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Abstract: SWEET (Sugars Will Eventually be Exported Transporter) proteins mediate the translocation
of sugars across cell membranes and play crucial roles in plant growth and development as well as
stress responses. In this study, a total of 25 SWEET genes were identified from the Medicago truncatula
genome and were divided into four clades based on the phylogenetic analysis. The MtSWEET genes
are distributed unevenly on the M. truncatula chromosomes, and eight and 12 MtSWEET genes
are segmentally and tandemly duplicated, respectively. Most MtSWEET genes contain five introns
and encode proteins with seven transmembrane helices (TMHs). Besides, nearly all MtSWEET
proteins have relatively conserved membrane domains, and contain conserved active sites. Analysis
of microarray data showed that some MtSWEET genes are specifically expressed in disparate
developmental stages or tissues, such as flowers, developing seeds and nodules. RNA-seq and
qRT-PCR expression analysis indicated that many MtSWEET genes are responsive to various abiotic
stresses such as cold, drought, and salt treatments. Functional analysis of six selected MtSWEETs in
yeast revealed that they possess diverse transport activities for sucrose, fructose, glucose, galactose,
and mannose. These results provide new insights into the characteristics of the MtSWEET genes,
which lay a solid foundation for further investigating their functional roles in the developmental
processes and stress responses of M. truncatula.
Keywords: Medicago truncatula; SWEET; sugar transport; evolution; expression analysis; abiotic stress

1. Introduction
The SWEET (sugars will eventually be exported transporter) family, a novel family of sugar
transporters, can mediate the diffusion of sugars across intracellular or plasma membranes and exhibits
low sugar affinity [1,2]. The transport activities of SWEET proteins for both cellular uptake and efflux of
various mono- and di-saccharides are dependent neither on proton gradient nor on pH, suggesting that
they are energy-independent uniporters [3,4]. In addition, SWEETs could be classified into four clades
(I–IV) based on their phylogenetic relationships, and members in different clades exhibit differences
in subcellular localizations and substrates [1,2,5,6]. SWEETs are widely distributed in prokaryotes,
plants and animals, and most of them comprise seven transmembrane helices (7-TMHs) harboring two
conserved MtN3/saliva domains (PF03083), and each domain is a triple helix bundle (THB) formed by
the three TM helices (3-TMHs) [7]. The eukaryotic SWEETs consist of two THBs and the remaining
TMH serves as a linker in the middle of them, forming a “3-1-3” structure [1,4]. The prokaryotic
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SWEET proteins (designated as SemiSWEETs) contain a single THB, and the eukaryotic SWEETs
might have evolved from SemiSWEETs by gene duplication and the fusion of THBs via an inversion
linker helix [8–10]. In addition, some bacterial SWEETs with six or seven TMHs were also found, and
14-TMH SWEETs and 15-TMH extraSWEETs were identified from Vitis vinifera and Oryza punctate,
respectively [11,12]. The two extraSWEETs have a duplication of 7-TMH within the genes, which is
similar to the duplication of the SemiSWEETs that produce SWEETs. Moreover, three SWEETs from
oomycetes contain 18, 23, and 25 TMHs, respectively, and are named as superSWEETs, with each which
carrying 5–8 repeats of a SemiSWEET with 3-TMH [12,13]. These findings reveal that duplication and
fusion play vital roles in the evolution of the SWEET proteins.
Many SWEET genes have been well studied in plants, and are considered to play key roles in
the regulation of plant growth and development such as phloem loading, nectar secretion, pollen
development, and seed filling. For example, AtSWEET8/RPG1 (ruptured pollen grain1) encodes a
glucose transporter that functions in primexine deposition and shows redundant function with
AtSWEET13/RPG2 for pollen wall pattern formation at late reproductive stage [14,15]. Maize
ZmSWEET4c and its rice ortholog OsSWEET4 are associated with hexose transport across the basal
endosperm transfer layer during seed filling [16]. AtSWEET9 is a nectary-specific transporter and
was shown to function in the secretion of sucrose for nectar production [17]. In addition, SWEETs
have been documented to play important roles in the response to abiotic stresses. For example,
the atsweet11atsweet12 double mutant, which was defective in the development of vascular bundles,
displayed deficient phloem loading and retarded growth, but exhibited higher freezing tolerance due
to the high accumulation of sugars in the leaves [2,18]. SAG29/AtSWEET15 was found to be related
to cell viability under high salinity and other osmotic stress conditions [19]. Both AtSWEET16 and
AtSWEET17 act as fructose uniporters across the tonoplast membrane and determine the fructose
content in the tonoplast of leaves and roots, and overexpression of AtSWEET16 remarkably increased
the tolerance of Arabidopsis to freezing stress [20–22]. Moreover, SWEETs also play important roles in
plant-microbe interactions, possibly promoting the sugar supply for pathogen growth. For example,
AtSWEET2, a vacuolar glucose transporter, can limit carbon secretion from roots, thus contributing to
resistance against Pythium [23]. Xanthomonas transcription activator-like (TAL) effectors were shown
to target Xa13/Os8N3/OsSWEET11 [24,25], Xa17/Os11N3/OsSWEET14 [26], and Xa25/OsSWEET13 [27]
in rice, and MeSWEET10a in cassava [28], to promote the sugar supply in infected cells. IbSWEET10
encodes a sugar transporter protein involved in sucrose transport, and contributes to the resistance
of sweet potato to Fusarium oxysporum [29]. These diverse functions of SWEET proteins demonstrate
that they play crucial roles in various physiological processes and responses to abiotic/biotic stresses
of plants.
In previous reports, the SWEET gene family has been characterized in various plant species, such
as Arabidopsis [1], rice [30], sweet orange [31], soybean [11], tomato [32], potato [33], sorghum [34],
cucumber [5,35], rubber tree (Hevea brasiliensis) [36], pineapple (Ananas comosus) [37], apple [38], tea
plant [39], Chinese cabbage (Brassica rapa) [40,41], wheat [13,42], and cabbage (B. oleracea) [43].
However, the SWEET gene family in Medicago truncatula is still poorly understood, and the
biological functions of MtSWEETs remain largely unknown. In this study, we conducted a
comprehensive genome-wide analysis of the M. truncatula SWEET family members, including the
phylogenetic relationships, chromosomal distributions, gene structures, expression patterns in different
developmental stages/tissues as well as in response to cold, drought and salt stresses. In addition,
we also analyzed the substrate specificity of these MtSWEET proteins to characterize their specific
functions in M. truncatula. The results will provide a solid foundation for further characterizing the
functions of MtSWEET proteins in the regulation of plant development and stress responses.
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2. Materials and Methods
2.1. Identification of SWEET Genes in M. truncatula
The M. truncatula Mt4.0v1 protein sequences were downloaded from Phytozome 12
(https://phytozome.jgi.doe.gov/). The Hidden Markov Model (HMM) profiles of the SWEET
domain (PF03083) were downloaded from the Pfam database (http://pfam.xfam.org/) and used
to search the SWEET proteins in the M. truncatula proteome with HMMER software. In addition,
the protein sequences of 17 AtSWEETs and 21 OsSWEETs were downloaded from TAIR (http:
//www.arabidopsis.org/) and TIGR (http://rice.plantbiology.msu.edu/), respectively, and used as queries
to search against the M. truncatula proteome. All resulting non-redundant protein sequences were
checked for the presence of the entire SWEET domain by SMART (http://smart.embl-heidelberg.de/)
and InterProScan (http://www.ebi.ac.uk/interpro/). The proteins with very short amino acid sequences
(<150 aa) were excluded. The ProtParam tool (http://web.expasy.org/protparam) was used to
analyze the sequence length, molecular weight and theoretical isoelectric point (pI) values of each
MtSWEET protein. The distributions of TM helices were predicted using the TMHMM Server v. 2.0
(http://www.cbs.dtu.dk/services/TMHMM).
2.2. Chromosomal Locations, Gene Duplication, Phylogenetic and Gene Structure Analysis
The information of locations for each MtSWEET gene was obtained in M. truncatula genome
(version Mt4.0v1) from Phytozome 12 and mapped with the GenomePixelizer software. The duplicated
genes were identified by MCScanX according to the previously described criteria [44,45]. Multiple
sequence alignment was carried out considering the full-length SWEET protein sequences from
Arabidopsis [1], sorghum [34], cucumber [35], and M. truncatula using the Clustal Omega program [46].
Subsequently, an unrooted neighbor-joining (NJ) tree was constructed by MEGA 7.0 with 1000 bootstrap
replicates [47]. Gene Structure Display Server (GSDS) (http://gsds.cbi.pku.edu.cn/) was employed
to generate a schematic diagram of the gene structure of MtSWEET genes by comparing the coding
sequence (CDS) with their corresponding genomic DNA (gDNA) sequences.
2.3. In Silico Expression Profile Analysis of MtSWEET Genes
To study the developmental expression profile of the MtSWEET genes, genome-wide microarray
data from M. truncatula in different tissues at various developmental stages were retrieved from
M. truncatula Gene Expression Atlas (MtGEA, https://mtgea.noble.org/v3/), and the transcript data of
the MtSWEET genes were analyzed as previously described [48]. The normalized expression data were
used to generate heatmap using the TBtools software [49]. To investigate the expression profiles of the
MtSWEET genes in response to abiotic stresses, genome-wide transcriptome sequencing (RNA-seq)
data from M. truncatula under different stresses (including cold, drought, and salt) were extracted
according to a previous study [50]. The raw data of this entire microarray experiment have been
deposited in NCBI GEO (GSE136739). RNA-seq reads were aligned to the M. truncatula Mt4.0v1
genome sequences using Tophat 2.1.0 [51], and read counts for MtSWEET genes were normalized
as fragments per kilobase of transcript per million mapped reads (FPKM) values using StringTie
(v2.0) [52,53], representing the expression abundance of each MtSWEET gene. The expression data were
employed to create the heatmaps and illustrated using the ggplot2 package in R software. Compared
with the control (0 h for every treatment), differentially expressed genes (DEGs) were identified for at
least one of the time points with a cutoff of fold change ≥2 or ≤0.5.
2.4. Plant Materials and Treatments
M. truncatula (cv. Jemalong A17) plants were grown on half-strength Hoagland solution, and
four-week-old seedlings were subjected to cold, drought and salt stresses as described previously [50].
For drought, cold, and salt treatments, the seedlings were transferred to dry Whatman 3 MM paper in
a sterile Petri at the constant temperature of 4 ◦ C, or Hoagland solutions containing 300 mM NaCl,
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respectively. All tests were performed in triplicate, and the seedlings were harvested after each
treatment, quickly placed in liquid nitrogen, and stored at −80 ◦ C until use.
2.5. RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)
Total RNA was isolated with the TransZol Reagent (TransGen, China), and cDNA was synthesized
by using TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA
Removal) (TransGen Biotech, Beijing, China) based on the manufacturer’s instructions. The qRT-PCR
reactions were performed in 20 µL reactions using 1 µL of cDNA, with the FastStar Universal SYBR
Green Master (ROX) (Roche Diagnostics, Indianapolis, IN, USA), on the ABI 7500 system (Thermo Fisher
Scientific, Waltham, MA, USA). The qRT-PCR conditions were as described previously [54]. Three
independent biological replicates were conducted. The M. truncatula ACTIN gene (Medtr3g095530)
was used as a standard control, and the 2−∆∆CT method was used to calculate the relative levels of
gene expression. The expression levels in the control plants without treatment (0 h) were normalized
to 1. Data were statistically analyzed using Duncan’s test with SPSS19 and different letters indicate
statistically significant differences (p < 0.05). The primer sequences used in this study are listed in
Table S1.
2.6. Substrate Specificity Analysis of MtSWEET Proteins in Yeast
The CDSs of MtSWEET3c, MtSWEET5b, MtSWEET7, MtSWEET9b, MtSWEET15b, and MtSWEET16
were amplified using specific primers and then sub-cloned into the yeast expression vector pDR196.
The resulting constructs and the empty pDR196 vector (as negative control) were used to transform
Saccharomyces cerevisiae strains EBY.VW4000 and SUSY7/ura3, and the hexose and sucrose uptake
assays were performed as described previously [5]. For EBY.VW4000 cells, serial dilutions (10-, 100and 1000-fold) were plated on solid SD media supplemented with 2% concentrations of maltose (as
the control), or fructose, glucose, galactose, and mannose. For SUSY7/ura3, cells were serially diluted
10-fold (10-, 100- and 1000-fold) and spotted on solid SD media supplemented with either 2% glucose
(as the control), or 2% sucrose. The transformant-containing plates were photographed after incubation
at 30 ◦ C for 3–5 d. The primer sequences used are listed in Table S1.
3. Results
3.1. Genome-Wide Identification and Phylogenetic Analysis of SWEET Family Genes in M. truncatula
A total of 25 SWEET members were identified from the M. truncatula genome, which were named
based on their homologs in Arabidopsis and earlier work [33]. As shown in Table 1, the predicted
MtSWEET proteins ranged from 206 (MtSWEET11) to 681 (MtSWEET2b) amino acids in length, with
relative molecular weights ranging from 23.53 kDa (MtSWEET11) to 73.63 kDa (MtSWEET2b), and
theoretical pIs from 5.88 (MtSWEET5a) to 9.80 (MtSWEET12) (Table 1).
To explore the evolutionary relationships of SWEET family genes, we performed phylogenetic
analysis by aligning SWEET protein sequences from Arabidopsis, sorghum, cucumber, and M. truncatula
(Figure 1). In this analysis, these SWEET proteins were clearly divided into four clades (I, II, III and
IV), which was in accordance with previous phylogenetic classifications of SWEETs [55]. Among
them, clade III contained the largest number of MtSWEETs (10), while clade IV possessed the fewest
MtSWEETs (only MtSWEET16), and clades I and II each contained seven MtSWEETs (Figure 1, Table 1).
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Table 1. SWEET gene family in Medicago truncatula.
Gene Name
MtSWEET1a
MtSWEET1b
MtSWEET2a
MtSWEET2b
MtSWEET3a
MtSWEET3b
MtSWEET3c
MtSWEET4
MtSWEET5a
MtSWEET5b
MtSWEET5c
MtSWEET5d
MtSWEET6
MtSWEET7
MtSWEET9a
MtSWEET9b
MtSWEET11
MtSWEET12
MtSWEET13
MtSWEET14
MtSWEET15a
MtSWEET15b
MtSWEET15c
MtSWEET15d
MtSWEET16

Accession No.
Medtr1g029380
Medtr3g089125
Medtr8g042490
Medtr2g073190
Medtr3g090940
Medtr3g090950
Medtr1g028460
Medtr4g106990
Medtr6g007610
Medtr6g007637
Medtr6g007623
Medtr6g007633
Medtr3g080990
Medtr8g099730
Medtr5g092600
Medtr7g007490
Medtr3g098930
Medtr8g096320
Medtr3g098910
Medtr8g096310
Medtr2g007890
Medtr5g067530
Medtr7g405730
Medtr7g405710
Medtr2g436310

Clade
I
I
I
I
I
I
I
II
II
II
II
II
II
II
III
III
III
III
III
III
III
III
III
III
IV

Chromosomal Location
chr1: 10054058..10056439 (+)
chr3: 40831984..40834426 (−)
chr8: 16377347..16378975 (+)
chr2: 30983345..30991272 (−)
chr3: 41296423..41298378 (+)
chr3: 41306407..41308335 (+)
chr1: 9609945..9612620 (−)
chr4: 43976500..43978913 (−)
chr6: 1673915..1676144 (−)
chr6: 1699177..1703592 (−)
chr6: 1684113..1685864 (−)
chr6: 1694537..1696430 (−)
chr3: 36674946..36676295 (+)
chr8: 42223590..42226325 (−)
chr5: 40443899..40445866 (−)
chr7: 1515108..1517630 (+)
chr3: 45314680..45319675 (+)
chr8: 40403635..40405942 (+)
chr3: 45309861..45311769 (+)
chr8: 40382758..40385234 (+)
chr2: 1184452..1186389 (−)
chr5: 28543252..28545616 (+)
chr7: 238597..240382 (+)
chr7: 224711..226577 (+)
chr2: 14123315..14129655 (+)

gDNA Size (bp)
2382
2443
1629
7928
1956
1929
2676
2414
2230
4416
1752
1894
1350
2736
1968
2523
4996
2308
1909
2477
1938
2365
1786
1867
6341

CDS Size (bp)
735
744
708
2046
753
753
771
717
723
747
702
708
792
771
759
762
621
768
936
837
867
810
807
840
741

Protein Physicochemical Characteristics
Length (aa)

MW (kDa)

pI

244
247
235
681
250
250
256
238
240
248
233
235
263
256
252
253
206
255
311
278
288
269
268
279
246

26.95
27.50
26.11
73.63
27.50
27.74
28.13
27.32
27.02
27.52
26.22
26.41
28.82
27.94
28.43
28.59
23.53
28.52
35.25
31.40
32.63
30.40
30.05
31.43
27.02

9.36
9.36
8.70
8.75
9.09
9.23
9.30
9.58
5.88
9.06
8.96
9.08
9.25
9.05
9.15
8.18
9.55
9.80
7.59
8.59
6.43
7.61
8.88
9.09
9.10

TMHs
7
7
7
15
7
7
7
6
7
7
7
7
7
7
7
7
6
7
7
7
7
7
7
7
7

for plant genome evolution [56,57]. Based on gene duplication analysis, four segmental duplication
events (MtSWEET1a/MtSWEET1b, MtSWEET3a/MtSWEET3c, MtSWEET4/MtSWEET5c and
MtSWEET11/MtSWEET12) were found, and they were located on different chromosomes (Figure 2).
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3.2. Chromosomal Location and Duplication Analysis of MtSWEET Genes
The genomic locations of the MtSWEET genes on M. truncatula chromosomes were identified.
The results showed that the 25 MtSWEET genes were distributed on all of the eight chromosomes
in M. truncatula. Chromosome 3 had the largest number of MtSWEET genes (6 genes), followed by
chromosomes 6 and 8 (4 genes each), and the minimum number was found on chromosome 4 (one
gene) (Figure 2). In addition, three genes were found on each of chromosomes 2 and 7, and two genes
were distributed on each of chromosomes 1 and 5.
Gene duplication, including tandem and segmental duplication events, can be a crucial
factor for plant genome evolution [56,57]. Based on gene duplication analysis, four segmental
duplication events (MtSWEET1a/MtSWEET1b, MtSWEET3a/MtSWEET3c, MtSWEET4/MtSWEET5c and
MtSWEET11/MtSWEET12) were found, and they were located on different chromosomes (Figure 2).
In contrast, a total of 12 tandem duplicated genes which formed four gene clusters were found in
chromosomes 3, 6, 7 and 8 (Figure 2). These results indicated that gene duplication has played a crucial
role in the expansion of MtSWEET gene family.
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Figure 2. Locations and duplications of MtSWEET genes on M. truncatula chromosomes. The black

Figure 2. Locations and duplications of MtSWEET genes on M. truncatula chromosomes. The black
lines indicate segmentally duplicated genes, and the tandemly duplicated genes are boxed. The scale is
lines indicate segmentally duplicated genes, and the tandemly duplicated genes are boxed. The scale
provided in megabase (Mb).
is provided in megabase (Mb).
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proteins contained the second serine phosphorylation site, which was located between TMH5 and
TMH6 (Figure 3).
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3.5. Expression Patterns of Mtsweet Genes in Different Tissues
The expression profiles of the MtSWEET genes in different developmental stages/tissues were
examined based on the microarray data from M. truncatula. Eleven MtSWEET genes (MtSWEET3a,
MtSWEET3b, MtSWEET4, MtSWEET5a, MtSWEET5b, MtSWEET5c, MtSWEET5d, MtSWEET6,
MtSWEET7, MtSWEET9a, and MtSWEET15d) did not have corresponding probe sets in the dataset. We
then the examined the expression patterns of the rest fourteen MtSWEET genes. As shown in Figure 5A,
nearly all the MtSWEET genes (with the exception of MtSWEET11) were expressed in at least one of
the tested tissues (flower, leaf, petiole, pod, stem, vegetative buds, and root). Among these genes, some
exhibited relatively higher expression, such as MtSWEET3c, MtSWEET12, MtSWEET13, MtSWEET14,
and MtSWEET16. In addition, some MtSWEET genes displayed obviously high expression levels in
only one single tissue. For example, MtSWEET1a, MtSWEET9b, and MtSWEET14 were preferentially
expressed in flower, whereas MtSWEET1b, MtSWEET15a, and MtSWEET15b exhibited much higher
transcript abundance in seeds than in other tissues (Figure 5A). In addition, MtSWEET15c also showed
preferential expression in the root and seed at 24 days after pollination (DAP).

5B). Several MtSWEET genes were differentially expressed in response to rhizobium inoculation,
such as MtSWEET1b, MtSWEET2b, MtSWEET3c, MtSWEET11, MtSWEET12, and MtSWEET15c.
Among these genes, the transcriptions of MtSWEET3c, MtSWEET11, and MtSWEET15c were
markedly enhanced at 4 or 28 days post inoculation (dpi) (Figure 5B), suggesting that they may play
important roles in nodule development. Overall, our results revealed that different MtSWEET genes
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We also analyzed the expression of these MtSWEET genes during nodule development (Figure 5B).
Several MtSWEET genes were differentially expressed in response to rhizobium inoculation, such as
MtSWEET1b, MtSWEET2b, MtSWEET3c, MtSWEET11, MtSWEET12, and MtSWEET15c. Among these
genes, the transcriptions of MtSWEET3c, MtSWEET11, and MtSWEET15c were markedly enhanced
at 4 or 28 days post inoculation (dpi) (Figure 5B), suggesting that they may play important roles in
nodule development. Overall, our results revealed that different MtSWEET genes might function in
diverse tissues of M. truncatula.
3.6. Expression Patterns of the MtSWEET Genes in Response to Abiotic Treatments
To assess the potential functions of the MtSWEET genes in response to abiotic stress in M. truncatula,
their expression patterns under drought, salt and cold stresses were analyzed by high-throughput
sequencing data [50]. In the transcriptome analysis using RNA-seq data, MtSWEET genes with
FPKM values lower than 1 were considered to be barely expressed. The RNA-seq data indicated that
12 MtSWEET genes were responsive to the three abiotic stress conditions (Figure 6; Table S2). Under
cold stress, two (MtSWEET2b and MtSWEET13) and four MtSWEET genes (MtSWEET1a, MtSWEET15c,
MtSWEET15d, and MtSWEET16) were significantly up- and down-regulated at certain time points
(|log2 fold change| ≥ 1), respectively (Figure 6; Table S2). A total of eight MtSWEET genes showed
significant changes in their expression levels under drought stress, including four up-regulated genes
(MtSWEET3a, MtSWEET3b, MtSWEET9b, and MtSWEET13) and another four down-regulated genes
(MtSWEET1a, MtSWEET3c, MtSWEET15c, and MtSWEET16), while the expression of MtSWEET7
showed a decrease at 2 h but remarkable increases at 6 h and 12 h (Figure 6; Table S2). Under salt stress,
five (MtSWEET1a, MtSWEET2b, MtSWEET7, MtSWEET9b, and MtSWEET13) and two MtSWEET genes
(MtSWEET2a and MtSWEET3c) were significantly up-regulated and down-regulated, respectively,
while the transcripts of MtSWEET15c and MtSWEET16 showed an obvious increase at 2 h but a sharp
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decrease at 12 h (Figure 6; Table S2). These results indicated that MtSWEET genes play important roles
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Figure 6. Expression patterns of MtSWEET genes in response to cold, drought, and salt stresses. The
Figure 6. Expression patterns of MtSWEET genes in response to cold, drought, and salt stresses. The
expression levels of the MtSWEET genes are shown as the FPKM values based on the RNA-seq data in
expression levels of the MtSWEET genes are shown as the FPKM values based on the RNA-seq data
our previous study [50].
in our previous study [50].

The qRT-PCR was performed to verify the transcript levels of four selected MtSWEET genes in
response to the above stresses. As shown in Figure 7, consistent with the results of the RNA-seq data
analysis, the expression of the selected MtSWEET genes was significantly changed by the three stress
treatments, indicating the reliability of RNA-seq data. However, there were some differences between
the results of qRT-PCR and RNA-seq. For example, under drought treatment, the transcription of
MtSWEET3c increased and peaked at 12 h in the qRT-PCR data (Figure 7B), while it was suppressed in
the RNA-seq data (Figure 6; Table S2).
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3.7. Yeast Complementation Assays of MtSWEET Proteins
To investigate the sugar transport abilities of MtSWEET proteins, six MtSWEET genes were
expressed in the yeast mutants of EBY.VW4000 and SUSY7/ura3. Compared with the transformants
expressing pDR196, MtSWEET5b allowed the uptake of fructose, glucose, galactose, and mannose,
MtSWEET7 enabled the uptake of glucose, galactose, and mannose but not fructose, while MtSWEET3c
was able to restore the growth on the medium supplemented with glucose and mannose (Figure 8A).
However, MtSWEET16 only enabled mannose uptake in the yeast EBY.VW4000 mutant (Figure 8A). In
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addition, MtSWEET5b, MtSWEET7, MtSWEET9b, MtSWEET15b, and MtSWEET16 conferred sucrose
uptake in the yeast SUSY7/ura3 mutant (Figure 8B). These results revealed that MtSWEETs might be
Plants
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Figure 8. Substrate specificity analysis of six selected MtSWEET proteins in yeast mutant strains
Figure 8. Substrate specificity analysis of six selected MtSWEET proteins in yeast mutant strains
EBY.VW4000 (A) and SUSY7/ura3 (B). Cells were serially 10-fold diluted (10-, 100- and 1000-fold) and
EBY.VW4000 (A) and SUSY7/ura3 (B). Cells were serially 10-fold diluted (10-, 100- and 1000-fold) and
spotted on solid SD media supplemented with 2% concentration of different sugar substrates. Maltose
spotted on solid SD media supplemented with 2% concentration of different sugar substrates. Maltose
and glucose were the sole carbon sources for the positive controls of EBY.VW4000 and SUSY7/ura3
and glucose were the sole carbon sources for the positive controls of EBY.VW4000 and SUSY7/ura3
cells, respectively.
cells, respectively.
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4.2. Substrate Specificity of MtSWEET Proteins
Previous studies have suggested that the SWEETs of clades I and II prefer to transport hexose
including glucose, fructose and galactose, and the SWEETs of clade III mainly transport sucrose,
while those of clade IV mediate unidirectional transport of fructose [1,2,20–22]. In this study, yeast
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4.2. Substrate Specificity of MtSWEET Proteins
Previous studies have suggested that the SWEETs of clades I and II prefer to transport hexose
including glucose, fructose and galactose, and the SWEETs of clade III mainly transport sucrose,
while those of clade IV mediate unidirectional transport of fructose [1,2,20–22]. In this study, yeast
complementation assays were employed to examine the capability of MtSWEET proteins to transport
sugars, including fructose, glucose, galactose, mannose, and sucrose. Among the detected MtSWEETs,
a clade I MtSWEET member, MtSWEET3c, was found to function as a putative hexose transporter,
contributing to the uptake of glucose and mannose in the yeast EBY.VW4000 mutant (Figure 8A).
Another clade I MtSWEET member, MtSWEET1b, was found to function as a glucose transporter in
the yeast mutant EBY.VW4000 [61]. In addition, two clade II MtSWEETs, MtSWEET5b and MtSWEET7,
exhibited transport abilities for not only hexoses, but also sucrose (Figure 8). The sucrose transport
activity of clade I and II SWEETs has also been reported in other plants. For example, LjSWEET3 can
transport sucrose but not glucose when expressed in yeast [62]. Tea plant CsSWEET1a can also restore
the yeast growth on media supplemented with sucrose [39]. A previous study has shown that a clade
III member MtSWEET11 mediates the transport of sucrose but not that of glucose when expressed in
HEK293T cells [63]. In this study, two other clade III members (MtSWEET9b and MtSWEET15b) were
found to mainly utilize sucrose as substrate. Similarly, sweet potato IbSWEET10, cotton GhSWEET12,
cucumber CsSWEET10 and CsSWEET12c enabled sucrose uptake in the yeast SUSY7/ura3 mutant
but did not allow hexose uptake in yeast EBY.VW4000 mutant [5,29,64]. Furthermore, many clade
III members, such as ZmSWEET13a, ZmSWEET13b, ZmSWEET13c, OsSWEET11, AtSWEET11, and
AtSWEET12, have been characterized as sucrose transporters for phloem loading [2,65,66]. Members
of clade IV (AtSWEET16 and AtSWEET17) were shown to mediate the transport of fructose [20–22],
but cucumber CsSWEET17a functions in glucose uptake and CsSWEET17c functions in the uptake of
glucose, galactose, and fructose in yeast [5]. In this study, MtSWEET16 was the only member in clade
IV and could restore the growth of M. truncatula on the medium containing mannose and sucrose
(Figure 8), suggesting its particular role in M. truncatula. Similarly, tea plant CsSWEET17 can also
rescue the uptake of glucose, sucrose, fructose, galactose, and mannose when expressed in yeast [39].
Therefore, SWEETs might play distinct biological roles in M. truncatula through transporting different
sugar molecules.
4.3. Functions of MtSWEET Genes in Different Tissues and in Response to Various Abiotic Stresses
SWEET genes have been shown to have different expression patterns to exert various functions
during plant growth and development. In this study, a total of fourteen MtSWEET genes were found
to be expressed based on the MtGEA data, and the expression of these MtSWEET also exhibited spatial
differences. For example, several MtSWEET genes, including MtSWEET1a, MtSWEET9b, MtSWEET13
and MtSWEET14, exhibited the highest expression levels in flowers (Figure 5A), indicating that they
may participate in sugar transport for flower development of M. truncatula. AtSWEET9 functions as
a nectary-specific sucrose transporter and plays a vital role in nectar secretion [17]. MtSWEET9b is
an ortholog of AtSWEET9, and also catalyzes the transport of sucrose (Figure 8). Therefore, it can be
speculated that MtSWEET9b may have a similar function to AtSWEET9. Besides the flower, three
clade III members (MtSWEET12, MtSWEET13, and MtSWEET14) were also highly expressed in the leaf,
implying that they may be involved in phloem loading and long-distance translocation of sucrose, just
like their orthologs such as AtSWEET11 and AtSWEET12 [2], ZmSWEET13a, b and c [66]. In addition,
MtSWEET1b, MtSWEET12, MtSWEET15a, and MtSWEET15b were highly expressed in developing seeds
(Figure 5A), implying their potential roles in seed filling. ZmSWEET4c and its rice ortholog OsSWEET4
display high expression during seed development and play a key role in seed filling by improving the
mobilization of hexoses into the endosperm [16]. OsSWEET11 and OsSWEET15 contribute to sucrose
translocation towards the developing endosperm for seed filling [67,68]. AtSWEET11, AtSWEET12
and AtSWEET15 also display specific spatiotemporal expression patterns in developing seeds, and
play a necessary role in seed filling by regulating sucrose efflux during seed development [69].
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Moreover, several MtSWEET genes, such as MtSWEET1b, MtSWEET3c, MtSWEET11, MtSWEET12,
and MtSWEET15c, were preferentially expressed during nodule development (Figure 5B), indicating
their roles in the sugar efflux that eventually feeds the symbionts [70]. In previous studies, the
expression of MtSWEET15c/MtN3 and MtSWEET11 was found to be restricted to the nodule [63,71],
and no symbiotic defects were observed in the mtsweet11 mutants [63], indicating that other sucrose
transporters may compensate its function. Very recently, MtSWEET1b was found to function in
the transport of glucose across the peri-arbuscular membrane to maintain arbuscules for a healthy
mutually beneficial symbiosis [61]. Therefore, MtSWEET1b, MtSWEET3c, MtSWEET11, MtSWEET12,
and MtSWEET15c may contribute to nodule development with seemingly redundant functions.
Source-to-sink transport of sugars can modify the carbohydrate distribution and homeostasis that
contribute to the tolerance of plants to abiotic stresses [54,72]. Many SWEET genes were regulated by
various abiotic stresses, suggesting that they may play regulatory roles in the responses to various
abiotic stresses by controlling sugar allocation. For example, the atsweet11/atsweet12 double mutants
showed enhanced sugar accumulation in response to cold treatment, which further enhanced freezing
tolerance [18]. Transgenic plants overexpressing AtSWEET4 accumulated more glucose and fructose
than wild-type plants, and displayed increases in plant size and freezing tolerance [73]. In the
present study, almost half (12/25) of MtSWEET genes exhibited extensive responses to cold, salt,
and drought stresses (Figure 6; Table S2), and similar results were also observed in banana [6], tea
plant [39], and cotton [59,74]. It is worth noting that the transcript levels of seven MtSWEET genes
(MtSWEET1a, MtSWEET2b, MtSWEET3c, MtSWEET9b, MtSWEET13, MtSWEET15c, and MtSWEET16)
were significantly altered by at least two of the three treatments (Figures 6 and 7; Table S2). These
results indicate that these genes may regulate stress responses by modulating sugar levels under stress
conditions. Similarly, AtSWEET16 mediates the transport of fructose, glucose, and sucrose, and its
expression decreased under cold stress. AtSWEET16-overexpressing plants exhibited remarkably
increased freezing tolerance, probably due to an accumulation of sugars in the leaf under this stress [20].
Tea plant CsSWEET16 is also responsive to cold stress and functions in exporting fructose from vacuoles,
which contributes to cold tolerance in transgenic Arabidopsis plants [39]. In addition, MtSWEET1a was
suppressed under cold and drought stress conditions but induced by salt stress, while MtSWEET13
was up-regulated by these treatments (Figures 6 and 7; Table S2), implying that M. truncatula might
have evolved different mechanisms to adapt to various abiotic stresses.
5. Conclusions
In summary, 25 MtSWEET genes were identified in M. truncatula, and their characteristics,
chromosomal distributions, gene structures, and phylogenetic relationships were analyzed. In addition,
the expression profiles of the MtSWEET genes in different developmental stages/tissues and in
response to various abiotic stresses were also examined based on the microarray and RNA-seq data,
respectively. Furthermore, the sugar transport abilities of MtSWEET proteins were determined by yeast
complementation assays. Our findings provide important clues for further studying the biological
functions of the MtSWEET proteins in the future.
Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/8/9/338/s1,
Figure S1: Transmembrance helices of MtSWEET proteins. The distributions of TM helices were predicted using
the TMHMM Server v. 2.0, Table S1: A list of primer sequences used in this study, Table S2: Differential expression
analysis of MtSWEET genes involved in the responses to various abiotic stresses including cold, drought, and salt.
The expression levels of the MtSWEET genes are shown as FPKM values.
Author Contributions: Data curation, B.H., Y.Z. and Y.L.; Funding acquisition, Y.Z.; Investigation, B.H., H.W.,
W.H., J.S. and Y.Z.; Methodology, B.H., H.W., W.H. and J.S.; Resources, Y.L.; Software, B.H., H.W.; W.H. and J.S.;
Writing—original draft, Y.Z. and Y.L.; Writing—review & editing, Y.L.
Funding: This research was funded by the Foundation of Jiangxi Educational Committee (GJJ180172).
Acknowledgments: We thank Xiaolei Sui (China Agricultural University) for generously providing the pDR196
vector and yeast strains EBY.VW4000 and SUSY7/ura3.

Plants 2019, 8, 338

16 of 19

Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.
5.
6.

7.
8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

Chen, L.Q.; Hou, B.H.; Lalonde, S.; Takanaga, H.; Hartung, M.L.; Qu, X.Q.; Guo, W.J.; Kim, J.G.;
Underwood, W.; Chaudhuri, B.; et al. Sugar transporters for intercellular exchange and nutrition of
pathogens. Nature 2010, 468, 527–532. [CrossRef] [PubMed]
Chen, L.Q.; Qu, X.Q.; Hou, B.H.; Sosso, D.; Osorio, S.; Fernie, A.R.; Frommer, W.B. Sucrose efflux mediated
by SWEET proteins as a key step for phloem transport. Science 2012, 335, 207–211. [CrossRef] [PubMed]
Chen, L.Q.; Cheung, L.S.; Feng, L.; Tanner, W.; Frommer, W.B. Transport of sugars. Annu. Rev. Biochem. 2015,
84, 865–894. [CrossRef] [PubMed]
Yuan, M.; Wang, S. Rice MtN3/saliva/SWEET family genes and their homologs in cellular organisms. Mol.
Plant 2013, 6, 665–674. [CrossRef] [PubMed]
Li, Y.; Feng, S.; Ma, S.; Sui, X.; Zhang, Z. Spatiotemporal expression and substrate specificity analysis of the
cucumber SWEET gene family. Front. Plant Sci. 2017, 8, 1855. [CrossRef] [PubMed]
Miao, H.; Sun, P.; Liu, Q.; Miao, Y.; Liu, J.; Zhang, K.; Hu, W.; Zhang, J.; Wang, J.; Wang, Z.; et al. Genome-wide
analyses of SWEET family proteins reveal involvement in fruit development and abiotic/biotic stress responses
in banana. Sci. Rep. 2017, 7, 3536. [CrossRef] [PubMed]
Feng, L.; Frommer, W.B. Structure and function of SemiSWEET and SWEET sugar transporters.
Trends Biochem. Sci. 2015, 40, 480–486. [CrossRef] [PubMed]
Xuan, Y.H.; Hu, Y.B.; Chen, L.Q.; Sosso, D.; Ducat, D.C.; Hou, B.H.; Frommer, W.B. Functional role of
oligomerization for bacterial and plant SWEET sugar transporter family. Proc. Natl. Acad. Sci. USA 2013,
110, E3685–E3694. [CrossRef]
Hu, Y.B.; Sosso, D.; Qu, X.Q.; Chen, L.Q.; Ma, L.; Chermak, D.; Zhang, D.C.; Frommer, W.B. Phylogenetic
evidence for a fusion of archaeal and bacterial SemiSWEETs to form eukaryotic SWEETs and identification of
SWEET hexose transporters in the amphibian chytrid pathogen Batrachochytrium dendrobatidis. FASEB J. 2016,
30, 3644–3654. [CrossRef]
Xu, Y.; Tao, Y.; Cheung, L.S.; Fan, C.; Chen, L.Q.; Xu, S.; Perry, K.; Frommer, W.B.; Feng, L. Structures of
bacterial homologues of SWEET transporters in two distinct conformations. Nature 2014, 515, 448–452.
[CrossRef]
Patil, G.; Valliyodan, B.; Deshmukh, R.; Prince, S.; Nicander, B.; Zhao, M.; Sonah, H.; Song, L.; Lin, L.;
Chaudhary, J.; et al. Soybean (Glycine max) SWEET gene family: Insights through comparative genomics,
transcriptome profiling and whole genome re-sequence analysis. BMC Genom. 2015, 16, 520. [CrossRef]
[PubMed]
Jia, B.; Zhu, X.F.; Pu, Z.J.; Duan, Y.X.; Hao, L.J.; Zhang, J.; Chen, L.Q.; Jeon, C.O.; Xuan, Y.H. Integrative view
of the diversity and evolution of SWEET and SemiSWEET sugar transporters. Front. Plant Sci. 2017, 8, 2178.
[CrossRef] [PubMed]
Gautam, T.; Saripalli, G.; Gahlaut, V.; Kumar, A.; Sharma, P.K.; Balyan, H.S.; Gupta, P.K. Further studies
on sugar transporter (SWEET) genes in wheat (Triticum aestivum L.). Mol. Biol. Rep. 2019, 46, 2327–2353.
[CrossRef] [PubMed]
Guan, Y.F.; Huang, X.Y.; Zhu, J.; Gao, J.F.; Zhang, H.X.; Yang, Z.N. RUPTURED POLLEN GRAIN1, a member
of the MtN3/saliva gene family, is crucial for exine pattern formation and cell integrity of microspores in
Arabidopsis. Plant Physiol. 2008, 147, 852–863. [CrossRef] [PubMed]
Sun, M.X.; Huang, X.Y.; Yang, J.; Guan, Y.F.; Yang, Z.N. Arabidopsis RPG1 is important for primexine
deposition and functions redundantly with RPG2 for plant fertility at the late reproductive stage. Plant Reprod.
2013, 26, 83–91. [CrossRef]
Sosso, D.; Luo, D.; Li, Q.B.; Sasse, J.; Yang, J.; Gendrot, G.; Suzuki, M.; Koch, K.E.; McCarty, D.R.;
Chourey, P.S.; et al. Seed filling in domesticated maize and rice depends on SWEET-mediated hexose
transport. Nat. Genet. 2015, 47, 1489–1493. [CrossRef]
Lin, I.W.; Sosso, D.; Chen, L.Q.; Gase, K.; Kim, S.G.; Kessler, D.; Klinkenberg, P.M.; Gorder, M.K.; Hou, B.H.;
Qu, X.Q.; et al. Nectar secretion requires sucrose phosphate synthases and the sugar transporter SWEET9.
Nature 2014, 508, 546–549. [CrossRef]

Plants 2019, 8, 338

18.

19.
20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.
31.

32.
33.

34.
35.

36.

17 of 19

Le Hir, R.; Spinner, L.; Klemens, P.A.; Chakraborti, D.; de Marco, F.; Vilaine, F.; Wolff, N.; Lemoine, R.;
Porcheron, B.; Gery, C.; et al. Disruption of the sugar transporters AtSWEET11 and AtSWEET12 affects
vascular development and freezing tolerance in Arabidopsis. Mol. Plant 2015, 8, 1687–1690. [CrossRef]
Seo, P.J.; Park, J.M.; Kang, S.K.; Kim, S.G.; Park, C.M. An Arabidopsis senescence-associated protein SAG29
regulates cell viability under high salinity. Planta 2011, 233, 189–200. [CrossRef]
Klemens, P.A.; Patzke, K.; Deitmer, J.; Spinner, L.; Le Hir, R.; Bellini, C.; Bedu, M.; Chardon, F.; Krapp, A.;
Neuhaus, H.E. Overexpression of the vacuolar sugar carrier AtSWEET16 modifies germination, growth, and
stress tolerance in Arabidopsis. Plant Physiol. 2013, 163, 1338–1352. [CrossRef]
Guo, W.J.; Nagy, R.; Chen, H.Y.; Pfrunder, S.; Yu, Y.C.; Santelia, D.; Frommer, W.B.; Martinoia, E. SWEET17, a
facilitative transporter, mediates fructose transport across the tonoplast of Arabidopsis roots and leaves.
Plant Physiol. 2014, 164, 777–789. [CrossRef] [PubMed]
Chardon, F.; Bedu, M.; Calenge, F.; Klemens, P.A.; Spinner, L.; Clement, G.; Chietera, G.; Leran, S.; Ferrand, M.;
Lacombe, B.; et al. Leaf fructose content is controlled by the vacuolar transporter SWEET17 in Arabidopsis.
Curr. Biol. 2013, 23, 697–702. [CrossRef] [PubMed]
Chen, H.Y.; Huh, J.H.; Yu, Y.C.; Ho, L.H.; Chen, L.Q.; Tholl, D.; Frommer, W.B.; Guo, W.J. The Arabidopsis
vacuolar sugar transporter SWEET2 limits carbon sequestration from roots and restricts Pythium infection.
Plant J. 2015, 83, 1046–1058. [CrossRef] [PubMed]
Yang, B.; Sugio, A.; White, F.F. Os8N3 is a host disease-susceptibility gene for bacterial blight of rice. Proc. Natl.
Acad. Sci. USA 2006, 103, 10503–10508. [CrossRef] [PubMed]
Yuan, M.; Chu, Z.; Li, X.; Xu, C.; Wang, S. Pathogen-induced expressional loss of function is the key factor in
race-specific bacterial resistance conferred by a recessive R gene xa13 in rice. Plant Cell Physiol. 2009, 50,
947–955. [CrossRef] [PubMed]
Antony, G.; Zhou, J.; Huang, S.; Li, T.; Liu, B.; White, F.; Yang, B. Rice xa13 recessive resistance to bacterial
blight is defeated by induction of the disease susceptibility gene Os-11N3. Plant Cell 2010, 22, 3864–3876.
[CrossRef] [PubMed]
Liu, Q.; Yuan, M.; Zhou, Y.; Li, X.; Xiao, J.; Wang, S. A paralog of the MtN3/saliva family recessively confers
race-specific resistance to Xanthomonas oryzae in rice. Plant Cell Environ. 2011, 34, 1958–1969. [CrossRef]
[PubMed]
Cohn, M.; Bart, R.S.; Shybut, M.; Dahlbeck, D.; Gomez, M.; Morbitzer, R.; Hou, B.H.; Frommer, W.B.;
Lahaye, T.; Staskawicz, B.J. Xanthomonas axonopodis virulence is promoted by a transcription activator-like
effector-mediated induction of a SWEET sugar transporter in cassava. Mol. Plant Microbe Interact. 2014, 27,
1186–1198. [CrossRef] [PubMed]
Li, Y.; Wang, Y.; Zhang, H.; Zhang, Q.; Zhai, H.; Liu, Q.; He, S. The plasma membrane-localized sucrose
transporter IbSWEET10 contributes to the resistance of sweet potato to Fusarium oxysporum. Front. Plant Sci.
2017, 8, 197. [CrossRef] [PubMed]
Yuan, M.; Zhao, J.; Huang, R.; Li, X.; Xiao, J.; Wang, S. Rice MtN3/saliva/SWEET gene family: Evolution,
expression profiling, and sugar transport. J. Integr. Plant Biol. 2014, 56, 559–570. [CrossRef] [PubMed]
Zheng, Q.M.; Tang, Z.; Xu, Q.; Deng, X.X. Isolation, phylogenetic relationship and expression profiling of
sugar transporter genes in sweet orange (Citrus sinensis). Plant Cell Tiss Organ Cult. 2014, 119, 609–624.
[CrossRef]
Feng, C.Y.; Han, J.X.; Han, X.X.; Jiang, J. Genome-wide identification, phylogeny, and expression analysis of
the SWEET gene family in tomato. Gene 2015, 573, 261–272. [CrossRef] [PubMed]
Manck-Gotzenberger, J.; Requena, N. Arbuscular mycorrhiza symbiosis induces a major transcriptional
reprogramming of the potato SWEET sugar transporter family. Front. Plant Sci. 2016, 7, 487. [CrossRef]
[PubMed]
Mizuno, H.; Kasuga, S.; Kawahigashi, H. The sorghum SWEET gene family: Stem sucrose accumulation as
revealed through transcriptome profiling. Biotechnol. Biofuels 2016, 9, 127. [CrossRef] [PubMed]
Hu, L.; Zhang, F.; Song, S.; Tang, X.; Xu, X.; Liu, G.; Wang, Y.; He, H. Genome-wide identification,
characterization, and expression analysis of the SWEET gene family in cucumber. J. Integr. Agric. 2017, 16,
60345–60347. [CrossRef]
Sui, J.L.; Xiao, X.H.; Qi, J.Y.; Fang, Y.J.; Tang, C.R. The SWEET gene family in Hevea brasiliensis - its evolution
and expression compared with four other plant species. FEBS Open Biol. 2017, 7, 1943–1959. [CrossRef]
[PubMed]

Plants 2019, 8, 338

37.
38.

39.

40.

41.

42.
43.

44.

45.

46.
47.
48.

49.
50.
51.
52.

53.
54.
55.

56.

57.

18 of 19

Guo, C.; Li, H.; Xia, X.; Liu, X.; Yang, L. Functional and evolution characterization of SWEET sugar
transporters in Ananas comosus. Biochem. Biophys. Res. Commun. 2018, 496, 407–414. [CrossRef]
Zhen, Q.; Fang, T.; Peng, Q.; Liao, L.; Zhao, L.; Owiti, A.; Han, Y. Developing gene-tagged molecular markers
for evaluation of genetic association of apple SWEET genes with fruit sugar accumulation. Hortic. Res. 2018,
5, 14. [CrossRef]
Wang, L.; Yao, L.; Hao, X.; Li, N.; Qian, W.; Yue, C.; Ding, C.; Zeng, J.; Yang, Y.; Wang, X. Tea plant SWEET
transporters: Expression profiling, sugar transport, and the involvement of CsSWEET16 in modifying cold
tolerance in Arabidopsis. Plant Mol. Biol. 2018, 96, 577–592. [CrossRef]
Miao, L.; Lv, Y.; Kong, L.; Chen, Q.; Chen, C.; Li, J.; Zeng, F.; Wang, S.; Li, J.; Huang, L.; et al. Genome-wide
identification, phylogeny, evolution, and expression patterns of MtN3/saliva/SWEET genes and functional
analysis of BcNS in Brassica rapa. BMC Genom. 2018, 19, 174. [CrossRef]
Li, H.; Li, X.; Xuan, Y.; Jiang, J.; Wei, Y.; Piao, Z. Genome wide identification and expression profiling
of SWEET genes family reveals its role during Plasmodiophora brassicae-Induced Formation of clubroot in
Brassica rapa. Front. Plant Sci. 2018, 9, 207. [CrossRef] [PubMed]
Gao, Y.; Wang, Z.Y.; Kumar, V.; Xu, X.F.; Yuan, D.P.; Zhu, X.F.; Li, T.Y.; Jia, B.; Xuan, Y.H. Genome-wide
identification of the SWEET gene family in wheat. Gene 2018, 642, 284–292. [CrossRef] [PubMed]
Zhang, W.; Wang, S.; Yu, F.; Tang, J.; Shan, X.; Bao, K.; Yu, L.; Wang, H.; Fei, Z.; Li, J. Genome-wide
characterization and expression profiling of SWEET genes in cabbage (Brassica oleracea var. capitata L.) reveal
their roles in chilling and clubroot disease responses. BMC Genom. 2019, 20, 93. [CrossRef] [PubMed]
Feng, J.; Dong, Y.; Liu, W.; He, Q.; Daud, M.K.; Chen, J.; Zhu, S. Genome-wide identification of
membrane-bound fatty acid desaturase genes in Gossypium hirsutum and their expressions during abiotic
stress. Sci. Rep. 2017, 7, 45711. [CrossRef] [PubMed]
Wang, Y.; Zhang, Y.; Zhou, R.; Dossa, K.; Yu, J.; Li, D.; Liu, A.; Mmadi, M.A.; Zhang, X.; You, J. Identification
and characterization of the bZIP transcription factor family and its expression in response to abiotic stresses
in sesame. PLoS ONE 2018, 13, e0200850. [CrossRef] [PubMed]
Sievers, F.; Higgins, D.G. Clustal Omega for making accurate alignments of many protein sequences.
Protein Sci. 2018, 27, 135–145. [CrossRef] [PubMed]
Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]
Zhou, Y.; Zeng, L.; Chen, R.; Wang, Y.; Song, J. Genome-wide identification and characterization of the stress
associated protein (SAP) gene family encoding A20/AN1 zinc finger proteins in Medicago truncatula. Arch.
Biol. Sci. 2018, 70, 87–98. [CrossRef]
Chen, C.; Chen, H.; He, Y.; Xia, R. TBtools, a Toolkit for Biologists integrating various biological data handling
tools with a user-friendly interface. BioRxiv 2018, 289660. [CrossRef]
Song, J.; Mo, X.; Yang, H.; Yue, L.; Song, J.; Mo, B. The U-box family genes in Medicago truncatula: Key
elements in response to salt, cold, and drought stresses. PLoS ONE 2017, 12, e0182402. [CrossRef]
Trapnell, C.; Pachter, L.; Salzberg, S.L. TopHat: Discovering splice junctions with RNA-Seq. Bioinformatics
2009, 25, 1105–1111. [CrossRef] [PubMed]
Pertea, M.; Pertea, G.M.; Antonescu, C.M.; Chang, T.C.; Mendell, J.T.; Salzberg, S.L. StringTie enables
improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 2015, 33, 290–295.
[CrossRef] [PubMed]
Pertea, M.; Kim, D.; Pertea, G.M.; Leek, J.T.; Salzberg, S.L. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and Ballgown. Nat. Protoc. 2016, 11, 1650–1667. [CrossRef] [PubMed]
Hu, B.; Huang, W.; Dong, L.; Liu, S.; Zhou, Y. Molecular cloning and functional analysis of a sugar transporter
gene (CsTST2) from cucumber (Cucumis sativus L.). Biotechnol. Biotechnol. Equip. 2019, 33, 118–127. [CrossRef]
Eom, J.S.; Chen, L.Q.; Sosso, D.; Julius, B.T.; Lin, I.W.; Qu, X.Q.; Braun, D.M.; Frommer, W.B. SWEETs,
transporters for intracellular and intercellular sugar translocation. Curr. Opin. Plant Biol. 2015, 25, 53–62.
[CrossRef] [PubMed]
Cannon, S.B.; Mitra, A.; Baumgarten, A.; Young, N.D.; May, G. The roles of segmental and tandem gene
duplication in the evolution of large gene families in Arabidopsis thaliana. BMC Plant Biol. 2004, 4, 10.
[CrossRef]
Ganko, E.W.; Meyers, B.C.; Vision, T.J. Divergence in expression between duplicated genes in Arabidopsis.
Mol. Biol. Evol. 2007, 24, 2298–2309. [CrossRef]

Plants 2019, 8, 338

58.
59.
60.

61.

62.

63.

64.

65.
66.

67.
68.
69.

70.
71.

72.

73.
74.

19 of 19

Li, X.; Si, W.; Qin, Q.; Wu, H.; Jiang, H. Deciphering evolutionary dynamics of SWEET genes in diverse plant
lineages. Sci. Rep. 2018, 8, 13440. [CrossRef]
Li, W.; Ren, Z.; Wang, Z.; Sun, K.; Pei, X.; Liu, Y.; He, K.; Zhang, F.; Song, C.; Zhou, X.; et al. Evolution and
stress responses of Gossypium hirsutum SWEET genes. Int. J. Mol. Sci. 2018, 19, 769. [CrossRef]
Li, J.; Qin, M.; Qiao, X.; Cheng, Y.; Li, X.; Zhang, H.; Wu, J. A new insight into the evolution and functional
divergence of SWEET transporters in Chinese white pear (Pyrus bretschneideri). Plant Cell Physiol. 2017, 58,
839–850. [CrossRef]
An, J.; Zeng, T.; Ji, C.; de Graaf, S.; Zheng, Z.; Xiao, T.T.; Deng, X.; Xiao, S.; Bisseling, T.; Limpens, E.; et al. A
Medicago truncatula SWEET transporter implicated in arbuscule maintenance during arbuscular mycorrhizal
symbiosis. New Phytol. 2019, 224, 396–408. [CrossRef] [PubMed]
Sugiyama, A.; Saida, Y.; Yoshimizu, M.; Takanashi, K.; Sosso, D.; Frommer, W.B.; Yazaki, K. Molecular
characterization of LjSWEET3, a sugar transporter in nodules of Lotus japonicus. Plant Cell Physiol. 2016, 58,
298–306.
Kryvoruchko, I.S.; Sinharoy, S.; Torres-Jerez, I.; Sosso, D.; Pislariu, C.I.; Guan, D.; Murray, J.; Benedito, V.A.;
Frommer, W.B.; Udvardi, M.K. MtSWEET11, a nodule-specific sucrose transporter of Medicago truncatula.
Plant Physiol. 2016, 171, 554–565. [CrossRef]
Sun, W.; Gao, Z.; Wang, J.; Huang, Y.; Chen, Y.; Li, J.; Lv, M.; Wang, J.; Luo, M.; Zuo, K. Cotton fiber
elongation requires the transcription factor GhMYB212 to regulate sucrose transportation into expanding
fibers. New Phytol. 2019, 222, 864–881. [CrossRef] [PubMed]
Durand, M.; Mainson, D.; Porcheron, B.; Maurousset, L.; Lemoine, R.; Pourtau, N. Carbon source-sink
relationship in Arabidopsis thaliana: The role of sucrose transporters. Planta 2018, 247, 587–611. [CrossRef]
Bezrutczyk, M.; Hartwig, T.; Horschman, M.; Char, S.N.; Yang, J.; Yang, B.; Frommer, W.B.; Sosso, D. Impaired
phloem loading in zmsweet13a,b,c sucrose transporter triple knock-out mutants in Zea mays. New Phytol. 2018,
218, 594–603. [CrossRef]
Yang, J.; Luo, D.; Yang, B.; Frommer, W.B.; Eom, J.S. SWEET11 and 15 as key players in seed filling in rice.
New Phytol. 2018, 218, 604–615. [CrossRef]
Ma, L.; Zhang, D.; Miao, Q.; Yang, J.; Xuan, Y.; Hu, Y. Essential Role of Sugar Transporter OsSWEET11 During
the Early Stage of Rice Grain Filling. Plant Cell Physiol. 2017, 58, 863–873. [CrossRef]
Chen, L.Q.; Lin, I.W.; Qu, X.Q.; Sosso, D.; McFarlane, H.E.; Londono, A.; Samuels, A.L.; Frommer, W.B. A
cascade of sequentially expressed sucrose transporters in the seed coat and endosperm provides nutrition
for the Arabidopsis embryo. Plant Cell 2015, 27, 607–619. [CrossRef]
Jeena, G.S.; Kumar, S.; Shukla, R.K. Structure, evolution and diverse physiological roles of SWEET sugar
transporters in plants. Plant Mol. Biol. 2019, 100, 351–365. [CrossRef]
Gamas, P.; Niebel Fde, C.; Lescure, N.; Cullimore, J. Use of a subtractive hybridization approach to identify
new Medicago truncatula genes induced during root nodule development. Mol. Plant Microbe Interact. 1996, 9,
233–242. [CrossRef] [PubMed]
Pommerrenig, B.; Ludewig, F.; Cvetkovic, J.; Trentmann, O.; Klemens, P.A.W.; Neuhaus, H.E. In
concert: Orchestrated changes in carbohydrate homeostasis are critical for plant abiotic stress tolerance.
Plant Cell Physiol. 2018, 59, 1290–1299. [CrossRef]
Liu, X.; Zhang, Y.; Yang, C.; Tian, Z.; Li, J. AtSWEET4, a hexose facilitator, mediates sugar transport to axial
sinks and affects plant development. Sci. Rep. 2016, 6, 24563. [CrossRef] [PubMed]
Zhao, L.; Yao, J.; Chen, W.; Li, Y.; Lv, Y.; Guo, Y.; Wang, J.; Yuan, L.; Liu, Z.; Zhang, Y. A genome-wide analysis
of SWEET gene family in cotton and their expressions under different stresses. J. Cotton Res. 2018, 1, 7.
[CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

