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Summary

Rhizopus oryzae is the most common cause of
mucormycosis, an angioinvasive fungal infection that
causes more then 50% mortality rate despite first-line
therapy. Clinical and animal model data clearly dem-
onstrate that the presence of elevated available
serum iron predisposes the host to mucormycosis.
The high affinity iron permease gene (FTR1) is
required for R. oryzae iron transport in iron-depleted
environments. Here we demonstrate that FTR1 is
required for full virulence of R. oryzae in mice. We
show that FTR1 is expressed during infection in dia-
betic ketoacidosis (DKA) mice. In addition, we dis-
rupted FTR1 by double cross-over homologous
recombination, but multinucleated R. oryzae could
not be forced to segregate to a homokaryotic null
allele. Nevertheless, a reduction of the relative copy
number of FTR1 and inhibition of FTR1 expression by
RNAi compromised the ability of R. oryzae to acquire
iron in vitro and reduced its virulence in DKA mice.
Importantly, passive immunization with anti-Ftr1p

immune sera protected DKA mice from infection with
R. oryzae. Thus, FTR1 is a virulence factor for R.
oryzae, and anti-Ftr1p passive immunotherapy
deserves further evaluation as a strategy to improve
outcomes of deadly mucormycosis.

Introduction

Mucormycosis (zygomycosis) is a life-threatening infection
which occurs in patients with diabetes, in patients with
increased available serum iron (e.g. from systemic acido-
sis or deferoxamine therapy), and in patients immuno-
compromised by neutropenia or medications (e.g.
corticosteroids) (Kwon-Chung and Bennett, 1992; Ibrahim
et al., 2003b; Spellberg et al., 2005). Rhizopus oryzae is
the most common cause of mucormycosis, and is respon-
sible for approximately 70% of such infections (Ribes et al.,
2000; Roden et al., 2005; Spellberg et al., 2005; Reed
et al., 2008). Due to the rising prevalence of diabetes,
cancer and organ transplantation in the aging United
States population, the number of patients at risk for this
deadly infection is significantly rising (Marr et al., 2002).
Unfortunately, despite disfiguring surgical debridement
and adjunctive antifungal therapy, the overall mortality
of mucormycosis remains approximately 50%, and it
approaches 100% in patients with disseminated disease,
or persistent neutropenia (Kontoyiannis et al., 2000; Marr
et al., 2002; Gleissner et al., 2004; Kauffman, 2004; Siwek
et al., 2004; Spellberg et al., 2005). Clearly new strategies
to prevent and treat mucormycosis are urgently needed.

The hypersusceptibility of patients with increased avail-
able serum iron to infection by R. oryzae, but not other
pathogenic fungi (Ibrahim et al., 2003b; Sugar, 2005),
highlights the central role of iron metabolism in the organ-
ism’s virulence. For example, the fungi that cause mucor-
mycosis are normally unable to grow in serum due to the
sequestration of iron by iron binding proteins. However,
diabetic ketoacidosis (DKA) causes proton-mediated dis-
sociation of iron from iron-sequestering proteins, and the
increased levels of available iron enable enhanced growth
of these fungi in serum (Artis et al., 1982; Spellberg et al.,
2005; Ibrahim et al., 2006). Moreover, patients treated
with deferoxamine are uniquely susceptible to mucormy-
cosis (Boelaert et al., 1987; 1988; 1994). While deferox-
amine is an iron-chelator from the perspective of the
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human host, Rhizopus spp. utilize deferoxamine as a
xeno-siderophore to supply previously unavailable iron to
the fungus (Boelaert et al., 1993; de Locht et al., 1994).
Recently, we found that other iron chelators do not act as
iron siderophores for Rhizopus. In fact, treatment of
Rhizopus-infected mice with the iron chelators defer-
iprone (Ibrahim et al., 2006) or deferasirox (Ibrahim et al.,
2007) markedly improved survival, reduced fungal burden
in target organs, and enhanced the host inflammatory
response to mucormycosis. These results further confirm
the unique importance of iron in the pathogenesis of
mucormycosis.

We have previously cloned the high-affinity iron per-
mease of R. oryzae (FTR1), which is a primary effector of
the organism’s ability to acquire iron in iron-limited envi-
ronments (akin to those found in vivo during infection) (Fu
et al., 2004). In the current study we sought to determine
the role of FTR1 in the pathogenicity of R. oryzae by
studying the expression of the gene and its product in
vivo, elucidating the effect of gene disruption and gene
silencing on the virulence of R. oryzae, and finally by
determining the role of anti-Ftr1p antibodies in protecting
DKA mice from R. oryzae infection.

Results

FTR1 is expressed by R. oryzae during infection in
DKA mice

For FTR1 to play a role in the pathogenesis of mucormy-
cosis, it must be expressed during infection. We used
quantitative real time PCR (qPCR) to investigate the
expression of FTR1 in the brains of DKA mice infected
intravenously with 105 spores of R. oryzae, an inoculum
that causes a 100% mortality within 2–3 days (Ibrahim
et al., 2005a). The brain was chosen for analysis because
it is a primary target organ in this model (Ibrahim et al.,
2005a). Expression of FTR1 from mice (n = 5) sacrificed
24 h post infection increased by fourfold [median (25th
quartile, 75th quartile) = 4.12 (1.03, 0.27), P = 0.03 by
Wilcoxon Rank Sum)] relative to the constitutive ACT1

gene. As expected, brains from uninfected mice did not
show any expression of FTR1.

To directly visualize expression of FTR1 in vivo during
infection, R. oryzae was transformed with a plasmid con-
taining GFP under the control of the FTR1 promoter
(strains described in Table 1). This strain fluoresced
green when grown in iron-depleted but not iron-rich
media in vitro, whereas R. oryzae transformed with GFP
under the control of the constitutive actin promoter (posi-
tive control) fluoresced regardless of the iron concentra-
tion in the medium (Fig. 1A). DKA mice were infected
with the GFP reporter strain or PyrF-complemented R.
oryzae grown under iron-rich conditions to suppress
GFP expression prior to infection. Twenty-four or 48 h
post-infection brains were collected and processed for
histopathology. Because the paraffin embedding process
abrogated the intrinsic fluorescence of the GFP protein,
the sections were stained with fluorescent anti-GFP anti-
body. Samples taken 24 h post infection did not show
any fungal elements, which was expected since 48 h
post infection is the earliest time point that fungal ele-
ments can be detected histopathologically in infected
tissues (Ibrahim et al., 2005a). At 48 h of infection in the
brain, the FTR1 reporter strain of R. oryzae expressed
GFP, whereas the negative control, PyrF-complemented
R. oryzae did not (Fig. 1B). Additionally, GFP expression
was induced by low iron levels in the host environment
since spores used for infecting mice were grown in iron-
rich medium (condition that suppresses the expression
of FTR1) and did not fluoresce green when used to
infect mice (Fig. 1B, DIC overlaid with fluorescence).

Isolation of a homokaryotic ftr1 null could not be
achieved in multinucleated R. oryzae despite integration
of the disruption cassette at the FTR1 locus

The expression of FTR1 during active infection sug-
gested a role for FTR1 in the pathogenicity of R. oryzae.
We sought to study the effect of FTR1 gene disruption
on the ability of R. oryzae to take up iron in vitro and

Table 1. Strains used in this study.

Strain Genotype Description and source

R. oryzae 99–880 Wild-type Clinical isolate (Ibrahim et al., 2007)
R. oryzae M16 pyrF205 Uracil deficient (Skory and Ibrahim, 2007)
R. oryzae PyrF

complemented
pyrF205::PyrF M16 complemented with a wild-type copy of PyrF at its original locus, this work

R. oryzae GFP1 M16 (pPFtr1-GFP) M16 transformed with a plasmid containing an FTR1 promoter driven GFP (Ibrahim
et al., 2007)

R. oryzae FTR1Ko pyrF205, ftr1::PyrF ftr1 knock out, this work
R. oryzae FTR1Inh M16 (pFTRi-pdc intron) FTR1 inhibited by RNAi, this work
R. oryzae Empty M16 (pRNAi-pdc intron) M16 transformed with empty plasmid, this work
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cause disease in vivo. Isolates obtained from two sepa-
rate transformations were purified with one round of
sporulation and single colony isolation. To achieve single
colony isolation, transformants were grown on chemi-
cally defined medium (YNB+CSM-URA) supplemented
with 1 mM FeCl3 (iron-rich) to favour the segregation of
the ftr1 null allele, since FTR1 is poorly expressed in
concentrations � 350 mM of FeCl3 (Fu et al., 2004). Iso-
lates were screened for integration of the disruption cas-
sette with PCR primer pairs FTR1-P3/PyrF-P9 (expected
1054 bp) and PyrF-P18/FTR1-P4 (expected 1140 bp).
Disruption of the FTR1 locus was tested by the absence
of a PCR amplification product using primers FTR1-P11/
FTR1-P12 (expected 503 bp), which amplified a
segment from the ORF of FTR1 (Table 2 and Fig. 2A).
PCR confirmed integration of the disruption cassette in
the FTR1 locus, and absence of FTR1 ORF from
several putative null mutant strains (Fig. 2B). Further-
more, these amplification products were also sequenced
to demonstrate that the disruption cassette had inte-
grated into the FTR1 locus by homologous recombina-
tion (data not shown). Finally, integration of the
disruption cassette in the FTR1 locus was confirmed by
Southern blotting (see below).

We previously found that FTR1 is expressed in vitro in
iron-depleted conditions (FeCl3 concentration between 0
and 50 mM) and suppressed in iron replete media (FeCl3
concentrations of � 350 mM) (Fu et al., 2004). To investi-
gate if FTR1 disruption had an effect on the ability of R.
oryzae to grow in media with different sources and con-
centration of iron, we compared growth of several putative
null mutant strains to growth of wild-type or PyrF-
complemented R. oryzae. Growth was compared on
media (CSM-URA) which had been previously chelated
for iron and then supplemented with defined concentra-
tions of free iron (i.e. FeCl3 or FeSO4) or iron complexed
to deferoxamine [ferrioxamine] or heme. Compared with
wild-type or PyrF-complemented R. oryzae, putative ftr1
null mutant strains had significantly less growth at 48 h in
iron-depleted media (i.e. free iron at 10 mM) (Fig. 2C).
Ferrioxamine or iron complexed with heme at 100 mM
(relatively depleted because iron is complexed) supported
the growth of the wild-type and PyrF-complemented
strains better than the putative ftr1 null mutant. However,
free iron at 1000 mM (iron-rich media) supported the
growth of all strains equally (Fig. 2C) consistent with our
previous findings that ftr1 is primarily expressed in iron-
depleted environments.

Fig. 1. FTR1 is expressed in DKA mice
infected intravenously with R. oryzae.
A. FACS analysis of R. oryzae transformed
with plasmid containing the reporter gene
GFP driven by either the FTR1 promoter or
the constitutively expressed ACT1 promoter
and grown in iron-rich or iron-depleted
conditions. R. oryzae M16 transformed with
an empty plasmid was used as a negative
control.
B. FTR1 is expressed in the brains of DKA
mice infected with R. oryzae expressing GFP
under the control of FTR1p. For anti-GFP Ab
stain, tissue section was stained with rabbit
polyclonal antibody to GFP then counter
stained with FITC conjugated anti-rabbit
antibody. For DIC, confocal image showing
non-fluorescent R. oryzae at the time of
infection. Arrows denote fungal elements in
infected brains. Magnification, X 400.
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Interestingly, growth of the putative ftr1 null mutants
increased to levels similar to the wild-type and PyrF-
complemented strains after 96 h on iron-depleted media
(data not shown). Furthermore, PCR analysis of these
cultures after 96 h of growth confirmed that the FTR1
ORF was once again detectable in all of the putative ftr1
null mutant transformants (Fig. 2D). Similar results were
obtained with five other putative ftr1 null mutants and it
was concluded that one round of sporulation and single
colony isolation was not sufficient to purify an ftr1
homokaryotic null allele strain.

Rhizopus oryzae is known to be coenocytic and it is
generally presumed that sporangiospores are multinucle-
ated, although the number of nuclei has not been previ-

ously described (Ma et al., 2009). We hypothesized that
gene disruption was complicated by the presence of het-
erokaryotic nuclei in both the mycelium and sporan-
giospores, and sought to determine the number of nuclei
present in swollen spores using DAPI staining. We found
that R. oryzae strain M16 had at least >10 nuclei per
swollen spore (Fig. 3A). Given the high number of nuclei
present, we performed 14 rounds of sporulation and
single colony isolation on four independent putative ftr1
null mutants on iron-rich medium (i.e. medium containing
1000 mM of FeCl3) to segregate the null alleles by reliev-
ing the selective pressure for maintaining FTR1 (since
FTR1 is poorly expressed in iron-rich conditions) (Fu
et al., 2004). PCR analysis of the putative null mutants

Table 2. Oligonucleotides used in this study.

Primers Sequence Description

Primers used for detecting in vivo expression of FTR1
FTR1-RT5′ GGTGGTGTCTCCTTGGGTAT 5′ primer
FTR1-RT3′ AAGGAAACCGACCAAACAAC 3′ primer
18S-RT5′ CCAGACTGGCTTGTCTGTAATC 5′ primer annealing to rRNA
18S-RT3′ AAGTCAAATTGTCGTTGGCA 3′ primer annealing to rRNA
ACT1-RT5′ TGAACAAGAAATGCAAACTGC 5′ primer
ACT1-RT3′ CAGTAATGACTTGACCATCAGGA 3′ primer

Primers used for making the ftr1 disruption cassette and confirming integration in the FTR1 locus
FTR1 P1 TTCGAAAAGACCGTCAGGATTAGC Annealing to FTR1-5′ UTR
FTR1 P2 GAGGGACACAAGCAAGCAGAAAGT Annealing to FTR1-3′ UTR
FTR1 P3 CACTTACGGCCATTTTCCATTGAC Annealing to FTR1-5′ UTR upstream of the disruption cassette
FTR1 P4 CGCGCTAAATGAACAAAGAAT Annealing to FTR1-3′ UTR downstream of the disruption cassette
FTR1 P5 ATGTCTCAAGATCTCTTCAACCGTACC 5′ primer testing for the entire FTR1 ORF (1100 bp)
FTR1 P6 TTAAGCCTTAATAGCATCAGATTCG 3′ primer testing for the entire FTR1 ORF (1100 bp)
FTR1 P11 GATCACTGCCATGGGTCTTGCTAT 5′ primer to test for 503 bp of FTR1 ORF
FTR1 P12 TATCATGTTGGCTTCTGGGTCTC 3′ primer to test for 503 bp of FTR1 ORF
PyrF P9 GCCGTGGCGCAGACAAGAG 3′ primer annealing to pyrF
PyrF P18 GTGCCGAAATCGCTCCAGA 5′ primer annealing to pyrF
ACT1 P1 GTCTTTCCTTCTATTGTTGGTC 5′ primer to test for functional template DNA (600 bp)
ACT1-P2 CCATCAGGAAGTTCATAAGAC 3′ primer to test for functional template DNA (600 bp)

Primers used in making PyrF-complemented R. oryzae
PyrF P11 CAAAGCCAATTCAGCCTCAAATG 5′ primer to amplify partial PyrF (815 bp)
PyrF P13 CTTGGATCAGGGTGGACTCGTAG 3′ primer to amplify partial PyrF (815 bp)

Primers used to determine FTR1 wild-type or ftr1 mutant copy number
FTR1 P9 CCAACAGTGAAAAGTCATCCTTT 5′ primer to amplify FTR1 (150 bp)
FTR1 P10 GCAATAGGAATTGATTTTCCTTG 3′ primer to amplify FTR1 (150 bp)
ftr1 P1 TTCAACCCTTTTCTCCAAGG 5′ primer annealing to UTR of FTR1 to amplify ftr1 mutant allele (100 bp)
ftr1 P2 TTGATCAAGGGCACAATGA 3′ primer annealing to PyrF to amplify ftr1 mutant allele (100 bp)
ACT1 P3 TATCGTTCTTGACTCTGGTGATG 5′ primer to amplify actin (150 bp)
ACT1 P4 GAAAGAGTGACCACGTTCAGC 3′ primer to amplify actin (150 bp)

Primers used for making RNAi strain
PyrF14 CTCGAGGCTTTAGGTCAAATTGTGG 5′ primer to amplify 1641bp of PyrF to clone in pRNAi-pdc intron
PyrF15 CCCGGGTTATTGCTTGATACCATATTGTG 3′ primer to amplify 1641 bp of PyrF to clone in pRNAi-pdc intron
FTR1 P7 GCGGCCGCGCTAGCGCATGCAT GTCTC

AAGATCTCTTCAACGTACCGATC
5′ primer to amplify 450 bp of FTR1 to clone in pRNAi-pdc

FTR1 P8 GACGTCCCGCGGGGCGCGCCGG TGAT
AAAAGGCAAGACAAAGAACGCGTA

3′ primer to amplify 450 bp of FTR1 to clone in pRNAi-pdc

18S rRNA P1 CATGGTTGAGATTGTAAGATAG 5′ primer to amplify 18S rRNA
18S rRNA P2 AGTCAATGGACGTGGAGTC 3′ primer to amplify 18S rRNA

Primers used for making synthetic FTR1p in E. coli
SynFtr1p P5 CATCACCATGGGATCAAAAGAAT GTTT

AATACTGAATCTCCA
5′ primer to amplify synthetic Ftr1p

SynFtr1p P6 CTAATTAAGCTTGGCTTAAGCTTT AATA
GCATCAGATTCAATTTTTTC

3′ primer to amplify synthetic Ftr1p
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after 14 rounds of selection demonstrated lack of amplifi-
cation of FTR1 ORF (Fig. 3B). Similar to the results in
Fig. 2C, the null mutant had defective growth on iron
limited sources for the first 48 h compared with wild-type
or PyrF-complemented strains. However, after growth of
the same putative null mutants in iron-depleted environ-
ment (100 mM ferrioxamine), the FTR1 ORF was once
again amplified by PCR. Similar results were obtained

with 12 other independent putative ftr1 null transformants.
Further, these results were confirmed with Southern blot
analysis (Fig. 3C). The Southern blot demonstrated
almost complete elimination of the FTR1 band (1960 kb)
from gDNA of the putative ftr1 null mutants grown on
iron-rich medium, but return of the FTR1 band after
growth of the same strain on iron-depleted medium
(Fig. 3C). Additionally, Southern hybridization analysis
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confirmed the site-specific integration of the disruption
cassette into the ftr1 locus only when the putative ftr1 null
mutant was grown in iron-rich medium. Finally, there was
no evidence of ectopic integration or extrachromosomal
replication, consistent with the fact that the relative copy
number of the ftr1 null allele was dependent on the ratio of
heterokaryotic nuclei.

We next used the more sensitive method of qPCR to
quantify the copy numbers of wild-type FTR1 or disrupted
ftr1 in the putative ftr1 null mutant. The mutant was pas-
saged through 14 rounds of sporulation and single colony
isolation on iron-rich then grown on iron-depleted media.
The putative ftr1 null mutant strain grown in iron-rich
media had a 60% reduction in the relative copy number of

the wild-type functional FTR1 (normalized to ACT1 gene)
compared with the same strain grown in iron-depleted
media or to the R. oryzae PyrF-complemented strain
(Fig. 4A and B). Thus, while it was possible to significantly
decrease the relative copy number of functional FTR1 in
multinucleated R. oryzae, we were unable to obtain a
homokaryotic isolate of this mutant allele. Additionally, the
disrupted ftr1 allele demonstrated a 90% decrease in
copy number when the putative ftr1 null mutant was
grown on iron-depleted medium following the 14 rounds
of sporulation and single colony isolation on iron-rich
medium (Fig. 4C). These results are consistent with the
Southern blot analysis which showed almost complete
elimination of the disrupted allele (Fig. 3C). Thus while it is
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B. Gel electrophoresis showing lack of amplification of FTR1 after 14 passages of the putative null mutants on iron-rich medium (1000 mM
FeCl3) and amplification of the FTR1 from the same isolate following growth on iron-depleted medium (i.e. 100 mM ferrioxamine) for 96 h.
Amplification of actin (600 bp) was used to confirm the integrity of DNA used as template and the absence of PCR inhibitors.
C. Southern blot confirming the integration of the disruption cassette in the putative ftr1 (7380 bp band is present only in DNA sample
extracted from putative ftr1 grown in iron-rich medium) and almost complete elimination of the FTR1 copy (lack of 1960 bp in DNA sample
extracted from putative ftr1 grown in iron-rich medium).
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possible to almost completely select for the wild-type
phenotype (i.e. pyrF/FTR1) on iron-limited CSM-URA
medium, small number of nuclei harbouring PyrF/ftr1
genotype remain, thereby explaining the growth of the
these cells on CSM-URA medium.

We hypothesized that FTR1 is required for sporan-
giospore germination, since we could not isolate a
homokaryon cell. If FTR1 was required for germination,
any sporangiospores containing only homokaryotic ftr1
null alleles would be incapable of growth. Therefore, we
attempted to circumvent sporangiospore germination and
relied on multiple hyphal tip transfers on medium contain-
ing 1 mM FeCl3 (iron-rich conditions). Again, we were
unable to obtain a homokaryotic isolate of the FTR1 null
allele (data not shown), suggesting the necessity of FTR1
even in iron-rich growth conditions.

Finally, because gene disruption studies were per-
formed in R. oryzae harbouring a point mutation that

renders the PyrF null, we hypothesized that lack of our
ability to generate a homokaryotic ftr1 null could have
been complicated by correction of the point mutation of
pyrF in nuclei that has FTR1 intact. If this were the case,
the selection pressure of growth on CSM-URA media
would be lost, and there would be no way to select for
growth of cells bearing nuclei with intact PyrF/FTR1,
separating them from PyrF/ftr1 null nuclei. To test this
hypothesis, the wild-type allele of PyrF was amplified from
transformants passaged 14 times on iron-rich medium
without uracil or from transformants that have been grown
on iron-depleted medium without uracil. The sequence of
the PyrF from both was proven to still harbour the point
mutation of G to A nucleotide transversion at nt +205
(Skory and Ibrahim, 2007) (data not shown). Therefore, it
is clear that lack of obtaining a homokaryotic null is due to
the inability of the homokaryotic null to grow under the
conditions used in this study.
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Fig. 4. Reduced copy number results in compromised ability of R. oryzae to take up iron.
A. qPCR demonstrating reduced copy number of the wild-type FTR1 in the putative ftr1 null mutant compared with R. oryzae
PyrF-complemented strain or to the same mutant grown in iron-depleted medium.
B. Gel electrophoresis of samples taken from the qPCR tube showing the amplification specificity for the FTR1 product.
C. qPCR demonstrating reduced copy number of the disrupted ftr1 allele in the putative ftr1 null when grown in iron-limited medium following
passing in iron-rich medium (n = 9 samples from two independent transformants).
D. The putative ftr1 mutant demonstrated reduced ability to acquire 59Fe compared to R. oryzae wild-type or R. oryzae PyrF-complemented
strains. Germinated spores were incubated with 0.1 mM 59FeCl3 [a concentration in which high-affinity iron permeases are induced (Fu et al.,
2004)]. *P < 0.05 when compared with R. oryzae wild-type, R. oryzae PyrF-complemented strains or the same strain grown on different
concentrations of iron. Data (n = 9 from three separate experiments using three independent transformants) are expressed as
medians + interquartile ranges.
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Reduction of the FTR1 copy number attenuates iron
uptake in vitro and reduces virulence in vivo

Although we could not achieve complete disruption of
FTR1 we hypothesized that reduction of the relative copy
number of functional FTR1 in R. oryzae would be suffi-
cient to decrease iron uptake and therefore reduce
virulence. The putative ftr1 null mutant had a ~35% reduc-
tion in 59Fe uptake compared with wild-type or R. oryzae
PyrF-complemented strain (Fig. 4D).

Uracil auxotrophy has been shown to affect in vivo
virulence of several fungal infections (Kirsch and Whitney,
1991; Varma et al., 1992; D’Enfert et al., 1996). However,

in contrast to other fungi, uracil auxotrophy did not affect
the virulence of R. oryzae in the DKA mouse model
(Fig. 5A) (P = 0.36 by Log Rank test). These results indi-
cate that the fungus can obtain uracil from infected mice
and therefore, any defect in virulence of mice infected with
putative ftr1 null would be due to reduced FTR1 copy
number rather than a defect in uracil synthesis. Next, we
compared the virulence of the putative ftr1 null mutant
with the R. oryzae wild-type or PyrF-complemented
strains during infection in mice with DKA. Mice were
infected intravenously (i.v.) or intranasally (i.n.) with
strains that demonstrated similar growth in vitro on iron-
rich environment of YPD or CSM-URA (0.185 � 0.005 or
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Fig. 5. Reduction of FTR1 copy number reduces R. oryzae virulence in the DKA mouse models.
A. Survival of DKA mice (n = 6 for wild-type and 5 for pyrF null mutant) infected with R. oryzae wild-type (3.3 ¥ 103) or pyrF null mutant
(2.6 ¥ 103).
B. A representative of the putative ftr1 null mutant demonstrated comparable growth to R. oryzae PyrF-complemented strain on YPD or
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C. Survival of mice (n = 13 per group from two experiments with similar results) infected i.v. with R. oryzae wild-type (average inoculum of
4.3 ¥ 103 spores), R. oryzae PyrF-complemented strain (average inoculum of 4.2 ¥ 103 spores) or with putative ftr1 null mutant (average
inoculum of 3.2 ¥ 103 spores). *P < 0.0005 compared with wild-type or PyrF-complemented strains.
D. Survival of mice (n = 9) infected intranasally with R. oryzae wild-type (4.3 ¥ 103 spores), R. oryzae PyrF-complemented strain (5.1 ¥ 103

spores) or putative ftr1 null mutant (5.3 ¥ 103 spores). *P = 0.04 compared to wild-type or PyrF-complemented strains.
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0.257 � 0.003 cm/h for the putative ftr1 null vs.
0.188 � 0.008 or 0.260 � 0.0051cm/h for the PyrF-
complemented on iron rich CSM-URA or YPD medium
respectively) (Fig. 5B). In both models, the putative ftr1
null mutant showed reduced virulence compared with the
wild-type or PyrF-complemented strain (54% vs. 100%
mortality for mutant vs. control strains in mice with dis-
seminated infection, and 44% vs. 75% mortality for
mutant vs. control strains in the intranasal model) (Fig. 5C
and D). By qPCR, brains from moribund mice (n = 5) had
40% fewer copies of the mutated ftr1 and 78% increased
copies of the wild-type FTR1 alleles compared with sur-
viving mice. Thus, reduction in copy number of wild-type
FTR1 reduced virulence of the organism, and in vivo
restoration of the wild-type allele restored virulence. Addi-
tionally, in both models the PyrF-complemented strain had
similar virulence to the wild-type R. oryzae, confirming
that restoration of the PyrF gene in its original locus does
not affect virulence.

Inhibition of FTR1 gene expression by RNAi reduces
iron uptake and diminishes virulence of R. oryzae

To confirm the phenotypes seen after gene disruption,
we used RNA interference (RNAi) to diminish FTR1
expression in R. oryzae (Fig. 6A). Southern blot analysis
(data not shown) revealed that all RNAi transformants
maintained the transformed plasmid extrachromosoma-
lly, consistent with the fact that we did not linearize the
plasmid during transformation (Skory, 2002). FTR1
expression was compared by end-point RT-PCR in five
transformants vs. the control strain (i.e. R. oryzae pyrf
null mutant [M16] transformed with empty-plasmid).
FTR1 expression was almost completely blocked in four
transformants, while readily detected in the control strain
(Fig. 6B). Amplification of 18s rDNA with the same RT
templates demonstrated the integrity of the starting
sample and the lack of PCR inhibitors. A representative
RNAi transformant demonstrated similar growth to
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D. 59Fe uptake by wild-type, R. oryzae M16 transformed with the empty plasmid, or one of the RNAi transformants. Germinated spores were
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control strain when grown on CSM-URA media (0.193 �

0.082 cm h-1 for the transformant vs. 0.201 �

0.087 cm h-1 for the control strain) (Fig. 6C).
The ability to take up iron was tested in vitro of

the transformant with near complete inhibition of
FTR1 expression and similar growth to the control
strain. Interestingly, RNAi decreased 59Fe uptake by R.
oryzae more effectively than did gene disruption, with
~50% inhibition of iron uptake at all times tested
(Fig. 6D).

Next, the virulence of the RNAi transformant was com-
pared with the control strain in the DKA mouse models
of hematogenously disseminated or intranasal mucormy-
cosis. The RNAi transformant demonstrated reduced
virulence compared with the control strain in both
models (75% vs. 100% mortality for RNAi transformant
vs. control strain in mice with disseminated infection,

and 11% vs. 67% mortality for RNAi transformant vs.
control in the intranasal model, P < 0.02 for both com-
parisons by Log Rand test) (Fig. 7A and B). Interestingly,
strains recovered from kidneys of mice that died of infec-
tion with the RNAi transformant had lost the RNAi
plasmid as evident by growth of R. oryzae colonies on
YPD plates and not YNB+CSM-URA (data not shown),
and hence had regained ability to express FTR1. In con-
trast, strains recovered from kidneys of mice that sur-
vived the infection through day 25, when the experiment
was terminated, had not lost their RNAi plasmid. Addi-
tionally, mice infected intravenously with the RNAi trans-
formant had ~6- and 3-fold reduction in kidney and brain
fungal burden compared with mice infected with the
control strain respectively (Fig. 7C). These data demon-
strate that the FTR1 gene product is an important viru-
lence factor for R. oryzae in DKA mice.
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Passive immunization with sera collected from
mice vaccinated with Ftr1p protects mice from
R. oryzae infection

Because FTR1 was required for full virulence of R.
oryzae, we hypothesized that passive immunization tar-
geting FTR1 would protect against mucormycosis. To
generate immune serum for passive immunization, mice
were immunized by SQ injection of Ftr1p mixed with com-
plete Freund’s adjuvant (CFA) followed by a boost with
another dose of the antigen with incomplete Freund’s
adjuvant (IFA) at day 21, and bled for serum collection 2
weeks later. Pooled sera collected from vaccinated mice
had anti-Ftr1p IgG titers of >1:800 000 whereas pooled
sera collected from negative control mice vaccinated with
purified supernatant from an empty plasmid transformed
clone had an anti-Ftr1p IgG titer of 1:200. Administration
of immune sera to DKA mice subsequently infected intra-
nasally with R. oryzae significantly improved survival com-
pared to mice treated with control serum (63% vs. 0%
survival for immune sera vs. non-immune sera, P < 0.001)
(Fig. 7D).

Discussion

Genetic manipulation of R. oryzae has long been ham-
pered by the strong tendency of transformed plasmids to
replicate in high-molecular-weight concatenated struc-
tures which rarely integrate into the chromosome (Skory,
2002). Even linearized plasmids tend to replicate autono-
mously following a non-homologous end joining event
(Skory, 2005). It has been shown that introducing a
double-strand break within the homologous regions on a
linearized plasmid can significantly improve the likelihood
of integration in R. oryzae, with up to 20% of the transfor-
mants showing homologous integration (Skory, 2002;
Skory, 2005). However, this recombination of transformed
plasmids happens only through a single cross-over event
or through a double strand break repair mechanism that
corrects for point mutations (Skory, 2005). The standard
double cross-over event which is widely used to disrupt
genes in other bacteria and fungi has not been described
previously to occur in R. oryzae. We report for the first
time that targeted gene disruption via a double cross-over
event is feasible in R. oryzae.

Previously, we unsuccessfully tried to disrupt genes
through amplification of a gene disruption cassette in
Escherichia coli. This gene disruption cassette contained
a 2.1 Kb PyrF fragment as a selectable marker flanked by
up to 3 kb upstream and downstream sequences of
FTR1. The disruption cassette was transformed into R.
oryzae M16 after releasing it with restriction enzymes or
as whole plasmid. In this study, we amplified a gene
disruption cassette of ~1000 kb fragment of pyrF flanked

by ~700 bp of upstream and downstream sequences of
FTR1. The assembled disruption cassette was amplified
by PCR instead of using E. coli. The current success in
gene disruption may be due to trimming the selectable
marker, or due to lack of methylation resulting from PCR
amplification, in contrast to plasmid amplification in E. coli
which results in DNA methylation. These possibilities are
currently under active investigation.

We confirmed that the disruptant cassette was inte-
grated into the appropriate locus and that growth in high
iron concentrations selected for nuclei containing the ftr1
null allele. However, we were unable to obtain a
homokaryotic isolate even with 14 rounds of sporulation
and single colony isolations or hyphae passaging on
medium containing 1 mM FeCl3 which exerted a dimin-
ished selective pressure to maintain FTR1. It is imperative
to emphasize that this phenomenon of not obtaining a
homokaryotic null is specific to FTR1 since we were able
to obtain a homokaryotic his3 null in the background of R.
oryzae M16 (unpublished data). Unlike other fungi, such
as Candida albicans (Ramanan and Wang, 2000), Sac-
charomyces cerevisiae (Dix et al., 1994), Cryptococcus
neoformans (Jung et al., 2008) and Fusarium
graminearum (Park et al., 2006), R. oryzae lacks a low
affinity iron permease and lacks a homolog for FTR1,
which might support the hypothesis that FTR1 is an
essential gene for the organism. That a single gene can
be essential for growth has been described in fungi
(Sanyal and Carbon, 2002; Pierson et al., 2004). The
possibility that FTR1 is an essential gene in R. oryzae is
currently under active investigation. These studies will
include the possibility of using FTR1 gene controlled by a
regulatory promoter or by generating conditional mutants
of FTR1.

Even though we were unable to obtain a homokaryotic
isolate of the FTR1 null allele, reduction in the relative
copy number of functional FTR1 significantly reduced iron
uptake and significantly abrogated virulence in vivo.
Although we could not construct an FTR1-complemented
strain due to the undeveloped state of genetic manipula-
tion of R. oryzae (e.g. lack of dominant selection marker
and the absence of auxotrophic marker other than pyrF),
we were able to use RNAi-mediated reduction of FTR1
expression levels to confirm the role of FTR1 in iron
uptake and pathogenesis. Furthermore, anti-Ftr1p poly-
clonal antibody resulted in significant protection against
mucormycosis infection in DKA mice. Finally, several
reports have demonstrated that altered URA3 expression
due to integration in different loci when used as a selec-
tion marker in C. albicans affects virulence when con-
structing null mutants (Lay et al., 1998; Sundstrom et al.,
2002; Brand et al., 2004). However, the diminished viru-
lence of R. oryzae ftr1 putative null mutant or RNAi trans-
formant cannot be attributed to altered PyrF expression
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since pyrF auxotrophy had no effect on virulence of R.
oryzae in the DKA mouse model. Collectively, these data
confirm that FTR1 is a virulence factor for the organism in
vivo, and indicate that targeting of FTR1 by immuno-
therapy is of great promise in improving outcomes of
these infections.

Fungi can acquire iron from the environment by three
mechanisms (Ibrahim et al., 2008). These include: (i)
reduction of the ferric form of iron into the more soluble
ferrous form, followed by subsequent transport of iron via
a high or low affinity iron permeases (reductive/permease
system) that function in iron-limited or iron-rich environ-
ments respectively (Dix et al., 1994; Eck et al., 1999;
Ramanan and Wang, 2000; Knight et al., 2002), (ii) a
siderophore permease that facilitates the uptake of
siderophore-sequestered iron (Lesuisse et al., 1998;
2002; Heymann et al., 2002) and (iii) release of ferric iron
through degradation of heme by heme oxygenase
(Santos et al., 2003). Pathogenic fungi utilize one or more
of these systems to acquire iron from the host during
infection. For example, the reductive/permease system
has been shown to be critical for pathogenicity of C.
albicans and C. neoformans through mediating iron
uptake from transferrin (Knight et al., 2005; Jung et al.,
2008). Additionally, heme oxygenase was shown to be
involved in iron uptake from heme and hemoglobin by C.
albicans (Santos et al., 2003; Pendrak et al., 2004)
through binding to the cell surface mannoproteins
encoded by RBT5 and RBT51 (Weissman and Kornitzer,
2004; Weissman et al., 2008). Cryptococcus neoformans
also utilizes heme and hemoglobin as a source of iron
(Jung et al., 2008); however, the receptor(s) that mediate
binding of the fungus to these molecules are yet to be
determined. In contrast, it was shown that the siderophore
system and not the reductive/permease is needed for
virulence in mice infected with Aspergillus fumigatus
(Hissen et al., 2004; Schrettl et al., 2004; Hissen et al.,
2005). Recently the genome sequencing project of R.
oryzae revealed the presence of a single copy of the high
affinity iron permease, several copies of putative sidero-
phore permeases, and two copies of heme oxygenases
(Ma et al., 2009). We found that the putative ftr1 null
mutant had lagging ability to grow on FeCl3 or FeSO4

compared with wild-type or PyrF-complemented strains
only in iron-depleted concentrations, confirming the
importance of FTR1 in iron uptake from iron-limited but
not iron-rich environments. Additionally, previous studies
on iron uptake from ferrioxamine by Rhizopus showed
that the organism efficiently liberates ferric iron from the
siderophore extracellularly through an energy dependent
step that requires the reduction of Fe3+ to Fe2+ prior to
transporting the iron intracellularly, suggesting the
involvement of the reductase/high affinity permease
system (de Locht et al., 1994). Concordant with this

hypothesis is our finding of lagging growth of the ftr1
putative null mutant compared with wild-type or PyrF-
complemented strain when ferrioxamine is utilized as the
source of iron. Moreover, we found the putative ftr1 null
mutant had lagging growth on media supplemented with
heme as well. Similar to bacteria (Stojiljkovic and Hantke,
1994; Liu et al., 2008; Zhu et al., 2008; Allen and Schmitt,
2009), FTR1 in R. oryzae may act as a cytoplasmic mem-
brane permease that facilitates intracellular heme uptake
which is followed by release of Fe3+ iron through degra-
dation with heme oxygenases intracellularly. In fact, a
greater growth defect was found when the putative ftr1
null mutant was grown on medium supplemented with
ferrioxamine or heme compared with the putative ftr1 null
mutant grown on FeCl3- or FeSO4-depleted medium.
These results suggest that FTR1 is primarily responsible
for the intracellular transport of iron from these two
sources more than from iron salt sources.

Rhizopus is also known to secrete rhizoferrin, a sidero-
phore that belongs to the polycarboxylate family (Thieken
and Winkelmann, 1992). This siderophore supplies Rhizo-
pus with iron through a receptor-mediated, energy depen-
dant process (Thieken and Winkelmann, 1992; de Locht
et al., 1994). However, it is not currently known whether
rhizoferrin transports iron by release of iron extracellularly
or if the siderophore is internalized prior to releasing iron
in the cytoplasm. What is known is that rhizoferrin is
inefficient in obtaining iron from serum (Boelaert et al.,
1993; de Locht et al., 1994), and therefore the contribu-
tion of the organism’s endogenous siderophores to its
virulence in a mammalian host is likely minimal. The lack
of rhizoferrin ability to take up iron from serum is also
highlighted by the adaptation of the organism to utilize
xeno-siderophores such as deferoxamine, which are
more efficient in obtaining iron from the host. Instead
rhizoferrin and siderophore permeases are possibly
required for iron uptake in environments other than mam-
malian hosts and likely explain the lack of total abrogation
of iron uptake in the putative null and RNAi mutants in
vitro compared with control strains (Figs 4D and 6D).

In summary, we report for the first time the successful
use of a double cross-over event to integrate a gene
disruption cassette in R. oryzae. While we successfully
targeted the disruption cassette to the chromosome, it
was not possible to obtain a homokaryon of the FTR1 null
allele from multinucleated R. oryzae despite the fact that
several independently constructed putative null mutants
were tested. We found that FTR1 was required for full
pathogenesis in vivo. Abrogation of FTR1 function
resulted in diminished iron uptake and diminished viru-
lence in vivo, and passive immunization with anti-Ftr1p
antibody significantly improved survival in infected mice.
These data contribute to the understanding of the critical
role of iron uptake in mucormycosis pathogenesis. Finally,
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the use of passive immunotherapy against FTR1 is worthy
of investigation as a strategy to improve outcomes of
these deadly infections.

Experimental procedures

Organisms and culture conditions

Rhizopus oryzae strains used in this study are listed in
Table 1. Organisms were grown on potato dextrose agar
(PDA) or on YPD plates [1% yeast extract (Difco Laborato-
ries), 2% bacto-peptone (Difco) and 2% D-glucose] for 4 days
at 37°C. For R. oryzae M16 (a pyrF null mutant that is unable
to synthesize its own uracil), PDA was supplemented with
100 mg ml-1 uracil. We used an 815 bp partial pyrF PCR frag-
ment (pyrF P11/P13) to restore R. oryzae M16 to prototrophy.
This fragment overlaps the pyrF mutation present in M16 (i.e.
point mutation at nt +205 of G to A) (Skory and Ibrahim, 2007)
and is capable of restoring functionality through gene
replacement. In some experiments, R. oryzae was starved for
iron by growth on yeast nitrogen base (YNB) (Difco/Becton
Dickinson, Sparks, MD) supplemented with complete supple-
mental media without uracil (CSM-URA) (Q-Biogene)
(YNB+CSM-URA) (formulation/100 ml, 1.7 g YNB without
amino acids, 20 g glucose, 0.77 g CSM-URA) in the pres-
ence of 1 mM of ascorbic acid and ferrozine. The sporan-
giospores were collected in endotoxin free PBS containing
0.01% Tween 80, washed with PBS, and counted with a
hemacytometer to prepare the final inocula.

In vitro and in vivo expression of FTR1

To study the expression of FTR1, we utilized GFP as a
reporter system for FTR1 promoter expression. Rhizopus
oryzae M16 was transformed with a plasmid containing the
reporter gene GFP driven by the FTR1 promoter (R. oryzae
GFP1) as previously described (Ibrahim et al., 2007). GFP
was also cloned under the constitutively expressed actin
promoter (Act1p) then transformed into R. oryzae M16 to
serve as a positive control. Prior to studying the expression of
FTR1 in vivo we examined the expression of FTR1 in vitro
using FACS analysis. Briefly, R. oryzae transformed with
either GFP driven by Ftr1p or Act1p were grown in
YNB+CSM-URA with (iron-limited conditions) or without (iron-
rich conditions) 1 mM of ascorbic acid and ferrozine at 37°C
for 12 h. These conditions produced germlings of R. oryzae
rather than hyphae. Fluorescence of 1 ml of germlings was
determined using a FACSCaliber (Becton Dickinson) instru-
ment equipped with an argon laser emitting at 488 nm. Fluo-
rescence emission was read with 515/40 bandpass filter.
Fluorescence data were collected with logarithmic amplifiers.
The mean fluorescence intensities of 104 events were calcu-
lated using CELLQUEST software.

For in vivo expression, BALB/c male (> 20 g) mice were
rendered diabetic in ketoacidosis with a single i.p. injection of
210 mg kg-1 streptozotocin in 0.2 ml citrate buffer 10 days
prior to infection with R. oryzae (Ibrahim et al., 2003a; 2006;
2007). Glycosuria and ketonuria were confirmed in all mice 7
days after streptozotocin treatment. Mice were infected via
the tail vein with 2 ¥ 106 spores of R. oryzae GFP1. Mice were

sacrificed 24 or 48 h post infection and infected organs were
collected and fixed in 10% zinc formalin, embedded in paraf-
fin, and 5 mm sections, were stained with hematoxylin and
eosin (H&E) to detect R. oryzae hyphae (Ibrahim et al.,
2007). To detect GFP expression, anti-GFP rabbit polyclonal
antibody (Novus) was used to stain the histopathological
samples then counter stained with FITC conjugated anti-
rabbit antibody.

To quantify the expression of FTR1 in infected tissues,
brains of BALB/c mice infected with R. oryzae wild-type (99–
880) through tail vein injection were collected 24 or 48 h post
infection and immediately flash frozen in liquid nitrogen prior
to grinding and RNA extraction with phenol. Brains collected
from uninfected DKA mice were processed in parallel and
served as negative controls. Frozen brains were then ground
under liquid nitrogen and total RNA was isolated using the
hot phenol method (Gravelat et al., 2008). Contaminating
genomic DNA was removed from RNA samples by treatment
with 1 ml of Turbo-DNase (Ambion) for 30 min at room
temperature. DNase was then removed using an RNA
Clean-Up kit (Zymo Research). First-strand cDNA synthesis
was performed using the Retroscript first-strand synthesis kit
(Ambion). FTR1 specific primers (listed in Table 2) were
designed with the assistance of online primer design software
(Genscript). The amplification efficiency was determined by
serial dilution experiments, and the resulting efficiency coef-
ficient was used for the quantification of the products (Pfaffl,
2001).

Gene expression was analysed by an ABI Prism 7000
Sequence Detection System (Applied Biosystems) using the
QuantiTect Sybr Green PCR kit (Qiagen). PCR conditions
were 10 min at 90°C and 40 cycles of 15 s at 95°C and 1 min
at 60°C. Single PCR products were confirmed with the heat
dissociation protocol at the end of the PCR cycles. The
amount of FTR1 expression in infected brains was normal-
ized to either 18S rRNA or ACT1 (Table 2) and the quantified
using the 2[-DDC(T)] method (Livak and Schmittgen, 2001).
All reactions were performed in duplicate, and the mixture
included a negative no-reverse transcription (RT) control in
which reverse transcriptase was omitted.

FTR1 disruption

To disrupt the FTR1, we constructed a gene disruption cas-
sette encompassing a functional PyrF copy (998 bp) ampli-
fied from R. oryzae wild-type flanked by 606 and 710 bp
fragments of FTR1-5′ UTR and FTR1-3′ UTR respectively
(Fig. 2A). The gene disruption construct was PCR amplified
using primers FTR1 P1/P2 (Table 2) in order to obtain a
2.3 kb disruption fragment containing only the PyrF flanked
by homologous FTR1 UTR sequence (Fig. 2A). This was
then used to transform R. oryzae M16 (pyrF mutant) with
biolistic bombardment (Skory, 2002). The disruption cassette
replaces the entire FTR1 coding region from -16 to the stop
codon, with the PyrF gene fragment. Isolates obtained from
three separate transformations were purified with one round
of sporulation and single colony isolation on chemically
defined medium (YNB+CSM-URA) supplemented with 1 mM
FeCl3 (iron-rich) to favour the segregation of the FTR1 null
allele, since FTR1 expression in this iron concentration is
suppressed (Fu et al., 2004). Isolates were tested for integra-
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tion of the disruption cassette with PCR primer pairs FTR1-
P3/PyrF-P9 (expected 1054 bp) and PyrF-P18/FTR1-P4
(expected 1140 bp). Disruption of FTR1 was confirmed by the
absence of a PCR amplification product using primers FTR1-
P11/FTR1-P12 to amplify 503 bp, primers FTR1-P5/FTR1-P6
to amplify the entire ORF of FTR1 and by Southern blot
analysis. In an effort to obtain a homokaryotic isolate contain-
ing the FTR1 null allele, transformants with confirmed inte-
gration in the FTR1 locus were further taken through 14
rounds of sporulation and single colony isolation on
YNB+CSM-URA supplemented with 1 mM FeCl3.

Nuclear staining

To determine the number of nuclei present in R. oryzae
spores, we pregerminated spores in YPD medium for 2 h at
37°C. Swollen spores were washed once with cold PBS then
suspended at a concentration of 5 ¥ 105/ml in PBS. A total of
1 ml of 50 mg ml-1 of 4′6-diamidino-2-phenylindole (DAPI,
Sigma) were added and the cells were electroporated (Bio-
Rad) according to the manufacturer instructions. The swollen
spores were washed five times using cold PBS prior to resus-
pending in 100 ml PBS. A total of 10 ml sample was placed on
a glass slide and covered with a coverslip. The stained cells
were visualized using an epifluorescence microscope.

Determination of the FTR1 wild-type or ftr1 mutant allele
copy number

To compare the copy number of FTR1 wild-type or ftr1 mutant
allele in the putative ftr1 null mutant grown on iron-rich or
iron-limited media or to those of PyrF-complemented strain,
we used qPCR. Briefly, genomic DNA was extracted with
the OmniPrep lysis buffer (GBiosciences) from PyrF-
complemented R. oryzae grown in YNB+CSM-URA supple-
mented with 1 mM FeCl3 or putative ftr1 null mutant grown in
either YNB+CSM-URA supplemented with 1 mM FeCl3 or
100 mM ferrioxamine. FTR1 wild-type or ftr1 mutant allele
copy number in each sample was determined by qPCR using
an ABI Prism 7000 Sequence Detection System (Applied
Biosystems) and amplification products were detected with
Power Sybr Green Cells-to-CT kit (Applied Biosystems). PCR
conditions were as follows: denaturing at 95°C for 15 s min
and amplification 40 cycles with annealing/extension carried
out at 60°C for 1 min. FTR1 wild-type or ftr1 mutant allele
copy numbers were then normalized to R. oryzae ACT1, and
relative copy number was estimated using the formula
2-DDCT, where DCT = [Cttarget gene - CtACT1] and DDCT = [DCT of
mutant - DCT of PyrF-complemented strain].

Growth comparisons

Growth of the putative ftr1 disruption mutants were compared
with R. oryzae wild-type or R. oryzae PyrF-complemented
strains by growing on plates YNB+CSM-URA supplemented
with 10 or 1000 mM of FeCl3, FeSO4 or with 100 mM of heme,
or ferrioxamine as a source of iron. Additionally, putative ftr1
null or RNAi mutants were compared with their corresponding
control strains for their growth on YPD or chemically defined

medium (i.e. YNB+CSM-URA). Briefly, 10 ml of 105 spores of
R. oryzae spores were spotted in the centre of plates and the
mycelial diameter was measured after 48 h of growth for
medium containing FeCl3, FeSO4 or ferrioxamine or for 72 h
for plates supplemented with heme. The experiment was
repeated three times on different days and growth rate was
expressed as average increase in mycelial diameter of the
fungus per hour.

RNAi of FTR1

We used RNAi technology to inhibit the expression of FTR1 in
R. oryzae. The RNAi construct was established in plasmid
pRNAi-pdc intron (Fig. 6A) which was generated using
expression vector pPdcA-Ex (Mertens et al., 2006) as a back-
bone plasmid. Approximately a 2.0 kb fragment representing
the PyrG was excised from plasmid pRNAi-pdc intron and
replaced by 1641 bp of PyrF by digesting with XhoI and
XmaI. The generated plasmid contained a pdc promoter for
constitutive expression and an intron segment from Rhizopus
pdcA gene (Skory, 2003) to serve as a linker for stabilization
of the intended dsRNA structure (Wesley et al., 2001; Naka-
yashiki et al., 2005). We PCR amplified the first 450 bp frag-
ment of FTR1 ORF containing the REGLE motif believed to
interact with iron during uptake (Stearman et al., 1996). The
amplified fragment was cloned in plasmid pRNAi-pdc intron
down stream of the pdc promoter following digestion with
SphI and AscI to yield pRNAi-FTR1partial. A reverse comple-
ment sequence of the 450 bp fragment was PCR amplified
and cloned down stream of the intron segment following
digestion with SacII and NheI to yield pRNAi-FTR1complete.
The generated plasmid was transformed into R. oryzae pyrF
mutant using the biolistic delivery system (Bio-Rad) and
transformants were selected on minimal medium lacking
uracil (Skory, 2003).

To detect the effect of the RNAi construct on the expression
of FTR1 in vitro, R. oryzae transformed with pRNAi-FTR1
complete or empty plasmid were grown in potato dextrose
broth (PDB) at 37°C for 18 h. The mycelia were collected by
filtration and transformed to fresh PDB containing 2 mM
deferasirox dissolved in 2% DMSO for 1 h to induce iron
starvation and FTR1 expression (Ibrahim et al., 2007). RNA
samples were extracted using the RNeasy Plant Mini kit
(Qiagen) and first-strand cDNA were generated with oligo(dT)
primer using the SuperScript First-Strand Synthesis System
(Invitrogen). The products were diluted and used in PCR to
detect the expression of FTR1 of R. oryzae and 18S rDNA.
The PCR products were separated on a 2% agarose gel
containing 0.1 mg ml-1 ethidium bromide.

Iron uptake assay

To characterize the effect of FTR1 manipulation on the ability
of R. oryzae to take up iron in vitro, ftr1 putative disruption
mutants or RNAi mutants were compared with wild-type or R.
oryzae PyrF-complemented strains in their ability to accumu-
late intracellular 59FeCl3 (Amersham Pharmacia Biotech)
using a modification of our published method (Fu et al.,
2004). Briefly, spores were pre-germinated for 3 h in YPD
medium supplemented with 1 mM ferrozine and 1 mM ascor-
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bic acid at 37°C with shaking. Cells were harvested by cen-
trifugation, washed twice with ice cold assay buffer pH 6.1
(minimal medium + 10 mM 4-morpholinepropanesulfonic
acid + 1 mM ferrozine), and then resuspended in assay
buffer without any ferrozine to give a concentration of 108

cells per millilitre. To measure uptake of 59Fe, 50 ml of the cell
suspension was added to 450 ml of chilled assay buffer
without ferrozine but supplemented with 0.1 mM 59FeCl3, and
incubated in a shaking water bath at 30°C. After selected time
points, the assay samples were chilled on ice, vortexed,
vacuum filtered through Whatman GF/C filters and washed
with 10 ml ice cold SSW (1 mM EDTA, 20 mM Na3-citrate pH
4.2, 1 mMKH2PO4, 1 mM CaCl2, 5 mM MgSO4 and 1 mM
NaCl). Filters were removed and placed in glass scintillation
vials containing 10 ml scintillation fluid (Filter-count). Cell-
associated 59Fe was counted in a Packard 2200CA liquid
scintillation counter (Packard Instrument, Downers Grove, Il).
Nonspecific uptake due to cell surface adsorption was deter-
mined by preparing parallel assays that were held on ice for
10 min before filtration and washing. The background levels
of 59Fe were subtracted before calculation of uptake rates.
The experiment was carried out in triplicate and repeated
three times on different days. The data are presented as
specific uptake in pmole/5 ¥ 106 germinated spores.

Pathogenesis studies

For in vivo infection, BALB/c male mice (� 20 g) were ren-
dered diabetic with a single i.p. injection of 190 mg kg-1 strep-
tozotocin in 0.2 ml citrate buffer 10 days prior to fungal
challenge (Ibrahim et al., 2003a). Glycosuria and ketonuria
were confirmed in all mice 7 days after streptozotocin
treatment. DKA mice were infected with fungal spores by tail
vein injection with a target inoculum of 5 ¥ 103 spores. To
confirm the inoculum, dilutions were streaked on PDA plates
containing 0.1% triton and colonies were counted following a
24 h incubation period at 37°C. For the intranasal infection,
107 spores in 20 ml of 0.01% Tween 80 in PBS were placed on
the nostrils of ketamine (100 mg kg-1) sedated mice (Waldorf
et al., 1984). To confirm the inoculum, mice were sacrificed
immediately after inhaling R. oryzae spores, and lungs were
homogenized, plated on PDA containing 0.1% triton and colo-
nies were counted following incubation at 37°C. For both
models, the primary efficacy endpoint was time to death. In
some experiments, as a secondary endpoint, brain and
kidney fungal burden (primary target organs) (Ibrahim et al.,
2005a) was determined by homogenization by rolling a
pipette on organs placed in Whirl-Pak bags (Nasco, Fort
Atkinson, WI) containing 1 ml saline. The homogenate was
serially diluted in 0.85% saline and then quantitatively cul-
tured on PDA plates containing 0.1% triton. Values were
expressed as log10 cfu g-1 tissue.

Expression and purification of a synthetic
recombinant Ftr1p

Initially we expressed Ftr1p in E. coli using a Qiagen expres-
sion system (QIAexpressionist); however, the yield was low.
To enhance protein production we synthesized (Genscript) a
gene encoding a more hydrophilic protein by removing the

signal peptide and six transmembrane domains (Stearman
et al., 1996; Fu et al., 2004) which direct localization of the
protein to the cell membrane. While the synthesized gene
had sequence elements removed, none of the remaining
sequence was altered, so as to avoid altering potential
epitopes in the exposed, hydrophilic regions of the protein.
The synthetic gene also included a 6X-His-tag to affinity
purify the expressed protein. This gene was cloned into
pQE32 expression vector and transformed into E. coli. Log
phase bacterial cells were induced with IPTG and the cells
were harvested and the recombinant protein was purified
over a Ni-agarose affinity column according to the manufac-
turer instructions (Qiagen). The generated protein was used
to raise murine antibodies as described below.

Passive immunization

To generate immune serum for passive immunization,
BALB/c mice were immunized by SQ injection of synthetic
recombinant Ftr1p (20 mg) mixed with CFA at day 0, boosted
with another dose of the antigen with IFA at day 21, and bled
for serum collection 2 weeks later. Another set of mice were
vaccinated with supernatants collected from E. coli trans-
formed with empty plasmid to generate non-immune control
serum. Antibody titres were determined using ELISA plates
coated with 5 mg of synthetic recombinant Ftr1p as we pre-
viously described (Ibrahim et al., 2005b). Immune or control
sera (0.25 ml) were administered i.p. to DKA recipient mice
2 h before intranasal infection with 2.5 ¥ 107 R. oryzae
99–880 spores. Sera doses were repeated 3 days post infec-
tion and survival of mice was followed for 35 days post
infection.

All animal experiments described in this study were
approved by the institutional animal use and care committee,
following the National Institutes of Health guidelines for
animal housing and care.

Statistical analysis

The non-parametric log-rank test was used to determine dif-
ferences in survival time, whereas differences in kidney
fungal burden, iron uptake, growth rate and in vivo FTR1
expression were compared by the non-parametric Wilcoxon
Rank Sum test.
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