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Introduction
Acer rubrum, also known as red maple, is a deciduous 
tree species endemic to the eastern United States. It is 
highly admired for its remarkable ornamental qualities 
and lumber production [1, 2]. According to Harris et al. 
[3], red maples are among the Acer genus species that are 
most often planted as ornamental trees. Among the most 
eye-catching aspects of A. rubrum is the incredible sea-
sonal and cultivar-specific variety in leaf color. Flavonoid 
pigments are mainly responsible for the broad spectrum 
of colors seen, ranging from verdant green to flaming red 
[4]. According to Tanaka et al. [5], plant pigmentation is a 

BMC Plant Biology

*Correspondence:
Jie Ren
renjieaaas@sina.com
Hua Liu
liuhuanmg@126.com
1School of Forestry & Landscape Architecture, Anhui Agricultural 
University, Hefei, Anhui 230036, China
2Institute of Agricultural Engineering, Anhui Academy of Agricultural 
Sciences, Hefei, Anhui 230031, China
3Ningbo City College of Vocational Technology, Ningbo 315502, China

Abstract
Acer rubrum is a widespread Acer species valued for its vibrant autumn foliage. The UGT (UDP-glycosyltransferase) 
gene family is integral to the biosynthesis of anthocyanins, the pigments responsible for leaf coloration. This 
study aimed to comprehensively identify and characterize the UGT gene family in the A. rubrum genome. The 
results of the phylogenetic analysis of 249 ArUGTs revealed 18 distinct subgroups. Conserved motif analysis 
demonstrated structural similarities within subgroups. Gene duplication analysis identified 21 tandem and 66 
segmental duplication events across chromosomes. Transcriptomic data from autumn leaves of different colours 
and under low-temperature stress were analyzed for ArUGT expression patterns. Compared to controls, 44 UGTs 
were upregulated and 99 downregulated in yellow leaves, while 59 were upregulated and 84 downregulated in red 
leaves. Low-temperature treatments showed upregulation of 18 UGTs at 10 °C and 40 UGTs at 4 °C. Downregulation 
was observed in 7 UGTs at 10 °C and 33 UGTs at 4 °C. Among all UGT genes, ArUGT52 was common in highly 
expressed genes in both red leaf and low-temperature stress. Furthermore, the transient overexpression of ArUGT52 
in tobacco plants demonstrated cytoplasmic localization and a marked increase in anthocyanin levels under cold 
stress. In vitro, biochemical assay results indicated that the ArUGT52 was involved in anthocyanin biosynthesis via 
the glucosylation of anthocyanidins. This study provides insights into the genetic mechanisms of leaf coloration 
and the potential of UGT manipulation for enhancing plant responses to low-temperature stress. These findings 
have applications in ornamental horticulture and agriculture.
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crucial characteristic in ornamental horticulture, and fla-
vonoids, betalains, and carotenoids impact it. In order to 
manipulate plant color, it is essential to understand the 
intricate gene network that controls the production and 
accumulation of these pigments [6].

The anthocyanin colors produced by the flavonoid bio-
synthetic pathway in A. rubrum make its fall leaves so 
eye-catching [7]. Our understanding of the phenylpro-
panoid metabolic route, a key mechanism in flavonoid 
production, has been dramatically enhanced by studies 
conducted on model plants such as maize and A. thali-
ana [8–10]. According to many studies [6, 11–13], antho-
cyanins, which may be found in a variety of plant parts, 
are the ones that give rise to a wide range of colors. The 
UFGT enzyme plays a critical role in their synthesis, 
acylation, and glycosylation, as well as adding sugars [14].

Flavonoids are among the many plant metabolites that 
are glycosylated by the vast and varied family of enzymes 
known as UDP-glycosyltransferases (UGTs) [15]. Accord-
ing to [16], flavonoids’ stability, solubility, and appearance 
are all greatly affected by glycosylation. The anthocyanin-
forming process is facilitated by the UDP-glucose flavo-
noid 3-O-glycosyltransferase (UFGT) enzyme, which is 
one of the UGTs [17].

The formation of various anthocyanin colors is made 
possible by UFGT-encoding genes found in many plants 
and display substrate selectivity [18]. Enzymes like antho-
cyanidin 3-O-glycosyltransferase and anthocyanidin 5, 
3-O-glucosyltransferase enable one set of enzymes to 
facilitate the first glycosylation of anthocyanin precursors 
[18–21]. A further set of UFGTs changes the anthocyanin 
structure by catalyzing glycosylation processes that fol-
low. Some examples of such enzymes are anthocyanidin 
3-O-glucoside-6-O-rhamnosyltransferase [22], anthocy-
anidin 3-O-glucoside 6-O-rhamnosyltransferase [23], and 
anthocyanidin 3-O-glucoside-2′-O-xylosyltransferase 
[24].

The conserved PSPG box motif, which consists of 44 
amino acids in the C-terminal region, is a unique feature 
of the UGT protein family [16, 25–27]. The core regions 
and folding patterns of plant UGT proteins are often con-
served. According to Nair et al. [28], the receptors are 
recognized mainly by their C-terminal domains, whereas 
specific glycosyl donors are recognized by their N-termi-
nal domains.

UGT gene family seems to have a common evolution-
ary ancestor [29]. According to Rehman et al. [30], several 
UGT genes have been found in different plants by the use 
of the PSPG motif. Among these genes, 122 have been 
found in A. thaliana, 148 in maize, 184 in grape, and 128 
in soybean. High conservation at 17 amino acid positions 
was found in sequence analysis of five terpenoid-related 
UGT genes in Panax notoginseng, indicating functional 
importance [31]. Numerous studies have elucidated 

UGTs in significant plant species such as A. thaliana 
[15], Glycine max [32], Malus domestica [33], and Vitis 
vinifera [34]. Genome-wide investigations of UGT genes 
in Populus trichocarpa shed light on their expression in 
specific tissues and reactions to abiotic stress [35].

Despite the significance of the UGT gene family in dif-
ferent plant species, the identification and functional 
analysis of the UGT gene family in A. rubrum was elusive. 
Therefore, the current study aims to discover and con-
duct a complete analysis of the UGT gene family in the A. 
rubrum genome. We analyzed motif composition, gene 
structure, and duplication events in order to gain insight 
into the evolutionary connections of ArUGTs. A gene 
expression study was conducted using transcriptomic 
data and qPCR analysis on red-colored fall leaves of A. 
rubrum, as well as leaves subjected to low-temperature 
stress. The gene “ArUGT52” with a high level of expres-
sion was defined functionally by temporarily expressing 
it in tobacco leaves. An in vitro biochemical investiga-
tion was conducted to examine the process of anthocy-
anin production by ArUGT52. This study holds potential 
for elucidating the genetic mechanisms governing leaf 
color variation in A. rubrum, with potential applica-
tions for manipulating ornamental traits and deepening 
our understanding of plant responses to environmental 
research.

Materials and methods
Identification of UGTs
We employed a comprehensive two-pronged approach 
to identify UDP-glycosyltransferase (UGT) genes within 
the A. rubrum genome. First, we used 122 established 
UGT protein sequences from A. thaliana (TAIR data-
base v10.0) as queries in a BLASTP similarity search 
against the A. rubrum protein database. Second, we used 
a Hidden Markov Model (HMM) with the canonical 
UGT domain (Pfam00201) to probe against the same A. 
rubrum database. This dual strategy ensured redundancy 
and increased the likelihood of identifying all potential 
UGTs. All sequences identified by either the BLASTP 
or HMM search was retained. To verify the presence of 
the UGT domain in candidate sequences and minimize 
false positives, we conducted analyses using the SMART, 
PFAM, and CDD databases. This rigorous validation pro-
cess ensured the inclusion of only genuine UGT genes in 
our dataset.

Phylogenetic analysis, gene structure, and conserved motif 
determination
To investigate the evolutionary links between the discov-
ered A. rubrum UGTs (ArUGTs) and known A. thaliana 
UGTs, we generated a phylogenetic tree using MEGA11. 
The JTT substitution model and 1500 bootstrap iterations 
were used with the Neighbor-joining (NJ) technique. The 
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web program iTOL was used to visualize the resultant 
unrooted tree. Understanding gene structure is crucial 
for insights into gene function and evolution. We ana-
lyzed the structure of ArUGTs using TBtools, focusing 
on the distribution of exons and introns. Additionally, we 
used the MEME Suite 5.1.1 to identify conserved protein 
motifs within the ArUGT sequences. These motifs often 
represent functionally essential regions and can aid in 
classifying UGTs based on potential substrate specificity.

Chromosomal location, gene duplication events
First, we prepared the required data, such as gene anno-
tation files (GFF) and a file containing gene IDs and chro-
mosomal locations, in order to use TBtools to identify 
gene duplication occurrences and determine chromo-
somal locations. To gain insights into the genomic dis-
tribution of UGT genes, we mapped the ArUGTs onto A. 
rubrum chromosomes using the MG2C online tool. We 
prepared the reference genome sequence file in FASTA 
format and gene sequences or IDs for gene duplication 
occurrences. We used tools like MCScanX Wrapper and 
One Step MCScanX in the Gene Duplication section of 
TBtools-II. In order to find duplicate genes (segmental 
and tandem), we loaded the reference genome and gene 
sequence files, set up the analysis settings, and then per-
formed the analysis. The outcomes were utilized to dis-
play duplication events within the ArUGT family.

Collinearity analysis of UGTs
To understand the evolutionary history of ArUGTs 
in broader plant lineages, we conducted comparative 
genomic analyses using MCScanX (within TBtools). Spe-
cifically, we examined syntenic relationships between 
ArUGTs and UGT gene families in A. yangbiense, Populus 
trichocarpa, Gossypium hirsutum, Vitis vinifera, and A. 
thaliana. Synteny refers to the conserved order of genes 
on chromosomes across different species and provides 
clues about shared ancestry.

Plant materials collection and treatments
To investigate the role of ArUGTs in leaf color variation 
and environmental responses, we utilized pre-existing 
RNA-seq and new experimental data. Leaves color varia-
tion from the same A. rubrum trees were sampled across 
different color stages during the autumn season. These 
samples were immediately flash-frozen in liquid nitrogen 
for gene expression analysis. Cold stress response of A. 
rubrum seeds was stratified at 4 °C, and germinated seed-
lings were grown under standard conditions. A. rubrum 
seedlings were produced via tissue culture to avoid gen-
otype-phenotype variation. Eight-month-old seedlings 
were subjected to either 4–10 °C cold stress for 24 h, after 
which leaf samples were collected and flash-frozen for 

subsequent analysis. All experiments included three bio-
logical replicates for accurate statistical assessment.

RNA extraction and gene expression analysis
The RNA was extracted from all plant samples using the 
RNeasy Plant Mini Kit, including on-column DNAse I 
treatment. RNA quality and quantification were assessed 
using a NanoDrop 2000c spectrophotometer. First-strand 
cDNA synthesis was performed using the HiScript II Q 
RT SuperMix kit. Gene expression patterns of ArUGTs 
were analyzed using quantitative real-time PCR (qPCR) 
with gene-specific primers (Supplementary Table S1). 
The 2-ΔΔCt method determined relative gene expression, 
normalized against the A. rubrum ACTIN2 gene. Techni-
cal and biological replicates were included to ensure reli-
able and reproducible results.

Statistical analysis
We implemented a comprehensive set of statistical analy-
ses to systematically identify genes with a potential role 
in leaf color variation and cold stress responses. We then 
determined ArUGT expression levels utilizing quanti-
tative real-time PCR (qPCR). We analyzed our qPCR 
results using one-way ANOVA followed by Tukey’s HSD 
post-hoc test. ANOVA enables us to examine whether 
there are significant variations in the overall expression 
of the ArUGT gene across the stress treatments and color 
groups. By identifying the precise pairings of samples 
that exhibit statistically significant differences, Tukey’s 
HSD fortifies our inferences regarding the involvement of 
ArUGTs in the processes under investigation.

Sub-cellular localization
Protein regulation mechanisms and possible roles may be 
better understood by tracing their subcellular distribu-
tion. We fused the coding sequence (CDS) of ArUGT52 
with the green fluorescent protein (GFP) gene in the 
pCambia1302 vector to find its location. We transiently 
produced this construct in Nicotiana benthamiana leaves 
after introducing it into Agrobacterium. A Nikon C2-ER 
confocal laser microscope was used to study the localiza-
tion of GFP-tagged ArUGT52.

Transient expression of ArUGT52 in tobacco (Nicotiana 
Benthamiana)
We used a transient expression system using tobacco 
(Nicotiana benthamiana) as a model organism to exam-
ine the ArUGT52 gene’s function. We used PCR using 
gene-specific primers to amplify the ArUGT52 cod-
ing sequence from cDNA extracted from A. rubrum 
leaves (Supplementary Table S1). Initial propagation 
and sequence verification were accomplished by clon-
ing the PCR product into the pEASY®-Blunt Vector. 
Next, the ArUGT52 sequence was inserted into the plant 
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expression vector pCAMBIA1302 using the NcoI and 
SpeI restriction enzymes, creating the pCAMBIA1302-
ArUGT52 construct. This construct was introduced 
into Agrobacterium rhizogenes (EHA105), a soil bacte-
rium commonly used for plant transformation. Finally, 
the transformed Agrobacterium introduced the con-
struct into tobacco plants. To ensure the reliability of our 
results, we generated three independent transgenic lines, 
each representing a separate transformation event.

Extraction and determination of anthocyanins
We used a well-established procedure to identify and 
quantify anthocyanins in our plant samples. We accom-
plished this by immersing samples in a 5 mL HCl-ethanol 
solution heated to 55  °C in a water bath for two hours. 
Hydrolysis degrades complex anthocyanin structures 
into their fundamental parts. After hydrolysis, the liquid 
extract (supernatant) containing the anthocyanins was 
centrifuged to separate it from the residual plant mate-
rial. Second, we quantified anthocyanins using a spectro-
photometer, which evaluates a sample’s light absorption. 
The extracted anthocyanins were concentrated and tested 
for absorbance at specific wavelengths (530 nm, 620 nm, 
and 650  nm). These wavelengths match the absorption 
peaks of anthocyanins. The spectrophotometer was cali-
brated using a blank solution of 0.1 mol/L HCl-ethanol. 
Using the absorbance values, we estimated the anthocy-
anin concentration using a formula used in prior work 
[36]. This method takes into account the absorbance 
readings, extract volume, and sample weight to calculate 
the amount of anthocyanin in the original plant tissue.

In vitro biochemical assay
The biochemical test followed the recognized methodol-
ogy reported by Lee et al. [37]. The ArUGT52 gene was 
amplified using the primers given in (Supplementary 
Table S1), and then inserted into the pGEX4T-1 vec-
tor. GST-ArUGT52 fusion proteins were extracted from 
Escherichia coli strain BL21 using glutathione-sepharose 
4B beads from Pharmacia Biotech in the United States. 
A 200 µL reaction mixture was prepared using 2  µg of 
recombinant GST-ArUGT52 protein and a reaction 
solution of 50 mM Tris-HCl (pH 7.0), 14 mM 2-mercap-
toethanol, 5 mM UDP-glucose, and 1 mM substrates. 
After 30  min of incubation at 30  °C, the mixture was 
quenched with 50 µL of methanol containing 1% hydro-
chloric acid for cyanidin and pelargonidin and 20 µL 
of trichloroacetic acid (240  mg/mL) for quercetin and 
kaempferol. These reaction mixtures were immediately 
frozen in liquid nitrogen and kept at -20 °C before further 
analysis using high-performance liquid chromatography 
(HPLC). Each sample was injected onto a reverse-phase 
C18 column (WATERS ACQUITY UPLC HSS T3 1.8 μm 
2.1 × 100 mm) with a gradient that was linear of 10 to 50% 

acetonitrile in water containing 0.5% trifluoroacetic acid 
with a flow rate of 0.5 mL/min. Detection was carried out 
using a High-performance liquid chromatography (Agi-
lent 1290, Agilent, USA) system equipped with a Liquid 
mass spectrometry instrument (SCIEX Triple Quad™ 
6500 + LC-MS/MS, AB SCIEX, USA). This allowed for 
both UV-Vis and MS/MS analysis of the reaction prod-
ucts. Flavanols were initially detected at a wavelength 
of 340 nm and anthocyanidins/anthocyanins at 520 nm. 
Further confirmation of compound identity was achieved 
using MS/MS by analyzing the fragmentation patterns 
of the detected compounds. Flavonoid substrates and 
standards were obtained from Sigma-Aldrich (St. Louis, 
Missouri, United States). Absorbance spectra and mass 
spectra of the detected compounds are presented in Sup-
plementary Fig. S2A and B.

Results
ArUGTs gene discovery in the genome of the Acer rubrum 
and protein characteristics
A comprehensive genome-wide analysis was conducted 
to identify UDP-glycosyltransferase (UGT) genes in the 
A. rubrum genome. Using a combination of domain 
analysis and Hidden Markov Model (HMM) searches, 
we discovered 249 ArUGT genes. Detailed information 
on these ArUGT genes is provided in (Supplementary 
Table S2). Our analysis revealed significant variation in 
the characteristics of ArUGT proteins. Protein sequence 
lengths ranged from 88 amino acids (ArUGT6) to 908 
amino acids (ArUGT241), with the majority (73.38%) 
falling between 400 and 499 amino acids (Supplementary 
Fig. S1A and B). Similarly, calculated molecular weights 
ranged from 9.87  kDa to 99.78  kDa (Supplementary 
Fig.  S1C). Most ArUGT proteins (80.24%) had molecu-
lar weights between 40 and 59.9  kDa (Supplementary 
Fig.  S1D). Notably, ArUGT6 displayed both the short-
est sequence length (88 AA) and the lightest molecular 
weight (9.87 kDa), while ArUGT241 exhibited the most 
lengthy sequence (908 AA) and the heaviest molecular 
weight (99.78 kDa).

ArUGTs gene chromosomal locations and duplication events
The distribution of the 249 identified ArUGT genes 
was investigated across the 30 chromosomes of the A. 
rubrum genome (Fig.  1). The number of ArUGT genes 
per chromosome varied, with chromosome LG 24 con-
taining the most (24) and chromosomes LG 13, LG 20, 
and LG 36 containing the fewest (1). This uneven dis-
tribution highlights the potential for differential regula-
tion and function of ArUGTs on different chromosomes. 
Gene duplication is a major evolutionary force driving 
gene family expansion and diversification. We identi-
fied 21 tandem duplication events, where pairs of closely 
related ArUGTs occur adjacent to each other on the same 
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chromosome (Fig.  1). Additionally, 66 segmental dupli-
cation events were identified (Supplementary Fig.  S2A 
and B). Segmental duplications involve duplicating the 
chromosomal regions, potentially leading to dispersing 
ArUGT copies across different chromosomes. Further 
analysis revealed 882 paralogous gene pairs within the 
ArUGT family (Supplementary Table S3). Paralogs are 
genes that arise from duplication events within a single 
genome. Out of the 249 ArUGTs, 36 were found to be 
singletons (lacking paralogs). Interestingly, a significant 
portion of ArUGTs possessed either one (47 genes), two 
(45 genes), or three (51 genes) paralogs (Supplementary 
Fig. S3). These findings suggest that ArUGT gene dupli-
cation, both tandem and segmental, has played a signifi-
cant role in the expansion and evolution of the UGT gene 
family within A. rubrum.

Motif analysis of the identified ArUGTs proteins
We performed a motif analysis using the MEME tool to 
gain insights into potential functional domains within 
ArUGT proteins. This analysis revealed ten conserved 
motifs (Motif1-Motif10) across the 249 ArUGT pro-
teins (Supplementary Fig.  S4, Supplementary Table S4). 
Motif lengths ranged from 15 amino acids (Motif10) to 
34 amino acids (Motif8). These conserved motifs likely 
represent functionally essential regions of the proteins. 
Interestingly, while some motifs were common to many 
ArUGT proteins, others were found only in specific sub-
sets. This variation in motif distribution suggests poten-
tial functional diversification within the ArUGT family. 
Understanding the specific roles of these motifs could 
provide clues about how different ArUGTs contribute to 
diverse processes in A. rubrum.

Fig. 1  ArUGTs family Gene distribution across A. rubrum chromosomes and Gene duplication events. Distribution of ArUGTs transcription factor across A. 
rubrum chromosome, and tandem duplication, red colour labeled genes are tandem duplicates. To understand the genomic distribution of UGT genes, 
we used the MG2C online tool to map the ArUGTs onto A. rubrum chromosomes. We prepared a reference genome sequence file in FASTA format along 
with gene sequences or IDs to identify gene duplication events. For this purpose, we employed tools such as MCScanX Wrapper and One Step MCScanX 
in the Gene Duplication section of TBtools-II. To find duplicate genes (both segmental and tandem), we loaded the reference genome and gene sequence 
files, configured the analysis settings, and performed the analysis. The results were then used to illustrate duplication events within the ArUGT family
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Phylogenetic analysis of the ArUGTs gene family
To study the evolutionary links between ArUGT pro-
teins, we generated a phylogenetic tree using MEGA11. 
The study contained 249 UGT protein sequences from A. 
rubrum and 122 established UGTs from A. thaliana [29], 
which allowed us to categorize ArUGTs based on com-
mon ancestry with known A. thaliana subfamilies [38]. 
Our findings showed that ArUGT proteins were divided 
into 18 unique subgroups (Fig. 2), showing high diversity 
within the UGT gene family in A. rubrum. The preva-
lence of ArUGTs was unequal across these groupings. 
Group (E) was the biggest, with 38 ArUGTs members, 
while Group (F) had just 6 ArUGTs. Notably, the A. thali-
ana protein AtUGT78D2, recognized for its function in 
anthocyanin biosynthesis, is closely related to numerous 
ArUGTs (ArUGT52, ArUGT11, ArUGT41, ArUGT50, 
ArUGT6, and ArUGT40). This evolutionary link implies 
that these particular ArUGTs may also play a role in 
anthocyanin synthesis in A. rubrum.

Duplication and synteny analysis of ArUGTs gene
To gain insights into the evolutionary history of the 
UGT gene family in A. rubrum, we conducted both gene 
duplication analysis and comparative genomics to under-
stand how ArUGTs relate to UGTs in other species. We 
constructed syntenic maps comparing A. rubrum to five 
other plants (P. trichocarpa, A. thaliana, Vitis vinifera, 
Gossypium hirsutum, and A. yangbiense). The analy-
sis showed that 96 UGT gene pairs are in the same line 
between A. rubrum and P. trichocarpa. Additionally, 35 
UGT gene pairs are in the same line between A. rubrum 
and A. thaliana. Furthermore, 126 genes have a similar 
function between A. rubrum and A. yangbiense, and 100 
genes have a similar function between A. rubrum and 
Gossypium hirsutum. Lastly, there are 67 genes with a 
similar function between A. rubrum and Vitis vinifera 
(Fig. 3 and Supplementary Table S5).

Fig. 2  Phylogenetic tree of identified ArUGT proteins. A phylogenetic analysis of A. rubrum ArUGT family genes. The MUSCLE and MEGA 11.0 software was 
used for the sequence alignment and construction of the phylogenetic tree (parameters: p-distance, complete deletion, bootstrap: 1500 replicates) using 
the complete length sequences of 249 A. rubrum ArUGTs and 122 A. thaliana AtUGTs
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Expression analysis of ArUGT genes in different colors of 
leaves of Acer rubrum
To investigate the role of ArUGT genes in the strik-
ing color variation of A. rubrum leaves, we performed 
expression profiling of ArUGTs in leaves exhibiting dis-
tinct colors (green, yellow, and red) (Fig.  4A). Samples 
were collected from A. rubrum trees at the Anhui Acad-
emy of Agricultural Sciences. The transcriptomic analysis 
revealed differential expression patterns of ArUGT genes 
across the three-color groups (Fig.  4B). Several genes, 
including ArUGT52, ArUGT102, ArUGT107, ArUGT218, 
ArUGT126, ArUGT103, ArUGT197, and ArUGT138 
were upregulated in red leaves compared to green leaves 
(Fig.  4B). To validate our findings, we performed qRT-
PCR analysis, which confirmed the trends observed in 
our transcriptomic data (Fig. 4C). These results strongly 
suggest that differential regulation of specific ArUGT 
genes plays a crucial role in the diverse leaf coloration of 
A. rubrum.

Expression analysis of ArUGT genes under low-temperature 
stress
To investigate the possible significance of ArUGTs in A. 
rubrum’s cold stress response, we evaluated their expres-
sion at two low temperatures (10 °C and 4 °C) (Fig. 5A). 
Our findings demonstrated that multiple ArUGT genes 
were significantly upregulated at both temperatures. At 
4  °C, the ArUGT52, ArUGT24, ArUGT21, ArUGT46, 
ArUGT20, ArUGT148, ArUGT41 and ArUGT50 had 
higher level of expression (Fig.  5B). We corroborated 
these transcriptome results using qRT-PCR (Fig.  5C), 
which confirmed the increase of ArUGTs during cold 
stress. These findings indicate that ArUGTs play a role in 
the cold-stress response in A. rubrum.

Identification of cis-acting element in the promoter region of 
ArUGTs
To further understand how ArUGT gene expression is 
regulated, we investigated cis-acting elements in their 

Fig. 3  Synteny analyses of the ArUGT family gene with the UGT family of other species. Synteny analysis between the ArUGT genes and other plant spe-
cies. The synteny analyses were performed using TBtool’s “Dual Synteny Plotter” option. The genome information files (GFF files) and genomic sequences 
(fasta files) of P. trichocarpa, A. thaliana, Vitis vinifera, Gossypium hirsutum, and A. yangbensi were downloaded from NCBI. Grey lines represent the collinear 
relationship between A. rubrum and other plant species’ genomes. In contrast, highlighted red lines represent the collinear relationship of ArUGT genes 
with other plant species’ UGT genes. Chromosomes of different plant species are shown in different colours
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promoter regions. These short DNA sequences serve as 
binding sites for transcription factors, which influence 
gene activity. Using the PlantCARE database, we analyzed 
the promoter regions of all identified ArUGTs, includ-
ing a focused analysis of ArUGT52. Across the ArUGT 
promoters, we found four main types of cis-elements: 
those associated with light responsiveness, circadian 
clock control, environmental stress responses (including 

cold), and hormone signaling pathways (Supplementary 
Fig.  S5). Importantly, many ArUGT promoters, includ-
ing ArUGT52, contained binding sites for transcription 
factors known to regulate anthocyanin production. Spe-
cifically, the ArUGT52 promoter contained MYB bind-
ing sites. This suggests that ArUGT52 expression is likely 
influenced by a combination of factors, including light, 
circadian rhythms, and stress conditions. This complex 

Fig. 4  Heatmap of the transcriptomic expression levels of ArUGT genes in green, red, and yellow leaves of A. rubrum.A leaves samples were collected in 
mid-to-late November. B The figure data represents the log scale of transcription reads (FPKM values) of ArUGTs in green, red, and yellow leaves of A. ru-
brum. The figure was illustrated using the heatmap function of TBtools-II software v2.030. In this figure, GL represents the green leaf, RL is the red leaf, and 
YL means the yellow leaf of A. rubrum.C The relative expression level of ArUGTs was analyzed using the 2–∆∆Ct method. ArACTIN2 was used as a reference 
gene. Data are means of three biological replicates. The qPCR data was statistically analyzed via One-way Analysis of variance, and multiple comparisons 
were made with HSD Tuckey’s test at p < 0.001 significant level (n = 3). Asterisks (***) show a significant difference at p < 0.001. In this figure, GL represents 
the green leaf, RL is the red leaf, and YL means the yellow leaf of A. rubrum
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regulatory network may fine-tune ArUGT52 expression 
to control anthocyanin biosynthesis in response to vari-
ous internal and external cues.

Subcellular localization of the ArUGT52
To determine the subcellular localization of ArUGT52, 
expression in Nicotiana benthamiana leaf cells was 

performed using Agrobacterium rhizogenes-mediated 
transformation. We constructed a fusion protein of 
ArUGT52 and the green fluorescent protein (GFP) tag, 
expressed from the pCambia1302-ArUGT52-GFP plas-
mid. A control construct (pCambia1302-GFP) expressing 
GFP alone was used for comparison. Microscopic exami-
nation revealed that the ArUGT52-GFP fusion protein 

Fig. 5  Heatmap of the transcriptomic expression levels of ArUGT genes under cold stress. A Leaves samples were collected from Eight-month-old seed-
lings in control (22 °C) and cold stress (10 °C and  4 °C) for 24 h. B The figure data was extracted from the transcriptomic data representing the log scale 
of transcription reads (FPKM values) of ArUGTs. Data are means of three biological replicates. The figure was illustrated using the heat map function of 
TBtools-II software v2.030. C The relative expression level of ArUGTs was analyzed using the 2–∆∆Ct method. ArACTIN2 was used as a reference gene. Data 
are means of three biological replicates. The qPCR data was statistically analyzed via One-way Analysis of variance, and multiple comparisons were made 
with HSD Tuckey’s test at p < 0.001 significant level (n = 3). Asterisks (***) show a significant difference at p < 0.001. In this figure, GL represents the green 
leaf, RL is the red leaf, and YL means the yellow leaf of A. rubrum
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localized predominantly within the cytoplasm (Fig. 6A). 
In contrast, the GFP alone control showed a more diffuse 
pattern throughout the cell. This finding suggests that 
ArUGT52 may function primarily within the cytoplasm, 
where its potential interaction partners or substrates are 
likely located.

Transient overexpression of ArUGT52 in tobacco (Nicotiana 
Benthamiana)
To study the function of ArUGT52, we used transient 
overexpression in tobacco leaves. we infiltrated leaves 
with Agrobacterium rhizogenes expressing either the 
pCambia1302-ArUGT52 construct or an empty pCam-
bia1302 vector as a control. We found a consider-
able increase in anthocyanin concentration in leaves 

overexpressing ArUGT52 compared to controls (Fig.  6B 
and D). This study implies that ArUGT52 contributes to 
anthocyanin accumulation in Nicotiana benthamiana. 
Furthermore, when ArUGT52-overexpressing plants 
were exposed to cold stress, their anthocyanin levels 
rose even more (Fig.  6C and E). This finding suggests 
that ArUGT52 may contribute to controlling antho-
cyanin production in A. rubrum in response to cold 
temperatures.

ArUGT52 glycosylates flavonols and anthocyanins in vitro
It has been found that AtUGT78D2, an UDP-flavonoid 
glucosyl transferase (UGT), may glucosylate flavonols 
[39]. Building on this information, we tested if ArUGT52, 
a homologous gene from a different plant species, could 

Fig. 6  Transient expression of ArUGT52.A Sub-cellular localization of ArUGT52. B Transient expression of ArUGT52 in tobacco leaves under control condi-
tion. C Low-temperature treated ArUGT52 transient expressed tobacco seedlings. D Anthocyanin levels in transient expressed ArUGT52 in tobacco leaves 
under control condition. E Anthocyanin levels in transient expressed ArUGT52 in tobacco leaves under cold condition
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also glucosylate flavonols and anthocyanidins. We gen-
erated and purified recombinant ArUGT52, a fusion 
protein with GST (glutathione S-transferase) to test. Bio-
chemical reactions were then conducted using various 
flavonol and anthocyanidin substrates, and the products 
were analyzed using HPLC. The results indicated that the 
GST enzyme alone did not catalyze the glucosylation of 
flavonol substrates. However, when GST was fused with 
ArUGT52, the glucosylation of flavonols, specifically 
quercetin and kaempferol, was observed. Furthermore, 
this fusion protein could also glycosylate anthocyani-
din substrates, including pelargonidin and cyaniding 
(Fig.  7). These findings suggest that ArUGT52 exhibits 
biochemical activity similar to its A. thaliana orthologue, 
AtUGT78D2, in glucosylating flavonols and anthocyani-
dins, which is expanding our understanding of the func-
tional conservation of UGT enzymes across plant species 
and provides insights into the biosynthesis of flavonoid 
glycosides in A. rubrum.

Discussion
This study identifies and characterizes the UGT family in 
A. rubrum, an important ornamental tree. We conducted 
a comprehensive analysis encompassing motif composi-
tion, gene structure, phylogenetic relationships, tandem 
duplication events, gene replication events, and collinear 
relationships with other species. Furthermore, we inves-
tigated the expression profiles of ArUGT genes in red 
leaves across changing seasons and under low-temper-
ature conditions. Additionally, a co-expression analysis 
of ArUGTs with various transcription factors was per-
formed to predict their potential roles in regulating sec-
ondary metabolites like anthocyanin biosynthesis. After 
finding a common highly expressed gene, ArUGT52, in 
both transcriptomic data of red leaves and under low 
temperature, we genetically transformed ArUGT52 in 
Nicotiana benthamiana and confirmed its involvement 
in anthocyanin biosynthesis under both control and 
low-temperature.

Our analysis revealed that ArUGT genes associ-
ated with anthocyanin metabolism exhibit conserved 
sequence motifs and gene architectures, consistent with 
previous research on UGT genes in upland cotton [29], 
pomelo [40]. and A. thaliana [29]. It is worth mentioning 
that 80.7% (200 out of 249) of these genes had 1–2 exons. 
In upland cotton, 17 out of 36 UGT members contained 
one intron, while 19 possessed two introns. Around 50% 
of UGT genes in A. thaliana and pomelo do not have 
introns [40]. The UGTs in Gossypium hirsutum primar-
ily contain one or two introns, with only a few exhibiting 
multiple introns [40]. This suggests a degree of conserva-
tion in UGT gene structure across diverse plant species, 
although variations exist. The high proportion of ArUGTs 
with 1–2 exons might reflect specific evolutionary 

pressures or functional adaptations in A. rubrum. Nota-
bly, motif arrangements within evolutionarily related 
ArUGT groups displayed significant similarity, suggesting 
that motif positioning and gene structure within these 
subfamilies support the phylogenetic classification of 
ArUGTs.

Gene duplication events are believed to impact the 
variability in the number of UGT family members [41]. In 
this study, a total of 21 tandem duplications were found 
on various chromosomes. Additionally, 66 segmental 
duplications were found on different chromosomes. The 
genome of A. rubrum has experienced tandem and seg-
mental duplications, resulting in increased gene cop-
ies, which could contribute to new gene functions and 
the expansion of gene families. Interestingly, A. rubrum 
has a significantly higher number of segmental duplica-
tion genes compared to Nelumbo nucifera [42], Manihot 
esculenta Crantz [43], and Broussonetia papyrifera [44], 
which have 7, 24, and 28 segmental duplications, respec-
tively. This suggests that segmental duplication may have 
played a more prominent role in the evolution of the 
UGT gene family in A. rubrum. The results of this study 
indicate that the duplication of ArUGTs in A. rubrum 
depends upon both tandem and segmental duplication 
events.

After comparing the UGT gene families in A. thaliana, 
the 249 UGT genes were classified into 18 evolutionary 
groupings. However, as noted by the reviewer, this may 
not represent the full diversity of UGT groups across 
the plant kingdom. 38 genes were discovered in group 
E of A. rubrum and have been reported to facilitate the 
conversion of terpenes and flavonoids. Additionally, 10 
genes were found in Group F, which are known to be 
involved in anthocyanin biosynthesis [45]. For example, 
ArUGT52, found in group E, forms a cluster with A. 
thaliana UGT78D2. UGT82A1 catalyzes the addition of 
glucose molecules to flavonols and anthocyanins at the 
3-OH position and leads to the accumulation of antho-
cyanin [37, 46].

Previous research has shown the importance of plant 
secondary product glycosyltransferases (PSPGs) in regu-
lating secondary plant metabolite production [31, 47]. 
Interestingly, analysis of the 249 ArUGT proteins from all 
18 evolutionary groups revealed the consistent presence 
of a conserved PSPG box in each group, implying that 
ArUGT proteins may be involved in the glycosylation of 
secondary metabolites across diverse evolutionary lin-
eages in A. rubrum. Furthermore, observed differences 
in glycosylation patterns between evolutionary groups, 
together with specificities found in PSPG motif analysis, 
provide further support for the probable role of these 249 
UGT genes in secondary metabolite synthesis.

The cis-elements found in the promoter of ArUGTs 
were divided into four major groups: (1) light 
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Fig. 7  ArUGT52 regulated the glucosylation of anthocyanidins and flavonols. A representation of ArUGT52 enzyme glucosylation of quercetin (Q) into 
quercetin 3-O-glucoside (Q-Gluc). B ArUGT52 enzyme glucosylation of kaempferol (K) into kaempferol 3-O-glucoside (K-Glac). C ArUGT52 enzyme glu-
cosylation of cyanidin (Cyn) into cyanidin 3-O-glucosides (Cyn-Gluc). D ArUGT52 enzyme glucosylation of pelargonidin (Pe) into pelargonidin 3-O-gluco-
sides (Pe-Glac). E standards mean HPLC profile of flavonols and flavonol 3-O-glucosides. F GST + Q + K, GST did not glucosylate the Q and K. G ArUGT52 + Q 
represented the conversion of quercetin to quercetin 3-O-glucoside by ArUGT52 enzyme. H ArUGT52 + K represented the conversion of kaempferol to 
kaempferol 3-O-glucoside by ArUGT52 enzyme. I standards mean HPLC profile of pelargonidin and pelargonidin 3-O-glucosides. J GST + Pe + Cyn, GST 
did not glucosylate the Pe and Cyn. K ArUGT52 + Pe represented the conversion of pelargonidin to pelargonidin 3-O-glucoside by the ArUGT52 enzyme. 
L ArUGT52 + Cyn represented the HPLC profile of cyanidin and cyanidin 3-O-glucosides
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responsiveness, (2) circadian rhythm, (3) environmen-
tal adaptation (including responses to low temperatures, 
defense, and stress), and (4) hormonal control (particu-
larly, responses to ABA and Jasmonic acid). Light, the 
circadian clock, low temperatures, and phytohormones 
have a significant influence on anthocyanin production 
and stability. Light quality, intensity, duration, and the 
circadian clock may all impact anthocyanin accumulation 
in plants [48–51].

According to recent research, low temperatures alter 
both anthocyanin production and stability [52]. Plant 
hormones also influence the production of anthocyanins. 
Several studies have demonstrated that auxin and gib-
berellins diminish anthocyanin accumulation by block-
ing the transcription of anthocyanin-producing genes 
[53–55]. Various studies suggest that cytokinins, abscisic 
acid (ABA), jasmonic acid, ethylene, and brassinosteroids 
enhance anthocyanin production by activating genes 
involved in its biosynthesis [55–57].

The findings showed that the ArUGTs promoter region 
has a binding site for all anthocyanin-producing compo-
nents. As a result, the data suggest that numerous fac-
tors may influence anthocyanin production in ArUGTs. 
Several UGTs have been shown to have elevated relative 
expression levels in red-colored leaves. This research 
found that numerous genes were elevated in yellow 
and red leaves, consistent with prior results. Previous 
research has shown that UGT79B1 is highly elevated 
in the red autumn leaves of Fraxinus angustifolia [58]. 
Another study found that various UDP-glucuronosyl-
transferases (UGTs) have unique expression patterns 
throughout fall. According to [59], there was a substantial 
association between anthocyanin levels and gene expres-
sion. When anthocyanin levels were high, expression 
levels were much more remarkable. These data imply 
that UGTs play an essential role in the coloration of A. 
rubrum leaves.

The identification of ArUGT52 as a key regulator 
of anthocyanin biosynthesis in A. rubrum has impor-
tant implications for breeding programs. By targeting 
ArUGT52 expression or manipulating its regulatory net-
work, breeders could potentially enhance the intensity 
and stability of red leaf coloration in cultivated varieties. 
This could lead to the development of new A. rubrum 
cultivars with improved aesthetic qualities, increasing 
their value in the horticultural market.

Cold response to UGTs and accumulation of antho-
cyanin under cold stress [60–62]. Furthermore, one 
research found that aberrant expression of the UGT79B2/
B3 genes significantly increased the accumulation of 
anthocyanin pigments in plants subjected to low tem-
peratures. Plants harboring mutations in the UGT79B2 
and UGT79B3 genes have lower amounts of anthocy-
anin pigments. CBF1 (CRT/DRE-binding factor 1, also 

known as DREB1B) regulates the expression of UGT79B2 
and UGT79B3 genes in response to low temperatures 
[60]. Several ArUGTs were shown to be upregulated 
in A. rubrum leaves when exposed to various low tem-
peratures. These findings indicate that certain ArUGTs 
are quite sensitive to low temperatures. Another report 
stated that AtUGT78D2 played a role in anthocyanin bio-
synthesis, and the phylogenetic tree results of this study 
showed that ArUGT52 grouped with AtUGT78D2 and 
that its expression levels were much more significant in 
red and low-temperature treated leaves of A. rubrum, 
showing that ArUGT52 likely retains its conserved roles 
in regulating anthocyanin biosynthesis in A. rubrum in 
response to low temperatures.

In this work, the results of phylogenetic tree group F 
revealed that ArUGT52 was related with AtUGT78D2, 
which has been linked to anthocyanin biosynthesis [37]. 
Notably, transcriptome data analysis in red-colored 
leaves exposed to cold stress indicated a considerable 
elevation of ArUGT52 expression. This finding encour-
aged additional investigation into ArUGT52. As a result, 
we performed an overexpression investigation in Nicoti-
ana benthamiana leaves, subjecting the transgenic plants 
to cold stress. The findings showed that overexpressing 
ArUGT52 increased anthocyanin content, demonstrat-
ing ArUGT52’s ability to increase anthocyanin concen-
trations in Nicotiana benthamiana leaves. Cold stress 
increased anthocyanin levels in ArUGT52-overexpressed 
Nicotiana benthamiana leaves. These results are con-
sistent with prior research that found UGT78 enhances 
anthocyanin production in tea plants under cold stress 
[63]. The finding that ArUGT52 also enhances anthocy-
anin production under cold stress suggests its potential 
role in improving cold tolerance in A. rubrum. Further 
research is needed to explore this possibility and inves-
tigate whether manipulating ArUGT52 expression can 
enhance cold tolerance in A. rubrum cultivars.

The findings of the in vitro biochemical experiment 
revealed that ArUGT52 was engaged in flavonol glucosyl-
ation as well as anthocyanin production by glucosylating 
anthocyanidin substrates such as pelargonidin and cyani-
din. These findings were consistent with previous studies 
showing that the biosynthesis of anthocyanin is orches-
trated by specific genes in A. thaliana, namely UGT75C1 
and UGT78D2, which encode anthocyanin 5-O-gluco-
syltransferase and flavonoid 3-O-glucosyltransferase 
enzymes, respectively [37, 64]. Petunia hybrida flowers 
accumulated blue and purple anthocyanins due to the 
overexpression of anthocyanin 3′-O-glucosyltransferase 
(3’GT) from Gentiana triflora [65].

While our study provides valuable insights into 
the UGT gene family in A. rubrum, it is important to 
acknowledge some limitations. Our analysis focused pri-
marily on gene expression in leaves, and further research 
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is needed to investigate the roles of ArUGTs in other tis-
sues and developmental stages. Additionally, functional 
characterization of other ArUGT genes, especially those 
highly expressed in red leaves or under cold stress, would 
provide a more complete understanding of their roles in 
anthocyanin biosynthesis and stress response. Despite 
these limitations, our findings provide a foundation for 
future research and have significant implications for A. 
rubrum breeding programs.

Conclusion
This study provides a comprehensive analysis of the 
UGT gene family in A. rubrum, revealing its role in leaf 
coloration and response to low-temperature stress. The 
identification of 249 ArUGT genes, their phylogenetic 
relationships, expression patterns, and the functional 
characterization of ArUGT52 significantly enhance our 
understanding of the genetic mechanisms underlying leaf 
color diversity in this species.

Our findings have important implications for both 
ornamental horticulture and ecological research. The 
potential for manipulating UGT gene expression to 
enhance autumn leaf color in A. rubrum cultivars holds 
promise for the development of new varieties with 
improved aesthetic qualities. Moreover, understanding 
the role of ArUGTs in response to low-temperature stress 
can shed light on the adaptive mechanisms of this spe-
cies in a changing climate. Future research could explore 
the specific functions of other highly expressed ArUGT 
genes, investigate their interactions with other regulatory 
pathways, and assess their potential for improving cold 
tolerance in other plant species.
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