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Abstract
Glycosyltransferase gene family 1, also known as uridine diphosphate glycosyltransferase (UGT), is the
largest glycosyltransferase family in plants, playing a vital role in their growth and development. In this
study, 244 UGT genes with conserved PSPG motifs were identi�ed in the genome of Quercus robur L. The
collinearity analysis results showed that tandem repeat was the main way of UGT genes expansion in
Q.robur, with 21 groups of 55 tandem repeat genes. UGT genes were divided into 15 subgroups A-P; group
K was lost, and the gene structure and conserved domain of the same subgroup were basically the same.
Cis-element analysis showed that upstream 2,000 bp promoter sequence of UGT genes contained light
response elements, plant hormone response elements, and stress-related cis-elements, which indicated
that UGT genes of Q.robur might be regulated by various metabolic pathways. In particular, some UGTs in
group L of Q.robur contained a conserved promoter structure. The expression pattern analysis results
demonstrated that UGT genes of groups B, D, E, and I were differentially expressed under Tortrix viridana
L stress. The expression of UGTs in group E decreased under stress, the expression of group L increased,
and that of genes in groups D and B were different. The functions of UGT genes in E and L groups are
relatively conservative, and their functions may also conserved among species. The study results have a
particular reference value for further research on the function of Q.robur UGT genes.

Introduce
Quercus robur L. is the deciduous tree of Quercus genus in Fagaceae, which is widely distributed in
Europe, Asia, and North America. The wood of Q.robur is often used to make wine barrels (Carpena et al.
2020) and furniture (Schroeder et al. 2016). The secondary metabolites of Q.robur also have important
medicinal value (Elansary et al. 2019); phenolic compounds have antioxidant, antibacterial, and anti-
in�ammatory activities (Dróżdż and Pyrzynska 2018) while triterpenoids and their saponins have been
widely studied for their anticancer effect (Perez et al. 2017). In the biosynthesis process of these
substances, their precursors must undergo glycosyltransferase (GT) glycosylation modi�cation to
improve the physical properties and biological activities of natural product precursors and produce
various functions.

Many types of GT are currently available in CAZy database
(http://www.cazy.org/GlycosylTransferases.html April 2021), comprising 114 GT families and almost
810,000 GT enzymes, including highly homologous enzymes from plants, animals, fungi, bacteria, and
viruses, which catalyze and transfer sugar from activated donor molecule to speci�c acceptor molecule
to form glycosidic bonds. Uridine diphosphate glycosyltransferase (UGT) is the largest
glycosyltransferase family in plant species (Yang et al. 2020), also known as glycosyltransferase 1
family. UGTs use uridine diphosphate (UDP) sugar donors (UDP-glucose, UDP-galactose, UDP-arabinose,
UDP-rhamnose, UDP-xylose, or UDP-glucuronic acid) to catalyze the glycosylation reaction. There is a
highly conserved motif PSPG at the carboxyl end of UGT protein as a uni�ed feature which is one of the
few regions with signi�cant sequence similarity. The PSPG motif is the nucleotide-diphosphate-sugar
binding site of UGT enzyme (Bowles et al. 2005) and contains 44 amino acid residues.Loading [MathJax]/jax/output/CommonHTML/jax.js
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The study of UGT genes in Q.robur has revealed the essential role of UDP-glycosyltransferase. Juliane
Mittasch (Mittasch et al. 2014) identi�ed the enzyme UGT84A13, which is the �rst step in synthesizing
gallo tannins in Q.robur and catalyzes the production of 1-O-galloyl-ß-D-glucose. Silvia Madritsch
(Madritsch et al. 2019) found that UGT73C6 gene encodes �avonol-3-O-glycoside-7-O-glucosyltransferase
in the research on the drought stress of Q.robur, attaching glucosyl residues at the 7-O-position of
�avonols, kaempferol, quercetin, and their 3-O-glycoside derivatives. This gene is signi�cantly expressed
under drought conditions, which may help maintain the metabolic activity of source leaf through osmotic
regulation. Studies by Birgit Kersten (Kersten et al. 2013) have shown that UGT can affect the synthesis
of �avonoids, especially tannins in Q.robur, and plays a vital role in the resistance of Q.robur to diseases
and insect pests. UGT genes could regioselectively and stereoselectively catalyze the site-speci�c
glycosylation modi�cation of substrates and are widely used in many �elds such as medicine (Yan, Li,
and Koffas 2008; Chu et al. 2017; Liang et al. 2017), industry (Wang et al. 2016) and agricultural
production (Guleria and Yadav 2014). At present, there is scarce research on the UGT gene family of
Q.robur at the whole genome level.

Herein, we focus on UGT genes in Q.robur, observe their position on chromosome and analyze the
collinearity of genomic genes and UGT genes to infer their expansion in Q.robur. We conducted a further
comparative analysis of UGT genes to explore their conserved domains, gene structure, and evolutionary
relationships, understand the distribution of cis-elements upstream of UGT genes, combine transcriptome
data analysis to infer the function of UGT genes, and provide a reference for subsequent functional
identi�cation and utilization of UGT genes in Q.robur.

Materials And Methods
Identi�cation of UGT genes in Q.robur

Q.robur genome and annotation �les (Plomion et al. 2018) were downloaded from OAK GENOME
SEOUENCING (http://www.oakgenome.fr/?page_id=587). The hidden Markov model (HMM) pro�le of
UGT conserved domain (PF00201) was obtained from Pfam database. The HMM �le was used to query
UGT genes in Q.robur using hmmsearch program of HMMER 3.0 software, with an E value threshold of
1.0 E-5. A species-speci�c domain model of Q.robur was constructed and set an E value of 1.0 E-5 to
screen again. Furthermore, the online Simple Modular Architecture Research Tool (SMART) and NCBI
Batch CD-Search tool were used to con�rming the conserved domain for all candidate UGT protein
sequences.

Chromosome location and collinearity analysis
The chromosome location was displayed using TBtools software(Chen et al. 2020). For the collinearity
analysis, Q.robur genome �les were used for sequence alignment with Basic Local Alignment Search Tool
(BLAST) with a cut-off E value of 1.0 E-10. MCScanX software was employed to perform the collinearity
analysis based on BLASTP results. The results were visualized using TBtools software.

Loading [MathJax]/jax/output/CommonHTML/jax.js
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Sequence alignment and phylogenetic analysis
A phylogenetic tree was constructed using UGT protein sequence of Q.robur: 14 UGT proteins of
Arabidopsis thaliana L, 2 UGT proteins of Zea mays L, and A.thaliana UGT was used as an exogroup.
Among them, the 2 UGTs of Z.mays were two UGT subgroups that did not appear in A.thaliana. ClustalW
was used for multiple sequence alignment of UGT protein sequences with default parameters. The
alignment result was used to construct an NJ phylogenetic tree by MEGA . Bootstrap resamplings (100)
were used to assess the reliability of interior branches. The bootstrap value was set to 1,000. The online
tool EvolView (https://www.evolgenius.info/evolview/) was utilized to display the phylogenetic tree.

Conserved sequence and gene structure analysis
The online MEME Suite was used to con�rm the motifs of Q.robur UGT protein sequences with the
following parameters: a maximum number of ten motifs and an optimum width of 6 to 50. The exon-
intron structure analysis was performed with the software TBtools by inputting gene annotation GFF �les.
The sequence logo of PSPG domains was acquired using the online tool WebLogo.

Promoter region cis-acting element analysis
The 2,000 bp upstream region of initiation codon “ATG” of UGT genes in Q.robur was used to perform cis-
acting element analysis with online tool PlantCARE.
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/search_CARE.html).

Transcriptome data analysis
After obtaining Silvia Madritsch's (Madritsch et al. 2019) transcriptome sequencing data of Q.robur under
drought stress and Kersten Birgit's (Kersten et al. 2013) transcriptome sequencing data of Q.robur under
Tortrix viridana L stress, differentially expressed UGT genes were screened. The TBtools program was
used to display the heatmap of gene expression.

Results
Identi�cation and Chromosomal Distribution ofUGTgenes inQ.robur

A total of 244 UGT genes were identi�ed from the genomic sequencing data of Q.robur. The location of
Q.robur UGT genes on chromosomes is shown in Fig. 1. A total of 219 UGT genes were located on 12
chromosomes, and another 25 UGT genes were located on unassembled chromosomal fragments. The
number of UGT genes and tandem repeat UGT genes on different chromosomes of Q.robur is shown in
Fig. 2. The most 39 UGT genes are located on chromosome 11, and the least UGT genes are located on
chromosome 5, with only 6. Genes location information on chromosomes shows that UGT gene family in
Q.robur is closely arranged on each chromosome, especially on chromosomes 10 and 11. Part of these
tightly arranged UGT genes are tandem repeats, such as P0398930.2, P0398960.2, P0398970.2, and
P0398980.2 on chromosome 4, and other closely packed genes are not tandem repeats, such as
P03156000.2, P0315610.2, P0315640.2, P0315650.2, P0315660.2, and P0315680.2 on chromosome 8.Loading [MathJax]/jax/output/CommonHTML/jax.js
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There are 21 gene clusters on Q.robur chromosomes, distributed on chromosomes 1, 2, 3, 4, 5, 6, 7, 10,
and 11 (Fig. 1).

Collinearity analysis showed that only 318 genes had collinearity among 28,488 genes (Fig. 3),
accounting for 1.12% of all genes. The type collinear genes include genes encoding ribosomal subunit
protein, genes encoding NADH plastid quinone oxidoreductase subunit, genes encoding
methyltransferase, genes encoding receptor protein, and genes encoding disease resistance protein.
Among them, the number of TMV resistance protein is the most, with 32. Among 244 UGT genes, only
P0376460.2 and P0376630.2 on chromosome 12 were collinear.

Phylogenetic Analysis ofUGTSequences

A phylogenetic tree was constructed by combining 244 Q.robur UGT protein sequences, 14 UGT
sequences identi�ed in A.thaliana, and 2 UGT sequences identi�ed in Z.mays, including 260 protein
sequences. UGTs in Q.robur were divided into 15 groups (Fig. 4). Q.robur has O and P groups that did not
exist in A.thaliana, and K group was lost in Q.robur. Two UGTs in Z. mays were clustered respectively in O
and P groups; 3 UGTs in O group and 13 UGTs in P group of Q.robur. The number of glycosyltransferases
in the 5 groups A, D, E, G, and L are larger; among them, group E has the largest number of UGTs,
including 57 UGTs, which is the largest group, and group N has the least number of UGTs, only 1.
P0481590.2 is not clustered and is divided into a single branch.

Conserved Sequence and Gene Structure Analysis

The results of UGT genes structure of Q.robur are shown in Fig. 5b. The length of UGT genes is mostly
less than 2,000 bp, with the longest of 5,000 bp and the shortest of 1,000 bp. There were 73 UGT genes
with complete UTR sequence, 15 genes with 5UTR, 22 ≥ ≠ swith3UTR, 134 genes without UTR, UGTs
in groups L and G almost had no UTR sequence. UGTs in groups G, H, J, P, and L had long intron
sequences, and all genes had no more than 3 intron fragments, while UGTs in groups A, B, C, D, E, O, and
M had no intron sequence. The homologous UGT genes in each group showed a similar structure. For L
group, P0159440.2, P0159420.2, P0159330.2, P0159450.2, P0159430.2, P0159410.2, P0159310.2,
P0159300.2, P0159360.2, P0159340.2, P0159320.2, P0296290.2, P0159380.2, P0288720.2, P0249750.2,
P0760750.2, and P0350810.2 demonstrated great differences from other UGTs in the group, and they
contain short introns or no intron structures.

The average length of UGT sequence is 433 amino acids, and N50 is 459 amino acids. Ten UGTs
conserved motifs, named motif 1 ~ 10, including motif 1 of PSPG motif and other conserved protein
motifs, were identi�ed by online tool MEME. MEME analysis showed that unique PSPG motif (motif 1) of
UGT gene family in Q.robur was located near the 3' carboxyl end. Motif 6 was lost in UGTs of group J,
motif 7 and 10 nearly 3' carboxyl-terminal of group A UGTs were lost, and motif 5 close 5' terminal of
some group P UGTs were lost (Fig. 5a). The PSPG motif of Q.robur (Fig. 6a) and A.thaliana (Fig. 6b) was
constructed by intercepting all UGTs screened from Q.robur and A.thaliana. It was found that PSPG motif
was relatively conservative in the two species.Loading [MathJax]/jax/output/CommonHTML/jax.js
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Analysis of Cis-Acting Elements inUGTGene Promoter Regions

The cis-acting elements of promoter sequence of UGT gene family of Q.robur can be divided into plant
hormone response, involved in light responsiveness, resistant response, promoter core elements, and
common cis-acting element 5 categories. Plant hormone response elements include auxin-responsive
element, cis-acting element involved in gibberellin-responsiveness, cis-acting element involved in abscisic
acid responsiveness, and MeJA reaction involved cis-acting regulatory elements. Cis-acting related to
stress resistance include temperature, drought, hypoxia, etc.. In addition to core elements of promoter and
general cis-acting elements, the number of light-responsive cis-acting elements is the largest, with 2,769.
On average, there are about 10 light-responsive cis-acting elements per UGT gene. The resistance-related
cis-acting elements are the least, only 984. The structure of promoter of Q.robur gene is shown in Fig. 7a.
The speci�c Q.robur UGT genes P0057520.2, P0057600.2, P0057620.2, P0057610.2, P0057550.2,
P0057640.2 and P0350810.2 have very similar promoters. The structure contains many cis-acting
elements related to light response, and they belong to L group of UGT family of Q.robur. The number of
different type cis-acting elements in the promoter region of Q.robur is displayed in Fig. 7b.

 

Expression analysis ofUGTgene inQ.robur

When Q.robur was under T. viridana stress (Fig. 8a), UGT genes of two different Q.robur varieties in the
same group had a similar expression pattern. For example, in the two different Q.robur varieties, the
expression of UGTs in E group decreased under T. viridana stress, the expression of UGTs in L group was
increased under T. viridana stress, and that of UGTs in D group was signi�cantly different in the two
Q.robur varieties. For UGTs of resistant Q.robur variety, P0640850.2, P0703800.2, and P0031820.2 in D
group were down-regulated. The expression of P0170550.2, P0703800.2, and P0031820.2 of susceptible
Q.robur variety UGT genes of D group was up-regulated under stress, and that of P0640850.2 and
P0170550.2 was down-regulated.

When Q.robur was under drought stress, UGTs in group D showed different expression trends.
P0640850.2 and P0640800.2 were down-regulated under drought stress, while P0571810.2 was up-
regulated. The genes in group D show diverse expression patterns under different stress environments
(Fig. 8b).

Discussion
At present, many GT families have been identi�ed and veri�ed in different plants (Wu et al. 2019; Li et al.
2014). In plants, GTs are responsible for synthesizing cell wall polysaccharide chains and complex
sugars (glycoproteins and glycolipids) and participating in regulating cell frameworks and physiological
processes (Keegstra and Raikhel 2001). GT genes not only play an essential role in the growth and
development of plants but also has paramount practical signi�cance for humans. This study conducted
a comprehensive bioinformatics analysis of UGT genes of Q.robur, identi�ed UGT family membersLoading [MathJax]/jax/output/CommonHTML/jax.js



Page 7/19

through sequence similarity, and analyzed their evolutionary ampli�cation patterns, sequence
characteristics, expression patterns, etc., which provide a basis for further research on UGT genes.

Expansion of the UGT gene family

Gene duplication is one of the main driving forces of the evolution of genomes and genetic systems,
providing abundant raw materials for the evolution of genes (Moore and Purugganan 2003). Ramsey
(Ramsey and Schemske 1998) once mentioned that polyploidization is the main mechanism for plants'
adaptation to environment and speciation. The duplication of single genes, chromosomes, and whole
genomes is the main force of plant genome structure and gene evolution (Paterson et al. 2012). Through
further analysis of collinearity of Q.robur and chromosome location information, it was found that the
level of collinearity of Q.robur genome was low, only 1.12%, and there was basically no collinearity
among the UGT gene family of Q.robur. Simultaneously, the UGT gene family of Q.robur is tightly
arranged on the chromosome, and there are more tandem repeat genes, which form numerous gene
clusters on the chromosome. Therefore, it can be inferred that the main way of amplifying the UGT family
of Q.robur is the tandem duplication of genes.

Evolution of UGT gene family

The UGT gene family is the largest glycosyltransferase family in plant species (Yang et al. 2020), and the
largest glycosyltransferase family in Q.robur is also the UGT gene family. The UGT gene family in
A.thaliana was �rst studied by Yi Li (Li et al. 2001), who divided UGT genes into 14 groups (A-N), and then
found O and P groups in apple (Velasco et al. 2010), grape (Jaillon et al. 2007), soybean (Schmutz et al.
2010), rice (Tanaka et al. 2008) and corn (Li et al. 2014). A total of 244 UGTs identi�ed in Q.robur were
divided into 15 groups, including O and P groups. Group K was lost in Q.robur (Fig. 4), and group J, which
was closer to group K in A.thaliana, had 10 UGTs. There are both 2 UGT genes in K and J in A.thaliana (Li
et al. 2001), in Z.mays (Li et al. 2014), there are 2 and 4 UGTs in K and J group, and in Malus domestica
(Zhou et al. 2017), there are 8 and 14 UGTs in group K and group L, respectively. It can be found that J
group in the plant UGT family is larger than K group. It can be speculated that UGT genes of K group may
have evolved from J group; in Q.robur, K group has not yet been completely separated from J group.
Q.robur UGT gene family A, D, G, E, and L expand faster. Caputi Lorenzo (Caputi et al. 2012) proposed that
E group genes in different plant species account for 20–25% of UGT family. UGT expansion in E group of
Q.robur was also the fastest, accounting for 23% of UGT, consistent with Caputi Lorenzo's research.

Structure and protein conserved motifs of UGT gene

The presence of UTR can regulate the binding e�ciency of RNA polymerase during translation and
promote gene expression through translation initiation factors (Kim et al. 2020). In UGT gene family, 110
genes have UTR, accounting for 45% of all UGTs. The UGT genes of L and G groups lack UTR structure
(Fig. 5), but for L group, many cis-elements are related to light response in the promoter part (Fig. 7),
indicating a signi�cant difference in the expression pattern of UGT gene family. This difference is closely
related to UGT gene function.Loading [MathJax]/jax/output/CommonHTML/jax.js
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The sequence of UGT protein in 15 groups showed obvious conservation and inter-group speci�city.
Conserved structural sequence is the prerequisite for conservation of biological function. The PSPG motif
of Q.robur UGT is highly similar to that of A.thaliana UGT (Fig. 6). There is a conservative
"WAPQVEVLSHPAVGGFVTHCGWNSTLESLVAGVPMICWPLFADQ" motif at the carboxyl end of the protein
sequence of the 244 UGT genes screened, consistent with previous research (Paquette, Møller, and Bak
2003). The conservative motifs of different UGT genes of Q.robur also show a high degree of similarity
(Fig. 5), closely related to the general function of glycosyltransferase that can transport active sugar
molecules to speci�c receptors.

Cis-Acting Elements of UGTs in Q.robur

The conserved protein structure produces conserved functions, and this conservation is also re�ected in
the promoter structure. Cis-acting elements can combine with transcription factors to regulate gene
expression. The similar expression pattern caused by this similar promoter structure predicts the
conservation of gene function to a certain extent. The UGT genes P0057520.2, P0057600.2, P0057620.2,
P0057610.2, P0057550.2, P0057640.2 and P0350810.2, which belong to L group of Q.robur, have very
similar light response-related promoter structures (Fig. 6a). In A.thaliana, L group of UGT gene family
includes UGT84A1-4, UGT84B1-2, UGT75B1-2, UGT75D1, and UGT75C1. UGT84A1-A4 was related to the
metabolism of hydroxycinnamates (Meissner et al. 2008), and UGT75C1 has been identi�ed as an
anthocyanin 5-O-glucosyltransferase (Tohge et al. 2005). Studies have shown that anthocyanin and other
secondary metabolites in plant cells can protect plants from UV damage (Jaakola 2013). Dirk Meißner
(Meissner et al. 2008) found that when A.thaliana was exposed to UV-B stress, the content of UGT84A1-
A4 enzyme-mediated UV-shielding compound sinapate (hydroxycinnamates) increased instantaneously.
It accumulates in the bubble and can play a protective role under short-term UV-B radiation conditions. It
can be speculated that expression of some UGTs in L group in Q.robur might be regulated by light to
enhance adaptability under light stress.

UGT gene expression analysis

The UGT genes in E group in A.thaliana are closely related to cell wall development and ligni�cation, such
as UGT72B1 (Lin et al. 2016) and UGT72E1-3 (Baldacci-Cresp et al. 2020). UGT84B1, UGT84B2,
UGT75B1, and UGT75B2 in A.thaliana can catalyze the production of glycosylation products from plant
hormone indole-3-acetic acid (IAA), which in turn regulates plant growth and development (Jackson et al.
2001). If functions of UGT genes in L and E groups of Q.robur are similar to those in A.thaliana, up-
regulation, and down-regulation of UGT genes of L and E groups in Q.robur have a certain correlation
under the stress of T. viridana. Under this stress, UGT genes expression in E group was up-regulated,
which causes the content of auxin IAA to decrease in Q.robur tissue due to glycosylation. The down-
regulation of gene expression in L group directly caused cell wall formation and development to be
blocked. The growth of this tissue is stagnated under stress. The substance and energy are used for
growing other parts of Q.robur. E and L groups are the two largest subfamilies in the UGT gene family of
Q.robur, and their importance for plant growth and development may be an essential reason for the

Loading [MathJax]/jax/output/CommonHTML/jax.js
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conservation of functions of E and L subfamilies of UGT gene family among species. UGT genes in
group D show different expression patterns under different stress (Fig. 8), and the functions of group D
UGT genes may be quite differentiated.
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Figures

Figure 1

The location information of Q.robur UGT genes on chromosome. Tandem duplicated UGT genes are
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Figure 2

Distribution of UGT genes and tandem repeat UGT genes on Q.robur chromosomes.
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Figure 3

Collinearity of Q.robur genome. The red lines indicate UGT genes, and the green lines indicate other
genes.
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Figure 4

UGT proteins phylogenetic tree of Q.robur. The 260 protein sequences, including 244 UGT sequences of
Q.robur, 14 UGT sequences of A. thaliana, and 2 UGT sequences of Z.mays, were used to construct a
phylogenetic tree with a bootstrap value of 1,000 by MEGA .
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Figure 5

The evolutionary relationship, motif structure, and gene structure of Q.robur UGTs. a. The UGT protein
sequences. b. The UGT gene structure.
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Figure 6

PSPG motif drawn by 244 UGT genes in Q.robur and PSPG motif drawn by 116 UGT genes in A.thaliana.
a. The Q. robur PSPG motif. b. The A.thaliana PSPG motif.
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Figure 7

Promoter structure of Q.robur UGT genes. a. The position of various cis-acting elements in the promoter
region of 2,000 bp upstream of UGT genes. The black outlined box is UGT genes with similar promoter
structures. b. The number of different types of cis-acting elements in the promoter region.
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Figure 8

The expression of UGT genes in leaves of Q.robur under T. viridana stress and drought stress. a. The
expression of UGT genes in leaves of Q.robur under T. viridana stress. T represents the Q.robur which is
not easy to be infected by T. viridana; S represents the Q.robur is easy to be infected by T.viridana; co
means control group, fed means the samples of Q.robur treated with T. viridana; b. The expression of UGT
genes in leaves of Q.robur under drought stress; CO-1, 2 means Q.robur control group, DS-1, DS-2, DS-3
indicate Q.robur is under drought stress.
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