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Abstract: Coumarins, natural products abundant in Melilotus albus, confer features in response
to abiotic stresses, and are mainly present as glycoconjugates. UGTs (UDP-glycosyltransferases)
are responsible for glycosylation modification of coumarins. However, information regarding the
relationship between coumarin biosynthesis and stress-responsive UGTs remains limited. Here,
a total of 189 MalIGT genes were identified from the M. albus genome, which were distributed
differentially among its eight chromosomes. According to the phylogenetic relationship, MaUGTs
can be classified into 13 major groups. Sixteen MalUGT genes were differentially expressed between
genotypes of Ma46 (low coumarin content) and Ma49 (high coumarin content), suggesting that
these genes are likely involved in coumarin biosynthesis. About 73.55% and 66.67% of the MaUGT
genes were differentially expressed under ABA or abiotic stress in the shoots and roots, respectively.
Furthermore, the functions of MalIGT68 and MalUGT186, which were upregulated under stress
and potentially involved in coumarin glycosylation, were characterized by heterologous expression
in yeast and Escherichia coli. These results extend our knowledge of the UGT gene family along
with MalUGT gene functions, and provide valuable findings for future studies on developmental
regulation and comprehensive data on UGT genes in M. albus.

Keywords: Melilotus albus; UDP-glycosyltransferases; stress response; coumarin biosynthesis; het-
erologous expression

1. Introduction

Coumarins, as important secondary metabolites, are widely distributed in the plant
kingdom and can be found in many plant roots, flowers, leaves, seeds, and fruits with a
variety of biological activities [1]. Simple coumarins, including scopolin, scopoletin, esculin,
esculetin, umbelliferone, fraxetin, and sideretin, play diverse roles in the interaction of
plants with biotic and abiotic environmental stress factors [2]. In plants, coumarins are
present in both their glycosylated (glycoside) and deglycosylated (aglycone) forms [3].
Once synthesized, coumarins are glycosylated and stored in vacuoles [4], as the glycoside
form is easier to store and transport. Coumarin affects plant growth and development and
is part of the defense response to abiotic stress [5], shapes the root-associated microbial
community [6], enhances oxidative stress [7] and nitrate uptake [8], and protects host plants
from fungi [9]. To date, coumarins are thought to play certain roles in plant defense due to
the induction of their biosynthesis following various stresses [10].

Glycosylation is one of the key modifications in coumarin biosynthesis, and this modi-
fication can be used to limit exposure to certain aglycones and promote the solubility, sta-
bility, and bioactivity of coumarin for defense and adaptation to environmental changes [3].
The glycosylation of coumarins occurs in the cytoplasm by UDP-glycosyltransferases
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(UGTs) [11]. All known UGT structures have a GT-B fold, one of the two common gly-
cosyltransferase folds comprised of two N- and C-terminal Rossmann-like domains [12].
In the UGT C-terminal domain, a highly conserved putative secondary product glycosyl-
transferase (PSPG) box consisting of 44 amino acids can be found, which is involved in the
recognition and binding of the sugar donor [11].

UGTs have been previously identified in various plant species, such as Glycine
max [13], Gossypium hirsutum [14], Cajanus cajan [15], Citrus grandis [16], and Broussonetia
papyrifera [17]. A total of 122 UGTs have been identified from Arabidopsis thaliana, which
have been clustered into 14 groups based on their amino acid sequences [18]. Such a high
abundance of UGTs in plants demonstrates their indispensable roles in the metabolism
of natural products such as secondary metabolites. AtUGT72B1 catalyzes monolignol
glucosylation, which is essential for normal cell wall lignifications in Arabidopsis [19].
UGT73A24- and UGT73A25-catalysed phytoalexin N-feruloyl tyramine glucosylation may
strengthen cell walls to prevent the intrusion of pathogens in Nicotiana benthamiana [20].
UGT73F18 and UGT73F19 mediate hemolytic sapogenin modification in Medicago truncat-
ula [21]. AtUGT76F1 strongly favors IPyA as a substrate and antagonizes YUCs to regulate
auxin biosynthesis and auxin responses in Arabidopsis [22]. The glycosylation activity of
UGT?73C7 results in the redirection of phenylpropanoid metabolic flux to the biosynthe-
sis of hydroxycinnamic acids and coumarins, promoting SNCI-dependent Arabidopsis
immunity [23].

As a great potential forage source for ruminants, Melilotus albus is a rich source of bioac-
tive coumarins [24]. It has been used for both forage production and soil improvement [25].
This plant demonstrates high tolerance in extreme environments, such as drought, cold,
and high salinity [26]. Glycosylation plays an important role in enhancing plant resistance
to abiotic stress [15,27]. However, the functional redundancy of UGT genes and complex
glycosylation modifications of coumarin make it difficult to functionally characterize all
UGT genes of M. albus. In this study, we aimed to identify putative UGT genes involved in
coumarin biosynthesis and abiotic stress and provide potential candidate MaUGT genes
for coumarin engineering and further functional analysis and application in plants. Herein,
using the latest available genome assembly and annotation database, we identified all 189
UGT genes in the M. albus genome and found that they were differentially expressed in
various tissues. We further functionally characterized two MalGT genes that are poten-
tially involved in coumarin biosynthesis in vitro. Our results demonstrated that the genes
MalUGT68 and MalIGT186 can respond to abiotic stressors and that MalIGT186 is responsi-
ble for the glycosylation of scopoletin, which will lead to more in-depth investigation of
the function of UGT genes in M. albus.

2. Results
2.1. Genome-Wide Identification and Characteristics of the UGT Genes in M. albus

After a BLSTP search, we initially obtained 205 candidate genes. All putative genes
were subsequently verified in PFAM databases to confirm the existence and the number of
the PSPG domain. A total of 189 UGT genes were identified in the M. albus genome. Their
physical locations were assigned differentially to the eight chromosomes, and relatively
high densities were observed on chromosomes 3, 5, 6, 7, and 8 (Supplementary Figure S1).
In particular, several MalUGT genes were clustered at a certain location on these chromo-
somes (Supplementary Figure S1), suggesting that a gene duplication event may have
occurred during evolution. The 189 MaUGT proteins corresponding to the genes were
named according to their physical location (from top to bottom) on chromosomes 1-8. As
shown in Supplementary Table S1, the MalUIGT gene encoded proteins ranging from 134
aa (14.54 kDa) to 969 aa (109.59 kDa). Their isoelectric points (pls) ranged from 4.86 to
8.83, and the grand average of hydrophilicity (GRAVY) ranged from —0.444 to 0.144. The
predicted subcellular localizations of the MaUGT proteins revealed that 137 UGT members
(72%) were probably in the cytoplasm, and 42 (22%) and nine (5%) UGTs were most likely
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in the plasma membrane and chloroplast, respectively. Only two UGTs were predicted to
be located in the nucleus.

2.2. Phylogenetic Analysis of MalGTs

In previous studies, Arabidopsis UGT was first used to study evolution. Its UGT
phylogenetic tree was divided into 14 different groups (A-N) [18]. Later, three other
groups (O, P, R) were discovered during the study of M. truncatula glycosyltransferases [28].
In this study, 38 UGTs, including 19 Arabidopsis UGTs and 19 M. truncatula UGTs, were
downloaded as references with 189 MaUGTs to construct a phylogenetic tree (Figure
1). Analysis of the phylogenetic tree revealed that all UGT members were divided into
17 phylogenetic groups, including 14 conservative groups (A-N) identified in A. thaliana
and three additional identified groups (O, P, and R) found in M. truncatula and M. albus.
The 189 UGTs from M. albus were unevenly clustered into 13 groups. Five phylogenetic
groups, A, D, E, G, and L, seem to have expanded to a greater extent than the others during
higher plant evolution. In M. albus, these five phylogenetic groups expanded more than
the other groups. There were 52 (27.5%), 39 (20.6%), 33 (17.5%), 24 (12.7%), and 21 (11.0%)
members in Groups E, D, G, L, and A, respectively. Both the H and O groups contained
nine members. Groups B, I, ], M, N, and P had three, one, two, two, one, and two MalUGTs,
respectively. However, Groups R, C, K and F did not have any members from M. albus.

Figure 1. Phylogenetic analysis of the UGTs from M. albus. A total of 189 UGT proteins from M. albus, 19 UGTs from
Arabidopsis, and 19 UGTs from M. truncatula were used to construct the neighbor-joining tree using the program MEGA 7.0.

All protein sequences were full length, and the bootstrap values of 1000 replicates were calculated at each node.

2.3. Structure, Motif Distribution Analysis, and Domain Architecture of the MaUGT Genes

To gain insights into the structural and functional characteristics of the UGT gene
family in M. albus, an analysis of the gene structure of 189 MalIGT genes in terms of
intron and exon organization was conducted. The analysis suggested that MalUGT genes
contained one-three exons with varying numbers of introns (Supplementary Figure S2).
In parallel with the phylogenetic relationship in Figure 1, the closely associated MalUGT
gene clustering within the same group displayed close similarity in gene structure with



Int. . Mol. Sci. 2021, 22, 10826

40f17

respect to intron number and exon length. Among the 189 UGTs, 113 had no introns, and
63 contained one intron each (Supplementary Table S2). For the remaining 13 UGTs, eleven
had two introns, and two had three introns. For the UGT groups, the largest number of
genes losing introns was observed for Group E, with 45 members, followed by 33 in Group
D and 18 in Group A. A total of 27 (81.8%) UGTs in Group G contained one intron, followed
by 12 in Group L (Supplementary Table S2).

A total of 76 MalUGTs containing intron sequences were observed. After mapping
the introns to the amino acid sequence alignment, at least 10 independent intron insertion
events were observed. These insertion events are serially numbered I-1 to I-10 according
to their position (Figure 2). Highly conserved introns were observed for I-4 (intron 4),
containing 45 MalUGTs belonging to Groups G, H, I, N, J, and P. Among these groups, all
members of Groups H, I, N, ], and P contained intron 4. In Group G, 28 of 33 UGT's had the
highly conserved intron 4. Intron 5 was predominantly observed in Groups D and L.
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Figure 2. Intron distribution among 76 MaUGT genes. The introns were mapped and numbered to
the alignment of the amino acid sequences encoded by the UGT genes. The scale on the top of the
map shows the intron insertion on each gene. Grey thick lines indicate the length of the amino acid
sequences. Inverted triangles indicate the positions of introns that occurred on each gene. Intron
phases are indicated by red triangles, green triangles, and blue triangles for 0, 1, and 2, respectively.
The classification of MalGT genes is indicated by the phylogenetic relationship on the left, and
different phylogenetic groups are distinguished by different colors.
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Among the 91 introns detected in MalUGT sequences, 26, 58, and seven were in phases
0, 1, and 2, respectively (Figure 2). For the highly conserved intron 4, only two were in
phase 0, one was in phase 2, and phase 1 accounted for 93% of all introns (Figure 2). For
intron 5, 16 out of 17 UGTs were in phase 0. This suggests that the highly conserved introns
were in the same intron phase. Taken together, these results indicated that UGT genes
placed within different groups are usually distinct, with each group showing its common
gene structural arrangement.

To further gain an understanding of structural characteristics, putative motifs were pre-
dicted using MEME Suite, and 15 distinct motifs were identified. Supplementary Figure S2
shows that groups classified by phylogenetic analysis shared similar conserved motif com-
positions. Motif 1 contained the complete PSPG-box motif, and all members included this
motif; motif 11 was only found in Groups G and J, with just 23 members; motif 8§ was found
in 37 members located in Groups D, L, G, M, and I; motif 10 was found in 41 members, and
most of these were concentrated in Groups G and L. To some extent, these specific motifs
may lead to functional differences in the UGT genes in M. albus.

In addition, Supplementary Figure S3 shows the 44 amino acids that comprise the
MalUGT family PSPG-box motif. Positions 1 (W), 4 (Q), 8 (L), 10 (H), 19-24 (HGWNS),
27 (E), 32-34 (GVP), 39 (P), 43 (D/E), and 44 (Q) were found to be highly conserved amino
acids, most of which are related to sugar donor binding [11].

2.4. Characterization of Cis-Acting Elements in the MaUGT Gene Promoters

To understand the transcriptional regulation of MalUGT genes, the upstream promoter
regions (2.0 kb in size) of MalUGT genes were analyzed for the prediction of potential cis-
acting elements using the PlantCARE tool. A total of 20 cis-acting elements were recorded
in this study (Supplementary Table S3), and these identified cis-acting elements could be
classified into four functional categories: light response, stress response, hormone response,
and developmental regulation. As a result, a total of 531 Box 4 cis-acting elements related
to light response were identified, which was more than the number of other cis-acting
elements. Moreover, we found at least three cis-acting elements in each MalUGT gene
promoter, and it is quite possible that MalUGT genes are more likely to respond to multiple
abiotic stresses. These results suggest that the MalGT genes in M. albus play a vital part
in the complex hormone regulatory network and may be involved in a variety of stress
responses and the synthesis of secondary metabolites.

2.5. Transcriptome Analysis of Tissue-Specific Expression

Different tissues of plants usually contain different secondary metabolites, and diver-
sified glycosyltransferases also have multiple functions for specific metabolites [15]. The
RNA-seq data from M. albus tissues showed that the UGTs were variably expressed in
all the investigated tissues (root, stem, leaf, flower, and seed) (Supplementary Figure S4).
Out of the 189 genes, 149 genes displayed expression values (FPKM) >1 in at least one of
the tissues under comparison. Among these genes, 33, 41, 18, 40, and 31 MalUGT genes
were preferentially expressed in leaves, roots, stems, flowers, and seeds, respectively
(Supplementary Figure S5), suggesting that they may function in different tissues for
the glycosylation process. Each UGT gene showed a unique expression pattern and no
expression patterns were linked with the phylogenetic groups.

2.6. Expression Analysis of Coumarin Biosynthesis-Related MaUGT Genes

To select the MalUGT genes associated with coumarin biosynthesis, the leaves in the
flower stage of four near-isogenic lines (NILs) of M. albus (Ma46, Ma47, Ma48, and Ma49)
and the recurrent male parent (RP) were used for RNA-seq. Among these, the coumarin
contents in Ma48, Ma49, and RP were significantly higher than those in Ma46 and Ma47 [29].
The heatmap shows that the genotypes clustered together according to their coumarin
levels, and the M. albus genotypes with the same coumarin levels represented similar gene
expression patterns (Supplementary Figure 56), indicating that coumarin levels should be
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dynamic due to changing expression of MalUGT gene regulation. Comparisons of gene
expression between Ma46 and Ma49 showed 16 differentially expressed MalUGT genes. The
number of differentially expressed MaUGT genes was greater than that in Ma47 vs. Ma4s,
which showed nine differentially expressed MalUGT genes (Figure 3a). In total, 11 and 12
MalUGT genes were significantly differentially expressed between Ma46 vs. RP and between
Ma47 vs. RP, respectively. The numbers of upregulated and downregulated MalGT genes
are shown in Figure 3b. We also found four upregulated genes and one downregulated
gene that overlapped between Ma46 vs. Ma49 and Ma47 vs. Ma48, respectively (Figure 3b).
These genes are likely associated with coumarin biosynthesis. Furthermore, six MaUGT
genes, which were significantly differentially expressed between Ma46 vs. Ma49, were
selected to verify the expression pattern in Ma46 and Ma49 by qRT-PCR (Figure 3c). The
expression patterns of the selected genes showed significant expression changes between
Ma46 and Ma49.
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Figure 3. Differential gene expressions of coumarin biosynthesis-related MalUGTs. (a) The number of
up and downregulated genes in the comparisons of Ma46 vs. Ma49; Ma46 vs. RP; Ma47 vs. Ma48;
and Ma47 vs. RP. The number at the top of the column represents the differentially expressed MaUGT
gene numbers. (b) Venn diagrams of the DEGs from Ma46 vs. Ma49 and Ma47 vs. Ma48. Up arrows
represent upregulation, down arrows represent downregulation. The red arrows and numbers
indicate the upregulated and downregulated gene numbers that overlapped between Ma46 vs. Ma49
and Ma47 vs. Ma48. (c) Confirmation of the expression patterns of the MaUGT genes involved in
coumarin biosynthesis using qRT-PCR. The values shown are the means & standard deviation of
three replicates. Matubulin was used as the reference gene. Red lines indicate the expression values
(FPKM) from RNA-seq data. CK represents control.

2.7. Expression Analysis of ABA and Abiotic Stress-Related MalUGT Genes

To investigate the expression levels of MalIGT genes under ABA and abiotic stresses,
we analyzed the gene expression in the shoots and roots of Ma46 under ABA, drought,
and salt stress conditions using RNA-seq data. As a result, high expression of MallGTs
was observed in roots in comparison to the shoots. A total of 189 (100%) and 132 (69.84%)
MaUGT genes showed gene expression under at least one stress condition (FPKM > 1) in
the roots and shoots, respectively (Supplementary Figure S7). Furthermore, 126 (66.67%)
and 139 (73.55%) were differentially expressed |log,(fold change) > 1| under at least one
stress treatment in the roots and shoots, respectively. Eighty-seven, 64, and 86 differentially
expressed MalUGT genes were identified in M. albus roots under ABA, drought, and salt
stress, respectively. Compared to the controls, there were 69, 102, and 47 differentially
expressed MalUGT genes in shoots under ABA, drought, and stress treatments, respectively
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(Figure 4). Interestingly, 34 and 20 of these genes overlapped under the three stress condi-
tions in the roots and shoots, respectively. A total of 111 MaUGT genes were differentially
expressed in both the roots and shoots under stress conditions. These genes were mainly
distributed in Groups E, D, A, G, and L. In Group E, 33 of 52 genes were differentially
expressed in the roots and shoots under stress conditions. The ABA and drought treatments
had the most overlapping genes (13 in roots; 35 in shoots), whereas the ABA and salt stress
treatments had the fewest overlapping genes (26 in roots; one in shoots), indicating that
more ABA-independent MalIGT genes were involved in the response to abiotic stress.

Salt

ABA Drought

Figure 4. Venn diagram showing the overlap of differentially expressed MaUGT genes under ABA
and abiotic stress. The letters on the line and below the line indicate the differentially expressed
MaUGT gene numbers in the shoots and roots, respectively.

Additionally, the MaUGT genes potential associated with coumarin biosynthesis and
responding to ABA, drought, and salt stresses were selected for gRT-PCR analysis to verify
their expression patterns in response to exogenous ABA (100 mM ABA; 24 h), drought
(20% PEG-6000; 24 h), and salt (250 mM NaCl; 24 h) treatment. Based on these analyses, we
found that the qRT-PCR data had similar expression trends as those shown in the RNA-seq
data. In addition, the change trends in MaUGT gene expression in the shoots and roots
were consistent (Figure 5). For example, MalGT68 and MalUGT186 were upregulated in
shoots and roots under drought and salt stresses.
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Figure 5. Confirmation of the expression patterns of the MaUGT genes under abiotic and ABA stress

in shoots and roots using qRT-PCR. The values shown are the means =+ standard deviation of three

replicates. Matubulin was used as the reference gene. Red lines indicate the expression values (FPKM)

from RNA-seq data. CK represents control.

2.8. MaUGT68 and MalGT186 Improve Drought Tolerance in Yeast

MalUGT68 and MallGT186 were differentially expressed between Ma46 and Ma49,
and they were significantly upregulated under abiotic stresses and the trends of FPKM
and qRT-PCR were consistent. Thus, we hypothesized that as two representative genes
they play an invaluable role in M. albus to cope with coumarin biosynthesis and abiotic
stress. The effects of MalIGT68 and MalIGT186 on yeast growth and stress (drought and
salt) resistance were analyzed in yeast cells harboring the pYES2-MalUGT68 and pYES2-
MalUGT186 constructs. The results showed no difference among transformed lines and an
empty vector line under normal culture conditions. The growth of transformed yeast was
not significantly affected by 5 M NaCl treatments, but the MaUGT68 transformed yeast
cells still grew under 10°-fold dilution. However, we observed that the transformed yeast
cells exhibited prominent resistance under 30% PEG-6000 treatments, especially under
10°-fold dilution (Figure 6).
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Figure 6. Abiotic stress tolerance analysis of MalIGT68 and MalUGT186 in a yeast expression system
compared with empty pYES2 (control) yeast. The two yeast cultures were independently grown
in synthetic complete (SC)-Ura liquid medium containing 2% (/v) galactose at 30 °C for 36 h up
to Agpp = 0.4. Then, the yeast was collected and adjusted with SC-Ura including 2% galactose and
cultivated up to Agyy = 1 for stress analysis. The same number of cells was resuspended in 30%
PEG-6000 and 5 M NaCl. Then, serial dilutions (100, 101, 102, 103, 104, 10° ) were spotted onto SC-Ura
agar plates and incubated at 30 °C for 3 days. As a control, yeast with Aggg = 1 without any stress
was also spotted onto SC-Ura agar plates with the same dilutions as the treatments and grown at
30 °C for 3 days.

2.9. MalUGT186 Is Involved in Scopolin Biosynthesis

We thus heterologously expressed MalGT68 and MallGT186 in Escherichia coli to
explore the ability of the recombinant proteins to glucosylate scopoletin. SDS-PAGE
analysis showed that two protein products were observed for MalUGT68 and MallGT186
with relative molecular masses of 53.17 and 52.03 kDa, respectively (Figure 7a). High-
performance liquid chromatography (HPLC) analysis of the extracts of incubation mixture
of UDP-glucose and scopoletin as substrates, together with either the UGT68 or UGT186
protein, showed that scopoletin was only glucosylated by MaUGT186, producing potential
scopolin with exactly the same retention times as the authentic standards of scopolin.
These results implied that MaUGT186 was likely to be associated with the glucosylation of
scopoletin in M. albus.
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Figure 7. In vitro assay of MaUGT68 and MaUGT186 activity. (a). SDS-PAGE analysis of MaUGT68
and MaUGT186 heterologously expressed in E. coli. Expression of the proteins in E. coli BL21(DE3)
was induced by IPTG for 18 h at 28 °C. (b). HPLC analysis of the products from the glycosylation
assays with MaUGT68 and MaUGT186. Extracts from incubation mixture containing the proteins
together with scopoletin and UDP-glucose are compared with authentic scopolin and scopoletin
standards. Incubation mixture with empty vector was used as control.

3. Discussion

UGTs have important roles in growth, development, and interactions with the envi-
ronment. They play an essential role in regulating glucose metabolism and homeostasis,
and they are also important for the biosynthesis, storage, and transport of secondary
metabolites [30]. Although UGTs have been identified in many different species, the iden-
tification and molecular characterization of this gene family in M. albus have not been
previously reported. In our study, 189 UGT genes were identified. Compared to other
plants, the results suggested that the UGT family did not exhibit significant expansion in
M. albus. For example, 145 UGT genes were found in Citrus grandis fruits [16]. A total of
208, 94, and 243 UGT genes were identified in G. max, Lotus japonicus and M. truncatula,
respectively [28].

Evolutionary analysis revealed that 189 UGT genes from M. albus could be classified
into 13 groups. Compared to the 17 reported groups (A-Q) [31], Groups C, K, F, and R
were missing in M. albus (Figure 1). Our study also indicated that M. albus Group E was
a large group consisting of eighteen 71-family UGTs, twenty-eight 72-family UGTs, and
six 88-family UGTs (Supplementary Figure S8), accounting for 27.51% of the UGTs in M.
albus. This group appears to have expanded to a greater extent than any of the other groups
during the evolution of higher plants and possesses similar activities to those from Group
D [32]. In addition, many plant UGT gene members belonging to Groups E and D have
been functionally identified, including the glycosylation of benzoates [33], flavonoids [34],
brassinosteroids [35], terpenoids [36], lignin [19], hydroxycinnamic acids (HCAs), and
coumarins [23], which indicates that Group E makes an important contribution to the
glycosylation of plant secondary metabolites. Therefore, the MalUGTs in Groups D and E
are more likely to be responsible for coumarin glycosylation modification.

Intron gain and loss events, in addition to the positions and phases of introns relative
to protein sequences, are important clues to understand evolution [29]. Intron mapping
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of the 189 MalUGTsSs revealed that 59.8% of the members lacked introns, which is more
than the number (43%) of Prunus persica [30] and the number (48%) of C. grandis [16] UGT
genes but close to the number (60%) of those in Zea mays [31] and the number (58%) in
Arabidopsis [18]. Ten intron positions were identified in MalUGT genes, with I-4 (intron
4) being the most widespread intron (Figure 2). Intron 4 was observed in most members
of Groups G-J, N, and P and was regarded as the oldest in MaUGTs. The second highly
conserved intron was intron 5, which was observed in most members of Groups D and L
in M. albus. It is worth noting that, among intron 4, many were in phase 1, suggesting that
the majority of conserved introns were ancient elements and that their phases remained
stable because deletion or insertion of small DNA fragments that cause a phase change may
lead to changes in gene function and be eliminated by natural selection [37]. Structural
investigation of the PSPG motif in each phylogenetic group revealed the role of specific
amino acid residues that are highly conserved at positions 1 (W), 4 (Q), 8 (L), 10 (H),
19-24 (HGWNS), 27 (E), 32-34 (GVP), 39 (P), 43 (D/E), and 44 (Q) (Supplementary Figure
S3). The last glutamine (Q) residue within the PSPG motif is thought to confer specificity
for UDP-glucose as the sugar donor [38]. The occurrence of these specific amino acids at
these positions in the sequence provides certain evolutionary and functional information
that may be helpful for enzyme discovery [32].

The analysis of promoter regions suggested that some of the UGT genes contain a
secondary metabolite and stress-related element, including MBSI, WUN-motif, LTR, MBS,
and TC-rich repeat cis-acting elements, and the majority of MaUGT genes belonging to
different groups were found to contain a significant number of MYB binding sites for
some important classes of plant transcription factor genes. Many studies have strongly
demonstrated that MYB transcription factors function as key regulators of plant secondary
metabolism, such as flavonoid and coumarin biosynthesis [6,39,40], implying that some
MaUGT genes may play a significant role in the synthesis of flavonoids and coumarins.

Plants endure many environmental stresses during their lifespan and have evolved
the ability to deal with harsh environmental clues. Previous studies have shown that some
UGT genes are involved in the response to multiple stresses. Overexpression of UGT76E11
increases flavonoid accumulation and enhances abiotic stress tolerance in Arabidopsis [41].
SIUGT75C1 plays a crucial role in ABA-mediated fruit ripening, seed germination, and
drought response in tomato [42]. Overexpression of CrUGT87A1 increases salt tolerance by
accumulating flavonoids for antioxidation in Arabidopsis [43]. Here, 66.67% and 73.55%
ABA, drought, and salt stress-related MalIGT genes were identified in the roots and shoots,
respectively (Supplementary Figure S7). Thirty-four and 20 genes showed differential
expression under the three stress conditions in the roots and shoots, respectively (Figure 4).
These results indicate that MaUGT genes are involved in the regulation of abiotic stresses
and ABA-dependent pathways.

We further found that seven common MalUGT genes showed differential expression
between the NILs and the differential expression in stress (Supplementary Figure S9), reveal-
ing that these genes may involve in coumarin biosynthesis and abiotic stress. Furthermore,
the six selected differentially expressed genes between Ma46 and Ma49 also showed sig-
nificant expression changes under abiotic stress by qRT-PCR verification (Figures 3 and 5).
These results show that coumarin content may be affected by environmental stresses. There
is consistent evidence that coumarin improves plant tolerance to salinity by enhancing an-
tioxidant defense, the glyoxalase system, and ion homeostasis [44]. Here, yeast expression
showed that MalUGT68- and MallGT186-transformed yeast gained improved tolerance to
drought stress. However, with regard to the salt response, the MalUGT68- and MallGT186-
transformed cultures showed no obvious salt resistance (Figure 6), indicating the difference
of MalUGT genes in stress tolerance. Although both MalIGT68 and MallGT186 were mainly
induced by drought stress, they were not necessarily empowered with similar salt response
abilities, which may be correlated to multiple and complex regulation pathways involved
in the stress response. The enzymatic characteristics of MaUGT68 and MaUGT186 showed
that the MaUGT186 protein can use scopoletin as a substrate; however, MaUGT68 did not
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exhibit any activity towards scopoletin (Figure 7b), suggesting that their function may have
differentiated during evolution. This is consistent with the suggestion that the function
and substrate specificity of UGT enzymes are not predictable based on sequence analysis
alone [45].

4. Materials and Methods
4.1. Identification of the UGT Genes in M. albus

To recognize all putative UGT genes of M. albus, a local BLAST search using the M.
albus genome was performed. The protein sequences of 122 UGTs from A. thaliana and
243 UGTs from M. truncatula retrieved from Phytozome v12.1 (https:/ /phytozome.jgi.doe.
gov/, accessed on 14 May 2021) were used as queries in BLASTP searches to identify all
UGTs from M. albus (e-value < 10~°). Then, the conserved domains of all possible protein
sequences were further confirmed by PFAM (http://xfam.org/, accessed on 14 May 2021).
Next, the cDNA sequences, amino acid sequences, and genomic sequences were extracted
for further analysis. The molecular weights (MWs), theoretical isoelectric points (pls), and
grand average hydropathicity (GRAVY) values of the MaUTG proteins were calculated
with the online program ExPASy (http://web.expasy.org/protparam/, accessed on 25 May
2021) [46]. Subcellular localization of UGT proteins was predicted using the online analysis
tool CELLO v2.5 system (http://cello.life.nctu.edu.tw, accessed on 25 May 2021) from the
Molecular Bioinformatics Center [47]. The chromosome distribution of the UGT genes was
conducted with TBtools software [48].

4.2. Phylogenetic and Classification Analysis

The alignments of the full-length amino acid sequences of 189 MaUGTs, 19 AtUGTs,
and 19 MtUGTs were performed using Clustal X with the default settings [49], and the
results were displayed by DNAMAN software. An unrooted phylogenetic tree was con-
structed based on the alignments using MEGA 7.0 with the neighbor-joining (NJ) method,
and bootstrap tests were performed using 1000 replicates to support statistical reliabil-
ity [50].

4.3. Analysis of Conserved Motifs, Gene Structure, and Exon/Intron Organization of the MaUGTs

The deduced amino acid sequences of the MaUGTs were analyzed by the MEME
program with a maximum number of motifs of 15 (http:/ /meme-suite.org/, accessed on
17 May 2021) for conserved motif analysis [51]. The amino acid sequences in the MaUGT
motifs were manually adjusted using the Weblogo online program (http://weblog.berkeley.
edu/logo.cgi, accessed on 17 May 2021) to display the characteristics of the PSPG box [52].
The gene structure and intron phases were graphically displayed by the Gene Structure
Display Server (http://gsds.cbi.pku.edu.cn/, accessed on 21 May 2021) based on the
genomic sequences and the corresponding coding sequences (CDSs) [53]. The intron can
be inserted anywhere in the transcript, they are located either between codons or within
codons, which are termed intron phases, and the phases and the locations usually stay
unchanged for a long time. Specifically, intron phases were determined as follows: introns
positioned between two codons were defined as phase 0, introns positioned between first
and second base of codon were defined as phase 1, and introns positioned between second
and third base were defined as phase 2. After mapping the introns to the amino acid
sequence alignment, 10 independent intron insertion events were observed according to
their position [16].

4.4. Analysis of Promoter Cis-Acting Elements

Sequences of 2.0 kb from the promoters of the MalUGT genes were used to identify
the cis-acting elements in the promoter regions through the PlantCARE website (http:
/ /bioinformatics.psb.ugent.be /webtools/plantcare/html/, accessed on 6 June 2021) [54].
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4.5. Transcriptome Analysis for Tissue-Specific Expression

Root, stem, and flower samples were collected during the flowering stage. Seed
samples were mixed from unmatured, imbibed, and germinated seeds at 2 days. Leaf
samples of four NILs of M. albus and the recurrent male parent of RP were collected
during flowering. The methods of RNA-seq and data analysis were the same as those
in a previous study [28,55]. Quantification of gene expression levels were estimated by
fragments per kilobase of transcript per million fragments (FPKM) mapped using StringTie
(http://ccb.jhu.edu/software/stringtie/, accessed on 25 May 2020) in each sample [55].

4.6. Stress Treatment and Transcriptomic Data Analysis

Ma46 genotype plants were grown in a glasshouse under controlled conditions. For
drought stress, six week old plants were treated with 20% PEG-6000. The shoots and roots
were collected at 0, 3, and 24 h after drought treatment. For ABA treatment, six week old
plants were treated with 100 mM ABA. The shoots and roots were collected at 0, 1, and 24 h
after ABA treatment. All samples were immediately frozen in liquid nitrogen and stored at
—80 °C. Three replicates were performed for each sample. The methods of RNA-seq and
data analysis were the same as those in a previous study [28]. Transcriptome data of the
MaUGT genes under salt stress were obtained from our previous study [55].

4.7. Quantitative Real-Time PCR Analysis

Total RNA was extracted from the shoots (leaves and stems) and roots of control
and treated seedlings using TransZol reagent (TransGen Biotech, Beijing, China). Reverse
transcription and cDNA synthesis were performed using a TTANScript II RT Kit (Tiangen,
Beijing, China) from 1 ug of total RNA. qRT-PCR was performed on each cDNA template
using Hieff® qPCR SYBR® Green Master Mix (No Rox) (Yeasen Biotech Co., Ltd., Shanghai,
China) on a CFX96 Real-Time PCR Detection System (Bio—Rad, Los Angeles, CA, USA).
The tubulin gene was used as an internal control. Primer sets are listed in Supplementary
Table S4. The expression levels were calculated relative to the controls and determined
using the 2724CT method [56]. Each of the three biological replicates was supported by
three technical replicates.

4.8. Validation of Heterologous Expression in Yeast

To produce the pYES2-MallGT68 and pYES2-MalUGT186 constructs, the full-length
coding sequences of MalIGT68 and MalIGT186 were amplified from Ma46 and cloned
into the pYES2 expression vector using a ClonExpress® MultiS One Step Cloning Kit
(Vazyme Biotech Co., Ltd., Nanjing, China) following the manufacturer’s protocol with the
specific primers listed in Supplementary Table S4. After confirmation of sequences, the
recombinant pYES2-MalUGT68 and pYES2-MalGT186 plasmids and empty pYES2 plasmid
were transformed into Saccharomyces cerevisiae strain INVScl. The two yeast cultures were
independently grown in synthetic complete (SC)-Ura liquid medium containing 2% (m/v)
galactose at 30 °C for 36 h up to Agpp = 0.4. Then, the yeast was collected and adjusted
with SC-Ura including 2% galactose and cultivated up to Agpy = 1 for stress analysis. The
same number of cells was resuspended in 30% PEG-6000 and 5 M NaCl [57]. The treated
yeast liquid was diluted to 1:10 and cultured on SC-U /2% (w/v) glucose agar plates for
2-3 days to observe colony growth, and photos were taken to record the expression of the
binding protein.

4.9. Heterologous Expression in E. coli and Glucosyltransferase Activity Assays

The full-length cDNA sequences of MalIGT68 and MalIGT186 were cloned into
the pET32a vector between the BamH I and Sac I sites. The constructs were then intro-
duced into E. coli strain BL21(DE3), and the transformants were grown in LB medium
containing 100 mg/mL ampicillin at 37 °C until ODggg reached 0.6. Expression of the
MaUGT68 and MaUGT186 proteins were induced by addition of 0.1 mM isopropyl (3-D-
1-thiogalactopyranoside and incubation at 28 °C for 18 h. The method of heterologous
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expression in E. coli was described in a previous study [58]. The expressed proteins were
confirmed using 12% SDS-PAGE.

BL21(DE3) cells harboring the pET32a-MalUGT68 and pET32a-MallGT186 vectors and
empty vector were cultured in LB medium containing 100 mg/mL ampicillin at 37 °C
until ODggg reached 0.6. After IPTG was added for 9 h, the substrate scopoletin (final
concentration of 100 uM) and UDP-glucose (final concentration of 500 pM) were added,
and culture was continued for 9 h. Then, the reaction system was extracted with an equal
amount of ethyl acetate. The recovered ethyl acetate was concentrated and dried and then
the residue was dissolved in MeOH for HPLC analysis.

The HPLC separation was performed with an Agilent 1100 HPLC system using a 5 pm
C18 column (4.6 mm x 150 mm, Agilent-XDB), maintained at 30 °C, with water (contained
0.1% phosphorous acid) and acetonitrile as mobile phase. The flow rate of the mobile phase
was set at 1 mL/min over 20 min, and scopletin and scopolin were monitored by retention
time in comparison with authentic standards at 346 nm absorbance.

5. Conclusions

In summary, this study represents the first comprehensive identification and analysis
of the MaUGT family in M. albus. A total of 189 UGT genes in M. albus were identified,
and their phylogenetics, chromosomal location, gene structure, and structural domains
were analyzed to reveal the rules of the UGT family in M. albus. The expression analysis in
this study provides a global landscape of the expression of MalUGTs in different tissues.
The expression analysis of UGTs provides candidates for further functional studies of
MalGT genes during stress response and coumarin biosynthesis regulation. Our study
provides systematic insights into the potential roles of UGTs in M. albus, which is helpful
for screening candidate genes and studying the functions of MalUGT genes, but a series of
experiments are still required in the future to confirm their functions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms221910826/s1.

Author Contributions: Z.D.: Conceptualization, Methodology, Validation, Formal analysis, Investi-
gation, Data curation, Writing—original draft, Visualization. Q.Y.: Methodology, Writing—review
&editing. FW.: Formal analysis. Y.W.: Investigation. S.W.: Investigation. X.Z.: Investigation. P.Z.:
Investigation. J.Z.: Conceptualization, Methodology, Resources, Writing—review & editing, Project
administration, Funding acquisition, Supervision. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC-
CGIAR; No. 32061143035), the Gansu Provincial Science and Technology Major Projects (19ZD2NA002),
the 111 Project (B12002), Fundamental Research Funds for the Central Universities (1zujbky-2020-it10),
the Gansu Provinical Education Department Projects “Star of Innovation” for outstanding Graduate
students (2021CXZX-134).

Institution Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The genomic data of M. ablus are openly available in NCBI (NCBI
BioProject ID PRINA674670).

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

1.  Loncari¢, M.; Gaso-Soka¢, D.; Jokié, S.; Molnar, M. Recent Advances in the Synthesis of Coumarin Derivatives from Different
Starting Materials. Biomolecules 2020, 10, 151. [CrossRef] [PubMed]

2. Stringlis, I.A.; de Jonge, R.; Pieterse, C.M.]. The Age of Coumarins in Plant-Microbe Interactions. Plant Cell Physiol. 2019, 60,
1405-1419. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms221910826/s1
https://www.mdpi.com/article/10.3390/ijms221910826/s1
http://doi.org/10.3390/biom10010151
http://www.ncbi.nlm.nih.gov/pubmed/31963362
http://doi.org/10.1093/pcp/pcz076
http://www.ncbi.nlm.nih.gov/pubmed/31076771

Int. J. Mol. Sci. 2021, 22, 10826 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Stassen, M.].].; Hsu, S.-H.; Pieterse, C.M.].; Stringlis, I.A. Coumarin Communication Along the Microbiome-Root-Shoot Axis.
Trends Plant Sci. 2021, 26, 169-183. [CrossRef]

Robe, K.; Izquierdo, E.; Vignols, F.; Rouached, H.; Dubos, C. The Coumarins: Secondary Metabolites Playing a Primary Role in
Plant Nutrition and Health. Trends Plant Sci. 2021, 26, 248-259. [CrossRef]

Chen, B.-X,; Peng, Y.-X,; Gao, J.-D.; Zhang, Q.; Liu, Q.-].; Fu, H.; Liu, J. Coumarin-induced delay of rice seed germination is
mediated by suppression of abscisic acid catabolism and reactive oxygen species production. Front. plant sci. 2019, 10, 828.
[CrossRef]

Stringlis, I.A.; Yu, K.; Feussner, K.; de Jonge, R.; van Bentum, S.; Van Verk, M.C.; Berendsen, R.L.; Bakker, PA.H.M.; Feussner, I.;
Pieterse, C.M.]. MYB72-dependent coumarin exudation shapes root microbiome assembly to promote plant health. Proc. Natl.
Acad. Sci. USA 2018, 115, E5213-E5222. [CrossRef]

Chong, J.; Baltz, R.; Schmitt, C.; Beffa, R.; Fritig, B.; Saindrenan, P. Downregulation of a pathogen-responsive tobacco UDP-Glc:
Phenylpropanoid glucosyltransferase reduces scopoletin glucoside accumulation, enhances oxidative stress, and weakens virus
resistance. Plant Cell 2002, 14, 1093-1107. [CrossRef]

Lupini, A.; Araniti, F.; Mauceri, A.; Princi, M.P.,; Sorgona, A.; Sunseri, F; Varanini, Z.; Abenavoli, M.R. Coumarin enhances nitrate
uptake in maize roots through modulation of plasma membrane H*-ATPase activity. Plant Biol. 2018, 20, 390-398. [CrossRef]
Santhanam, R.; Menezes, R.C.; Grabe, V.; Li, D.; Baldwin, LT.; Groten, K. A suite of complementary biocontrol traits allows a
native consortium of root-associated bacteria to protect their host plant from a fungal sudden-wilt disease. Mol. Ecol. 2019, 28,
1154-1169. [CrossRef]

Kai, K.; Shimizu, B.; Mizutani, M.; Watanabe, K.; Sakata, K. Accumulation of coumarins in Arabidopsis thaliana. Phytochemistry
2006, 67, 379-386. [CrossRef] [PubMed]

Le Roy, 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. [CrossRef]

Wang, X. Structure, mechanism and engineering of plant natural product glycosyltransferases. Febs Lett. 2009, 583, 3303-3309.
[CrossRef]

Yin, Q.; Shen, G.; Di, S.; Fan, C.; Chang, Z.; Pang, Y. Genome-wide identification and functional characterization of UDP-
glucosyltransferase genes involved in flavonoid biosynthesis in Glycine max. Plant Cell Physiol. 2017, 58, 1558-1572. [CrossRef]
Xiao, X.; Lu, Q.; Liu, R;; Gong, J.; Gong, W.; Liu, A; Ge, Q.; Li, J.; Shang, H.; Li, P; et al. Genome-wide characterization of the
UDP-glycosyltransferase gene family in upland cotton. 3 Biotech 2019, 9, 453. [CrossRef]

Song, Z.; Niu, L.; Yang, Q.; Dong, B.; Wang, L.; Dong, M.; Fan, X,; Jian, Y.; Meng, D.; Fu, Y. Genome-wide identification and
characterization of UGT family in pigeonpea (Cajanus cajan) and expression analysis in abiotic stress. Trees-Struct. Funct. 2019, 33,
987-1002. [CrossRef]

Wu, B.; Liu, X,; Xu, K.; Zhang, B. Genome-wide characterization, evolution and expression profiling of UDP-glycosyltransferase
family in pomelo (Citrus grandis) fruit. BMC Plant Biol. 2020, 20, 459. [CrossRef] [PubMed]

Wang, E; Su, Y.; Chen, N.; Shen, S. Genome-wide analysis of the UGT gene family and identification of flavonoids in Broussonetia
papyrifera. Molecules 2021, 26, 3449. [CrossRef] [PubMed]

Li, Y,; Baldauf, S.; Lim, E.K.; Bowles, D.]J. Phylogenetic analysis of the UDP-glycosyltransferase multigene family of Arabidopsis
thaliana. J. Biol. Chem. 2001, 276, 4338-4343. [CrossRef]

Lin, J.-S.; Huang, X.-X,; Li, Q.; Cao, Y.; Bao, Y.; Meng, X.-F; Li, Y.-].; Fu, C.; Hou, B.-K. UDP-glycosyltransferase 72B1 catalyzes the
glucose conjugation of monolignols and is essential for the normal cell wall lignification in Arabidopsis thaliana. Plant J. 2016, 88,
26—42. [CrossRef]

Sun, G.; Strebl, M.; Merz, M.; Blamberg, R.; Huang, F.-C.; McGraphery, K.; Hoffmann, T.; Schwab, W. Glucosylation of the
phytoalexin N-feruloyl tyramine modulates the levels of pathogen-responsive metabolites in Nicotiana benthamiana. Plant J.
2019, 100, 20-37. [CrossRef] [PubMed]

Ribeiro, B.; Lacchini, E.; Bicalho, K.U.; Mertens, J.; Arendt, P.; Vanden Bossche, R.; Calegario, G.; Gryffroy, L.; Ceulemans, E.;
Buitink, J.; et al. A seed-specific regulator of triterpene saponin biosynthesis in Medicago truncatula. Plant Cell 2020, 32, 2020-2042.
[CrossRef] [PubMed]

Chen, L.; Huang, X.-X.; Zhao, S.-M.; Xiao, D.-W.; Xiao, L.-T.; Tong, ]J.-H.; Wang, W.-S.; Li, Y.-].; Ding, Z.; Hou, B.-K. IPyA
glucosylation mediates light and temperature signaling to regulate auxin-dependent hypocotyl elongation in Arabidopsis. Proc.
Natl. Acad. Sci. USA 2020, 117, 6910-6917. [CrossRef] [PubMed]

Huang, X.-X.; Wang, Y,; Lin, J.-S.; Chen, L.; Li, Y.-].; Liu, Q.; Wang, G.-E; Xu, F; Liu, L.; Hou, B.-K. The novel pathogen-responsive
glycosyltransferase UGT73C7 mediates the redirection of phenylpropanoid metabolism and promotes SNC1-dependent Ara-
bidopsis immunity. Plant . 2021, 107, 149-165. [CrossRef]

Wu, E; Luo, K;; Yan, Z.; Zhang, D.; Yan, Q.; Zhang, Y.; Yi, X.; Zhang, J. Analysis of miRNAs and their target genes in five Melilotus
albus NILs with different coumarin content. Sci. Rep. 2018, 8, 14138. [CrossRef] [PubMed]

Zabala, ]. M.; Marinoni, L.; Giavedoni, J.A.; Schrauf, G.E. Breeding strategies in Melilotus albus Desr., a salt-tolerant forage legume.
Euphytica 2018, 214, 22. [CrossRef]

Zhang, J.; Di, H,; Luo, K; Jahufer, Z.; Wu, F,; Duan, Z.; Stewart, A.; Yan, Z.; Wang, Y. Coumarin content, morphological variation,
and molecular phylogenetics of Melilotus. Molecules 2018, 23, 810. [CrossRef]


http://doi.org/10.1016/j.tplants.2020.09.008
http://doi.org/10.1016/j.tplants.2020.10.008
http://doi.org/10.3389/fpls.2019.00828
http://doi.org/10.1073/pnas.1722335115
http://doi.org/10.1105/tpc.010436
http://doi.org/10.1111/plb.12674
http://doi.org/10.1111/mec.15012
http://doi.org/10.1016/j.phytochem.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16405932
http://doi.org/10.3389/fpls.2016.00735
http://doi.org/10.1016/j.febslet.2009.09.042
http://doi.org/10.1093/pcp/pcx081
http://doi.org/10.1007/s13205-019-1984-1
http://doi.org/10.1007/s00468-019-01833-6
http://doi.org/10.1186/s12870-020-02655-2
http://www.ncbi.nlm.nih.gov/pubmed/33028214
http://doi.org/10.3390/molecules26113449
http://www.ncbi.nlm.nih.gov/pubmed/34204142
http://doi.org/10.1074/jbc.M007447200
http://doi.org/10.1111/tpj.13229
http://doi.org/10.1111/tpj.14420
http://www.ncbi.nlm.nih.gov/pubmed/31124249
http://doi.org/10.1105/tpc.19.00609
http://www.ncbi.nlm.nih.gov/pubmed/32303662
http://doi.org/10.1073/pnas.2000172117
http://www.ncbi.nlm.nih.gov/pubmed/32152121
http://doi.org/10.1111/tpj.15280
http://doi.org/10.1038/s41598-018-32153-3
http://www.ncbi.nlm.nih.gov/pubmed/30237524
http://doi.org/10.1007/s10681-017-2031-0
http://doi.org/10.3390/molecules23040810

Int. J. Mol. Sci. 2021, 22, 10826 16 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

He, Y,; Ahmad, D.; Zhang, X.; Zhang, Y.; Wu, L.; Jiang, P; Ma, H. 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, 67. [CrossRef]
Krishnamurthy, P.; Tsukamoto, C.; Ishimoto, M. Reconstruction of the evolutionary histories of UGT gene superfamily in Legumes
Clarifies the functional divergence of duplicates in specialized metabolism. Int. J. Mol. Sci. 2020, 21, 1855. [CrossRef] [PubMed]
Luo, K.; Wu, F; Zhang, D.; Dong, R.; Fan, Z.; Zhang, R.; Yan, Z.; Wang, Y.; Zhang, J. Transcriptomic profiling of Melilotus albus
near-isogenic lines contrasting for coumarin content. Sci. Rep. 2017, 7, 4577. [CrossRef]

Xu, Y,; Liu, H.; Cao, X.; Zhang, B.; Chen, K. Genome-wide identification, expression patterns, and functional analysis of UDP
glycosyltransferase family in Peach (Prunus persica L. Batsch). Front. plant sci. 2017, 8, 389.

Li, Y; Li, P; Wang, Y,; Dong, R.; Yu, H.; Hou, B. Genome-wide identification and phylogenetic analysis of Family-1 UDP
glycosyltransferases in maize (Zea mays). Planta 2014, 239, 1265-1279. [CrossRef] [PubMed]

Caputi, L.; Malnoy, M.; Goremykin, V.; Nikiforova, S.; Martens, S. A genome-wide phylogenetic reconstruction of family 1
UDP-glycosyltransferases revealed the expansion of the family during the adaptation of plants to life on land. Plant . 2012, 69,
1030-1042. [CrossRef] [PubMed]

Lim, E.K.; Doucet, C.J.; Li, Y.; Elias, L.; Worrall, D.; Spencer, S.P.; Ross, J.; Bowles, D.J. The activity of Arabidopsis glycosyltrans-
ferases toward salicylic acid, 4-hydroxybenzoic acid, and other benzoates. J. Biol. Chem. 2002, 277, 586-592. [CrossRef]

Lim, E.K.; Ashford, D.A.; Hou, B.K; Jackson, R.G.; Bowles, D.J. Arabidopsis glycosyltransferases as biocatalysts in fermentation
for regioselective synthesis of diverse quercetin glucosides. Biotechnol. Bioeng. 2004, 87, 623-631. [CrossRef]

Poppenberger, B.; Fujioka, S.; Soeno, K.; George, G.L.; Vaistij, FE.; Hiranuma, S.; Seto, H.; Takatsuto, S.; Adam, G.; Yoshida,
S.; et al. The UGT73C5 of Arabidopsis thaliana glucosylates brassinosteroids. Proc. Natl. Acad. Sci. USA 2005, 102, 15253-15258.
[CrossRef]

Caputi, L.; Lim, E.-K.; Bowles, D.]. Discovery of new biocatalysts for the glycosylation of terpenoid scaffolds. Chem. Eur. J. 2008,
14, 6656-6662. [CrossRef] [PubMed]

Roy, S.W.; Gilbert, W. Rates of intron loss and gain: Implications for early eukaryotic evolution. Proc. Natl. Acad. Sci. USA 2005,
102, 5773-5778. [CrossRef]

Kubo, A.; Arai, Y.; Nagashima, S.; Yoshikawa, T. Alteration of sugar donor specificities of plant glycosyltransferases by a single
point mutation. Arch. Biochem. Biophys. 2004, 429, 198-203. [CrossRef] [PubMed]

Chen, C,; Zhang, K; Khurshid, M.; Li, ].; He, M.; Georgiev, M.I.; Zhang, X.; Zhou, M. MYB transcription repressors regulate plant
secondary metabolism. Crit. Rev. Plant Sci. 2019, 38, 159-170. [CrossRef]

Tsai, H.H.; Schmidt, W. Mobilization of iron by plant-borne coumarins. Trends Plant Sci. 2017, 22, 538-548. [CrossRef] [PubMed]
Li, Q; Yu, H-M.; Meng, X.-E; Lin, J.-S.; Li, Y.-J.; Hou, B.-K. Ectopic expression of glycosyltransferase UGT76E11 increases
flavonoid accumulation and enhances abiotic stress tolerance in Arabidopsis. Plant Biology 2018, 20, 10-19. [CrossRef]

Sun, Y; Ji, K; Liang, B.; Du, Y,; Jiang, L.; Wang, J.; Kai, W.; Zhang, Y.; Zhai, X.; Chen, P.; et al. Suppressing ABA uridine
diphosphate glucosyltransferase (SIUGT75C1) alters fruit ripening and the stress response in tomato. Plant . 2017, 91, 574-589.
[CrossRef] [PubMed]

Zhang, K.; Sun, Y; Li, M.; Long, R. CrUGT87A1, a UDP-sugar glycosyltransferases (UGTs) gene from Carex rigescens, increases
salt tolerance by accumulating flavonoids for antioxidation in Arabidopsis thaliana. Plant Physiol. Bioch. 2021, 159, 28-36.
[CrossRef] [PubMed]

Parvin, K.; Hasanuzzaman, M.; Mohsin, S.M.; Nahar, K.; Fujita, M. Coumarin improves tomato plant tolerance to salinity by
enhancing antioxidant defence, glyoxalase system and ion homeostasis. Plant Biology 2021, 23, 181-192. [CrossRef]

Osmani, S.A.; Bak, S.; Moller, B.L. Substrate specificity of plant UDP-dependent glycosyltransferases predicted from crystal
structures and homology modeling. Phytochemistry 2009, 70, 325-347. [CrossRef]

Gasteiger, E.; Gattiker, A.; Hoogland, C.; Ivanyi, I.; Appel, R.D.; Bairoch, A. ExXPASy: The proteomics server for in-depth protein
knowledge and analysis. Nucleic acids res. 2003, 31, 3784-3788. [CrossRef]

Chou, K.C.; Shen, H.B. Cell-PLoc: A package of Web servers for predicting subcellular localization of proteins in various
organisms. Nat. Protoc. 2008, 3, 153-162. [CrossRef] [PubMed]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive
analyses of big biological data. Mol. Plant. 2020, 13, 1194-1202.

Jeanmougin, F.; Thompson, ].D.; Gouy, M.; Higgins, D.G.; Gibson, T.]. Multiple sequence alignment with Clustal X. Trends Biochem.
Sci. 1998, 23, 403-405. [CrossRef]

Kumar, S.; Tamura, K.; Nei, M. MEGA: Molecular evolutionary genetics analysis software for microcomputers. Comput. Appl.
Biosci. 1994, 10, 189-191. [CrossRef]

Bailey, T.L.; Mikael, B.; Buske, F.A.; Martin, F; Grant, C.E.; Luca, C. MEME suite: Tools for motif discovery and searching. Nucleic
Acids Res. 2009, 37, W202-W208. [CrossRef] [PubMed]

Crooks, G.E.; Hon, G.; Chandonia, ].M.; Brenner, S.E. WebLogo: A sequence logo generator. Genome Res. 2004, 14, 1188-1190.
[CrossRef] [PubMed]

Hu, B,; Jin, J.; Guo, A.-Y.; Zhang, H.; Luo, J.; Gao, G. GSDS 2.0: An upgraded gene feature visualization server. Bioinformatics 2015,
31, 1296-1297. [CrossRef] [PubMed]


http://doi.org/10.1186/s12870-018-1286-5
http://doi.org/10.3390/ijms21051855
http://www.ncbi.nlm.nih.gov/pubmed/32182686
http://doi.org/10.1038/s41598-017-04111-y
http://doi.org/10.1007/s00425-014-2050-1
http://www.ncbi.nlm.nih.gov/pubmed/24647682
http://doi.org/10.1111/j.1365-313X.2011.04853.x
http://www.ncbi.nlm.nih.gov/pubmed/22077743
http://doi.org/10.1074/jbc.M109287200
http://doi.org/10.1002/bit.20154
http://doi.org/10.1073/pnas.0504279102
http://doi.org/10.1002/chem.200800548
http://www.ncbi.nlm.nih.gov/pubmed/18561352
http://doi.org/10.1073/pnas.0500383102
http://doi.org/10.1016/j.abb.2004.06.021
http://www.ncbi.nlm.nih.gov/pubmed/15313223
http://doi.org/10.1080/07352689.2019.1632542
http://doi.org/10.1016/j.tplants.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28385337
http://doi.org/10.1111/plb.12627
http://doi.org/10.1111/tpj.13588
http://www.ncbi.nlm.nih.gov/pubmed/28482127
http://doi.org/10.1016/j.plaphy.2020.12.006
http://www.ncbi.nlm.nih.gov/pubmed/33321375
http://doi.org/10.1111/plb.13208
http://doi.org/10.1016/j.phytochem.2008.12.009
http://doi.org/10.1093/nar/gkg563
http://doi.org/10.1038/nprot.2007.494
http://www.ncbi.nlm.nih.gov/pubmed/18274516
http://doi.org/10.1016/S0968-0004(98)01285-7
http://doi.org/10.1093/bioinformatics/10.2.189
http://doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
http://doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://doi.org/10.1093/bioinformatics/btu817
http://www.ncbi.nlm.nih.gov/pubmed/25504850

Int. J. Mol. Sci. 2021, 22, 10826 17 of 17

54.

55.

56.

57.

58.

Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rombauts, S. PlantCARE, a data-base of
plant cis-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 2002, 30,
325-327. [CrossRef] [PubMed]

Zong, X.; Wang, S.; Han, Y.; Zhao, Q.; Xu, P; Yan, Q.; Wu, F.; Zhang, J. Genome-wide profiling of the potential regulatory network
of IncRNA and mRNA in Melilotus albus under salt stress. Environ. Exp. Bot. 2021, 189, 302-312. [CrossRef]

Zhang, J.; Wang, Y,; Nan, Z. Relative and absolute quantification expression analysis of CsSAMDC gene as a case. China Biotechnol.
2009, 29, 86-91.

Zhang, Z.; Jin, X.; Liu, Z.; Zhang, J.; Liu, W. Genome-wide identification of FAD gene family and functional analysis of MsFAD3.1
involved in the accumulation of alpha-linolenic acid in alfalfa. Crop Sci. 2021, 61, 566-579. [CrossRef]

Kim, O.T,; Jin, M.L.; Lee, D.Y.; Jetter, R. Characterization of the asiatic acid glucosyltransferase, UGT73AH]1, involved in
asiaticoside biosynthesis in Centella asiatica (L.) Urban. Int. ]. Mol. Sci. 2017, 18, 2630. [CrossRef]


http://doi.org/10.1093/nar/30.1.325
http://www.ncbi.nlm.nih.gov/pubmed/11752327
http://doi.org/10.1016/j.envexpbot.2021.104548
http://doi.org/10.1002/csc2.20362
http://doi.org/10.3390/ijms18122630

	Introduction 
	Results 
	Genome-Wide Identification and Characteristics of the UGT Genes in M. albus 
	Phylogenetic Analysis of MaUGTs 
	Structure, Motif Distribution Analysis, and Domain Architecture of the MaUGT Genes 
	Characterization of Cis-Acting Elements in the MaUGT Gene Promoters 
	Transcriptome Analysis of Tissue-Specific Expression 
	Expression Analysis of Coumarin Biosynthesis-Related MaUGT Genes 
	Expression Analysis of ABA and Abiotic Stress-Related MaUGT Genes 
	MaUGT68 and MaUGT186 Improve Drought Tolerance in Yeast 
	MaUGT186 Is Involved in Scopolin Biosynthesis 

	Discussion 
	Materials and Methods 
	Identification of the UGT Genes in M. albus 
	Phylogenetic and Classification Analysis 
	Analysis of Conserved Motifs, Gene Structure, and Exon/Intron Organization of the MaUGTs 
	Analysis of Promoter Cis-Acting Elements 
	Transcriptome Analysis for Tissue-Specific Expression 
	Stress Treatment and Transcriptomic Data Analysis 
	Quantitative Real-Time PCR Analysis 
	Validation of Heterologous Expression in Yeast 
	Heterologous Expression in E. coli and Glucosyltransferase Activity Assays 

	Conclusions 
	References

