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The Siderophore Iron Transporter of Candida albicans (Sitlp/Arnlp)

Mediates Uptake of Ferrichrome-Type Siderophores and
Is Required for Epithelial Invasion
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The human fungal pathogen Candida albicans contains a close homologue of yeast siderophore transporters,
designated Sit1p/Arnlp. We have characterized the function of SIT1 in C. albicans by constructing sitI deletion
strains and testing their virulence and ability to utilize a range of siderophores and other iron complexes. sit1
mutant strains are defective in the uptake of ferrichrome-type siderophores including ferricrocin, ferrichrysin,
ferrirubin, coprogen, and triacetylfusarinine C. A mutation of FTRI did not impair the use of these sid-
erophores but did affect the uptake of ferrioxamines E and B, as well as of ferric citrate, indicating that their
utilization was independent of Sitlp. Hemin was a source of iron for both sit/ and firl mutants, suggesting a
pathway of hemin uptake distinct from that of siderophores and iron salts. Heterologous expression of SIT1 in
the yeast Saccharomyces cerevisiae confirmed the function of Sitlp as a transporter for ferrichrome-type
siderophores. The sit] mutant was defective in infection of a reconstituted human epithelium as a model for
human oral mucosa, while the SIT1 strain was invasive. In contrast, both sit1 and SIT1 strains were equally
virulent in the mouse model of systemic infection. These results suggest that siderophore uptake by Sitlp/
Arnlp is required in a specific process of C. albicans infection, namely epithelial invasion and penetration,

while in the blood or within organs other sources of iron, including heme, may be used.

The supply of iron limits the growth of pathogens within the
human host. Body proteins including transferrin and lactofer-
rin sequester iron, and pathogens grow successfully only if they
are able to acquire such bound iron. A frequent strategy used
by microorganisms for iron acquisition is the secretion of sid-
erophore iron chelators, which are able to withdraw iron from
human protein-iron complexes because of their high affinities
(18, 34). Siderophore-iron complexes are taken up by specific
transport systems; however, microorganisms have also devel-
oped transport systems for heterologous siderophores pro-
duced in other species. For example, Escherichia coli possesses
transporters not only for the homologous enterobactin (EB)
and aerobactin siderophores but also for hydroxamate sid-
erophores including ferrichrome (FCH), which are produced
by fungi (34). Clearly, cross-species utilization of siderophores
may be of ecological and medical importance, for example, in
case of mixed infections in humans. The human host counter-
acts such microbial strategies, e.g., by lowering the iron content
in circulating iron proteins such as transferrin (44).

Siderophore production and uptake has been demonstrated
with many fungal species (18, 25, 45). However, the yeast
Saccharomyces cerevisiae does not secrete siderophores, but it
is able to take up ferric ions by a reduction system, which
includes the Frelp and Fre2p proteins (3, 6, 11); reduction at
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the cell surface is followed by the uptake of iron via the high-
and low-affinity iron uptake systems. The multicopper oxidase
Fet3p accepts ferrous ions generated by the Fre proteins, ox-
idizes them, and transfers the ferric ions to the membrane
transporter encoded by FTRI (2, 42). The low-affinity uptake
system consists of the FET4 gene product (8). Alternatively, S.
cerevisiae is able to take up siderophores produced by other
microorganisms (27). Cell wall proteins Fitlp to Fit3p are
required for the uptake of the siderophores FCH and ferriox-
amine B (FoxB) but not triacetylfusarinine C (TAFC) and EB
(32). Four transporters in the cytoplasmic membrane belong-
ing to the major facilitator superfamily are relatively specific in
their abilities to transport siderophores, e.g., Enblp transports
EB and Arn2p/Taflp transports triacetylfusarinine and fusigen
(15, 17, 48); other transporters are less specific, e.g., Sitlp
transports ferrioxamine and FCH (26, 47) and Arnlp trans-
ports a wide range of hydroxamate-type siderophores (16, 48).
The expression of genes encoding siderophore transporters is
repressed by iron and by the high activity of the Tpk2p protein
kinase A isoform (27, 35, 47, 48); the general transcriptional
repressors Tuplp and Ssn6p contribute to the silencing of
these loci (27). In contrast, in the absence of iron, the tran-
scription factors Aftlp and Aft2p (4, 46) activate genes encod-
ing siderophore transporters (47, 48).

Elements of a reductive iron uptake system similar to that of
S. cerevisiae have been identified in the human fungal pathogen
Candida albicans. The product of the CaCFL95 gene, which is
homologous to S. cerevisiae Fre proteins, was able to restore
the growth of fre mutants, while an FET3 homologue,
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Genotype or description

Reference or source

C. albicans strains

CAF2-1 URA3/ura3A::imm434 10
CAl4 ura3A::imm434/ura3A::imm434 10
C4-SB1, C4-SB4 as CAI4, but SIT1/sit1 A::hisG-URA3-hisG This study
C4-SH1.1, C4-SH4.1 as CAI4, but SIT1/sit1 A::hisG This study
C4-SHBL1.1 as CAl4, but sit] A::hisG-URA3-hisG/sit]1 A::hisG This study
C4-SHHI1.1 as CAl4, but sit] A::hisG/sit] A::hisG This study
C4-SHB4.21 as CAI4, but SIT1/sit] A::hisG-URA3-hisG/sit] A::hisG This study
C4-SHH4/21-VIL as CAl4, but SIT1/sit1 A::hisG/sit] A::hisG This study
C4-SHHB4/21-VII as CAl4, but sit] A::hisG-URA3-hisG/sit] Az:hisG/sit] A::hisG This study
C4-SHHH4/21-VIL as CAI4, but sit] A::hisG/sit] A::hisG/sit] Az:hisG This study
SM1813C integration of p1367-CaSITpORF/Clal in C4-SHH1.1 This study
SM1814C integration of p1367-CaSITp/Clal in C4-SHH1.1 This study
ACaftrl (ura+) as CAI4, but firl A::hisG ftrlA::hisG firl Ar:hisG-URA3-hisG 33
Fet- as CAl4, but fet3A::hisG fet3A::hisG-URA3-hisG 9
S. cerevisiae strains
DEY1394 MATa ade6 canl his3 leu2 trpl ura3 fet3-2::HIS3 2
PHY14 as DEY1394, but arnlA::loxP arn2A::loxP sitl A::loxP enblA::loxP-kanMX-loxP This study
C. albicans plasmids
p1367/1 URA3-marked integrative vector 29
p1367-CaSITpORF SIT1 promoter and ORF in p1367 This study
p1367-CaSITp SITI promoter in p1367 This study
S. cerevisiae plasmids
YCp22Gal GALI1/10 promoter in YCplac22 This study
YCp22Gal/SIT1 SITI transcribed by GAL!I promoter, in YCp22 This study

CaFET99, was not functional in the heterologous yeast (23).
Two C. albicans homologues of FTRI were identified, of which
FTRI was shown to be necessary for growth under iron-limit-
ing conditions and for virulence (33). An FET3 homologue was
also identified, but it was not relevant for virulence (9). The
standard strain used for gene disruptions in C. albicans, CAl4,
has been reported to have a deletion of a gene next to the
URA3 locus, which is able to complement an S. cerevisiae aftl
mutation but whose function in iron metabolism in C. albicans
is unclear (13). Some reports have described the production of
siderophores, especially of the hydroxamate type, by C. albi-
cans; however, the nature of such siderophores has not been
elucidated (20, 43). The uptake of siderophores, including
FCH, has also been documented (1, 28, 30). Recently, a ho-
mologue of siderophore transporters in C. albicans, named
CaArnlp/CaSitlp, has been characterized (1, 28). Its expres-
sion in S. cerevisiae was shown by Ardon et al. (1) to mediate
uptake of FCH, but Lesuisse et al. (28) did not find transport
activity and even demonstrated inhibition of FCH uptake in S.
cerevisiae by CaArnl/CaSitlp. As in S. cerevisiae, the expres-
sion of genes encoding components of the reductive iron sys-
tem and of SITI/ARNI is induced in low-iron conditions and is
repressed by Tuplp in C. albicans (28, 31).

The previously reported data on the Sit1p/Arnlp transporter
left several questions unresolved, including (i) whether Sitlp/
Arnlp was the only siderophore transporter in C. albicans and
to what degree it contributed to the overall pattern of sid-
erophore utilization and (ii) what the phenotype of a SIT1/
ARNI deletion strain was with respect to C. albicans virulence.
Both of these questions are addressed in the present study. We
show that a group of siderophores of the FCH-type require

Sitlp/Arnlp for uptake, while others are independent of this
transporter. The iron chelate hemin (HEM), which is found in
the host in large amounts, is used as an iron source by C.
albicans independent of Sitlp/Arnlp. Importantly, sid-
erophore uptake mediated by Sitp/Arnlp is required in a spe-
cific process during the infection of humans, namely the infec-
tion of epithelial layers, while infections of the bloodstream
cause disease independent of Sitlp/Arnlp.

MATERIALS AND METHODS

Strains and growth conditions. Yeast strains (Table 1) were grown in yeast
extract-peptone-dextrose (YPD) medium or on synthetic dextrose (SD) or syn-
thetic galactose (SGal) minimal medium at 30°C (41). SD medium contained 2%
glucose and SGal medium contained 2% galactose and 0.1% glucose as carbon
sources. The solid and liquid media used to test hyphae formation of strains were
as described previously (5). Transformation of C. albicans was carried out by the
spheroplast method and that of S. cerevisiae was carried out by the salt method
(41).

To construct an S. cerevisiae strain lacking all known siderophore transporters,
successive deletions in the fer3 mutant DEY1394 (2) were made with the loxP-
kanMX-loxP module by using PCR fragments as described previously (14). ARN1
(16, 48), ARN2/TAFI (15, 48), SITI (26, 47), and ENBI (17) were deleted, with
the kanMX-loxP sequence removed in the first three cases by the Cre recombi-
nase, to allow subsequent disruptions. The correct insertion of the disruption
fragments was verified by diagnostic PCRs on genomic DNA, with primers
external and internal to the disruption fragments (data not shown).

Siderophores and siderophore biotests. Siderophores were isolated from mi-
crobial cultures as described previously, and the purity of the siderophores was
checked by high-pressure liquid chromatography (15, 16, 17). In addition, FCH
was purchased from Sigma.

The solid media used in the C. albicans siderophore growth tests were Lee’s
medium containing 1% agar (24) and 550 uM bathophenanthroline disulfonic
acid (BPDA) as an iron chelator. Twenty to forty microliters of an overnight
culture, in Lee’s medium, of the yeast strain to be tested was added to 10 ml of
molten medium, mixed, and allowed to solidify in petri dishes. Ten microliters of
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siderophore solution (100 wM) or of other iron chelates (1 mM ferric citrate
[CIT], 300 .M HEM) was dropped on sterile filter disks, which were placed on
the agar surface. Plates were incubated for 2 to 4 days at 37°C. Siderophore
growth tests for S. cerevisiae were performed similarly, except that SGal medium
was used for pregrowth of cells and SGal agar containing 200 uM BPDA was
used and siderophores were at a concentration of 10 pM, with the exception of
EB and coprogen (COP) (100 pnM).

Disruption of SIT1. SITI alleles were deleted by the URA blaster protocol
(10). To generate a disruption fragment for SIT7, the 5" and 3’ untranslated
regions of SITI were first produced by genomic PCR using DNA of strain CAI4.
The 5’ region (1.533 kb) was amplified by using primers SITdis1/for (5'-ATTA-
GATCTTTGATACGCAGGAG-3') and SITdisl/rev (5'-ATTGGATCCTAA-
GATGTCATGCTAGC-3'), and the 3’ region (595 bp) was amplified by using
primers SITdis2/for (5'-ATTAGATCTCAAACTTGGTTGTAAC-3") and SIT-
dis2/rev (5'-ATTGGATCCTGTAAGTAGTGATTACTG-3") (newly introduced
Bglll and BamHI sites are underlined; regions of homology are in italic type).
Both fragments were introduced into the Bg/II or BamHI site flanking the URA
blaster module (hisG-URA3-hisG) of plasmid p5921 (10) to generate plasmid
pSITdisBlaster. From this plasmid, a 6.14-kb Bg/II-BamHI disruption fragment
was excised, which was used for transformations of ura3 C. albicans strains. A
1.161-kb Kpnl fragment of a pUCI8 subclone of the 5" untranslated fragment
(plasmid pSIT-disI) was used as a probe in Southern blottings.

Reconstitution of SITI in the sitl mutant. Reconstituted strains were con-
structed in which the sit/ mutation in one chromosomal allele of strain C4-
SHHI1.1 was reconstituted (SM1813C) or not reconstituted (SM1814C) and
which contained the URA3 allele in the same position, within the SIT7 locus. An
Spel fragment containing the SITI promoter and open reading frame (ORF)
regions was generated first by genomic PCR using primers contig prom+Spel
(5'-TTAACTAGTCATCTACGAGACTG-3") and contig stop+Spel (5'-TTA-
ACTAGTTCTAAACAGCTACTC-3") (introduced Spel sites are underlined; re-
gions of homology are in italic type); the Spel site at the 5’ end of the promoter
segment is at position —1057 relative to the ATG start sequence of the ORF.
This fragment was introduced into pUCI18 to generate pPromSitl (1). The
2.873-kb Spel fragment of this plasmid was inserted into the single Xbal site of
plasmid p1367/1 (29) to generate the URA3-containing integration vector p1367-
CaSITpOREF. pPromSitl (1) was also doubly digested with Spel/Nhel, and the
1.051-kb Spel/Nhel ARN1 promoter fragment was isolated (the Nhel site is 6 bp
upstream of the ATG translation initiation sequence of SIT7) and inserted into
the Xbal site of p1367/1 to generate the control plasmid p1367-CaSITp. Both
p1367/1 derivatives were cut within the SITI promoter at the single Clal site
(situated at position —851 relative to the ATG) and transformed into the sit/
mutant C4-SHH1.1. The correct integration of plasmid p1367-CaSITpORF at
the SITI locus was verified by Southern blottings by using genomic DNA di-
gested with Ehel, which cuts genomic DNA at position —1766 relative to the
ATG, within pUCI18 sequences of the p1367/1 derivatives and within the hisG
sequence. As a probe, the 640-bp HindIII-BglII fragment of plasmid pSIT-disI
was used. In cases of correct integration of p1367-CaSITpOREF in one arn! allele
(about 60% of transformants), the reconstituted SITI gene was apparent as two
fragments of 5.123 and 4.419 kb (the latter fragment appeared weak on blots
because of low homology to the probe), while the hisG-disrupted allele yielded
a 2.63-kb fragment. The correct integration of the control plasmid p1367-CaSITp
(lacking the SITI ORF) was verified by Southern blottings by using genomic
DNA digested with SspI and by using a 515-bp Sspl/HindIII probe derived from
plasmid pSIT-disI. The starting mutant p1367-CaSITp generated a single frag-
ment of 3.5 kb, while in the case of an integrated plasmid, two fragments of 1.814
and 5.2 kb were observed because of an Sspl site located within pUCIS8 se-
quences; in CAI4, the expected genomic fragment of 3.9 kb was verified.

Construction of an S. cerevisiae expression vector for CaSITI1. The CaSIT1
ORF was amplified by PCR on genomic DNA of strain CAI4 by using primers
Contig4-3057/for (5'-TTAGGATCCTAGCATGACATCTTACCAGTC-3') and
Contig4-3057/rev  (5'-TTAGGATCCTAGTTCTAAACAGCTACTC-3") (newly
introduced BamHI sites are in boldface type, start and stop sequences are
underlined, and regions of homology are in italic type). The 1.842-kb BamHI
fragment was inserted into the transformation vector YCplac22Gal (BamHI cut),
placing CaSIT1 in the resulting plasmid YCp22Gal/SIT1 under the control of the
GALI promoter. YCplac22Gal was constructed by inserting the BamHI-EcoRI
fragment carrying GALI (22) into YCplac22 (12).

In vitro model of oral candidiasis. The human epithelium for the in vitro
model of oral candidiasis was supplied by Skinethic Laboratory (Nice, France).
Human keratinocytes derived from a squamous cell carcinoma of the buccal
mucosa (cell line TR146) were cultured on an inert supporting membrane (37).
A defined medium based on the MCDB-153 medium (Clonetics, San Diego,
Calif.) supplemented with 5 pg of insulin ml~! was deposited below a 0.5-cm?
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microporous polycarbonate filter (pore size, 0.5 pm) and incubated for 7 days at
37°C with 100% humidity and 5% CO, to generate a human reconstituted
epithelium (RHE). No antibiotics and antimycotics were used.

C. albicans strains were cultured for 24 h at 37°C on Sabouraud dextrose agar
(Difco). A part of the culture was suspended in a 0.9% sodium chloride solution
and centrifuged. After the suspension was washed three times, 2 X 10° cells were
suspended in 10 ml of YPD medium. The suspension was cultured for 16 h at
25°C, 4 X 10° cells were suspended in fresh medium, and the suspension was
incubated again for 24 h at 37°C with shaking. After the suspension was washed
three times with phosphate-buffered saline (PBS) solution, the desired inoculum
size was adjusted with PBS.

RHE (0.5 cm?) was infected with 2 X 10° cells of each C. albicans strain in 50
1l of PBS; as a control, 50 wl of PBS alone was used. RHE was incubated at 37°C
with 5% CO, at 100% humidity for 6, 12, and 22 h. Infected RHE samples were
examined by light microscopy as described previously (39).

Mouse infections. Six-week-old BALB/c male mice were housed 10 per cage
and given food and water ad libitum. The C. albicans strains to be tested were
subcultured on SD agar medium for 18 h at 30°C before inoculation; strain
identities were encoded to secure unbiased experimentations. The yeast colonies
were scraped off the plates and washed three times in sterile saline. The inocu-
lum was adjusted to a concentration of 107 cells/ml by microscopy countings, and
100 pl of the suspension was injected into the lateral tail vein of each mouse. The
viability of the yeast cells was assessed by plating appropriate dilutions of the
inoculum onto Sabouraud dextrose agar. Survival was monitored once daily up to
day 68 after inoculation. Relevant results were confirmed thrice.

RESULTS

Disruption of SITI/ARNI. The sequence of the C. albicans
genome (obtained from the Stanford Genome Technology
Center website [http://sequence-www.stanford.edu/group/can-
dida]) revealed an ORF (Contig6-2443 complementary strand,
coordinates 14150 to 15964) encoding a theoretical protein of
604 amino acids with high homology to S. cerevisiae sid-
erophore transporters. Computer predictions suggested a
membrane protein of nine transmembrane regions which is
51% identical to Arnlp, 46% identical to Sitlp, 44% identical
to Arn2p/Taflp, and 32% identical to Enblp of S. cerevisiae.
While this present study was in progress, Ardon et al. (1) and
Lesuisse et al. (28) reported that this gene, designated
CaARNI or CaSITI, respectively, is regulated by iron in C.
albicans and that its expression permits or inhibits FCH uptake
in S. cerevisiae. Here, this gene is referred to as SITI (alias
ARNTI), because (i) the designation SIT (siderophore iron
transport) is descriptive of its function, (ii) a close homologue
of AFTI is lacking in C. albicans genomic sequences and thus
makes the designation ARN (Atf1 regulated) meaningless, and
(iif) it is the only close homologue in C. albicans of the four
known siderophore transporters of S. cerevisiae.

We successively disrupted SIT1 alleles of C. albicans by the
URA blaster method (10). The 5" and 3’ untranslated regions
of ARN1 were produced by genomic PCRs and inserted next to
the hisG-URA3-hisG blaster module to construct a disruption
fragment, which was able to integrate into the SIT7 locus by
homologous recombination (Fig. 1A, top). ura3 derivatives of
disruptants were isolated and used for subsequent rounds of
gene disruptions with the disruption fragment, as described
previously (10). Correct insertion and disruption of SITI
was verified by Southern blottings able to distinguish the wild-
type allele (SITI), the URA blaster-disrupted allele (sit/A::
hisG-URA3-hisG), and the URA3-free allele (sit1A::hisG) (Fig.
1A, bottom) (see Materials and Methods). This procedure led
to the disrupted strain C4-SHBI1.1, which was disrupted in two
SIT]I alleles (Table 1) (Fig. 1A, bottom, lane 5). Surprisingly, in
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FIG. 1. Disruption of SITI. (A) The wild-type genomic structure of
SITI and the disruption fragment containing the URA blaster module
(hisG-URA3-hisG) are shown (top). The relevant diagnostic restriction
sites at the examination of the genomic configuration of SI7/ are
HindIlI (H), Kpnl (K), and Pvull (P); the Bg/ll (Bg*) and BamHI (B*)
sites at the ends of the disruption fragment were generated by PCR.
Asterisks indicate the region used as a probe in the Southern blot
(bottom). Genomic DNAs of the following strains were digested by
Kpnl and Pyull and analyzed by Southern blotting: C4-SB1 (lane 1)
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another lineage, the presence of a third SI7/ allele was de-
tected, becoming apparent after disruption of the presumed
second SIT1 allele in strain C4-SHB4.21; in this case, all three
possible alleles, SIT1/sit1A::hisG-URA3-hisG/sitl A::hisG, oc-
curred (Fig. 1A, bottom, lane 6). Because a regular diploid
disruptant was obtained, we consider the occurrence of three
SITI alleles in strain C4-SHB4.21 as an artifact generated
during the disruption processes.

To ensure that any potential phenotype observed in the sit/
mutant was due to the lack of SIT7 and not to other details of
genetic configurations (e.g., any locus-dependent differences in
URA3 expression between the mutant and wild-type strains,
which can occur [L. L. Sharkley, W.-L. Liao, and W. A. Fonzi,
Abstr. EuroConference on Fungal Virulence Factors and Dis-
ease, abstr. p. 21, 2001]), we constructed two closely related
strains either containing or lacking SI77 (strains SM1813C and
SM1814C, respectively). To accomplish this, plasmid p1367-
CaSITpORF (containing the SITI promoter and coding re-
gion) or plasmid p1367-CaSITp (containing only the SITI pro-
moter) was cut at the single Clal site within the promoter to
stimulate integration into the genomic SI7 promoter in strain
C4-SHHI1.1 (sitl A::hisG/sit] A::hisG) (Fig. 1B). The correct in-
tegration of both plasmids in single copy at the SIT7 locus was
verified by Southern blottings (Fig. 1B). Thus, the resulting
strains SM1813C and SM1814C both contain URA3 at the
SITI locus and differ only in the presence of the SIT1 coding
region.

No growth defect was observed in the homozygous sit/ mu-
tant C4-SHB1.1 compared with the wild-type or reconstituted
SITI strain. Similarly, the formation of hyphae on solid media
(Lee’s medium, Spider medium, and serum-containing me-
dium) or in liquid inducing media (in the presence of GIcNAc
or serum) was not affected. The only exception was the triple
allelic sit] mutant C4-SHHB4/21-VII, which in YPD and SD
media had a growth rate reduced by about 20% compared to
those of SIT1 strains and mutant C4-SHB1.1 and which failed
to form hyphae. Thus, these results suggest that an increased
gene dosage or other genetic rearrangements interfere with
growth and hyphal morphogenes in the triple allelic mutant but
that these phenotypes are not related to the lack of SIT7.

Siderophore uptake by C. albicans sit] mutants. To establish
the specificity of the theoretical Sitlp transporter protein, we
compared the ability of SIT/™ and sit] mutant strains to take
up various siderophores or other iron-containing compounds.

and C4-SB4 (lane 2) (SIT1/sit1 A::hisG-URA3-hisG); C4-SH1.1 (lane 3)
and C4-SH4.1 (lane 4) (SIT1/sit1A::hisG); C4-SHB1.1 (lane 95)
(sit1 Az:hisG-URA3-hisG/sit1 A::hisG); C4-SHB4.21 (lane 6)
(SIT1/sit] Az:hisG-URA3-hisG/sit1 A::hisG); C4-SHH4/21-VII (lane 7)
(SIT1/sit] Ar:hisG/sit] A::hisG); C4-SHHB4/21-VII (lane 8)
(sit1 Az:hisG-URA3-hisG/sit] A::hisG/sit] A::hisG);  C4-SHHH4/21-VII
(lane 9) (sitlA:hisG/sitl A::hisGlsit] AhisG); and CAI4 (lane 10)
(SIT1/SITI). (B) Strategy to reconstitute the SITI gene in the sit]
mutant C4-SHH1.1. Plasmid p1367-CaSITpORF was cut with Clal
(C) and integrated into the SIT7 promoter region by homologous
recombination. As a control, plasmid p1367-CaSITp was integrated
similarly. The diagnostic restriction sites used in Southern blots were
Ehel (E) and Sspl (S); the respective probes for the plasmids are
indicated above and below the sit/ region. Examples of Southern blots
verifying correct integrations are shown next to the respective plasmids
(see Materials and Methods).



5250 HEYMANN ET AL. INFECT. IMMUN.
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SITI)

C4-SHBI1.1
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sitl)

SM1813¢
(sitl/

sit]
[SITI))

SM1814c¢
(sitl/

sit]
[control])

DHB-1 DHB-0.

ACafirl ® ®
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FIG. 2. Utilization of siderophores by C. albicans strains. The indicated strains were embedded in solid Lee’s medium containing 550 wM
BPDA, and sterile filter paper disks containing siderophores (10 wl) were placed on the agar surface. Plates were incubated at 37°C for 2 to 3 days
and photographed. The concentrations of siderophores and other compounds are listed in Table 2.

Strains were embedded in Lee’s medium containing 550 uM In the first set of experiments, we compared the wild-type
BPDA to make remaining traces of iron unavailable to C. strain CAF2-1 with the sit/ mutant C4-SHB1.1. The hydrox-
albicans cells; growth on these plates was stimulated by the amate siderophores FCH, ferricrocin (FCR), ferrichrysin
presence of siderophores or other iron compounds within the (FRY), and ferrirubin (FRU) were excellent iron sources for
filter disks (Fig. 2). the SITI™" strain, but these siderophores were hardly used by
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TABLE 2. Siderophore uptake by C. albicans strains
Growth of C. albicans strains”
Siderophore or
other c()mpound“ CAF2-1 C4-SHBI1.1 SM1813c¢ SM1814c ACaftrZ Fet-
(SIT1/SITI) (sitl/sit]) (sitl/sit] [SITI]) (sit1/sit] [control]) (firl ffirl [fir]) (fet3/fet3)

COP + —/+ + —/+ —/+ +
EB - — — - — -
FCH +++ —/+ +++ —/+ +++ +++
FCR +4++ —/+ +++ —/+ +4++ +++
FRY +++ —/+ +++ —/+ +++ +++
FRU +4++ —/+ +++ —/+ +++ +++
FoxB + + + + - +
FoxE ++ + ++ ++ —/+ ++
RHO - - - - - -
TAFC + —/+ + —/+ + +
CIT + + + —/+ - +
DHB ND ND - - - -
HEM + + + + + +

“ The concentrations were 100 wM for the siderophores, 1 mM for DHB, 1 mM for CIT, and 300 uM for HEM. Siderophore solutions (10 wl) were added to sterile

filter disks and placed on solid Lee’s medium containing 550 pM BPDA.

> Growth zone diameters in agar diffusion tests: +++, >30 mm; ++, 20 to 30 mm; +, 10 to 20 mm; —/+, up to 10 mm. ND, not determined.

the sit/ mutant. Compared to these siderophores, the hydrox-
amates TAFC and COP were less efficiently used by the wild-
type strain, but in the presence of an sit/ mutant background,
siderophore utilization declined further. In contrast, ferriox-
amine E (FoxE) and to a lesser extent FoxB were used as iron
sources, but the uptake of these hydroxamates was not affected
by the sit] mutation. Similarly, the uptakes of CIT and of HEM
were not affected by the SIT7 status of cells. Other (iron-free)
siderophores used in these assays, including EB, dihydroxyben-
zoic acid (DHB), or rhodotorulic acid (RHO), did not stimu-
late growth. An identical iron chelate utilization pattern was
obtained for strain C4-SHHB4/21-VII, which contains three
sit] alleles (data not shown). Thus, these results suggested that
the Sitlp transporter is essential for the uptake of a group of
hydroxamate siderophores, especially of the FCH type, while
the uptake of ferrioxamines, CIT, and HEM occurs irrespec-
tive of the presence of Sitlp.

This conclusion was confirmed by analysis of a carefully
matched pair of strains, SM1813c and SM1814c, which differ
only in the presence of the SITI coding region, while all other
genetic markers including the URA3 gene are in identical lo-
cations. The above-mentioned patterns of siderophore utiliza-
tion were again obtained with respect to (i) FCH, FCR, FRY,
and FRU; (ii) TAFC and COP; (iii) FoxE and FoxB, CIT and
HEM; and (iv) EB, DHB, and RHO (Fig. 2).

C. albicans ftrl and fet3 mutants defective in the reductive
iron uptake system have been described previously (9, 33) but
have not yet been tested for uptake of the range of sid-
erophores as described here. Siderophore and iron chelate
uptake in the fer3 mutant was indistinguishable from that in
any SIT1 or sit] mutant strain (data not shown). In contrast, in
the ftr] mutant, the uptake of the apparent Sitlp substrates
FCH, FCR, FRY, FRU, TAFC, and COP still occurred as in
the wild type, but the uptake of FoxE, FoxB, and CIT was
prevented. Thus, the results summarized in Table 2 indicate
that the uptake of the latter substrates depends on Ftrlp and
is independent of the Sitl protein, which we can consider as
the main hydroxamate siderophore transporter of C. albicans.

Heterologous expression of CaSIT1 in S. cerevisiae. While
this present study was in progress, two reports on the expres-
sion of CaARNI/SITI in S. cerevisiae appeared, one of which
described the functional expression of ARN1/SIT1 (1), which is
at variance with the results of the second report (28). In our
study, we prevented the significant activity of resident iron
transporters by constructing an S. cerevisiae host strain
(PHY14) defective in elements of reductive iron uptake (fet3)
and lacking all four known transporters of siderophores,
Arnlp, Arn2p/Taflp, Sitlp, and Enb1p. This strain was unable
to grow on low-iron media, even in the presence of most
siderophores, while the parental strain DEY1394 (2) appeared
to utilize siderophores as an iron source. PHY14 was trans-
formed with an expression vector for CaSIT! (pYCp22Gal/
SIT1) in which the coding region of this gene was transcribed
by the GALI promoter. Transformants were tested for their
utilization of siderophores in the plate assay by using galactose
as the carbon source to induce expression of the GALI-SITI
fusion. The results are shown in part in Fig. 3 and summarized
in Table 3.

Hydroxamate siderophores of the FCH type, including FCH,
FCR, FRY, and FRU, as well as COP and TAFC, allowed the
growth of S. cerevisiae PHY14(pYCp22Gal/SIT1) on galac-
tose-containing media but not on glucose media, which re-
pressed the GALI-SITI fusion gene. In addition, the growth of
ferrioxamine-type siderophores such as FoxE or FoxB was not
improved by expression of CaSITI. These results reflected the
above-mentioned siderophore specificities obtained for
CaSitlp in C. albicans and strongly suggested that these spec-
ificities were due to CaSitlp itself and not to another compo-
nent, such as a resident transporter stimulated by CaSitlp.

In vitro model of oral candidiasis. The keratinocyte cell line
TR146 was allowed to differentiate on an inert supporting
membrane, and as a result, a multilayered keratinocyte tissue
was generated, which is strikingly similar to human oral mu-
cosa (Fig. 4). This RHE was infected with 2 X 10° cells of C.
albicans strains (yeast form) to explore any function of Sitlp in
the infection process.
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FIG. 3. Utilization of siderophores by CaSIT] transformant of S. cerevisiae. Strain PH14(YCp22Gal/SIT1) was embedded in solid SGal medium
containing 200 nM BPDA, and sterile filter paper disks containing siderophores (10 wl) were placed on the agar surface. Plates were incubated
at 30°C for 2 to 3 days and photographed. See Table 2 for concentrations. FUS, fusigen.

Inspection of the RHE by light microscopy revealed that
infection by the sit/ mutant C4-SHBI.1 at an early time point
(6 h) did not result in any noticeable damage to the RHE, and
even at later time points, few C. albicans cells were observed in
the upper layer of keratinocytes. In contrast, the SITI™ strain
CAF2-1 had entered the upper cellular layers at 6 h and both
hyphae and yeast form cells were visible. At 22 h after infec-
tion, the SITI™ strain had caused extensive damage to the
RHE, which was apparent as large cavities in the keratinocyte
tissue. These results were confirmed by use of the matched pair
of transformants, strains SM1813c (SIT1) and SM1814c (sit1).
While SM1814c had hardly damaged the RHE at 12 h after
infection, hyphal forms of SM1813c had penetrated to the
deepest keratinocyte layers at this time point (Fig. 4).

Thus, these results suggest that in a specific phase of infec-
tion of the human host by C. albicans, i.e., the invasion and
penetration of the mucosal epithelium, siderophore uptake by
Sitlp is required.

Virulence tests with mice. The virulence of sit/ mutants was
compared with that of SITI™" strains in the standard mouse
model of systemic infection. BALB/c mice were injected in
their tail veins with 10° yeast form cells, and the number of
surviving mice was recorded. In a representative experiment,
the sit/ mutant C4-SHB1.1 was able to kill mice as fast as the
wild-type strain CAF2-1 or the SIT1/sit] half-disruptant strain

TABLE 3. Siderophore uptake by S. cerevisiae strains

Growth of S. cerevisiae strains”

Siderophore® PHY14
DEY1394 PHY14 (YCp22Gal/SIT1)

FoxB ++ - -
FoxE ++ - -
EB ++ — —
TAFC ++ — +/—
FRY ++ - ++
FCR ++ - ++
FCH ++ - ++
FRU ++ - ++
Ferrirhodin ++ - ++
COP + - ++

“ Siderophore concentrations were 10 uM, except for EB and COP (100 pM).
 Growth zone diameters in agar diffusion tests: ++, 30 to 35 mm; +, 25 to 30
mm; +/—, up to 10 mm.

C4-SB1 (Fig. 5). In contrast, the abnormal strain C4-SHH4/
21-VII, containing three disrupted SIT7 alleles, was completely
avirulent, and mice survived for 68 days following their inoc-
ulation. However, because the sit/ mutant is virulent, it ap-
pears that the Sitl siderophore transporter is not essential for
survival and virulence if C. albicans cells are injected into the
bloodstream. HEM and other iron-containing compounds such
as transferrin may be used as sources of iron in the blood and
organs (Fig. 2). The avirulence of the triple-allele mutant must
be explained by genetic alterations unrelated to the absence of
SIT1, such as the effects on virulence caused by increased gene
dosages.

DISCUSSION

The construction of C. albicans sit] mutants and their com-
parison to SIT1™" strains allowed us to verify the role of the
encoded protein Sitlp in siderophore utilization and virulence.
With respect to siderophore utilization, we found by using a
range of iron chelates including siderophores that Sitlp is
needed for the uptake of hydroxamate-type siderophores, not
only for that of FCH as previously suggested (1) but also for
that of related siderophores including FCR, FRY, FRU, COP,
and TAFC. The latter two siderophores were taken up less
efficiently than the former siderophores, but their utilization
was clearly dependent on Sitlp. Unexpectedly, sit/ mutants
were still able to the use FoxE and FoxB, suggesting the pres-
ence of a siderophore transporter other than Sitlp in C. albi-
cans. Analysis of the recently reported genomic sequences of
C. albicans (contig 6) revealed two distantly related homo-
logues of Sitlp encoding putative facilitators; the theoretical
transporter proteins encoded by ORF6.8902 and ORF6.1908
have 25 and 22% identity, respectively, to Sitlp. Interestingly,
the Sitlp-independent uptake of ferrioxamine siderophores
was dependent on the function of the reductive iron transport
system, since an fir/ mutant (33) was unable to utilize ferriox-
amines as sources of iron. In S. cerevisiae, reductive iron uptake
requires both Ftrl and Fet3 proteins (2, 42). Since a C. albicans
fet3 mutant lacking the second possible element of reductive
iron import (9) was not blocked in ferrioxamine import, it
appears that homologues of Fet3p, which are indeed predicted
from the C. albicans genomic sequences, have functions that
are redundant to those of Fet3p. The ftrl mutant was also
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C. albicans strain
used for infection

CAF2-1
(SIT1/SITI)

C4-SHB1.1
(sitl/sit])

SM1813¢c
(sitl/sit]
[SITI]

SM1814¢
(sitl/sitl
[control]

uninfected

FIG. 4. Infection of an RHE model by 2 X 10° C. albicans cells. RHE infected by strains CAF2-1 and C4-SHBI1.1 are shown at 6 and 22 h of
incubation; RHE infected by strains SM1813c and SM1814c are shown at 12 h of incubation. Note the deep penetration and formation of vacuoles
by SITI" strains (arrows).

defective in the uptake of CIT, while HEM utilization was not we found that an Sitlp-producing S. cerevisiae transformant

blocked in either the sit/ or ftr] mutant. lacking known components of reductive and siderophore-me-
The specificity of Sitlp for FCH-type siderophores was con- diated iron uptake was able to utilize FCH and related sid-
firmed by the expression of Sitlp in the heterologous yeast S. erophores, but not ferrioxamines, as sources of iron. Possibly,

cerevisiae. In agreement with the results of a recent study (1), the lack of transport function of Sitlp, which was reported in
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survivors

0 T \
0 2 4 6 8
days

FIG. 5. Virulence of C. albicans in mice. C. albicans cells (10°% yeast
form) were injected into the tail veins of BALB/c mice (n = 10), and
the survival of mice was monitored daily. The strains used were
CAF2-1 (SIT1/SITI) (A), CA-SHBI1.1 (sitl/sit]) (©), C4-SH1.1 (SIT1/
sitl) (O), and C4-SHHB4/21-VII (sitl/sit1/sit]) (OJ).

another recent study (28), was due to accidental mutations in
the expression plasmid or in the host. Thus, it appears that C.
albicans has at least the following four uptake systems for iron
chelates: (i) Sitlp, as an uptake system for FCH-type sid-
erophores; (i) a ferrioxamine uptake system including ele-
ments of the reductive iron import such as Ftrlp; (iii) conceiv-
ably, an uptake system for CIT, which also requires Ftrlp; and
(iv) an uptake system for HEM, which does not depend on
either Sitlp or Ftrlp.

The effect of the sit/ mutation on virulence was tested (i) in
vitro by using RHE, which is a model of human oral mucosa
(39), and (ii) in the standard intravenous model of systemic
infection in mice. In the mucosal model, sit/ mutants were
clearly compromised in invading keratinocyte layers and
caused less damage than SITI cells, which penetrated deeply
and caused the formation of cavities within the epithelium. The
mutant phenotype was absent in the sit//SIT] heterozygous
strain and was restored by reintegrating a single copy of SIT1
at its genomic locus. On the other hand, the virulence of the
sit] mutant in the systemic model of infection was comparable
to that of the wild-type and reconstituted SI77 strains, indicat-
ing that siderophore transport is not of importance once the
fungal pathogen is in the bloodstream. This assumption is
supported by the pattern of iron chelate uptake in C. albicans
discussed above, since HEM is a source of iron even in sit/ and
ftrl mutants. Presumably, the secretion of proteinases by C.
albicans, which are able to degrade heme-containing proteins
including hemoglobin (36), helps to liberate the heme moiety
and to provide a source of iron; in addition, transferrin is likely
to be another source of iron, permitting growth in blood and
possibly within cells. Other examples of the differential effects
of C. albicans mutations on infectivity in the mucosal and
systemic models are known and indicate the importance of
virulence traits that depend on specific host niches. For exam-
ple, phr2 mutants were virulent in the systemic mouse model of
infection but were avirulent in a vaginal infection model; in the
case of the phrl mutant, the phenotype was the inverse (7).

INFECT. IMMUN.

Phospholipase D1 and Sap4p to Sap6bp were required for vir-
ulence in the systemic model but were not required in the
mucosal model (19, 38, 40). Interestingly, during the course of
SITI disruption, we isolated a mutant containing three alleles
of sitl (strain C4-SHHB4/21-VII) which with respect to sid-
erophore utilization had the same phenotype as an sitl/sit]
mutant. However, the three-allele mutant strain was com-
pletely avirulent in the systemic model of infection and showed
reduced growth and defective hyphal morphogenesis. Thus, its
virulence phenotype is not caused by a lack of Sitlp but is
related to other unknown genetic alterations occurring in this
strain. For example, it is known that the increased gene dosage
of a repressor protein may prevent utilization of certain carbon
sources in C. albicans (21). The three sit] alleles we have found
are reminiscent of the fir/ mutant, which has also been re-
ported as avirulent (33).
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