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Pneumocystis carinii is a family of organisms found in a wide variety of mammalian lungs. In immunocom-
promised hosts, the organisms are able to produce an oftentimes fatal pneumonia. The existence of distinct
types of Pneumocystis populations is strongly supported by antigenic and genetic evidence. In the present study,
we assessed the antigenic profiles of two genetically distinct Preumocystis carinii populations, P. carinii f. sp.
carinii and P. carinii f. sp. ratti, as well as two types of P. carinii f. sp. carinii defined by electrophoretic
karyotyping (forms 1 and 2). The separated and blotted proteins of the organism preparations were probed
with four monoclonal antibodies (MAbs) generated to the major surface glycoproteins of rat-derived P. carinii,
one anti-human P. carinii MAb, and two polyclonal antisera made with rat-derived P. carinii as the immunogen.
Differences in reactivities between the P. carinii f. sp. carinii and P. carinii f. sp. ratti preparations were detected
with two of the MAbs, and both of the rat P. carinii polyclonal antisera in the 45- to 55-kDa molecular mass
range, but not with the human P. carinii MAb. The reactivities of the 16 P. carinii f. sp. carinii preparations were
the same with two exceptions. Two preparations of form 1 showed strong reactivity with the anti-MSG MAb
RA-C11. The ratios of cyst forms to trophic forms evaluated by microscopy were not associated with any of the
differences observed in the antigenic profiles. The antigenic differences between P. carinii f. sp. carinii and P.
carinii f. sp. ratti are consistent with the distinction of these two populations made by molecular genetic
techniques, while the two differences detected among the P. carinii f. sp. carinii preparations suggest the
organism may be able to modulate antigenic epitopes. The use of immunoblotting to differentiate infecting

organism populations and assess antigenic modulation holds promise for future epidemiologic studies.

Preumocystis carinii strains are opportunistic eukaryotic or-
ganisms found in the lungs of a wide variety of mammalian
hosts. These microbes are able to cause a potentially fatal
pneumonia in immunocompromised hosts. In human beings, P.
carinii pneumonia is of particular concern in individuals with
AIDS. Although originally considered a protozoan parasite,
studies comparing TRNA and DNA sequences from several
genes demonstrate that P. carinii is more closely related to
fungi (7, 8, 24, 34, 40, 44).

P. carinii isolated from humans, rats, ferrets and other mam-
mals can be differentiated by genetic and antigenic techniques
(1, 11-13, 17-20, 32). Moreover, two genetically distinct types
of P. carinii have been identified in a single mammalian host,
the rat (3, 5, 22), and were designated prototype and variant (3,
5). Prototype and variant P. carinii organisms differed in elec-
trophoretic karyotype, the presence or absence of an intron in
the 18S rRNA gene, the sequence of the 18S rRNA gene,
homology with a probe containing genes encoding the re-
peated major surface glycoprotein (MSG) (5), and the se-
quence of the large subunit of the mitochondrial rRNA genes
(27). Prototype organisms were found more frequently than
variant organisms as the source of infection in the rat colonies
surveyed, but the two types were able to coinfect the same
animal (3, 5, 22). Initially, four different karyotype patterns
were identified among prototype P. carinii in a survey of com-
mercial rat vendors in the United States and were designated
forms 1 to 4 (3). Four additional prototype forms (forms 5 to
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8) have been reported recently from additional rat colony
surveys (28, 43). Most prototype organisms from these colonies
produced from 1 or form 2 karyotypes.

In compliance with the nomenclature changes suggested by
the participants at the Pneumocystis portion of the Interna-
tional Workshop on Pneumocystis, Cryptosporidium, and Mi-
crosporidia, Cleveland, Ohio, June 1994, we have adopted the
trinomial names Pneumocystis carinii £. sp. carinii and P. carinii
f. sp. ratti (corrected from the nongenitive rattus) to differen-
tiate prototype from variant P. carinii (25). P. carinii f. sp.
hominis is used to designate human-derived organisms. The
binomial, P. carinii, is a more global term referring to organ-
isms isolated from any species of mammalian host.

Variation in antigenic reactivities of P. carinii organisms
isolated from a single host, the human being, has been previ-
ously reported by Kovacs et al. (17), raising the question of
antigenic modulation or infection with more than one type of
organism within a single host. However, the lack of available
genetic typing techniques for P. carinii at the time of this study
prevented any association of phenotype with genotype. More
recently, we and others were able to show the presence of two
genetically defined P. carinii populations within a single immu-
nosuppressed rat (3, 5, 22). In the present study, our goal was
to assess the antigenic profiles of these genetically defined P.
carinii populations. Because P. carinii cannot be propagated in
vitro, different genetic typing techniques (e.g., sequence poly-
morphisms, electrophoretic karyotyping) have been employed
to study P. carinii populations from an epidemiologic perspec-
tive. Nonetheless, they are time-consuming and require spe-
cialized instrumentation and techniques not always found in
the clinical laboratory setting. Because neither morphology nor
metabolism appears to be helpful in discriminating different P.
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carinii populations, we assessed the ability of antigenic markers
to differentiate between P. carinii organisms isolated from rats.
Such markers could be used as epidemiologic typing tools to
study the disease in other mammals, particularly humans. In
addition, identification of the antigenic composition of the
defined P. carinii population would permit evaluation of the
role of antigenic modulation during the progression of infec-
tion.

At least two antigenically important molecules have been
described from P. carinii prepared from different sources.
These were chosen for evaluation in the present study. The
first one is the MSG (18), also called glycoprotein A (10, 12),
a large glycoprotein complex located on the surface of organ-
isms isolated from rats, humans, and other animals (13, 17, 19,
37, 41, 42). Under reducing conditions, it migrates as a prom-
inent band between 95 and 140 kDa. The functions of MSG are
poorly understood, but these glycoproteins seem to mediate
the attachment of the trophic form to the host type I pneumo-
cyte (26) and alveolar macrophages (9). The MSGs are a fam-
ily of closely related proteins encoded by multiple genes dis-
tributed throughout the organism’s genome (18, 35, 36) that
are found on every chromosome of P. carinii organisms sepa-
rated by pulsed-field gel electrophoresis (3, 5, 18). These pro-
teins are immunogenic and are able to elicit humoral and
cellular immune responses (10, 11, 14).

The other major antigenic complex has a molecular mass of
45 to 55 kDa in P. carinii f. sp. carinii. This moiety migrates as
a broad-based band or can appear as two distinct bands on
immunoblots (42). In contrast to MSG, this antigen complex
stains poorly with Coomassie blue and other protein stains. A
similar antigen complex has been identified in P. carinii f. sp.
hominis, but it has a somewhat lower molecular mass (35 to 45
kDa) (19). The 45- to 55-kDa antigen complex elicits a vigor-
ous humoral and moderate cellular immune response and is
the P. carinii f. sp. hominis antigen complex most commonly
recognized by serum antibodies of individuals exposed to the
organism (30). The function and cellular location of this anti-
gen complex are unknown. A gene encoding a protein in this
complex has been cloned and sequenced from rat-derived P.
carinii (29) and was mapped to a single band with a size of
approximately 600 kb on rat P. carinii f. sp. carinii chromo-
somes separated by pulsed-field gel electrophoresis.

(This work was presented in part at the International Work-
shop on Pneumocystis, Cryptosporidium, and Microsporidia,
Cleveland, Ohio, June 1994 [38a].)

MATERIALS AND METHODS

P. carinii organisms. Inducement of P. carinii pneumonia and preparation of
organisms from rats have previously been described (3, 5). Frozen lung homo-
genates from infected immunosuppressed rats that had been electrophoretically
karyotyped previously were used in this study (Table 1). We chose two repre-
sentative forms of the eight P. carinii f. sp. carinii forms defined by pulsed-field
gel electrophoresis, forms 1 and 2. Form 1 was found as the infecting organism
in most of the rat colonies surveyed, while form 2 was identified in the facilities
of a single vendor (3). Ten samples of form 1 and 9 samples of form 2 were
evaluated. P. carinii f. sp. ratti was represented by three separate preparations in
which it was the predominant population. To date, only one genetically defined
form of P. carinii f. sp. ratti has been identified, and this organism has almost
always been found in the context of a mixed infection with P. carinii £. sp. carinii
(5, 28). Most preparations were obtained from rats with naturally acquired
infections, but in some cases, organisms were obtained from viral antibody-
negative, P. carinii-naive immunosuppressed rats that had been inoculated with
either form 1 or form 2 P. carinii f. sp. carinii. Inoculations were performed as
previously described (2), and organisms were obtained in the same manner as
with the other preparations.

Protein electrophoresis and immunoblot assays. P. carinii homogenates were
solubilized with treatment buffer (0.125 M Tris-HCI [pH 6.8], 4% sodium dode-
cyl sulfate [SDS], 20% glycerol, 10% 2-mercaptoethanol) and electrophoresed
through SDS-polyacrylamide gel electrophoresis (PAGE) (10% polyacrylamide)
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TABLE 1. P. carinii f. sp. carinii and P. carinii {. sp. ratti forms used
in these studies

Form Vendor Rat strain Sample
no.
P. carinii {. sp.
carinii
1 Charles River, Long Evans 1140
Wilmington, Mass. 1145
Brown Norway 1151
1153
1159
1160
Charles River, CD 89
Hollister, Calif.” 155
169
171
2 Hilltop Laboratories, Fischer 344 1073
Scottdale, Calif. 1080
Wistar 1115
1117
1120
Charles River, CD 177
Hollister, Calif.” 178
179
180
P. carinii f. sp. Hilltop Laboratories, Fischer 344, 1087
ratti Scottdale, Calif. Sprague-Dawley 959
Charles River, Lewis 1027

Wilmington, Mass.

“ Viral antibody-negative Pneumocystis-free CD rats were inoculated with
form 1 P. carinii f. sp. carinii obtained from a Sasco Sprague-Dawley rat as
described in Materials and Methods.

®Viral antibody-negative Pneumocystis-free CD rats were inoculated with
form 2 P. carinii f. sp. carinii obtained from a Hilltop Sprague-Dawley rat as
described in Materials and Methods.

gels (19). Protein concentrations were standardized by densitometric analyses of
Coomassie blue-stained gels, and equivalent amounts of protein of each sample
were loaded for immunoblotting comparisons. The proteins were transferred
electrophoretically from SDS-PAGE gels onto a nitrocellulose membrane, which
was subsequently stained with Ponceau red to confirm the transfer and blocked
in 1% skim milk at room temperature for 30 min (19, 38). The blot was then
incubated overnight at 4°C with the antibody, diluted 1:1,000 or 1:500 for the
monoclonal or polyclonal antisera, respectively, in 0.02 M Tris-0.5 M NaCl (pH
7.5) (TBS). The blot was then washed twice with TBS-0.05% Tween 20 (TTBS)
for 10 min each time, incubated with the appropriate peroxidase-labeled conju-
gate at room temperature for 2 h (diluted 1:1,000 in TBS), and washed again
twice with TTBS for 10 min each time. Reactivities with MSG antigens (~100 to
120 kDa) and p55 (~45 to 55 kDa) were evaluated by visual inspection and
assigned scores of 0, 1+, or 2+, with 2+ representing the most intense reaction.

Antibodies. The availability of monoclonal antibodies (MAbs) directed against
the MSG as well as anti-P. carinii polyclonal antibodies facilitated our studies
designed to assess antigenic markers in P. carinii f. sp. carinii and P. carinii f. sp.
ratti preparations. Five MSG-reactive MADbs and two polyclonal antisera were
selected as probes in these studies (21). The antibodies were a gift from Peter
Walzer, Cincinnati, Ohio.

Production of MAbs. Four of the MAbs (RA-F1, RA-C6, RA-C7, and RA-
C11) were generated against P. carinii f. sp. carinii MSG purified by SDS-PAGE
and electroelution (21). The fifth MSG-reactive MAB (HB-G6) was generated
against SDS-solubilized P. carinii f. sp. hominis. Two polyclonal antisera, 44866
and R-2, were generated in rabbits to P. carinii f. sp. carinii; the 44866 antiserum
was produced against SDS-solubilized organisms (19), while a soluble cell wall
fraction (21) was used to immunize rabbits for the production of antiserum R-2.

Sources of organisms. The organisms that provided the immunogens for
RA-F1, RA-C6, RA-C7, and RA-C11 and polyclonal antiserum 44866 were
isolated from rats obtained from Harlan-Sprague-Dawley, Madison, Wis. (room
205H). This colony is no longer in existence, but electrophoretic karyotyping of
organisms prepared from this colony during the same period of the immuniza-
tions produced profiles similar to those of P. carinii {. sp. carinii form 2 identified
in our later studies (3). Organisms used to prepare the immunogen for polyclonal
antiserum R-2 were isolated from Lewis rats, which have historically displayed
the P. carinii f. sp. carinii form 1 karyotype (3). P. carinii f. sp. hominis organisms
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TABLE 2. Number of P. carinii preparations reacting with anti-P. carinii f. sp. carinii MSG MADs and intensity of reactivity

No. of preparations reacting with MADb at reactivity of":

Preparation RA-F1 RA-C7 RA-C11 RA-C6
0 1+ 2+ T 0 1+ 2+ T 0 1+ 2+ T 0 1+ 2+ T
P. carinii {. sp. carinii
Form 1 8 8 5 5 6 2 8 10 10
Form 2 6 6 4 4 8 8 9 9
P. carinii {. sp. ratti 1 2 3 1 2 3 3 3 3 3

“ Intensity of reaction was graded on a visual scale of 0 (no visible reaction), 1+ (visible reactivity), and 2+ (intense reactivity). T, total number of preparations

analyzed.

used in the production of HB-G6 were isolated from the lungs of an AIDS
patient obtained at autopsy (15, 21).

Antibody reactivities. The MSG-reactive MADs used in these studies were of
the immunoglobulin G1 class. The reactivities of the MAbs with human- and
rat-derived P. carinii were previously characterized by indirect immunofluores-
cence assaying (IFA) and immunoblotting (21). RA-F1 reacted by immunoblot-
ting and IFA with both P. carinii {. sp. carinii and P. carinii f. sp. hominis; RA-C7
and RA-C6 reacted only with P. carinii f. sp. carinii by immunoblotting and IFA;
RA-CI11 reacted only with P. carinii f. sp. carinii organisms by immunoblotting.
The reactivity of MAbs RA-F1, RA-C7, RA-C6, and RA-C11 with B-galactosi-
dase-MSG fusion proteins produced from a \ gt11 P. carinii £. sp. carinii genomic
expression library demonstrated their specificity for protein epitopes (31).
HB-G6 reacted by immunoblotting with human- and rat-derived organisms and
with human-derived organisms by IFA (21); IFA with rat-derived organisms was
not done. The two polyclonal antisera reacted with the MSGs and other antigens
from human- and rat-derived P. carinii.

C/T ratios. Association of antigenic expression with developmental form of P.
carinii was evaluated by determining the cyst/trophic form (C/T) ratios in homo-
genates stained with Diff-Quik by bright-field microscopy. Trophic forms were
defined morphologically by the presence of a single reddish-purple nucleus
surrounded by blue cytoplasm. Cysts contained up to eight nuclei surrounded by
blue cytoplasm and were circumscribed by a typical “exclusion halo” (4). At least
10 fields containing over 50 organisms per field were examined for each prepa-
ration.

Statistical analysis of immunoblot results and C/T ratios. The statistical
package Epi Info (6) was used to calculate chi-square values and P values for
comparison of MADb reactivities of P. carinii f. sp. carinii form 1 and form 2 versus
those of P. carinii f. sp. ratti. When appropriate, data were combined to produce
2-by-2 contingency tables and Yates’ correction for small samples was applied
(e.g., form 1 versus form 2 comparisons). C/T ratio comparisons among the P.
carinii f. sp. carinii and P. carinii f. sp. ratti preparations were evaluated by
analysis of variance.

Southern blot analysis and hybridization probes. Chromosomes of agarose-
embedded P. carinii organisms were separated by the pulsed-field gel electro-
phoretic technique of a contour-clamped homogeneous electrical field, and the
DNAs were transferred by capillary flow onto nylon membranes as previously
described (3, 5). Two probes were used: Rp3-1, which contains at least two
tandemly repeated copies of MSG genes from P. carinii f. sp. carinii (33, 35, 36),
and 19c, a copy of the nuclear rRNA locus from P. carinii f. sp. carinii (5). Both
probes were gifts from James R. Stringer, University of Cincinnati College of
Medicine. Probes were labeled with 3?P according to previous protocols (3, 5).
Hybridization conditions involved 6X SSPE (1X SSPE is 0.18 M NaCl, 10 mM
NaH,PO,, and 0.015 M sodium citrate), 0.5% SDS, 100 g of sheared herring
sperm DNA per ml, and 5X Denhardt’s solution for 16 to 18 h at 65°C. Washing
was done in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with
0.1% SDS at 65°C twice for 30 min each time and then in 0.2X SSC at 65°C twice
for 15 min each time. The blots were exposed to Fuji RX film with intensifying
screens, placed at —70°C for 18 to 24 h, and then developed.

RESULTS

Immunoblot reactivities of P. carinii preparations to anti-
MSG antibodies. Reactivities with the four anti-MSG MAbs
were the same for all P. carinii f. sp. carinii form 1 and 2
preparations, with one exception (Table 2). Of the eight form
1 preparations analyzed, two were found to react strongly with
the MAb RA-C11 (Fig. 1), indicating that these two prepara-
tions contained organisms that expressed epitopes recognized
by RA-C11 that were not expressed by organisms in the other
form 1 preparations. The difference in reactivity was not due to

variation in the amount of protein loaded, as shown in the
photograph of the Coomassie-stained gel (Fig. 1A), nor were
the reactivities due to contamination with other microbes or
the presence of another P. carinii form or species. The MAbs
have been shown previously to be nonreactive to a panel of
common microbial contaminants (21), and microscopic or mi-
crobiologic detection methods did not identify any other con-
taminants. The two preparations that reacted with MAb RA-
Cl1, preparations 1151 and 1160, originated from the same
colony of Charles River Brown Norway rats that were sampled
at the same time. Karyotypic and gene probe localization stud-
ies of this colony previously detected the presence of mixed
infections of P. carinii f. sp. carinii and P. carinii f. sp. ratti in
some rats (3, 5). However, no reactivity with RA-C11 was
observed with any of the three preparations containing P. ca-
rinii . sp. ratti or other electrophoretic karyotype forms eval-
uated (forms 1 to 4) (data not shown), implying that the reac-
tivity was not due to a low number (undetectable by pulsed-
field gel electrophoresis) of another type of P. carinii residing
in the lung. Two other explanations for this phenotypic differ-
ence remained. Expression of the unique epitope of MSG was
associated with a specific life cycle stage, or a subpopulation
within the majority population of organisms could differen-
tially express an MSG with an epitope at variance with the
majority of organisms. The possibility of a life cycle stage-
specific MSG was addressed by enumeration of the C/T ratio
(described below). A genetic basis for antigenic modulation of

A B
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FIG. 1. Reactivity of two P. carinii f. sp. carinii form 1 preparations with
MAB RA-C11. (A) Coomassie blue-stained gel. Lanes: 1, form 1 preparation
1160; 2, form 1 preparation 1140; 3, form 1 preparation 1151; 4, form 1 prepa-
ration 1153. (B) Immunoblot. Lanes correspond to those of panel A. Size esti-
mations of the protein complexes were based on migration of known standards
stained with Coomassie blue.
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FIG. 2. Immunoblot of P. carinii f. sp. carinii and P. carinii f. sp. ratti prep-
arations probed with MAb RA-C7. (A) P. carinii f. sp. carinii form 1. Lanes: 1,
preparation 1160; 2, preparation 1140; 3, preparation 1151; 4, preparation 1153.
(B) P. carinii £. sp. carinii form 2. Lanes: 5, preparation 1073; 6, preparation 1117;
7, preparation 1080. (C) P. carinii f. sp. ratti. Lanes: 8, preparation 1027; 9,
preparation 959; 10, preparation 1087. Size estimations of the protein complexes
were based on blotted, prestained standards.

MSGs in P. carinii has been recently reported (35, 39) and was
considered a possible explanation.

A difference in reactivity patterns of the two preparations of
form 1 with MAb RA-C11 was apparent in Fig. 1. A single
band of reactivity at approximately 116 kDa was observed with
preparation 1160 (lane 1), while preparation 1151 (lane 3)
produced three bands, all of which were larger than 120 kDa.
Variations in molecular mass and band number of the MSG
molecules have been observed by several laboratories and are
likely due to the extant expression of numerous species of
MSG encoded by the multigene family or in some cases may be
due to processing intermediates of MSG molecules.

Differences in reactivities between the two genetically dis-
tinct rat-derived organisms, P. carinii f. sp. carinii and P. carinii
f. sp. ratti, were detected by two anti-rat-derived P. carinii MSG
MAbs, RA-F1 and RA-C7 (Table 2). As shown in Fig. 2,
reactivity of MAb RA-C7 with all preparations of P. carinii f.
sp. carinii forms 1 and 2 (lanes 1 to 7) was strong (an example
of the 2+ grade), while two of the three P. carinii f. sp. ratti
preparations had weak reactivity (1+) with MAb RA-C7 (lanes
8 and 10), and one sample showed no reactivity (lane 9). We
suspected this low level of reactivity in the P. carinii £. sp. ratti
preparations was due to the presence of P. carinii f. sp. carinii
in preparations 1027 (lane 8) and 1087 (lane 10). Further
experiments were conducted to address this possibility (de-
scribed below). The single MAb generated to human-derived
P. carinii, HB-G6, did not show any significant differences
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FIG. 3. Polyclonal antiserum 44866 reactivity with P. carinii f. sp. carinii and
P. carinii f. sp. ratti preparations. (A) P. carinii f. sp. carinii form 1. Lanes: 1,
preparation 1160; 2, preparation 1140; 3, preparation 1151; 4, preparation 1153.
(B) P. carinii f. sp. carinii form 2. Lanes: 5, preparation 179; 6, preparation 180;
7, preparation 177; 8, preparation 178. (C) P. carinii f. sp. ratti. Lanes: 9, prep-
aration 1087; 10, preparation 959; 11, preparation 1027. Size estimations of the
protein complexes were based on migration of blotted, prestained standards.

between the P. carinii f. sp. carinii and P. carinii f. sp. ratti
populations or between the form 1 and form 2 P. carinii f. sp.
carinii preparations (data not shown). Negative controls with
lung homogenate from noninfected immunosuppressed rats
did not show any reactivity with these antibodies (data not
shown).

Immunoblot reactivities of P. carinii to polyclonal antisera.
The reactivities of the two polyclonal antisera used in these
studies were evaluated in the regions of MSG and p55 migra-
tion, 100 to 120 kDa and 45 to 55 kDa. In the region of the
MSG migration, all 9 of the form 2 preparations and all but 1
of a total of 10 form 1 preparations reacted with polyclonal
antiserum 44866 (Table 3). Slightly less reactivity was observed
with the other antiserum, R-2, when form 2 preparations were
probed; three of seven preparations did not react. No differ-
ence in reactivity at the 45- to 55-kDa region was observed
between form 1 and 2 populations with either antiserum.

Conversely, the two anti-rat P. carinii-derived polyclonal an-
tisera exhibited differences in reactivity between the P. carinii
f. sp. carinii and P. carinii f. sp. ratti preparations in the 45- to
55-kDa region (Table 3), with all of the P. carinii f. sp. carinii
preparations reacting with antiserum 44866 and only one of the
P. carinii {. sp. ratti homogenates showing slight reactivity. R-2
antisera reacted with all 15 of the P. carinii £. sp. carinii prep-
arations while reacting slightly or not at all with the P. carinii
f. sp. ratti preparations. Reactions of representative prepara-
tions of the three types of P. carinii with polyclonal antiserum

TABLE 3. Anti-P. carinii f. sp. carinii polyclonal antiserum reactivities

No. of preparations reacting with polyclonal antiserum at reactivity of*:

Preparation 44866-MSG 44866-p55 R-2-MSG R-2-p55
0 1+ 2+ T 0 1+ 2+ T 0 1+ 2+ T 0 1+ 2+ T
P. carinii {. sp. carinii
Form 1 1 3 6 10 10 10 5 3 8 5 3 8
Form 2 2 7 9 1 8 9 3 2 2 7 1 6 7
P. carinii f. sp. ratti 1 2 3 2 1 3 1 2 3 1 2 3

¢ Intensity of reaction was graded on a visual scale of 0 (no visible reaction), 1+ (visible reactivity), and 2+ (intense reactivity). T, total number of preparations

analyzed.
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FIG. 4. Electrophoretic karyotypes of two preparations composed primarily
of P. carinii f. sp. ratti hybridized with a probe to the nuclear ribosomal locus
(19c). Lanes: 1, ethidium bromide-stained chromosome-size DNAs of P. carinii
f. sp. ratti preparation 1027; 2, Southern-blotted DNAs corresponding to lane 1
probed with 19c; 3, ethidium bromide-stained chromosomes of P. carinii f. sp.
ratti preparation 959; 4, Southern-blotted preparation 959 probed with 19c. Size
estimations of bands were based on the migration of a lambda ladder (48.5-kb
increments).

44866 are shown in Fig. 3. Of note is the intense staining in the
55-kDa region demonstrated by all of the form 1 and 2 prep-
arations (lanes 1 to 8) and the dramatically less intense reac-
tion of P. carinii f. sp. ratti-containing preparations. It was our
hypothesis that the reactivity was due to minor populations of
P. carinii {. sp. carinii in these samples. We explored the pres-
ence of P. carinii f. sp. carinii as a potential source of the
antigens in the P. carinii f. sp. ratti preparations by pulsed-field
gel electrophoresis and hybridization with single and repetitive
probes.

Analysis of P. carinii f. sp. ratti preparations for the presence
of P. carinii f. sp. carinii. We suspected that the presence of P.
carinii f. sp. carinii organisms in preparations 1087 and 1027
was responsible for the slight reactivities observed in the im-
munoblotting studies, while the lack of reactivity of prepara-
tion 959 indicated that there was very little or no P. carinii f. sp.
carinii in this sample. Since we had previously detected a mixed
population in preparation 1087 (5), we analyzed preparations
1027 and 959 by electrophoretic karyotyping and hybridization
with cloned probes to the nuclear rRNA locus and MSG genes
of P. carinii {. sp. carinii (3, 5). The ribosomal locus was chosen
because it could detect mixed infections due to hybridization to
bands of different sizes in electrophoretic karyotypes of P.
carinii f. sp. carinii and P. carinii f. sp. ratti, while the other
probe, Rp3-1, has been shown to hybridize to all chromosome-
size bands of P. carinii f. sp. carinii under high-stringency con-
ditions but not to bands of P. carinii f. sp. ratti (5).

The ribosomal probe hybridized to two bands in preparation
1027 but only one band in preparation 959 (Fig. 4), suggesting
the presence of two types of P. carinii in 1027 (lane 2) but a
single type in 959 (lane 4). Hybridization of the probe to a band
approximately 530 kb in size in both of the preparations is
indicative of the P. carinii f. sp. ratti organisms, while the
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second band about 500 kb in size found only in preparation
1027 corresponds to P. carinii f. sp. carinii (5). Lane 1 was
purposefully overloaded to produce DNA quantities of the
minor population of P. carinii f. sp. carinii present in prepara-
tion 1027 (note lighter-intensity bands at 679, 631, 570, 500,
480, and 330 kb) equivalent to those of the P. carinii f. sp. ratti
population in lane 3. The similar intensities of the bands of
hybridization at 500 kb in lane 2 (corresponding to P. carinii f.
sp. carinii) and at 530 kb in lane 4 (P. carinii f. sp. ratti) attest
to the equivalent organism concentrations.

The other probe, Rp3-1, did not hybridize at all with prep-
aration 959 (Fig. 5, lanes 1 and 4) but did hybridize to the
bands of P. carinii . sp. carinii corresponding to the fainter
ethidium bromide-stained bands in lanes 2 and 5, providing
evidence of a population of P. carinii f. sp. carinii in this
sample. The lack of hybridization with the P. carinii £. sp. ratti
populations in preparations 959 and 1027 was not due to in-
sufficient DNA loading, since both of the DNAs of the P.
carinii f. sp. ratti preparations were equivalent, if not more
abundant (Fig. 5, lanes 1 and 2) than those of the authentic
population of P. carinii f. sp. carinii in Fig. 5, lane 3. In fact, the
minor population of P. carinii f. sp. carinii was present at about
a 10-fold lower concentration than the P. carinii f. sp. ratti
population in preparation 1027, yet the Rp3-1 probe only hy-
bridized with bands corresponding to P. carinii f. sp. carinii.
Note the comigration of the faint ethidium bromide-stained
bands present in lane 2 with those of the authentic P. carinii {.
sp. carinii form 1 in lane 3 and the corresponding bands of
hybridization in lanes 5 and 6. From these data, it appeared
that at least two of the three P. carinii f. sp. ratti preparations
contained detectable amounts of P. carinii f. sp. carinii organ-
isms, while in preparation 959, a minor population was not
detected by these methods. It is also apparent that the MSG
genes of P. carinii f. sp. ratti have little homology with those of
P. carinii f. sp. carinii. Thus, the minor populations of P. carinii
f. sp. carinii in the P. carinii f. sp. ratti preparations 1027 and
1087 can account for the slight reactivities with MAbs RA-F1
and RA-C7 and antisera 44866 and R-2 in the 55-kDa region.

kb A B

485-

388-

340-

A W

291-

T 2 3 4 5 6

FIG. 5. Electrophoretic karyotypes of two preparations composed primarily
of P. carinii {. sp. ratti hybridized with a probe to MSG. (A) Ethidium bromide-
stained chromosome-size DNAs. Lanes: 1, P. carinii f. sp. ratti preparation 959;
2, P. carinii f. sp. ratti preparation 1027; 3, form 1 preparation 1029 (P. carinii f.
sp. carinii from the same colony as no. 1027). (B) Lanes 4 to 6, Southern-blotted
DNAs corresponding to lanes 1 to 3 probed with Rp3-1, a clone encoding at least
two MSG genes. Size estimations of bands were based on migration of a lambda
ladder (48.5-kb increments).
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TABLE 4. Organism burden and C/T ratio for P. carinii f. sp.
carinii and P. carinii f. sp. ratti preparations

No. of P. carinii f. sp. No. of wks

Preparation carinii organisms C/T ratio immuno-

(10%)/ml suppressed

P. carinii f. sp. carinii
Form 1
1145 0.08 1:13 14.5
1151 1.53 1:15 12.0
1153 2.69 1:23 11.0
1160 5.09 1:11 12.0
1140 8.74 1:17 14.5
Form 2
1120 0.59 1:8 14.5
1115 1.35 1:10 145
1117 2.30 1:20 14.5
1073 5.06 1:23 11.5
1080 6.60 1:20 11.5
P. carinii f. sp. ratti

959 1.95 1:5 13.0
1087 3.35 1:18 115
1027 5.26 1:13 18.0

Comparison of C/T ratios. To determine if antigenic expres-
sion of a given P. carinii population was associated with the
developmental forms present, with organism burden (severity
of infection), or with length of immunosuppression, Diff-Quik-
stained cyst and trophic forms in P. carinii preparations used in
the immunoblotting analyses were enumerated, and total or-
ganism burden was estimated by counting the total number of
P. carinii nuclei (Table 4). Comparison of the C/T ratios among
the P. carinii f. sp. carinii preparations, ranging between 1:8
and 1:23, including those preparations that reacted with MAb
RA-C11 (numbers 1151 and 1160), did not show any significant
differences in C/T ratio or antibody reactivity. Two of the three
P. carinii £. sp. ratti preparations (numbers 1087 and 1027) had
ratios of 1:18 and 1:13, which were well within the range of all
of the P. carinii f. sp. carinii preparations. The one P. carinii f.
sp. ratti preparation which had no detectable P. carinii f. sp.
carinii population had the lowest C/T ratio, 1:5. Since there was
only a single preparation of this composition, no conclusions
concerning the presence of more cyst forms in such prepara-
tions can be made, but further investigation into this finding is
warranted. While most infections had heavy organism burdens,
lower C/T ratios could be found in lighter infections (e.g., 1:8
in 1120) as well as in those with heavy infections (e.g., 1160).
The highest C/T ratios (1:20 and 1:23) were found in prepara-
tions ranging from 2.3 X 10° to 6.6 X 10° organisms per ml.
There was no statistical correlation between organism burden,
C/T ratio, or length of immunosuppression.

DISCUSSION

Our appreciation of the complexity of infections caused by
P. carinii in rats has grown towards acceptance of the causative
agent as a heterogeneous population of organisms, sometimes
including two distinct organism populations coexisting within
the same host. Detection of infections caused by two types of
P. carinii has been exclusively shown by genetic methods (5,
22). In the present study, we report phenotypic differences
expressed by a single genetically defined P. carinii f. sp. carinii
population and between two genetically distinct organism pop-
ulations, P. carinii f. sp. carinii and P. carinii f. sp. ratti. Two
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MADbs directed against purified MSG from rat-derived P. ca-
rinii (RA-C7 and RA-F1) showed significant differences in
reactivity between P. carinii f. sp. carinii and P. carinii f. sp.
ratti. Likewise, two polyclonal antisera (44866 and R-2) de-
tected differences between these two populations in antigen
species migrating at 45 and 55 kDa. It is likely that there is a
genetic basis for these phenotypes. In the present study, as well
as in a previous study (5), hybridization of P. carinii f. sp. ratti
chromosomes with a probe containing MSG genes isolated
from P. carinii f. sp. carinii showed no homology with chromo-
somes of P. carinii f. sp. ratti under conditions of high strin-
gency, supporting the notion that the genes encoding the MSG
molecules from these two populations are quite different.

The expression of antigens specific to a genetically defined
P. carinii population is also supported by previous studies of
ferret-, rat-, human-, and mouse-derived P. carinii-specific an-
tibody reactivities (11-14, 17, 19, 41). Thus, this study has
shown that the antigen-specific expression of the two geneti-
cally distinct P. carinii populations found in rats is in keeping
with the antigenic differences observed for P. carinii isolated
from different species of mammals. Furthermore, we suggest
that the antibodies that produced the dramatic differences in
reactivity between P. carinii f. sp. carinii and P. carinii {. sp. ratti
should be helpful in characterizing the organisms in infections
caused by a single P. carinii population and in infections caused
by two genetically distinct organisms. Historically, the rat
model of P. carinii pneumonia has been a reliable predictor of
the basic biology and drug response of organisms causing hu-
man infection. On the basis of this paradigm, it is likely that P.
carinii pneumonia in human beings may be caused by mixed or
single infections of genetically distinct organisms and that
these organisms will express distinct MSG proteins that should
be detectable by immunoblotting methods. Recent genotyping
studies of bronchoalveolar lavage fluids from patients with P.
carinii pneumonia have reported several different genotypes of
infecting organisms on the basis of amplification of gene se-
quences by the PCR (16, 23), supporting the diversity of or-
ganisms infecting human beings.

Perhaps more intriguing was the finding of phenotypic vari-
ation within a single genetically defined population of P. carinii
f. sp. carinii. Variation in antigenic reactivity was detected by a
single MAb, RA-C11. This MADb reacted with 2 of 16 prepa-
rations of P. carinii {. sp. carinii, both of which were of the form
1 electrophoretic karyotype profile and both of which were
found in the same colony of animals. There are several possible
explanations for this observation. The first is that the reaction
was due to another species or strain of P. carinii coexisting in
the lung. This was ruled out by the nonreactivity of the P.
carinii £. sp. ratti and other P. carinii f. sp. carinii preparations
with MAb RA-C11. The second possibility is expression of the
antigen by a specific life cycle stage (developmental form) of
the organism. However, C/T ratios of the preparations used in
the studies did not show any correlation with antibody reactiv-
ity. A third possibility would be genetic divergence between
preparations 1060 and 1151 and the other P. carinii {. sp. carinii
preparations. Both preparations 1060 and 11511 produced the
same electrophoretic karyotype (form 1), and both samples
were identical in sequences through portions of the 18S and
mitochondrial large rRNA gene sequences (27). However,
electrophoretic karyotyping is useful for detection of genetic
differences such as gene duplications or other such events that
would result in a change of size in chromosomes but it cannot
detect subtle differences in gene sequences. Likewise, targeted
amplification and sequencing of specific DNA sequences with
the PCR could theoretically miss a minor population of organ-
isms. Although the populations appeared identical at two ge-
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netic loci, the possibility of variation at other loci remains.
Therefore, the population of organisms found in P. carinii f. sp.
carinii form 1 preparations 1060 and 1151 could be composed
of a heterogeneous population of organisms containing a ma-
jor and minor population with indistinguishable electro-
phoretic karyotypes, the latter of which is genetically distinct
and expresses the unique epitope reacting with RA-C11. The
final possibility would be that the P. carinii f. sp. carinii popu-
lation was genetically homogeneous but contained some or-
ganisms that expressed an MSG gene different from those
expressed by the other organisms present in the lung. P. carinii
f. sp. carinii form 1 preparations 1160 and 1151 reacted with
MADs in a manner identical to the other 14 P. carinii f. sp.
carinii preparations, with the exception of RA-C11, suggesting
the populations in these two preparations also express MSG
epitopes common to the other P. carinii f. sp. carinii popula-
tions in addition to their unique epitopes. The latter hypothesis
of differential expression of an MSG gene by a minor popula-
tion was supported by recent studies that provide genetic evi-
dence for the translocation and expression of distinct MSG
genes at telomeric expression sites (35, 39). Likewise, charac-
terization of mRNAs encoding several MSGs isolated from a
single population of P. carinii (20) provides additional strong
evidence for the ability of an organism population to express
more than one MSG. Since the two populations of form 1 P.
carinii £. sp. carinii reacting with MAb RA-C11 were identical
in karyotype and at two genetic loci, it seems plausible that a
population of organisms expressing an MSG gene encoding an
epitope distinct from the majority population were detected by
MAb RA-C11.

In summary, this study has shown phenotypic differences
associated with genotypically distinct P. carinii populations
with the only phenotypic marker available at this time, anti-
genic expression. We have shown that it is possible to differ-
entiate infections caused by one or the other genetically de-
fined populations of rat-derived P. carinii by immunoblotting
techniques. The presence of a minor population of one species
of organism, P. carinii f. sp. carinii, in an infection containing
predominantly P. carinii f. sp. ratti, could be detected by MAbs
RA-F1 and RA-C7 generated to the former organism, provid-
ing a rationale for the immunoblotting technique in epidemi-
ologic situations. Additionally, reaction of 2 of 16 P. carinii f.
Sp. carinii preparations with one MAb, RA-C11, provides evi-
dence for antigenic modulation or heterogeneity of infecting
populations that will only be addressed by further analyses of
the transcription, expression, and function of the MSG family
of genes.
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