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Abstract

Background Glycosylation, catalyzed by UDP-glycosyltransferase (UGT), was important for enhancing solubility,
bioactivity, and diversity of flavonoids. Peanut (Arachis hypogaea L.) is an important oilseed and cash crop worldwide.
In addition to provide high quality of edible oils and proteins, peanut seeds contain a rich source of flavonoid
glycosides that benefit human health. However, information of UGT gene family was quite limited in peanut.

Results In present study, a total of 267 AhUGTs clustered into 15 phylogenetic groups were identified in peanut
genome. Group | has greatly expanded to contain the largest number of AhUGT genes. Segmental duplication was
the major driving force for AhUGT gene family expansion. Transcriptomic analysis of gene expression profiles in
various tissues and under different abiotic stress treatments indicated AhUGTs were involved in peanut growth and
abiotic stress response. AhUGT75A (UGT73CG33), located in mitochondria, was characterized as a flavonoid 7-O-UGT
by in vitro enzyme assays. The transcript level of AhUGT75A was strongly induced by abiotic stress. Overexpression
of AhUGT75A resulted in accumulating less amount of malondialdehyde (MDA) and superoxide, and enhancing
tolerance against drought and/or salt stress in transgenic Arabidopsis. These results indicated AhUGT75A played
important roles in conferring abiotic stress tolerance through reactive oxygen species scavenging.
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Conclusions Our research only not provides valuable information for functional characterization of UGTs in peanut,
but also gives new insights into potential applications in breeding new cultivars with both desirable stress tolerance

and health benefits.
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Background

The current global environmental degradation severely
affects plant growth and development. Abiotic stresses,
including drought, cold and salinity, give rise to excessive
production of reactive oxygen species (ROS) in plants
and disruption of cellular membrane and ionic equilibri-
ums, thus leading to decrease in crop yields and severe
economic losses each year [1, 2]. Plants have evolved
various secondary metabolites to mitigate the damage
caused by stressful conditions in order to survive [3]. Fla-
vonoids, exist mostly in the form of glucosides in planta,
play vital roles in maintaining redox homeostasis and
conferring abiotic stress tolerance [4].

Glycosylation usually occurs in the final step of flavo-
noid biosynthesis, and this modification can enhance
compound solubility, stability, bioactivity, and diversity
[5]. The reaction of glycosylation was catalyzed by family
1 glycosyltransferases, also named uridine diphosphate
glycosyltransferases (UGTs), which transfer a glycosyl
group from UDP-sugars to a board range of acceptors,
including plant hormones, secondary metabolites, and
xenobiotics [6]. Plant UGTs contained a conserved motif
of 44 amino acids closed to their C-terminal, termed
plant secondary product glycosyltransferase (PSPG) box,
which was responsible for the UDP-sugar binding site of
the enzymes [7]. In model plant Arabidopsis thaliana,
there are a total of 123 putative UGTs, which could be
classified into 14 groups (A-N) according to phylogenetic
analysis [8]. With the rapid development of bioinformat-
ics and genomics, many UGT gene family members have
been identified in other plant species, with 147 in Zea
mays [9], 149 in Glycine max [10], 409 in Medicago sativa
[11], 184 in Oryza sativa [8], and 274 in Gossypium hir-
sutum [12]. Subsequently, four novel groups (O, P, Q, R),
which are not presented in Arabidopsis, have been dis-
covered based on their phylogenetic relationships [8].

The functions of plant UGTs have been reported to be
involved in growth and stress responses [13, 14]. A subset
of UGT transcript levels were found to be enhanced by
various abiotic stimuli, such as cold, salt, and drought [15,
16]. In Arabidopsis, two stress-induced UGTs (UGT79B2
and UGT79B3) were characterized as anthocyanin rham-
nosyltransferases, and conferred plant adaptation to abi-
otic stresses via regulating anthocyanin metabolism [17].
In tea plants, three UGTs (CsUGT91Q2, CsUGT78A14
and CsUGT78A15) were involved in cold tolerance by
glycosylation of sesquiterpenes and flavonols [18-20].
Group D was one of the largest subgroups of plant UGT

family. Several UGT73 members were found to be scat-
tered in this subgroup, which could recognize a variety
of substrates including terpenoids and flavonoids [21-
23]. In soybean, the expression level of GmUGT73F4
(belonging to group D) was strong induced by high tem-
perature and humidity. Heterogenous overexpression of
GmUGT73F4 in Arabidopsis improved seed viability and
abiotic stresses tolerance by up-regulating stress-related
genes and increasing ROS scavenging capability [24].

Peanut (Arachis hypogaea L., also called groundnut) is
an important oilseed and cash crop worldwide. In addi-
tion to provide high quality of edible oils and proteins,
peanut seeds contain a rich source of flavonoid glycosides
that benefit human health [25, 26]. As a typical thermo-
philic crop, peanut requires relatively warm tempera-
tures throughout the whole developmental stages [27].
The growth of peanut is severely inhibited below 15°C,
and cold stress (non-freezing) is deemed as a limiting
factor in peanut cultivation and production [28]. More-
over, despite being a rainfed crop, peanut is sensitive to
drought stress during the flowering and pegging stages. It
has been reported that higher drought-tolerant cultivars
generally contained more flavonoid contents, suggesting
these compounds were likely to be involved in defense
against drought stress in peanut [29]. Since UGTs were
the key enzymes in flavonoid biosynthesis, it was pro-
posal that they play vital roles in peanut stress responses.
However, the information of peanut UGT gene family is
very limited, and no UGT has been functionally charac-
terized in peanut so far. In present study, a total of 267
AhUGT members were identified from peanut genome.
Their phylogenetic relationships, chromosome distribu-
tions, gene structures and expression patterns were com-
prehensively analyzed. AWUTG75A was characterized as
a flavonoid 7-O-glucosyltransferase by in vitro enzyme
assays. Overexpression of AWUTG75A enhances drought
and salt stress tolerance in transgenic Arabidopsis. This
study will not only facilitate to functional characteriza-
tion of AhUGTS, but also provide new insights into their
potential applications in breeding peanut cultivars with
both desirable stress tolerance and health benefits.

Materials and methods

Plant materials, growth condition and stress treatment
Arachis hypogaea cv. Zhonghua-215 is an elite variety
released by Oil Crops Research Institute Chinese Acad-
emy of Agricultural Sciences. Zhonghua-215 cultivar
was selected for this experiment, since it has a good
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comprehensive performance, with high and stable yields
as well as strong lodging-resistance. Moreover, this cul-
tivar is moderately tolerant to different stressful condi-
tions, including salt, cold and drought. Peanut seeds were
soaked in water for six hours, and put into petri dishes
with moistened filter papers for germination. Three-
day-old uniform seedlings were transferred into plastic
cuboid container with Hoagland nutrient solution in a
greenhouse (16 h/8 h light/dark cycles at 28 °C). After 14
days, seedlings were exposed to low temperature (10 °C)
for cold stress. 150 mM NaCl or 20% polyethylene gly-
col 6000 (PEG-6000) solutions were applied for salt or
drought treatment, respectively. The control condition
(CK) was created using sterile water. After 0, 3, 6, 12, 24,
48 h treatment, roots and the third unfolded leaves were
cut from the seedlings, and all samples were immediately
frozen in liquid nitrogen and then stored at -80 °C until
use.

Identification of UGTs in peanut

To identify members of UGT gene family in peanut, A.
hypogaea cv. Tifrunner genome information was down-
loaded from peanutbase (https://www.peanutbase.org).
The hidden Markov model (HMM) profile of PF00201.20
(a conserved domain of UGT protein) downloaded from
the Pfam website (http://pfam.xfam.org) was used as
a query to search for candidate UGTs in A. hypogaea
genome using HMMER v3.1 software (with a cut off
E-value of 1x107°). The reductant and/or incomplete
(the length of protein sequence less than 200 amino
acids) UGT sequences were removed. Furthermore, the
conserved domain of plant secondary product glycosyl-
transferase (PSPG) box of UGTs was verified by SMART
(http://smart.embl.de) and NCBI CDD (https://www.
ncbi.nlm.nih.gov/cdd). Molecular weight (MW) and
isoelectric point (PI) of UGT proteins were calculated
using the online ExPASy program (https://prosite.expasy.
org). The subcellular localization was predicted with the
CELLO server (http://cello.life.nctu.edu.tw).

Multiple sequence alignment and phylogenetic analysis
The putative amino acid sequences of UGTs from pea-
nut and other model species were aligned with MAFFT
v7.490 with default settings [30]. A phylogenetic tree was
constructed by IQ-tree program (v2.2.0) using the maxi-
mum likelihood (ML) method with a bootstrap value of
1000 [31]. The tree was visualized with FigTree software
(v1.4.4) (http://tree.bio.ed.ac.uk/).

Chromosomal location and gene duplication

The chromosomal location information of AZUGTs was
retrieved from the GFF3 file in peanutbase website. Map-
Chart software (v2.32) was used to visualize the chromo-
somal distribution of AhUGTs [32]. The tandem repeat
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and segmental duplication events of UGT genes in the
genome were searched using multiple collinear scan-
ning toolkits (MCScanX) with an E-value set to 10> [33].
The genome files of A. duranensis and A. ipaensis were
obtained from peanutbase. A. thaliana sequence files
were retrieved from TAIR 10 (http://www.arabidopsis.
org/). The genome data of Glycine max and Gossypium
hirsutum were downloaded from PlantGDB (http://www.
plantgdb.org) and CottonGen (https://www.cottongen.
org) respectively [34, 35]. The syntenic relationships
between AhUGTs and UGT genes from other species (A.
duranensis, A. ipaensis, A. thaliana, G. max, and G. hir-
sutum) were mapped using MCScanX [33]. Synonymous
(Ks) and non-synonymous substitutions (Ka) of ortholo-
gous AhlUGTs were calculated by TBtools software [36].
The evolutionary time of duplicated pairs was estimated
as: T=Ks/2A (\=8.12x107%) [37].

Analysis of gene structure and conserved motifs

The exon-intron structures were mapped by Gene Struc-
ture Display Server (GSDS, http://gsds.gao-lab.org) based
on the intron-exon data in the peanut GFF3 annotation
file [38]. The conserved motifs of AWUGT proteins were
analyzed by motif-based sequence analysis tools (MEME,
https://meme-suite.org) [39]. The parameters were set
as follows: search time=18000s, maximum number of
motifs=12, and optimum motif width ranged from 6 to
100 bp. The phylogenetic tree, gene structure and motif
were combined and displayed using TBtools software
[36].

Cis-acting element analysis and gene expression pattern

DNA sequences in the 1.5 kb upstream region of AhUUGT
gene transcription start site were obtained from peanut
genomic data. The online website PlantCARE (http://
bioinformatics.psb.ugent.be/webtools/plantcare/)  was
used to predict the cis-acting elements in the promoter
regions of AhUGTs [40]. RNA-seq data were downloaded
from the peanutbase to investigate the expression pat-
tern of AhUGTs in 22 different tissues and developmen-
tal stages [41]. To analyze the transcriptional response of
AhUGTs in peanut seedlings subjected to cold treatment,
transcriptome data (accession: PRJNA751249) were
downloaded from the NCBI database (https://www.ncbi.
nlm.nih.gov/) [42]. Furthermore, expression profiling of
AhUGTs under cold and/or drought stress was obtained
from Peanut Genome Resource (http://peanutgr.fafu.
edu.cn) [43]. The gene expression levels were estimated
by FPKM values (fragments per kilobase of transcript
per million fragments mapped), which were directly
obtained from the specific databases. Since the FPKM
values of some AhUGTs (e.g. AhUGT53A, AhUGT95A,
AhUGTI22B and AhUGTI149) varied greatly (ranging
from 0 to 471.09) in response to stress treatment, it is
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difficult to distinguish their differential expression pat-
terns by the gradient color from green to red in the heat-
map when using FPKM values. Moreover, if FPKM values
was zero, it was unable to calculate log,FPKM, therefore,
FPKM values were converted to log,(FPKM+1) to per-
form heatmap analysis. The heatmap of AhUGT expres-
sion was visualized using R software package “pheatmap”.

gRT-PCR analysis of AhUGTs

Total RNA was extracted from the leaves and roots using
Prep Pure Plant Plus kit (Tiangen Biotech Co. Ltd., Bei-
jing, China). After removal of residual genomic DNA
with DNase I, about 1 ug of RNA from each sample was
reverse-transcribed into cDNA using the M-MLYV reverse
transcriptase Kit (Thermo Fisher Scientific, USA). qRT-
PCR reactions were performed on a CFX96 Real-Time
PCR Detection System using SYBR Green qRT-PCR Mix
(Sangon, Shanghai, China) as previously reported [44].
qRT-PCR primers were listed in Table S1. Actin gene
(accession number: Aradu.W2Y55) was used as an inter-
nal reference gene.

Subcellular localization analysis

The open reading frame (ORF) of ARUGT75A was
amplified by reverse transcription PCR (RT-PCR)
with the primers listed in Table S1, and cloned into
PC1300-35S::GFP vector. The recombined PC1300-
35S:AhUGT75A-GFP  vector was transformed into
Arabidopsis protoplasts expressing a red fluorescent
mitochondrion marker (mitochondrion-RFP) using PEG-
mediated method [45]. After 48 h, the signals of green
fluorescent protein (GFP), red fluorescent protein (RFP),
and chloroplast auto-fluorescence were observed using
Zeiss LSM710NLO confocal laser scanning microscope.

Heterologous expression and in vitro enzyme assay

The coding sequence of AWUUGT75A was amplified by
RT-PCR with the primers listed in Table S1, and cloned
into pGEX-4T vector (GE Healthcare) to give a fusion
protein with glutathione-S-transferase (GST) tag. The
resulting vector was transformed into Escherichia coli
BL21 strain for protein expression. The recombinant
AhUGT75A protein was extracted and purified using a
Glutathione Sepharose 4B kit (GE Healthcare) accord-
ing to the manufacturer’s manual. The enzymatic activ-
ity assays were conducted according to Wang et al. (2016)
[46]. The reaction mixtures were incubated at 30 °C for
30 min, and were stopped by adding the same volume of
UDP-Glo™ assay reagent [47]. To determine the kinetic
parameters for naringenin and resveratrol, eight different
substrate concentrations ranging from 8 to 500 uM were
applied, V,,,, and K values were calculated by nonlinear
regression analysis.
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The reaction products were analyzed on an Agilent
1290 Infinity II HPLC system (Agilent Technologies)
equipped with a Luna C18(2) reverse-phase column and
separated in a mobile phase consisting of solvent A (1%
[v/v] phosphoric acid in Milli-Q water) and solvent B
(acetonitrile). Liquid chromatography-mass spectrom-
etry (LC-MS) analysis was performed on an Accela LC
system coupled with TSQ Quantum Access Max mass
spectrometer (Thermo Scientific, USA). The column and
analysis method were same with the HPLC analyses as
described above. The MS data were recorded with ranges
of m/z 100-800.

Arabidopsis transformation and stress treatment

The coding sequence of AWUUGT75A was amplified by
RT-PCR with the primers listed in Table S1, and cloned
into pCAMBIA1300 binary vector under CaMV 35S
promoter. The resulting construct was transformed
into Arabidopsis Col-0 by Agrobacterium-mediated flo-
ral dip method [48]. The T1 to T3 transgenic lines were
verified by PCR using the primers listed in Table S1, and
three transgenic lines with differing AhUGT75A tran-
script level were selected for analysis. For stress treat-
ments, one-week-old transgenic seedlings growing on
MS medium supplemented with hygromycin were trans-
planted into soil, and grown for two further weeks with
normal irrigation, and then the 3-week-old plants were
photographed and harvested as control materials (CK).
After that, for drought stress treatment, the plants were
left without watering for 17 days, followed by re-irriga-
tion for recovery for 3 days. For salt stress treatment, the
three-week-old seedlings were irrigated with 200 mM
NaCl solution instead of water for every 3 days, then the
performances of the plants were photographed and the
leaves were harvested at five and seven days after irriga-
tion. Electrolyte leakage assay was performed accord-
ing to the protocol described by Shi et al. (2020) [49].
The malondialdehyde (MDA) contents were measured
according to thiobarbituric acid (TBA) reaction method
by using MDA assay kit (Solarbio Science & Technology
Co. Ltd., Beijing, China). Nitrobluetetrazolium (NBT)
staining was performed by incubated leaves with 1 mM
NBT in 10 mM Tris-HCI buffer (pH 7) at room tem-
perature for 12 h. After straining, leaves were washed
three times with ddH,O and decolorized in 95% ethanol
overnight.

Results

Identification and phylogenetic analysis of UGT gene
family in A. hypogaea

To identify UGT gene family members, the HMM file of
PF00201 was used as a query to search against A. hypo-
gaea genome. After filtering out redundant and incom-
plete UGT sequences, a total of 267 putative UGTs were
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obtained from A. hypogaea genome. As peanut is an allo-
tetraploid plant (AABB), some of the UGT genes in the
peanut genome exhibit high similarity and identity. If the
AhUGTs shared amino acids sequence identities with
more than 95%, they will be named with the same num-
ber, using A and B to differentiate them. As a result, the
267 AhUGTs were name AhUGTIA-AhUGT196 based
on their chromosomal locations and sequence identi-
ties (Table S2). All AhUGT proteins were confirmed by
the presence of a conserved PSPG domain. The deduced
protein length of AhUGTSs ranged from 231 to 903 amino
acids (average length 473 aa), and the predicted molec-
ular weight (MW) varied from 25.62 (AhUGT29) to
101.33 kDa (AhUGT58B) with a mean value of 53.17 kDa.
The isoelectric point (PI) ranged from 4.66 (AhUGT191)
to 8.78 (AhUGT103B) with an average value of 6.29.
The subcellular localization analysis showed that most
of AhUGTSs were predicted to localize in cytoplasm (54)
and/or plasma membrane (57), while the remaining were
putatively distributed in extracellular matrix (24), chloro-
plast (17), mitochondria (9), nuclear (5) and lysosome (1)
respectively.

To clarify the evolutionary relationship of AhZUGTs,
a phylogenetic tree was constructed by aligning amino
acid sequences of 267 AhUGTs with functionally char-
acterized UGTs from Arabidopsis and other plant spe-
cies (Fig. 1, Table S3). It has been reported that plant
UGTs could be clustered into 18 distinct groups includ-
ing 14 identified groups in Arabidopsis (A to N) as well
as the four new groups (O-R) in maize and other plants
[8]. According to the tree, 267 AhlIGTs were scattered
into 15 major groups, with the lack of members from
group C, Q and R. The expansion/contraction ratios
were calculated to further access the relative expansion
and contraction rates of AhUGT groups [8] (Table S4-
5). An over-representation of eight groups (D-J, and L)
was observed in A. hypogaea, with their expansion ratios
more than 1. There were 53 AhUUGT members in Group
I (19.9% of total AhliGTs), which had the highest expan-
sion ratio (8.63) among all the groups, indicating group I
expanded largely during the evolutionary history of cul-
tivated peanut. On the other hand, five groups (K, M-P)
were under represented (with contraction ratios less than
0.5), the contraction of UGTs in these groups was also
observed in other vascular plants, including Arabidopsis,
rice, and M. truncatula [8].

Gene structure and conserved sequence analysis

To investigate characteristics of AhUGT gene family,
their exon-intron structures and conserved motifs were
examined (Fig. S1). It was found that 71 AhUGT genes
(accounting for 27%) contained no introns. About half
of AhUGTs (138) had one intron, and the remaining 58
members (21%) possessed multiple introns (ranging

Page 5 of 16

from two to five). Among of them, the genomic length of
AhUGTS86 (12,573 bp, in group H) was longest, followed
by AhUGT52A (11,291 bp, in group I), which was due
to the existence of a large-sized intron within the gene
body. Furthermore, a total of 12 conserved motifs were
predicated in AhUGT proteins based on MEME analy-
sis. Motif 7 was the consensus PSPG-box present at the
C-terminal of all AhUGTs. While motif 8, 9, 10, 11, and
12 occurred in most of AhUGTs, other motifs existed
in specific groups. For instance, motif 3 was only found
in group D, B and J, and motif 5 was uniquely present in
group E and J. It should be noted that AZUGTs clustered
in the same group displayed different gene structural pat-
terns, but usually shared similar protein motifs.

Chromosomal distribution and synteny analysis of AhUGT
genes

The chromosomal location of AhUUGT genes was inves-
tigated based on genome annotation retrieved from
the peanut database. Among them, 265 AhUGT genes
(AhUGTIA-AhUGTI194) were unevenly distributed
across 20 chromosomes, while two UGTs (AhUGTI195
and AhUGTI196) were mapped on the scaffolds_194
(Fig. 2). Specifically, B10 has the largest number of
AhUGTs (31), followed by A04 with 26 members, while
only one gene was on A09.

Gene duplication event (including tandem and/or
segmental duplication) was considered as one of impor-
tant driven forces for plant gene expansion and evolu-
tion (Qiao et al., 2019). As a result, 62 pairs of AhUGTs
were found to be originated from tandem duplication,
some UGT gene pairs located closely with each other
to generate paralogous clusters on the chromosomes
(Fig. 2, Table S6). For example, a gene cluster contain-
ing five AhUGTs (AhUGT43-AhliGT47) was observed
with tandem duplication on A04, suggesting there were
hot spots for gene duplication within this region. In
addition, more segmental duplication events (99 pairs
of AWUGT genes) were identified by collinearity analy-
sis (Fig. 3A, Table S6), indicating segmental duplica-
tion might act as one of the main driving forces for the
large-scale expansion of AhUGT genes. To further inves-
tigate selection pressure on the evolution of AhWUGTS,
the ratio of Ka and Ks for duplicated gene pairs was
calculated. As a result, the Ka/Ks values of 61 tandem
(98.39%) and 91 segmental duplicated pairs (91.92%)
were less than 1, indicating that majority of AhUGTs
underwent strong purifying selection during evolution,
leading to limited functional divergence. In contrast,
only one tandem (AhUGT67B1/AhUGT67B2) and two
segmental duplicated pairs (AWUGT16A/AhWUGT131,
AhUGT31A/ARUGT31B) had Ka/Ks ratios greater than
1, suggesting they might have undergone positive selec-
tion with relatively rapid evolution after duplication. The
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Fig. 1 Phylogenetic analysis of AhUGTs in A. hypogaea. The phylogenetic tree was constructed using the maximum likelihood method by aligning the
amino acid sequences of 267 peanut UGTs with those of functionally characterized UGTs from other plant species. The tree was visualized using the
FigTree v1.4.4 program. The UGT members are clustered into 16 groups (A-N, and O, P), and indicated by different colors. Bootstrap values are displayed
on the nodes

tandem duplication time of AhUGTs was estimated to
be occurred between 0.54 and 132.02 million years ago
(MYA), while the segmental duplication showed a tenta-
tive divergence time from 0.79 to 175.75 MYA.
According to previous genome sequencing, biogeo-
graphic and cytogenetic data, Arachis duranensis (AA
genome, 2n=2x=20) and Arachis ipaensis (BB genome,
2n=2x=20) are the two diploid ancestors of allotetra-
ploid A. hypogaea (AABB genome, 2n=4x=40) after

undergoing a series of multiple hybridizations and rep-
lications [37, 50, 51]. To understand the evolutionary
process of UGTs from A. hypogaea and its two putative
ancestral diploids (A. duranensis and A. ipaensis), the
syntenic and collinear relationship maps of ortholo-
gous UGT pairs were constructed. A total of 119 and
138 UGT genes were identified in A. duranensis and A.
ipaensis, respectively (Table S7). Orthologous analysis
of UGT genes from three peanut species showed that
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A. hypogaea (AABB) had 150 and 149 orthologous UGT
pairs with A. duranensis (AA genome) and A. ipaensis
(BB genome), respectively (Fig. 3B, Table S8-9). The UGT
orthologs from the three Arachis species displayed simi-
lar collinearity with each other. For instance, chromo-
somes A10, A04, and AO2 from A. duranensis contained a
higher number of collinear genes with A. hypogaea. Also,
B10, B04 and B02 from A. ipaensis contributed the great-
est number of collinear genes to A. hypogaea. To further
explore the collinearity of the peanut UGT gene family
across model plants, we constructed syntenic maps of
AhUGTs with those in A. thaliana, G. max and G. hirsu-
tum (Fig. S2). Eventually, AhUGT genes exhibited differ-
ent numbers of collinear lines with the three species, and
more orthologous gene pairs were observed in soybean
(81) than those in Arabidopsis (21) and cotton (66) (Table
S$10-12). These collinear AhUGTs were located unevenly
on the 20 chromosomes of A. hypogaea, with B02 and
B10 harboring more collinear AZUGT genes than other
chromosomes.

Analysis of cis- acting elements and transcript expression
pattern of AhUGTs

A cis-acting element is a sequence existed in the flank-
ing sequence of a gene, and is participated in the regu-
lation of gene expression. To investigate the regulatory
mechanism, eighteen different types of cis-acting ele-
ments were characterized in the 1.5 kb upstream region
of AhUGT genes (Fig. S3, Table S13). According to their
functions, these cis-acting elements were classified into
four major categories, including plant hormone, stress
responsiveness, growth and development, and light
responsive elements (Fig. S4, Table S14). Ten types of cis-
acting elements were related to plant hormone category.
Among of them, ABRE (ABA responsiveness), TGACG-
motif (MeJA responsiveness), and TCA-element (SA
responsiveness) were the most abundant plant hormone-
responsive elements, which were present in 66.29%,
50.94%, and 32.96% of the AhUGT genes, respectively.
There were four types elements in the stress responsive-
ness category, including TC-rich repeats (defense and
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stress responsiveness), LTR (low-temperature respon-
siveness), MBS (drought inducibility), and MBSI (regu-
lation of flavonoid metabolism), which accounted for
33.71%, 25.84%, 22.47% and 4.12% of the AhUGTs,
respectively. In addition, CAT-box (meristem expression)

and GCN4_motif (endosperm expression) were found
in the growth and development category, with CAT-box
(28.46%) accounting for a higher percentage than GCN4._
motif (13.11%). Also, two cis-elements (G-box, MRE)
were observed in the light responsiveness category, with



Ouyang et al. BMC Plant Biology (2023) 23:626

G-box being present in 64.04% of AhUGTs, suggesting
light signals might have a significant impact on the tran-
scriptional regulation of AhUGT expression.

Since gene expression is closely related to cis-acting
elements, tissue-specific expression patterns of AhUGTs
were examined in RNA-seq data downloaded from pea-
nutbase, including 22 samples from leaves, roots, shoots,
flowers, pegs, and seeds of different maturation stages.
It was found that 204 (76%) AhUGTs were expressed
(FPKM value>1) in at least one sample (Table S15).
Heatmap showed that AhUGTs within the same group
exhibited distinct expression patterns in different tissues
and developmental stages despite they had similar pro-
tein motifs (Fig. S5).

To investigate the transcriptional response of AhUGT
to abiotic stress, the RNA-seq data were downloaded
from Peanut Genome Resource database. A total of 45
AhUGT transcripts were significantly induced either by
drought or by cold stress (Fig. 4B, Table S16). Addition-
ally, according to our previous transcriptome data [42],
the expression levels of 78 AhlUIGTs were enhanced in
at least one test time point (3, 24, 48 h) after cold treat-
ment (Fig. 4A, Table S17). Based on the two transcrip-
tome results, there were 29 common up-regulated
AhUGTs in response to drought or cold stress (Fig. 4C,
Table S18), most of them belong to group D, E, I and L.
To validate the reliability of transcriptome data, qRT-
PCR analysis was used to detected the transcript level of
nine selected AZUGTs in the roots and leaves of peanut
seedlings under abiotic stress (cold, salt, drought). The
results showed that most of the genes were up-regulated
in response to cold, drought or salt stress, although their
expression profiles in the roots and leaves appeared dis-
tinct (Fig. 5). The expression profiles of most AhUGTs
(except ARUGT152) correlated well between qRT-PCR
results and transcriptome data (Fig. S6), confirming the
reliability of transcriptome.

Biochemical characterization and subcellular localization
analysis of AhUGT75A

Group D was one of major phylogenetic UGT groups in
peanut and model plant species. /G773 subfamily mem-
bers within this group were reported to be involved in
glycosylation of a board range of substrates, including fla-
vonoids and/or terpenes (Table S19) [52, 53]. AhUGT75A
was phylogenetically clustered into group D, and encoded
a peptide of 496 amino acids with a putative molecular
weight of 55.9 KDa. It was designated as UGT73CG33
by the UGT Nomenclature Committee. According to the
tree, AhUGT75A was adjacent to soybean UGT73CI9
and UGT73C20 (Fig. S7), which exhibited glycosylation
activities over diverse flavonoid compounds [54, 55].
For biochemical characterization of AhWUGT75A, it was
expressed in E. coli, then purified from the bacterial
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protein extracts via GST affinity chromatography, and
finally confirmed by SDS-PAGE (Fig. 6A, Fig. S8). The
molecular mass of purified recombinant AhUGT75A
protein was approximately 82 kDa, which agreed with the
theoretically predicted molecular mass of AhUGT75A
plus a GST-tag. In vitro enzyme assays indicated
AhUGT75A showed activities toward different flavonoid
substrates in presence of UDP-glucose as the sugar donor
(Fig. 6B). The best acceptor for AhUGT75A was narin-
genin, followed by liquiritigenin and hesperetin. LC-MS
analysis of the enzyme reaction products showed that
AhUGT75A was able to converted the substrates to gen-
erate their corresponding 7-O-glucosides (e.g. naringenin
7-O-glucosides, neoliquiritin and hesperetin 7-O-gluco-
side), confirming it was a flavonoid 7-O-UGT (Fig. 6C-
D). Next, the kinetic parameters of AhUGT75A toward
naringenin and liquiritigenin were measured with UDP-
glucose as the sugar donor. The K, values of naringenin
and liquiritigenin were 73.0£8.0 uM, and 72.5+£9.0 pM,
respectively. The K_,,/K,,, values of AhUGT75A for narin-
genin and liquiritigenin were similar (Table 1).

To determine subcellular location, AhUGT75A-GFP
fusion protein was transiently expressed in Arabidopsis
protoplasts. The green fluorescence signal of AWUGT75A
fusion protein was localized to mitochondria, which
overlapped with the red fluorescence signal of mitochon-
dria marker, whereas the control GFP protein was distrib-
uted throughout the cell (Fig. 6E). These results indicated
that AhUGT75A localized to mitochondria.

Overexpression of AhUGT75A confers enhanced abiotic
stress tolerance in Arabidopsis

The transcript level of AhUGT75A was significantly up-
regulated in the roots of the seedlings under cold, salt
and/or drought stress (Fig. 5A), indicating it participate
in peanut abiotic stress response. To obtain insights into
the physiological roles of AhUUGT75A, we overexpressed
the AhUGT75A ORF in Arabidopsis. Three independent
transgenic lines with differing AhUUGT75A transcript lev-
els were selected for stress tolerance analysis (Fig. S9).
When they were exposed to drought and/or salt stress
treatments, the overexpressing plants showed better
growth performance, less electrolyte leakage, and lower
MDA contents compared with wild type (WT), to vary-
ing degrees (Fig. 7A-C). Moreover, NBT staining was
performed for detecting superoxide level. The three over-
expressing lines exhibited lighter and narrow staining
than those of the WT plants under stressful conditions,
indicating that they accumulated less contents of super-
oxide (Fig. 7D). These results suggest that AhUGT75A
might be involved in ROS scavenging, and thus enhanced
tolerance to abiotic stress.
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Fig. 4 Transcriptomic analysis of AhUGTs in response to abiotic stress. A Expression patterns of 78 cold-induced AhUGTs in leaves after cold treatment
at 0, 3, 24, 48 h. The data were download from NCBI database. B Expression profiles of 45 up-regulated AhUGT transcripts under cold or drought stress.
The data were derived from Peanut Genome Resource database. CK indicated control seedlings grown in the normal condition. C Venn diagram shows
29 common up-regulated AhUGTs in response to drought or cold stress derived from the two transcriptome results. The AhUGTs were classified into 16
different groups with different color based on phylogenetic tree. FPKM values were obtained from the RNA transcriptome, and the expression levels
of AhUGTs were normalized by log, (FPKM + 1) to performed heatmap analysis. The red color in the boxes indicates high expression level, while green

represents low level in the heatmap
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Fig. 5 gRT-PCR analysis of transcript levels of AhUGTs in roots (A) and leaves (B) of peanut seedlings under abiotic stress. No treatment control (0 h) was
normalized as“1". Error bars indicate the standard error of three biological replicates
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Fig. 6 Enzymatic assay and subcellular localization of AhUGT75A. A SDS-PAGE analysis of purified recombinant AhUGT75A. The original uncropped
image of protein gel electrophoresis was shown in Fig. S8. B In vitro enzyme activities of recombinant AhUGT75A toward various flavonoids with the
presence of UDP-glucose. C HPLC analysis of the products from the reaction catalyzed by recombinant AhUGT75A using naringenin, liquiritigenin or
hesperetin as substrate. CK was negative control reaction without protein. D Mass spectrum identification of glucosylation products of enzyme reactions.
E Subcellular localization analysis of AhUGT75A. PC1300-35S:AhUGT75A-GFP or PC1300-35S:GFP empty vector was transformed into Arabidopsis proto-
plasts expressing a red fluorescent mitochondrion marker (mitochondrion-RFP) using PEG-mediated method, respectively

Table 1 Analysis of the kinetic parameters of recombinant

AhUGT75A protein

Substrates Voo (PKat K (s71) K (MM) Keat/Km
mg—1) (M—'Is—1)

Naringenin 2183.0£794 0.180+0.007 73.0+80 24583

Liquiritigenin -~ 2254+94.03 0.185£0.008 72.56+9.08 2554.7

Discussion

Significant expansion of AhUGTs in peanut genome

The UGT multigene family has been profiled in a vari-
ety of plant species, such as Arabidopsis [56], wheat [57],
grape [58] and peach [59]. In current study, a systematic
analysis of the UGT family was conducted in peanut,
and 267 AhUGT genes have been identified. The num-
ber of peanut UGTs was more than that in many other
higher plants, including rice (182) [8], maize (147) [9],
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Fig. 7 Overexpression of AhUGT75A in Arabidopsis confers enhanced tolerance against abiotic stress. The growth phenotypes (A), electrolyte leakage
(B), malondialdehyde (MDA) content (C) and nitrobluetetrazolium (NBT) staining (D) of wild type (WT) and three overexpressing lines under drought
and salt stress conditions. Three-week-old seedlings were subjected for stress treatments. For drought stress, the plants were left without watering for 17
days, then re-irrigation for recovery for 3 days. For salt stress, the plants were irrigated with 200 mM NaCl solution instead of water for every 3 days, then
the performances of the plants were photographed and the leaves were harvested at five and seven days after salt stress treatment. Plants grown under
normal condition (CK) were used as control. Three biological replications for each experiment were taken, one-way ANOVA was used to determine the
mean comparison with +SEM (**P<0.01, *P < 0.05). Error bars indicate the standard error of three biological replicates

and soybean (149) [10], but less than that in M. sativa
(409) [11]. The relative expansion of AhUGT gene fam-
ily may be related to the recent whole genome-wide
duplication events, as well as many segmental and tan-
dem duplications during evolution in allopolyploid A.
hypogaea. According to phylogenetic tree, AhUGT gene
family contained 15 groups (Fig. 1), including 13 groups
in Arabidopsis (with absence of group C) and two newly
discovered group O and P. The lack of group C was also
observed in M. truncatula and other plants [8]. Previous
studies indicated that group E was the largest group in
most plant species, including Arabidopsis (25), rice (36)
(Table S4). However, group I has greatly expanded to
contain the largest number of UGT genes (53 AhlUGTS)
in peanut, accounting for 19.9% of total putative UGTs.
Similar results were found in another legume M. sativa
[11]. Gene duplication is important for gene family
expansion, and might give rise to gene clusters on chro-
mosomes. In this study, about 70% AAUGT genes in
group I underwent either tandem or segmental duplica-
tion events. It should be noted that AhUGTs from this
group were found to form large gene clusters and located
specifically on the chromosomes A04, B04, A10, and B10.
As previously reported, rice UGT83A1 (GSA1), belong-
ing to group I, was demonstrated to be induced by abiotic
stresses, and catalyze flavonoid glycosylation to enhance
plant tolerance [60]. Also, overexpression of an apple
MdUGTS83L3 (Md09G1064900) from group I increased
anthocyanin accumulation in callus tissue and improved
ROS scavenging capacity under salt and cold stress
[61]. According to our transcriptome data, about half
of AhUGTs in group I was up-regulated by cold and/or

drought stress (Fig. 4). qRT-PCR analysis also confirmed
that the transcript levels of AhUGT186 and AhUGT117B
were significantly increased under cold, salt and/or
drought stress both in leaves and roots of the seedlings.
These findings suggested significant expansion of group
I would facilitate the evolution of peanut in adapting to
different environmental stress conditions.

AhUGTs are involved in peanut growth and abiotic stress
response

Plant UGTs play an essential role in regulating growth
and development. To explore the function of AWUGTs
in peanut, the transcriptional patterns in various tissues
and during different developmental stages were analyzed
based on the online RNA-seq data. It was found that 204
(76%) AhUGT genes were expressed in at least one tissue.
Similar patterns were discovered in maize and Linum
usitatissimum, wherein 82% and 73% of UGT genes were
found to be expressed in at least one tissue [9, 62]. Nota-
bly, three AhUUGTs belonging to group E (AhUGT83A,
AhUGT83B and AhliGT176) showed constitutive high
expression levels (with FPKM value more than 10) in all
the 22 sample tissues, indicating they might be involved
in growth and development of peanut. Accumulated
genetic evidences have suggested that UGT families
can broadly participate in the plant response to abiotic
stresses [63]. ABA acts as a major signaling molecule
involved in response to drought stress through regulat-
ing developmental and physiological processes in crops,
including stomata closure. In this study, 177 AhUGT
genes were found to contain ABA responsiveness cis-
acting elements (ABRE) in their promoter regions,
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90 AhUGTs possess TC-rich repeat elements that are
involved in defense and stress responsiveness, and 69
genes have low-temperature responsiveness (LTR) ele-
ments. Taken together, nearly 80% of AhUGT genes con-
tained at least one type of stress responsiveness cis-acting
elements (ABRE, LTR, TC-rich), suggesting their poten-
tial involvements in abiotic stress response. Accord-
ingly, a total of 94 AhUGT transcripts were significantly
induced either by drought or by low temperature stress
based on the RNA-seq results (Table S16-17), most of
which were found to have ABRE, LTR or TC-rich cis-
acting elements in their promoter regions, indicating that
AhUGTs were broadly involved in abiotic stress response
in peanut.

AhUGT75A plays important roles in abiotic stress tolerance
through ROS scavenging

During last two decades, many UGTs have been exten-
sively studied regarding their expression profiles, enzyme
activities, and biological roles in various plant species.
UGT73 belonging to the group D was one of well-char-
acterized family, whose members displayed broad activi-
ties toward diverse substrates, including terpenoids [52],
flavonoids [53], and brassinosteroids [64]. Given the rich
sources of flavonoids in peanuts, it was proposed that
many flavonoid-modifying {/GTs might exist in the pea-
nut genome. In present study, we identified AWUGT75A
(UGT73CG33), a stress-induced peanut UGT belonging
to UGT73 family in group D. Like soybean UGT73CI9
and UGT73C20 [54, 55], AhUGT75A was character-
ized as a flavonoid 7-O-UGT by in vitro enzyme assays.
Also, the transcript level of AWUGT75A was strongly
induced by abiotic stress. Overexpression of AhUGT75A
in Arabidopsis enhance tolerance against drought and
salt stress. The level of lipid peroxidation was evaluated
by measuring MDA content. The lower accumulation
of MDA and lighter NBT staining in the overexpressing
lines suggested that they were suffered from less oxida-
tive damage caused by drought or salt stress. Similarly,
the GmUGT73F4 transgenic Arabidopsis plants showed
higher antioxidant enzyme activities (superoxide dis-
mutase, catalase, peroxidase), and less content of MDA
and H,O, than the WT plants when exposed to high
temperature treatments [24]. As a homologous protein
of soybean GmUGT73F2, GmUGT73F4 was reported to
exhibited glycosylation activities towards the flavonoids
that involved in antioxidant and scavenging oxygen free
radicals [65]. Taken together, UGT73 family members,
including AhUGT?75A, played important roles in enhanc-
ing tolerance to abiotic stresses probably through ROS
scavenging.
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Conclusions

This study provided comprehensive insights into the phy-
logenetic relationships, gene structures, duplications,
and expression profiling of UDP-glycosyltransferases
in A. hypogaea. A total of 267 AhlUUGTs were identified
in peanut genome. The AhUGT genes were distributed
unevenly among the 20 chromosomes, and clustered into
15 phylogenetic groups with a significant expansion of
group I. Segmental duplication was the major driver for
AhUGT gene family expansion. Expression profiles analy-
sis indicated AhUGTs were involved in peanut growth
and abiotic stress response. AhUGT75A was induced
by abiotic stress and identified as a flavonoid 7-O-UGT
belonging to UGT73 subfamily, which played important
roles in conferring abiotic stress tolerance through ROS
scavenging.

Abbreviations

Aa Amino acids

ABA Abscisic acid

ABRE Abscisic acid responsiveness element

kDa Kilo Dalton

LTR Low temperature response
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gRT-PCR  Quantitative Real-time Polymerase Chain Reaction

SA Salicylic acid
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Supplementary Material 1: Fig. S1 Gene structure and conserved pro-
tein motifs of AhUGT family members. A The phylogenetic tree of AhUGTs.
B Exon-intron structure of AhUGT genes. Red boxes represent coding
sequences, blue boxes are untranslated regions, and black lines indicate
introns. C Conserved protein motifs in AhUGTs. Fig. S2 Syntenic relation-
ship analysis of UGTs between A. hypogaea and other plant species.
MCScanX program was used to analyze the orthologous genes between
A. hypogaea and A. thaliana, G. max and G. hirsutum. Gray lines represent all
orthologous gene pairs, and color lines highlight UGT orthologous gene
pairs. Fig. S3 Predicted cis-acting elements in the promoter regions of
AhUGT genes. A The phylogenetic tree. B Prediction of cis-acting elements
in the 1500 bp upstream region of AhUGT gene transcription start site. Fig.
S4 Classification and annotation of cis-acting elements in the promoter
regions of AhUGTs. The values on the top of bar indicate the number of
cis-acting elements. Fig. S5 Transcriptional expression profiles of AhUGTs
in various peanut tissues and different developmental stages. The AhUGTs
were classified into 15 different groups with different color based on
phylogenetic tree. FPKM values were obtained from the RNA-seq data, and
the expression levels of AhUGTs were normalized by log, (FPKM+ 1), with
red to green indicating high to low gene expression level in the heatmap.
Fig. S6 Analysis of transcriptional patterns of nine selected AhUGTs in
response to cold stress. The expression levels of AhUGTs were analyzed by
gRT-PCR (shown by green bars) and transcriptome data (indicated by red
lines). No treatment control (0 h) was normalized as“1". Error bars indicate
the standard error of three biological replicates. The expression profiles

of most AhUGTs (except AhUGT152) correlated well between gRT-PCR
results and transcriptome data. Fig. S7 Phylogenetic analysis of AhUGTs
from group D. The phylogenetic tree was constructed using the maximum
likelihood method by aligning the amino acid sequences of 31 AhUGTs
from group D with those of functionally characterized UGT73 subfamily
members from other plant species. Fig. S8 SDS-PAGE analysis of purified
recombinant AhUGT75A. This is the original uncropped image of protein
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gel electrophoresis. The red rectangle region in this image corresponds to
Fig. 6A. Fig. S9 gRT-PCR analysis of relative transcript level of AhUGT75A in
three overexpressing lines and wild type Arabidopsis plants. Tubulin was
used as an internal reference gene. Data were derived from three biologi-
cal replicates and are presented as means + SEM

Supplementary Material 2: Table S1. Primers used in this study. Table
S2. Idenfication and physical properties of Family-1 UDP-glycosyltransfer-
ases members in Arachis hypogaea. Table S3. Functionally characterized
UGTs from other plant species. Table S4. The number of UGTs identified
for each phylogenetic group in different plant species. *gymnosperm-
divergent groups (G-DVs) *free-sporing plant divergent groups (FS-DVs)
*Outgroup (OG). Table S5. The relative expansion and contraction ratio
of UGT group in different plants. *gymnosperm-divergent groups (G-DVs)
*free-sporing plant divergent groups (FS-DVs) *Outgroup (OG). Table S6.
The Ka/Ks ratios for duplicated AhUGT genes in Arachis hypogaea. Table
S7.Idenfication and physical properties of UGT members in two ancestral
diploid peanuts. Table S8. Orthologous UGT gene pairs between Arachis
hypogaea and Arachis duranensis. *The size of the colinearity region. Table
S9. Orthologous UGT gene pairs between Arachis hypogaea and Arachis
ipaensis. *The size of the colinearity region. Table S10. Orthologous UGT
gene pairs between Arachis hypogaea and Glycine max. *The size of the
colinearity region. Table S11. Orthologous UGT gene pairs between
Arachis hypogaea and Arabidopsis thaliana. *The size of the colinearity re-
gion. Table S12. Orthologous UGT gene pairs between Arachis hypogaea
and Gossypium hirsutum. *The size of the colinearity region. Table S13.
Prediction of cis-acting elements in the promoter regions of AhUGT genes.
Table S14. Summary of cis-acting elements in the promoter of AhUGT
genes. Table S15. Transcript levels of AhUGTs in various tissues and differ-
ent developmental stages. RNA-seq data were derived from peanutbase
website database. The values represent Fragment Per Kilobase Million.
Table S16. Transcriptional level of AhUGTs in response to cold or drought
stress. The RNA-data were derived from Peanut Genome Resource. Plants
grown under normal condition (CK) were used as control. Table S17.
Transcriptional level of AhUGTs after cold stress at different treatment time
point. RNA-seq data were derived from NCBI. Table S18. 29 common
up-regulated AhUGTs in response to drought or cold stress from the two
RNA-seq data. Table $19. Functionally characterized UGT73 subfamily
members in plant species

Acknowledgements
Not applicable.

Author contributions

YL, B.L.and XW. conceived and designed the work; LO, Yue L, R, B.Y.
and YK. performed the experiment; L.O. and D.H.L. analyzed the data; LY.,
Y.C, DXH.and H.J. provided technical assistance; L.O. and X.W. wrote the
manuscript; Y.L. and B.L. reviewed and revised the manuscript. All authors
reviewed the manuscript.

Funding

This work was supported by a grant from the National Natural Science
Foundation of China (No. 32170278); the earmarked fund for China
Agricultural Research System (CARS-13), and the Agricultural Science and
Technology Innovation Program of Chinese Academy of Agricultural Sciences
(No. CAAS-ASTIP-2021-OCRI).

Data Availability

All databases used in this study are open for public and the links are as follows:

Peanutbase: https://www.peanutbase.org, NCBI: https://www.ncbi.nlm.
nih.gov/, Pfam: http://pfam.xfam.org, SMART: http://smart.embl.de, MEME:
https.//meme-suite.org, FigTree: http://tree.bio.ed.ac.uk/, PlantGDB: http://
www.plantgdb.org, PlantCARE: http://bioinformatics.psb.ugent.be/webtools/
plantcare/, Peanut Genome Resource: http://peanutgrfafu.edu.cn, ExPASy:
https://prosite.expasy.org, CELLO: http://cello.life.nctu.edu.tw, TAIR: http://
www.arabidopsis.org/, CottonGen: https://www.cottongen.org, GSDS: http://
gsds.gao-lab.org. The accession numbers of AhUGTs are listed in Table S2.

All the nucleotide and protein sequences of AhUGTs are available on the
Peanutbase: https://www.peanutbase.org.

Page 14 of 16

Declarations

Ethics approval and consent to participate

The peanut (Arachis hypogaea) cultivar Zhonghua-215 is an elite variety
released by Oil Crops Research Institute Chinese Academy of Agricultural
Sciences, and has been deposited to the Oil Crops Middle-term Gene bank of
China. This plant materials don't include any wild species at risk of extinction.
No specific permits are required for sample collection in this study. We
comply with relevant institutional, national, and international guidelines and
legislation for plant study.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Key Laboratory of Biology and Genetic Improvement of Oil Crops,
Ministry of Agriculture and Rural Affairs, Oil Crops Research Institute of
the Chinese Academy of Agricultural Sciences, Wuhan 430062, PR. China
“State Key Laboratory of Biocatalysis and Enzyme Engineering, School of
Life Sciences, Hubei University, Wuhan 430062, PR. China

Received: 13 June 2023 / Accepted: 1 December 2023
Published online: 07 December 2023

References

1. Nadarajah KK. ROS Homeostasis in Abiotic stress tolerance in plants. Int J Mol
Sci. 2020;21(15):5208.

2. Kopecka R, Kameniarova M, Cerny M, Brzobohaty B, Novak J. Abiotic stress in
Crop Production. Int J Mol Sci. 2023;24(7):6603.

3. Zandalinas SI, Balfagon D, Gomez-Cadenas A, Mittler R. Plant responses to
climate change: metabolic changes under combined abiotic stresses. J Exp
Bot. 2022;73(11):3339-54.

4. Nakabayashi R, Saito K. Integrated metabolomics for abiotic stress responses
in plants. Curr Opin Plant Biol. 2015;24:10-6.

5. LeRoy J, Huss B, Creach A, Hawkins S, Neutelings G. Glycosylation is a Major
Regulator of Phenylpropanoid availability and biological activity in plants.
Front Plant Sci. 2016;7:735.

6. Caputi L, Malnoy M, Goremykin V, Nikiforova S, Martens S. A genome-wide
phylogenetic reconstruction of family 1T UDP-glycosyltransferases revealed
the expansion of the family during the adaptation of plants to life on land.
Plant J. 2012,69(6):1030-42.

7. Yonekura-Sakakibara K, Hanada K. An evolutionary view of functional diver-
sity in family 1 glycosyltransferases. Plant J. 2011;66(1):182-93.

8. Wilson AE, Tian L. Phylogenomic analysis of UDP-dependent glycosyltrans-
ferases provides insights into the evolutionary landscape of glycosylation in
plant metabolism. Plant J. 2019;100(6):1273-88.

9. LiYJ,LiPWangY, Dong RR, Yu HM, Hou BK. Genome-wide identification and
phylogenetic analysis of Family-1 UDP glycosyltransferases in maize (Zea
mays). Planta. 2014;239(6):1265-79.

10.  Rehman HM, Nawaz MA, Bao L, Shah ZH, Lee JM, Ahmad MQ, Chung G, Yang
SH. Genome-wide analysis of Family-1 UDP-glycosyltransferases in soybean
confirms their abundance and varied expression during seed development. J
Plant Physiol. 2016,206:87-97.

11. Ao B, Han YY,Wang SS, Wu F, Zhang JY. Genome-wide Analysis and Profile of
UDP-Glycosyltransferases Family in Alfalfa (Medicago sativa L.) under Drought
stress. Int J Mol Sci. 2022;23(13):7243.

12. Xiao XH, Lu QW, Liu RX, Gong JW, Gong WK, Liu AY, Ge Q, Li JW, Shang HH,

Li PT. Genome-wide characterization of the UDP-glycosyltransferase gene
family in upland cotton. 3 Biotech. 2019;,9(12):1-12.

13. Bowles D, Isayenkova J, Lim EK, Poppenberger B. Glycosyltransferases: man-
agers of small molecules. Curr Opin Plant Biol. 2005,8(3):254-63.

14. Zhang WJ, Wang S, Yang J, Kang CZ, Huang LQ, Guo LP. Glycosylation of plant
secondary metabolites: regulating from chaos to harmony. Environ Exp Bot.
2022;194:104703.


https://www.peanutbase.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://pfam.xfam.org
http://smart.embl.de
https://meme-suite.org
http://tree.bio.ed.ac.uk/
http://www.plantgdb.org
http://www.plantgdb.org
http://bioinformatics.psb.ugent.be/webtools/plantcare/
http://bioinformatics.psb.ugent.be/webtools/plantcare/
http://peanutgr.fafu.edu.cn
https://prosite.expasy.org
http://cello.life.nctu.edu.tw
http://www.arabidopsis.org/
http://www.arabidopsis.org/
https://www.cottongen.org
http://gsds.gao-lab.org
http://gsds.gao-lab.org
https://www.peanutbase.org

Ouyang et al. BMC Plant Biology

20.

22.

23.

24.

25,
26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

(2023) 23:626

Li P LiYJ, Wang B, Yu HM, Li Q, Hou BK. The Arabidopsis UGT87A2, a stress-
inducible family 1 glycosyltransferase, is involved in the plant adaptation to
abiotic stresses. Physiol Plant. 2017;159(4):416-32.

Li Q Yu HM, Meng XF, Lin JS, Li YJ, Hou BK. Ectopic expression of glycos-
yltransferase UGT76E11 increases flavonoid accumulation and enhances
abiotic stress tolerance in Arabidopsis. Plant Biol. 2018;20(1):10-9.

Li P, LiYJ, Zhang FJ, Zhang GZ, Jiang XY, Yu HM, Hou BK. The Arabidopsis
UDP-glycosyltransferases UGT79B2 and UGT79B3, contribute to cold, salt and
drought stress tolerance via modulating anthocyanin accumulation. Plant J.
2017,89(1):85-103.

Zhao MY, Cai BB, Jin JY, Zhang N, Jing TT, Wang JM, Pan YT, Zhou ZX, Zhao
YF, Feng YY, et al. Cold stress-induced glucosyltransferase CSUGT78A15 is
involved in the formation of Eugenol Glucoside in Camellia sinensis. Hortic
Plant J. 2020;,6(6):439-49.

Zhao MY, Jin JY, Gao T, Zhang N, Jing TT, Wang JM, Ban QY, Schwab W, Song
CK. Glucosyltransferase CsUGT78A14 regulates Flavonols Accumulation and
reactive oxygen species scavenging in response to cold stress in Camellia
sinensis. Front Plant Sci. 2019;10:1675.

Zhao MY, Zhang N, Gao T, Jin JY, Jing TT, Wang JM, Wu Y, Wan XC, Schwab

W, Song CK. Sesquiterpene glucosylation mediated by glucosyltransferase
UGT91Q2 is involved in the modulation of cold stress tolerance in tea plants.
New Phytol. 2020,226(2):362-72.

Huang J, Li J, Yue JY, Huang ZL, Zhang LB, Yao W, Guan R, Wu JL, Liang JC,
Duan LX, et al. Functional characterization of a Novel glycosyltransferase
(UGT73CD1) from Iris tectorum Maxim for the substrate promiscuity. Mol
Biotechnol. 2021;63(11):1030-9.

Augustin JM, Drok S, Shinoda T, Sanmiya K, Nielsen JK, Khakimov B, Olsen CE,
Hansen EH, Kuzina V, Ekstrom CT, et al. UDP-Glycosyltransferases from the
UGT73C subfamily in Barbarea vulgaris catalyze sapogenin 3-O-Glucosylation
in saponin-mediated insect resistance. Plant Physiol. 2012;160(4):1881-95.
Jones P, Messner B, Nakajima JI, Schaffner AR, Saito K. UGT73C6 and
UGT78D1, glycosyltransferases involved in Flavonol Glycoside Biosynthesis in
Arabidopsis thaliana. J Biol Chem. 2003,278(45):43910-8.

Hu HM, Qian PP, Ye MY, Mu KB, Wang S, Chen M, Ma H. GmUGT73F4 plays
important roles in enhancing seed vitality and tolerance to abiotic stresses in
transgenic Arabidopsis. Plant Cell Tiss Org. 2022;150(2):313-28.

Arya SS, Salve AR, Chauhan S. Peanuts as functional food: a review. J Food Sci
Tech.2016,53(1):31-41.

Francisco MLDL, Resurreccion AVA. Functional Components in Peanuts. Crit
Reviews Food Sci Nutr. 2008;48(8):715-46.

Wang CB, Cheng B, Zheng YP, Sha JF, Li AD, Sun XS. Effects of temperature

to seed emergence, Seedling Growth and Anthesis of Peanut. J Peanut Sci.
2003;32(4):7-11.

Bell MJ, Gillespie TJ, Roy RC, Micheals TE, Tollenaar M. Peanut Leaf photosyn-
thetic activity in cool Field environments. Crop Sci. 1994;34(4):1023-9.
Juliano FF, Alvarenga JFR, Lamuela-Raventos RM, Massarioli AP, Lima LM,
Santos RC, Alencar SM. Polyphenol analysis using high-resolution mass
spectrometry allows differentiation of drought tolerant peanut genotypes. J
Sci Food Agr. 2020;100(2):721-31.

Katoh K, Standley DM. MAFFT multiple sequence alignment Software
Version 7:improvements in performance and usability. Mol Biol Evol.
2013,30(4):772-80.

Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE: a fast and effec-
tive stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol Biol Evol. 2015;32(1):268-74.

Voorrips RE, MapChart. Software for the graphical presentation of linkage
maps and QTLs. J Hered. 2002;93(1):77-8.

Wang YP, Tang HB, Debarry JD, Tan X, Li JP, Wang XY, Lee TH, Jin HZ, Marler B,
Guo H, et al. MCScanX: a toolkit for detection and evolutionary analysis of
gene synteny and collinearity. Nucleic Acids Res. 2012,40(7):e49.

Schmutz J, Cannon SB, Schlueter J, Ma JX, Mitros T, Nelson W, Hyten DL, Song
QJ, Thelen JJ, Cheng JL, et al. Genome sequence of the palaeopolyploid
soybean. Nature. 2010;463(7278):178-83.

Zhang TZ, Hu'Y, Jiang WK, Fang L, Guan XY, Chen JD, Zhang JB, Saski CA,
Scheffler BE, Stelly DM, et al. Sequencing of allotetraploid cotton (Gossy-
pium hirsutum L. Acc. TM-1) provides a resource for fiber improvement. Nat
Biotechnol. 2015;33(5):531-7.

Chen CJ, Chen H, Zhang Y, Thomas HR, Frank MH, He YH, Xia R. TBtools: an
integrative Toolkit developed for interactive analyses of big Biological Data.
Mol Plant. 2020;13(8):1194-202.

Bertioli DJ, Cannon SB, Froenicke L, Huang GD, Farmer AD, Cannon EKS,

Liu X, Gao DY, Clevenger J, Dash S, et al. The genome sequences of Arachis

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 15 of 16

duranensis and Arachis Ipaensis, the diploid ancestors of cultivated peanut.
Nat Genet. 2016;48(4):438-46.

Guo AY, Zhu QH, Chen X, Luo JC. GSDS: a gene structure display server. Here-
ditas. 2007;29(8):1023-6.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren JY, Li WW,
Noble WS. MEME SUITE: tools for motif discovery and searching. Nucleic
Acids Res. 2009;37(suppl2):W202-8.

Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, Rouzé P, Rom-
bauts S. PlantCARE, a database of plant cis-acting regulatory elements and a
portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res.
2002;30(1):325-7.

Clevenger J, Chu'Y, Scheffler B, Ozias-Akins P. A Developmental Transcriptome
Map for Allotetraploid Arachis hypogaea. Front Plant Sci. 2016;7:1446.

Wang X, LiuY, Han ZK, Chen YN, Huai DX, Kang YP, Wang ZH, Yan LY, Jiang HF,
LeiY, et al. Integrated Transcriptomics and Metabolomics Analysis Reveal Key
Metabolism pathways contributing to Cold Tolerance in Peanut. Front Plant
Sci. 2021;12:752474.

Zhuang WJ, Chen H, Yang M, Wang JP, Pandey MK, Zhang C, Chang WC,
Zhang LS, Zhang XT, Tang RH, et al. The genome of cultivated peanut
provides insight into legume karyotypes, polyploid evolution and crop
domestication. Nat Genet. 2019;51(5):865-76.

Wang X, LiuY, Huai DX, Chen YN, Jiang YF, Ding YB, Kang YP, Wang ZH, Yan LY,
Jiang HF, et al. Genome-wide identification of peanut PIF family genes and
their potential roles in early pod development. Gene. 2021;781:145539.

Sun B, Zhang F, Xiao N, Jiang M, Yuan Q, Xue SL, Miao HY, Chen Q, Li MY, Wang
XR, et al. An efficient mesophyll protoplast isolation, purification and PEG-
mediated transient gene expression for subcellular localization in Chinese
kale. Sci Hortic. 2018;241:187-93.

Wang X, Fan R, Li J, Li CF, Zhang YS. Molecular cloning and functional charac-
terization of a Novel (Iso) flavone 4, 7-Odiglucoside glucosyltransferase from
Pueraria lobata. Front Plant Sci. 2016;7:387.

Sheikh MO, Halmo SM, Patel S, Middleton D, Takeuchi H, Schafer CM, West
CM, Haltiwanger RS, Avci FY, Moremen KW, et al. Rapid screening of sugar-
nucleotide donor specificities of putative glycosyltransferases. Glycobiology.
2017;27(3):206-12.

Clough SJ. Floral dip: Agrobacterium-mediated germ line transformation.
Methods Mol Biol. 2005;286:91-102.

Shi'Y, Phan H, Liu YJ, Cao SY, Zhang ZH, Chu CC, Schlappi MR. Glycosyltransfer-
ase OsUGT90A1 helps protect the plasma membrane during chilling stress in
rice. J Exp Bot. 2020;71(9):2723-39.

Moretzsohn MC, Gouvea EG, Inglis PW, Leal-Bertioli SCM, Valls JFM, Bertioli DJ.
A study of the relationships of cultivated peanut (Arachis hypogaea) and its
most closely related wild species using intron sequences and microsatellite
markers. Ann Bot. 2013;111(1):113-26.

Seijo G, Lavia GI, Fernandez A, Krapovickas A, Ducasse DA, Bertioli DJ,
Moscone EA. Genomic relationships between the cultivated peanut (Arachis
hypogaea, Leguminosae) and its close relatives revealed by double GISH. Am
J Bot. 2007;94(12):1963-71.

Caputi L, Lim EK, Bowles DJ. Discovery of new biocatalysts for the glycosyl-
ation of terpenoid scaffolds. Chemistry. 2008;14(22):6656-62.

Lim EK, Ashford DA, Hou B, Jackson RG, Bowles DJ. Arabidopsis glycosyltrans-
ferases as biocatalysts in fermentation for regioselective synthesis of diverse
quercetin glucosides. Biotechnol Bioeng. 2004;87(5):623-31.

Di SK, Yin QG, Xia YY, Pang YZ. Functional characterization of a UDP: flavonoid
glycosyltransferase gene UGT73C19 in Glycine max. Scientia Agricultura
Sinica. 2019;52(20):3507-19.

Yin QG, Shen GA, Di SK, Fan CY, Chang ZZ, Pang YZ. Genome-wide
identification and functional characterization of UDP-Glucosyltransferase
genes involved in flavonoid biosynthesis in Glycine max. Plant Cell Physiol.
2017,58(9):1558-72.

LiY, Baldauf S, Lim EK, Bowles DJ. Phylogenetic analysis of the UDP-
glycosyltransferase multigene family of Arabidopsis thaliana. J Biol Chem.
2001,276(6):4338-43.

HeY, Ahmad D, Zhang X, Zhang Y, Wu L, Jiang P, Ma HX. Genome-wide
analysis of family-1 UDP glycosyltransferases (UGT) and identification of

UGT genes for FHB resistance in wheat (Triticum aestivum L). BMC Plant Biol.
2018;18(1):67.

Wei YZ, Mu HY, Xu GZ,Wang Y, Li Y, Li SH, Wang LJ. Genome-wide analysis and
functional characterization of the UDP-Glycosyltransferase family in grapes.
Horticulturae. 2021;7(8):204.

Wu BP, Gao LX, Gao J, Xu YY, Liu HR, Cao XM, Zhang B, Chen KS. Genome-
wide identification, expression patterns, and functional analysis of UDP



Ouyang et al. BMC Plant Biology

60.

62.

63.

(2023) 23:626

Glycosyltransferase Family in Peach (Prunus persica L. Batsch). Front Plant Sci.
2017;8:389.

Dong NQ, Sun YW, Guo T, Shi CL, Zhang YM, Kan Y, Xiang YH, Zhang H, Yang
YB, Li YC, et al. UDP-glucosyltransferase regulates grain size and abiotic stress
tolerance associated with metabolic flux redirection in rice. Nat Commun.
2020;11(1):2629.

LiYJ,Li P Zhang L, Shu J, Court MH, Sun ZJ, Jiang LP, Zheng CC, Shu HR, Ji LS,
et al. Genome-wide analysis of the apple family 1 glycosyltransferases identi-
fied a flavonoid-modifying UGT, MdUGT83L3, which is targeted by MdMYB88
and contributes to stress adaptation. Plant Sci. 2022,321:111314.

Barvkar VT, Pardeshi VC, Kale SM, Kadoo NY, Gupta VS. Phylogenomic analysis
of UDP glycosyltransferase 1 multigene family in Linum usitatissimum identi-
fied genes with varied expression patterns. BMC Genomics. 2012;13:175.

Wu CL, Dai J, Chen ZS, Tie WW, Yan Y, Yang H, Zeng J, Hu W. Comprehensive
analysis and expression profiles of cassava UDP-glycosyltransferases (UGT)

64.

65.

Page 16 of 16

family reveal their involvement in development and stress responses in cas-
sava. Genomics. 2021;113(5):3415-29.

Poppenberger B, Fujioka S, Soeno K, George GL, Vaistij FE, Hiranuma S, Seto
H, Takatsuto S, Adam G, Yoshida S, et al. The UGT73C5 of Arabidopsis thaliana
glucosylates brassinosteroids. P Natl Acad Sci USA. 2005;102(42):15253-8.
Dhaubhadel S, Farhangkhoee M, Chapman R. Identification and characteriza-
tion of isoflavonoid specific glycosyltransferase and malonyltransferase from
soybean seeds. J Exp Bot. 2008;59(4):981-94.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Genome-wide analysis of UDP-glycosyltransferase gene family and identification of a flavonoid 7-﻿O-﻿UGT (﻿AhUGT75A﻿) enhancing abiotic stress in peanut (﻿Arachis hypogaea﻿ L.)
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Plant materials, growth condition and stress treatment
	﻿Identification of UGTs in peanut
	﻿Multiple sequence alignment and phylogenetic analysis
	﻿Chromosomal location and gene duplication
	﻿Analysis of gene structure and conserved motifs
	﻿Cis-acting element analysis and gene expression pattern
	﻿qRT-PCR analysis of ﻿AhUGTs﻿
	﻿Subcellular localization analysis
	﻿Heterologous expression and in vitro enzyme assay
	﻿Arabidopsis transformation and stress treatment

	﻿Results
	﻿Identification and phylogenetic analysis of UGT gene family in ﻿A. hypogaea﻿
	﻿Gene structure and conserved sequence analysis
	﻿Chromosomal distribution and synteny analysis of ﻿AhUGT﻿ genes
	﻿Analysis of ﻿cis‑﻿ acting elements and transcript expression pattern of ﻿AhUGTs﻿
	﻿Biochemical characterization and subcellular localization analysis of ﻿AhUGT75A﻿
	﻿Overexpression of ﻿AhUGT75A﻿ confers enhanced abiotic stress tolerance in ﻿Arabidopsis﻿

	﻿Discussion
	﻿Significant expansion of ﻿AhUGTs﻿ in peanut genome
	﻿﻿AhUGTs﻿ are involved in peanut growth and abiotic stress response
	﻿﻿AhUGT75A﻿ plays important roles in abiotic stress tolerance through ROS scavenging

	﻿Conclusions
	﻿References


