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Plant pathogenic fungi use a wide range of different strategies
to gain access to the carbon sources of their host plants. The
hemibiotrophic maize pathogen Colletotrichum graminicola
(teleomorph Glomerella graminicola) colonizes its host plants,
and, after a short biotrophic phase, switches to destructive,
necrotrophic development. Here we present the identification
of five hexose transporter genes from C. graminicola, CgHXT1
toCgHXT5, the functional characterization of the encoded pro-
teins, and detailed expression studies for these genes during
vegetative and pathogenic development. Whereas CgHXT4 is
expressed under all conditions analyzed, transcript abundances
ofCgHXT1 andCgHXT3 are transiently up-regulated during the
biotrophic phase, and CgHXT2 and CgHXT5 are expressed
exclusively during necrotrophic development. Analyses of the
encoded proteins characterizedCgHXT5 as a low-affinity/high-
capacity hexose transporter with a narrow substrate specificity
for glucose and mannose. In contrast, CgHXT1 to CgHXT3 are
high affinity/low capacity transporters that also accept other
substrates, including fructose, galactose, or xylose. CgHXT4,
the largest of the identified proteins, has only little transport
activity andmay function as a sugar sensor. Phylogenetic studies
revealed hexose transporters closely related to the five CgHXT
proteins also in other pathogenic fungi suggesting conserved
functions of these proteins during fungal pathogenesis.

The ascomyceteColletotrichum graminicola (Cesati)Wilson
[teleomorph Glomerella graminicola (Politis)] is the causal
agent of the worldwide occurring stem rot and leaf anthracnose
of maize (Zea mays). Its hemibiotrophic lifestyle is character-
ized by an enduring destructive (necrotrophic) development
that follows a short non-destructive (biotrophic) period of pri-
mary invasion and colonization (1, 2). The primary hyphae
formed during this initial biotrophic phase invaginate but do

not breach the plasmamembrane of the host, asC. graminicola
still depends on living host cells for an efficient transfer of nutri-
ents (3). During the necrotrophic phase, however, which is ini-
tiated 48 to 72 h postinoculation, fast growing thin secondary
hyphae breach the plant plasma membrane, kill the cell, and
start to ramify within the host tissue. At the same time, secreted
enzymes (4) degrade plant extracellular polysaccharides releas-
ing a variety of mono-, di-, and oligosaccharides that are imme-
diately accessibly for the fungus. Obviously, the fungus will
need to respond to the changing carbon environment during
these infection stages, to establish different transport systems
in its plasma membrane, and to adjust the uptake of organic
carbon sources to the changing concentrations and composi-
tion of its environment.
So far, nothing is known about the carbon sources used by

C. graminicola or other hemibiotrophic fungi at these different
infection stages or about the transport proteins used for carbon
acquisition in infected plant material. However, over the last
years plasma membrane-localized carbohydrate transporters
were identified from the biotrophic basidiomycetes Uromyces
fabae (5) and Ustilago maydis (6), the symbiotic, mycorrhiza-
forming glomeromyceteGeosiphon pyriformis (7), and from the
root-colonizing ascomyceteMetarhizium robertsii that is ben-
eficial for plant health as it antagonizes pathogens and herbi-
vores (8).
Whereas the transporters used in these four fungi belong to

themajor facilitator superfamily (9) andwithin this superfamily
to the sugar transporter family, the nature of the transported
substrates differed. The proteins identified in U. fabae
(UfHXT1) and G. pyriformis (GpMST1) were characterized as
classical monosaccharide transporters that reconstituted the
growth defect of hexose uptake-deficient baker’s yeast strains
on glucose andmannose (7) and/or reconstituted the lost trans-
port activities in baker’s yeast (5, 7). In contrast, the U. maydis
transporter UmSRT1 is absolutely specific for sucrose. The
UmSRT1 gene is expressed only in fungal hyphae growing in
planta. Cells growing in axenic cultures do never express
UmSRT1 irrespective of the available carbon source. Most
importantly,U. maydismutants with a deletion in theUmSRT1
gene (�srt1) showed strongly reduced virulence on maize
plants (6). Interestingly, virulence was restored by expressing
the cDNA of the Arabidopsis thaliana SUC9 sucrose trans-
porter (10) from the SRT1 promoter.
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The gene identified in M. robertsii encodes an oligosaccha-
ride transporter (MRT; 8). The MRT gene is expressed exclu-
sively byM. robertsii germlings in the vicinity of grass roots, and
disruption of the gene resulted in reduced growth on sucrose
and galactosides such as raffinose, stachyose, or verbascose.
Disrupting the gene did not alter the virulence to insects sug-
gesting thatMRT is involved only in the uptake of plant-derived
carbohydrates. In fact, compared with the MRT wild-type
strain, a�mrtmutant ofM. robertsii showed reduced growth in
the rhizosphere of grasses (8).
The observed differences in the substrate specificities of the

identified transporters reflect alternative strategies of symbi-
otic fungi (8) that may either hydrolyze extracellular plant-de-
rived sucrose and feed on the resulting monosaccharides
(Glomeromycota) or use plant-derived oligosaccharides with-
out extracellular hydrolysis (Ascomycota). Direct uptake of
sucrose by the UmSRT1 protein of the biotrophic pathogen
U. maydis was interpreted as a mechanism to avoid apoplastic
signals (glucose) potentially recognized by the host (6). In fact,
plants use individual molecular patterns to recognize and dis-
criminate pathogens, leading to activation of different defense
strategies against biotrophic and necrotrophic fungi (11, 12).
For biotrophic fungi direct uptake of sucrose may help to avoid
elicitation of plant responses. After infection of maize leaves
with C. graminicola (13), however, transcript abundance of
incw1, which encodes a cell wall-localized invertase of maize,
was significantly increased suggesting that composition and
concentration of apoplastic sugars vary between different
pathosystems and during different phases of the infection
process.
Herewe present the analyses of five transporters of the hemi-

biotrophic fungus C. graminicola and discuss their potential
roles in the biotrophic or necrotrophic growth phase of this
fungus. We determined the expression levels of the corre-
sponding genes during these two growth phases, studied poten-
tial regulatory effects of glucose and leaf extracts, and charac-
terized the proteins after expression of the corresponding
cDNAs in baker’s yeast. The presented data show that one of
the transporter gens, CgHXT4, shows comparable expression
levels under all growth conditions and may act as sugar sensor
or regulator. Expression of two genes,CgHXT1 andCgHXT3, is
transiently up-regulated during the biotrophic phase, and
CgHXT2 and CgHXT5 are expressed exclusively during the
necrotrophic development of the fungus. Analyses of pH
optima, sensitivities to uncouplers, Km values and substrate
specificities were performed and allow a detailed characteriza-
tion of the different proteins. Interestingly, one of the genes,
CgHXT1, yields alternatively spliced mRNAs that encode two
functionally active transporters.

EXPERIMENTAL PROCEDURES

Strains and Growth Conditions—Escherichia coli strain
DH5� was used for cloning purposes (14). The C. graminicola
strain M2 was used in this study. Plant infection assays with
C. graminicola were performed as described (15). Briefly,
2-week-oldmaize plants were inoculatedwith fungal spore sus-
pensions (106 spores per plant) and incubated at appropriate
conditions in the climate chamber. Axenic cultures of

C. graminicola were grown in minimal medium containing
either 1.5% (w/v) glucose or 1.5% glucose plus 1.5% (w/v) maize
cell walls plus 1.5% (v/v) soluble maize leave extract, or 1.5%
(w/v)maize cell walls plus 1.5% (v/v) solublemaize leave extract
(4). The S. cerevisiae strains used for expression analyses of
CgHXT cDNAs was EBY.VW4000 (16). Cells were grown in
minimal medium (0.67% yeast nitrogen base w/o amino acids
plus required amino acids) containing 2% of the indicated sugar
or sugar alcohol at 29 °C.
Identification of the 5 CgHXT Genes—For the identification

of the 5 CgHXT genes analyzed in this study, extensive BLAST
analyses were performed with predicted hexose transporter
sequences from several fungi, including Ustilago maydis, Neu-
rospora crassa,Magnaporthe grisea,Gibberella zeae,Neosarto-
rya fischeri, Chaetomium globosum, and others against “Colle-
totrichum graminicola - WGS” sequences provided via the
“trace archives” of thisWEB-site. Identified shotgun sequences
(typical size: about 300 base pairs) were assembled to yield con-
tiguous genomic sequences (contigs).
cDNA Cloning and Expression in Yeast—CgHXT cDNA

sequences were amplified from total RNA of C. graminicola
using the primers (Table 1) predicted to be specific for the
5�-ends or 3�-ends of the identified CgHXT genes. Obtained
fragments were sequenced and cloned into the yeast/E. coli
shuttle vector NEV-E (17), and the resulting plasmid was used
for yeast transformation (18).
Transport Studies with Radiolabeled Substrates—Yeast cells

were grown to an A600 nm of 1.0, harvested, washed twice with
water and re-suspended in buffer to an A600 nm of 20.0. If not
otherwise indicated, uptake experiments were performed in 50
mM sodium phosphate buffer pH 5.0 with an initial glucose
concentration of 1 mM. Cells were shaken in a rotary shaker at
29 °C and transport tests were started by adding labeled sub-
strate. Samples were withdrawn at given intervals, filtered on
glass microfiber filters (1.5 �m pore size) and washed with an
excess of distilled H2O. Incorporation of radioactivity was
determined by scintillation counting. Competition analyses
were performedwith 0.1mM (CgHXT1, CgHXT3, CgHXT5) or
1 mM [14C]glucose (CgHXT2) in the presence of 10 mM com-
petitor (100-fold excess; CgHXT1, CgHXT2, CgHXT5) or 5
mM (50-fold excess; CgHXT3). For inhibitor analyses carbon-
ylcyanide m-chlorophenylhydrazone (CCCP)2 was used at a
final concentration of 50 �M.
Subcellular Localization of CgHXT4 in Baker’s Yeast—A

CgHXT4-GFP fusion was generated by amplification of the
CgHXT4 open reading frame (ORF) with the primers
CgHXT4(III)fw and CgHXT4-pEX-GFPr (Table 1) and by
insertion of the resulting fragment upstream of the GFP ORF
into the pEX-Tag plasmid (19). Subcellular localization of the
CgHXT4-GFP fusion in transformed yeast cells (Gietz et al., 18)
was determined by confocal microscopy (Leica TCS SPII; Leica
Microsystems, Bensheim, Germany) as described (6).

2 The abbreviations used are: CCCP, carbonylcyanide m-chlorophenylhydra-
zone; HXT, hexose transporter; ORF, open reading frame; RGT, restores
glucose transport; SNF, sucrose non-fermenting.
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RNA Isolation, Semiquantitative, and Quantitative Real-
timePCRAnalysis—From infected anduninfectedmaize plants
3rd leaves were harvested at 2, 3, and 4 dpi and immediately
shock frozen in liquid nitrogen. Total RNA was isolated with
the isolation kit peqGOLD Plant RNA from Peqlab (Erlangen,
Germany) according to themanufacturer’s instructions. Myce-
lium from axenic cultures was harvested and shock frozen in
liquid nitrogen 1, 2, and 3 days after cultivation in minimal
medium supplemented with different carbon sources as
described above. Subsequent RNA isolation procedure was as
described for infected maize plants.
For cDNA synthesis, 1 �g of total RNA was reverse tran-

scribed with the QuantiTect Reverse Transcription kit from
Qiagen (Hilden, Germany). Semiquantitative RT-PCR was
performed with cDNA amounts adjusted to yield equal
amounts of actin mRNA (CgACTIN). Oligonucleotide
sequences used for semiquantitative or quantitative
RT-PCRs are shown in Table 1. Quantitative real-time RT-
PCRs were performed on a RotorGene 2000 (Corbett
Research, Sydney, Australia) with QuantiTect_SYBR_Green
PCR Master Mix from Qiagen. Samples were normalized to
CgACTIN mRNA levels.
Phylogenetic Analysis—For the phylogenetic analysis of the

C. graminicola transporters and of other transporters and sen-
sors, protein sequences were aligned (ClustalW2, 20) using the
following settings: Proteinweightmatrix,Gonnet; gap open, 10;
gap extension, 0.2; gap distances, 5; clustering, neighbor join-
ing; format, PHYLIP. The PhyML3.0 software package (21) was
used for tree calculation with the JTT model for amino acid
substitutions and 100 bootstrap samplings. TREEVIEWX 0.4.1
for Mac (22) was used for tree viewing.

RESULTS

Basic Characterization of the Five CgHXT Sequences—Blast
searches with HXT and HXT-like cDNA sequences from sev-
eral fungi (Gibberella zeae, Magnaporthe grisea, Neurospora
crassa, Saccharomyces cerevisiae) in the NCBI trace archives
(Colletotrichum, WGS) identified 5 genes encoding putative
HXT proteins. The genes are interrupted by 1 to 4 introns (Fig.
1A) and were namedCgHXT1 toCgHXT5. To confirm the pre-
dicted ORFs and the intron/exon organization, cDNAs were
amplified with primers specific for the predicted 5�- and
3�-ends of the coding region and sequenced (EMBL accession
numbers: FN433101 to FN433105). The protein sequences
deduced from these 5 ORFs had 12 predicted transmembrane
helices and belong to the major facilitator superfamily (9). The
proteins shared between 36.9% (CgHXT1 and CgHXT5) and
49.8% (CgHXT1 and CgHXT4) identical amino acids. The res-
idue numbers, deducedmolecularmasses and isoelectric points
of the proteins are shown in Table 2.
Reproducibly, but withmuch lower frequency, a secondORF

was obtained for the CgHXT1 gene. In contrast to the regular
ORF (CgHXT1; EMBL accession number: FN433101; encodes a
protein of 531 amino acids), this secondORF encodes a shorter
protein of only 508 amino acids and was namedCgHXT1s (s for
short; EMBL accession number: FN433106). The size differ-
ence is due to a 23-amino acid deletion corresponding to resi-
dues 488–510 in the cytoplasmic C terminus of the longer pro-
tein. This deletion results from an additional intron that is
removed during the formation of the CgHXT1s but not of the
CgHXT1mRNA (Fig. 1A). This additional intron is 69 bp long,
and its removal does not alter the reading frame of the down-
stream sequence.

TABLE 1
Primers used for the amplification of CgHXT1 to CgHXT5 cDNAs or for the quantification of mRNA abundance by semiquantitative or quantita-
tive RT-PCR

Gene Primer name Sequence

cDNA amplification:
CgHXT1 CgHXT1(#13)fw 5�-CTCTCTGAATTCCCCCTTCGTCATCATGGGTA-3�

CgHXT1(#13)rev 5�-GAGAGAGAATTCCACACGCAATAAACAG
CAGACA-3�

CgHXT2 CgHXT2(#29)fw1 5�-CTCTCTGAATTCATGGGGTTGGGCAAACTGTA-3�
CgHXT2(#29)rev 5�-GAGAGAGAATTCCCCTGTCTCTTATACAA
CATTCATACG-3�

CgHXT3 CgHXT3(#27)fw 5�-CTCTCTGAATTCAAACCACAACAGCCCTCCAC-3�
CgHXT3(#27)rev 5�-GAGAGAGAATTCCGAGACGTCGGCTTAAACAT-3�

CgHXT4 CgHXT4(III)fw 5�-CTCTCTGAATTCCCCACAGTCCCATTCACCAT-3�
CgHXT4(III)rev 5�-GAGAGAGAATTCAGTGGCAATGGTAAC
CAGCA-3�
CgHXT4-pEX-GFPr 5�-TCTCTGAATTCCATAGCTGAAGTCCACATTGCC-3�

CgHXT5 CgHXT5(IV)fw 5�-CTCTCTGAATTCGATACCCCCGTCAACAGC-3�
CgHXT5rev#3 5�-GAGAGAGAATTCTTAGACGGTGTTTTCA
GCCTTC-3�

Quantification by RT-PCR:
CgACT CgACT-qRT.F1 5�-TTCTACGAGCTTCCTGACGG-3�

CgACT-qRT.R1 5�-CCGCTCTCAAGACCAAGGAC-3�
CgHXT1 CgHXT1(#13)fw 5�-ATCGCCTTCGTCTACTTCTTCAT-3�

CgHXT1(#13)rev 5�-CTAGGCAGAGGCGGTCTTCT-3�
CgHXT2 UL13(fw) 5�-TTGTCTCTGCCTGCATGTTC-3�

UL14(rev) 5�-AGTTGCGTAGGGAGTGAGGA-3�
CgHXT3 UL19(fw) 5�-ATTGTCGCTGGTCGTCTCAT-3�

UL20(rev) 5�-CAATGGTGATGCAGAACTGG-3�
CgHXT4 UL1(fw) 5�-ATTCTTCTTCGCAGCATC-3�

UL2(rev) 5�-AAGACCATGCACCACACAAA-3�
CgHXT5 UL3(fw) 5�-GACACCAGCATCTGGGAAAT-3�

UL4(rev) 5�-GGTGACGTAGCTGTTGCTGA-3�
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Phylogenetic calculations (maximum likelihood; 1000 boot-
strap replications) were performed with CgHXT1 to CgHXT5
(CgHXT1s was not treated as an extra protein in these calcula-
tions), with 23 functionally uncharacterized proteins from
other phytopathogenic (Gibberella zeae, 23; Magnaporthe gri-
sea, 24), endophytic (Chaetomium globosum; 25), animal-path-
ogenic (Penicillium marneffei; 26) or saprophytic (Neurospora
crassa, 27; Neosartorya fischeri, 28; Podospora anserina, 29)
fungi, with 13 functionally characterized HXT-type transport-
ers (Hxt1p to Hxt11p, Hxt13p and Gal2p; 30) from Saccharo-

myces cerevisiae (baker’s yeast), and with the functionally char-
acterized Snf3p and Rgt2p glucose sensors from baker’s yeast
(31, 32). Fig. 1B demonstrates that the 5 CgHXT proteins form
separate clusters together with HXT-type proteins from other
phytopathogenic, animal pathogenic, and saprophytic fungi.
Interestingly, closely related homologs for CgHXT1, CgHXT2,
CgHXT4 and CgHXT5 were found in G. zeae, for CgHXT1,
CgHXT2 and CgHXT4 in M. grisea, and for CgHXT2 to
CgHXT5 in P. anserina. Moreover, Fig. 1B shows that the
5 CgHXT clusters do not include any of the well-characterized
transporters or sensors from baker’s yeast.
Growth of CgHXT-expressing Baker’s Yeast on Different Car-

bon Sources and Functional Analyses of CgHXT1, CgHXT2,
CgHXT3, and CgHXT5 in Transgenic Yeast Cells—For func-
tional analyses we cloned the CgHXT1 to CgHXT5 ORFs and
the ORF of the CgHXT1s splice variant into the unique EcoRI
cloning site of the yeast expression vector NEV-E (17). The
resulting constructs NEV-CgHXT1 to NEV-CgHXT5 and
NEV-CgHXT1s were used to transform yeast strain
EBY.VW4000, which lacks 20 genes for transporters with
hexose transport activity, but can grow on minimal medium
with maltose as sole carbon source (16). Transformants were
grown in liquid medium (maltose) under selective conditions,
harvested during logarithmic growth, washed, adjusted to the
same cell density and spotted onto agar plates containing min-
imal medium with different potential carbon sources (all at a
final concentration of 2% (w/v)).
Fig. 2 demonstrates that the transformants as well as a con-

trol strain with the empty NEV-E vector grew equally well on
minimalmediumwithmaltose. As expected, growth of the vec-
tor control was not detected or marginal on plates supple-
mented with glucose, mannose, galactose, or fructose. In con-
trast, yeast transformants harboring CgHXT1, CgHXT2,
CgHXT3, CgHXT5, and CgHXT1s showed good to excellent
growth on these different hexoses. On media supplemented
with glucose or mannose, CgHXT5-transformed cells grew sig-
nificantly better than all other transformants. Interestingly,

FIGURE 1. Phylogenetic analyses and genomic organization. A, intron/
exon organization in the CgHXT1 to CgHXT5 genes. The two alternative
genomic organizations shown for CgHXT1 and CgHXT1s indicate two alterna-
tive splice variants. B, phylogenetic tree (maximum likelihood) of CgHXT1 to
CgHXT5 protein sequences and of characterized and predicted hexose trans-
porters and sensors from other fungi. Abbreviations of fungus names and
GenBankTM accessions or protein names are given. Bootstrap values of 1000
samplings are given at central branches.

TABLE 2
Gene names, number of amino acids, calculated molecular masses,
and isoelectric points (IP) of the proteins analyzed in the present study

Gene Amino acids Mol. mass IP

CgHXT1 531 57.93 7.96
CgHXT1s 508 55.40 7.67
CgHXT2 551 60.32 7.01
CgHXT3 559 61.05 7.25
CgHXT4 569 61.63 5.35
CgHXT5 532 57.83 6.83

FIGURE 2. Comparative growth analyses of yeast cells expressing one of
the five CgHXT cDNAs. Decreasing numbers (left to right) of yeast cells (strain
EBY.VW4000) expressing the indicated CgHXT cDNA or harboring the empty
expression vector were spotted on agar medium and incubated for 68 h at
29 °C on plates containing the indicated carbon source at a final concentra-
tion of 2%.
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CgHXT1-expressing cells but not CgHXT1s-expressing cells
failed to grow on galactose.
In contrast to all other transformants, CgHXT4-expressing

cells were unable to grow on glucose, and also their growth on
galactose, mannose, and fructose was only slightly better than
that of control cells (Fig. 2). To test, the possibility that
CgHXT4 is not targeted to the yeast plasma membrane, we
generated aCgHXT4-GFP fusion construct and determined the
subcellular localization of the corresponding protein in yeast
cells. Fig. 3 shows that CgHXT4-GFP labels the plasma mem-
brane ofCgHXT4-GFP-expressing cells demonstrating that the
poor complementation of the growth defect cannot be
explained by incorrect targeting of the protein.
We also analyzed the capacity of the different transformants

to utilize pentoses, such as xylose, arabinose, and ribose, or
hexitols, such as sorbitol and mannitol. On all of these carbon
sources the vector control showed some growth and the addi-
tional growth-promoting effects of the different CgHXTs were
marginal, although minor differences could be observed. In
summary, these growth analyses suggested that CgHXT1 to
CgHXT5 and CgHXT1s transport preferentially hexoses,
although with different preferences for the hexoses offered.
To support these results, we performed quantitative uptake

studies with radiolabeled sugars.With none of the radiolabeled
substrates testedwe could detectmeasurable transport rates for
CgHXT4-expressing cells. With all other transformants, how-
ever, we observed significant transport rates for [14C]glucose.
Therefore, we studied the uptake of [14C]glucose in the absence
or presence of different potential transport competitors (Fig. 4).
Clearly and as expected, a 100-fold (CgHXT1, CgHXT2,
CgHXT5) or a 50-fold (CgHXT3) excess of unlabeled glucose
completely outcompeted the transport of radiolabeled glucose.
For CgHXT1, CgHXT2, and CgHXT5 the same almost com-
plete inhibition was observed with a 100-fold excess of man-
nose, and also for CgHXT3mannose was the second best com-
petitor, although inhibition was not as efficient as for the other
transporters. In addition, fructose was an excellent competitor
of glucose transport by CgHXT1 and CgHXT2, and glucuronic
acid and to a lesser extent also galacturonic acid were compet-
itors of glucose transport by CgHXT2. This suggested that of
the four transporters analyzed, CgHXT2 has the lowest sub-
strate specificity. Accordingly, CgHXT2 also showed the
strongest competition by xylose. In contrast, CgHXT5 exhib-

ited the highest substrate specificity, and its strong preference
for glucose and mannose (Fig. 4) was reflected by the signifi-
cantly better growth on these two carbon sources than on all
others (Fig. 2). With CgHXT1s, the short form of CgHXT1, we
performed competition analyses only with glucose and galac-
tose, which gave the same results as for CgHXT1 (Fig. 4).
Major differences between the different transporters were

observed, when we determined their affinities for glucose (Fig.
5). For CgHXT1 and CgHXT3 we observed very high affinities
with Km values of only 20.6 � 0.3 �M and 13 � 2 �M, respec-
tively. With a Km value of 136 � 20 �M, the glucose affinity of
CgHXT2 was significantly lower, and with a Km value of 920 �
120 �M, CgHXT5 can be characterized as a low affinity trans-
porter. This low affinity of CgHXT5 agrees well with the excel-
lent growth of CgHXT5-expressing yeast cells on glucose or
mannose containing media, as a correlation of low substrate
affinity (LA) and high transport capacity (HC) has been shown
for different transport systems (33, 34, 35). In summary, the
data of Figs. 2, 4, and 5 suggest that CgHXT5 is a low-affinity/
high capacity (LAHC) transporter, which may allow rapid
growth at sufficiently high substrate concentrations.
We also studied the pH dependence of CgHXT1, CgHXT2,

CgHXT3, and CgHXT5 and the sensitivity of each transporter
to cyanide-m-chlorophenylhydrazone (CCCP), an uncoupler
of transmembrane proton gradients. Fig. 6A demonstrates that
CgHXT1, CgHXT2, andCgHXT3have their pHoptima at neu-
tral and acidic pH-values. At pH 8, the transport capacities of
these transporters are clearly reduced. In contrast, CgHXT5
seems to be rather unaffected by pH changes between 4.75 and
8.0. Nevertheless, the transport analyses with or without 50 �M

CCCP clearly demonstrate that the activities of all 4 transport-
ers are strongly reduced already at low uncoupler concentra-
tions suggesting that CgHXT1, CgHXT2, CgHXT3, and

FIGURE 3. Subcellular localization of CgHXT4 in baker’s yeast. Subcellular
localization of CgHXT4-GFP in baker’s yeast was determined by confocal
microscopy. A single optical section (left) and the corresponding white light
image (right) are shown. CgHXT4-GFP fluorescence is observed at the cell
surface, putatively the plasma membrane. Scale bar, 5 �m.

FIGURE 4. Substrate specificities of the indicated CgHXT transporters.
Substrate specificities of CgHXT1, CgHXT2, CgHXT3, and CgHXT5 were deter-
mined in yeast cells (strain EBY.VW4000) expressing the respective cDNA.
Dark bars added to the CgHXT1 analyses (none, glucose, galactose) show
results obtained with the shorter CgHXT1s protein. Relative transport rates of
radiolabeled glucose (initial concentration, 0.1 mM for CgHXT1, CgHXT1s,
CgHXT3, and CgHXT5; 1 mM for CgHXT2) were determined in the absence
(none) or presence of the indicated competitor (competitor concentration
was 10 mM; n � 3; � S.E.).
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CgHXT5 might act as energy-dependent H�/hexose symport-
ers. The invariantly high transport rates of CgHXT5 at pH 8,
and the strong but compared with the other transporters less
pronounced sensitivity of this protein to CCCP may point
toward a minor role of the �pH for the driving force for this
transporter and amore important role of the electrical potential
��.
Expression of the Different CgHXT Genes in C. graminicola—

To study the expression of CgHXT1 to CgHXT5 in C. gramini-
cola and to identify factors potentially involved in the regula-
tion of this expression, we determined the respective mRNA
abundance in C. graminicola growing on defined substrates in
vitro (Figs. 7A and 8) or within infectedmaize leaves at different
days post inoculation (dpi) (Figs. 7B and 9). The semiquantita-
tive and quantitative analyses gave essentially the same results.
Figs. 7A and 8 show analyses of CgHXT1 to CgHXT5 mRNA
levels in C. graminicola cells incubated in medium that was
supplementedwith 1.5% glucose, with extracts fromuninfected
leaves and maize cell walls, or with a combination of both (4).
The amounts of cDNA used for the semiquantitative (Fig. 7A)
and quantitative RT-PCRs (Fig. 8) were normalized to yield
similar amounts of Histone3 mRNA. Clearly, the glucose con-
centrations used suppressed or reduced the abundance of
CgHXT1, CgHXT3, and CgHXT4 transcripts in the absence or
presence of maize leaf extract. Interestingly, addition of leaf
extract strongly up-regulated the transcript levels of CgHXT2
(about 900-fold as calculated from Fig. 8), the only gene that

was neither expressed in the absence nor in the presence of
glucose. Leaf extracts had a similar effect as glucose onCgHXT4
and caused a reduction in the mRNA levels of this gene. In
contrast to the other transporter genes, CgHXT5 expression
was up-regulated by glucose, and addition of maize-leaf extract
did not affect this induction (Fig. 7).
Figs. 7B and 9 show semiquantitative and quantitative RT-

PCR analyses of CgHXT1 to CgHXT5 mRNA levels in
C. graminicola-infected maize leaves. Whereas the transcript
levels of CgHXT4 were not significantly altered during the
infection, CgHXT1 and CgHXT3 mRNA abundances were
clearly (about 2-fold) up-regulated at 3 dpi and fell back to the
initial levels at 4 dpi. In contrast, mRNA levels of CgHXT2 and
evenmore clearly ofCgHXT5were drastically up-regulated, i.e.
10–20-fold increased, exclusively at 4 dpi, when the fungus had
already initiated its destructive, necrotrophic development.
The amounts of cDNA used for the semiquantitative (Fig. 7B)
and quantitative RT-PCRs (Fig. 9) were normalized to yield
similar amounts of actin and histone3 mRNA. Note that the
fungus-specific mRNAs were not detected in uninfected maize
leaves.
GenBankTM accession numbers:CgHXT1 cDNA, FN433101;

CgHXT1s cDNA, FN433106; CgHXT2 cDNA, FN433102;
CgHXT3 cDNA, FN433103; CgHXT4 cDNA, FN433104;
CgHXT5 cDNA, FN433105; CgHXT1 gene, FN433645;
CgHXT2 gene, FR746061; CgHXT3 gene, FR746062; CgHXT4
gene, FR746063; CgHXT5 gene, FR746064.

FIGURE 5. Km values for glucose of the indicated CgHXT proteins. Uptake rates for [14C]glucose yeast cells (strain EBY.VW4000) expressing the respective
cDNA were determined at the indicated substrate concentrations at pH 5.0. Insets show double reciprocal (Lineweaver-Burk) plots of the same data (n � 3; �
S.E.).
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DISCUSSION

The ascomycete C. graminicola is a hemibiotrophic fungus
and, therefore, switches froman initial biotrophic growth phase
during initial host colonization to a necrotrophic phase that
leads to the destruction of the host (1, 36). This developmental
switch is paralleled by a transition from apoplastic growth to
the feeding on cytoplasmic contents after breaching the host’s
plasma membranes and, thus, is also attended by a change in
the available carbon sources and their concentrations. Finally,
during the biotrophic growth phase it is important for the fun-
gus to avoid the production of signaling molecules and/or to
secrete effectors that contribute to suppress defense responses
by the host plant (4, 37). This precautionary measure is proba-
bly unnecessary after the transition to necrotrophic growth.
The change in lifestyle, i.e. the biotrophy-necrotrophy transi-
tion, will affect the availability of sugars and result in up- or
down-regulation of fungal genes for plasma membrane-local-
ized sugar transporters at different growth phases.
CgHXT1 to CgHXT5 Represent Different Types of Transport-

ers That Are Also Found in Other Pathogens—Our BLAST
searches in publicly available genomic sequences from
C. graminicola identified five genes encoding proteins with
homology to fungal hexose transporters. RT-PCR analyses on

fungal RNA lead to the identification of the corresponding
cDNAs revealing the genomic organization of the respective
genes (Fig. 1A) and confirming predicted protein sequences
(Table 2). Interestingly, the identified proteins shared only
37–50% identical amino acids. These identity values are signif-
icantly lower than those known from baker’s yeast HXT pro-
teins (Hxt1p toHxt13p), which share between 75 and 87% iden-
tical amino acids. Even the yeast Gal2p galactose transporter
shares 65–70% identical amino acids with the different yeast
HXT proteins. Similarly low identity values (30–35%) were
found only in comparisons of yeast HXT proteins and yeast
Snf2p or Rgt2p glucose sensors.
All this suggested that CgHXT1 to CgHXT5might represent

transporters from five independent subgroups. In fact, phylo-
genetic analyses confirmed this hypothesis demonstrating that
the C. graminicola transporters (i) are on five clearly separated
branches, (ii) that these branches do not include baker’s yeast
HXT transporters or glucose sensors, and (iii) that these
branches include closely related but mostly uncharacterized
homologs from several other pathogens (Fig. 1B).

This demonstrates that the identified CgHXT transporters
are encoded by genes thatwere formed early in fungal evolution
and maintained during the development of genera and species

FIGURE 6. pH dependence and CCCP sensitivities of CgHXT activities. A, transport rates for 14C-labeled glucose were determined at the indicated pH-values
in 50 mM sodium phosphate buffer at initial glucose concentrations of 1 mM for CgHXT1, CgHXT2, CgHXT5 or 0.1 mM for CgHXT3 (n � 3; � S.E.). B, sensitivities
to the uncoupler CCCP were studied at pH 5.0 in the absence or presence of 50 �M CCCP (n � 3; � S.E.).
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with highly divergent developmental approaches (necro-
trophic, hemibiotrophic, saprophytic). Obviously, this differs
from the situation in baker’s yeast, where all hexose transporter
genes seem to be products of recent gene duplications.
CgHXT1 to CgHXT5 Have Different Functional Properties—

For one of the genes, CgHXT1, two alternatively spliced forms
were identified that had the 4th intron of the CgHXT1 gene
either removed yielding the shorter CgHXT1s mRNA or not
removed yielding the CgHXT1 mRNA. Compared with the
amount of CgHXT1 mRNA, the relative proportion of
CgHXT1s mRNA is extremely low, and therefore this shorter
mRNA was not quantified in qRT-PCR analyses (not shown).
However, as the reading frames downstream from the alterna-
tive splice site was the same in bothmRNAs, and as the residues
missing in the CgHXT1s protein were from the cytoplasmic C
terminus, we expected that both splice variants might encode
functionally active proteins.
This was confirmed in expression analyses of CgHXT1 and

CgHXT1s cDNAs in baker’s yeast (Fig. 2). Both cDNAs comple-
mented the growth defect of a hexose transport-deficient yeast
strain (EBY.VW4000) on glucose, mannose and fructose, and
CgHXT1s (but not CgHXT1) even complemented the growth
defect on galactose (Fig. 2). Interestingly, quantitative transport
studieswith glucose-grownCgHXT1 andCgHXT1s cells (Fig. 4)
yielded identical competition data for galactose. This shows

that the different cytoplasmic C termini of CgHXT1 and
CgHXT1s do not affect the substrate specificity of the proteins,
which is expected for a sequence difference near the C termi-
nus. The different C termini might, however, affect the stability
of the two proteins on different carbon sources (glucose or
galactose) and, thus, explain the clearly different growth prop-
erties on galactose as sole carbon source.
Quantitative transport analyses with CgHXT2 to CgHXT5

expressing yeast cells showed that CgHXT2, CgHXT3 and
CgHXT5 perfectly complemented the growth defect of
EBY.VW4000 cells on glucose or other monosaccharides. In
contrast, CgHXT4, the longest of the analyzed proteins, com-
plemented this defect only poorly. Determination of the Km
values for glucose of the four functional transporters character-
ized CgHXT1 and CgHXT3 as high affinity transporters,
CgHXT2 as a transporter withmedium affinity andCgHXT5 as
low affinity transporter (Fig. 5).

FIGURE 7. Semiquantitative RT-PCR analyses of CgHXT1 to CgHXT5
expression levels. A, expression levels of the Histone3 gene under the same
conditions is shown as control. RT-PCRs were performed on total RNA isolated
from axenically grown C. graminicola grown for 3 days at 23 °C in the pres-
ence of the indicated additions (glucose, 1.5%; extract, maize cell walls plus
soluble extract from maize leaves as described under “Experimental Proce-
dures.” One of three biological repeats is shown. Transcript levels of the his-
tone H3 gene under the same conditions is shown as control. B, transcript
abundances of CgHXT1 to CgHXT5 were studied in C. graminicola-infected
maize leaves at 2, 3, or 4 dpi. mRNA levels of the C. graminicola actin and
histone H3 genes under the same conditions are shown as controls. RT-PCRs
were performed on total RNA isolated from uninfected or infected maize
leaves (maize plus fungal RNA) at the indicated times (one of three biological
repeats is shown).

FIGURE 8. Quantitative RT-PCR analyses of CgHXT1 to CgHXT5 transcript
levels in axenically grown C. graminicola. mRNA levels of CgHXT1 to
CgHXT5 were studied in C. graminicola grown for 3 days at 23 °C in the pres-
ence of the indicated additions (glucose, 1.5%; extract, maize cell walls plus
soluble extract from maize leaves as described under “Experimental Proce-
dures.”). mRNA levels in C. graminicola cells incubated without glucose and
extract (dark bars) were set to 100%. Histone3 transcript levels served as con-
trols. The RNA were obtained from 3 biological repeats (� S.E.) and were
different from those shown in Fig. 7A.
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When we tested the sensitivities of the different transporters
to CCCP, an uncoupler of transmembrane proton gradients,
they all were highly CCCP-sensitive (Fig. 6B) suggesting that all
4 transporters act as energy-dependent H�-symporters. The
CgHXT1, CgHXT2, and CgHXT5 proteins transport their sub-
strates over a wide pH range (pH 4.7 to pH 8.0) and show only
some (CgHXT1 and CgHXT2) or no (CgHXT5) reduction in
their transport activity at alkaline pH (Fig. 6A). A clear prefer-
ence for slightly acidic pH values was observed only for
CgHXT3, a transporter that is active primarily during the
biotrophic growth phase, when the hyphae grow in the more
acidic plant apoplast (Fig. 6A).
CgHXT1 to CgHXT5 show specific expression patterns in

different developmental phases ofC. graminicola.Comparative

expression analyses of CgHXT1 to CgHXT5 in C. graminicola
hyphae at different time points after maize-leaf infection
revealed interesting differences fitting surprisingly well to the
functional characteristics of the encoded proteins.
In infectedmaize leaves, the genes for the high-affinity trans-

porters CgHXT1 and CgHXT3 were expressed under all
growth conditions, but clearly up-regulated during biotrophic
development (Figs. 7B and 9).Moreover, in in vitro cultures, the
abundance of CgHXT1 and CgHXT3 mRNA was clearly
reduced in the presence of extracellular glucose (Fig. 7A), which
may explain the down-regulation of CgHXT1 and CgHXT3
expression during necrotrophic development in infectedmaize
leaves (4 dpi in Figs. 7A and 8). In contrast, CgHXT5 mRNA
levels were increased in glucose-supplemented in vitro cultures
(Figs. 7A and 8), whichmight explain themassive up-regulation
of CgHXT5mRNA levels during necrotrophic development in
infected maize leaves. Moreover, of the C. graminicola trans-
porters characterized, CgHXT5 is the transporter with the
highest glucose uptake capacity as suggested by its compara-
tively low Km and by the high uptake rates obtained with
CgHXT5-expressing baker’s yeast cells (Fig. 5).
In summary, these results indicate that glucose might repre-

sent a regulator of CgHXT1, CgHXT3, and CgHXT5 gene
expression in hyphae growing both under sterile in vitro condi-
tions and in infected maize leaves. Moreover, they suggest that
LAHC transporters are preferred during necrotrophic develop-
ment whereas HALC transporters seem to be used during
biotrophic development. This latter observation is supported
by the massive up-regulation of CgHXT2 mRNA levels during
necrotrophic development (Figs. 7B and 9). The CgHXT2 gene
encodes a transporter with medium substrate affinity (Fig. 5),
and the mRNA levels seem to be up-regulated by a factor(s)
different from glucose, which rather seems to have a negative
effect on CgHXT2mRNA abundance.
It is tempting to speculate that xylose or uronic acids might

be involved in this up-regulation of CgHXT2 mRNA levels.
Thesemolecules are released from plant cell walls during enzy-
matic degradation and affect CgHXT2-driven glucose trans-
port substantially (Fig. 4). They could account both for the high
CgHXT2mRNA abundance in the presence of cell wall extract
(Fig. 7A and 8) and for the induction of CgHXT2 and CgHXT5
expression during the necrotrophic phase (Figs. 7B and 9).
CgHXT4 Might Be a Sugar Sensor—CgHXT4 mRNA levels

were low (Fig. 7B) and not significantly altered during the dif-
ferent developmental stages in infected maize leaves (Fig. 9).
IncreasedCgHXT4mRNA levels were observed only in carbon-
starved hyphae, but both glucose and maize extract lead to a
massive reduction of CgHXT4 mRNA levels (Fig. 7A). These
mostly low mRNA levels, the lack of measurable transport
activities in CgHXT4-expressing yeast cells (although the pro-
tein is targeted to the plasma membrane; Fig. 3), and the
very poor complementation of the growth defect of the
EBY.VW4000 yeast mutant might point toward a role of
CgHXT4 as glucose sensor rather than as a glucose transporter.
In fact, the CgHXT4 gene encodes the longest of the five

proteins (Table 2), andwith a predicted cytoplasmicC terminus
of 100 amino acids, it has the longest C terminus of the 5 pro-
teins characterized (predicted C termini for CgHXT1,

FIGURE 9. Quantitative RT-PCR analyses of CgHXT1 to CgHXT5 transcript
levels in C. graminicola-infected maize leaves. mRNA levels of CgHXT1 to
CgHXT5 were studied at 2, 3, or 4 dpi. Actin and Histone3 transcript levels
served as controls. RT-PCRs were performed on total RNA isolated from
healthy or infected maize leaves (maize plus fungal RNA) at the indicated
times. The RNA were obtained from three biological repeats (� S.E.).
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CgHXT2, CgHXT3, and CgHXT5 are 61, 83, 57, and 48 amino
acids, respectively). Elongated C termini were also found in the
baker’s yeast glucose sensors Snf3p and Rgt2p (31, 38) and in
the RCO3 glucose transporter from N. crassa, which was also
discussed as glucose sensor (39). The RCO3 C terminus con-
tains a glutamine-rich region (39), and a glutamine/asparagine-
rich region is also found in the C terminus of CgHXT4. Such
glutamine/asparagine-rich regions were repeatedly discussed
as mediators of specific protein-protein interactions (40, 41).
In the phylogenetic tree shown in Fig. 1B, RCO3 (accession

no. EAA36477 in Fig. 1B) and CgHXT4 are found on the same
branch. One of the other proteins on this branch (XP_389518
fromG. zeae) also has an elongatedC terminus (81 amino acids)
and this C terminus also contains an asparagine-rich domain.
Finally, The CgHXT4 branch is in close vicinity to the Snf3p/
Rgt2p branch, which (together with the other arguments) sup-
ports the hypothesis that CgHXT4 might be a sensor of the
nutrient status inC. graminicola. Of course, detailed analyses of
the CgHXT4 protein and of its role in C. graminicola develop-
ment and virulence will be necessary.
In summary, our data provide a first characterization of

transporters and/or sensors involved in nutrient uptake during
the different developmental stages of a hemibiotrophic fungus.
Although our screen identified only five transporter genes, we
understand that additional transporter genes, e.g. other HXT
proteins or �-glucoside transporters (AGTs), might be
involved, and further analyses will be necessary to identify and
characterize the respective proteins. Moreover, for a complete
understanding of the physiological importance of these trans-
porters,C. graminicolamutants in the respective genes need to
be generated, and the effects of these mutations on fungal vir-
ulence needs to be analyzed.
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