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Shandong, China, 2College of Horticulture, Ludong University, Yantai, Shandong, China, 3Yantai
Technology Center of Characteristic Plant Gene Editing and Germplasm Innovation, Ludong
University, Yantai, Shandong, China, 4Research and Development Department, Bestplant (Shandong)
Stem Cell Engineering Co., Ltd., Yantai, Shandong, China, 5Zhaoyuan Shenghui Agricultural
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Introduction: The sucrose synthase (SUS), a crucial enzyme in the sucrose

metabolism, is encoded by a multigene family in plant kingdom.

Methods: In our study, we utilized bioinformatics tools to identify and

characterize the members of the SUS gene family within the blueberry

genome. Our analysis encompassed the physicochemical properties, gene

structures, conserved motifs, promoter cis-acting elements, chromosomal

locations, evolutionary relationships and expression profiles of these family

members, allowing us to predict their potential functions.

Results:We identified seven distinct SUS genes, mapped across six chromosomes,

showcasing the complexity of this gene family in blueberries. Phylogenetic

analysis, constructed through a multi-species phylogenetic tree, revealed that

the SUS gene family can be categorized into three subfamilies: SUS I, SUS II and

SUS III. Notable variations were observed among the VdSUS gene family members,

particularly in the number of amino acids, molecular weight, isoelectric point, and

hydrophobicity of the encoded proteins. Intriguingly, our predictive analysis of the

promoter regions of VdSUS genes uncovered a wealth of cis-acting elements

linked to light response, hormonal regulation, and stress responses, suggesting a

role in adaptive mechanisms. Expression studies indicated that VdSUS genes were

highly expressed in fruit tissues, with the application of exogenous sucrose leading

to significant downregulation of VdSUS2, VdSUS3 and VdSUS6. Furthermore, the

expression of VdSUS genes was found to be responsive to abiotic stresses, such as

salt, drought, and low temperatures, with varying degrees of upregulation or

downregulation observed. Most notably, the overexpression of VdSUS4 in

Arabidopsis thaliana resulted in enhanced tolerance to salt stress.
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Discussion: These findings have shed new light on the multifaceted roles of

VdSUS gene family members in the complex physiological processes of

blueberries, highlighting their potential in the context of stress adaptation and

fruit development.
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1 Introduction

In the plant kingdom, sucrose serves as a vital source of carbon

and energy, underpinning cellular life cycles (Huang et al., 2021). It

is the predominant carbohydrate produced during photosynthesis

and is subsequently transported to non-photosynthetic organs via

the phloem (Liu and Zheng, 2022). Sucrose is implicated in a

myriad of metabolic pathways that are central to plant growth and

development. These include critical processes such as cell division,

tissue differentiation, seed germination, flowering initiation, fruit

maturation, and the accumulation of metabolic products. Sucrose

also plays a pivotal role in responding to both biotic and abiotic

stresses, as well as facilitating recovery from damage, as highlighted

in various studies (Huang et al., 2021; Gaudin et al., 2000; Iraqi and

Tremblay, 2001; Rook et al., 2001; Yang et al., 2001).

In higher plants, sucrose synthesis occurs via two pathways: (1)

Sucrose-phosphate synthase (SPS) catalyzes the formation of sucrose-

6F-phosphate (Suc6P), which is then hydrolyzed to sucrose by sucrose-

phosphatase (SPP); (2) Sucrose synthase (SUS) catalyzes the conversion

of UDP-glucose and fructose to sucrose and UDP, though this process

is reversible (Huber and Huber, 1996; Lunn and MacRae, 2003).

Research has shown that Trehalose 6-phosphate (Tre6P) functions as

a specific signal for sucrose, with Tre6P levels regulating sucrose

concentration. When sucrose levels increase or decrease,

corresponding changes in Tre6P levels occur due to the relative

activities of trehalose 6-phosphate synthases (TPS) and trehalose 6-

phosphate phosphatases (TPP). In source leaves, Tre6P modulates

sucrose synthesis by influencing sucrose levels, while in sink organs it

regulates sucrose consumption (Figueroa and Lunn, 2016; Yadav et al.,

2014). Furthermore, sucrose has been established as a signaling

molecule that modulates gene expression and shapes enzyme

metabolic pathways (Ciereszko et al., 2001). Sucrose specifically

promotes the expression of the Ugp gene, which encodes UDP-

glucose pyrophosphorylase. This enzyme converts UDP-glucose,

produced via sucrose cleavage by SUS, into glucose-1-phosphate

(Yoon et al., 2021). For instance, when detached Arabidopsis leaves

are fed with 50 mM sucrose, Ugp gene expression is upregulated

(Ciereszko et al., 2001). In isolated barley leaves, exogenous sucrose

application increases fructan concentration by inducing the expression

of the fructan 6-fructosyltransferase (6-SFT) gene (Nagaraj et al., 2001).

Prior to its transport to recipient tissues within the plant, sucrose

is subjected to hydrolysis by two key enzymes. Invertase (INV) is
02
responsible for breaking down sucrose into glucose and fructose,

while SUS facilitates the transformation of sucrose and uridine

diphosphate (UDP) into UDP-glucose and fructose (Chourey et al.,

1998; Yoon et al., 2021). These enzymes are crucial for sucrose

unloading in the phloem, with SUS playing a key role in carbon

partitioning, biomass accumulation, and sink tissue strength (Stein

and Granot, 2019). SUS has been shown to regulate the distribution

of sucrose between source and sink tissues (Haigler et al., 2001), and

to influence starch synthesis (Barratt et al., 2001). It also contributes

to cellulose synthesis in secondary cell walls (Albrecht and Mustroph,

2003), impacts nitrogen fixation (Baier et al., 2010), and is associated

with survival rates following exposure to stress (Harada et al., 2005).

These functions underscore the multifaceted importance of SUS in

plant physiology and adaptation.

SUS, a key player in carbohydrate metabolism, is encoded by a

compact yet diverse multigene family that can be found across both

monocotyledonous and dicotyledonous plants. The SUS gene family

size differs among species: it comprises six members in Arabidopsis

(Baud et al., 2004), rice (Hiros et al., 2008), cocoa (Li et al., 2015),

tomato (Duan et al., 2021), and citrus (Islam et al., 2014), five in grape

(Zhu et al., 2017), and three in maize (Duncan et al., 2006). Notably,

cotton has seven SUS genes (Chen et al., 2012), apple boasts eleven

(Tong et al., 2018), and poplar exhibits an expansive family of fourteen

(An et al., 2014). Remarkably, the largest SUS gene family, with an

impressive thirty members, has been identified in pear (Harada et al.,

2005). Variation is a hallmark of the SUS gene family across species,

with each member exhibiting unique functional roles and structural

characteristics. Their expression patterns also diverge, highlighting

distinct stages of plant growth and development. For example, in

pea, the SUS gene family is divided into three clear subfamilies SUS I,

SUS II, and SUS III each with its own distinct expression profile during

organogenesis. SUS I members demonstrate broad tissue expression

and are particularly abundant in developing seeds. In contrast, SUS II

members are predominantly expressed in mature ovaries and leaves,

while SUS III members exhibit limited expression, primarily in flowers

and young ovaries (Barratt et al., 2001). This tissue-specific expression

pattern underscores the evolution of SUS genes towards specialized

physiological functions, reflecting their intricate involvement in the

developmental and adaptive processes of plants.

In maize, SUS genes associated with cell wall synthesis are

abundantly expressed in developing endosperm, while ZmSUS1 is

widely expressed and plays a central role in starch synthesis (Duncan
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et al., 2006). Moreover, the overexpression of ZmSUS1 significantly

improves maize seed traits, increasing starch content (Li et al., 2023). In

Arabidopsis, the six AtSUS genes also exhibit differential expression,

and extensive research has been conducted on their specific functions

in studies involving knockout mutants (Baud et al., 2004; Bieniawska

et al., 2007). Mutants of pea SUS (rug4) exhibit reduced seed starch

content, while the overexpression of SUS in potato stems leads to starch

accumulation (Barratt et al., 2001; Zrenner et al., 1995; Baroja-

Fernández et al., 2009). The wheat SUS gene TaSUS1 is a

determinant of grain number per spike (Shen et al., 2023). In hybrid

aspen (Populus tremula × tremuloides), specific reduction of SUS

(PtrSUS1 and PtrSUS2) expression levels in wood through RNAi

technology, leads to changes in cell wall structure and significant

reduction in wood density in the transgenic lines (Gerber et al.,

2014). Similarly, overexpression of PsnSUSy1 and PsnSUSy2 genes in

tobacco thickens the secondary cell wall, enhancing nutritional growth

and mechanical strength (Li et al., 2019). In stress studies, the

Arabidopsis sus1/sus4 double mutant exhibits normal growth but

shows significant growth retardation when the roots are subjected to

hypoxic conditions (Bieniawska et al., 2007). In cucumber, the

expression and activity of CsSUS3 increase when subjected to

flooding low-oxygen stress, especially in lateral roots (Wang

et al., 2014).

Blueberry, recognized as one of the five major health foods for

humans and hailed as the “king of fruits worldwide”, is known for its

delicious taste and rich content of functional components such as

organic acids, phenolics, minerals and vitamins. It possesses medicinal

value with antioxidant, anti-inflammatory, anti-cancer, neuroprotective

and vision-improving properties (Duan et al., 2022). The storage of

sugars in blueberry fruits begins with SUS, which converts fructose and

UDP-glucose into sucrose and UDP. Understanding the function of

SUS in sucrose synthesis and cleavage is crucial for addressing fruit

over-acidification and enhancing the quality of blueberry fruits.

In this study, using blueberry (O’ Neal) as the material, we

identified members of the SUS gene family from the genome

database of evergreen blueberry (Vaccinium darrowii). We conducted

bioinformatic analysis, including chromosome localization, gene

structure, conserved motifs and evolutionary relationships.

Additionally, we investigated the expression patterns of VdSUS genes

in different tissues and developmental stages. By externally applying

sucrose to blueberry fruits, we analyzed the role of VdSUS genes in fruit

ripening. We also investigated the response of the VdSUS genes to

abiotic stress. Moreover, overexpression of the VdSUS4 gene enhanced

salt tolerance in transgenic Arabidopsis. In summary, our results

contributed to a comprehensive understanding of physiological

functions of the blueberry SUS gene family in abiotic stress tolerance.
2 Materials and methods

2.1 Identification of VdSUS gene family
members in blueberry

We obtained the blueberry protein sequences from the NCBI

database (https://www.ncbi.nlm.nih.gov/). The SUS family protein
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domain feature files (PF00534 and PF00862) were obtained from

the Pfam website (https://pfam.xfam.org/). A Hidden Markov

Model (HMM) was built using HMMER 3.0, and the hmmsearch

program from HMMER 3.0 was employed to search for protein

sequences containing the SUS family protein domain features in the

blueberry protein database. Redundant protein sequences were

manually removed. A total of 7 protein sequences were identified

as candidate members of the blueberry SUS family. The identified

protein sequences were validated for conserved domains using

NCBI-CDD (https://www.ncbi.nlm.nih.gov/cdd/) and SMART

(http://smart.embl-heidelberg.de/). The physicochemical

properties of the VdSUS gene family proteins, including the

number of amino acids, molecular weight, theoretical isoelectric

point and hydropathicity, were predicted using the ExPASy (https://

web.expasy.org/protparam/) online website. The subcellular

localization of VdSUS proteins were predicted using the website

(http://www.genscript.com/tools/wolf-psort).
2.2 Chromosome localization, sequence
alignment, gene structure, conserved
motifs and three-dimensional structural
domain analysis

According to information from the GFF annotation file (NCBI),

the TBtools software was employed to visualize the chromosome

positions and gene structures of VdSUS gene family (Chen et al.,

2020). Sequence alignment of SUS protein sequences was conducted

using Jalview software. The analysis of conserved motifs was

performed using the online tool MEME (https://meme-suite.org/

meme/). Three-dimensional structural analysis of VdSUS protein

sequences was carried out using the online tool SWISS-MODEL

(https://swissmodel.expasy.org/). To ensure the accuracy of the

model, AtSUS1, which shares high sequence similarity with

VdSUS, was used as a template.
2.3 Phylogenetic tree analysis of the SUS
gene family across multiple species

To construct a systematic phylogenetic tree of SUS, protein

sequences of SUS from Arabidopsis, maize, rice, tomato, wheat, and

sugar beet were extracted from previous studies. Multiple sequence

alignment was performed using MEGA X software, and a neighbor-

joining (NJ) method was employed to build the phylogenetic tree

with a bootstrap value of 1000 (Kumar et al., 2018). Subsequently,

the tree was visualized and enhanced using the online tool

Evolgenius (https://evolgenius.info//evolview-v2).
2.4 Collinearity analysis

Downloaded the genome files and GFF files for Arabidopsis,

rice, and grape from the NCBI database. Utilized the multiple

collinearity scanning toolkit in MCScanX within TBtools for the
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analysis of cross-species collinearity relationships, followed by

visualization using TBtools (Chen et al., 2020).
2.5 The analysis of the promoter cis-
elements of VdSUS

A 2 kb DNA sequence upstream of the start codon (ATG) was

extracted from the VdSUS gene family. Predictions for cis-acting

elements were performed using the Plant-CARE (http://

bioinformatics.psb.ugent.be/webtools/plantcare/html/) website (Higo

et al., 1999). Subsequently, a classification analysis was conducted

using Excel, and visualization was performed using TBtools.
2.6 Plant materials, growth conditions,
sucrose and stress treatments

This study utilized blueberry (O’Neal) and Arabidopsis thaliana

(Columbia-0) as experimental materials. Blueberry and Arabidopsis

plants were cultivated in plant growth chambers under 16 h of light

and 8 h of darkness, with a light intensity of 100 mmolm−2s−1, and

temperatures at 23°C (light) and 20°C (dark). Various tissues,

representing different developmental stages and tissue types, were

collected from soil-grown blueberry plants, including roots, young

stems, mature stems, young leaves, mature leaves, young flowers,

mature flowers, early green fruits, late green fruits and mature fruits.

Sucrose treatment involved the external application of sucrose

to late green fruits. Uniform-sized fruits were selected, and 100 mL
50 mM sucrose was injected into the fruits using 1 mL syringe. And

100 mL 50 mM sorbitol served as an osmotic potential control.

Samples were collected at 0 h, 6 h, 12 h and 24 h post-treatment.

Additionally, blueberry seedlings were subjected to drought, salt

and low-temperature (4°C) treatments. For drought treatment,

seedlings were exposed to drought for 0–15 d. Salt stress was

treated using 200 mM NaCl for 0–11 d. Low-temperature stress

involved placing the seedlings in a 4°C incubator for 0–24 h after

pre-cooling the incubator to 4°C the day before. After treatment,

plant leaves were immediately frozen in liquid nitrogen and stored

at -80°C for further analysis.

For salt stress treatment, wild-type and transgenic Arabidopsis

seeds were surface-sterilized and sown on Murashige and Skoog

medium (pH 5.9) supplemented with 100 mM NaCl. The plates

were placed at 4°C for 2 days, and then at 22°C for vertical growth.

Phenotypic images were captured, and root length and fresh weight

were recorded. In addition, wild-type and transgenic Arabidopsis

seeds were surface-sterilized and sown on 1/2 MS medium. After 7

days of cultivation, seedlings were transplanted into pots (10 × 10

cm) filled with a 1:1 mixture of nutrient soil and vermiculite, and

then cultured in a plant growth chamber. Three weeks post-

transplantation, healthy wild-type and transgenic Arabidopsis

plants were irrigated with equivalent volumes of 150 mM NaCl

solution. Growth performance was subsequently monitored and

recorded. Regarding the measurement of seed germination rate,

surface-sterilized seeds were sown on 1/2 MS medium, and
Frontiers in Plant Science 04
germination rates were assessed after 4 d of incubation based on

the emergence of radicles and cotyledons.
2.7 Physiological analysis

Following salt stress treatment, collected leaf samples (0.2 g)

were homogenized in 5 mL of ice-cold 25 mM phosphate-buffered

saline (PBS, pH 7.8) containing 0.2 mM EDTA. POD (peroxidase),

SOD (superoxide dismutase), CAT (Catalase) activities and MDA

contents were determined using commercial assay kits according to

the manufacturer’s instructions (Nanjing Jiancheng Bioengineering

Institute, China).
2.8 Vector construction and plant
transformation

To construct the plant expression vector pCAMBIA1300-

VdSUS4 under the control of the Cauliflower Mosaic Virus

(CaMV) 35S promoter, the complete coding sequence of VdSUS4

was inserted into the pCAMBIA1300 vector using the ClonExpress

II One Step Cloning Kit (Vazyme, China). The recombinant vector

was transformed into Agrobacterium tumefaciens strain GV3101,

and the transformation of Arabidopsis plants was performed as

previously described (Clough and Bent, 1998). Homozygous

transgenic plants were selected on 1/2 MS medium containing 50

mg/L kanamycin for subsequent experiments.
2.9 RNA extraction and quantitative real-
time PCR analysis

Total RNA extraction was performed using the FastPure

Universal Plant Total RNA Isolation Kit (Vazyme, China), and

cDNA synthesis was conducted using the HiScript III 1st Strand

cDNA Synthesis Kit (Vazyme, China). The reference gene VdTub2

(Vda09G008900.1) was utilized, and quantitative PCR was carried

out using the CFX Connect Real-Time System (Bio-Rad, America)

with ChamQ Universal SYBR qPCR Master Mix (Vazyme, China).

Gene-specific primers for VdSUS were designed using Premier 5.0

software, and the sequences are listed in Supplementary Table S3.

The reaction conditions were as follows: pre-denaturation at 95°C

for 1 min, denaturation at 95°C for 15 s, annealing/extension at 60°

C for 15 s, and a total of 40 cycles. The comparative CT method was

employed to assess the relative expression levels of qRT-PCR

products (Schmittgen and Livak, 2008).
2.10 Data analysis

Data were organized and categorized using Excel (Version

2019), visualized with TBtools (Version 2.042), and refined in

Adobe Illustrator 2020. Statistical analyses were carried out using

Prism 8 and SPSS 20. All results are presented as means ± standard
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deviation (SD) from three biological replicates. Significant

differences were analyzed by Student’s t-test.
3 Results

3.1 Identification and characterization of
the blueberry SUS gene family members

To elucidate the biological functions of the SUS gene family in

blueberries, we constructed a Hidden Markov Model. Seven protein

sequences containing the Sucrose_synth and Glyco_trans_1_4

domains were identified in the blueberry whole genome. Based on

their phylogenetic relationship with Arabidopsis, they were named

VdSUS1-VdSUS7 (Supplementary Figure S1). The amino acid

sequences of the blueberry SUS gene family ranged from 811 to

1059. The molecular weights ranged from 92254.59 (VdSUS3) to

119144.5 (VdSUS7), with isoelectric points between 5.73 (VdSUS3)

and 8.16 (VdSUS5). The instability index ranged from 28.97

(VdSUS6) to 92.68 (VdSUS2), and all had negative average

hydrophobicity coefficients, indicating hydrophilic proteins.

Subcellular localization prediction indicates that VdSUS may be

located in the cytoplasm, nucleus, and mitochondria (Table 1).

The conserved domains and phylogenetic relationships of

VdSUS proteins were explored through a multiple sequence

alignment of the VdSUS gene family. The results of the multiple

sequence alignment showed that all seven VdSUS proteins

possessed two domains, Sucrose_synth and Glyco_trans_1_4

(Supplementary Figure S2A). Analysis of the position of these two

domains in the protein sequences revealed that the domain

sequences of VdSUS4 and VdSUS7 were slightly shorter than

those of the other members (Supplementary Figure S2B). The

amino acid sequences of the SUS gene family proteins exhibited a

predominance of a-helix secondary structures, each exceeding 50%,
with the least proportion being b-turn, which was around 6%

(Supplementary Figure S2C). The tertiary structure of VdSUS
Frontiers in Plant Science 05
proteins consisted of two symmetric tetramers (Supplementary

Figure S2D, Supplementary Figure S3), forming a three-lobed

structure, with four distinct domains (Supplementary Figure S2E).

The first two domains were designated as the Cellulose Targeting

Domain (CTD, residues 1–121) and the Early Nodulin 40 Peptide

Binding Domain (EPBD, residues 161–271). The last two domains

included the GT-B glycosyltransferase with its Rossmann fold

domain (Supplementary Figure S2E). These folds form an active

site suited for substrate binding, responsible for recognizing and

binding sucrose and UDP, and participating in the catalytic reaction

of glycosyl transfer. The N-terminal and C-terminal domains of

GT-B glycosyltransferase are referred to as GT-BN and GT-BC,

respectively (Zheng et al., 2011). The GT-BN domain extended from

residues 275 to 528, and the GT-BC domain extended from residues

529 to 760.

To investigate the evolution of the SUS gene family across different

plant species, we collated the amino acid sequences of seven VdSUS

proteins from blueberry, six AtSUS proteins from Arabidopsis

(Bieniawska et al., 2007), seven OsSUS proteins from rice, four

SiSUS proteins from tomato, three ZmSUS proteins from maize,

two TaSUS proteins from wheat, and two BvSUS proteins from

sugar beet. We constructed a neighbor-joining (NJ) phylogenetic

tree (Figure 1; Supplementary Table S1) to analyze the evolutionary

relationships. The results of the phylogenetic tree analysis revealed

that the 31 SUS proteins from the seven species could be divided into

three groups: SUS I, SUS II and SUS III. Blueberry VdSUS proteins

were distributed in each subgroup, with only one protein (VdSUS1) in

the SUS I group. Notably, these three groups were present in both

monocotyledonous and dicotyledonous plants, suggesting a common

ancestor. Additionally, VdSUS exhibited a unique clustering pattern,

but most collinear orthologous gene pairs were distributed in AtSUS

and OsSUS, indicating a shared evolutionary history among these

genes across different species (Figure 1). This observation may be

attributed to evolutionary variations between monocotyledonous and

dicotyledonous plants, influencing the distribution of these gene pairs

in their respective species.
TABLE 1 The main detail characteristics of 7 VdSUSs proteins in blueberry.

Gene ID DNA attributes Protein attributes

Gene
name

Gene
locus (MSU)

Nucleotide
length (bp)

Instability
index

GRAVY
Length
(aa)

MW
(Da)

PI
Subcellular
localization

VdSUS1 Vadar_g22938 2418 -0.252 92.51 806 92733.84 6.16 Cyto,Chlo

VdSUS2 Vadar_g38054 2433 -0.253 92.68 811 92430.52 5.81 Cyto

VdSUS3 Vadar_g7208 2433 -0.247 92.33 811 92254.59 5.73 Mito, Chlo, Cyto

VdSUS4 Vadar_g10639 3159 -0.456 46.92 1,053 118496.52 6.11 Nucl,Chlo,Cyto

VdSUS5 Vadar_g41615 2700 -0.337 42.41 900 101924.11 8.16 Cyto,Nucl,Mito

VdSUS6 Vadar_g25886 2454 -0.324 28.97 818 92467.95 7.87 Cyto

VdSUS7 Vadar_g37562 3177 -0.442 85.88 1,059 119144.5 6.31 Nucl,Cyto
MW, molecular weight; PI, isoelectric point.
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3.2 Chromosomal localization and
collinearity of the blueberry SUS gene
family

To investigate the chromosomal localization of SUS gene in the

blueberry genome, we downloaded the blueberry GFF file from

NCBI and visualized it using TBtools. The results showed that the

seven SUS genes were distributed on 6 chromosomes of blueberry

(Figure 2A). The vd-10 chromosome has 2 SUS genes, while the

other chromosomes have one gene each (Figure 2A).

Gene duplication was a common occurrence in plant evolution,

including whole-genome duplication, tandem duplication and

segmental duplication, which could generate homologous genes

with similar sequences. We performed intraspecific collinearity

analysis of the VdSUS gene family and found no collinear gene

pairs (Figure 2B). To further investigate the phylogenetic and

evolutionary relationships of SUS genes between species, and to

reveal the collinearity relationships of SUS genes in different species,

we selected three representative model species, including two

dicotyledonous plants (Arabidopsis and grape) and one

monocotyledonous plant (rice), for collinearity analysis with

blueberry. These results showed that there were 5 pairs of

collinear SUS gene pairs between blueberry and Arabidopsis,

including VdSUS4 and AtSUS6, VdSUS6 and AtSUS5, VdSUS1

and AtSUS3, VdSUS1 and AtSUS1, and VdSUS3 and AtSUS3

(Figure 2B). In comparison with rice genome (7 genes), four

collinear gene pairs were identified between VdSUS and OsSUS

(Figure 2C; Supplementary Table S2). The VdSUS genes exhibited

higher homology with the VvSUS genes of grape (5 genes)

(Figure 2D; Supplementary Table S2), indicating a close
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relationship between them. These results also suggested that,

compared to monocotyledonous plant genomes, blueberry

exhibited more significant collinearity with dicotyledonous plant

genomes, and individual homologous genes showed one-to-many

or many-to-one homology. These genes had undergone multiple

genes duplication events, indicating a close phylogenetic

relationship between the studied species. Their evolutionary

functions might be conserved, and their ancestral functions had

not been lost or altered during the duplication process, playing an

important role in the evolution of the SUS gene family.
3.3 Blueberry SUS gene family structure
and conserved motif analysis

To further investigate the structural features and evolutionary

mechanisms of the SUS gene family, we conducted phylogenetic

tree analysis of the SUS proteins in the blueberry genome, as well as

a comparative analysis of the distribution of conserved motifs and

intron-exon structures. Predicted gene structures revealed that SUS

gene sequences contained 12 or more introns (Figure 3B). The

sequences of all VdSUS proteins contained Motif 1, Motif 2, Motif

4, Motif 5 and Motif 9 (Figure 3C), with most motifs consisting of

50 amino acids (except for Motif 4 and Motif 9) (Figure 3D).

VdSUS5 and VdSUS6 belonged to the SUS III group (Figure 3A),

but they exhibited differences in gene structure while sharing the

same motif distribution. This divergence in gene structure may

contribute to functional differences among VdSUS genes. In

contrast, the gene structures and conserved motifs of VdSUS2/

VdSUS3 and VdSUS4/VdSUS7 were consistent, indicating a strong
FIGURE 1

Phylogenetic analysis of the SUS gene family. VdSUSs were labeled with red stars.
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correlation between phylogenetic relationships among gene family

members and their gene structures. This might suggest functional

redundancy among these genes in blueberries.
3.4 Analysis of promoter cis-acting
elements in the blueberry SUS gene family

Cis-regulatory elements (CREs) are non-coding DNA sequences

in the gene promoter region that play a crucial role in gene

expression, widely participating in the regulation of plant growth,

development and stress responses (Zhao et al., 2018). By analyzing

the CREs of VdSUS, we aimed to further understand the potential

roles of VdSUS in plant growth and development, as well as in

response to plant hormones and abiotic stress. To identify genes

functions and regulatory patterns, we investigated the CREs in the

promoter regions of each gene by searching the 2000 bp region

around each transcription activation site in the Plant CARE database.

The analysis of VdSUS promoter regions revealed various CREs. We

selected 20 representative CREs for visualization of their distribution

(Figure 4B). Among them, VdSUS3 had the highest number of CREs,
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totaling 33, while VdSUS7 had 21 CREs. All CREs could be broadly

classified into three categories (Figure 4C). The first category was

hormone response, with a total of 51 CREs in the VdSUS gene family.

Some genes, such as VdSUS4 and VdSUS6, contained multiple

hormone response elements in their promoter regions, suggesting a

rapid and intense response to specific hormones. The second category

was abiotic stress, with a total of 120 CREs in the VdSUS gene family.

All VdSUS genes contained abiotic stress-related elements such as

ARE (anaerobic stress-related) and MYC (salt stress-related),

indicating their potential role in regulating anaerobic stress and salt

stress responses. The third category was growth and development,

with a total of 31 CREs related to growth and development. Among

them, VdSUS1 and VdSUS6 contained the highest number of

AAGAA-motif (auxin response element), suggesting their

involvement in blueberry growth and development regulation.

In summary, these results indicated that the composition and

quantity of CREs in different VdSUS promoter regions vary among

subfamilies (Figure 4A). This suggested that the functional

expression of SUS genes in blueberries was regulated by various

CREs associated with hormones, abiotic stress, and plant growth

and development processes.
FIGURE 2

Characteristics of VdSUS proteins. (A) Chromosomal localization. (B) Collinearity relationship between blueberry and Arabidopsis SUS genes.
(C) Collinearity relationship between blueberry and rice SUS genes. (D) Collinearity relationship between blueberry and grape.
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3.5 Expression analysis of blueberry SUS
genes in different organs, tissues and
developmental stages

To better elucidate the physiological functions of VdSUS gene

family members, we employed qRT-PCR to examine the

spatiotemporal gene expression patterns of VdSUS genes in

different organs, tissues and developmental stages of blueberry.

Fluorescence quantitative PCR primers were designed based on the

CDS region of the 7 members of the VdSUS gene family, VdTub2

serving as the internal reference control. The expression levels of the

7 VdSUS genes were detected by qRT-PCR in various tissues,

including young flowers (YFl), mature flowers (MFl), early green
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fruits (EGF), late green fruits (LGF), mature fruits (MF), young

stems (YS), mature stems (MS), young leaves (YL), mature leaves

(ML) and roots (R) (Figure 5A). In flowers, the expression levels of

most VdSUS genes were higher in mature flowers than young

flowers. In fruits, except for VdSUS4, which showed higher

expression in mature fruits than in early and late green fruits,

other VdSUS members exhibited the highest expression in early

green fruits, followed by a decline in late green fruits (Figure 5B).

Interestingly, their expression levels increased again in mature

fruits. In stems, the expression levels of VdSUS1, VdSUS3 and

VdSUS7 were relatively high, while the expression levels of other

members were generally low (Figure 5B). In leaves, except for

VdSUS2, the expression levels of other members were higher in
FIGURE 4

Analysis of cis-regulatory elements in the promoter regions of SUS genes in blueberry. (A) Phylogenetic tree of the VdSUS protein family in
blueberry. (B) The positions of cis-regulatory elements in the promoter regions of VdSUS genes in blueberry. (C) Statistical analysis of the number of
cis-regulatory elements in the promoter regions of VdSUS genes in blueberry.
FIGURE 3

Structural features of VdSUS sequences. (A) Phylogenetic tree of the VdSUS protein family, where I represents SUS I, II represents SUS II, and III
represents SUS III. (B) Gene structure features of the VdSUS genes family. (C) Motif analysis of the VdSUS proteins. (D) Conserved motif sequences.
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young leaves than in mature leaves (Figure 5B). In roots, the

expression levels of VdSUS3, and VdSUS5 were relatively high,

while expression levels of other members were low (Figure 5B).

Overall, VdSUS5 and VdSUS6 showed lower expression levels in

various tissues, indicating their contribution to the growth, sucrose

metabolism and fruit development in blueberries (Figure 5B).
3.6 Expression patterns of VdSUS genes in
blueberry fruits under sucrose treatment
and abiotic stress conditions

Exogenous sucrose had been demonstrated to act as a signaling

molecule, promoting the ripening of tomato and strawberry fruits

(Jia et al., 2013, 2016). In order to further identify which VdSUS

genes influence the ripening and softening of blueberry fruits, the

expression of VdSUS genes in blueberry fruits was modulated by

exogenous sucrose application. The results revealed that, compared

to blueberry fruits treated with sorbitol (negative control), the

expression of VdSUS4 in blueberry fruits was upregulated after 6

hours of sucrose treatment, reaching its peak after 12 h with a

threefold increase compared to the negative control. VdSUS1 and

VdSUS7 showed an upregulation in expression after 24 h of sucrose

treatment, while expression of VdSUS2, VdSUS3, and VdSUS6

exhibited a slight decrease after sucrose treatment. VdSUS5

showed no significant change compared to the negative control

(Supplementary Figure S4).

In order to further explore the potential role of VdSUS in abiotic

stress, we investigated the expression patterns of VdSUS under

drought, salt and low temperature stress conditions. The results

revealed differential expression patterns of VdSUS under drought

(Figure 6A), salt (Figure 6C), and low temperature stress (Figure 6E).

The expression levels of VdSUS1, VdSUS6 and VdSUS7 were

downregulated, while the expression levels of VdSUS2-VdSUS5
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were upregulated after drought treatment (Figure 6B). After NaCl

treatment, the general trend of VdSUS1-VdSUS5 gene expression was

upregulated, and VdSUS7 showed initial upregulation followed by

downregulation at 5 d, while VdSUS6 was almost unaffected

(Figure 6D). Under low temperature treatment, except for VdSUS5

was induced upregulation, all other genes were significantly

downregulated (Figure 6F).
3.7 Overexpression of VdSUS4 confers salt
stress tolerance

To explore the potential functions of VdSUS4 in enhancing

plant salt tolerance, we first generated transgenic Arabidopsis

overexpressing VdSUS4 (Supplementary Figure S5) and assessed

their seedling growth under salt stress conditions. Under normal

conditions, there were no significant differences in germination and

root elongation between wild-type and transgenic seedlings.

However, compared with the wild-type, transgenic plants

exhibited a nearly 100% increase in root elongation on media

containing NaCl (Figures 7A, B). And, the fresh weight of

transgenic plants demonstrated a 40% increase compared to the

wild-type plants (Figures 7A, C). Further analysis revealed an

exceeding 40% increase in germination rate of transgenic seeds

relative to wild-type under 150 mMNaCl treatment (Figures 8A, B).

We also performed salt tolerance experiments with wild-type

and transgenic plants in soil. The plants were watered with or

without 150 mM NaCl solution for 8 days, clearly difference was

observed in the leaves and boltings of wild-type and transgenic

plants. Both plant groups completed flowering under salt stress, but

wild-type plants displayed significantly chlorosis leaves, shorter

stems and fewer pods compared to the transgenic lines

(Figure 8C). All these results indicated that overexpression of

VdSUS4 enhanced salt stress tolerance in Arabidopsis.
FIGURE 5

Spatial expression patterns analysis of VdSUS genes. (A) Phenotypes of extracted blueberry samples in different organs, tissues and developmental
stages. YFl, young flowers; MFl, mature flowers; EGF, early green fruits; LGF, late green fruits; MF, mature fruits; YS, young stems; MS, mature stems;
YL, young leaves; ML, mature leaves; R, roots. (B) Expression levels of VdSUS family genes.
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FIGURE 6

Expression patterns of VdSUS genes in response to abiotic stress treatment. (A) Phenotypic charts before and after drought treatment.
(C) Phenotypic charts before and after NaCl treatment. (D) Expression levels of VdSUS genes under NaCl treatment conditions. (E) Phe
levels of VdSUS genes under low temperature treatment conditions. Values are the average ± standard deviation of three biological re
were set as “1”. P-values < 0.05, 0.01 and 0.001 are denoted by “*”, “**” and “***” respectively (Student’s t-test).
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Plants adapt to saline-alkaline environments through specific

physiological and biochemical regulatory mechanisms. The level of

plants salt tolerance can be evaluated by measuring key

physiological and biochemical parameters. Our experimental

results indicated that, under normal growth conditions, the

activities of peroxidase (POD), superoxide dismutase (SOD), and

catalase (CAT) showed no significant differences between wild-type

and transgenic lines. However, under salt stress conditions, the

activities of POD, SOD, and CAT increased in both wild-type and

transgenic plants, with significantly higher enzyme activities

observed in the transgenic lines. This suggested that plants

activated their antioxidant defense systems to mitigate salt-

induced oxidative damage, and the transgenic lines possessed a

stronger capacity to scavenge reactive oxygen species (ROS),

thereby reducing the harmful effects of superoxide radicals and

enhancing salt tolerance (Figures 8D–F).

Lipid hydroperoxidation serves as an effective indicator of

cellular oxidative damage (Yoshimura et al., 2004). Oxidative

stress-induced alterations in lipid hydroperoxide accumulation

kinetics were assessed through quantitative determination of

malondialdehyde (MDA) in foliar disk samples. Upon NaCl

stress, malondialdehyde (MDA) concentration markedly

increased in wild-type plants, whereas the transgenic lines

exhibited only a marginal increase (Figure 8G). These findings

suggested that VdSUS4 enhanced the plant’s antioxidant defense
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system, reduced ROS accumulation, and helped maintain cellular

homeostasis, thereby mitigating salt stress-induced damage.
4 Discussion

As one of the most common berries, blueberry was domesticated

during the 20th century (Miller et al., 2019). Due to its flavor and

health-promoting properties, blueberries are now cultivated and

consumed worldwide. However, blueberry cultivation still faces

various challenges, including the demand for varieties with higher

yield and better fruit quality. Moreover, compared to other high-

value crops, molecular tools for blueberry breeding are relatively

limited, making breeding more challenging (Yocca et al., 2023). In

this context, the identification of valuable genetic resources becomes a

crucial step in promoting genetic improvement through the

application of genetic engineering technologies.

Sucrose synthase (SUS) is widely recognized as a key enzyme

involved in sucrose metabolism in higher plants and is considered a

biochemical marker for crop strength (Xu et al., 2019). Therefore,

conducting systematic study on SUS and identifying candidate genes

involved in blueberry fruit ripening and response to abiotic stress is of

great significance. In our study, seven members of the VdSUS gene

family were identified from the blueberry genome (Table 1). SUS is a

member of the conserved GT-4 glycosyltransferase subfamily,
FIGURE 7

Overexpression of VdSUS4 enhanced salt stress tolerance in Arabidopsis. (A) Germination of WT and VdSUS4 overexpressing lines on media with or without
100 mM NaCl, photographed after 15 d. (B) Root length measurement of 15-day-old WT and VdSUS4 overexpressing lines. (C) Fresh weight measurement
of 15-day-old WT and VdSUS4 overexpressing lines. Values are the mean ± standard deviation of three biological replicates. p-values < 0.05 are represented
by “*” (Student’s t-test).
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belonging to the larger metal-independent GT-B glycosyltransferase

superfamily. In Arabidopsis, AtSUS1 possesses a typical sequence

structure of SUS. Similarly, the SUS proteins in blueberries form a

symmetrical tetramer (Supplementary Figure S1D), with the

polypeptide chains folding into four distinct domains. This

structural arrangement is well-suited for catalyzing and cleaving

sucrose and regulating SUS. Additionally, the secondary structure is

predominantly composed of a-helices (Supplementary Figure S1C).
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Differences in the number of SUS genes across species are

primarily due to gene duplication and chromosomal segmental or

whole-genome duplication events, which lead to varying rates of

SUS gene birth and loss. This process is a major driving force in

species evolution, involving the functional innovation of new genes

and the evolution of their expression patterns (Agarwal et al., 2017).

Chromosome localization and collinearity analysis suggest that the

SUS gene family in blueberries may primarily undergo segmental
FIGURE 8

VdSUS4 enhances salt tolerance by strengthening the plant antioxidant system. (A, B) Germination rate of WT and transgenic seeds. (C) Phenotypic
comparison of WT and transgenic lines after treatment with 150 mM NaCl for 8 d. (D) POD activity. (E) SOD activity. (F) CAT activity. (G) MDA
content. Values are the mean ± standard deviation of three biological replicates. p-values < 0.01 are represented by “**” (Student’s t-test). p-values <
0.05 are represented by "*".
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duplication (Figure 2). Although genes within a gene family evolve

through various mechanisms, comprehensive phylogenetic and

structural analysis can provide insights into the evolutionary

origin and relationships of different isozymes. Based on their

phylogeny and molecular structure, plant SUS proteins have been

classified into three major groups (Zou et al., 2013). Our

phylogenetic analysis of VdSUS genes in blueberry, Arabidopsis,

rice, tomato, corn, wheat, and sugar beet confirmed this

classification (Supplementary Figure S1F).

As observed in other plants, such as Arabidopsis (Bieniawska

et al., 2007) and rice (Hiros et al., 2008), closely related VdSUS

members generally exhibit similar motifs and exon/intron structures

(Figures 3A, B), indicating that different SUS proteins may function

in a similar manner. However, we also observed differences in genes

structure between VdSUS5 and VdSUS6, despite their close proximity

in the phylogenetic tree (Figure 3B), suggesting that structural

divergence among gene family members is caused by mechanisms

such as exon/intron loss or gain, insertion/deletion and exonization.

Therefore, the analysis of exon/intron structure is crucial for revealing

the evolutionary footprint of gene families (Xu et al., 2012). Among

the identified 10 motifs, motif 1, 2, 4, 5 and 9 are present in all VdSUS

proteins (Figure 3C), indicating their high conservation. These motifs

constitute the conserved SUS domains essential for the specificity of

SUS functions. Cis-regulatory elements (CREs) are closely related to

gene function and play a crucial role in the transduction of biological

signals. In this study, we found that the promoter region of VdSUS

contains numerous CREs related to hormone regulation, abiotic

stress and growth and development (Figure 4B), such as response

elements related to AAGAA-motif (auxin response), ARE (anaerobic

stress-related) and MYC (salt stress-related) (Figure 4C), indicating a

close correlation between VdSUS and the potential regulatory effects

on growth and development under different environmental changes.

Functional diversity resulting from gene duplication leads to

changes in protein properties and differential expression. This is

one of the major evolutionary driving forces for plants to adapt to

new environments (Flagel and Wendel, 2009). The expression levels

of VdSUS1 and VdSUS3 were higher in flowers (YFI and MFI) than

other VdSUS genes, and both expression levels in MFI were higher

than those in YFI (Figure 5B), suggesting their potential role in

providing energy during the maturation process of flowers. Similarly,

VvSUS4 in grapes is also highly expressed in flowers (Zhu et al.,

2017). In fruits, VdSUS3 shows more expression in MF than those in

LGF, while the expression of VdSUS1 decreases accompanied by the

fruit ripening (Figure 5B). This phenomenon had been observed in

apples as well, where SUS transcription levels were higher in the early

stages of fruit development, but decrease as the fruit continues to

grow (Li et al., 2012). In the stem, the expression level of VdSUS1was

significantly higher than that of other members, and its expression in

YS was higher than in MS (Figure 5B).

In sweet potatoes, IbSUS3, IbSUS4 and IbSUS8 were highly

expressed in the stem (Jiang et al., 2023). These SUS gene families

were likely involved in carbohydrate transport and assimilation.

Additionally, in transgenic poplars, enhanced cellulose deposition
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leaded to thicker secondary cell walls in the xylem, thereby

increasing wood density (Coleman et al., 2009). Sucrose, as the

main form of transport for photosynthetic assimilates, was

produced in mature leaves, which served as source organs for

sucrose synthesis and acted as centers for sucrose export. On the

other hand, young leaves, flowers and fruits acted as sink organs,

receiving sucrose for development or storing sucrose (Nebauer

et al., 2011). In tobacco, SUS2 and SUS3 were highly expressed in

leaves (Wang et al., 2015). The expression of VdSUS1 reached peak

in young leaves and decreased with leaf development, reaching its

lowest level in mature leaves (Figure 5B). Meanwhile, BjSUS5, 6, and

7 are significantly overexpressed in young leaves (Koramutla et al.,

2019). Similarly, we observed that except for VdSUS2, the

expression levels of other members in young leaves were higher

than those in mature leaves, indicating their unique roles in leaf

development. Moreover, in roots, VdSUS3 exhibits the highest

expression level among different VdSUS genes, indicating its

important role in the development of roots (Figure 5B).

An increasing body of research had indicated that the SUS gene

families were associated with plant responses to environmental

stress. Under abiotic stresses such as cold, drought, salinity, and

hypoxia, sucrose biosynthesis can protect cell membrane integrity,

stabilize proteins, and accelerate metabolism (Strand et al., 2003).

During plant recovery from abiotic stress, sucrose serves as an

energy source to promote metabolic activity (Strand et al., 2003).

Soluble sugars regulate various functions, acting as fuel for growth

and development, precursors in metabolism, short- and long-

distance signaling molecules, and as components of osmotic

protection and reactive oxygen species scavenging systems under

stress conditions (Hennion et al., 2019; Salmon et al., 2020). The

expression of AtSUS1 could be induced by cold or drought

treatments, and AtSUS3 could serve as a molecular marker for

dehydration (Baud et al., 2004). HbSUS5 responded to low-

temperature and drought stress (Xiao et al., 2014), while HvSUS1

and HvSUS3 also responded to low-temperature and drought stress

(Barrero-Sicilia et al., 2011). VvSUS5 was induced by high

temperature, cold, salt, darkness and drought conditions (Zhu

et al., 2017). ItbSUS2, ItbSUS5 and ItbSUS6 responded to salt

stress (Jiang et al., 2023). In our study, after drought treatment,

VdSUS2, VdSUS3, VdSUS4 and VdSUS5 were highly expressed with

increasing treatment time, while VdSUS1, VdSUS6 and VdSUS7

gradually decreased (Figure 6B). After salt treatment, the expression

levels of VdSUS1-VdSUS5 enhanced with increasing treatment time

(Figure 6D). Under low-temperature treatment, except for VdSUS5

was induced upregulation, all other genes were significantly

downregulated (Figure 6F). The expression levels of SUS genes

might be due to increased demand for glycolysis under abiotic stress

conditions (Kleines et al., 1999). The observed downregulation of

some VdSUS genes in blueberry fruits after sucrose application may

be attributed to high concentrations of sucrose acting through

energy sensors, such as SnRK1 kinase, to suppress SUS gene

expression. This suppression likely serves to prevent further

sucrose breakdown, thereby avoiding carbon metabolic imbalance.
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In our study, we observed that transgenic Arabidopsis

overexpressing VdSUS4 did not exhibit growth and developmental

defects, while it enhanced plant tolerance to salt stress (Figure 7). The

overexpression of VdSUS4 enhanced salt stress tolerance in

Arabidopsis, indicating that VdSUS4 was a valuable candidate gene

for improving plant tolerance to abiotic stress through genetic

engineering. However, the molecular mechanisms behind this

phenomenon are not yet clear, posing an interesting question for

future research. In conclusion, our study provides important insights

into the SUS gene family of blueberry, validates their functions, and

lays a theoretical foundation for further functional studies of SUS

genes in blueberry. This research holds potential applications in future

genetic engineering projects.
5 Conclusion

In conclusion, our study identified seven VdSUS genes within

the blueberry genome. Analyses were conducted on their

physicochemical properties, phylogenetic relationships, conserved

motifs, gene structure, cis-acting elements in promoters and

expression patterns to elucidate their potential functions in

blueberries. Functional studies in transgenic Arabidopsis

suggested that VdSUS genes may play a role in response to salt

stress. Our research findings will provide valuable insights into the

response of VdSUS genes to various abiotic stresses in blueberry.
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Phylogenetic tree of the SUS genes family in blueberry and Arabidopsis.

SUPPLEMENTARY FIGURE 2

Characteristics and evolutionary relationships of VdSUS proteins. (A) Multiple
sequence alignment of VdSUS family proteins. (B) Visualization of the

Sucrose_synthesis and Glyco_trans_1_4 domains of VdSUS proteins. (C)
Statistic analysis of the secondary structure of VdSUS amino acid
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sequences. (D) Front view of the overall tertiary structure of VdSUS amino

acid sequences. (E) Peptide chain structure of VdSUS amino acids.

SUPPLEMENTARY FIGURE 3

Three-dimensional structures of VdSUS proteins.

SUPPLEMENTARY FIGURE 4

Expression levels of VdSUS genes family after treated with sucrose. Values

are the average ± standard deviation of three biological replicates. The
Frontiers in Plant Science 15
transcription levels of VdSUSs at 0 h were set as “1”. P-values < 0.05 is

denoted by “*” respectively (Student’s t-test).

SUPPLEMENTARY FIGURE 5

Identification of VdSUS4 transgenic Arabidopsis. (A) Construct used for
Arabidopsis transformation. (B) PCR verification of different transgenic

Arabidopsis lines. M: marker, P: VdSUS4 plasmid, WT: Wild-type. (C) RT-
PCR confirmed the expression of VdSUS4 in different transgenic lines. (D)
qRT-PCR analysed the expression of VdSUS4 in different transgenic lines.
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