Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 5478-5482, May 1997
Population Biology

Concordance of gene genealogies reveals reproductive isolation in
the pathogenic fungus Coccidioides immitis

(population genetics /microbial evolution/speciation)

VASSILIKI KOUFOPANOU*, AUSTIN BURT*, AND JOHN W. TAYLOR

Department of Plant Biology, University of California, Berkeley, CA 94720

Communicated by John Maynard Smith, University of Sussex, Brighton, United Kingdom, February 17, 1997 (received for review July 1, 1996)

ABSTRACT Simple cladogenetic theory suggests that
gene genealogies can be used to detect mixis in a population
and delineate reproductively isolated groups within sexual
taxa. We have taken this approach in a study of Coccidioides
immitis, an ascomycete fungus responsible for a recent epi-
demic of coccidioidomycosis (Valley fever) in California. To
test whether this fungus represents a single sexual species
throughout its entire geographic range, we have compared
genealogies from fragments of five nuclear genes. The five
genealogies show multiple incompatibilities indicative of sex,
but also share a branch that partitions the isolates into two
reproductively isolated taxa, one centered in California and
the other outside California. We conclude that coccidioidomy-
cosis can be caused by two distinct noninterbreeding taxa.
This result should aid the future study of the disease and
illustrates the utility of the genealogical approach in popula-
tion genetics.

While the genomes of asexual individuals are inherited intact
from one generation to the next, sexual genomes are reshuf-
fled, fragmented, and reconstituted in every generation, and
consequently they are mosaics of segments, each with its own
individual history (1-4). It follows that genealogies con-
structed from different parts of asexual genomes will be
identical, while those from parts of sexual genomes will all be
different, and there will be as many different genealogies as
there are nonrecombining parts in the genome. This simple
principle suggests that the compatibility of different gene
genealogies can be used to infer the presence or absence of
mixis in a population, full compatibility among genealogies
indicating complete asexuality and incompatibility indicating
mixis (5-8). The same argument can be applied in identifying
reproductively isolated groups within sexual taxa. Consider the
genealogy of a single nonrecombining gene in a sexual pop-
ulation that has very recently split into two reproductively
isolated groups. Initially, the genealogy will show individuals
from the two groups intermingled. With time, selection and
drift within each group will lead to the sorting of preexisting
variation, so that first one and then both groups will become
monophyletic. The sequence of events during speciation is thus
(7) the two groups share polymorphisms, (if) they do not share
polymorphisms, and (iii) they show fixed differences (9, 10).
Eventually, such sorting will have occurred at all loci, and the
two groups will be identifiable by lack of shared polymor-
phisms at all loci and branches that are compatible with all
gene genealogies. Here, we have taken this approach to study
the population structure of the pathogenic fungus Coccidioides
immitis.
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C. immitis is known from the southwestern United States,
Mexico, and Central and South America (11), where it grows
in the desert soil as a haploid hypha that segments to produce
asexual spores. Inhalation of spores by humans and other
mammals may result in infection of the lungs, and the fungus
can proliferate to other tissues by endosporulation and further
release of spores (12-14). Recently, there has been an epi-
demic of coccidioidomycosis (Valley fever) in California, with
numbers of case reports about 10 times higher than usual (13,
14). As with many other fungi, no sexual state has yet been
identified in C. immitis, and very little is known about its
genetic structure and geographic differentiation. Yet such
knowledge is essential for locating the sources of new out-
breaks, defining the relatedness of isolates recovered from
different patients, and developing effective vaccines against
the fungus. Recently, a molecular genetic analysis of nucleo-
tide polymorphisms among isolates from a single hospital in
Tucson, Arizona, provided strong evidence for sexual repro-
duction (15). To test whether the species is panmictic in its
entire range or whether there is geographic differentiation
among different populations, we have used a sample of 17
isolates, from California, Texas, Arizona, Mexico, and Argen-
tina, covering the entire known species range (see Table 1).

MATERIALS AND METHODS

All isolates were obtained from the Roche Molecular Systems
Culture Collection (Alameda, CA). We have sequenced 350—
650 bp fragments from five nuclear genes, three of which have
been shown to have antigenic properties in infected patients:
(i) CHS1, coding for chitin synthase, an enzyme responsible for
the synthesis of chitin, a major component of the fungal cell
wall (16); (ii) pyrG, coding for orotidine 5'-monophosphate
decarboxylase (OMPD), an enzyme catalyzing a step in py-
rimidine biosynthesis (17); (iii) tcrP, coding for a T cell reactive
protein with homology to 4-hydroxy-phenyl-pyruvate dioxy-
genase (4-HPPD), a liver enzyme reported from mammals
(18); (iv) a gene for another antigen, part of a serine proteinase
enzyme with homology to human chymotrypsin (19); and (v)
CTS2, a gene for acomplement fixation antigen with homology
to bacterial chitinases (20, 21). For chitin synthase, serine
proteinase, and dioxygenase, primers were designed based on
sequences of C. immitis available in GenBank, accession nos.
128067, M81863, and 138493 (16, 18, 19), respectively; for
chitinase, they were designed based on an unpublished se-
quence of C. immitis kindly supplied by G. Cole (Medical
College of Ohio, Toledo) and T. Kirkland (University of
California School of Medicine, San Diego); and for orotidine
decarboxylase, they were designed based on conserved regions
of sequences of Aspergillus niger, A. nidulans, and Penicillium
chrysogenum (ref. 17, PCR primer sequences can be obtained
from the authors).
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Table 1. Distribution of nucleotide polymorphisms in five nuclear gene loci of C. immitis
Locus
Chitin Orotidine Serine
synthase Dioxygenase decarboxylase proteinase Chitinase
(369 bp) (529 bp) (396 bp) (647 bp) (443 bp)
Site 1 2 2 3 8§ 10 10 11 12 2 2 4 45 6 6 6 4 56 7 8 8 8 8 7 8 9 10 10 10 10 11
9 1 8 3 7 0 2 7 7 99 7 7 0 0 2 4 7 13 41 8 8 9 311 2 46 71
2 9 8 9 2 5 0 9 2 2 43 6 6 6 3 7 77 2 4 2 5 71 010 419 2 1
Nucleic acids
Con A GT G cCGOCT CAAGCCAA GCCGGACA CTTCTCTCG
Strain
S . G A .
AZ1 . C . C
AZ2 A . .o . . A
TX1 G . TT G G . .o .
TX2 A . G C A C C
MX1 . C G
MX2 A G
AG1-5 . . . . S .o .o . e G . . .
CAl G AC A T T A T C G G T T G CGTT T C . C
CA2 G . CA T T A T C . GG T T G CGTT T C T C
CA3 G ACA e G G G T T G CGTT T C . C
CA4 G C A T T A T C G T T G CGTT T C . T C
CA5 G C A G T T G CGTT T C T C
Amino acids
Con G KL E DI K D N T I LAHYTULTL A TRARNNII S * TNINNT
Sub e SV P S S S D \% Y * K T

Numbers indicate positions in the reference sequences; dots indicate nucleotides or amino acids identical to the consensus sequence. Con,
consensus; Sub, substitution; S, Silveira, old laboratory strain (California, 1951); AZ1,2, Tucson, AZ; CA1, Kern County, CA; CA2,3, Santa Barbara,
CA; CA4,5, San Diego; TX1,2 San Antonio, TX; MX1,2, Monterrey, Mexico; AG1-5, Argentina. All isolates are clinical, except CA4,5 collected
from soil, and AG1-5 from a variety of sources; isolates were obtained between 1969 and 1994. x, intron.

The fungus was cultivated under BL3 containment, and
DNA was extracted following a heat treatment to kill the
pathogen (22). PCR amplifications followed the protocol in
ref. 23, but reactions were subjected to 40 cycles of 94/52/72°
for 1/1/1 min, and an additional 7 min at 72°. For each gene,
a selected fragment was amplified by PCR and then sequenced
directly using the Applied Biosystems model 373 automated
DNA sequencer, following the manufacturer’s protocol.

RESULTS AND DISCUSSION

Of 2,384 nucleotide sites sequenced, 33 were polymorphic
(1.4%), and of these, 8 sites had unique, noninformative
alleles, and 11 had nonsynonymous substitutions (Table 1).
Levels of polymorphism were similar across loci, but introns
(317 bp in three genes) were less polymorphic than coding
regions (0.3% vs. 1.5%, P < 0.05). No site had more than two
alleles.

The genealogy of each of the five loci is best described by a
single parsimonious tree (Fig. 1). Each tree has minimal
length, equal to the number of polymorphic sites in that locus,
showing no evidence of parallelisms, reversals, convergences,
or recombination within loci (i.e., no homoplasy; homoplasy is
present if the number of steps in the most parsimonious tree
is larger than the number of alleles at each site minus 1,
summed across sites). To test the compatibility of genealogies
across loci, we pooled the data from the five loci and looked
for homoplasy again. Contrary to the analysis within loci, the
most parsimonious tree based on data from all five loci (a total
of 25 informative sites) was seven steps longer than the
minimum possible (32 vs. 25 steps), indicating extensive in-
compatibility among genealogies from different loci. Pairwise
comparisons of trees from different loci yielded only two fully
compatible pairs (i.e., with zero deviation from the minimum
length): serine proteinase with chitin synthase, and serine
proteinase with dioxygenase. One-step deviations were found
in seven pairs, and one pair had a three-step deviation. To

further test the compatibility of different trees, we compared
the sum of lengths of the five most parsimonious trees con-
structed from the observed data to the sum of lengths of trees
from data sets in which sites were randomly shuffled among
the five loci. This test compares the compatibility of sites in
different loci with the compatibility of sites in the same locus
(26, 27). In sexual species we expect greater incompatibility
among distant sites than among neighboring ones, whereas in
asexual populations there should be no such difference. Only
6 out of 10,000 such randomizations yielded the observed
length of 25 (P = 0.0006; informative sites only; range of sums
of tree lengths from randomized data is 25-32; test performed
using PAUP*4.0d52), showing significant incompatibility among
the five loci. This incompatibility indicates sexual reproduction
in C. immitis, in agreement with data from a single locale (15).
Note that the very low divergence among isolates and complete
lack of multiple alleles in any of the sites suggest that ho-
moplasy due to multiple hits is highly unlikely in our data set.

Having demonstrated mixis, we then tested for deviations
from panmixia, and in particular whether there might none-
theless be groups of isolates that do not interbreed. For this,
we searched for branches in the genealogies that are shared by
all five trees. This is equivalent to searching for partitions that
divide the isolates into groups that do not share polymor-
phisms. (The program used to search for partitions can be
obtained from the authors.) Note that simple visual inspection
of individual gene genealogies may not reveal such partitions,
because individual gene genealogies may be missing the branch
separating the two groups due to lack of mutations along it. An
exhaustive search in our data set uncovered only one such
partition, dividing the isolates into two groups, one with 5 and
the other with 12 isolates (Fig. 2; Table 1). In addition to not
sharing any polymorphisms, these two groups are separated by
eight fixed differences distributed among three loci, three of
which are replacement substitutions. Furthermore, the parti-
tion correlates with the geographic origin of isolates, since all
isolates from California group together, except for one old
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F1G. 1. Genealogies from fragments of five nuclear genes for 17
isolates of C. immitis (data and abbreviations are as in Table 1).
Parsimony trees were constructed using HENNIG86 (24), and numbers
of nucleotide changes are shown on each branch. All trees have the
minimum possible length (i.e., no homoplasy), indicating no intralocus
recombination [if there were free recombination between sites, the
probability of observing genealogies of minimal length would be P <
0.01 for each locus (25)].

laboratory strain, S, isolated in the San Joaquin Valley (Cal-
ifornia) in 1951 (Fig. 2). This isolate has previously been shown
to differ from other Californian isolates by restriction frag-
ment length polymorphism analysis of genomic DNA (28).
The probability of there being two or more groups of isolates
that, by chance, do not share polymorphisms was calculated by
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FI1G. 2. When the five loci are considered together, the genealogy
of the 17 isolates collapses into a single branch, subdividing the
population into two reproductively isolated groups. The branch is eight
steps long and has a probability of less than 0.001 of occurring by
chance. Note the correlation with geography (abbreviations are as in
Table 1).

randomly shuffling the gene sequences among isolates, leaving
the linkage of alleles within loci intact (i.e., the loci were
randomized as blocks). In 1,000 such randomizations, no
partitions were found that would create groups without shared
polymorphisms (P < 0.001). Note that this test is conservative
in that it considers only the absence of shared polymorphisms
among groups—the fact that there are eight fixed differences
between the two groups and the correlation with geographical
locale does not enter into the test. Shortest trees fitted to these
randomized datasets were longer than the tree fitted to the
observed dataset (range = 40-60, n = 1,000, vs. 32, P < 0.001;
Fig. 3), also indicating deviation from panmixia. To test
whether there is any structure within either the Californian or
the non-Californian groups, we repeated the randomizations,
this time shuffling sequences among isolates within each of the
two groups (i.e., leaving the partition intact). Shortest trees
fitted to these randomized sets were no longer than the
observed tree, indicating free recombination within each of
these two groups (range 27-34, n = 1,000, vs. 32, P = 0.85; Fig.
3).

Differentiation between the two taxa of C. immitis can be
quantified by comparing the divergence of sequences between
taxa with the divergence of sequences within (29). The average
pairwise divergence of isolates within the Californian and
non-Californian groups is dc = 2.7 X 1073 (6.7 X 1073%) and
dne = 2.1 X 1073 (4.2 X 1073), respectively (coding regions
only; values in parentheses based on third-base positions);
whereas the average pairwise divergence between groups is
dene = 9.5 X 1073 (21.4 X 1073), 4-fold larger than the
within-group values. These estimates are similar to the diver-
gence of the Adh locus within a global sample of Drosophila
melanogaster, and between D. melanogaster and D. simulans or
D. mauritiana (29, 30), respectively. Based on these values, the
time since the two taxa have been reproductively isolated can
be estimated to be 8 Myr (ref. 29; assuming a substitution rate
at third-base positions of u = 107°/bp/yr).

The presence of fixed differences between the two taxa
allows us to make a simple test for their identification by
combining PCR with restriction fragment length polymor-
phism analysis, and using enzymes that distinguish between
polymorphisms at those sites. We have used two such enzymes
(MnlI and Apol, distinguishing polymorphisms in positions 477
and 744 of serine proteinase, respectively; see Table 1) to
rescore the 17 isolates, plus an additional 77 isolates, and thus
to delineate in more detail the distribution of the two taxa. In
agreement with the previous results, we have found that one
taxon is centered in California, being found in Kern (12
isolates), Santa Barbara (3), San Diego (14, including 4 isolates
from soil), and Ventura (4) Counties, plus 1 isolate from
Washington State (Fig. 4). The other taxon occurs mainly
outside California, with isolates from Tucson, Arizona (27),
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FiG. 3. Frequency distributions of tree lengths of maximum parsimony trees fitted to randomized data sets (25 informative sites in five loci;
1,000 randomizations in each case). Solid bars, shuffling genotypes among isolates in the entire population. Open bars, shuffling among isolates
within each of the two groups. Arrow shows the tree length from the observed data set.

San Antonio, Texas (17), Monterrey, Mexico (6), plus 1 isolate isolates from Argentina (five with the non-Californian geno-
from a rodent in Arizona. Both species were represented in type, all identical, see Table 1; one with the Californian

_l';\

FiG. 4. Geographic distribution of isolates of the two taxa of C. immitis, identified using restriction enzyme analysis of two polymorphisms in serine
proteinase distinguishing the two taxa: Kern (14 isolates; 1993-94), Santa Barbara (3), San Diego (15, including 4 isolates from soil; 1975-94 and 1969,
respectively), and Ventura (4) Counties, CA; Tucson, Arizona (25; 1979-90); San Antonio, TX (17; 1992-93); and Monterrey, Mexico (6). Solid circles,
Californian genotype; open circles: non-Californian genotype. Six isolates from Argentina and one isolate from Washington State are not shown.
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genotype). The Californian genotype was also found in one
patient from San Antonio, but it was later determined that the
infection had been acquired in California (31). The non-
Californian genotype was also found in three Californian
patients, but it is not clear whether these exceptions are due to
patients moving between localities or to a real overlap in the
range of the two taxa.

CONCLUSIONS

Our analysis has revealed an unexpected subdivision of C.
immitis into two sexual but reproductively isolated taxa that are
as divergent as two species of Drosophila. This subdivision is
correlated with the geographical origin of isolates. Little is
known about the life history of this fungus, and these results
could help interpret the epidemiology of coccidioidomycosis.
For example, there is substantial variation in the symptoms of
the disease among infected patients (12), and it would be
interesting to know how much of this variation can be ex-
plained by differences in the pathogenicity of the two taxa. Our
restriction analysis suggests that the recent epidemic in Cali-
fornia (13, 14) was mainly caused by one of the two species.
Could these two groups also have different host species?
Kangaroo rats (Dipodomys spp.), which are believed to be one
of the primary hosts for C. immitis (12), also show reproductive
isolation between populations that are separated by the Sierra
Nevada and the Tehachapi Mountains of California (32). In
addition, speciation in many lineages of aridlands mice in
western North America (Perognathus, Chaetodipus, and Ony-
chomys spp.) coincides with the development of these moun-
tains, over the last 12 Myr (33). These same mountains may
also prevent dispersal of C. immitis by wind. Finally, knowledge
that there are two pathogenic taxa rather than one may be
important in the development of a vaccine against this fungus
(34). Three of the eight fixed differences among the two groups
are nonsynonymous substitutions, all in the 650-bp fragment of
serine proteinase, an antigenic enzyme that is concentrated in
the walls of the parasitic cells during active growth in the host
(19).

More generally, the comparison of genealogies of single-
copy nuclear genes provides an attractive means of delineating
mixis and reproductive isolation, where incompatibility at
terminal branches indicates mixis and compatibility at deeper,
internal branches indicates reproductive isolation. A nice
feature of this approach is that it does not require a prede-
termined set of populations, but it can help identify such
populations, and hence detect barriers to gene flow among
populations even in sympatry. Such analyses are particularly
useful when, as in C. immitis, mating tests are impossible to
perform. When such tests do become possible, we predict that
isolates belonging to the reproductively isolated taxa identified
above will not cross. Our analysis was simplified by the fact that
C. immitis is a haploid, but similar analyses can be done on
diploids, in which every individual carries two copies of each
gene, and the genealogy of a gene will include every individual
twice. Reproductively isolated taxa could be identified as
groups sharing no polymorphisms, as in haploids, but with the
additional constraint that the two alleles belonging to the same
individual must be included in the same group.
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