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Pneumocystis jirovecii is the causative agent of Pneumocystis pneumonia (PCP) in immunocompromised
persons. Knowledge of the transmission and epidemiology of PCP is still incipient, and investigations on these
subjects are based exclusively on applications of molecular typing techniques. The polymorphic internal
transcribed spacers ITS1 and ITS2 in the ribosomal DNA operon, which in the P. jirovecii genome exist as
single-copy DNA, are commonly used as target loci for isolate typing. In the course of genotyping P. jirovecii in
respiratory specimens from PCP patients by amplification and cloning of a large number of ITS sequences, we
found mixed infections (two or more types) in 50% of the samples. In a majority of the specimens with mixed
infections, we detected many ITS haplotypes (combinations of ITS1 and ITS2 types) that appeared to be
products of recombination between globally common ITS haplotypes present in the same sample. Here we
present results of a series of experiments showing that essentially all ITS recombinants are chimeras formed
during the genotyping process. Under standard conditions, as many as 37% of the amplified sequences could
be hybrid DNA artifacts. We show that by modifying PCR amplification conditions, ITS chimera formation
could be largely abolished and the erroneous establishment of artifactual haplotypes avoided. The accurate
assessment of genetic diversity is fundamental for a better understanding of the epidemiology and biology of

P. jirovecii infections.

The infectious fungus Preumocystis jirovecii is the etiological
agent of Pneumocystis pneumonia (PCP) in immunocompro-
mised individuals. Since P. jirovecii cannot be cultivated in
vitro, investigations of the transmission and epidemiology of
this organism have been based on applications of molecular
typing techniques (1). For P. jirovecii, sequence analysis of the
internal transcribed spacer (ITS) regions in the nuclear ribo-
somal DNA (rDNA) gene complex, which in this fungus exists
as a single-copy locus (2, 24), is the most informative epide-
miological tool available at present. ITS1 is located between
the coding regions of the 18S and 5.8S rRNA genes, and ITS2
is located between the 5.8S and 26S rRNA genes. The se-
quence diversity of ITS1 and ITS2 among different strains of P.
jJirovecii and the fact that these segments are removed during
ribosomal biogenesis and should not be subjected to selective
pressure make them suitable targets for genotyping (10). To
date, more than 30 ITS1 genotypes and 40 ITS2 genotypes with
more than 90 haplotypes (combinations of ITS1 and ITS2
types) have been described worldwide, based on two different
but similar typing systems (8, 26). Some ITS haplotypes are
globally more common, and coinfections with multiple types of
P. jirovecii often occur (4, 8, 11, 15, 17, 25, 26). Although these
typing systems have been useful, questions have been raised
about the extensive polymorphism and stability of the ITS
locus and its use for the genotyping of P. jirovecii.

During the genotyping of specimens from patients with P.
jirovecii infections, we noticed the presence of recombinants
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between main ITS haplotypes in many of the specimens with
mixed infections. Given the high frequency of this feature, we
considered the possibility that some of these recombined hap-
lotypes had been generated during the genotyping procedure.
It is well established that recombination, or chimera formation,
can occur during PCR when the template is a mixture of
similar sequences rather than a single target (13, 19, 20). When
this phenomenon takes place, in vitro-generated recombinant
molecules will be present in the amplified product, which will
result in overestimation of the diversity in the starting material
(27, 28). Another potential complication is the introduction of
point mutations during PCR amplification due to misincorpo-
ration by the DNA polymerase (16). In an effort to elucidate
the origin of recombinants in the clinical material, we first
performed experiments that showed the in vitro source of the
recombinant sequences. Second, we attempted to resolve in
what step and at what level the in vitro-generated recombi-
nants were produced. Third, we made modifications to the
standard protocol of Lee et al. (8) to reduce the number of
erroneous haplotypes in samples with mixed infections. Fur-
thermore, we used exons and introns of the thioredoxin reduc-
tase (TRRI) gene as reference DNA templates to evaluate the
rate of point mutations and the performance of DNA poly-
merases in the ITS and 5.8S loci.

MATERIALS AND METHODS

Processing of specimens and DNA extraction. Respiratory specimens used in
this study were collected and referred to the Swedish Institute for Infectious
Disease Control, where they were analyzed by following routine procedures for
the diagnosis of Prneumocystis jirovecii. Nine volumes of a bronchoalveolar lavage
or sputum sample were mixed with 1 volume of 65 mM dithiothreitol and
incubated for 15 min at 37°C. One volume of 50% ethanol was added for
inactivation of human immunodeficiency virus. The suspension was centrifuged
at 1,800 X g for 5 min, and the supernatant was discarded. DNA extractions were
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performed with a commercial purification system, the QIAamp DNA minikit
(QIAGEN, Hilden, Germany), according to the protocol supplied by the man-
ufacturer.

Mixture of specimen DNA. Specimens 232, 790, 926, 1017, and 1874, contain-
ing a single ITS haplotype, and specimen 308, containing multiple haplotypes, as
determined by genotyping carried out according to the work of Lee et al. (8),
were used. P. jirovecii DNAs from two specimens were mixed to an equimolar
ratio calculated by real-time PCR quantification of the gene coding for the large
ribosomal subunit (LSU) of P. jirovecii (V. Fernandez et al., unpublished data).
The mixtures of P. jirovecii DNA were amplified according to the protocols
described below.

Mixture of PCR products. P. jirovecii DNAs from specimens 232 and 926 were
amplified independently of each other according to the protocol for ITS ampli-
fication with Tag polymerase that is described below. The PCR products were
purified with a QIAquick PCR purification kit (QIAGEN, Hilden, Germany)
and spectrophotometrically quantified, and the PCR products were then mixed
in a molar ratio of 1:1. After mixing, the PCR products were treated in two
different ways: either cloned directly or pretreated before cloning. The pretreat-
ment, which was designed to reproduce conditions favoring heteroduplex for-
mation in later cycles of the regular genotyping PCR, was performed by taking
10 wl of the PCR mixture and combining it with 1X PCR buffer (Invitrogen,
Carlsbad, CA), 3 mM MgCl,, 200 nM each deoxynucleotide, and 20 pmol each
of primers FX (5'-TTCCGTAGGTGAACCTGCG-3") and RT2 (5'-CTGATT
TGAGATTAAAATTCTTG-3"). The total volume was adjusted to 50 pl with
MilliQ water, and DNA polymerase was not added. This mixture was then
subjected to the following thermal cycling conditions: 5 min at 94°C; two cycles
of 60 s at 94°C, 60 s at 56°C, and 60 s at 72°C; and 15 min at 72°C.

ITS amplification with Tag polymerase. P. jirovecii DNAs from individual
specimens or in mixtures were amplified by a nested PCR targeting the ITS1-
5.8S-ITS2 region as previously described (8). In brief, a first amplification reac-
tion (PCR I) mixture containing 5 pl of template DNA mix or H,O as a negative
control, 2.5 U Taq polymerase (Invitrogen, Carlsbad, CA), 200 uM each de-
oxynucleotide, 3 mM MgCl,, and 20 pmol each of primers 1724F2 (5'-AGTTG
ATCAAATTTGGTCATTTAGAG-3") and ITS2R (5'-CTCGGACGAGGATC
CTCGCC-3') in 1X PCR buffer (Invitrogen, Carlsbad, CA) was adjusted with
MilliQ water to a total volume of 50 pl. The PCR was carried out under the
following conditions: 3 min at 94°C; 5 cycles of 90 s at 94°C, 90 s at 62°C, and 90 s
at 72°C; 30 cycles of 60 s at 94°C, 60 s at 60°C, and 60 s at 72°C; and 15 min at
72°C. A second amplification reaction (PCR II) containing 2 pl of the PCR I
product, 2.5 U Taq polymerase, 200 uM each deoxynucleotide, 1.5 mM MgCl,,
20 pmol each of primers FX (5'-TTCCGTAGGTGAACCTGCG-3") and RT2
(5'-CTGATTTGAGATTAAAATTCTTG-3'), 1X PCR buffer, and MilliQ water
in a total volume of 50 pl was set up. PCR II was performed under the following
conditions: 3 min at 94°C; 5 cycles of 90 s at 94°C, 90 s at 58°C, and 90 s at 72°C;
30 cycles of 60 s at 94°C, 60 s at 56°C, and 60 s at 72°C; and 15 min at 72°C. The
amplification products were separated by electrophoresis on a 1.2% agarose gel
containing ethidium bromide (EtBr) and were visualized by UV light.

ITS amplification with proofreading Tgo polymerase. A first amplification of
the ITS1-5.8S-ITS2 region was done with primers 1724F2 and ITS2R, i.e., the
same primers as for amplifications using Tag polymerase. For this PCR, two
master mixes were prepared as follows. Five microliters of a template DNA
mixture (specimens 926 and 232) was added to master mix 1 containing 20 pmol
of each primer, deoxynucleotides (final concentration, 200 pM each), and MilliQ
water, to a final volume of 25 pl. In master mix 2, 1X Expand High Fidelity
(Roche, Penzberg, Germany), 2.6 U Expand High Fidelity enzyme mix contain-
ing Tag polymerase and Tgo polymerase with proofreading activity (Roche,
Penzberg, Germany), and MilliQ water were mixed to a final volume of 25 pl.
The two master mixes were subsequently combined, and the PCR was conducted
under the same conditions as for the first amplification with Tag polymerase. For
the second amplification, forward primer FX and reverse primer RT2 were used.
Two microliters of the first PCR product was added to a master mix 1 containing
20 pmol of each primer, deoxynucleotides (final concentration, 200 pM each),
and MilliQ water, to a final volume of 25 pl. In master mix 2, 1X Expand High
Fidelity buffer, 2.6 U Expand High Fidelity enzyme mix (both from Roche,
Penzberg, Germany), and MilliQ water were mixed to a final volume of 25 pl.
The two master mixes were subsequently combined, and the PCR was conducted
under the same conditions as for the second amplification with Taq polymerase.
The amplified products were separated by electrophoresis on a 1.2% agarose gel,
stained with EtBr, and visualized under UV light. Prior to cloning, 1 ul ATP and
1 pl Tag polymerase were added to the PCR mix and incubated at 37°C for 30
min to produce A’ overhangs on the fragments.

ITS amplification with Taq polymerase under modified conditions. In one
experiment, the DNA template mixture (specimens 926 and 232) was amplified

J. CLIN. MICROBIOL.

by the same protocol used previously (8) but with longer extension times. PCR
I consisted of 3 min at 94°C; 5 cycles of 90 s at 94°C, 90 s at 62°C, and 4.5 min
at 72°C; 5 cycles of 60 s at 94°C, 60 s at 60°C, and 4.5 min at 72°C; 25 cycles of
60 s at 94°C, 60 s at 60°C, and 60 s at 72°C; and 15 min at 72°C. PCR II consisted
of 3 min at 94°C; 5 cycles of 90 s at 94°C, 90 s at 58°C, and 4.5 min at 72°C; 5
cycles of 60 s at 94°C, 60 s at 56°C, and 4.5 min at 72°C; 25 cycles of 60 s at 94°C,
60 s at 56°C, and 60 s at 72°C; and 15 min at 72°C. In another experiment, the
DNA mixture (specimens 926 and 232) was amplified by the same protocol but
with a higher melting temperature, a longer extension time, and fewer cycles.
PCR I consisted of 5 min at 96°C; 25 cycles of 60 s at 94°C, 60 s at 60°C, and 4.5
min at 72°C; and 7 min at 72°C. PCR II consisted of 5 min at 94°C; 20 cycles of
60 s at 94°C, 60 s at 56°C, and 4.5 min at 72°C; and 7 min at 72°C. In the third
experiment, the DNA mixture (specimens 926 and 232) was amplified using a
twofold primer concentration in the first PCR and a fivefold primer concentra-
tion in the second PCR but otherwise according to the same protocol as before
(8), under the same modified conditions as just described, with higher denatur-
ation temperatures, a longer extension time, and fewer cycles.

Reconditioning PCR. The P. jirovecii DNA mixture (specimens 926 and 232)
was amplified with Tag polymerase under standard conditions, and 5 wl of PCR
II products was transferred to a new master mix containing 2.5 U Tag polymerase
(Invitrogen, Carlsbad, CA), 200 pM each deoxynucleotide, 1.5 mM MgCl,, 20
pmol each of primers FX and RT2, 1X PCR buffer, and MilliQ water in a total
volume of 50 pl. The reaction mixtures were subjected to 3 min at 94°C and three
cycles of 60 s at 94°C, 60 s at 56°C, and 60 s at 72°C.

Amplification of the thioredoxin reductase (TRRI) gene. Primers TRR1F1
(5'-CTTGTTAATCTCTCTAGATCAACGTC-3") and TRRIR1 (5'-TTAATTT
GTCCCTCCTAACAAGTAG-3") were designed to amplify an 888-bp segment
of the TRR1I gene, followed by nested primers TRR1F2 (5'-GAAGAAAAGAG
CCTTTAATAGATAC-3') and TRRIR2 (5'-GTAGATATACTTTAGTTGCA
TATCTCG-3"), amplifying an 817-bp segment including 5 introns and 5 exons.
For amplification with Taq polymerase (Invitrogen, Carlsbad, CA), the same
protocol was used as for ITS but under the following conditions. For PCR 1,
conditions were 5 min at 95°C; 40 cycles of 30 s at 95°C, 60 s at 55°C, and 60 s
at 72°C; and 7 min at 72°C. For PCR II, conditions were 3 min at 95°C; 35 cycles
of 30 s at 95°C, 30 s at 53°C, and 60 s at 72°C; and 7 min at 72°C. For
amplification with Expand High Fidelity enzyme mix (Roche, Penzberg, Ger-
many), the same TRR1F1 and TRR1R1 primers were used for the first PCR,
followed by TRRF2 and TRRR2 for the second amplification but with the
protocol for proofreading polymerase described under “ITS amplification with
proofreading 7go polymerase” above. The same PCR conditions were used as
described above. PCR I consisted of 5 min at 95°C; 40 cycles of 30 s at 95°C, 60 s
at 55°C, and 60 s at 72°C; and 7 min at 72°C. PCR II consisted of 3 min at 95°C;
35 cycles of 30 s at 95°C, 30 s at 53°C, and 60 s at 72°C; and 7 min at 72°C.

Cloning and sequencing of PCR products. PCR II products were cloned into
the pCR 2.1-TOPO plasmid vector using the Topo TA cloning kit (Invitrogen,
Carlsbad, CA) according to the instructions provided by the manufacturer. Bac-
terial colonies were screened with M13 vector-specific primers in a PCR mixture
containing 2.5 U Tag polymerase (Invitrogen, Carlsbad, CA), 200 pM each
deoxynucleotide, 1.5 mM MgCl,, 5 ng/pl of each primer, 1X PCR buffer, and
MilliQ water to a final volume of 20 pl. Bacterial colonies were picked directly
into the reaction mixture and amplified under the following conditions: 5 min at
94°C; 25 cycles of 30 s at 94°C, 30 s at 45°C, and 1 min at 72°C; and 7 min at 72°C.
The PCR products were separated in a 1.2% agarose gel containing EtBr and
were visually inspected to confirm the presence of cloned inserts. Recombinants
were sequenced in both directions using M13 primers and dye terminator chem-
istry (Applied Biosystems, Warrington, United Kingdom). Sequences were ed-
ited and analyzed using the BioEdit Sequence Alignment Editor, version 7.0.4.1.

Statistical analysis and other computer analyses. Statistical analyses were
performed using SigmaStat software, version 3.1. Mutation rate differences be-
tween loci were analyzed using the nonparametric Mann-Whitney rank sum test.
Oligonucleotide primer secondary and tertiary structures were modeled with
NetPrimer (PREMIER Biosoft) and MacVector (Accelrys Software, Inc.) soft-
ware.

RESULTS

Recombinant ITS sequences in clinical specimens. Geno-
typing of P. jirovecii by amplification and cloning of 408 ITS
sequences in respiratory specimens from 64 individuals in-
fected with the fungus revealed the presence of only a single
ITS haplotype in half of the cases (32/64), whereas the remain-
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TABLE 1. P. jirovecii ITS haplotypes detected in PCR-amplified
respiratory specimens of P. jirovecii-infected individuals®

Found as
Haplotype(s)’ pecimens clonesr Snle-bpe
infection
Eg 28 106 Yes
Ne 10 61 Yes
Bi, Eb 9 44, 38 Yes
Ai 6 24 Yes
Ea, Ec, Jf 5 23,15, 24 Yes
Iv 4 17 Yes
Be, Ef, Ej, Ig, Ji 2 2-3 No
Af, Bg, Ce, Cg, Ci, Db, E100B, 1 1-3 No
Ee, Eh, Eo, Ep, E6, Ev, Gg,
Ja, Jc, Jg, Kc, Kf, Kg, Ki, Nf,
Ng, Nh, Ni, Nj, No
Total (41 haplotypes) 64 408

“ Genotyping at the ITS1-5.85-ITS2 locus of the rDNA was performed as
described by Lee et al. (8).

> Combination of ITS1 and ITS2.

¢ Five to 13 clones were sequenced per specimen.

ing samples (32/64) contained two or more haplotypes. In 16 of
the 32 specimens with mixed infections, we detected what
appeared to be recombinant ITS sequences. This putative re-
combinant ITS offspring consisted of combinations of ITS1
and ITS2 seemingly generated from other ITS haplotypes also
present in the sample. ITS haplotypes, as well as the number of
specimens and the number of clones sequenced per haplotype,
are shown in Table 1. A total of 41 different ITS haplotypes
were identified, 9 of which (17 to 106 clones each) were found
in the amplified DNA of four or more specimens. Each of
these nine haplotypes was detected in at least one single-type
specimen as verified by the analysis of five or more cloned
sequences. Of the remaining haplotypes, 5 were found in two
specimens (two to three clones each) and 27 in only one sam-
ple (one to three clones each). These 32 less frequent haplo-
types were detected only in samples infected with multiple ITS
types, which amounted to 25 specimens. In 23 of these 25
specimens, the ITS1 and/or ITS2 sequences that were detected
in the less frequent haplotypes were the same as those found
in the major haplotypes present in that particular sample.

ITS RECOMBINANTS IN P. JIROVECII GENOTYPING 883

The major haplotypes found in these samples correspond to
those that are frequently found in epidemiological studies of P.
jirovecii infections. Therefore, the major dividing line in this
material was between single infections, where only one ITS
haplotype was found, and coinfections, where a multitude of
recombination events were evident. It was not possible from
this data set to draw any conclusions as to whether these
recombinants were true in vivo phenomena or whether they
were generated in vitro during the experimental procedure in
the typing protocol.

Recombinant sequences are chimeras generated in vitro. To
reconstitute a situation where P. jirovecii DNA from a coin-
fected specimen is typed according to the current protocol by
Lee et al. (8), material from two single-type-infected speci-
mens was mixed in equimolar amounts and then amplified,
cloned, and sequenced with this methodology. For this pur-
pose, the P. jirovecii DNASs in various samples were quantified
using a real-time PCR assay targeting the mitochondrial LSU
gene of the fungus (Fernandez et al., unpublished). Identical
amounts of P. jirovecii DNA from specimen 926, with haplo-
type Eg, and specimen 232, with haplotype Bi, were mixed, and
the standard ITS typing procedure was performed. Of 43
clones sequenced, 21 were of type Bi, 6 were of haplotype Eg,
and 16 sequences were recombinants (9 Ei and 7 Bg), repre-
senting 37.2% of the total clones analyzed (Table 2). To con-
firm the finding of recombinants generated in vitro, a new
haplotype mix was made with specimens 1874 and 790, con-
taining haplotypes Ai and Iv, respectively (ITS2 v is a new
genotype found in the Swedish population [J. Beser et al.,
submitted for publication]). Of 15 clones analyzed, 9 sequences
were of haplotype Ai and 2 sequences were of type Iv. In
addition to the parental haplotypes, two new sequences were
detected, one the recombinant Ii and the other Iv/i, which is a
chimeric product of a recombination between ITS2 types i and
v. Unexpectedly, two Eg sequences appeared in the latter ex-
periment; this might represent a contaminant or a real haplo-
type present in small amounts in either of the specimens (Ta-
ble 2). A more complex mixture was also made with specimen
1017, of type Jf, and the multiple-type-infected specimen 308,
containing haplotypes Bi and Ne. Sequence analysis of this

TABLE 2. In vitro generation of ITS chimeras during genotyping of mixed specimens®

Specimen ID :l;? E:al‘(l)rrllgb Haplotype(s)® (no. of clones) Rate of chimera
sequenced formation (%)

926 7 Eg (7)

232 6 Bi (6)

926 + 232° 43 Eg (6), Bi (21), Ei (9), Bg (7) 37.2

1874 34 Iv (34)

790 5 Ai (5)

1874 + 790° 15 Ai (9), Iv (2), Ti (1), Iv/i¢ (1), Eg (2) 13.3

1017 8 Jf (8)

308 8 Bi (3), Ne (2), Be (2), Ni (1)

1017 + 308° 40 Jf (12), Bi (6), Ne (7), Ni (2), Nf (2), Bf (2), Ji (5), 32.5

Je (1), Bh® (1), Nh* (1), Kh*/ (1)

“ Genotyping PCR conditions were those described by Lee et al. (8).
® PCR-generated recombinants are boldfaced.

¢ P. jirovecii LSU was quantified using a real-time PCR assay, and specimen DNAs were mixed 1:1 on a P. jirovecii LSU gene basis prior to PCR.

4 The ITS2 is an in vitro intra-ITS2 recombination between ITS2 types v and i.

¢ITS2 type h is identical to type f except for a missing T (most likely PCR generated) at position 71.
/The ITSI type K sequence is presumably the product of an in vitro intra-ITS1 recombination between ITS1 types J and N or B.
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TABLE 3. Suppression of chimera formation during ITS genotyping of P. jirovecii

) . ) ) No. of sequences detected %
Genotyping conditions Mix of specimens 926 and 232° - - Chimeras
Total Bi Eg Bg Ei
Standard’ Genomic DNA 43 21 6 7 9 37.2
PCR product mix 1¢ PCR products 44 26 16 0 2 4.5
PCR product mix 2¢ PCR products 35 9 24 2 0 5.7
Reconditioning PCR® Genomic DNA 48 15 15 12 6 375
Proofreading Tgo polymerase Genomic DNA 43 20 13 4 6 233
PCR modification 1/ Genomic DNA 46 22 9 8 7 32.6
PCR modification 2% Genomic DNA 43 15 21 5 2 16.3
PCR modification 3" Genomic DNA 36 17 18 0 1 2.8

“ Genotyping performed according to the work of Lee et al. (8) using Taq polymerase. All subsequent modifications are described in Materials and Methods.

b P. jirovecii LSU was quantified using a real-time PCR assay, and specimen DNAs were mixed 1:1 on a P. jirovecii LSU gene basis prior to PCR.

¢ Specimen DNAs were PCR amplified separately and amplification products mixed prior to cloning.

4 Specimen DNAs were amplified separately, PCR products mixed, and a step of denaturation/reannealing included before cloning to induce the formation of

heteroduplexes.

¢ Before cloning, PCR products were diluted 10-fold and reamplified for three cycles in fresh master mix to eliminate heteroduplexes.

/Elongation time was increased to 4.5 min.

¢ Elongation time was increased to 4.5 min, the number of cycles was decreased from 35 to 25 in PCR I and 20 in PCR II, and the denaturing temperature was

increased from 94°C to 96°C.

" Elongation time was increased to 4.5 min, the number of cycles was decreased, the denaturing temperature was increased from 94°C to 96°C, and the primer

concentration was increased twofold in PCR I and fivefold in PCR II.

mixture revealed products of recombination between haplo-
types and intra-ITS2 regions, confirming our assumption that
an increased number of P. jirovecii DNA templates results in
an even more varied population of recombinant PCR products.

ITS recombinants are generated during PCR amplification.
To further investigate at what step in the genotyping protocol
these in vitro artifacts were produced, experiments were de-
signed to determine whether the recombinants were generated
during PCR amplification or in the cloning into Escherichia
coli. In the first set of these experiments, the PCR products
from single-haplotype specimens 926 (Eg) and 232 (Bi) were
purified, quantified, and mixed in equimolar amounts. To ex-
amine if recombination was taking place in the cloning step,
this mixture was cloned directly; the analysis showed that
95.5% of the cloned sequences were of parental types (26 Bi
and 16 Eg) and 4.5% were recombinants (2 Ei clones) (Table
3). When the mixture was subjected to two cycles of melting,
annealing, and elongation, to allow for heteroduplex formation
prior to cloning, analysis of 35 clones revealed that 94.3% of
the sequences were identical to the parental haplotypes and
5.7% were recombinant Bg sequences. These findings sug-
gested that the vast majority of the chimeras were generated
during PCR amplification but also that a smaller part could
have been produced later on, during the cloning step. To
confirm that the recombinants were generated mainly during
the elongation step and not as a consequence of heteroduplex
formation in the annealing step of the PCR and subsequent
DNA strand repair in E. coli, reconditioning PCR was per-
formed. This was done by subjecting an equimolar mix of P.
jirovecii DNAs from specimens 926 and 232 that had been
amplified according to the ordinary protocol to three cycles of
reamplification in a fresh master mix containing the full con-
centration of primers in order to minimize the presence of
heteroduplexes. Forty-eight clones were sequenced, and in ad-
dition to the original haplotypes, 6 Ei and 12 Bg chimeric
molecules were detected (37.5% [see Table 3]), showing that
most of the recombinants were produced during the elongation
step of the PCR.

Suppression of in vitro chimera formation. The following
experiments were designed as an attempt to suppress the gen-
eration of artifacts during the PCR amplification of the ITS
genotyping protocol. The standard genotyping method was
used as a starting point from which the amplification protocol
was changed in different ways. A modification that was tested
consisted in the introduction of a proofreading polymerase
(Tgo) in conjunction with the Taq polymerase. With this mod-
ification, the frequency of chimeric sequences decreased to
23.3% (Table 3), showing that the presence of a polymerase
with proofreading activity in the amplification reaction had a
considerable effect on the formation of recombinants. In an-
other set of experiments, several stepwise alterations were
made to the standard protocol. First, the elongation time was
increased; this resulted in a minor reduction in the frequency
of chimera formation, to 32.6% (Table 3). Second, a higher
melting temperature and fewer cycles were used in addition to
increased elongation time, resulting in a further reduction in
the frequency of chimeras, to 16.3% in 43 clones analyzed.
Finally, an increase in primer concentration was introduced
together with the extended elongation time, elevated melting
temperature, and fewer cycles. The primer concentration was
increased twofold in the first PCR and fivefold in the second
PCR of the nested protocol, and the combined effect of these
measures was to drastically decrease the number of chimeras
to 1in 36 sequenced clones (2.8%). It was evident from this set
of experiments that relatively simple modifications reduce the
number of in vitro-generated artifacts to a degree that is al-
most at the level of detection.

PCR performance at the ITS and TRRI loci. An additional
observation throughout this analysis was that the overall fre-
quency of point mutations in the ITS1-5.8S-ITS2 DNA was
higher than expected. This observation, in combination with
the finding that in vitro generation of recombinants could be
partially abolished by the addition of a proofreading polymer-
ase to the reaction mixture, raised the question whether intrin-
sic features in this locus made it prone to nucleotide misincor-
poration during replication in vitro. To address this, we chose
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intronic and exonic regions of the thioredoxin reductase gene
(TRRI) as a reference locus with which to compare frequencies
of nucleotide substitution under the standard PCR conditions
for genotyping of P. jirovecii (8). This showed that by using Tag
polymerase, a significantly higher rate (P < 0.05) of nucleotide
substitution took place in the ITSs and the 5.8S DNA (2.6 *
1.2 misincorporations/1,000 bp, with 12,558 bp sequenced)
than in the introns and exons of the TRRI gene (1.5 = 0.4
misincorporations/1,000 bp, with 30,600 bp sequenced). How-
ever, these differences disappeared when the proofreading
DNA polymerase Tgo was added to the reaction mixture (0.9 +
0.1 misincorporation/1,000 bp, with 16,905 bp sequenced, for
ITS1-5.8S-ITS2 and 1.0 = 0.1 misincorporation/1,000 bp, with
43,605 bp sequenced, for TRRI). These results further suggest
that a proofreading enzyme should be included in PCR-based
typing schemes for P. jirovecii.

DISCUSSION

In the course of genotyping P. jirovecii in respiratory samples
by amplification and cloning of a large number of ITS se-
quences, we observed a high frequency of DNA recombinants
in specimens infected with multiple strains of this fungus.
Many of the less common ITS1-ITS2 combinations found in
these specimens were evident recombinations of two globally
common ITS haplotypes present in the same sample. The
question that arose was whether these recombinants were a
consequence of recombinations taking place in vivo or whether
recombinant ITS haplotypes could have been generated in
vitro during the genotyping procedure. To address this ques-
tion, we mixed specimens of known single haplotypes, and
after testing of these mixtures with the standard protocol, the
results showed that ITS chimeras were generated in the test
tube. These processes both generated new haplotypes, by com-
bining different ITS1 and ITS2 genotypes, and created novel
genotypes through recombination within the ITSs, even though
the latter was observed infrequently. We therefore concluded
that essentially all the recombinant ITS sequences observed
in the clinical material could indeed be chimeras formed
during the genotyping procedure.

The appearance of chimeric DNA molecules is a potential
risk when mixed templates of related sequences are amplified
by ordinary PCR protocols. In vitro recombination of rDNA
and other DNA templates with high sequence similarity has
been observed in several studies, including studies of bacterial
diversity (7, 9), viral transcription factors (13), and genes cod-
ing for polymorphic antigens in protozoan parasites (23).
These recombinant molecules can be created as a consequence
of chimera formation during the elongation step of the PCR,
or by heteroduplexes formed by base pairing between heterol-
ogous molecules during amplification, which in turn will be
resolved into chimeras by the DNA repair systems of E. coli
after transformation (6, 14, 18). Our data showed that with the
ordinary protocol for genotyping of P. jirovecii, the chimeric
ITS sequences are formed primarily during elongation. Under
these conditions, more than one out of three amplified se-
quences could be a hybrid molecule. A factor that has an effect
on the formation of PCR chimeras is the pausing or stalling of
the DNA polymerase along the template, which may lead to
the dissociation of the polymerase and the template (3), leav-
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ing a prematurely terminated extension product, which in turn
may act as a primer on a closely related molecule in the next
round of amplification. In this regard, the concentration of the
primer in the PCR can be a critical variable influencing the rate
of chimera formation. In the standard protocol used for ITS
genotyping of P. jirovecii, the effective concentration of primer
is possibly compromised, since hairpin and duplex formation in
three of the primers used in the nested amplification is pre-
dicted by various software systems for primer design and se-
quence analysis. Furthermore, alternative target sites for the
primers could be present in non-Pneumocystis DNA in the
patient samples, since primers flanking the ITSs are directed to
generally conserved sequences. The effect of increasing the
primer concentration on the reduction of in vitro-generated
artifacts is likely to reflect a more efficient priming in which the
oligonucleotides outcompete the prematurely terminated elon-
gation products in the annealing step.

The existence of a sexual replication cycle in the genus
Pneumocystis is suggested by several pieces of indirect evi-
dence, including the observation in early cysts of Pneumocystis
carinii of structures resembling the synaptonemal complexes
formed during meiotic recombination of sister chromatids
(12); the ultrastructural morphology of binucleated trophic
forms of P. carinii, reminiscent of nuclei and nucleus-associ-
ated organelles in conjugating Saccharomyces cerevisiae (5);
and the identification in an expressed sequence tag library of
meiosis-specific genes and other genes related to sexual repro-
duction in P. carinii, with a genomic organization similar to
that of the mating locus described for Cryptococcus neoformans
(22). In addition to these observations, ITS typing data have
recently been presented as indicative of the occurrence of
genetic recombination in P. jirovecii populations (17, 21). Al-
though the results reported here cannot be used to draw specific
conclusions about clonal or recombining modes of reproduction
in P. jirovecii, they do suggest that meiotic recombination in the
rDNA of this fungus is not a frequent event.

The findings described in this paper further suggest that the
diversity in P. jirovecii populations has in all likelihood been
overestimated by genotyping systems targeting the ITS locus.
The modifications of the typing protocol described here dras-
tically reduce the number of sequence artifacts that were pro-
duced by the original procedure. This enables a more correct
estimation of the genetic diversity of P. jirovecii and a more
accurate assessment of the epidemiology of P. jirovecii pneu-
monia. Since the phenomenon of in vitro-generated artifacts
from mixed templates is common, the procedural modifica-
tions presented here could be applicable to other diagnostic
and typing systems.
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