methods
Identified and classification of FvPLCP genes in woodland 
strawberry
All PLCP protein sequences were identified in the wood-
land strawberry genome (​h​t​t​p​​s​:​/​​/​w​w​w​​.​r​​o​s​a​​c​e​a​​e​.​o​r​​g​/​​s​p​e​​c​i​
e​​s​/​f​r​​a​g​​a​r​i​​a​_​v​​e​s​c​a​​/​g​​e​n​o​m​e​_​v​4​.​0​.​a​1​/) by the HMM search 
(PF00112.26) (http://www.hmmer.org/) with default 
parameters [18]. To ensure the reliability of the identi-
fied PLCPs, all candidate sequences were further verified 
using SMART (​h​t​t​p​​:​/​/​​s​m​a​r​​t​.​​e​m​b​​l​-​h​​e​i​d​e​​l​b​​e​r​g​.​d​e​/) and 
the Pfam database (http://pfam.xfam.org/) [19].

Sequence alignment and phylogenetic analysis
The protein sequences of AtPLCPs were retrieved from 
the Arabidopsis information resource (TAIR) data-
base (https://www.arabidopsis.org/) [12]. The protein 
sequences of OsPLCPs were retrieved from phytozome 
(​h​t​t​p​​s​:​/​​/​p​h​y​​t​o​​z​o​m​​e​-​n​​e​x​t​.​​j​g​​i​.​d​o​e​.​g​o​v). The phylogenetic 
tree was constructed by IQ-tree using the maximum like-
lihood method with 1000 bootstrap replicates [20]. The 
phylogenetic tree was visualized and refined by Evolview 
for enhanced clarity and presentation [21].

The analysis of FvPLCP genes structure and conserved 
motifs
The conserved motifs of the FvPLCP proteins were pre-
dicted by the MEME site ​(​​​h​t​t​p​s​:​/​/​m​e​m​e​-​s​u​i​t​e​.​o​r​g​/​m​e​m​e​
/​​​​​) [22], with the maximum number of motifs set to 15. 
The conservative motifs were predicted by the MEME 
parameters. The structure analysis of FvPLCP genes was 
performed using the program GSDS2.0 website ​(​​​h​t​t​p​:​/​/​g​s​
d​s​.​c​b​i​​​​​. pku.edu.cn/) [23].

Chromosomal locations of FvPLCP genes
To identify the chromosomal location of FvPLCPs, we 
retrieved and determined the location and length of the 
FvPLCPs from the annotated file of the Fragaria vesca 
downloaded from the GDR website. The software of 
MapChart was used for visualization [24]. For duplica-
tion events, Ka (non-synonymous substitution rate), 
Ks (synonymous substitution rate), and Ka/Ks ratios of 
FvPLCP gene duplication clusters were calculated using 
Perl script.

Protein properties and subcellular localization prediction
Physical properties of FvPLCP proteins, including molec-
ular weight (MW), isoelectric points (pls), and grand 
average of hydropathicity (GRAVY), were analyzed by the 
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ExPASy website (​h​t​t​p​​s​:​/​​/​w​e​b​​.​e​​x​p​a​​s​y​.​​o​r​g​/​​P​r​​o​t​P​a​r​a​m) [25]. 
The subcellular localization of FvPLCP proteins was pre-
dicted by the WoLF PSORT website (​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​e​n​s​​c​r​
i​​p​t​.​c​​o​m​​/​w​o​l​f​-​p​s​o​r​t​.​h​t​m​l) [26].

Coexpression network of FvPLCP families
Pearson correlation coefficients (PCCs) of different 
FvPLCP genes were calculated using Cytoscape_v3.7.2 
software (https://cytoscape.org) [27], and the ​c​o​-​e​x​p​r​e​s​s​
i​o​n network (|PCCs|≥ 0.75, P < 0.05) was constructed to 
visualize the FvPLCP genes.

Transcriptome analysis of FvPLCP genes during B. cinerea 
infection
To investigate the expression pattern of the FvPLCP 
genes in early response to B. cinerea stress in wood-
land strawberry, we selected the single-cell transcrip-
tome and dual transcriptome data of B. cinerea infected 
woodland strawberry at 0–12 hpi (hour post infection) 
for analysis. For single-cell RNA-seq data, the fastQC 
was used to evaluate the quality of raw sequencing data, 
and the Cell Ranger was used to align single-cell data to 
the reference genome of ‘Hawaii4’ to form a gene-cell 
expression matrix (https://www.rosaceae.org). Filter out 
low-quality cells by removing cells with a high proportion 
of mitochondrial genes (> 20%) and low UMI (nFeature_
RNA < 200). Predict potential double cells using Doublet-
Finder and filter them. The SCTransform was used to 
standardize library size to eliminate technical bias. Cor-
rection of batch effects between three single-cell samples 
using CCA + method. The dimensionality reduction anal-
ysis was performed by PCA. For bulk RNA-seq data, The 
FastQC was to check the quality of the raw sequencing 
data and filter the data to obtain clean data. Align clean 
reads to the reference genome using HISAT2. Generate 
the original gene count matrix through featureCounts. 
DESeq2 was used for differential expression gene analysis 
to identified DEGs (| log2FC |> 1, Padj < 0.05). The data-
set of CRA004848 was downloaded from BIG website 
(https://ngdc.cncb.ac.cn/gsa) [28]. The dual ​t​r​a​n​s​c​r​i​p​t​o​m​
e data (PRJNA907512) was downloaded from the NCBI 
website (https://www.ncbi.nlm.nih.gov) [29].

RNA isolation and RT-qPCR analyses
The plant materials of woodland strawberry ‘Hawaii4’ 
used in this experiment were all preserved in the labo-
ratory of fruit biosystems at Nanjing Agricultural Uni-
versity (Nanjing, Jiangsu). For the sample of scRNA-seq 
analysis, we divided the leaf tissue into four cell types 
according to the previous study [28], and extracted the 
RNA in different cell types using the Arcturus PicoPure 
RNA Isolation kit (Applied Biosystems, USA). Reverse 
transcribed RNA into cDNA using the Prime Script RT 
reagent kit with gDNA Eraser (Takara, Dalian, China), 

and stored it in the −80 ℃ for standby. RNA extraction 
from the leaves of woodland strawberry treated with B. 
cinerea at 0 hpi, 0.5 hpi, 1 hpi, 2 hpi, 3 hpi, 4 hpi, 5 hpi, 
6 hpi, 7 hpi, 8 hpi, 9 hpi, 10 hpi, 11 hpi and 12 hpi, and 
reverse transcription into cDNA. Select different subfam-
ily genes within the FvPLCP genes for RT-qPCR analysis, 
and the primer sequences were shown in Table S4. Fvac-
tin11 (FvH4_7g22410) was used as an internal reference 
gene to normalize the expression of genes by 2−△△Ct 
method, each set of RT-qPCR data was calculated with 
three replicates [30].

Expression by the transient transformation in strawberry 
fruit
The coding sequence (CDS) of FvSAG12 was cloned into 
PJ35s vector and pFGC5941 vector, respectively. Empty 
vectors (PJ35s and pFGC5941) were maintained as nega-
tive controls. Selected strawberry fruits at 30 days post-
anthesis (DPA) for inoculation. Select fruits about 30 days 
after flowering for injection. Prepared B. cinerea conidial 
suspension at 5 × 10⁶ spores/mL in sterile water. Inocu-
late 10 strawberry fruits in each treatment and observe 
the changes in disease spots in different treatments.

Results
Genome-wide identification of FvPLCP genes in woodland 
strawberry
A total of 44 FvPLCP genes were identified by the Pept-
dase_C1 domain (PF00112.26) using the hidden Mar-
kov model (HMM) profile (Table S1). We performed 
the prediction analysis of the FvPLCP proteins. The pro-
tein isoelectric point ranged from 4.47 to 9.33, while its 
molecular weight (MW) ranged from 17.68 KDa to 57.99 
KDa. The GRAVY of the 40 FvPLCP proteins was less 
than 0, indicating that FvPLCP genes were hydrophilic 
proteins. The results of subcellular localization predic-
tion showed that 14 FvPLCP proteins were located in 
the extracellular mesenchyma, 11 FvPLCP proteins were 
located in the chloroplasts, 7 FvPLCP proteins were 
located in the nucleus, 4 FvPLCP proteins were located 
in the vacuoles, 3 FvPLCP proteins were located in the 
cytoplasm, 3 FvPLCP proteins were located in the endo-
plasmic reticulum.

After analyzing full-length protein sequence align-
ment with the IQ-tree program, the phylogenetic trees 
for 44 FvPLCPs, 31 AtPLCPs, and 45 OsPLCPs were 
constructed. Consistent with previous studies [14], the 
FvPLCPs were classified into nine subfamilies, which 
were RD21 (responsive to desiccation 21), CEP (cyste-
ine endopeptidase), XCP (xylem cysteine peptidase), 
XBCP (xylem bark cysteine peptidase), THI (THI like-
subfamily), SAG12 (senescence-associated gene 12), 
RD19 (responsive to desiccation 19), ALP (aleutian-like 

https://web.expasy.org/ProtParam
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protease), and CTB (cathepsin B-like) and presumably 
performed different biological functions (Fig. 1).

Gene structure, and conserved motif analysis of the 
FvPLCP genes
We used the protein sequences of FvPLCPs to investigate 
the gene structure and conserved motifs of FvPLCPs in 
nine different subfamilies. In our study, 15 conservative 
motifs were identified in FvPLCPs. Motifs (motif 1, 2, 3, 
4, 5) which contained the Peptidase_ C1 conservative 
structural domain appeared in 44 FvPLCPs. Additionally, 
some motifs were rare and belong to one subfamily. For 

instance, 11 FvPLCPs include motif 12 (Granulin), which 
was exclusively present in the SAG12 subfamilies. Only 
the RD19 subfamily contains motif 14 (Papain-like-cys-
pep-sf ), which was dispersed throughout four members. 
Among the 15 motifs, motifs 1, 2, 3, 4, 5 were character-
ized as Peptidase_C1 domain, motifs 6 and 7 as Inhibitor_
I29 domain, and motifs 15 as GRAN_2. Most FvPLCPs 
contain the Peptidase_C1 domain and the Inhibi-
tor_I29 domain. 43 FvPLCPs, except FvH4_3g14350, 
include the Peptidase_C1 domain, and 43 FvPLCPs with 
motif 6 and motif 7 contain the Inhibitor_I29 domain. 
Only 4 FvPLCPs with motif 15, namely FvH4_2g05500, 

Fig. 1  Phylogenetic analysis and identification of PLCP gene families in rice, Arabidopsis, and woodland strawberry. All genes were divided into 9 sub-
families, with subfamilies distinguished by different colors and shapes. Three species were represented by dots of different colors
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FvH4_2g33910, FvH4_2g38850, and FvH4_3g07700, 
included granulin-like domains (Fig. 2).

Analysis of FvPLCP gene structures revealed substan-
tial variation in intron numbers across subfamilies, rang-
ing from the single-intron architecture of THI members 
to the ten-intron organization characteristic of CTB 
genes. The ALP, RD21, CEP, XCP, and XBCP subfamilies 
have more than or equal to 3 introns, belonging to sub-
families with a large number of introns. With 24 FvPLCPs 
having two or fewer introns, the majority of FvPLCPs in 
SAG12 subfamily have comparatively few introns.

Chromosomal location and expansion of FvPLCP genes
The FvPLCPs were mapped on 7 chromosomes of the 
woodland strawberry to explore the location of FvPLCPs. 
44 FvPLCP genes were unevenly distributed on 7 chro-
mosomes. Fvb1, Fvb3, and Fvb7 have the highest propor-
tion, with 8 FvPLCP genes on each chromosome. There 
were only three FvPLCP genes on Fvb5, which contains 
the least number of FvPLCP genes compared to other 
chromosomes. These results suggested that the woodland 
strawberry may contain genetic diversity in the FvPLCP 
genes.

We found five duplication events in FvPLCP gene fam-
ily, including tandem duplication, transposed duplica-
tion, proximal duplication, dispersed duplication, WGD 
duplication, and collinearity duplication events. Dis-
persed duplication events accounted for the largest pro-
portion of 78.33%. Tandem duplication and collinearity 

duplication accounted for the smallest proportion, which 
was 3.33%. It would seem that dispersed duplication 
events had a significant role in the expansion of FvPLCPs. 
(Figs. 3).

Evolutionary selection pressure analysis of FvPLCP 
genes was performed by calculating Ka/Ks ratios, where 
values < 1, > 1, and = 1 indicate purifying selection, posi-
tive selection, and neutral selection, respectively. The 
observed Ka/Ks ratios (0–0.55) for tandem duplication 
events strongly suggest that FvPLCP genes in woodland 
strawberry have predominantly undergone purifying 
selection during evolution. (Fig. 4).

Cis-element analysis of promoter regions in FvPLCP genes
To understand the function of FvPLCP genes, we selected 
the 2000  bp promoter of the FvPLCP genes for analy-
sis. A total of 496 cis-elements were predicted in the 
FvPLCP promoter regions in woodland strawberry. 
The FvPLCP genes mainly contain the elements of hor-
mone responsiveness, anaerobic induction, defense and 
stress responsiveness, low-temperature responsiveness, 
drought-inducibility, and light responsiveness, which 
indicated that the FvPLCP genes in strawberry have the 
function of participating in biotic and abiotic stress in 
plants (Fig. 5).

Fig. 2  Analysis of FvPCLP genes structure and conservative motifs
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Co-expression network of FvPLCP families with hormone-
related genes
To elucidate potential regulatory relationships, we con-
structed a co-expression network between FvPLCP 
genes and hormone-related genes in woodland straw-
berry (Figs. 6 and 7, Table S3). The network comprised 
31 hormone-related genes and 17 FvPLCPs connected 
by 69 co-expression edges (|PCCs|≥ 0.85), revealing 
both strong positive (31 edges) and negative (38 edges) 
correlations. Notably, seven FvPLCPs exhibited particu-
larly high connectivity (> 6 co-expression events each), 
with FvH4_2g38940, FvH4_2g38850 and FvH4_2g33910 

showing the most extensive interactions (10 edges each), 
suggesting their potential as central hubs in hormone-
mediated regulatory networks.

Tissue-specific expression analysis of the FvPLCP genes
To investigate the role of FvPLCP genes in woodland 
strawberry growth and development, we showed the 
expression profile of FvPLCP genes using transcriptome 
data from 42 different tissues and developmental stages. 
FvPLCP genes were mainly highly expressed in organs 
and tissues such as anther, leaf, style, ghost, embryo, pol-
len, carpel, seeding, and root. The expression levels of 

Fig. 4  The Ka/Ks range of FvPCLP gene pairs in woodland strawberry

 

Fig. 3  Chromosomal localization analysis of FvPCLP genes
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FvPLCP genes in different tissues were different. Among 
them, the expression patterns were similar of FvPLCP 
genes in embryo, pollen, and seeding. These results indi-
cated that the FvPLCP genes play an important role in the 
growth and development of strawberry.

Transcriptome and RT-qPCR analysis of FvPLCP genes and 
hormone related genes during B. cinerea infection
We analyzed the spatial and temporal expression patterns 
of FvPLCP genes in the early stage of B. cinerea infection 
of woodland strawberry by combining single-cell tran-
scriptome and dual RNA-seq data. By integrating single-
cell data with Arabidopsis and comparing homologous 
genes, the scRNA-seq data of strawberry was divided 
into 12 cell type [28]. The results of dual RNA-seq 
showed that the FvPLCP genes in RD21 (FvH4_6g36170), 
THI (FvH4_7g08420), SAG12 (FvH4_6g33310 and 
FvH4_3g40500), ALP (FvH4_1g08700) subfamilies 
were mainly highly expressed within 0.5–3 hpi. The 
genes of RD21 (FvH4_2g33910), CTB (FvH4_1g25910), 

Fig. 6  Co-expression network analysis of FvPLCP genes with hormone re-
lated genes. The gray lines represent a negative correlation between gene 
pairs, and the red lines represent a positive correlation between gene pairs

 

Fig. 5  Cis-element analysis of FvPCLP gene promoter regions
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CEP (FvH4_5g06770), XBCP (FvH4_2g38850), ALP 
(FvH4_1g08760), RD19 (FvH4_2g38940, FvH4_7g18550 
and FvH4_7g18600) subfamilies were highly expressed 
at 7–12 hpi (Fig. 8). We selected the representative genes 
from each subfamily for RT-qPCR analysis (Fig.  9). The 
results showed that the expression levels of ALP, RD21, 
XBCP, RD19, and CTB subfamily genes gradually 
increased at 7–12 hpi. The SAG12 subfamily genes were 
highly expressed at time points of 0.5 hpi and 3 hpi, while 
the THI subfamily genes exhibit periodic high expression 
from 0 to 5 hpi (Fig. 9). In addition, we selected hormone-
related genes highly correlated with the FvPCLP genes 
for RT-qPCR analysis (Fig. S1). Among them, the expres-
sion levels of most hormone-related genes increase with 

the prolongation of treatment time. However, the gibber-
ellin regulated gene (FvH4_2g33410), which is negatively 
correlated with the CTB subfamily gene (FvH4_1g25910), 
gradually increases in expression levels between 0–2 hpi 
and then shows a decreasing trend. Combined with the 
high expression of FvH4_1g25910 at 7–12 hpi, it further 
confirms the possible negative correlation regulation 
between the two. In addition, the expression trend of the 
SAG12 subfamily gene (FvH4_4g12600) is similar to that 
of the DIR6 gene (FvH4_7g02300), which is positively 
correlated. This result suggests that the expression of 
SAG12 subfamily genes may be regulated by the salicylic 
acid pathway (Fig. 10).

Fig. 7  Dual transcriptome analysis of FvPLCP genes and hormone related genes expression in the early stage of woodland strawberry infection with B. 
cinerea
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To reveal the spatiotemporal expression of the FvPLCP 
genes in different cell types, we conducted single-cell 
transcriptome analysis at three timepoints (0, 6, and 12 
hpi). The heatmap indicated that most FvPLCP genes 
were highly expressed between 0–12 hpi in hydathode 
and mesophyll cells. In addition, RD21 (FvH4_1g16530) 
and XBCP (FvH4_3g07700) were mainly highly expressed 
in upper epidermal cells, XCP (FvH4_2g16940) were 
mainly highly expressed in phloem cells, SAG12 
(FvH4_7g32110 and FvH4_4g12600) were mainly 
expressed in hydathode cells (Fig. 8). We use laser capture 
microdissection technology to divide strawberry leaves 

into four types: upper epidermal, lower epidermal, meso-
phyll, and vascular tissue. The RT-qPCR results indicated 
that most FvPLCP genes subfamily were highly expressed 
in the epidermal and mesophyll, and the expression levels 
gradually increased with the prolongation of treatment 
time. These results indicated that FvPLCP genes can par-
ticipate in the process of strawberry response to B. cine-
rea. Notably, we found that hormone-related genes highly 
positively correlated with the FvPLCP genes were highly 
expressed in various tissues, and the expression increased 
with treatment time (Fig. S2). Similarly, Gibberellin regu-
lated gene (FvH4_2g33410) negatively correlated with 

Fig. 8  Single-cell RNAseq analysis of FvPLCP genes and hormone related genes expression in the early stage of woodland strawberry infection with B. 
cinerea
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Fig. 10  Relative expression of FvPLCP genes at different cell types under the invasion of B. cinerea into woodland strawberry

 

Fig. 9  Relative expression of the FvPLCP genes at different infection stages under the invasion of B. cinerea into woodland strawberry
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CTB subfamily gene (FvH4_1g25910) showed a decreas-
ing trend with prolonged treatment time in various tis-
sues. This result indicated that FvH4_2g33410 negatively 
regulates the response of strawberry to infection by B. 
cinerea.

FvSAG12 gene positively regulates the response process of 
strawberry to B. cinerea
To further investigate the role of FvPLCP genes in straw-
berry response to B. cinerea stress, we selected the 
SAG12 subfamily gene (FvH4_4g12600) for transient 
transformation of strawberry fruit. Functional analysis 
revealed that FvSAG12-overexpressing plants exhibited 
significantly enhanced resistance to B. cinerea, as evi-
denced by 64% smaller lesion areas compared to controls 
at 7 dpi (p < 0.01). Molecular characterization showed a 
concomitant 10.36-fold upregulation of FaDIR6 in trans-
genic plants, confirming the positive regulatory relation-
ship between these defense-related genes (Fig. 11).

Discussion
Throughout their life cycle, plants encounter diverse 
biotic and abiotic stresses that activate sophisticated 
defense mechanisms, with proteases serving as cru-
cial mediators of protein turnover and stress signaling 
[31]. As a type of cysteine hydrolase in plants, the PLCP 
gene family has been widely studied in multiple species 
[8]. In plants, the PLCP gene family has been compre-
hensively reported in nine species, Arabidopsis thaliana 
[32], Oryza sativa [13], Glycine max [33], Vitis vinifera 
[14], Ficus carica [15], Gossypium hirsutum [16], Carica 
papaya [34], Hevea brasiliensis [35], Ricinus communis 
and Jatropha curcas [6], with varying gene family size. 
97 GmPLCPs were present in Glycine max, 45 OsPLCPs 
were present in Oryza sativa, and 31 AtPLCPs were 
present in A. thaliana. 44 PLCP genes were identified in 
strawberry, and each gene family member contained a 
conserved peptidase-C1 domain. Evolutionary tree anal-
ysis divided 44 PLCP genes into 9 subfamilies, namely 

Fig. 11  Phenotype produced by transient overexpression or silencing of FvSAG12 in strawberry fruits. (A) Lesion development after inoculation of straw-
berry fruits with Botrytis cinerea. DAY-1 represented the first day after inoculation with B. cinerea. (B) Measurement of lesion area using ImageJ. (n=10, Stu-
dent’s t-test, *P<0.05 and **P<0.01). (C) Relative expression levels of overexpression of FaSAG12 in fruit from different treatments (n=10, Student’s t-test, 
*P<0.05 and **P<0.01). (D) Relative expression levels of silencing FaSAG12 in fruit from different treatments (n=10, Student’s t-test, *P<0.05 and **P<0.01)
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RD21, THI, SAG12, ALP, CTB, CEP, XBCP, RD19, and 
XCP subfamilies. Among them, each subfamily member 
contains different motifs. For example, motif 12 (Granu-
lin) only exists in the SAG12 subfamily, while motif 14 
(Papain-like-cys-pep-sf ) only exists in the RD19 sub-
family. These results suggested that the PLCP gene fam-
ily in strawberry was highly conserved in angiosperms, 
combined with motif analysis, it indicated that the 
FvPLCP genes may have different functions. Comparative 
genomic analysis revealed that FvH4_1g25983, a SAG12 
subfamily member, possesses unique structural features 
distinguishing it from other FvPLCP genes. Phylogenetic 
and syntenic analyses suggested that its extended CDS 
sequence may result from misannotation of adjacent 
open reading frames.

As the main way of gene family amplification, gene 
duplication plays an important role in plant evolution 
[36]. The high retention rate of ancient repetitive events 
and existing duplicated gene pairs contributes to the 
enrichment of duplicated genes in the plant genome [37]. 
These duplicates contribute to the evolution of new func-
tions [38]. The study of the GmPLCP gene family revealed 
many tandem duplication events and two significant seg-
ment duplication events [39–41]. 37 GmPLCPs were 
engaged in the two massive segment duplication events, 
which were crucial in the expansion of the GmPLCP 
gene family. Therefore, there were significantly more 
GmPLCPs in Glycine max than in other species, includ-
ing AtPLCPs in A. thaliana and VvPLCPs in V. vinifera 
[32, 41]. In our study, proximal duplication events played 
a dominant role in various duplication events, laying the 
foundation for the expansion of the FvPLCP gene family 
in strawberry. The Ka/Ks ratio was used to evaluate the 
selection pressure of gene family members [42]. Interest-
ingly, the Ka/Ks result of the FvPLCP gene pairs is less 
than 1, indicating that the PLCP gene family is mainly 
influenced by purification selection to remove harmful 
mutations [43].

Members of the PLCP family have been reported to be 
involved in programmed cell death, immune responses, 
and seed germination in plants [44]. For example, cit-
rus fruits infected with CLas exhibit an accumulation 
of PLCP protein, the expression of the PLCP gene was 
activated after salicylic acid treatment of citrus [45]. The 
cis-elements located on the gene promoter can regulate 
gene expression, thereby regulating plants in response 
to various external stress processes [16]. We found that 
the PLCP gene in woodland strawberry contains 12 cis-
elements, most of which were hormone-responsive ele-
ments, and biotic and abiotic stress-responsive elements, 
indicating that the FvPLCP genes may be involved in 
plant stress response processes. To verify the response 
process of PLCP genes in biotic stress, we analyzed sin-
gle-cell transcriptome and RNA-seq data from the early 

stage of B. cinerea infection in woodland strawberry. 
The results showed that subfamily members of FvPLCPs 
expressed specificity in different cell types, such as XCP 
subfamily members mainly expressed in phloem cells and 
RD21 subfamily members mainly expressed in upper epi-
dermis cells. In addition, different members of the PLCP 
subfamily were expressed at different treatment peri-
ods. For instance, THI subfamily members were mainly 
expressed at 0.5–3 hpi, while XBCP subfamily mem-
bers were mainly expressed at 7–12 hpi. We screened 
hormone-related differentially expressed genes (DEGs), 
mainly including SA, JA and ET-related genes, and found 
that genes of different subfamilies of FvPLCP genes were 
highly correlated with hormone-related DEGs. RT-
qPCR results showed that hormone-related DEGs had 
the same expression pattern as FvPLCP genes. Tran-
sient expression experiments in strawberry fruit showed 
that FvSAG12 and FaDIR6 genes could respond to the 
process of strawberry defense against B. cinerea. These 
results indicated that the FvPCLP genes may be involved 
in the strawberry resistance to B. cinerea by participat-
ing in the SA, JA and ET hormone signaling pathways. 
These results not only laid the foundation for further 
research on the function of FvPLCP genes, but also had 
great significance for agricultural production and genetic 
improvement of strawberry stress resistance.
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