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ABSTRACT
The sequence of the coding region of the rRNA operon
of rat-derived Pneumocystis carinii has been
completed, including the genes for 5.8S and 26S rRNA.
These genes show homology to the rRNA genes of
yeast, and an apparent group I self-splicing intron is
present in the 26S rRNA gene. Like a similar intron in
the 16S rRNA gene, this intron is in a phylogenetically
conserved region. Variation in the 26S rRNA sequence
was noted between P.carinli organisms isolated from
two different sources.

INTRODUCTION

Pneumocystis carinii is a ubiquitous eukaryotic microorganism,
causing asymptomatic infections in most humans early in
childhood (1), but causing life-threatening pneumonia in
immunosuppressed hosts, including patients with AIDS (2).
Although morphologically P. carinii has properties associated with
both protozoa and yeasts, the 16S rRNA coding sequence of
P. carinii grown in immunosuppressed rats most resembled that
of the yeast Saccharomyces cerevisiae (3). This sequence also
included a 390 base pair insertion resembling a Group I intron,
located 31 nucleotides from the 3' end of the rRNA gene (3).
Absence of this sequence from mature 16S rRNA (4) and
demonstration of its ability to spontaneously excise from
transcripts of cloned fragments of the gene (5) confirmed its
identity as a self-splicing intron (6-7). The sequence of the 5S
rRNA of P. carinii grown in nude rats showed closer similarity
to 5S rRNA of Amoeba and Myxomycota than to that of
Ascomycetes such as Saccharomyces (8). However, the validity
of sequence analysis of such relatively short rRNA genes as a

taxonomic tool has been questioned (9-10). In S. cerevisiae, the
5S rRNA is encoded in the same genomic repeated element
encoding 16S, 5.8S and 26S rRNAs, but on the opposite strand
(reviewed in 1 1), although most eukaryotes studied do not have
the gene for 5S rRNA linked to those for the other rRNA species.
Hybridization of chromosomal DNA separated by pulsed field
electrophoresis with 16S rRNA-derived probes has localized the
16S rRNA gene of Pneumocystis to one or two 500 kbp.
chromosomal DNAs, with the gene for 5S rRNA apparently
located elsewhere (12-13).

In order to better understand the molecular genetics of
Pneumocystis, we have determined the sequence of the portion
of the major rRNA-encoding operon (encoding the 16S, 5.8S
and 26S rRNA molecules) from organisms derived from the lungs
of immunosuppressed rats, including the genes for 5.8S and 26S
rRNAs. These results indicate that these two genes also show
similarity to the homologous genes of S. cerevisiae, with the gene

for 26S rRNA also containing an apparent Group I self-splicing
intron.
The relatedness of different Pneumocystis isolates has been

difficult to determine in the absence of a long-term culture method
for this organism. The 5S rRNA gene amplified by polymerase
chain reaction (PCR) from multiple infected humans and rats had
the identical sequences (14). However, rat and human-derived
organisms showed sequence differences in their mitochondrial
DNA (15). When portions of the 26S rRNA gene from two
different sources were sequenced, we found that phylogenetically
variable regions of the gene differed between these two
organisms. This marked sequence difference between 26S rRNA
gene sequences may represent differences between clones of the
same species or may indicate the existence of more than one

species within the genus Pneumocystis. In either case, such
differences might provide a mechanism of recognizing the
relationships between different individual Pneumocystis isolates
for epidemiological studies. The existence of such differences
between small subunit rRNA sequences from different isolates
was previously suggested based on a single nucleotide difference
obtained by two different laboratories (4).

METHODS
Growth and purification of Pneumocystis carinii
Sprague-Dawley rats from Sasco, Inc. (Omaha, NE) were

maintained in isolation cages with protective filters (Lab Products,
Maplewood, NJ) were immunosuppressed by addition of
dexamethasone (1 mg/ml) and tetracycline (0.5 mg/ml) to their
drinking water. Water and autoclaved 8% protein diet (ICN) were

provided ad libitum. Hooded rats (Harlan-Sprague-Dawley,
Indianapolis, IN), provided by R.Heikkila (deceased) of this

institution were treated in the same way but not isolated. Rats

were sacrificed after 8-12 weeks of immunosuppression or when
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Table I. Oligonucleotides Used

Number Sequence 5' Coordinate Ref.

228A AACAGCTATGACCATGAT pUC polylinker
229 TTCCCAGTCACGACGTTG pUC polylinker
230 TGTAAAACGACGGCCAGT pUC polylinker
1138 AGGGATTGGTTGGCCTGGTCCTCCGAA 637(+), 16S 3
1887 CTTTCCAGTAATAGGCTTATCG 1726(-), 16S 3
2892 GCTATCCTGAGGGAAACTTCGG 964(-), 26S
2893 CCCGTCTTGAAACACGGACCAAGG 635(+), 26S
2894 CCCGCGATCAGCAAAAGCTAATCTGG 1374(-), 16S 3
2917 CCATACAGAAGACCATTCTTTATCCC 507(-), DHFR 19
2918 GGCCGATCAAACTCTCTTCC 58(+), DHFR 19
2919 GGGAAAAGGTCGTGGGGAGCG 977(-), TS 18
2920 GGGGAAGACCGCCCTGATAGG 58(+), TS 18
2982 GAGCCAATCCTTATCCCGAAGTTACG 1933(-), 26S
2983 GTCTAAACCCAGCTCACGTTCCC 2933(-), 26S
3175 GGGTGGTGGTGCATGGCCG 1262(+), 16S 3
3176 CCTTCCGCAGGTTCACCTACGG 1796(-), 16S 3
3243 CCGCAGCAGGTCTCCAAG 1833(+), 26S
3425 CGAAAGAGAGGAGGTAGCACC 368(+), intron, 16S 5
3426 GGTCCGTGTTTCAAGACGGG 654(-), 26S
3427 GGGAACGTGAGCTGGGTTTAG 2911(+), 26S
4016 GGTTTGGCAGGCCAACATCGG 485(+), 26S
4138 CCATGAAAGTGTGGCCTATCG 2715(+), 26S
4139 GCCTGGTCAGACAACCGC 3049(-), 26S
4169 GGATTATGGCTGAACGCC 3074(+), 26S
4170 GGCTTAATCTCAGCAGATCG 3328(-), 26S
4358 GACGAGGCATTTGGCTACC 2267(-), 26S
4443 GTACACACCGCCCGTCGC 1631(+), 16S 3
4743 TTTAGCTCTTGATTGTAG 556(+), 26S, Pc2
4744 CGCATATlTTTATATTATG 3234(-), 26S, Pc2
4746 GTTAGCTCTTGGCTTCTG 556(+), 26S, PcI

Table I lists all primers used for PCR amplifications and sequencing. The underlined G in 3243 was predicted for the 26S rRNA gene
sequence based on sequences from other organisms, but was A in the actual 26S rRNA sequence of P. carinii. The underlined C in 4169
was present in the 26S rRNA gene of P. carinii from Hooded rats (Pc2) but was A in the homologous location in organisms from Sprague-
Dawley rats (Pcl), as described in the text. The underlined C in 3425 is from the published intron sequence (5) but was T in a clone
of the intron amplified using flanking exon-derived primers 4434 and 3176 (data not shown). TS indicates the thymidylate synthase (18)
and DHFR the dihydrofolate reductase (19) genes of P.carinii.
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Figure 1. The top line represents the DNA sequence of a portion of the rRNA-encoding gene(s) of P.carinii isolated from immunosuppressed Sprague-Dawley rats
(Sasco), and the horizontal lines below represent PCR amplifications, which were subsequently cloned and sequenced as described in the text. Thin lines (A) indicate
PCR products from Sprague-Dawley rats (Sasco) and heavy lines (B) indicate PCR products from Hooded rats. Numbers indicate oligonucleotide primers (Table
I) used in each PCR reaction.

signs of respiratory distress were observed. All subsequent
procedures were done at 4°C. Each pair of lungs was removed,
minced with a scissors and the homogenate was suspended in
25 ml of Dulbecco's Modified Eagle's Medium (DMEM) and

centrifuged for 10 min at 200Xg to remove tissue debris and
lung cells. The supernatant was then transferred to a fresh tube,
cells were collected at 1,600Xg and resuspended in 3 ml of
phosphate buffered saline (PBS). Suspended cells were loaded

B.
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cgaaaaa aaaxtaxcac t&TTCCGTAG GTGAACCTGC GGMGGATCA TTAatgaaat gttgtcaaa actagtttat ctggttcttg acattttcat
cataacactt gtgaacatta aa6atttgct tt;acaggat SgggattaSc tttcgtcctg tcagaggttt tcaattaaaa cttttttggt gtttcggtta
aaaatataat ttttaaAMC TTTCAOCAAT GGATCTCTTG GTTCIG=I CGATGAAGM CGSGGCAAAA TGCGTAAGT AGTGTGAATT GCAGAATTCA
GTGACTCATC GAATTTTTGA ACGC&TATTG CGCTCCTCJAG TATTCTGTGG AGCATGCCTG TTTGAGCGTC ATTTttatac ttgaaccttt ttaaggtttg
tgttgggcta tgcattttag tatttttaca agatgctagt ctaaaatga atccaaata ttatttcgtg cagcgtaata gggttaaatt ccaattcgct
gtttttagaa atgatagact ggtttgtcta ttgttctag aggcaattt ttgaacCTTT GACTCAAAT CAGGIAGGT TACCCGCTGA ACTTAAGCAT
ATCMTAAGC GGAGGAAG AJMCTAACA GGATTCCCTC AGTMCGGCG AGTGAGTGG GAAAAGCTCA AAATTMAAAT CTGGCGAGGA TCCTCGTCCG
AGTTGTMTT TAGAGAAGTG CTTTTmGCTT GATGCTCTAT TTMAAGTCCT TTGG ICAAG GCATCATAGA GGGGATMT CCCGTACGAG TAGGGTTATT
AAGCTATGTA MAGCACATT CGAGAGTCG AGTTGTTTlG GATTGCAGCT CAAAATGGGT GGTAAATTMC ATCTAMAGCT MATATTAGC GGGAGACCGA
TAGCGAACAA GTAAGTGAT CrAAAGATGA MAAGAACTT GAMAGAGAG TTAAATAGTA CGTGAMTTG CTGAAAGGGA AGCGCTTGCG ATCAGACATG
CCTTATCAGG ATGTTGTTGT CTTGACMTA ACTATTACTT GGTTTGGCAG GCCAACATCG GTTTCAGCTG CTAGGTAGT GTCMGAGAG GGTAGCCTCT
TTCGTGGGGT GGTTAGCSCT TGOCTTCTGT AGTA CAG ACCMGAAGGT CTAGCGTCAG CTTGGTTGTT GGCTTMTGG TCTTAAOCGA CCCGTCTTGA
AACACGGACC AGGAGTCTA ATATCTATGC GAGTGTTTGA GTGGAAACT CATAOGCGMA ATGAAGTG AGCAAAAGGT AGGAACCTT TAAGGGTGCA
CTATCGACCG GTTCAAATTT ATTTGGATTG AGTAAGAGCA TAGCTATTGG GACCCGAAAG ATGGTGAACT ATGOCTGAAT AGGGTGAAGC CAGAGGAAC
TCTGGTGGAG GCTCGTrAUG GTTCTGACG GCAAATCGAT CGTCAAATTT OGOCATAGG GCGAAAGACT MTCGMCCA TCTAGTAGCT GTTCCIGCC
GAAGTTTCCC TCAGGATAGC AGAAACTCAA TATCAGTTTT ATGAGTAAA GCGMTGATT AGAGO;CATTG GGGTTGAAAC MCCTTMCC TATTCTCAA
CTTTAMTAT GTAAGAAGTC CTTGTTGCTT MTTGAACAT GGACATTAGA ATGAGAGTTT CTAGTGOGCC ATTTTTGGTA AGCAGAACTG GCGATGCGGG
ATGAACCGMA GCGAGGTA AGGTOCCOGA AGCAGCCTCA TCAGATACCA CMAIAGGTGT TAGTTCATCT AGACAGTAGG ACGGTGGCCA TGGAAGTCGG
AATCCGCTM GGAGTGGA ACAACTCAMC TACCGMTGA ACTlGCOCTG AAAATGGATG GCGCTCAAGC GTGCTACCTA TACCTCGCCG TCTGGGATM
TGATTCCTAG ACGAGTAGGC A IBiGTGG GTCGTGGA AGCCTAGGGC GTGAGCCC;G GTTGMCGGC CTCTAGTGCA GATCTTGGTG GTAGTAGCM
ATATTCAAT GAGGACTTTG AAGACTGAAG TGGOGAAAGG TTCCATGCGA ACAGTTATTG GGCATGGGTT AGTCGATCCT AAGAGATAGG GAAACTCCGT
TTTAAAGTGC GCGATTTTTC GCGCCTCTAT CGAAAGGGAA TCCGGTTMT ATTICAAC CAGGATATOG ATTCTTCACG GCAACGTAAA TGAAGTCGGA
GACGTCAGCG GS 03CTGG GAAGAGTTAT CTTTTCTTCT TMCAGCCTA TCACCCTGGA ATCGGTTTAT CCGG"GATAG GGTTCAATGG CTGGTAGAGT
TCAGCACTTC TGTTGAATCC AGTGCGC CGATGACCCT TGAAAATCCG ACGGAAGGAA TAGTTTTCAT GCCTOGTCGT ACTCATAACC GCMCAGGTC
TCCAAGGTGA ACAGOCTCTA GTTGATAGA TAATGTAGAT AAGGGAAGTC GGCAAAATAG ATCCGTAACT TCGGGATAAG GATTGGCTCT AAGGATTGGG
TGCATTGGGC TTTMTCOGA ACTATTOGA CCAGACGGGA ACTACCTTOG GMAACCGAGG CGGATCCTGT TAGGATCGAT CAGTGMTGA TTTTAGCAGC
CCTTTGGGCG TCCGATGCAC GCTTAAC&T CAACTTAGM CTGGTACOGA CAAGGGMT CTGACTGTCT MTTMAACA TAGCATTGCG ATGOCA5GM
AGTGGTGTTG ACIGGATGTG ATTTCTGC AGTGCTCTGA ATGTCAAAGT GAAGAAATTC AACCAAGIC GGGTMA CGGGCGTAAC TATGACTcac
cttttlaaaa tcataaaac aac czaaa tattatsa taatccaaaa aataaattca ttaczc ctatcaaatt caaaaatc cctaaaaatt
caactactaa acaacttata acacacttatanccma ttata cactatatant aacaatatts aatatsactc ttaattaaa aatataa
tccacaoxcatccta Icattttattatctataaat acaattcaac aataaoca cantanatat tttaaattaattatt tataxcctta
tctacaatto 5A &L A& tct tttc aaa&aA_3tCttCTTAAG GTAGOCAMT GICTCGCAT CTGATTAGTG ACGCGCATGA
ATGGATTAAC GAGATTCCCA CTGTCCCTAT CTACGATCTA GCGAAACCAC AOCCAAGGA ATGGGCTTGG CAAMTCAGC GGGGAAAGA GACCCTGTTG
AGCTTGACTC TAGTTTGACA TTGTOAMAG ACATAGAGA TGTAMATAG GT IGAGCT CGCGCCTGT GAAATACCAC CGCCTTTATT GTTTTTTTAC
TTMTCAGTG GAGCGGGACT GAGCTTTTGC TCATCTTTTA GCGTTAAGGT CCTTTTACGG G0OGACCCGA GTTGATGACA TTGTCAGATG GGGAGTTTGG
CTGGGCGC ACATCTGTCA AATAtACG CAGGTGTCCT AAGUGGAGCT CATTGAGAAC AGAMTCTCA AGTAGAATM MGGGTAAAA GTTCCCTTGA
TTTTGATTTT CAGTACGMT ACAACCATG AAAGTTGTC CTATCGATCC TCTAAATCCT CGAMTTTGA GGCTAGGGT GCCAGMAAG TTACCACAGG
GATMCTGGC TTG CAGC CAAGM TTCA TAGCOACGTT GCTTTTTGAT CCTTCGATGT CGGTCTC TATCATACCG AAGCAGAATT CGGTMGCGT
TGGATTGTTC AOCCACTMT AIGAACGTG AoCTGGTm ACA4cGT= GAGACAGT AGTTTTACCC TGCTGATGAA GTTATCGCM TGGTMTTCA
GCTTAGTACG AGAGGAACCG TTGATTCAGA TATTTGGTTT TTOCGGTTGT CTGACCAGG AGTOGGGA AGCTATCATC TGTTGGATTA TGGCTGAMAG
CCTCTAAGTC AGMTCCATG CCAGAAAGCG ATGATATTTC CTCACGTTTT TTGATACAAA TAGGCATCTT GCCMTATCA GTATTTGGAC GGGTGGAGGC
GGACGGAAGT GTTCGTCTCT GTCCATTMT ATTMTTMT ATTCGTGAGG GCGMTCCTT TGTAGACZGAC TTAGTTGAGG AACGGGGTAT TGTAAGCAGT
AGAGTAGCCT TGTTGTTACG ATCTGCTGAG ATTAAGCCtt tgttcccaag atttgt 4256
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Figure 2. The total contiguous sequence determined for P. carinii from immunosuppressed Sprague-Dawley rats (Sasco) by the strategy shown in Figure IA is shown.
All sequences were determined at least twice on each strand from the clones described in Figure IA, except for the last 18 nucleotides (indicated in lower case)
which were determined from DNA amplified from Hooded rats as described in the text. Except for this region, capital letters indicate rRNA coding sequences (positive
strand), lower case letters indicate spacers, and underlined lower case letters indicate Group I introns. The initial 22 nucleotides are from the 3'-terminal portion
of the Group I intron in 16S rRNA. Nucleotides 23-53 are the second exon of 16S rRNA, 54-216 are internal transcribed spacer 1 (ITS1), 217-374 the gene
for 5.8S rRNA (identified by similarity to other 5.8S rRNA sequences), 375-556 ITS2, and 557-4256 are the gene for 26S rRNA, with a Group I intron sequence
in lower case underlined. This sequence has been deposited at EMBL/GenBank under accession No. M86760.

Pc taAAACTTT CAGCMTGGA TCTCTTGGTT CCCGCGTCGA TGMGAACGT GGCA--AAAT GCGATMGTA GTGTGMTTG CAGAATTCAG 85
Sc ---. ...C..A CT A .....A. ........

C. 85
Tp AGA. A. ..T.A. C A.t.G-.C... A ..G--.... --.C. 86
Hs ---CG ... C. T. . .A.C..C GT..CA ..GCT.GC ..G.T.. A. G.CA ..T 87

Pc TGACTCATCG MTTTTTGM CGCATATTGC GCTCCTCAGT ATTCTGTGGA GCATGCCTGT TTGAGCGTCA TTT 158
Sc ...A. C. C. C...TG.CAG..G. 8
Tp C ..G .. A.A G.C.. A.. AG.G.T .GAGG.GTAA .M.CT.CAT .TT ..TA.TA G ..T.GCA-- 154
Hs .-. CAC..C..... CT.GCG .. C. .GGT. CC ..CGG .G CT.C....C G C.. 159

Figure 3 indicates comparison of the sequence of the 5.8S rRNA gene of P. carinii shown in Figure 2 with the homologous sequences from Saccharomyces cerevisiae
(24) indicated as Sc, Tetrahymenapyriformis (25) indicated as Tp, and Homo sapiens (26) indicated as Hs. Since the actual 5.8S rRNA sequence was not determined,
the termini of the P. carinii gene have been chosen based on the known sequence of the homologous gene of S. cerevisiae, to which it appears to be closely related.
The three nucleotides 5' to the proposed rRNA 5' terminus are indicated here in lower case letters.

on discontinuous Percoll gradients (10-40% in 10% steps) and
after centrifugation at 1,600 xg for 30 min, trophozoites were
found at the 10-20% interface, cysts with some trophozoites
and a few mammalian cells at the 20-30% interface, and
predominantly mammalian cells with some cysts at the 30-40%
interface.
For in vitro cultivation of P. carinii, mink lung cells of line

ATCC CCL64 (16) grown to 80% confluence in 10 cm petri
dishes in DMEM supplemented with 10% fetal calf serum were
used as feeder cells. Percoll gradient purified cysts (5 xl05)
were added to each plate in the presence of penicillin,
streptomycin, gentamicin and fungizone, followed by incubation
at 37°C in a humidified 5% CO2 incubator. After 1-3 days in
culture, the plates were gently agitated and the Pneumocystis-
containing medium was collected and centrifuged at 100 xg for

S min to pellet contaminating detached mammalian cells. Only
a few mammalian cells detached during the culture period and
these were efficiently removed by the centrifugation.

Microscopic techniques
Pneumocystis trophozoites were quantitated in 5 Al samples air
dried on microscope slides and stained with Diff-Quik (Baxter
Healthcare Co., Miami, FL). Cysts were identified by toluidine
blue 0 stain (17). All quantitation was done by counting three
5 Al samples for a total of 30 oil immersion fields for each sample.
All cultures and purified Pneumocystis preparations were negative
for fungal and bacterial contamination by microscopy and culture,
and for Mycoplasma contamination by MycoTect kit (Gibco
BRL).
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Extraction of nucleic acids from Trophozoites
P. carinii cells from mink lung cell cultures were harvested by
centrifugation at 3,000 rpm for 30 minutes at 4°C in a Sorvall
SS-34 rotor, and were washed with chilled PBS. Cells were
resuspended in 50 mM Tris-HCl, 50 mM Na-EDTA, pH 8.0,
and were lysed by incubation at 65°C for 30 minutes in the
presence of 1% SDS. Proteins were removed by precipitation
on ice in the presence of 1.25 M potassium acetate followed by
centrifugation at room temperature. Total nucleic acids were then
concentrated by precipitation in an equal volume of absolute
ethanol on ice.

Oligonucleotides
DNA oligonucleotides were synthesized by beta-cyanoethyl
phosphoramidite chemistry on automated DNA synthesizers
(Cyclone, Milligen and 380B, Applied Biosystems), and were
purified by chromatography on NENsorb-Prep cartridges (NEN-
DuPont). Oligonucleotides used are listed in Table I. J

Amplification and cloning of DNA
Pneumocystis carinii DNA was amplified by means of PCR
performed in a DNA Thermal Cycler (Perkin Elmer Cetus) using
thermostable DNA polymerase from Therrmus aquaticus
(AmpliTaq, Perkin Elmer Cetus). Reactions were run in the
presence of 0.2 mM of each dNTP, 0.4 j&M of each of the
indicated primers, 10 mM Tris-HCl (pH 8.3), 50 mM KCI, 1.5
mM MgCl2, gelatin (0.001% w/v), and 5 units of AmpliTaq
DNA polymerase in 100 1d total volume. Amplifications of over
1 kb. segments were performed by incubation at 95°C for 2
minutes followed by 30 cycles of 94°C for 1 minute, 50°C for
1 minute, and 720C for 1.5 minutes, followed by a 7 minute
incubation at 720C. Amplifications of fragments of less than 1
kb. were performed by 2 cycles of 94°C for 2 minutes, 58°C
for 1 minute, and 720C for 45 seconds, followed by 30 cycles
of 940C for 1 minute, 58°C for 1 minute, and 720C for 1 minute,
followed by incubation at 720C for 1 minute. For some PCR
reactions the thermostable DNA polymerase from Thermus
thermophilus (Hot Tub, Amersham) was used, under reaction
conditions recommended by the manufacturer using 1.5 units of
polymerase in a 100 ,ul reaction, using 2 cycles of 94°C for 2
minutes, 580C for 1 minute, and 70°C for 2 minutes, followed
by 30 cycles of 940C for 1 minute, 590C for 1 minute, and 700C
for 3 minutes, followed by incubation at 70°C for 10 minutes.
After PCR reaction, products were purified by agarose gel
electrophoresis, treated with T4 DNA polymerase (BRL) to
generate blunt ends, phosphorylated with T4 polynucleotide
kinase (Pharmacia), ligated under blunt end ligation conditions
to SnaI-cut pUC18 DNA (plasmid provided by J. Dougherty
of this deparutent), and transformed into E. coli DH5a competent
cells (BRL, Bethesda, MD) as described (20). Cells were grown
in LB medium and plasmid DNA was extracted and purified as
described (20).

DNA Sequence Determination
DNA sequence determination was performed on the Genesis
2,000 Automated DNA Sequencer (DuPont) according to the
manufacturer's instructions for sequencing reactions run on
covalently closed superhelical DNA templates, using DNA
polymerase from bacteriophage T7 (Sequenase version 1.0, U.S.
Biochemicals). Primers used included oligonucleotides 228A,
229, and 230 (Table I), which base pair with regions flanking

the pUC18 polylinker, and others listed in Table I. For inserts
of over 300 nucleotides without convenient internal primer
binding sites, nested deletions were generated as described (20),
which were then sequenced using the standard primers. All
sequences reported were determined at least twice for each DNA
strand.

RESULTS
Sequence of the rRNA operon of P.carinii
Prior to use for these experiments, nucleic acids from P. carinii
were shown to be from that source by confirmation of previously
published sequences using PCR methods. Primers 2920 and 2919
used in a PCR reaction yielded a single 920 bp. product (based
on agarose gel electrophoresis), the size predicted for the
thymidylate synthase gene with its 4 intervening sequences (18).
A PCR utilizing primers 2918 and 2917 amplified a single 493
bp. product, as predicted for the dihydrofolate reductase gene
with a 43 bp. intervening sequence (19). The P. carinii-specific
primers for 16S rRNA, 1138 and 2894, yielded a single PCR
product of the predicted 738 bp. size (3). The 'universal' 16S
rRNA primers, 3175 and 3176, generated two PCR products:
one was 925 bp. in length, the size predicted for the 16S rRNA
gene with its Group I intron (3, 5), and the other was 535 bp.
in length. This smaller fragment had a sequence identical to the
corresponding region ofhuman 18S rRNA (21), and presumably
represents amplification of contaminating mink lung cell
ribosomal DNA rather than amplified reverse transcript (22) of
P.carinii rRNA (data not shown).

Figure 1 shows the amplifications used for subsequent cloning
and sequence determination. Each PCR product, produced using
primers listed in Table I, was cloned into pUC18 and both strands
were sequenced at least twice. All overlapping segments yielded
the same sequence, indicating an error rate of Taq polymerase-
catalyzed PCR (23) of less than one per 500 nucleotides. We
cannot rule out rare misincorporation events in the regions which
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Figure 4 is a dendrogram generated by the 'pileup' program of the Wisconsin-
GCG package indicating sequence similarity (but not necessarily evolutionary
relationships) among the 5.8S rRNAs compared in Table II.
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were only amplified once. The sequence determined for the
amplified portion of the rRNA operon of P.carinii is shown in
Figure 2. The sequence of the final exon of the 16S rRNA gene
agrees with that previously reported (3), although the third base
from the 3' end of the intron (C) previously reported (5) is absent
in our sequence. This sequence has been confirmed in an
additional amplified fragment (amplified with primers 4434 and
3176) including the entire intron sequence (data not shown).
The sequence of the 5.8S rRNA gene indicated in Figure 2

was recognized by similarity to the 5.8S rRNA sequences from
other eukaryotes (24-26), with which it is compared in Figure 3.
The 5.8S rRNA sequence is 87% identical with the homologous
rRNA of S. cerevisiae, which was also the species to which
P. carinii showed closest relatedness of its 16S rRNA gene (3).
In contrast, the 5.8S rRNA sequence was 67% and 69% identical
with the homologous genes of T.pyriformis and H.sapiens,
respectively. Table H shows a similarity matrix of fungal and
protozoan 5.8S rRNA sequences; these data are expressed as a
dendrogram in Figure 4. The P. carinii 5.8S rRNA sequence is
most similar to five fungal sequences, and is more distantly related
to sequences from various protoza, algae and slime molds.
However, this dendrogram may not be identical to one based
on evolutionary distances. Also, taxonomic classification based
on sequences of relatively short genes with conserved regions

may not be valid, as has been suggested from genes for 5S rRNA
(9- 10).

Figure 5 shows the sequence of the 26S rRNA gene from
Figure 2 compared to homologous genes from S. cerevisiae (27)
and T.pyriformis (28). The indicated P. carinii sequence has an

apparent Group I self-splicing intron sequence (see below) omitted
after nucleotide 2241, and the T. pyriformis sequence has an
intron of the same type omitted from a location four nucleotides
3' to the homologous site in the P. carinii gene (28). Thus the
26S rRNA genes of both P. carinii and T. pyriformis have Group
I self-splicing introns inserted into the same relatively conserved
region. Comparison of the three sequences shown in Figure 5

indicates the relative conservation of some regions of the 26S
rRNA genes, and the greater phylogenetic variability of other
regions. Comparison of the coding regions of the four completely
sequenced 26S rRNA genes of microbial eukaryotes are shown
in Table HI; P. carinii is again more similar to S. cerevisiae than
to T. pyrifornis.

Group I self-splicing introns of rRNA genes

As was indicated in Figure 2, an apparent Group I self-splicing
intron interrupts the 26S rRNA gene sequence in P. carinii. This
intron is recognizable by the presence of the conserved P, Q,
R, and S segments (boldface in Figure 6A) present in all introns

Pc CTTTGACCTC AAATCAGGTA GGATTACCCG CTGAACTTM GCATATCMT AAO0GAGGA AAGAAACTA ACAAM ATTC CCTCAGTAAC GGCGAGTGM
Sc.G..C-C. G ...T................
Tp --C.ACA.CT G.TA. .A.C. A.... .G T AG .C..T.A....

Pc GTGGGAAAAG CTCAAAATTA AAATCTGGCG AGGATCCTCG TCCGAGTTGT AATTTAGAGA AGTOCTTTTG OCTTGATOCT CTATTTAAAG TCCTTTOGM
Sc C..C... T.G.. -T CCT.. GGT. C. ... .... G.GCAAC ..T .GGCCGTTC ..TG.CT.T. T.C.
Tp CA ..CT. G.G M.--------- -.A. . ..C..A... GT.AACCCM AGC.A.GCTC CGCAT ... T.C.

Pc CMGGCATCA TAGAGOGTGA TMTCCCGTA CGAGTAGOGT TATTAAGCTA TGTAAAACA CATTCGAAGA GTCGAOTTGT TTOGGATTOC AGCTCAAAAT
Sc ..G.A.G... OC..... G T.GCG ... AG .GCGGTT. .T .. TG .C. .....TG..A. T. .G.
Tp ..G.A.G... A. C.C. GTC.GT.A.G A ..GCT.G.G AAGOO ...-G .-. .... G .. C.T ..G.

Pc GGGTGGTMA TTTCATCTM AGCTAMTAT TAGCGGA CCGATAGCGA ACAAOTAGAG TGATCGAAAG ATGAAAAGAA CTTTGMAAAA AGOATTAAAT
Sc ....... ............ ....... ....... .... C ......G..............................AG... A
Tp ... A.A.... C..T.ACA.CT. C. AG. G.-

Pc AGTACGTGAA ATTOCTGAAA AAGCOCT TG-------- CGATCAACA TOCCTTATCA GG--ATGTTG TTGTCTTGAC MTAACTATT ACTTGGTTTG
Sc. T...........G..A .T-------- T........ GTG.T.TG T.CCC.C.GC .CC.TG ..W T.GGGA. .C T.GCAT. .CA
Tp CC-T.T.CC.AT... ..TG. A.AAGAGCAA TA.A.T.GAC G. .GC&TAA .O.A ..GT AC. ACTG. GGAOT.G ..A CGAAA.G.C.

Pc GCAGGCCAAC A--------- ---------- TCGTTTCA CTOCTAGGTA AOTGTCAAGA GAGGGTAOCC TCTTTCGTOG GGTOGTTAGC TCTTGGCTTC
Sc CTG.....G.----------- ..... TG. TG ...A.. .A.CCAT ..G A.T.TAGCTT G.C.CG. .M .......... .....GAAT
Tp ATGA .TA.GG .AAGCAACA GAACTTCTAC G.C.G.CAGA AGA.A.M.G .TCAG.TT .A. .. .T. A.C.GA.ATC .... C.AM C.AGAT.AAA

Pc TGTAGTAGCA GGGACCOGA OTCTAGCGT CAG-CTTOGT TGTTGGCTTA ATGGTCTTM GCGACCCGTC TTGAAACACG GACCAAGGAG TCTMTATCT
Sc AC.GCC....T T.AGG AC. GCA... A. T .AAMA .. C.....A. ..... T..T CO...... .. CG.
Tlp A.GGMA.CTT CA .. .. .C T.AGG ..C. A ..--GGC.A T...T.AM. CT.CT.CT.TC.................... TAT.

Pc ATGCGAGTGT TTGAGTGGA- AAACTCATAC GCGAATGM AGTGAAGCM AAGGTAGGA CCCTTTAAGG GTGCACTATC GACCGGTTCA AATT-TATTT
Sc.0..... .T. -C....G...T .... T...... -.GT .G.T.G .GC .T.GCA.GA. A. A.C.T G. .G-.C. .C
Tp .A. A .A.G. 0 ... GC.G.C......C ...O.....GTAC. G.T--.CC. AG.CGC.... TA...GC... AC ... ACCT. G... C.CCGA

Pc GGA-----TT GAGTAAGAGC ATAOCTATTG GGACCGA GATGGTGAAC TATGCCTGM TAOGTGAAG CCAGAGGAAA CTCTOGTGGA GGCTCOTAGC
Sc TGGAT................G ... .......... .............................. .......... ..........

Tp A. .AGGGT.C ... G.. T. AT.G ...CT ..G A

Pc GGTTCTGACG TGCMATCGA TCGTCAAATT TGOOGCATAGG OOCGAAAGAC TMTCGAACC ATCTAGTAOC TGGTTCCTGC COAAGTTTCC CTCAGGATAG
Sc ...T............... .......... ..........

Tp .A.A............. .......... A.TG..O..................... .......... CT. T.

Pc CAGAAACTCA ATATCAGTTT TATGAGOTM AGCGMTGAT TAGAGOCATT GOOTTGAAA CAACCTTAAC CTATTCTCM ACTTTAMTA TGTMGA--A
Sc. G- G ..TTCC. C.TO..G --.

Tp AGMG TACG.............AC.C. CC.. 0. .T ............T G. GCC

100
99
98

200
198
188

300
297
286

400
397
385

490
489
484

571
570
583

670
670
681

768
767
779

863
867
879

963
967
979

1061
1064
1079

Fc GTCCTTGTTG CTTMTTGM CATGGACATT AGMTG-AGA GTTTCTAGTG GGCCATTTTT GGTAAGCAGA ACTGGCGATG CGATGAAC CGAACGCGAG 1160
Sc A. G T. A. CT.TAGA 1164
Tp .CGGAGT. .........T -.CTCOGG. .C.T .C.CT.......T..................A......... TT....TTGA 1175

Pc GTTMGGTGC CGGAA-GCAC GCTCATCAGA TACCACAAAA GGTGTTAGTT CATCTAGACA GTAGGACOGT GGCCATGGAA GTCGGMTCC GCTAAGGAGT 1259
Sc.. TA. C.CC 1264
Tp .A. .. CA.T ..G.A.G.C T. TA.1278

Pc GTGTAACAAC TCACCTACCG MTGAACTGG CCCTGAAAAT GGATGCOCT CAACOGTOCT ACCTATACCT CO CGTCTOG GAT--MTGA TTCCTAGACG 1357
Sc.G. A.T .. TC TA.A.. TGAT.GCT.... 1364
Tp G. A . .G T. .G....TC M ..A. .A.A CAAATGC.. GG.T.T ..T. 1378

Pc AGTAGGCAGG CGTGGGOGTC -GTGGCGAG CCTAOGCOT GAGCOCOT TGAACOCT CTAGTOCAGA TCTTGOTGOT AGTAGCAT ATTCAATGA 1456
Sc. A.... A . A. AC... A..GT C. 1464
Tp AG...... A TC.T -.CCTA.... TA.T...... T-ATA G.A .OGAT......... 1476

Pc GGACTTTGM GACTGAAGTO GGGAAAGGTT CCATGCGAAC AGTTATTGOG CATGOGTTAG TCGATCCTM GAGATAGOGA AACTCCGTTT TA-MGTGC- 1554
ScA.CTC.CAG. .A .0 . 0 . GC..- GC.T 1563

Tp A........A.......... 0.......... A .CA....TTG.......C.......... C.TT.T.GC A.T.CM.M7............G.156Tp A................... ...C .......A ...G .... .....A.... ... .... T .....C .C...T .TG ..A -A 17

Pc GCGATTTTTC GCOCCTCTAT CGAAAOGAA TCCOGTTMT ATTCCGOAAC CAGGATATGO ATTCTTCACO GCAACGTAAA TGAAGTCOGA GACGTCAGCG 1654
Sc ATT. A.G. AG...A.C. -..G TT.............C TGT. . G .. 1662
Tp ACG ..C.CG TTTT.GT.G.A..............GA ....... .... . T...CO... -.ATAGAGT. T ....AC... GA..CC. A 1675
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Pc GGGGGCCTIG GAAGAGTTAT CTTTTCTTCT TAACAOCCA TCACCCTOGA ATC0GTTTAT CC0OAGATA- 000TTCMATGO0CTG0TAAGA TTCAOCA-CT
Sc C.A.C.....G.......... ...T.....C....T........-..L......T.A.... GC....C
Tp .A.C.ACT ..........T....TA...G.A. .A. .AT. .A....A....T C..C.OT.C. TA.. .C.... CA0T. .C.C

Pc TCTGTTGAAT CCAGTGCOCT TTCGATGACC CTTGAAAATC CGAC0GA0G AATAGTTTTC ATOCCT0GTC GTACTCATMA CCGCAACAOG TCTCCAAGGT
Sc .T..C. .GC. ..G.... .GT.C.G G.....ACA............TA.0...G.....G........
Tp .AA.AGCTG. AOT.......C..........TG ..... .CATMA.. ..A.T....C......T........

Pc GAACAGCCTC TAGTTGATAG MATMTGTAG ATAAGGOAG TC00CAAAAT AGATCCGTAA CTTC00GATA AGGATTGOCT CTAAGGATTG GGTGCATTGG
SC.......... G.C. .. .AGTGA..
Tp T.G..C.... .C .T.G0 C. ...ATMA..

Pc GCTTTMATCG GAAOCTATTG GACCAGACGG GAACTACCTT GGGAAAC------CGA0 CGGATCCTGT TAGGATCGAT CAGTGAATGA TTTTAGCAOC
Sc ..C. .GG..A ..C. .AGCG. .C0TOCTT.T G.0.. .G.T.G .T.OOG.TTG CTCTG.T.. ..CTACT. OC.TGC.TTO TT. .AG.C.G CC. .G.T. .G

Tp C.A... GAT. AT.T.C.hGC ITTGTTGOTTA .TGTOG.AAC AT.-------------CTGATA G.CTG... .C G.A... TC .0.G.G.T.A

Pc CCTTTGOCO TCCGATGCAC 0C----TI AACAMTCAAC TTAGAACTGG TACG0CAGMOG0AATCTGA CTGTCTMATT AAAACATAGC ATTOCOATOG
Sc T. .C.T.TA. A... TC..TT .TACAAT.A CAG.........
Tp . ------- .-G.TC.TCT TTATACMA. 0...........A AG.....A .T.CC.T....T.....A. A.T.... C...

Pc CCAGAAAGTG GTGTTGAC0C GATGTGATTT CTGOCCCATOT CTCTGAATGT CAAAGTGAAG MAT?CAACC AAGCGC0GGT AAAC00CGOG AGTMACTATG
ScT......A......A................................A............
Tp ..-TC..CA. ...A....A.A.....................C. C........... ..........

Pc ACTCTCTTAA GOTA0CCAAA T0CCTCOTCA TCTGATTAGT GACGC0CATG MTGGATTM CG.AGATTCCC ACTGTCCCTA TCTACGATCT AGCGAAACCA
Sc ...................A.............................T........
Tp..................A...............T....A..........T......C...

Pc CAGCCAAOGG MAT0G0CTTG GCAAAATCAG CG000AAAGA AGACCT0TT GAGCTTGACT CTAGTTTGAC ATTGTGAAAA GACATAGAGG ATGTAGMAAT
Sc .......C.......G........0.........................0 . ..G..
Tp ....T.....C....AA.?......................C.A.. T.....TG.O..GTG.. G.A...CC..-

Pc GGTGOGAOCT TCGOC0CCTG TGAAATACCA CCOCCTTTAT TGTTTITTTA CTTMTCAGT GGAOCOOGAC TGOACTT--T TOCTCATCTT TTAGOCTT-A
Sc A..........A...... A....A....C.T...T...A.AG....W. -M.-CA. TIC..CO.. C.....A.C.
Tp .....AG MAAT..AOCC .1.T.A..TA.CACG. A..CA...0...G .....T. .A.-.-----A MA.AAC.00. GAGAACCAG. .CTAAAA.T.

Pc AOGTCCTTTT ACG00CCGAC CCGAGTIGAT GACATIGTCA GATG00GAGT TTGOCTOGOGG C00CACATCT GTCAAAAGAT AAC0CA0GM TCCTAAOG0
Sc ....CA.. CG....T..T..G.O...A......G.................T...C......A.......
Tp ..A.A. .. .A TI.TCTGATT TTIOCGAA.A.0..GJ....?. ..T......A.T0C.. .T... CC ....C.....T.T

Pc AGCTCATTGA GMACAGAAAT CTCAAGTAGA ATAAAAGOGT AAAAGTTCC TTGATTITGA TTTTCAOTAC GMATACAAAC CA-TGAMOGT GT0GCCTATC
ScG.. 0...G.......C....C ..... -...G... C.T.G........0.IT.................
Tp ..0...G. 0...........C........C.A.A............T......0-C..........

Pc GATCCTCTMA ATCCTCGAAA TTTGAGOCTA G000T0CCAG AAAAGTIACC ACAGOGATM CTGOCTITGT GCAGCCAhOC GTTCATAOCO ACGTIGCTITT
Sc ....T..G TC..0........A........................T...........A....
Tp... T... -CTI.AC..G ...T.A...A..T............. ..........A....T.......

Pc TTGATCCTTC GATOT~0CT CTTCCTATCA TACCGAAGCA GMATTC0GTA AGC0TT0GAT TGTICACCCA CTMIAGOGA ACOTGAOCTG GGTTTAGACC
Sc....T............. 4... ...A..........Tp.................TO.ACA...C.....T.....C.......

Pc GTCGTGAGAC AO0IATTAG TA~CCT0CTG ATGAAGTIAT C--GCAATOG TAATTCAOCT TAGTACGAGA GGAACCGTIG ATICAGATAT TTIGTTTITTG

Sc...............A......TGTACA....A....G.A..........A...C....G....A......
Tp...............A......ACG.. GTI. .G.CA....T.AG.C........C.AA....A.A...AMAA

Pc CGGTTGTCTG ACCAG0CAGT 0Ga0GAA0C TATCATCT0 TOGATTATOG CTGAAAGCC CTAAGTCAGA ATCCAT0CC GAMACOATG ATATTT----
Sc ... C....IT....C...... .CC...C.c........C.T..........T. .C..C .0..G. ..T.C.TIO

Tp.........A..A...T.....C..........A..0..............TGO....A... TCTAAGOITG

Pc---CCTCAC GTTITITTTAT ACAAAT-AGG CATCTI -- ------G CCAMTATCAG TATTTOGACG GGTOGAGOCO GACOGAAGTG TTCOTCTCTG
Sc TCCA.ACA.T A.AGA.G. 0......A..G. C.TGTG 0C0TCOCT AX.....0... WCAWCA-. TOCACTIG. CO0AA.G.CC .G.GTG..I
Tp ATGATAAACG AAAAAAMATA .0....--.AG?? COAAA..TA. A.C... .M.A..A. .M. C.T.ATCTA

Pc TCCATTMTA TITITT---A ATATTCGTGA 000CGAATCC TTITAGTAW ACTIAGTT0A GGAAC9000 ATTGTMAGCA GTAGAGTAGC CTITGTTGTA
Sc G.TOOCO.AT .OC.A.GTC. T.T.G. .... .0 .ATA.. ..A....T......A..? AC.......0..G...........
Tp ATGC. .... C 0....CCA. .TA..A.CT AC.TA. ...T.........A.--. C.GAC.......T. TO.....A A.--A.TC..

1752
1760
1775

1852
1860
1873

1952
1960
1973

2044
2060
2052

2138
2160
2144

2238
2260
2243

2338
2360
2343

2438
2460
2443

2535
2560
2538

2635
2660
2638

2734
2756
2737

2834
2856
2836

2934
2956
2936

3032
3056
3036

3128
3155
3136

3210
3255
3208

3307
3355
3304

Pc CGATCTGCTG AGATIAAOCC tttattccca agatttat 3345
Sc.OT...........MT -.....3392
Tp.........C.... CG.C.C.?TT. -....A. 3341

Figure 5 shows a comparison of the sequence of the 26S rRNA genes of P. carinii (Pc) from Figure 2, with homologous sequences from S. cerevisiae (Sc), and
T. pyriformis (Tp). As indicated in the text, the Group I self-splicing introns in the P.carinii and T. pyriformnis genes have been omnitted. The final 18 nucleotides
of the P. carinii sequence were determined from organisms from immunosuppressed Hooded rats as indicated in Figure 2.

of this class, as previously reviewed (6-7). There is 74% identity

between the sequence of the putative Group I intron in the 26S
rRNA gene and that previously reported (5) in the 16S rRNA

gene. Our sequence for the intron in the 16S rRNA gene is

identical to that reported (5) except for the absence of the third

nucleotide from the 3' end of the intron (C); we have confirmed

the sequence of the 16S rRNA gene (3) 3' to nucleotide 1649.

Comparison of the sequences of the introns in the genes encoding

26S (Figure 6A) and 165 rRNA (5, Figure 2) reveals nearly

complete identity in a 'core' region of the intron structure. Except

for G89 of the 265 rRNA intron which corresponds to A in the

16S intron, all nucleotides beween sites 78 and 251 of the 26S

intron are conserved in the 165 intron sequence. The remainder

of the sequences of the two introns show less similarity, but

secondary structure of the two introns is highly conserved.

Figure 6A indicates that the 26S rRNA gene intron can be

folded into a structure similar to that reported for other Group
I self-splicing introns (6-7), including that in the gene encoding

16S rRNA in P.carinii (5). This structure could not be reproduced
by the Wisconsin-GCG 'fold' program (29), but is most consistent
with the consensus folding proposed for Group I introns (7). The
structure in Figure 6A contains the conserved P1I double-helix
made up of a pairing of the 5' exon-intron junction with an
internal guiding intron sequence (IGS). It also contains an
unusually long P8 helix with a bulge-loop on its 5' side; although
the previously proposed structure for the 16S intron (5) does not
have such an elongated P8 helix, its structure also can be drawn
in this way (Figure 6B).
We have utilized PCR primers pairing to the exons on either

side of the 26S rRNA gene intron, including a 5' primer with
a 17-nucleotide 5' extension consisting of a bacteriophage SP6
promoter (30), to generate a DNA product consisting of the intron
sequence with portions of both flanking exons with an SP6
promoter at the 5' end of the positive strand. Transcription of
this DNA by bacteriophage SP6 RNA polymerase (Promega)
results in production ofRNA catalyzing self-splicing under similar
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Table H. Sequence similarity of 5.8S rRNAs of simple Eukaryotes

Nc Ca Aa Sc Sp Pc Ac Cr Tp Th Pf Dd Pp Gl

Nc 1.0000 .9299 .9236 .9172 .8599

Ca 1.0000 .8924 .8797 .8544

Aa 1.0000 .9494 .8987

Sc 1.0000 .9114

.8854 .7771 .7308 .6883

.8418 .7215 .7244 .6688

.8671 .7722 .7436 .6883

.8734 .7848 .7564 .7143

.6624 .5159 .5414

.6519 .4873 .5506

.6582 .5380 .5506

.6392 .5316 .5696

1.0000 .8165 .7407 .7500 .7143

1.0000 .7468 .7051 .6753

1.000 .7500 .6818

1.0000 .6429

.5879 .5273 .5432

.6519 .5063 .5443

.5679 .5185 .5000

.5641 .5513 .4744

1.0000 .5844 .5714 .5130

1.0000 .4702 .4691

1.0000 .4753

.5290 .4759

.5032 .4207

.5032 .4828

.4516 .4552

.5000 .4414

.5161 .4138

.4452 .3793

1.0000 .4065 .3862

1.0000 .4483

1.0000

Table II indicates the extent of genetic identity as indicated by the Wisconsin-GCG 'Distances' program. Sequences are from GenBank with the following
accession numbers: Neurosopora crassa, Nc X02447; Cephalosporium acremoniwn, Ca X06574; Alternaria alternata, Aa X17454; Saccharomyces cerevisiae,
Sc K01051; Schizosaccharomyces pombe, Sp J01359; Pneunocystis carinii, Pc; Acanthamoeba castellani, Ac K00471; Chlamydomonas reinhardtii, Cr
M35013; Tetrahymena pyriformis, Tp M10752; Trypanosoma brucei, Th X05682; Plasmodiwum falciparun, Pf J04683; Dictyosteliwn discoidewn, Dd V00192;
Phyarum polycephalum, Pp M13612; and Giardia lamblia, Gl M35013.

conditions to those reported (5) for self-splicing of the intron in
the 16S rRNA gene (Y.Liu and M.J.Leibowitz, unpublished).
Thus the three rRNA genes encoding 16S, 5.8S and 26S rRNA
of P. carinii closely resemble their fungal homologues in

sequence. However, they contain Group I self-splicing introns
in the 16S and 26S rRNA genes, unlike known fungi but like
some protozoa (28).

Sequence Variation between P.carinii Isolates
In the course of studies to confirm the sequence shown in
Figure 2, various regions of the rRNA operon of P. carinii were
repeatedly amplified and sequenced. Organisms obtained from
the lungs of Sprague-Dawley rats (Sasco) immunosuppressed in
isolation chambers yielded the same sequences for duplicate or

overlapping amplifications, as summarized in Figure 1. When
portions of the 26S rDNA were amplified, cloned and sequenced
from P. carinii obtained from Hooded rats immunosuppressed
without isolation, they were found to differ in sequence from
the same regions obtained from organisms from Sprague-Dawley
rats from Sasco (Figures 7 and 8). Figure 7 shows the sequence
of a region of the 26S rRNA gene which was determined for
five independent PCR products (summarized in Figure 1) using
three different sets of primers from P.carinii from Sprague-
Dawley rats, for the region of nucleotides 485-964 as shown
in Figure 5. This sequence is denoted Pcl in Figure 7, and was

identical in three full-length and two partial clones of this region,

Table m. Sequence similarity of 26S rRNAs of simple Eukaryotes

Pc Sc Tp Pp

Pc - 0.833 0.739 0.623
Sc - 0.734 0.602
Tp - 0.605

Table III indicates the extent of genetic identity of 26S rRNA gene sequences,
calculated as in Table II. Abbreviations are as in Table II; sequences from GenBank
include Sc, J01355; Tp, X54004; and Pp, VO1 159.

as indicated in the legend of Figure 7. When the pair of primers
indicated in Figure 7 was used to amplify DNA from P. carinii
from Hooded rats, the sequence indicated as Pc2 was obtained.
Comparison of these sequences with those of S. cerevisiae and
T pyriformis 26S rRNA sequences demonstrates that the DNA
sequences of the two P. carinii isolates differ from each other
at multiple positions, with the differences occurring mostly in
phylogenetically variable regions of the rRNA sequence.
However, the two P. carinii sequences are clearly more similar
to each other than to the sequence of the S. cerevisiae gene,
indicating the phylogenetic relatedness of these two isolates.
Similarly, as is shown in Figure 8, the 3'-terminal region of the
26S rRNA gene of P. carinii from these two sources differed from
each other, with most of the differences in phylogenetically non-

Sp

Pc

Ac

Cr

.5097 .4483

.4968 .4828

.5161 .4483

.5161 .4483

Tp

Th

Pf

Dd

Pp

Gi
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A
130 P5b 140 P5c

AA CAxC_A gUY?U G GCGGGUUA
AGGUG UCGACG G CGAU

120 A UGA-U 16
U-A

110 C-G
A-U
U-AACA

P5a C-GUA
A-U'170
A-U
C-G
U-A
U-A

100 A-UAUG
AG CA190A c
A UqUUAA
AUAA A6GkGUU
C U 190

ALUA P5C-GCA A C-G
UUU AA AAAUGG200g-C UUCAGU C-G

C G CG A-AU90 GA A G-G 5OGC7AG
C-G 10 U C-G G.U

-lu.G C- G G-C
COGp1 G1P2U-GP2.1GC
a-U G: 0A-U pUAG-C
g-c CUG GP1 C-GP7 P6a 220 P6bu-A 20 G-C40UUG70 P3 go G-C P6 2AA'a-UG_A AA-U AG-CGACACUGUCAAAUUJ-A i! 0GcCAAUCCUIAAGGACAUUUII 11.1 G II LJ

UUGACGGC UGAUGUAG?U UA280 G A260 u C
40

24034

A GAGAUJGUUAUG G C C250
uIli , G CAUCCAGU UCUACAAUGC AUCA GA

IIAUA -10U AGUcUA3
G.U U GGA A 33503 355
UAA-GUP882CGUAGUGUGctcttOa3

G-C30o U-A
GC- C-G
U3.0 U-A

250UG~U

A-U U-A
U A C-G
131 G A

AAA340

B
GAUCCUAUGG

GtG GAUGCuA-U UAAGAUA
U-A 352
A-U PO
U-A
A U
UA

Figure 6 (panel A) shows the secondary structure into which the apparent Group
I intron in the gene for 26S rRNA of P.carinii can be folded. The helices P1-P9
are conserved among Group I introns (6 -7). The bases in the intron are numbered
1 through 355, and the flanking exon regions are indicated in lower case letters.
The consensus sequences P (nucleotides 80-91), Q (nucleotides 202 -211), R
(nucleotides 247 -260) and S (nucleotides 316-327) are indicated in boldface.
Panel B shows an alternative folding for the P8 helix of the intron (5) in the 16S
rRNA gene.

conserved regions; again the two P. carinii genes showed greater
similarity to each other than to the genes from other species.
When PcI DNA template was amplified by PCR using the

primer pair 4358 (universal) and 4746 (PcI-specific), the expected
2,067 bp product was produced; in contrast, no product was

generated from Pc2 template with these same primers (Figure 9).
Similarly, primers 4743 (Pc2-specific) and 4744 (Pc2-specific)
amplified an approximately 3.0 kbp product from Pc2 template;
no similar product was seen with PcI template (Figure 9). Note
that in some reaction a barely detectable band of the same size
seen with Pc2 template was seen with PcI template using the
latter primer pair. These data are consistent with Pc and Pc2

Pcl T CAG CCCA--- ---------- ------TCG TTTCJGCTSC TAGGTAAGTG
Pc2 ........A--- ---------A-AGA
Sc AT. CACTG. G--- ------.A.......... A.G.... .A.C
Tp A.G.C.ATGA .TA.GG.AAG GACACASGC TTCTACG.C. G.CAGAAGA. A.M..G... .T

Pcl TCAAGAGSAG GTAGCCTCTT TCGTGGGGTG GTTAGCTCTT GGCTTCTGTA GTAGCAGGGA
Pc2 ........ TT T....... AT.GTA. ....

Sc CAT. GA.T. TAGCTTG.C. CG. .A.TAT TA... CTG. .GAATAC.G CC... ....

Tp CAG.TT. .A. -. .T.A.C. GA.ATC. .G. .C.AAC.AG AT.AMA.GG MA.CTTCA..

Pcl CCSGAAGGTC TAGCGTC--- -AG-CTTGGT TGTTGGCTTA ATGGTCTTM GCGACCCGTC
Pc2 .......... .....A.AATA T........ ....................

Sc .T.AGGAC.G CGA...A--- --. T.AA.A ... A. TA. .T ..CG.
Tp T... CT.AS G. A-.----.--GGC.A .7.. TM.M.CT.CT. CT.

Pcl TTGAACAC GACCAAGGAG TCTMTATCT ATGCGAGTGT TTGAGTGGA- AAACTCATAC
Pc2 .......... G ....... G
Sc .CS... ...-... ... C.....
Tp .. AT. A .A.. ...G .C.G.C.

Pcl GC;AAATGM AGTGAACM AAGGTAGGAA CCCTTTAAGG GTGCACTATC GACCGGTTCA
Pc2 .......... ......... C-G ......C.....
Sc ...T...... -.GT G.T.G. GC .T.GCA.A .. A... A.C.T
Tp .....AC. .... GCC.. S..S-C.... TA.. SC... ACG.. ACCT.

Pcl MTT-TATTT G&A-----TT GAGTMASGAC ATAGCTATTG GGACCCGAAA GATGGTGMC
Pc2 ......... C.......... ..

Sc G G-.C ...C TGUAT...G
Tp G C.CCGA A.A0GGT.C...G...... T AT.G..A .......

Pcl TATGCCTGM TAGGTGAAG CCAGAGGAA CTCTGGTGGA GGCTCGTAGC GGTTCTGACG
Pc2
Sc
Tp ..C. ....S............G A. A.A.

Pcl TGCAAATCGA TCGTCAMTT TGGGCATAGG GGCGAAAGAC TMTCGAACC ATCTAGTAGC
Pc2
Sc...... T.....
Tp .........T ..

Pcl
Pc2
Sc

Tp

TGGTTCCTSC CGMGTTTCC CTCAGGATAG C 964
..........

.CT T

Figure 7 shows the sequence of the region from nucleotides 485 through 964
of the 26S rRNA gene from P.carini from Sprague-Dawley rats, as indicated
in Figure 5 (Pci). This sequence was determined for three PCR products made
using oligonucleotides 4016 and 2892 as primers and for PCR products made
using the oligonucleotide pair 3425 and 3426, and the pair 2893 and 2982, each
resulting in products partially overlapping this region. This entire sequence was
thus determined on four or five isolates, with four separate sequence determinations
made for each PCR product. The sequence of DNA amplified using the same
primers (4016 and 2892) from P. cariniiIlI from Hooded rats is indicated as Pc2.
The homologous regions of genes from S. cerevisiae (Sc) and T. pyriformis (Tp)
are also indicated. The numbering is according to the 26S rRNA sequence of
Pc as in Figure 5. The sequence denoted Pc2 has been deposited at
EMBL/GenBank under accession No. M86761.

each containing predominantly genes encoding single distinct
major 26S rRNA sequences.

External transcribed spacer sequence

The sequence of the 26S rRNA gene shown in Figure 3 contains
a phylogenetically conserved EcoRI site at position 2875, which
is located in a highly conserved region of the sequence. DNA
isolated from P. carinii from Hooded rats was restricted with pairs
of restriction enzymes, including EcoRI and various other
'6-cutters,' and the resulting fragments were then ligated into
pUC 18 cut with the same pairs of restriction enzymes. The
product of each of the ligation reactions was then subjected to
PCR amplification, with thermostable DNA polymerase from
Thermus thermophilus (Hot Tub, Amersham) using the primer
pair: oligonucleotide 3427, which pairs on the positive strand
at positions 2911-2931, and oligonucleotide 230, which pairs
with a pUC18 region 3' to the polylinker (on the negative strand).
When such PCR reactions were analyzed by agarose gel
electrophoresis with visualization of bands by ultraviolet light-
induced fluorescence in the presence of ethidium bromide, only
the pair of restriction enzymes EcoR and PstI generated a visible
DNA band. When this band was cloned and sequenced, its 5'
region had the sequence indicated as Pc2 in Figure 8, followed
by the final 18 nucleotides of the 26S rRNA gene as indicated
in Figure 5 and 381 nucleotides of the following spacer region

525

585

640

699

759

813

873

933
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shown in Figure 10, which would correspond to the external
transcribed spacer region in the homologous operon of most
eukaryotes (reviewed in 31). When the same ligation-dependent
PCR procedure was followed using the DNA from P. carinii from
Sprague-Dawley rats, no visible band ofDNA was detected. This
presumably indicates that the PstI site in the spacer of the DNA
denoted Pc2 is absent in PcI DNA, and the next one is
presumably too distant to support ligation-dependent PCR.

DISCUSSION
The rRNA operon of P.carinii
Although the exact phylogenetic relationship of P. carinii to other
species remains unknown, we have confirmed that the 5.8S and
26S rRNA genes, like that for 16S rRNA (3), are similar in
primary sequence to the homologous genes of S. cerevisiae. This
finding contrasts with the report that the 5S rRNA gene most
resembles the sequence of the homologous genes of Amoeba or
Myxomycota rather than those of the Ascomycetes (8). The
organization of the major rRNA operon of P. carinii differs from
that of S. cerevisiae in that for the former there is no evidence

Pci GGGAACGTGA GCTGGGTTTA GACCGTCGTG AGACAGGTTA GTTTTACCCT GCTGATGAAG
Pc2 .................... .................... ..........

Sc. A.A. T
Tp. A.A

Pcl TTATC- -GCA ATGGTAATTC AGCTTAGTAC GAGAGGMCC GTTGATTCAG ATATTTGGTT
Pc2 .. ........ .......... .......... .......... ........ ..........

Sc G.TA.CA. A. G A. A .. C... .G. ..A.A.
Tp CG. .GTT. .G .CA...... T .AG .......C.. ..A.A .... ...A .....A

Pcl TTTGCGGTTG TCTGACCAGG CAGTGCCGCG MGCTATCAT CTGTTGGATT ATGGCTGAAA
Pc2 .......C
Sc .... C ..... T....... -.C....C.C ...............C
Tp AA.A ...... .. M.. .A .A.... T. ...... C ... .......... ... A. ... G

Pcl GCCTCTAAGT CAGMTCCAT GCCAGMAGC GATGAT--AT TTCCTCAC-G TTTTTTGATA
Pc2.M.AC A.
Sc..T.. C G.. TTC. .. .-.AC ACAA.AT.G.
Tp... TG...... A ------ --T. A.GT. GA.GAT.A.

Pcl CAAATAGGCA TCTTGC---- ---------- ---CAATATC AG--TATTTG GACGGGTGGA
Pc2 T.G ---...... T..TA......C.........G
Sc TGG.... C.A. MG ..GTCC TTGTGGCGTC GCTG .CCAT ..CAGGC.A. C.AC .... C.
Tp G. AMA. . M------- ---------- ---. ..AT.A .TTCGAMA. TA.A......

Pcl GGCGGACGGA AGTGTTCGTC TCTGTCCATT A--ATATTM --TrMTATT CGTGAGGGCG
Pc2 A.A ..... AACA..T--M....G T.
Sc CTT..CG.A. ..GCC.T.GG .GCT.G.TGG CGA..TGC.. TG.C.T.T.G ....G.ATA
Tp AA.AG..A. .M.C.T.-A.....TM.TGC TMTCG.A.T TCCA... TA. .A.CTAC.TA

Pcl AATCCTTTGT AGACGACTTA GTTGAGGMC GGGGTATTGT MGCAGTAGA GTAGCCTTGT
Pc2 ....................C.............
Sc A T.A TAC..........
Tp ....T..A.--.C.G.A C.. T.TG. M. --A

2970

3028

3088

3145

3186

that the 5S rRNA and 16S-5.8S-26S rRNA operon genes are part
of the same repeated DNA unit, based on pulsed field
electrophoresis studies (12- 13). We have also failed to show
linkage of the 5S rRNA gene to genes encoding 16S rRNA or
26S rRNA by the PCR techniques used in this paper (Y. Liu
and M.J.Leibowitz, unpublished results). The amount of DNA
obtained from P. carinii was limited, and so classical Southern
analysis was not attempted.
The presence of Group I self-splicing introns in the 16S and

26S rRNA genes of P.carinii distinguishes this organism from
S.cerevisiae and from its mammalian hosts. Since various
compounds can specifically inhibit the splicing of Group I introns
in vitro (32), Group I intron splicing from transcripts of nuclear
genes might provide a specific target for development of new
therapeutic agents against P.carinii.

Taxonomy of P.carinii
The exact taxonomic relationships of P. carinii remain uncertain,
in part due to the limited number of eukaryotic microorganisms
whose rRNA sequences are known. It is possible that once more
organisms of this type are studied, the taxonomic relations within
and between the Fungi and Protozoa may require some
redefinition. This has already proven to be the case for the
Microsporidia, which have been placed in a group distinct from
all other eukaryotic microorganisms on the basis of their rRNA
sequences (33).

In the absence of a long-term culture method or other tools
for comparison of different P. carinii organisms, the number of
species within the genus Pneumocystis is undefined. Antigenic
differences between P. carinii obtained from different mammalian
host species have been demonstrated (34-37), although their
genetic basis is not proven. Although the 5S rRNA gene
sequences of multiple human and rat isolates of P. carinii are
identical (14), such isolates differ in the sequence of their

3242

3302

Pcl TGTTACGATC TGCTGAGATT MGCC 3327
Pc2 ....................
Sc
Tp .TC....C.............C....

Figure 8 shows a comparison of the sequences of the region from nucleotides
2911 through 3327 of the 26S rRNA gene of P.carinii (Pcl) from Sprague-Dawley
rats (Figure 5) with the homologous regions from P.carinii from Hooded rats
(Pc2) and from S.cerevisiae (Sc) and T. pyriformis (Tp). The fragment denoted
Pcl was amplified using primers 4138 and 4170; part of this sequence was
confirmed for a clone of DNA amplified using primers 3243 and 2983. The
sequence shown for Pc2 was determined based on amplifications using primer
pair 4138 and 4139 and pair 4169 and 4170, and ligation-dependent PCR
amplification of a fragment extending from oligonucleotide 3427 through a PstI
site 381 nucleotides past the 3' end of the 26S rRNA gene (details in text).

Figure 9 shows the results of PCR amplification confirming the sequence
differences between Pcl and Pc2 shown in Figures 7 and 8. Primers 4358 and
4746 were used to amplify PcI (lane 1) or Pc2 (lane2) DNA templates. Primers
4743 and 4744 were used to amplify Pcl (lane 3) or Pc2 (lane 4) DNA. Lanes
M contain a mixture of Hindill digested bacteriophage lambda DNA and HaelII
digested replicative form DNA of bacteriophage OX174 (BRL).

TCAAAAAGM CATTTCTTCT GAGTGGTGAG GGGTCCGTTA GAGCACACTC GCTCCTTSGA AGAGATGTTT TTTTTGATAT TAGGMCCM TAGMTATTT 100
AGAATTTMT TTAGATTAM TTATAGGMGG GTATCTGTAG CGATMGTTT CCATTTCAA TTTTTCTGAT GCAGTAGTAT GTTCTTTTCT AAAATAAAAT 200
GATAGTTTAT TMTGATTM ACTMTTATT ATCCTTTGGC CATCTTTTTC TACATTTTCC AGAAACAGAT CTMTTACGT TTTTGCTATC TATMTTATT 300
AAAAATMTC ATATATCTTT AAAGTTGACC TCMCGTCTT AAMTGTTTA GTTTTTTMT TAACCCTAM CCCTAGMCA C 381

Figure 10 shows the sequence of the spacer region 3' to the 26S rRNA gene of P. carinii from Hooded rats (Figure 8), which was determined by ligation-dependent
PCR as described in the text. The sequences shown in Figures 8 and 10 have been deposited at EMBL/GenBank under accession No. M86759.
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mitochondrial DNA (15). DNA hybridization methods with a
cloned DNA fragment have also suggested the non-identity of
human and rat-derived P. carinii, with differences noted among
different human, but not rat, isolates (38). Based on these results,
it has been suggested that subspecies of P.carinii might be
designated based on the hosts from which they are isolated (39).
The data presented in this paper indicate that multiple

differences exist between the predominant 26S rRNA gene
sequences of P. carinii from Sprague-Dawley rats from Sasco
which were immunosuppressed in isolation (and therefore
presumably infected at some other location prior to their arrival
here) and Hooded rats which were immunosuppressed here
without isolation (and therefore presumably infected in this
building or at some geographic location distinct from the site at
which the Sprague-Dawley rats were infected). Since multiple
independent PCR amplifications of portions of the 26S rRNA
gene prepared from templates derived from different individual
rats of the same type yielded identical sequences, there is no
evidence that the differences observed between the two sources
represent PCR artefacts or sequencing errors. However, since
we did observe faint and variable PCR bands corresponding to
the PcI sequence in some DNA preparations from P.carinii from
hooded rats, we cannot exclude possible mixed infections with
multiple strains, as previously claimed to occur (40), or
heterogeneity of rRNA sequences within an individual cell, as
has been reported in Plasmodium species (41). The variation
between different P. carinii isolates resembles that seen between
different individual humans, which also occurs in regions of the
26S rRNA gene which are phylogenetically non-conserved (42).
Sequence differences in rRNA genes have been suggested as
defining species differences within the genus Giardia (43).
Comparisons of the sequences of multiple P.carinii rRNA gene

regions should determine the extent of variability present. If
different human isolates of this organism vary as much as do
different rat isolates, then these sequences could be useful as
epidemiological markers for identifying strains of P. carinii and
studying the spread of the organism and the relative roles of new
infection versus reactivation of earlier asymptomatic colonization
in the development of P. carinii pneumonitis in immunosuppressed
humans, including patients with AIDS. Since different species
of Tetrahymena differ more in their intron sequences than in the
sequences of adjacent conserved regions encoding rRNA (28),
such regions might prove to be even more variable between
different P. carinii organisms. Further studies will be needed to
determine the variability within and between species of the
internal transcribed spacers (between the 16S and 5.8S rRNA
and 5.8S and 26S rRNA genes) and external transcribed spacers
(flanking the rRNA coding regions). If these spacers contain
regions with specific functions in rRNA transcription or
processing (31), such regions might show sequence conservation.
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