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Previous genealogical analyses of population structure in Coccidioides immitis revealed the presence of two cryptic
and sexual species in this pathogenic fungus but did not clarify their origin and relationships with respect to other
taxa. By combining the C. immitis data with those of two of its closest relatives, the free-living saprophytes
Auxarthron zuffianum and Uncinocarpus reesii, we show that the C. immitis species complex is monophyletic,
indicating a single origin of pathogenicity. Cryptic species also were found in both A. zuffianum and U. reesii,
indicating that they can be found in both pathogenic and free-living fungi. Our study, together with a few others,
indicates that the current list of known fungal species might be augmented by a factor of at least two. However, at
least in the C. immitis, A. zuffianum, and U. reesii complexes, cryptic species represent subdivisions at the tips of
deep monophyletic clades and thus well within the existing framework of generic classification. An analysis of
silent and expressed divergence and polymorphism values between and within the taxa identified by genealogical
concordance did not reveal faster evolution in C. immitis as a consequence of adaptation to the pathogenic habit,
nor did it show positive Darwinian evolution in a region of a dioxygenase gene (tcrP gene coding for 4-HPPD)
known to cause antigenic responses in humans. Instead, the data suggested relative stasis, indicative of purifying
selection against mostly deleterious mutations. Two introns in the same gene fragment were considerably more
divergent than exons and were unalignable between species complexes but had very low polymorphism within taxa.

I ntroduction

Coccidioides immitis is a pathogenic fungus re-
sponsible for the recent epidemics of coccidioidomy-
cosis (Valey fever) in California (Pappagianis et a.
1993; Pappagianis 1994). It has a dimorphic life cycle,
living as a hyphal saprobe in the soil or as a unicellular
systemic pathogen of mammals, and like many other
fungi, no sexual state has ever been associated with it
(Rippon 1988). Recently, however, analyses using mo-
lecular markers revealed a recombinant genetic structure
in C. immitis isolated from humans in a single locality,
implying that it does have sex occasionaly and that a
sexual stage ought to be found (Burt et al. 1996; Fisher
et al. 2000b). Furthermore, genealogical concordance
analysis of a global sample of isolates has indicated that
it is not panmictic throughout its entire range, but in-
stead consists of two reproductively isolated popula-
tions, one based in California and the other based out-
side of Cadlifornia, in the southwestern United States
(Koufopanou, Burt, and Taylor 1997, 1998). Within the
non-Californian population, there is significant geo-
graphic differentiation on the scale of 1,200 km (Burt
et al. 1997; Fisher et a. 2000a). Similar analyses using
molecular markers have also been successful in delin-
eating mixis and reproductive isolation in other patho-
genic fungi, including the human pathogens Histoplas-
ma capsulatum, Aspergillus flavus, Candida albicans,
and Cryptococcus neoformans (Sullivan et al. 1995;
Carter et al. 1996; Geiser, Pitt, and Taylor 1998; Kasuga,
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Taylor, and White 1999; reviewed in Taylor et al. 1999;
Burt, Koufopanou, and Taylor 2000) and the wheat pest
Fusarium graminearum (O’ Donnell et al. 2000).

Here, we extended the previous analyses of C. im-
mitis by including isolates of two of the closest relatives,
the nonpathogenic saprophytes Auxarthron zuffianum
and Uncinocarpus reesii (Bowman and Taylor 1993;
Pan, Sigler, and Cole 1994; Bowman, White, and Taylor
1996). Although these two species have also been col-
lected from the lungs of rodents, they seem to be only
transient and apparently harmless inhabitants of animals,
and their life cycle does not include the production of
spherules or endospores, stages which are presumed ad-
aptations for the infective process (Sigler and Carmi-
chael 1976). Unlike C. immitis, both A. zuffianum and
U. reesii have well-identified sexual stages in their life
cycles, and a recombinant population structure is there-
fore expected. We analyzed fragments of three nuclear
genes. (1) CHSL, coding for chitin synthase, which is
responsible for the synthesis of chitin, a major compo-
nent of the fungal cell wall (Pan, Sigler, and Cole 1994);
(2) terP, coding for a human T-cell reactive protein of
C. immitis (this protein is homologous to 4-hydroxy-
phenyl-pyruvate dioxygenase (4-HPPD) proteins and
mammalian F antigens; Wyckoff et al. 1995); and (3)
pyrG, coding for orotidine 5'-monophosphate decarbox-
ylase (OMPD), which catalyses a step in pyrimidine bio-
synthesis (Radford 1993).

By combining global samples of the three species,
we aimed to root the relationships within C. immitis and
determine whether the two taxa previously identified
were both monophyletic or one was paraphyletic, still
segregating ancestral aleles (Neigel and Avise 1986;
Avise and Ball 1990). A consistent finding that one tax-
on was paraphyletic across a number of loci would im-
ply alarger population size in that taxon (Hey and Kli-
man 1993). Data on the closest relatives would also help
establish whether C. immitis as a whole was monophy-



letic, which would suggest a single origin of pathoge-
nicity. Previous single-isolate analysis of 11 pathogenic
and nonpathogenic relatives of C. immitis has indicated
that the capacity to infect humans has arisen multiple
times throughout the evolutionary history of the Ony-
genales (Bowman, White, and Taylor 1996). Second, we
wanted to establish whether the finding of two cryptic
speciesin C. immitis was a feature peculiar to it, perhaps
due to its pathogenic nature leading to faster evolution
and differentiation into several host niches, or whether
cryptic species were a genera feature of fungal species,
including free-living ones. Finally, we wished to deter-
mine if adaptation to a new life style, that of being a
pathogen, had led to positive Darwinian selection and
increased rates of evolution, both for proteins in general
and, more specifically, in gene regions known to pro-
duce antigenic responses in humans. For this purpose,
we analyzed the numbers of silent and expressed chang-
es within and between reproductively isolated taxa. The
ratio Q = (D/P)/(D/P)g of between-taxa divergence (D)
to within-taxon polymorphism (P) for expressed and si-
lent substitutions (E and S, respectively) is a well ac-
cepted measure for detecting positive, adaptive evolu-
tion, with the neutral expectation being that Q = 1
(McDonald and Kreitman 1991; Charlesworth 1994,
Hudson 1996). Positive selection, on the other hand,
would lead to an excess of expressed between-taxa di-
vergence (Q > 1) due to rapid fixation of favorable ami-
no acid changes in different taxa, resulting from diver-
sification and adaptation to new environments. A num-
ber of surface antigens of parasites or viruses have been
shown to be positively selected, evolving rapidly by se-
lective fixation of amino acids thought to be critical in
the host-parasite interaction (Sphaer and Mullins 1993;
Endo, Ikeo, and Gojobori 1996). We therefore expected
the dioxygenase fragment containing the T-cell reactive
site to be fast-evolving and under positive selection in
C. immitis.

Materials and Methods

We analyzed five isolates from A. zuffianum and 10
from U. reesii, covering the known geographic range of
the two species (table 1). All isolates were obtained
from the Microfungus Collection of the University of
Alberta. PCR primer sequences were based on sequenc-
es available in GenBank (see appendix): chitin synthase
primers from C. immitis, U. reesii, and A. zuffianum se-
quences (Pan, Sigler, and Cole 1994); dioxygenase prim-
ers from a C. immitis sequence (Wyckoff et al. 1995);
and orotidine decarboxylase primers from Aspergillus
niger, Aspergillus nidulans, and Penicillium chrysogen-
um sequences (Radford 1993).

DNA was extracted from lyophilized material and
PCR-amplified following protocolsin Burt et al. (1994).
PCR reactions were subjected to 40 cycles of 94°C/47—
52°C/72°C for 1/2/1 min, and 7 min at 72°C. With prim-
ers that were imperfectly matched, we preceded this
with three to six cycles of 94°C/35°C/72°C for 1/1/1 min
and/or used nested primers in two successive amplifi-
cations, the second of which used a 10-fold dilution of
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Table 1
Origin and ldentification of Strains
Identification
Strain No. Origin
Auxarthron zuffianum
IN........ UAMH 2653 India, soil
UK....... UAMH 3079 England, soil
AG....... UAMH 4082 Argentina, soil
TX ... UAMH 1875 Texas, prairie dog lungs (T)?2
MX....... UAMH 3135 Mexico, lizard dung
Uncinocarpus reesii
TX ... UAMH 160 Texas, Sylvilagus auduboni, lungs
UtT....... UAMH 3703 Utah, soil (MT+)
CALl...... UAMH 1704 Cadlifornia, soil (MT+)
CA2...... UAMH 1706 South Cdlifornia, soil (MT—)
AG....... UAMH 1955 Argentina, soil
IT1....... UAMH 2002 Italy, soil (MT—)
IT2....... UAMH 2050 Italy, soil (MT—)
IT3....... UAMH 3918 Itna, Sicily, soil
HG....... UAMH 2847 Hungary, soil (MT+)
AUS...... UAMH 2862 Australia, feathers (MT—)

NoTe—MT+ and MT— refer to different mating types.
a“Type' species.

the first PCR product as a template. Amplicons were
sequenced directly using the AB automated DNA se-
quencer following the manufacturer’s protocol. Acces-
sion numbers of sequences deposited in EMBL are
AJ292100-AJ292114, AJ292088-AJ292098, and
AJ291968-AJ291979.

DNA sequences were aligned manually, and max-
imum-parsimony geneal ogies were constructed for each
gene separately and for the three genes combined. Ob-
served tree lengths were then compared with the mini-
mum possible lengths in order to identify possible ho-
moplasies within trees and incompatibilities between
trees, following the anayses on the C. immitis data
(Koufopanou, Burt, and Taylor 1997). Then, the three
species were also analyzed together and gene genealo-
gies were compared to examine the consistency of roots
and of branching order of isolates. Finaly, all data were
analyzed in combination (phylogenetic analyses were
performed using PAUP*, version 4.0; Swofford 1999).

Results and Discussion
Population Structure
Coccidioides immitis

Only information obtained from rooting the C. im-
mitis isolates is discussed here, as the data have already
been analyzed and discussed elsewhere (Koufopanou,
Burt, and Taylor 1997, 1998). The two taxa previously
identified as Californian (CA) and non-Californian
(NCA) are both monophyletic in the chitin synthase and
dioxygenase genealogies. For the orotidine decarboxyl-
ase gene, the Californian taxon has an ancestral alele
and may be paraphyletic (fig. 1). Were the Californian
taxon found to be paraphyletic at more loci than the non-
Californian taxon, this would suggest that the Califor-
nian taxon had a larger population size than the non-
Cdlifornian taxon (Hey and Kliman 1993). However, a
much larger population size in the Californian taxon is
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Fic. 1.—Gene genealogies for isolates of Coccidioides immitis, Auxarthron zuffianum, and Uncinocarpus reesii separately and combined.
The figure shows the rooting for isolates of each species with respect to the outgroups, as well as branches shared by all three genealogies
(thick lines). While there is homoplasy due to multiple hits along branches leading to each of the three species, there is no homoplasy at the
tips; i.e., the sum of branch lengths shown within each species is equal to the number of variable sites in each locus. Note that U. reesii
polymorphic sites 75 and 240, which separate isolates CA1, IT1, and IT2 from AG but introduce homoplasy within the orotidine decarboxylase
locus, have been excluded from the tree (see text). For the dioxygenase locus, only the coding region can be aligned unambiguously between
the three species, and separate geneal ogies including the intron regions are drawn for A. zuffianum and U. reesii isolates, respectively, with there
being no polymorphic sites in the dioxygenase introns of C. immitis. All trees were constructed by maximum parsimony using PAUP*, version
4.0. Numbers indicate branch lengths within each species. Inferred reproductively isolated groups in the three species are circled. Branches

between species are not drawn to scale.

C. immitis



unlikely, as it would have been accompanied by signif-
icantly higher values of polymorphism, not observed in
our data.

Auxarthron zuffianum

From the 1,263 sites sequenced in A. zuffianum, 94
were polymorphic (7.4%; table 2 and fig. 2). This in-
cludes two introns in the dioxygenase locus, 48 and 59
bp long, with 27% of sites polymorphic. Note, however,
that 87 out of 94 polymorphic sites are unique to two
isolates (AG, UK), and if these are removed, polymor-
phism drops to 0.6%. No identical genotypes were found
among the five isolates of A. zuffianum.

From the above polymorphisms, we constructed
maximum-parsimony trees for each of the gene frag-
ments (fig. 1). Chitin synthase and orotidine decarbox-
ylase trees had minimal lengths, equal to the number of
polymorphic sites in each locus (most-parsimonious tree
lengths: CHS1—L = 31 steps;, OMPD—L = 22 steps,
table 2, A. zuffianum branches in fig. 1), but the diox-
ygenase tree is one step longer than minimum (4-HPPD,
including intron sites: L = 42 steps). This homoplasy is
removed when either of the UK, AG, or TX isolates is
excluded or when site 18 is excluded. Asthe UK isolate
is the most divergent, it is the one most likely to have
had changes accumulated due to multiple hits. To test
the compatibility of the three genealogies, we first ex-
cluded the UK isolate, pooled the data for the threeloci,
and looked for homoplasy in the combined data. The
most-parsimonious tree from the combined data was one
step longer than the minimum (35 vs. 34 steps) due to
an incompatibility between the dioxygenase and oroti-
dine decarboxylase loci in branches separating isolates
IN, TX, and MX (group I). When the UK isolate was
reincluded but site 18 was removed, the tree was till
longer than minimum (94 vs. 93 steps), revealing ad-
ditional incompatible sites between the two loci. Such
incompatibilities are expected between isolates in a sex-
ual species. However, there were also consistencies
among the three genealogies in the branching order of
isolates, with the UK isolate branching off first, fol-
lowed by the AG isolate. The probability of this con-
sistency arising if the five isolates were random samples
from a panmictic sexual population is P < 0.01 (cal-
culated by considering al possible rooted trees for the
five isolates).

In short, three putative reproductively isolated
groups in A. zuffianum were indicated by high genetic
divergence and shared branches among three gene ge-
nealogies. group |, represented here by three isolates,
and groups |l and I11, represented by only one isolate
each (AG and UK, respectively). Group Il was consis-
tently the most divergent in the species. Mixis, on the
other hand was implied by incompatible branches of iso-
lates in group I, in accordance with the presence of a
sexual state in the life cycle.

Uncinocarpus reesii

Of 1,273 nucleotides sequenced in the three genes
in U. reesii, 27 were polymorphic, arate of 2.1% (table
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2 and fig. 2). The two introns in dioxygenase were 58
and 60 bp long, with 8.5% of sites being polymorphic.
Here, too, 17 of the polymorphic sites were unique to a
single isolate (AUS), and if this was removed, poly-
morphism dropped to 0.8%. Of the 10 isolates, only six
had different genotypes. All identical genotypes were
reconfirmed by independent DNA extractions, PCR, and
DNA sequencing from material newly derived from the
UAMH culture collection. ldentical genotypes were
merged for all of the analyses.

For chitin synthase and dioxygenase, trees have
minimal lengths, equal to the number of polymorphic
sites in each locus (most-parsimonious tree lengths:
CHS1—L = 2 steps, 4-HPPD—L =17 steps; table 2;
U. reesii branches in fig. 1). For orotidine decarboxyl-
ase, there were two equally parsimonious trees, differing
in the placement of the AG and AUS isolates, both being
two steps longer than the minimum length; this homo-
plasy was removed when the AUS isolate was excluded,
but not when any other U. reesii isolate was excluded,
suggestive of multiple hits along branches to this isolate
(for OMPD, L = 10 steps; excluding AUS, L = 6 steps
= minimum). To find the potentially homoplastic sites,
we reincluded the AUS isolate and successively re-
moved sites, first one and then two at a time. Minimal
tree length was only obtained when both site 75 and site
240 (see table 2 and fig. 2) were excluded from the
analysis. As before, the compatibility of the three ge-
nealogies was tested by excluding the AUS isolate and
combining the data for the three loci. The most-parsi-
monious tree from the combined data was one step lon-
ger than minimum (11 vs. 10 steps), suggesting incom-
patible genealogies. By successively excluding each of
the three loci, we located the incompatibility between
the dioxygenase and orotidine decarboxylase loci in
branches separating isolates HG, 1T1, IT2, IT3, CAL,
and AG (i.e., within group I1; fig. 1). However, the ho-
moplasy in the combined data also was removed when
the AUS isolate was reincluded and the two homoplastic
sites of the orotidine decarboxylase locus were exclud-
ed, implying no additional incompatibility among loci.
The branching order in the dioxygenase tree and the
extensive intron divergence of the AUS isolate suggest
that this is the most widely divergent of the species.
Although consistent with the chitin synthase geneal ogy,
this is not consistent with the orotidine decarboxylase
one, which shows the AUS isolate together with group
Il isolates. There is only one common branch in the
three genealogies, separating the TX, UT, and CA2
(group 1) isolates from the rest (fig. 1).

To summarize, in U. reesii the three gene geneal-
ogies share a common branch separating group | isolates
from the rest, indicating complete sorting of alleles and
reproductive isolation between them. Also, there is in-
compatibility in the placement of group Il isolates, im-
plying mixis among these isolates, again as predicted
from the life cycle. Finally, the dioxygenase locus alone
indicates that the AUS isolate is the most widely diver-
gent of the species, and although this is consistent with
the chitin synthase genealogy, it is inconsistent with the
orotidine decarboxylase one, which shows the AUS iso-
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Table 2

Distribution of Nucleotide Polymor hpisms Among | solates of Auxarthron zuffianum and Uncinocarpus reesii

A. ZUFFIANUM

Locus

Site

Nucleic acids

Consensus

X

IN

MX

AG

UK

Amino acids
Consensus

Substitutions

Site

Nucleic acids

Consensus

X

IN

MX

AG

UK

Amino acids
Consensus

Substitutions

Chitin synthase (CHS1)
(369bp)
2334678111111111222222222223333
1035658011556699011224567781266

214095868739180270388439

TATTAGTGCACCTCCCCCAAAGGGGCTATTT

LG TGGT.G.CCA...GGGA

CG..GTCATGTTATTG. .. .. CC.ATC.GGA

Dioxygenase (4-HPPD)

(498bp)

Orotidine decarboxylase (OMPD)
(396bp)
6234569111111222233333

378419023478119903778

845117091535591

TGCGCACATTCCGCGAGTGGAC

.CGA. . TG.CAGATAGACAAGG

FRLKNITKSIDLVFQTDTRSITI

.TV.KV., .A.E.I...N.K.V.

112223334444455577112333333444444444444414
38247459012364576925833667714445556788888

17947171455892388824589

TCCCAGTGGCGTGGGTACTGTTTCCACCAGTCAAAGGGT - -

. .ATGAG.ATACAAACGTCACCCGTG.GG.CTCCGAAACGT

****************EFIKVAGDLSLL***********'k*
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Table 2
Continued
U. REESI
Locus Chitin Orotidine Dioxygenase
synthase (CHS1) decarboxylase (OMPD) (4-HPPD)
(369bp) (39%6bp) (508bp)

Site 73 79111223 12341122333444444

21 50222043 80925769018345588

2 367706 4215492611556

Nucleic acids
Consensus TG GCCATGCG GTTTACACTTCCTACCC
X, UT c. cCca CAL L e
CA2 c. CCAT AL L T......
HG, IT3 AT oo oo e e e e e e e e e e e e
CA1,IT1,2 A.T..... L. G. v v v v i e
AG B Gov v i v i e
AUS LA AT....TA AAG.GT.TCC.TCCTTT
Amino acids
Consensus NA RIGALVHR ¥k xFGIKSYLI***x**x*
Substitutions .. ..., LR

NoTe.—Site numbers indicate positions on sequences in figure 2. Dots indicate identity to the consensus, and asterisks indicate intron positions.

late clustering together with group 1l isolates. The pos-
sibility of uncovering conflicting gene genealogies in
taxa that were separated a long time in the past but
whose speciation has occurred close in time has already
been discussed (Avise 1994). We conclude that there are
three potentially noninterbreeding taxa in U. reesii, one
of which is represented by a single isolate (AUS).

The inferred phylogenetic history of the three spe-
ciesis depicted in figure 3. Note that thisis a‘‘ species”
tree rather than a simple gene genealogy, in that it com-
bines information on both divergence and compatibility
of three genealogies, and the terminal taxa constitute
putatively noninterbreeding units. The tree was rooted
with Auxarthron as a monophyletic outgroup, as indi-
cated in 18S rRNA and chitin synthase phylogenies
(Pan, Sigler, and Cole 1994; Bowman, White, and Tay-
lor 1996). Despite the extensive subdivision at the tips,
each of the three named species represents a deep mono-
phyletic clade, indicating early divergence and support-
ing the current generic classification. The maximum-
likelihood analysis (see fig. 3 for parameters) gave no
significant deviation from a *‘molecular clock,” imply-
ing that the parasitic C. immitis and the nonparasitic U.

reesii evolve at similar rates, and providing no indica
tion of accelerated evolution in C. immitis due to ad-
aptation to anovel pathogenic habit. The amount of time
the Californian and non-Californian taxa have been re-
productively isolated was previously estimated to be 11
Myr based on five gene fragments, assuming a substi-
tution rate at third-base positions of u = 10-%bp/yr
(Koufopanou, Burt, and Taylor 1997, 1998). For the
three fragments analyzed here, this estimate is 14 Myr,
and the present tree implies that the UK isolate of Aux-
arthron may have been isolated from the others for as
long as 28 Myr.

The finding of cryptic species in both U. reesii and
A. zuffianum is consistent with the previous discovery
of two species in C. immitis (Koufopanou, Burt, and
Taylor 1997, 1998) and indicates that cryptic species are
not confined to parasites but can also be found among
the free-living saprophytes. Cryptic species have aso
been found in several other parasitic fungi (reviewed in
Taylor et al. 1999; Burt, Koufopanou, and Taylor 2000),
including the human pathogens A. flavus (2 cryptic spp.;
Geiser, Pitt, and Taylor 1998), H. capsulatum (=4 cryp-
tic spp.; Kasuga, Taylor, and White 1999), Cryptococcus
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CHITIN SYNTHASE (CHS1)

1 2 3 4 5 6 7 8 9 10
C AAGACCTGGGGCAAGGAAGCGTGGAAGAAGATTGTCGTCTGCGTCGTGAGTGACGGACGTGCAAAAATCAATCCACGGACGCGCGCCGTTCTGGCCGG’I‘T
A ... Lo T........ A........ T.o.... C.o.... C.oovl T..o..T.....G..... T..A..GR.G..A...... C
u Covvnnn A..... G..A...... .ot C..G..... T..... C..C..T..C........ G..... 2-.CAA LA..G..G........
C K T wW G K E A WK XK I V V ¢V VS22 DG RAZEKTINU PR RTIRAUVTILAG
U N

1 2 3 4 5 6 7 8 9 10
c TGGGTGTATATCAAGACGGAATTGCGAAGCAACAGGTCAACGGAAAGGACGTCACTGCCCATATCTACGAATACACAACACAGATGGGAATGGAACTGAA
A .G. .C..G C
u ..
C L G VY QD GIAZ KIQQV NG KDV VT AHTIYEYTT QMG GMEL K
U .

1 2 3 4 5 6 7 8 9 10
C AGGCAACCAGGTCCT'.l‘CTCAAGCCGCGCCGAGGTATGCCGGTGCAGATGCTG’“TTTGCCTGAAGGAQAAGAATCAGAAGAAAATCAATTCCCACCGTTGG
A G..A.C...A..G.AC. .A..A..T..A..G........ C.o.oiii. e Co oL e G, G..... ...G..T..A...
U e A..G..C.......... A..G.ovinnn C..T..A.......vuvnn T A..... A..... C..Al o Covniniinn
C G N Q VL L KPR RGMZPV QML FCUL X EIZXKNINUQI K K I NSI HR W
U

1 3 4 5 6
C TTTTTCCAGGCGTTCGGACGAGTCTTGGACCCGAATATATGCGTGCTCATCGACGCTGGTACCAAACCG
A .C 2. .G..EC.LAL.T... L.
U T...C. Tevrevnnn
C F F Q A F GR VL D PN I
U L

1 2 3 4 5 6 7 8 9 10
C GAQATCTGCACGTAAGTAGACTGATC CGTCCCTTCTTGCGGTGAATTAACCCAGAGCTGACACCGAAAATAGTGAATTCTCTGCACTGAAGAGTATCGTC
A B N 2-...oT.TCTCCAAC. .T.CGTAAAG,CQTCTGCTGA.A. .@.PA. T————————————— D L &
U Too AL GAT........ AGT.A.GCA.T. ..C. CAACGATGGCTAACC'GTTGAA TGO C..Toviivinn. T...
C D I C T INTRON I E FSIL A L KS2 I V
U Y

1 2 3 4 5 6 7 8 9 10
C ATGGCATCTCCAAATGATATCG’I‘CAAGATGCCCATQAACGAGCCCGCCAAQGGAAAGAAACAATCCCAGAT'I‘GAAGAATATGTTGACTTCTACAATGGTG
A ... [ o € G P - SO 2. .G..G..Goo i Covvinnina, c.
Uu L. Goovvnnnn G....... A..... Al G ..... PO Govvvvinnnnn C..Gooiil. Covennnnnn GC

T-CELL REACTIVE SITE

C M ASl P N DI V KM P INZEUPAIEKSGI KI K QS1 Q I EE Y VD F Y NG
U /2 < 73

1 2 3 4 5 6 7 8 9 10
c CTGGCGTTCAGCACATTGCTCTCCGAACCAACAACATCATCGATGCCATCACCAACCTCAAGGCGCGCGGCACCGAATTCATCAAGGTTCCAGAGACCTA
A Couleniiiiii i C..G..C..AG....T. .. et i it Ao, C..T..TCTG. .. v i v v et s..G..A. ...,
U T..G..A........ Go..oovnns TGevevevinnnn AC..Go...iiiin e To TGTG. .G.vv i nn CAGC.....
C A GV QH I ALIRTNDNNDNITIDATITNDNTULI KA ARGTET FTIIZ KV P ETY
U b . . . N . . . . . s+ . . NV . O . . . .82

1 2 3 4 5 6 7 8 9 10
C CTATGAAGACATGAAGATTCGCCTCAAGAGACAAGGCCTGGTCCTCGATGAGGACTTTGAGACCCTGAAGAGCCTGGACATCCTTATCGACTTTGACGAG
A .CC.G..T...CGCG.C...T.G....AGGCT..T...AC...GA.C..... T..C..€..T..CC.A,..»,.A..T..... Covini i
U e Tool, CooCisvvennnnnn A...G...T.A...... A.C..A..TC....A...T..C....... A..T..e..Civunnn. C..T...
C Yy ED M K I RL KU RQ GL VL DET DT FETIULIEKS2 L DI L I DF D E
A Q . R V K A . T N . D .. Qs
U D I L K N L . . . Q .

FiG. 2—Consensus sequences of Coccidioides immitis, Auxarthron zuffianum, and Uncinocarpus reesii. DNA sequences are on top, amino
acid sequences are at the bottom, introns are indicated in italics, and variable sites within species are underlined and in bold. The human T-cell
reactive site of dioxygenase is also shown. Note that introns cannot be aligned reliably in the three species and all gaps were put to the right
of intron sequences.
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i 2 3 4 5 6 7 8 9 10
C AATGGGTATCTCCTGCAGCTTTTCACCAAGGTACGGAGATCTAAATTTACCCTAAAGGGGCAATTCCACATATTTCACTTCCAAACTACCTACTGACTC
A ... Covvnenn. C..A..C.....A......T.TCA. .TCTT.C.GTAT.ATG. TAAAG. . AAG. .GT.GC.GACGA . GECETG. .G--=—m-===m
U ..C..C..l Tt ieeann Boou... T.CGCCCTGGTCG . GTGA. . TCGATTCTG. .ATA. . TCC.GCT.ACGGT . TC . GCAG--——————~
c N 6 Y L L Q L F T K INTRON II
A Coe e
U

1 2 3
c TGCATATAGCATCTCATGGATCGCCCAACC
A mmmmememe e T..G..A
U —mmmm——- (o, C..G.uu...
c H L M DU RGP T
A .
U R

1 2 3 4 5 6 7 8 9 10
c GACTTCTCCGCCGAAACCATAACCGGACTCCAATCCCTTTCCCAGAAGCACAACTTCCTGATCTTTGAGGACCGGAAATTCGTTGATATTGGCAACACAG
A ..T..TAG..AAA.G..A.C..GA..CT.GA..GBA,.GG..G.A..su..uog...Te.s.T..C...eet . .C..G.ve . Cuutvv. AL .T..C.
| Tt CG....Covieeeannn G..... AL Aiee i, C.oovnn C..A..... A..G..... C..... C..A..... G.
c D FSt A4 E ? I T G L QS LSI Q KHDNZT FILTIVFETDTZ RIEKTEFEFUVDTIGTNT
a .s2 E K T R . . K E o A E . . s v v o 4 e
U . s1 . A .

1 3 4 5 6 7 8 9 10
c TGCAAAAACAATACCATGGGGGCGCACTCCACATTTCGGAATGGGCTCATATCGTTAATGCAACCGTGCTTCCGGGCCCAGGTATCATAGATGCCCTAGC
A .T..G. vevev...C...T.T....GG. LALLC. \A..CC.G..A...TGC..TA.A..C..T..AGAG..A...G.CC.G..GT.TT.
U .. GG Tl Clld. PG .G, .C.BC [ S Covnnn C.. Al (o Govrvnnnn C..G..G.
C VvV QK Q Y H G GATULTGHTIS EWAZHTIVNA ATV VTILTZPGTPGTITITDATLA
A . . . . . . . .8 . R . .P. .. L . .cC .1 . . . E . . ¥YQ F S1
U . . 0 . . Q . M . ..

1 2 3 4 5 6 7 8 9 10
c GCAAGTTGCTTCTGCACCAGACTTCCCCCACGCTTCAGACAGAGGGCTCCTGATCTTGGCGACGATGACATCAAAGGCTAGTCTTGCTACTGGTCAGTAT
A . .GACATTCAA...C.AG..T..... GT.T...GGT........ A..GT.....C.C..TGAA........ G..A..ATC.T.A..C..A..CG.T..C
U A..G..G..... A..G..G...a.Tee . Te.GG.GChareennnnn T..... C.C..AGAA.....G..G.....C..C..G..C..C..CA.A..C
c Q V ASl1 A P DVF P HASL DR GULTULTITULATMTSL K GS2 L A T G Q Y
A T F N Q . . . ¥ . G . . . . . E ... .81 . D .
U AH . . . L L U E ootk

1 2 3 4 5 6 7 8 9
c ACTGAGTTGTCGGTTGAGCTGGCGCGGAAGTAC_AAGGGCTTTGTCCTI_\GGCTT"GTGGCCAGCAGGTCCTTAGAAGGAGTTGAAACGGCTGGAAAG
A ....CACGC..... A..CTG....A.A..AC...@...AACC..TG.T..G. .ATGT.C..A.G.G..GTCG.ACA.QTCCG.T.AG.T.CC.
u GV .C.Te' G B BT Ganennn TG .G T, .T.CG..A..TC.G.CG.AT..G..C....... c...
c T E LSI VvV ELARTIEKTYZXKTGTFUV L GF VA AS RSL L EGVETAG K
A A R D W H R T v ¢C T KA .8 D ISL A E V P
U M R T A D D A

FiG. 2 (Continued)

neoformans (=2 spp.; Franzot, Salkin, and Casadevall
1999), and Candida albicans (Sullivan et a. 1995), and
in the wheat-scab-causing F. graminearum (7 spp.;
O’'Donnell et al. 2000). Together, these studies indicate
that species designation based solely on phenotypic
characteristics tends to underestimate the number of fun-
gal species by a factor of at least two.

The coalescence time for U. reesii and C. immitis
is more than 20 times as long as that of taxa within
species complexes (fig. 3). Unless some exceptiona cir-
cumstances have spurred the recent speciation, the long
internal branches indicate that taxa at the tips are rather
transient over evolutionary time, soon to go extinct and
be replaced by others along the same main lineages. In
other words, taxa are continuously being generated and
going extinct aong the named branches, which may rep-
resent some basic environmental niche and/or organis-

mal structure or habit, and it is unlikely for more than
one taxon from each clade to survive and diverge over
long evolutionary periods, a phenomenon recognized by
Williams (1992, p. 132) as ‘““normalizing clade selec-
tion.” Alternatively, the long internal branches may
have resulted from poor sampling of the existing fungal
diversity, with the implication that more taxa remain to
be found. Although U. reesii is still the closest known
relative of C. immitis, recently published 18S sequences
suggest that Onygena equina and Ascocalvatia alveolata
may be closer relatives of C. immitis than A. zuffianum
(Landvik, Shailer, and Eriksson 1996; Sugiyama, Ohara,
and Mikawa 1999). Nevertheless, our data suggest that
the discovery of new cryptic subdivisions s likely to be
within the existing framework of generic classification.
No similar outgroup analysis is provided in the other
studies that have discovered cryptic species, so it is dif-
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Average
pairwise
divergence
(N)
08 (8) NCA .
. mitl.
e CcA C. immitis
0.9 (3) Ul
12 ) ult U. reesii
m ulll
43 (3) Al

Al | A. zuffianum
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Fic. 3.—A ‘“‘species’ tree, containing only branches compatible among the three gene geneal ogies and showing potentially noninterbreeding
taxa within Coccidioides immitis, Auxarthron zuffianum, and Uncinocarpus reesii. The tree is a maximum-parsimony tree on the data from the
three genes combined, with polymorphisms within taxa coded as ambiguities for the respective nucleotides (branch-and-bound search using
PAUP*, version 4.0). Maximum-likelihood branch lengths were calculated on this tree using the * general time-reversible’” option for substitution
rates and an ‘‘estimated proportion of invariable sites” of 0.4515, as these were the only added parameters that significantly increased the
likelihood for the observed data; a ““molecular clock,” was enforced as it did not decrease this likelihood substantially. Uncorrected average
pairwise divergences within taxa are also shown for comparison. Both branch lengths and divergences within taxa are per 1,000 sites; N is the

number of isolates.

ficult to assess the validity of this hypothesis for fungi
in general.

In contrast to C. immitis, both A. zuffianum and U.
reesii are known to have sexual states, and mating tests
could be performed to test the mating compatibilities of
strains. No such data exist for A. zuffianum, but limited
data on U. reesii (numbers of gymnothecia obtained
from a cross; table IV in Sigler and Carmichael 1976)
are consistent with our findings: the most divergent AUS
isolate will not mate with either UT, CAL, or HG of
groups | and Il (but will mate with other strains not
included in this study). Isolates IT1 and IT2 from group
[l will mate readily with CA1 and HG strains from the
same group. The IT1 isolate (but not 1T2), however, will
also mate with the UT strain of group I. As no infor-
mation is given on the fertility of ascosporesin the gym-
nothecia, it is difficult to evaluate from these data the
extent of the correlation between mating incompatibility
and genetic divergence of strains. A good correlation has
been found between mating incompatibility and se-
quence divergence at a single locus (nuclear ITS) for
isolates from various geographic locations in the colo-
nial green algae Pandorina morum and Gonium pector-
ale (Coleman, Suarez, and Goff 1994).

Molecular Evolution

The above analysis identified eight phylogenetical-
ly distinct taxa in the three species, three of which are
represented by only one isolate. For clarity of presen-
tation, we shall refer to the original species as ** species
complexes.” To examine the evolution of the three loci,
we calculated the numbers of silent and expressed nu-
cleotide changes within and between the eight taxa (ta-
ble 3). Changes among isolates within taxa were count-
ed as polymorphisms (P), while changes among taxa,
i.e., fixed within taxa, were counted as divergences (D).
For the three taxa with only one representative, i.e., taxa

[l and Il of A. zuffianum and taxon 11l of U. reesii, we
assumed that al of the observed divergence was fixed
within these taxa; in other words, sites that are contrib-
uting to the divergence of these isolates will not be
found to be polymorphic once more isolates from these
taxa have been analyzed. For expressed changes, the
minimum number of nucleotide changes needed to con-
vert one amino acid to another was cal culated according
to the Protpars matrix in PAUP* version 4.0 (Swofford
1999).

There was no significant difference in silent or ex-
pressed polymorphism across the three loci or across the
five taxa with more than one representative, nor was
there any difference in the ratio of expressed to silent
polymorphism (table 3). Both silent and expressed poly-
morphisms are low, <0.5%. Considering the divergence
between taxa within species complexes, A. zuffianum is
much more divergent than either C. immitis or U. reesii.
Within A. zuffianum, there are also significant differenc-
es in the rates of evolution of the three loci: chitin syn-
thase has more silent substitutions than either of the oth-
er two loci, but orotidine decarboxylase has 5 or 10
times as many expressed changes as the other two (G
= 14.59, df = 2, P < 0.001). The ratios of E/(E + S)
were 0.04, 0.18, and 0.48 for CHS1, 4-HPPD, and
OMPD, respectively, well below the 0.75 ratio expected
under the neutral model if all codon changes have equal
probabilities. This shows that the three loci are evolving
under purifying selection, with most amino acid changes
being deleterious and quickly eliminated from the pop-
ulation. Between the three complexes, silent and ex-
pressed divergences (i.e., divergent sites that are invari-
ant within complexes) were 26% and 8.6%, respectively,
much higher than the divergences within complexes
(which were less than 4% and 1%, respectively). Such
high divergences are likely to be saturated, and rates of
evolution cannot be computed accurately from the be-
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Nucleotide Polymor phisms and Divergences (numbers of silent [S] and expressed [E] changes per locus) Within and
Between Taxa of Coccidioides immitis, Auxarthron zuffianum, and Uncinocarpus reesii (groups of isolates as in fig. 2)

INTRON

CODING 4-HPPD
CHS1 4-HPPD OMPD Total | m
(369 bp) (390 bp) (396 bp) (1,155 bp) (48-61(59-78
N S E S E S E S E S+E % bp) bp) Tota %?
Polymorphism
C. immitis
CA 5 1 0 0 0 0 2 1 2 3 026 0 0 0 0
NCA.............. .. 8 1 0 0 0 2 0 3 0 3 026 0 0 0 0
A. zuffianum
Al 3 3 0 1 0 0 1 4 1 5 043 2 0 2 1.87
U. reesii
Ul 3 0 0 1 0 1 0 2 0 2 017 0 0 0 0
Ul o 6 0 O 0 1 1 0 1 1 2 017 0 0 0 0
Total .. 25 5 0 2 1 4 3 11 4 15 2 0 2
Divergence within species complexes
C. immitis
CAVS NCA .........cvvnnn. 2 2 0 5 0 4 0 11 0 11 095 0 0 0 0.00
A. zuffianum
Al vs All vs. Alll ........... 3 27 1 9 2 11 10 47 13 60 519 14 13 27 2523
U. reesii
Ulvs. Ullvs Ul ........... 3 2 0 5 0 6 0 13 0 13 113 4 6 10 847
Total .. 8 31 1 19 2 21 10 71 13 84 18 19 37
DIP .. 620 «» 950 200 525 333 645 325 9.00 o« 1850
Q= (D/IP)/(DIP)g. i £ 0.21 0.63 0.50
............................. 1.00NS 0.34NS 0.67 NS 0.28NS
Divergence between species complexes
C. immitis vs. A. zuffianum vs.
U.reesii......oooi L 3 91 7 84 26 127 66 302 99 401 34.70

NoTte.—CA = Cadlifornian; NCA = non-Californian; D = divergence; P = polymorphism. Comparisons between taxa include only sites fixed within the taxa.

N = number of isolates. P values are from Fisher’s exact test.
2(S + E)/total length of sequence (< 100).

tween-complexes divergence values (Maynard Smith
1994), especially since silent and expressed changes are
likely to show different degrees of saturation. Between
the species complexes, again, there is significant hetero-
geneity among loci in rates of silent and expressed sub-
stitution, with the E/(E + S) ratios being 0.07, 0.24, and
0.34 for CHS1, 4-HPPD, and OMPD, respectively,
<0.75 and similar to those within the A. zuffianum
complex.

To test whether the three loci were fixing amino
acids in different taxa faster or slower than would be
predicted by the amounts of standing polymorphism
within the taxa, we calculated for each locus the ratio
D/P of divergence over polymorphism for silent and ex-
pressed substitutions, respectively, from the pooled
polymorphism and within-complex divergence (table 3).
The ratio Q = (D/P)¢/(D/P)g is equal to one if loci are
evolving according to the neutral hypothesis (McDonald
and Kreitman 1991; Charlesworth 1994). In all three
loci, Q values are <1, indicating negative, purifying se-
lection rather than positive selection, but the deviations
from unity are not significant (table 3). As there is no
significant heterogeneity among loci in the divergence-
to-polymorphism ratios (G = 0.15 and G = 0.44 for

expressed and silent changes, respectively, NS), we were
able to combine the data from the three loci, but the
deviation was still nonsignificant. The Q ratios remained
<1 and nonsignificant if the uncorrected between-com-
plexes divergence values were included in the estima-
tions. As silent sites are likely to be more saturated than
replacement sites, correcting the between-complexes di-
vergence values for saturation would tend to decrease
the Q values and hence increase the deviation from
unity.

Contrary to expectation, we found no positive se-
lection or increased amino acid polymorphism in the
200-bp-long stretch of the T-cell reactive site of dioxy-
genase in C. immitis (fig. 2), implying no strong selec-
tion for diversification of the pathogen in this region.
Indeed, an alignment of six dioxygenase proteins from
avariety of organisms, including the human, mouse, rat,
and the protist Tetrahymena, indicates that this stretch
is among the most well conserved in the entire molecule
(Wyckoff et a. 1995). Somewhat higher rates of ex-
pressed polymorphism were found in serine proteinase
and chitinase gene fragments, which are also thought to
be involved in the antigenic reaction of the host against
this pathogen (Koufopanou, Burt, and Taylor 1997,
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1998). These fragments were not included in this study,
as we were not able to amplify them in A. zuffianum or
U. reesii using primers designed from the C. immitis
sequence. Also surprisingly, there was very low poly-
morphism in the dioxygenase introns. there were only
two variable sites within group | of A. zuffianum, and in
U. reesii, there was no intron polymorphism within ei-
ther of the two taxa (table 3), although there was con-
siderable intron divergence among taxa in these two spe-
cies complexes. In C. immitis, only asingle variable site
was found previously among 317 intron sites from the
dioxygenase, serine proteinase and chitinase loci, a rate
of 0.3%, compared with 0.7% for third codon sites poly-
morphic within the two taxa (Koufopanou, Burt, and
Taylor 1997, 1998). Although low in polymorphism, in-
trons of different species complexes are so divergent,
with a number of insertionsg/deletions, that they cannot
be aligned unambiguously. Such disparity in the poly-
morphism and divergence of apparently neutral sites
might suggest very quick fixation of mutations arising
in these populations.

In short, we did not detect any significant deviation
of amino acid divergence from the neutral expectation,
as measured by the Q ratio of expressed and silent D/P
values, providing no evidence for positive Darwinian
selection by rapid fixation of favorable amino acids. In-
stead, the ratio was less than unity, suggestive of stasis
by elimination of mostly deleterious alleles. Slow evo-
lution and amino acid conservation were aso indicated
by the low values of expressed divergence aone, rela
tive to total divergence. Although powerful in providing
an intuitive null hypothesis for the detection of devia-
tions, these tests are weak in that if positive and negative
selection are acting on different sites or regions of the
same gene, they would tend to cancel each other out,
with the outcome possibly appearing as neutral evolu-
tion. Recent reviews have indicated that different re-
gions, or even sites, are very likely to be under different
selective pressures (Ngai et al. 1993; Golding and Dean
1998), thus making it very difficult to detect any partic-
ular type of selection when summing across sites. Fur-
thermore, the Q ratio is very sensitive to small changes
in the numbers of silent and expressed polymorphisms
within populations, which tend to be small, especially
when only potentially interbreeding populations are con-
sidered. Here, a stretch of 1,155 bp sequenced in atotal
of 25 isolates from 5 taxa and 3 loci was able to generate
only a small number of polymorphic sites and an even
smaller number of amino acid polymorphisms. A much
larger sample size would thus be required to remove this
sensitivity. No extreme heterogeneity was found among
regions of the same fragment in our data, including the
T-cell reactive site of dioxygenase.

Nevertheless, we did find significant heterogeneity
in the rates of evolution of the three loci considered
here. From comparisons across species, it is now obvi-
ous that proteins evolve at different rates, indicating dif-
ferences in selective pressures among different mole-
cules. Many proteins from distant organisms are greatly
conserved, implying strong negative selection. On the
other hand, surface antigens of parasites or viruses tend

to be under strong positive selection more frequently
than other genes (Endo, Ikeo, and Gojobori 1996). Few-
er studies have scaled the divergence among species to
the polymorphism within species (reviewed by Brook-
field and Sharp 1994), and again the results have been
mixed, with examples of positive (McDonald and Kreit-
man 1991; Eanes, Kirchner, and Yoon 1993; Kliman and
Hey 1993), neutral (Kliman and Hey 1993), and nega-
tive evolution (Nachman, Boyer, and Aquadro 1994).
The heterogeneity of findings probably reflects a true
heterogeneity in the mode of evolution of different
genes and populations.

Conclusions

Our study illustrates the utility of outgroupsin pop-
ulation genealogical analyses, as they allow rooting of
relationships within taxa. When close relatives are in-
cluded in the analyses, the extent of diversification with-
in taxa can also be evaluated. By combining data from
the three species, we established the monophyly of C.
immitis as a whole, and hence a single origin of path-
ogenicity in this fungus. Aswith C. immitis, cryptic spe-
cies were also revealed in both A. zuffianum and U. ree-
sii, the most divergent of which may have been repro-
ductively isolated for as long as 28 Myr. Our studies,
together with a few others, indicate that species desig-
nation based solely on phenotypic characteristics tends
to underestimate the number of fungal species by a fac-
tor of at least two. Our analysis also indicates, however,
that cryptic species are likely to be well within the ex-
isting framework of generic classification, as they all
represent subdivisions at the tips of deep monophyletic
clades. It is unclear at present whether the same will be
true for fungi other than those considered here.

Adaptation to the pathogenic lifestyle in C. immitis
does not seem to have been accompanied by accelerated
evolution or positive Darwinian selection in the three
protein fragments analyzed, one of which included are-
gion known to produce antigenic responses in humans.
Instead, our data suggest relative stasis by the action of
negative, purifying selection against mostly deleterious
amino acid changes.
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APPENDIX
List of PCR Primers
Primer Position® Primer (5'-3')
Chitin synthase (CHS1)
CSL........ 28 GGT GTC TTC AAGAAC ATC GA
CSAA* .. ... 525 CAT AAC CTT GAT CTC TCC AC
CS1l....... 28 GGC CTC TTC AAG AAT ATC GA
CS4*....... 488 GG TTC CAG GTC GAA GCC G
CS1A ... 52 ATG TGC TCT CGG ACA AAC AG
CS14A* .... 521 AC TTT GAT CTC CCC GCA AGC
Dioxygenase (4-HPPD)
DO7....... 825 GAG AAGATC CTC GGA TTC CA
DO10* ..... 1463 GC CCT GAA GIT GCC CGC
Orotidine decarboxylase (OMPD)
OR2....... 138 GCTC CTG GAT CTT GCT GAC
OR7* ...... 763 GG CGT CTG GTA CTG CTGACC
OR13...... 228 CTC GGT CCC TACATGGIC G
OR6* ...... 707 CGT GAA GAC GAC AAA ATC CTC

NoTte.—Consecutive primers were used as pairs. Asterisks indicate 3’ prim-
ers, presented as reverse complements to the original sequences.
aWith respect to sequence of reference in GenBank (see text for references).



