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Cryptococcus neoformans is an unconventional dimorphic fungus that can grow either as a yeast or in a filamentous form. To
facilitate investigation of genetic factors important for its morphogenesis and pathogenicity, congenic a and � strains for a fila-
mentous form were constructed. XL280 (�) was selected as the background strain because of its robust ability to undergo the
morphological transition from yeast to the filamentous form. The MATa allele from a sequenced strain JEC20 was introgressed
into the XL280 background to generate the congenic a and � pair strains. The resulting congenic strains were then used to test
the impact of mating type on virulence. In both the inhalation and the intravenous infection models of murine cryptococcosis,
the congenic a and � strains displayed comparable levels of high virulence. The a-� coinfections displayed equivalent virulence
to the individual a or � infections in both animal models. Further analyses of the mating type distribution in a-� coinfected mice
suggested no influence of a-� interactions on cryptococcal neurotropism, irrespective of the route of inoculation. Furthermore,
deletion or overexpression of a known transcription factor, Znf2, in XL280 abolished or enhanced filamentation and biofilm
formation, consistent with its established role. Overexpression of Znf2 in XL280 led to attenuation of virulence and a reduced
abundance in the brain but not in other organs, suggesting that Znf2 might interfere with cryptococcal neurotropism upon ex-
trapulmonary dissemination. In summary, the congenic strains provide a new resource for the exploration of the relationship in
Cryptococcus between cellular morphology and pathogenesis.

Cryptococcus neoformans is a human-pathogenic fungus that
has a worldwide distribution in different environments. This

fungus colonizes the lungs of susceptible individuals after being
acquired from the environment through inhalation, and it can
spread hematogenously to multiple organs. The predilection of
Cryptococcus to infect the brain after extrapulmonary dissemina-
tion often leads to cryptococcal meningitis, a disease that claims
more than half a million lives each year worldwide (1, 2). A mono-
phyletic lineage, often referred to as the “Cryptococcus neoformans
species complex,” comprises two species: C. neoformans and C.
gattii. C. neoformans is responsible for the vast majority of cases of
cryptococcosis and is further classified into var. grubii (serotype
A), var. neoformans (serotype D), and their hybrid (serotype AD)
(1, 3, 4). Both serotypes A and D have been extensively studied, in
part due to the availability of robust molecular and genetic tools.

The Cryptococcus species are considered yeasts in their patho-
genic form. However, other morphologies are reported within
host tissues, including filamentous cells (pseudohyphae or hy-
phae) (5–10) and giant cells (11–13). This fungus also develops
into a filamentous form during mating in vitro. Comparisons of
strains reveal a wide range in their capabilities to undergo filamen-
tation, both during conventional �-a mating and in a self-induced
process called monokaryotic fruiting or unisexual mating. Re-
search on different morphological forms has implicated positive
roles for cell gigantism in disease (11–16) and negative roles for
filaments in disease and conversely inducing a protective response
from the host (17–22). Accordingly, the filamentous form is only
occasionally observed in host tissues and is considered an atypical
form for Cryptococcus in vivo (5–10). The association between
morphogenesis and virulence in Cryptococcus is thus similar to
that observed in other conventional dimorphic fungal pathogens,
such as Histoplasma capsulatum and Blastomyces dermatitidis (23–
26). However, strains of C. neoformans with a robust ability to

undergo morphological transitions have been excluded from
analyses, limiting our understanding of the relationship between
morphology and developmental commitment as it relates to
pathogenesis and sexual development.

An essential resource for any molecular biology research that
utilizes genetics is congenic pairs, which are strains that are genet-
ically identical, except for the mating type locus (MAT). The first
and the widely used Cryptococcus congenic strains JEC21� and
JEC20a, were constructed in the 1990s and sequenced in the early
2000s (27, 28). They were derived from two serotype D progenitor
strains, NIH433 (a) and NIH12 (�) (27, 29) (Fig. 1). Both can
cause fatalities in mice, with NIH12 displaying a higher level of
virulence (30). However, JEC21� and JEC20a often fail to cause
mortality in infected mice (31, 32), even with a high infection dose
(1 � 107 cells/animal) and a long study period (32). Two other
related serotype D congenic pairs, KN3501�/KN3501a and
KN433�/KN433a (Fig. 1), also exhibit low levels of virulence in an
intravenous infection model of murine cryptococcosis (33).
Studying cryptococcal virulence with these serotype D congenic
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pairs often requires long study periods (40 to ��100 days), un-
natural intravenous inoculation, and relatively high infection
doses (1 � 106 to �1 � 107 cells/mouse) (27, 32–35).

The construction of the H99 congenic pair strains (KN99�/
KN99a) facilitated genetic analyses in the serotype A background.
Examination of cryptococcal virulence with H99-derived strains
permits lower inocula (1 � 103 to �1 � 105), shorter study peri-
ods (�40 days), and the more natural inhalation route of infection
(32, 36–38). However, rapid progression of the disease in H99-
infected mice may present a challenge to detect a potential protec-
tive effect on animal survival of some drugs, including the com-
monly used antifungal fluconazole (39, 40). Thus, it would be
valuable to have a well-characterized strain with a modestly lower
virulence than H99.

One contentious topic in cryptococcal research is the impact of
the mating type on fungal virulence. This question originated
from the observations that the Cryptococcus population is almost
exclusively composed of the � mating type (1, 41, 42). However,
during the a-� bisexual matings, a and � yeast cells fuse, initiate
filamentous growth, and generate equal numbers of a and �
spores (29, 43–46). As there is no apparent growth advantage as-
sociated with the � mating type, several hypotheses have been
proposed to explain the rise and the preservation of this largely
unisexual � population that include (i) monokaryotic fruiting and
(ii) mating type contribution to virulence.

Monokaryotic fruiting is a process to produce hyphae and
spores by Cryptococcus cells of only one mating type (47–50). This
is in contrast to bisexual mating, where � and a partners are re-
quired for filamentation and sporulation. Monokaryotic fruiting
is observed under laboratory conditions and is also believed to
occur in nature based on population genetics studies (31, 51, 52).
Indeed, self-filamentous cryptococcal cells are observed occasion-
ally even in hosts with cryptococcosis (5–10). Although isolates of
both mating types possess the ability to undergo monokaryotic
fruiting (49, 53), the mating type locus is a quantitative trait locus

in which the � allele significantly enhances fruiting (54). It is pro-
posed that the enhanced ability of � isolates to produce hyphae
and spores might have tilted the cryptococcal population in favor-
ing of the � mating type (51, 54). NIH12, one progenitor for the
current serotype D congenic pairs (Fig. 1), is highly self-filamen-
tous. However, none of the derived congenic pair strains under-
goes fruiting, except for the stochastic fruiting observed in
JEC21�. Nonetheless, B3502a derived from a cross between
NIH433 and NIH12 is self-filamentous, and so are many progeny
derived from a cross between B3501� and B3502a (54). However,
a congenic pair in a self-filamentous genetic background has not
been constructed because of the technical challenges of dissecting
spores generated from the bisexual mating rather than from fruit-
ing (29).

The impact of mating type on cryptococcal virulence appears
to be strain dependent (29, 32, 33). For instance, JEC21� is more
virulent than its congenic pair strain JEC20a (27, 32), and
KN433� is more virulent than KN433a (33), while there was no
difference in virulence levels between the congenic KN3501� and
KN3501a strains (33). KN99� and KN99a exhibit no difference in
virulence when they infect mice individually in the inhalation
model of cryptococcosis, but KN99� appears to be more efficient
in colonizing the brain during mixed a-� coinfection (33, 37). In
contrast, the recently constructed C. gattii congenic pair strains
AIR265� and AIR265a are similarly virulent in mouse models,
and neither of the mating types confers any competitive advan-
tages during in vitro coculture or during a-� coinfection in mice,
regardless of the route of inoculation (intranasal or intravenous),
as noted in the accompanying article by Zhu et al. (55). One plau-
sible reason to account for the observed differences between
strains is that factors located outside the mating type locus are
involved in controlling both virulence and mating behavior (27).

In this study, we used a series of backcrosses to generate a pair
of congenic � and a strains in the highly self-filamentous XL280
background. We characterized the behaviors of the congenic
strains in vitro and in two mouse models of cryptococcosis and
further examined the impact of mating type on virulence and
tissue tropism during a-� coinfection. Furthermore, we tested the
function of a known regulator, Znf2, in the XL280 background in
cellular and colony development and in mediating fungal viru-
lence. This new strain set fills a missing resource for exploring
morphology and pathogenesis in C. neoformans.

MATERIALS AND METHODS
Strains, crossing, and isolation of meiotic progeny. Strains XL280p (�)
and JEC20 (a) were used as the starting parental strains for crosses made in
this study. XL280p was generated previously from a cross between two
serotype D strains B3501 (�) and B3502 (a) (54). JEC20a is congenic with
the sequenced strain JEC21� (27, 29, 56). Strains were maintained on
yeast extract-peptone-dextrose (YPD) medium. For long-term storage,
strains were saved in 15% glycerol stocks at �80°C. Crosses were set up by
mixing yeast cells of � and a mating partners together on V8 agar plates
(5% V8 juice, 0.5 g/liter KH2PO4, 4% agar, with pH adjusted to 7 with
KOH). Because self-filamentation during the fruiting process on V8 me-
dia initiates later than the dikaryotic filamentation during a-� bisexual
matings and because sporulation during fruiting is much less efficient
than sporulation during bisexual matings, we chose to dissect the spores
generated within 3 to 7 days to avoid complications due to sporulation
generated from fruiting. Filaments formed on the edges and tops of the
mated yeast colonies, and basidiospores were transferred to YPD plates.
Spores were micromanipulated with a dissecting microscope, and their

FIG 1 Crossing strategies used to generate the congenic strains XL280a and
XL280� in this study and their relationship with other C. neoformans congenic
pairs. NIH12 is a clinical isolate, and NIH433 is an environmental isolate (27,
29). B3501 and B3502 were generated from a cross between NIH12 and
NIH433, and they were used to generate the first congenic pair, JEC21 and
JEC20, in 1992 (27–29). Two other congenic pairs in the genetic background of
NIH433 and B3501 were generated in 2005 (33). XL280p was generated pre-
viously by crossing B3501 and B3502 and was found to be hyperfilamentous on
a variety of nutrient-limiting solid media (54). Based on next generation se-
quencing analysis, the genome sequence of XL280 is 81% identical to that of
JEC21 (J. Heitman, personal communication). *, B3502 is nearly isogenic with
JEC20 based on two previous studies (33, 58).

Filamentous Congenic Strains of C. neoformans

July 2013 Volume 81 Number 7 iai.asm.org 2627

 on S
eptem

ber 21, 2018 by guest
http://iai.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/IAI.00018-13
http://iai.asm.org
http://iai.asm.org/


mating type was determined by successful mating of their derived colonies
with either JEC20a or JEC21�. The mating type of a few randomly selected
progeny was also tested by the presence or absence of the mating type-
specific genes STE20� and STE20a as previously described (51, 57). The
results obtained by both approaches were consistent (see Fig. S1 in the
supplemental material).

Molecular markers. The PCR-restriction fragment length polymor-
phism (RFLP) molecular markers used in this study were originally de-
signed based on single nucleotide polymorphisms (SNPs) identified be-
tween B3501� and B3502a (nearly isogenic with JEC20a) (54, 58).
Thirteen pairs of primers selected to include one on most chromosomes
of C. neoformans were tested on strains JEC20a and XL280p (see Table S1
in the supplemental material). Eight of the combinations were different
between these two parental strains, while five were identical, consistent
with the close relationship between these two strains (Fig. 1). These eight
markers were also used to test the final congenic pair, XL280� and
XL280a. The PCR amplicons were digested with the appropriate restric-
tion enzymes, and fragments were resolved on 1.4% agarose–1� Tris-
acetate-EDTA gels.

Pulsed-field gel electrophoresis. Chromosomal DNA was profiled by
contour-clamped homogeneous electrical field (CHEF) electrophoresis.
The conditions for preparation of chromosomal DNA and its resolution
followed methods described previously (58). DNA was separated in a
CHEF-DR III system (Bio-Rad) using the following conditions: block 1
was 75 to 150 s of switching with 4 V/cm at 12°C for 24 h, followed by
block 2, which was 200 to 400 s of switching with 4 V/cm at 12°C for 24 h.

In vitro phenotypic assays of the congenic strains and the parental
strains. The in vitro phenotypic assays were performed as previously de-
scribed (31, 35). Briefly, yeast cells were grown on YPD medium overnight
and washed three times with water. Cells were suspended in distilled wa-
ter, and the cell density was determined by measuring the optical density
at 600 nm. Then cells were 10� serially diluted. To characterize capsule
production, equal numbers of C. neoformans cells were transferred to
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, CA) and
grown for 3 days at 37°C under 5% CO2. The appearance of a mucoid
colony indicates capsule production. The capsule was visualized under
light microscopy as a white halo surrounding the yeast cell in India ink due
to the exclusion of ink particles. To examine melanin production, cells
were spotted onto melanin-inducing medium containing L-dihydroxy-
phenylalanine (L-DOPA) (100 mg/liter) (59) and incubated at 22°C in the
dark for 6 days. Melanization was observed as the colonies developed a
brown color. To analyze growth on a minimal medium, cells were spotted
onto yeast nitrogen base (YNB) medium. To analyze resistance to osmotic
and oxidative stresses, cells were grown on YNB medium supplemented
with 1 M of NaCl or 1 mM H2O2, respectively.

The segregation of znf2 mutations in the XL280 strain background.
The ZNF2 gene, encoding a zinc finger transcription factor that controls
filamentation and biofilm formation, was replaced by the nourseothricin
acetyltransferase (NAT) marker gene (60). The ZNF2oe strain was gener-
ated by expressing ZNF2 under the control of the promoter of the GPD1
gene linked with the G418 resistance marker in the znf2� mutant back-
ground (17). These mutants in the XL280p (�) background were crossed
with XL280a to isolate the mutations in the MATa background. Dissected
progeny were examined for their mating type by crossing with JEC21� or
JEC20a on V8 medium, their resistance to the drug NAT and/or G418 by
growing them on plates containing YPD plus NAT plus G418
(YPD�NAT/G418 plates), their ability to undergo self-filamentation on
V8 medium, and their ability to form a complex colony morphology
(which correlates with biofilm formation) (19, 61–64) on YNB medium.
The ratios of these phenotypes in the progeny indicated Mendelian segre-
gation of the mating type and each drug resistance marker. It also indi-
cated the linkage between Znf2 mutations and their corresponding phe-
notypes.

Virulence assays in two mouse models of cryptococcosis. Mouse
studies were performed basically as described previously (19, 40). The

animal models of systemic cryptococcosis were induced by two routes:
intravenous and intranasal infection. In each infection model, 9 or 10 8- to
10-week-old female A/J mice (Jackson Laboratory) were infected by each
Cryptococcus strain and were considered one group. All animals per group
were used for the survival study, and five or six animals per group were
used to examine the fungal burden. For the intravenous infection, each
mouse was challenged with 1.0 � 106 fungal cells suspended in 50 �l of
saline. For the intranasal infection, animals were first sedated with ket-
amine and xylazine, and then 1.0 � 106 fungal cells (or 5 � 105 and 5 �
106 cells for the pilot experiment) suspended in 50 �l of saline were slowly
inoculated into the left nostril of sedated animals. After infection, animals
were weighed daily and monitored twice a day for disease progression,
including weight loss, gait changes, labored breathing, or fur ruffling.
Moribund mice were sacrificed, and their organs were dissected. For the
intranasal infection model, the lungs, brain, spleen, and the left kidney
from terminated mice were harvested. For the intravenous infection
model, the brain, spleen, and the left kidney were harvested. The dissected
organs were homogenized in 2 ml of cold phosphate-buffered saline
(PBS) buffer using an IKA* Ultra-Turrax T18 homogenizer with the same
setting for each type of organ. The tissue suspensions were serially diluted
(10�), plated onto YNB agar medium, and incubated at 30°C for 2 days
such that the colonies became visible to count CFU.

For the examination of the impact of znf2 mutations in the XL280
background on cryptococcal virulence, animals were infected by the wild
type, the znf2� mutant, and the ZNF2oe strain intranasally with the inoc-
ulum of 1.0 � 106 fungal cells per animal as described above. Because the
PGPD1-ZNF2 strain exhibits heterogeneity in cell morphology and its pop-
ulation is a mixture of yeast cells and filamentous cells, only cells in the
yeast form were used for animal inoculation to obtain an accurate inocu-
lation and to avoid potential problems caused by differences in cell types
at initial infection as we described previously (19). The PGPD1-ZNF2 cul-
ture with a mixed morphotype was centrifuged briefly at a low speed to
allow the enrichment of yeast cells on the top. The top layer was then
centrifuged again at a higher speed, and yeast cells were collected for
infection.

Examination of cellular morphology in vitro and during infection.
To examine cell morphology under culture conditions that are relevant to
host physiology, strains XL280�, XL280a, and the mixture of equal num-
bers of XL280� and XL280a cells were inoculated into fetal bovine serum
and RPMI liquid medium with a final cell density of 1 � 105 cells/ml. Cells
cultured in rich YPD liquid medium under the same condition were used
as controls. The cells were incubated at 37°C under 5% CO2. Photographs
of the cells were taken after 3 days of incubation.

To examine cellular morphology of XL280 during infection, animals
were infected with XL280 at the dose of 5 � 105 cells per mouse intrana-
sally as described above. Moribund mice were sacrificed, and lungs,
brains, and kidneys dissected from the sacrificed animals were fixed in
10% formalin, embedded in paraffin, sectioned at a thickness of 5 �m, and
stained with Gomori methenamine silver (GMS) as previously described
(19). Fungal cell morphology was then examined microscopically.

In vitro growth competition assay between the congenic a and �
strains. The congenic strains XL280a and XL280� were grown in YPD
liquid medium at 30°C overnight and then washed three times with sterile
water. The cell density of the suspension of each strain was determined
based on hemocytometer counting. XL280a and XL280� cells of equal
numbers were then mixed and inoculated into liquid DMEM to the final
concentration of 1 � 105 cells/ml. The initial inocula were confirmed by
plating the XL280a and XL280� cell suspension prior to the mixing onto
YNB medium, and their CFU were counted after colonies became visible.
The a-� coculture in liquid DMEM was incubated at 37°C under 5% CO2.
Aliquots of the in vitro coculture were removed at days 3 and 9 of incuba-
tion and plated onto YNB plates with serial dilutions. Single colonies were
randomly picked and examined for their mating type through crossing
with reference strains JEC20a and JEC21� separately on V8 juice agar
medium at 22°C in the dark. These single colonies by themselves were
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included as the negative control. The crosses were examined after 2 to 3
days. Crosses with abundant hyphal formation and sporulation compared
to the tested colony alone were scored as successfully mating with the
reference strain.

Congenic a and � coinfection in two mouse models of cryptococco-
sis. For a-� coinfection experiments, mice were challenged with a 1:1 ratio
of XL280a and XL280� cells (1 � 106 total fungal cells per animal) intra-
nasally or intravenously. The a and � cell numbers of the initial mixed
inocula were confirmed by measuring the CFU of serial dilutions. The
ratio of a to � cells in the original inocula was confirmed based on the CFU
of a and � cell suspensions prior to the mixing. The organs of sacrificed
mice were dissected and processed as described earlier. To determine the
ratio of the a to � cells in various organs, single colonies recovered from
each organ dissected from terminated animals were scored for their mat-
ing type by crossing with the reference strains JEC20a and JEC21� as
described above. In total, more than 9,000 matings were performed and
screened to examine the mating type distribution in different organs.

Statistical analysis. Statistical significance of the survival data be-
tween different groups was assessed by the Gehan-Breslow Wilcoxon test.
The one-way analysis of variance (ANOVA) tests were used in the fungal
burden studies. Fisher’s exact test was used to analyze the distribution of
the a and � isolates during the in vitro coculture competition. All statistical
analyses were performed using the Graphpad Prism 5 program, with P
values lower than 0.05 considered statistically significant.

Animal ethics statement. The mouse experiments were performed
according to the guidelines of the National Institutes of Health and the
Texas A&M University Institutional Animal Care and Use Committee
(IACUC). The protocol number is 2011-22.

RESULTS
Generation of a congenic pair of strains in a C. neoformans fil-
amentous background by a series of backcrosses. We chose to
use XL280 as the genetic background to generate a pair of con-
genic � and a strains that can undergo fruiting for the following
three reasons. (i) XL280 was an � progeny isolated from a cross
between the nonfilamentous B3501 strain and a filamentous
B3502 strain (50, 54) (Fig. 1). It is one of the most robust fruiting
strains examined, and it can self-filament on a variety of nutrient-
poor media (54). (ii) A genetic map and the genome sequences for
XL280’s parental strains B3501 and B3502 (near isogenic with
JEC20a) are available (48, 53). The genome of XL280 itself has
been sequenced (J. Heitman, personal communication). (iii) In
the past few years since its creation, XL280 has already been used
by several laboratories in a variety of studies (19, 50, 54, 60, 65–
67). Here we refer to this strain as XL280p to distinguish it from
the congenic pair strains that will be described later.

We selected JEC20a as the donor for the a mating type locus for
the congenic a strain because sequences of its mating type locus
are available. Furthermore, JEC20a is closely related to XL280p,
and the contribution of this particularly mating type allele in vir-
ulence has been tested in three other strain backgrounds (Fig. 1). A
progeny with an a mating type from a cross between XL280p and
JEC20a was selected at random and then backcrossed to XL280p.
After an additional 9 rounds of backcrosses between a randomly
selected a progeny with XL280p, we obtained the strain pair
XL280a (AIJ18) and XL280� (AIJ9) (Fig. 1; see Fig.S2 in the sup-
plemental material). During backcrossing, we noticed that in mul-
tiple generations � progeny in general underwent relatively more
robust fruiting than a progeny (see Fig. S3 in the supplemental
material). This observation is consistent with the previous study
showing that the � mating type allele is one of the most significant
quantitative trait loci associated with enhanced self-filamentation
(54).

XL280p and JEC20a are siblings from crosses between B3501
and B3502. Hence, XL280p and JEC20a already share a large pro-
portion of their genetic material based on their pedigrees (27, 29,
56). A comparison of the genome sequences of XL280p and
JEC21� indicates that their genomes are 81% identical (J. Heit-
man, personal communication). Thus, after the cross between
XL280p and JEC20a and 9 backcrosses to XL280p, in theory both
XL280a and XL280� should be 99.98% identical to the parental
strain XL280p, with the exception of the mating type locus in
XL280a. Consistently, when the 8 polymorphic markers between
XL280p and JEC20a were tested on XL280� and XL280a, all of
their alleles were identical to those of XL280p (Fig. 2A), indicating
that the genetic material from XL280p has been successfully in-
corporated into the congenic pair strains during the bisexual a-�
backcrosses (a � XL280p). A comparison of the chromosomal
profiles of these strains using CHEF gel analysis indicates identical
chromosomal profiles between XL280p and the congenic pair of
strains (Fig. 2B). These results suggest no gross chromosomal re-
arrangement or insertions or deletions of large regions during the
backcrosses. The results are consistent with the stable phenotypes
and genotypes observed in the related serotype D strains previ-
ously generated (Fig. 1). Thus, XL280� and XL280a are consid-
ered congenic, differing at the mating type locus.

We further examined the phenotypes of the congenic pair
strains XL280� and XL280a in vitro. As shown in Fig. 3, the con-
genic pair strains and their parental strains, XL280p and JEC20a,

FIG 2 Genetic typing of the XL280 congenic pair strains. (A) After 10 backcrosses, both congenic strains XL280� (�) and XL280a (a) contain all of the alleles
from XL280p (X) rather than JEC20a (J). The molecular marker segregation indicates that genetic materials from XL280p were transferred to the congenic pairs
during backcrosses. DNA regions of the four strains were amplified by PCR, the products were digested with the diagnostic restriction enzyme, and the fragments
were resolved on agarose gels. M, Invitrogen 1 Kb� markers, with a subset of sizes indicated in kilobase pairs. (B) CHEF analyses of chromosomal DNA from the
congenic pair strains XL280� (�) and XL280a (a), XL280p (X), and JEC20a (J) indicate identical chromosomal profiles between the congenic pair and XL280p.
The MATa donor JEC20a shows a different chromosomal profile.
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are all prototrophic, capable of growing on minimum YNB media.
All of the strains grew well and produced capsule visible under a
light microscope when incubated on DMEM at 37°C under 5%
CO2, a condition that is relevant to the host physiology. All strains
produced melanin on L-DOPA medium and showed a similar
level of resistance toward NaCl and H2O2. Thus, no drastic differ-
ence was detected among the strains with respect to these in vitro
phenotypes. One apparent exception is their ability to undergo
fruiting: JEC20a is nonfilamentous, XL280a produces filaments
profusely, and XL280� and XL280p are much more robust in
self-filamentation (Fig. 3).

XL280p is virulent to mice and it grows as yeast during infec-
tion. We performed pilot experiments to determine if XL280p is
virulent to mice. We tested XL280p in the inhalation model with
two infection doses (5 � 105 and 5 � 106 CFU per animal) in two
independent experiments and monitored animal survival for 40
days after the infections. As shown in Fig. 4A, most animals suc-
cumbed to XL280p infection within 40 days postinfection in both

pilot experiments and the 10� difference in inoculum did not
appear to have any drastic effect on animal survival. This is similar
to what has been observed in the serotype A strain H99, where
lowering the infection inoculum by 100-fold results in only a short
delay in causing mortality in mice both in the inhalation infection
model and in the intravenous infection model (37, 40).

Although XL280p and its congenic pair strains have been ob-
served to grow as yeast in various liquid media and in rich solid
media (Fig. 3; see Fig. S4 in the supplemental material), these
strains can grow in the filamentous form on solid substrates in
vitro under a variety of nutrient-limiting conditions (Fig. 3) (54).
To ascertain the cell morphology of XL280p during infection, we
performed histological examination of the lungs (the initial site of
infection), kidneys (a dissemination site), and brains (the site of
fatal infection) of the XL280p-infected mice. As shown in Fig. 4B,
XL280p was in the yeast form in all of the organs examined. Thus,
like most clinical isolates, XL280p does not generate hyphae in
vivo, where it grows as yeast.

FIG 3 In vitro phenotypic assays of the parental strains XL280p and JEC20a and the two congenic strains XL280� and XL280a. Yeast cells of each strain were
grown in liquid YPD medium overnight, and serial dilutions (10-fold) of cells were spotted onto different media. Cells were grown on minimal YNB medium at
22°C for 3 days as a control for growth (first column from the left); cells were grown on DMEM (DME) at 37°C under 5% CO2 to assay growth under host-relevant
conditions (2nd column) and capsule production (images below); cells were grown on the L-DOPA medium at 22°C for 6 days (3rd column) to assay melanin
production (brown pigment); cells were grown on YNB supplemented with 1 M NaCl or with 1 mM H2O2 to assay resistance to osmotic stress (4th column) or
oxidative stress (last column). Self-filamentation of these strains on the L-DOPA medium is shown below.

FIG 4 XL280p is virulent in the inhalation infection model of murine cryptococcosis, and it grows as yeast during infection. (A) Each mouse was inoculated
intranasally with 5 � 105 or 5 � 106 fungal cells of XL280p, and animal survival was monitored for 40 days. (B) Mice were inoculated with 5 � 105 fungal cells
intranasally. Lungs, brains, and kidneys were dissected from sacrificed moribund mice, fixed, and processed for GMS staining to reveal fungal cell morphology
in the organs (shown in black).
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The congenic pair strains show similar levels of virulence in
two mouse models of cryptococcosis. To examine the virulence
of the congenic strains, we used the well-established inhalation
and intravenous infection models of murine cryptococcosis. We
chose to use the intermediate inoculum of 1 � 106 fungal cells per
animal for both models and included XL280p in the comparative
virulence assays to determine if the virulence potential of the con-
genic pair differs from that of their background parental strain.
The congenic pair strains and XL280p caused 100% fatalities in
infected mice within 6 days after being introduced into animals
intravenously (Fig. 5B) and �90 to 100% animal mortality rates
within 40 days postinfection after being introduced into animals
via the respiratory route (Fig. 5A). The XL280 congenic strains are
thus much more virulent than other serotype D reference strains,
which typically require 30 to 100 days at a similar or higher dose to
cause significant mortality in mice, even when these strains are
introduced to animals intravenously (11, 27, 32, 39).

At the inoculum used in these experiments, we did not observe
any difference in rates of animal mortality caused by the parental
strain XL280p and the congenic strains XL280� and XL280a in
either the inhalation infection model (Fig. 5A) or the intravenous
infection model (Fig. 5B). The comparable levels of virulence ex-
hibited by the congenic XL280� and XL280a strains in these two
animal models exclude the mating type locus as one major factor
influencing cryptococcal overall virulence in this genetic back-
ground under the tested conditions. The high similarity between
XL280p and XL280� both in vitro and in vivo is consistent with the
predicted isogenicity between these two strains.

The a-� coinfection in the inhalation infection model of mu-
rine cryptococcosis. One interesting phenomenon of the C. neo-
formans serotype A congenic pair strains KN99a and KN99� is
that the � strain tends to dominate in cerebrospinal fluid (CSF)
during mixed a-� coinfection in the inhalation infection model,
even though KN99a and KN99� are equivalent in virulence when
used in infection individually (37, 68). No a-� coinfection exper-
iment has been performed for other congenic pairs, except the
recently constructed C. gattii AIR265� and AIR265a strains.
AIR265� and AIR265a are similar in virulence when tested indi-
vidually in both the inhalation and the intravenous infection
models of murine cryptococcosis (55). Furthermore, neither the �
nor the a mating type allele confers any apparent advantages in
terms of mortality or neurotropism in the AIR265 background

during a-� coinfection in either model of murine cryptococcosis
(55).

Here, we tested the impact of potential interactions between a
and � cells on virulence in the inhalation infection model using
the coinfection of the congenic pair strains. As shown in Fig. 5A,
the XL280a and XL280� coinfection exhibited similar dynamics
in causing animal fatality as either a or � strain infection alone in
the inhalation infection model. Next, we examined the distribu-
tions of the a and � mating types in various organs during a-�
mixed coinfection. We chose the unmarked XL280a and XL280�
strains for this experiment to preclude the addition of any poten-
tial variation by the introduction of genetic markers to the mating
type locus, as was employed in the previous study (68). We first
performed an in vitro experiment to determine if there is any
proliferation advantage conferred by one mating type when the a
and � cells are cocultured together under a condition that is host
physiologically relevant. We inoculated a mixture of a and � cells
into the mammalian cell culture medium DMEM at 37°C under
5% CO2 at a 1:1 ratio (51.5% a versus 48.5% �; n 	 822). The a/�
ratio in the coculture was measured again after 3 and 9 days of
incubation. At day 3 postinoculation, there were 44.2% a cells and
55.8% � cells (n 	 95); at day 9 postinoculation, there were 46.5%
a cells and 53.5% � cells (n 	 127). Thus, the a/� ratio maintained
a 1:1 level in the coculture and there was no statistically significant
difference among the time points examined (P 	 0.273). There-
fore, neither the a nor the � mating type allele appears to confer
any apparent growth advantage in the coculture under this in vitro
condition.

We then examined the mating type distribution in eight termi-
nated animals infected by the a-� mixture (Fig. 6A). We randomly
picked �96 colonies from each of the 32 organs (lungs, brains,
kidneys, and spleens of the 8 animals) and determined their mat-
ing type. We could not perform as many tests for some spleens due
to the low numbers of fungal cells recovered (Fig. 6B). As shown in
Fig. 6A, there were uniformly more � cells than a cells recovered
from lungs of all eight animals examined. The median percentile
for � cells in the lungs was �76%, and that for a cells was 24%.
This uniform overrepresentation of � cells in the lungs during a-�
coinfection likely reflects the better proliferation of � cells in the
lungs, as there was higher lung fungal burden in animals infected
by � cells alone than in those infected by a cells alone at the time of
termination (Fig. 6B). In contrast to the uniform overrepresenta-

FIG 5 The congenic strains XL280� and XL280a have equal virulence to each other and the parental XL280p strain individually or coinfected. (A) Mice were
inoculated with 1 � 106 fungal cells intranasally, and their survival was monitored for 40 days. There was no difference observed in survival rates among the
strains. The P values were 0.833 (XL280p/XL280�), 0.252 (XL280p/XL280a), 0.984 (XL280p/a � �), 0.075 (XL280�/XL280a), 0.754 (XL280�/a � �), and 0.053
(XL280a/a � �). (B) Mice were inoculated with 1 � 106 fungal cells intravenously, and there was no difference among these strains. The P values were 0.317
(XL280p/XL280�), 0.317 (XL280p/XL280a), 1 (XL280p/a � �), 1 (XL280�/XL280a), 0.317 (XL280�/a � �), and 0.317 (XL280a/a � �).
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tion of � cells in the lungs during the coinfection, there was no
consistent pattern of mating type distribution in other organs. In
the brain, numbers of a and � cells were roughly equal in 3 out of
8 mice, with a cells dominating in 4 mice and � cells dominating in
1 mouse. In the kidney, there was an even split between � and a
cells, with a cells dominating in 4 mice and � cells dominating in
the remaining 4 mice. A similar even split between a and � cells
was also observed in the spleen. The different pattern of the a and
� cell distributions in these organs during a-� coinfection is con-
sistent with the organ fungal burden. Here, animals infected by the
� strain showed a higher fungal burden in the lungs, but their
fungal burdens in the brain, kidney, and spleen showed no statis-
tically significant difference from those infected by a cells or the
a-� mixture (Fig. 6B). It is not clear why higher proliferation of �
cells in the lungs did not cause higher fungal burden in other
organs and why overrepresentation of the � mating type in the
lungs during the coinfection did not generate any obvious ripple
effect in other organs since these organs were infected after ex-
trapulmonary dissemination.

The a-� coinfection in the intravenous infection model of
murine cryptococcosis. We decided to examine further the out-
come of a-� coinfection in the intravenous infection model,
whereby the pulmonary infection is bypassed. As shown in Fig. 5B,
the a-� coinfection exhibited similar dynamics in causing animal
fatality as the infection by either the a or the � strain alone in this
intravenous infection model. Here we tested the mating type of
fungal cells recovered from brains, kidneys, and spleens of seven
mice infected by the a-� mixture (21 organs in total). As shown in
Fig. 7A, there were slightly more � cells than a cells in the lungs in
all seven mice examined. A similar slightly higher representation
of � was also uniformly observed in other two organs in all seven
mice. The median �/a ratios were 6:4 in the brain, 6:4 in the kid-
ney, and 5.5:4.5 in the spleen. It is not clear why the minor advan-

tages in amplification of � cells during coinfection in this intrave-
nous model did not cause any apparent differences in terms of
virulence among the �, a, or �-a infections (Fig. 5B). We speculate
that rapid progression of the disease caused by these intravenous
infections (death within 6 days after infection) could potentially
render such modest advantages not important for the animal’s
survival. Consistent with this speculation, the fungal burdens in all
organs examined at 5 days postinoculation were all high (typically
�106 CFU/organ in the brain, kidney, and spleen), and there were
no statistically significant differences among the �, a, or a-� mix-
ture groups in this intravenous model used in this study (Fig. 7B).
Neither of the mating type alleles appeared to confer any apparent
advantage in neurotropism during individual infection or coin-
fection under the tested conditions (Fig. 7B).

Znf2 is a common factor that governs morphogenesis and
mediates fungal ability to cause diseases in the varieties of Cryp-
tococcus neoformans. As XL280 can easily undergo the yeast-
filament morphological transition on its own under appropriate
culture conditions, XL280 could be particularly useful in facilitat-
ing the research into the factors that control morphogenesis and
virulence in Cryptococcus. The association between morphological
transition and fungal virulence is well known in several major
fungal pathogens, such as Candida albicans, B. dermatitidis, and H.
capsulatum (23–26, 69, 70). The existence of morphotype-associ-
ated pathogenicity is also observed in C. neoformans (18, 19, 60,
71). Although the physical aspects of morphogenesis may them-
selves be one important factor controlling virulence, alterations in
cell surface molecules during morphogenesis could change the
interaction between the pathogen and the host and consequently
shape the outcome of fungal infections (17, 72–75).

We decided to examine a known factor that controls morpho-
genesis to assess its impact on virulence in the XL280 background.
We chose to investigate the zinc finger transcription factor Znf2,

FIG 6 The mating type distribution during a-� coinfection in the inhalation infection model of cryptococcosis. (A) Animals were challenged with the mixture
of a-� fungal cells (1 � 106/animal) by inhalation. At the time of termination, lungs, brains, kidneys, and spleens from eight animals per group were dissected and
homogenized. The mating type of randomly picked Cryptococcus cells recovered from each organ was determined. (B) Animals were challenged with 1 � 106

fungal cells (�, a, or the a-� mixture) intranasally. At the time of termination, lungs, brains, kidneys, and spleens from five animals per group were dissected and
homogenized. Serial dilutions of the homogenized tissue were plated, and CFU were used to determine the organ fungal burden. The short, bold, horizontal lines
indicate the median. The fungal burden of these groups was statistically different in the lungs (P 	 0.001). No statistically significant difference was found among
the groups in the brain (P 	 0.973), the kidney (P 	 0.110), or the spleen (P 	 0.575).
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as it was previously demonstrated to govern the yeast-filament
transition in C. neoformans (18, 19, 60). In addition, this regulator
governs the formation of complex colony morphology (biofilm)
through its control of the expression of multiple cell surface pro-
teins, including the adhesion protein Cfl1 (19).

To examine the role of Znf2 in the morphotype transition in
the XL280 background, we inoculated yeast cells of the wild-type
strain, the znf2� mutant, and the ZNF2oe strain (PGPD1-ZNF2 in
the znf2� mutant background) on YPD, YNB, and V8 media and
examined their self-filamentation. As expected, the wild-type
strain did not filament on the rich YPD medium, produced rudi-
mentary filaments on the YNB medium, and generated robust
filamentation on the V8 juice medium (Fig. 8A). The deletion of
ZNF2 abolished the ability of XL280 to produce any filaments
under all conditions, while the overexpression of ZNF2 conferred
more robust filamentation on both YNB and V8 media and en-
abled XL280 to produce some filaments under the otherwise sup-
pressive conditions of the YPD medium (Fig. 8A). Thus, Znf2
directs self-filamentation in the XL280 background. It has been
shown previously that filamentation during bisexual matings be-
tween a znf2� mutant and a wild-type partner is significantly re-
duced due to a dose effect, and mating hypha production is com-
pletely abolished in crosses involving both znf2� mutant partners
in the JEC21�/JEC20a or KN99�/KN99a background (60). A sim-
ilar phenotype was also observed when ZNF2 was disrupted in
XL280 (Fig. 8C). Disruption of ZNF2 in both partners in the
XL280 background also completely eliminated production of
mating hyphae (data not shown). Taken together, Znf2 is required
for filamentation derived from either monokaryotic fruiting (self-
filamentation) or a-� bisexual matings. In addition to its funda-

mental role in filamentation, Znf2 also controls biofilm formation
in XL280 as indicated by the increasingly complex colony mor-
phology with increased ZNF2 expression (znf2� mutant 
 wild
type 
 ZNF2oe strain) (Fig. 8B). This phenotype is consistent with
previous observations made in the serotype A H99 background
(19).

Previously we showed that the expression level of Znf2 is in-
versely linked to the ability of strain H99 to cause fatal diseases in
the inhalation model of murine cryptococcosis. That is, the
ZNF2oe strain in an H99 background was completely avirulent,
while the znf2� mutant was slightly more virulent than the wild-
type H99 strain (19, 60). Here we tested the wild type, the znf2�
mutant, and the ZNF2oe strain in the XL280 background in the
inhalation model of murine cryptococcosis to assess the role of
this regulator in virulence. As shown in Fig. 9A, the overexpres-
sion of ZNF2 resulted in a significant attenuation in virulence.
However, the reduction in virulence of the ZNF2oe strain is not as
dramatic in XL280 as that in H99 (19, 60). We could not detect any
statistically significant difference between the wild type and the
znf2� mutant. This result is not unexpected given that the znf2�
mutant is only slightly more virulent than the wild type in the H99
background, and the effect of Znf2 mutations on virulence in
XL280 might be less drastic.

The ZNF2oe strain in the H99 background is avirulent, and it
did not disseminate to the brain tissue in the inhalation infection
model of murine cryptococcosis (19). However, it was not clear if
the absence of brain fungal burden was an indirect effect due to the
low fungal burden in the lungs or reflects defective extrapulmo-
nary dissemination of the ZNF2oe strain to the brain (19). Here we
examined the fungal burden of the lungs, brains, kidneys, and

FIG 7 The mating type distribution during a-� coinfection in the intravenous infection model of cryptococcosis. (A) Animals were challenged with the mixture
of a-� fungal cells (1 � 106) intravenously. At the time of termination, brains, kidneys, and spleens from seven animals per group were dissected and
homogenized. The mating type of randomly picked Cryptococcus cells recovered from each organ was determined. (B) Animals were challenged with 1 � 106

fungal cells (�, a, or the a-� mixture) intravenously. At day postinfection 5 and also the time of termination, brains, kidneys, and spleens from five animals per
group were harvested. Serial dilutions of the homogenized tissue were plated, and CFU were used to determine the organ fungal burden. The short, bold,
horizontal lines indicate the median. No statistically significant difference was found among the groups in the brain (P 	 0.370), the kidney (P 	 0.410), or the
spleen (P 	 0.070).
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spleens of the mice infected by the wild-type strain, the znf2�
mutant, and the ZNF2oe strain in the XL280 background at the
time of their termination. As shown in Fig. 9B, the fungal burden
in the lungs was high in mice infected by all of the strains, with the
ZNF2oe strain showing a fungal burden more than 10-fold higher
than that of the wild-type strain or the znf2� mutant. In contrast,
the presence of the ZNF2oe strain in the brain was about 100-fold
lower with larger variations (median, �105 CFU/organ) than the
wild type, while the znf2� mutant showed a slightly higher fungal
burden in the brain (�107 CFU/organ) (Fig. 9B). The lower bur-
den of the ZNF2oe strain in the brain was unlikely a result of poor

dissemination from the lungs, as there was no difference observed
among all of the strains in the kidney and the spleen (Fig. 9B). The
results suggest that Znf2 might have a role in interfering with
extrapulmonary dissemination to the brain specifically. Further
investigation is needed to examine the role of Znf2 and its down-
stream factors in mediating cryptococcal neurotropism during
infection.

DISCUSSION

In this study, we used a series of backcrosses to generate a pair of
congenic � and a strains in the highly self-filamentous XL280
background. We characterized the behaviors of the congenic
strains in vitro and in two mouse models of cryptococcosis and
found that they showed similar phenotypes both in vitro and in
vivo. The one obvious exception was better self-filamentation ob-
served in the � strain, which is consistent with previous research
showing that the mating type is a quantitative trait locus control-
ling self-filamentation (54). Furthermore, we tested the function
of a known master regulator of morphogenesis, Znf2, in the
XL280 background and found that Znf2 plays predicted roles in
filamentation, biofilm formation, and mediation of fungal viru-
lence. As XL280 has been used in a variety of studies to investigate
morphogenesis, sporulation, and cryptococcal interaction with
various hosts in the past few years (19, 50, 54, 60, 65–67), the
congenic pair strains generated from the present study, in combi-
nation with its recently sequenced genome (J. Heitman, personal
communication), will enable XL280 to be a useful model for fu-
ture analysis of morphogenesis and virulence in C. neoformans.

XL280 was derived from the clinical isolate NIH12, which can
also undergo robust monokaryotic fruiting. The related congenic
pairs constructed previously were purposely made in genetic
backgrounds that do not self-filament or do so poorly (Fig. 1)
(27). Among these congenic pairs, the pair JEC21�/JEC20a has
been used most widely. However, all of the serotype D congenic
strains, including JEC21�/JEC20a, display low levels of virulence
in mouse models. Investigation of fungal virulence in these back-
grounds requires high inocula and often intravenous inoculation
(29). Here we found that the animal survival curves produced by
XL280 and its congenic pair strains with an inoculum of 1 � 106 in
both the inhalation and the intravenous infection models are sim-
ilar to what we and others observe for the serotype A strain H99
with an inoculum of 1 � 105 (19, 37, 40). Although there is no
direct comparison to other serotype D strains, XL280 congenic
pair strains are likely much more virulent than their related sero-
type D strains in murine models (Fig. 1) (32–35). Based on the
pedigree of these serotype D congenic pairs (Fig. 1), JEC21�/
JEC20a, KN3501�/KN3501a, and XL280�/XL280a in theory
should all harbor approximately 50% of the overall genetic back-
ground derived from each of the NIH12 and NIH433 genomes.
The differences between these pairs in terms of morphogenesis
and virulence likely derive from allelic combinations generated by
recombination events during meiosis.

We noticed a different pattern of fungal proliferation in vari-
ous organs in the inhalation model and the intravenous model of
murine cryptococcosis at the time of animal termination. The
high fungal burden observed in the lungs in the inhalation model
is expected, as is the preferential proliferation in the brain over
other organs (e.g., kidney or spleen) in this model, given the well-
known neurotropism of cryptococcal infections (Fig. 6B). In
sharp contrast, the fungal presence in all organs examined was

FIG 8 Znf2 controls filamentation and the formation of complex colony mor-
phology in XL280 background. (A) The wild type, the znf2� mutant, and the
ZNF2oe strain with the inoculum were cultured on complete YPD medium,
minimum YNB medium, and V8 juice medium at 22°C in the dark for 2 days.
Photographs of the colony edge were shown to display filamentation (fluffy
edge) or yeast cells (smooth edge). (B) The wild type, the znf2� mutant, and
the ZNF2oe strain with the inoculum were cultured on YPD and YNB media at
22°C in the dark for 4 days. The wrinkled colony indicates the complex colony
morphology. (C) The nonfilamentous strain JEC20a was mated with the wild
type, the znf2� mutant, and the ZNF2oe � strains on V8 juice agar medium.
The mating mixtures were cultured at 22°C in the dark for 9 days before the
photographs were taken. The white fluffy phenotype reflects aerial hyphal
production in the mating colony. The cultures of the wild type, the znf2�
mutant, and the ZNF2oe � strains without a mating partner are shown below
for comparison.
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uniformly high in the intravenous infection model and there was
no apparent tissue tropism (Fig. 7B). These observations indicate
that the neurotropism of cryptococcal infections is apparent upon
extrapulmonary dissemination, but not with direct infusion of
fungal cells into the blood. Further supporting evidence of the
difference of these two models comes from the study of the mating
type distribution in various organs during a-� coinfection. When
mixed a and � cells were introduced into animals intravenously,
there was nondiscriminating slightly higher representation of � in
all organs and in all animals examined, likely reflecting slightly
better proliferation of the � cells in vivo. In contrast, although �
cells uniformly dominated the lungs in all animals when mixed a
and � cells were introduced into animals through the respiratory
tract, a and � showed showed equal predominance in the kidney
and the spleen, whereas a cells might even have a slightly better
chance than � cells in dominating the brain. Thus, extrapulmo-
nary dissemination appears to be a critical step in determining
cryptococcal tissue tropism.

It is possible that for Cryptococcus cells to disseminate success-
fully from lungs, specific alterations in their cells, such as cell mor-
phology (size and shape) and cell surface composition, might have
to happen (14–17, 19). These alterations might render a higher
affinity of these Cryptococcus cells to the brain. For instance, it is
known that capsule structure differs at different stages of infection
and in different organs, and capsule and cell size change during
organ invasion (76–78). It is conceivable then that certain changes
associated with pulmonary extrusion may better assist cryptococ-
cal invasion of the brain. Alternatively, Cryptococcus can dissemi-
nate through a Trojan horse mechanism, and its neurotropism
could be derived indirectly from the affinity between the host cells
hijacked by Cryptococcus and the brain. For instance, monocytes

have been shown to assist in cryptococcal dissemination and brain
invasion (79). The identification of cryptococcal factors and host
factors that affect cryptococcal neurotropism could help in testing
these hypotheses.

XL280 congenic pair strains might be adept in regulating cell
size in response to host factors. We noticed, for example, that their
cell sizes increased when cells were incubated in serum at 37°C
under 5% CO2 (see Fig. S4 in the supplemental material). It is
known that cell size regulation is important for cryptococcal vir-
ulence (14–16), and it is not clear if this or other traits of XL280
contribute to its heightened virulence compared to those of other
related serotype D strains. We also noticed that the XL280-in-
fected mice more often showed apparent neurological disorders
when they became moribund, while the H99-infected mice more
often displayed severe pulmonary stress. In accordance with this
observation, the fungal burden in lungs is typically 1 order higher
than that in the brain in H99-infected mice (68, 80). In contrast,
the fungal burden in the brain is at the same order as that in the
lungs in XL280-infected mice (Fig. 6B and 9B). For comparison,
the Cryptococcus gattii reference strain R265 predominantly am-
plifies in the lungs and very little in the brain (55, 80). Further
investigation into the molecular mechanisms underlying the
strain or serotype-specific differences in neurotropism is war-
ranted. It is also interesting to note that overexpression of Znf2 in
XL280 led to drastically lower fungal burden in the brain, even
though it was present at higher numbers in the lungs and compa-
rable levels in the kidney and spleen to those in the wild type (Fig.
9B). Thus, Znf2 may play a role in interfering with cryptococcal
dissemination specifically to the brain after pulmonary extrusion.
Given that Znf2 is a transcription factor and its regulon is highly
enriched with cell surface proteins (75), it would be interesting to

FIG 9 Znf2 mediates the fungal ability to cause fatal diseases in the murine inhalation model of cryptococcosis. (A) Mice were inoculated with 1 � 106 fungal
cells intranasally, and survival was monitored for 40 days. There was no statistically significant difference between the wild type and the znf2� mutant. The P
values were 0.07 for WT/znf2�, and 
0.001 for WT/ZNF2oe and ZNF2oe/znf2�. (B) Mice were inoculated with 1 � 106 fungal cells intranasally. At the time of
termination, lungs, brains, kidneys, and spleens from six animals per group were dissected and homogenized. Serial dilutions of the homogenized tissue were
plated, and CFU were used to determine the organ fungal burden. The short, bold, horizontal lines indicate the medians. No colonies were recovered from a few
dissected organs even with all the suspended tissue plated. Because the y axis is log10 of the CFU, “n/a” (not applicable) was used to show them as zero on the
bottom of the y axis. The fungal burdens among the wild type, the znf2� mutant, and the ZNF2oe strain were statistically different in the lungs (P 
 0.001) and
the brain (P 	 0.004). There was no statistically significant difference in the kidney (P 	 0.874) or in the spleen (P 	 0.442).
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examine surface molecules altered by Znf2 and to investigate their
roles in cryptococcal tissue tropism in the future.

In conclusion, the congenic � and a strains constructed in the
genetic background of the highly filamentous strain XL280 are
highly virulent, making them a preferred system for both crypto-
coccal morphogenesis and virulence studies and enabling the uses
of this species complex to understand the genetic basis for dimor-
phic transitions in pathogenic fungi.
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