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Abstract
Background  ‘Fengtang’ plum is a cultivar known for its significant sugar accumulation. Although various studies 
have been conducted on sugar metabolism, the specific molecular mechanisms underlying the high sugar 
accumulation in ‘Fengtang’ plum remain largely unexplored. Here, we present the role of the Sugars Will Eventually be 
Exported Transporters (SWEETs) family in regulating sugar accumulation in ‘Fengtang’ plum fruits.

Results  In this study, 18 PsSWEET genes were identified based on homology with Arabidopsis genes and the Pfam 
database (ID: PF03083). Alignment of multiple sequences revealed that the seven alpha-helical transmembrane 
regions (7-TMs) are largely conserved in the PsSWEET family. Phylogenetic analysis demonstrated that the 18 SWEET 
family members could be categorized into four clades. Nine predicted motifs were identified within the PsSWEET 
genes of plum. The PsSWEET genes were unevenly distributed across five chromosomes, and synteny analysis 
revealed three pairs of fragmented duplication events. PsSWEET1a and PsSWEET17b are pivotal in ‘Fengtang’ plum fruit 
development. Subcellular localization analyses indicated that PsSWEET1a is localized to the nucleus and cytoplasm, 
while PsSWEET17b is associated with the vacuolar membrane. Gene function was further validated through transient 
silencing and overexpression of the PsSWEET1a and PsSWEET17b genes in plum fruits, which significantly impacted 
their soluble sugar content. Heterologous expression of PsSWEET1a and PsSWEET17b in tomato resulted in an increase 
in soluble sugar content due to the modulation of sugar accumulation-related genes and enzyme activities.

Conclusion  The genes PsSWEET1a and PsSWEET17b, which regulate the content of soluble sugar in plum fruit, were 
successfully identified. This study provides a comprehensive insight into the SWEET gene family of plum, offering 
novel perspectives on the regulation of sugar accumulation in fruit and laying a critical foundation for further 
enhancement of plum fruit quality.
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Introduction
As the main product of photosynthesis, sugars serve as 
a carbon and energy source for plant growth and devel-
opment [1], and are crucial for fruit development and 
quality [2]. Numerous studies have explored fruit sugar 
accumulation and “source-sink” sugar transport path-
ways, in which photosynthetic products exported from 
source leaves of higher plants travel through the phloem 
long-distance transport system before reaching fruit cells 
[3], providing energy for cell metabolism or accumulating 
in cells, and these processes are inseparable from the par-
ticipation of sugar transporters [4]. The distribution of 
carbohydrates is critical for crop yield. Therefore, explor-
ing the SWEET function in plants is of great significance. 
To date, three types of sugar transporters have been 
identified: monosaccharide transporters (MSTs), sucrose 
transporters (SUTs), and bidirectional sugar transporters 
(SWEETs), categorized based on the types of sugars they 
transport [5–7].

The Sugars Will Eventually be Exported Transporters 
(SWEETs) family consists of key transporters that play 
essential roles in sugar transport pathways [8]. The first 
member of the SWEET family, MtN3, was first identi-
fied in Medicago truncatula [9]. SWEET proteins pos-
sess seven transmembrane helices and are recognized 
as a novel group of sugar transporters that facilitate the 
bidirectional transport of sugars, including glucose, fruc-
tose, and sucrose. They are present in a wide range of 
plant genomes [10]. Biochemical and functional analyses 
have demonstrated that SWEET proteins are involved in 
various metabolic and physiological processes in plants, 
including phloem loading [11], nectar secretion [12], pol-
len development [13], bacterial infection [14], aging [15], 
seed filling, and transportation [7].

In plants, the SWEET gene family plays an important 
role in sugar accumulation by regulating the transmem-
brane transport of molecules such as sucrose, glucose, 
and fructose. In tomato, the gene SlSWEET1a was found 
to play a role in glucose outflow from mature leaves to 
young leaves [16]; similarly, OsSWEET7 in rice has galac-
tose transport activity [15]. In apples, molecular markers 
have identified MdSWEET9b and MdSWEET15a as key 
genes for sugar accumulation in fruits, regulating sugar 
content in fruits [17]. In addition, the gene AtSWEET16 
in Arabidopsis transfers glucose from the vacuole to the 
cytoplasm at low temperatures [18], and AtSWEET17 
is responsible for fructose transport in the vacuole [19]. 
Therefore, the SWEET gene family plays a decisive role 
in fruit sugar accumulation and the transport of sugars 
between source and reservoir organs. Sucrose is the main 
form of carbon transported from source to reservoir, 

which is important for sugar accumulation in fruits, 
and certain SWEET proteins can specifically transport 
sucrose [20]. PuSWEET15 shows a significant positive 
correlation with sucrose concentration. Sucrose content 
increased after the overexpression of PuSWEET15 in 
pear fruits, while sucrose content decreased after silenc-
ing, demonstrating its impact on sucrose accumulation 
in pear fruits [21]. GmSWEET10a and GmSWEET10b 
transport sucrose in soybeans, distributing sugars 
between the seed coat and embryo, thereby determining 
oil and protein content and seed size [22]. These studies 
highlight the role of the SWEET gene family in fruit sugar 
accumulation.

The ‘Fengtang’ plum is a regionally distinctive variety in 
Guizhou, known for its unique flavor, which is primarily 
due to its high sugar content [23]. Our team conducted 
a preliminary investigation into the physiological and 
molecular mechanisms of sugar accumulation in plum 
fruit [24], revealing the impact of the SWEET gene family 
on sugar accumulation. Therefore, a more comprehensive 
characterization of the SWEET gene family members was 
necessary to elucidate their role in sugar accumulation in 
plum fruit. This study identified members of the SWEET 
gene family within the entire genome of Prunus salicina 
plum and analyzed their expression patterns at different 
developmental stages through RNA-seq.  Subsequently, 
the role of the SWEET genes in sugar accumulation in 
plum fruit was further clarified through transient expres-
sion in plum fruit and genetic transformation in tomato. 
This study enhances our understanding of the mecha-
nisms behind plum sugar accumulation and provides a 
theoretical foundation for future enhancements to fruit 
quality, as well as potential increases in soluble sugar lev-
els within plum fruit.

Materials and methods
Plant materials
All the plum germplasm used in this study was pre-
served at the ‘Fengtang’ plum base in Huishui County, 
Guiyang City, Guizhou Province, China. Material 1: 
The six-year-old ‘Fengtang’ plum tree was selected 
for the experiment. Samples were collected from 30 
days to 110 days after flowering ‘Fengtang’ plum from 
April (average temperature 8–22℃, relative humid-
ity 40–86%) to July (average temperature 24–33°, rela-
tive humidity 48–75%) 2023, with samples taken every 
10 days. Nine fruits of uniform size were selected for 
each treatment, then stored at ultra-low temperatures. 
Various tissues and organs, including blooming flowers, 
functional leaves, roots, and fruit stalks, were also col-
lected. Material 2: VIGS and transient overexpression 
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tests of PsSWEET1a and PsSWEET17b were performed 
on 90 disease-free, uniformly growing fruits from nine 
plum trees. A 1 mL suspension was slowly injected into 
the equatorial region of the live plum fruit. Simultane-
ously, samples for RNA extraction and sugar composi-
tion analysis were taken from the pulp 0.5 cm from the 
injection site. The collected plums were peeled, cored, 
mixed, and quickly frozen with liquid nitrogen (-196℃), 
then stored in an ultra-low temperature freezer (-80℃) 
for RNA extraction and biochemical analysis. Material 3: 
Tomato (Solanum lycopersicum L. ‘Micro-Tom’) was pro-
vided by Wuhan Boyuan Company. Mature leaves from 
T2 plants and transgenic tomato fruits at the red ripening 
(RR) stage were collected to measure sugar content and 
analyze gene expression. At each sampling site, at least 
three fruits (excluding transgenic strains) or three mature 
leaves (from the same location on each plant) were ran-
domly selected and collected together. All samples were 
immediately frozen in liquid nitrogen and kept at -80℃ 
until analysis was performed.

Determination of sugar content and enzyme activity
The contents of fructose, glucose, sucrose, and sorbitol 
in plum fruit were determined using high-performance 
liquid chromatography (HPLC) [25]. The activities of 
CWINV, VINV, NINV, SUSY, and SPS were determined 
using enzyme-linked immunosorbent assay (ELISA). The 
ELISA kit was obtained from Shanghai Zike Biotechnol-
ogy Co., Ltd.

Identification of SWEET gene family and chromosomal 
localization of ‘fengtang’ Plum
The genome sequences of Prunus salicina Lindl. were 
obtained from the Rosaceae Genome Database ​(​​​h​t​t​p​s​:​
/​/​w​w​w​.​r​o​s​a​c​e​a​e​.​o​r​g​/​​​​​)​. Two methods were used to ​i​d​e​n​
t​i​f​y members of the SWEET family in ‘Fengtang’ plums: 
hidden Markov model search (HMMER) ​(​​​h​t​t​p​:​/​/​p​f​a​m​.​
x​f​a​m​.​o​r​g​/​​​​​) and BLASTp search using the MtN3/Saliva 
domain (PF03083) from the PFAM database, down-
loaded from the TAIR database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​a​r​a​b​i​d​o​p​s​
i​s​.​o​r​g​/​​​​​) using Arabidopsis thaliana with an E-value < 1.0 
as the query. The obtained candidate protein sequences 
were submitted to PFAM (http://pfam.xfam.org/) to ​v​e​r​i​
f​y the structure of the MtN3/Saliva domain. The SWEET 
genes identified from the Prunus salicina genome and 
those screened from the ‘Fengtang’ plum RNA-seq data 
(determined by Professor Huaming An’s research group 
at Guizhou University) were used as criteria for select-
ing candidate SWEET gene family members. ProtParam 
tools (http://www.expasy.org/tools) were used to analyze 
the physical and chemical properties of SWEET genes, 
including molecular weight and theoretical isoelectric 
point. Plant-mPLoc was used for subcellular localiza-
tion prediction (​h​t​t​p​​:​/​/​​w​w​w​.​​c​s​​b​i​o​​.​s​j​​t​u​.​e​​d​u​​.​c​n​​/​b​i​​o​i​n​f​​/​p​​l​a​

n​t​-​m​u​l​t​i​/). The chromosomal locations of SWEET genes 
in Prunus salicina were identified from the genome 
database (https://www.rosaceae.org/). The positions of 
SWEET genes on the chromosomes of Prunus salicina 
were mapped using TBtools software (v1.113) [26] and 
used for collinearity analysis within the species.

Phylogenetic analysis of the SWEET gene family in 
Arabidopsis thaliana,Prunus persica,Prunus avium, and 
‘fengtang’ Plum
The Arabidopsis thaliana genome was downloaded 
from the TAIR database (https://www.arabidopsis.org/), 
and Prunus persica and Prunus avium SWEET protein 
sequences were obtained from the NCBI database (​h​t​t​p​​
s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​​m​.​n​i​​h​.​​g​o​v​/​g​u​i​d​e​/). MEGA 7 was used to 
construct the phylogenetic tree of the SWEET gene fam-
ily with the following parameters: multiple alignments of 
SWEET protein sequences were generated using Clustal 
W, and the evolutionary tree was constructed using 1000 
bootstrap replicates based on the neighbor-joining (NJ) 
method. The resulting file was submitted to the EvolView 
V2 website (​h​t​t​p​​:​/​/​​w​w​w​.​​e​v​​o​l​g​​e​n​i​​u​s​.​i​​n​f​​o​/​e​v​o​l​v​i​e​w​/) to 
visualize the evolutionary tree.

Conserved motif and gene structure analysis of SWEET 
genes in ‘fengtang’ Plum
TBtools v1.113 was used to map the exon–intron struc-
ture of the SWEET gene family members. The MEME 
online tool (​h​t​t​p​​s​:​/​​/​m​e​m​​e​-​​s​u​i​​t​e​.​​o​r​g​/​​m​e​​m​e​/​t​o​o​l​s​/​m​e​m​e) 
was used to predict highly conserved SWEET sequences, 
and TBtools was used for visualization.

Sequence and protein structure analysis of the SWEET gene 
family in ‘fengtang’ Plum
Online tool TMHMM (​h​t​t​p​​s​:​/​​/​s​e​r​​v​i​​c​e​s​​.​h​e​​a​l​t​h​​t​e​​c​h​.​​d​t​u​​.​
d​k​/​​s​e​​r​v​i​c​e​.​p​h​p) was used to predict the transmembrane 
domain of SWEET proteins, and MTN3/salivary predic-
tive structure analysis of SWEET proteins was performed 
using TBtools v1.113.

Construction of the expression vector
Using primers (forward: 5’-​G​A​G​T​A​A​G​G​T​T​A​C​C​G​A​
A​T​T​C​C​A​G​T​T​C​T​C​A​G​G​C​A​T​T​C​C​G​T​A​T (EcoR I)-3’, 
reverse: 5’-​T​G​A​G​C​T​C​G​G​T​A​C​C​G​G​A​T​C​C​C​T​T​G​G​T​T​C​
T​G​A​T​C​A​C​T​G​T​G​C (BamH I)-3’), we amplified a 357 bp 
cDNA fragment of PsSWEET1a (112–468  bp); Using 
primers (forward: 5’-​G​A​G​T​A​A​G​G​T​T​A​C​C​G​A​A​T​T​C​C​
A​A​A​T​A​G​C​G​T​G​C​T​G​G​T​G (EcoR I)-3’, reverse: 5’-​T​G​A​
G​C​T​C​G​G​T​A​C​C​G​G​A​T​C​C​C​A​A​G​A​A​T​G​G​C​A​T​A​G​A​G​
T​G​T​C (BamH I)-3’), we amplified a 360 bp cDNA frag-
ment of PsSWEET17b (187–547  bp). The pTRV2 con-
struct was prepared and digested with EcoR I and BamH 
I, and the vector and amplified fragment were ligated 
using the pEASY-Basic Seamless Cloning and Assembly 
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Kit (TransGen Biotech, Beijing, China). Agrobacterium 
transformation was then performed. Agrobacterium 
strain GV3101 containing pTRV1, pTRV2, or the pTRV2 
derivative pTRV2-PsSWEET1a/PsSWEET17b was used 
for virus-induced gene silencing (VIGS). The full-length 
open reading frames of PsSWEET1a and PsSWEET17b 
were amplified from the cDNA of ‘Fengtang’ plum. Prim-
ers with restriction sites were designed using SnapGene 
software. For transient overexpression of PsSWEET1a, 
the primers were: forward 5’-​G​A​A​C​A​C​G​G​G​G​G​A​C​G​A​
G​C​T​C​G​G​T​A​C​C​A​T​G​C​A​T​A​T​T​C​T​C​A​A​G​G​T​C​T​T​C​T​T​T​
G​G (Kpn I)-3’, reverse 5’-​G​C​C​A​A​A​T​G​T​T​T​G​A​A​C​G​A​T​
C​C​T​G​C​A​G​C​T​A​G​G​G​C​T​G​C​C​C​A​T​C​T​T​G (Pst I)-3’; For 
transient expression of PsSWEET17b, the primers were: 
forward 5’-​G​A​A​C​A​C​G​G​G​G​G​A​C​G​A​G​C​T​C​G​G​T​A​C​C​A​
T​G​G​C​A​A​T​A​A​A​T​T​T​C​G​T​T​G​T​C​A​T​T​T​T​T​G​G (Kpn I)-3’, 
reverse 5’-​G​C​C​A​A​A​T​G​T​T​T​G​A​A​C​G​A​T​C​C​T​G​C​A​G​T​
C​A​C​T​C​T​G​C​A​A​T​G​A​T​G​G​G​T​T​T​T​G​A​A​G (Pst I)-3’. The 
overexpression construct pCambia1301-GFP was pre-
pared, and the plasmid was isolated and digested with 
restriction enzymes Kpn I and Pst I. The digested vector 
and amplified fragment were ligated using the pEASY-
Basic Seamless Cloning and Assembly Kit (TransGen 
Biotech, Beijing, China), and then transformed into Agro-
bacterium. Agrobacterium strain GV3101 containing 
pCambia1301-GFP or the pCambia1301-GFP derivative 
pCambia1301-GFP-PsSWEET1a/PsSWEET17b was used 
for transient gene overexpression.

RNA extraction and qRT-PCR validation
Total RNA was extracted from the samples using a poly-
saccharide and polyphenol plant total RNA extraction 
kit (Tian Gen, Beijing, China), and genomic DNA con-
tamination was removed using DNase I (Takara, Dalian, 
China). Complementary DNA (cDNA) was synthesized 
using the PrimeScript RT reagent kit with gDNA Eraser 
(Takara, Dalian, China) according to the manufacturer’s 
instructions. Amplification was performed using the 
Applied Biosystems StepOnePlus Real-Time PCR sys-
tem (Life Technologies Corporation, Carlsbad, CA, USA) 
in a total volume of 20 µL. The reaction mixture con-
tained: TB Green Premix (2X) 10 µL; upstream primer 
(10 µmol/L) 0.4 µL; downstream primer (10 µmol/L) 0.4 
µ; template 2 µL; ddH₂O 7.2 µL. Candidate gene primers 
were designed using Primer5, and the clathrin adaptor 
complex medium subunit family protein (CAC) was used 
as the internal reference gene [27]. The tomato house-
keeping gene ACTIN was used as an internal control 
(Table S1). The primers were synthesized by Shanghai 
Shenggong Biotechnology Co., Ltd. The following con-
ditions were used for the PCR procedures: pre-denatur-
ation at 94℃ for 30 s, 94℃ for 5 s, 58℃ for 30 s, 72℃ for 
1 min, for 40 cycles; final extension at 72℃ for 10 min. 
Three biological replicates were performed per sample. 

Relative quantitative analysis of the data was performed 
using the 2−△△CT method.

Subcellular localization of PsSWEET1a and PsSWEET17b 
proteins
The coding regions of the PsSWEET1a and PsSWEET17b 
genes (without stop codons) with Kpn I and Pst I restric-
tion sites were cloned into a pCAM35-GFP expression 
vector. The resulting constructs were then transformed 
into Agrobacterium tumefaciens strain GV3101 and used 
to infect Arabidopsis protoplasts. After 3–4 weeks, Ara-
bidopsis seedlings were soaked in an enzymatic solution, 
vacuum infiltrated, and subjected to enzymatic hydroly-
sis at 23 °C for 3 h under low light. The protoplasts were 
filtered through 40 μm nylon mesh, washed several times 
with W5 solution, and diluted. For transfection: 10 µL 
target gene plasmid + 10 µL marker gene plasmid + 100 
µL protoplast + 120 µL 40% PEG4000 solution. The 
mixture was gently inverted in a 22.5  °C water bath for 
15–20  min. The protoplasts were then diluted with W5 
solution, washed, centrifuged twice, resuspended in W5 
solution, and cultured overnight at 23 °C under low light. 
Laser confocal microscopy (Laser confocal microscopy, 
Nikon, A1 HD25) was used for observation and imaging.

Genetic transformation of tomato
The CDS sequence of the candidate gene was cloned 
into the pCAMBIA-1301 vector after the removal of the 
stop codon. The recombinant plasmid was transformed 
into Agrobacterium strains by electroporation and pre-
served at -8℃. The method for Agrobacterium-mediated 
genetic transformation was as follows: Tomato (Solanum 
lycopersicum L. ‘Micro-Tom’) seeds were disinfected and 
grown in a sterile environment. The seeds were cultured 
in the dark for 3 days before being transferred to light. 
Remove the root, take the cotyledon with the backside 
up, and culture in darkness on KCMS solid medium 
with filter paper. Cotyledons were immersed in an Agro-
bacterium suspension containing 35  S::PsSWEET1a or 
35  S::PsSWEET17b constructs, shaken for 2  min, and 
the bacterial suspension was poured out. The cotyle-
dons were blotted dry with sterile filter paper to remove 
residual liquid, then returned to KCMS solid medium 
for 2 days in the dark. The cotyledons were then placed 
on co-culture medium and incubated in darkness for 
3 days. The cotyledons were cleaned with cephalospo-
rins and transferred to a screening medium under light 
conditions until callus formation. When the seedlings 
reached 4–5 cm in height, they were transferred to root-
ing medium. After 3 weeks of rooting, the seedlings were 
transplanted into the growing medium. Both wild-type 
and transgenic tomato plants were grown in greenhouses 
with a 16-hour/8-hour light/dark cycle, a temperature of 
25 °C, and a relative humidity of 50–70%. The transgenic 
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lines were verified by PCR. T2 transgenic tomato plants 
were used for analysis.

Statistical analysis
Data are expressed as mean ± SD (standard deviation). 
SPSS (v27, IBM, Armonk, NY) was used for significance 
testing, and the Student’s t-test was applied. The Pearson 
correlation coefficient (r) was used to analyze the corre-
lation. Line charts were generated using Origin 9.0, and 
heat maps were produced using TBtools software.

Results
Identification and characterization of SWEET gene family 
members in ‘fengtang’ Plum
According to the Pfam database (ID: PF03083), 18 
SWEET members were identified by combining the tran-
scriptome with the genome of Prunus salicina Lindl. 
The physicochemical properties of the members of the 
SWEET gene family were determined via the online web-
site ProtParam (Table. S2). The 18 SWEET genes varied 
in length, ranging from 364  bp (PsSWEET1c) to 901  bp 
(PsSWEET10 and PsSWEET12), and encoded amino 
acids ranging from 120 to 293. The molecular weight 
ranged from 13,595.40 Da (PsSWEET1c) to 33,080.55 
Da (PsSWEET10 and PsSWEET12). The theoretical 
isoelectric points (pIs) of the presumed SWEET fam-
ily members ranged from 5.97 (PsSWEET10/12) to 9.68 
(PsSWEET1a), with 16 members having pIs higher than 
7.0, indicating that these proteins were weakly alkaline, 
while PsSWEET10 and PsSWEET1c were acidic. Further 
analysis of the presumed subcellular localization revealed 
that SWEETs were located in the cell membrane. The 
TMHMM software was used to predict the transmem-
brane regions of SWEETs. The encoding proteins of 13 
members had seven transmembrane regions. Two mem-
bers had five transmembrane regions. PsSWEET1b/1c 
had only two or three transmembrane regions. Ten 
SWEET proteins (PsSWEET1a/1b/1c/2b/5d/10/14/17a/1
7b/17c) had an instability index of more than 40, indicat-
ing that they were not stable. The hydrophilicity of plum 
SWEET proteins was greater than 0, indicating that they 
were hydrophobic proteins.

Thirteen SWEET genes were distributed on five chro-
mosomes (LG 01, LG 02, LG 03, LG 04 and LG 08), and 
five SWEET genes were located on the unplaced scaffolds 
Contig 1 and Contig 20. Among these chromosomes, 
LG 08 has up to six SWEET genes, including PsSWEET
1a,PsSWEET1b,PsSWEET1c,PsSWEET5a,PsSWEET5b, 
and PsSWEET14. In addition, LG 03, LG 02, and LG 04 
each have two SWEET genes, while LG 01 has only one 
SWEET gene on its chromosome (Fig. 1A). Gene dupli-
cation events the amplification of gene family members 
in the process of plant evolution plays an important 
role (Fig.  1B). Intra-species collinearity analysis showed 

that there were 3 collinear gene pairs, PsSWEET2a and 
PsSWEET2b fragment repeat events. PsSWEET1b and 
PsSWEET1c,PsSWEET5a and PsSWEET5b are thought to 
have evolved from tandem repeating events.

Phylogenetic tree analysis of SWEET genes in Arabidopsis 
thaliana,Prunus persica,Prunus avium, and ‘fengtang’ Plum
To explore the phylogenetic relationships among SWEET 
gene family members in plants, we analyzed 17 SWEET 
genes from Arabidopsis thaliana, 19 from Prunus per-
sica L., 13 from Prunus avium L., and 18 from ‘Feng-
tang’ plum. The amino acid sequences of 67 SWEET 
proteins were compared, and an evolutionary tree was 
constructed (Fig.  2; Table S3). Based on studies of AtS-
WEET in Arabidopsis thaliana, the SWEET members of 
these four species were divided into four subfamilies (I, 
II, III, and IV). The majority of PsSWEET members in 
‘Fengtang’ plum were grouped in subfamily II, with 6 PsS-
WEET members; subfamily I followed with 5 PsSWEET 
members; and there were 4 and 3 PsSWEET proteins in 
subfamilies III and IV, respectively. As shown by the evo-
lutionary tree, most ‘Fengtang’ plum SWEET genes were 
more closely related to those in Prunus persica than to 
those in Prunus avium and Arabidopsis thaliana.

Sequence and motif analysis of SWEET genes in ‘fengtang’ 
Plum
We constructed a phylogenetic tree using 18 PsSWEET 
proteins in ‘Fengtang’ plum and divided them into four 
classes (Fig.  3A), consistent with the results in Fig.  1. 
Nine highly conserved motifs were identified in PsS-
WEET proteins (Fig.  3B and D). PsSWEET1b and PsS-
WEET5a contained the fewest conserved motifs, with 
only four, while PsSWEET4 and PsSWEET5d contained 
nine motifs each. Motifs 2, 3, and 6 were present in all 
PsSWEET proteins. Introns, a characteristic feature of 
eukaryotic genes, provide genetic diversity through alter-
native splicing (Fig.  3C). Exon-intron structure analysis 
revealed that most PsSWEET genes had five or six exons, 
while PsSWEET1c contained only three exons and PsS-
WEET17c contained seven exons.

SWEET proteins in plant species contain seven trans-
membrane (TM) helices, and the presence of these seven 
TM regions in all SWEET members suggests that SWEET 
proteins function as membrane receptor proteins. Con-
served domain analysis using NCBI-CDD confirmed that 
all SWEET proteins contained 1–2 MtN3/saliva domains 
(CDD accession No. pfam03083) or PQ-loop superfam-
ily domains (CDD accession No. cl21610). These MtN3/
saliva domains ranged from 70 to 91 amino acids, with 
most being approximately 85 amino acids in length. The 
positions of the MtN3/saliva domains in the protein are 
shown in Fig. S1. To obtain more detailed information 
about the PsSWEET1a and PsSWEET17b proteins, we 
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Fig. 1  Chromosome localization and collinearity analysis in SWEET genes. (A) The relative locations of SWEET genes are marked on the chromosomes. 
Chromosome numbers are displayed on the left side of each chromosome, and a ruler on the left shows the physical distance of the chromosomes. (B) 
Collinearity analysis of SWEET genes. Gray lines represent all the syntenic blocks in the Prunus salicina Lindl. genome, and the red lines represent dupli-
cated SWEET gene pairs
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performed multiple sequence alignments with SWEET 
sugar transporters from Arabidopsis thaliana. The results 
indicated that the conserved domains of PsSWEET1a 
and PsSWEET17b were highly consistent with those of 
the SWEET proteins in Arabidopsis thaliana, supporting 
their role in sugar transport (Fig. S2).

Analysis of cis-acting elements in SWEET genes
Cis-acting elements were analyzed in the 2 kb upstream 
sequences of SWEET genes (Fig.  4), and the results 
indicated that the cis-acting elements of the 18 SWEET 
members could be classified into five categories: plant 
hormone response elements, light response elements, 
plant growth and development-related elements, abiotic 
stress response elements, and transcription factor rec-
ognition and binding sites. Among these, light response 

elements constituted the highest proportion. Addition-
ally, component analysis revealed that PsSWEET1a con-
tains 6 photoresponsivity elements, 2 MeJA-responsive 
elements, 1 MYB-responsive element, and 1 gibberellin-
responsive element. The PsSWEET17b gene contains 16 
light-responsive elements, 1 MYB-responsive element, 
and 1 low-temperature-responsive element.

Analysis of SWEET gene expression patterns during the 
development of ‘Fengtang’ plum fruit based on RNA-seq.

Candidate genes were identified from transcriptome 
data using standard gene names and synonyms in func-
tional annotations. A total of 18 SWEET genes showed 
different expression patterns (Fig.  5A). Among them, 
PsSWEET1b,1c,5d,5c,6,9, and 12 were not expressed 
at any of the three stages of fruit development. PsS-
WEET2a,4,10,14, and 17a expression gradually decreased 

Fig. 2  Phylogenetic relationship among Arabidopsis thaliana,Prunus persica,Prunus avium and ‘Fengtang’ plum. Based on the analysis of PsSWEET mem-
bers in Arabidopsis thaliana, 18 PsSWEET are divided into four branches, labeled I, II, III, and IV, denoted by yellow, orange, pink, and blue, respectively. In 
the image, Arabidopsis thaliana is represented by a green circle; Prunus persica by a purple square; Prunus avium by a white star and the ‘Fengtang’ plum 
by a red triangle
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Fig. 4  Analysis of cis-acting elements in PsSWEET genes. The 2000 bp upstream codon of PsSWEET translation initiation was analyzed using plant-CARE 
online analysis software

 

Fig. 3  Analysis of conserved motifs and gene structure in the evolutionary tree of the SWEET gene family. (A) Evolutionary tree of PsSWEET genes. Differ-
ent clades are marked with different colors. Yellow, orange, pink, and blue boxes represent branches I, II, III, and IV. (B) Predicted conserved motifs in SWEET 
proteins. The nine motifs are represented by squares of different colors, numbered 1–9. (C) Exon-intron structure of SWEET genes. Green bars: exons; Line: 
Intron. (D) Motif components found in PsSWEET proteins
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with fruit ripening, while PsSWEET1a,2b,17b, and 17c 
expression steadily increased. PsSWEET5a showed high 
expression early in development. By combining RNA-seq 
data and metabolome data (Fig. 5B), SWEET genes highly 
correlated with plum sugar accumulation were identified 
as PsSWEET1a,2a,2b,4,7a,10, and 17b.

qRT-PCR validation of SWEET genes during the 
development of ‘fengtang’ Plum fruit
To verify the reliability of the RNA-seq data, seven 
SWEET genes were selected for qRT-PCR verification. 
The gene expression patterns of these SWEETs in qRT-
PCR exhibited trends consistent with the FPKM values 
observed in the RNA-seq data (Fig. 6A and B), indicating 
the reliability of the transcriptomic data. To investigate 
the relationship between SWEET gene expression and 
sugar accumulation, we further analyzed the correlation 
between SWEET gene expression and sugar components 
(Fig. 6C). PsSWEET1a,2b,10, and 17b exhibited a strong 
positive correlation with sucrose and sorbitol, whereas 
PsSWEET4,2a, and 17a displayed a strong negative 

correlation with these sugars. The expression of these 
genes was closely associated with sucrose and sorbitol 
content. These results suggest that SWEET genes may 
play a role in sugar accumulation during the development 
of ‘Fengtang’ plum.

Expression profiles of SWEET genes in different ‘fengtang’ 
Plum tissues and organs
To study the influence of SWEET genes on ‘Feng-
tang’ plum fruit development, we extracted RNA from 
various plum tissues and performed qRT-PCR. Seven 
SWEET genes were detected in seven tissues (Fig.  7). 
Most SWEET genes were expressed across the tissues 
and organs of the ‘Fengtang’ plum, but their expression 
levels varied. PsSWEET1a showed the lowest transcript 
levels in roots and leaves, while PsSWEET2a,10, and 17a 
exhibited the highest transcript abundance in leaves. The 
expression levels of PsSWEET1a and 4 were dominant 
in flower organs compared to other tissues, suggesting 
that they may play a role in flower development. Addi-
tionally, PsSWEET1a and PsSWEET17b exhibited similar 

Fig. 5  Analysis of the expression and correlation of PsSWEET genes in ‘Fengtang’ plum fruit based on RNA-seq and targeted metabolomics. RNA-seq and 
targeted metabolomics data were sampled from April (average temperature 8–18°, relative humidity 54–85%) to July (average temperature 21–28°, rela-
tive humidity 46–80%) 2021. (A) Heatmap of SWEET genes expression profile in ‘Fengtang’ plum fruit. Different colors represent standardized processing 
values for relative expression levels, ranging from low (blue) to high (orange). (B) Correlation analysis of SWEET genes and corresponding sugar compo-
nents. High correlation corresponds to orange, low correlation corresponds to blue
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Fig. 6  Expression and correlation analysis of SWEET genes in ‘Fengtang’ plum fruit. (A) SWEET gene expression was verified by qRT-PCR analysis. The left 
Y-axis is the relative expression value of SWEET gene, and the expression amount of 30DAA samples is calculated as 1 (which can be seen in Fig. 6B), and 
the right Y-axis is FPKM. The error bars represent the standard deviation of three independent bioassays. Different uppercase letters showed significant 
differences in qRT-PCR p ≤ 0.05, and different lowercase letters showed significant differences in RNA-seq p ≤ 0.05. The error bar represents the standard 
deviation of the three biological replicates. (B) Heatmap of SWEET gene expression profiles in developing ‘Fengtang’ plum fruit. Different colors represent 
standardized processing values for relative expression levels, ranging from low (blue) to high (orange). (C) Correlation analysis of selected SWEET gene and 
corresponding sugar components. High correlation corresponds to orange, low correlation corresponds to blue
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expression patterns during fruit development and were 
highly expressed in fruit, suggesting their involvement in 
sugar accumulation in ‘Fengtang’ plum fruit.

Subcellular localization of PsSWEET1a and PsSWEET17b
To further investigate the potential role of PsSWEET1a 
and PsSWEET17b in soluble sugar accumulation in 
plum fruit, we analyzed their subcellular localization. 
PsSWEET1a-GFP and PsSWEET17b-GFP fusion con-
structs were transiently expressed under the control of 
the CaMV35S promoter in Arabidopsis thaliana pro-
toplasts (Fig.  8). The PsSWEET1a-GFP construct was 
co-expressed in Arabidopsis protoplasts with a nuclear 
marker protein (SV40 NLS). Fluorescent signals revealed 
that PsSWEET1a was localized to the nucleus and 
cytoplasm. The PsSWEET17b-GFP construct was co-
expressed in Arabidopsis thaliana protoplasts with a 
cell membrane marker protein (OsRac3), and the GFP 
fluorescence signal was observed on the vacuolar mem-
brane (Fig.  8d). This signal was distinct from those of 

chloroplasts (Chlorophyll) and the cell membrane marker 
OsRac3-mCherry, confirming that PsSWEET17b is local-
ized to the vacuolar membrane.

Functional characterization of PsSWEET1a and PsSWEET17b 
in ‘fengtang’ Plum fruit
To further investigate the role of PsSWEET1a and PsS-
WEET17b in sugar accumulation in plum fruit, recom-
binant VIGS-SWEETs and OE-SWEETs vectors were 
infiltrated into live fruit using Agrobacterium-mediated 
fruit injection (Fig. 9A). In the control fruit (VIGS), sig-
nificant impregnation of sugar was observed, whereas 
only weak impregnation of sugar was noted in VIGS-
PsSWEET1a and VIGS-PsSWEET17b. Conversely, the 
control fruit (CK) exhibited weak impregnation of sugar, 
while OE-PsSWEET1a and OE-PsSWEET17b showed 
significant impregnation of sugar (Fig. 9B).

To confirm that PsSWEET1a and PsSWEET17b expres-
sion was inhibited at the molecular level, qRT-PCR anal-
ysis was performed on the silenced and control fruit. 

Fig. 7  The relative expression levels of 7 PsSWEET genes in different tissues of ‘Fengtang’ plum were analyzed by real-time fluorescence quantitative PCR 
with the expression level of 1 in leaves. The horizontal coordinates from left to right are leaf, fruit, root, stalk, ovary, receptacle and petal. Different letters 
indicate significant differences. The error bar represents the standard deviation of the three biological replicates
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When PsSWEET1a and PsSWEET17b were silenced in 
‘Fengtang’ plum fruit, their expression levels were sig-
nificantly lower than in the control group (Fig.  9C). 
Soluble sugar components were also measured, reveal-
ing that sucrose, fructose, glucose, and sorbitol con-
tents were significantly reduced in comparison to the 
control (CK) (Fig. 9D). Notably, sucrose content in PsS-
WEET1a- and PsSWEET17b-silenced fruit was reduced 
from 34.14 mg/g to 13.01 mg/g and 12.50 mg/g, respec-
tively, representing decreases of 61.9% and 63.4% com-
pared to the control (CK). Additionally, the expression 
levels of sugar metabolism-related genes PsSPS2,PsSUS4, 
PsINV3, and PsINV4 were significantly reduced in the 
silenced fruits (Fig. 9G). Transient overexpression of PsS-
WEET1a and PsSWEET17b in ‘Fengtang’ plum fruit was 
achieved using Agrobacterium tumefaciens-mediated 

transformation, with an empty vector pCAMBIA1301 
as the control (CK). Higher expression levels of PsS-
WEET1a and PsSWEET17b were detected compared 
to the CK (Fig. 9E). Correspondingly, higher concentra-
tions of sucrose, fructose, and glucose were observed 
compared to the CK (Fig.  9F). The expression of 
PsSPS2,PsSUS4,PsINV3, and PsINV4 in fruits overex-
pressing PsSWEET1a and PsSWEET17b was significantly 
higher than in the CK (Fig.  9H). These results suggest 
that changes in PsSWEET1a and PsSWEET17b expres-
sion may affect the content of sucrose, glucose, and fruc-
tose by altering the expression levels of genes involved in 
sugar metabolism in ‘Fengtang’ plum.

Fig. 8  Subcellular localization of green fluorescent protein (GFP) fusion proteins of PsSWEET1a and PsSWEET17b in Arabidopsis thaliana protoplasts. (a) 
35 S-GFP, red marked by nuclear Marker: SV40 NLS, green marked by GFP signal. (b) 35 S::PsSWEET1a-GFP. (c) 35 S-GFP, marked in red by cell membrane 
Marker: OsRac3, marked in green by GFP signal. (d) 35 S::PsSWEET17b-GFP. Scale bar = 10 μm
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Overexpression of PsSWEET1a and PsSWEET17b altered the 
phenotype and sugar content of tomato plants
To further understand the regulatory role of PsSWEET1a 
and PsSWEET17b in sugar accumulation, we expressed 
these genes heterologously in tomato plants and obtained 
four homozygous lines (OE1a-L8, OE1a-L15, OE17b-L4, 
and OE17b-L13). Wild-type Micro-Tom plants were used 
as a negative control (WT). Target bands were detected 

in all four transgenic lines (Fig. S3), indicating that PsS-
WEET1a and PsSWEET17b were successfully inserted 
into the tomato genome. Compared to WT plants, the 
transgenic tomato plants showed no significant changes 
in fruit size or vertical and horizontal length. However, 
the transgenic plants exhibited a significant dwarf-
ing phenotype, characterized by reduced height, stem 
diameter, and internode length (Fig. 10; Table S4). These 

Fig. 9  Functional analysis of PsSWEET1a and PsSWEET17b in ‘Fengtang’ plum, respectively. (A) Location of injected fruit (left) and cross-section (right). (B) 
Silenced and overexpressed fruit phenotypes were observed in flesh: CK (silenced by injection of no-load TRV1 and TRV2, overexpressed by injection 
of no-load pCAMBIA1301), VIGS-PsSWEET1a, VIGS-PsSWEET17b, OE-PsSWEET1a,and OE-PsSWEET17b showed different degrees of impregnation of sugar. 
(C) Expression levels of PsSWEET1a and PsSWEET17b. (D) Soluble sugar content in fruit after gene silencing. (E) Expression levels of PsSWEET1a and PsS-
WEET17b. (F) Soluble sugar content in fruit after gene overexpression. (G) Relative expression levels of genes related to sugar accumulation in fruit after 
silencing PsSWEET1a and PsSWEET17b. (H) Relative expression levels of genes related to sugar accumulation in fruit after overexpression PsSWEET1a and 
PsSWEET17b. The error bar represents the standard deviation of the three biological replicates. “*”, “**” and “***” indicate significant differences at p < 0.05, 
0.01 and 0.001, respectively
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results suggest that overexpression of PsSWEET1a and 
PsSWEET17b can induce specific phenotype changes in 
tomato plants.

To further confirm the transcription levels of PsS-
WEET1a and PsSWEET17b in the fruits of transgenic 
strains, we performed quantitative real-time PCR 
(qRT-PCR) analyses (Fig.  11A, B). qRT-PCR confirmed 
high transcription levels in the four overexpressing 
transgenic lines OE1a-L8, OE1a-L15, OE17b-L4, and 
OE17b-L13 in red ripe fruit (RR). We analyzed the con-
centrations of soluble sugars (fructose, glucose, and 
sucrose) in tomato leaves overexpressing PsSWEET1a 
or PsSWEET17b (Fig.  11C). Compared to WT, sucrose 
content in the tomato leaves of transgenic lines OE1a-
L15 and OE17b-L13 was significantly increased. Only 
transgenic line OE17b-L4 showed an increase in fruc-
tose levels, while the other transgenic lines showed no 
significant change. In the fruit tissue of RR, the content 
of soluble sugars (sucrose, fructose, and glucose) was sig-
nificantly increased in all overexpressing lines compared 
to WT (Fig.  11D). Sucrose levels in fruit increased by 
25.36%, 20.28%, 45.84%, and 33.17%. Fructose and glu-
cose levels increased by 14.39–24.43% and 4.85–12.41%, 
respectively.

We studied both gene transcription and enzyme activ-
ity related to sugar metabolism to better understand 
changes in sucrose, fructose, and glucose content. We 

analyzed specific genes involved in tomato sugar metab-
olism, including sucrose synthase (SISUS4), hexoki-
nase (SIHXK), invertase (SIINV5 and SIINV6), sucrose 
phosphate synthase (SISPS), and fructokinase (SIFK). 
Transcription levels of all sugar-metabolizing genes 
were upregulated in transgenic lines compared to WT 
(Fig. 12A). To further understand the increase in sucrose, 
fructose, and glucose content in transgenic lines, we mea-
sured enzyme activities related to sugar metabolism. As 
shown in Fig. 12B, the activity changes of the three types 
of invertases (cell wall invertases, neutral invertases, and 
vacuolar invertases) were distinct. The activity of cell wall 
invertase (CWINV), which is involved in sucrose break-
down, was significantly increased in ripe tomato fruits of 
transgenic lines compared to WT. The activities of neu-
tral invertase (NINV) and vacuolar invertase (VINV) 
were significantly decreased. The activities of sucrose 
phosphate synthase (SPS) and sucrose synthase (SUSY), 
both involved in intracellular sucrose synthesis, were 
significantly increased (Fig.  12B). These findings sug-
gest that PsSWEET1a and PsSWEET17b regulate sucrose 
metabolism by modulating the expression of specific 
genes involved in sucrose degradation and synthesis, as 
well as by influencing related enzyme activities.

Fig. 10  Phenotypic comparison between wild type (WT) and transgenic tomato plants. (A) Phenotypes of ripe fruits from WT and transgenic tomato 
lines; The scale corresponds to 2 cm. (B) Phenotypes of plant structure in WT and transgenic tomato plants. The transgenic lines that overexpressed PsS-
WEET1a were OE1a-L8 and OE1a-15. The transgenic lines that overexpressed PsSWEET17b were OE17b-L4 and OE17b-L13
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Discussion
The PsSWEET gene family of ‘fengtang’ Plum
Sucrose, glucose, and fructose are the predominant 
soluble sugars in plum fruit. Their content is a crucial 
determinant of the quality of ‘Fengtang’ plums, signifi-
cantly influencing flavor. Sugar transporters control the 
loading and unloading of sugars in the phloem of plant 
tissues and play a key role in plant growth and develop-
ment by regulating the translocation of sucrose, glucose, 
and fructose across the plasma membrane [28]. To date, 
the SWEET gene family has been identified in numer-
ous plant species, including Arabidopsis thaliana [29], 
rice [10], wheat [30], European grape [31], cucumber 
[32], kale [15], and apple [17]. In this study, 18 mem-
bers of the SWEET gene family were identified in the 

genome of Prunus salicina Lindl., which differs from 
the 15 members reported by Jiang [33]. This difference 
may be attributed to the varying criteria used in identi-
fying candidate genes. Alternatively, the number of gene 
families identified in the genomes of different varieties 
may be inconsistent [34]. Studies have shown that vari-
ations in gene size are often caused by intron insertion 
[35]. SWEET genes exhibit structural differences, with 
minor variations in exon number and significant varia-
tions in intron length. Thirteen members of the SWEET 
gene family are unevenly distributed across five chromo-
somes. Collinearity analysis revealed that SWEET gene 
duplication events occurred during the evolution of the 
SWEET gene family in plum. SWEET proteins structur-
ally contain seven transmembrane helices (TMHs), of 

Fig. 11  Analysis of relative expression levels and sugar content between WT and transgenic tomato fruits. (A) Analysis of relative expression levels of 
PsSWEET1a in red ripe tomato fruits between WT and transgenic tomato plants. (B) Analysis of relative expression levels of PsSWEET17b in ripe tomato 
fruits between WT and transgenic tomato plants. The expression data of wild type (WT) plants were used as a control. (C) Changes in the content of sugar 
components in mature leaves between WT and transgenic tomato plants. (D) Changes in the content of sugar components in ripe tomato fruits between 
WT and transgenic tomato plants. The error bars represent the standard deviation of the three biological replicates. “*”, “**”, and “***” indicate significant 
differences at p < 0.05, 0.01, and 0.001, respectively
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Fig. 12 (See legend on next page.)
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which four show low conservation and serve as linkers 
with the remaining three, forming a 3-1-3 structure [27]. 
The MtN3 subfamily is involved in glucose transport, 
while the PQ-loop subfamily is involved in amino acid 
transport [36, 37]. The conserved structure indicates that 
most SWEET proteins possess two MtN3 or PQ-loop 
superfamily domains, similar to most other plants. These 
results suggest that the SWEET gene family of plum is 
relatively conserved during evolution.

Expression and functional diversity of PsSWEET genes in 
‘fengtang’ Plum
Plant SWEET genes exhibit tissue-specific expression 
patterns and are involved in various sugar transport pro-
cesses [38, 39]. Differential expression analysis of SWEET 
genes in ‘Fengtang’ plum enabled us to identify the spe-
cialized functions of each SWEET protein in sugar accu-
mulation. In this study, PsSWEET genes were expressed 
at varying levels in leaves, fruits, roots, stems, and flower 
organs, with PsSWEET1a and PsSWEET17b show-
ing high expression levels in fruits. This suggests that 
these genes play a crucial role in sugar accumulation in 
fruits. The role of SWEET genes in storage organ func-
tion, particularly in fleshy fruits, has been increasingly 
highlighted in recent studies. Tian et al. [40] discovered 
that FanSWEET1,2a,3b,4c,5a,7a,9b, and 17a were pre-
dominantly expressed in leaves, while FanSWEET10a,14, 
and 15a were mainly expressed in fruits. Temporal and 
spatial expression analyses revealed that AnmSWEET5 
and AnmSWEET11 are important in the development of 
pineapple fruit [41]. The distribution and transmembrane 
transport of sugars between source and sink organs are 
crucial for sugar accumulation in fruit. Previous stud-
ies have shown that members of the SWEET gene fam-
ily are primarily localized to the plasma membrane [42]. 
However, other localization patterns have been observed, 
such as SWEET9 expression in the nectar gland and sub-
cellular localization in the trans-Golgi network [43], as 
well as SWEET6 in the endoplasmic reticulum [44]. In 
this study, PsSWEET1a was localized to the nucleus and 
cytoplasm, representing a novel finding that suggests it 
may have dual roles in regulation and transport. Potential 
post-translational modification sites in SWEET proteins 
were identified using computational tools, indicating that 
SWEET transporters may be regulated by phosphoryla-
tion [45]. StSP6A specifically binds to StSWEET11, which 
blocks sucrose leakage to exosomes and promotes plas-
tid sucrose transport [46, 47]. In vacuolar sugar storage, 

SWEET16 plays a crucial role as a fructose transporter 
within vacuoles [48]. Similarly, PsSWEET17b is located 
in the vacuolar membrane and is involved in intracellular 
sugar transport and accumulation, as well as in maintain-
ing intracellular hexose homeostasis. These results sug-
gest that the roles of PsSWEET1a and PsSWEET17b in 
sugar accumulation in Fengtang plum fruit warrant fur-
ther investigation.

PsSWEET1a and PsSWEET17b participate in the 
accumulation of sugar in ‘fengtang’ Plum fruit
The SWEET gene family is among the most important 
sugar transporters, capable of enhancing the accumula-
tion of sugar in fruit. Transient overexpression of PsS-
WEET1a and PsSWEET17b in Fengtang plum fruit 
resulted in an increase in soluble sugar content. Simi-
lar results were observed in loquat [49] and grape [50], 
further underscoring the important role of the SWEET 
gene family in enhancing fruit sweetness. The overex-
pression of VvSWEET10 enhanced hexose accumula-
tion in grape callus and tomato fruit. Overexpression of 
MdSWEET12a and MdSWEET23 in apples led to a signif-
icant increase in sugar content. Silencing MdSWEET12a 
and MdSWEET23 was associated with a reduction in 
sugar content [11, 51]. In this study, we observed a 
decrease in the concentration of soluble sugar in ‘Feng-
tang’ plum fruit following the silencing of PsSWEET1a or 
PsSWEET17b. Conversely, overexpression of PsSWEET1a 
or PsSWEET17b exhibited the opposite trend. SWEET 
genes are more likely to be involved in the translocation 
of the sugars. These results suggest that PsSWEET1a and 
PsSWEET17b directly or indirectly regulate the change of 
soluble sugar content.

Heterologous expression of PsSWEET1a and PsSWEET17b 
altered sugar concentration and metabolism in tomato 
fruit
Altered expression of SWEET genes has been reported 
to affect plant height. For example, rice plants exhibit 
dwarfism compared to wild-type rice plants when OsS-
WEET14 is overexpressed [52]. In this study, we found 
that overexpression of PsSWEET1a and PsSWEET17b 
resulted in transgenic tomato plants exhibiting dwarfism 
and shorter internodes compared to wild-type plants, 
which may contribute to the observed increase in sugar 
content. Similarly, in tomatoes, SlSWEET7a and SlS-
WEET14 are key regulators of sucrose discharge from 
tomato fruits, and their silencing leads to reduced plant 

(See figure on previous page.)
Fig. 12  Relative expression levels and enzyme activity of genes related to sugar accumulation in the ripe fruits of transgenic tomato plants overexpress-
ing PsSWEET1a (OE1a-L8 and OE1a-L15) and PsSWEET17b (OE17b-L4 and OE17b-L13), respectively. (A) Relative expression levels of genes associated with 
sugar accumulation. (B) Enzyme activity determines ripe tomato fruit. CWINV cell wall invertase, NINV neutral invertase, VINV vacuole invertase, SUSY 
sucrose synthase (synthetic direction), SPS sucrose phosphate synthase. The data represent an average SDs of at least three biological replicates. “*”, “**” 
and “***” indicate significant differences p < 0.05, 0.01 and 0.001, respectively
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height [53]. In this study, heterologous overexpression of 
PsSWEET1a and PsSWEET17b in tomato significantly 
increased the sucrose, fructose, and glucose contents of 
tomato fruit. Previous studies have reported that silenc-
ing CWINV inhibitors leads to an increase in CWINV 
activity post-translation, resulting in elevated hexose lev-
els in tomato fruits [54, 55]. In transgenic tomatoes, the 
expression of key CWINV protein-coding genes SlINV5 
and SlINV6 was upregulated in tomato fruits, and the 
increase in CWINV activity in the cell wall space was 
consistent with the elevated fructose and glucose con-
tent in the fruit. Modifying a gene involved in sucrose 
metabolism often leads to corresponding changes in gene 
expression, ultimately affecting the plant’s sugar con-
tent. Ma et al. [56] found that the sucrose transporter 
MdSUT2 can affect the expression of sucrose metabolism 
genes. For example, overexpression of MdSWEET17a in 
tomato alters the expression of SlLin5,Fk1,Fk2, and other 
genes, thereby affecting the sugar content of the tomato 
[57]. In the current study, overexpression of PsSWEET1a 
and PsSWEET17b in Fengtang plum and tomato resulted 
in the upregulation of SUSY,INV, and SPS genes. In sum-
mary, our findings indicate that heterologous overexpres-
sion of PsSWEET1a and PsSWEET17b determines sugar 
content in fruit by modulating sugar transport, metabo-
lism-related gene expression, and enzyme activity.

Conclusion
In this study, 18 candidate PsSWEET genes were iden-
tified, and the evolutionary relationships, conserved 
motifs, gene structure, and chromosome localization of 
these PsSWEET gene family members were characterized. 
PsSWEET1a and PsSWEET17b were highly expressed in 
‘Fengtang’ plum fruits; PsSWEET1a was localized in the 
nucleus and cytoplasm, while PsSWEET17b was found in 
the vacuolar membrane. Transient overexpression of PsS-
WEET1a and PsSWEET17b in ‘Fengtang’ plum fruit and 
heterologous expression in tomato altered the expression 
of genes associated with sucrose metabolism, resulting in 
changes in soluble sugar content. These results strongly 
support the role of PsSWEET1a and PsSWEET17b in 
sugar accumulation in ‘Fengtang’ plum fruit and lay the 
groundwork for further elucidating the internal mecha-
nisms of sugar transport mediated by the PsSWEET 
genes in ‘Fengtang’ plum fruit.
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