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Abstract

Organ abscission takes part in the entire life cycle of plants, exerting great influence on plant survival and reproduction. The 
activation of polygalacturonase (PG) is one of the important signs of plant organ abscission. To investigate the role of PGs 
in fruit and flower abscission of Euscaphis japonica, we conducted genome wide identification and expression analysis for 
PG gene family in E. japonica. A total of 59 EkPG genes were identified in E. japonica genome which were further clustered 
into seven groups based on phylogenetic analysis. RAD-seq combined with qRT-PCR results showed that EkPG6, a homol-
ogous gene of AtQRT3 that regulates pollen development, and EkPG4, EkPG16, EkPG25, EkPG34 were highly expressed in 
abscission zone (AZ) where young fruits and floral organs are about to falling off, respectively, suggesting these homologous 
genes play an important role in the shedding of young fruits and flowers. This study could provide a theoretical foundation 
for E. japonica breeding and further promote the research on the abscission of plant organs. 
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Introduction

Abscission of leaves, flowers, fruits, and other organs is common during the entire life cycle of plants. It is a highly coordinated 
regulation regime that plays essential roles in nutrition cycle and reproductive development, as well as becomes one of the key 
mechanisms assisting plants to adapt to the environment [1-4]. The specific area where plant organ abscission occurs is called the 
abscission zone (AZ), and abscission is a result of the degradation of the primary cell wall and intercellular layer in the AZ [5,6]. 
The primary cell wall is mainly composed of celluloses, hemicelluloses, pectins, and pectin is the major component of intercellular 
layer. Therefore, cell wall hydrolytic enzymes such as cellulase, pectinase, and xylanase are closely related to plant organs abscission 
[7]. The increasing enzymatic activity of the cell wall hydrolase is the signature of abscission, which results in decomposing cellulo-
ses, hemicelluloses, pectins, and other compounds in the cell wall [8] and reduction in the adhesion force between cells decreases, 
ultimately, the plant organs are detached from the plant body by gravity [9].

Polygalacturonase (PG) is a plant cell wall hydrolase that catalyzes the random hydrolysis and decomposition of pectins, leading to 
cell separation and promoting plant organs abscission [7]. In oil palm (Elaeis guineensis) fruit, 14 identified PG genes exhibit high 
expression in AZ at fruit ripening and mesocarp ripening [13]. A total of 38 PG genes were identified in citrus (Citrus sinensis), 
of which three CitPG genes may be related to the citrus fruitlet abscission [14]. In the study of tomato (Lycopersicon esculentum), 
TAPG1, TAPG2, and TAPG4 are all expressed in the AZ of flowers and leaves, indicating they involved in the senescence and ab-
scission of flowers and leaves [15]. In addition, members of PG family have a strong functional diversity in plants [10-12]. In many 
fruits, PGs are induced by ethylene and play an active role in fruit softening, such as FaPG1 and FaPG2 in strawberries (Fragaria 
× ananassa), Ps-PG1 and Ps-PG2 in pear (Pyrus communis L.), MaPG3 and MaPG4 in banana (Musa accuminata), PpPG21 and 
PpPG22 in peach (Prunus persica L.) [16-19]. In Arabidopsis thaliana, ADPG1 and ADPG2 are essential for silique and anther 
dehiscence [11]. PGX1 and PGX2 play a role in cell expansion and increase the elongation of hypocotyls. However, PGX3 affects 
the shape of seedling cotyledons and the spacing and pore size of the developing stomata [20-22]. OsPG1 in rice (Oryza sativa 
L.) regulates cell death and the plant immune system through cell wall remodeling, thereby enhancing rice resistance to bacterial 
blight [23].

Euscaphis japonica, a species in Staphyleaceae, is an evergreen or deciduous tree mainly distributed in southern China. The flow-
ering time of evergreen E. japonica is in May, with fruit developing in July, and the pericarp color changes in August [24]. The 
fruits get mature in September, of which the exocarp turns red, cracks along the abdominal sutures, and turns over, revealing 
the red endocarp and mature black seeds, resembling a butterfly. In November, the fruits begin abscise, but there are still fruits 
hanging on the branches until March of the following year. Therefore, E. japonica is widely planted in southern China as a gar-
den ornamental tree [25,26]. To reveal the molecular mechanism underlying E. japonica flower and fruit abscission, we combine 
whole-genome data and transcriptome data of five fruit development stages to identify and analyze the PGs gene family. The length 
of the fruit-bearing period has a greater impact on the ornamental value of fruit tree species. Therefore, this study sheds insights 
into the biosynthetic pathways related to the abscission of flowers and fruits of E. japonica, reveals the molecular mechanism of 
the ultra-long fruit-bearing period, as well as provides valuable data for the evolution and biological functions of PGs in plants.

Materials and Methods

Identification of PG gene family

PG protein sequences of A. thaliana were downloaded from the TAIR database (https://www.arabidopsis.org/) as the query. The 
BLAST in TBtools was used to preliminarily screen the PG gene family members from the E. japonica genome data [27]. The 
genome data was obtained from BioProject/GWH (https://bigd.big.ac.cn/gwh) under the accession codes PRJCA005268/GWH-
BCHS00000000. Then, we used the NCBI Blastp database (https://blast.ncbi.nlm.nih.gov/) to perform sequence alignment on 
the identification of PG gene family members. Redundant sequences were discarded manually, including the alternative splicing 
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of genes. Finally, All EkPG candidate protein sequences were examined using the CDD (https://www.ncbi.nlm.nih.gov/) and the 
SMART database (http://smart.embl-heidelberg.de/) with an E value cutoff of 1.0 by the domain analysis programs [28].

Analysis of Protein Sequence Properties

We used the GFF3 file of the E. japonica to obtain the EkPG sequence name and position information through BLAST. The theoreti-
cal isoelectric point and molecular weight were predicted in the Expasy tool (https://web.expasy.org/protparam/) [29].

Phylogenetic analysis of EkPGs

We used Clustal W application in MEGA7.0 to compare and analyze the amino acid sequence of the protein [30]. MEGA was further 
used to construct the phylogenetic tree of the aligned sequences with the Neighbor-joining method. Poisson correction is used, and 
the Bootstrap value is 1000 repetitions [31].

Evolutionary analysis of EkPGs

The segmental and tandem duplications analysis of EkPG genes were conducted by MCScanX [32]. Parameters take default values. 
The Ka and Ks were computed between pairs of genes identified as homeologous by MCScanX. TBtools was used to visualize gene 
structure, gene locations, and replication events.

EkPG protein sequences were analyzed for novel domains with the MEME server [33]. The motif sites were set at 10 and other de-
fault. MEME results were visualized by TBtools [34].

EkPGs expression analysis

We use the transcriptome data of the five developing stages of fruits to analyze the expression of the EkPGs gene. The TBtools was 
used to draw heat maps. The five periods are 50d(Fr_Ⅰ), 100d(Fr_Ⅱ), 130d (Fr_Ⅲ), 160d(Fr_Ⅳ), 180d(Fr_Ⅴ) after blooming.

RNA extraction and real-time fluorescence quantitative PCR

Six genes (EkPG4, EkPG6, EkPG16, EkPG21, EkPG25, EkPG34) were selected from the EkPGs that may be related to the organ ab-
scission of E. japonica. We analyzed their expression in AZ of flowers and young fruits by qRT-PCR. In this study, we collected the 
AZ in four periods: full-flowering (F1_1), final-flowering (F2_1), young fruit (F3_1), and young fruits about to abscise(F3_2). There 
are three biological replicates for each sample. Young fruit about to abscise: grow slowly but not abscise, the young fruit will fall off 
when the finger is lightly touched.

The total RNA was extracted with a polysaccharide polyphenol plant total RNA extraction kit (Hangzhou Bioer Technology, China). 
RNA integrity was verified by 1.5% agar gel electrophoresis. We used TransScript® One-Step gDNA Removal and cDNA Synthesis 
SuperMix kit to reverse transcription and synthesize cDNA. The Premier was used to design qRT-PCR primers for EkPG gene fam-
ily members (Table 1). EkLPP was used as an internal reference gene [35]. EkPLL forward sequence: TTGGCCTCATCTATTGC-
TACTG; EkLPP reverse sequence: GTTCTCCTGTGCCCTCTAATG. The qRT-PCR used Genious 2X SYBR Green Fast qPCR Mix 
kit, and through ABIQuantStudio3 to detect the relative expression of the target genes in the sample. The PCR amplification cycle 
was as follows: 95 °C for 3min, 40 cycles at 95 °C for 5 s, and 60 °C for 30 s. We calculated the relative expression of the target gene 
according to the 2-△△Ct method [36], and used Excel 2020 to analyze the relevant data. 
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Group Name Gene ID Proteins ORF (bp) Location
pI MW (kDa) Length (aa)

A EkPG7 E.japonica.28428 4.92 51.83 477 1434 Chr02:1250231-1253430
EkPG18 E.japonica.09948 5.27 46.22 428 1287 Chr03:28184651-28186764
EkPG21 E.japonica.02733 8.58 56.47 519 1560 Chr03:54893678-54896616
EkPG23 E.japonica.27973 9.16 51.97 473 1422 Chr04:96089485-96094733
EkPG36 E.japonica.13905 5.01 51.17 464 1395 Chr04:96853756-96857721
EkPG52 E.japonica.05491 4.55 52.38 485 1458 Chr08:68141115-68142969
EkPG55 E.japonica.07549 6.35 50.14 461 1386 Chr09:42101952-42104589

B EkPG3 E.japonica.02085 8.44 46.93 430 1293 Chr10:42175797-42177855
EkPG11 E.japonica.10661 8.86 48.86 446 1341 Chr01:33039500-33042380
EkPG15 E.japonica.17279 5.49 49.32 458 1377 Chr02:55608787-55612619
EkPG22 E.japonica.02732 5.76 60.87 562 1689 Chr02:120604698-120607785
EkPG31 E.japonica.02350 8.81 49.01 445 1338 Chr04:96214854-96223949
EkPG32 E.japonica.02352 8.79 37.86 345 1038 Chr08:26263843-26296939
EkPG33 E.japonica.29656 5.98 48.40 443 1332 Chr08:26396861-26404643

C EkPG13 E.japonica.23553 9.17 37.05 349 1050 Chr08:54153996-54157128
EkPG14 E.japonica.23556 9.51 41.39 389 1170 Chr02:85572488-85575763
EkPG43 E.japonica.21044 9.45 44.24 416 1251 Chr02:85617998-85624180
EkPG44 E.japonica.21046 6.91 41.26 393 1182 Chr09:5677648-5685727
EkPG45 E.japonica.21048 8.19 40.70 391 1176 Chr09:5794508-5798944
EkPG46 E.japonica.21049 8.85 40.62 391 1176 Chr09:5871075-5874223
EkPG47 E.japonica.21051 8.77 40.95 391 1176 Chr09:5948234-5951574
EkPG48 E.japonica.21052 9.2 34.75 329 990 Chr09:5994634-5998685

Gene Primer sequences (5’-3’) Primer sequences (5’-3’)
EkPG4 F:TGGTGGATTGGTTGATTACAGAC R:GGCATGAAATCTAAAGGGTTGT
EkPG6 F:CCGTCCAACTCCACATAACC R:CCACCACCACCTGCTCTATA

EkPG16 F:AGATGTCAGGCGGTGTATCA R:GTGTTCGTTGTAGTCTGTCTTCAT
EkPG21 F:CAGTGACAGCCTTCCATGTATAG R:GTGCTCAACTCTCCGAATGT
EkPG25 F:GGATCATGTCGTTACCGTAGG R:CAGTCAACCGTCACTTCCTT
EkPG34 F:GCTGTCGGAAGAGGAGGATA R:CGCCGCTATTGACACATTCT

Table 1: Primers used to fluorescent quantitative PCR

Results

Identification of the PG gene of E. japonica

A total of 59 PG gene family members were obtained, and they were named EkPG1~EkPG59 according to the chromosome location 
information. Physical and chemical analysis of EkPG protein was carried out through the ExPASy website. The results showed that 
the open reading frames (ORFs) lengths of EkPGs are between 519 and 1689 bp, the molecular weights (MWs) are between 19.60 and 
61.23 kDa, and the E. japonica PG gene polypeptides showed long sequences with 172 and 562 aa (Table 2). The protein isoelectric 
points range from 4.55 to 9.51, among which 25 PG proteins are acidic (PI<6.5), 6 PG proteins are neutral (6.5<PI<7.5), and 28 PG 
proteins are alkaline (PI>7.5) (Table 2).
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D EkPG1 E.japonica.27188 9.28 44.12 410 1233 Chr09:6023895-6026465
EkPG9 E.japonica.28320 9.03 53.61 491 1476 Chr01:12936379-12939225

EkPG28 E.japonica.00829 9.2 43.75 400 1203 Chr02:3888916-3897455
EkPG29 E.japonica.00522 7.88 42.92 396 1191 Chr06:20514345-20519766
EkPG37 E.japonica.12423 8.43 42.68 403 1212 Chr06:28942810-28945128
EkPG38 E.japonica.12422 9.24 43.11 404 1215 Chr08:82509171-82510862
EkPG39 E.japonica.12419 8.85 42.14 396 1191 Chr08:82527922-82529977
EkPG40 E.japonica.12418 8.18 36.30 333 1002 Chr08:82592983-82599814
EkPG49 E.japonica.06798 9.41 44.98 415 1248 Chr08:82600830-82602817
EkPG50 E.japonica.06797 5.92 44.59 420 1263 Chr09:36366684-36377462
EkPG54 E.japonica.28555 4.87 43.40 406 1221 Chr09:36390878-36393232
EkPG56 E.japonica.19208 8.75 42.81 400 1203 Chr10:15038017-15045819
EkPG57 E.japonica.04422 7.44 43.48 407 1224 Chr11:29445715-29448297

E

EkPG4 E.japonica.02061 6.26 50.80 459 1380 Chr11:60761529-60769291
EkPG5 E.japonica.02908 6.32 53.57 487 1464 Chr01:33775921-33784484
EkPG8 E.japonica.28327 5.07 49.77 456 1371 Chr01:95435870-95439025

EkPG10 E.japonica.28192 6.56 48.34 440 1232 Chr02:3810612-3814054
EkPG16 E.japonica.13718 9.02 55.31 493 1482 Chr02:29886355-29890173
EkPG19 E.japonica.17909 4.77 50.14 463 1392 Chr03:7837670-7844184
EkPG20 E.japonica.15271 6.87 19.60 172 519 Chr03:125806837-125809113
EkPG24 E.japonica.13048 8.75 54.46 489 1470 Chr04:67402262-67404103
EkPG25 E.japonica.16818 8.64 61.23 562 1689 Chr05:56688252-56691708
EkPG34 E.japonica.29802 7.52 52.66 481 1446 Chr05:72645578-72662482
EkPG35 E.japonica.13879 5.42 51.48 465 1398 Chr08:58413027-58415556
EkPG51 E.japonica.06761 5.42 34.04 314 945 Chr08:67558376-67562070
EkPG53 E.japonica.16117 5.7 51.73 472 1419 Chr09:37577304-37580376
EkPG58 E.japonica.23866 5.13 49.14 456 1371 Chr09:57864853-57867835
EkPG59 E.japonica.04665 5.42 49.11 442 1329 Chr11:62161479-62164901

F

EkPG2 E.japonica.28966 6.66 42.69 397 1194 Chr11:70657191-70660061
EkPG41 E.japonica.08984 8.44 42.70 407 1224 Chr01:26149450-26154075
EkPG42 E.japonica.08983 7.1 43.11 402 1209 Chr09:595658-602735
EkPG17 E.japonica.19146 5.49 42.79 402 1209 Chr09:654880-672199

G

EkPG6 E.japonica.22172 6.34 51.99 473 1422 Chr01:145359141-145360680
EkPG12 E.japonica.10859 6.14 48.03 441 1326 Chr02:62827942-62831714
EkPG26 E.japonica.06908 5.42 48.78 453 1362 Chr06:565512-568131
EkPG27 E.japonica.06907 5.8 52.73 497 1494 Chr06:569337-571447
EkPG30 E.japonica.09462 5.89 53.93 499 1500 Chr07:5139215-5143674

Table 2: Identify PG genes from E. japonica and their physicochemical and biochemical properties
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Phylogenetic analysis of the EkPGs

We constructed a phylogenetic tree of PG genes from E. japonica and A. thaliana, and found that AtPGs and EkPGs are divided 
into seven groups: Group A, Group B, Group C, Group D, Group E, Group F, and Group G. EkPG gene family members exist in all 
branches (Figure 1). ATQRT3, belonging to Group G, has an important function in pollen development [37]. It was notably that the 
ATQRT3-like gene in E. japonica has expanded, leading to five genes, EkPG6, EkPG12, EkPG26, EkPG27, and EkPG30.

The conserved domains and gene structure of EkPGs

There are ten conserved motifs in EkPGs protein (Figure 2b), which are named Motif 1-10. PG protein has four characteristic con-
served domains: I, SPNTDGIH; II, GDDC; III, CGPGHGIS; IV, RIK. The Motif 4, Motif 6, Motif 3, and Motif 1 correspond to ‘SPNT-
DGIH’, ‘GDDC’, ‘CGPGHGIS’, and ‘RIK’, respectively (Figure 2c). Most EkPGs in clades A, B, C, D, and F contain the above four 
conserved domains. However, Group E only contains three conserved domains (I, II, IV), except for EkPG4, EkPG20, and EkPG51 
which do not have IV domains. There are five AtQRT3 homologous proteins in Group G, all of which contain the conserved domain 
Motif 5. Among them, IV domain presents in EkPG6, EkPG27, and EkPG30.

Figure 1: Phylogenetic analysis of Polygalacturonase (PG) proteins among E. japonica and Arabidopsis. These 127 sequences were used to 
construct a neighbor-joining (NJ) tree. The tree was divided into seven groups, represented by different colors. The triangle represents E. 
japonica and the circle represents Arabidopsis
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Figure 2: Analysis of the EkPG protein conserved domains. (a)Phylogenetic relationships, (b) motif compositions, and (c)site of amino 
acids of the 59 PG genes identified in the E. japonica. Phylogenetic relationships used the neighbor-joining(NJ) method, and different 
colors represent different groups. Colored boxes indicate conserved motifs and black lines represent nonconserved sequences. The lengths 
of motifs in each protein are shown proportionally

The gene structure of EkPGs was analyzed and we found that the number of exons ranges from two to nine (Figure 3b). EkPG17, 
EkPG41, and EkPG42 from Group F contain eight introns and nine exons, while EkPG6 from Group G has the least number of in-
trons and exons. Based on the phylogenetic tree, Group F is distant from Group G. The closer the relationship of genes, the more 
similar the gene structure between them, such as Group A and B.

Figure 3: Analysis of the EkPG protein gene structure. (a)Phylogenetic relationships and (b) gene structures of the 59 PG genes identified 
in the E. japonica. Exons are represented by green boxes and introns by black lines
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The chromosome localization of EkPGs

Fifty-nine EkPGs are unevenly distributed on each chromosome (Figure 4). Among them, chromosome 9 has the greatest number 
of genes, followed by chromosome 8, and chromosome 7 has only one gene. Chromosomes 2, 4, 6, 8, and 9 all contain gene clusters. 
There are three gene clusters on chromosome 9, two gene clusters are found on each of chromosomes 2, 8 and only one gene cluster 
is found on the remaining chromosomes. In addition, EkPGs contain a total of four pairs of fragment replication events, all of which 
are replication events between chromosomes.

The results of Ka/Ks of EkPGs repeat genes showed that the Ka/Ks of tandem repeats ranged from 0.1778 to 0.5770, with an aver-
age value of 0.282282973, and the Ka/Ks of fragment repeats ranged from 0.224868989 to 0.433590109, with an average value of 
0.312837446 (Table 3). It is worth noting that EkPG8-EkPG9, EkPG21-EkPG22, EkPG26-EkPG27 have no Ks value.

Figure 4: Genomic localization and gene duplication of PG genes in E. japonica. Tracks from outside to inside are as follows: (i) 12 
pseudochromosomes and (ii) the gene density of E. japonica genome. Tandem duplicates are shown in a pink font, and segmental duplicated 
genes are linked by red lines
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The expression patterns of EkPGs

Transcriptome sequencing was performed on fruits at five developmental stages, which were 50d (Fr_I), 100d (Fr_II), 130d (Fr_III), 
160d (Fr_IV), 180d (Fr_V) after full bloom. Expression analysis showed that 30 out of 59 EkPGs were expressed in fruits at different 
developmental stages, their expression patterns were mainly divided into four categories and the gene expression patterns in the same 
category are the same (Figure 5).

The five member genes in group A showed the highest expression levels during the Fr_I period and almost no expression during the 
rest of the period. The expression patterns of the eleven member genes in group B were down-regulated with fruit development, while 
the expression levels of other members in group C were up-regulated except for EkPG27. In group D, EkPGkPG5, EkPG12, EkPG25, 
EkPG53 have higher expression in Fr_IV and Fr_V.

Gene1 Gene2 Ka Ks Ka/Ks Duplication
EkPG3 EkPG33 0.275277145 0.634878747 0.433590109 S
EkPG6 EkPG12 0.201240026 0.894921199 0.224868989 S
EkPG8 EkPG9 1.0589238 NaN NaN T

EkPG13 EkPG14 0.252343725 1.339473246 0.188390269 T
EkPG16 EkPG24 0.117250873 0.415916599 0.281909579 S
EkPG21 EkPG22 0.662384297 NaN NaN T
EkPG26 EkPG27 0.384955736 NaN NaN T
EkPG31 EkPG32 0.190560772 0.330257406 0.57700681 T
EkPG37 EkPG38 0.080072148 0.255141282 0.313834543 T
EkPG38 EkPG39 0.20323028 0.590618295 0.344097501 T
EkPG39 EkPG40 0.4424913 1.725634958 0.256422309 T
EkPG40 EkPG56 0.377634387 1.214332245 0.310981108 S
EkPG41 EkPG42 0.214947911 0.647887612 0.331767281 T
EkPG43 EkPG44 0.496411074 2.669662311 0.185945268 T
EkPG44 EkPG45 0.127566741 0.373729111 0.341334773 T
EkPG45 EkPG46 0.074229839 0.417504009 0.177794314 T
EkPG46 EkPG47 0.07782996 0.384306397 0.202520595 T
EkPG47 EkPG48 0.136142843 0.529470621 0.257130117 T
EkPG49 EkPG50 0.53405773 2.529258564 0.211151891 T

Table 3: Duplication models for EkPGs gene pairs
 S: segmental duplicated; T: tandem duplication
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Figure 5: Expression analysis of the EkPGs genes. Five different developmental periods of the fruit: Fr_I Fr_II, Fr_III, Fr_IV, Fr_V

Figure 6: Expression analysis of six EkPGs in the AZ at different periods. Mean values and standard error were obtained from 
three replicates
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qRT-PCR verification of abscission-related genes

We selected six EkPG genes based on gene structure, conserved domains, and functions of homologous genes in A. thaliana among 
the highly expressed genes in the early stage of floral organ abscission and the late stage of fruit ripening [38]. qRT-PCR results 
showed that (Figure 6), except for EkPG6 and EkPG21, the other four EkPGs had the same expression patterns. The expression levels 
of EkPG4, EkPG16, EkPG25, and EkPG34 were all the highest in F2_1, followed by F3_1. And the expression level is relatively low in 
F1_1 and F3_2. EkPG6 has the highest expression in F2_1, followed by F3_2, and both were higher than F1_1 and F3_1. EkPG21 is 
highly expressed in F3_1 period, while its expression in the F2_1 and F3_2 periods is relatively low, but both are significantly higher 
than that in F1_1 period. 

Discussion

Evolution of EkPG members

PGs are a relatively large gene family and have been extensively studied. They play an important role in fruit softening, organ abscis-
sion, and improving plant resistance [39-41]. For example, inhibiting PaPG1 expression is beneficial to reduce cell wall disintegra-
tion and delay fruit softening in apricot (Prunus armeniaca L.) during cold storage [42]; In rice, OsPG1 functions as a suppressor of 
programmed cell death and affects cell wall integrity, which regulates plant resistance [23]. Based on phylogenetic and evolutionary 
analysis, many plants has seven groups of PGs (Group A-G), such as tomato (Solanum lycopersicum) [43], watermelon (Cucumis 
sativus) [44], and cucumber (Citrullus lanatus) [44]. Among them, Group G is generally composed of homologous genes of AtQRT3 
(At4G20050) in different species. AtQRT3 is a special type of PG gene that can be expressed in yeast and mediate polygalacturonase 
activity, which can regulate the development of A. thaliana pollen [12,45]. Our study showed that all EkPGs clustered into seven 
clades through phylogenetic analysis, and group G contains five homologous genes of AtQRT3, compared to only one or two in other 
species [35].

Gene duplication event is prevalent during plant evolution [47,48]. We found that fragment duplication and tandem duplication 
mainly contribute to the expansion EkPG gene families. The tandem repetitive events mainly occurred in Group C, D, and F, indi-
cating that the expansion of EkPGs in different clades varies. The substitution rate of non-synonymous (Ka) and synonymous (Ks) 
is the basis for evaluating the positive selection pressure of repeated events [49]. Selection pressure analysis showed that the Ka/Ks 
values of all repeated genes were less than one, suggesting that these genes were under purifying selection. However, EkPG8-EkPG9, 
EkPG21-EkPG22, EkPG26-EkPG27 did not have Ks values (NaN), which may be due to gene duplication leading to mutations at the 
nucleic acid level, but the amino acid sequence remains unchanged [50].

Further analysis revealed that the EkPGs of the same group or closely related group have similar gene structures. For example, the 
length and position of the introns of EkPG34 and EkPG53, EkPG37 and EkPG38, EkPG46 and EkPG47 are almost the same. The 
number of introns of EkPGs of Group A and Group F is between five and eight. Group G has a relatively distant relationship with 
them, and the number of introns is between one and three. Previous studies showed that evolutionarily conserved bases have longer 
intron lengths, and there is a positive correlation between evolutionary conservation levels and eukaryotic gene intron lengths [51]. 
In E. japonica, EkPG4, EkPG25, EkPG42, EkPG45, EkPG49, and EkPG52 also have longer intron lengths than other genes, indicating 
that they may be more conserved in the evolutionary process, and involved in more important biological functions.

Conserved motif analysis showed that EkPGs members in the same group usually have similar motif composition. Among them, 
most EkPGs in Group A, B, C, D, and F clades contain four conserved domains commonly found in PGs. Domains I and II may be 
part of the catalytic site, domain III is considered to participate in the catalytic reaction, and domain IV may interact with the ionic 
group of the carboxylic acid group in the substrate [52-55]. Except for EkPG4, EkPG20, and EkPG51 which do not contain IV do-
mains, the rest members of Group E contain three conserved domains and lack III conserved domains. This is similar to the results 
of other species [43,55]. These EkPG members contain I, II and IV conserved domains, indicating that these genes may have catalytic 
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activity and at the same time have the ability to interact with substrates containing carboxylic acid groups. In Group G, there are three 
EkPGs containing IV domains, which are EkPG6, EkPG27, and EkPG30. The existence of this typical conserved domain may lead 
to new functions of EkPG genes in group G. Since protein domains are closely related to their functions, I, II, and IV domains may 
be more closely related to the identified EkPGs. In general, the similar motif composition and gene structure in the same subgroup 
strongly support the reliability of subgroup classification.

Validation of abscission-related genes

The analysis of the expression of the five different developmental stages of the E. japonica fruit shows that some genes show specific 
expression at different stages of the fruit. EkPG7, EkPG21, EkPG34, EkPG36, and EkPG52 have the highest expression levels in the 
Fr_I stage and almost no expression in the rest of the period. During Fr_I period, the floral organs dropped and young fruits grad-
ually formed. Therefore, it is speculated that these genes may be related to the abscission of floral organs. The expression levels of 
EkPG4, EkPG6, EkPG16, EkPG44, EkPG45, and EkPG51 were the highest during Fr_V period, and the remaining genes were almost 
not expressed during the Fr_I to Fr_IV period. EkPG5, EkPG12, EkPG25, EkPG53 have higher expressions in the later stages of fruit 
development. The expression level of these genes is positively associated with the fruit development stages, therefore it is suggested 
that these genes may be related to the fruit abscission of E. japonica.

To date, nine unique expression patterns of PGs have been found in the study of the process of floral organ abscission in A. thaliana 
[38]. In the process of flower abscission, high levels of gene expression may be related to cell separation or flower organ abscission. In 
our qRT-PCR quantitative analysis, EkPG4, EkPG16, EkPG25, and EkPG34 all have high expression in F2_1 period, indicating that 
they may be involved in the shedding of floral organs. The expression pattern of EkPG6 at different stages is different from the other 
EkPGs. It showed high expression level when young fruits are about to fall off, suggesting it may be related to the fruit abscission. The 
homologous gene AtQRT3 of EkPG6 is a special type of PG gene, which does not contain the four characteristic conserved domains 
of the PG gene[34]. However, EkPG6 contains the IV domain, which may lead to new functions of EkPG6 in other tissues.

Conclusion

In summary, this study identified and analyzed the members of the PG family through the genome and transcriptome data of E. 
japonica. We identified 59 PG genes that are distributed on 11 chromosomes. Conserved domains and phylogenetic analysis con-
firmed the similarity and evolutionary relationship between the PG gene of E. japonica and A. thaliana. The deletion and addition of 
conserved domains may lead to the addition of new functions of EkPG on different clades. qRT-PCR results showed that EkPG6 may 
be related to the abscission of flowers and fruits of E. japonica. And EkPG4, EkPG16, EkPG25, EkPG34 may involve in the abscission 
of floral organs. This work provides a foundation for further research on the regulation mechanism of EkPGs in the process of flower 
and fruit abscission, a critical next step will be the functional verification of these related genes in E. japonica.
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