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ABSTRACT
In the fungus Pneumocystis carinii, at least three gene families (PRT1, MSR, and MSG) have the potential

to generate high-frequency antigenic variation, which is likely to be a strategy by which this parasitic fungus
is able to prolong its survival in the rat lung. Members of these gene families are clustered at chromosome
termini, a location that fosters recombination, which has been implicated in selective expression of MSG
genes. To gain insight into the architecture, evolution, and regulation of these gene clusters, six telomeric
segments of the genome were sequenced. Each of the segments began with one or more unique genes,
after which were members of different gene families, arranged in a head-to-tail array. The three-gene
repeat PRT1-MSR-MSG was common, suggesting that duplications of these repeats have contributed to
expansion of all three families. However, members of a gene family in an array were no more similar to
one another than to members in other arrays, indicating rapid divergence after duplication. The intergenic
spacers were more conserved than the genes and contained sequence motifs also present in subtelomeres,
which in other species have been implicated in gene expression and recombination. Long mononucleotide
tracts were present in some MSR genes. These unstable sequences can be expected to suffer frequent
frameshift mutations, providing P. carinii with another mechanism to generate antigen variation.

PNEUMOCYSTIS carinii is a parasitic, sometimes MSG-related (MSR), and protease (PRT1)] that have
pathogenic, yeast-like fungus found in the lungs of been implicated as probable contributors to such varia-

laboratory rats (Stringer 2002). Large numbers of P. tion. The members of these gene families are grouped
carinii organisms can be extracted from the lungs of together in clusters located at chromosome ends and en-
immunosuppressed laboratory rats, which typically de- code proteins located on the microbial surface (Stringer
velop Pneumocystis pneumonia. This fungus does not et al. 1991; Wada and Nakamura 1994; Lugli et al. 1997,
proliferate well in culture, although it is phylogeneti- 1999; Stringer and Cushion 1998; Stringer and Keely
cally related to model ascomycetes such as Schizosaccharo- 2001).
myces pombe (Lee et al. 1993; Sloand et al. 1993; Aliouat The MSG gene family is known to be expressed in a
et al. 1996; Merali et al. 1999; Cushion et al. 2000). manner that would create surface variation. Pneumocystis
Humans with impaired immune function can also de- cells carry abundant MSG on their surfaces (Graves et al.
velop Pneumocystis pneumonia, but this disease is 1986; Walzer and Linke 1987; Gigliotti et al. 1988;
caused by a different species called P. jirovecii (Frenkel Kovacs et al. 1988, 1989; Linke and Walzer 1989; Lund-
1976, 1999; Stringer et al. 2002). gren et al. 1991; Nakamura 1998). Only 1 of the 80 or

Parasites typically exhibit antigenic variation and P. so open reading frames (ORFs) that encode different
carinii seems to be no exception. The genome contains isoforms of MSG is expressed at a given time. The ex-
three gene families [major surface glycoprotein (MSG), pressed MSG ORF resides at a unique site in the ge-

nome, called the expression site, which encodes the
upstream conserved sequence (UCS), a 365-bp invariant
sequence that encodes the signal peptide used to export1These authors contributed equally to this work.
MSG to the cell surface (Angus et al. 1996; Sunkin et2Corresponding author: Department of Molecular Genetics, Biochem-

istry and Microbiology, College of Medicine, University of Cincinnati, al. 1998; Stringer and Keely 2001; Schaffzin and
ML524, 231 Albert Sabin Way, Cincinnati, OH 45267. Stringer 2004). The 5� ends of messages encoding vari-E-mail: stringjr@ucmail.uc.edu

ous MSG proteins were found to begin with the UCS3Present address: The Institute of Genomics Research, Rockville, MD
20850. (Wada et al. 1995; Edman et al. 1996). The genomic
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mapping, gel electrophoresis, and Southern and NorthernUCS can be occupied by a wide variety of MSG genes
blotting were performed using methods described by Sam-(Sunkin and Stringer 1996, 1997; Keely et al. 2003).
brook et al. (1989). Southern and Northern blots contained

Between the UCS and the attached MSG ORF, there nucleic acids from �10 million P. carinii per lane (Schaffzin
is a 25-bp invariant sequence known as the conserved et al. 1999a,b; Cushion et al. 2001; Schaffzin and Stringer

2004).recombination junction element (CRJE), which may be
A cosmid library was constructed in the vector pWEB (Epi-involved in recombination events that install an ORF at

centre Technologies, Madison, WI) by Smulian and colleaguesthe expression site (Wada et al. 1995; Edman et al. 1996;
from genomic DNA from a population of P. carinii from a single

Sunkin and Stringer 1996; Wada and Nakamura rat that was infected by the airborne route (Smulian et al. 2001;
1996b; Stringer and Keely 2001). A copy of the CRJE Keely et al. 2003). The library contained five- to sixfold coverage

of the 8 million-bp genome of P. carinii. Cosmids that containedis also present at the beginning of each non-UCS-linked
MSG genes were identified by screening 2486 bacterial colo-MSG ORF.
nies for hybridization to an MSG DNA probe. ApproximatelyMSR genes bear a strong resemblance to MSG ORFs,
60 MSG-positive colonies were detected, 90% of which also

but are not dependent on the UCS for expression, lack hybridized to members of the PRT1 and MSR gene families
the CRJE, and are interrupted by a single small intron and to a DNA probe specific for subtelomeric P. carinii DNA.

A few clones that hybridized to the subtelomere probe did(Wada and Nakamura 1997; Huang et al. 1999; Schaf-
not hybridize to one or more gene family probes, but thesefzin et al. 1999b). Two size classes of MSR genes have
clones carried inserts spanning only a few kilobase pairs.been described. Long MSR genes are similar in size to

To determine a cosmid sequence, the DNA was fragmented
MSG genes (�3 kb). Short MSR genes lack a 1-kb seg- by sonication and end-repaired fragments of �2 kb in size
ment present in long MSR genes. Expression of MSR were inserted into a pUC plasmid linearized with SmaI. Ap-

proximately 1000 plasmids were sequenced per cosmid. Thegenes is not well characterized, but it appears that each
sequences were assembled into one contiguous sequence bygene is transcribed in situ rather than via movement to
methods described previously (Harris and Murphy 2001).a unique expression site (Wada and Nakamura 1997;
Some regions were resequenced to verify the sequence assem-

Huang et al. 1999; Schaffzin et al. 1999b). The number bled from random fragments. DNA for resequencing was pro-
of MSR genes expressed at a given time in a single duced by PCR using cosmid DNA as template and primers
organism is not clear, but transcripts from as many as based on the assembled sequence.

The sequence of each cosmid was tested for accuracy by com-13 MSR genes were detected in a population of P. carinii
paring actual and predicted restriction enzyme sites and frag-in which 80% of the organisms had the same MSG gene
ment sizes. Fragments produced were tested for the presenceat the expression site (Keely and Stringer 2003). MSR of gene family members by Southern blot analysis using a

proteins appear to be on the cell surface (Huang et al. battery of radioactive DNA probes specific for MSG, MSR,
1999). PRT1, subtelomeres, and telomeres (Keely et al. 2003; Keely

and Stringer 2003; Ambrose et al. 2004; Schaffzin andPRT1 genes are distinct in structure and sequence
Stringer 2004).from MSG and MSR genes and have several small introns

Annotation of the assembled sequences was performed in-(Lugli et al. 1997, 1999; Russian et al. 1999; Wada and dependently in two ways. One research group used the ORF-
Nakamura 1999b). Expression of PRT1 genes is also finder function at the NCBI web site (http://www.ncbi.nlm.
not completely understood, but studies have suggested nih.gov) to identify ORFs. Each predicted protein was used to

query databases using BLASTP. Another group used Artemisthat PRT1 proteins can be on the cell surface and that
software (Berriman and Rutherford 2003), in which casemultiple PRT1 genes are expressed in a given organism
putative genes identified from the output of the software pack-at a given time (Lugli et al. 1999; Wada and Nakamura
age Genefinder (C. Wilson, L. Hilyer and P. Green, unpub-

1999a; Keely and Stringer 2003; Ambrose et al. 2004). lished results) were confirmed manually. Genefinder was
The genome of P. carinii contains �34 telomeres, trained for Plasmodium species that have a similar base compo-

each of which probably carries a cluster of surface anti- sition to that of P. carinii (low G � C). Functional assignments
were based on assessment of FASTA and BLAST searches againstgen genes (Cushion 1998; Stringer and Cushion
public databases. Discrimination between MSR and MSG was1998). While the clustering of PRT1, MSR, and MSG
confirmed by searching the sequences of interest for the CRJE,genes at telomeres has been established (Underwood which is in MSG genes but not in MSR genes (Stringer and

et al. 1996; Wada and Nakamura 1996a,b), the sizes Keely 2001). MSG/MSR/PRT1 annotation was confirmed us-
and compositions of complete gene arrays, defined as ing the SMART website (http://smart.embl-heidelberg.de).

Candidate unique genes (ORFs that did not encode an MSG,clusters preceded by a unique sequence in the genome
a PRT1, or an MSR) were mapped to P. carinii chromosomesand followed by a telomere, were heretofore unclear.
by hybridization to Southern blots carrying electrophoreticallyTo better understand these clusters, large telomeric DNA separated chromosomes prepared as described previously

segments were isolated from a cosmid library and charac- (Hong et al. 1990; Cushion et al. 1993; Cornillot et al. 2002).
terized to locate those containing complete gene arrays. Nucleotide sequences were aligned using DNAMAN soft-

ware (Lynnon BioSoft, Vaudreuil, Quebec, Canada) set forSeven arrays, six of which were complete, were sequenced.
dynamic full alignment with a gap open penalty of 10, a gap
extension of 5, a DNA transition weight of 0.5, and a delay
divergent sequence percentage of 30. The alignments wereMATERIALS AND METHODS
optimized by introducing a limited number of gaps. Ambigu-
ous regions in the alignment were not scored. RelatednessStandard molecular genetic procedures such as preparation

of DNA and RNA, cloning, library screening, PCR, restriction of pairs of aligned nucleotides was calculated by MEGA 2.1
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Figure 1.—Maps of gene clus-
ters. Arrows represent ORFs and
point in the direction of transcrip-
tion. Nonhatched arrows repre-
sent members of the PRT1 (solid
arrows), MSR (open arrows), and
MSG (shaded arrows) gene fami-
lies. Rectangles with vertical lines
represent subtelomeres. Solid
circles represent telomeres. All
features except the telomere are
drawn to scale. M indicates the
MSG gene that contained two
point mutations. 5�F and 3�F in-
dicate ORFs corresponding to
the 5� and 3� ends, respectively,
of either an MSG (shaded arrow)
or an MSR (open arrow) gene.
G12, G15, G18, and G20 indicate
the MSR genes that have a po-
ly(G) mononucleotide tract of
the size denoted by the numeral.

S and L indicate short and long MSR genes. The dashed-line boxes enclose regions that were at least 99% identical. The hatched
arrows represent unique ORFs that had the following presumed functions, BLAST hits, and FASTA E-values: Aur1 (inositol
phosphoryl-ceramide synthase, EMBL accession AF076692, 2.9 e-67), Prf (prefoldin-related, NCBI REFSEQ accession
XM_331039.1, 3 e-21), Rbp (RNA binding, UniProt YAS9 SCHPO_Q10145, 7.6 e-8), 21H1.0001 (unknown function, no hits),
Atp (P-type cation-pumping ATPase, NCBI accession NP_595246, 1 e-6), Nmp (nuclear migration, NCBI accession EAK84394, 2
e-61), Map (microtubule associated protein, NCBI accession XP_323888, 3 e-17), P55 (peptide similar to the p55 antigen of P.
carinii, NCBI accession AAQ06671, 4 e-8), Chi (chitin synthesis, NCBI accession NP_013434, 0.084), U2S (U2 snRNP, NCBI
accession NP_594538, 0), and 22C8.0001 (unknown function, NCBI accession Q09895, 6.2 e-49). All of the hatched ORFS (except
Prf, Rbp, and 22C8.0001, which were not analyzed) hybridized to a single chromosome. Aur1 and Chi mapped to a 440-kb
chromosome. Nmp, Map, and p55 mapped to a 290-kb chromosome. Genes 21H1.0001, Atp, and U2S mapped to chromosomes
of 680, 620, and 550 kb, respectively.

software utilizing p-distance and pairwise deletion programs array are all in head-to-tail orientation with 3� ends
(Kumar et al. 2001). Synonymous and nonsynonymous p-dis- pointed toward the telomere (Figure 1). All of the gene
tances (pS or pN) were calculated by the Nei-Gojobori method

arrays end with an MSG gene, which is followed by a(Nei and Gojobori 1986). The number of synonymous differ-
subtelomere (Figure 1).ences (Sd) was normalized using the possible number of synon-

ymous sites (S). Nonsynonymous p-distances (pN) were deter- Multiple copies of the inserts in cosmids 17D7, 3G5,
mined with a similar computation (Nei and Gojobori 1986). 22C8, and 1B2 were identified by restriction mapping.
A neighbor-joining tree was constructed for MSG genes with The presence of more than one cosmid with a given insert
MEGA 2.1 (Kumar et al. 2001), utilizing the Nei-Gojobori synony-

was common, suggesting that certain telomeric segmentmous p-distance (pS) method (Nei and Gojobori 1986). The
clusters were more readily cloned than others. The com-strength of tree branches was assessed by 1000 bootstrap replica-

tions. peting hypothesis to explain the high frequency of certain
The sequences of the MSG expression site and of the ste3 genome segments is that there are far fewer different gene

locus carry accession nos. D82031 and AF309805, respectively. clusters than telomeres. However, this possibility seemsThe accession numbers for the cosmid sequences are as fol-
remote because 78 different MSG genes and 44 differentlows: PCC3G5, AL592382; PCC11A11, CR716157; PCC18A9,
PRT1 genes have been identified to date (Keely andCR716158; PCC17D7, CR730243; PCC22C8, CR716159;

PCC11H12 � 1B2, CR717231; and PCC21H1, CR717240. Stringer 2003; Keely et al. 2003; Ambrose et al. 2004).
Regions enclosed in boxes in Figure 1 were related.

The gene array in 11A11 was 99.99% the same as that
RESULTS in 17D7 (four differences in 30 kb), showing that the

cloning and sequencing methods were very accurate.General structure of sequenced telomeric gene arrays:
The inserts in cosmids 22C8 and 11H12 � 1B2 sharedFigure 1 shows maps indicating the locations of the various
a 15.4-kb central segment, but regions flanking thisrepeated (solid arrows) and unique genes (cross-hatched
shared segment were quite different. In fact, the uniquearrows) and other sequences in the inserts. At least one
genes in the two inserts mapped to different chromo-putative unique gene was found at the beginning of six
somes. Therefore, this example of genes shared betweenof the seven inserts. Eight of these genes were mapped
cosmids was not due to cloning the same genome seg-by hybridization to a single Southern-blotted P. carinii
ment multiple times. It appears that the shared segmentchromosome separated by pulsed-field gel electropho-

resis (Figure 2). The genes within each repeated-gene was instead present at two different loci.
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Figure 3.—Linked MSG genes were not more similar. The
tree displays the synonymous p-distances (pS) computed from
alignments of synonymous nucleotide sites of the MSG genes
in cosmid clones. When a gene was in more than one clone,
such as the gene in the region completely shared by contigsFigure 2.—Terminal sequence at the end of a cosmid array 22C8 and 11H12 � 1B2, only one of the two copies of thismaps to a single PFGE band. (A) A Southern blot was made gene was included in the analysis. Tree branches are labeledfrom a CHEF gel performed under standard conditions to indicate the cosmid and the MSG gene, reading Figure 1(Cushion et al. 1993). Hybridization probes were as follows: left to right. For example, 11A11 MSG3 refers to the MSGlane 1, CRJE; lane 2, ORF 21H1.0001; lane 3, 17D7 Atp; lane gene that is most proximal to the telomere in cosmid 11A11.4, 22C8 U2S; lane 5, 18A9 Aur; lane 6, 11H12 � 1B2 Chi. (B) Trees produced from either all nucleotide sites or nonsynony-Southern blot was made from a CHEF gel performed under mous sites had the same structure as the tree shown. Barconditions optimized to resolve the lower four chromosome indicates synonymous p-distance (pS).bands (Cornillot et al. 2002). Hybridization probes were as

follows: lane 7, CRJE; lane 8, 3G5 p55-like ORF (p55). Sizes
of DNA markers in kilobase pairs are indicated to the left of
each part. having a noncanonical CRJE, a frameshift occurred near

the end of the MSG-encoding ORF. This mutation
would cause a peptide starting with MARL to lack the

The structure PRT1-MSR-MSG occurred six times last 37 amino acids encoded by typical MSG ORFs. The
(not counting 11A11 and the region shared between two differences exhibited by the MARL ORF were not
22C8 and 11H12 � 1B2). In addition, the 11H12 � artifacts because they were present in both cosmids
1B2 contig had what appears to be a degenerate PRT1- 17D7 and 11A11. Another example of a divergent CRJE
MSR-MSG repeat because there was a fragment of an occurred in the array contained in contigs 11H12 �
MSR gene (Figure 1, 3�F) between the terminal PRT1 1B2 and 22C8, where a fragment was encoding MERP
and MSG genes. Apparent fragments of MSG/MSR instead of MARP. Thus, variant CRJEs were seen only
genes also appeared in other arrays (17D7 and 3G5). in sequences that differ from typical MSG ORFs in other
These data suggest that the three-gene structure, PRT1- ways, suggesting that variation in the CRJE may be linked
MSR-MSG, may be the unit that expanded in number to degeneration of an MSG gene or vice versa.
to generate all three gene families. Pairwise comparisons of the 12 MSG ORFs (including

Gene families: MSG genes: ORFs encoding MSG iso- the one encoding MARL) showed that they are between
forms are defined by two features, the presence of a 25- 5 and 19% divergent (at all nucleotide sites). Average
bp sequence called CRJE at the 5� end and the lack of divergence is 15%. The MARL ORF exhibited average
introns (Stringer and Keely 2001; Keely and divergence. The average distance at nonsynonymous
Stringer 2003). The sequenced arrays contained 16 sites (16%) was greater than that at synonymous nucleo-
ORFs encoding full-size MSG isoforms (Figure 1, large tide sites (15%). The high divergence at nonsynony-
shaded arrows). However, some of these genes were mous sites caused the average amino acid distance
present in more than one cosmid insert (Figure 1, boxed (27%) to be almost twofold greater than the distance
regions). Therefore, the cosmid set contained 12 differ- at synonymous nucleotide sites. These data suggest that
ent MSG ORFs. MSG genes are evolving under positive selection for

One of the MSG ORFs (the first MSG in cosmids protein variation (Woelk et al. 2002).
17D7 and 11A11) had a variant form of the CRJE that MSG ORFs in the same array were no more identical
encodes the peptide sequence MARL instead of the to each other than to ORFs in other arrays. Figure 3
canonical MARP, which is the only peptide sequence shows a tree constructed from the synonymous-site data.
encoded by all of the MSG cDNAs examined so far (The ORF encoding MARL is labeled “11A11 MSG1”

in Figure 3.) The lack of close kinship between linked(Wada et al. 1995; Edman et al. 1996). In addition to
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The MSR genes are �20% divergent when all coding
nucleotide sites are scored. By contrast, the introns in
the MSR genes are only 2% divergent. The reason for
the very strong conservation of the intron sequence is
not known, but this conservation is suggestive of selec-
tion against change in this element. The average dis-
tance at nonsynonymous sites (20%) was nearly as great
as that at synonymous nucleotide sites (21%). The high
divergence at nonsynonymous sites caused the average
amino acid distance (35%) to be almost twofold greater
than the distance at synonymous nucleotide sites. These
data suggest that MSR genes are evolving under positive
selection for protein variation (Woelk et al. 2002).Figure 4.—MSR genes vary in structure. Depicted are gene,

MSR genes that were in the same array were no moremessage, and peptide structures for the three classes (S, L,
identical to each other than to MSR genes in otherand G) of MSR genes. Open boxes, exon 1; solid boxes, intron;

hatched boxes, regions common to all three classes; shaded arrays. The first and third MSR genes in cosmid 22C8
boxes, region missing in class S genes; Gn, poly(G) tract. are both class L genes, but are only 62% identical. The

second MSR gene in that cosmid is a class S gene. The
two MSR genes in 17D7 are also of different lengths.MSG genes suggests that recombination has moved
Excluding the 1 kb that is not present in the class SMSG genes from their place of origin and installed them
gene, the two genes are 82% identical. The two MSRs inin other arrays (see discussion).
cosmid 21H1 are 72% identical. By contrast, the secondMSR genes: The seven sequenced arrays contained 13
MSR gene in cosmid 22C8 is 99% identical to the firstgenes encoding MSR isoforms (MSR genes are repre-
MSR gene in cosmid 17D7. However, this very highsented by open arrows in Figure 1). However, 2 of these
identity did not extend into the upstream PRT1 genes,genes are in the region shared completely by contigs
which are only 89% identical. Nor did it extend down-22C8 and 11H12 � 1B2, and 4 are in the region shared
stream into the MSG genes, where cosmid 17D7 hasby 11A11 and 17D7. Hence, there were 10 different
MARL and 22C8 has the canonical MARP. This veryMSR genes.
high similarity between these two unlinked genes sug-Comparison of these 10 MSR genes to each other
gests that recombination has placed one or the otherand to published cDNAs showed that all begin with a
or both of these genes in their current locations.small first exon that encodes �28 amino acids. The

The MSR genes are only 30–60% identical to the MSGgenes varied, however, with respect to the structure of
genes. However, regions as long as 300 bp with 85%the second exon and could be divided into three classes
identity were observed (data not shown). Given this level(L, G, and S) based on second exon structure. Figure
of sequence identity, MSR and MSG genes might be4 illustrates the differences among the three classes.
expected to recombine. If such an event were to occurClass L genes have a second exon of �2.4 kb. Class S
in a reciprocal fashion, it would produce a hybrid gene,genes lack a 1-kb region present in class L genes. Class
e.g., a gene that has the 5� end of an MSR gene and theG genes are similar to class L but have a poly(G) tract
3� end of an MSG gene. The “MSR” in 18A9 may be anin the middle of the second exon. The poly(G) tracts
example of such an event because the 5� end matchesdisrupt the reading frames of all three of the class G
MSRs but the 3� end resembles that of MSGs (data notgenes in the cosmids, causing translation to stop at a
shown).TAA codon located 13 codons downstream of the po-

PRT1 genes: There are nine full-length PRT1 genesly(G) tract. In each gene, however, the sequence down-
(solid arrows) on the maps in Figure 1. (Cosmid 11A11stream of the nonsense codon can be translated in an
began within a tenth PRT1 gene). Two of these genesalternative frame to produce a peptide corresponding
are in the region shared by cosmids 11A11 and 17D7.to the last half of the peptide encoded by the single
Another two are in the region shared by contigs 22C8ORF in second exons of class L MSR genes. Therefore
and 11H12 � 1B2. Hence, the cosmid set contains sevena frameshift mutation in the poly(G) tract would lead
different full-size PRT1 genes.to the production of a full-length class L MSR protein.

Pairwise comparisons of these seven PRT1 genesAlthough all three of these MSR genes were in the wrong
showed that they are �15% divergent when all codingframe to allow translation of all of exon 2, three other
nucleotide sites are scored. By contrast, the introns inMSR genes with poly(G) tracts can be inferred to exist
these genes are only 4% divergent. The average distancefrom cDNA data, and all of these have a 2.4-kb exon 2
at nonsynonymous sites (15%) was greater than that atORF (Huang et al. 1999). The presence of mononucleo-
synonymous nucleotide sites (13%). The high diver-tide repeats that can shift the reading frame during
gence at nonsynonymous sites caused the average aminotranslation implies that these motifs may be involved in

generating variation (see discussion). acid distance (26%) to be almost twofold greater than
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corresponds to the terminal telomeric repeats (Trpts).
Most of these blocks were composed of multiple copies
of one or more short sequence motifs, the presence of
which causes rectangular regions in Figure 5a to be
filled with points. Blocks B, D, E, F, and G correspond
to regions I–IV in the previously published sequence of
a P. carinii subtelomere (Wada and Nakamura 1996b).
The diagram under the Dotter plot (Figure 5a) repre-
sents the block structure of the 3G5 subtelomere as
a series of rectangles filled in various ways. Figure 5b
illustrates how subtelomere length differences were pri-
marily due to differences in the number of blocks. Sub-
telomeres in other species are known to vary in similar
fashion (Pryde et al. 1997).

Terminal telomeric repeats: All but one of the cloned
arrays end with copies of the repeat sequence TTAGGG
(Trpt), which has been previously shown to cap the
ends of P. carinii chromosomes (Underwood et al. 1996;
Wada and Nakamura 1996b). The average number of
terminal copies of the Trpt was 12. Cosmid 17D7 had
the highest number of terminal Trpts with 15.

Intergenic regions: The PRT, MSR, and MSG genes in
arrays were separated by regions that did not encodeFigure 5.—Subtelomere structures. (a) Dotter plot made
recognizable peptides. Four types of intergenic regionsby comparing the last 7 kb at the end of the insert in cosmid
(PRT–MSR, MSR–MSG, MSG–PRT, and MSG–MSG) oc-3G5 to itself. The DNA compared starts at the nucleotide

immediately downstream of the stop codon of the last MSG curred more than once.
gene (see Figure 1). The boxes enclose 10 blocks that either The regions upstream of MSG genes (MSR-MSG and
contained multiple copies of one or more short sequence

MSG-MSG spacers) were relatively short and uniformmotifs or contained copies of sequences found in other blocks.
in length and sequence (280–320 bp, 86% identity).Cases of the second form of repetition are indicated by arrows.
The regions upstream of PRT1 genes (MSG-PRT spac-For example, sequences in blocks I and J were also present

in blocks G and H, respectively. Below the Dotter plot is a ers) were longer and more conserved (1095–1164 bp,
diagram that depicts the structure of the 3G5 subtelomere. 93% identity). The regions upstream of MSR genes
(b) Comparison of subtelomere structures in different cosmid

(PRT-MSR spacers) were still longer and conservedinserts. Rectangles represent blocks as in a. In cases where a
(1340–1570 bp, 94% identity). All PRT-MSR spacerssingle diagram represents the subtelomeres from multiple
contained a 600-bp element 90% identical to the 5�cosmids, such as 17D7, 18A9, and 21H1, the width of a rectan-

gle represents the average length of the block it represents. end of the P. carinii thioredoxin reductase gene. The
functional copy of the thioredoxin reductase gene is
located downstream of a PRT1 gene (Kutty et al. 2003).

the distance at synonymous nucleotide sites. These data These data indicate that the evolution of the PRT1 gene
suggest that PRT1 genes are evolving under positive family involved coamplification of a part of the thiore-
selection for protein variation (Woelk et al. 2002). PRT1 doxin reductase gene along with the upstream PRT1
genes that are in the same array are no more identical gene.
to each other than to genes in other arrays (data not All of the intergenic spacers were more conserved
shown). than the genes they flank, which may serve to facilitate

Noncoding sequence families: Subtelomeres: Excluding homologous recombination. In addition, subtelomere
cosmid 22C8, subtelomeres ranged between 4.7 and and telomere repeats can act as cis-acting control regions
11.4 kb in length. (The insert in cosmid 22C8 did not that function in a domain-wide fashion to modulate
end with copies of the telomere repeat, suggesting that expression of a cluster of neighboring genes (Pryde
the subtelomere was truncated during cloning.) These and Louis 1999; Fourel et al. 1999; Verona et al. 2003).
lengths bracket that reported for the end of a cloned Because subtelomeric repeat motifs have these effects
MSG expression site (6.3 kb) (Wada and Nakamura in other organisms, it was of interest to determine if
1996b). The subtelomeres in the cosmids were similar repeated DNA sequence motifs found at P. carinii subtel-
in sequence (75% average identity). omeres and telomeres were also located upstream of

Dotter-plot analysis (Sonnhammer and Durbin members of the various gene families.
1995) (Figure 5a) revealed 10 blocks (A–J) of internally As shown in Figure 6, subtelomeric sequence motifs
repetitious sequence. Block A corresponds to the region [subtelomeric repeat (Srpt)] resided in regions between

genes. Seven motifs were present in the spacers betweenimmediately adjacent to the last MSG gene. Block J
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Figure 6.—Occurrence of subtelomere short repeats. Normalized occurrences [average occurrence/kilobase pair (� standard
deviation)] of various short subtelomeric repeated sequence motifs (“Srpt”) are shown in various chromosomal regions. The
“o” indicates motifs that were present at least once in all members of the region considered. Results for genic regions at the
ste3 locus were similar to the intergenic spacers ones (data not shown). Srpt1, T3–4A5–8; Srpt2, T3A5W; Srpt3, GA1–2(GA)2; Srpt5,
GT3AT; Srpt6, T4MT2A4; Srpt8, TRAT4KYATYR2; and InvSrpt7, BTGYBA2MWA.

MSG and PRT genes (Figure 6, MSG to PRT), a location cosmid data suggest that there are �75 MSG genes, 61
that demarcates sets of tandem PRT-MSR-MSG arrays. MSR genes, and 41 PRT1 genes in the P. carinii genome.
Five of these seven elements were present only in MSG- The estimates derived from the cosmids fit well with
PRT spacers. Srpt5 was present in all four spacers and other data (Stringer et al. 1991; Wada et al. 1993;
in the regions between unique and repeated genes. Four Sunkin and Stringer 1996; Lugli et al. 1997; Stringer
of the borders between unique and repeated DNA also and Cushion 1998; Huang et al. 1999; Schaffzin et al.
featured a copy of Trpt (data not shown). The presence 1999b; Stringer and Keely 2001; Ambrose et al. 2004).
of subtelomere motifs between genes suggests that All of the repeated genes in the cloned arrays were
genes might have been inserted into one or more subtel- pointed in the same direction, toward the telomere.
omeres. This is strikingly different from the surface antigen

A caveat to such inferences is that the motifs in ques- arrays observed in other eukaryotic parasites such as
tion are short and/or degenerate and might be found Plasmodium falciparum (Gardner et al. 2002). Members
at random in the genome because they are as such. To of the three gene families tended to be interdigitated,
test this hypothesis, we analyzed the ste3 locus, which with PRT1-MSR-MSG a predominant structure. This
contains no PRT, MSR, or MSG genes and is not adja- structure suggests that all three families can grow via
cent to a telomere. Whereas all but one (Srpt8) of the duplication of this set of genes. In addition, the tandem
subtelomere sequence motifs occurred between genes repeat structure makes it possible for readthrough tran-
in the ste3 locus, they tended to occur at a lower fre- scription to produce mRNAs from all three genes in a
quency per kilobase (Figure 6). PRT1-MSR-MSG set. However, such transcripts have not

been detected. In addition, readthrough transcripts
would presumably require processing to produce mes-

DISCUSSION senger RNAs. Such processing occurs in organisms in
the order Kinetoplastida, such as Trypanosomes, whichDetailed knowledge of telomeric gene array struc-
use trans-splicing to attach the same leader RNA to alltures provides clues about the gene families that com-
mRNAs (Borst 1986). However, trans-splicing of single-pose them and their evolution, stability, regulation, and
leader sequence to all transcripts does not occur infunction. The average complete gene array contained
P. carinii (Sunkin and Stringer 1997). Furthermore,2.2 MSG genes, 1.8 MSR genes, and 1.2 PRT1 genes.

There are �34 telomeres in P. carinii. Therefore, the recent studies have shown that many different PRT1
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and MSR transcripts can be present in populations of of the system in mitotic yeast, then sequence identity
between regions of arrays appears to be sufficient toP. carinii that are dominated by organisms that have

one particular MSG gene at the expression site (Wada foster homologous exchanges. In addition, the telo-
meric location of arrays might increase the frequencyet al. 1993; Keely and Stringer 2003; Ambrose et al.

2004). At this point, therefore, coordinated transcrip- of recombination above what it would be on the basis
of DNA sequence identity alone. Numerous reports ontion of MSG, PRT1, and MSR genes via readthrough

seems unlikely. other species, including the fungus Kluyveromyces lactis
and protozoan parasites, have suggested that telomericExpression of an MSG gene appears to require that

it be linked to a unique expression site (Wada et al. genes undergo mitotic recombination more frequently
and that these events often involve sequences that are1995; Edman et al. 1996; Sunkin and Stringer 1997;

Schaffzin and Stringer 2004). Restricting transcrip- neither on homologous chromosomes nor on sister
chromatids (Freitas-Junior et al. 2000; Cornforthtion to the expression-site-linked MSG alone allows indi-

vidual P. carinii organisms to express a single MSG iso- and Eberle 2001; McEachern and Iyer 2001; Natara-
jan and McEachern 2002). Furthermore, the telomericform at a time, and changing the gene that is at the

expression site produces an organism that has a differ- locations of MSG genes and the expression site would
allow reciprocal (i.e., crossing over) recombination to beent MSG on its surface. The mechanism of such changes

is not known. One possibility is that a site-specific recom- utilized without causing major genome rearrangement.
For the same reasons, the telomeric location of genesbinase might catalyze exchange between a pair of CRJEs,

which are invariant sequences located at the beginning may foster evolution via enhanced recombination to
form new alleles. In this case, recombination can occurof MSG genes, including the one at the expression site.

Reciprocal exchange between the CRJE at the expres- between any two gene family members. Recombination
at the ends of chromosomes may contribute to the chro-sion site and a CRJE in a donor gene would replace the

MSG gene at the UCS. In the process of making this mosome length polymorphism seen among P. carinii
strains (Cushion et al. 1993). Changes within subtelo-change, the genes downstream of the MSG genes would

also become linked to the expression site. This move- meres probably also contribute to such variation. In-
deed, the subtelomeres studied here exhibited substan-ment might simultaneously activate all of the genes in

the translocated array. Although transcriptional read- tial differences in length that were associated with
differences in the number of copies of short repeatedthrough seems unlikely to occur, coactivation could oc-

cur nevertheless. For example, telomeric genes that are sequence motifs. These data suggest that subtelomeres
in P. carinii tend to change size due to their repetitivenot at the expression site may be silenced (Gottsch-

ling et al. 1990; Ai et al. 2002). Other species, such as structures, as is the case in other species (Pryde et al.
1997; Mefford and Trask 2002).Trypanosoma brucei and Candida glabrata, have clusters

of telomeric surface antigen genes that are transcrip- While reciprocal exchanges are possible, there is no
reason to exclude the possibility of nonreciprocal ho-tionally silent (Stringer and Keely 2001; Borst 2002;

Barry et al. 2003; De Las Penas et al. 2003). One mecha- mologous recombination (commonly referred to as gene
conversion) as a means by which to change the MSGnism of silencing is via the actions of cis-acting control

regions that function in a domain-wide fashion to modu- gene at the expression site. In mitotic yeast, nonrecipro-
cal recombination is at least as common as crossing overlate chromatin structure (for a review, see Verona

et al. 2003). In Saccharomyces cerevisiae interstitial telo- (Prudden et al. 2003). The length of DNA replaced can
vary greatly. Conversion tracts can be as short as a fewmeric repeats have been implicated both in silencing

of the adjacent chromosomal domain and in insulating base pairs and as long as many kilobases (Pays et al.
1983; Myler et al. 1988; Nickoloff et al. 1989;a region from the spread of repressive chromatin

(Fourel et al. 1999; Pryde and Louis 1999). Such sub- Scholler et al. 1989; Weng et al. 1996; Elliott et al.
1998). In principle, the entire end of a chromosometelomeric elements may also modulate association be-

tween chromosome termini and hence recombination could be changed by gene conversion. The presence in
the gene clusters of what appear to be fragments of MSGbetween genes located at telomeres, as is thought to

occur in the var genes of P. falciparum (Freitas-Junior and MSR genes raises the possibility that pseudogenes
contribute to gene family diversity via gene conversionet al. 2000).

As an alternative to site-specific recombination, ho- events, as is known to be the case in other species (How-
ell-Adams and Seifert 2000; Del Portillo et al. 2001;mologous recombination may contribute to changing

the expression-site-linked MSG gene sequence. Mitotic Berriman et al. 2002; Kanti et al. 2004).
Recombination appears to have played a role in theyeast cells have been observed to efficiently recombine

two identical chromosomal sequence tracts that are 250 evolution of the sequenced gene arrays. This role can
be inferred from comparison of linked and unlinkedbp long (Jinks-Robertson et al. 1993). Pneumocystis

gene family members share similar short, highly related members of a gene family. Gene families grow through
duplication events, whereby an ancestral gene gives risesequence tracts. Thus, if the homologous recombina-

tion system of P. carinii has requirements similar to those to two identical genes that later diverge. In the absence
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of recombination, genes that arose from a common al. 1998; Van Belkum 1999). These errors shift the
ancestor will tend to be more similar to one another reading frame of the gene, thus altering the protein
than to other copies of the gene family. Even if selection produced. Several of the MSR genes in the sequenced
for variation occurs, vestiges of the duplication event arrays contain long poly(G) tracts. Poly(G) tracts and
should remain at synonymous nucleotide sites, because other mononucleotide repeats are more prone to muta-
the bases at these sites can change without changing tion than other sequences because they suffer insertions
the sequence of the encoded peptide. However, analysis and deletions at high frequency (Streisinger and
of the synonymous sites of linked P. carinii gene family Owen 1985; Jonsson et al. 1991). When in an ORF,
members showed that these genes are as divergent from a change in mononucleotide repeat length causes a
each other as from nonlinked gene family members. frameshift, thus altering the peptide sequence down-
Recombination between arrays can explain this observa- stream. All of the class G MSR genes are out of frame
tion. downstream of the poly(G) tract. Nevertheless, they re-

In addition, the cloned gene arrays contain structures tain the capacity to produce a protein �500 amino acids
that appear to be the result of homologous recombina- long. This protein would begin with a signal sequence
tion. Arrays in cosmids 22C8 and contig 11H12 � 1B2 and therefore should enter the secretory apparatus. Its
share a 15.4-kb region. This structure could have been function, if any, is a matter of speculation at this point,
generated by one recombination event that implanted but one possibility is that it is secreted into the extracel-
the 15.4-kb region present at one locus, say that repre- lular environment. The class G MSR genes also have a
sented by the array in 22C8, into the other locus, in this latent capacity to produce a full-size MSR protein
case, that represented by array 11H12 � 1B2. Such an (�1000 amino acids). A change in the poly(G) tract
event could occur either via two reciprocal simultaneous length would restore the ORF of exon 2 to its normal
crossing-over events or via gene conversion. Alterna- size and content. In addition to those described here,
tively, two separate crossovers can produce the same three other class G MSR genes have been described. The
outcome. Both schemes employ homologous recombi- GenBank database contains three MSR cDNA sequences
nation, which would have been facilitated by the high that have poly(G) tracts between 14 and 16 bp in length
identities of gene family members and the spaces be- (Huang et al. 1999). By contrast with the genes in the
tween them. MSR genes lie at one end of the shared cosmids, the poly(G) tracts in the three cDNAs do not
region, and PRT1 genes lie at the other. disrupt the reading frame. Given the rarity of G:C base

A second example of homologous recombination is pairs in the genome of P. carinii, which is 60% A � T,
suggested by the presence of the nearly identical MSR these poly(G) tracts seem unlikely to have been gener-
genes in two different arrays (the second MSR gene in

ated by chance. They are probably used to generate
cosmid 22C8 and the first one in cosmid 17D7). The

diversity within populations of P. carinii. In bacteria,twin MSR genes are flanked by divergent sequences. The
there are numerous examples of phase variation con-region of very high identity is relatively short, suggesting
ferred by changes in mononucleotide repeats (Jonssonthat it may have been generated by a single gene conver-
et al. 1991; Yogev et al. 1993; Hammerschmidt et al.sion event, although two reciprocal exchanges are also
1996; Carroll et al. 1997; Zhang and Wise 1997; Chena possible source of these structures.
et al. 1998; Lavitola et al. 1999; Park et al. 2000; EkinsA third example of recombination is suggested by the
and Niven 2003; Kearns et al. 2004; Segura et al. 2004).structure of the MSR gene in cosmid 18A9, which has

Telomeric gene arrays are a common feature ofthe first exon and intron of an MSR gene, but the 3�
pathogenic microbes, suggesting that they reflect theend of an MSG gene. Such a gene could have been
needs of a pathogenic lifestyle (Barry et al. 2003). Oneformed by a reciprocal crossover between an MSR and
such need is to limit the ability of the host to eliminatean MSG gene.
the microbial population. A mechanism that works toMSG gene expression has been implicated in anti-
this end is high-frequency antigenic variation, wherebygenic variation, but understanding of the roles of PRT1
one or more individual microbes within the populationand MSR genes is less advanced. Nevertheless, the pres-
shed antigenic determinants that are attracting immuneence of genes encoding multiple isoforms of these pro-
attack and replace these with novel determinants. Survivalteins provides additional variation potential. Such po-
of these individuals and their descendants perpetuates thetential may be exploited by regulation of transcription,
infection. P. carinii appears to create antigenic variationas appears to be the case for MSG. However, this is not
by regulated expression of gene families, a mechanismthe only mechanism employed by microbes to generate
that can generate variants at a frequency that is muchvariation. An example of a pertinent alternative mecha-
greater than what can be produced by random mutationnism is seen in the bacterial genus Neisseria. These
of a single antigen-encoding gene. The positioning of geneorganisms have a variety of genes that carry sequence
family members in telomeric clusters facilitates antigenicmotifs that are intrinsically prone to grow and diminish
variation because this location allows more recombination,in length due to errors made by the complex that repli-

cates the genome (Burch et al. 1997; Van Belkum et which has two advantageous effects. Recombination both
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subject to RAP1- and SIR-dependent transcriptional silencing.provides a mechanism to change antigen expression and
Genes Dev. 17: 2245–2258.
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