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Abstract: [Objective] Significant differences in fruit texture exist among different hawthorn varieties, yet
the molecular basis underlying this variation remains unclear. This study aims to identify members of the
polygalacturonase (PG) gene family, a key factor in fruit softening, through a genome-wide analysis using
hawthorn varieties with contrasting fruit texture, to investigate their expression specificity during fruit
softening and varietal texture differentiation, and to screen for candidate PG genes related to hawthorn fruit
firmness. The findings will provide a theoretical foundation for deciphering the regulatory mechanisms of
hawthorn fruit texture and offer candidate gene resources for future molecular design breeding to improve
hawthorn fruit quality. [Method] Based on hawthorn genomic data, PG gene family members were
identified, and their physicochemical properties, subcellular localization, phylogeny, gene structure,
conserved Motifs, cis-acting elements in promoters, and transcription factor binding sites were analyzed. The
chromosomal distribution, gene duplication types, selective pressure, and interspecies collinearity were also
resolved. The fruit firmness and pectin content of ‘Jinruyi’ and “Yubeihong’ during fruit development were
measured. CpPG expression patterns were analyzed by qRT-PCR, and correlation analysis between gene
expression levels and phenotypic data was performed. [Result] (1) In the hawthorn genome, a total of 68
CpPG genes were identified. Their physicochemical properties varied considerably, and approximately 44%
of the CpPG proteins were predicted to be localized in the nucleus. (2) Phylogenetic analysis divided them
into six subfamilies. The gene structure of members within each subfamily was relatively conserved, and all
CpPG contained the Glyco_hydro 28 catalytic domain and five conserved Motifs. (3)Analysis of cis-acting
elements in the promoters revealed that the promoter regions of CpPG are enriched in hormone-responsive
and low-temperature-responsive elements. (4) Gene duplication analysis indicated that whole-genome
duplication and dispersed duplication are the main modes of CpPG family expansion, and purifying
selection is the major driving force for its evolutionary conservation. (5) In the two varieties with contrasting
fruit firmness, ‘Jinruyi’ and “Yubeihong’, fruit firmness gradually decreased during fruit softening. Total
pectin content showed a trend of first increasing and then decreasing, while water-soluble pectin content
continuously increased with ripening. (6) qRT-PCR results showed that CpPG4 was specifically highly
expressed in the G1 group during the late stages of fruit development, and its expression level in ‘Jinruyi’
was extremely significantly higher than that in ‘Yubeihong’. (7) Only the expression level of CpPG4 was
extremely significantly negatively correlated with fruit firmness and extremely significantly positively
correlated with water-soluble pectin content, indicating that this gene functions in the regulation of fruit
softening and texture divergence among hawthorn varieties. [Conclusion] A total of 68 CpPG genes were
identified in the hawthorn genome. Their promoters are generally enriched in low-temperature-and hormone-
responsive elements. The family expansion mainly relies on dispersed duplication and whole-genome
duplication, and purifying selection maintains its evolutionary conservation. CpPG4 drives fruit softening by
promoting pectin solubilization, and its differential expression between varieties is a key molecular basis for
fruit texture differentiation. This study provides a theoretical basis for deciphering the molecular mechanism
of fruit texture formation in hawthorn and offers key gene resources for improving fruit firmness through
molecular breeding.

Key words: Crataegus pinnatifida; polygalacturonase (PG); gene family; fruit texture; softening

mechanism; expression pattern; molecular breeding
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CpPG42 GGACAGCCGGCATTGGAT CATTTGGTGCGGTCGTGC
CpPG43 TCCTACGGACGGCCATCA CGCCTTGAGCTCCACACA
CpPG44 ATGCCGTGTTCTCTGGGC AGGCATCGGCGTTTCCAA
CpPG45 AAGCCCCAACACAGACGG GTGCCGGGACCGATTGAT
CpPG46 CCTCCTCCTCGGAACCGA TGAGGTCGCGAGAGGTGA
CpPG48 TTGATGGGCAAGGCTCCG GTGCCAAGCAGGGGAGTT
CpPG49 GCGGCCGTTGGTCATCTA AAGCTTCCGGTGAGCCAC
CpPG51 AAAGAGCAGCGGGGGTTC CACCTTGCAAGCTGCTGC
CpPG58 CACCTCCTTGCTCTCCGC GCCATCTTAAACGCCGCG
CpPG59 GGTGGACGTGCTTCTGCT CCATCTCCAACAGCGCCA
CpPG60 GGGCGTGAAGAACTCCCC GCTGACGTCCGAGCACTT
CpPGol GCAGCTGAGTTGGAGGGG TCCCGGCAACATCAGTGC
CpPG62 GGGATTCCTGGCGATCCG ATGGCTGAGGAACCACGC
CpPG63 TGGCTGCTCGGTTGGAAG CACCGCCAGTCCAATCGT
CpPG64 GCGACCATCACACTGGCT GCTCGGGCAACAAATCGC
CpPG65 GGTTCTGAAGGCGGGCTT TGATGATCCCGGCCATGC
CpPG66 AGCGGAGGGTGATGGAGA GGCACCACCAGAACAGCT
CpPG67 AAGCCGTGCAAGGATGCC GGTGATGCTGGAGTTGAC
CpPG68 ACGAAGAGCCCGTGGTTG CTGGAGAACCCGGCCATG




578 BRI L CpPG J: K KR 4 € KA B 115

H PrimeScript™ RT Master Mix (Perfect Real Time)
(Takara) i 47 1 #% 5%, {## H TB Green® Premix Ex
Taq™ (Tli RNaseH Plus) ( Takara) fll LightCycler® 480
Instrument 11 {¢ #5 i 17 qRT-PCR 5 1IE . fif Ff 2744
Pt HEE R AR R L & N CpPG EER K
B RIERE L, 2T qQRT-PCR IR HI A XS %
IEEEE, {FH R &S (pheatmap BT E R E K
IR, BRI 7 N AN RIS S A .
1.2.11 X% CpPG 3 R & 5 ik 5 Ik

B G RS LR AR O 1 HE ], R 5
PRIAE B 20 A BR AL 20 AN [F) K I 3T B AR O 208
B 5500 R B SR SR R L KV I R S B AT
Pearson FH 0 #r. LAKEOE R %r > 0.7 H. P<0.05
9 32 25 HH SR BREL, T 308 15 SR S A 3 2 v R A
TR H ]

NISAEAREFER CpPG4 BT ReRe Sk, 3t —2
T HAEA R H LA P B9 3RIE Ko PRS0 &4n
A TRACLL T A dh AR Ry 2R MO AR, R
I _ERAH A RNA $2HL, 14 5% & qRT-PCR 5%
BIPIEER 1), BA Actin AN Z, 1HHE CpPGA 1E &4

ZUR AR R IA .
1.3 HiESt

PG sLie ) E 3 IREMHEE, 4R P
H + PRAEZ R IR . A SPSS # k47 H ¥ b #E 5
G3HT o PR A BCH ] 1 EU IR I MOSTAE AR ¢ R 24
H 45 (8] 1 B BCR F B R R U7 22907, JF R HSD %
HirHEZELE, L P<0.05ENZERKTESR
Giit e R BIE .

2 HER G AT

21 W& PCEERKEHREE BUMERINE
P £/ RV RE o 53 A7

PAHLEE IF PG & A B 17 41, KA BLAST +
FE LA JE IR 20 Fh %5 52 Y 68 AN PG LA o ARG Ye otk
fr B A, 68 1 CpPG 4 R IR 44 8 CpPG1 ~
CpPG68, FEAL M R W3R 2 fion . HIAEREE AN
157CCpPG3) ~ 831 aa(CpPG27), %y T & N 17.06
(CpPG3) ~ 90.51 kDa(CpPG27), i /K P N —0.680
(CpPG33) ~ 0.229(CpPG29), B % i i N 4.372
(CpPG32) ~ 10.476(CpPG33), ANFasE Z¥ N 27.79

R2 Wi PG EEFRH RHEUMER
Tab. 2 Physicochemical properties of PG gene family of hawthorn

B 45 R A /aa 4 FH/kDa Bkt P N RS A
CpPG1 578 64.76 -0.403 7.210 48.09 YU
CpPG2 483 52.77 -0.142 8.033 43.98 20 i
CpPG3 157 17.06 0.079 5.851 25.55 2 5
CpPGA 460 49.89 -0.166 8.372 35.95 iiliin e
CpPG5 300 32.46 -0.325 9.706 52.86 YU
CpPG6 286 31.53 -0.188 8.571 39.53 IREZIN
CpPGT 396 42.93 -0.242 7.672 33.14 4 A%
CpPG8 400 44.07 -0.239 8.824 28.83 20 i
CpPG9 491 55.09 -0.189 8.634 43.33 YU
CpPG10 398 41.36 0.086 8.720 30.43 iiliie
CpPG11 397 42.67 0.023 10.021 32.47 4 A%
CpPG12 432 46.16 -0.015 9.268 35.97 4 a4
CpPG13 404 43.61 -0.096 6.495 32.40 4Nt
CpPG14 735 78.79 -0.243 5.881 68.43 iiliie
CpPG15 382 41.11 -0.204 6.026 35.91 4 A%
CpPG16 407 43.95 -0.281 4.945 33.90 Wi
CpPG17 484 51.01 -0.251 6.593 37.98 4 A%
CpPG18 454 49.54 —0.041 5.206 35.77 e
CpPG19 473 50.92 —0.176 6.984 34.64 b
CpPG20 328 34.77 -0.027 7.620 30.52 4 a4
CpPG21 399 42.29 -0.033 7.320 34.07 4 A%
CpPG22 285 30.71 -0.178 7.942 30.44 iiliie
CpPG23 427 45.33 -0.056 8.215 31.44 LN
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Tab.2 (continued)

LN 2K HIEIRH B aa 43 FH/kDa Bk ¥ B AR RH P4t 5 o7
CpPG24 456 49.10 0.020 5.049 43.44 4 5
CpPG25 346 37.45 -0.301 8.267 44.29 4 A%
CpPG26 271 29.60 -0.209 7.689 50.53 4%
CpPG27 831 90.51 —0.023 4.873 26.97 21 Al
CpPG28 388 41.79 -0.372 9.772 48.55 LRSI
CpPG29 170 17.65 0.229 8.268 34.56 RIS
CpPG30 454 49.15 0.050 4.866 46.75 4 5
CpPG31 280 29.99 0.028 5.239 40.23 4 A%
CpPG32 324 35.24 -0.122 4372 29.27 A%
CpPG33 277 29.84 —0.680 10.476 53.47 4 H A%
CpPG34 173 18.98 -0.208 4.907 39.72 44
CpPG35 399 42.69 -0.116 8.482 31.54 4 oh
CpPG36 273 30.20 -0.341 7.819 68.48 4%
CpPG37 273 30.22 —0.347 7.819 68.48 4 A%
CpPG38 462 49.81 -0.046 7.923 43.96 4%
CpPG39 400 42.12 —0.150 8.345 35.70 4 A%
CpPG40 405 44.48 -0.116 9.368 30.95 AT
CpPG41 269 28.66 -0.064 7.875 37.54 I
CpPG42 371 40.02 -0.300 5.238 34.99 4t
CpPG43 491 55.06 —0.205 9.174 42.69 21 A
CpPG44 398 41.06 0.095 6.596 29.06 4t
CpPG45 281 29.64 0.052 9.545 31.38 I
CpPG46 542 59.18 -0.227 6.234 41.41 Ak
CpPG47 332 34.80 -0.351 9.827 35.39 I
CpPGA48 453 49.59 —0.040 6.386 38.26 Ak
CpPG49 475 51.74 -0.082 6.830 37.07 I
CpPG50 507 55.67 -0.343 8.646 34.07 4%
CpPG51 490 52.19 -0.229 8.014 39.71 4 oh
CpPG52 188 20.01 -0.213 7218 34.39 Ak
CpPG53 227 24.15 -0.211 9.465 34.03 4 b
CpPG54 400 42.61 —0.186 6.687 31.63 A%
CpPG55 400 42.88 -0.171 8.852 24.79 4 A%
CpPG56 400 42.61 —0.186 6.687 31.63 A%
CpPG57 320 34.29 —0.263 6.296 36.50 %
CpPG58 510 55.68 -0.385 6.775 60.67 4%
CpPG59 479 52.25 -0.139 6.087 40.39 I
CpPG60 443 48.13 -0.056 7.790 38.38 - Ak
CpPG61 362 39.75 —0.157 4.607 42.71 21 A
CpPG62 485 53.09 -0.170 4.967 40.47 4 5
CpPG63 480 52.68 —0.100 7.234 36.32 e
CpPG64 471 51.07 -0.020 5.968 34.30 Ak
CpPG65 316 35.60 -0.287 6.385 44.07 4 A%
CpPG66 390 4277 -0.082 5.795 36.84 44
CpPG67 425 46.21 —0.102 7.998 29.97 4 A%
CpPG68 298 31.91 0.019 7.895 28.90 I
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61, AW R B E F N 3~ 51, Al
AN FREEEN T~ 9. Bl 2b BIR: B
i CpPG A #4214 3L [\ (19 45 #4381 Glyco_
hydro 28, #Ell 2o PG 2 [ 1 18 A6 A% O 45 74 385
2/ CpPG #: Al (CpPG24 Al CpPG18) 1, & 45 #4) 1,
Pectate lyase 3, 1 > CpPG FE[K (CpPG27) [RIFf L5
45K, PPR A1 PPR 2, 1 4> CpPG #:[K (CpPG46)
B gE 38 tRNA_anti-codon, 1X 645 47 44 25 1 35 1)
HEFERERA AT PG EAMZHEMIIRE.

Ry
o, I
- I
Aot A2
APGS9 A4
® B
MdPG47 ec

At #IFIT Arabidopsis thaliana
Cp WL Crataegus pinnatifida
Ej MM Eriobotrya japonica
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1 W, SERFIREAE PG B 19 R GEiE A
Fig. 1 Phylogenetic tree of the PG genes in hawthorn, apple and loquat
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Fig. 3 Analysis of transcription factor binding sites and cis-acting elements in hawthorn PG gene promoters
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