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We have recently developed a method for typing Pneumocystis carinii strains that infect humans. The method
takes advantage of nucleotide sequence variations in internal transcribed spacers (ITSs) of the rRNA genes of
P. carinii. To date, two types of nucleotide sequences (designated types A and B) have been found in the ITS1
region, and three types of nucleotide sequences (designated types a, b, and c) have been found in the ITS2
region. Of the six potential combination types, we have detected four, designated types Ac, Bb, Ba, and Bc. To
simplify typing, we have designed five oligonucleotide probes, probes 1-A, 1-B, 2-a, 2-b, and 2-c, which are
specific to ITS1 type A and type B and ITS2 type a, type b, and type c, respectively, of P. carinii strains that
infect humans. We also have designed an oligonucleotide which reacts specifically with P. carinii strains that
infect rats. The ITS regions were amplified by PCR, and the PCR products were then probed with these
type-specific oligonucleotide probes. Typing with the type-specific oligonucleotide probes was found to be
effective with specimens containing only one type of P. carinii. These methods are rapid and simple to perform
and will be useful for studying the epidemiology of P. carinii infections.

Pneumocystis carinii is a major cause of pneumonia in im-
munocompromised patients (3, 4, 9). Like those of most eu-
karyotic cells, the rRNA genes of P. carinii include those en-
coding 18S, 5.8S, and 26S rRNAs (2, 6, 10). These genes are
located in a cluster but are not contiguous. The spaces located
between these rRNA genes are referred to as internal tran-
scribed spacers (ITSs). Two ITSs exist: ITS1 is located between
the 18S and the 5.8S rRNA genes, and ITS2 is located between
the 5.8S and the 26S rRNA genes.
We have recently discovered that nucleotide sequence vari-

ations exist in ITSs of the rRNA genes of P. carinii and that
these nucleotide sequence variations can be used to type P.
carinii strains that infect humans (referred to as human P.
carinii hereafter). Two types of ITS1 sequences (designated A
and B) and three types of ITS2 sequences (designated a, b, and
c) were found (7). Therefore, there are six potential combina-
tion types of human P. carinii, and we have found four (types
Ac, Ba, Bb, and Bc) to date. We also have found that the ITS
sequences of P. carinii strains from rats (referred to as rat P.
carinii hereafter) are distinct from those of human types (7).
The typing of P. carinii isolates described previously was

achieved by determining the nucleotide sequences of ITS re-
gions (7). Since DNA sequencing is quite time-consuming, we
developed a DNA hybridization method for typing P. carinii
isolates by using type-specific oligonucleotides (TSOs) de-
signed on the basis of the ITS sequences that we have obtained
previously.

MATERIALS AND METHODS

Specimens. One P. carinii-infected rat lung and 25 clinical specimens were
used for this study. The clinical specimens included 1 lung tissue specimen
obtained by open lung biopsy and 24 bronchoalveolar specimens. They were
portions of specimens sent to the Clinical Microbiology Laboratory, Indiana
University Medical Center, for diagnostic tests. The open lung biopsy was from
a 4-year old patient with acute lymphocytic leukemia, as described previously (5,
7). One bronchoalveolar specimen was from an AIDS patient with cytomegalo-
virus infection; the remaining 23 were from AIDS patients with P. carinii pneu-
monia.
Processing of specimens for PCR and PCR conditions. Procedures for the

processing of specimens for PCR and the PCR method used in this study were
as described previously (1, 7). The nested PCR method, designated Pc-ITS-PCR,
amplified the ITS regions of the rRNA genes of P. carinii. Primers 1724F (AA
GTTGGTCAAATTTGGTC) and ITS2R (CTCGGACGAGGATCCTCGCC)
were used for the first step, and primers ITS1F (CGTAGGTGAACCTGCGG
AAGGATC) and ITS2R1 (GTTCAGCGGGTGATCCTGCCTG) were used for
the second step of the Pc-ITS-PCR.
Sequencing of PCR products. Most PCR products were sequenced directly.

They were purified by using the Magic PCR Preps kit (Promega, Madison, Wis.)
and then sequenced by using the fmolDNA sequence kit (Promega) according to
the manufacturer’s protocol. Those that could not be sequenced directly were
cloned into the TA cloning vector pCRII (Invitrogen, San Diego, Calif.) and then
sequenced by using the Sequenase kit (U.S. Biochemicals, Cleveland, Ohio) with
appropriate primers. In these cases, at least three clones of the same PCR
products were sequenced to verify the sequences, as described previously (7).
Design of type-specific probes. TSO probes were designed on the basis of the

ITS sequences described previously (7). Two oligonucleotides based on the
sequence difference between ITS1 types A and B were synthesized. Oligonucle-
otide 59-TTGTTTGGCGGAGCTGG-39 (Fig. 1, positions 65 to 84, double-
underlined sequence) was used as the type A-specific probe, and oligonucleotide
59-TTGTTTGGCGAGGAGCTGG-39 was the type B-specific probe (the two
underlined nucleotides are the bases which differ in the two probes). A similar
approach was taken to design type-specific probes for ITS2 types. The sequence
59-AAAGCTTTTATAGATAC-39 was chosen as the type a-specific probe, and
the sequence 59-AAAGCTTTTATATAGATAC-39 was used as the type b-spe-
cific probe (Fig. 2, positions 151 to 169, double-underlined sequence). For the
type c-specific probe, the sequence 59-TATTTAGAAATAATTATATGC-39
(Fig. 2, positions 48 to 75) was used because it differs from those of types a and
b at 9 bases in this area. Another oligonucleotide, with the sequence 59-TTGTC
AAGAACTAGTTTATC-39, located in the ITS1 region (Fig. 3, positions 8 to 40,
double-underlined sequence), was used as the rat P. carinii-specific probe. This
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sequence was chosen because it had only 50% homology with that of human P.
carinii within the corresponding region. All of the type-specific probe sequences
were determined to be unique and specific to P. carinii by comparing them with
sequences in GenBank.
Dot blot hybridizations. Fifty microliters of each PCR product was mixed with

1,200 ml of 0.4 N NaOH to denature the DNA. This 1,250-ml volume was then
divided into six aliquots (approximately 200 ml per aliquot). These aliquots were
applied onto a Nytran membrane (Schleicher & Schuell, Keene, N.H.) by using
a dot blot apparatus. The membrane was air dried, baked for 2 h at 808C in a
vacuum oven, and cut into six identical strips. Each strip of the membrane
contained four sample spots of PCR products from rat P. carinii and human P.
carinii types Ac, Bb, and Ba. The strips were labelled R, 1-A, 1-B, 2-a, 2-b, and
2-c, respectively. The membrane strips were sealed separately in plastic bags and
prehybridized with a prehybridization solution containing 63 SSC (13 SSC is
0.15 M NaCl plus 0.015 M sodium citrate), 53Denhardt’s solution, 0.5% sodium
dodecyl sulfate (SDS), 0.05% sodium PPi, and 100 mg of denatured calf thymus
DNA per ml. After an overnight incubation at 378C, the prehybridization solu-
tions in the bags were replaced with hybridization solutions containing different
type-specific probes; these probes were 59 labelled with 32P. The hybridization
was allowed to proceed at 378C overnight. The membrane strips were then
removed from the bags and washed with 23 SSC–0.1% SDS at various temper-
atures according to the melting temperature of each probe. The washing tem-
peratures for the R, 1-A, 1-B, 2-a, 2-b, and 2-c probes were 50, 50, 55, 37, 42, and
428C, respectively. After being washed, the membrane strips were wrapped in
plastic film and used to expose an X-ray film.

RESULTS

Determination of probe specificity. To determine the spec-
ificities of the TSO probes, they were reacted with PCR prod-
ucts of known types. These PCR products were generated by
using recombinant plasmids containing ITS regions of various
types as templates, as follows: pHPC1, type Ac; pHPC3, type
Ba; pHPC2, type Bb; pRPC, rat type. The results of these
experiments are shown in Fig. 4. The R probe reacted only with
the rat-type ITS. Probe 1-A reacted strongly with type Ac and
slightly with types Bb and Ba, probably because of insufficient

washing of the filter. Probe 1-B reacted with types Bb and Ba,
and probe 2-a reacted only with type Ba. Probe 2-b reacted
strongly with type Bb and only slightly with type Ba. These
results suggest that these probes are type specific.
Application of TSO probes to specimens. The TSO probes

were then used to type P. carinii isolates from clinical speci-
mens. PCRs were performed to amplify the ITS regions of P.
carinii isolates from 1 infected rat lung, 1 biopsy, and 24 bron-
choalveolar specimens. These PCR products and control sam-
ples were each divided into six aliquots, and each aliquot was
probed with a TSO probe. The positive controls included one
each of the PCR products of P. carinii strains of the rat, Ac, Bb,
and Ba types amplified from the recombinant plasmids men-
tioned above. Two negative controls were included. One was a
PCR without template DNA, and the other was the PCR
product of one (specimen SZ) of the 25 clinical specimens,
from a patient who had cytomegalovirus pneumonia.
The control specimens of known types (types Ac, Bb, Ba,

and rat) were typed correctly by the TSO probes (Fig. 5). The
PCR products of the P. carinii isolates from specimens 6, 38,
and T-4 reacted with TSO probes 1-A and 2-c and were de-
termined to be type Ac. Those from specimens 13, 22, 36, and
102 reacted with TSO probes 1-B and 2-b and were identified
to be type Bb. The PCR products of the P. carinii isolates from
specimens 7, 7A, 95, and 96 hybridized with TSO probes 1-B
and 2-a; therefore, they were determined to be type Ba. Spec-
imen 94 was a P. carinii-infected rat lung; its PCR products
reacted only with the rat TSO probe, indicating that the spec-
imen contained rat P. carinii. PCR products from five speci-
mens (1A, 2A, 3A, 4A, and 5A) reacted with the rat TSO probe
and with probes 1-B and 2-a, suggesting that these five speci-

FIG. 1. Nucleotide sequences of type A and B ITS1 regions of human P. carinii. The sequences above and below the double line (positions 65 to 84) were used to
make the type A- and B-specific oligonucleotide probes, respectively. Identical sequences are represented with periods, missing bases are represented with dashes, and
sequence differences are as indicated.

FIG. 2. Nucleotide sequences of type a, b, and c ITS2 regions of human P. carinii. The sequence below the double line at positions 48 to 75 was used to produce
the type c-specific oligonucleotide probe. The sequences above and below the double line at positions 151 to 169 were used to make the type a- and b-specific
oligonucleotide probes, respectively. Symbols are as described in the legend to Fig. 1.
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mens contained a rat P. carinii strain and a type Ba human P.
carinii strain. All of these TSO typing results agreed completely
with those of typing by sequencing (Table 1).
The PCR products of specimen 12 reacted with the R, 1-B,

2-a, and 2-c probes, suggesting that the specimen contained a
rat P. carinii type and two human P. carinii types (Ba and Bc);
however, the specimen was determined to contain a rat type
and only one human type (Ba) by sequencing. This may be due
to the possibility that the recombinant clones picked for se-
quencing did not represent all P. carinii types present in the
sample. The PCR products of specimens 34 and 35 reacted
with probes 1-A, 1-B, 2-b, and 2-c. According to these results,
these two samples could contain type Ab, Ac, Bb, and Bc P.
carinii. However, specimen 34 was determined to contain types
Ac and Bb, and specimen 35 was determined to contain types
Bb and Bc, by sequencing. It is unknown whether these two
samples actually contain four or two types of P. carinii. The
situation for specimens T-2 and 37 was similar to that for
specimens 34 and 35. Both T-2 and 37 were determined to have
types Ac and Ba by sequencing but could have types Aa, Ac,
Ba, and Bc, since their PCR products hybridized with probes
1-A, 1-B, 2-a, and 2-c. Specimens 6A, T-1, and T-3 had more
complicated results. The PCR products of these three samples
hybridized with probes 1-A, 1-B, 2-a, 2-b, and 2-c; therefore,
they all could have P. carinii of types Aa, Ab, Ac, Ba, Bb, and
Bc. However, sample 6A was determined to have types Ba and
Bc, sample T-1 was shown to have type Ba, and sample T-3 was
determined to contain type Bb by sequencing.

DISCUSSION

The PCR method used in this study has been shown previ-
ously to be specific for P. carinii (1, 8). In this study, the TSO
probes, R, 1-A, 1-B, 2-a, 2-b, and 2-c, were shown to be specific
by their reactions with specific types of P. carinii. The R probe
had only 50% homology with the corresponding region of
human P. carinii and reacted only with rat P. carinii. It had no
cross-reaction with human P. carinii under the hybridization
conditions used in this study. Although the 1-A and 1-B probes
differ from each other by only 2 nucleotides, they were able to
distinguish type A and B ITS1 regions, respectively (Fig. 4).
Similarly, the 2-a and 2-b probes were able to distinguish type
a and b ITS2 regions, respectively, although they also differ by
only 2 bases. The 2-c probe differs from the 2-a or 2-b probe by
9 bases and was very specific to type c ITS2. No nonspecific
hybridizations were observed.
The effectiveness of the TSO probes in typing P. carinii

isolates was demonstrated by comparing the TSO typing re-
sults with those of typing by sequencing. The P. carinii isolates

in all specimens containing only one type of P. carinii were
typed exactly the same by both methods (Table 1). The ability
to type P. carinii isolates by use of TSO probes would simplify
typing tremendously. Before the development of the TSO typ-
ing method, typing of P. carinii isolates was done by DNA
sequencing. Most DNA sequences in this study were achieved
by direct sequencing of PCR products. However, some PCR
products could not be sequenced directly. They had to be
cloned and then sequenced. This process included cloning,
screening of recombinant clones, and sequencing of the inserts.
Because of the possibility of cloning nonspecific fragments,
many recombinant clones had to be sequenced, and each clone
had to be sequenced several times to ensure the accuracy of
sequences. The entire process required at least a month to
complete. With TSO typing, results were obtained within 3
days.
As described above, TSO typing failed to produce conclusive

results for specimens containing more than one type of P.
carinii. Although no such samples were found in this study,
TSO typing would work on those containing more than one
type of P. carinii if the isolates had the same ITS1 type. For
example, a specimen that contains type Aa and Ab P. carinii
will generate PCR products that will react with probes 1-A, 2-a,
and 2-b but not with probes 1-B and 2-c. Similarly, the PCR
products will react with probes 1-B, 2-a, and 2-b if the speci-
men contains type Ba and Bb P. carinii. In this study, five
specimens were found to contain both a rat P. carinii strain and
a type Ba human P. carinii strain. Since the ITS1 sequence of
rat P. carinii was distinct from those of human types, these
samples were typed identically by both the TSO and sequenc-
ing methods. However, TSO typing will not work if a specimen
contains more than one type of human P. carinii with different
ITS1 types. For example, if a sample reacts with the 1-A, 1-B,
2-a, and 2-b probes, it is not known whether this specimen

FIG. 3. Comparison of nucleotide sequences of rat and human (type B) P. carinii ITS1 regions. The sequence above the double line at positions 8 to 40
(59-TTGTCAAGAACTAGTTTATC-39) was used to produce the rat type-specific oligonucleotide probe. Abbreviations: Pc, P. carinii; Hu, human.

FIG. 4. Reactions of various ITS types with type-specific probes. Recombi-
nant plasmids containing ITS regions of rat and human (types Ac, Bb, and Ba)
P. carinii were probed with labelled R, 1-A, 1-B, 2-a, 2-b, and 2-c TSO probes.
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contains types Aa and Ba; Aa and Bb; Ab and Ba; Ab and Bb;
Aa, Ab, Ba, and Bb; or other combinations.
For specimens that contain P. carinii isolates with different

ITS1 types, typing will have to be done by cloning and then
sequencing, since direct sequencing of PCR products will not
work. Typing by cloning and sequencing for these samples may
also be problematic. This was seen with specimen 12 (Table 1),
which was determined to contain a rat type and two human
types (Ba and Bc) by TSO typing but was determined to con-
tain a rat type and only one human type (Ba) by sequencing.
This was an example of the problem with typing by sequencing
if the recombinant clones picked do not represent all organism
types present in a sample. In order to type these specimens, a
different typing method will have to be developed. If the spec-
imens contain P. carinii with both type A and B ITS1 se-
quences, the Ax and Bx (where x may be a, b, or c) types must
be separated to allow typing by use of TSO probes. Since the
sizes of Ax and Bx are almost identical, it is difficult to separate
these types by size. In addition, it is impossible to distinguish
them by restriction enzyme analysis, since the nucleotide se-
quences that are different in the two types do not contain any
restriction sites. We are developing a type-specific PCR to
specifically amplify Ax or Bx.
The TSO typing method described in this paper is for ITS

types that have been identified. As more P. carinii isolates are
examined, new types may be discovered and new TSO probes
may be developed. Although TSO typing had limitations with
specimens containing mixed types, these specimens were not
the majority; only 30% of the specimens examined in this study
contained mixed types. The ability to type P. carinii isolates will
enable study of the prevalences of different types in different
geographical locations and correlation of various types with
clinical symptoms. Typing will also allow study of potential
differences in virulence and in drug resistance of different P.

carinii strains. A very important application of typing is to
determine whether a relapse is due to reactivation of the orig-
inal strain or to reinfection by a second strain.
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