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Abstract

Sugar transporters play a crucial role for plant productivity, as they coordinate sugar fluxes
from source leaf towards sink organs (seed, fruit, root) and regulate the supply of carbon
resources towards the microorganisms of the rhizosphere (bacteria and fungi). Thus, sugar
fluxes mediated by SUT (sucrose transporters), MST (monosaccharide transporters) and
SWEET (sugar will eventually be exported transporters) families are key determinants of
crop yield and shape the microbial communities living in the soil. In this work, we performed
a systematic search for sugar transporters in Fabaceae genomes, focusing on model and
agronomical plants. Here, we update the inventory of sugar transporter families mining the
latest version of the Medicago truncatula genome and identify for the first time SUT MST
and SWEET families of the agricultural crop Pisum sativum. The sugar transporter families
of these Fabaceae species comprise respectively 7 MtSUT 7 PsSUT, 72 MtMST 59 PsMST
and 26 MtSWEET 22 PsSWEET. Our comprehensive phylogenetic analysis sets a mile-
stone for the scientific community, as we propose a new and simple nhomenclature to cor-
rectly name SUT MST and SWEET families. Then, we searched for transcriptomic data
available for our gene repertoire. We show that several clusters of homologous genes are
co-expressed in different organs, suggesting that orthologous sugar transporters may have
a conserved function. We focused our analysis on gene candidates that may be involved in
remobilizing resources during flowering, grain filling and in allocating carbon towards roots
colonized by arbuscular mycorrhizal fungi and Rhizobia. Our findings open new perspec-
tives for agroecological applications in legume crops, as for instance improving the yield and
quality of seed productions and promoting the use of symbiotic microorganisms.

Introduction

Legumes (also called pulses) have provided a sustainable source of proteins and starch for
humans and animals since the earliest of civilizations. Nowadays, legumes are internationally
produced for food, feed and industrial applications [1]. They are processed for the high
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nutritional value of their seeds, including the production of legume flour. The recent lifestyle
change with respect to meat consumption implies a reconsideration of current agricultural sys-
tem to produce novel foods, such as plant proteins from grain legumes.

In agriculture, legumes are also cultivated as rotation crop, cover crop and intercropping to
increase the productivity of the soil. Indeed, legumes are considered as agroecological crops,
that can sustainably render nutrients available to subsequent crops without using any fertilizers
[2, 3]. This is made possible through their root association with beneficial organisms naturally
present in the soil biodiversity. Legumes are able to establish both symbioses with nitrogen-fix-
ing bacteria and with mycorrhizal fungi mainly supplying phosphate [4]. As such, Medicago
truncatula (barrel medic) became the laboratory model for studying plant-microbe interac-
tions and Pisum sativum (pea) is not only a cultivated crop but also a model organism in biol-
ogy since the work of famous geneticist, Gregor Mendel.

Seeds and roots thus represent two major organs for the nutritional and agroecological val-
ues of legumes. Roots and seeds are two primary carbon sinks, relying on the provision of sug-
ars from photosynthetically source leaves. In plants, carbon fluxes are coordinated by sugar
transporters, comprising sucrose transporters (SUT), monosaccharide transporters (MST) and
SWEET (sugars will eventually be exported transporter). Sugar transporters from the MST,
SUT and SWEET families have been shaped through natural selection for their specificity to
supply carbon towards beneficial root microorganisms [5] and by human domestication to
improve the nutritional values of grain crops [6].

Long-distance transport from source leaf towards sink organs is mainly mediated by SUTs,
as sucrose constitutes the main carbohydrate transported through the phloem. Once sucrose
reaches the release phloem, the disaccharide is exported to supply sink organs (eg seeds and
roots) where it can be cleaved into monosaccharides (fructose and glucose) which are then
mediated by MST. More recently, [7] identified a third family of sugar transporters, the
SWEET, which seem to export both sucrose and monosaccharides. In contrast to most SUT
and MST which function as active transport systems using the driving force generated by the
H* ATPase pump, SWEET transporters can facilitate both influx and efflux of sugars [8, 9].
Thus, SUT, MST and SWEET control carbon allocation throughout plant, directly determin-
ing crop yield, its nutritional and economical values [10]. However, complete inventory of
sugar transporter gene families is only reported in a limited number of legume species.

To briefly summarize the state of the art on sugar transporter annotations, so far the best
described family is the “SUT”, probably because it is a relatively small family (less than 10
genes in most species) and historically a SUT was one of the first transporters cloned in the
90’s [11]. In Fabaceae, SUT families were previously reported in five species (Medicago trunca-
tula, Phaseolus vulgaris, Glycine max, Cicer arietinum and Lotus japonicus [12]). In contrast,
MST represents the largest family of sugar transporter, it usually comprises more than 50
genes in higher plants. Complete MST family is only reported in three plants (Arabidopsis
[13], rice [14]) including a single legume species (Medicago, [15] and updated in this paper).
Regarding the third family, complete SWEET families are reported in Fabaceae for soybean
[16] and Medicago [17]. Thus, inventories of sugar transporters families in Fabaceae genomes
were only performed so far in Medicago for MtSUT ([18], genome version 3.5), MtMST ([15]
genome version 3.5) and MtSWEET ([17], genome version 4.0). For pea, only partial invento-
ries were reported for PsSUT and PsSWEET [19-21], but no PsMST has yet been published to
our knowledge. Uncovering the sugar transportome in crops of agronomical interest repre-
sents an important milestone for improving the yield and quality of grain legumes.

Here, we release complete sugar transporter families (SUT MST and SWEET) of Fabaceae
species, focusing primarily on the model plant Medicago truncatula and the agricultural crop
Pisum sativum. We update the inventory of sugar transporter families mining the latest version
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of the M. truncatula genome and identify for the first time SUT MST and SWEET families of
the agricultural crop P. sativum. We also screen for gene candidates involved in sugar trans-
port towards major carbon sinks, as for instance gene clusters potentially filling nutrients into
seeds and supplying carbon towards symbiotic bacteria and fungi.

Materials and methods
Sequence identification and retrieval of SUT, MST and SWEET families

M. truncatula (line A17) and P. sativum (cultivar Cameor) SUT MST and SWEET genes were
identified by sequence similarity to previously identified families [15, 17, 18, 21] using the
blastP algorithm available at the Medicago truncatula Genome Database (MTGD version 4.0,
http://www.medicagogenome.org/ [22, 23]) and at the Pea RNA-Seq gene atlas (version 1.0,
http://bios.dijon.inra.fr/FATAL/cgi/pscam.cgi, [24]). For the SUT gene families, we also
mined additional Fabaceae species using the blastP algorithm available at Phytozome v12
(https://phytozome.jgi.doe.gov/pz/portal. html [25]) for Glycine max Wm82.a2 (v1), Phaseolus
vulgaris (v2.1) and Trifolium pratense (v2); and the Legume Information System (https://
legumeinfo.org/home, [26]) for Arachis hypogaea, Arachis duranensis, Arachis ipaensis, Caja-
nus cajan, Cicer arietinum (CDC Frontier kabuli type and ICC 4958 desi type), Lotus japonicus
(v3.0), Lupinus angustifolius (v1.0), Vicia faba, Vigna angularis (v3.0), Vigna radiata, and
Vigna unguiculata (v1.0). A list of all accessions presented in this work is summarized in S1
Table. A list of available Fabaceae database is also summarized in S1 Fig.

Phylogenetic analysis of SUT, MST and SWEET families

After accession retrieval, only sequences showing a full-length coding sequence were retained
for alignment. Alignment of amino acid sequences of SUT MST and SWEET families was per-
formed using the ClustalW Multiple alignment algorithm on BioEdit [27] and then exported
to MEGA7 software [28] for construction of the SUT MST and SWEET phylogenetic trees pre-
sented in Figs 1, 2 and 3 respectively. The evolutionary history was inferred by using the Maxi-
mum Likelihood method based on the JTT matrix-based model [29]. Initial tree for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology
with superior log likelihood value. All positions containing gaps and missing data were
eliminated.

Gene expression analysis

All expression data, presented in Fig 4, were retrieved from the Medicago truncatula Gene
Expression Atlas (MtGEA, microarray data available at https://mtgea.noble.org/v3/, [30]) and
the Pea RNA-Seq gene atlas [24]. The experiments displayed on the heat maps were selected as
follow: for M. truncatula, gene expression in different organs (leaf, stem flower, seed, nodules;
[31]), shoot and root supplemented with nitrate (NO5: N+) or nitrogen limited (N-; [32]),
mycorrhizal (roots inoculated with Rhizophagus irregularis or Funneliformis mosseae) and
non-mycorrhizal root systems [33]; for P. sativum, all experiments were retrieved from the Pea
RNA-Seq gene atlas [24]. The heat map was created using Multiple Experiment Viewer (Mev)
software [34] with expression normalization by z-score for genes/rows to correct the color dis-
play between rows. Gene trees were generated using the hierarchical clustering (HCL) function
in Mev with Pearson correlation and average linkage clustering to identify co-expression clus-
ters from carbon source and sink organs.
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Fig 1. Phylogenetic tree of the Fabaceae SUT families. The 136 SUT accessions were retrieved from sixteen legume species. SUT were named upon phylogenetic
grouping into particular clades (SUT1, SUT2 and SUT4). We then added a “.number” extension (eg. SUT4.1, SUT4.2) to clearly identify gene accessions within
subclades. Additionally, when multiple paralogs or genes occurring from genome duplication appeared within the same clade/subclade (eg. in polyploid species like
soybean and Arachis hypogaea), we added a capital letter extension to clearly identify all representative accessions (eg. GmSUT2A et GmSUT2B). Several accessions
belonging to the basal species lupin and Arachis SUT1 subclades (SUT1.1 lupin specific and SUT1 Arachis specific subclades) were not annotated/named due to
limited genome information within Genistoid and Dalbergioid species (see S1 Fig).

https://doi.org/10.1371/journal.pone.0223173.g001

Results and discussion

First, we mined sugar transporters in Fabaceae genomes and propose a new nomenclature for
correctly naming sugar transporters (SUT MST and SWEET). For instance, we named SUT1
sucrose transporters belonging to clade 1. We then added a “.number” extension (eg. SUT1.1,
SUT1.2) when multiple paralogous genes were present within the same clade. Finally, we tried
our best to correctly identify orthologous genes from different species by employing identical
extensions (eg. MtSUT1.1, PsSUT1.1), when such members clearly appeared within the same
branch of a particular clade. We also named other families (MST and SWEET) using the same
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Fig 2. Phylogenetic tree of Medicago, pea and Arabidopsis MST families. The 72 MtMST (regular font) were retrieved from the M. truncatula genome v4.0, 59
PsMST (bold font) from the pea Gene Atlas and 53 AtMST (grey font) from the Arabidopsis genome v11. MtMST and PsMST were named upon phylogenetic
grouping into the seven MST clades: sugar transport protein (STP), polyol/monosaccharide transporter (PLT), inositol transporter (INT), vacuolar glucose
transporter (VGT), tonoplast membrane transporter (TMT), pGlcT/SGB for plastidic glucose transporter (pGlcT) and suppressor of G Protein Betal (SGB1) and
early-responsive to dehydration six-like (ESL). We then added a “.number” extension (eg. STP1.1 to STP1.8) to clearly identify gene accessions within subclades.

https://doi.org/10.1371/journal.pone.0223173.g002

nomenclature. In the future, we propose that all sugar transporters to be named as following
(see Figs 1, 2 and 3). A list of all sugar transporters presented in this work, along with the nam-
ing history, is available as supplementary data (S1 Table).
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Fig 3. Phylogenetic tree of Medicago, pea and Arabidopsis SWEET families. The 26 MtSWEET (regular font) were retrieved from the M. truncatula genome
v4.0, 22 PSSWEET (bold font) from the pea Gene Atlas and 17 AtSWEET (grey font) from the Arabidopsis genome v11. PSSWEET were named upon phylogenetic
grouping into the four SWEET clades: clade I (SWEET1, SWEET2 and SWEET3 subclades), clade II (SWEET4/5 and SWEET5/6 subclades). clade IIT (SWEET9,
SWEET11/12, SWEET13/14, SWEET15 subclades) and clade IV (SWEET16). We then added a “.number” extension (eg. SWEET1.1 and SWEET1.2) to clearly
identify gene accessions.

https://doi.org/10.1371/journal.pone.0223173.9003

We raise the attention of the scientific community to consistently annotate sugar trans-
porter according to their phylogenetic position, rather than naming transporters following the
chronological order of their discovery. We believe that this new nomenclature will enable
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Fig 4. Gene expression patterns of SUT, MST and SWEET. Transcriptomics profile of Medicago and pea SUT (top panel), MST (middle panel) and
SWEET (bottom panel) from plant samples (leaf, shoot, stem, flower, seed and root); shoot and root supplemented with nitrogen (N+) or nitrogen
limited (N-); roots inoculated with beneficial microorganisms like Rhizobia (at 4, 10, 28 days post inoculation), arbuscular mycorrhizal fungi
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(Rhizophagus irregularis: myc+Ri or Funneliformis mosseae: myc+Fm) and non-mycorrhizal root control (myc-). The heat map shows z-score
normalized expression for genes/rows (green: low expression, red: high expression) and a hierarchical gene tree, highlighting coexpression clusters.

https://doi.org/10.1371/journal.pone.0223173.9004

consistent mapping and annotation of sugar transporters across plant genomes. We also
believe that all SUT, MST and SWEET identified in this study will soon be mapped in Fabaceae
genomes, including in the upcoming v5 of the Medicago genome and in the reference pea
genome, just released this September [35].

The sucrose transporter (SUT) families in Fabaceae genomes

Our phylogenetic analysis confirms that all SUT accessions fall into the dicotyledonous specific
clade (SUT1/Type I) and the dicotyledonous-monocotyledonous clades (SUT2/Type IIA,
SUT4/Type III), but none belong to the monocotyledonous specific clade (SUT2/Type IIB;
[12]). The Dicots SUT family is clearly divided in three clades (SUT1, SUT2 and SUT4, [12,
36]), here we named MtSUT and PsSUT according to this clade convention. The SUT1 clade
comprises the highest number of accessions with four SUT1 members, the SUT2 clade shows a
single accession and the SUT4 clade comprises a gene duplicate for both Medicago and pea

(S2 Fig).

Here, we present SUT families comprising 136 accessions from 16 Fabaceae species (Fig 1),
including newly identified families from Lupinus angustifolius (12 LaSUT), Arachis sp. (17
AhSUT, 9 AdSUT, 8 AiSUT), Vigna sp. (7 VaSUT, 5 VrSUT and 10 VuSUT), Cajanus cajan (8
CcSUT), Lotus japonicus (8 LjiSUT) and Trifolium pratense (5 TpSUT). Complete SUT family
in Fabaceae genomes had previously been uncovered from Medicago truncatula (7 MtSUT),
Glycine max (12 GmSUT), Lotus japonicus (8 LjSUT), Phaseolus vulgaris (8 PvSUT) and Cicer
arietinum (7 CaSUT) ([12, 18]; number of gene accessions reviewed and updated in this
paper). Partial SUT family in P. sativum were also uncovered from RNA-seq data (7 PsSUT)
([21]; number of gene accessions reviewed and updated in this paper). Noteworthy, single
SUT accessions had also been characterized before the release of genome and transcriptome in
the 90’s and 2000’s from several legume species (S1 Table), historically in soybean [37, 38],
Vicia faba [39], P. sativum [19, 20, 40], Lotus japonicus [41, 42] and Phaseolus vulgaris [19].

The SUT1.1 subclade comprises a single protein involved in phloem loading in
Dicots. Within the SUT1 clade, the SUT1.1 subclade comprises a single accession in most
species (Fig 1), which is so far the best characterized SUT members. This SUT1.1 protein is
responsible of sucrose phloem loading in apoplasmic loading species [43]. Therefore, SUT1.1
gene mutation causes sugar accumulation, reduced photosynthesis and chlorotic lesions in
source leaves as well as reduced growth of sink organs and thereby an overall stunted plant
growth [44]. However, no SUT1.1 mutant has yet been generated in a legume species, which
seem to load sucrose in the phloem via the apoplast [19, 45]. As such, MtSUT1I.1 and PsSUT.1
show a high expression profile in source leaves and are co-expressed in different organs (Fig
4), suggesting that orthologous SUT1.1 may have a conserved function for loading the phloem.

Within the SUT1.1 subclade, we find a single accession for Phaseolid and IRLC species,
which seems to originate from genes both present in the basal Papilionideae species
(LaSUTI1.1A, B or C, AiSUT1.1, AdSUT1.1 and AhSUT1.1; Fig 1 and S1 Fig). Besides, a SUT1
lupin specific subclade diverges at the basis of the SUT1.1 subclade and comprises 6 gene para-
logs. Also, a sister SUT1 clade is specific to Arachis species with numerous gene paralogs.
These SUT1 specific subclades were not annotated/named due to limited information within
this basal Genistoid and Dalbergioid species.

Other SUT1 subclades comprise multiple paralogous genes. The SUT1.2/SUT1.3 sub-
clade comprises two gene paralogs in most species and is only represented by species from the
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IRLC and Robinioid clades (S1 Fig). This subclade comprises sucrose facilitator (SUF, [19]).
SUF seems to transport sucrose both in and out of the cell, according to the concentration gra-
dient. Thus, such SUF weakly complement mutant yeast and their transport kinetics are not
affected by ATPase inhibitors [18, 19]. In parallel to SWEET sucrose exporters (see clade III
SWEET, Fig 3), such facilitator systems may also be involved in the export of sucrose towards
carbon sinks.

The SUT1.4 subclade comprises a single gene locus in most species of the Phaseolid, IRLC
and Robinioid clades. Transporters from this clade also seem to facilitate sucrose transport at
the plasma membrane, but only a single member of this subclade has been functionally charac-
terized so far (PvSUF1 here reannotated as PvSUT1.4, [19]).

Noteworthy, MtSUT1.4 (Medtr6g033580) was not annotated in the 3.5 version of the M.
truncatula genome. Therefore, the MtSUT family was previously reported to comprise only six
genes (including three in the SUT1 clade [18]). Here, we update the number of SUT loci in M.
truncatula genome, the MtSUT family now comprises seven genes (MtSUT1.4 being the fourth
accession in the SUT1 clade).

The SUT1.5/SUT1.6 subclade comprised two gene duplicates in most diploid species and is
only represented by species belonging to the Phaseolid clade. Surprisingly, this subclade con-
tains several accessions only in Vigna unguiculata, which may be an assembly or annotation
issue from the 1.0 version of this genome. So far, a single protein from this subclade has been
characterized (PvSUT1 here reannotated as PvSUT1.5, [19]). PvSUT1.5 does not seem to facili-
tate sucrose transport, but rather seems to actively transport sucrose against its concentration
gradient using an active H" ATPase transport system. Interestingly, PvSUT1-5 and PvSUTI-6
showed their highest expression profiles in flower and seed coat [19].

The SUT2 clade, a single accession with unclear kinetics and function. The SUT2 clade
comprise a single gene locus in most Monocots and Dicots plants [18], this clade cannot fur-
ther be divided into subclades (Fig 1). In polyploid species, multiple SUT?2 loci can be
observed, each copy corresponding to the locus from the parental diploid genome. For
instance, this can be reported for the tetraploid genomes of soybean (GmSUT2A and
GmSUT2B) and Arachis hypogaea (AhSUT2A and AhSUT2B).

First described to act as sucrose sensors [46], since SUT2 proteins were not functional
when expressed in yeast. In planta, SUT2 mutant lines are affected in fruit yield, seed develop-
ment [47] and in symbiotic interaction with mycorrhizal fungi [48], suggesting that SUT2
imports sucrose back inside plant cells to control sugar supply towards carbon sinks. In addi-
tion, SUT2 seems to interact with components of the phytohormonal signals, also suggesting
its role as a “transceptor” (both a transporter and a sensor, [48]). Here, PsSUT2 shows a low
and constant expression level in most tissues of P. sativum and similar SUT2 expression pat-
tern is observed in other plant species (S3 Fig). The physiological roles of SUT2 remain
unclear, more works need to be performed to unravel their exact kinetics of transport and/or
sensing functions.

Fabaceae SUT4 clade contains two accessions for remobilizing vacuolar reserve. The
SUT4 clade comprises two gene accessions, divided in two subclades (SUT4.1 and SUT4.2).
This is the case for most (if not all) Fabaceae species presented here. Apparently, this character-
istic is not limited to legume species, as many other land plants (switchgrass, Panicum virga-
tum; cassava, Manihot esculenta; Brassica rapa; apple, Malus domestica; cotton Gossypium
raimondii) including basal Monocots (banana, Musa acuminate and date palm, Phoenix dacty-
lifera), also comprise two SUT4 accessions [12].

Interestingly, the polyploid soybean species also possess two SUT4 accessions, GmSUT4.1
and GmSUT4.2 (and not four accessions originating from the diploid ancestral genomes). In
contrast, the other polyploid species A. hypogea possess two gene copies in the SUT4.1
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subclade originating from the diploid parents (AhSUT4.1A and AhSUT4.1B), but no SUT4.2
is present in the genome of all Arachis species. The second basal Fabaceae species lupin (Fig 1),
possesses both a SUT4.1 and a SUT4.2 accession. A comprehensive study of basal land plant
genomes may unfold the evolution of the SUT4 clade.

Functionally, members of the SUT4.1 clade have been studied in detail. Indeed, SUT4.1
functions as active transport system coupled to H"ATPase, exporting intracellular sucrose
reserves out of the vacuole [49]. In contrast, only a single protein from the SUT4.2 has been
characterized as a sucrose facilitator “SUF” (PsSUF4, [19]), mediating sucrose transport (in
and out). Although SUT4.1 proteins have clearly been shown to be addressed to the tonoplast
[49], the exact localization of SUT4.2 members have not yet been shown. The presence of
dileucine motifs, sufficient for vacuolar targeting in both SUT4.1 and SUT4.2 sequences,
seems to comfort the hypothesis of the vacuolar localization of all SUT4 proteins [50].

The monosaccharide transporter (MST) families in Medicago and pea

As previous classification of Fabaceae MST had not yet been performed, we decided to add Ara-
bidopsis (AtMST) sequences in our phylogenetic analysis (Fig 2). Indeed, Arabidopsis is the
only plant species where the MST family is clearly annotated in seven clades [13, 36]. We suggest
that the convention for naming MST clades to be reviewed in the future, as the clade nomencla-
ture is currently ambiguous. Indeed, clades are either named according to substrate specificity
[sugar transport protein (STP), polyol/monosaccharide transporter (PLT), inositol transporter
(INT)], subcellular localization [vacuolar glucose transporter (VGT), tonoplast membrane trans-
porter (TMT), plastidic glucose transporter (pGlcT)], mutant-recovering phenotype [suppressor
of G Protein Betal (SGB1)] or even a stress condition that induced gene expression [early-
responsive to dehydration six-like (ESL)]. For instance, a consortium of experts may agree on a
reference classification, as it was performed for the NRT1/PTR family [51].

That said, in this second part we mined MST from Medicago and pea. We decided to anno-
tate MtMST and PsMST based on the current clade convention, using the name of the repre-
sentative gene orthologs previously annotated in Arabidopsis. Here, we report 72 MtMST and
59 PsMST, aligned with 53 AtMST (Fig 2). Noticeably, the PsMST family comprise 18% less
accessions than in the Medicago genome. In contrast to the SUT family (S2 Fig), which shows
similar number of accessions and seems fully identified in both species, we envision that the
PsMST family may not be completely uncovered. For instance, we previously had identified 58
MtMST in the 3.5 version of the Medicago genome [15], here our second search in the 4.0 ver-
sion enabled the identification of additional MtMST. Moreover, the number of predicted
transmembrane domains seems to confirm that the newly identified transporters are full
length transporters (S1 Table) since they possess a comparable number of transmembrane
domains than Arabidopsis homologs, which have been functionally characterized.

We also confirm that MtMST and PsMST accessions fall into the seven MST clades (Fig 2),
described above. Thus, we identified 30 MtSTP and 21 PsSTP divided in eight subclades
(STP1, STP2, STP3, STP4, STP5, STP7, STP13, STP14); 11MtPLT and 12 PsPLT divided in
three subclades (PLT1, PLT3 and PLT4); 5 MtTMT and 4 PsTMT divided in two subclades
(TMT1 and TMT2); 9 MtINT and 5 PsINT divided in two subclades (INT1 and INT2); 5
MtpGlcT/SGB and 6 PspGlcT/SGB divided in pGIcT and SGB subclades; 2 MtVGT and 2
PsVGT in a single VGT clade; finally, 10 MtESL and 9 PsESL divided in three subclades (ESL1,
ESL2 and ESL3).

Based on the current number of accessions in Arabidopsis and Medicago genomes, we
compared MST family expansion within each clade (S2 Table). We observed a total of 19 addi-
tional MST genes in Medicago genome compared to Arabidopsis. The gene duplications are
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primarily observed in STP, PLT and INT, as these clades seems greatly expanded in Fabaceae
genomes, whereas the ESL clade shows an expansion in Arabidopsis genome. Interestingly,
similar observations were also made for the rice STP, PLT and ESL clades [14] but not for INT.
Functionally, these great MST expansions in plant genomes have not yet been investigated in
detail.

To our knowledge, only one monosaccharide transporter has been characterized in M.
truncatula. Mtstl (a gene paralog of MtSTP1.2 identified in a different subpopulation of M.
truncatula) is a glucose transporter present at the plasma membrane of root cells colonized by
arbuscular mycorrhizal fungi [52]. Here, we also retrieved both MtSTP1.2 and PsSTP1.2 ortho-
logs in the gene cluster expressed in roots in response to symbiotic microorganisms (Fig 4).

The SWEET families in Medicago and pea

Complete inventory of the SWEET family has already been performed in the latest version
(4.0) of the M. truncatula genome, uncovering 26 MtSWEET [17]. Here, we decided to take
advantage of this annotation to correctly name the 22 PsSSWEET orthologous accessions in pea
(Fig 3). Complete SWEET family was also identified from a third Fabaceae species, the tetra-
ploid soybean comprises 52 GmSWEET [16], corresponding approximatively to twice the
number of accessions than the diploid species here.

We show that MtSWEET and PsSSWEET accessions fall into the four SWEET clades, previ-
ously uncovered in Arabidopsis [7]. Arabidopsis only possesses 17 AtSWEET; gene expansion
in Fabaceae genomes seems to have mainly occur through duplications of SWEET1, SWEET?2,
SWEETS3 within clade I, SWEETS5 within clade IT and SWEET15 within clade III (S2 Table).

SWEET transporters have been discovered recently [7], it is well established that plant
SWEETsS are divided in four clades (clade I, I, IIT and IV), but subclades have never been
defined. Here, we show that Clade I can be further divided in three subclades (SWEET]1,
SWEET?2 and SWEETS3 subclades; Fig 3). Clade I transporters seems to transport sugar across
plasma membranes. Recently, MtSWEET1b (renamed here MtSWEET1.2) was shown to con-
trol glucose supply towards arbuscular mycorrhizal fungi [53]. Another leguminous clade I
SWEET, LiSWEET3 was shown to mediate sucrose transport [54] towards nodules. Therefore,
clade I SWEET show a broader substrate spectrum than SWEET from other clades and seem
involved in sugar partitioning towards symbiotic organisms (see 4.4).

Clade II is divided into two subclades (SWEET4/5 and SWEET6/7 subclades; Fig 3), as
Fabaceae do not seem to comprise a SWEETS subclade, in contrast to Arabidopsis (52 Table).
Most clade II SWEET were shown to be involved in glucose export towards reproductive
organs (pollen [55] and seeds [6]) and fungal pathogens [7], but no clade IT members has yet
been studied in a legume species.

Clade III members are further divided in three subclades (SWEET9, SWEET10-14 and
SWEET15 subclades; Fig 3). Interestingly, Fabaceae do not seem to possess a SWEET10 sub-
clade, in contrast to Arabidopsis (S2 Table). Within clade III, the SWEET15 subclade shows a
great expansion with four gene paralogs for both Medicago and pea. The single AtSWEET15
member in Arabidopsis was shown to transport sucrose and seems located at both the plasma
membrane and Golgi apparatus [56]. The role of the multiple SWEET15 members in Fabaceae
has not yet been investigated. Nevertheless, clade III SWEET are the most studied so far.
Namely, SWEET11 and SWEET12 where shown to be involved in loading sucrose towards
phloem vessels in Arabidopsis [57]. In Fabaceae, SWEET11 members may have a different
function or may not be direct orthologs of AtSWEET11 (see paragraph below). As the only
clade ITI SWEET studied so far in a fabacean species MtSWEET11, specifically transports
sucrose towards root nodules ([17], Fig 4).
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Noteworthy our phylogenetic analysis highlights that SWEET4/5 (clade II) and SWEET10-
14 (clade III) subclades may not yet be fully resolved, as some tree branches show low boot-
strap value (Fig 3). Interestingly, both subclades could not be completely resolved through a
more comprehensive analysis using a wide range of plant species, including basal plants [8].

Within clade IV, Medicago and pea only possesses a single gene copy, named SWEET16
(Fig 3). In contrast, Arabidopsis shows two genomic loci (AtSWEET16 and AtSWEET17; S2
Table). Clade IV members were shown to transport sugars (notably fructose) across vacuolar
membranes [58, 59]. While MtSWEET16 seems majorly expressed in leaf, PSSWEET16 is both
expressed in shoot and root (Fig 4). The functional roles of this unique SWEET16 in Fabaceae
remain to be studied.

To conclude, in Fabaceae three SWEET have been studied in detail. LiISWEET3,
MtSWEET1.2 and MtSWEET11 seems involved in sugar partitioning towards symbiotic soil
microorganisms [17, 53, 54]. Our following analysis aims to identify transporter candidates
exploiting transcriptomic data from model and agronomic legumes.

Gene expression patterns of the sugar transportome

Here, the transportome is defined by the range of genes that encodes proteins contributing to
transport sugars across cellular membranes in Medicago and pea genomes (Figs 1, 2 and 3).
We analyze the expression patterns of the sugar transportome, mining transcriptomic data
and selecting experimental conditions of interest (Fig 4).

Our heat map mainly shows a typical transcriptional activation pattern (“switch on”), sug-
gesting that transporters are induced in organs where they exhibit a physiological function
(Fig 4 and S4 Fig). Such pattern indicate that sugar transporters are primarily regulated
through transcriptional activation of their gene expression [60]. For instance, SUT1.1 expres-
sion is switched on in shoots and leaves, where its protein product actively transports sucrose
towards phloem sieve tubes. In contrast SUT1.1 expression is lower in root system where its
role remains unknown (Fig 4). Supporting this hypothesis, it was proposed that phloem load-
ing capacity is directly proportional to the rate of transcription of symporter genes in source
leaves [60]. Noteworthy, sugar transporters also show posttranslational regulations, as for
instance through protein oligomerization and phosphorylation [61, 62].

Gene cluster induced in source leaves. We noticed that sugar transporters with a high
expression in shoot organs are usually switched off in root system (and vice versa; Fig 4). First,
we identify SUT MST and SWEET gene clusters induced in source leaf and shoot organs, rele-
vant to their physiological functions.

In the cluster of genes co-expressed in source leaf, we find major transporters involved in
long distance transport of sucrose. We also show that many Medicago and pea gene orthologs
are often located within the same cluster. For instance, see MtSUT1.1 and PsSUT1.1 posi-
tioned within the same cluster, both genes are putatively involved in loading sucrose towards
phloem (see 1.1). We also identify PsSSWEET12 in this cluster, its ortholog in Arabidopsis
(AtSWEET12) was shown to be responsible for the efflux of sucrose into the apoplasm, thus
feeding sucrose for further import by SUT1.1 into the sieve element-companion cell [57].
Alongside SWEET12, several clade III SWEET were also recovered within this sub-cluster
(MtSWEET13, PsSSWEET13 and PsSWEET14), these candidates may also participate in long
distance transport of sucrose from source to sink organs.

Interestingly, we also identify a large cluster of MST co-expressed in source leaf. This cluster
comprises several MST paralogs positioned within the same sub-cluster, specifically expressed
in leaf (see PsPLT1, PsSTMT2, PsSTP3). A transporter from the PLT1 clade was characterized
in L. japonicus, LjPLT4 is a xylitol transporter and shows its maximum of expression in leaf
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[63]. In source organs, MST are required at the plastid membranes for the export fixed carbon,
at the tonoplast for intracellular reserve and at the plasma membrane to recover carbohydrate
generated from the cell wall and to retrieve carbohydrates leaking into the apoplast [64].

Gene cluster induced in flowers. Another cluster clearly stands out in flower with several
MST and SWEET specifically expressed during floral development (Fig 4). Three SWEET
orthologs are co-expressed in this “flower cluster” (MtSWEET1.1, PsSSWEETI.1, MtSWEET?,
PsSWEET7, MtSWEET9.2, PsSSWEET9), here SWEET seems to coordinate sugar allocation
during flowering (Fig 4). Consistent with our findings, the SWEET9 ortholog in Arabidopsis is
a sucrose transporter involved in nectar production [65] and seems specifically expressed in
flowers (5S4 Fig). In parallel, AtSWEETI and AtSWEET? are also highly expressed during floral
development [9], but we could only verify this information for AtSWEET] based on available
transcriptomic data (S4 Fig). The role of SWEET1 and SWEET?7 in flower has not yet been
deciphered.

A large cluster of MST transport systems is also switched on in flowers (Fig 4). In the litera-
ture, only VGT members (AtVGT1 and AtpSuT) were clearly shown to transport both mono-
saccharide and sucrose necessary for flowering onset [66, 67]. Here, our transcriptomic
analysis identifies different MST induced in Fabaceae flowers (Fig 4), indicating that Fabaceae
species might employ a different cascade of transporters during floral development.

Gene cluster induced in sink seeds. We also screened for gene candidates involved in
sugar transport towards major carbon sinks, as for instance gene clusters potentially filling
nutrients into seeds. Here again, we uncover orthologous genes switched on in both pea
and Medicago, namely SWEET15 from clade III (MtSWEET15.1, PsSSWEET15.1 and
MtSWEET15.2, PsSSWEET15.2; Figs 3 and 4). The unique AtSWEET15 gene in Arabidopsis is
mostly expressed during seed development (S4 Fig). SWEET15 are sucrose transporters
involved in nutrient provision towards the embryo and for seed filling in soybean, Arabidopsis
and rice [56, 68, 69]. The orthologous genes in soybean (GmSWEET15.1 and GmSWEET15.2)
are essential for embryo development by mediating sucrose export from the endosperm to the
embryo during early in seed development [69]. Moreover, several paralogous pea accessions
of the SWEET4/5 clade II were also identified in this “sink seed cluster” (PsSWEET5.1,
PsSWEETS5.2 and PsSWEET5.3, Figs 3 and 4); it was shown that ZmSWEET4 and OsSWEET4
mediate seed filling in cereal grain crops [6]. Noteworthy, it has been shown that SWEET4
genes, controlling the agronomically important trait of filling nutrients into seeds, were sub-
jected to selection during crop domestication [6]. Here we identify large clusters of SWEET
and MST candidates induced in Medicago and pea seeds (Fig 4). However, the exact function
of these sugar transporters has not yet been investigated in a leguminous grain crop.

Gene cluster induced by root symbioses. As sugars are also diverted toward non-plant
sinks, we screened for candidates involved in sugar transport towards beneficial microbes liv-
ing in the rhizosphere. Indeed, plant colonization by heterotrophic organisms increases sugar
demand, consequently long-distance transport mediated by SUT is also impacted. We previ-
ously showed that MtSUT's show a fine-tuning regulation in response to symbiotic partners [5,
18]. Here we only have limited data regarding MtSUT regulation in response to AMF (arbus-
cular mycorrhizal fungi), however all PsSUT and MtSUT (except MtSUT1.2, PsSUT1.2 and
PsSUT1.3) show a fine-tuning regulation during rhizobial development (Fig 4).

We also retrieve putative vacuolar sucrose transporters MtTMT1.1 and MtTMT1.3 (Fig 4)
belonging to the MST family (Fig 2). Confirming the robustness of our candidate search,
MtTMT1I.1 was previously identified in neighboring cells colonized by AMF (arbuscular
mycorrhizal fungi; [70]).

Within the MST family, we recover several transporters from the STP clades expressed dur-
ing root symbioses (Fig 4). As previously mentioned (see 2), MtSTP1.2 is the only MST
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characterized in Medicago and was shown to be induced in cells colonized by AMF and in
neighboring root cells [52]. Also, we retrieved several STP5 accessions in this root clusters,
namely orthologous genes MtSTP5.2, PsSTP5.2 as well as PsSTP5.4. We further identify trans-
porters from the STP13 subclade, both MtSTP13.1 and PsSTP13.2 seem induced in root nodule
(Fig 4). Interestingly, STP13 proteins seem to regulate carbon diversion towards both symbi-
otic and parasitic microorganisms [71, 72]. STP transporters compete with fungal and bacterial
transporters to retrieve carbohydrates back towards plant cells [73].

Our analysis also confirmed that SWEET3 homologs (PsSWEET3.1, MtSWEET3.3 and
LiSWEETS3 [54]), SWEET11 orthologs (MtSWEETI11 and PsSSWEET11 [17]) and SWEET15
orthologs (MtSWEET15.3 and PsSWEET15.3 [74]) are specifically induced in root nodules
across Fabaceae species (Fig 4).

Interestingly, numerous transporters are strongly activated by mycorrhizal symbioses, but
none seem AM specific [18, 75]. For instance, we identify SWEET1 orthologs (MtSWEET1.2
and PsSWEET1.2; Fig 4). MtSWEET1.2 is induced in both nodulated and mycorrhizal roots
and the transporter localizes to the plant-fungal interface [53, 76].

Thus, we uncover transporters regulated in response to both N-fixing bacteria and mycor-
rhizal fungi. Early signaling pathway resulting in a successful symbiotic interaction is shared
between mycorrhiza and Rhizobia, this common symbiotic pathway is well described (for
review see [77]). In contrast, the occurrence of a “common symbiotic transport pathway”,
shared by both fungi and bacteria in the later stages of the symbioses and regulating the nutri-
ent trades with the plant, remains an open question.

Conclusions

Thus, we release sugar transporter families in Fabaceae species, focusing on the model plant
Medicago truncatula and the agricultural crop Pisum sativum. We identify SUT MST and
SWEET candidates controlling sugar allocation within plants and between organisms. Identi-
fying candidates driving carbon cycles towards the plant-microbe-soil continuum may lead
towards agroecological applications, as for instance improving the yield and quality of grain
productions by promoting the use of symbiotic microorganisms naturally present in the soil
biodiversity. The appropriate management of these ecosystem services will impact on natural
resources with an obvious net gain for human society [78].
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S1 Fig. Phylogenetic tree of the Papilionoideae subfamily. The tree is a simplified represen-
tation with triangles describing the major clades, including the plastid DNA inverted repeat-
lacking clade (IRLC). Adapted from [79] and The Legume Phylogeny Working Group 2013
[80].
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S2 Fig. Phylogenetic tree of Medicago and pea SUT families. The 7 MtSUT (regular font)
were retrieved from the M. truncatula genome v4.0 and 7 PsSUT (bold font) from the pea
Gene Atlas.
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S3 Fig. SUT2 gene expression patterns. Pisum sativum expression was retrieved from the pea
gene atlas, Lotus japonicus from ExpAt (https://lotus.au.dk/expat/), Glycine max, Arabidopsis
and Zea mays from ePlant (https://bar.utoronto.ca/eplant/).
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S4 Fig. Gene expression patterns of Arabidopsis sugar transporters. Expression profiles of
AtSUT (top panel), AtMST (middle panel) and AtSWEET (bottom panel) from plant samples
(rosette leaf #6, vegetative rosette, stem second internode, flower stage 15, seed stage 3, 5, 7 and
9, and roots; [81]). The heat map shows z-score normalized expression by root mean square
(green: low expression, red: high expression).
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$2 Table. Comparative analysis of MST and SWEET clades in Arabidopsis, Medicago trun-
catula and Pisum sativum.
(XLSX)

Acknowledgments

We thank all members of the SEVE lab (EBI, University of Poitiers) for their contributions.
We also thank Judith Burstin, Karine Gallardo and Vanessa Vernoud (INRA, Dijon) for their
fruitful discussions.

Author Contributions
Conceptualization: Joan Doidy, Rémi Lemoine.
Data curation: Joan Doidy, Ugo Vidal.

Formal analysis: Joan Doidy, Ugo Vidal.
Investigation: Joan Doidy.

Methodology: Joan Doidy.

Supervision: Joan Doidy, Rémi Lemoine.
Writing - original draft: Joan Doidy.

Writing - review & editing: Rémi Lemoine.

References
1. De Ron AM. Grain Legumes. Springer-Verlag New York ed: Springer-Verlag New York; 2015. 438 p.

2. Stagnari F, Maggio A, Galieni A, Pisante M. Multiple benefits of lequmes for agriculture sustainability:
an overview. Chemical and Biological Technologies in Agriculture. 2017; 4(1):2.

3. Wezel A, Casagrande M, Celette F, Vian J-F, Ferrer A, Peigné J. Agroecological practices for sustain-
able agriculture. A review. Agronomy for Sustainable Development. 2014; 34(1):1-20.

4. Duchene O, Vian J-F, Celette F. Intercropping with legume for agroecological cropping systems: Com-
plementarity and facilitation processes and the importance of soil microorganisms. A review. Agricul-
ture, Ecosystems & Environment. 2017; 240:148-61.

5. Hennion N, Durand M, Vriet C, Doidy J, Maurousset L, Lemoine R, et al. Sugars en route to the roots.
Transport, metabolism and storage within plant roots and towards microorganisms of the rhizosphere.
Physiologia Plantarum. 2018;0(0).

6. SossoD, LuoD, LiQ-B, Sasse J, Yang J, Gendrot G, et al. Seed filling in domesticated maize and rice
depends on SWEET-mediated hexose transport. Nat Genet. 2015; 47(12):1489-93. https://doi.org/10.
1038/ng.3422 PMID: 26523777

7. ChenLQ, Hou BH, Lalonde S, Takanaga H, Hartung ML, Qu XQ, et al. Sugar transporters for intercellu-
lar exchange and nutrition of pathogens. Nature. 2010; 468(7323):527—32. https://doi.org/10.1038/
nature09606 PMID: 21107422

PLOS ONE | https://doi.org/10.1371/journal.pone.0223173 September 30, 2019 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223173.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223173.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0223173.s006
https://doi.org/10.1038/ng.3422
https://doi.org/10.1038/ng.3422
http://www.ncbi.nlm.nih.gov/pubmed/26523777
https://doi.org/10.1038/nature09606
https://doi.org/10.1038/nature09606
http://www.ncbi.nlm.nih.gov/pubmed/21107422
https://doi.org/10.1371/journal.pone.0223173

@ PLOS|ONE

Sugar transporters in Fabaceae

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Eom J-S, Chen L-Q, Sosso D, Julius BT, Lin IW, Qu X-Q, et al. SWEETS, transporters for intracellular
and intercellular sugar translocation. Current Opinion in Plant Biology. 2015; 25:53-62. https://doi.org/
10.1016/j.pbi.2015.04.005 PMID: 25988582

Jeena GS, Kumar S, Shukla RK. Structure, evolution and diverse physiological roles of SWEET sugar
transporters in plants. Plant molecular biology. 2019.

Wang L, Patrick JW, Ruan Y-L. Live Long and Prosper: Roles of Sugar and Sugar Polymers in Seed
Vigor. Molecular Plant. 2018; 11(1):1-3. https://doi.org/10.1016/j.molp.2017.12.012 PMID: 29274385

Riesmeier JW, Willmitzer L, Frommer WB. Isolation and characterization of a sucrose carrier cDNA
from spinach by functional expression in yeast. EMBO Journal. 1992; 11(13):4705-13. PMID: 1464305

Peng D, Gu X, Xue L, Leebens-Mack JH, Tsai C-J. Bayesian phylogeny of sucrose transporters:
Ancient origins, differential expansion and convergent evolution in monocots and dicots. Frontiers in
Plant Science. 2014;5. https://doi.org/10.3389/fpls.2014.00005

Buttner M. The monosaccharide transporter(-like) gene family in Arabidopsis. FEBS Letters. 2007; 581
(12):2318-24. https://doi.org/10.1016/j.febslet.2007.03.016 PMID: 17379213

Johnson DA, Thomas MA. The monosaccharide transporter gene family in Arabidopsis and rice: A his-
tory of duplications, adaptive evolution, and functional divergence. Molecular Biology and Evolution.
2007; 24(11):2412-23. https://doi.org/10.1093/molbev/msm184 PMID: 17827171

Doidy J, Grace E, Kiihn C, Simon-Plas F, Casieri L, Wipf D. Sugar transporters in plants and in their
interactions with fungi. Trends in Plant Science. 2012; 17(7):413-22. https://doi.org/10.1016/j.tplants.
2012.03.009 PMID: 22513109

Patil G, Valliyodan B, Deshmukh R, Prince S, Nicander B, Zhao M, et al. Soybean (Glycine max)
SWEET gene family: insights through comparative genomics, transcriptome profiling and whole
genome re-sequence analysis. BMC Genomics. 2015; 16(1):1-16.

Kryvoruchko IS, Sinharoy S, Torres-Jerez |, Sosso D, Pislariu Cl, Guan D, et al. MtSWEET11, a Nod-
ule-Specific Sucrose Transporter of Medicago truncatula. Plant Physiology. 2016; 171(1):554—65.
https://doi.org/10.1104/pp.15.01910 PMID: 27021190

Doidy J, van Tuinen D, Lamotte O, Corneillat M, Alcaraz G, Wipf D. The Medicago truncatula sucrose
transporter family. Characterization and implication of key members in carbon partitioning towards
arbuscular mycorrhizal fungi. Molecular Plant. 2012: https://doi.org/10.1093/mp/sss079 PMID:
22930732

Zhou YC, Qu HX, Dibley KE, Offler CE, Patrick JW. A suite of sucrose transporters expressed in coats
of developing legume seeds includes novel pH-independent facilitators. The Plant Journal. 2007; 49
(4):750-64. https://doi.org/10.1111/j.1365-313X.2006.03000.x PMID: 17253986

Zhou'Y, Chan K, Wang TL, Hedley CL, Offler CE, Patrick JW. Intracellular sucrose communicates met-
abolic demand to sucrose transporters in developing pea cotyledons. Journal of experimental botany.
2009; 60(1):71-85. https://doi.org/10.1093/jxb/ern254 PMID: 18931350

Dhandapani P, Song J, Novak O, Jameson PE. Infection by Rhodococcus fascians maintains cotyle-
dons as a sink tissue for the pathogen. Annals of Botany. 2016; 119(5):841-52.

Krishnakumar V, Kim M, Rosen BD, Karamycheva S, Bidwell SL, Tang H, et al. MTGD: The Medicago
truncatula Genome Database. Plant and Cell Physiology. 2014; 56(1):e1—e. https://doi.org/10.1093/
pcp/pcul79 PMID: 25432968

Young ND, Debelle F, Oldroyd GED, Geurts R, Cannon SB, Udvardi MK, et al. The Medicago genome
provides insight into the evolution of rhizobial symbioses. Nature. 2011; 480:520—4. https://doi.org/10.
1038/nature 10625 PMID: 22089132

Alves-Carvalho S, Aubert G, Carrére S, Cruaud C, Brochot A-L, Jacquin F, et al. Full-length de novo
assembly of RNA-seq data in pea (Pisum sativum L.) provides a gene expression atlas and gives
insights into root nodulation in this species. The Plant Journal. 2015; 84(1):1-19. https://doi.org/10.
1111/tpj.12967 PMID: 26296678

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, et al. Phytozome: a comparative
platform for green plant genomics. Nucleic Acids Res. 2012; 40(D1):D1178-D86.

Dash S, Campbell JD, Cannon EKS, Cleary AM, Huang W, Kalberer SR, et al. Legume information sys-
tem (Legumelnfo.org): a key component of a set of federated data resources for the legume family.
Nucleic Acids Res. 2016; 44(D1):D1181-D8. https://doi.org/10.1093/nar/gkv1159 PMID: 26546515

Hall T. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Win-
dows 95/98/NT1999. 95-8 p.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Big-
ger Datasets. Molecular Biology and Evolution. 2016; 33(7):1870—4. https://doi.org/10.1093/molbev/
msw054 PMID: 27004904

PLOS ONE | https://doi.org/10.1371/journal.pone.0223173 September 30, 2019 16/19


https://doi.org/10.1016/j.pbi.2015.04.005
https://doi.org/10.1016/j.pbi.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25988582
https://doi.org/10.1016/j.molp.2017.12.012
http://www.ncbi.nlm.nih.gov/pubmed/29274385
http://www.ncbi.nlm.nih.gov/pubmed/1464305
https://doi.org/10.3389/fpls.2014.00005
https://doi.org/10.1016/j.febslet.2007.03.016
http://www.ncbi.nlm.nih.gov/pubmed/17379213
https://doi.org/10.1093/molbev/msm184
http://www.ncbi.nlm.nih.gov/pubmed/17827171
https://doi.org/10.1016/j.tplants.2012.03.009
https://doi.org/10.1016/j.tplants.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22513109
https://doi.org/10.1104/pp.15.01910
http://www.ncbi.nlm.nih.gov/pubmed/27021190
https://doi.org/10.1093/mp/sss079
http://www.ncbi.nlm.nih.gov/pubmed/22930732
https://doi.org/10.1111/j.1365-313X.2006.03000.x
http://www.ncbi.nlm.nih.gov/pubmed/17253986
https://doi.org/10.1093/jxb/ern254
http://www.ncbi.nlm.nih.gov/pubmed/18931350
https://doi.org/10.1093/pcp/pcu179
https://doi.org/10.1093/pcp/pcu179
http://www.ncbi.nlm.nih.gov/pubmed/25432968
https://doi.org/10.1038/nature10625
https://doi.org/10.1038/nature10625
http://www.ncbi.nlm.nih.gov/pubmed/22089132
https://doi.org/10.1111/tpj.12967
https://doi.org/10.1111/tpj.12967
http://www.ncbi.nlm.nih.gov/pubmed/26296678
https://doi.org/10.1093/nar/gkv1159
http://www.ncbi.nlm.nih.gov/pubmed/26546515
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1371/journal.pone.0223173

@ PLOS|ONE

Sugar transporters in Fabaceae

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Jones DT, Taylor WR, Thornton JM. The rapid generation of mutation data matrices from protein
sequences. Bioinformatics. 1992; 8(3):275-82.

He J, Benedito VA, Wang M, Murray JD, Zhao PX, Tang Y, et al. The Medicago truncatula gene expres-
sion atlas web server. BMC Bioinformatics. 2009; 10:441-. https://doi.org/10.1186/1471-2105-10-441
PMID: 20028527

Benedito VA, Torres-Jerez |, Murray JD, Andriankaja A, Allen S, Kakar K, et al. A gene expression atlas
of the model legume Medicago truncatula. The Plant Journal. 2008; 55(3):504—13. https://doi.org/10.
1111/1.1365-313X.2008.03519.x PMID: 18410479

Ruffel S, Freixes S, Balzergue S, Tillard P, Jeudy C, Martin-Magniette ML, et al. Systemic signaling of
the plant nitrogen status triggers specific transcriptome responses depending on the nitrogen source in
Medicago truncatula. Plant physiology. 2008; 146(4):2020-35. https://doi.org/10.1104/pp.107.115667
PMID: 18287487

Hogekamp C, Arndt D, Pereira P, Becker JD, Hohnjec N, Kister H. Laser-microdissection unravels cell-
type specific transcription in arbuscular mycorrhizal roots, including CAAT-box TF gene expression cor-
relating with fungal contact and spread. Plant Physiology. 2011:published October 26, 2011, hitps://
doi.org/10.1104/pp.111.186635

Saeed A, Sharov V, White J, Li J, Liang W, Bhagabati N, et al. TM4: a free, open-source system for
microarray data management and analysis. Biotechniques. 2003; 34(2).

Kreplak J, Madoui M-A, Céapal P, Novék P, Labadie K, Aubert G, et al. A reference genome for pea pro-
vides insight into legume genome evolution. Nature Genetics. 2019; 51(9):1411-22. https://doi.org/10.
1038/s41588-019-0480-1 PMID: 31477930

Lalonde S, Frommer WB. SUT sucrose and MST monosaccharide transporter inventory of the Selagi-
nella genome. Frontiers in Plant Science. 2012;3. https://doi.org/10.3389/fpls.2012.00003

Overvoorde P, Frommer W, Grimes H. A Soybean Sucrose Binding Protein Independently Mediates
Nonsaturable Sucrose Uptake in Yeast1996. 271-80 p.

Aldape MJ, EImer AM, Chao WS, Grimes HD. Identification and characterization of a sucrose trans-
porter isolated from the developing cotyledons of soybean. Archives of Biochemistry and Biophysics.
2003; 409(2):243-50. https://doi.org/10.1016/s0003-9861(02)00631-8 PMID: 12504891

Weber H, Borisjuk L, Heim U, Sauer N, Wobus U. A role for sugar transporters during seed develop-
ment: molecular characterization of a hexose and a sucrose carrier in fava bean seeds. The Plant Cell.
1997; 9(6):895-908. hitps://doi.org/10.1105/tpc.9.6.895 PMID: 9212465

Tegeder M, Wang XD, Frommer WB, Offler CE, Patrick JW. Sucrose transport into developing seeds of
Pisum sativum L. Plant Journal. 1999; 18(2):151-61. https://doi.org/10.1046/j.1365-313x.1999.00439.x
PMID: 10363367

Flemetakis E, Dimou M, Cotzur D, Efrose RC, Aivalakis G, Colebatch G, et al. A sucrose transporter,
LjSUT4, is up-regulated during Lotus japonicus nodule development*. Journal of experimental botany.
2003; 54(388):1789-91. https://doi.org/10.1093/jxb/erg179 PMID: 12754265

Reinders A, Sivitz A, Starker C, Gantt J, Ward J. Functional analysis of LjiSUT4, a vacuolar sucrose
transporter from Lotus japonicus. Plant molecular biology. 2008; 68(3):289-99. https://doi.org/10.1007/
$11103-008-9370-0 PMID: 18618272

Zhang C, Turgeon R. Downregulating the sucrose transporter VpSUTT in Verbascum phoeniceum
does not inhibit phloem loading. Proceedings of the National Academy of Sciences of the United States
of America. 2009; 106(44):18849-54. https://doi.org/10.1073/pnas.0904189106 PMID: 19846784

Gottwald JR, Krysan PJ, Young JC, Evert RF, Sussman MR. Genetic evidence for the in planta role of
phloem-specific plasma membrane sucrose transporters. Proceedings of the National Academy of Sci-
ences of the United States of America. 2000; 97(25):13979-84. https://doi.org/10.1073/pnas.
250473797 PMID: 11087840

Rennie EA, Turgeon R. A comprehensive picture of phloem loading strategies. Proceedings of the
National Academy of Sciences of the United States of America. 2009; 106(33):14162—7. https://doi.org/
10.1073/pnas.0902279106 PMID: 19666555

Barker L, Kuhn C, Weise A, Schulz A, Gebhardt C, Hirner B, et al. SUT2, a putative sucrose sensor in
sieve elements. Plant Cell. 2000; 12(7):1153-64. https://doi.org/10.1105/tpc.12.7.1153 PMID:
10899981

Hackel A, Schauer N, Carrari F, Fernie A, Grimm B, Kithn C. Sucrose transporter LeSUT1 and LeSUT2
inhibition affects tomato fruit development in different ways. The Plant Journal. 2006; 45(2):180-92.
https://doi.org/10.1111/j.1365-313X.2005.02572.x PMID: 16367963

Bitterlich M, Kriigel U, Boldt-Burisch K, Franken P, Kithn C. The sucrose transporter SISUT2 from
tomato interacts with brassinosteroid functioning and affects arbuscular mycorrhiza formation. The
Plant Journal. 2014; 78(5):877-89. https://doi.org/10.1111/tpj.12515 PMID: 24654931

PLOS ONE | https://doi.org/10.1371/journal.pone.0223173 September 30, 2019 17/19


https://doi.org/10.1186/1471-2105-10-441
http://www.ncbi.nlm.nih.gov/pubmed/20028527
https://doi.org/10.1111/j.1365-313X.2008.03519.x
https://doi.org/10.1111/j.1365-313X.2008.03519.x
http://www.ncbi.nlm.nih.gov/pubmed/18410479
https://doi.org/10.1104/pp.107.115667
http://www.ncbi.nlm.nih.gov/pubmed/18287487
https://doi.org/10.1104/pp.111.186635
https://doi.org/10.1104/pp.111.186635
https://doi.org/10.1038/s41588-019-0480-1
https://doi.org/10.1038/s41588-019-0480-1
http://www.ncbi.nlm.nih.gov/pubmed/31477930
https://doi.org/10.3389/fpls.2012.00003
https://doi.org/10.1016/s0003-9861(02)00631-8
http://www.ncbi.nlm.nih.gov/pubmed/12504891
https://doi.org/10.1105/tpc.9.6.895
http://www.ncbi.nlm.nih.gov/pubmed/9212465
https://doi.org/10.1046/j.1365-313x.1999.00439.x
http://www.ncbi.nlm.nih.gov/pubmed/10363367
https://doi.org/10.1093/jxb/erg179
http://www.ncbi.nlm.nih.gov/pubmed/12754265
https://doi.org/10.1007/s11103-008-9370-0
https://doi.org/10.1007/s11103-008-9370-0
http://www.ncbi.nlm.nih.gov/pubmed/18618272
https://doi.org/10.1073/pnas.0904189106
http://www.ncbi.nlm.nih.gov/pubmed/19846784
https://doi.org/10.1073/pnas.250473797
https://doi.org/10.1073/pnas.250473797
http://www.ncbi.nlm.nih.gov/pubmed/11087840
https://doi.org/10.1073/pnas.0902279106
https://doi.org/10.1073/pnas.0902279106
http://www.ncbi.nlm.nih.gov/pubmed/19666555
https://doi.org/10.1105/tpc.12.7.1153
http://www.ncbi.nlm.nih.gov/pubmed/10899981
https://doi.org/10.1111/j.1365-313X.2005.02572.x
http://www.ncbi.nlm.nih.gov/pubmed/16367963
https://doi.org/10.1111/tpj.12515
http://www.ncbi.nlm.nih.gov/pubmed/24654931
https://doi.org/10.1371/journal.pone.0223173

@ PLOS|ONE

Sugar transporters in Fabaceae

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Schneider S, Hulpke S, Schulz A, Yaron |, Héll J, Imlau A, et al. Vacuoles release sucrose via tonoplast-
localised SUC4-type transporters. Plant Biology. 2011; 14(2):325-36. https://doi.org/10.1111/j.1438-
8677.2011.00506.x PMID: 21972845

Komarova NY, Meier S, Meier A, Grotemeyer MS, Rentsch D. Determinants for Arabidopsis peptide
transporter targeting to the tonoplast or plasma membrane. Traffic. 2012: https://doi.org/10.1111/].600-
0854.2012.01370.x

Léran S, Varala K, Boyer J-C, Chiurazzi M, Crawford N, Daniel-Vedele F, et al. A unified nomenclature
of NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER family members in plants. Trends in Plant
Science. 2014; 19(1):5-9. https://doi.org/10.1016/j.tplants.2013.08.008 PMID: 24055139

Harrison MJ. A sugar transporter from Medicago truncatula: Altered expression pattern in roots during
vesicular-arbuscular (VA) mycorrhizal associations. The Plant Journal. 1996; 9(4):491-5083. https://doi.
org/10.1046/j.1365-313x.1996.09040491.x PMID: 8624512

AnJ, Zeng T, Ji C, de Graaf S, Zheng Z, Xiao TT, et al. A Medicago truncatula SWEET transporter
implicated in arbuscule maintenance during arbuscular mycorrhizal symbiosis. New Phytologist. 2019;0
(ja).

Sugiyama A, Saida Y, Yoshimizu M, Takanashi K, Sosso D, Frommer WB, et al. Molecular Characteri-
zation of LiISWEETS3, a Sugar Transporter in Nodules of Lotus japonicus. Plant and Cell Physiology.
2016; 58(2):298—-306.

Sun MX, Huang XY, Yang J, Guan YF, Yang ZN. Arabidopsis RPG1 is important for primexine deposi-
tion and functions redundantly with RPG2 for plant fertility at the late reproductive stage. Plant reproduc-
tion. 2013; 26(2):83-91. https://doi.org/10.1007/s00497-012-0208-1 PMID: 23686221

Chen L-Q, Lin IW, Qu X-Q, Sosso D, McFarlane HE, Londofio A, et al. A Cascade of Sequentially
Expressed Sucrose Transporters in the Seed Coat and Endosperm Provides Nutrition for the Arabidop-
sis Embryo. The Plant Cell. 2015; 27(3):607-19. https://doi.org/10.1105/tpc.114.134585 PMID:
25794936

Chen L-Q, Qu X-Q, Hou B-H, Sosso D, Osorio S, Fernie AR, et al. Sucrose efflux mediated by SWEET
proteins as a key step for phloem transport. Science. 2012; 335(6065):207—11. https://doi.org/10.1126/
science.1213351 PMID: 22157085

Klemens PAW, Patzke K, Deitmer J, Spinner L, Le Hir R, Bellini C, et al. Overexpression of the Vacuolar
Sugar Carrier AASWEET16 Modifies Germination, Growth, and Stress Tolerance in Arabidopsis. Plant
Physiology. 2013; 163(3):1338-52. https://doi.org/10.1104/pp.113.224972 PMID: 24028846

Guo W-J, Nagy R, Chen H-Y, Pfrunder S, Yu Y-C, Santelia D, et al. SWEET17, a facilitative transporter,
mediates fructose transport across the tonoplast of Arabidopsis roots and leaves. Plant physiology.
2014; 164(2):777-89. https://doi.org/10.1104/pp.113.232751 PMID: 24381066

Ainsworth E, Bush D. Carbohydrate export from the leaf—A highly regulated process and target to
enhance photosynthesis and productivity. Plant Physiology. 2010; 155:64—9. https://doi.org/10.1104/
pp.110.167684 PMID: 20971857

Xuan YH, Hu YB, Chen L-Q, Sosso D, Ducat DC, Hou B-H, et al. Functional role of oligomerization for
bacterial and plant SWEET sugar transporter family. Proceedings of the National Academy of Sciences.
2013; 110(39):E3685-E94.

Ma Q-J, Sun M-H, Kang H, Lu J, You C-X, Hao Y-J. A CIPK protein kinase targets sucrose transporter
MdSUT2.2 at Ser254 for phosphorylation to enhance salt tolerance. Plant, Cell & Environment. 2019;
42(3):918-30.

Kalliampakou KIl, Kouri ED, Boleti H, Pavli O, Maurousset L, Udvardi MK, et al. Cloning and functional
characterization of LjPLT4, a plasma membrane xylitol H+- symporter from Lotus japonicus. Molecular
Membrane Biology. 2011; 28(1):1-13. https://doi.org/10.3109/09687688.2010.500626 PMID:
21219252

Slewinski TL. Diverse Functional Roles of Monosaccharide Transporters and their Homologs in Vascu-
lar Plants: A Physiological Perspective. Molecular Plant. 2011; 4(4):641-62. https://doi.org/10.1093/
mp/ssr051 PMID: 21746702

Lin IW, Sosso D, Chen L-Q, Gase K, Kim S-G, Kessler D, et al. Nectar secretion requires sucrose phos-
phate synthases and the sugar transporter SWEET9. Nature. 2014; 508:546. https://doi.org/10.1038/
nature13082 PMID: 24670640

Aluri S, Buttner M. Identification and functional expression of the Arabidopsis thaliana vacuolar glucose
transporter 1 and its role in seed germination and flowering. Proceedings of the National Academy of
Sciences of the United States of America. 2007; 104(7):2537—42. https://doi.org/10.1073/pnas.
0610278104 PMID: 17284600

Patzke K, Prananingrum P, Klemens PAW, Trentmann O, Rodrigues CM, Keller |, et al. The Plastidic
Sugar Transporter pSuT Influences Flowering and Affects Cold Responses. Plant Physiology. 2019;
179(2):569-87. https://doi.org/10.1104/pp.18.01036 PMID: 30482788

PLOS ONE | https://doi.org/10.1371/journal.pone.0223173 September 30, 2019 18/19


https://doi.org/10.1111/j.1438-8677.2011.00506.x
https://doi.org/10.1111/j.1438-8677.2011.00506.x
http://www.ncbi.nlm.nih.gov/pubmed/21972845
https://doi.org/10.1111/j.600-0854.2012.01370.x
https://doi.org/10.1111/j.600-0854.2012.01370.x
https://doi.org/10.1016/j.tplants.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24055139
https://doi.org/10.1046/j.1365-313x.1996.09040491.x
https://doi.org/10.1046/j.1365-313x.1996.09040491.x
http://www.ncbi.nlm.nih.gov/pubmed/8624512
https://doi.org/10.1007/s00497-012-0208-1
http://www.ncbi.nlm.nih.gov/pubmed/23686221
https://doi.org/10.1105/tpc.114.134585
http://www.ncbi.nlm.nih.gov/pubmed/25794936
https://doi.org/10.1126/science.1213351
https://doi.org/10.1126/science.1213351
http://www.ncbi.nlm.nih.gov/pubmed/22157085
https://doi.org/10.1104/pp.113.224972
http://www.ncbi.nlm.nih.gov/pubmed/24028846
https://doi.org/10.1104/pp.113.232751
http://www.ncbi.nlm.nih.gov/pubmed/24381066
https://doi.org/10.1104/pp.110.167684
https://doi.org/10.1104/pp.110.167684
http://www.ncbi.nlm.nih.gov/pubmed/20971857
https://doi.org/10.3109/09687688.2010.500626
http://www.ncbi.nlm.nih.gov/pubmed/21219252
https://doi.org/10.1093/mp/ssr051
https://doi.org/10.1093/mp/ssr051
http://www.ncbi.nlm.nih.gov/pubmed/21746702
https://doi.org/10.1038/nature13082
https://doi.org/10.1038/nature13082
http://www.ncbi.nlm.nih.gov/pubmed/24670640
https://doi.org/10.1073/pnas.0610278104
https://doi.org/10.1073/pnas.0610278104
http://www.ncbi.nlm.nih.gov/pubmed/17284600
https://doi.org/10.1104/pp.18.01036
http://www.ncbi.nlm.nih.gov/pubmed/30482788
https://doi.org/10.1371/journal.pone.0223173

@ PLOS|ONE

Sugar transporters in Fabaceae

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Yang J, Luo D, Yang B, Frommer WB, Eom J-S. SWEET11 and 15 as key players in seed filling in rice.
New Phytologist. 2018; 218(2):604—15. https://doi.org/10.1111/nph.15004 PMID: 29393510

Wang S, Yokosho K, Guo R, Whelan J, Ruan Y-L, Ma JF, et al. The Soybean Sugar Transporter
GmSWEET15 Mediates Sucrose Export from Endosperm to Early Embryo. Plant Physiology. 2019;
180(4):2133—41. https://doi.org/10.1104/pp.19.00641 PMID: 31221732

Gomez SK, Javot H, Deewatthanawong P, Torres-Jerez |, Tang Y, Blancaflor E, et al. Medicago trunca-
tula and Glomus intraradices gene expression in cortical cells harboring arbuscules in the arbuscular
mycorrhizal symbiosis. BMC Plant Biology. 2009; 9(1):10.

Gaude N, Bortfeld S, Duensing N, Lohse M, Krajinski F. Arbuscule-containing and non-colonized corti-
cal cells of mycorrhizal roots undergo a massive and specific reprogramming during arbuscular mycor-
rhizal development. The Plant Journal. 2011; 69(3):510-28. https://doi.org/10.1111/j.1365-313X.2011.
04810.x PMID: 21978245

Lemonnier P, Gaillard C, Veillet F, Verbeke J, Lemoine R, Coutos-Thévenot P, et al. Expression of Ara-
bidopsis sugar transport protein STP13 differentially affects glucose transport activity and basal resis-
tance to Botrytis cinerea. Plant molecular biology. 2014; 85(4):473-84.

Yamada K, Saijo Y, Nakagami H, Takano Y. Regulation of sugar transporter activity for antibacterial
defense in Arabidopsis. Science. 2016; 354(6318):1427-30. https://doi.org/10.1126/science.aah5692
PMID: 27884939

Gamas P, Niebel FDC, Lescure N, Cullimore JV. Use of a subtractive hybridization approach to identify
new Medlcago truncatula genes induced during root nodule development. Molecular Plant-Microbe
Interactions. 1996; 9(4):233—42. PMID: 8634476

Manck-Gotzenberger J, Requena N. Arbuscular mycorrhiza symbiosis induces a major transcriptional
reprogramming of the potato SWEET sugar transporter family. Frontiers in Plant Science. 2016; 7.

Kafle A, Garcia K, Wang X, Pfeffer PE, Strahan GD, Biicking H. Nutrient demand and fungal access to
resources control the carbon allocation to the symbiotic partners in tripartite interactions of Medicago
truncatula. Plant, Cell & Environment. 2019; 42(1):270-84.

Oldroyd GED. Speak, friend, and enter: signalling systems that promote beneficial symbiotic associa-
tions in plants. Nature Reviews Microbiology. 2013; 11:252. https://doi.org/10.1038/nrmicro2990 PMID:
23493145

Gianinazzi S, Gollotte A, Binet M-N, van Tuinen D, Redecker D, Wipf D. Agroecology: the key role of
arbuscular mycorrhizas in ecosystem services. Mycorrhiza. 2010; 20(8):519-30. https://doi.org/10.
1007/s00572-010-0333-3 PMID: 20697748

Chaintreuil C, Rivallan R, Bertioli DJ, Klopp C, Gouzy J, Courtois B, et al. A gene-based map of the Nod
factor-independent Aeschynomene evenia sheds new light on the evolution of nodulation and legume
genomes. DNA Research. 2016; 23(4):365-76. https://doi.org/10.1093/dnares/dsw020 PMID:
27298380

Bruneau A, J. Doyle J, Herendeen P, Hughes C, Kenicer G, Lewis G, et al. Legume phylogeny and clas-
sification in the 21st century: Progress, prospects and lessons for other species-rich clades2013. 217—
48 p.

Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, Vingron M, et al. A gene expression map of Ara-
bidopsis thaliana development. Nature Genetics. 2005; 37(5):501-6. https://doi.org/10.1038/ng1543
PMID: 15806101

PLOS ONE | https://doi.org/10.1371/journal.pone.0223173 September 30, 2019 19/19


https://doi.org/10.1111/nph.15004
http://www.ncbi.nlm.nih.gov/pubmed/29393510
https://doi.org/10.1104/pp.19.00641
http://www.ncbi.nlm.nih.gov/pubmed/31221732
https://doi.org/10.1111/j.1365-313X.2011.04810.x
https://doi.org/10.1111/j.1365-313X.2011.04810.x
http://www.ncbi.nlm.nih.gov/pubmed/21978245
https://doi.org/10.1126/science.aah5692
http://www.ncbi.nlm.nih.gov/pubmed/27884939
http://www.ncbi.nlm.nih.gov/pubmed/8634476
https://doi.org/10.1038/nrmicro2990
http://www.ncbi.nlm.nih.gov/pubmed/23493145
https://doi.org/10.1007/s00572-010-0333-3
https://doi.org/10.1007/s00572-010-0333-3
http://www.ncbi.nlm.nih.gov/pubmed/20697748
https://doi.org/10.1093/dnares/dsw020
http://www.ncbi.nlm.nih.gov/pubmed/27298380
https://doi.org/10.1038/ng1543
http://www.ncbi.nlm.nih.gov/pubmed/15806101
https://doi.org/10.1371/journal.pone.0223173

