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Abstract. Polygalacturonase (PG; EC 3.2.1.15) genes are a major group of pectin-hydrolyzing enzymes 

responsible for pectin degeneration and play important roles in pollen development and male fertility. 

Studying the PG gene family could shed light on molecular mechanisms by which PGs regulate pollen 

development in tung tree (Vernicia fordii). A total of 35 tung PG genes (VfPGs) were obtained from tung 

genome in this study. VfPGs were clustered into 2 main classes which contained 6 clades by phylogenetic 

analysis. All Class I VfPGs comprised four typical conserved residues while residue III was absent in 

Class II VfPGs. Evolutionary analyses displayed that Class III PG genes that were present in the most 

recent common ancestors of land plants could be lost in Euphorbiaceae after their divergence. Whole 

genome triplication was one of the major forces of the expansion of tung PG family and duplicated VfPGs 

suffered negative selection during evolution. A total of 107 cis-regulatory elements related to 

phytohormone responsiveness were identified in the promoters of VfPGs, suggesting phytohormones may 

play important roles in plant development in tung trees by regulating VfPG activities. Transcriptome-scale 

gene expression analysis of VfPGs in various tissues displayed that VfPGs were expressed more in 

flowers than in other tissues. Several VfPGs were predicted to be highly correlated with anther 

development. This study provides clues for future works aimed at elucidating molecular mechanisms 

underlying PG-regulated pollen development in tung tree. 

Keywords: gene lose, phytohormone regulation, flower development, pollen development 

Introduction 

Pectin is a type of water-soluble fiber that is found in the primary cell walls and 

intracellular cells of certain plants, such as the growing pollen tube apex, gel-like 

structure at the seed surface, intracellular layer of plant cells in apples, oranges, 

peaches, and other fruits. It plays a crucial role in cell-wall integrity, cell adhesion, and 

environmental sensing (Parre and Geitmann, 2005; Vogel, 2008; Wang et al., 2023; Xin 

et al., 2023). The dismantling and modification of the pectin network, which is 

systematically disassembled during the abscission of plant organs, fruit ripening, and 

anther dehiscence, is performed by a wide range of hydrolytic enzymes including 
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polygalacturonase (PG; EC 3.2.1.15), pectin methylesterase (PME; EC 3.1.1.11) and 

pectin lyase (EC 4.2.2.2) (Hadfield and Bennett, 1998; Bosch and Hepler, 2005; Ogawa 

et al., 2009; Duan et al., 2016). 

PG genes belong to the largest hydrolase family and are a major group of pectin-

hydrolyzing enzymes. By comparison of amino acid sequences, regions comprising 

the residues 178_NTD, 201_DD, 22_GHG, and 256_RIK (numbered throughout the 

open reading frame of Aspergillus nigaer) were found to be the strictly conserved in 

PGs of bacteria, fungi, and plants (Markovic and Janecek, 2001). PGs are found to be 

critical for pollen development. For example, QUARTET 2 (QRT2) and QRT3 are 

endo-PGs in the Arabidopsis thaliana, and are essential for pollen grain separation 

and pectin wall degradation, respectively (Rhee et al., 2003; Ogawa et al., 2009). In 

cotton, NO SPINE POLLEN (GhNSP), encoding a PG protein homologous to 

AtQRT3, is mainly expressed in the tapetum cells and plays an important role in 

pollen nexine and spine development (Wu et al., 2022). Restorer of reversible male 

sterile-2, which is an allele of AtQRT3, was related to the degeneration of the tetrad 

pectin wall (Shi et al., 2021). Brassica campestris Male Fertility 2 (BcMF2) is a new 

PG that was found to be expressed specifically in tapetum and pollen after the tetrad 

stage of anther development in Chinese cabbage is associated with intine development 

(Huang et al., 2009). 

The tung tree (Vernicia fordii Hemls.), belonging to the family Euphorbiaceae, is 

an economical plant used as a source of industrial oils. The tung oil extracted from 

tung seeds is one of the best quick-drying oils and is widely utilized in producing 

environmentally friendly waterproof finish, advanced ink, and insulation materials. 

The tung tree is a monoecious species with an average female-to-male flower ratio 

of 1:27 which may be one of the major causes of low fruit yields (Mao  et al., 2017; 

Liu et al., 2019). Abnormal microspores were frequently observed from the meiosis 

telophase II stage to the two-celled pollen stage, showing irregular binucleate tetrad 

microspores and curved pollen grains (Li et al., 2020). Tung PG genes (VfPGs) 

should play important roles in pollen development and are critical for the fertility of 

pollen grains. However, little is known about the molecular mechanisms of PGs in 

regulating pollen development in tung tree. In this study, we conducted genome-

wide identification of VfPGs using multiple bioinformatics methods. The gene 

structure, protein physicochemical properties, molecular evolution, cis-regulatory 

elements, and gene expression profiles of VfPGs were systematically analyzed, 

providing a comprehensive characterization of the composition, expansion, and 

expression divergence of VfPGs. Our study provides clues for future works aimed at 

elucidating molecular mechanisms underlying PG-regulated pollen development in 

tung tree. 

Materials and methods 

Genome-wide identification of PGs genes in the tung genome 

To identify PGs genes in the tung tree, the chromosome-level tung genome v1.0 

(Zhang et al., 2019) was searched by Arabidopsis PGs obtained from Kim et al. (2006) 

using NCBI BLASTP with parameters of E-value < 1e-20 and max_target_seqs = 5. The 

protein sequences (PEP) of Arabidopsis PG gene family members were extracted from 

the new Araprot11 annotation (Cheng et al., 2017). The protein sequences that 

contained the conserved GH28 domains were scanned and predicted by HMMER 
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software (http://hmmer.org/) with GH28 profile hidden Markov model (HMM) 

(PF00295.19). Primitively, a total of 37 PG candidates were identified in the tung 

genome from the above methods. The coding sequences (CDS) of these candidates were 

revised using the potential transcripts identified in tung floral transcriptomes conducted 

by Liu et al. (2019). The revised CDS were translated into PEP by SeqKit (Shen et al., 

2016). Then the presence of GH28 domains, which were found in all plant PG proteins 

(Kim et al., 2006), was confirmed in all VfPG candidates through the online database 

software of SMART (Letunic et al., 2021) and InterPro (Paysan-Lafosse et al., 2023). 

According to the previous study, the regions comprising the residues of NTD, DD, 

GHG, and RIK are conserved in all PGs (Markovic and Janecek, 2001). So, the VfPG 

candidates that contained at least 2 of the 4 conserved residues were kept, and 35 VfPGs 

were finally identified in this study. 

 

Protein sequence analysis and cis-regulatory elements analysis of VfPG promoters 

The physical and chemical parameters of VfPGs, including molecular weight (MW), 

isoelectric point (PI), and the number of amino acids, were calculated using online tool 

Expasy (Duvaud et al., 2021). Protein subcellular localization of VfPG proteins were 

predicted by web-server BUSCA (http://busca.biocomp.unibo.it/). The possible tertiary 

structures of VfPGs were predicted by Phyre2 web portal (Kelley et al., 2015). The 2 

Kb sequences upstream of the start codon ATG site of VfPGs were considered putative 

promoters. cis-Regulatory elements in these putative promoters were predicted by 

PlantCARE website (Lescot et al., 2002). The exon-intron structures and GH28 

domains of VfPGs were visualized by using TBtools (Chen et al., 2020). 

 

Phylogenetic and molecular evolution analyses 

PG functional domain polypeptide sequences of self-identified (V. fordii, Jatropha 

curcas, Manihot esculenta, Ricinus communis, and Hevea brasiliensis) (Table S1, S2) and 

published (A. thaliana, Brassica oleracea, Oryza sativa, Populus trichocarpa, 

Physcomitrella patens, Selaginella moellendorffii and Zea mays) (Yang et al., 2013; Lyu 

et al., 2020; Lu et al., 2021) PGs were identified by Hmmer software with GH28 HMM. 

The domains of protein sequences were aligned using MAFFT (Katoh and Standley, 

2013). The phylogenetic relationships of PGs in the tung tree, between the tung tree and 

Arabidopsis, among five species of Euphorbiaceae, and among 8 land plant species, were 

reconstructed using maximum likelihood by IQ-TREE (Nguyen et al., 2015) with optimal 

amino acid substitution models of WAG + I + G4, LG + R5, JTT + R6 and LG + R8, 

respectively. All trees were estimated using 1 000 bootstraps with the parameter of -bb 1 

000. The online tool of iTOL (Letunic and Bork, 2021) was used for the display of PG 

trees. Duplicate gene pairs of VfPGs were characterized by MCscanX (Wang et al., 2012). 

The Ka, Ks and ω values of VfPG duplicate gene pairs were calculated using 

KaKs_Calculator (Zhang, 2022). The time of duplication events of VfPGs was calculated 

according to the formula T = Ks/2r with the r value of 6.5 x 10-9 synonymous substitutions 

per site per year for eudicots. The collinearity and chromosome location of the VfPGs 

were visualized by using TBtools (Chen et al., 2020). 

 

Gene expression and protein-protein interaction network analyses 

FPKM values of VfPGs in various tissues, including the roots, stems, leaves, flowers, 

and endosperms, were obtained from the tung tree electronic fluorescent pictographic 
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(eFP) browser (http://bar.utoronto.ca/efp_tung_tree/cgi-bin/efpWeb.cgi). Gene 

expression patterns of VfPGs in tung flowers were analyzed using OmicShare tools 

(https://www.omicshare.com/tools). The protein-protein interaction networks among 

VfPGs were predicted and displayed by STRING database v12.0 (https://string-db.org/) 

and Cytoscape v3.10 (Otasek et al., 2019), respectively. 

 

Validation of qRT-PCR 

Total RNA of male and female tung flowers at 30, 20, 10 and 1 day before flowering 

(DBF) was obtained from the Lin group (Key Lab of Non-wood Forest Products of State 

Forestry Administration, College of Forestry, Central South University of Forestry and 

Technology, Changsha, China). Each sample has three biological replicates and the 

experiment was repeated in triplicate. Genomic DNA in the RNA solution was removed 

and then the first strand of cDNA was prepared using HiScript® II Q RT SuperMix for 

qPCR (+gDNA wiper) (Vazyme, China). The gene expression patterns of several VfPGs 

were validated by qRT-PCR which was conducted with SYBR Green Premix Pro Taq HS 

qPCR Kit (Accurate Biology, China) and performed on a CFX96TM Real-Time System 

(Bio-Rad, USA). The VfEF1α was selected as the reference gene (Han et al., 2012). 

Results 

Genome-wide identification and physicochemical properties of PG proteins in the 

tung tree 

A total of 35 full-length genes encoding putative PG proteins were obtained from the 

tung genome based on a combined analysis of the similarity of sequences (BLASTP) and 

the presence of conserved GH28 domain (Table S1). Four tung-specific conserved amino 

acid residues, including (I) SPNTDGI, (II) GDDCI, (III) CGPGHGISIGSLG, and (IV) 

RIKTW, were identified by multiple sequence alignment analysis of consensus sequences 

(Fig. 1A, C). The tung-specific amino acid residues comprised residues of NTD, DD, 

GHG, and RIK (Fig. 1A and B) which are conserved in all plant PGs (Markovic and 

Janecek, 2001). All putative VfPGs comprised the conserved residues I, II, and IV, but 

the conserved residues III were found in 74% (26 out of 35) VfPGs (Fig. 1B). 

The phylogenetic relationship of VfPGs based on the GH28 domain sequences was 

reconstructed (Fig. 1D). The phylogenetic tree showed that VfPGs were clustered into 2 

main classes which were termed Class I and II in this study with 100% bootstrap 

support. VfPGs can be further grouped into 6 clades which were named Clade A to 

Clade F based on the previous study (Park et al., 2010). Approximately 77% of the 

VfPGs (27 out of 35) were classed into Class I, and the rest PGs (8 out of 35) belonged 

to Class II. Intriguingly, the protein sequences of VfPGs belonged to Class I and 

comprised residues I to IV, while residue III was absent in all Class II/Clade E VfPG 

sequences (Fig. 1A, D). Pairwise comparison of full-length PG protein sequences 

showed that pairwise identity scores of all Class I PGs ranged from 29.53% to 95.56%, 

pairwise identity scores of all Class II PGs ranged from 45.39% to 98.74%, and 

pairwise identity scores between Class I and Class II PG genes ranged from 21.76% to 

45.45% (Table S2), suggesting a relatively higher sequence similarity within Class II. 
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Figure 1. Sequence and structural characteristics of VfPGs. (A) Alignment of consensus protein 

sequences of VfPGs which contained four tung-specific conserved amino acid residues of GH28 

domain (framed with black rectangles). (B) Statistics of four typical conserved amino acid 

residues in VfPGs. (C) Sequence logo of amino acid sequences of VfPGs. (D) Maximum 

likelihood-based phylogenetic relationships of VfPGs. (E) Expression patterns of VfPGs in 

roots, stems, leaves, flowers, and endosperms. (F) Gene structures of VfPGs. (G) Predicted 

tertiary structures of VfPG sequences. Triangles that were colored in purple, orange, blue, and 

deep red in (A) indicated the residues of NTD, DD, GHG, and RIK, respectively. Solid and 

hollow rectangles in (B) indicated the presence and absence of residues, respectively. 

DBF = Days before flowering; WAF = Weeks after flowering 
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The lengths of predicted proteins of the 35 VfPGs ranged from 310 to 522 amino 

acid residues with an average length of 426 (Table 1). The amino acid residues of GH28 

domains in VfPGs were between 238 and 338, encompassing approximately 73.63% of 

the average PG protein sequences (Fig. 1F; Table S3). Exon numbers of VfPGs varied 

from 4 to 11 with an average number of 6 exons (Fig. 1F). Although exon numbers 

varied a lot among different clades of VfPGs, exon numbers of the same clade were 

usually conservative (Fig. 1F). Clade C and then Clade D were more conservative than 

other clades both on the sequence length and exon number. Clade C contained 7 genes 

and all these VfPGs had 4 exons. Exon numbers in Clade D varied between 4 and 5. 

Half of VfPGs in clade E had 5 exons, the other half had 6. Exon numbers in Clade A, 

Clade B, and Clade F varied from 6 to 11. 

The molecular weights (MWs) of candidate PG proteins ranged from 33.79 to 56.70 

kDa with an average weight of 46.17 kDa, and their isoelectric points (pIs) were 

between 4.76 and 9.29 with an average of 7.14 (Table 1). Subcellular localization 

prediction of 35 VfPGs showed that these proteins may be localized in 5 different 

cellular compartments, including chloroplast (1), endomembrane system (4), 

extracellular space (13), nucleus (5), and plasma membrane (12). Predicted tertiary 

structures of VfPG sequences were modeled with three templates based on the protein 

fold recognition server PHYRE2 (Fig. 1G; Table 1). Predicted tertiary structures of 

more than half of VfPGs were similar to c7b8bA (19 out of 35), while 8 and 8 PGs were 

similar to c7b7aA and c3jurA, respectively (Fig. 1G). The results revealed that Class I 

PGs belonged to endo-PGs, while the Class II PGs were exo-PGs. Generally, closely 

related genes usually had common gene structures (Fig. 1D, G). 

 

Evolutionary analysis of PG gene family in tung tree 

A rooted phylogenetic tree including 35 VfPGs and 65 Arabidopsis PGs was 

reconstructed with the maximum likelihood (ML) method using AT3G57790 as the 

outgroup (Fig. 2A). The tung and Arabidopsis PGs fell into 3 distinct classes, including 

16 clades in Class I, 8 clades in Class II, and 1 clade in Class III according to the 

classification of AtPGs (Kim et al., 2006). 

None of VfPGs was clustered into Class III. A total of 9 clades contained only AtPGs 

(Fig. 2A; marked with black triangles), while only 2 clades contained only VfPGs 

(Fig. 2A; marked with green triangles). The Arabidopsis-specific clades and tung-specific 

clades suggested several possible gene losses during the evolution of Arabidopsis and the 

tung tree, respectively. Phylogenetic relationship of PGs among 5 Euphorbiaceae plants, 

including the tung tree, caster bean (R. communis), physic nut (J. curcas), cassava (M. 

esculenta), and rubber tree (H. brasiliensis), was also analyzed in this study. Among the 

Euphorbiaceae species, we identified 35, 55, 48, 87, and 83 PG genes from the tung tree, 

caster bean, physic nut, cassava, and rubber tree genomes, respectively (Table S4). The 

number of PG family members in cassava, and rubber tree genome was approximately 2-

fold of that in the tung tree, caster bean, and physic nut. Intriguingly, according to the ML 

tree reconstructed from GH28 domain sequences, the Euphorbiaceae PGs were classified 

into two groups, corresponding to Class I and Class II and missed Class III members 

(Fig. 2B). Reconstruction of phylogenetic relationships among 398 PGs from 

Physcomitrella (11), Selaginella (16), rice (42), maize (55), Arabidopsis (65), Brassica 

(99), Populus (75) and the tung tree (35) suggested that PGs in land plants can be 

classified into 3 distinct groups. All studied species, which included nonvascular plants, 

monocots, and eudicots, had Class III PG genes except for the tung tree. 
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Table 1. Summary of PG proteins identified in the tung tree 
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VfPG1 Vf00G0359 0 415 44.17 8.16 4 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG2 Vf00G0716 0 409 44.26 5.99 5 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG3 Vf01G1336 1 480 52.55 5.77 5 Nucleus c3jurA 
Exo-poly-alpha-d-

galacturonosidase 

VfPG4 Vf01G1744 1 391 41.56 5.17 4 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG5 Vf01G2342 1 522 56.66 8.35 7 Extracellular space c7b7aA Endo-polygalacturonase 

VfPG6 Vf01G2343 1 474 51.31 4.85 9 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG7 Vf01G2365 1 456 50.05 9.12 10 Plasma membrane c7b7aA Endo-polygalacturonase 

VfPG8 Vf02G2021 2 338 36.49 8.56 7 Extracellular space c7b7aA Endo-polygalacturonase 

VfPG9 Vf02G2023 2 387 42.35 8.10 8 Extracellular space c7b7aA Endo-polygalacturonase 

VfPG10 Vf02G2050 2 446 49.18 9.29 10 Nucleus c7b8bA Polygalacturonase adpg2 

VfPG11 Vf03G0186 3 431 47.28 9.22 9 
Endomembrane 

system 
c7b8bA Polygalacturonase adpg2 

VfPG12 Vf04G0721 4 469 51.42 5.07 9 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG13 Vf04G1938 4 477 50.96 6.00 7 
Endomembrane 

system 
c7b7aA Endo-polygalacturonase 

VfPG14 Vf05G0737 5 389 41.71 8.50 4 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG15 Vf05G0852 5 392 42.15 8.44 4 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG16 Vf05G0853 5 325 35.21 8.72 4 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG17 Vf05G1487 5 393 42.29 8.49 4 
Endomembrane 

system 
c7b8bA Polygalacturonase adpg2 

VfPG18 Vf05G1878 5 482 52.88 4.76 6 Plasma membrane c3jurA 
Exo-poly-alpha-d-
galacturonosidase 

VfPG19 Vf06G1194 6 389 41.64 9.10 4 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG20 Vf06G1199 6 390 41.24 6.06 4 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG21 Vf06G1200 6 371 39.19 7.49 4 Nucleus c7b8bA Polygalacturonase adpg2 

VfPG22 Vf06G1204 6 393 41.55 8.47 4 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG23 Vf06G2095 6 423 44.35 6.38 5 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG24 Vf06G2210 6 517 56.70 5.51 6 
Endomembrane 

system 
c7b7aA Endo-polygalacturonase 

VfPG25 Vf06G2253 6 466 51.71 5.25 6 Extracellular space c3jurA 
Exo-poly-alpha-d-
galacturonosidase 

VfPG26 Vf06G2491 6 469 51.35 5.75 5 Extracellular space c3jurA 
Exo-poly-alpha-d-

galacturonosidase 

VfPG27 Vf08G0793 8 476 52.12 8.07 6 Plasma membrane c3jurA 
Exo-poly-alpha-d-

galacturonosidase 

VfPG28 Vf08G0796 8 476 52.04 7.09 6 Plasma membrane c3jurA 
Exo-poly-alpha-d-
galacturonosidase 

VfPG29 Vf08G1479 8 492 55.25 9.00 5 Chloroplast c3jurA 
Exo-poly-alpha-d-

galacturonosidase 

VfPG30 Vf08G1869 8 407 43.23 5.00 11 Plasma membrane c7b7aA Endo-polygalacturonase 

VfPG31 Vf10G0347 10 442 48.35 5.57 5 Nucleus c3jurA 
Exo-poly-alpha-d-

galacturonosidase 

VfPG32 Vf10G2001 10 310 33.79 6.33 6 Extracellular space c7b8bA Polygalacturonase adpg2 

VfPG33 Vf11G1871 11 316 33.91 8.69 4 Nucleus c7b8bA Polygalacturonase adpg2 

VfPG34 Vf11G1873 11 416 44.96 8.88 5 Plasma membrane c7b8bA Polygalacturonase adpg2 

VfPG35 Vf11G2029 11 482 51.99 4.76 6 Extracellular space c7b7aA Endo-polygalacturonase 
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Figure 2. Phylogenetic relationship of PGs. (A) Phylogenetic tree of the tung tree and 

Arabidopsis PGs. (B) Phylogenetic tree of PGs from the tung tree and other 4 Euphorbiaceae 

species. (C) Phylogenetic tree of 398 PGs from 8 land plant species. Clades that only contained 

tung and Arabidopsis PG genes were marked by black and green arrows, respectively 

 

 

Collinearity and selective pressure analyses 

The distribution of VfPGs on tung chromosomes was examined. Almost all VfPGs 

(33 out of 35) were distributed unevenly on 9 tung chromosomes (Fig. 3), while the rest 

two genes (VfPG1 and VfPG2) were localized on two unanchored scaffolds (Table 1). 

Gene duplications of 35 VfPGs were investigated by MCScanX. The VfPGs presented 

the characteristics of cluster distribution on Chromosomes 1, 2, 6, and 11. Only two 

pairs of VfPGs (VfPG15/16 and VfPG20/21) were arranged in tandem repeats on 

chromosomes 5 and 6, respectively. A total of 12 VfPGs with 8 pairs associated with 

segmental duplications were distinguished based on conserved collinearity linkage, 

including VfPG5/13, VfPG7/13, VfPG8/30, VfPG11/12, VfPG18/26, VfPG18/31, 

VfPG26/31 and VfPG23/33. 
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Figure 3. Genomic distribution and collinearity analysis of VfPG family members. Tandem-

duplicated genes were framed with rectangles. The blue lines represented collinearity 

relationships of the paralog VfPGs. The grey lines represented collinearity relationships in the 

tung genome 

 

 

The nonsynonymous substitution rate (Ka), synonymous substitution rate (Ks), and ω 

(Ka/Ks) of VfPG paralog pairs were calculated (Table 2). The results showed that the Ks 

values of tandem duplication pairs of VfPGs (ranging from 0.0614 to 0.858) were 

smaller than segmental duplication pairs (ranging from 0.9805 to 2.0430). The time of 

duplication events of VfPGs was also calculated. The latest origin time of VfPG paralog 

pairs (VfPG15/16) was ~4.72 million years ago (Mya), and the oldest origin time 

(VfPG7/13) was ~157.15 Mya. The ω values of all VfPG paralog pairs were less than 1 

(ranging from 0.1576 to 0.6239), suggesting strong negative selection on duplicated 

VfPGs. The mean ω values of Class I and Class II VfPG pairs were 0.3162 and 0.1729, 

respectively, suggesting that Class II VfPGs were under stronger selection constraints 

than the Class I VfPGs. 

 

cis-Regulatory element analysis of VfPG promoters 

cis-Regulatory elements are DNA sequences within or flanking the gene that controls 

plant development and responses to the environment by regulating transcription or 

expression of a gene that is on the same chromosome (Marand et al., 2023). In general, a 

total of 280 cis-regulatory elements associated with plant growth and development (51), 

phytohormone responsiveness (107), and abiotic and biotic stresses (122) were identified 

from 2 kb region upstream of the start codon ATG site of VfPGs (Table S5; Fig. 4).  
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Figure 4. cis-Regulatory elements analysis of promoters of VfPGs. (A) Number of each cis-

regulatory element in the promoter region of each VfPG. (B) The stacked column chart of cis-

regulatory elements related to plant growth and development, phytohormone responsive, and 

abiotic and biotic stresses. (C) Pie charts of three groups of cis-regulatory elements 

 

 

All of the VfPGs contained at least one type of defense and stress response element, 

including anaerobic responsive element (ARE) which is essential for the anaerobic 

induction, TC-rich repeats which are involved in defense and stress responsiveness, 

MYB binding site element (MBS) which is involved in drought inducibility, low-
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temperature responsiveness (LTR), and WUN-motif which is involved in wound 

responsiveness. Thirty-two VfPGs contained phytohormone-responsive elements which 

were associated with responses to gibberellin (GA; TATC-box, GARE-motif, and P-

box), abscisic acid (ABA; ABRE element), methyl jasmonate (MeJA; TGACG-

motif/CGTCA-motif), indole-3-acetic acid (IAA; TGA-element and AuxRR-core), and 

salicylic acid (SA; TCA-element). Fewer VfPGs (24 out of 35) contained cis-elements 

associated with plant growth and development (Fig. 4A). MYB binding site which is 

involved in flavonoid biosynthetic genes regulation (MSBI), cell cycle regulation 

element (MSA-like) and seed-specific regulation element (RY-element) only existed in 

two promoters of VfPGs. CAT-box element (GCCACT) which is related to meristem 

expression existed in 9 promoters, and 11 promoters contained O2-site which is 

involved in zein metabolism regulation. 

 
Table 2. The Ka, Ks and ω between VfPG paralog pairs of the tung tree 

Paralog pairs 
Duplication 

type 
Ka Ks ω Mean ω 

Date 

(Mya) 
Class 

VfPG5 VfPG13 Segmental 0.2644 1.1970 0.2209 

0.3162 

92.08  I 

VfPG7 VfPG13 Segmental 0.5192 2.0430 0.2541 157.15  I 

VfPG8 VfPG30 Segmental 0.6166 1.6116 0.3826 123.97  I 

VfPG11 VfPG12 Segmental 0.3169 1.2288 0.2579 94.52  I 

VfPG15 VfPG16 Tandem 0.0383 0.0614 0.6239 4.72  I 

VfPG20 VfPG21 Tandem 0.1940 0.8580 0.2260 66.00  I 

VfPG23 VfPG33 Segmental 0.3969 1.5995 0.2481 123.04  I 

VfPG18 VfPG26 Segmental 0.1787 0.9805 0.1822 

0.1729 

75.42  II 

VfPG18 VfPG31 Segmental 0.2561 1.4328 0.1788 110.21  II 

VfPG26 VfPG31 Segmental 0.2587 1.6414 0.1576 126.26  II 

 

 

Gene expression and correlation analysis of VfPGs 

In this study, FPKM values and e-fluorescence images of VfPGs in roots, stems, 

leaves, flowers, and endosperm were obtained through the tung tree electronic 

fluorescent pictographic (eFP) browser (Figs. 1E, and 5A). Over 85% (29 out of 35) 

VfPGs expressed in at least one tissue, except for VfPG2, VfPG7-9, VfPG14, and 

VfPG34. Seven VfPGs, including VfPG3, VfPG5, VfPG10, VfPG18, VfPG25, VfPG26, 

and VfPG29, expressed in all sequenced tissues. Compared with flowers (27), only a 

small number of VfPGs expressed in roots (9), stems (12), leaves (10), and endosperms 

(14), suggesting that VfPGs widely participated in the development of tung flowers than 

other tissues. The expression profiles of VfPGs in tung flowers were further explored. A 

total of 6 different expression profiles were identified, but only one profile which 

contained 9 VfPGs was significant with the p-value of 9.3E-3 (Fig. 5B; Table S6). In 

general, almost all genes exhibited the expression profile 4 were only expressed in late 

development stages (10 and 1 DBF) of male flowers. VfPG11, which shared a high level 

of homology with AtQRT2 (At3g07970), only expressed at stages of 30 DBF in both 

male and female flowers. VfPG12 is only expressed in male and female flowers at stage 

1 DBF, indicating a possible function related to the flowering of tung flowers. VfPG4, 

VfPG15, VfPG16, VfPG23, VfPG27, and VfPG28 are only expressed in male flowers at 

stages of 10 and 1 DBF with quite high FPKM values (ranging from 159.29 to 895.10) 
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may suggest that these VfPGs were highly correlated with the late development and 

maturity of male flowers. Only 8 PGs were identified as endo-PGs (Fig. 1G). 

Interestingly, the expression patterns of these endo-PGs in flowers were divided into 

two types, almost not expressed in any development stages (5 out of 8) or expressed in 

all development stages of male and female flowers (3 out of 8) (Fig. 1E). The 

expression profiles of VfPG15, VfPG16, VfPG23, VfPG31, and VfPG33 which 

displayed relatively higher FPKM values in male flowers were further validated by 

qRT-PCR (quantitative real-time polymerase chain reaction) (Fig. 5C). The results 

showed that the qRT-PCR-based expression profiles of these genes were consistent with 

transcriptome data. 

 

 

Figure 5. Gene expression Trend and qRT-PCR validation of VfPGs in tung flowers. (A) 

Electron fluorescence images of selected VfPG genes. (B) Expression profiles based on FPKM 

values. (C) Expression levels of five VfPG genes based on qRT-PCR. DBF = Days before 

flowering 

 

 

The protein-protein interaction networks among VfPGs that are expressed in flowers 

were predicted by the STRING database based on the interacting protein pairs in 

Arabidopsis (Fig. 6; Table S7). The network was clustered into three clusters by k-
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means. No possible interactive relationship between VfPG7 (PGX 1 in Arabidopsis) and 

other VfPGs was predicted, and the same as VfPG9 (F18B13.25). VfPG23 (PGA3), 

VfPG4 (MIF21.3), and VfPG15 (F17A17.16) were possibly most widely interacted with 

other VfPGs, and then with VfPG25 (Q9FPJ2_ARATH), VfPG33 (T9A21.20), VfPG1 

(F18O19.2), VfPG20 (A0A1I9LP65) and VfPG26 (A0A1I9LP88). VfPG16 

(F17A17.18) may only interact with VfPG25 (Q9FPJ2_ARATH). And VfPG3 

(F17M5.200) may only interact with VfPG11 (QRT2). The QRT2 was reported to be 

required for pollen separation during normal development, its homologous protein 

VfPG11 could serve this function with other 5 VfPGs in the tung tree, including VfPG3 

(F17M5.200), VfPG4 (MIF21.3), VfPG15 (F17A17.16), VfPG23 (PGA3) and VfPG33 

(T9A21.20). 

 

 

Figure 6. Protein-protein interaction networks predicted by STRING. Line thickness indicates 

the strength of data support. The gene names of Arabidopsis were marked with blue color 

Discussion 

The completion of whole genome sequencing and genome structure annotation 

accelerate the process of deciphering the genetic code of plant species. Using the 

chromosome-level reference genome of the tung tree (Zhang et al., 2019), the origin, 

evolution, and gene function of various gene families associated with biological 

processes of tung trees are possibly to be explored with high efficiency through 

bioinformatics methods. At present, some important gene families which are closely 

related to disease resistance and seed oil biosynthesis, such as the LRR (Cao et al., 

2022), MYB families (Cao et al., 2023), NF-YB families (Yang et al., 2015), have been 

reported in the tung tree. PGs are responsible for pectin degeneration and play 

important roles in pollen development and male fertility. However, PG family genes in 

the tung tree have not been identified yet. 

In this study, based on combined analyses of sequence similarity and domain 

information, a total of 35 VfPGs which were randomly distributed on 9 chromosomes 

were determined and mainly classified into 2 classes which were further grouped into 6 

clades by reconstruction of phylogenetic relationships. Most of VfPGs (74%) comprised 

four conserved residues in plant PGs and were predicted to be endo-PGs by tertiary 
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structures, while the rest of VfPGs lacked the conserved residues III which is suggested 

to be involved in the catalysis for containing the histidine residue (H) (Rao et al., 1996). 

Interestingly, the conserved residues III were lost in all Class II/clade E VfPGs, and the 

predicted tertiary structure of these PGs strongly supported the idea that these PGs were 

exo-PGs. VfPGs in the same clade usually have conservative gene structures, but intron 

lengths and numbers ranged a lot which may due to diverse autonomous transposable 

elements (Gozashti et al., 2022). 

Phylogenetic relationships of PGs among the tung tree and other 4 representative 

Euphorbiaceae plants and 7 land plants were also reconstructed. It is worth noting that 

not any Class III PG gene was determined in the tung genome and other 4 

Euphorbiaceae genomes, while several Class III members were found in Arabidopsis 

(1), Brassica (1), rice (1), Populus (1), Physcomitrella (2), Selaginella (2), and maize 

(1) which included nonvascular plants, monocots and eudicots, suggesting that Class III 

PG genes that were present in the most recent common ancestors of land plants could be 

lost in Euphorbiaceae after their divergence. 

Gene duplication is a major force in evolution for generating new genes and creating 

genetic novelty that influences plant floral structures, disease resistance, adaption to 

stress, and so on (Magadum et al., 2013; Panchy et al., 2016). It has been reported that 

the majority of duplicated genes in Arabidopsis, rice, and 5 other model plants evolve 

under negative selection by comparing duplicated genes in 141 plant genomes (Qiao et 

al., 2019). Tandem duplications have experienced more rapid sequence divergence and 

stronger positive selection than segmental duplications, suggesting that tandem 

duplication is an essential source for the evolution of new functionalities (Qiao et al., 

2019). A total of 10 paralog gene pairs, including 16 VfPGs, were identified in the tung 

genome. Ks values are usually used as a proxy for evolutionary time between 

duplication gene pairs (Maere et al., 2005). In this study, tandem gene pairs kept smaller 

Ks values than segmental gene pairs. The inferred origin time of segmental gene pairs 

ranged from 75.42 to 157.15 Mya. The whole genome triplication (WGT) peak value 

based on Ks values of tung paralog pairs was approximately 1.35, dating to 103.85 Mya 

(Zhang et al., 2019), suggesting that most of the segmental duplication pairs of VfPGs 

could originate from WGT. Moreover, the numbers of PG genes identified in rubber 

tree (83) and cassava (87) were approximately twice as much as that of the tung tree 

(35), physic nut (48), and caster bean (55), which was consistent with the round number 

of whole genome duplication (WGD) occurred in these species, suggesting that WGD 

was one of the major forces of the expansion of PG gene family in Euphorbiaceae. The 

ω ratios of all VfPG duplicated gene pairs were less than 1, suggesting strong negative 

selection on duplicated VfPGs. 

The genomic blueprints which guarantee adequate spatiotemporal patterning of gene 

expression necessary for development and environmental responses are encoded by cis-

regulatory elements (Marand et al., 2023). A total of 280 cis-regulatory elements related 

to hormone response, growth and development, and abiotic and biotic stress were 

identified in the promoters of VfPGs. Phytohormones are reported to participate in plant 

development activities by regulating PG genes. A total of 107 phytohormone 

responsiveness elements were identified in promoters of almost all VfPGs, including GA, 

ABA, SA, IAA, and MeJA. Exogenous application of ABA promotes ripening of Vitis 

vinifera with increased transcript abundance of VvPG1 (Koyama et al., 2010). Ethylene 

inhibitor 1-methylcyclopropene treatment can significantly suppress gene expression of 

PaPG1 and decrease its activities, thus alleviating cell wall disassembly and delaying fruit 
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softening of apricot (Hou et al., 2019). Therefore, phytohormone may also play important 

roles in plant development in tung tree by regulating VfPG activities. 

Gene expression patterns can reflect their gene functions to some extent. Functional 

divergences and expression differences between paralogous genes which generated 

through WGD were thought to share identical expression levels due to their identical 

DNA sequences and chromatin environment (Lian et al., 2020). Neighboring genes, 

especially tandem duplicates which are crucial for the environmental adaptability of 

plants, are reported to tend to be co-regulated (Hanada et al., 2008; Dai et al., 2014). In 

general, VfPGs were more preferred to express in flowers than in other tissues, 

suggesting that PG family genes could contribute a lot to flower development in tung 

tree. Moreover, paralogs such as VfPG18/VfPG26 displayed similar expression profiles, 

suggesting that they may have the same function. 

Stamen is the male fertilizing organ of angiosperms and its fertility is determined by 

the early development process of meiosis, and following late developmental phases of 

filament elongation, pollen maturity, and anther dehiscence. Functional female tung 

flowers usually develop with the abortion of stamens from 30 DBF to 10 DBF, and 

pollen sacs of male tung flowers undergo meiosis of microsporocytes, degeneration of 

middle layers, tapetum, and maturity of pollen grains at the same time (Liu et al., 2019; 

Li et al., 2020). Previous studies have confirmed PG genes play important roles in 

stamen development. For example, BcMF16 is expressed in tapetum and pollen during 

the late stages of pollen development (Zhang et al., 2012). BcMF17 plays a role in 

pollen maturation or pollen tube growth (Zhang et al., 2011). The expression profiles of 

VfPG15 and VfPG16 (tandem duplicated gene pairs) were very similar and only highly 

expressed in the late development stages of male flowers, defining them were “late” 

genes of pollen development. QRT2 is responsible for the release of viable pollen 

tetrads in Arabidopsis (Shi et al., 2021). In our study, VfPG11 shared a high level of 

homology with AtQRT2 and was only expressed in male flowers and female flowers 

with anthers in early development stages, indicating a possible role of VfPG11 in pectin 

degeneration during tetrad separation in the tung tree. PGA4 (AT1G02790), encoding an 

exo-PG, is reported to play roles in pectin degeneration, and is involved in pollen grain 

germination and pollen tube growth (Ye et al., 2020). VfPG23 is highly homologous to 

PGA4 and is highly expressed at important stages of anther development, suggesting 

VfPG23 may be involved in the degradation of the callus around the microspores. 

Conclusion 

PG family genes are of great significance to the development of flowers in tung tree, 

especially VfPG15, VfPG16, VfPG11 and VfPG23. These four genes are participated in 

the late development of anthers, which provides a theoretical basis for further elucidating 

the molecular mechanism of PG genes regulating the development of tung tree pollens. 
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