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Genome-wide identification of glyoxalase
(PbrGLY) gene family and functional analysis
of PbrGLYI-28 in response to Botryosphaeria
dothidea in pear
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Abstract

Background Glyoxalase (GLY) played a role in plant resistance to stress. However, little is known about the GLY in
pear.

Results Here, a total of 57 PbrGLY genes were identified through homologous comparison and analysis of conserved
structural domains, which are unevenly distributed across pear chromosomes. Phylogenetic analysis revealed that
the PbrGLY family can be divided into three main subfamilies, with varying numbers of members in each. Gene and
protein structure analysis showed that PbrGLY possess a different number of exons and conserved motifs, and their
promoter regions contain multiple stress-responsive and hormone-responsive elements. gRT-PCR analysis found that
the expression levels of PorGLY significantly changed after in response to B. dothidea infection. The transient silencing
of the PbrGLYI-28 gene increased the susceptibility and methylglyoxal content of pear to B. dothidea, and decreased
GLY activity of pear. The content of H,O, and O,~ was higher in TRV2-PbrGLYI-28 leaves than that in TRV2 leaves. The
antioxidant enzyme activity and pathogen resistance related gene expression was lower in TRV2-PbrGLYI-28 leaves
than that in TRV2 leaves.

Conclusion This study speculates that the PbrGLY family may functionally differentiate and coordinately regulate
pear resistance to ring rot disease, with the expression changes of PbrGLYI-28 potentially associated with B. dothidea
infection and pear resistance.
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Background

China is one of the centers of origin for the Pyrus genus,
with a cultivation history of over 3000 years, making it
the third largest fruit crop after apples and citrus. Its
cultivation area, production, and export volumes all
rank first in the world, holding a dominant position in
the global pear industry. Pear ring rot is a fungal dis-
ease caused by Botryosphaeria dothidea (B. dothidea),
which primarily harms the trunk, fruit, and leaves of pear
trees, leading to rough bark, premature tree decline, and
severely affecting the yield and quality of pear fruit [1].
However, the mechanism by which pear resist B. dothi-
dea is not yet clear.

The glyoxalase system is the main pathway for clearing
methylglyoxal (MG), converting it into lactic acid, and
participating in the regulation of plant growth, develop-
ment, and stress resistance. The traditional glyoxalase
system consists of glyoxalase I (GLYT; lactoylglutathione
lyase) and glyoxalase II (GLYII; hydroxyacylglutathione
hydrolase), which rely on glutathione to clear MG [2].
GLYIII is a novel glyoxalase that operates independently
of the traditional glyoxalase system, capable of directly
catalyzing the irreversible conversion of MG into lactic
acid without glutathione or other cofactors [3, 4]. Cur-
rently, the glyoxalase family has been identified in vari-
ous model crops, including Arabidopsis, rice, soybean,
and grape [3, 5, 6]. These species’ GLY genes have mul-
tiple subcellular localization members. GLYT is divided
into Ni**-dependent and Zn**-dependent types, while
GLYII belongs to the p-lactamase protein family, fea-
turing a binuclear metal center composed of Fe**, Zn?*,
and Mn**. GLYIII belongs to the DJ-1/Pfpl superfamily,
achieving optimal activity without metal ions [3, 7, 8].
During plant growth and development, abiotic stresses
and Dbiotic stresses such as bacterial, fungal, viral, and
insect invasions are inevitable, and glyoxalase genes show
high sensitivity to these stresses. Studies have found that
after rice is infected with blast fungus, the expression
level of GLYTI genes decreases [9]. In wheat, the expres-
sion of GLYI genes is induced by Fusarium graminearum,
peaking 12 h after inoculation, indicating its significant
role in disease development [10]. Additionally, compared
to wild-type rice, transgenic rice overexpressing cecropin
A (a resistance gene against blast fungus) significantly
increased the expression level of GLYI genes by about
six times [11]. Currently, research on the role of glyoxa-
lase genes in the response to biotic stress has primarily
focused on GLYI, while studies on GLYII and GLYIII
have mainly concentrated on abiotic stress responses.
The recent discovery of the GLYIII enzyme, which serves
as an alternative to the traditional glyoxalase system, has
established a more efficient pathway for MG detoxifica-
tion [12]. The upregulation of GLYII genes in tobacco and
rice markedly improves tolerance to elevated levels of
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MG and NaCl [13]. The glutathione-independent tomato
glyoxalase III2 (SIGLYIII2), significantly enhances salt
and osmotic stress tolerance [14]. Transgenic sugarcane
overexpressing the GLYIII gene from sugarcane exhibits
enhanced tolerance to salinity stress [15].

As a globally cultivated crop, the economic value of
pears is significant; however, research on GLYI, GLYII,
and GLYIII genes has not been fully explored. There-
fore, the objective of this study is to systematically iden-
tify and analyze these genes to accelerate the progress of
research on pear resistance to ring rot disease. This study
aims to identify the PbrGLY gene family in pears at the
whole-genome level, including chromosome localiza-
tion, phylogenetic tree construction, collinearity analy-
sis, conserved domain analysis, and cis-acting element
analysis. Additionally, this study applied qPCR technol-
ogy to investigate the expression patterns of these gene
members under B. dothidea infection. This comprehen-
sive analysis of the glyoxalase gene family in pears aims
to identify key genes resistant to B. dothidea and provide
new strategies for the prevention and control of B. dothi-
dea in pear trees, thereby providing a scientific basis for
improving the yield and quality of pear fruit, which is of
great significance for promoting the sustainable develop-
ment of the pear industry.

Methods and materials

Plant materials and treatments

For inoculating with B. dothidea, leaves of the Pyrus
bretschneideri ‘Dangshan Suli’ cultivar grown in Hushu
orchard of Nanjing Agricultural University, Nanjing,
China, were initially disinfected with a 0.1% sodium
hypochlorite solution for a duration of 10 min, followed
by triple rinsing with sterile water. Subsequently, each
leaf was pricked at four locations using a sterile needle.
The inoculation process involved the application of myce-
lial agar pieces (5 mm in diameter), obtained from the
peripheral regions of vigorous B. dothidea colonies cul-
tivated on potato dextrose agar (PDA, Solarbio, Beijing,
China). Leaf tissues excluding the diseased spots were
sampled at intervals of 0, 2, 4, 6, and 8 days post-inocula-
tion (dpi), with each set comprising five leaves and three
such sets, summing up to 15 leaves for each time point.
The leaf specimens were rapidly frozen in liquid nitrogen
and preserved at -80 °C for future analysis [16].

Screening and phylogenetic tree construction of the
PbrGLY gene family

The HMM models of the conserved domains of the GLYI
family were searched and downloaded (lactoylglutathi-
one lyase domain, PF00903), the GLYII family (metallo-
betalactamase domain, PF00753), and the GLYIII family
(DJ-1/Pfpl, PF01965) from the Pfam database (http://pf
am.xfam.org/). Subsequently, we utilized these domain
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models to search for candidate GLY genes in the Pyrus
bretschneideri ‘Dangshan Suli’ genome database (http://
peargenome.njau.edu.cn) using HMMER search. Finally,
we performed homologous alignment, removed redun-
dant genes, and retained purified PhrGLY sequences.

A total of 57 PbrGLY protein sequences, along with
GLY protein sequences from Arabidopsis (https://www
.arabidopsis.org/) [17], Oryza sativa (https://rice.uga.e
du/downloads_gad.shtml) [17] and Vitis vinifera (https:
//www.uniprot.org/) [5]. We employed ClustalW to con
duct a multiple sequence alignment of the GLY protein
sequences from four plant species. Subsequently, phylo-
genetic analysis was performed utilizing MEGA 11, with
the neighbor-joining (NJ) method selected to construct
the GLY phylogenetic tree. The specific parameters were
as follows: the p-distance parameter was set, and boot-
strap replicates were conducted 1000 times. The phy-
logenetic tree was then beautified using the online tool
EVOLVIEW (https://www.evolgenius.info/evolview/#/).

Physicochemical properties, structural, and conserved
motif analysis of PbrGLY

By leveraging the annotated genome files of the Pyrus
bretschneideri ‘Dangshan Suli, we analyzed the lengths
of ¢cDNA and CDS for each member of the PbrGLY
gene family. The Protein Parameter Calc feature within
TBtools was utilized to assess various attributes of the
encoded proteins, including their length, molecular
weight, instability index, theoretical isoelectric point, and
overall average hydropathy [18]. Information on exons
and introns of the PbrGLY genes was extracted from the
Pyrus bretschneideri genome annotation files, and the
Visualiza Gene Structure functionality in TBtools was
used to create diagrams illustrating the gene structures.
Motif analysis of the PbrGLY protein in pear was carried
out using MEME (https://meme-suite.org/meme/tools/
meme). The specific parameters were set as follows: the
motif length was defined as 3—-26 residues, with a signifi-
cance threshold e-value < le-5, and the expected number
of motifs was set to 10. The Gene Structure View func-
tion in TBtools was employed to visualize the distribu-
tion of the motifs.

Chromosome localization, collinearity, and cis-acting
element analysis of PbrGLY

To visualize the chromosomal positions and tandem
repeats of PbrGLY, we utilized the BLAST and MCScanX
functions in TBtools with pear protein sequences and
PbrGLY protein sequences. We obtained files for chro-
mosome length and gene density using the Fasta Stats
and Fasta stats table row features in TBtools, based on
the pear genome file and annotation file. The positions
of the PbrGLY gene family on the chromosomes were
then extracted using the Text Block Extract and Filter
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function. Collinearity information files within the pear
species for PbrGLY were acquired through the One Step
MCScanX-Super Fast and Gene Position Extract func-
tions, and the collinearity of PbrGLY was visualized using
the chromosome length file, target gene position file, and
collinearity information file in Advanced Circos.

The upstream promoter sequences of the PbrGLY gene
family in the pear genome were extracted using TBtools
software. The online software PlantCARE was employed
to predict cis-acting elements, and the types and quanti-
ties of these elements for each gene were calculated.

gRT-PCR analysis of PbrGLY expression levels

Total RNA was extracted using a plant RNA extraction
kit [19]. Total RNA was reverse transcribed using the
PrimeScript reverse transcription kit (TaKaRa, Dalian,
China). After reverse transcription of total RNA to
c¢DNA, qRT-PCR was performed using the StepOneP-
lus™ RT-PCR system and SYBR Premix Ex Taq™ (TaKaRa,
Dalian, China) on the LightCycler 480 (Roche, USA).
Tubulin was used as the reference gene, as shown in
Table. S1. The 2722¢T method was used to calculate the
relative expression levels of the genes [20].

Vector construction and plant transformation

Utilizing virus-induced gene silencing (VIGS), we
employed tobacco rattle virus (TRV)-based vector con-
structs (pTRV1/2) as described [16]. In the development
of the pTRV-PbrGLYI-28 vector, a PCR amplification was
conducted to obtain a segment of the PbrGLYI-28 open
reading frame (OREF), subsequently integrated into the
pTRV2 vector. The Agrobacterium strain containing the
constructed pTRV2/pTRV2-PbrGLYI-28 was cultured
in large quantities until it reached an optical density
(OD600) of 0.6—0.8, after which the bacterial cells were
collected. The cells were resuspended in infiltration buf-
fer (10 mM MgCl,, 10 mM MES (pH 5.5), and 150 uM
acetosyringone) and induced at room temperature (25°C)
for 4 h. The pTRV2-PbrGLYI-28 and pTRV2 empty vec-
tor were mixed with pTRV1 buffer in a 1:1 volume ratio
and injected into the leaves of approximately 45-day-old
Pyrus betulaefolia seedlings grown in Hushu orchard of
Nanjing Agricultural University, Nanjing, China, using
a micro-injector, typically selecting the lower leaves to
facilitate the spread of the viral vector. The seedlings were
kept in the dark for 24-36 h, followed by normal growth
conditions (25°C, 16:8 h light: dark) for 1 week, after
which the silencing efficiency and expression levels of the
target genes were assessed. Seedlings with silenced target
genes were selected, and their leaves were cut and inocu-
lated with B.dothidea. The diameter of the disease spots
was measured and photographed 4 days post-inoculation.
The entire leaf tissue excluding the diseased spots was
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sampled at 4 days post-inoculation. The specific primers
used are detailed in Supplementary Table S1.

Physiological measurement

ROS levels (H,O, and O,”) and antioxidant enzyme
activities were measured using specific assay kits (Comin,
Suzhou, China).

Statistical analysis

Results are mean + SE from three replicates and analyzed
by ANOVA with Tukey’s test (P<0.05) using SPSS18
(IBM SPSS Statistics, Chicago, IL, USA).

Results

Physicochemical property analysis of PbrGLY genes

A total of 57 PbrGLY family members were identi-
fied in the genome of the Pyrus bretschneideri. In pear,
the PbrGLY family encompasses three gene subfamilies,
namely PbrGLYI, PbrGLYII, and PbrGLYIII. As shown in
Table 1, the analysis of the physicochemical character-
istics of PbrGLY proteins revealed that the longest pro-
tein consists of 1251 amino acids (AA) (PbrGLYI-10),
and the shortest consists of 84 AA (PbrGLYI-26). The
molecular weight range is from 9198.49 Da (PbrGLYI-26)
to 139290.17 Da (PbrGLYI-10), and the isoelectric point
range is from 4.65 (PbrGLYI-17) to 9.6 (PbrGLYI-26).
Additionally, among the PbrGLYI subfamily, except for
PbrGLYI-12, -16, -21, and -24 which are hydropho-
bic proteins, the rest are hydrophilic; all PbrGLYII pro-
teins are hydrophilic; and all PbrGLYIII proteins are
hydrophobic.

Phylogenetic tree of the GLY

To gain a deeper understanding of the evolutionary rela-
tionships and classification of plant GLY proteins, this
study collected a total of 107 GLY protein sequences from
Arabidopsis, Oryza sativa, Pyrus bretschneideri, and Vitis
vinifera, and constructed a phylogenetic tree. As shown
in Fig. 1, based on the topology of the phylogenetic tree,
nodes forming distinct independent branches were clas-
sified into subgroups, identifying a total of eight GLY
protein subgroups. In the constructed phylogenetic tree,
Subgroup VIII is the largest, containing more than 23
protein sequences; in contrast, Subgroup V is the small-
est, containing only three protein sequences. Among
them, most PbrGLYII proteins clustered with AtGLYII
proteins on the same branch (Subgroup I), which also
included some OsGLYII proteins. This indicates that
PbrGLYII proteins have a closer phylogenetic relation-
ship with Arabidopsis and Oryza sativa GLYII proteins;
In Subgroup II, all VWGLY proteins and PbrGLYII-12
proteins were classified into the same branch, indicating
a closer phylogenetic relationship between PbrGLYII-12
and Vitis vinifera GLY proteins; Subgroups III and V have
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similar distributions, both containing only PbrGLY pro-
teins; In Subgroups IV, VI, VII, and VIII, analysis of sec-
ondary branches showed that most PbrGLY and AtGLY
family members did not appear as orthologous gene
pairs but instead exhibited the phenomenon of multiple
paralogous genes clustering within the same species. This
finding suggests that the evolution of Pyrus bretschnei-
deri and Arabidopsis GLY family members within these
subgroups is not entirely synchronous.

Chromosome localization and collinearity analysis of
PbrGLY

An analysis of the chromosomal (Chromosome, Chr)
positions of the 57 PbrGLY family members in the Pyrus
bretschneideri genome was conducted. The results
revealed that, excluding the 9 PbrGLY that were not
labeled on the chromosomes, the remaining 46 members
were irregularly distributed across the pear chromosomes
(Fig. 2a). The PbrGLY are predominantly concentrated on
chromosomes Chr3, Chr5, and Chr9. Notably, chromo-
some Chr5 harbors the highest number of PbrGLY genes,
including 11 PbrGLY genes (PbrGLYI-5, PbrGLYI-7,
PbrGLYI-14, PbrGLYI-15, PbrGLYI-16, PbrGLYI-19,
PbrGLYI-22, PbrGLYI-24, PbrGLYII-3, PbrGLYII-9, and
PbrGLYII-12). Collinearity analysis indicated that there
are 28 pairs of PbrGLY genes that are collinear (Fig. 2b).

Gene structure and protein motif analysis of the PbrGLY
family

The PbrGLY exhibits significant variation in exon/
intron structure. Notably, PbrGLYII-19 has the highest
number of exons (18), while PbrGLYI-17, PbrGLYI-18,
PbrGLYI-25, PbrGLYII-5, and PbrGLYIII-8 have only
2 exons each (Fig. 3). Longer exons tend to encode
larger proteins, potentially containing more functional
domains, which may confer an advantage in the pro-
cess of natural selection. Additionally, homologous
genes have similar exon/intron structures; for example,
PbrGLYII-10/-11 and PbrGLYIII-5/-6 both have the same
number of exons and introns and share similar gene
structures. Although there are clear differences in gene
length and the number of introns/exons among PbrGLY
family members, the gene structures within each subfam-
ily are relatively similar. The similar gene structures and
motifs within each subfamily further validate the classifi-
cation credibility.

PbrGLY family proteins contain 1-10 motifs (Fig. 4),
with certain motifs being specific to different subfamilies.
For instance, motifs 1-6 and 9 are exclusive to PbrGLY],
motif 7 is only present in PbrGLYII, and motifs 8 are
found only in PbrGLYII-10, -11, and PbrGLYIII. The pres-
ence of these specific motifs in different subfamilies indi-
cates their unique roles within each subfamily. Within the
same subfamily, the arrangement and number of motifs



Page 5 of 17

(2025) 25:349

Wang et al. BMC Plant Biology

Jes|oNN £9¢°0- 7578 1234 9L €7'868C01 1399) L'71017019d LL-IIA151ad
JespPnN LE0- ELv8 6ler 98, 1S 12601 €€6 L'lv/£1019d OL-lIA1949d
diwse|doikd 810~ L1118 LC°0s 8C9 69'€8/0¢ 981 L'€¢¢/1019d 6-11A19194
diwse|doikd Ly10- 068 Lger SCS 6¥'S10LY Ly L'SCEE101ad 8-1IA1919d
JespPnN 6¥'0- [43<74 LS8E ¥8'8 91986111 8¢01 Ll'€C1C1019d L71IA1949d
dlwise|doidd €eL0- 6116 Lov 8l9 lolee 86¢ L'S/¥11019d 9-1IA15194
[BUPUOYSOUIN 8Lo- 1698 6lce 659 §'68C0¢ LLC 1'€66£0019d S-IIA1919d
[BUPUOYSOUIN L1C0- or'66 100S 98 95'6Y16€ 53 '50¢50049d P-IIA1510d
diwsejdophd 210~ [43¢ L58E 619 L00/L87L 699 1'161€0019d €-IIA1919d
[BUPUOYSOUIN 1910~ 6098 [44723 69/ 99'66LC¢E 66C 1'8££¢0019d CIIA19149d
diwse|doikd 8¢ 0- L'€8 68'G€ 9 79'05/8¢ 85¢ 1'90%710049d L-IIA1949d
dlwse|doikD £000- 188 €6l 1494 SG1881 SLL 1'0917¢01ad 8¢-1A1949d
diwse|doikd e 9e's/L 109¢ 95's 95658y (0124 1'§££20019d VA& VNIDZSTS
diwise|doikd [4330p JA74 G8'se 95'S 1S'6E58Y ory 1'€£901019d 9¢-IA1949d
[BUPUOYSOUIN LL10- 88178 SEEY 96 6¥'8616 78 'S 10v€01ad SC-IATDIGd
diwse|doikd 8 0- 1569 LC0E 68'S 9'18.51 eyl 1'££80¢019d YC-IN1519d
[BUPUOYSOUIN 00 6’6 G6e 98 8r/eCEl 0cl 1'§€/9¢019d EC-IAT1DIAd
[BUPUOYSOUIN 8¢00 r'e6 95ty 969 €0'868¢C1L LLL 1'£0€60019d CCIA1DIqd
diwse|doikd 6C0- 9€LL L9 679 6996551 orl 1'9¢85¢019d LC-IA1919d
[BUPUOYSOUIN rlo- 68/6 [4323% '8 L1'6859C JAx4 L'¢671701ad 0¢-1A1949d
[BUPUOYSOUIN LE0- LSV6 S6EY LE8 86'LCLLC /61 1'8¢¥¥0019d 61-1A1949d
JesdnNN 6€10- G808 LTSy L0 €1¢0891 €51 1'8959¢019d 8L-IA1949d
JesPnN 60~ /89 687 97 ' v69rC 4% 1'88960019d L1-1A1949d
Jejnjeoexy 6€00 €98 [48°14 61'S LE'S60¢ 81 1'0¢v6¢019d 91-IA1949d
Je|njjeoelixy GL00 9,58 8C0S 98 61'8¢60¢ 781 L'€€1¢c0iad SL-IATDIGd
JespPnN L6V0- Sv'8L 6C'L9 59/ 9965/61 74 1'€0901019d ¥1-IA1519d
dlwise|doikd o LE88 989 JAaS) 9969561 (@A) 1'950€0049d €1-IA1919d
QUBIQUISIN BUISE|d €¢00 G588 €8¢ 806 L56C6CC 90¢ 1'98107019d CL-IA1949d
dlwse|doikd 80C0- 6/'/8 9€'99 59§ 9¢elsel [} L'7¢010019d LL-IA1519d
Jes|oNN 6v90- Sves 85YS 8l6 £106C6€L Lscl '5e/6€0i9d 0l-1A1949d
dlwse|doikD ¥9€0- /8 6'6¢ LY'S LV'6s/ce 6¢ 1'5061€019d 6-1A1949d
diwse|doikd 6¢0- L¥'98 6/'1¢ 9e's LTS9LCE c6C 1'££100019d 8-IA1919d
[BUPUOYSOUIN €8€°0- 108 IZ4°13 €8 87'690¢/ 179 L1675 1019d £-1X1949d
JespPnN 0.0~ 8lyL L67CE 49 L7 O8ESL 34! 06510494 9-1A1949d
isejdoiojyd 91€0- 69'G8 681¢ 09 [44Y4S 9¢ L'¢1z60049d S-1A1949d
isejdosolyd 8910~ 98 Leee 6€9 G'8C96¢ 9t 1'¥55/¢019d 7-IA1510d
JespPnN 9/90- SL'€9 L1°0S 806 €COLYoL 891 1'91¥9¢01ad €-IA1919d
diwsejdopfd 7750~ 9509 80°¢C 4N 9s'Le6elL vl L'7€8¢Y01ad C-IA19I4d
Iseidosojyd 9¢'0- £599 8lLE 69 LLSECIC 9eC 1'C€86£010d L-IA1949d
CO_uu_Uw‘_Q uonezijes>o’ ANVYD Xapu| U.uﬂr_&__< Xapu| >u___o_m“—mc_ _Q (e MW (ee)azis uiay04d dl?uen 2weu auan

suj101d Ajiwey aUab A19I0d JO SDsHSIdRIRYD JBINJION L dlqeL



Page 6 of 17

(2025) 25:349

Wang et al. BMC Plant Biology

ysejdoiojyd ¥5C0 €EE8 £99¢ 6 L'S89¢!L €cl 1'¢6€01041Aad 8-1IIA1949d
[EHPUOYDOHIN €500 77901 L'Ey 998 YS¥8l1e LLE L'16€0019d L-IIA1DI9d
ysejdoiojyd 1600 cllol LULE 708 60'06£9% SEY L'¥¢C8e01Ad 9-IlIA1949d
dlwsejdoid 6210 cleol 9/'1€ 6/'S ¢6'050¢ 96¢ L'LZE¥E0Iqd S-IIATDIGd
dlwsejdoifd L1°0 L8Y6 L56€ s 606¥8LY 68¢€ 1'¢85€€0/qd P-IIA19Iqd
dlwsejdoid €elo G106 I WAS S6'Y 80Cr8lY [4a3 1'185€€0/Ad E-IATDIqd
dlwsejdoitd 900 £9°86 08y 'S 9/4°/8£9¢C 6%7¢ 1'cc06c0i9d CNIATDIqd
dlwsejdoitd /10 €180l 9/'le €96 G086l 96¢ 1'¢€85¢01ad L-IIIATDI4d
dlwsejdoid 500~ 7066 8¢'6¢ 8/'S 6'8905¢ 1le 1'1¢96€04Ad LZ-IIA1D1ad
Jes|oNN 8L10- S8 gty 88'L €¥'€/986 €68 1'0169€019d 0C-IIA19494d
Sjwsejdoid 6CC0- L1883 'Se €0's 6C°L1¢EC8 [0}74 1'09€5€049d 6 L-IIA1949d
[BPUOYIOLIN L5C0- SC'l8 S6'SY 59/ €0819¢ 6C¢E L'€18¢€0/qd 8L-IIA1949d
ysejdosojyd 8¥71°0- 7668 13614 649 §'SySoy 9¢ 's6ice0iqd L1-IIAT9IGd
Slwsejdoid 6¥C0- £198 LLCE [4934 9€'8206L L1z 1'8€€1€0/Ad 9L-IIA1949d
[BHPUOYDOLIN €010~ §S'le YSvE 568 99°'1¢sce 96¢ 1'0€96¢0/9d SL-IATDI9d
dlwse|doid 881°0- L'/8 o'y LE9 €1'66965 GES 1'€088¢0/Ad ¥ L-IIA1910d
dlwsejdoid 6610~ 5806 S6'LY 9C9 SLL0LLL 969 L'€¥59¢04ad €L-IA19I49d
Jes|oNN /870~ SL'EL S8'Sy 109 £9£20CC8 LEL '5€661019d CL-IIA1949d
uoidipasd uonezijesro AAVHD xapuj dneydiy xapuj Ajiqesu] |d (e@)MIN (ee)azis urd3oid aiauan aweu audn

(panunuod) | a|qeL



Wang et al. BMC Plant Biology (2025) 25:349

S <y
845 x
c
=283
S
PbrGLYI1.9 W
PbrGLYIL.7 W
PbrGLYII-5 ¥
porGLyl-2 ¥
porGyit ¥
OSG“Y‘_S
MG“Y‘:);V
V\xG‘X"wﬂ
| i
A (ng(\ \<
WIS et
o
ot ‘(\\,\Q
‘oxc’\’ \,\’L |
° «{
S 4
9o 6\5 NS
g‘o‘ d\ &\,b& 4
Q‘o‘ ?’\6\’4\9‘ N
Fe Ta
T A i
OASIRN S
Sl :5’\) \Af\ R “ »
SIS >
L EOLTITLEy o
LESHTILLFTSE
A G D R o
< ¥ X 9 ~ = 5 5 B
S Yo 9905 x
S O < Q 9 %
A s & =
~

Page 7 of 17

A PbrGLYI-4
A PbrGLYL7
AtGLYL6
(;JSGLYI. 112
SGLyLy,

A Pyrus bretschneideri
Arabidopsis thaliana
Vitis vinifera

Oryza sativa

Fig. 1 Phylogenetic and evolutionary analysis of GLY proteins from Pyrus bretschneideri, Arabidopsis, rice and grape. The phylogenetic tree was con-
structed using GLY protein sequences and the neighbor-joining algorithm method

are highly conserved. For example, most PbrGLYI mem-
bers contain motifs 1, 3, 6, and 9, with a consistent order,
and all PbrGLYII members possess motif 7. This specific-
ity of subfamily motifs reflects the conservation in gene
evolution.

Analysis of cis-acting elements in PbrGLY

The promoter region of the PbrGLY family members,
specifically the —2000 bp sequence upstream of the
non-coding region, was analyzed for cis-acting elements
(Fig. 5). The results indicated that there are over 50 cis-
acting elements within the PbrGLY family, which can be
categorized into four major types based on their known
functions: abiotic stress, biotic stress, light response,
and plant growth and development. Analysis of the pro-
moter regions of the PbrGLY genes revealed several

stress-responsive cis-acting elements, such as the abscisic
acid-responsive element (ABRE), anaerobic response
element (ARE), salicylic acid-responsive element (TCA
element), and methyl jasmonate-responsive element
(TGACG motif).

Expression analysis of PbrGLY

To elucidate the role of PbrGLY in the infection process
of B. dothidea, we analyzed the expression of PbrGLY in
DangshanSuli (Pyrus bretschneideri) leaves after infec-
tion with B. dothidea. To compare the expression speci-
ficity of the three subfamily members, we conducted a
visual analysis of the PbrGLY under different time treat-
ments of B. dothidea. As shown in Fig. 6, members of the
pear PbrGLY gene family exhibited variations in expres-
sion levels at different time points during infection by
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Fig. 2 The chromosomal mapping and synteny analysis of PbrGLY genes across pear chromosomes. (a) The chromosomal location of PorGLY. The chro-
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Fig. 4 Schematic representation of domain architecture of PbrGLY genes in pear

B. dothidea (0, 2, 4, 6and 8 days). Specifically, grey indi-
cates no expression, green represents low expression
levels, black denotes moderate expression levels, and
red signifies high expression levels. Within the PbrGLYI
subfamily, PbrGLYI-8, PbrGLYI-10, PbrGLYI-12 and
PbrGLYI-25 all exhibited high expression levels at 8
days post-infection (dpi). The overall trend suggests
that expression levels increased with prolonged infec-
tion by B. dothidea. Notably, PbrGLYI-28 displayed sig-
nificantly higher expression levels at 4 dpi compared to
other genes. In the PbrGLYII subfamily, PbrGLYII-19
showed high expression levels at 8 dpi, while other genes
such as PbrGLYII-11, PbrGLYII-17 and PbrGLYII-18
exhibited moderately high expression levels at 4 and 8
dpi, with similar values. Within the PbrGLYIII subfamily,
PbrGLYIII-4 demonstrated high expression levels from 4
to 8 dpi, and other genes like PbrGLYIII-1, PbrGLYIII-2
and PbrGLYIII-8 exhibited moderately high expression

levels at 4 and 8 dpi, similar to the PbrGLYII subfamily.
In summary, all PbrGLY genes were induced by B. dothi-
dea and exhibited elevated expression levels, with most
genes showing higher expression at 4 and 8 dpi. Notably,
the expression level of PbrGLYI-28 at 4 dpi was higher
than that of any other gene at any treatment time, sug-
gesting that PbrGLYI-28 may play a crucial role in the
resistance of pear to B. dothidea infection. Moreover, the
diverse expression trends of the PbrGLY family during
the response to B. dothidea infection indicate that they
may fulfill different roles in this process.

Transient silencing of PbrGLYI-28 enhances pear
susceptibility to B. dothidea

In this study, we employed the VIGS (Virus-Induced Gene
Silencing) technology to transiently silence PbrGLYI-28
in Pyrus betulaefolia. The results indicated that the
expression levels of PbrGLYI-28 in the silenced plants
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Fig. 5 Analysis of cis-acting elements in the PbrGLY. The number of different cis-acting elements of PbrGLY is represented by a heat map

(TRV2-PbrGLYI-28) were significantly lower than those in
the control (TRV2) (Fig. 7a). Moreover, compared to TRV2,
the TRV2-PbrGLYI-28 plants exhibited a larger lesion
diameter (Fig. 7b and c), suggesting that the resistance of
pear plants to B. dothidea was compromised, and their sus-
ceptibility was enhanced when PbrGLYI-28 was silenced. In
addition, the glyoxalase activity of TRV2-PbrGLYI-28 plants
was obviously lower than that in TRV2 plants (Fig. 7d).

Transient Silencing of PbrGLYI-28 decreased antioxidase
activity and pathogen-relative genes expression in Pear
Due to the changes of glyoxalase in the TRV2-
PbrGLYI-28 pear plants, we examined the MG content in
the TRV2-PbrGLYI-28 pear plants.

A significant elevation in MG concentration was
observed in TRV2-PbrGLYI-28 pear plants com-
pared to the control TRV2 plants when infected with
B. dothidea, as depicted in Fig. 8a. Furthermore, the
TRV2-PbrGLYI-28 pear plants exhibited a pronounced
accumulation of key reactive oxygen species (ROS) com-
ponents, namely hydrogen peroxide (H,0,) and super-
oxide anion (O,"), following inoculation (Fig. 8b and
c). The temporary silencing of PbrGLYI-28 resulted in
diminished antioxidant enzyme activities, specifically
catalase (CAT), peroxidase (POD), and superoxide dis-
mutase (SOD), during infection (Fig. 8d-f). Conversely,
pathogen-associated genes, including PbrPR1, PbrNPRI,
and PbrPRS5, displayed heightened expression levels in
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ences between TRV2 and TRV2- PbrGLYI-28 plants (P < 0.05, ANOVA)

the TRV2 plants relative to the TRV2-PbrGLYI-28 pear
plants under infection conditions (Fig. 8g-i).

Discussion

MG, a reactive byproduct of sugar metabolism, origi-
nates from the non-enzymatic conversion of dihydroxy-
acetone phosphate (DHAP), a compound engaged in
diverse metabolic pathways such as glycolysis, gluco-
neogenesis, and the Calvin-Benson-Bassham cycle [21,
22]. The glyoxalase I/II (GLY I/II) system, which utilizes
reduced glutathione (GSH) as a cofactor, catalyzes the
degradation of MG into D-lactate [23, 24]. The tradi-
tional glyoxalase system mainly refers to the glyoxalase I
(GLYT; lactoylglutathione lyase) and glyoxalase II (GLYII;
hydroxyacylglutathione hydrolase) that together form a
glutathione-dependent system, playing a primary role in
the clearance of MG. Meanwhile, GLYIII (or DJ-1) can

directly catalyze the irreversible conversion of MG to
lactic acid. In plant cells, the dynamic balance of meth-
ylglyoxal is maintained through the synergistic action of
these systems. Therefore, the glyoxalase system not only
clears excess MG to maintain its homeostasis but also
maintains the redox balance in cells by regulating the
regeneration of glutathione (GSH), playing an impor-
tant role in plant perception, response, and adaptation to
environmental stresses. Research has reported that the
glyoxalase family has been identified in rice, Arabidopsis,
soybean, grape, and alfalfa [3, 6, 7]. However, glyoxalase
family genes have not been studied in pear. In this study,
we conducted a comprehensive analysis of the PbrGLY
gene family in Pyrus bretschneideri, revealing insights
into their physicochemical properties, evolutionary rela-
tionships, chromosomal localization, gene structure,
protein motifs, cis-acting elements, and their roles in
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response to infection by B. dothidea. Our findings pro-
vide a foundation for understanding the functional diver-
sity and evolutionary dynamics of the PbrGLY family in
pear.

In this study, a total of 57 PbrGLY gene family mem-
bers were identified in the pear genome, mainly divided
into three subfamilies, with 28 PbrGLYI, 21 PbrGLYII,
and 8 PbrGLYIII family members, indicating that the
GLYI family, which constitutes a dual-enzyme pathway, is
much larger than the GLYII family. The number of GLY
genes identified in Arabidopsis, rice, soybean, Sorghum
bicolor, and oat was lower than that in pear, which may
be related to genome duplication events during evolution
[3, 25, 26].A recent study reported a whole genome dupli-
cation (WGD) event within the Maloideae family and a
genomic replication event dating back to half a billion
years ago in Rosaceae, which resulted in a chromosome
count increase from nine to seventeen [27-29]. Our col-
linearity analysis has revealed the presence of 28 pairs of
PbrGLY genes that exhibit collinearity. Post-duplication,

these 28 pairs of collinear PbrGLY genes are hypothesized
to experience significant functional divergence, poten-
tially contributing to the emergence of novel functions, a
key aspect of evolutionary development. This divergence
in gene function following duplication events is crucial
for understanding the adaptive radiation and diversifica-
tion observed in the Rosaceae family.

The analysis of physicochemical properties indicates
that the number of amino acids, protein molecular
weight, and isoelectric point (pI) of PbrGLY are similar
to those of soybean GLY protein members [3]. Differ-
ences in protein size and hydrophilicity among different
subfamilies of PbrGLY may be related to their different
gene functions. Chromosome localization and collinear-
ity are also considered. Furthermore, differences in exon/
intron structure and motif distribution among PbrGLY
gene family members may be related to their functional
divergence in biology.

Cis-acting elements play a crucial role in regulating
plant gene expression and are indispensable for plant
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responses to environmental changes and evolution [30].
Studies have shown that members of the GLY family can
respond to a variety of biotic (bacterial and fungal infec-
tions) and abiotic stresses (drought, extreme tempera-
tures, heavy metals, and plant hormones) [10, 11, 31, 32].
Promoter analysis has revealed a rich diversity of cis-act-
ing elements in the promoter regions of PbrGLY, includ-
ing hormone response elements, biotic and abiotic stress
response elements, and growth and development-related
elements. Among them, the types of cis-acting elements
related to biotic and abiotic stresses are the most abun-
dant, and the presence and number of these response
elements may determine the transcriptional levels and
stress response capabilities of PbrGLY under different
adverse conditions. The existence of these cis-acting ele-
ments is only a preliminary prediction of gene function,
and further experimental research is necessary to deter-
mine whether the overexpression of glyoxalase genes can
directly protect plants from pathogen attacks. The identi-
fication of numerous cis-acting elements in the promoter
regions of PbrGLY genes suggests their involvement
in response to various biotic and abiotic stresses. The
expression analysis of PbrGLY in response to B. dothidea
infection revealed differential expression patterns among
subfamilies, indicating their potential roles in disease
resistance. The upregulation of specific PbrGLY genes,
such as PbrGLYI-28, upon infection suggests their direct
involvement in the pear’s defense response.

Existing research has confirmed the important role of
the glyoxalase system in resisting various biotic and abi-
otic stresses. Recently, the glyoxalase pathway in rice has
been reported to enhance tolerance to salt, drought, and
extreme temperatures, and to reduce the damage caused
by sheath blight (Rhizoctonia solani) [33]. The strain
PXO99 of Xanthomonas oryzae pv. oryzae (Xoo) trig-
gers the activation of the OsWRKY62.1 transcription fac-
tor, which in turn suppresses the expression of OsGLY II
genes by binding directly to their promoter regions. This
regulatory action leads to an excessive accumulation of
MG within the plant cells. The accumulation of MG has
been shown to have an inhibitory effect on the rice plant’s
resistance to the pathogenic strain PXO99 [23]. In grape,
the transcription factor VWNAC72 directly interacts with
the promoter of V¥GLYI-4, thereby repressing its tran-
scription. This downregulation of VWGLYI-4 results in a
reduction of its expression, concomitant with elevated
levels of MG and reactive oxygen species (ROS), which
correlates with enhanced resistance to downy mildew
[5]. These results indicated that GLY genes played a key
role in plant resistance to pathogen infection. However,
it is still unclear whether glyoxalase genes are involved
in the stress response to B. dothidea in pear. Through
the expression analysis of PbrGLY after infection with
B. dothidea, we found that most glyoxalase genes have
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high expression levels within 4 to 8 days. In particular,
PbrGLYI-28 has high expression levels 4 dpi, suggesting
that it may play an important role in the defense response
of pears to B. dothidea. The enhanced susceptibility of
pears to the ring rot fungus after the transient silencing
of the PbrGLYI-28 directly confirms the important role
of PbrGLY in pear resistance to B. dothidea. In addition,
the glyoxalase activity of TRV2-PbrGLYI-28 plants, sug-
gesting PbrGLYI-28 plant a major role in pear glyoxalase
system.

The increased MG levels suggest reduced glyoxalase
activity in TRV2-PbrGLYI-28 plants. Infection by patho-
gens leads to an accumulation of reactive oxygen species
(ROS) and a subsequent induction of antioxidant enzyme
activity. Compared to TRV2 plants, TRV2-PbrGLYI-28
plants exhibited greater ROS accumulation alongside
diminished antioxidant enzyme activity. Furthermore,
the expression levels of pathogen-associated genes were
lower in TRV2-PbrGLYI-28 plants relative to TRV2
plants. These findings provide new insights into the func-
tion of PbrGLY-28 in pear resistance to ring rot disease
and offer potential molecular targets for future disease-
resistant breeding.

Conclusions

This study systematically identified and analyzed the
PbrGLY gene family in pear (Pyrus bretschneideri), with
the aim of elucidating its role in pear resistance to B.
dothidea. Through homologous comparison and con-
served domain analysis, a total of 57 PbrGLY genes were
identified, which are unevenly distributed across the pear
chromosomes. Phylogenetic analysis revealed that the
PbrGLY family can be divided into three major subfami-
lies, each with a varying number of members. Gene and
protein structure analyses indicated that PbrGLY genes
possess different numbers of exons and conserved motifs,
and their promoter regions contain a variety of stress-
responsive and hormone-responsive elements. qRT-PCR
analysis showed significant changes in the expression
levels of PbrGLY genes following infection by B. dothi-
dea. Notably, the transient silencing of the PbrGLYI-28
gene increased the susceptibility of pear to B. dothidea,
elevated the content of methylglyoxal (MG), and reduced
GLY activity. This study speculates that the PbrGLY gene
family may have undergone functional differentiation
and modulate the resistance of pear to B. dothidea. The
expression variation of PbrGLYI-28 may be associated
with B. dothidea infection and the resistance of pear.
These findings provide new insights into the molecular
mechanisms underlying pear resistance to brown rot and
offer a theoretical foundation and potential target genes
for improving pear disease resistance through gene edit-
ing technologies. Future research will further verify the
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specific functions of these genes and explore their appli-
cation potential in pear disease resistance breeding.
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