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Coccidioidomycosis is a fungal infection that is endemic in the southwestern United States. Infection is more
severe in blacks and Filipinos, which suggests that there is a genetic basis for susceptibility to this infection
in humans. We found that there is also a difference in resistance to Coccidioides immitis infection among inbred
mouse strains: B6 mice are susceptible, while DBA/2 mice are resistant (T. N. Kirkland and J. Fierer, Infect.
Immun. 40:912–916, 1983). In this paper we report the results of our efforts to map the genes responsible for re-
sistance to this infection in mice. Mice were infected by intraperitoneal inoculation, and 15 days later the num-
bers of viable fungi in their lungs and spleens were enumerated. We also determined the amounts of interleu-
kin-10 mRNA made in the infected lungs. These three phenotypes were mapped as quantitative traits by using
the 26 available lines of recombinant inbred mice derived from a cross between B6 and DBA/2 mice. The best
associations were those between the regions near the Lv locus on chromosome 4 and the Tnfr1 locus on chro-
mosome 6. We then infected backcross mice [(B6 3 DBA/2) 3 B6] and confirmed these associations; 14 of 16
(87%) mice that were heterozygous at both Lv and Tnfr1 were resistant to infection, whereas only 4 of 16 (25%)
mice that were homozygous B6 at both loci were resistant. These are the first genetic loci to be associated with
susceptibility to C. immitis, but there may be additional genes involved in murine resistance to this infection.

Coccidioidomycosis is one of the mycoses endemic in the
United States. The fungus Coccidioides immitis grows as a
mold in the desert soil in the southwestern states, and infection
is acquired by inhalation of arthroconidia (8). In the lung the
fungus converts to the spherule form, which is a pathogno-
monic structure (4, 25). The majority of infected people de-
velop delayed hypersensitivity manifested by a positive skin
test, and they recover spontaneously (24). However, 5 to 10%
of infections are not self-limited, and in many of those patients,
infections disseminate to extrapulmonary sites (4). Patients
with disseminated infections do not develop a positive skin test
but do make high titers of antibody (16, 23). Thus, it is likely
that patients who recover spontaneously mount Th1 immune
responses, whereas the others mount Th2 responses.

Although the risk of progressive (disseminated) infection is
relatively small, it is not equal in all populations. Patients with
T-lymphocyte deficiencies are more susceptible (1, 9). Among
previously healthy people, Filipinos and blacks have 5- to 10-
fold higher rates of disseminated coccidioidomycosis than do
Caucasians (3, 6, 15, 22). Even in military populations, where
the risk of exposure and access to medical care are similar for
all groups, blacks and Filipinos have higher rates of dissemi-
nated coccidioidomycosis (6, 15, 17). This suggests that there is
a genetic basis for susceptibility to this infection in humans.

In order to try to find an animal model that could be used to
study the genetics of resistance to C. immitis, we infected
several inbred strains of mice (11). We found that DBA/2 mice
are more than 1,000-fold more resistant to intraperitoneal
(i.p.) infection with C. immitis than B6 and BALB/c mice, and
that resistance is the dominant phenotype. These results were

confirmed by Cox et al., who infected mice by the respiratory
route (2). We recently showed that susceptible strains of mice
make higher levels of interleukin-10 (IL-10) and that IL-10-
deficient mice are resistant to infection (5). IL-4-deficient mice
are also more resistant, but less so than the IL-10-deficient
mice. Magee and Cox also demonstrated that IL-4 impairs the
ability of BALB/c mice to resist infection (13).

In this paper we have started to map the genes in mice that
determine resistance to i.p. infection with C. immitis and in-
fluence the IL-10 response to infection. We have used a set of
recombinant inbred (RI) mice that were derived from a cross
between B6 (susceptible) and DBA/2 (resistant) mice (B3D).
Each line of RI mice is completely inbred and is a result of
recombination between the two progenitor strains at the F2 gen-
eration, with 18 generations of subsequent inbreeding fixing each
locus. Thus, each RI line is a patchwork of the two progenitors,
and at every genetic locus an RI line has either the B6 or the
DBA/2 allele. More than 1,000 loci have been mapped in each RI
line. However, since the progenitor strains are genetically re-
lated to varying degrees, not all alleles will be polymorphic in
any given RI set. The expression of a phenotype (such as re-
sistance to an infection) can be determined in the different RI
lines and then compared to the strain distribution pattern of all
known genetic loci in order to look for evidence of linkage.

MATERIALS AND METHODS

Mice. Mice were purchased from Jackson Laboratories, Bar Harbor, Maine,
and housed four to a cage with free access to food and water. The Animal Re-
search Committee at the Veterans Administration (VA) approved the experi-
ments. After the mice were infected, they were housed in an isolator with HEPA-
filtered air. Female mice 7 to 12 weeks of age were used in all experiments.

Infection. Mice were infected i.p. with 500 to 800 CFU of the RS strain of C.
immitis as described previously (5, 27). Mice were sacrificed 15 days later (unless
otherwise stated), and their spleens and left lungs were removed for quantitative
culture on Mycosel agar. The right lungs were used to extract RNA for cytokine
analysis, as previously described. There were 10 RI mice in each group, and at least
4 B6 and 4 DBA/2 mice were used as controls for each experiment. The experiment
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was repeated if the infection was not sufficiently severe in the B6 mice (one or more
deaths). The DBA/2 mice were used as the standard for resistance to infection.

Genetic analysis. (i) B3D. The median number of CFU per lung was calcu-
lated for each B3D line by performing quantitative cultures of the homogenized
lungs. This value was used to determine linkages with marker loci in the B3D RI
lines by using Map Manager QT (14). We defined resistance to infection as a
function of the number of CFU per lung and performed quantitative trait locus
(QTL) mapping, using Map Manager QTb23. This program does both simple
regression, to find marker loci which are significantly associated with the quan-
titative trait, and interval mapping, to identify locations among mapped marker
loci which are candidates for the position of a QTL. The program calculates a
likelihood ratio statistic for the interval mapping, producing a chi-square statistic
at each genomic position. True genomewide P values were also computed based
on 1,000 random permutations of the phenotypes, with the maximum logarithm
of the odds favoring linkage (LOD) recorded for each permutation.

(ii) Backcross. (B6 3 DBA/2)F1 mice were bred from parents obtained from
Jackson Laboratories, and at the age of 8 weeks they were mated with B6 mice.
Female backcross offspring were infected at the age of 6 to 8 weeks. Each
experiment included 10 to 15 backcross mice and 6 females of the F1 and B6
parental strains as controls. The B6 mice were used to ensure that the inoculum
was adequate in each experiment. Because of experiment-to-experiment varia-
tion in the inoculum, the definition of resistance was normalized to the F1
controls. Backcross mice were classified as resistant if the number of CFU per
lung was no greater than the highest value found in an F1 (resistant) control in
that experiment. DNA was prepared from the tail of each animal and used for
genotyping. We purchased PCR primers from Genetics Research (Huntsville,
Ala.) to amplify D4Mit142, a polymorphic SSLP that maps to within 1 centimor-
gan (cM) of the Lv gene. We synthesized PCR primers according to published
sequences to amplify the polymorphic region of the Tnfr1 gene (26). In both
cases, the PCR products were run on 4% agarose gels, and the two alleles were
distinguished by size. Each mouse was classified as homozygous B6 or heterozy-
gous at each locus. The distribution of genotypes was compared by the Fisher
exact test, and we ran a test for a trend in the proportion susceptible to infection
as a function of the number of B6 alleles (7).

RESULTS

We first compared the time courses of infection in B6 and
DBA/2 mice that were infected i.p. with ;500 CFU of arthro-
conidia (Fig. 1). There was no evidence of infection in the
lungs of either strain from days 10 to 12 after infection, and
then the disease progressed rapidly in B6 mice. B6 mice began
to die on day 14 after infection, and only one survived to day
16, whereas all DBA/2 mice survived to day 16. Therefore, for
subsequent experiments we chose day 15 as the time of sacri-
fice, assuming that this would be the point of maximum infec-
tion in surviving B6 mice, when we would find the largest
difference in numbers of CFU per lung between susceptible
and resistant mice. On day 15 after infection the median num-

ber of CFU per lung was .100 times higher in B6 mice than in
DBA/2 mice. However, there was some overlap between the
two groups, and the spread of values within each group was .2
log units (Fig. 2). This variability was seen both within exper-
iments and between experiments.

In Fig. 3 we show the median numbers of CFU per lung for
the 26 RI lines and the two progenitor strains. Four B3D lines
(lines 16, 18, 19, and 28) had median numbers of CFU per lung
that were .10 times the number of CFU found in the suscep-
tible B6 parent, and these strains also had higher mortality
rates (data not shown). In five B3D lines the median numbers
of CFU per lung were ,10% of the median number in the
resistant DBA/2 strain. Thus, ;25% of the B3D lines were
more resistant and 25% were more susceptible than either
parental strain, which suggests that resistance to C. immitis is a
polygenic trait and may be due to two unlinked loci, and that
the B6 strain carries one or more genes that contribute to

FIG. 1. Comparison of the time courses of C. immitis infection in resistant
DBA/2 mice (open circles) and susceptible B6 mice (solid triangles), as measured
by quantitative colony counts in their lungs. Each point represents a single
mouse. Dead mice were assigned 107 CFU/lung, the number recovered from the
most heavily infected live mouse. The dead mice are indicated with a “d.” The
one remaining B6 mouse died on day 16 and was necropsied immediately.

FIG. 2. Distribution of values for CFU per lung on day 15 after infection with
;500 arthroconidia injected i.p. Open bars, values for DBA/2 mice; solid bars,
values for B6 mice. For simplicity, mice with colony counts between the 0.5 log
markers were grouped together into the next category.

FIG. 3. Variation in severity of C. immitis infection among 26 B3D RI lines.
Each point is the median value for CFU per lung for each RI line. There were
at least 10 mice in each group, except for B3D group 13, which had only 4 mice
because of limited availability of this line. Values for the control B6 and DBA/2
mice are shown for comparison.
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resistance. The same distribution was seen among B3D strains
when we analyzed the numbers of CFU per spleen (data not
shown). Therefore, we analyzed these phenotypes as quantita-
tive or continuous traits. We used Map Manager QTb23 to find
genetic loci that were associated with these phenotypes in B3D
lines. We identified the two loci that had the highest associa-
tions with both phenotypes (CFU per lung and CFU per spleen):
Tnfr1 (p55) on chromosome 6 and Lv (aminolevulinate dehy-
dratase) (10) on chromosome 4 (Table 1). Using the geometric
mean rather than the median values for CFU per lung or per
spleen to define the QTL phenotypes did not appreciably change
the results. We previously used the designation Cms for the gene
that is responsible for resistance to C. immitis (12), so we called
the resistance loci on chromosomes 4 and 6 Cms1 and Cms2,
respectively. The permutation-based P values for these associa-
tions are not as striking because they are true genomewide values.

The associations of these two loci with the susceptibility
phenotype were not strong enough to exclude the possibility of
a false-positive association (type 1 error). However, the num-
ber of CFU per lung, the number of CFU per spleen, and the
IL-10 mRNA level all mapped to the same regions on chro-
mosomes 4 and 6. This encouraged us to conduct further ex-
periments to try to confirm these linkages.

Because resistance to C. immitis is a dominant phenotype
(11), we backcrossed (B6 3 DBA/2)F1 3 B6 mice and tested
all the progeny for resistance to C. immitis. As shown in Table
2, 14 of 16 mice that were heterozygous at both loci were
resistant to infection, while only 4 of 16 that were homozygous
B6 at both loci were resistant (P 5 0.0012 by the Fisher exact
test). Note that about 50% of the mice that were heterozygous
at either locus were resistant. A chi-square test for a linear
trend in the table (with singly heterozygous mice combined)
was highly significant (X2 5 12.52; P 5 0.0004) (7).

Because we know that susceptible strains of inbred mice make
high levels of IL-10 after infection and that IL-10 knockout (KO)
mice are resistant to C. immitis (5), we reasoned that the gene-
tic control over infection was at least in part due to genetic con-
trols on the IL-10 response to coccidioidomycosis. As shown in
Fig. 4, there was a strong correlation (r 5 0.77) between the

median number of C. immitis CFU per lung and the amount of
IL-10 mRNA in the lung. Therefore, it was not unexpected that
when we mapped the IL-10 response as a QTL, we found linkages
with the same two loci near Tnfr1 and Lv (Table 1).

DISCUSSION

We have begun mapping the genes responsible for genetic
resistance to C. immitis in mice. When RI lines were first con-
ceived of, it was with the idea of using them to analyze complex
phenotypes (19). Initially we used the B3D RI set for map-
ping, which has both advantages and disadvantages. The advan-
tages are that 26 B3D lines are available from Jackson Lab-
oratories, many genetic markers have already been mapped in
this set of mice, and the data set can be analyzed with available
statistical programs. The limitation of the B3D set is that it
contains only 26 RI lines, which means that one is testing only
26 individual crosses. As a result, it is difficult to map a mul-
tigenic trait with a high degree of assurance. The more genes
that contribute to a phenotype, the more subjects are needed
to accurately map the QTL (19).

Another advantage of RI lines is that the mice are inbred,
and so multiple genetically identical subjects can be tested.
This allowed us to assign a phenotype to the RI lines (median
CFU per lung or per spleen 15 days after i.p. infection) more
precisely than would have been possible for individual mice.
This was particularly important for analyzing resistance to this
infection, because, as shown in Fig. 2, there was even variability
in the number of CFU per lung in the two parental strains.
When there is overlap in the distribution of the phenotype (num-
ber of CFU per lung in this case), it becomes more difficult to
analyze QTL. Some of the variability in colony counts could have
been due to the biology of replication of the fungus. In tissue, C.
immitis grows as spherules that mature to contain thousands of
endospores. A single intact spherule will give rise to one colony
when cultured in vitro, as will each endospore. Therefore, the
rupture of a spherule to release endospores can raise colony
counts substantially. This probably also accounts for the rapidity
with which the infection progresses in susceptible B6 mice (Fig.
1). Because the growth of the fungus is so dynamic, it is possible
that small variations in the inoculum could result in large varia-
tions in colony counts 15 days after infection, which could also

FIG. 4. Correlation between median values for CFU and IL-10 mRNA levels
in 26 B3D RI lines. IL-10 mRNA was measured by a quantitative reverse
transcription-PCR assay, pooling equal amounts of RNA from four mice in each
group. Each point is a single RI line (r 5 0.77).

TABLE 1. Linkage between resistance phenotypes
and genetic loci in B3D micea

Locus
CFU/lungb CFU/spleenb IL-10 mRNAc

LOD P valued LOD P valued LOD P valued

Tnfr1 3.06 0.00018 (0.13) 2.8 0.00033 (0.62) 2.41 0.00087 (0.45)
Lv 2.6 0.00050 (0.15) 2.0 0.00289 (0.80) 2.06 0.00204 (0.37)

a Determined as described in Materials and Methods.
b Median value on day 15 after infection.
c Molecules per microgram of RNA in the lung.
d The permutation-based P value is given in parentheses.

TABLE 2. Relationship between resistance to infection and the
genotype of Tnfr1 and Lv in (B6 3 DBA/2) 3 B6 backcross mice

Phenotypea
No. of mice with the following genotypesb (Tnfr1/Lv):

BB/BB BB/BD BD/BB BD/BD

Susceptible 12 9 13 2
Resistant 4 4 17 14

a Individual backcross mice were classified as resistant if the number of CFU/
lung was no higher than the highest value for the resistant (DBA/2 3 B6)F1
controls in each individual experiment.

b B, B6; D, DBA/2.
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account for some of the variability. We also recognize that we are
mapping the genes that determine the numbers of fungi in the
lungs and spleens after i.p. infection, which may not always be the
same as the susceptibility to infection measured in other tissues,
or susceptibility to respiratory infection.

Despite these difficulties with mapping in the B3D lines, we
identified a region on chromosome 6 near Tnfr1 and another
on chromosome 4 near Lv that were linked in B3D mice to
resistance to infection and to IL-10 response to infection with
C. immitis. The LOD scores for these linkages were not high
enough to exclude the possibility that these were chance asso-
ciations, but the same two loci were identified for each of the
three phenotypes. We then confirmed those linkages by infect-
ing (B6 3 DBA/2)F1 3 B6 backcross mice. Eighty-seven per-
cent (14 of 16) of the mice that were heterozygous at both
Tnfr1r and Lv were resistant to infection, whereas only 25% (4
of 16) of the mice that were B6 at both loci were resistant. Mice
that were heterozygous at only one of the two loci showed
intermediate resistance, a result that is consistent with the
additive effect of the two loci. Taken together, we believe we
have good evidence that there are genes on chromosomes 4
and 6 that influence resistance to coccidioidomycosis.

We have recently reported that DBA/2 mice make less IL-10
in response to infection with C. immitis than do three suscep-
tible inbred strains (B6, BALB/c, and CAST/Ei) (5). We also
showed that IL-10 KO mice are resistant to C. immitis. In this
study we showed that in the 26 B3D lines there was a strong
correlation between the amount of IL-10 mRNA made in the
lungs and the number of fungi growing in the lungs on day 15
after infection (Fig. 4). These results with the RI lines give
more weight to the association between IL-10 production and
susceptibility to infection.

It has long been recognized that there is great variability in
the severity of coccidioidomycosis, ranging from asymptomatic
infection to overwhelming disease (4, 8). Such variation could
be due to differences in the dose or the virulence of a patho-
gen, prior immunity, or intercurrent illnesses that affect resis-
tance to infection, but in many cases there is no apparent ex-
planation for the variability in the severity of the disease. It is
often assumed that some of the variability is due to genetic dif-
ferences in the hosts, but few genes, that make humans or ani-
mals susceptible to specific pathogens have been identified (20).

The two loci that we have identified are almost certainly not
the only genes involved in determining resistance to C. immitis.
BALB/c and B6 mice are both highly susceptible to C. immitis,
and the F1 generation from these two strains is also susceptible,
so they do not complement each other’s defects (11). However, in
separate experiments we found that (CAST/Ei 3 B6)F1 mice
were more resistant to C. immitis than either parent strain (they
complement each other), evidence that B6 mice have at least one
beneficial allele (5a). This is reminiscent of the genetics of resis-
tance to salmonella infections in mice, in which the Nramp1 gene
plays a dominant role (21). However, Sebastiani et al. recently
reported that B6 mice, which are susceptible because they carry a
mutant Nramp1, have at least two Salmonella resistance genes
that were detected because B6 mice complemented another sus-
ceptible strain (18). A similar mapping strategy may reveal
additional genes in B6 mice for resistance to C. immitis.
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