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ABSTRACT

Acer rubrum is an important garden color-leafed plant. Its leaves will turn red in autumn, which is of great orna-
mental value. The leaf color change in Acer rubrum is closely associated with anthocyanins accumulation. In
anthocyanin synthesis and accumulation, various transcription factor families play significant regulatory roles,
including the basic (region) leucine zipper (bZIP). However, there is no report on the systematic identification
and functional analysis of the bZIPs in Acer rubrum. In this study, 137 bZIPs distributed on 29 chromosomes
of Acer rubrum were identified and renamed according to their locations on the chromosomes. According to
the constructed bZIP phylogenetic tree of Arabidopsis thaliana and Acer rubrum, bZIPs were divided into
13 groups. Two pairs of bZIP genes were involved in tandem duplication, and 106 segmental duplication gene
pairs were found. Cis-acting elements in the promoter region of these bZIP genes were analyzed. The results
of promoter analysis showed that many elements were closely related to light conditions, hormone responses,
and abiotic stress factors. Among them, the cis-acting elements related to light response were most abundant
and prominent. The results of anthocyanin determination showed that anthocyanin contents in the leaves of Acer
rubrum increased significantly under low temperature with light. In addition, gene expression analysis showed
that compared to other ArbZIPs, ArbZIP137, ArbZIP136, ArbZIP114, ArbZIP130, and ArbZIP14 showed a more
pronounced increase in gene expression both under low- temperature conditions and under light conditions.
From the correlation analysis, there was a high correlation between ArbZIPs and several anthocyanin-regulated
transcription factors, including ArMYBs, ArbHLH and ArWD40s. Conclusively, the bZIP genes in Acer rubrum
were identified and analyzed, providing a foundational basis for future studies on their function and significantly
enhancing our understanding of the color mechanism of Acer rubrum.
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1 Introduction

The genus Acer (Aceraceae) species are notable among the colorful forest trees for their brilliant colors
and high ornamental properties. It comprises approximately 200 species and is widely distributed across
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Asia, Europe, and North America [1]. Acer rubrum (red maple), belonging to the genus of Acer, Aceraceae,
Sapindales, is one of the most important red-leaved trees. Native to North America, the red maple is mainly
found in the Northern United States (e.g, Minnesota and Wisconsin), a few Southern States (e.g., coastal
Florida and Texas), and some areas of Canada. Due to its upright trunk shape and attractive leaf color, 4.
rubrum 1is increasingly significant in urban greening initiatives and garden design. Whether planted alone
or in groups, it can create a stunning scene for the garden, having high ornamental value. In addition to
its outstanding applications in landscaping, Acer rubrum is used in furniture production [2] and brings
great economic value. Furthermore, the flowers, leaves, and roots of A. rubrum can be used as medicine,
indicating their therapeutic potential.

The reddening of the green leaves of the red maple is caused by anthocyanins [3]. Anthocyanin is a
common natural pigment in plants. Most significant color-presenting substances in fruits, vegetables,
flowers and forest trees are related to them. Anthocyanins are natural coloring agents and antioxidants
with high medicinal and economic exploitation value. Anthocyanins, owing to their anti-apoptotic and
anti-inflammatory properties, are widely used to prevent and treat various diseases [4]. Therefore,
anthocyanins hold substantial research value.

Temperature and light affect anthocyanin accumulation in many plants [5] and cause the leaves to take
on different shades of color. Reddening of autumn leaves as temperatures drop is an outward sign of
anthocyanin accumulation [6]. The formation of red color in the rind of Pyrus pyrifolia Nakai is
influenced by light and temperature [7]. Low temperatures promote the accumulation of anthocyanin,
while high temperatures lead to a decrease in its concentration [8]. Moreover, light is also one of the
leading environmental factors that impact anthocyanin accumulation, which directly or indirectly activates
the expression of relevant genes in the anthocyanin biosynthesis pathway, promoting the synthesis of
relevant enzymes and leading to anthocyanin synthesis and accumulation [9]. According to previous
research, plants with high anthocyanin usually exhibit greater tolerance to abiotic stresses than green
plants [10]. In many plant species, foliar anthocyanins usually accumulate transiently under various
abiotic stresses, including bright light, salinity, drought, cold, nutrient deficiency and heavy metal stress,
turning the leaves red or purple [11]. Anthocyanins can bring beautiful colors to plants and provide multi-
functional, multi-faceted and effective protection to plants under adverse conditions.

Transcription factors (TFs) are important in the plant anthocyanins regulatory network. Many studies
have proposed that TFs, like MYB, bHLH, and WDA40, are key regulators of anthocyanin biosynthesis.
MYBs are categorized into four subfamilies, among which R2R3-MYB is considered the most closely
related to anthocyanin biosynthesis [12]. This conclusion has been verified in Arabidopsis previously
[13]. In apples, MdMYBI0 encodes a regulator of anthocyanin biosynthesis [14]. In lily and poplar,
related MYB genes have also been found to be involved in anthocyanin synthesis [15,16].
MdMYBI114 can act as an activator of anthocyanin biosynthesis and transport [17]. BHLHs such as
CsbHLH89 and VabHLHI137 enhance anthocyanin accumulation by binding to a specific promoter region
[18,19]. WD40 TFs have been relatively less studied in this field, but OsTTGI has been identified as an
important regulator of anthocyanin synthesis [20]. By forming a conserved MBW (MYB-bHLH-WD40)
ternary complex, the proteins of MYB, bHLH, and WD40 can also control the anthocyanin synthesis in
different plant species [21]. For instance, TT2 (MYB), TT8 (bHLH), and TTG1 (WD40) can form a
stable ternary complex that regulates the expression of the BANYULS (BAN) gene expression, thus
affecting anthocyanin synthesis [22]. This phenomenon has been demonstrated in kiwifruit, blueberry,
strawberry and persimmon [23-26].

In addition to MYB, bHLH and WD40 TFs, the role of the basic (region) leucine zippers (bZIPs) in
anthocyanin accumulation cannot be ignored. The bZIP gene family is a prominent and highly prevalent
group of transcription factors in higher plants [27]. It consists of two distinct functional domains: the
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leucine zipper region and the basic region [28]. The bZIP is distinguished by a highly conserved basic DNA-
binding domain. Its structure contains 16—20 basic amino acid residues (e.g., lysine, arginine), alongside an
adjacent leucine zipper dimerization motif (e.g., methionine, isoleucine) [29], which are connected by a
hinge connector [30]. At the C-terminal end of the basic region, there is a conserved N-x7-R/K structure,
which is necessary for sequence-specific DNA binding. At the N-terminal region, the leucine zipper
consists of multiple heptapeptide repeats or hydrophobic amino acid residues [31], influencing bZIP
protein dimerization before DNA binding [32].

So far, bZIP genes have been discovered in the genomes of several plants. For example, there are
78 bZIPs in Arabidopsis thaliana [33], 101 in Populus tremula (http://planttfdb.cbi.pku.edu.cn) (accessed
on 29 October 2024), 103 in Olive [34], 56 in Betula Platyphylla [35], 89 in rice [36] and so on. These
TFs play crucial roles in plant growth and development, influencing processes such as germination, seed
maturation, and flower development [37]. In addition, they help plants cope with abiotic stresses such as
heat, drought, and salinity. For instance, certain bZIPs in Arabidopsis are pivotal in ABA signaling,
which affects seed development and stress tolerance [38]. Overexpression of specific bZIP genes has been
shown to enhance salt tolerance in Arabidopsis (e.g., AtbZIP1l and AtbZIP53) [39] and wheat (e.g.,
TabZIP15) [40], while also improving frost tolerance in other species (e.g., TabZIP96 in Arabidopsis)
[41]. Moreover, the combined action of DgbZIP3 and DgbZIP2 has been found to enhance low-
temperature tolerance in chrysanthemum [42].

In addition to these functions, bZIPs are involved in anthocyanin synthesis. It has been found that bZIPs
(especially HYS and HYH) play a role by regulating the biosynthesis of flavonoid secondary metabolites
anthocyanins in response to low-temperature stress in Arabidopsis [43]. Overexpression of SIAREBI, a
bZIP gene, significantly increases the expression of key genes related to anthocyanin synthesis. This
results in a substantial enhancement in anthocyanin accumulation, particularly under low temperature
[44]. HY5 in Arabidopsis modulates anthocyanin biosynthesis by stimulating transcriptional activation of
the Arabidopsis MYB75/PAPI. Specifically, HY5 regulates PAPI expression by directly binding to the
promoter region’s light-responsive cis-acting elements G-box and ACE-box [45]. Moreover, bZIP can be
combined with MYB to promote anthocyanin synthesis and increase its expression. For instance, in
Malus domestica, MdbZIP44 augments MdMYBI binding to downstream gene promoters under ABA
influence, thereby stimulating anthocyanin accumulation [46]. Similarly, MdHY5 regulates the expression
of MdMYBI0 and other anthocyanin-related genes, thereby promoting anthocyanin accumulation [47].
Thus, bZIPs have a very important role in anthocyanin accumulation, whether directly or indirectly affected.

Although bZIPs have a significant impact on plant growth and development, stress response, and
anthocyanin accumulation, there is still a lack of information on bZIPs in landscape color-leafed plants,
especially in Acer rubrum. Therefore, in our study, the bZIP gene family members of Acer rubrum
(ArbZIP) were systematically identified by bioinformatics methods, and the physicochemical properties,
conserved domains, motifs, gene structure, evolutionary relationship, and cis-acting elements of the
ArbZIP family were analyzed in depth. We preliminarily explored the ArbZIP family’s response
mechanism to low-temperature stress with light in Acer rubrum and further speculated its potential role in
anthocyanin accumulation. These findings provide a valuable reference for understanding the regulatory
mechanism of bZIPs in Acer rubrum, offering new strategies for genetic improvement and stress
resistance breeding of ornamental plants with colored leaves.

2 Materials and Methods

2.1 Plant Materials

The red maple variety “Yanhong’, characterized by its reddish leaf color, was utilized in this study. Its
seeds, obtained from the Anhui Academy of Agricultural Sciences, were stored at 4°C in a refrigerator. The
seeds were placed in sand and maintained at the same temperature for one month. After germination, the
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seedlings were nurtured on peat moss and maintained in a plant growth chamber, with 22°C during the day
and 16°C at night. These seedlings were exposed to light for 12 h and darkness for 12 h each day. Healthy
seedlings with uniform growth were selected for the low-temperature stress experiment. Selected seedlings
were exposed to 22°C with 24 h of light as a control group. At the same time, some seedlings were placed in
complete darkness at 4°C for 24 h and another group of seedlings was placed in complete light for 24 h.
These two conditions served as two experimental groups. Three biological samples were collected from
each group and immediately immersed in liquid nitrogen. These samples were then stored at —80°C for
future analysis and utilization.

2.2 Identification of BZIPs in Acer rubrum

The Arabidopsis thaliana bZIP (AtbZIP) sequences used in this study were downloaded from TAIR
(https://www.arabidopsis.org) (accessed on 29 October 2024). To compare and identify bZIP genes of
Acer rubrum (ArbZIP), AtbZIP protein sequences were used as queries to search the Acer rubrum
genome databases (Accession number: PRINA741546; https://www.ncbi.nlm.nih.gov/bioproject/?
term=prjna741546) (accessed on 29 October 2024) via BLASTP. The protein sequences of red maple
bZIP TFs were extracted by TBtools software [48]. Candidate sequences were further validated by
screening for conserved domains using the CD-Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) (accessed on 29 October 2024). Subsequently, redundant sequences and incomplete domains
were removed to compile the Acer rubrum bZIP family members [49]. The ArbZIP protein sequence file
was uploaded to the Protein Parameter Calc program in TBtools to calculate its molecular weight, amino
acid number, theoretical isoelectric point and grand average of hydropathicity.

2.3 Phylogenetic Analysis and Cis-Acting Element Predictions

Multiple sequence alignments of ArbZIP proteins and AtbZIP proteins were conducted using MEGA
11 [50]. We used the Neighbor-Joining (NJ) method to construct a phylogenetic tree, and the bootstrap
value was set to 1000. The p-distance method is used to calculate the evolutionary distance. The obtained
evolutionary tree data were imported into the iTOL website for landscaping. An NJ phylogenetic tree of
ArbZIP proteins was constructed using the same methods described above. The 2000 bp sequence
upstream of the ArbZIPs served as the promoter region for predicting cis-elements, utilizing the PlantCare
website (https:/bioinformatics.psb.ugent.be/webtools/plantcare/html/) (accessed on 29 October 2024).
Based on the functions of these elements, we removed unnamed elements and those with negligible
practical significance, then filtered and organized the results. We organized and analyzed the processed
data again using R software to categorize the remaining 20 kinds of cis-acting elements according to their
functions. Finally, a visual heat map was created using HeatMap of TBtools.

2.4 ArbZIP Gene Structure, Domain and Motif

The GFF file of A. rubrum was parsed to visualize the gene structure of ArbZIP using TBtools.
Conserved domains of the ArbZIP protein were searched using the CD-Search tool on the NCBI website.
Additionally, conserved motifs within ArbZIP protein were predicted via the MEME program integrated
into TBtools software [51], with the default settings used except for the number of motifs set to 20.

2.5 Chromosomal Location, Gene Duplication, and Synteny Analysis

The chromosomal location data for the ArbZIP gene from Acer rubrum genome annotation files included
details such as chromosome number, gene orientation, length, start position, and end position. Each ArbZIP
gene was named according to its specific physical location. To analyze gene duplication events, we used One
Step MCScanX-Super Fast in TBtools with default parameters [52]. Using both the MG2C website (http://
mg2c.iask.in/mg2c v2.1/) (accessed on 29 October 2024) and TBtools, we mapped the chromosomal
locations of ArbZIP genes onto the Acer rubrum linkage map using the General Feature Format file [48].
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The genomic sequences and GFF files from Arabidopsis thaliana, Oryza sativa, Populus trichocarpa, and
Vitis vinifera were acquired from NCBI (https://www.ncbi.nlm.nih.gov/) (accessed on 29 October 2024).
TBtools was utilized to examine the syntenic relationships between these sequences and the ArbZIP genes.

2.6 Determination of Anthocyanin Content

Add 5 mL of 1 mol/LL HCl-ethanol to 0.1 g of sample. Three replicates were taken for each treatment and
9 samples were hydrolyzed in a 55°C water bath for 2 h. The supernatant was taken as the sample extract. The
anthocyanin content was determined by spectrophotometry, measuring the optical density of the extract at
530 nm, 620 nm, and 650 nm, using 1 mol/L. HClI-ethanol solution as the reference.

The corrected absorbance was calculated as:
OD/L = (OD530 — OD620) — 0.1 (OD650 — OD620)
~ OD/ A%

Anthocyanin content (nmol gfl) = x — x 10°
€ m

Anthocyanin content (g/g) = Anthocyanin content (nmol/g) x M x 1073

ODA: the corrected absorbance; &: 4.62 x 10* (the molar extinction coefficient of the major anthocyanin);
V: total volume of the extract (mL); m: quality of the sample (g); M: 287.24 (the molecular weight of the
major anthocyanin-cyanidin [3]).

2.7 Expression Analysis of Red Maple BZIPs and qRT-PCR Analysis

The transcriptome gene expression data of Acer rubrum under low temperature stress with light and
without light were downloaded in NCBI, and the BioProject accession number was PRINA1094633. The
FPKM values for bZIP were obtained from RNA-seq data of Acer rubrum leaves under varying conditions,
including light (all-black environment and light environment under 4°C) and temperatures (4°C and 22°C).
After processing the data using R software, ArbZIP gene expression was analyzed and visualized using
heatmap in TBtools software, and all FPKM values were processed using row-scale transformation.

The reliability of RNA-seq data was confirmed through Quantitative Real-Time PCR (qRT-PCR). RNA
was extracted from red maple leaves using the method followed by Shah et al. [53]. The corresponding
cDNA was synthesized using the EasyScript First-Strand cDNA Synthesis kit [54]. The qRT-PCR primers
for ArbZIPs were designed with the primer design software Primer 6.0 [55]. All qRT-PCR primers
utilized in this research are listed in Table S1. QRT-PCR reactions were conducted using the SYBR
Premix Ex Taq (Tli RNaseH Plus; RR420A, TaKaRa, Dalian, China) on a Lightcycle K Real-Time PCR
Detection System (BIOER, Hangzhou, China). The qRT-PCR program included an initial denaturation
step at 95°C for 30 s, followed by 40 cycles consisting of 95°C for 5 s, 60°C for 20 s, and 72°C for 20 s
[4]. ACTIN was employed as the internal control gene. Gene expression levels were assessed using the
2722C method developed by Livak et al. [56].

2.8 Correlation Analysis

Using R software, code was written to calculate the transcriptome correlations of ArbZIPs and other
anthocyanin-related genes based on the Pearson correlation coefficient. Genes with correlations greater
than 0.9 were selected and their co-expression network maps were visualized using Cytoscape (v3.10.1).

3 Results

3.1 Identification and Analysis of ArbZIPs

In Acer rubrum, we identified 137 bZIP genes (Table S2) from the genome, which were named
ArbZIP1-ArbZIP137 based on their chromosome locations. According to the results given by TBtools
(Table S3), the sequence lengths of all ArbZIP proteins varied from 142 (4rbZIP8S8) to 700 (ArbZIP38)
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amino acids, with an average length of 317. The molecular weights of these proteins ranged from
16.1835 kDa (4ArbZIP8S) to 76.33152 kDa (ArbZIP36). The theoretical isoelectric points varied between
4.32 (ArbZIP16) and 9.96 (ArbZIP104). The overall mean of hydropathicity of all ArbZIP proteins was
below zero, suggesting their hydrophobic nature.

3.2 Phylogenetic Analysis and Classification of the ArbZIP Genes

To examine the evolutionary relationships of Acer rubrum bZIP TFs, we compared and analyzed their
protein sequences with those of AtbZIPs using the Muscles program within MEGA software. Subsequently,
an NJ phylogenetic tree was constructed (Fig. 1). Within the Arabidopsis bZIP gene family, AtbZIP73
(AT2G13115) was identified as a pseudogene [33], while the bZIP domain of AT4G06598 (AtbZIP78)
was deemed incomplete. Therefore, they were excluded from the phylogenetic tree, leaving 77 AtbZIPs
(AtbZIP1-AtbZIP79) and 137 ArbZIPs for tree construction. As depicted in Fig. 1, the entire evolutionary
tree was constructed through deep cluster analysis, using the evolutionary relationships and naming
conventions of AthZIP genes as a Reference [57]. The bZIPs of the two species were categorized into
13 groups, designated as groups A-K, M, and S. The largest group, S, contained 17 AtbZIPs and
28 ArbZIPs. The smallest was group J, with only 1 AtbZIP and 1 ArbZIP. Eleven groups remain,
including Group A (26 ArbZIPs), Group B (3 ArbZIPs), Group C (11 ArbZIPs), Group D (27 ArbZIPs),
Group E (8 ArbZIPs), Group F (5 ArbZIPs), Group G (5 ArbZIPs), Group H (4 ArbZIPs), Group I
(15 ArbZIPs), Group K (2 ArbZIPs), Group M (2 ArbZIPs). Overall, the number of ArbZIPs was greater
than that of AtbZIPs in most groups (A, C-F, H, I, K, M, and S), while in Groups B, G, and J, the counts
were equivalent between red maple and Arabidopsis.

3.3 Analysis of ArbZIP Motif, Domain and Gene Structure

To further investigate the phylogenetic relationships of Acer rubrum bZIP genes, we conducted the
motifs, conserved domains, and exon-intron structures of the red maple bZIP proteins. After using the
MEME program in TBtools, 20 conserved motifs were identified in 137 Acer rubrum bZIP proteins. The
findings were largely in line with the phylogenetic relationships, as individuals with similar conserved
motifs were classified together in the relevant phylogenetic groupings, suggesting potential functional
similarities [49]. As shown in Fig. 2A, Motif 1 is present in every Acer rubrum bZIP. Most ArbZIP
proteins contain multiple motifs, but ArbZIP119 and ArbZIP115 only contain Motif 1. The majority of
ArbZIPs contain Motif 8, except for all members of Group D. The most motifs were identified in group
D, with most members containing 8 motifs, while members of Groups H and K had the fewest motifs,
with the remaining four members, except for ArbZIP136, having only 2 motifs. Furthermore, the
conserved domain bZIP, exclusive to the bZIP gene family, is present in all ArbZIP proteins. This
conserved domain comprises the BRLZ domain, which is characteristic of the bZIP family’s conserved
domains [58], supporting the reliability of the gene identifications (Fig. 2B).

Since the intron/exon composition and the types and numbers of introns were significant markers in the
evolution of some gene families, we investigated the gene structure of ArbZIPs to further understand their
characteristics of the bZIP gene structure in Acer rubrum. Visual analysis of the coding regions (CDS) and
introns of ArbZIP genes (Fig. 2C) revealed diverse conserved domains, gene structures, and varying
numbers of introns/exons among different groups. The intron count ranged from 0 to 11, consistent with
expectations. Most Acer rubrum bZIP genes (78.1%) contain at least one intron. Except for one intron in
ArbZIP104, no introns existed in the S1 and S2 groups. ArbZIP5, ArbZIPS, ArbZIP114, ArbZIP72,
ArbZIP76, and ArbZIP24 have the highest number of introns, with 11 each. The number of introns is also
consistent within the same subfamily. For example, B group members have three introns except for
ArbZIP52, which has four; the C group has four to seven introns, and the B group has one intron each.
Based on the comprehensive results of phylogenetic relationships, gene sequences, gene structures, and
conserved domains, it is evident that ArbZIP genes are highly conserved during the long process of evolution.
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Figure 1: The phylogenetic tree of AtbZIP (Arabidopsis) and ArbZIP (Acer rubrum) proteins

3.4 Analysis of Chromosomal Positions, Duplications, and Synteny with Other Plants

The hexaploid red maple used in this study had 39 chromosomes. Analysis of the chromosomal
locations showed that the 137 ArbZIPs were unevenly distributed among 29 chromosomes (Fig. 3).
Chromosomes 14 and 21 each contained only one ArbZIP gene, whereas chromosomes 9, 16, and 24 had
the highest number, each with 9 ArbZIPs. Gene duplication, including both tandem and segmental
duplication, is crucial for the expansion of gene families [59]. Using One Step MCScanX-Super Fast of
TBtools, we analyzed duplication events of the ArbZIP genes in red maple. Two pairs of bZIP genes
were tandem duplications (Table S4), and in Fig. 3, each pair of tandemly duplicated ArbZIP genes is
labeled in red and connected with a blue line. The study identified 106 segmental duplication gene pairs
(Fig. 4, Table S5), suggesting segmental duplications were much higher than tandem duplications.
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Figure 2 (continued)

proteins. Conserved structural domains were obtained using CD-research and plotted in TBtools after
organizing the data. (C): ArbZIP genes structures. CDS denoted coding sequence and lines denoted
introns. The image was drawn using Biosequence Structure Illustrator of TBtools
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Figure 3: Chromosomal locations of ArbZIP TFs. The distribution of 137 ArbZIP genes was examined
across 29 chromosomes using TBtools, based on the General Feature Format (GFF) files. Duplication
events of ArbZIP genes were analyzed with One Step MCScanX-Super Fast of TBtools. A total of 2 pairs
of bZIP genes (highlighted in red) resulted from tandem duplication, with each pair of tandem duplicated
ArbZIP genes connected by a blue line. The lengths of chromosomes and the positions of genes can be
deduced from the scale provided on the left side
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Figure 4: Inter-chromosomal relationships between ArbZIP genes via TBtools. I, Chromosomes (24 with
segmentally duplicated) name. II, The heatmap of gene density. III, The line graph of gene density. 1V,
Segmental duplications in red maple bZIP genes. Using One Step MCScanX-Super Fast of TBtools,
106 segmental duplication gene pairs were found

Collinearity refers to the preserved positional relationships of genes on a chromosome, encompassing
the conserved gene type and relative order among different species that have diverged from a common
ancestral type. To investigate the relationship between the ArbZIP genes and bZIPs of other plants, we
performed whole genome synteny analysis (Fig. 5). Using the One Step MCScanX -Super Fast program
in TBtools, bZIP genes in Arabidopsis thaliana, Oryza sativa, Populus trichocarpa and Vitis vinifera
were chosen for comparison with red maple, respectively. The findings showed that
Arabidopsis thaliana had 80 orthologous gene pairs with red maple, while Populus trichocarpa had
192 orthologous gene pairs, Oryza sativa had 59 orthologous gene pairs, and Vitis vinifera had
135 orthologous gene pairs. Co-linear conservation of bZIP genes can be observed between these plants
and Acer rubrum.

3.5 Analysis of Cis-Acting Element for ArbZIPs

Cis-acting elements are binding sites for transcriptional regulators, influencing upregulation and
downregulation of gene expression [49]. We obtained the cis-acting elements from the PlantCare website
to elucidate their potential roles and mechanisms (Fig. 6, Table S6). The results of data processing
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indicated that the 20 kinds of cis-acting elements of ArbZIP genes can be categorized into five groups: those
involved in the regulation of plant circadian control; those involved in phytohormone responsiveness (e.g.,
CGTCA-motif and TGACG-motif); those related to plant growth and development; those implicated in light
responsiveness; and those associated with abiotic stress response (e.g., LTR and TC-rich repeats). The
identified 137 ArbZIPs each harbored multiple cis-acting elements, implying their potential association
with abiotic stresses. The largest subset of cis-acting elements was related to light responsiveness. Box
4 elements had the highest number, with a total of 419, whereas there were 55 ArbZIPs with one or more
LTR responsiveness elements. Interestingly, the MYB gene had a binding site with the bZIP gene,
indicating its role in triggering drought, responding to light, and facilitating the biosynthesis of flavonoids
in Acer rubrum (Table S7). These findings suggest that the ArbZIP genes might participate in multiple
plant biological processes through the formation of gene regulatory networks.
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Figure 5: Synteny analyses between the ArbZIPs and four representative plant species. The four plants are
Arabidopsis thaliana, Oryza sativa, Populus trichocarpa, Vitis vinifera, and their genome sequences and
GFF files were acquired from NCBI. Comparisons were made using the One Step MCScanX-Super Fast
program from TBtools and visualizations were made using the Dual Systeny Plot program

3.6 Analysis of Anthocyanin Content

The leaf color of Acer rubrum under low temperature with light changed significantly (Fig. 7A), and the
leaf color only became red under low temperature with light. The results of anthocyanin content
determination of leaves were consistent with this performance (Fig. 7B). The highest anthocyanin content
of 247.45 ng/g was found in the leaves under low temperature with light, which was 12.26 times higher
than the anthocyanin content of leaves in the control group (20.19 pg/g). In contrast, the anthocyanin
content of leaves under the low temperature without light was only 3.07 pg/g, which was even lower than
that of the control leaves.



3120

Phyton, 2024, vol.93, no.11

AbZIP137

&R P
& & ¢

N

== Circadian control == Development Hormone

Light

Stress

Figure 6: Analysis of cis-acting elements in ArbZIP promoters.

The color and number of the square

represent the number of cis-acting elements in the corresponding ArbZIP. Data were obtained from

PlantCare and then collated. Images were plotted using HeatMap of TBtools



Phyton, 2024, vol.93, no.11 3121

(A)

,\
-

300

Control Low Temp.+Dark Low Temp.+Light

e

200

100

=
%,

Anthocyanin content (ug/g)

b

—_—

control Low Temp.+Dark Low Temp.+Light

Figure 7: Effect of low temperature with light and without light on red maple. (A): Changes in leaf color.
(B): Anthocyanin content. The X-axis represents the treatment methods. Control is the control group,
ARA4C D represents low temperature without light, and AR4C represents low temperature with light. The
Y-axis represents the anthocyanin content. Each bar was the mean + standard error (SE) from three
replicates. Identical letters on error bars indicated no significant difference (p > 0.05), while different
letters represent significant differences (p < 0.05)

3.7 Expression Pattern of ArbZIP under Low Temperature with Light and without Light

Gene expression patterns play a crucial part in predicting gene function. We analyzed the expression
levels of 137 ArbZIPs using FPKM transcriptome data. Compared with the Control group, the expression
of 40 ArbZIP genes increased under low temperature with light (AR4C), suggesting that they might
respond to low temperature stress. The expression of 48 ArbZIP genes increased under light conditions
(AR4C) compared with dark conditions (AR4C_ D), indicating that they might respond to light, and the
25 ArbZIPs with the most pronounced contrasts were selected for mapping (Fig. 8A, Table S8). Based on
the comparative results of TF expression, we selected 20 TFs each that were most affected by light and
low temperature for comparison. We found that ArbZIP137, ArbZIP136, ArbZIP114, ArbZIP130, and
ArbZIP14 were both greatly affected under light and low temperature conditions.

The 5 ArbZIPs that are influenced by low temperature with light were validated using qRT-PCR. The
results showed that, compared to the Control group, the relative expression levels of ArbZIP137,
ArbZIP136, ArbZIP114, and ArbZIP130 in the leaves were significantly elevated under low temperature
with light (Fig. 8B). Among these ArbZIPs, ArbZIP137 and ArbZIP136 exhibited significant differences
when compared to both the Control group and the low temperature without light group. These results
support the accuracy of the RNA-Seq data.

3.8 Correlation Analysis

BZIP genes typically form regulatory networks with various TFs to assist plants in coping with abiotic
stresses. To investigate the transcriptional regulatory network of ArbZIPs associated with anthocyanins, we
analyzed the TFs in the transcriptome of Acer rubrum leaves under low temperature stress with light and
without light. The anthocyanin-related transcription factor families MYB, bHLH, and WD40 [60] that
have been reported were selected. 393 ArMYB genes were derived from research by Chen et al. [4].
Additionally, 256 ArbHLH genes and 656 ArWD40 genes were identified from the Acer rubrum database,
and all genes were named based on their physical chromosome location. We analyzed the expression of
TFs belonging to three families under low temperature stress with and without light. Five ArbZIP TFs
significantly affected by temperature with light and without light were selected: ArbZIP137, ArbZIP136,
ArbZIP114, ArbZIP130 and ArbZIP14. The expression levels of MYB, bHLH, and WD40 family and
5 selected ArbZIPs in the leaves of Acer rubrum under light and without light under low temperature
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stress were analyzed by R, and the co-expressed TFs of the ArbZIP gene were explored (Table S9). Next,
Cytoscape (v3.10.1) was used for visualization (Fig. 9). The 87 genes from 3 families were co-expressed
with the 5 ArbZIP genes (correlation > 0.9). The WD40 family had the most significant number of co-
expressed TFs (43), followed by MYB (35) and the bHLH family (9).
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Figure 8: (A): Analysis of the expression pattern of ArbZIP genes under low temperature with light and
without light (the 25 ArbZIPs with the most pronounced contrast in expression comparing AR4C vs.
AR4C D group). Control: 22°C with light; AR4C D: 4°C without light; AR4C: 4°C with light. (B):
QRT-PCR analysis of bZIPs in the leaves of Acer rubrum under low temperature with light and without
light treatments. The X-axis represents the treatment methods. Control is the control group, AR4C D
represents low temperature without light, and AR4C represents low temperature with light. The Y-axis
represents the relative expression level of the genes. In all bar graphs, the data presented show the mean
+ standard error from three biological replicates. A one-way ANOVA was used for statistical analysis,
followed by Tukey’s HSD test for comparisons. Different letters indicate significance at p < 0.05
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correlation. Different colors represent different types of genes: orange represents ArbZIP gene, and red
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4 Discussion

Acer rubrum is among the tree species with red autumn leaves widely used in landscapes. Leaf color
change correlates with anthocyanin accumulation, a group of secondary metabolites prevalent in plants
belonging to flavonoids. Anthocyanins play an important role in determining plant flower and leaf color
expression. The anthocyanin accumulation can make the leaf color more beautiful and help it deal with
various environmental stresses. The regulation of TFs (TFs) is critical for the synthesis of plant secondary
metabolites. According to the existing studies, bZIP TFs play an important role in the accumulation of
anthocyanins. Therefore, it is crucial to study the systematic identification of bZIPs in red maple and its
potential role in anthocyanin accumulation.

As one of the largest and most diverse gene families, bZIP genes significantly affect abiotic stress
response, plant growth and development, and anthocyanin accumulation. Research on this gene family
has predominantly focused on model plants like Arabidopsis thaliana and specific crops, such as
AtbZIP18 in Arabidopsis thaliana [61], GsbZIP2 in soybeans [62], TabZIP15 in wheat [40], and
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MdbZIP44 in apples [46]. In recent years, with improving people’s quality of life, the pursuit of beautiful
ecological environments has become increasingly intense. The continuous development of urban parks
and enhancing urban quality have also led to an increasing demand for the quantity and quality of
ornamental trees. Acer rubrum, as an essential ornamental tree, has beautiful foliage, wide applications,
and highly ornamental, economic, and medicinal values. Although the bZIPs has been widely reported in
agriculture, there is relatively little research on ornamental trees, especially in Acer species. Therefore,
this study, 137 ArbZIP genes were identified using bioinformatics methods after predicting the structural
domains and removing incomplete structural domains and redundant sequences using the CD-Search tool.
They all have the conserved structural domain bZIP (including the BRLZ structural domain), unique to
the bZIP gene family, and are unevenly distributed in 29 of the 39 chromosomes.

Phylogenetic analysis predicts gene functions identifying homologous genes across diverse species.
Therefore, we constructed a phylogenetic tree by utilizing the sequences of Acer rubrum bZIP proteins
and Arabidopsis thaliana bZIP proteins. The 137 ArbZIP proteins and 77 AtbZIP proteins were classified
into 13 subfamilies (A-K, M, and S) based on previous research about Arabidopsis thaliana [33]. In
Arabidopsis, conserved motifs specific to the AtbZIPs subfamily critically impact their functional
differentiation. For instance, the H group members, such as AtbZIP56/HY5 and AtbZIP64 which have a
CKII phosphorylation site and a WD40-interacting structural domain [63], directly bind to promoters of
light-induced genes. This regulatory action impacts the elongation of plant cells, the synthesis of
chloroplast, hormone production, and anthocyanin biosynthesis [64]. We hypothesized that ArbZIP127,
ArbZIP129 (homologous to AtbZIP56), ArbZIP136 and ArbZIP137 (homologous to ArbZIP64), might
have similar functions. The study also revealed that the number of bZIP proteins in red maple is more
significant than in Arabidopsis thaliana in multiple subfamilies (A, C-F, H, I, K, M, S), indicating that it
might possess more complex and diverse functions in responding to environmental changes, and
regulating growth and development. This difference might be attributed to the varying ecological niches,
growth habits, and life cycles of the two plants. Furthermore, while the bZIP proteins of the two plants
are evolutionarily conserved, the differences in the number of members in specific groups reflect their
different histories of gene family expansion and divergence, providing insights into the functions of bZIP
family members in plant adaptation to the environment and responses to biotic stresses.

Gene structure and conserved motifs are crucial for studying gene evolution and duplication. Acer
rubrum bZIP proteins commonly contain motif 1, which might serve as a core functional element as a
transcription factor. The different distributions of motif 8 among subgroups reveal potential functional
differences. Similar to other plants [65], we found that members of different groups in Acer rubrum
exhibit diverse gene structures, conserved domains, and intron/exon numbers, with intron numbers
ranging from 0 to 11.

When studying cis-acting elements, we identified 20 kinds of cis-acting elements within the 2000 bp
region upstream of the ArbZIPs. These cis-acting elements belonged to five major classes of regulatory
functions, including circadian control, growth and development, hormone response, light response, and
stress response, which might be related to the regulation of ArbZIP gene expression, a result similar to
that of the studies previous studies [57,66]. In particular, the largest number of cis-acting elements are
associated with the light response. The light-responsive element Box 4 contains the highest number of
elements, with 419, while the G-box is second, with 382 elements. In tomatoes, SIHYS directly
recognizes and binds to the G-box and ACGT elements in the promoter of anthocyanin biosynthetic
genes [67]. Therefore, the bZIPs might also regulate anthocyanin biosynthesis in red maple through the
light-responsive elements. According to the results given by Plantcare, there are binding sites between the
transcription factor MYB and the bZIP gene in red maple, which is similar to blackberry [68]. These
binding sites play a role in processes such as light response, drought induction, and flavonoid
biosynthesis, suggesting that the ArbZIP gene might form a complex gene regulatory network through
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interactions with other TFs, such as the MYB gene, and thus be involved in a variety of biological processes
in the plant, such as responding to light signals and contributing to anthocyanin accumulation.

Both light and temperature are crucial environmental factors impacting plant growth and development,
especially for anthocyanin accumulation. Consequently, we further examined the expression of the red maple
bZIPs under low temperature with light and without light. Our study revealed that the synergistic effect of
light and temperature significantly affected anthocyanin accumulation in Acer rubrum leaves, which
exhibited significant color changes under different experimental conditions (Fig. 7A). Notably, the leaves
turned red only under low temperature (4°C) with light, and the detection of anthocyanin content also
proved that anthocyanins were significantly accumulated under low temperature with light (Fig. 7B).
When studying gene expression patterns, we found that the expression of 40 ArbZIPs increased under
low temperature condition, suggesting that they might play key roles in coping with low temperature
stress. In apple pericarp, low temperature stimulated genes related to anthocyanin biosynthesis, leading to
increased anthocyanin accumulation [69]. The effect of temperature on the fruit color of red Chinese sand
pear was similar to that of apple. Low temperature could effectively induce the red coloration of
‘Mantianhong’ and ‘Meirensu’ pears [7]. Therefore, it could be seen that low temperature is more
favorable for the synthesis of anthocyanin glycosides in the fruit. Under light conditions, the expression
of 48 ArbZIPs increased, including ArbZIP136 and ArbZIP137. ArbZIP137 and ArbZIP136 belong to the
Group H of the phylogenetic tree and are highly homologous to AthZIP64, and the latter is known to
belong to Group H of the phylogenetic tree with AtbZIP56 (AtHYS5) belongs to Group H, which is
involved in the regulation of photomorphogenesis and has a structural domain interacting with WD40.
Up to now, considerable research has been done on HY5. In Arabidopsis, HY5 and HYH serve as
downstream phytochrome receptors of the light signaling pathway, promoting the accumulation of
pigment in a light-dependent manner [70]. Silencing of the SIHY5 gene down-regulates the anthocyanins
accumulation in tomato [67]. The WD40 protein also modulates anthocyanin by binding to an action
element in the promoter region of the structural gene biosynthesis. Therefore, we supposed that some
ArbZIPs might have similar functions in regulating anthocyanin accumulation. Among the expression
level data of 137 ArbZIP genes under low temperature stress with light (Table S8), we selected
5 transcription factors, ArbZIP137, ArbZIP130, ArbZIP114, ArbZIP136, and ArbZIP14, which were
strongly affected by both low temperature and light. QRT-PCR results confirmed that, under the low
temperature conditions with light, the expression levels of ArbZIP137, ArbZIP130, ArbZIPl14,
ArbZIP136 and ArbZIP14 were significantly increased. These findings suggested that these genes might
coordinate the anthocyanin biosynthesis pathway in response to the combined effects of low temperature
with light.

Based on the findings of correlation analysis, the selected ArbZIPs have high correlation with some
anthocyanin-related TFs. The high correlation between ArbZIPI137 and ArMYB89 and between
ArbZIP136 and ArMYBS89 is particularly noteworthy. Chen et al. have thoroughly demonstrated the role
of ArMYB&89 in anthocyanin synthesis [4]. Therefore, it can be speculated that ArbZIP136 and ArbZIP137
might also have a similar effect. The 42 MYB TFs were highly correlated with the 5 ArbZIP genes
(Table S9), further confirming the close relationship between ArbZIP genes and MYB family members
and their potential impact on the anthocyanin synthesis pathway. In addition to the MYB family, we also
found a significant correlation between the ArbZIP gene and WD40 family members (such as ArbZIP137
and ArWD40-593). As another critical regulator in the anthocyanin synthesis pathway, the interaction
between the WD40 family and the ArbZIP gene might further enrich the complexity of the plant
transcriptional regulatory network. A strong correlation (0.98) was observed between ArbHLH211 and
ArbZIP136, indicating a relationship between ArbHLH and ArbZIP genes. Combining the results of gene
expression analysis and anthocyanin content experiments, we could further speculate that A»bZIP136 and
ArbZIP137 might have a particular effect on the accumulation and inheritance of anthocyanin in Acer
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rubrum under low temperature with light conditions. Conclusively, the ArbZIP gene might be involved in the
response of plants to environmental conditions through a complex regulatory network formed by members of
multiple transcription factor families like MYB, bHLH, and WD40, affecting anthocyanin synthesis and
accumulation, especially ArbZIP136 and ArbZIP137. These findings triggered our interest in exploring
the mechanism of ArbZIP136 and ArbZIP137 in anthocyanin accumulation. In the future, we will further
study these two TFs.

5 Conclusion

In summary, in this study, the red maple bZIP TFs were identified at the genome-wide level.
Bioinformatics methods identified 137 ArbZIP genes, their bZIP structural domains were determined, and
phylogenetic trees of red maple and Arabidopsis thaliana were constructed. The gene structure,
chromosomal localization, replication events, cis-acting elements, anthocyanin contents and expression
patterns of the red maple bZIP TFs were further analyzed. After treatment, we found that the plant leaf
color changed to red and anthocyanin content increased significantly only under low temperature with
light. The gene expression analysis showed that some bZIPs in red maple might respond to low
temperature with light, which is confirmed by the qRT-PCR results. Combining with the analysis of
anthocyanin content, gene expression analysis, correlation analysis and the analysis of existing studies,
ArbZIP TFs might promote anthocyanin accumulation under low temperature with light conditions,
especially ArbZIP136 and ArbZIP137. In addition, some bZIP TFs might also affect the synthesis and
accumulation of anthocyanins through complex regulatory networks. However, the specific function of
ArbZIPs in red maple still needs to be experimentally proved in future work. In the future, we might
focus on ArbZIP136 and ArbZIP137 to carry out the following work.
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