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Abstract 

Pathogenesis-related proteins (PRs) are essential for plant defense against both biotic and abiotic stresses. However, 
knowledge regarding PRs in pears remains limited. In this study, 637 PRs, classified into 16 families, were identified 
in Pyrus bretschneideri. Phylogenetic, sequence similarity, and secondary structure analyses enabled the classifica-
tion of several PRs with conserved sequences, including PR-11, PR-8, PR-15, and PR-16. Genomic analysis revealed 
that the expansion of most PR families resulted from recent whole-genome duplication (WGD) events, occurring 
approximately 30–45 million years ago (Mya). Various gene duplication mechanisms have collectively contributed 
to the proliferation of PR families, with purifying selection indicated by the low Ka/Ks ratios. Examination of apoplas-
tic fluid composition showed that only a subset of PRs was present in the apoplast. Transcriptomic data from Pyrus 
infected with Erwinia amylovora and Colletotrichum fructicola revealed the expression profiles of PR genes post-
infection, underscoring the complexity of PR regulation. This study elucidates the evolutionary expansion, regulation, 
and functional roles of PRs in disease resistance, highlighting certain PRs as reliable markers of pear disease resistance. 
These findings offer valuable insights for future functional analyses and breeding strategies to enhance pear resist-
ance to pathogens.
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Introduction
Plants employ a range of mechanisms to defend against 
stress factors, including various stress proteins that play 
protective roles (Fritig et  al. 1998). Pathogenesis-related 
proteins (PRs) are plant-encoded proteins critical for 
pathogen defense and stress adaptation (Van Loon et al. 
2006). They function as a defense system by forming bar-
riers, producing antimicrobial compounds, and synthe-
sizing defense-related proteins (Edreva 2005; Van Loon 
et al. 2006; Zribi et al. 2021).

Initially identified 50  years ago in tobacco plants 
responding to tobacco mosaic virus, PRs have since been 
extensively studied across diverse plant species (Van 
Loon et  al. 1970). These proteins are typically induced 
by both biotic and abiotic stress factors (Van Loon 
et al. 1985). To standardize their classification, the term 
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"pathogenesis-related proteins" was coined in 1980 to 
refer to "proteins coded for by the host plant but induced 
exclusively under pathological or related conditions" 
(Antoniw et  al. 1980). According to this definition, any 
host protein activated by an infectious agent or a simi-
lar condition is considered a PR. Using molecular and 
genetic techniques, the 10 primary acidic PRs of tobacco 
were initially categorized into five families (PR-1 to PR-5) 
based on their decreasing electrophoretic mobility (Bol 
et  al. 1990). In 1994, a unified nomenclature was estab-
lished to include additional classes with diverse proper-
ties, grouping PRs into families based on shared amino 
acid sequences, serological relationships, and enzymatic 
or biological functions (Van Loon et al. 1994).

A total of 19 PR families (PR-1 to PR-19) have been 
identified, of which 17 are confirmed and 2 are putative, 
classified based on their biochemical properties (Van 
Loon et al. 2006; Islam et al. 2023). PR-1, the first iden-
tified PR family, is highly conserved across plants, mak-
ing it a molecular marker for plant defense responses 
(Van Loon et al. 1970; Zribi et  al. 2021). Despite exten-
sive research, the precise functions of PR-1 proteins 
remain unclear. In both tomato and tobacco, PR-1 has 
been shown to inhibit Phytophthora infestans by reduc-
ing sporangial germination and germ-tube elongation 
(Niderman et  al. 1995). In  vivo experiments further 
demonstrated that tomato PR-1 possesses antifungal 
activity against P. infestans, suppressing spore germina-
tion and reducing leaf infection areas. PR-2, PR-3, PR-4, 
PR-8, and PR-11 are members of the glycoside hydrolase 
(GH) family. PR-2, known as β−1,3-glucanase (βGlu), 
belongs to the GH17 family and catalyzes the hydrolytic 
cleavage of 1,3-β-D-glucosidic bonds in fungal cell wall 
β−1,3-glucans (Filichkin et al. 2004; Shi et al. 2006). PR-3, 
PR-4, PR-8, and PR-11 are classified as chitinases, exhib-
iting the ability to hydrolyze β−1,4 bonds connecting 
N-acetylglucosamine units in chitin. Multiple nomencla-
tures have been used for these proteins, including GHs, 
chitinase classes, PRs, and gene families. To eliminate 
ambiguity, this study adopted gene family classification. 
PR-3 is classified in the GH19 family, PR-4 in the GH45 
(Barwin) family, and PR-8 and PR-11 in the GH18 fam-
ily (Gomez et  al. 2002; Hong et  al. 2002; Bravo et  al. 
2003; Guevara-Morato et  al. 2010). Despite both being 
members of the GH18 family, PR-8 and PR-11 exhibit 
significant sequence divergence, with only two adjacent 
β-strands sharing conserved elements, including catalytic 
residues (Bravo et al. 2003). In addition to their roles in 
weakening and degrading fungal cell walls, PRs contrib-
ute to other plant–microbe interactions. PR-7, PR-9, and 
PR-10 display protease, peroxidase, and ribonuclease 
activities, respectively (Vera and Conejero 1988; Lo et al. 
1999; Passardi et  al. 2005; Sinha et  al. 2020). PR-6 and 

PR-14 exhibit protease-inhibitory properties. Most PRs 
contain an N-terminal signal peptide (SP), enabling their 
secretion into the apoplast (Doares et  al. 1995; Douliez 
et  al. 2001). These proteins accumulate in the extracel-
lular space and can be easily harvested from apoplastic 
fluid (intercellular washing fluid), with the exception of 
PR-10, which is not secreted outside the cell (Van Loon 
et al. 2006).

The recently identified putative PR families, PR-18 and 
PR-19, are classified based on distinct biochemical char-
acteristics. PR-18 was initially found in the leaf extracts 
of Lactuca sativa and Helianthus annuus treated with 
salicylic acid (SA). These are carbohydrate oxidases—
specifically, Helianthus annuus (Ha-CHOX) and Lac-
tuca sativa (Ls-CHOX) oxidases—that are induced by SA 
and fungal pathogens. They promote extracellular H2O2 
production and enhance plant disease resistance in vivo 
(Custers et  al. 2004). PR-19 consists of small, disulfide-
rich proteins (Sp-AMPs) identified in Scots pine (Pinus 
sylvestris). These proteins bind to fungal cell wall glucans, 
disrupting the cell wall structure and causing hyphal 
morphological distortion (Manners 2009; Sooriyaarach-
chi et  al. 2011). Consequently, PR-18 and PR-19 can be 
considered two newly defined PR families.

In addition to being induced by various biotic and abi-
otic stresses, PRs can accumulate during plant growth, 
development, and physiological processes. This phe-
nomenon was first observed in healthy tobacco leaves, 
where PRs accumulate partially during flowering and 
senescence (Fraser 1981; Hanfrey et al. 1996). Some PRs 
are secreted and accumulate in senescing leaves during 
the yellowing stage and in ripening fruits (Quirino et al. 
2000; Davoine et  al. 2001; Buchanan-Wollaston et  al. 
2003). They can also be detected in the medium of cell 
suspension cultures, even in the absence of visible necro-
sis, suggesting that PRs can be produced under specific 
physiological conditions (Takeda et  al. 1990). PR-9, a 
heme-dependent peroxidase, catalyzes phenolic com-
pounds and their hydrogen peroxide derivatives. This 
protein is inducible by both internal and external stimuli 
and is ubiquitous across all stages of plant growth. It is 
involved in various physiological processes, such as lignin 
formation, cell differentiation, and auxin breakdown 
(Passardi et  al. 2005). PR-14, also known as lipid trans-
fer proteins (LTPs), is found in nearly all plant organs and 
can be transported to the extracellular space (Kielbowicz-
Matuk et al. 2008). It exhibits antifungal and antibacterial 
activities and is involved in cutin synthesis, β-oxidation, 
and somatic embryogenesis (Tsuboi et  al. 1992; García-
Olmedo et al. 1995; Han et al. 2001; Debono et al. 2009).

The increasing availability of plant genomes has 
greatly facilitated the identification of PRs through 
domain-based approaches (Zhang et  al. 2018; Meng 
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et  al. 2022). Initially, the term "PR-like proteins" was 
proposed to describe homologous PRs from other 
plants based on their amino acid or cDNA sequences 
(Edreva et  al. 2005). However, the term did not gain 
widespread adoption, as some proteins classified as 
"PR-like" due to sequence similarity were later found 
to be strongly induced during infections, blurring the 
distinction between PRs and PR-like proteins. Conse-
quently, these proteins are more appropriately classified 
as genuine PRs. To standardize the terminology, the 
term "PR proteins" became widely used to encompass 
all microbe-induced proteins and their homologs (Van 
Loon et  al. 1994; Edreva et  al. 2005). Building on this 
understanding, the present study provides an annota-
tion of the full-length PRs in Chinese white pear (Pyrus 
bretschneideri), examines their expansion and evolu-
tionary history, and explores their expression changes 
following fungal and bacterial infections. This research 
offers a comprehensive overview of PR families in pear, 
aiming to elucidate their role in disease resistance. The 
findings are expected to provide valuable insights into 
the involvement of PRs in pear’s defense mechanisms. 
These PRs can serve as reliable markers for evaluating 
pear disease resistance and hold significant potential 
for application in crop improvement through genetic 
engineering strategies.

Materials and methods
Plant materials, fungal strains, and bacterial strains
Pear seedlings were cultivated in a greenhouse under 
controlled conditions, with a 16-h light/8-h dark cycle, 
75% relative humidity, and a temperature of 25°C. The 
Colletotrichum fructicola strain NC40 was cultured on 
PDA at 28°C, following the procedure outlined by Li 
et  al. (2022). Fresh conidia were obtained by inoculat-
ing a 5-mm mycelial plug into 50 mL of sterilized PDB 
in a 100-mL flask, which was then shaken at 180  rpm 
at 28°C for 4 days. Conidial concentrations were deter-
mined using a hemocytometer, and the suspension was 
diluted to 1 × 104 conidia/mL in sterilized water. The 
fire blight pathogen Erwinia amylovora strain KL20-
28, stored at –80°C (Han et al. 2022), was streaked onto 
NA agar plates and cultured in LB medium at 28°C for 
16  h. Bacterial cells were suspended in distilled water 
and adjusted to 109 CFU/mL using a SmartSpec Plus 
Spectrophotometer (Bio-Rad, Hercules, CA, USA). 
Leaves were inoculated with either the C. fructicola 
conidial suspension or the bacterial suspension using a 
non-injury inoculation method, soaked for 15 min, and 
incubated at 26°C with 80% humidity. Five leaf sam-
ples were collected, flash-frozen in liquid nitrogen, and 
stored at –80°C.

Identification of PRs in Chinese white pear
Sequences of previously reported PRs from Nicotiana 
tabacum, Solanum lycopersicum, Sorghum bicolor, Triti-
cum aestivum, Arabidopsis thaliana, Raphanus raphan-
istrum, Hordeum vulgare, Helianthus annuus, and Pinus 
sylvestris were retrieved from UniProt (https://​www.​
unipr​ot.​org/) (Table 1). Domain analysis was performed 
using the InterPro Scan tool (http://​www.​ebi.​ac.​uk/​inter​
pro) (Paysan-Lafosse et al. 2022), focusing on conserved 
domains identified based on Pfam. The corresponding 
Hidden Markov Model (HMM) profiles were downloaded 
for further examination. PRs in the P. bretschneideri (Chi-
nese white pear) genome were identified using HMM 
searches and BLASTP. The Conserved Domains Data-
base and the InterPro protein database were utilized to 
assess the integrity of the domains in the candidate PRs.

Phylogenetic analysis and prediction of conserved motifs
PRs in P. bretschneideri were aligned using MUSCLE, and 
the results were used to generate NJ phylogenetic trees 
with 1,000 bootstrap replicates in MEGA 7.0. Conserved 
motifs were identified using MEME (http://​meme.​sdsc.​
edu/​meme4_3_​0/​intro.​html), setting the motif count to 
10–15 and motif length between 6 and 200 amino acids.

Chromosomal distribution, gene synteny, and gene 
duplication analysis
Chromosomal location data for P. bretschneideri were 
obtained from genome annotations, and synteny analysis 
was performed using a method similar to PGDD (http://​
chibba.​agtec.​uga.​edu/​dupli​cation/) (Lee et  al. 2012). 
Orthologous gene pairs in the P. bretschneideri genome 
were first identified using BLASTP to establish similar-
ity relationships. MCScanX was then employed to detect 
collinear gene blocks among the homologous gene pairs 
using its collinearity detection algorithm (Wang et  al. 
2012). CircOS plots displaying these identified collinear 
gene blocks and their relationships across the genomes 
were visualized using Tbtools (Chen et al. 2020). Finally, 
DupGen_finder was used to categorize the detected 
gene pairs into various forms of gene duplication events, 
including dispersed duplication (DSD), proximal duplica-
tion (PD), tandem duplication (TD), transposed dupli-
cation  (TRD), and whole-genome duplication (WGD) 
(Qiao et al. 2019).

Calculation of Ka and Ks
The Ka, Ks, and Ka/Ks ratios were calculated using the 
calculate_Ka_Ks_pipeline (Qiao et  al. 2019). This pipe-
line involved preparing the coding sequences and gene 
pairs, followed by running the computing_Ka_Ks_pipe.

https://www.uniprot.org/
https://www.uniprot.org/
http://www.ebi.ac.uk/interpro
http://www.ebi.ac.uk/interpro
http://meme.sdsc.edu/meme4_3_0/intro.html
http://meme.sdsc.edu/meme4_3_0/intro.html
http://chibba.agtec.uga.edu/duplication/
http://chibba.agtec.uga.edu/duplication/
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pl script to perform multiple sequence alignments using 
MAFFT. The output was then converted into the AXT 
format for input into KaKs_Calculator (Wang et al. 2010). 
The GMYN model was applied to calculate Ka and Ks, 
and the final results, including Ka, Ks, Ka/Ks ratios, and 
P-values, were obtained for further analysis.

SP prediction and apoplastic protein localization
To predict secretion signals for the PRs, the complete 
protein sequences were submitted to the SignalP (ver-
sion 5.0) server for SP prediction. The apoplast proteins 
of pear leaves have been previously described (Han et al. 
2024).

Expression pattern analysis of PRs
The RNA-seq data of pear infected with E. amylovora and 
C. fructicola were retrieved from the CNGB Sequence 
Archive (CNSA) of the China National GeneBank Data-
Base (CNGBdb), with accession numbers CNP0001995 
and CNP0004466. The RNA-Seq data from leaf inocula-
tion and mock inoculation at 12, 24, and 48 h were used 
for gene expression analysis. Differentially expressed 
genes (DEGs) were identified using the thresholds 
|log2(Fold change)|> 1 and adj.pval < 0.05. A heatmap was 
generated using TBtools (Chen et al. 2020).

Based on the transcriptomic data, 15 candidate PR 
genes were selected for qRT-PCR validation. At 9 weeks 
old, pear seedlings were inoculated with E. amylovora, 

C. fructicola, or water (mock inoculation) using a non-
invasive soaking method. The inoculated leaves were 
collected 12  h after inoculation, flash-frozen in liquid 
nitrogen, and stored for RNA extraction. Total RNA was 
extracted, and cDNA synthesis was performed accord-
ing to the protocols of the RNA kit (Tiangen, Beijing, 
China) and the PrimeScript RT reagent kit (TransGen). 
qRT-PCR was performed using a LightCycler 480 SYBR-
GREEN I Master (Roche, Indianapolis, IN, USA), with 
tubulin (Tub) as the reference gene. Primers for all can-
didate genes were designed using Primer Premier 6.0 
(Table S4).

Results
Identification of PRs in Chinese white pear
The sequences of 19 PR families were retrieved from pre-
vious studies in A. thaliana, H. vulgare, H. annuus, N. 
tabacum, P. sylvestris, S. lycopersicum, S. bicolor, and T. 
aestivum (Table 1). HMM profiles were generated based 
on these sequences (Fig. 1). HMM searches and BLASTP 
were then employed to identify PRs in the genome of P. 
bretschneideri (Chinese white pear; pear hereafter). A 
total of 637 PRs from 16 families were identified in pear, 
confirmed by the integrity of their conserved domains 
(Table  1, Table S1). The largest family, PR-9, comprises 
100 members and is classified as secretory plant peroxi-
dases, while the smallest, PR-4, belongs to the Barwin 

Table 1  Classification, protein familiy ID, and source of recognized pathogenesis-related proteins (PRs) from UniProt, along with the 
count of PRs in pear proposed in this study

Family Source Uniprot ID PFAM Protein domin Number in Pear References

PR-1 Nicotiana tabacum P08299 PF00188 Cysteine-rich secretory protein family 31 Cutt et al. 1988

PR-2 Nicotiana tabacum P15797 PF00332 Glycosyl hydrolases family 17 68 Shinshi et al. 1988

PR-3 Nicotiana tabacum P24091 PF00182 Glycosyl hydrolases family 19 15 Shinshi et al. 1987

PR-4 Nicotiana tabacum P29062 PF00967 Barwin family 1 Friedrich et al. 1991

PR-5 Nicotiana tabacum P07052 PF00314 Thaumatin family 35 Cornelissen et al. 1986

PR-6 Solanum lycopersicum Q43710 PF00280 Potato inhibitor I family 8 Young et al. 1994

PR-7 Solanum lycopersicum Q3Y590 PF00082 Subtilase family 74 Tornero et al. 1996

PR-8 Nicotiana tabacum P29060 PF00704 Glycosyl hydrolases family 18 13 Lawton et al. 1992

PR-9 Nicotiana tabacum P11965 PF00141 Peroxidase 100 Lagrimini et al. 1987

PR-10 Sorghum bicolor Q4VQB5 PF00407 Bet v 1 family 59 Lo et al. 1999

PR-11 Nicotiana tabacum Q43576 PF00704 Glycosyl hydrolases family 18 11 Heitz et al. 1994

PR-12 Triticum aestivum W5FHQ6 PF00304 Gamma-thionin family 29 Mendez et al. 1990

PR-13 Arabidopsis thaliana Q42596 PF00321 Plant thionin 0 Bohlmann et al. 1998

PR-14 Hordeum vulgare Q43767 PF00234 Protease inhibitor/LTP family 81 Molina et al. 1993

PR-15 Hordeum vulgare P45851 PF00190 Cupin (germin) 0 Hurkman et al. 1994

PR-16 Hordeum vulgare Q43487 PF00190 Cupin (germin-like protein) 51 Carter et al. 1999

PR-17 Nicotiana tabacum Q9XIY9 PF04450 Peptidase of plants and bacteria 9 Okushima et al. 2000

PR-18 Helianthus annuus Q8SA59 PF01565 FAD binding domain 52 Custers et al. 2004

PR-19 Pinus sylvestris Q71QE0 PF09117 MiAMP1 0 Sooriyaarachchi et al. 2011
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family, with only one member. Notably, PR-13, PR-15, 
and PR-19 were absent in the pear genome.

Phylogenetic and gene characterization analyses of PRs
Although most PR families exhibit distinct domains 
(Table  1, Table S1), some, such as PR-8 and PR-11, as 
well as PR-15 and PR-16, share common domains. These 
proteins were differentiated through multiple sequence 
alignment, phylogenetic analysis, and gene structure 
analysis. A phylogenetic tree was constructed using the 
protein sequences of 24 GH18 family proteins from pear 
and two known PRs (PR-8 and PR-11) from N. tabacum 
via the Neighbor-Joining (NJ) method. The GH18 pro-
teins in pear clustered into two clades: PR-8 and PR-11 
(Fig.  2). In support of this, ten conserved motifs were 
identified using the MEME online tool, revealing distinct 
motif structures between PR-8 and PR-11. Similarly, Ger-
mins (PR-15) and Germin-like proteins (GLPs; PR-16) 
were distinguished using the same method. Germins, a 
highly conserved group with over 90% identity (Bernier 
et al. 2001), were initially identified in germinating wheat 
but have remained undetected in dicotyledonous plants, 
suggesting a potential restriction to the Poaceae family 
(Melchers et  al. 1994; Carter et  al. 1999). Despite shar-
ing structural domains with GLPs, Germins and GLPs 

exhibit striking sequence divergence. GLPs, although 
present across all angiosperm families, show minimal 
amino acid homology to Germins, often as low as 25% 
(Carter et al. 1999; Bernier et al. 2001). Our findings con-
firm that authentic Germins form a distinct clade in the 
phylogenetic tree, with unique motifs compared to other 
proteins (Fig.  3). Furthermore, the sequence diversity 
of GLPs in pear is extensive, with a total of 15 detected 
motifs.

Collinearity analysis of PRs
Gene duplication plays a critical role in expanding gene 
families and is a defining feature of plant genomes (Freel-
ing 2009). To investigate the expansion of PRs in pear, 
the corresponding cDNA sequences and location infor-
mation were extracted from the pear genome annotation 
files (Wu et  al. 2013). The chromosomal locations and 
collinearity of PRs were mapped to the pear chromo-
somes. PRs in pear were randomly distributed across 17 
chromosomes and contigs (Fig. 4; Fig. S1). A total of 165 
syntenic gene pairs were identified, with PR-9 proteins 
showing the highest number of syntenic pairs (30), while 
PR-6 proteins had only one pair. The numbers of syntenic 
pairs for other PRs were as follows: PR-1, 4; PR-2, 18; 
PR-3, 3; PR-5, 7; PR-7, 12; PR-8, 3; PR-10, 21; PR-11, 10; 

Fig. 1  Gene structure analysis of pathogenesis-related proteins (PRs). Domain analyses were performed using the InterPro database
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PR-12, 3; PR-14, 26; PR-16, 18; and PR-18, 9. No syntenic 
gene pairs were found for PR-4 and PR-17 due to their 
lower gene counts.

The evolution of PRs in pear has been shaped by vari-
ous gene duplication patterns. As outlined in previous 
studies (Qiao et  al. 2019), these patterns can be catego-
rized into five types: WGD or segmental duplication, TD, 
PD, TRD, and DSD (Fig. 5a). The expansion of different 
PR families is driven by distinct mechanisms. WGDs pri-
marily contributed to the expansion of PR-2, PR-5, PR-7, 
PR-8, PR-9, PR-10, PR-11, PR-14, PR-16, and PR-18. PD 
was the main driver for PR-1, while TD played a signifi-
cant role in the evolution of PR-12. The prevalence of 
DSDs, likely due to genomic rearrangements and gene 
loss, notably contributed to the expansion of the PR-17 
family.

Gene duplication and evolution of PRs families in pear
The evolutionary timeframe of the WGD event is often 
approximated by Ks values (Lemoine et al. 2007). Besides 
the ancient WGD (Ks = 1.5–1.8), which occurred around 
140 Mya and is referred to as the γ-paleohexaploidization 
event shared among core eudicots (Fawcett et  al. 2009), 
a more recent WGD event, estimated to have occurred 
30–45 Mya (Ks = 0.15–0.3), has been identified in pear 
(Wu et  al. 2013). Several studies suggest that WGD 
events significantly influenced the evolutionary his-
tory of gene families in pear (Wu et al. 2013; Han et al. 
2023). Among the identified PR gene pairs, 51 gene pairs 
have Ks values ranging from 0.15 to 0.30, indicating their 

origin from the recent WGD event. In contrast, only 6 
gene pairs exhibit Ks values between 1.5 and 1.8, suggest-
ing they originated from the more ancient WGD event 
(Fig. 5b; Table S2). The Ks values differ notably among PR 
families. Specifically, 73.33% of PR-2 gene pairs, 58.33% 
of PR-7 gene pairs, 27.78% of PR-10 gene pairs, 34.78% 
of PR-14 gene pairs, and 50.00% of PR-16 gene pairs stem 
from the recent WGD event, highlighting its critical role 
in the expansion of these families, whereas older duplica-
tion events contributed less significantly.

However, gene duplication does not always result in 
the immediate fixation of new gene copies. Detrimen-
tal mutations arising from duplicated genes can be 
purged over time by negative (purifying) selection, which 
eliminates non-beneficial variations. Conversely, ben-
eficial mutations that confer an advantage can accumu-
late through positive (Darwinian) selection, eventually 
becoming fixed in the population (Qiao et  al. 2019). To 
further examine the selective pressures on PR families in 
pear, the Ka (non-synonymous substitution rate) and Ka/
Ks ratios for the 14 PR families were evaluated (Fig. 5c; 
Table S2). The Ka/Ks ratio serves as an indicator of the 
evolutionary dynamics of these genes (Ka/Ks > 1: positive 
selection; Ka/Ks = 1: neutral evolution; Ka/Ks < 1: puri-
fying selection). Our analysis revealed that, except for a 
single gene pair (Pbr012071.1  and Pbr004502.1 from the 
PR-10 family), which exhibited a Ka/Ks ratio greater than 
1, all other PR gene pairs displayed Ka/Ks ratios below 1, 
indicating that most of these genes have evolved under 
purifying selection. This suggests that PR genes are highly 

Fig. 2  Phylogenetic relationships and conserved domains of glycoside hydrolase 17 family proteins from Pyrus. bretschneideri and two recognized 
pathogenesis-related proteins (PRs) (PR-8 and PR-11) from tobacco. The proteins were clustered into two groups: PR-8 and PR-11
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conserved, with negative selection maintaining their 
functional integrity. The box plots of Ka/Ks ratios further 
revealed distinct clustering, particularly for PR-7, PR-10, 
and PR-18, suggesting these families are subject to simi-
lar selective pressures, likely due to their involvement in 
specific aspects of the plant immune response.

The apoplast is the main region where PRs accumulate
N-terminal SPs direct proteins to the secretory pathway 
in plants. Proteins destined for secretion carry an N-ter-
minal SP that is recognized by the signal recognition par-
ticle (SRP) and its receptor (SR). The SRP-SR complex 

then targets the ribosome-nascent chain complex to 
the endoplasmic reticulum (ER) membrane (Goder and 
Spiess 2003). Many PRs possess an N-terminal SP, which 
directs them into the ER before secretion into the apo-
plast. Examination of SPs in the 637 predicted PRs 
revealed that, with the exception of the PR-6 and PR-10 
families, most members of the other 18 PR families carry 
SPs (Fig. 6). Notably, all members of the PR-3, PR-8, and 
PR-12 families contain SPs.

PRs accumulate in the extracellular space and can be 
readily collected from apoplast fluid (Van Loon et  al. 
2006). In a recent study, apoplast fluid was successfully 

Fig. 3  Phylogenetic relationships and conserved domains of Germin-like proteins from pear and two recognized pathogenesis-related proteins 
(PRs), PR-15 and PR-16, from barley
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Fig. 4  Gene location and collinearity analysis of the pathogenesis-related proteins (PRs) families in pear. Chromosome numbers are indicated 
on the inner side, and co-linear gene pairs are connected by lines. PR-2 (a); PR-7 (b); PR-9 (c); PR-14 (d); PR-16 (e); PR-18 (f)
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isolated from pear leaves (Han et  al. 2024). The identi-
fied proteins were compared to the predicted PRs from 
this study (Fig.  6). The results showed that, except for 
PR-6, representatives from all PR families were found in 
the apoplast fluid, accounting for 15.10% (44) of the total 
414 identified proteins. Interestingly, two members of 
the PR-10 family (Pbr034852.1 and Pbr042265.1) were 
detected in the apoplast fluid. However, PR-10 is widely 
reported not to function extracellularly (Van Loon et al. 
2006).

Expression of PR genes in response to infection by C. 
fructicola and E. amylovora
To investigate the response of PRs to biotic stress, the 
pear leaf transcriptome was analyzed following infection 
with C. fructicola and E. amylovora (Fig. 7a). C. fructicola 
is a typical hemibiotrophic fungus from the Colletotri-
chum genus, while E. amylovora is a highly destructive 
pathogenic bacterium affecting plants in the Rosaceae 
family (Malnoy et al. 2012; Gan et al. 2013). During the 
early stages of infection (12 hpi), a greater number of 
DEGs were observed in leaves infected with E. amylovora 
compared to those infected with C. fructicola. In con-
trast, at later stages (48 hpi), the opposite trend was seen. 

Across all time points, the number of upregulated DEGs 
consistently exceeded the downregulated DEGs (Fig. 7b). 
Analysis of the log2 fold change (log2FC) revealed a sig-
nificant disparity at 24 hpi and 48 hpi (Fig. 7c). Notably, 
while changes in the expression levels of predicted PRs 
were observed, these variations were less pronounced 
compared to those of the overall gene expression 
(Fig. 7d).

Of the 637 predicted PRs, 331 were expressed in pear 
leaves, and 214 showed differential expression dur-
ing infections by C. fructicola or E. amylovora at one or 
more time points (Fig.  8). The number of upregulated 
DEGs was substantially greater than that of downregu-
lated DEGs (Fig. S2). Consistent with previous findings, 
no significant differences were observed in the responses 
of PRs to fungal versus bacterial infections. Expression 
differences among PR families were highly variable. Most 
PR families exhibited a distinct cluster of genes that were 
significantly upregulated, with the PR-10 family hav-
ing the largest cluster, containing 30 genes. However, 
certain families, such as PR-7, PR-12, and PR-14, lacked 
upregulated members across all time points. Moreo-
ver, even within the same family, individual members 
exhibited diverse expression patterns. Except for PR-11 

Fig. 5  Gene duplication and evolution in pathogenesis-related (PR) genes of pear. a The number of pear PR genes derived from various duplication 
modes, including Whole Genome Duplication (WGD), Transposed Duplication (TRD), Tandem Duplication (TD), Dispersed Duplication (DSD), 
and Proximal Duplication (PD). b The Ks distribution of gene pairs in each PR family. Ancient WGDs are plotted with light green squares (Ks = 1.5–
1.8, ~ 140 million years ago), and recent WGDs are plotted with dark green squares (Ks = 0.15–0.3, 30–45 million years ago). c The Ka/Ks distribution 
of gene pairs derived from different PR families
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Fig. 6  Prediction of signal peptides and apoplastic localization analysis of pathogenesis-related proteins (PRs). The blue squares represent 
the number of proteins containing SPs, while the red squares represent the number of proteins detected in the apoplastic fluid (AF). PR1-8 (a); 
PR9-12, PR14, PR16-18 (b)

Fig. 7  Expression patterns of pear upon fungal and bacterial infections. a Elaborate illustration of the experimental design for RNA-seq analysis. b 
The number of DEGs in pear leaves after 12 h, 24 h, and 48 h of infection with Colletotrichum fructicola and Erwinia amylovora. c The log2 fold change 
of total genes in pear upon inoculation of Colletotrichum fructicola and Erwinia amylovora compared to the mock inoculation. Asterisks indicate 
significant differences (*P < 0.05, **P < 0.01). d The log2 fold change of pathogenesis-related (PR) genes
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and PR-7, several PR families contained genes that were 
significantly downregulated. No DEGs displayed oppo-
site regulation patterns between infections caused by 
E. amylovora and C. fructicola (Fig. S3). Notably, in the 
PR-7, PR-14, and PR-16 families, downregulated genes 
outnumbered upregulated ones. Based on the tran-
scriptome data, eight candidate PRs were selected for 
validation by qRT-PCR (Fig. 9). These genes, whose cor-
responding proteins were detected in the apoplast fluid, 
showed significant upregulation, with Pbr039286.1 

(PR-5) and Pbr042058.1 (PR-18) exhibiting the highest 
expression levels.

Discussion
PRs were identified as a multi-gene family in the pear 
genome. Standard sequence homology analysis has 
typically been used to predict PRs in non-model plants 
(Bernier et al. 2001), but significant sequence variations 
have rendered ancestral PR family members unsuit-
able as reference sequences. Utilizing HMM  searches, 
a more precise exploration of protein families and 

Fig. 8  Expression profile of pear pathogenesis-related (PR) genes after fungal and bacterial infections. The colors in the red-blue heatmap 
represent log2-fold change, with red indicating significantly upregulated genes and blue indicating significantly downregulated genes. The colors 
in the orange-green heatmap represent the Benjamini–Hochberg FDR two-sided adjusted p-value. The gradient of orange-green color indicates 
the significance of the adj. pval. Adj. pval < 0.05 is considered significant. For comprehensive details on the DEGs, refer to Table S3
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structural domains is possible, particularly for detecting 
distant homologous relationships (Eddy 2011). Although 
our gene identification method differs from previous 
approaches, the overall size of the PR family in pear is 
consistent with that observed in other dicotyledonous 
plants. Notably, PR-13, PR-15, and PR-19 were absent 
from the pear genome. PR-13 is also missing in Mani-
hot esculenta and Populus trichocarpa, but it is present 
in Arabidopsis (Irigoyen et al. 2020). PR-19, initially dis-
covered in macadamia (Order Proteales) and arum lilies 
(Order Arales), species representing early branches of 
monocot and eudicot lineages post-divergence, has not 
been identified in higher eudicots such as Arabidopsis or 
certain monocots like rice (Manners 2009). This absence, 
consistent with previous studies, is also evident in pears.

Gene duplication plays a pivotal role in plant evolu-
tion and diversity, with five main patterns of duplica-
tion identified: WGD, PD, TD, DSD, and TRD (Qiao 
et al. 2019). Previous studies have shown that large gene 
families, such as the Ethylene Responsive Factor  (ERF) 
family in Vitis vinifera and the WRKY family in Prunus 
mume, are more prone to expansion via TDs (Du et  al. 
2013; Guo et al. 2014). In the pear genome, notable gene 
clusters resulting from TDs are evident within several 
major PR families, including PR-2, PR-9, PR-14, PR-16, 
and PR-18. Genome-wide analyses have revealed that the 
pear genome underwent at least two rounds of duplica-
tion, one ancient and the other preceding the divergence 
between pear and apple (Wu et al. 2013). This study fur-
ther demonstrates that WGDs are the primary mecha-
nism driving the expansion of most PR families, such 
as PR-2, PR-5, PR-7, PR-8, PR-9, PR-10, PR-11, PR-14, 
PR-16, and PR-18. Ka, Ks, and Ka/Ks analyses indicate 

that the recent WGD event played a dominant role in 
PR family expansion, with only a few genes traced back 
to ancient WGDs. Notably, the majority of gene pairs 
in PR families, especially PR-2, PR-7, PR-10, PR-14, and 
PR-16, are derived from the recent WGD event. The PR-2 
family, involved in the degradation of β-glucans (a com-
ponent of fungal cell walls), contains the highest propor-
tion of gene pairs from this recent duplication (Filichkin 
et al. 2004; Shi et al. 2006), suggesting that the expansion 
of PR-2 is particularly critical for defending against fun-
gal pathogens, a significant threat to pear plants. These 
findings imply that recent duplications have had a greater 
influence on shaping pear’s defense mechanisms, likely 
enhancing immune response diversity and efficiency. In 
contrast, the limited number of gene pairs from ancient 
WGDs suggests these older duplications contribute less 
to the current defense capabilities of pear. This sup-
ports the hypothesis that while ancient WGDs estab-
lished genomic stability, recent duplications are primarily 
responsible for the functional diversification required to 
combat contemporary pathogens. The retention of genes 
from ancient duplications may reflect conserved immune 
functions that provide a foundational defense system. 
Variations in Ks values across different PR families likely 
stem from distinct evolutionary pressures and functional 
adaptations, influencing their evolutionary rates and tim-
ing. Almost all PR gene pairs in pear exhibit Ka/Ks ratios 
below 1, indicating strong purifying selection, which 
maintains the stability and integrity of the gene family 
(Wang et al. 2010).

Gene family amplification arises from gene duplica-
tion, generating sets of paralogous genes that exhibit 
similarity but not exact identity. This duplication can lead 

Fig. 9  The relative expression levels of several pear pathogenesis-related (PR) genes after infection of Erwinia amylovora and Colletotrichum 
fructicola. Bars represent the means ± standard error of three biological replicates. Asterisks indicate significant differences (**P < 0.01)
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to functional divergence, redundancy, and the forma-
tion of pseudogenes, complicating the identification of 
genes with distinct roles within the family (Lynch et  al. 
2000; Soltis et al. 2009). Most PRs functioning extracel-
lularly possess an N-terminal SP, although many mem-
bers across various PR families have lost this SP. This loss 
may correlate with gene functional diversification, muta-
tions, and relaxation of selective pressures during gene 
family expansion. Protein analysis of pear leaf apoplast 
fluid following C. fructicola infection revealed the pres-
ence of only a few PRs, which are likely the functional 
components involved in the response. The PR-1 protein, 
part of the pathogen-induced dominant PR group, is 
widely used as a marker for the enhancement of systemic 
acquired resistance (SAR) against pathogens (Van Loon 
et al. 2006). Of the 32 members in the PR-1 gene family, 
29 contain SPs; however, only one member (Pbr034519.1) 
was identified in the apoplast fluid, suggesting that most 
PRs may not play an active role in resisting pathogen 
invasion in pear leaves. This implies that the function-
ality of PRs could be under stringent regulatory control 
and selectivity. Beyond pathogen defense, PR-like pro-
teins expressed in healthy tissues during plant develop-
ment, such as seed formation and flowering, might serve 
unexpected roles in morphogenesis or symbiosis (Fraser 
et al. 1981; Vögeli‐Lange et al. 1994; Hanfrey et al. 1996). 
This could explain why many proteins are not detected 
in the apoplast fluid, as they may perform different func-
tions in other tissues. Interestingly, PR-10, which oper-
ates intracellularly and lacks an SP, has two members 
identified in the apoplast fluid (Van Loon et  al. 2006). 
However, it remains unclear whether these proteins were 
secreted into the apoplast or if their presence is due to 
experimental errors, possibly resulting from excessive 
accumulation.

The initial definition of PRs was "proteins coded for by 
the host plant but induced only in pathological or related 
situations" (Antoniw et al. 1980). Research on these pro-
teins has largely shifted towards analyzing the expression 
patterns of their corresponding genes. Analysis of RNA-
seq data from pear leaves infected with C. fructicola and 
E. amylovora revealed numerous genes with significantly 
induced expression following infection. The expression 
patterns of PR genes in pear show little variation between 
fungal and bacterial infections, including PR families tar-
geting fungal cell walls, such as PR-3, PR-8, and PR-11. 
However, this alone does not support the conclusion 
that these genes mediate broad-spectrum resistance. It 
is hypothesized that the timing of sampling may influ-
ence these outcomes. Upon recognition of Microbe-
Associated Molecular Patterns (MAMPs) from external 

microorganisms or microbial effectors within host cells, 
rapid defense responses are activated, including exten-
sive transcriptional reprogramming (Ramirez-Prado 
et al. 2018; Zhou et al. 2020). At 12 hpi, for instance, the 
host has already initiated SAR. Some families, including 
PR-7, PR-9, PR-14, and PR-16, display clusters of genes 
consistently downregulated across all time points. This 
substantial downregulation is unexpected, as PR genes 
are typically upregulated following pathogen infection. 
The regulation of PR genes may be influenced by vari-
ous factors. In addition to intrinsic regulatory mecha-
nisms, pathogens can suppress disease resistance genes 
via effectors (Wang et al. 2019, 2022). For example, RXLR 
effectors from P. infestans target StMAP3Kβ2 to inhibit 
the immune response in potatoes (Ren et  al. 2019). 
However, this is unlikely to explain the downregulation 
of these PR genes, as similar patterns were observed in 
both C. fructicola and E. amylovora infections. Given the 
considerable differences in the internal microbial effec-
tors between fungi and bacteria, this expression pattern 
may result from intrinsic regulation within pear. A simi-
lar phenomenon has been observed in cassava-pathogen 
interactions (Irigoyen et  al. 2020). Our findings further 
suggest that most PRs were not detected in the apoplast 
fluid, indicating that these PRs may not play a significant 
role in plant immunity. Instead, they may be subject to 
negative feedback regulation and involved in resource 
redistribution within the pear.

Conclusions
This study identified 637 PRs across 16 PR families in 
pear. Collinearity analysis of the pear genome annota-
tion revealed the pivotal role of recent WGD in driv-
ing the extensive expansion of the PR family. Purifying 
selection was found to be the primary evolutionary force 
shaping these genes. By integrating mass spectrometry 
and transcriptomic data, this study determined that 
only a small subset of PR family members are actively 
involved in disease resistance in pear, with several core 
members validated through qRT-PCR. Furthermore, a 
significant number of PR genes, typically regarded as 
"inducible", were downregulated in response to C. fruc-
ticola and E. amylovora infections. This finding high-
lights the functional diversity within the expanded PR 
family and suggests a complex regulatory network in the 
pear-pathogen interaction. In conclusion, these results 
enhance our understanding of pear-pathogen interac-
tions and provide a foundation for further exploration 
of the roles of various PRs in pear development and 
immunity.
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