
Medical Mycology, 2016, 54, 865–875
doi: 10.1093/mmy/myw045

Advance Access Publication Date: 22 June 2016
Original Article

Original Article

HcZrt2, a zinc responsive gene, is indispensable

for the survival of Histoplasma capsulatum

in vivo

Jessica Dade1, Juwen C. DuBois2, Rajamouli Pasula2, Anna M. Donnell3,

Joseph A. Caruso3, A. George Smulian2,4,∗ and George S. Deepe, Jr.2,4

1Department of Molecular Genetics, Biochemistry and Microbiology, 2Department of Internal Medicine,
Division of Infectious Diseases, 3Department of Chemistry University of Cincinnati, Cincinnati OH 45267
and 4Cincinnati VA Medical Center, Cincinnati Ohio
∗To whom correspondence should be addressed. A. George Smulian, 231 Albert Sabin Way, Cincinnati, US 45267-0560.
Tel: +(513)558-4248; Fax: +(513) 558-2089; E-mail: alan.smulian@uc.edu

Received 31 January 2016; Revised 7 March 2016; Accepted 20 March 2016

Abstract

Histoplasma capsulatum (Hc) exists in the soil and is capable of adapting to the shift
in environment during infection to ensure survival. Yeast encounter a restrictive host
environment low in nutrients such as zinc. In this study we functionally analyzed a puta-
tive zinc regulated transporter, HcZrt2, in zinc limiting conditions by complementation of
HcZrt2 and gene knockdown through RNA interference (RNAi). Complementation analy-
sis demonstrated HcZrt2’s ability to functionally replace the characterized Saccharomyces
cerevisiae zinc plasma membrane transporters Zrt1 and Zrt2 in zinc deficient medium.
Gene silencing revealed that HcZrt2 is essential for growth in zinc deficient medium and
plays a role in zinc accumulation. Fungal burden was reduced in mice infected with HcZrt2
silenced strains compared to a control strain. Sixty-seven percent of mice infected with
a lethal dose of HcZrt2-RNAi#1 survived, and 100% of mice infected with HcZrt2-RNAi#2
withstood lethal infection. Our data suggest that HcZrt2 is a vital part of zinc homeostasis
and essential for the pathogenesis of histoplasmosis.
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Introduction

Zinc, an essential divalent micronutrient, is the second most
abundant transition metal in organisms after iron and is
involved in many cellular processes.1 It is a strong Lewis
acid with flexible coordination geometry making it an ideal
structural cofactor of enzymes such as alcohol dehydroge-
nase, RNA polymerase, and Cu/Zn superoxide dismutase.2

Zinc influences intracellular and intercellular signaling.3

In addition, the integrity of cell membranes is also main-
tained by the formation of bridges between zinc and lipid
molecules.4

Zinc acquisition is accomplished by sensing availabil-
ity of free zinc ions and employing plasma membrane
transporters to traffic zinc to the cytosol. Eukaryotic zinc
transporters of the Zrt, Irt-like Protein (ZIP) family were
first characterized in Saccharomyces cerevisiae based on
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sequence similarity to Irt1, an iron transporter in Arabidop-
sis thaliana.5 Zinc homeostatic mechanisms have been well
studied in S. cerevisiae. Zinc levels are sensed by Zap1p, a
zinc sensing transcription factor, which regulates zinc trans-
porters. S. cerevisiae Zrt1 is a high affinity zinc transporter
that imports zinc from the environment when cytosolic zinc
is critically low.6 In contrast, Zrt2 is a low affinity trans-
porter that functions to import zinc when zinc concentra-
tions are replete.7 In addition, Zrt3 mobilizes zinc from the
vacuole, a zinc storage site, into the zinc limiting cytosol.8

Yeasts are still viable in Zrt1/Zrt2/Zrt3 mutants suggesting
that zinc is also taken in through secondary zinc trans-
porters, Fet4 and Pho84.8

Zinc homeostatic mechanisms exist in pathogenic fungi
such as Aspergillus fumigatus, Candida albicans, Cryp-
tococcus neoformans, and Cryptococcus gattii which en-
counter low zinc environments within the host.9–13 The zinc
transporters orthologous to ScZrt1 and ScZrt2 are not only
important for survival in vitro but also help combat the zinc
limited conditions of the host. H. capsulatum also resides in
a zinc limited environment within macrophages but is able
to survive.14 Zinc transporters have not been characterized
in H. capsulatum. Furthermore, it is not known if zinc trans-
porters play a role in virulence. In this study we sought to
characterize a zinc transporter in H. capsulatum. We report
that HcZrt2 encodes a zinc transporter similar to ZIP fam-
ily transporters. We suppressed expression of HcZrt2 and
demonstrated that zinc accumulation decreases. HcZrt2 is
vital for growth in zinc deficient medium and virulence of
H. capsulatum.

Materials and methods

Strains and culture conditions

All strains used in this study are described in Table 1. H.
capsulatum strains utilized in this study were derived from
the ATCC Histoplasma capsulatum strain G217B (ATCC
No. 26032). H. capsulatum was grown in liquid or solid
Histoplasma Macrophage Medium (HMM), at 37◦C and
5% CO2. Solid medium contained 0.8% Agarose (Lonza
Seakem ME, Pittsburgh, PA, USA) and supplemented with
25 μM FeSO4. For analysis of growth or gene expression in
zinc deficient media, N, N, N′, N′-tetrakis 2-pyridylmethyl
ethane-1, 2-diamine (TPEN) was added to HMM liquid cul-
ture. S. cerevisiae ZHY3 was received from Dr. David Eide
(Madison, Wisconsin) and was routinely grown in yeast
extract-peptone-dextrose complex medium at 30◦C. For
zinc deficient medium, yeasts were grown in yeast nitrogen
base with ammonium sulfate, (without amino acids, dex-
trose, without Cu, Zn, Fe, Mn added; purchased from MP
Biomedicals). For complete synthetic medium, amino acid

supplement without uracil, dextrose, 10 μM Fe3+, 2 μM
Cu2+, and 2.3 μM Manganese were added. To chelate zinc
either 10 μM TPEN or 1 mM ethylenediaminetetraacetic
acid (EDTA) was added with Zn2+ as indicated. For zinc de-
ficient medium with EDTA, 207.5 μM Magnesium, 1 mM
Ca, 20 mM sodium citrate (buffered at pH 4.2) were sup-
plemented. Growth rate was determined by measuring the
absorbance of cell suspensions at 590 nm (A590).

Bioinformatic analysis of HcZrt2

The putative coding sequence of HcZrt2 was iden-
tified by BLAST analysis of the HistoBase database
http://histo.ucsf.edu/ using the S. cerevisiae Zrt1. Amino
acid sequences of S. cerevisiae Zrt1 orthologs were aligned
and phylogenetic tree generated using DNAMAN Version
5.2.9. Observed divergency and 1000 bootstrap trials were
applied for phylogenetic analysis. HcZrt2 was identified as
a ZIP family protein based on ZIP family characteristics.15

Secondary structure of H. capsulatum Zrt2 was predicted
using HMMTOP http://www.enzim.hu/hmmtop/ (Predic-
tion of transmembrane helices and topology of proteins)
Version 2.

RNA isolation and quantitative real time PCR

RNA was extracted from yeast-phase strains grown in liq-
uid culture using the MasterPure Yeast RNA extraction Kit
(Epicentre, Madison, WI, USA) and protocol. The RNA
quality and quantity was assessed using the NanoDrop R©
ND1000 spectrophometer (Wilmington, DE). The cDNA
was generated using 1 μg of RNA, gene specific primers and
Superscript First Strand reverse transcriptase for RT-PCR
(Invitrogen, Carlsbad, CA, USA). Gene specific primers
used were Zrt2: ATGCGCCATCAATTCCACTAAAGC.
The cDNA was diluted 1:20, and 5 μl was used for each
reaction. A standard curve was generated from cDNA made
from an RNA pool of all samples tested. To make the stan-
dards the pool cDNA was diluted 1:50, and three addi-
tional 1:5 serial dilutions were made. SYBR green qPCR
mastermix (Applied Biosystems) was used for detection
and quantitative RT-PCR was performed using the Applied
Biosystems 7500 Real-time PCR system (Applied Biosys-
tems Grand Island, NY). Primer used were Zrt25′ sense
primer: TCCTCGAATTCGGCATCATT and Zrt23′ an-
tisense primer: ATGGAAATTGGAGTAGAGAGGC and
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) sense
primer: ATTGGGCGTATTGTCTTCC and Gapdh3′ anti-
sense primer TTGAGCATGTAGGCAGCATA. The data
were collected using the comparative Ct method with
Gapdh housekeeping gene used as a standard.

http://histo.ucsf.edu/
http://www.enzim.hu/hmmtop/
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Table 1. Strains and plasmids.

Genotype

Histoplasma capsulatum strains
G217B Wild type
UC7 G217B (ura5-, PCBP1-gfp+)
HcZrt2-RNAi G217B (ura5-, PCBP1-gfp+) & pCR186-Zrt2
RNAi-vector control G217B (ura5-, PCBP1-gfp+) & pCR186

Saccharomyces cerevisiae strains
ZHY3 MATα ade6 can1 his3 leu2 trp1 ura3 zrt1::LEU2 zrt2::HIS3
ZHY3-ScZrt1 MATα ade6 can1 his3 leu2 trp1 ura3 zrt1::LEU2 zrt2::HIS3 & pRS416+ ScZrt1
ZHY3-HcZrt2 MATα ade6 can1 his3 leu2 trp1 ura3 zrt1::LEU2 zrt2::HIS3 & pRS416+ HcZrt2

Plasmids
pCR186 PaURA5, PH2B, gfp-RNAi
pCR186-Zrt2 PaURA5, PH2B, gfp-Zrt2-RNAi
pRS416 CEN, Pura3-URA3, Plac-LacZa
pRS416+Zrt2 CEN, Pura3-URA3, PScZrt1-HcZrt2
pRS416+Zrt1 CEN, Pura3-URA3, PScZrt1-ScZrt1

Note: PaURA5- Podospora anserine URA5 gene, Pura3- Ura3 gene promoter, gfp- green fluorescent protein, PCB1-calcium binding promoter, PH2B- Histone H2B
promoter, PSCZRT1- S. cerevisiae Zrt1 promoter, CEN-centromere.

H. capsulatum macrophage assay

In sum, 1 × 105 bone marrow-derived macrophages
(BMDM) were harvested from male C57BL/6 mice (Charles
River, Frederick, Maryland) and cultured using 2 μg/ml
of (GM-CSF) Granulocyte-macrophage colony stimulating
factor (Miltenyi Biotec, Auburn, Ca) and placed in 96-well
plates and kept at 37◦C in a CO2 incubator. Macrophages
were infected with 5 × 104 mid-log phase H. capsulatum
yeast cells in DMEM (Dulbecco’s Modified Eagle Medium,
Gibco, NY) at multiplicity of infection (MOI) of .5 yeasts
per macrophage. After 2 hours non-phagocytosed yeasts
were removed by washing the monolayer with medium 3×.
To determine the number of yeasts phagocytosed, a por-
tion of the infected cells were lysed in sterile water and
placed in 37◦C for 5 minutes. To determine viability of
yeasts within macrophages, the monolayer was only washed
with medium 3× after 2 hours and supplemented with fresh
medium an additional 24 and 48 hours. Nonphagocytosed
yeasts were then removed by washing the monolayer with
medium, then lysed. Lysates were serially diluted and plated
onto HMM plates.

Construction of plasmids used for S. cerevisiae
transformation

The ZHY3 strain was transformed with the centromeric
plasmids pHcZrt2 and pScZrt1 and is described in
Table 1. These plasmids expressed either HcZrt2 or
ScZrt1 under the transcriptional control of the S. cere-
visiae Zrt1 promoter. To construct these plasmids, the
S. cerevisiae Zrt1 promoter was the coding regions of

H. capsulatum Zrt2 and S. cerevisiae Zrt1 genes were ob-
tained by PCR and cloned into TOPO TA. Primers used
for PCR were: S. cerevisiae Zrt15′ sense primer: CAC-
CATGGGCAACGTTACTACG and S. cerevisiae Zrt13′

antisense primer ATAAGCCCACTTACCGATCAAAGCC
and H. capsulatum Zrt25′ sense primer: GCCATGGTAC-
CTTCCGCTTCT and H. capsulatum Zrt23′ antisense
primer: TAAAGCCCAATTTCCCAACAGGG. Plasmids
were sequenced to ensure fidelity of the cloned gene. PCR
products were digested and cloned into pRS416 with 2kb
nucleotides upstream the S. cerevisiae Zrt1 gene, making
the pHcZrt2 and pScZrt1 plasmids. ZHY3 strains trans-
formed with pHcZrt2 and pScZrt1 were Ura+ strains.
ZHY3 were also transformed with pRS416 with only the
ScZrt1 promoter as the negative control. Transformation
was carried according to the lithium acetate procedure.16

Transformed strains were selected on ura- dropout medium
supplemented with 1 mM Zn2+.

Inductively coupled plasma-mass spectrometry

Elemental detection was accomplished using an Agilent
8800 (Agilent Technologies, Santa Clara, CA). The instru-
ment was equipped with a microconcentric nebulizer (Glass
Expansion, Pocasset, MA), a Scott double channel spray
chamber (cooled to 2◦C), a shielded torch, two quadrupole
mass analyzers separated by an octopole collision-reaction
cell with helium gas pressurization (purity of 99.999%) and
an electron multiplier for detection. The following isotopes
were analyzed 24Mg, 43Ca, 44Ca, 55Mn, 56Fe, 57Fe, 59Co,



868 Medical Mycology, 2016, Vol. 54, No. 8

63Cu, 65Cu, 66Zn and 68Zn. Internal standards 45Sc and 89Y
were used to correct for sample loss and matrix effects.

Preparation of yeasts for ICP-MS

H. capsulatum strains were cultured to log phase in HMM
and washed twice with phosphate buffered saline (PBS).
Yeasts (1 × 108) were then cultured in zinc deficient medium
(HMM, which contains 3 μM Zn, and 2 μM TPEN) for
twenty hours and intracellular metal content analyzed by
ICP-MS. Yeasts (1 × 108) were washed three times with PBS
and subsequently cultured in zinc replete medium HMM
for two additional hours and intracellular metal content
analyzed by ICP-MS.

Total metal analysis

H. capsulatum was analyzed for total metal concentration
by ICP-MS. All samples were digested using TraceMetalTM

Grade Nitric Acid (Fisher Scientific Pittsburg, PA, USA) and
Hydrogen Peroxide, 30% (Fisher Scientific Pittsburg, PA,
USA) in borosilicate digestion vials in a dry bath (South-
west Science, Hamilton, NJ). Doubly deionized water18
M� generated from a Milli-Q system (Bedford, MA, USA)
was utilized for sample dilution.

Silencing of Zrt2 by RNA interference (RNAi)

The H. capsulatum Zrt2-silenced strains were constructed
using a hairpin-loop silencing telomeric plasmid (pCR186)
in a G217B-derived strain (UC7) and are described in
Table 1. A 400 bp fragment of the Zrt2 coding
region was amplified by PCR and cloned into the
pCR186 construct in the forward and reverse direc-
tions using the respective primers: sense primer Zrt2F5′

with an Asc1 site: TGGCGCGCCTTCGGTTCAGGTGT-
CATTGTG; and the antisense primer Zrt2R3′ with an
XhoI site: TCTCCGAGAAGACGGGAGTGGTTGTTGG;
and with the sense primer Zrt2F5′ with an SpeI site:
TACTAGTTTCGGTTCAGGTGTCATTGTG; and the an-
tisense primer Zrt2R3′ with an AgeI site: TACCGGTAA-
GACGGGAGTGGTTGTTGG to give pCR186 Zrt2 (sup-
plemental data). Pme1 digested pCR186 Zrt2 was trans-
formed into UC7 and spread onto HMM plates for uracil
selection to generate UC7 Zrt2 silenced.

Mouse infection

Male C57BL/6 mice (5–6 weeks old purchased from Charles
River, Frederick Maryland) were housed and maintained in
micro-isolator cages in a barrier facility, under pathogen-
free conditions, and supplied with sterilized food and water.

All animal procedures were approved by the Institutional
Animal Care and Use Committee. Mice were infected in-
tranasally with a lethal dose (2 × 107) or a sublethal dose
(2 × 106) of mid-exponential phase H. capsulatum yeast
cells resuspended in 20 μl PBS. Mice were infected with
either G217B, RNAi-vector control, HcZrt2-RNAi#1 or
HcZrt2-RNAi#2 strains. For the survival study, mice were
weighed daily until 30 days post infection or until they suc-
cumbed to infection. To determine fungal burden, lungs
and spleens were homogenized in PBS using a gentleMACs
Dissociator. Ten-fold serial dilutions of the homogenate
were used for recovery of colonies HMM plates with gen-
tamicin. Colonies were counted after 7 days of growth
in 37◦C.

Statistical analysis

Significance was calculated using two-way analysis of vari-
ance or one-way analysis of variance with Bonferroni’s mul-
tiple comparison or Dunnett’s post hoc test for comparison
of groups greater than two. All bars show mean ± SEM or
mouse survival; log rank (Mantel Cox) test was performed
on survival curves.

Results

Identification of HcZrt2 in H. capsulatum

To find potential zinc transporters in H. capsulatum
we queried the genome of G217B, for orthologs of
S. cerevisiae Zrt1 and Zrt2 using an online genome
database http://histo.ucsf.edu/. From the database we
identified a putative H. capsulatum zinc transporter
gene (HISTO_FX.Contig167.Fgenesh histo.44.final new),
and it is referred to as HcZrt2. We conducted bioinfor-
matics analyses to identify characteristics of ZIP family
transporters.15 Topology analysis revealed that there are
6 predicted transmembrane regions and highly conserved
amino acid regions occur in transmembrane regions IV–VII
as seen in the multiple alignment (Fig. 1). The fungal zinc
transporters contain a signature sequence that is a unique
identifier for some ZIP family proteins in transmembrane
region IV.15 Between the transmembrane regions III and
IV is a putative heavy metal binding sequence, HXHXH,
with histidines present in the hydrophilic region of the pro-
tein also found in A. thaliana Irt, and S. cerevisiae Zrt1 and
Zrt2. We compared HcZrt2 with zinc regulated transporter
sequences from fungal, bacterial and mammalian species,
fungal iron transporters and zinc exporters, S. cerevisiae
Zrc1 and Cot1 using phylogenetic analysis. HcZrt2 shares
34.77% and 37.66% amino acid sequence identity with S.
cerevisiae Zrt1 and Zrt2, respectively. We observed that

http://histo.ucsf.edu/


Dade et al. 869

HcZrt2 is most similar to A. fumigatus ZrfB in the phylo-
genetic tree with 57.68% identity and is 32% identical to
ZrfA (Fig. 1).

Zinc deficiency induces HcZrt2 gene expression

To determine whether HcZrt2 functions similarly to
other characterized zinc regulated transporters of the ZIP
family we determined whether HcZrt2 is transcriptionally

regulated by zinc availability. We analyzed gene expres-
sion by quantitative RT-PCR from yeast cells grown in zinc
deficient media. We found that in the presence of TPEN,
HcZrt2 gene expression is upregulated while the addition
of zinc to medium containing TPEN blunts expression of
this transporter (Fig. 2A). TPEN is an effective zinc chela-
tor but also binds iron and copper. The addition of iron or
copper TPEN-containing medium decreases HcZrt2 expres-
sion but does not return expression to baseline (Fig. 2A).

Figure 1. A) Topology model of H. capsulatum Zrt2 using HMMTOP http://www.enzim.hu/hmmtop/ (Prediction of transmembrane helices and
topology of proteins) Version 2. Multiple alignment of well conserved regions, transmembrane regions (shaded in gray) of the S. cerevisiae (Sc),
A. fumigatus (Af), and H. capsulatum (Hc) zinc regulated transporters of the ZIP family using DNAman. Area highlighted in yellow indicate the
putative metal ion binding sequence motif found in some ZIP family proteins. Conserved histidyl and glycyl residues are highlighted in green. B)

Phylogenetic analysis demonstrating the relationship of HcZrt2 to other ZIP family proteins. (HcZrt2, H. capsulatum predicted zinc transporter 1 & 2-
HistoBase microarray spot unique IDs- G217Borfs1.15b8, G217Borfs1.5d12, G217Borfs35o1, respectively). This Figure is reproduced in color in the
online version of Medical Mycology.

http://www.enzim.hu/hmmtop/


870 Medical Mycology, 2016, Vol. 54, No. 8

(B)

Escherichia coli AAA69208.1 Zip1
Saccharomyces cerevisiae NP013970.1 Zrc1
Saccharomyces cerevisiae NP014961.3 Cot1100

Homo sapiens NP055252.2 Zip1
Homo sapiens NP055394.2 Zip2100

Aspergillus fumigatus XP747965.2 Fet4
Cryptococcus gattii XP003193075.1 Ftr1

Candida albicans EEQ44837.1 Zrt1
Cryptococcus neoformans var. neoformans XP571873.1 Zrt1

Cryptococcus gattii XP003195293.1 Zrt1100

96

Candida albicans KGQ96935.1 Zrt2
Saccharomyces cerevisiae NP013231.1 Zrt2

100

Aspergillus fumigatus XP749518.1 ZrfB
Histoplasma capsulatum ZrtA100

100

Saccharomyces cerevisiae NP011259.1 Zrt1
Aspergillus fumigatus XP749905.1 ZrfA

100

Schizosaccharomyces pombe NP596501.1 Zrt199

100

Saccharomyces cerevisiae EEUO7162.1 Fet4

0.05

Figure 1 – Continued.

Expression of HcZrt2 is not induced by the addition of
zinc or iron alone (Supplementary Fig. S1). To investi-
gate whether iron deficiency induces expression of HcZrt2,
we analyzed gene expression after exposing yeast cells to
an iron chelator, deferoxamine. Restricting iron with de-
feroxamine did not upregulate HcZrt2 (Fig. 2B). These
results demonstrate that HcZrt2 is transcriptionally reg-
ulated by zinc deficiency and partially regulated by iron
and copper.

HcZrt2 functionally replaces S. cerevisiae’s zinc
regulated transporters

We next asked whether HcZrt2 can rescue growth of S.
cerevisiae strain, ZHY3, which lacks plasma membrane
zinc regulated transporters, Zrt1 and Zrt2. We separately
cloned HcZrt2 and ScZrt1 (positive control) under con-
trol of the endogenous S. cerevisiae Zrt1 regulatory se-
quence in a low copy number vector to assess growth of
the strains in zinc deficient medium. Zinc deficient media
was created using either 10 μM TPEN (cell permeable) or

1 mM EDTA (non-cell permeable) alone. Transfection of
the HcZrt2 gene restored growth of ZHY3 similar to that
of ScZrt1 in zinc deficient media (Fig. 3). In the presence of
TPEN, HcZrt2 required at least 10 μM Zn in order to de-
tect growth of the HcZrt2 (Fig. 3A). However, with EDTA
added to the media, 1 μM Zn restored growth of HcZrt2
and ScZrt1 comparably (Fig. 3B).

0.1 H. capsulatum requires HcZrt2 for growth
and zinc accumulation

To investigate the role of HcZrt2 for survival in zinc
deficient media, we used RNA interference to reduce
the expression of HcZrt2. We designed a stable hair-
pin RNAi plasmid and confirmed the degree of silenc-
ing of two individual RNAi strains (HcZrt2-RNAi#1-
60% and HcZrt2-RNAi#2- 90%) through quantitative
real time RT-PCR (Supplementary Fig. S2). Growth of
RNAi strains was not significantly different from con-
trol strains in HMM medium (Supplementary Fig. S3).
Wild-type (G217B), RNAi-vector control, HcZrt2-RNAi#1
and HcZrt2-RNAi#2 strains were cultured in HMM or
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Figure 2. Quantitative real time RT-PCR of HcZrt2 mRNA expression.
Yeasts were cultured in A) HMM + 10 μM TPEN alone, with respective
metals added or B) HMM + 1 mM of Deferoxamine for 2 hours at 37◦C.
Transcript levels were normalized to Ct values obtained from control
samples (HMM only) and GAPDH gene. Data are shown as the mean
with SEM. ∗∗P ≤ .01 and ∗∗∗P ≤ .001. Statistical analyses performed
using two-way ANOVA.

HMM + 2 μM TPEN for 72 hours at 37◦C. The de-
creased expression of HcZrt2 was associated with im-
paired growth in media containing 2 μM TPEN compared
to wild-type and RNAi-vector control strains (Fig. 3C).
HcZrt2-RNAi#2 failed to increase in optical density read-
ings whereas HcZrt2-RNAi#1 demonstrated a slight in-
crease at 72 hours (Fig. 3C). The higher degree of gene
silencing correlated with a reduced ability to grow in zinc
deficient media. To determine whether HcZrt2 is involved
in zinc accumulation, we used inductively coupled plasma
mass spectrometry (ICP-MS) to measure total intracellular
zinc in HcZrt2-RNAi strains at zinc deprived and zinc re-
plete time points. We analyzed total Zn and also Fe, Cu,
and Mn in yeasts after 20 hours of zinc deprivation and
in yeasts that were cultured for an additional 2 hours in
zinc replete medium (Fig. 4). Zinc accumulation in HcZrt2-
RNAi#1 was reduced by 55%, while the HcZrt2-RNAi#2
was reduced by 60% compared to wild-type vector con-
trol after two hours in zinc replete medium (Fig. 4A). The
accumulation of iron, copper, and manganese did not ex-
hibit a difference between HcZrt2 silenced strains and the
wild-type vector control (Fig. 4B–D).

Growth of HcZrt2 mutants in vivo and in vitro

To ascertain whether HcZrt2 was essential for virulence in
vivo, mice were intranasally infected with a lethal inocu-
lum of HcZrt2-RNAi and wild-type RNAi-vector control
yeasts. Mice infected with the RNAi-vector control strain
succumbed to infection and died by day 10 (Fig. 5A). Sixty-
seven percent (8 out of 12) of the mice infected with HcZrt2-
RNAi#1 and all mice infected with HcZrt2-RNAi#2 sur-
vived to day 30 and regained weight. (Fig. 5A and Supple-
mentary Fig. S4).

We investigated whether the degree of silencing af-
fected fungal burden by infecting mice with HcZrt2-
RNAi#1, HcZrt2-RNAi#2 and wild-type RNAi vector con-
trol strains. In addition, we wanted to determine whether
the inoculum size was a factor in the phenotype of the
HcZrt2 mutant strains. Lungs and spleens were harvested
at days 3 and 5 following sublethal infection and day 5 post
lethal inoculum. We observed no difference in fungal bur-
den between control and silenced strains at day 3 (Fig. 5B).
In contrast, at day 5 with a sublethal dose, both HcZrt2#1
and HcZrt2#2 RNAi silenced strains demonstrated approx-
imately a 70% and 60% decrease in the lung fungal bur-
den, respectively, compared to the wild-type RNAi vector
control strain. In the spleen, fungal burden decreased in the
HcZrt2#1 and HcZrt2#2 RNAi silenced strains about 60%
and 90% respectively (Fig. 5C–D). However, when a lethal
inoculum was administered, only HcZrt2-RNAi#2 demon-
strated a ten-fold decrease in lung and spleen burden com-
pared to RNAi vector control and HcZrt2-RNAi#1 strains
(Fig. 5E–F).

To analyze the impact of the loss of HcZrt2 on growth
within macrophages we infected BMDMs with HcZrt2-
RNAi and wild-type RNAi vector control strains with 0.5
yeast to 1 macrophage. The growth of the HcZrt2 silenced
strains was similar to the wild-type RNAi vector control at
2, 24, and 48 hours (Fig. 6).

Discussion

In this study we explored the mechanism utilized by H.
capsulatum to adjust to a zinc limited environment. Low
zinc triggers the upregulation of HcZrt2 and when this is
interrupted through RNAi, zinc accumulation and in vitro
growth decreases. Furthermore, the knockdown of HcZrt2
results in fungal growth retardation in murine lungs and
spleens. We have also demonstrated that differences in the
degree of gene suppression result in functional differences
in virulence and pathogenesis.

Chelation of zinc by TPEN, DTPA (diethylene tri-
amine pentaacetic acid), and EDTA is an effective method
to observe the transcriptional response to low zinc in
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Figure 3. Analysis of HcZrt2 for growth in zinc limiting conditions. Complementation analysis of growth in zinc deficient media by the HcZrt2 gene
in S. cerevisiae ZHY3 strain. Transformants with the HcZrt2 and ScZrt1 genes under the control of the S. cerevisiae Zrt1 promoter were grown in
medium with either A) 10 μM TPEN or B) 1 mM EDTA. Optical density readings were recorded after 24 hours of growth at 37◦C. Growth compared
between media without zinc or zinc added in the presence of TPEN or EDTA. Data shown as the mean with SEM ∗∗∗P ≤ .001. Statistical analyses
performed using two-way ANOVA and Bonferroni post hoc test. Empty Vector compared to ScZrt1 and HcZrt2 in 4 independent experiments for each.
C) Optical density readings of H. capsulatum yeasts (Wild-type, silenced vector control and RNAi-HcZrt2) grown in Histoplasma Macrophage Media
only or treated with 2 μM TPEN (zinc deficient media). Statistical analyses performed using two-way ANOVA and Bonferroni post tests. Silenced
strains compared to Empty Vector controls in four independent experiments. This Figure is reproduced in color in the online version of Medical
Mycology

S. cerevisiae, C. gattii, C. albicans, and E. coli.6,7,9,17–19

In C. albicans, TPEN was shown to be the most effective
inducer of Zap1 expression when compared to extracellular
zinc chelators, EDTA and DTPA, because of its higher affin-
ity for zinc and ability to scavenge intracellular and extracel-
lular zinc.19 In addition to zinc, TPEN chelates iron, copper
and manganese and this binding can impact results.18 Pre-
viously, we demonstrated that TPEN inhibits the growth of
H. capsulatum and zinc can fully restore growth while iron
alone can partially restore growth.20 Similarly, in TPEN
supplemented media the expression of HcZrt2 can be re-
pressed by zinc, iron, and copper. Evidence of iron regulat-
ing transcription of ZIP zinc transporters is seen in C. gattii
in which the addition of iron with DTPA returned expres-
sion to baseline.17 These results suggest a role for fungal
ZIP zinc transporters in iron homeostasis. Conversely, we
found that the chelation of iron with deferoxamine does

not induce expression of HcZrt2. This finding suggests that
HcZrt2 is only induced by low ferrous iron (Fe2+) not low
ferric iron (Fe3+) because these ions are chelated by TPEN
and deferoxamine, respectively. One explanation for these
results is that metal transporters interact with ions of the
same oxidation state and this may be due to size of ions and
binding properties.21 In H. capsulatum, ferric iron (Fe3+) is
reduced by reductases to soluble ferrous iron (Fe2+) that is
then transported across the plasma membrane.22 While our
data demonstrate that HcZrt2 may be regulated by Fe2+, we
did not observe a decrease in iron accumulation in HcZrt2
mutants after culture in TPEN supplemented media, indi-
cating that it is not essential for iron acquisition.

The restriction of zinc is a host defense mechanism
to hamper the growth of many pathogens in vivo.14,23,24

One way this occurs is through the binding of zinc by
calprotectin, a heterodimer with a high affinity for zinc,
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Figure 4. Total concentration of Zn, Fe, Cu, and Mn by ICP-MS in vector control and HcZrt2-RNAi silenced strains after culture in zinc deficient medium
(2 μM TPEN) and compared to total concentrations in zinc replete medium. Zinc content represented as parts per billion (ppb) indicating ng of metal
per gram and calculated based on mass of yeasts in sample. Statistical analyses performed using two-way ANOVA and Bonferroni post test. P < .05.

which is secreted by neutrophils that are stimulated by
extracellular fungi such as A. fumigatus or large C. albi-
cans hyphae.24 For phagocytosed C. albicans cells and H.
capsulatum yeasts the zinc limiting environment within the
macrophage’s phagolysosome inhibits growth.14,25 A prior
study demonstrated that granulocyte macrophage colony-
stimulating factor-activated (GM-CSF) macrophages limit
zinc availability to H. capsulatum yeasts by sequestering
zinc from the phagolysosome into the Golgi apparatus.14

In addition, this growth inhibiting mechanism relies on an
upregulation metalliothioneins 1 and 2 which bind free zinc
and localize to the Golgi.14 The net effect of this sequestra-
tion was lower quantities of zinc in yeast cells recovered
from activated macrophages versus resting macrophages.14

Based on those results, we hypothesized that the HcZrt2-
RNAi mutants would not replicate well even in resting
macrophages since the absence of this transporter would
alter the ability of yeast cells to accumulate zinc. How-
ever, the silenced strains did not manifest a growth defect
in resting macrophages or in the lungs of mice at day 3 of
a sublethal inoculum. This finding implies that a decrement
in the ability to import zinc is insufficient to render the yeast
cells vulnerable to the innate antifungal activity of resting
macrophages. However, elimination of the silenced strains
was accelerated coincident with the onset of adaptive im-
munity.26 These data provide evidence that impairment of

expression of a zinc transporter does not cause the yeast
cells to be highly susceptible innate immune function, but
rather as with wild-type isolates adaptive immunity must
be engaged to limit the replicative capacity of yeast cells.

We utilized RNA interference to functionally character-
ize HcZrt2 due to the inefficiency of homologous recombi-
nation in H. capsulatum.27 The knockout of zinc acquisi-
tion mechanisms in A. fumigatus and C. gattii established
a relationship between zinc transporters and fungal viru-
lence.9,13 In our study RNAi allowed us to silence HcZrt2
by 60 and 90% and compare the degree of suppression
on zinc accumulation and virulence. Unexpectedly, we ob-
served a 5% difference in zinc accumulation between the
HcZrt2-RNAi strains, suggesting that small changes in zinc
levels in the absence of an essential zinc transporter can have
a significant effect on pathogenesis and virulence. More-
over, in the HcZrt2-RNAi#1 strain we were able to demon-
strate that a 60% reduction in zinc accumulation was the
threshold for survival of a strain in vivo.

Functional characterization of HcZrt2 revealed a zinc
homeostatic mechanism that is essential for growth in vitro
and in vivo. Replacing Zrt1 and Zrt2 in S. cerevisiae with
HcZrt2 demonstrated that it can function similarly to zinc
plasma membrane transporters when extracellular zinc is
depleted. Within H. capsulatum, HcZrt2 mutant strains
do not accumulate enough zinc to support growth in zinc
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Figure 5. A) Kinetics of mouse survival and loss of body weight as a percentage after infection with a lethal dose (1 × 107) of Histoplasma yeasts. Six
mice per group in two independent experiments. Total n = 12. Statistical analyses were performed using the log-rank test. B) Fungal burden analysis
of mice infected with vector control strains and HcZrt2-RNAi strains at day 3. Limit of detection 5 × 102 (lung) 2 × 102 (spleen). Data represented as
mean with SEM. Statistical analyses performed using one-way ANOVA and Dunnett’s multiple comparison test P < .05. C–F) Fungal burden analysis
of mice infected with vector control strains and HcZrt2-RNAi strains at day 5 for sublethal and lethal inocula. Limit of detection 5 × 102 (lung) 2 ×
102 (spleen). Data represented as mean with SEM. Statistical analyses performed using one-way ANOVA and Dunnett’s multiple comparison test.
P < .05. This Figure is reproduced in color in the online version of Medical Mycology

Figure 6. Colony-forming units of yeasts from infected bone marrow
derived macrophages. Macrophages were lysed with water at 2, 24,
and 48 hours and plated on HMM plates. Data represented as mean
with SEM. P < .05.

deficient conditions. Removing this zinc accumulating
mechanism limits H. capsulatum’s ability to overcome the
host restriction of zinc and sustain growth during infection.
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