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A variety of genes have been used to type Pneumocystis carinii. In the present study, nucleotide sequence
variations in the ITS1 and ITS2 internal transcribed spacer (ITS) regions of the rRNA genes were used to type
Pneumocystis carinii f. sp. hominis DNA obtained from the lungs of 60 human immunodeficiency virus-infected
individuals. These regions were amplified by PCR, cloned, and sequenced. Multibase polymorphisms were
identified among samples. Several new genotypes are reported on the basis of the nucleotide sequence
variations at previously unreported positions of both the ITS1 and the ITS2 regions. Twelve new ITS1
sequences were observed, in addition to the nine sequence types reported previously. The most common was
type E, which was observed in 60.5% of the samples. The sequence variations in the ITS1 region were mainly
located at positions 5, 12, 23, 24, 45, 53, and 54. Sixteen new ITS2 types were also identified, in addition to the
13 types reported previously. The most common was type g (26.6%). The sequences of the ITS2 regions in most
specimens were different from the previously published sequence at bases 120 and 166 through 183. The most
common variations observed were deletions at positions 177 through 183. The presence of more than one
sequence type in some patients (60%) suggested the occurrence of coinfection with multiple P. carinii strains.
The genetic polymorphism observed demonstrates the degree of diversity of Pneumocystis strains that infect
humans. Furthermore, the high degree of polymorphism suggests that these genes are evolving faster than
other genes. Consequently, the sequence information derived is useful for purposes such as examination of the
potential of person-to-person transmission and recurrent infections but perhaps not for other genotyping
applications that rely on more stable genetic loci.

Pneumocystis carinii is an opportunistic pathogen that causes
potentially fatal pneumonia in immunocompromised or immu-
nosuppressed patients. Despite the decrease in the incidence
of the disease in human immunodeficiency virus HIV-infected
patients (3), P. carinii pneumonia (PCP) continues to be a
common AIDS-defining illness associated with significant mor-
tality in both adults (8%) (3) and children (30%) (19).

Although recent research has clarified our understanding of
certain biological aspects of the organism, no standard method
for the typing of P. carinii has emerged. Pure isolates of the
organism are difficult to obtain in large amounts due to the
lack of a standardized method of in vitro cultivation of human-
derived P. carinii. Standard methods of typing have similarly
been slow to develop (24).

Despite evidence of genetic variations among human P. ca-
rinii isolates (12, 20), the degree of diversity among strains that
infect humans still lacks clarification. The existence of multiple
strains of P. carinii that infect humans was first demonstrated
by examination of the restriction fragment length polymor-
phisms (RFLPs) of P. carinii genomes from three patients (21).
However, RFLP analyses are not widely applicable to human

clinical specimens because of the difficulties associated with
obtaining large numbers of organisms.

The development of molecular biology-based techniques has
enabled typing of human-derived P. carinii (P. carinii f. sp.
hominis) on the basis of the DNA sequence variations at a
number of different genetic loci (2, 26) including the internal
transcribed spacers (ITSs) of the nuclear rRNA genes (7, 13,
15). Some of the more recent epidemiologic and clinical ap-
plications of molecular biology-based typing techniques have
included studies on geographic variations and transmission
modes (2), analysis of the potential emergence of antimicrobial
resistance (8, 16, 18), and analysis of a potential linkage of
genotype with disease severity (17).

The nucleotide sequences of the ITS1 and ITS2 regions of
the nuclear rRNA operon have been shown to vary among
different P. carinii strains (7, 13, 15, 23). ITS1 is located be-
tween the coding regions of the 18S rRNA and the 5.8S rRNA
genes, and ITS2 is located between the coding regions of the
5.8S rRNA and the 26S rRNA genes. Fifteen types of ITS1
sequences (designated types A to O) and 14 types of ITS2
sequences (designated types a to n) have been reported (13).
The ITS1 and ITS2 regions evolve more rapidly than the func-
tional domains that they flank and are therefore potentially
more useful at demonstrating differences among closely re-
lated populations of organisms (4). The ITS region has also
been used to examine differences in P. carinii isolates from
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different parts of the world (13) and from patients with recur-
rent episodes of PCP (10, 23). The high level of variation in the
ITS genes compared to those in other genes used for typing
(e.g., the mitochondrial large-subunit [mt LSU] rRNA gene)
demonstrates the utility of this genetic locus in epidemiologic
studies and in the detection of genetic diversity.

The aim of the present study was to characterize the genetic
polymorphism observed at the ITS locus in P. carinii isolates
from HIV-infected individuals in the cities of Atlanta, Ga.; San
Francisco, Calif.; and Seattle, Wash. Several new P. carinii
genotypes are reported on the basis of an analysis of the nu-
cleotide sequence variations of the ITS gene regions that have
been amplified by PCR from clinical specimens and cloned in
a vector.

MATERIALS AND METHODS

Samples. Sixty induced sputum or bronchoalveolar lavage (BAL) specimens
were collected from 60 HIV-infected patients as a part of routine diagnostic
procedures in three different U.S. cities (Atlanta, Ga.; San Francisco, Calif.; and
Seattle, Wash.), as described previously (2). The clinical diagnosis of PCP was
microscopically confirmed in all cases. The specimens used in this study were
collected between 1996 and 1999 from patients who gave informed consent to be
involved in the study, which was approved through the institutional review board
of each organization involved in the study. A portion of the specimen was
immediately preserved with an equal volume of absolute ethanol and was stored
at �4°C for DNA extraction.

DNA extraction. Specimens were divided into approximately 1-ml aliquots and
were centrifuged at 14,000 � g for 5 to 7 min. The resulting pellet was resus-
pended in 1 ml of phosphate-buffered saline (PBS; 0.01 M, pH 7.2) containing 1
mM EDTA (PBS-EDTA), washed twice in PBS-EDTA, centrifuged as described
above, and stored at �80°C for later DNA extraction. DNA extraction was
performed with a commercial purification system (Wizard Genomic DNA Puri-
fication kit; Promega, Madison, Wis.), according to the instructions of the man-
ufacturer, for the purification of DNA from blood. Final pellets were resus-
pended in 50 �l of TE (10 mM Tris, 1 mM EDTA [pH 7.2]).

DNA amplification. Nested PCR was performed on all specimens to amplify
sufficient amounts of DNA fragments from the two ITS regions for analysis, as
described previously (13). A 500-bp fragment was amplified from the nuclear
rRNA ITS regions. The first PCR was performed with primers 1724F and ITS2R.
The cycling conditions were 94°C for 5 min, followed by 35 cycles of 94°C for 30 s,
50°C for 30 s, and 1 min at 72°C, with extension at 72°C for 10 min.

Three microliters of the first-round product was used as a template for the
second round in a total volume of 50 �l under the same conditions as those used
for the first round, except that primers ITS1F and ITS2R1 were used and
annealing was done at 65°C for 30 s, followed by 90 s at 72°C and extension at
72°C for 10 min. DNA extracted from the lungs of rats infected with P. carinii was
used as a positive control, and DNase-free water was used as a negative control
to monitor for cross contamination.

Sample cross-contamination problems were avoided by use of a number of
precautions, including the use of aerosol-guarded tips; performance of DNA
extraction in a laminar-flow hood with subsequent irradiation with UV light; and
the use of three separate areas for DNA extraction, preparation of the PCR
mixture, and PCR amplification and running of the gels.

Five microliters of the PCR product was run on a 1.2% agarose gel stained
with ethidium bromide.

Cloning and sequencing of the purified PCR product. The amplified products
were purified with a Wizard PCR Preps DNA Purification system (Promega) and
cloned into a plasmid vector, the pGEM-T Easy Vector system (Promega).
Recombinant plasmids were transformed in JM109 cells (108 CFU/�g of DNA),
which were plated in triplicate for each specimen on Luria-Bertani agar contain-
ing ampicillin, 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside, and isopropyl-
�-D-thiogalactopyranoside. For each specimen, five separate white colonies that
contained inserts were picked from the transformant plates and were inoculated
into Luria-Bertani broth with ampicillin. The specimen number and a letter from
A to E identified these colonies. After overnight incubation at 37°C, plasmid
DNA was purified with a Wizard Plus Minipreps DNA Purification system
(Promega).

Two microliters of the purified product from each sample was digested with
restriction endonuclease EcoRI, and the digest was run on a 1.2% ethidium

bromide-stained agarose gel to confirm the presence of cloned inserts. The DNA
fragments were sequenced by the use of dye terminator chemistry (BigDye
Terminator Ready Reaction Mix (Perkin-Elmer Applied Biosystems, Foster
City, Calif.) on an ABI Prism 377 automated DNA sequencer (PE Applied
Biosystems), according to the manufacturer’s protocol. The DNAs of all clones
were sequenced in both directions. The prototype sequences of Lee et al. (13)
were used as consensus sequences; variations at bases 62 to 71 of ITS1 were not
included in the analysis. Discrepancies between the two strands as well as dif-
ferences among clones were clarified by careful examination of the positive- and
negative-sequence strands by use of Sequence Navigator (version 1.0.1; PE
Applied Biosystems) to identify specific differences among clones. This program
was also used to construct multiple-sequence alignments, which were further
compared by use of the Wisconsin computer program package (version 9.1, 1997;
Genetics Computer Group, Madison, Wis.)

Sequences with variations from the prototype sequence at five or more posi-
tions were considered to represent new ITS types (12, 13).

Nucleotide sequence accession numbers. The 12 newly reported ITS1 se-
quences have been submitted to the GenBank database under accession numbers
AF374238, AF374239, AF374240, AF374241, AF374242, AF374243, AF374244,
AF374245, AF374246, AF374247, AF374248, and AF374249, respectively. The
16 newly reported ITS2 sequences have been submitted to the GenBank data-
base under accession numbers AF374250, AF374251, AF374252, AF374253,
AF374254, AF374255, AF374256, AF374257, AF374258, AF374259, AF374260,
AF374261, AF374262, AF374263, AF374264, and AF374265, respectively.

RESULTS

Five separate colonies were selected from the transformant
plates and examined for each of the 60 BAL and induced
sputum specimens obtained from HIV-infected individuals.
The DNAs of three of these colonies were sequenced for each
specimen, resulting in a total of 180 sequences. A total of 9
ITS1 sequence types and 13 ITS2 sequence types reported
previously were identified (Table 1). Twelve new ITS1 types
and 16 new ITS2 types were also observed, and more than one
ITS1-ITS2 combination types were observed in 36 (60%) spec-
imens.

ITS1 sequences. The ITS1 sequences from these samples
were aligned. The consensus sequence of Lee et al. (13) was
selected as the prototype, and all sequences were compared
with this sequence. This comparison revealed nine ITS1 geno-

TABLE 1. P. carinii sp. f. hominis ITS1 and ITS2 sequence types
found in 180 sequences cloned from 60 specimens

ITS1
type

No. (%) of ITS1
sequences ITS2 type No. (%) of ITS2

sequences

A 2 (1.1) a 5 (2.8)
B 7 (3.9) b 6 (3.3)
C 1 (0.6) c 7 (3.9)
D 2 (1.1) e 42 (23.3)
E 109 (60.5) f 1 (0.6)
F 2 (1.1) g 48 (26.7)
I 1 (0.6) h 15 (8.3)
K 5 (2.8) i 1 (0.6)
N 39 (21.7) FR004 3 (1.7)
Newa 12 (6.7) IT007 3 (1.7)

DK029 5 (2.8)
DK323 1 (0.6)
DK594 3 (1.7)
Newa 16 (8.9)
Subtypesb 24 (13.3)

a Sequences with variations from the prototype sequence at five or more
positions.

b Sequences with variations from the prototype sequence at less than five
positions.
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types reported previously (13). The most common of these
were type E, which was found in 109 individual clones (60.5%),
and type N, which was noted in 39 clones (21.7%) (Table 1).
Sequences similar but not identical to the prototype sequence
were frequently identified, and the differences often involved
variations at positions 62 to 71, which comprised a run of 10 T
residues. One or more T residues were missing from this re-
gion in 84 of 180 (46.7%) ITS clones analyzed. Variations in
sequences at these positions were not included in the analyses
to define new ITS1 types. No subtypes were observed.

The 12 newly reported ITS1 types varied from the consensus
sequence of Lee et al. (13) by from 5 to 11 nucleotides. These
newly reported sequences are shown in Fig. 1.

In the ITS1 region, sequence variations were mainly found
at nucleotide positions 5, 12, 23, 24, 45, 53, and 54, with unique
changes occurring at positions 5 and 45. Variations were also
found at positions 21, 50, 79, 80, 82 to 84, 105, and 115 to 121
(Fig. 1). Substitution, deletion, or insertion of a nucleotide at
one or more positions was observed. These variations, in ad-
dition to the missing bases in the same sequences, might rep-
resent new types of ITS1 sequences. Several sequences had
one or more deleted bases. All but 5 of the 180 sequences had
a missing T residue at position 12; there were two missing T
residues at positions 23 and 24 in all but 4 sequences. All
sequences except sequence 13A were missing AT residues at
positions 53 and 54; sequence 13A was missing one T residue
at position 54 and had a C residue instead of an A residue at
position 53. Eighty-four (46.7%) sequences showed variations

in the number of T residues at positions 62 to 71. Fourteen
sequences were missing GA residues at positions 79 and 80
(sequences 15B and 60A are shown in Fig. 1), and six se-
quences were missing TTTA residues at positions 115 to 118
(for example, sequence 60A in Fig. 1).

Twenty of the 60 (33.3%) specimens contained two or more
ITS1 types; 16 specimens simultaneously contained two ITS1
types, and 4 simultaneously contained three ITS1 types. The
most frequent ITS1 combination observed was a mixture of
types E and N, which was seen in 14 of the 20 specimens. The
presence of multiple ITS1 types within these patients suggests
that they were simultaneously infected with different strains of
P. carinii.

ITS2 sequences. The ITS2 sequences from the same speci-
mens were also aligned and compared to the prototype se-
quence. This comparison revealed 13 ITS2 sequences reported
previously (13). The most common of these were type g, which
was found in 48 individual clones (26.7%), and type e, which
was found in 42 clones (23.3%) (Table 1). Lee et al. (13)
described sequences FR004, IT007, DK029, DK323, and
DK594 as unique and indicated that they may represent new
types. As with the ITS1 sequences, sporadic ITS2 sequence
variations were also observed in the specimens. Not every
sequence had the same numbers of nucleotides in both ITS
regions; all sequences were missing bases at certain positions,
which made them shorter than the prototype sequence. All
sequences except sequence 100B were missing a C residue at
position 120; sequence 100B was missing a T residue at posi-

FIG. 1. Nucleotide sequences of 12 new types of ITS1 sequences of P. carinii f. sp. hominis. Bases that are identical to those of the prototype
sequence are indicated by periods, missing bases are indicated by hyphens, and bases that are different from those of the prototype sequence are
shown. The sequences after position 130 are not shown because no sequence variations were found in these areas. The inserted base A observed
at position 50 in clone 10B is shown.
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tion 114 (Fig. 2). Typing of the 180 sequences was made on the
basis of variations at other positions, with disregard to the
variation at position 120.

There were 16 new ITS2 types (which differed from the
consensus sequence by from 5 to 25 nucleotides) and 24 new
subtypes (which differed from the consensus sequence by 1 or
2 nucleotides).

The nucleotide sequence variations in ITS2 were much more
extensive than those in ITS1 and were not randomly distrib-
uted. They were located primarily at positions 48, 49, 55 to 57,
64, 72, 77, 120, 148, and 166 to 183. The most common varia-
tions observed were deletions at positions 177 through 183.
Variations were also found at positions 51 to 54, 58 to 63, 65,
68 to 69, 71, 73, 75, 108, 114, 130, 139, 162, 165, and 184 to 192
(Fig. 2). Substitution, deletion, or insertion of a nucleotide at
one or more positions was observed. All but seven sequences
(two clones from specimen 11, three clones from specimen 60,
and two clones from specimen 61) were missing AA residues at
positions 48 and 49. All but three sequences (clones 13B, 13C,

and 73A) were missing TAA residues at positions 55 to 57. All
but two sequences were missing the CAAAATA sequence at
positions 177 to 183.

The DNA sequences of strains from 27 of the 60 (45%)
specimens contained two or more ITS2 types; strains from 18
specimens simultaneously contained two ITS1 types, and
strains from 9 specimens simultaneously contained three ITS2
types. The most frequent ITS2 combination observed was a
mixture of types e and g, which was seen in 8 of the 27 spec-
imens. The presence of multiple ITS2 types within these pa-
tients suggests that they were simultaneously infected with
different strains of P. carinii.

P. carinii f. sp. hominis types. The P. carinii sequence types
were designated by a two-letter code, the ITS1 type (A to O)
followed by the ITS2 type (a to n). Three new combination
types were found. There were a total of 36 ITS1-ITS2 combi-
nation types in the 60 specimens (60%) of P. carinii sp. f.
hominis DNA that were typed. Type Eg was the most preva-
lent, represented by 27 (45%) of the 60 specimens; type Ne was

FIG. 2. Nucleotide sequences of 16 new types of ITS2 sequences of P. carinii f. sp. hominis. Bases that are identical to those of the prototype
sequence are indicated by periods, missing bases are indicated by hyphens, and bases that are different from those of the prototype sequence are
shown. The sequences before position 41 are not shown because no sequence variations are found in these areas except for sequence 84C, where
G was replaced by A at position 19. The inserted bases observed in clones 60A (TT at positions 166 and 167) and 84C (C at position 130) are shown.
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the second most common type and was found in 16 (26.7%) of
the 60 specimens.

Among the 60 specimens examined, 24 were found to con-
tain strains of a single ITS genotype and 36 contained strains of
more than one genotype. These 36 specimens included 22
specimens with strains of two types and 10 specimens with
strains of three types. Multiple genotypes were observed more
frequently in specimens from Atlanta (75% of the specimens
with strains of multiple genotypes) than in specimens from San
Francisco or Seattle (16.7 and 8.3% of the specimens with
strains of multiple genotypes, respectively).

DISCUSSION

Data from previous studies suggest that genetic diversity
exists among isolates of P. carinii infecting certain mammalian
hosts (20). DNA sequence analysis has revealed differences
among the DNAs of Pneumocystis strains isolated from human
lungs. In most cases, the level of genetic diversity appears to be
much lower than that among isolates from different host spe-
cies (26). Typing of P. carinii, based on nucleotide sequence
variations, has been conducted by using several genetic loci (1,
11, 23, 25), but for the most part typing studies with these
genetic loci all have limitations, depending on the intended
application. Sequence variations were not found in the thymi-
dylate synthase gene. The 5S rRNA gene also has limited
sequence variation, with polymorphisms reported at five posi-
tions. Analysis of the sequence of a portion of the nuclear
rRNA operon of the organism from BAL samples from five
HIV-infected patients in the United States failed to show any
differences (14). It is also possible, however, that the polymor-
phism could be explained in part by the presence of heterozy-
gosity in diploid-stage organisms in the sample. The sequence
of the gene encoding the mt LSU rRNA similarly shows lim-
ited sequence variations between these isolates, with polymor-
phism being detected at only two nucleotide positions (25).
However, this locus, along with dihydropteroate synthase, has
successfully been used recently to demonstrate the geograph-
ical variations of isolates (2). A similar lack of genetic variation
was seen at a portion of the arom locus in human-derived P.
carinii isolates from different geographical areas (1). This small
amount of sequence variation may not have sufficient discrim-
inatory power for typing and may limit the use of these loci,
depending on the specific typing objective. It was reported that
isolates that have the same mitochondrial rRNA genotype may
have different ITS types (9). The 18S, 5.8S, and 26S rRNA
gene sequences amplified from specimens from 15 patients
were found to be identical, whereas the sequences of the ITS
regions were found to be variable (15). Data from other studies
suggest that the ITS locus may provide a useful tool for epi-
demiologic studies.

In this study, we have used the variations in the DNA se-
quences of the ITS1 and ITS2 regions of the nuclear rRNA
genes to type 180 P. carinii clones from 60 specimens. The
specimens were collected from HIV-infected patients from
three cities in the United States. The relatively large number of
P. carinii isolates studied helped identify several new types on
the basis of variations at more than five positions, in addition
to previously reported types. Our data confirm the genetic
heterogeneity of P. carinii f. sp. hominis. The diversity is dem-

onstrated by the nucleotide polymorphism in the ITS1 region
at numerous positions, including positions 5, 12, 23, 24, 45, 53,
and 54. Variation was also found at positions 21, 50, 79, 80, 82
to 84, 105, and 115 to 121. The ITS2 region primarily had
nucleotide polymorphisms at positions 48, 49, 55 to 57, 64, 72,
77, 120, 148, and 166 to 183. The technique used in this study
involved cloning of the amplified fragment prior to sequencing.
This approach, rather than direct sequencing, has provided
data indicating that multiple types of P. carinii f. sp. hominis
are present in individual samples. The base changes were not
randomly distributed but occurred at certain sites; some posi-
tions were previously shown to be variable (13).

Our study identified several new ITS1 and ITS2 types. Def-
inition of a new ITS genotype as a sequence with variations
from the prototype sequence at five or more positions identi-
fied 12 new ITS1 types, 16 new ITS2 types, and 3 new ITS1-
ITS2 types. These new and unique sequences varied from the
prototype sequence at 5 to 25 positions by either deletion,
substitution, or less frequently, insertion of a base. The ob-
served variations in the ITS1 sequences at positions 21, 45, 82
to 84, and 118 and the variations in the ITS2 sequences at
positions 58 to 61, 120, 148, 170 to 176, and 185 to 190 have not
been reported previously. We also noted 9 ITS1 types (types A,
B, C, D, E, F, I, K, and N) and 13 ITS2 types (types a, b, c, e,
f, g, h, i, FR004, IT007, DK029, DK323, and DK594) reported
previously. However, several previously reported ITS1 types
(types G, H, J, L, M, and O) and ITS2 types (types d, j, k, l, m,
and n) were not observed in this study. These ITS1 and ITS2
types were also less frequently reported by others (13), and the
variations in these types include either deletion or deletion and
substitution of a base at one or more positions. Lastly, our
study confirmed the high prevalence of previously reported
common type Eg, followed by type Ne (13).

Our study found evidence of infection with mixtures of ge-
notypes in a majority of specimens from patients with PCP. On
the basis of the assumption that P. carinii f. sp. hominis has only
one copy of the rRNA gene (22), our sequence analysis indi-
cated the presence of two different bases at one position in
strains from 36 (60%) specimens and provides evidence in
support of infection with more than one type of P. carinii (14).
An incidence of 33% mixed infections has previously been
reported for AIDS patients (23) and from analysis of the mt
LSU rRNA and ITS loci (10, 11, 14). In this study, we found
mixed infections in 60% of the specimens that we analyzed.
Hauser et al. (5), using single-strand conformation polymor-
phism analysis, reported a slightly higher level of mixed infec-
tion, 69%.

In conclusion, the typing of sequences of Pneumocystis DNA
at a locus where multibase polymorphisms occur, such as the
ITS regions of the nuclear rRNA operon, can be useful for
epidemiologic studies and specifically for investigation of the
possibility of person-to-person transmission (6). It has also
made it possible to determine whether recurrent infections are
due to the relapse of a previous infection or a new infection
(10, 23). The study of the genetic diversity of organisms iso-
lated from different geographic areas may help provide an
understanding of the differences in strain virulence that may
correlate with the severity of the disease (17).
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