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The Escherichia coli hygromycin phosphotransferase (hph) gene, which confers hygromycin resistance, is
commonly used as a dominant selectable marker in genetically modified bacteria, fungi, plants, insects, and
mammalian cells. Expression of the hph gene has rarely been reported to induce effects other than those
expected. Hygromycin B is the most common dominant selectable marker used in the molecular manipulation
of Histoplasma capsulatum in the generation of knockout strains of H. capsulatum or as a marker in mutant
strains. hph-expressing organisms appear to have no defect in long-term in vitro growth and survival and have
been successfully used to exploit host-parasite interaction in short-term cell culture systems and animal
experiments. We introduced the /iph gene as a selectable marker together with the gene encoding green
fluorescent protein into wild-type strains of H. capsulatum. Infection of mice with hph-expressing H. capsulatum
yeast cells at sublethal doses resulted in lethality. The lethality was not attributable to the site of integration
of the hph construct into the genomes or to the method of integration and was not H. capsulatum strain related.
Death of mice was not caused by altered cytokine profiles or an overwhelming fungal burden. The lethality was
dependent on the kinase activity of hygromycin phosphotransferase. These results should raise awareness of

the potential detrimental effects of the hph gene.

Hygromycin B is commonly used as a dominant selectable
marker in selection of genetically manipulated organisms. Ex-
pression of an Escherichia coli hygromycin phosphotransferase
(hph) gene results in hygromycin B resistance in bacteria,
fungi, plants, insects, and mammalian cells (7, 8, 10-12, 16, 21,
27, 28). Expression of the Aph gene has rarely been reported to
result in effects other than those expected by the expression of
hygromycin B resistance, insertional mutagenesis, or the ex-
pression of the recombinant DNA carrying the Aph gene (3,
19). hph gene expression is generally well tolerated and has
been used in the generation of transgenic mice, viable Dro-
sophila, and infectious bacteria and fungi.

Histoplasma capsulatum is an ascomycetous fungus with
worldwide distribution and is the causative agent of histoplas-
mosis. Hygromycin B is the most common dominant selectable
marker used in the molecular manipulation of H. capsulatum
(20, 25-27, 31). Recombinant molecular genetics is limited in
H. capsulatum, and few selectable markers have been charac-
terized (18). Several studies have used hygromycin as a select-
able marker in the generation of knockout strains of H. cap-
sulatum or as a marker in mutant strains (20, 25-27, 31).
hph-expressing organisms appeared to have no defect in long-
term in vitro growth and survival and have been successfully
used to exploit host-parasite interaction in short-term cell cul-
ture systems and animal experiments. We sought to introduce
the gene encoding green fluorescent protein (GFP) into wild-
type strains of H. capsulatum, and we selected the hygromycin
resistance gene as our selectable marker. This work was being
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conducted to examine compartmentalization and reactivation
of H. capsulatum. Surprisingly, infection of mice with Aph-
expressing H. capsulatum at normally sublethal numbers
resulted in lethality. Five independent hph-expressing
strains in the H. capsulatum G217B background all dis-
played the unexpected lethality. The lethality was not re-
lated to the site of integration of the Aph construct into the
genomes, the method of integration, or the strain of H.
capsulatum. Lethality was dependent on kinase activity of
hygromycin phosphotransferase.

MATERIALS AND METHODS

Fungal and bacterial strains. Escherichia coli was grown in LB broth with
appropriate antibiotics. H. capsulatum was grown in HMM medium with the
addition of 200 pg/ml hygromycin, 200 pM uracil, or 150 wg/ml zeocin as
appropriate (32). H. capsulatum strain WU 15 was obtained from William Gold-
man. Chemically competent E. coli strain TOP10 was used for plasmid cloning.
Agrobacterium tumefaciens strains for H. capsulatum transformation were gener-
ated by electroporation of plasmid constructs generated in the pCB301 backbone
into A. tumefaciens LBA1100 (15, 33). Agrobacterium-mediated transformation
(AMT) of H. capsulatum was performed as previously described (20). Electro-
poration of H. capsulatum was performed as previously described with modifi-
cations due to the use of a square-wave electroporator (31). Electroporations
were performed using a BTX 830 instrument at 375 kV for 5.5 ms using 1-mm
cuvettes.

Generation of plasmid constructs. Restriction digestions and ligations were
performed under standard conditions. A BgllI-Sall fragment comprising the E.
coli hph gene under control of the Aspergillus nidulans GPD regulator sequences
ligated to the A. nidulans TrpC terminator sequence was ligated between the
BglII and Xhol sites of pUG27, resulting in a hygromycin resistance cassette
flanked by loxP sequences. A Sall-Sacll fragment containing the hygromycin
resistance cassette flanked by loxP sequences was cloned into the polylinker of
pCB301 (33) between the Sacll and Sall sites to generate pCB301-HYG. To
generate pCB301-BLE, the hygromycin open reading frame was replaced by the
Streptoalloteichus hindustanus BLE gene. To generate pCB301-GFP-HYG, the
GFP gene under control of the CBP regulatory sequence was excised from
pSBB9.2 (14) and cloned downstream of the hygromycin resistance cassette
within the pCB301 multiple cloning region. The vector pCB301-BLE-HYG was
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generated by insertion of the GPD promoter-hygromycin phosphotransferase-
TrpC terminator cassette into pCB301-BLE between the Apal and the Kpnl
sites. Site-directed mutagenesis was performed using a QuikChange mutagenesis
kit according to the manufacturer’s instructions to generate pCB301-BLE-
mutHYG, resulting in a D196A substitution within the 4ph gene product (Strat-
agene, La Jolla, CA). The plasmid pCR186 was obtained as a kind gift from Chad
Rappleye.

Animal studies. C57BL/6 mice were purchased from The Jackson Laboratory.
Animals were housed in microisolator cages and were maintained by the De-
partment of Laboratory Animal Medicine (University of Cincinnati), which is
accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care. All animal experiments were performed in accordance with the
Animal Welfare Act guidelines of the National Institutes of Health, and all
protocols were approved by the Institutional Animal Care and Use Committee
of the University of Cincinnati. H. capsulatum was harvested in mid-log phase by
centrifugation from a liquid culture in HMM medium. To produce infection,
animals were inoculated intranasally with between 2 X 10* and 2 X 107 H.
capsulatum yeast cells in a 30-pl volume of Hanks balanced salt solution (HBSS).

Quantitative organ culture. Mice were euthanized and examined for fungal
burdens in lungs and spleens. Organs were harvested and homogenized in 5 ml
of HBSS. Organ homogenates were plated on blood heart infusion agar plates at
multiple 10-fold dilutions and incubated at 30°C until colony growth could be
measured. The fungal burden was expressed as mean log;, CFU per whole
organ * standard error of the mean. The limit of detection was 10> CFU.

Cytokine measurement. Lungs from infected mice (n = 4 or 5) were removed,
homogenized in 10 ml of HBSS, centrifuged at 1500 X g, filter sterilized, and
stored at —70°C until assayed. Commercially available enzyme-linked immu-
nosorbent assay kits were used to measure gamma interferon (IFN-y), interleu-
kin-4 (IL-4), and tumor necrosis factor alpha (TNF-a) (Pierce, Rockford, IL)
and IL-10 and IL-12 (R & D Systems, Minneapolis, MN).

Flow cytometry. Inflammatory cell infiltrates were analyzed by flow cytometry.
Lung leukocytes and splenocytes were obtained by teasing apart lungs between
the frosted ends of two glass slides. Mononuclear lung cells were further isolated
by running over Lympholyte M (Cedar Lane Laboratories, Burlington, NC).
Cells were washed three times with HBSS. The following monoclonal antibodies
were purchased from BD Biosciences: CD3-fluorescein isothiocyanate, CD4-
allophycocyanin (APC), CDS8-APC, CD11c-APC, GR-1-APC, Mac3-phyco-
erythrin, and B220-APC. A total of 2 X 10° cells were incubated with 0.5 ug of
monoclonal antibody in staining buffer (1% bovine serum albumin in phosphate-
buffered saline) for 10 min at 4°C. The cells were washed in staining buffer, and
fluorescence was measured using a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA).

Lung histology. Histology was performed on formalin-fixed inflated lung sam-
ples by the Comparative Pathology Laboratory of the University of Cincinnati.

Determination of site of T-DNA integration. To determine the site of Agrobac-
terium-mediated integration into the H. capsulatum genome, thermal asymmet-
rical PCR (TAIL-PCR) was performed as previously described (17). Briefly, H.
capsulatum genomic DNA was isolated from transformed strains. Sequential
rounds of TAIL-PCR were performed using three right- or left-border primers
and a pool of degenerate primers (AD1 to AD4) as described. After three rounds
of amplification, products were gel purified, cloned into pCR2.1-TOPO, and
transformed into E. coli. Transformants were isolated, screened, and sequenced
at the Cincinnati Children’s Hospital Medical Center Sequencing facility using
vector primers. The sequence was compared to the H. capsulatum G217B ge-
nome sequence (www.wustl.edu) by BLAST analysis to identify the site of
genomic integration.

Hygromycin B phosphotransferase activity assay. A semiquantitative hygro-
mycin B phosphotransferase activity dot blot assay was performed as previously
described with slight modification (24, 29). H. capsulatum strains UC18, UC19,
UC24, and UC25 were grown in HMM medium to mid-log phase. Yeast cells
from equal volumes of culture were lysed by bead beating at 4°C in 150 pl of
ice-cold kinase lysis buffer (25 mM Tris-HCI [pH 7.5], 5% glycerol, 10 mM
MgCl,, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1X EDTA
protease inhibitor cocktail [Roche Applied Sciences, Indianapolis, IN]), and
cellular debris was removed by centrifugation. The cell culture supernatant
obtained following centrifugation of yeast cells was concentrated 100-fold by
vacuum centrifugation. Five microliters of cell lysate or concentrated cell culture
supernatant was added to 50 pl of reaction buffer (13.4 mM Tris maleate [pH
7.1], 8.4 mM MgCl,, 80 mM NH,CI, 60 mM hygromycin B, 15 uM ATP, 25 u.Ci
[y-**P] ATP per ml) and incubated at room temperature for 1 h. The reaction
samples were diluted with 150 pl double-distilled water (ddH,O), loaded into a
dot blot apparatus fitted with a layer of nitrocellulose paper above a double layer
of P81 phosphocellulose paper (Whatman, Florham Park, NJ), and allowed to
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FIG. 1. Expression of Aph results in lethality among mice infected
with Histoplasma capsulatum. Groups of mice were infected intrana-
sally with 2 X 10* to 2 X 107 yeast cells of H. capsulatum strain G217B
(n = 8), strain G186AR (n = 8), the hygromycin-resistant G217B
derivative UC1 (n = 16), or the hygromycin-resistant G186AR deriv-
ative UC2 (n = 8). Survival curves demonstrate the loss of animals
infected with >2 X 10° hygromycin-resistant H. capsulatum cells be-
tween days 9 and 20.

drain by gravity. Each well was then washed with ddH,O. The P81 filter was
then washed three times in ddH,O at 65°C. The filter was then exposed to a
phosphor storage screen and visualized on a Storm Phosphorlmager (GE
Healthcare, Piscataway, NJ).

Statistics. One-way analysis of variance was used to compare groups, and the
log rank test was used to analyze survival.

RESULTS

GFP-expressing H. capsulatum strains were generated by
AMT of T-DNA containing a GFP expression cassette and a
hygromycin selectable marker. The GFP/HYG cassette was
introduced into the widely used H. capsulatum laboratory
strains G217B and G186AR (14, 18). In addition, a GFP-
expressing uracil auxotrophic derivative of G217B was gener-
ated by the introduction of pCB301-GFP/HYG into strain WU
15 (20). Transformants with high levels of GFP expression
were isolated. These strains demonstrated stable high levels of
fluorescence after prolonged growth in the absence of hygro-
mycin B selection. Growth curves of the GFP-expressing
strains were similar to those of their parent G217B and
G186AR strains (data not shown).

A G217B-derived strain, UC1, was then used for in vivo
studies in mice. Studies with durations of 7 to 9 days were
performed, with no unexpected deaths. During a long-term
study examining compartmentalization and reactivation of H.
capsulatum, 55% (33/60) of animals infected with 2 X 10° yeast
cells unexpectedly died in the first 3 weeks of the study. Be-
cause of this unusual occurrence, additional studies were per-
formed to investigate the animal deaths. In the next series of
studies, groups of C57BL/6 mice were infected with doses of
UCI1 organisms that varied between 2 X 10* and 2 X 10° yeast
cells and followed for survival. Animals infected with >2 X 10°
yeast cells died between days 9 and 20. The hypervirulence of
H. capsulatum UC1 compared to the parent strain H. capsula-
tum G217 was confirmed in survival studies (Fig. 1; Table 1).
H. capsulatum UC1 was 100- to 1,000-fold more virulent than
its parental H. capsulatum G217 strain.

Organ cultures were performed to determine if UCl-in-
fected mice died of overwhelming H. capsulatum infection.
Organ cultures of animals infected with G217B or UC1 showed
no significant difference in CFU (P > 0.05) in the lungs of mice
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TABLE 1. Fungal strains used and cumulative mortality

H. capsulatum Genot Cumulative
strain enotype mortality (%)”

G217B Wild type 0/12 (0)
G186AR Wild type 0/12 (0)
Wu13 G217B ura-41,zzz::[Pcpp,-gfp hph] 17/20 (85)°
WU15 G217B ura5-A41
ucCl1 G217B aaa::T-DNA-[Pcpp,-gfp], loxP Pgpphph Tr,,c loxP 58/86 (67.5)
uc2 G186AR T-DNA-[Pcgp;gfp], loxP Pgpp.hph Ty, loxP 8/8 (100)
uc3 WUIS T-DNA-[Pcp;-gfp], loxP Pgpphph Tr,c loxP 11/20 (55)°
ucs G217B bbb::T-DNA-[Pcp;gfp, loxP Pgpphph T, loxP 6/6 (100)
UcCl16 G217B T-DNA-loxP Pgpp-ble Ty, loxP 0/12 (0)
ucC17 G217B T-DNA-loxP Pgpp.hph Tr,,c loxP 6/6 (100)
UC18 G217B ccc::T-DNA-Pgpphph-1 Tr,,c, loxP Pgpp.ble Tr,,c loxP 0/12 (0)
ucC19 G217B ddd::T-DNA-P;pp.hph-1 Ty, loxP Pgpp.ble Ty, loxP 0/6 (0)
uc24 G217B eee:: T-DNA-Pgpp.-hph Tryp,c, l0XP Pgpp.ble Tr,,c loxP 5/6 (83.3)
ucC2s G217B fif::T-DNA-P;pp.hph Ty, loxP Pgppble Ty, loxP 5/6 (83.3)

@ Associated with infection resulting from intranasal inoculation with 2 X 10° yeast cells/animal.

b Uracil auxotrophy complemented with plasmid pCR186.

sacrificed on day 7 or 9. The fungal burden in spleens of
animals infected with UC1 exceeded that of wild-type G217B
organisms at days 7 (P < 0.0001) and 9 (P < 0.05) (Fig. 2). The
number of CFU present in both the lung and the spleen de-
clined between days 7 and 9. Of note, neither of the numbers
of organism isolated is usually associated with the demise of
animals. Most often, death is accompanied by a level of =108
CFU per organ (1). Thus, it is unlikely that the apparent
hypervirulence of UCI could be attributed solely to an in-
creased organism burden in animals infected with G217B-de-
rived UCI1 compared to the G217B strain of H. capsulatum.

Exuberant inflammatory responses may cause immunopa-
thology and result in the death of animals independent of
organism burden. The phenotype of cells infiltrating into the
lungs of animals infected with G217B and UCI at day 7 was
determined by fluorescence-activated cell sorter analysis. The
lungs of animals infected with G217B and UC1 showed no
difference in the number or proportion of CD4" or CD8* T
cells, dendritic cells, neutrophils, macrophages, or B cells
present on day 7 (Fig. 3).

Cytokine analysis of lung and spleen homogenates provided
additional evidence that the inflammatory response in animals
infected with G217B was similar to that in animals infected
with UCI. No significant differences in TNF-a, IFN-y, 1L-4,
IL-10, or IL-12 levels were noted in the lungs or spleens at day
7 and day 9 despite infection with either G217B or UC1 (Fig.

G217B D7 UC1D7 G217BD9 UC1D9

4). Histological analysis of lungs from C57BL/6 mice sacrificed
at day 7 after inoculation with sublethal inocula of either
G217B or UCI revealed severe pyogranulomatous pneumonia
in all animals, with no significant difference discerned between
animals infected with either strain (data not shown).

We investigated if a correlation existed between the hyper-
virulence phenotype and the site of T-DNA integration into
the H. capsulatum genome. A second independent isolate of
GFP-expressing G217B, UCS, was studied. One hundred per-
cent lethality between days 10 and 15 was similarly noted in
C57BL/6 mice infected intranasally with a sublethal dose of
2 X 10° yeast cells of UC5. The sites of T-DNA integration in
UC1 and UCS were then determined by sequencing TAIL-
PCR-generated products. Despite the similar hypervirulent
phenotypes of UC1 and UCS5 in mice, sequence analysis re-
vealed single unique sites of integration within the H. capsu-
latum genome for each strain (upstream of putative open read-
ing frame HCAG 08014 and downstream of HCAG 07026,
respectively). The increased virulence and unexpected deaths
were also noted when UC3, which had been rendered pro-
totrophic by complementation with the URA5-carrying plasmid
pCR186, was used for infection.

Studies were designed to determine the role of GFP expres-
sion, hygromycin B expression, and AMT in the lethality. H.
capsulatum G217B strain UC17, generated by the introduction
of only the Aph resistance cassette by AMT, was then used to
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FIG. 2. Tissue fungal burden following Histoplasma capsulatum infection. Groups of mice were infected intranasally with 2 X 10° yeast cells
of H. capsulatum strain G217B or the hygromycin-resistant G217B derivative UC1. CFU in lungs (A) and spleens (B) were counted on day 7 (n =
13) or day 9 (n = 10) after infection. Data are means = standard errors. *, P < 0 0.05; %%, P < 0.0001.
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FIG. 3. Lung cell phenotype in Histoplasma capsulatum-infected
animals. Mice were infected with H. capsulatum strain G217B or the
hygromycin-resistant G217B derivative UC1, and on day 7 following
infection lung homogenates were analyzed for CD4™ T cells, CD8" T
cells, dendritic cells, neutrophils, macrophages, and B cells. Data are
means * standard errors for four mice.

infect C57BL/6 mice. Despite the lack of a GFP expression
cassette, 100% of infected animals died between days 10 and
15, demonstrating that that the presence of the Aph cassette
was sufficient to cause the noted hypervirulence phenotype.

To determine if lethality was related to AMT, we generated
a zeocin-resistant H. capsulatum G217B strain, UC16, by in-
troduction of the S. hindustanus BLE gene under control of the
A. nidulans GPD regulatory sequences by AMT. A single zeo-
cin-resistant transformant was characterized and used to infect
C57BL/6 mice at a dose of 2 X 10° yeast cells via intranasal
inoculation. All animals survived the challenge, and on sacri-
fice on day 21, organ culture of lungs and spleens demon-
strated clearance of the infection. This suggested that the hy-
pervirulence phenotype was related to expression of the iph
gene and hygromycin resistance.

To further examine the role of AMT, hygromycin resistance,
and GFP expression in the lethality noted in mice, C57BL/6
mice were infected with H. capsulatum strain WU13, a hygro-
mycin-resistant GFP-expressing strain derived by non-A.
tumifaciens-mediated random insertion. This uracil auxotroph
was rendered prototrophic by introduction of the Podospora
anserina ura5-carrying plasmid pCR186. As noted with other
hygromycin-resistant strains, 85% of animals died between
days 10 to 21 after infection (Table 1).

All studies described thus far had been performed on H.
capsulatum with a G217B strain background. Similar studies
were performed with sublethal doses of a hygromycin-resistant
strain of G186AR H. capsulatum, UC2, generated by AMT.
Eight of eight infected animals died by day 16 after inoculation,
demonstrating that the hypervirulence was not restricted to the
G217B strain of H. capsulatum (Fig. 1; Table 1).

To explore the possibility that the virulence of H. capsulatum
was associated with functional activity of the hygromycin phos-
photransferase, site-directed mutagenesis was performed, re-
sulting in the substitution of an alanine for the essential aspar-
tic acid residue within the kinase activation domain of the /iph
gene product (2, 13). Introduction of the zeocin resistance
cassette and a hygromycin resistance cassette containing the
mutant iph gene into H. capsulatum G217B resulted in organ-
isms (strains UC18 and UC19) that were resistant to zeocin but
sensitive to hygromycin. A control strain was generated by the
introduction of the zeocin resistance cassette and a hygromycin
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FIG. 4. Cytokine profiles of splenic homegenates from Histoplasma
capsulatum-infected animals. Mice were infected with H. capsulatum
strain G217B or the hygromycin-resistant G217B derivative UC1, and
lungs and spleens were harvested on day 7 and day 9 following infec-
tion. Levels of TNF-a, IFN-y, IL-4, IL-10, and IL-12 were measured in
the lung and spleen homegenates. Data are means * standard errors
for four mice.

resistance cassette containing an active hph gene in H. capsu-
latum G217B (strains UC24 and UC25). UC24 and UC25 grew
in the presence of hygromycin B concentrations of >300 g/
ml, while UC18 and UC19 were unable to grow in the presence
of >150 pg/ml of hygromycin B. Cellular lysates of UC24 and
UC25 demonstrated hygromycin B phosphotransferase activity
by dot blot assay, while no activity was detected in lysates of
UCI18 and UC19. No hygromycin B phosphotransferase activ-
ity was detected in culture supernatants of UCI18, UCI9,
UC24, or UC25. These strains were then characterized at a
molecular level. All strains demonstrated hybridization pat-
terns consistent with a single site of integration by Southern
blot analysis (data no shown). The sites of T-DNA integration
in UC18, UC19, UC24, and UC25 were determined by se-
quencing TAIL-PCR-generated products. The strains inte-
grated within four distinct putative open reading frames:
HCAG 06126, HCAG 04373, HCAG 00845, and HCAG
01994, respectively. PCR analysis using primers located up-
stream or downstream of the site of integration paired with
left- and right-border primers revealed no evidence of genomic
rearrangement associated with T-DNA integration. C57BL/6
mice infected with 2 X 10° UC18 and UC19 organisms sur-
vived infection, demonstrating a course of disease seen follow-
ing infection with wild-type G217B H. capsulatum until sacri-
fice on day 21, whereas five of six mice infected with either
UC24 or UC25 died with median times to death of 12 and 14
days, respectively (Fig. 5).

DISCUSSION

Generation of GFP-expressing H. capsulatum in wild-type
laboratory strains G217B and G186AR is an important tool for
pathogenicity studies. GFP-positive ura5 gene deletions pro-
vide strains with better characterization than the UV-gener-
ated uracil auxtrophic strains, where the site of mutation(s) is
unknown (20, 32). However, long-term studies in vivo with
these strains unexpectedly led to lethality. The adverse out-
comes were restricted to animal studies, and no differences
were noted between wild-type and hygromycin-resistant strains
in axenic or in vitro studies with macrophages.

Although small increases in organism burden were noted in
animals infected with hygromycin-resistant H. capsulatum
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FIG. 5. Expression of Aph results in lethality among mice infected
with Histoplasma capsulatum. Groups of mice were intranasally in-
fected with 2 X 10° yeast cells of H. capsulatum strains UC16, express-
ing zeocin resistance; UC17, expressing hygromycin resistance; UC24
and UC25, expressing zeocin and hygromycin resistance; or UC18 and
UCI109, expressing zeocin resistance and a nonfunctional hygromycin
phosphotransferase (n = 6 to 12 mice per strain). Survival curves
demonstrate the loss of animals infected with hygromycin-resistant H.
capsulatum between days 10 and 15.

strains compared to wild-type strains, the number of organisms
isolated is not sufficient to explain the deaths of mice (1).
Typically, death from overwhelming infection is not observed
with G217B in C57BL/6 mice until ~10% CFU are present.
Moreover, the burden of infection in mice infected with a
strain of H. capsulatum that contains the hygromycin resistance
gene was not that dissimilar from that with the wild type at days
7 and 9. Another possible explanation for these findings is an
altered pathological response. This consideration is highly un-
likely, since the pathology did not differ between the two
groups and the characters of the inflammatory response as
assessed by flow cytometry were similar.

The hypervirulence in animals was related to integration of
a hygromycin resistance cassette comprising the A. nidulans
GPD regulatory sequence, the E. coli hygromycin phospho-
transferase gene, and the A. nidulans TrpC terminator region
into the H. capsulatum genome. It was not related to the
method of integration, as strains generated by both A. tumifa-
ciens-mediated and non-A. fumifaciens-mediated random inte-
gration had a similar phenotype. Similarly, the site of integra-
tion did not appear to be critical. AMT exhibits little bias in
site of integration, and thus while the site of integration was
determined for only six strains, the probability that integration
was at the same site in the other four strains is low (15). The
hypervirulence was not related to the expression of GFP, as
hygromycin-resistant strains without expression of GFP dem-
onstrated similar lethality.

The observed hypervirulence was not limited to the G217B
strain with which initial studies were performed but was simi-
larly noted when H. capsulatum G186AR was rendered hygro-
mycin resistant. Hygromycin resistance has been used as a
selectable marker in fungi such as Aspergillus fumigatus, Cryp-
tococcus neoformans, and Blastomyces dermatitidis, although
many studies with these pathogens are of shorter duration (11,
12, 21, 30).

Prior studies have utilized hygromycin selection in the gen-
eration of H. capsulatum mutants and tagged strains. No vir-
ulence differences were noted in these studies despite the use
of animal experiments (20, 25-27, 31). However, experiments
with the animals studied in these reports were generally limited
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to durations of 7 to 10 days and thus may have been concluded
before animals succumbed. In addition, most studies used hy-
gromycin as a selectable marker in the generation of deletion
strains with reduced virulence. In a background of reduced
virulence, the lethality noted in this study associated with hph
expression may not be manifest. We postulate, therefore, that
the effect of the hygromycin resistance is likely to be manifest
when the organism maintains its native virulence determinants.
Thus, the effect of hygromycin resistance may also be observed
when genes that do not perturb virulence traits are inserted.
One prior study using hph-marked strains reported animal
survival to 27 days postinfection (22). The DRKI-silenced
strain generated in that study demonstrated markedly reduced
virulence, which may have suppressed the hypervirulent phe-
notype. This study also utilized intratracheal inoculation of
spores as a mode of infection, and the course of disease may be
altered with this animal model. While the hypervirulence phe-
notype reported should not be extrapolated to other animal
models without experimental evidence, the findings do raise a
cautionary flag for other model systems.

The virulence is associated with the kinase activity of the
hygromycin phosphotransferase (2, 19). Mutagenesis of the
critical aspartic acid residue within the phosphorylation do-
main resulted in loss of hygromycin resistance, loss of phos-
photransferase activity, and reversion to standard virulence.
The increased virulence may be associated with phosphoryla-
tion of a bystander H. capsulatum protein or a mammalian host
protein. Off-target phosphorylation by aminoglycoside antibi-
otic phosphotransferases has been previously reported in a
number of mammalian systems but not in fungal organisms (3,
19). Studies to distinguish between these possibilities have not
been performed. Hygromycin phosphotransferase is presumed
to remain as an intracellular protein, suggesting the target to
be an H. capsulatum protein. While the absence of hygromycin
phosphotransferase activity in culture supernatants during in
vitro growth may support this, no studies were performed to
examine for cell surface activity or activity within the phago-
some. Identification of phosphorylation substrates may be of
importance in understanding the virulence of H. capsulatum.

While H. capsulatum proteins would seem the logical target
of phosphorylation by the sph gene product, mammalian host
proteins may be alternate targets. Compared to other mam-
malian fungal pathogens in which hygromycin resistance has
been used as a selectable marker, H. capsulatum resides and
proliferates within the macrophage phagosome (9, 23). It may
be in this environment that hygromycin phosphotransferase
may have access to host proteins. Although each pathogen is
biologically unique, hygromycin B resistance has been success-
fully used in the intracellular bacterial pathogen Mycobacte-
rium tuberculosis without reported effects (6).

These finding have significance for investigators studying H.
capsulatum and perhaps other organisms. Few selectable
markers have been characterized in H. capsulatum, and these
results will promote systematic evaluation of alternative dom-
inant selectable markers (18). Alternative strategies such as the
use of Cre recombinase to delete the selectable marker from
strains generated with loxP-flanked constructs have success-
fully been applied in H. capsulatum (data not shown). In H.
capsulatum studies, hygromycin may still be used as a select-
able marker if animal studies are not contemplated. In addi-
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tion, while this phenomenon has not been recognized in other
fungi, community awareness may lead to increased reporting of
untoward effects.
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