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Abstract

In fungi, chitin synthases have been classiWed into Wve classes according to diVerences in regions of high sequence conservation. The
current investigation was initiated to examine the causes for the polymorphism patterns found in a class II chitin synthase gene (chs2) of
Paracoccidioides brasiliensis, in an attempt to determine the evolutionary forces aVecting the chitin synthesis metabolic pathway. Neutral-
ity tests were applied to the chs2 sequences exhibited by P. brasiliensis species complex. According to these tests and based on non-synon-
ymous diVerences, P. brasiliensis data rejected the null hypothesis for a pure drift mutational process owing to a large excess of unique
polymorphisms. In contrast, the synonymous and intron site diVerences did not reject the null hypothesis. This pattern appears consistent
with weak selection against most amino acid changes, in which the eVect of background selection was not detectable at synonymous nor
at intron sites.
© 2007 Elsevier Inc. All rights reserved. 
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1. Introduction

Chitin, the �-1-4-linked polymer of N-acetylglucosamine,
is a Wbrous cellulose-like polysaccharide that serves as the
major structural component of the cell wall in many species
of fungi and as the exoskeleton in arthropods (Ruiz-Herrera
et al., 2002). In many species of yeasts, chitin is used to main-
tain the structure of the junction between the mother cell and
the bud, whereas in Wlamentous fungi chitin is usually the
major supporting component of the cell wall (Georgopapa-
dakou and Tkacz, 1995; Schmidt et al., 2003).

Paracoccidioides brasiliensis, a thermally dimorphic fun-
gal pathogen, is the etiological agent of paracoccidioidomy-
cosis (PCM), a systemic disorder restricted geographically
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to Central and South America and one of the most impor-
tant mycoses in the area, especially for the male rural popu-
lation. It has been estimated that a total of approximately
10 million individuals have been infected. Furthermore,
skin reactivity tests in healthy residents of certain endemic
areas have shown the presence of subclinical infections in a
large proportion of rural inhabitants (Brummer et al., 1993;
Restrepo, 2003). Despite its clinical importance in these
geographical areas, the epidemiology, population and evo-
lutionary studies of this fungus have been scarce. Previous
data indicate that this fungus consists of at least three dis-
tinct species. Two of those genetically isolated groups are
phylogenetic species: PS2, composed of Brazilian and Vene-
zuelan isolates and PS3, restricted to Colombia while S1, is
a paraphyletic species with a wide habitat range across all
the localities where PCM has been reported, except for
Colombia (Matute et al., 2006).

In P. brasiliensis, chitin represents as much as 43% of the
dry weight of the wall of the pathogenic yeast form and

mailto: dmatute@uchicago.edu
mailto: dmatute@uchicago.edu


358 D.R. Matute et al. / Fungal Genetics and Biology 44 (2007) 357–367
13% of the hyphal cell wall (San-Blas, 1985). The absence of
this polysaccharide from human cells makes its biosynthe-
sis a logical target for the development of antifungal antibi-
otics.

Chitin synthases have been classiWed into Wve classes
based on diVerences in regions of high sequence conser-
vation (Ruiz-Herrera et al., 2002). The functional impli-
cations of these various classes of isoenzymes are not yet
clear. In P. brasiliensis, a gene encoding for a class II chi-
tin synthase (chs2) has been reported (Nino-Vega et al.,
1998) becoming the most studied gene of the chitin
synthase synthesis pathway (Nino-Vega et al., 1998;
Nino-Vega et al., 2000). Despite the fact that yeast cells
contain more chitin than hyphae, the levels of mRNA
for CHS2 are higher in the latter than in the former. This
supports observations in other fungi in which transcrip-
tion levels do not often correlate with chitin content
indicating that post-transcriptional regulation of chs2
gene expression is important for morphogenesis (Nino-
Vega et al., 2000).

The current investigation was aimed at determining the
causes of the patterns of polymorphisms found in the chs2
gene in P. brasiliensis and deWning the evolutionary forces
aVecting the chitin synthesis metabolic pathway. The esti-
mation of gene genealogies from DNA sequencing drawn
from species or populations provides a powerful approach
to quantify mutation, selection, genetic random drift,
migration, and recombination.

Several types of selection have been described for molec-
ular sequences. Negative selection is deWned as any type of
selection where new mutations are selected against (Li,
1997). Background selection is a particular type of negative
selection that acts on slightly deleterious mutations and
causes a reduction in the amount of genetic variability at
linked neutral sites (Charlesworth, 1994; Charlesworth
et al., 1993; Hudson, 1994).

Positive selection, on the other hand, is any type of
selection where new mutations are advantageous. Posi-
tive directional selection occurs when successive amino
acid changes make a protein better adapted in a particu-
lar biological context, so the changes will tend to be
Wxed (Storz, 2005; Vallender and Lahn, 2004). Positive
diversifying selection is the natural selection strategy by
which multiple phenotypes in a population are favored,
resulting in an overall increase in genetic diversity
within the species (Li, 1997).

The central result of this study indicates that P. brasili-
ensis data rejected the null hypothesis of a pure drift
mutation process, owing to a large excess of unique poly-
morphisms in non-synonymous sites. In contrast, the syn-
onymous and intron site diVerences did not reject the null
hypothesis. Moreover, the positive selection hypothesis was
discarded for the coding region by the evaluation of nested
likelihood models. This pattern appears to be consistent
with weak selection against most amino acid changes, in
which the eVect of background selection is not detectable at
synonymous or intron sites.
2. Materials and methods

2.1. P. brasiliensis isolates and growth conditions

Sixty-Wve of the 67 P. brasiliensis individuals used in
this study have been described previously (Matute et al.,
2006). The entire sample encompassed individuals from
the three described P. brasiliensis species: S1 (nD 39), PS2
(nD 6) and PS3 (nD 22) and included six diVerent para-
coccidiodomycosis endemic areas (Supplementary Table
1). The samples analyzed have been previously deposited
in GenBank, Accession Nos. DQ004114 to DQ004243.
The two newly reported sequences have been deposited
in GenBank under Accession Nos. DQ640004 and
DQ640005. The corresponding cultures were grown as
reported previously (Diez et al., 1999). Total DNA was
extracted from the yeast culture with protocols using glass
beads (Van Burik et al., 1998) or maceration of frozen
cells (Morais et al., 2000).

2.2. PCR and sequencing conditions

OLIGO 4.0 (National Biosystems, Plymouth, Minn.)
was used to design the oligonucleotide primers (Operon
Technologies Inc., Alameda, CA) selecting two regions of
the chs2 locus: the promotor and the exon 1 were ampliWed
with 5�-GCAACTCTACCCCAGAGCAAGC-3� and 5�-G
GGTTCCAGGTCTTGGGCTAC-3� and the exon 2 to the
exon 4 region was ampliWed with the primers: 5�-CTTAAC
GGTGCCTTCTTTGCGG-3� and 5�-GTGAAAGTATT
GTTGCCCAGCG-3�. The other ampliWed regions were
the Exon 2 of glucan synthase (5�-TCCGAGTACGAGA
GAGTCCGC-3� and 5�-CCATCACCGATCCTATTTTG
CC-3�), exon 3 from �-glucan synthase (5�-TGGCATTCG
ATGTCTCAGC-3� and 5�-CTAATAGTCTTCCCCCAA
AC-3�) (DQ003855–DQ003983), exons 2–3 from adenyl
ribosylation factor (5�-TCTCATGGTTGGCCTCGATGC
TGCC-3� and 5�-GAGCCTCGACGACACGGTCACGA
TC-3�) (DQ004049–DQ004113).

The cyclic reaction termination method was done with
the Big-Dye Terminator Cycle Sequencing Kits (Applied
Biosystems, Foster City, CA) in order to determine the
nucleotide sequences. Sequence data were collected from
both strands and examined with Sequence Navigator v.
1.0.1 (Applied Biosystems). The sequences were aligned
manually, and coding regions were assigned by visual
inspection.

2.3. Substitution rate estimation

Seventy-Wve sequences composed of 18S ribosomal
RNA gene, internal transcribed spacer 1, 5.8S ribosomal
RNA gene, and internal transcribed spacer 2 were down-
loaded from GenBank. The individuals and the accession
numbers are registered in Supplementary Table 2. The
sequences were aligned using ClustalW (Thompson et al.,
1994).
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The most likely model of substitutions for this dataset
was determined by performing a series of likelihood ratio
tests of diVerent models using Modeltest version 3.04
(Posada and Crandall, 1998). Maximum Parsimony and
Maximum likelihood (Parmley et al., 1994) estimates of tree
topologies were obtained with PAUP¤ version 4.0b (Swo-
Vord, 2002). Trees were constructed from the data enforc-
ing molecular clock and without enforcing. In all ML
analyses, base frequencies and the transition/transversion
ratio from the data were estimated; to account for rate het-
erogeneity among sites, we used a gamma distribution
(Yang, 1993) estimating the alpha shape parameter from
the data. Likelihood values obtained were used to test het-
erogeneity rates across lineages by using the likelihood
ratio (LR) test (Felsenstein, 1988). SigniWcance was
assessed by comparing �TREED¡2¤LR, where LR is the
diVerence between the ¡ln likelihood of the tree, with and
without enforcing a molecular clock, with a �2 distribution
(with n¡2 degrees of freedom, where n is the number of
taxa).

The dates for the calibration points used in this study
were based on the Taylor et al. (2005) scale of time and
Redecker et al. (2000). Ages of clades were minimum
ages estimated conservatively for P. brasiliensis species
complex by the Wrst appearance of fossils clearly refer-
able to one of the 18S ribosomal RNA gene tree
included lineages based on morphological synapomor-
phies.

Because tests for heterogeneity rates among lineages
were highly signiWcant, we dated the nodes by using the
non-parametric rate smoothing (NPRS) method of San-
derson (1997). The 18S ribosomal RNA gene tree with
branch lengths was transformed into ultrametric trees by
using the NPRS method implemented in the software
TreeEdit version 1.0 (http://evolve.zoo.ox.ac.uk/software/
TreeEdit/main.html). To transform relative time to abso-
lute ages, we calibrated the trees by using dates from the
fossil record. We reapplied the NPRS procedure to 100
bootstrapped matrices obtained by re-sampling the data
using PAUP, in order to compute error estimates for the
ages inferred.

All distances were calculated using MEGA (Kumar
et al., 1994). For coding regions, rates of nucleotide substi-
tution were estimated by Nei and Gojobori distance
measures (Nei and Gojobori, 1986), as well as by fossil esti-
mates. To reduce the variance in absolute rate estimates,
information from all three sequences was used to estimate
substitution rates. We computed the average rate of chs2
non-synonymous and synonymous substitution since time
Ti according to the method proposed by Muse and Gaut
(1994).

The Xanking sequences of the microsatellite 11B12B
(FS11B12B: DQ673992–DQ674054) and the Xanking
sequences of microsatellite KL (FSKL: DQ674181–
DQ674243) from P. brasiliensis were obtained from Gen-
Bank and used to estimate the eVective population size
(Ne).
2.4. Estimates of recombination

Analysis of polymorphisms and estimation of recombi-
nation rates in the chs2 locus, were determined with the
DNASP program (Rozas et al., 2003). In those cases where
no incompatible sites were observed, the recombination
rate was zero. Parsimony analyses of polymorphic sites
were also performed. The observation of a consistency
index of one (homoplasy index equals zero) for the best tree
was synonymous with a lack of recombination. The infor-
mative Sites Index was also implemented using the
program PIST (http://evolve.zoo.ox.ac.uk/software/PIST/
PIST.html) (Worobey, 2001).

2.5. Codon-based likelihood analyses

Several likelihood-based tests were used to search for
evidence of positive selection using the CODEML program
of the PAML version 3.15 package (Yang, 1997; Yang and
Bielawski, 2000). For each model, equilibrium codon fre-
quencies were estimated from the average nucleotide fre-
quencies at each codon position, amino acid distances were
assumed to be equal, and the transition/transversion ratio
(�) was estimated from the data. For all other parameters,
we used the default settings (Yang and Bielawski, 2000).
Given the observed intraspeciWc variability and the lack of
homoplasy found in individual gene trees, we could assume
linkage between collinear sites (i.e., no recombination).

To verify which of the models best Wt the data, likeli-
hood ratio tests (�) were performed by comparing twice the
diVerences in log-likelihood values (�D¡2¤LR) between
two models using a �2 distribution, with the number of
degrees of freedom equal to the diVerence in the number of
parameters between the models.

To test variation in selection on diVerent branches, we
used six models implemented in PAML (Nielsen and Yang,
1998; Yang, 1997; Yang and Bielawski, 2000). A simple
model that assumes a constant � across all lineages (one-
ratio model, M0) was compared with a more general model
that assumes an independent � for each branch in the phy-
logeny (free-ratio model, M3). The one-ratio model (M0)
assumes one � for all sites. The discrete model (M3) uses a
discrete distribution with three site classes, with the propor-
tions (p0, p1, and p2) and the � ratios (�0, �1, and �2) esti-
mated from the data. Although M3 model is parameter rich
and as such, unlikely to produce accurate � estimates for
all branches (Swanson and Yang, 1998), it is nonetheless
useful for identifying lineages in which episodes of positive
selection might have occurred. Models of variable � among
sites were used to test for the presence of sites under posi-
tive selection (� > 1) and to identify them. Two of the mod-
els were used as null hypotheses for neutrality: the neutral
model and the beta model. The neutral model (M1)
assumes two classes of sites in the protein, the conserved
sites at which �D0 and the neutral sites that are deWned by
a �D 1. The beta model (M7) uses a � distribution of �
over sites: �(p, q), which, depending on parameters p and q,
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can take various shapes in the 0 to 1 interval. Two more
models allow sites with � > 1 and can be considered as tests
of positive selection. The selection model (M2) has an addi-
tional class of sites compared to the neutral model, in which
� is a free parameter and, as such, can change among resi-
dues. The beta and � model (M8) added an extra class of
sites to the beta model, estimating the proportion of � from
the data. We used the � values of each model to make 3
comparisons: to test for independence of � for each branch,
the one-ratio model (M0) was compared with the discrete
model (M3), positive selection; the neutral model (M1) was
compared with the selection model (M2); and the beta
model (M7) was compared with the beta and � model (M8)
using 4, 2, and 2 degrees of freedom, respectively (Yang and
Bielawski, 2000).

Finally, we identiWed particular sites in the genes that
were likely to have evolved under positive selection. This
was accomplished using an empirical Bayesian approach
previously proposed (Nielsen and Yang, 1998). Unknown
parameters in Bayes’ equation are Wrst estimated from the
data using the likelihood function as applied in the discrete
model (Nssites 3). Once these parameters had been esti-
mated, Bayes’ theorem was used to estimate the posterior
probability that a given site came from the class of
positively selected sites (Nielsen and Yang, 1998; Yang and
Bielawski, 2000; Yang et al., 2005).

2.6. Sequence diversity tests of neutrality

A number of tests have been developed to determine sig-
niWcant departures from neutral evolution of sequenced
data. Tajima’s statistic test represented by T (Tajima, 1989),
Fu’s statistic test (Fu, 1996), F, Fu’s and Li’s tests, D¤ and
F¤, respectively (Fu and Li, 1993), were calculated. The
expected diVerence between all these estimates should be
zero for a neutral drift-mutation process at equilibrium.
Tests of neutrality and determination of their associated
signiWcance were done by using the programs by Fu (http://
www.hgc.sph.uth.tmc.edu/fu/genealogy/test2/welcome.html)
(Fu, 1997). The tests for neutrality for FS11B12B and
FSKL loci were conducted with DNASP (Rozas et al.,
2003).

3. Results

3.1. Nucleotide sequence polymorphism

The DNA sequence for the chs2 locus was determined
for all 67 samples (Table 1). The region sequenced was 1162
bp in length, including 828 bp of exon sequence (part of
exon 1 and 2, all of exon 3, and part of exon 4) and 334 bp
of intron sequence (all of introns 2 and 3). There were 21
sites polymorphic for nucleotide substitutions, 16 in exons
and 5 in introns (Table 2). Neither insertion-deletion events
nor polymorphisms in the 5�UTR region (300pb) were
observed in the sequences studied. There was little apparent
bias towards transitions, as 12 transitions and 8 transver-
sions were observed. Of the 16 nucleotide substitutions
located in the coding regions, 5 of them were synonymous
and 11 non-synonymous. The frequency of each polymor-
phism is listed in Table 2. From the mutations located in
the chs2 exons, 7 of the non-synonymous substitutions were
non-conservative with regards to the simple biochemical
classiWcation of amino acids (i.e., polar, nonpolar, acidic,
basic, aromatic, and cysteine).

The most appropriate evolutionary model for the chs2
was GTR + I, with a log-likelihood value of ¡1767.19. The
GTR + I + G model had the same likelihood value but the
simplest model was preferred because of computational
time. The topology obtained by maximum parsimony and
maximum likelihood was the same and is represented in
Fig. 1. The nucleotide substitutions deWned 19 haplotypes
(Fig. 1 and Table 1). No more than 5 mutations separated
any two haplotypes.

3.2. Substitution rate estimation

From the analysis of the 18S region the tree represented
in Fig. 2 was obtained. The use of two calibration points
had little impact on the estimates of the age of nodes. The
Wrst estimates had been proposed by Taylor et al. (2005) in
which the divergence of Basidiomycetous and Ascomyce-
tous fungi was placed at 500 million years ago (mya). In this
case, the divergence date for P. brasiliensis PS2 and PS3
was 8.04 mya (SDD 1.17). The second date used to calibrate
the tree was the Glomalean fungal fossil 600 mya reported
by Redecker et al. (2000). When using the latter date, the
divergence was 8.37 mya (SDD 0.98). No signiWcant diVer-
ences were found between the two dates (tD1.9591,
pD0.0515).

The GB distance between S1 and PS2 for synonymous
substitutions in the chs2 locus was 1.244 (SED0.733) and
for non-synonymous 0.795 (SED0.318). For synonymous
substitutions the GB distance between PS3 and S1 was
0.706 (SED0.594) and for the non-synonymous substitu-
tions was 0.578 (SED0.203). These calculations made pos-
sible the application of the method proposed by Muse and
Gaut (1994) for the calculation of the substitution rate for
chs2, which was equal to 4.27£ 10¡8 non-synonymous sub-
stitutions per locus per year and 6.22£ 10¡8 synonymous
substitutions per locus per year.

The Jukes Cantor distance for FS11B12B locus between
PS2 and S1 was equal to 0.012 (SED 0.004) and between S1
and PS3 was 0.019 (SED0.008). In the FS56 case the dis-
tance between S1 and PS2 equaled 0.017 (SED 0.007) and
between S1 and PS3 was 0.005 (SED 0.003). The substitu-
tion rate for FS11B12B equaled 9.259£ 10¡9 per locus per
year and for FS56 was 6.57£ 10¡10 per locus per year.

Paracoccidioides brasiliensis is a haploid organism
(Almeida et al., 2007) in which �D 2 ¤ � ¤ Ne (Rannala,
1996; Rannala and Hartigan, 1996), where � is the esti-
mator of nucleotidic diversity, � is the mutation rate and
Ne is the eVective population size of the population. The
Ne was established from � calculated according to the

http://www.hgc.sph.uth.tmc.edu/fu/genealogy/test2/welcome.html
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Table 1
Distribution of nucleotide polymorphisms in the chs2 gene loci of P. brasiliensis species complex

Position 27 30 72 122 143 144 333 1963 1972 1976 2133 2240 2286 2289 2361 2369 2411 2424 2469 2473

E E E E E E E E E E I E E E I I I E E E
Amino acids
Consensus D S L Q S L E F A Y D Y T M T V
Substitutions E P F . . V Q L . D . H P R N .

Nucleic acids
B1 T T C A T C G T T T C T T A G A A T C C
B2 . . . . . . . . . . . . . . . . . . . .
B3 . . . . . . . . . . . . . . . . . . A .
B4 . . . . . . . . . . . . . . . . . G . .
B5 . . . . . . . . . . . . . . . . . G . .
B6 . . . . . . . . . . . . . . . . T G . .
B7 . . . G A . . . . . . C . C . . T G . .
B8 . . . . . . . . . . . C C . . . . . . .
B9 . . . . . . . . . . . . . . . . . . . .
B10 . . . . . . . . . . . . . . . . . . . .
B11 . C . . . . . . . . . C . . . . . . . .
B12 . . T . . . . . . . . . . . . . . . . .
B13 . . . . . . . . . . . C . . . . . . . .
B14 . . . . . . . . . . . . . . . . . . . .
B15 . . . . . . . . . . . C . . . . . . . .
B16 . . T . . . C . . . . . . . . . . . . .
B17 . . T . . . . . . . . . . . . . . . . .
B18 . . . . . . . . . . . C . . A . . . . .
B19 . . T . . . . . . . . . . . . . . . . .
B20 . . . . . . . . . . . . . . . . . . . .
B21 . . . . . G . . . . . C . . . G . . . .
B22 . . T . . . . . . . . . . . . . . . . .
B23 . . . G A . . . . . . C . . . . . . . .
B24 . . . . . . . . . . . . . . . . . . . .
B25 . C . . . . . . . . . C . . . . . . . .
B26 . . . . . . . . . . . . . . . . . . . .
B27 . . . . . . . G . . . . . . . . . . . .
C1 . . . . . . . . . . T C . . . . . . . .
C2 . . . . . . . . . . T C . . . . . . . .
C3 . . . . . . . . . . T C . . . . . . . .
C4 . . . . . . . . . . T C . . . . . . . .
C5 . . . . . . . . . . T C . . . . . . . .
C6 . . . . . . . . . . T C . . . . . . . G
C7 . . . . . . . . . . T C . . . . . . . .
C8 . . . . . . . . . . T C . . . . . . . .
C9 . . . . . . . . . . T C . . . . . . . .
C10 . . . . . . . . . . T C . . . . . . . .
C11 . . . . . . . . . . T C . . . . . . . .
C12 . . . . . . . . . . T C . . . . . . . .
C13 . . . . . . . . . . T C . . . . . . . .
C14 . . . . . . . . G . T C . . . . . . . .
C15 . . . . . . . . . . T C . . . . . . . .
C16 . . . . . . . . . . T C . . . . . . . .
C17 . . . . . . . . . G T C . . . . . . . .
C18 . . . . . . . . . . T C . . . . . . . .
C19 . . . . . . . . . . T C . . . . . . . .
C20 . . . . . . . . . . T C . . . . . . . .
C21 . . . . . . . . . . T C . . . . . . . .
C22 G . . . . . . . . . T C . . . . . . . .
V1 . . . . . . . . . . . C . . . . . . . .
V2 . . . . . . . . . . . C . . . . . . . .
V3 . . . . . . . . . . . C . . . . . . . .
V4 . . . . . . . . . . . C . . . . . . . .
V5 . . . . . . . . . . . C . . . . . . . .
V6 . . . . . . . . . . . C . . . . . . . .
U1 . C . . . . . . . . . C . . . . . . . .

(continued on next page)
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Tajima parameters for each one of the species and the
estimated mutation rate. In our calculations � was
obtained from absolute time, rather than from the num-
ber of generations. The generation time of P. brasiliensis
has not been measured in nature; therefore, to convert
mutation rates from number of mutations per locus per
year to number of mutations per locus per generation we
used a constant, G, that represents the number of genera-
tions per year. The Ne estimates for each species were
also calculated with the loci that showed no selective
pressures and a neutral evolutionary mode. The esti-
mated eVective size of each species, proportional to G, is
presented in Table 3.

3.3. Estimates of recombination

One implication of the low polymorphism reported
for the chs2 is that the apparent rate of recombination is
much reduced in comparison with organisms in which
the degree of polymorphism is higher and recombina-
tion is detectable. The estimate of the recombination
parameter in chs2 (Rm: Minimal number of recombina-
tion events) for each one of the species and for the spe-
cies complex was equal to 0, showing the absence of
recombination in chs2. Similarly, the IST results showed
no signiWcant deviation for any of the species from the
null hypothesis of clonality, because in the three species
equaled zero. The only strain that presented recombina-
tion was B17 (Fig. 1).

3.4. Positive selection tests: Codon-based likelihood analyses

Log-likelihood values and parameter estimates under
each model are listed in Table 4. Selection models did not
provide a better Wt to the data; comparisons of M2 neutral
model yielded � values of 0.0 (dfD2, P < 0.0001). Likewise,
Table 1 (continued)

The numbers indicate positions in the reference sequences; dots indicate nucleotides or amino acids identical to the consensus sequence. N, Non-synony-
mous; S, Synonymous; R, transversion; T, transition.

Position 27 30 72 122 143 144 333 1963 1972 1976 2133 2240 2286 2289 2361 2369 2411 2424 2469 2473

PE1 . . . . . . . . . . . C . . . G . . . .
A1 . . . . . . . . . . . C . . . G . . . .
A2 . . . . . . . . . . . . . . . . . . . .
A3 . . . . . . . . . . . . . . . . . . . .
A4 . . . . . . . . . . . . . . . . . . . .
A5 . . . . . . . . . . . . . . . . . . . .
A6 . . . . . G . . . . . C . . . G . . . .
A7 . . . . . . . . . . . . . . . . . . . .
A8 . . . . . . . . . . . . . . . . . . . .
P1 . . . . . G . . . . . C . . . G . . . .
P2 . . . . . G . . . . . C . . . G . . . .
Table 2
Polymorphism characteristics in the sample of chs2 from P. brasiliensis species complex

R, transitions; T, transversitions.

Position Frequency Change R or T Base Amino acid Class Base Amino acid Class

Exon regions
a 27 1/67 N R T Asp Acidic G Glu Acidic
b 30 3/67 N T T Ser Polar C Pro Iminoacid
c 72 5/67 N T C Leu Nonpolar T Phe Aromatic
d 122 2/67 S T A Gln — G Gln —
e 143 2/67 S R T Ser — A Ser —
f 144 4/67 N R C Leu Nonpolar G Val Nonpolar
g 333 1/67 N R G Glu Acidic C Gln Polar
h 1963 1/67 N R T Phe Aromatic G Leu Nonpolar
i 1972 1/67 S R T Ala — G Ala —
j 1976 1/67 N R T Tyr Aromatic G Asp Acidic
l 2240 21/67 S T C Asp — T Asp —
m 2286 1/67 N T T Tyr Aromatic C His Aromatic
n 2289 1/67 N R A Thr Polar C Pro Iminoacid
r 2424 4/67 N R T Met Nonpolar G Arg Basic
s 2469 1/67 N R C Thr Polar A Asn Polar
t 2473 1/67 S R C Val Nonpolar G Val Nonpolar

Intron regions
k 2133 21/67 T C — T —
o 2361 1/67 T G — A —
p 2369 6/67 T A — G —
q 2411 2/67 R A — T —



D.R. Matute et al. / Fungal Genetics and Biology 44 (2007) 357–367 363
tests between beta (M7) and beta and � (M8) models did
not support positive selection (�D0.0, P < 0.0001). The
free-ratio model (M3) was compared with a model that
assumes a constant � across all lineages (M0) by perform-
ing a � test with 6 degrees of freedom, and the model
assuming a constant rate of � across all lineages (M0)
could not be rejected for chs2 (�D18.64, P < 0.0001). The �

Fig. 1. Minimum spanning tree showing chs2 haplotype relationships in
P. brasiliensis species complex. Letters in adjacent branches represent spe-
ciWc polymorphisms. The black dots represent non-sampled haplotypes.
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value (0.798) shows a slight non-signiWcant departure from
neutral hypothesis towards weak negative selection. No evi-
dence of � variation among lineages or among sites was
found.

3.5. Sequence diversity tests for neutrality

Neutrality tests were applied to the chs2 sequences of
the P. brasiliensis species complex and their associated
signiWcance levels determined by Fu’s program (Fu, 1997)
as summarized in Table 5. Partitioning the data into
groups (e.g., exon, intron, synonymous, non-synonymous)
allowed comparison of the evolutionary dynamics
between groups. When the entire data set was taken into
account, the tests always gave signiWcant results. For the
chs2 exon sequence data, all tests revealed statistically sig-
niWcant values, while none of them were signiWcant for the
intron sequence data. Further partitioning of the data
into synonymous and non-synonymous sites showed sta-
tistically signiWcant values for the latter sites but not for
former. The distribution of synonymous and intron poly-
morphisms thus conform to neutral expectations. Taken
together, it appears that the excess of singleton amino
acid replacements at the non-synonymous sites is respon-
sible for the signiWcant statistical values at higher levels of
site classiWcation.

The other 4 loci were not aVected by selection and all of
them were evolving under the neutral expectations (Table 4).
Fig. 2. Maximum likelihood tree of the 18S ribosomal unit of fungi, rooted at Zygomecetes and Glomus sp. sequences, based on nucleotide sequences.
Sequences were obtained from the Gen Bank and their numbers are speciWed in Supplementary Table 1. The dates for the calibration points on the time
scale of Taylor et al. (arrow A) and Redecker et al. (arrow B) are marked with an arrow. Ages of clades are estimated conservatively for P. brasiliensis
species complex (arrow C).
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4. Discussion

The central result of this study concerns the chs2 data
whereby the null hypothesis of a pure drift mutation pro-
cess was rejected on the bases of the available statistical

Table 3
Estimates of eVective population size (Ne) and recombination using syn-
onymous and non-synonymous sites from the studied regions of chs2

G, number of generations per year.

Ne/G Rm IST

Synonymous Non-synonymous

P. brasiliensis sensu lato 43442 43442 0 0
S1 9405 36182 0 0
PS2 41237 16510 0 0
PS3 21623 10304 0 0
	 115707 106438 0 0
tests employed. Moreover, the substitution rate for this
gene was calculated from previous 18S ribosomal DNA
sequences.

Many sources of error, as well as bias, can aVect molecu-
lar-based estimates of divergence times. Obviously, an
incorrect topology will yield erroneous estimates although
the magnitude of the problem depends on the extent of the
topological error. Likewise, inaccurate calibration will bias
the resulting estimates for other divergences. Equally seri-
ous, however, are the well known heterogeneous rates of
evolution among lineages, and a failure to recognize such
heterogeneity can compromise resulting estimates of diver-
gence times (Bromham and Penny, 2003). A further poten-
tial source of error is the method used to estimate
divergence dates. As the phylogenetic tree that we obtained
clearly portrayed a violation of the molecular clock, an
alternative method designed to accommodate rate incon-
stancy was used; in this way we managed the problem
Table 4
Likelihood values, parameter estimates, and sites under positive selection as inferred under the six models proposed to calculate � over codons, and
applied to each of the three studied loci

Locus Model LR Parameter estimate dN/dS Positively selected sites (p > 0.90)

chs2 One-ratio (M0) ¡543.328036 0.798 0.798 None
Neutral (M1) ¡543.33861 p0D 1.00000 �o D 0.00000 Not allowed

p1D 0.00000 �1 D 0.79797
Selection (M2) ¡543.32813 p0D 0.00000 �0 D 0.79797

p1D 0.00000 �1 D 1.00000
p2D 0.00000 �2 D 1.00000

Free-ratio (M3) ¡543.33145 p0D 0.03490 �0 D 0.30405 None
p1D 1.00000 �1 D 0.79797
p2D 0.00000 �2 D 1.09596

Beta (M7) ¡543.328141 p D 99.00000 qD 25.06039 0.7982 Not allowed
Beta & w (M8) ¡543.328665 p0D 1.00000 p D 98.99999 None

q D 21.60530
(p1 D 0.00000) �D 1.00000

Glucan synthase One-ratio (M0) ¡847.265924 0.1132 0.1132 None
Neutral (M1) ¡847.265924 p0D 1.00000 �o D 0.11324 0.1132 Not allowed

p1D 0.00000 �1 D 1.00000
Selection (M2) ¡847.265924 p0D 1.00000 �o D 0.11324 0.1132

p1D 0.00000 �1 D 1.00000
p2D 0.00000 �2 D 3.00000

Free-ratio (M3) ¡847.265924 p0D 0.03490 �o D 0.11330 0.1132 None
p1D 0.91236 �1 D 0.11324
p2D 0.05274 �2 D 0.11328

Beta (M7) ¡847.266062 p D 12.68894 qD 99.00000 0.1133 Not allowed
Beta & w (M8) ¡847.266081 p0D 1.00000 p D 12.73125

q D 99.00000
(p1 D 0.00000) �D 1.00000

arf One-ratio (M0) ¡543.328036 0.798 0.798 None
Neutral (M1) ¡543.328036 p0D 1.00000 �o D 0.00000 Not allowed

p1D 0.00000 �1 D 0.79797
Selection (M2) ¡543.328036 p0D 0.00000 �0 D 0.79797

p1D 0.00000 �1 D 1.00000
p2D 0.00000 �2 D 1.00000

Free-ratio (M3) ¡543.328036 p0D 0.03490 �o D 0.30405 None
p1D 1.00000 �1 D 0.79797
p2D 0.00000 �2 D 1.09596

Beta (M7) ¡543.328141 p D 99.00000 qD 25.06039 0.7982 Not allowed
Beta + w (M8) ¡543.328665 p0D 1.00000 p D 98.99999 None

q D 21.60530
(p1 D 0.00000) �D 1.00000
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created by interspersed long and short branches as revealed
by the topology, thus allowing us to estimate the divergence
date of the species of P. brasiliensis.

As recently described, P. brasiliensis exhibits recombina-
tion (Matute et al., 2006). Nevertheless, the intraspeciWc
polymorphism degree was shown to be small. In cases like
this when polymorphism is low, the apparent recombina-
tion rate should also be greatly reduced in comparison with
species with higher polymorphism levels. Although recom-
bination may occur, the resulting recombinant products are
usually identical to the pre-recombination states. In keep-
ing with this expectation, the Rm and the IST estimates for
each species as well as for the species complex, equaled zero
(Table 4).

Several likelihood-based tests were used to search for
evidence of positive selection using the CODEML program
of the PAML package. Codon-based substitution models
have been widely used to identify amino acid sites under
positive selection in comparative analysis of protein-coding
DNA sequences. Statistical distributions have been used to
model the variation in � among sites; some sites can have a
� value above 1 and, as such, be under positive selection,
while the rest of the sequence may be under purifying selec-
tion with � below 1. If models M2 and/or M3 describe the
data signiWcantly better than models M1 and M0, and if at
least one of the estimated values of � is >1, the studied
genetic region is under positive selection (Nielsen and
Yang, 1998; Yang and Bielawski, 2000). The sites of chs2
appeared to have evolved in a uniform way, as shown by
the fact that the model of one-ratio of � over sites (M0)
could not be rejected.

Models M7 (�-model) and M8 (� + �-model) are similar
because they model the distribution of � among amino acid
positions as a �-distribution and estimate the parameters of
that distribution. M8 diVers from M7 in including an addi-
tional category of sites that are not part of the �-distribu-
tion. A test of whether M8 Wts the data signiWcantly better
than M7 thus constitutes a formal test to determine
whether positive selection has acted or is acting. M8 has
been described as the most accurate of the models (Anisim-
ova et al., 2002) and in this case predicted that none of the
amino acid sites had a � > 1, with signiWcant Bayesian pos-
terior probabilities (Table 4). Results from maximum-likeli-
hood models of codon evolution indicate that the
replacement mutations within the chs2 gene are not caused
by positive selection. Neutrality tests were applied to evalu-
ate an alternate hypothesis as demographic events, selective
sweep and background selection.

The changes in the population size and a selective sweep
are only distinguishable when theta estimates based on
genes from diVerent regions of the genome are compared
(Cummings and Clegg, 1998). For this reason, theta was
also calculated for two other coding genes as well as for
three additional non-coding genes. A bottleneck would
aVect all loci, whereas the impact of selective sweep would
be conWned to the region associated with the locus that had
been subject to it.

Recovery from a population bottleneck or a recent
demographic expansion are both expected to lead to a tran-
sient excess of rare variants, but this would be true for all
sites (synonymous and non-synonymous and the other 4
loci) and consequently, this explanation does not appear
consistent with the observed data (Ramakrishnan et al.,
2005). Similarly, a selective sweep is not consistent with the
distribution of synonymous and intron polymorphism
because the recovery from a selective sweep would have the
same consequences as a recovery from a bottleneck for the
region associated with a single locus (Nielsen et al., 2005).

Having rejected the population size changes and the
selective sweep hypotheses, attention should be given to the
background selection hypothesis, in which the distribution
of neutral sites could be skewed towards an excess of rare
Table 5
Estimates of nucleotide diversity (�), and test statistics across the studied regions of chs2

The asterisk marks the tests that are signiWcant at a P D 0.05 level.

Region Length, bp � 
 T D F D¤ F¤

chs2
Overall 1162 0.00405 0.00159 ¡1.55¤ ¡2.462¤ ¡2.41¤ ¡2.25¤ ¡2.261¤

Introns 334 0.00559 0.00468 ¡0.615 0.048 ¡0.192 0.062 ¡0.177
Exons 828 0.00405 0.00159 ¡1.762¤ ¡3.023¤ ¡2.909¤ ¡2.803¤ ¡2.752¤

Synonymous 204.3 0.00513 0.00319 ¡0.896 ¡0.968 ¡1.062 ¡0.921 ¡1.023
Non-synonymous 620.7 0.00371 0.00107 ¡1.882¤ ¡2.967¤ ¡2.925¤ ¡2.785¤ ¡2.789¤

Glucan synthase
Overall 1152 0.002 0.00131 ¡1.223 ¡0.888 ¡1143 ¡0.816 ¡1.081
Introns 84 0.00534 0.00716 0.288 0.704 0.643 0.702 0.64
Exons 1068 0.00197 0.00125 ¡1.509¤ ¡1.279 ¡1.539 ¡1.193 ¡1.467
Synonymous 266.61 0.00633 0.00332 ¡1.307 ¡1.02 ¡1.264 ¡0.956 ¡1.209
Non-synonymous 801.39 0.00053 0.00008 ¡1.239 ¡0.977 ¡1.181 ¡0.949 ¡1.157

arf
Overall 407 0.00311 0.00244 ¡1.402¤ ¡0.679 ¡1.038 ¡0.638 ¡0.999
Introns 158 0.00541 0.00509 ¡1.259 ¡0.187 ¡0.599 ¡0.168 ¡0.579
Exons 249 0.00742 0.00534 ¡0.934 ¡0.977 ¡1.076 ¡0.949 ¡1.052
Synonymous 66.12 0 0 — — — — —
Non-synonymous 182.88 0.00152 0.00052 ¡0.934 ¡0.977 ¡1.076 ¡0.949 ¡1.052
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alleles owing to their linkage association with negatively
selected mutations (Charlesworth, 1994).

Several features of the data obtained appear consistent
with the background selection hypothesis of the chs2 locus.
(i) Background selection is expected to be ampliWed in spe-
cies in which there is random-assortative mating and in
regions in which no genetic recombination is occurring
(Charlesworth, 1994; Charlesworth et al., 1993).

There is no evidence for recombination within each one
of the species for this gene. (ii) The amino acid replace-
ments in the sample are all unique, as would be expected in
the presence of weak negative selection. However, to ensure
that selection against deleterious mutations is the most
important reason of the observed distribution of non-syn-
onymous changes, the following additional facts deserve
consideration: (i) there are nearly twice as many non-syn-
onymous polymorphisms as synonymous polymorphisms
in the sample (seven versus four); (ii) there appears to be no
restriction on the kinds of amino acid changes accepted;
(iii) the frequency of deleterious genes in haploid species
should be very low; (iv) the Ne values calculated from the
polymorphism in chs2 are lower than the Ne values calcu-
lated from regions that evolve neutrally, and (v) the esti-
mates of eVective population size are relatively large for the
neutral genes, so small selective values should be eVective.
These observations point to very weak negative selection
on the amino acid replacements at non-synonymous sites.
The mere fact that 7 non-synonymous changes were
observed in a relatively large sample (67 diVerent isolates)
implies either very weak selection or some force favoring
rare variants.

The distribution of synonymous and intron sites was not
perturbed toward a signiWcant excess of rare alleles as
would be predicted by the background selection hypothesis.
T value is negative for synonymous and intron sites, but it
is too weak to lead to a signiWcant perturbation in the dis-
tribution. As the observed data pertain to a limited region
of the chromosome rather than to whole chromosomes
(Charlesworth et al., 1993), it is possible that there may be a
background eVect. This result would appear to suggest
rather weak selection at the whole chromosome level, con-
sidering that diVerent chromosomal regions may be aVected
by diVerent patterns of selection. Because of the very
reduced levels of polymorphism within each one of the P.
brasiliensis species and the low recombination levels
observed in this region, the observed data could be more
likely explained by the selective forces that aVect loci over
most of the chromosome. Consequently, the factors that
have inXuenced the sequence diversity at chs2 may be deter-
mined by other kind of factors that are not observable. The
dynamics at chs2 may be inXuenced by selection at other
loci on the same chromosome, but at a considerable dis-
tance from chs2. This explanation would help to account
for the large number of amino acid replacements detected
in the sample, since selection at this locus may be moder-
ated by selection operating at other chromosomal loci and
not directly over it.
For future studies of fungal nucleotide sequence diver-
sity it will be important to focus on other genetic loci and
ask whether the processes aVecting diVerent loci are hetero-
geneous within genomes and lineages. With data from more
individuals and more loci, we hope to acquire better knowl-
edge about the forces that have shaped the molecular diver-
sity in P. brasiliensis species complex.
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