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ABSTRACT

Although the clinical aspects of Prneumocystis carinii pneumonia are well characterized, the basic biology
of the causative organism is poorly understood. Most proposed life cycles of P. carinii include both asexual
and sexual replicative cycles. The two most prominent morphological forms are a trophic form, thought
to undergo asexual replication by binary fission, and a cystic form or ascus containing intracystic bodies
or ascospores, the products of sexual replication. To facilitate the Pneumocystis genome project, a P.
carinii f. sp. carinii genomic cosmid library and an additional N cDNA library were generated. A partial
expressed sequence tag database, created as part of the genome project, revealed the transcription of
meiosis-specific genes and other genes related to sexual reproduction. The ortholog of Ste3, an a-factor
pheromone receptor, was cloned and genes surrounding the ste3 locus were examined. Clustered around
the ste3 gene are genes encoding elements functional in the pheromone response signal transduction
cascade of model fungal organisms. These include the Ste20 protein kinase, the Ste12 homoeodomain
transcriptional regulator, a potential pheromone mating factor, and other DNA-binding proteins. The
genomic organization of the ste3 locus bears significant similarity to that of the mating locus recently
described in Cryptococcus neoformans. The P. carinii genome contains much of the genetic machinery
necessary for pheromone responsiveness, and these data support the existence of a sexual replication

cycle.

HE organisms known as “Pnreumocystis carinii” are

in fact a family of related fungal pathogens mani-
festing genetic and phenotypic differences. Originally
classed as protozoans, they have been reclassified as
ascomycetous fungi on the basis of 16S ribosomal se-
quence (EDMAN et al. 1988; STRINGER et al. 1989). Phylo-
genetic analyses place them in a deep basal branch
within the kingdom fungi in the archaeascomycetes,
with their closest extant relative being the fission yeast
Schizosaccharomyces pombe. Although genetic comparisons
clearly support a relationship with S. pombe, similarities
in biological aspects between these organisms have not
been adequately assessed.

Most proposed life cycles of P. carinii include both
asexual and sexual replicative cycles, although little ex-
perimental evidence is available to confirm these pro-
posed mechanisms (CusHION 1998a,b). Life cycle stud-
ies have been limited to microscopic and ultrastructural
observations of organisms isolated from infected mam-
malian lungs, as the lack of a robust, long-term culture
has precluded detailed dynamic studies. The two most
prominent morphological forms noted are a trophic
form, thought to undergo asexual replication by binary
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fission, and a cystic form or ascus containing intracystic
bodies or ascospores, the products of sexual replication.
Evidence for sexual replication is limited to rare reports
of synaptonemal complexes, which are structures formed
during meiotic recombination of sister chromatids on
electron micrographs of early precysts of P. carinii (MAT-
suMOTO and YOsHIDA 1984).

Stringer proposed a system for classification of the
members of the Pneumocystis family of organisms based
on genetic comparisons (STRINGER 1996). The highest
level of divergence (class III) was observed in Pneumo-
cystis populations obtained from different mammalian
hosts. Class II divergence occurred between organisms
within a single mammalian host. The genetic divergence
observed within the class II and class III levels is consis-
tent with bona fide species differences in other yeast. In
recognition of these differences, a system of nomencla-
ture that uses the mammalian host to define the popula-
tion of P. cariniiwas adopted by the scientific community
following the tenets of the Botanical Code. Thus, organ-
isms from human beings are P. carinii f. sp. hominis, and
those from mice, P. carinii f. sp. mus, for example. P.
cariniif. sp. cariniiand P. cariniif. sp. rattiare two popula-
tions found within rat lungs and exhibit class II diver-
gence (CusHION et al. 1993). Class I divergence was the
lowest level with differences ranging from 0-0.8% in
the gene sequences and from 2-4% in the internal tran-
scribed sequence of the rRNA gene regions. Organisms
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with this level of divergence have been found in human
beings and rats.

Functional genomics can greatly facilitate our under-
standing of complex biological systems. This is especially
pertinent in organisms, such as P. carinii, where direct
experimentation is difficult. A P. carinii genome project
has recently been launched to help understand the basic
biology of these organisms (CusHION and ARNOLD
1997). A physical map and genome sequence of a rat-
derived population, P. carinii f. sp. carinii, are antici-
pated to be produced upon completion of the project.
Creation of a partial expressed sequence tag (EST) data-
base as part of the project revealed the transcription
of orthologs of meiosis-specific genes and other genes
related to sexual reproduction (http://www.biology.uky.
edu/Pc; http:/www.gene.genetics.uga.edu). Such genes
included mekl, a meiosis-specific kinase, and ste3, the
a-mating factor pheromone receptor.

Genetic loci determine sexual compatibility resulting
in mating-type phenotypes of fungi. With regard to mat-
ing type, fungi may be heterothallic (self-sterile), where
gamete nuclei must arise from parents of different mat-
ing types, or homothallic (selffertile), where gamete
nuclei are genetically identical and mating type cannot
be defined. Pseudohomothallism arises when organisms
are self-fertile but the gamete nuclei are not identical.
In Saccharomyces cerevisiae, a pseudohomothallic ascomy-
cete, haploid strains switch mating types, giving rise to
progeny of opposite mating types that can then fuse.
Organization of mating-type loci may range from sim-
ple, two-mating-type loci containing transcription fac-
tors that regulate the expression of pheromone-respon-
sive genes scattered throughout the genome, as seen in
S. cerevisiae and in the heterothallic ascomycete, Newro-
spora crassa (KRONSTAD and STABEN 1997; HABER 1998).
More complex tetrapolar mating loci have been de-
scribed in many filamentous basidiomycetes. In the
mushrooms, Schizophyllum spp. and Coprinus spp., two
unlinked loci are designated A and B, and each have
subloci designated o and 3. The Aloci contain transcrip-
tional factor genes regulating nuclear pairing, hook cell
formation fusion, and other functions. The genes at the
B loci encode multiple pheromones and pheromone
receptors (VAILLANCOURT et al. 1997; CAssELTON and
OLESNICKY 1998; O’SHEA et al. 1998; FOWLER et al.
1999). The most complex mating locus described has
been reported in the heterothallic basidiomycete Crypto-
coccus neoformans where the a-mating locus extends over
50 kb. Here a two-allele (idiomoph) single mating locus
contains genes encoding transcription factors, multiple
pheromones, a pheromone receptor, and components
of the pheromone responsive signal transduction path-
way, including Ste20, Stel2, and Stell (MoOORE and
EpMaN 1993; WICKES et al. 1997; Karos et al. 2000; J.
HEITMAN, personal communication).

In the present study, the Ste3 ortholog was cloned
and genes surrounding this putative G-coupled trans-

membrane receptor were examined. The genomic orga-
nization of the ste3 locus bears significant similarity to
the mating locus recently described in the heterothallic
basidiomycete C. neoformans. These data support the
hypothesis that P. carinii has a sexual cycle.

MATERIALS AND METHODS

Isolation of organisms and genomic DNA: Karyotype form
1 P. cariniif. sp. carinii organisms were isolated from the Iungs
of an individual chronically immunosuppressed rat. Male
Lewis rats (140-160 g) received weekly injections of 4 mg
methylprednisolone acetate for 8-12 weeks to provoke the
infection and sterilized water with 0.2 mg/ml cephadrine (Vel-
osef; Squibb, Princeton, NJ) to prevent secondary bacterial
infections. Organisms were extracted from the lungs of rats
with severe pneumonia by homogenization of the minced
lung tissue in a Stomacher 80 lab blender (Fisher Scientific,
Cincinnati, OH) as previously described (LINKE el al. 1989).
After homogenization, organisms were collected by centrifu-
gation; red blood cells were lysed in 0.85% (w/v) NH,CI (pH
6.8) for 10 min at 37°, and the remaining material was washed
twice in RPMI-1640 (Life Technologies, Grand Island, NY).
Organisms used for library construction were filtered exhaus-
tively (10-12 times) through 10-um filters to remove re-
maining host cell contamination. After isolation, each organ-
ism preparation was enumerated by microscopic methods,
divided approximately in half, and prepared for (1) pulsed-
field gel analysis by embedding in 0.8% (w/v) low meltagarose
(HoNG et al. 1990) and (2) cryopreservation by suspension
in RPMI 1640 supplemented with 7.5% (v/v) DMSO and 10%
(v/v) fetal bovine serum, followed by storage in liquid nitro-
gen. Populations were characterized by karyotype profiles pro-
duced by contour-clamped homogeneous electric field
(CHEF) electrophoresis. DNA was transferred from the CHEF
gels to nylon under neutral conditions, UV crosslinked to the
nylon membranes, and hybridized under standard conditions
to a-*P-labeled DNA probes, as previously described (Cush-
10N 1998b).

Genomic DNA was isolated for cosmid library construction,
for restriction digestion, and for Southern blotting from aga-
rose-embedded organisms. Agarose plugs were melted at 70°
and diluted fivefold in TE buffer. An equal volume of saturated
phenol was added and the aqueous phase separated by centri-
fugation through PhaseLock gel (Eppendorf, Westbury, NY).
The extraction and separation through PhaseLock gel was
repeated with phenol:chloroform:isoamyl alcohol and finally
chloroform:isoamyl alcohol, and the DNA was precipitated
with ammonium acetate and ethanol, according to vendor
instructions. The chromosomal-sized DNA was gently reconsti-
tuted in TE buffer and quantified by comparative ethidium
bromide staining to known DNA standards. Restriction diges-
tion of genomic DNA was performed under standard condi-
tions, resolved by electrophoresis on a 0.65% (w/v) agarose
gel, and transferred to positively charged nylon membrane
under alkaline conditions. After UV crosslinking, prehybrid-
ization and hybridization were performed in Perfect Hyb solu-
tion (Sigma, St. Louis) at 60° with appropriate a-*P-labeled
probes. Membranes were stripped with boiling 1% SDS prior
to reuse.

Cosmid library construction: Form 1 P. carinii f. sp. carinii
was selected for study in the genome project because it was
the most prevalent population in surveys of commercial rat
vendors (CusHION 1998b). The form 1 P. carinii f. sp. carinii
preparation that was cloned into the cosmid vector pWEB
(Epicentre Technologies, Madison, WI) was shown to lack
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visible host DNA, as assessed by CHEF gels stained with SYBR-
Gold (Molecular Probes, Eugene, OR) and visualized under
UV light. DNA in an agarose block was purified using
Phaselock PLG 1 light tubes (Eppendorf). Twenty micrograms
of this DNA was randomly sheared by passage through a 23-
gauge needle to generate fragments between 35 and 45 kb.
Sheared fragments were blunt ended with an enzyme mixture
containing T4 DNA polymerase and T4 polynucleotide kinase
for 45 min at room temperature. Fragments, similar in size
to T7 DNA (35-40 kb), were size selected by gel electrophore-
sis in SeaPlaque GTG agarose (BioWhittaker Molecular Appli-
cations, Rockland, ME). The low-melt agarose plug containing
these fragments was treated with B-agarase (Epicentre Tech-
nologies) for 30 min at 45° and the DNA was isolated by
ethanol precipitation. A total of 250 ng of this DNA was ligated
to manufacturer-prepared Smal-digested dephosphorylated
PpWEB cosmid vector. The pWEB-P. carinii genomic DNA liga-
tion mix was packaged in two aliquots using MaxPlax packag-
ing extract (Epicentre Technologies) and used to transfect
Escherichia coli strain EPI103, and plated on Luria broth (LB)-
carbenicillin (50 pg/ml) plates. A total of 2486 colonies were
picked into microtiter well plates of LB carbenicillin broth
(50 pg/ml), grown overnight, and cryopreserved. Plates were
shipped to Dr. Jonathan Arnold (Department of Genetics at
the University of Georgia in Athens), where they were repli-
cated and robotically arrayed on nylon membranes in a 4 X
4 high-density array with duplicate colony spotting (KELKAR
et al. 2001).

c¢DNA construction: Total RNA was isolated from cryopre-
served form 1 P. carinii f. sp. carinii using Trizol reagent (Life
Technologies). To enrich for mRNA, the RNA was fraction-
ated by passage over an oligo(dT) column (Stratagene, La
Jolla, CA). mRNA was converted to hemi-methylated cDNA
using Moloney murine leukemia virus reverse transcriptase in
the presence of methyl-dCTP according to manufacturer’s
conditions (Stratagene). Double-stranded cDNA was ligated
to EcoRI linkers and digested with Xhol (within the oligo(dT)
primer) and FEcoRI to facilitate cloning. The cDNA was ligated
undirectionally between EcoRI and Xhol sites into NZAPII ac-
cording to manufacturer’s instructions (Stratagene). One-
fourth of the ligation reaction was packaged with MaxPlax
packing extract and used to infect E. coli XL1-blue cells to
generate 5 X 10° primary transformants. One hundred thou-
sand unamplified phage were rescued with Exassist helper
phage in SOLR cells (Stratagene) to generate a library in
pSKII for EST sequencing. The remainder of the primary
library was subjected to a single round of amplification to
yield a final amplified library at a titer of 1 X 10" pfu/ml
Individual clones from the replicated cDNA library are avail-
able from American Type Culture Collection (Manassas, VA;
http:/www.atc.org).

Isolation of Ste3 cDNA: A candidate ste3 EST was identified
from the searchable P. carinii EST database located at the
University of Georgia and created by Michael Weise (http:/
www.gene.genetics.uga.edu/Pc). To isolate a full-length ste3
cDNA, 50,000 P. carinii cDNA NZapll phage were screened
with an [a-**P]dCTP-labeled ste3 probe generated by PCR am-
plification from P. carinii EST s16D3 template. Twelve phage
plaques were isolated following hybridization screening of 5 X
10* pfu. Anchor PCR was performed using vector primers in
combination with s16D3 gene-specific primers to characterize
which plaques extended to include the 5" and 3’ ends of
the Ste3 cDNA. PCR was performed using 7Taq polymerase
(Promega, Madison,WI), HotStartTaq polymerase (QIAGEN,
Santa Clarita, CA), or Pfu polymerase (Promega) with appro-
priate buffers and conditions defined by the specific primers.
PCR products were cloned into pCR2.1 using the TOPO-TA
cloning kit (Invitrogen, Carlsbad, CA) and sequenced using

vector primers T7 and M13rev. A full-length cDNA was gener-
ated by PCR amplification of the longest ste3 cDNA clone
using a primer located at the predicted translational start and
within the vector 3’ to the insert cloning site, and the full-
length transcript was cloned into pCR2.1. Sequence analysis,
sequence translation, and protein secondary structure analysis
were performed using DNAMAN software (Lynnon BioSoft,
Montreal, Quebec).

Cosmid screening and isolation: High-density array filters
of 2486 cosmid clones were hybridized under standard condi-
tions with an [a-*P]dCTP-labeled ste3 probe generated by
PCR amplification from P.carinii EST s16D3 template (KELKAR
et al. 2001). The membranes were stripped in boiling 1%
(w/v) SDS and reprobed as necessary with additional PCR-
generated probes. Five hybridizing cosmid clones were identi-
fied when the cosmid library was probed with the ste3 probe.
One clone (W15A6) was selected for further analysis. Cosmid
DNA was isolated from a 500-ml culture of organisms grown
in LB-carbenicillin (50 wg/ml) broth using a QIAGEN large
construct DNA isolation kit according to manufacturer’s in-
structions. The W15A6 P. carinii genomic insert was liberated
following Nodl digestion and isolated from the cosmid vector
by gel electrophoresis. Insert DNA was sonicated to yield frag-
ments between 0.5 and 4 kb. Fragmented DNA was blunt
ended and phosphorylated using T4 DNA polymerase and T4
polynucleotide kinase under standard conditions. Fragments
between 1 and 3 kb were isolated by gel electrophoresis and
recovered by adherence to silica glass milk (Geneclean;
Biol01, Vista, CA). Cosmid fragments were ligated into de-
phosphorylated EcoRV-digested pSKII+ using T4 DNA ligase
and transformed into E. coli Top 10 competent cells (In-
vitrogen). One hundred and fifty recombinant clones were
identified by blue/white screening, and plasmid DNA was
isolated using a QIAGEN Turbo 96 kit on a Qiarobot 3604.
Clones were sequenced at the Molecular Genetics Core Facility
at the University of Georgia using T7 and T3 sequencing
primers. The sequence of cosmid W15A6 has been deposited
in GenBank with the accession no. AF309805.

Informatics and software: DNA analysis and manipulation
were performed using DNAMAN version 3.2 software (Lynnon
BioSoft). Blast analysis was performed using Blast 2.1 against
the National Center for Biotechnology Information (NCBI)
nonredundant (nr) database via the NCBI webserver (http:/
www.ncbi.nlm.nih.gov/blast). Sequence assembly was per-
formed using assembly functions within DNAMAN and by
CAP3 contig assembly software via a webserver at http:/
www.gcg.tigem.it/ASSEMBLY/assemble.html. Analysis for tran-
scription factor binding sites was performed using MatInspec-
tor V2.2 at the GSF National Research Center for Environment
and Health (http:/www.gsf.de/cgi-bin/matsearch.pl). Align-
ment of DNA and protein sequences was performed using
ClustalW 1.8 at http:/www.dot.imgen.bcm.tmc.edu.9331/
multi-align.

RESULTS

Pc ste3 encodes a putative pheromone receptor: Anal-
ysis of the P. carinii ESTs released on the Pneumocystis
genome website (http:/www.biology.uky.edu/Pc/) re-
vealed an EST, s16D3, with homology to a pheromone
receptor Rcb3 of Coprinus cinereus. The s16D3 clone was
isolated from the arrayed cDNA library, and plasmid
DNA was purified and sequenced in its entirety. The
clone contained a 700-bp open reading frame (ORF)
that demonstrated homology to the a-factor pheromone
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FicUure 1.—Schematic representation
of the ste3 gene locus, mRNA structure,
and protein. (A) The structure of the
ste3 gene within W15A6 is depicted with

the coding region shaded gray. The posi-

i

2

tion of the transcriptional start, transla-
tional start, and stop is identified. The
two introns are shaded in black. (B) Two
ste3 mRNA transcripts (B1 and B2) arise
as a result of alternative splicing of the
second intron. cDNAs corresponding to
439 each class of transcript were detected in
the NZAP cDNA library. The initial EST
clone, s16D3, in which homology to
pheromone receptors was detected, was
generated as an internal fragment (B3A)
primed from an internaltract of As. Ad-

ditional ESTs (s20D1 and s14G9) corresponded to the shorter transcript (B3B). (C) Ste3p encodes a seven-transmembrane
G-coupled receptor. The alternatively spliced transcripts give rise to 439- or 301-amino-acid residue polypeptides (C1 and C2),
respectively. The seven membrane-spanning helixes (shaded black) are conserved between both putative proteins, while alternative

transcripts generated the intracytoplasmic tails of varied length.

receptor Ste3p of S. cerevisiae. On the basis of the EST
sequence, primers were designed to amplify an internal
fragment for use in hybridization screening of the P.
carinii cDNANZAP library. Candidate clones were identi-
fied by hybridization screening, and anchor PCR was
performed to identify NZAP clones extending to include
the 5" and 3’ ends of the ste3 cDNA. Sequence analysis
of the longest A clone revealed a 5" untranslated region
of 299 bp followed by a 1317-bp ORF and 90-bp 3’
untranslated region (Figure 1B).

The open reading frame, bounded by an ATG start
codon in a favorable Kozak orientation, encoded a puta-
tive 439-amino-acid protein with a predicted molecular
weight of 45 kD. Secondary structure analysis of the
putative polypeptide predicted a short extracellular hy-
drophilic domain, seven membrane-spanning a-helical
domains, and a long intracytoplasmic tail (Figure 1C).
BlastX analysis (at default settings performed with the
NCBI GenPept database) revealed significant homology
to several G-coupled pheromone receptors, e.g., Ste3p
of S. cerevisiae, Pralp of Ustilago maydis, and BB 1p of S.
commune, extending through the membrane-spanning
regions (Figure 2). The predicted protein includes a
histidine asparagine-rich carboxy-terminal tail. Similar
simple sequence repeats are seen in the intracytoplas-
mic tails of a number of pheromone receptors such as
BB1p of Schizophyllum commune. No significant homology
was noted to any serpentine receptors other than phero-
mone receptors.

The sequence of full-length ste3 cDNA was used to
reexamine the EST database to detect additional ste3
related ESTs. The original EST, s16D3, appeared to be
an internal fragment primed by the oligo(dT) primer
from an internal stretch of 10 adenine residues at posi-
tion +500 (relative to the translational start; Figure 1B).
Two additional ESTs, s20D1 and s14G9, were identified
by BlastN analysis of the EST database with significant

homology to the ste3 cDNA. These cDNAs were identical
to the ste3 cDNA through position 1180 (Figure 1B).
These cDNAs were predicted to encode a 301-amino-
acid polypeptide identical to the initial 301 amino acids
of Ste3p (Figure 1C). Comparison with the ste3 gene
sequence revealed that these cDNAs arose through alter-
native splicing of the second intron of ste3.

Gene density of cosmid W15A6 containing ste3: Genes
encoding pheromone receptors may be located within
mating loci, as described in C. cinereus, S. commune, and
C. neoformans (O’SHEA et al. 1998; FOWLER et al. 1999;
Karos et al. 2000). To better understand the genomic
context of the P. carinii Ste3p pheromone receptor, the
ste3 gene was cloned from a P. carinii genomic library.
The organization surrounding the ste3 gene was ex-
plored by sequencing the pWEB cosmid W15A6, one
of five cosmids strongly reactive to the ste3 amplicon
used as probe. The WI15A6 insert was fragmented by
random shearing, subcloned, and sequenced to a 3X
overall coverage. Sequences were assembled using CAP3
assembler into 18 contigs. Closure of the gaps was
achieved by PCR using primers designed at the end of
each contig. Amplicons were directly sequenced, and
sequence results were reassembled to generate contigu-
ous sequence spanning the entire 32,083-bp insert.

Putative gene sequences within the cosmid sequence
were identified by a combination of three in silico meth-
odologies. BlastX analysis identified 14 segments with
significant homology [probability values (P) <107°] to
sequences within the NCBI database. The coding region
of each of these putative genes was determined on the
basis of homology to coding sequences of identified
orthologs, positioning of potential introns to maintain
the open reading frame, and from comparison to EST
sequence or sequence amplified from P. carinii cDNA.
These approaches revealed 14 genes encoded within
the WI15A6 genomic segment and 1 gene originating
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in a flanking sequence but extending into the W15A6
cosmid (Table 1, Figure 3). The W15A6 sequence is
the first extensive segment of P. carinii genomic DNA
examined. The insert of W15A6 was localized to chro-
mosome 1, the largest-sized chromosome of this 15-
band profile (Figure 4). To establish a naming conven-
tion, genes were named PCC (P. carinui f. sp. carinii) A
(for genes on chromosome 1) 001-015 (Table 1, col-
umn 1). Eight genes bore homology to genes of known
function in other organisms. On the basis of the degree
of sequence similarity, these eight P. carinii genes were
named after their orthologs or functions according to
recent suggestions by J. R. Stringer and M. T. Cushion
(STRINGER and CusHION 1998) (Table 1, Columns 1
and 2). Six genes were encoded on the Watson strand
of DNA (as defined by the coding strand of the ste3
gene) while nine genes were encoded by the Crick
strand of DNA (Figure 3). The borders of the putative
open reading frame of each gene are depicted in Table
1, column 3. To identify additional genes not recognized
by homology search of GenBank, BlastN analysis was
performed against sequences within the P. carinii EST
database. This identified 17 ESTs encoded from se-

NI TPLIEWHWRARNVATLSE IIWLEY:
PLIEWHWRABNVATLS IRWL

FiGURE 2.—Sequence similarity of
pheromone receptors. Alignment of the
amino-terminal 300-amino-acid residues
of six fungal pheromone receptors dem-
onstrates significant sequence similarity.
Alignments that were performed using
the ClustalW alignment algorithm show
sequence identity (dark shading) and
similarity (light shading) between Ste3p
of P. carinii (PcSte3p), Ste3p of S. cerevis-
iae (ScSte3p), Rcb1.42p of C. cinereus
(CcRcb1.42p), BB1p of S. commune (ScoB-
betalp), Map3p of S. pombe (SpMam2p),
and Pralp of U. maydis (UmPralp). All
aligned pheromone receptors bind
alike lipopeptide mating factor.

quences within the W15A6 insert. These included the
8 of the 15 potential genes identified by BlastX search
against the NCBI database. Extended intergenic regions
were also searched for potential open reading frames
using the ORF search function of DNAMAN.

The open reading frames of all gene sequences identi-
fied were interrupted by introns (Table 1, column 4).
The number of introns identified ranged from 1 to 7
introns per gene with an average of 3.66 per gene se-
quence or 1 intron per 475 bases of coding sequence.
Introns were bounded by consensus donor and acceptor
sites and ranged in length from 31 to 235 bases. The
average intergenic distance was 498 bases but ranged
from 1938 bases between A003 and A004 to —618 where
genes A013 and AOl4 are transcribed off opposite
strands and overlap for 618 bases, giving a gene density
of one gene/2139 bases for the region examined.

Pc ste3 locus is flanked by genes functional within a
putative pheromone response pathway: W15A6 contained
three genes encoding proteins predicted to function
within a pheromone response pathway. These included
the pheromone receptor ste3 (A002), the ortholog of
the ste20 protein kinase (A008), and the stel2 transcrip-
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TABLE 1
Sequence homology-based assignment of genes in P. carinii cosmid W15A6
Homologous sequence
Gene and accession no. Gene location Introns EST Comments
A001 Glutathione synthetase 46-844 2 s35F9 5’ end of gene in flanking
gshl Gsh2p sequence
P35669
A002 Ste3 1,359-2,775 2 s16D3 a-factor pheromone receptor
ste3 B24670 s20D1
s14G9
A003 Rimlp 3,456-2,942 2 sb0B9 Zinc-finger single-stranded
S$23548 s37D4 DNA binding protein
A004 Stel2 ?-5,426 Homeodomain Transcription
stel2 A33540 factor
A005 YDR124w 8,889-7,254 2 Nuclear transport protein
$52689
A006 YAWC 10,390-9,655 2 s40D6 Helix-loop-helix
T38713 s8F2 DNA-binding protein
A007 T40649 12,475-10,594 4 s18E11 YER124w homologue
A008 Ste20 15,664-13,024 7 Protein kinase
ste20 AF162330
A009 Sucrose carrier 18,086-15,925 7 Sucrose carrier
scal T38541
A010 Na/H+ exchanger 18,200-20,207 7 Na/H+ exchanger
nhxl Q04121
A011 MTS2 20,729-22,230 3 shE11 26S protease
mis2 P36612 Regulatory subunit 4
A012 AL034583 25,662-22,496 s17H6 Hypothetical protein
A013 797052 25,727-28,180 7 s39B6 Hypothetical protein
A014 Glycyl-tRNA 30,445-28,216 9 s20E9 Glycyl-tRNA
grsl Synthetase s30H10 Synthetase
T38704
A015 YDS4 30,669-31,645 1 Hypothetical coiled-coil
yds4 T38834 protein
Frcure 3.—Genetic map of the
W15A6 cosmid W15A6. Schematic repre-
sto3 sentation of the 32,083-bp geno-
A0O1 AD02 A010 A0 AQ15 mic DNA insert of cosmid W15A6
S . s = e i containing 15 gene sequences
—h —— (A001-A015) encoding the ser-
! DI:I T 1T |"|:|| i r mm il ! ! IEI pentine receptor, Ste3, and 14
l 6418 1 2!;36 19l53 25671 32(L89 other predicted proteins is shown.
T T T T T ' ' Six genes encoded on the sense
A003  AOD4  AQD5 AQ06 AGO7  AO0B  AQ09 AD12 A014 strand are depicted above the se-
1 ; p3 P-4 P_s ;6 p-7 ',; quence line, while nine genes en-
coded on the antisense strand are
depicted below the sequence line.
W19D7 i Predicted EcoRI sites within the
> sequence are marked “E.” The
w188 positions of hybridization probes
W13D10 — (P1-P8) used in the experiments
> described are shown below the se-
wiss12 quence. The relative positions of
W24G10 > seven overlapping cosmids used in
— s a chromosomal walk to define the

ste3 locus are shown below the
WI15A6 sequence line.
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FIGURE 4.—Chromosomal localization of ste3. Chromo-
somes of P. carinii were separated by CHEF pulsed-field gel
electrophoresis, visualized by Sybr Gold staining, and trans-
ferred to nylon membranes for Southern hybridization. Iso-
lates of P. carinii f. sp. carinii forms 1-9 were separated in
lanes 2-10, while an isolate of P. carinii f. sp. ratti was electro-
phoresed in lane 11. A mixed isolate P. carinii f. sp. carinii
form 1 and P. cariniif. sp. rattiwas loaded in lane 12. Fourteen
chromosomal size bands between 686 and 316 kb are visualized
by Sybr Gold staining. (A) For clarity, the inverse image of
the fluorescent image is shown. Hybridization with an ste3
probe (P2 in Figure 3) localized to 686-kb chromosome 1 (B)
in all P. carinii f. sp. cariniiisolates and to 345-kb chromosomes
in P. carinii f. sp. ratti isolates. Hybridization with an mis2
probe (P7) co-localized to chromosome 1. Sizes of selected
chromosomes within a P. carinii f. sp. carinii form 1 pattern
are shown on the left in A.

tional activator (A004). Ste20p protein kinase, activated
in response to mating factor binding to the appropriate
pheromone receptor, phosphorylates the mitogen-acti-
vated protein (MAP) kinase kinase kinase, Stell, within
the pheromone-responsive MAP kinase cascade (LEB-
ERER et al. 1992; MARCUS et al. 1995). Stel2p, a homeo-
domain transcription factor phosphorylated following
activation of the pheromone-responsive MAP kinase cas-
cade, binds to pheromone response elements (PRE)
mediating increased transcription of genes in the pres-

ence of pheromone (KIRKMAN-CORREIA ef al. 1993).
Two additional genes (A003 and A006) encoded puta-
tive DNA-binding protein, which may also function in
the regulation of a signal transduction pathway.

PCCA002 corresponded to ste3, the putative serpen-
tine pheromone G-coupled receptor. On the basis of
the cDNA and EST sequence analysis, the open reading
frame appeared to have two alternative 3" mRNA struc-
tures resulting from alternative splicing (Figure 1B). In
both transcripts, the ORF initiated with a translational
start at position 1359 and spliced out a 46-bp intron
between positions 1888 and 1933. A shorter ORF encod-
ing a predicted 301-amino-acid residue peptide resulted
from use of a stop codon located at position 2415 within
the cosmid sequence. This splice alternative matched
the ESTs, s20D1 and s14G9, and a recently released
mRNA sequence determined by Thomas and co-workers
(GenBank accession no. Aa007236). The alternative
splicing product present in the AZAP ¢cDNA clone 2G2,
identified by hybridization screening, resulted from the
excision of a second intron between positions 2412 and
2462, extending the open reading frame to a stop codon
located at position 2775 and resulting in a 439-amino-
acid polypeptide (Figure 1, A and C).

The intergenic region between PCCA001 and ste3 is
predicted by Matlnspector, a predictor of transcrip-
tional regulation sites, to contain recognition sites for
the S. cerevisiae transcriptional regulators Mcmlp and
al, involved cooperatively in mating-type-specific gene
regulation (DoLAN and F1eLDSs 1991). Flanking the puta-
tive ste3 gene is a potential short ORF on the Crick
strand encoding a peptide of 35 amino acids ending in
the prenylation motif -CAAX common to all a-factor-
like pheromones (SHEN et al. 1999). As ste3 encodes
an a-factor receptor, the expected pheromone to be
expressed in conjunction with this would be an a-factor
pheromone; thus the significance of this potential ORF
is unknown.

The putative gene, PCCA004, contained an ORF with
homology to the homeodomain region of the transcrip-
tion factor Ste12p of a variety of ascomycetous and basid-
iomycetous fungi, with greatest homology to the Stel2a
protein of C. neoformans (WICKES et al. 1997). The ORF
could not be extended by the presence of introns either
upstream or downstream of the homeodomain region.
The accuracy of the sequence was verified by compari-
son within the putative Stel2 region of the sequence in
two overlapping, independent cosmids, WI0H12 and
W19D7. The partial ORF A004 may represent a pseu-
dogene, with a functional stel2 gene located elsewhere
within the genome. Hybridization of the stel2 probe
(Figure 3, P3) to a Southern blot of P. carinii chromo-
somes separated by CHEF pulsed-field gel electrophore-
sis and a Southern blot of P. carinii genomic DNA di-
gested with multiple restriction enzymes provided no
evidence of a second stel 2gene within the genome (data
not shown).
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To determine if the stel2 ortholog, A004, was tran-
scribed, Northern analysis was performed and N phage
containing A004 cDNA were sought in the AZAP cDNA
library. Three prime anchor PCR using the A\cDNA li-
brary as template confirmed the presence of cDNAs
terminating 90 bp downstream of the stop codon identi-
fied immediately following the third helix of the homoe-
domain motif of the putatitive Stel2 ORF (KIRKMAN-
CORREIA et al. 1993). Northern analysis using a probe
generated to the homeodomain encoding region of
A004 revealed hybridization with a 4-kb RNA transcript
(datanotshown). An adjacent gene, PCCA005, encoded
on the same strand as A004 encodes an ortholog of the
S. cerevisiae ORF YDR124w (Table 1). Northern analysis
using a PCCA005 probe (Figure 3, P4) identified a 4-kb
transcript, identical in size to the RNA species identified
by a probe to the adjacent gene PCCA004, suggesting
that these constitute a single gene or a polycistronic
mRNA transcript. Yeast Stel2p contains multiple func-
tional domains including a DNA-binding domain, tran-
scriptional activation domains resulting in basal and
inducible transcription induction, and a domain re-
quired for cooperation with the transcriptional regula-
tor Mcm1p (KIiRKMAN-CORREIA el al. 1993). Structural
variation has been described among other fungal Stel2p
homologs. Although all Ste12p homologs contain a ho-
meodomain, the C. neoformans Stel2p also contains a
zinc-finger DNA-binding domain (WICKES et al. 1997).
Full characterization of gene products arising from
A004 and A005 will require additional experimentation.

PCCAO008 encoded the P. carinii ortholog of the pro-
tein kinase Ste20, an element of the pheromone-respon-
sive kinase cascade interacting with Cdc42 and Stell.
The Ste20 ORF is interrupted by seven introns ranging
in size from 48 to 235 bp in length. The predicted P.
carinii Ste20 protein demonstrates high homology to
both the kinase domain and the Cdc42-binding domains
of multiple Ste20-like proteins (MARCUS et al. 1995; LEB-
ERER et al. 1996).

Transcriptional regulators are important components
of all mating-type loci. Two genes, PCCA003 and
PCCA006, encoded two putative DNA-binding proteins
that may play a role in the regulation of a pheromone
response pathway. These genes encoded orthologs of
the zinc-finger single-stranded DNA-binding protein
Rimlp of S. cerevisiaeand the helix-loop-helix DNA-bind-
ing protein YAWC of S. pombe, respectively.

WI15A6 contains genes apparently unrelated to signal
transduction: In addition to the genes described above
encoding proteins potentially active within a phero-
mone response pathway, nine additional genes were
identified with W15A6. These gene products have no
apparent relationship to pheromone response path-
ways. However, examination of pheromone-responsive
genes in S. cerevisiae has identified many classes of genes
previously not known to be mating related. In addition,
unrelated genes, such as a myosin gene described within

the MATwo locus of C. neoformans, may be found within
mating loci (KARros et al. 2000).

Gene PCCAO01 encoded a polypeptide with signifi-
cant amino acid similarity to glutathione synthetase
from a variety of microorganisms, but with greatest ho-
mology to the glutathione synthetase of S. pombe. ORF
PCCAO001, encoded on the Watson strand, extended
from the left border of W15A6 encoding the carboxy-
terminal 200-amino-acid residues of glutathione synthe-
tase. An overlapping cosmid W12G3 extended the ORF
an additional 280 bp upstream.

Additional genes in the cosmid WI15A6 with signifi-
cant homology to genes of known function encoded
a putative sucrose transporter (PCCA009), a Na/H™
exchanger (PCCA010), the MTS2p subunit of the 26S
proteasome complex (PCCAO11), and a glycyl tRNA syn-
thetase (PCCAO014). Four genes, PCCA006, PCCAO012,
PCCAO013, and PCCAO015, were homologous to hypo-
thetical open reading frames in S. pombe with lesser
homology to related genes in S. cerevisiae, encoding pro-
teins of unknown function. Transcription of each identi-
fied gene sequence was confirmed by Northern blot
analysis, identification of corresponding ESTs, or
cDNAs.

Location of the signal transduction cluster within the
genome: Clustering of genes encoding mating-related
signal transduction elements including a pheromone
receptor, pheromones, Stell, Stel2, Ste20, DNA-bind-
ing proteins, and transcription factors was previously
reported within the mating locus of the heterothallic
basidiomycete C. neoformans (MOORE and EDMAN 1993;
KaRros et al. 2000; J. HEITMAN, personal communica-
tion). The clustering of signal transduction genes in-
cluding the pheromone receptor identified within P.
carinii may represent either a mating locus, a silent do-
nor site for genes to a mating locus, or a clustering of
signal transduction genes. To help differentiate these
possibilities, alternative genes or alleles (idiomorphs)
were sought that may occupy the same genomic locale
in other P. carinii organisms and the copy number of the
ste3 gene and other genes within or flanking a potential
mating locus or silent donor site was determined.

Hybridization screening of the arrayed P. carinii cos-
mid library with a ste3 probe identified five cosmids.
When the library was rescreened using a probe to the
glutathione synthase gene (Figure 3, P1), the same five
cosmids were identified (Figure 3, W19D7, W18D8). A
chromosomal walk in the opposite direction using an
A010 probe (Figure 3, P6) identified eight cosmids that
hybridized with the A010 probe but not with an A001
or ste3 probe (Figure 3, W13D10, W13B12, W24C10).
Screening with an A011 probe (Figure 3, P7) identified
one cosmid that hybridized to the A0l11 probe but did
not hybridize with either the A010 or ste3 probes (Figure
3, W18G1). End sequence analysis of cosmid W12G3
extended the sequence contig border 280 bp upstream
of the left border of W15A6 into the glutathione synthe-
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tase gene. Cosmids overlapping WI5A6 to the right
failed to identify any alternative gene sequence linked
to the genes A010 or AO11. All cosmids extending to
the right had the same gene organization as W15A6
by both end sequence analysis (Figure 3) and by PCR
amplification using primers specific for each predicted
gene within WI5A6 (data not shown).

Southern blot analysis was performed on P. carinii
genomic DNA separated by pulsed-field gel electropho-
resis to determine the chromosomal location of ste3 and
other genes within WIbA6 across different P. carini
populations with class I and class II divergence (CusH-
10N 1998b). Blots were hybridized with probes comple-
mentary to genes A001, A002, and AO11 (Figure 4). All
probes from WI15A6 hybridized only with the 686-kb
chromosome 1 of P. carinii f. sp. carinii. The P. carinii
chromosomal blot contained samples of nine forms of
P. carinii f. sp. carinii as well as P. carinii . sp. ratti. The
first chromosome in all of the karyotype forms carried
ste3, gsh, and mis2 with equivalent signal intensity, sug-
gesting that similar linkage between ste3 and adjacent
genes is found in these other P. cariniif. sp. carinii forms.
The genes appeared linked in P. carinii f. sp. ratli as in
P. carinu f. sp. cariniz but were localized to a 345-kb
chromosome, the 13th chromosome in this organism.

In an attempt to determine the gene copy number
of some of the elements with W15A6, densitometric
analysis of the blots probed with gsil, ste3, and mits2
was performed. In a mixed mating-type population of a
heterothallic or pseudohomothallic organism, the gene
copy number of ste3 within the population would be
lower than that of a gene not within the mating locus.
The “difference” in gene copy number would represent
those organisms where the a-factor receptor ortholog,
ste2, lay within the mating locus. Densitometric analysis
demonstrated a 1:1 ratio of the signal intensity when
probed with ste3 (Figure 3, P2) compared to the same
blots probed with each of the other probes, demonstra-
ting that the copy number of ste3, AOO1, and AOI1
is the same. Thus, these populations did not contain
organisms where AOO1 and AO11 were present but ste3
was absent, or such organisms were present as a small
minority of the population at a level where such changes
could not be detected.

To further analyze gene copy number and gene link-
age, genomic P. carinii f. sp. carinii form 1 DNA that was
isolated from six heavily infected animals was restriction-
enzyme digested and subjected to Southern analysis us-
ing probes to A001, A002, A004, A009, A011, and A013.
The hybridization patterns were identical among all six
P. carinii f. sp. carinii isolates (data not shown). The
hybridization patterns with probes complementary to
A001, A002, A004, and A009 correlated with the pre-
dicted restriction sites within the W15A6 sequence and
was consistent with a single copy of these genes. Under
high stringency conditions, an additional 5-kb restric-
tion fragment hybridized with a probe complementary

F1GUre 5.—Southern hybridization of genes within W15A6.
Southern hybridization of P. cariniif. sp. carinii genomic DNA
digested with EcoRI (lanes E) or HindIIl (lanes H) was per-
formed using hybrization probes specific to genes within cos-
mid W15A6. Following hybridization, blots were washed under
conditions of high stringency (0.2X SSC, 0.2% SDS at 60° for
30 min). Hybridization to P. carinii DNA by gsh1 (P1 in Figure
3) is shown in A, ste3 probe (P2) in B, sca probe (P6) in C,
mts2 probe (P7) in D, and A013 probe (P8) in E. DNA size
markers are shown on the left.

to AO11, suggesting the presence of restriction polymor-
phism in the DNA flanking the probe or the presence
of an Mts2 paralogue (Figure 5). Restriction fragment
polymorphism was also noted with an A013 probe. The
presence of a second mts2 gene within the genome was
not supported by the hybridization pattern seen on the
P. carinii chromosomal blot, where hybridization occurs
only to chromosome 1, unless the second gene is also
located on the same chromosome. In addition, all 14
cosmids identified in the P. carinii genomic library had
genomic organization consistent with that detected in
WI5A6.

DISCUSSION

The Pneumocystis genome sequence project was
launched as a community-wide effort to rapidly gain
information of biological significance to aid in the un-
derstanding of this intractable organism. The first data
available from the project included 3896 P. carinii ESTs,
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reflecting a partial inventory of genes expressed in or-
ganisms isolated from a heavily infected mammalian
host. These data have already been used to show correla-
tion between the in vitro sensitivity to inhibitors of sterol
biosynthesis and the presence of the targeted enzymes
within the P. carinit EST database (KANESHIRO et al.
2000).

The sequence data presented here represent the first
examination of a large contiguous section of the P.
carinii f. sp. carinii genomic sequence and provide a
framework for expectation of the completed P. carinii
f. sp. carinii genome sequence. The full complement of
genes in P. carinit f. sp. carinii would be predicted to be
~3740 genes if one considers the genome size of 8 Mb
and the gene density of W15A6. This is slightly lower
than previous estimates of 4000 genes made prior to
the availability of any gene density analysis (STRINGER
and CusHION 1998). However, a unique structural as-
pect of the P. carinii f. sp. carinii genome (and likely
other genomes in this family of organisms) is the extent
of repetitive gene families and repetitive DNA sequences
at the end of each chromosome. An 11-kb telomeric A
clone has previously been sequenced and contained the
telomeric repeats, subtelomeric repeated sequences,
and members of the major surface glycoprotein (MSG)
gene family, MSG-related (MSR) gene family, and the
protease (PRT) gene family but did not extend into
unique single copy gene sequences (WADA and NAKA-
MURA 1994). Similar arrays occur on each chromosome
although the topology of each telomere end remains
to be resolved. With a conservative estimate that 11 kb
is devoted to MSG/MSR/PRT arrays at each end of the
15 chromosomes, the remaining genome would contain
an estimated 3530 genes, only ~65% of the number
present in S. cerevisiae. Within cosmid W15A6, 23,088 of
the 32,083 bp or 71.9% of the sequence is devoted
to coding sequence within the 14.5 gene sequences,
reflecting the economic use of its small genome. The
remaining 28.1% comprises intergenic regions with an
average size of 498 bp, and introns with an average of
2.1 introns/kb of coding sequence and an average size
of 57 bp. Thus, if W15A6 is reflective of the entire P.
carinii genome, this would predict 5.71 Mb of coding
sequence within the genome and an average gene size
of 1620 bp.

The EST database provided partial sequence of a ser-
pentine receptor. Analysis of the complete gene se-
quence confirmed the sequence of a G-coupled recep-
tor with greatest homology to the a-factor receptor of
S. cerevisiae, Ste3p. Although a multitude of G-coupled
receptors are expressed in mammalian cells, only two
classes of G-coupled receptors have been described in
yeast: the pheromone receptors and those involved in
nutritional sensing such as Grplp (LoRENZ et al. 2000).
Although no functional data demonstrating binding of
a pheromone to the putative P. carinii receptor nor
cellular response to pheromone have been demon-

strated, the homology suggests the predicted protein
is a pheromone receptor comprising an extracellular
domain, seven membrane-spanning a-helical domains,
and an intracellular cytoplasmic tail. Sequence analysis
of cDNAs revealed two splice alternatives, resulting in
proteins with varied length intracytoplasmic tails. Al-
though cDNAs were found that confirmed the presence
of both transcripts, no evidence has yet been obtained
to determine if both proteins are expressed or the condi-
tions under which alternative splicing occurs. The use
of alternative splicing may be an efficient mechanism
of the organism to fully exploit its small genome.

Clustering of genes of related function is well de-
scribed among fungi. Clustering of genes is best de-
scribed among components of secondary metabolism,
such as polyketide synthesis, where large arrays of genes
involved in polyketide regulation, synthesis, and pro-
cessing are frequently clustered together (KELLER and
HonN 1997). As compared to operon organization in
prokaryotes, eukaryotic clusters usually result in regu-
lated but independent transcription of each gene within
the cluster. Clustering has also been reported in nones-
sential metabolic pathways (LAWRENCE and RoTH 1996).
A specialized form of gene clustering is seen within the
mating loci. Organization of mating loci may comprise
a single-locus two-idiomorph system, containing either
solely transcriptional regulator genes or multiple genes
within the pheromone response pathway (KRONSTAD
and STABEN 1997). Alternatively, complex mating loci
have been described in filamentous basidiomycetes,
such as Schizophyllum spp. and Coprinus spp., where the
Ao, AB, Ba, and B mating loci contain both transcrip-
tional regulators, pheromone receptors, and multiple
pheromones organized within more complex A and B
complexes (VAILLANCOURT et al. 1997; CASSELTON and
OLESNICKY 1998; O’SHEA ef al. 1998; FOWLER et al.
1999). Maintenance of clusters has advantage for expres-
sion or silencing of the entire cluster, regulation of
ordered gene expression, and genetic mobility of an
entire cluster rather than individual elements within
the cluster.

The organization of genes surrounding the putative
pheromone receptor of P. carinii f. sp. carinii fulfills
many of the characteristics of a mating locus, namely,
the clustering of genes encoding (1) a pheromone re-
ceptor (Ste3), (2) a potential pheromone encoding-
gene, (3) transcriptional regulators (such as Stel2) that
may be involved in regulation of a pheromone response
pathway, and (4) members of the pheromone respon-
sive signal transduction cascade. Alternatively, this gene
cluster may represent a clustering of signal transduction
genes with the true mating locus containing the genes
regulating expression of elements within this cluster.
Immediately flanking the pheromone receptoris a short
open reading frame encoding a possible a-mating factor-
like polypeptide. The lipopeptide a-factor pheromones
from different fungi bear little sequence homology, save
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for the CAAX prenylation motif at the carboxyl terminus
of the predicted peptide (SHEN et al. 1999). Organisms
of the a-mating type express a-factor pheromone and
express a-factor receptor on their surface. The linkage,
therefore, of an a-factor pheromone receptor and an
afactor in the same regulon is unprecedented, sug-
gesting that this short ORF is a random finding, these
genes may be independently regulated, or these organ-
isms bear a highly unusual mating structure. On the
basis of conservation of signal transduction cascades
among other fungi, other adjacent genes that may be
involved in a pheromone response pathway include
Ste20 and Stel2 orthologs. Two DNA-binding proteins
encoded by A003 and A005 may play a role in regulation
of the pheromone response. A P. carinii Stell/Byr2
ortholog, found within the C. neoformans mating locus,
isnotlocated within the Ste3 cluster but rather is located
on chromosome 7 of P. carinii, while a Ste7/Mkk]1 or-
tholog is located on chromosome 1, but its exact loca-
tion relative to the Ste3 gene has not been determined.

Additional evidence for this cluster functioning as a
mating locus was sought by trying to identify an alterna-
tive mating locus. In a pseudohomothallic organism, a
second copy of the locus would be found as either the
silent copy or at the site of mating-type expression in
organisms expressing the Ste3 gene. Restriction frag-
ment polymorphisms were identified with probes at the
right end of the gene array (AO11 and AO13) but no
other evidence was found for a second copy of any of the
genes within the cluster or for an alternative genomic
context of the cluster. In addition, silencing of an entire
array of genes, such as this cluster, would be more diffi-
cult to achieve than the silencing of a single or a few
transcription factors located within the mating loci of
homothallic organisms, such as those found in S. cerevis-
iaeand S. pombe. In a heterothallic organism, an alterna-
tive mating locus would be found within the same geno-
mic context in other P. carinii organisms. Although it
may be postulated that P. carinii f. sp. carinii and P.
carinii £. sp. ralti may represent populations of opposite
mating types, opposite mating types are genetically iden-
tical with the exception of the mating idiomorphs, and
P. carinii . sp. carinii and P. carinii f. sp. ratti have been
shown to have significant differences in gene organiza-
tion and sequence at multiple loci within the genome
(CusHION et al. 1993). Populations of P. carinii isolated
from infected animals are not clonal and may represent
one or both mating types, and it is possible that both
exist within the same lung. Although the restriction
polymorphism noted with an AO11 probe hybridized to
genomic DNA isolates could reflect hybridization of this
probe to an mis2a and mis2a allele, no other convincing
evidence was found to demonstrate an alternative locus
within this genomic context. Screening of the cosmid
library, screening of multiple populations of P. carinii
f. sp. cariniiform 1 organisms, or screening within differ-
ent forms (2-9) of P. carinii f. sp. carinii organisms did

not produce corroborating evidence of the existence of
another mating locus. These findings may be erron-
eously interpreted if the structure and organization of
the mating types vary significantly (WICKES et al. 1997),
insufficient homology exists between a- and «- alleles
of genes within the loci, or if the marker used to detect
the borders of the locus still lies within the locus. At
this junction, the negative findings suggest there is no
alternative cluster/locus, or there is marked mating-type
disequilibrium seen within the populations examined.
This effect has been observed in C. neoformans, where
mating-type a is vastly underrepresented in clinical iso-
lates (KwoON-CHUNG et al. 1992).

P. carinithas much of the genetic machinery necessary
for sexual replication. Evidence of its expression as well
as the expression of meiosis-specific genes during mam-
malian infection suggests that the organism does un-
dergo a sexual cycle of replication. However, mating-
type loci play roles in processes other than mating.
These include sexual dimorphism, vegetative incompat-
ibility, and virulence. Genes within the sexual replica-
tion pathway may have been retained from an ancestral
organism, and expression of these genes in P. carini
may not be related to sexual replication. The exact role
for this pathway in sexual replication will need to be
experimentally determined. Genomic sequence analysis
revealed the presence of mating-type genes and machin-
ery in Candida albicans, long thought to be parasexual,
and subsequent studies have demonstrated the ability
of C. albicansto mate under laboratory conditions (HuLL
and JounsoN 1999; HuLL et al. 2000; MAGEE and MAGEE
2000). Similar studies in P. carinii will help define the
life cycle of the organism.
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