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Abstract A full-length cDNA clone (LeST3), encoding a
putative tomato sugar transporter, was isolated from my-
corrhizal roots by using a PCR-based approach. Based on
sequence similarity, conserved motifs and predicted mem-
brane topology, LeST3 was classified as a putative mono-
saccharide transporter of the sugar transporter subgroup of
the major facilitator superfamily. Southern blot analysis
showed that LeST3 represents a single-copy gene in tomato.
To investigate its function, LeST3was expressed in a hexose
transport-deficient mutant of Saccharomyces cerevisiae.
Although LeST3 was correctly transcribed in yeast, it did
not restore growth on hexoses of the S. cerevisiae mutant.
LeST3 gene expression was increased in the leaves of plants
colonised by the arbuscular mycorrhizal (AM) fungi Glo-
mus mosseae or Glomus intraradices and in those of plants
infected with the root pathogen Phytophthora parasitica.
These data suggest that LeST3 plays a role in the transport
of sugars into the sink tissues and responds to the increased
demand for carbohydrates exerted by two AM fungi and by
a root pathogen to cope with the increased metabolic ac-
tivity of the colonised/infected tissues or to supply car-
bohydrates to the AM fungus.
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Introduction

The first evidence for carbon transfer from the plant to the
fungus in arbuscular mycorrhizal (AM) symbiosis was
provided by Ho and Trappe (1973). Nowadays, there is

enough evidence that as a consequence of mycorrhizal
establishment, a higher proportion of assimilates is di-
rected toward the root, and the rate of net photosynthesis
of the host increases (Douds et al. 1988; Graham 2000;
Tinker et al. 1994). Measurements of carbon flux indicate
that up to 20% of the photosynthetically fixed carbon may
be allocated to the roots during a mycorrhizal association
(Graham 2000). Sucrose, the long-distance transport car-
bohydrate in higher plants, should play an important role in
carbon transfer in AM symbioses, and mechanisms must
exist to ensure that mycorrhizal roots receive an adequate
supply of sugars for formation, maintenance and function of
mycorrhizal structures. Accumulation of sucrose synthase
and vacuolar invertase transcripts, enzymes responsible for
sucrose catabolism, in arbuscule-colonised root cortical
cells has led to the hypothesis that these enzymes provide
metabolites and generate sink strength during the active
phase of the mycorrhizal symbiosis (Blee and Anderson
2002; Hohnjec et al. 2003).

Studies using isotopic labelling with nuclear magnetic
resonance spectrometry in AM roots and radiorespirometry
measurements on isolated intraradical hyphae have shown
that the internal mycelium of the fungus can take up and use
hexoses, mainly glucose, but not sucrose (Shachar-Hill
et al. 1995; Solaiman and Saito 1997). Therefore, it is as-
sumed that sucrose allocated to the symbiotic interfaces is
hydrolysed to glucose and fructose by a cell-wall-bound
invertase and that monosaccharides are taken up by the
fungus via ATP- and proton-potential-dependent mecha-
nisms at the symbiotic interface (Ferrol et al. 2002a; Smith
et al. 2001). However, experimental evidence for this hy-
pothesis is still lacking.

Sugar transporters play a pivotal role in sugar distribution
throughout the plant. Therefore, it is likely that these trans-
porters are regulated by the development of the AM sym-
biosis. A gene encoding a Medicago hexose transporter,
likely to be involved in sugar uptake, has been shown to be
up-regulated in Glomus versiforme colonised roots, spe-
cifically in highly colonised regions of the root (Harrison
1996). Plants have several monosaccharide and disaccha-
ride transporters to coordinate sugar movement in diverse
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tissues at different developmental stages and under varying
environmental conditions (for a review, see Büttner and
Sauer 2000; Lemoine 2000; Williams et al. 2000). These
transporters are members of the major facilitator superfam-
ily, which is characterised by a common structural motif
consisting of 12 transmembrane-spanning domains and the
presence of several other conserved amino acid motifs
(Saier et al. 1999). Whereas disaccharide transporters ap-
pear to be specific for plants, numerous genes that are
homologous to monosaccharide transporters have been
found in bacteria, fungi and mammals. Monosaccharide
transporters have been cloned from different fungi such as
yeasts (Heiland et al. 2000), Aspergillus (Yu et al. 2000),
Neurospora (Madi et al. 1997), the ectomycorrhizal fungus
Amanita muscaria (Nehls et al. 1998) and the pathogen
Uromyces fabae (Voegele et al. 2001).

In the present article, as a first step to study mechanisms
underlying carbon transfer in arbuscular mycorrhizas, we
have followed a PCR-based approach to identify genes
showing increased expression or specifically active in my-
corrhizal plants. A gene encoding a putative tomato sugar
transporter, whose expression increased in leaves but not in
roots of mycorrhizal plants, has been identified. Regulation
of this gene in plants infected with the root pathogen
Phytophthora parasitica has been also assessed to deter-
mine whether expression of this gene was specifically
regulated by the AM symbiosis.

Materials and methods

Biological material, growth conditions and plant
harvest

Tomato seeds (Lycopersicon esculentum Mill, cv 76R;
Peto Seed Company, CA) were surface-sterilized and sown
in wet autoclaved vermiculite. Plantlets were transplanted
when the first true leaf was expanded. Plants were grown in
500 ml pots containing a sterile mixture of quartz sand and
soil (1:1, v/v). Four different treatments were applied:
uninoculated control plants (C), plants inoculated with the
mycorrhizal fungi Glomus mosseae (Nicol. and Gerd.),
Gerd. and Trappe BEG119 (Gm) or Glomus intraradices
Smith and Schenck BEG121 (Gi) and plants inoculated
with the root pathogen P. parasitica var. nicotianae (Phy).
Mycorrhizal inoculation was performed as described by
Benabdellah et al. (1999) using a soil-sand-based inoculum
of the AM fungi. Control plants received a filtrate (<20 μm)
of the AM inoculum containing the microbial populations
without the AM propagules. Plants infected by the root
pathogen P. parasitica were prepared by watering 4 week-
old control plants with a suspension of P. parasitica my-
celium as previously described by Pozo et al. (1999).

Plants were grown in a constant environment (25/18°C
day/night temperature, 60% relative humidity, 16 h photo-
period, 400 μmol photons m−2 s−1), watered three times per
week with a low-phosphorus-content (25%) Long Ashton
nutrient solution (Hewitt 1952) and harvested 6 weeks after
inoculation with the AM fungi and 2 weeks after inocula-

tion with P. parasitica. Mycorrhiza development was es-
timated in root samples after trypan blue staining (Phillips
and Hayman 1970) using the gridline intersect method
(Giovannetti and Mosse 1980). The spread of P. parasitica
was estimated by evaluation of the necrotic lesions on the
roots (Pozo et al. 1999).

Nucleic acid isolation

Total RNA was isolated from frozen roots and leaves of
plants of all treatments according to Logemann et al. (1987).
Tomato genomic DNA was extracted from frozen tomato
leaves as previously described by Murray and Thompson
(1980). G. mosseae genomic DNA was extracted from
1,000 spores using the DNeasy Plant Mini Extraction Kit
(QIAGEN, Germany) according to the manufacturer’s spec-
ifications, except that the liquid nitrogen grinding step was
substituted by crushing the spores in the lysis buffer using a
micropestle.

Degenerate RT-PCR

A 2 μg RNA sample of G. mosseae mycorrhizal roots was
DNase treated and used to synthesize first-strand cDNA in a
20 μl reaction containing 4 U Avian myeloblastosis virus
reverse transcriptase (Finnzymes Oy, Finland), 200 ng ran-
dom hexamer primers, 1 mM each dNTP, 20 U RNase
inhibitor and 1X reverse transcription buffer. Degenerate
sense primer sug1 [5′-CCIGA(AG)(AT)C(ACT)CCI(CA)
GIT-3′] and antisense primer sug2 [5′-A(AG)ICC(CT)TT
IGT(CT)TGIGG-3′], designed in base to conserved motifs
present in all hexose transporters, were used for PCR am-
plification of first-strand cDNA. The PCR reaction mixture
(50 μl) contained 5% of the RT reaction described above,
200 mM dNTPs, 3 mM MgCl2, 2 mM each primer and
0.3UTaq polymerase. Amplifications were performed in an
automated thermal cycler (Gene Amp PCR System 2400,
Perkin Elmer, Foster City, CA) with an initial denaturation
for 5 min at 94°C, followed by 35 cycles with denaturation
for 30 s at 94°C, annealing for 1 min at 45°C and extension
for 1 min at 72°C, followed by a final extension for 7 min at
72°C.

Rapid amplification of cDNA ends

Five micrograms of total RNA was used for first-strand
cDNA synthesis using the sug3 primer (5′-CAAATAATA
TGGACAGTG-3′) for 5′ rapid amplification of cDNA ends
(RACE) and an oligo(dT)-adapter primer for 3′-RACE ac-
cording to the instructions of the supplier of the RACE
systems (Gibco-BRL, Germany). For 5′-RACE, one third of
the single-stranded cDNA (sscDNA) was tailed with dCTP
using terminal transferase, and one fifth of the tailed cDNA
was PCR-amplified with sug4 primer (5′-TGCAGCATAC
AGAACGAACGT-3′) and the dCTP-binding anchor prim-
er (Gibco-BRL). For 3′-RACE, one tenth of the sscDNA
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was directly used for PCR with the UAP and sug5 (5′-
GGTCTATATCGGTTCCTTTTCA-3′) primers. All condi-
tions were as described by Gibco-BRL.

Subcloning and sequencing

Polymerase chain reaction products obtained by RT-PCR
or by RACE were electrophoretically separated on 1.6%
agarose, and bands of the expected sizes were purified from
the gels using the QIAEX II gel extraction kit (QIAGEN)
and cloned into the pGEM-T Easy vector (Promega, Mad-
ison, WI), following the manufacturer’s protocols. Nucle-
otide sequences were determined by using Taq polymerase
cycle sequencingandanautomatedDNAsequencer (Perkin-
Elmer ABI Prism 373). All clones were sequenced in both
strands using universal forward and reverse primers.

Sequence analysis

The sequences were analysed using the Genetic Computer
Group program (Madison, WI). The sequence data were
compared to gene libraries (EMBL and GenBank) with
BLAST (Altschul et al. 1990) and FASTA (Pearson and
Lipman 1988) programs. Amino acid sequence compari-
sons were made with the BESTFIT program. Multiple se-
quence alignments of translated gene sequences were
carried out with the program CLUSTALW (version 1.5;
Thompson et al. 1994). Genetic distances were estimated by
using the Kimura two-parameter method employed by
PHYLIP (Felstein 1993). The tree was displayed with the
help of the TREEVIEW program (Page 1996). Protein
structure was predicted by the program TopPred2, calcu-
lated with a window size of 10 amino acids (Kyte and
Doolitle 1982).

Southern blot

Tomato genomic DNA (15 μg) was digested overnight
with the restriction enzymes BamHI and XbaI and fully
digested DNAwas separated on a 0.8% (w/v) agarose gel.
Digested DNA was then transferred to positively charged
nylon membrane (Hoffmann-La Roche Ltd, Switzerland)
by downward capillary blot in 10XSSC (1XSSC is 0.15 M
NaCl and 0.015 M sodium citrate). The sug4–sug5 region
of LeST3 was labelled with [α-32P]dCTP by PCR and used
as a probe. Hybridization of immobilized nucleic acids to
the 32P-labelled probe was performed overnight in 7%
SDS (w/v), 500 mM NaPi (pH 7.2) and 1 mM EDTA
(Church and Gilbert 1984) at 65°C. Nonspecifically bound
probe was removed by washing the filter twice with 6XSSC
and 0. 1% SDS for 15 min at 65°C, followed by two sub-
sequent stringent washes with 0.1XSSC and 0.1% SDS at
65°C for 15min each. Hybridization signals were visualised
using a Phosphor imager (Bio-Rad, Hercules, CA).

Analysis of LeST3 expression

LeST3 gene expression was studied by real-time RT-PCR
(iCycler, BioRad). cDNAs were obtained from 1 μg of
DNase-treated total RNA from the different treatments in a
20 μl reaction containing 200 U SuperScript II reverse
transcriptase (Invitrogen, Groningen, the Netherlands),
200 ng random hexamer primers, 0.5 mM each dNTP,
20 U RNase inhibitor and 1Xreverse transcription buffer.
The primer set used to amplify LeST3 in the synthesized
cDNAs were sug4 and sug5. Specificity of this primer set
was confirmed by cloning the sug4–sug5 PCR products into
the pGEMT-Easy vector (Promega) and sequencing of 10
positive clones. Each 25 μl reaction contained 0.1 μl of the
synthesized cDNA, 200 mM dNTPs, 200 nM each primer,
3 mM MgCl2, 2.5 μl 1× SyBR Green (Molecular Probes,
Eugene, OR) and 0.5 U Platinum Taq DNA polymerase
(Invitrogen, Groningen, the Netherlands) in 1XPCR buffer
[20 mM Tris–HCl (pH 8.4), 50 mM KCl].

The PCR program consisted of a 5 min incubation at
95°C to activate the hot-start recombinant Taq DNA poly-
merase, followed by 35 cycles of 30 sec at 95°C, 45 s at
58°C and 45 s at 70°C, where the fluorescence signal was
measured. The specificity of the PCR amplification proce-
dure was checked with a heat dissociation protocol (from
70°C to 100°) after the final cycle of the PCR. The effi-
ciency of the primer set was evaluated by performing real-
time PCR on several dilutions of plasmid DNA. The results
obtained on the different treatments were standardized to
the 18S rRNA levels, which were amplified with the toma-
to-specific primers R1 (5′-AAAAGGTCGACGCGGGCT-
3′) and R2 (5′-CGACAGAAGGGACGAGAC-3′) (Ferrol
et al. 2002b). Real-time PCR experiments were repeated
three times, with the threshold cycle (ct) determined in
triplicate. The average for the triplicate of one representa-
tive experiment was used in all subsequent analyses. The
relative levels of transcription were calculated by using the
2���ct method (Livak and Schmittgen 2001).

In all RT-PCR reactions a non-RT control was used to
detect any possible DNA contamination.

Heterologous expression of LeST3 in Saccharomyces
cerevisiae

The entire sequence of LeST3 was obtained by PCR using
tomato cDNA as DNA template and a set of primers
flanking the complete open reading frame. The full-length
LeST3 was ligated into the NotI site of the E. coli/S. cerev-
isiae shuttle vector pFL61 (Minet et al. 1992). S. cerevisiae
strain EBY.VW4000 (Δhxt1-17Δgal2Δstl1Δagt1Δmph2
Δmph3) (Wieczorke et al. 1999) was transformed with the
plasmid pFL61/LeST3 and pFL61 only (empty vector) using
the LiAc method. Ura+ transformants were identified by
growth at 30°C on 2% agar plates consisting of 0.67% yeast
nitrogen base with ammonium sulfate supplemented with
leucine, uracil, tryptophan, histidine and 2%maltose. Two of
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the selected transformants were streaked on plates supple-
mented with glucose, fructose, mannose or galactose as car-
bon sources. RNA from S. cerevisiae was isolated with the
RNeasy Plant Mini kit (QIAGEN) following the manufac-
turer’s instructions.

Results

Molecular cloning and sequence analysis of LeST3

PCR amplification of sscDNA from mycorrhizal roots
with a pair of degenerated primers designed on the base
of the conserved amino acid domains PESPR and PETKG
present in all sugar transporters produced a band of
∼850 bp. Cloning of the amplified DNA and sequencing
of several clones allowed identification of a partial clone
encoding a putative tomato sugar transporter. By 5′ and 3′-
RACE-PCR, a full-length 1699-bp sugar transporter cDNA
was obtained (LeST3, accession number AJ278765), with
only a few nucleotides upstream the putative ATG start
codon and a tail of 210 bp. The plant origin of the cloned
genewas demonstrated by PCR amplification of tomato and
G. mosseae genomic DNA with the gene-specific primers
sug4 and sug5 (Fig. 1) and by Southern blot analysis of
tomato genomic DNA (Fig. 2). Moreover, the existence of a
gene showing 99.79% identity to LeST3 in the recently
released TIGR tomato gene index (TC number 164118)
provides further evidence for the plant origin of the iden-
tified gene. Southern blot analysis also revealed that the
LeST3 probe hybridised to a single band in each of the di-
gested genomic DNAs, which suggests the presence of only
one LeST3 copy in the tomato genome.

The open reading frame of LeST3 encoded a polypeptide
of 480 amino acids with a calculated molecular mass of
52 kDa. Hydropathy analysis using the Kyte–Doolitle al-
gorithm (Kyte and Doolitle 1982) revealed that the protein
encoded by the cloned gene possesses 12 putative trans-
membrane domains arranged in two groups of six each
separated by a hydrophilic loop of 62 amino acids. This
hydrophobicity profile is characteristic of proteins belong-
ing to the major facilitator superfamily. A comparison of the
LeST3 sequence with entries of the GenBank revealed de-
finitive similarity to a cDNA AFLP fragment from a to-

bacco gene induced by hydrogen peroxide (92%) and to a
number of known sugar transporters from different organ-
isms, with the highest levels of identity to putative and
unpublished sugar transporters from Arabidopsis (81–68%),
to the dehydration- and cold-induced Arabidopsis ERD6
gene (60%) and to the beet vacuole-localized putative sugar
transporter (59%). The predicted amino acid sequence of
LeST3 is more similar to sugar transporters from other
plants and to glucose transporters from mammals than to
sugar transporters from tomato. All these genes belong to
the monosaccharide transport family of the sugar porter
family of the major facilitator superfamily.

The deduced amino acid sequence of LeST3 was aligned
with those of different higher plant monosaccharide trans-
porters and a phylogenetic tree was constructed (Fig. 3).
This analysis shows the existence of three major gene
subfamilies within the monosaccharide plant transporters:
the plasma membrane transporters, the plastidic transport-
ers and a third subfamily clustering the LeST3 gene, the
beet vacuole-localized transporter and some uncharacter-
ised transporters from Arabidopsis.

Heterologous expression of LeST3 in yeast

A hexose import-deficient mutant of S. cerevisiae was
transformed with the yeast expression vector pFL61 and
its derivative pFL61-LeST3 containing the LeST3 cDNA
downstream of the constitutive S. cerevisiae phosphoglyc-
erate kinase promoter to check whether the LeST3 protein
functions as a monosaccharide transporter. However, se-
lected transformants were not able to grow in the presence
of either glucose, fructose, mannose or galactose as carbon
source. To determine whether the construct was accepted
by the S. cerevisiae transcriptionmachinerywe isolated RNA
from two of the transformed yeasts and expression of LeST3
transcript was assessed by RT-PCR using gene-specific
primers. Figure 4 shows that the LeST3 gene was strongly

Fig. 2 Genomic Southern blot
analysis of LeST3. Tomato
genomic DNA (10 μg) was
digested with the restriction
enzymes indicated, electropho-
resed and transferred onto a
nylon membrane. The mem-
brane was hybridised with
the 32P-labelled LeST3 cDNA
region sug4–sug5 and washed
under high-stringency
conditions

Fig. 1 Ethidium bromide-
stained gel of the PCR products
obtained after amplification of
tomato (lane 1) and G. mosseae
(lane 2) genomic DNA with the
LeST3 specific primers sug4 and
sug5. Lanes 3 and 4 are the
negative PCR control and the
DNA markers, respectively
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expressed in the mutant yeast transformed with the pFL61
vector carrying the LeST3 gene; however, no signal was
detected in the mutant yeast transformed with the empty
vector.

Expression analysis of LeST3

LeST3 expression was assessed in leaves and roots of non-
mycorrhizal and G. mosseae- or G. intraradices-colonised
tomato plants showing 40% mycorrhizal colonisation. Sur-
prisingly, mycorrhizal colonisation did not affect root
LeST3 transcript levels; however, a clear up-regulation of
LeST3 mRNA was observed in the leaves of the plants
colonised by either G. mosseae or G. intraradices (Fig. 5).
To determine whether the observed effect was a symbiosis-
specific response, expression of LeST3was also analysed in
plants inoculated with the root pathogen P. parasitica.
Roots of the P. parasitica-inoculated plants clearly showed
necrotic areas (average rating 2.0, medium level of symp-
toms). As shown in Fig. 6, LeST3 was also up-regulated in
the leaves of the P. parasitica-infected plants, whereas it
was not affected in the roots.

Fig. 4 Expression analysis of LeST3 in S. cerevisiae. Gene
expression was analysed by RT-PCR. RNA isolated from two of the
yeasts transformed with pFL61 (lanes 1 and 2) and its derivative
pFL61-LeST3 (lanes 3 and 4) was reverse transcribed and PCR
amplified with the LeST3 specific primers sug4 and sug5. 18S rRNA
was used as a control of gene expression
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Fig. 3 Unrooted phylogenetic tree showing the evolutionary rela-
tionships of plant hexose transporters. Transporters belonging to the
plasma membrane and plastid families, and the vacuolar and other
uncharacterised hexose transporters are encircled. Sequences were
obtained from the GenBank database with the following accession
numbers: Arabidopsis thaliana (At2: NM_130369, At5: NM_121889,
At3: NM_111387; ERD6: D89051, pGlcT: AF215855, SFP1:
NM_122617; SFP2: NM_122618, STP1: X55350, STP3: AJ002399,

STP4:X66857),B. vulgaris (U43629),L. esculentum (HT2:AJ132224,
HT: AJ010942; ST3: AJ278765), M. truncatula (MST1: U38651),
Nicotiana tabacum (pGlcT: AF215852,MST1:X66856),O. europaea
(pGlcT: AY036055),Oryza. sativa (pGlcT: AC007858), P. armeniaca
(AF215853), Petunia x hybrida (MT1: AF061106), Saccharum
hybrida (SGT2: L21753), Spinacia oleracea (pGlcT: AF215851),
Solanum tuberosum (pGlcT: AF215853), Vicia faba (STP1: Z93775),
Vitis vinifera (HT: AJ001061), Zea mays (pGlcT: AF215854)
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Discussion

Based on sequence similarity, conserved motifs and pre-
dicted membrane topology, the tomato gene LeST3 has
been classified as a putative monosaccharide transporter of
the sugar porter family included in the major facilitator su-
perfamily (Saier et al. 1999). However, the phylogenetic
analysis suggests that although homologous, LeST3 is
clearly different from the functionally characterised plant
plasma membrane monosaccharide transporters.

The attempt to study its function in vivo through het-
erologous expression in a hexose transport-deficient mu-
tant of S. cerevisiae was not successful. In this regard, it is
interesting that the LeST3 protein is closely related to the
ERD6 protein of Arabidopsis and to a sugar beet putative
sugar transporter whose activity was also reported to be

undetectable in yeast cells (Chiou and Bush 1996; Kiyosue
et al. 1998). Different possibilities can be argued to ex-
plain these facts: (1) the native structure of the LeST3
protein in yeast cells may be different from that in tomato,
(2) the protein encoded by LeST3 is involved in sugar efflux
rather than in import or (3) the protein may be targeted to an
intracellular membrane. Although no intracellular targeting
signals have been found in the deduced amino acid se-
quences of LeST3, the observation that this gene shows
higher homology to the tonoplast-localized sugar transport-
er of sugar beet and to the intracellular mammalian glucose
transporters than to the plant plasma membrane transporters
suggests that the protein encoded by LeST3 might be
localized in the tonoplast. Transport systems for vacuolar
sugar uptake and efflux in plant cells still await identifica-
tion and characterisation (Lalonde et al. 2004). It has been
proposed that sucrose stored in the vacuoles is broken down
by a vacuolar invertase to generate hexoses, which are
slowly released to the cytosol, where they constitute an
easily accessible carbon source (Sturm and Tang 1999).
Hence, the role of a tonoplast hexose transporter could be to
provide an adequate supply of carbon to the cytosol when
there is an increased demand for carbohydrates by cells. If
the protein encoded by LeST3 is localized in the tonoplast,
as the phylogenetic analysis suggests, it might be involved
in the efflux of glucose from the vacuole. Further exper-
iments need to be done to localize the encoded protein.

Analysis of LeST3 regulation during colonisation by
two different AM fungi has shown that development of the
symbiosis increases LeST3 expression levels in leaves but
not in roots of the tomato plants. AM fungi, as obligate
symbionts, depend for their growth and activity on the
supply of carbon compounds by the photosynthetic partner
(Jennings 1995), and it has been previously observed that
carbon allocation to the roots increases during the my-
corrhizal association (Douds et al. 1988; Wright et al.
1998). Therefore, up-regulation of LeST3 by development
of the symbiosis might be related to the increased carbon
partitioning that occurs in mycorrhizal associations. In a
previous work, up-regulation of two H+-ATPase isoforms
in leaves of mycorrhizal plants was also associated with
their increased assimilate partitioning activity (Ferrol et al.
2002b). As far as we know, this is the second report of a
plant sugar transporter gene that is regulated by mycor-
rhizal colonisation. Harrison (1996) observed that coloni-
sation of Medicago truncatula roots by the mycorrhizal
fungus G. versiforme induces expression of the monosac-
charide transporter geneMtST1 in the zones of the root cor-
tex that were highly colonised by the mycorrhizal fungus. It
was proposed that this induction could be a consequence of
the need of the colonised host cells to acquire more hexoses
to support their increased metabolism. That LeST3 is not
regulated in the roots by the symbiosis is not surprising
since sugar transporters are present in multigene families in
higher plants and there is increasing evidence that the dif-
ferent isoforms are expressed in a cell-, tissue- and devel-
opmental stage-specific manner, thus providing potential
mechanisms for local regulation of sugar transport (Barker
et al. 2000; Gear et al. 2000).

Fig. 5 Effect of mycorrhizal colonisation on LeST3 gene expression
in tomato root and leaf tissues. RNAs were extracted from leaves and
roots of control (C), G. intraradices (Gi) and G. mosseae (Gm) inoc-
ulated tomato plants. RNAs were reverse transcribed and expression
was assayed by quantitative real-time RT-PCR using gene-specific
primers for LeST3 and 18S rRNA. The fold change in LeST3 gene
expression induced in each tissue by themycorrhizal colonisation was
calculated using the 2���ctmethod. Data represent the means of three
replicates from a representative experiment. Error bars, SD

Fig. 6 Effect of P. parasitica on LeST3 gene expression. RNAs
were extracted from leaves and roots of control (C) and P. parasitica
(Phy) inoculated tomato plants. RNAs were reverse transcribed and
expression was assayed by quantitative real-time RT-PCR using
gene-specific primers for LeST3 and 18S rRNA. The fold change in
LeST3 gene expression induced by P. parasitica in each tissue was
calculated using the 2���ctmethod. Data represent the means of
three replicates from a representative experiment. Error bars, SD
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Up-regulation of LeST3 in the leaves of the plants
infected with P. parasitica indicates that regulation of this
gene could be a general response in plant–fungus inter-
actions. There is evidence that some sugar transporters
play a role in plant–microorganism interactions. When
plants are subjected to pathogen infection, usually plant
metabolism responds by increasing respiration, synthesiz-
ing wound-sealing compounds, strengthening the cell wall
and producing defence compounds (Baker et al. 2000;
Moerschbacher and Mendgen 2000). This increased met-
abolic activity is probably fed by an enhanced flow of
sugars to the infection sites. In Arabidopsis leaves infected
with the pathogen Erysiphe cichoracearum, it has been
reported that glucose uptake in host tissues is enhanced after
fungal infection and this coincides with the induction of
expression of the monosaccharide transporter gene AtSTP4
(Fotopoulus et al. 2003). The sink-specific, wound-induced
monosaccharide transporter AtSTP4 is also induced ap-
proximately fourfold inArabidopsis seedlings infected with
Alternaria brassicicola, Fusarium oxysporum and in sus-
pension-cultured cells of Arabidopsis treated with bacterial
or fungal elicitors, and it has been proposed that this trans-
porter regulates monosaccharide import into sink tissues to
meet the increased demand of cells responding to environ-
mental stresses (Truernit et al. 1996). Our data suggest that
LeST3 responds to an increased demand for carbohydrates
by the roots colonised by G. mosseae or infected by P.
parasitica to cope with the increased metabolic activity of
the colonised/infected cells or to supply carbohydrates to
the AM fungus.

Sugars have also been described to play an important role
in signalling (Koch 2004). An alternative hypothesis would
be to consider LeST3 as a component of the signal trans-
duction pathway that triggers the defence response in both a
successful mycorrhizal association (Pozo et al. 1998) and in
a plant–pathogen interaction (Herbers et al. 1996). Al-
though AM fungi are able to induce defence responses in
roots of their host plants, it is widely accepted that these
reactions are transient, localized and weaker than those
induced by pathogenic fungi (Pozo et al. 2002). Up-reg-
ulation of LeST3 by the symbiosis was detected in shoots 6
weeks after mycorrhizal inoculation, but the role of the
symbiosis in inducing resistance in aerial parts of tomato is
unknown.

In conclusion, data presented in this paper indicate that
the tomato gene LeST3 encodes a putative sugar trans-
porter whose expression increases in the leaves of a plant
colonised by an AM fungus or by a root pathogen. Reg-
ulation of this gene by the interaction between the plant
root and both types of fungi in the leaves of the plant
suggests that this gene might be involved in the allocation
of carbon compounds from source to sink tissues. Local-
ization of this transporter and expression analysis in other
plant–microbe interactions is required to understand its
precise role.
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