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Multilocus Sequence Typing of Pneumocystis jirovecii from Clinical
Samples: How Many and Which Loci Should Be Used?
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Pneumocystis jirovecii pneumonia (PCP) is an opportunistic infection with airborne transmission and remains a major cause of
respiratory illness among immunocompromised individuals. In recent years, several outbreaks of PCP, occurring mostly in kid-

ney transplant recipients, have been reported. Currently, multilocus sequence typing (MLST) performed on clinical samples is
considered to be the gold standard for epidemiological investigations of nosocomial clusters of PCP. However, until now, no
MLST consensus scheme has emerged. The aim of this study was to evaluate the discriminatory power of eight distinct loci previ-
ously used for the molecular typing of P. jirovecii (internal transcribed spacer 1 [ITS1], cytochrome b [CYB], mitochondrial
rRNA gene [mt26S], large subunit of the rRNA gene [26S], superoxide dismutase [SOD], B-tubulin [3-TUB], dihydropteroate
synthase [DHPS], and dihydrofolate reductase [DHFR]) using a cohort of 33 epidemiologically unrelated patients having respi-
ratory samples that were positive for P. jirovecii and who were admitted to our hospital between 2006 and 2011. Our results
highlight that the choice of loci for MLST is crucial, as the discriminatory power of the method was highly variable from locus to
locus. In all, the eight-locus-based scheme we used displayed a high discriminatory power (Hunter [H] index, 0.996). Based on
our findings, a simple and alternative MLST scheme relying on three loci only (mt26S, CYB, and SOD) provides enough discrimi-
natory power (H-index, 0.987) to be used for preliminary investigations of nosocomial clusters of PCP.

neumocystis jirovecii is an opportunistic fungal pathogen with

humans as its only host (1, 2). P. jirovecii can be responsible for
a severe pulmonary disease known as P. jirovecii pneumonia
(PCP) in immunocompromised subjects, such as HIV-infected
patients with CD4 cell counts of <200 cells/mm?, hematopoietic
stem cell or solid organ transplant recipients, or those receiving
high doses of corticosteroids for several months (3, 4). In recent
years, intense research has been conducted, leading to a better
understanding of Preumocystis biology and epidemiology (5, 6).
As shown in several studies, P. jirovecii is commonly recovered
from the respiratory tracts of immunocompetent subjects in the
general population, with a prevalence rate ranging from 20% to
65% (7-9). Importantly, Choukri et al. (10) recently provided the
first demonstration of P. jirovecii that was spread through the sur-
rounding air of infected patients, supporting the risk of direct
interhuman transmission. Recently, the role of colonized patients
as potential reservoirs of P. jirovecii has been nicely illustrated by
Le Gal and coworkers (11). Since the first putative description of
interhuman transmission of P. jirovecii in 1967, a large number of
nosocomial outbreaks of PCP (sometimes referred to as clusters)
have been reported in the literature, most of them being described
in kidney transplant recipients (12, 13). Usually, epidemiological
investigations of PCP outbreaks rely on the study of patient en-
counters together with molecular typing to search for a single P.
jirovecii clone infecting distinct patients (11, 14-16). Although
numerous typing methods have been developed, multilocus se-
quence typing (MLST) is now considered to be the gold standard
(16-18). Moreover, it offers many advantages over other meth-
ods, such as reproducibility and the possibility of exchanging data
from different laboratories. Up to 17 coding and noncoding DNA
regions of the P. jirovecii genome have been explored for their
allelic polymorphisms: mitochondrial rRNA gene (mt26S; also
referred to as mtLSU rRNA), internal transcribed spacer 1 (ITS1),
ITS2, B-tubulin (B-TUB), large subunit of the rRNA gene (26S

September 2013 Volume 51 Number 9

Journal of Clinical Microbiology p. 2843-2849

rRNA), mitochondrial small subunit (mtSSU) rRNA, superoxide
dismutase (SOD), cytochrome b (CYB), thymidylate synthase
(TS), 5.85 rRNA, AROM, TRR1, UCS, MSG, KEX1, dihydrofolate
reductase (DHFR), and dihydropteroate synthase (DHPS) (18—
20). Unfortunately, and despite the increasing number of studies
reporting nosocomial clusters of PCP, no consensus MLST
scheme has yet emerged. As a consequence, various schemes have
been developed relying on two, three, or four to eight loci (11,
16-18, 21-24). Therefore, data exchangeability and comparisons
between studies are not possible. Moreover, as the levels of allelic
polymorphisms clearly differ between loci, the question of the
performance of each of these typing schemes can be raised (23,
25). In the present study, our aim was to evaluate the performance,
in terms of discriminatory power, of a multilocus sequence typing
method relying on eight loci that were previously investigated for
the molecular typing of P. jirovecii.

(Part of this work was presented at the Congress of the Inter-
national Society for Human and Animal Mycology [ISHAM],
Berlin, Germany, 2012 [poster no. 458]).

MATERIALS AND METHODS

Clinical samples. Thirty-three respiratory samples that were positive for
P. jirovecii obtained from 33 epidemiologically unrelated patients who
were admitted to our hospital between 2006 and 2011 were included in
this study. Most were bronchoalveolar lavage fluid (BAL) samples. P. ji-
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TABLE 1 Nucleotide sequences of primers used in this study

Locus Forward or reverse primer Nucleotide sequence Product size (bp) Reference(s)

mt26S mt26S-F GATGGCTGTTTCCAAGCCCA 347 45
mt26S-R GTGTACGTTGCAAAGTACTC

26S rDNA 26S-F GAAGAAATTCAACCAAGC 426 17
26S-R ATTTGGCTACCTTAAGAG

ITS1 ITSI-F CTGCGGAAGGATCATTAGAAA 204 17
ITS1-R CGCGAGAGCCAAGAGATC

B-TUB B-Tubulin-F TCATTAGGTGGTGGAACGGG 309 17
B-Tubulin-R ATCACCATATCCTGGATCCG

SOD MnSODFw GGGTTTAATTAGTCTTTTTAGGCAC 652 43
MnSODRw CATGTTCCCACGCATCCTAT

CYB CytbFw CCCAGAATTCTCGTTTGGTCTATT 638 43
CytbRw AAGAGGTCTAAAAGCAGAACCTCAA

DHPS Ahum GCGCCTACACATATTATGGCCATTTTAAATC 318 46, 47
Bhs’ ACCTTCCCCCACTTATATC

DHFR FR208 GCAGAAAGTAGGTACATTATTACGAGA 610 26
FR1018 AAGCTTGCTTCAAACCTTGTGTAACGCG

rovecii was detected in each sample by microscopic examination following
Gomori-Grocott staining and/or using a specific real-time PCR assay tar-
geting the mtLSU rRNA gene on a Rotor-Gene 3000 instrument (Qiagen,
Courtaboeuf, France). Thirty-one of these patients (94%) fulfilled the
criteria for PCP diagnosis (1). The remaining two patients (patients 28
and 30 [6%]) were considered to be being colonized by P. jirovecii, as both
had a positive PCR for P. jirovecii without clinical symptoms. HIV infec-
tion was the main underlying disease in these patients (n = 15 [45%]),
followed by hematological malignancies or cancer (n = 5 [15%]), solid
organ transplantation (n = 5 [15%]), or immune disorders (n = 8
[24%]). Except for three patients receiving trimethoprim-sulfamethoxa-
zole (patients 10 and 11) or pentamidine (patient 16), most of the remain-
ing patients were not being given anti-Prneumocystis chemoprophylaxis at
the time of the recovery of P. jirovecii (n = 29 [88%]; data were unavail-
able for one patient). This study was approved by the Comité de Protec-
tion des Personnes, Ouest IV, France.

Multilocus sequence typing of P. jirovecii from clinical samples.
DNA extraction was performed on an iPrep instrument (Invitrogen, Gro-
ningen, The Netherlands) with the iPrep PureLink reagent, as recom-
mended by the manufacturer. Briefly, 1 ml of each respiratory sample was
centrifuged at 3,000 rpm for 10 min. Two hundred microliters of the pellet
was subjected to DNA extraction. DNA extracts were stored at —20°C
until PCR analysis. Genotyping was performed at the eight following loci:
large subunit of the mitochondrial rRNA gene (mt26S), large subunit of
the rRNA gene (26S), internal transcribed spacer 1 (ITS1), B-tubulin (-
TUB), superoxide dismutase (SOD), cytochrome b (CYB), dihydrofolate
reductase (DHFR), and dihydropteroate synthase (DHPS). All these loci
have been previously reported in molecular investigations of nosocomial
clusters of P. jirovecii (18). To avoid cross-contamination between sam-
ples, only single-round PCRs were performed (no nested PCRs). The
nucleotide sequences of each primer are given in Table 1. PCRs were
carried outin a 25- .l final volume using Premix Ex Taq (perfect real-time)
(TaKaRa Bio, Inc., Otsu, Shiga, Japan) and 5 p.l of each DNA extract. The
final concentration of each primer was 0.5 wM. Amplification was con-
ducted on an Applied GeneAmp 9700 (Applied Biosystems, Foster City,
CA) under the following conditions: 7 min at 94°C followed by 35 cycles,
including 30 s at 94°C, 45 s at 60°C, 30 s at 72°C, and a final elongation step
at 72°C for 7 min. PCR products were purified and sequenced on a 3130xl
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genetic analyzer (Applied Biosystems). Nucleotide sequences were ana-
lyzed using the SeqScape software (Applied Biosystems). Sequences were
compared to the following reference sequences with the accession num-
bers U07220 (ITS1), AF320344 (CYB), M58605 (mt26S), L13615 (265),
AF146753 (SOD), AF170964 (B-TUB), AY628435 (DHPS), and
AF090368 (DHFR). When available, genotypes were named according to
the previous published nomenclature (17, 23, 26-28). Each new mutation
was confirmed with a second round of amplification and sequencing.

Discriminatory power can be defined as the ability of a typing method
to differentiate between any strains chosen at random. Here, the discrim-
inatory power of each locus was determined by the Hunter index (H-
index), with an index value of 0.95 being considered suitable for discrim-
ination between isolates (29, 30). Briefly, an H-index of 0.95 means that
there is a 95% chance that any two random unrelated samples will be
different with respect to the DNA sequences observed. Mixed infections
(i.e., distinct P. jirovecii genotypes in a single clinical sample) were not
considered for the analysis of discriminatory power (30). The Hunter
index was determined for the full MLST scheme (eight loci) and for sev-
eral combinations, including some previously reported in the literature,
to propose a simple and efficient MLST scheme that is useful for prelim-
inary investigations of PCP outbreaks.

RESULTS

Amplification and sequencing of each locus were achieved for
most of the clinical samples and loci (Table 2). In all, CYB, mt26S,
B-TUB, SOD, and DHPS could be examined for most samples and
patients. Amplification failures were mainly observed for the ITS1
locus (five samples could not be analyzed). Several new alleles and
genotypes were identified at some loci (Table 3). For example,
three new ITS1 genotypes (named A4, B5, and B6) were observed
among the 33 patients. As expected from previous studies, the
level of allelic polymorphisms and therefore the performance of
each MLST scheme clearly differed between the eight loci. ITS1,
CYB, and mt26S all exhibited higher discriminatory power (H-
indices, 0.828, 0.794, and 0.751, respectively), being able to iden-
tify nine, seven, and four genotypes, respectively, among the 33
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TABLE 2 Results of genotyping of P. jirovecii at the eight loci”

Multilocus Sequence Typing of Pneumocystis jirovecii

Genotype determined in each locus

Patient  Sample Multilocus
no. type” ITS1 CYB mt26S SOD 265 B-TUB DHFR DHPS  genotype
1 BAL B CYB1 8 SOD 2 5 B-TUB 3 Wt WT A

2 BAL B1 CYB2 7 SOD 1 1 B-TUB 3 WT WT B

3 BAL B5 CYB 1 8 SOD 2 1 B-TUB 3 WT WT C

4 BAL B CYB9 7 SOD 2 8 B-TUB 3 DHFR 312 WT D

5 BAL A5 CYB 1 8 SOD2+ SOD1 5 B-TUB1 DHEFR 312 WT Mixed®
6 BAL B CYB 1 2 SOD 2 5 B-TUB 3 DHEFR 201 WT E

7 BAL B2 CYB1 7 SOD 1 1 B-TUB1 WT WT F

8 BAL B1 CYB2 3 SOD 1 ND® B-TUB1 DHFR 312 WT G

9 BAL ND CYB7 8 SOD 2 5 B-TUB 3 DHFR 312 WT H

10 BAL B CYB2 7 SOD 1 5 B-TUB1 WT WT I

11 BAL ND CYB2+CYB8 7+3 SOD 2 ND B-TUB1+ B-TUB3 DHFR 312 WT Mixed
12 BAL B2 CYB5 7 SOD 1 1 B-TUB1 WT WT ]

13 BAL A3 CYB8 8 SOD 2 5 B-TUB 3 WT WT K

14 BAL A3 CYB2 3 SOD 1 5 B-TUB 3 WT WT L

15 BAL A4 CYB2 8 SOD 1 5 B-TUB 3 WT WT M

16 BAL B3 CYB 1 2 SOD 1 9 B-TUB 1 WT WT N

17 BAL A4 CYB6 8 SOD 2 10 B-TUB 3 WT WT (@]

18 BAL A3 CYB1+ CYB2 3 SOD 1 5 B-TUB1 WT WT Mixed
19 TRA A3 CYB 1 3 SOD 1 5 B-TUB 1 DHFR 312 ND P

20 BAL A4 CYB6 2 SOD 2 ND B-TUB1+ B-TUB3 ND WT Mixed
21 BAL Bl CYB1 8 SOD 5 5 B-TUB 3 WT WT

22 BAL Bl CYB8 7 SOD 1 5 B-TUB1+ B-TUB3 WT WT Mixed
23 BAL B CYB8 2 SOD 2 5 B-TUB1 WT WT R

24 BAL A3 CYB2 3 ND 5 B-TUB 3 ND WT L

25 BAL B CYB2 8 SOD 5 6 B-TUB 3 WT WT S

26 BAL B CYB1+ CYB6 2 SOD 1 1+5 B-TUB1 WT WT Mixed
27 BAL B CYB8 8 SOD 1 5 B-TUB 1 ND WT T

28 BAL B CYB7 7 SOD 1 5 B-TUB1 WT WT U

29 BAL ND CYB1+CYB7 7 SOD 1 1+5 B-TUB3 WT WT Mixed
30 SPU ND CYB1 7+8+2 SOD2 5 B-TUB1+ B-TUB3 DHFRWT + DHFR312 WT Mixed
31 BAL B6 CYB1 7 SOD 2 7 B-TUB1 WT WT \Y%

32 BAL B CYB3+ CYB1 7+8 SOD4+SOD3 5 B-TUB1 WT WT Mixed
33 BAL ND CYB8 7+3 SOD 1 ND B-TUB 1 WT WT Mixed

“ New genotypes are underlined.

b BAL, bronchoalveolar lavage fluid; TRA, tracheal aspiration; SPU, sputum.
“ND, not determined.

4WT, wild type.

¢ Mixed, more than one P. jirovecii genotype. For each sample or patient displaying a mixed genotype, the putative combination of genotypes is given.
fThe ITS1 genotype observed for patient 5 (T/2, TT/8-10, A/11, T/17, T/22, TC/46—-47, 10 X T/54—62, GG/70—71, TTA/111-113) that has been previously reported but never

designated was therefore named A5.

patients (Table 4). Other loci, such as 3-TUB, DHFR, and DHPS
displayed only a few allelic polymorphisms, leading to a lower
H-index. For example, only two 3-TUB genotypes (B-TUB 1 and
B-TUB 3) could be identified in this data set (H-index, 0.517).
Except for the sample from patient 19, in which DHPS could not
been amplified, all the remaining patients had the wild-type se-
quence (i.e., no substitution was observed at residues 55 and 57).
Apart from the eight samples and patients displaying the synony-
mous mutations T201A or T312C, no other mutation was identi-
fied at the DHFR locus. From a genotyping perspective, taken
individually, none of these loci was polymorphic enough to enable
a sufficient discrimination of P. jirovecii isolates (H-index,
<0.95), highlighting the need for a multilocus typing strategy.
Considering the entire data set, 23 distinct P. jirovecii multilo-
cus genotypes (MLGs) were evidenced among the 33 patients
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(Table 2; A to V and mixed genotypes). Ten patients had mixed P.
jirovecii MLGs, suggesting coinfection by genetically distinct P.
jirovecii isolates (10 of 33 [30%]). Only two samples (from pa-
tients 14 and 24) could not be differentiated due to amplification
failures at some loci. However, interhuman transmission of a sin-
gle P. jirovecii clone between these patients is unlikely, as both
subjects were hospitalized during two distinct periods (February
and October 2010) and in different intensive care units.

In the subset of patients with a single P. jirovecii multilocus
genotype (n = 23 [70%]), the full eight-locus MLST scheme was
highly effective and yielded a high discriminatory index (H-index,
0.996), showing that this typing method is a powerful tool for the
investigation of PCP outbreaks. Based on this data set, we evalu-
ated several combinations of loci that were previously reported in
the literature to propose a reduced scheme that could be used for
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TABLE 3 New alleles and nucleotide polymorphisms identified in this
study”

TABLE 4 Discriminatory power by locus®

No. of samples Total Distribution of
Allele/ used to calculate no. of genotypes (no. Hunter
Locus genotype Nucleotide position/identity Locus Hunter index genotypes of samples) index
ITS1 A4 C/2, TT/8-10, A/11, T/17,T/22, TC/46-47, 10 X ITS1 28 9 B (10) 0.828
T/54-62, GG/70-71, TTA/111-113 A3 (5)
B5 T/2, TT/8-10, A/11, A/17, T/22, TATC/46—47, 10 Bl (4)
X T/54-62, GAGG/70-71, TTA/111-113 A4 (3)
B6 T/2, TT/8-10, A/11, A/17, T/22, TC/46—47, 11 X B2 (2)
T/54-62, GAGG/70-71, TTA/111-113 B3 (1)
A5 (1)
CYB CYB8 T/279, C/299, A/348, C/362, G/369, C/516, C/547, B5 (1)
CI566, A/675, C/742, TT/832-833, C/838 B6 (1)
CYB9 C/279, C/299, A/348, C/362, G/369, C/516, C/547,
C/566, T/675, C/742, TT/832-833, C/838 CYB 28 7 CYB1 (10) 0.794
CYB2(7)
SOD SOD5 C/110, C/191, T/215 CYB 8 (5)
CYB7(2)
265 6 A/3, A/34, AI78, AJ212, T/296, ACTCT/301-305, CYB6(2)
T/306, A/308.1" CYB5 (1)
7 A/3, A/34, A/78, A/212, T/248.1%, T/296, ACTCT/ CYB9 (1)
301-305, T/306, G/356.1"
8 A/3, Al34, A/78, AJ212, TT/248.1°, T/296, mt26S 29 4 8 (10) 0.751
TACTC/301-305, T/306 7(9)
9 A/3, G/34, AI78, A/212, (T)/296¢, ACTCT/301— 2(5)
305, T/306 3(5)
10 A/3, A34, A/78, A/212, T/248.1", T/296, ACTCT/
301-305, T/306 SOD 30 3 SOD 1 (16) 0.570
“ New mutations are underlined. SOD2(12)
b Nucleotide insertion. SOD5 (2)
¢ Nucleotide deletion.
26S 27 7 5(18) 0.547
1(4)
. . — . 6(1)
preliminary investigations of PCP outbreaks. Interestingly, the 7(1)
four-locus-based scheme relying on ITS1, 26S, mt26S, and 8(1)
B-TUB, first published by Hauser and coworkers and now used in 9(1)
other studies, displayed a high discriminatory power (H-index, 10 (1)
0.987) (Table 5). Of note, the discriminatory power of this scheme
was previously estimated to be 0.93 (30). One explanation for the ~B-TUB 29 2 B-TUB 1 (15) 0.517
lower H-index reported by Hauser is that the scheme was first used B-TUB 3 (14)
as a PCR-single-strand conformation polymorphism (PCR- DHFR " 5 WT (22) 0.394
SSCP) rather than an MLST. Importantly, two three-locus MLST DHER 312 (6)
schemes also displayed a high H-index, even greater than the DHFR 201 (1)
scheme described by Hauser: ITS1, mt26S, and CYB (H-index,
0.996), and SOD, mt26S, and CYB (H-index, 0.987). Whereas the  DHPS 32 1 WT (32) 0

former scheme displayed high discriminatory power nearly equal
to that of the eight-locus MLST procedure, the lower amplifica-
tion efficiency noted for ITS1 might limit its use in routine clinical
practice. Decreasing the number of loci significantly reduced the
performance of the method, with only two combinations display-
ing an H-index of >0.95: ITS1 with CYB (H-index, 0.983) and
mt26S with CYB (H-index, 0.957) (Table 5).

In all, two distinct MLST schemes, (26S, mt26S, ITS1, and
B-TUB) and (mt26S, CYB, and SOD), offered high performance
for the molecular typing of P. jirovecii from clinical samples, the
latter offering the advantages of relying on three loci only and
providing high amplification efficiency even without using a nest-
ed-PCR strategy.

DISCUSSION

Since the first putative description of a nosocomial cluster of P.
jirovecii, considerable advances have been made in the under-
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@ Samples containing mixed genotypes were not considered. New genotypes are
underlined.
b WT, wild type.

standing of P. jirovecii biology and epidemiology (12). It is now
clear that the prevalence of P. jirovecii in humans, its only host, is
high in the general population and that airborne appears to be the
main route for interhuman transmission (9, 10). In the past 10
years, increasing numbers of nosocomial outbreaks of PCP have
been described worldwide (11, 14-16, 31, 32). In most instances,
these cases were described in kidney transplant recipients, and
interhuman transmission was confirmed in most reports by mo-
lecular typing (13). In France, to the best of our knowledge, at least
eight distinct outbreaks have been reported since 1990 (11, 32—
38). Epidemiological investigations of a putative nosocomial clus-
ter of PCP usually rely on the study of patient encounters through
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TABLE 5 Performance of several previously published schemes for
molecular typing of P. jirovecii, evaluated by the Hunter index

Discriminatory No. of clinical
power according  samples used for
Molecular typing to our data determination Reference(s)
scheme (H-index) of H-index” or source
ITS1, B-TUB, 265,  0.996 23 This study
mt26S, CYB, SOD,
DHPS, DHFR
ITS1, mt26S, CYB 0.996 23 This study
SOD, mt26S, CYB 0.987 22 This study
ITS1, 26S, mt268, 0.987" 22 14,15, 17,
B-TUB 30-32
1TS1, CYB 0.983 22 This study
mt26S, CYB 0.957 23 This study
ITS1, mt26S 0.948 22 24
ITS1 0.828 28 21
mt26S 0.751 29 22,33

@ Only samples containing a single P. jirovecii genotype were included in the analysis.
b The discriminatory power of this method (when used as a PCR-SCCP) was 0.93.

a transmission map (11, 14-16), combined with the molecular
typing of P. jirovecii performed directly on clinical samples, as this
fungal pathogen cannot be cultured in vitro (1). Whereas >15
distinct polymorphic DNA regions within the P. jirovecii genome
have been investigated to date, no consensus MLST scheme for the
investigation of PCP outbreaks has been clearly defined and eval-
uated (18). As a consequence, because most centers use their own
strategy, results cannot be compared, thus making population
studies unconceivable. In the present study, our aim was to eval-
uate the performance of an eight-locus MLST scheme on a cohort
of 33 epidemiologically unrelated patients who had respiratory
samples that were positive for P. jirovecii.

As expected from previous studies, variable amplification rates
were observed at each individual locus. Amplification failures
were mainly observed for ITS1, making this locus unavailable for
study in some patient samples. These findings, which have been
also reported by others, might be explained by (i) the number
copies of each locus within the P. jirovecii genome, (ii) the low
fungal burden observed in some patients, such as those being col-
onized by P. jirovecii, (iii) and/or the use of noninvasive methods
for collecting respiratory samples (24, 25, 39-42). Several authors
have overcome this problem by using a nested-PCR approach (11,
16,42). Here, we decided not to use nested-PCR due to the poten-
tial risk of carryover contamination. Importantly, this single-
round PCR strategy allowed for the amplification and sequencing
of nearly all analyzed loci for each of the 33 patients included in
this study. However, this might be considered a limitation of our
study, making difficult the investigation of patients who are colo-
nized by P. jirovecii.

Infection of a single patient by two (or more) P. jiroveciiisolates
seems to be a common event and has been reported by several
authors (17, 28, 41, 43). Such infections can be easily detected by
MLST, as infection by genetically distinct strains must theoreti-
cally lead to one (or more) heterozygous positions. In the present
study, mixed infections have been identified in 10 of the 33 pa-
tients (30%). However, we cannot exclude the possibility that the
real prevalence of mixed infections might be higher in our data set,
as PCR amplification and direct sequencing could theoretically
have failed to detect a minority genotype. Several new genotypes

September 2013 Volume 51 Number 9

Multilocus Sequence Typing of Pneumocystis jirovecii

resulting from new allelic combinations, and new single-nucle-
otide polymorphisms were identified and highlight the consider-
able number of genetic polymorphisms of the P. jirovecii genome.
According to Tsolaki and coworkers (44), the number of T’s at
positions 54 to 62 might vary within a single sample when rese-
quencing is performed. However, in agreement with the approach
in other studies, this poly(T) tract was not considered in this
study, as we never observed this phenomenon in our data set (14,
15). The design of our study in relying on the analysis of clinical
samples obtained from epidemiologically unrelated patients,
meaning that these patients had probably acquired PCP from in-
dependent sources of infection (as they were hospitalized at dis-
tinct time periods and in different medical units), is of overall
importance. Indeed, it represents a perfect situation for investigat-
ing the performance of a molecular typing method, since all P.
jirovecii isolates could be assumed to be genetically distinct (also
confirmed by our data). In the present article, we underline that
the choice of loci used for the molecular typing of P. jirovecii from
clinical specimens is crucial and may affect discriminatory power.
One of our important findings is the high performance of the
eight-locus MLST scheme as demonstrated by the H-index value
(H-index, 0.996). However, as this procedure can be time-con-
suming, a second aim of this project was to examine a reduced
scheme displaying sufficient discriminatory power to be used for
preliminary investigations of PCP outbreaks, as well as to examine
the performance of several MLST schemes that were previously
published by others (17, 20, 22, 24, 33). Unfortunately, the re-
cently proposed MLST scheme relying on five loci (mt26S, ITS1,
ITS2, B-TUB, and DHPS) could not be evaluated, as ITS2 was not
included in our study (http://mlst.mycologylab.org). Our data
suggest that at least three to four loci are required for sufficient
discrimination of P. jirovecii isolates. Indeed, some previously
published schemes relying on one or two loci displayed insuffi-
cient performance (H-index, <0.95) and may lead to underesti-
mating the genetic diversity of P. jirovecii, increasing the risk that
the isolates will be identified, by default, as a clonal cluster (20, 24,
33).In our study, two MLST schemes appeared to provide suitable
discriminatory power to be used for primary investigations of PCP
outbreaks: the four-locus scheme first described by Hauser (ITS1,
26S, mt26S, and B-TUB) and the new scheme evaluated in the
present study (SOD, mt26S, and CYB). The latter strategy offers
several advantages over the former, in that it is easy to use (three
loci only) and has high amplification efficiency while maintaining
a similar discriminatory power.

In conclusion, this study highlights the overall importance of
the choice and number of loci of the MLST scheme for the molec-
ular investigation of nosocomial outbreaks of P. jirovecii. Based on
our findings, the full MLST scheme relying on eight loci appears to
be a powerful method for the molecular typing of P. jirovecii. In
the clinical setting, using a simplified procedure, such as SOD,
mt26S, and CYB or ITS1, 26S, mt26S, and 3-TUB is proposed to
be an efficient alternative strategy for preliminary investigations.
Together with an analysis of patient encounters, these methods
would allow for a rapid conclusion to be made about possible
interhuman transmission of P. jirovecii in a medical unit.

ACKNOWLEDGMENTS

We thank Gilles Nevez and Frederic Grenouillet for fruitful discussions on
molecular typing.

jcm.asm.org 2847


http://mlst.mycologylab.org
http://jcm.asm.org

Maitte et al.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Thomas CF, Jr, Limper AH. 2007. Current insights into the biology and
pathogenesis of Pneumocystis pneumonia. Nat. Rev. Microbiol. 5:298—
308.

. Aliouat-Denis CM, Chabé M, Demanche C, Aliouat el M, Viscogliosi E,

Guillot J, Delhaes L, Dei-Cas E. 2008. Pneumocystis species, co-evolution
and pathogenic power. Infect. Genet. Evol. 8:708-726.

. Monnet X, Vidal-Petiot E, Osman D, Hamzaoui O, Durrbach A,

Goujard C, Miceli C, Bourée P, Richard C. 2008. Critical care manage-
ment and outcome of severe Pneumocystis pneumonia in patients with and
without HIV infection. Crit. Care 12:R28. doi:10.1186/cc6806.

. Fily F, Lachkar S, Thiberville L, Favennec L, Caron F. 2011. Pneumo-

cystis jirovecii colonization and infection among non HIV-infected pa-
tients. Med. Mal. Infect. 41:526-531.

. Martinez A, Aliouat el M, Standaert-Vitse A, Werkmeister A, Pottier M,

Pingon C, Dei-Cas E, Aliouat-Denis CM. 2011. Ploidy of cell-sorted
trophic and cystic forms of Pneumocystis carinii. PLoS One 6:€20935. doi:
10.1371/journal.pone.0020935.

. Morris A, Norris KA. 2012. Colonization by Prneumocystis jirovecii and its

role in disease. Clin. Microbiol. Rev. 25:297-317.

. Nevez G, Raccurt C, Jounieaux V, Dei-Cas E, Mazars E. 1999. Pneu-

mocystosis versus pulmonary Preumocystis carinii colonization in HIV-
negative and HIV-positive patients. AIDS 13:535-536.

. Medrano FJ, Montes-Cano M, Conde M, de la Horra C, Respaldiza N,

Gasch A, Perez-Lozano MJ, Varela JM, Calderon EJ. 2005. Prneumocystis
jirovecii in general population. Emerg. Infect. Dis. 11:245-250.

. Ponce CA, Gallo M, Bustamante R, Vargas SL. 2010. Pneumocystis

colonization is highly prevalent in the autopsied lungs of the general pop-
ulation. Clin. Infect. Dis. 50:347—353.

Choukri F, Menotti J, Sarfati C, Lucet JC, Nevez G, Garin YJ, Derouin
F, Totet A. 2010. Quantification and spread of Pneumocystis jirovecii in
the surrounding air of patients with Pneumocystis pneumonia. Clin. In-
fect. Dis. 51:259-265.

Le Gal S, Damiani C, Rouillé A, Grall A, Tréguer L, Virmaux M, Moalic
E, Quinio D, Moal MC, Berthou C, Saliou P, Le Meur Y, Totet A, Nevez
G. 2012. A cluster of Pneumocystis infections among renal transplant re-
cipients: molecular evidence of colonized patients as potential infectious
sources of Pneumocystis jirovecii. Clin. Infect. Dis. 54:e62—e71. doi:10
.1093/cid/cir996.

Ruskin J, Remington JS. 1967. The compromised host and infection. I.
Pneumocystis carinii pneumonia. JAMA 202:1070-1074.

de Boer MG, de Fijter JW, Kroon FP. 2011. Outbreaks and clustering of
Pneumocystis pneumonia in kidney transplant recipients: a systematic re-
view. Med. Mycol. 49:673—680.

Schmoldt S, Schuhegger R, Wendler T, Huber I, Sollner H, Hogardt M,
Arbogast H, Heesemann J, Bader L, Sing A. 2008. Molecular evidence of
nosocomial Prneumocystis jirovecii transmission among 16 patients after
kidney transplantation. J. Clin. Microbiol. 46:966-971.

Gianella S, Haeberli L, Joos B, Ledergerber B, Wuthrich RP, Weber R,
Kuster H, Hauser PM, Fehr T, Mueller NJ. 2010. Molecular evidence of
interhuman transmission in an outbreak of Pneumocystis jirovecii pneu-
monia among renal transplant recipients. Transpl. Infect. Dis. 12:1-10.
Phipps LM, Chen SC, Kable K, Halliday CL, Firacative C, Meyer W,
Wong G, Nankivell BJ. 2011. Nosocomial Preumocystis jirovecii pneu-
monia: lessons from a cluster in kidney transplant recipients. Transplan-
tation 92:1327-1334.

Hauser PM, Francioli P, Bille J, Telenti A, Blanc DS. 1997. Typing of
Pneumocystis carinii f. sp. hominis by single-strand conformation poly-
morphism of four genomic regions. J. Clin. Microbiol. 35:3086-3091.
Matos O, Esteves F. 2010. Pneumocystis jirovecii multilocus gene sequenc-
ing: findings and implications. Future Microbiol. 5:1257-1267.

Esteves F, Tavares A, Costa MC, Gaspar J, Antunes F, Matos O. 2009.
Genetic characterization of the UCS and Kex1 loci of Preumocystis jirove-
cii. Eur. J. Clin. Microbiol. Infect. Dis. 28:175-178.

Sassi M, Ripamonti C, Mueller NJ, Yazaki H, Kutty G, Ma L, Huber C,
Gogineni E, Oka S, Goto N, Fehr T, Gianella S, Konrad R, Sing A,
Kovacs JA. 2012. Outbreaks of Pneumocystis pneumonia in 2 renal trans-
plant centers linked to a single strain of Pneumocystis: implications for
transmission and virulence. Clin. Infect. Dis. 54:1437—-1444.
Helweg-Larsen J, Tsolaki AG, Miller RF, Lundgren B, Wakefield AE.
1998. Clusters of Pneumocystis carinii pneumonia: analysis of person-to-
person transmission by genotyping. QJM 91:813-820.

2848 jcm.asm.org

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Olsson M, Eriksson BM, Elvin K, Strandberg M, Wahlgren M. 2001.
Genotypes of clustered cases of Pneumocystis carinii pneumonia. Scand. J.
Infect. Dis. 33:285-289.

Esteves F, Gaspar J, Tavares A, Moser I, Antunes F, Mansinho K, Matos
0. 2010. Population structure of Pneumocystis jirovecii isolated from im-
munodeficiency virus-positive patients. Infect. Genet. Evol. 10:192-199.
Thomas S, Vivancos R, Corless C, Wood G, Beeching NJ, Beadsworth
MB. 2011. Increasing frequency of Pneumocystis jirovecii pneumonia in
renal transplant recipients in the United Kingdom: clonal variability, clus-
ters, and geographic location. Clin. Infect. Dis. 53:307-308.

Latouche S, Ortona E, Mazars E, Margutti P, Tamburrini E, Siracusano
A, Guyot K, Nigou M, Roux P. 1997. Biodiversity of Pneumocystis carinii
hominis: typing with different DNA regions. J. Clin. Microbiol. 35:383—
387.

Ma L, Borio L, Masur H, Kovacs JA. 1999. Pneumocystis carinii dihy-
dropteroate synthase but not dihydrofolate reductase gene mutations cor-
relate with prior trimethoprim-sulfamethoxazole or dapsone use. J. Infect.
Dis. 180:1969-1978.

Kazanjian P, Locke AB, Hossler PA, Lane BR, Bartlett MS, Smith JW,
Cannon M, Meshnick SR. 1998. Pneumocystis carinii mutations associ-
ated with sulfa and sulfone prophylaxis failures in AIDS patients. AIDS
12:873-878.

Costa MC, Esteves F, Antunes F, Matos O. 2006. Genetic characteriza-
tion of the dihydrofolate reductase gene of Pneumocystis jirovecii isolates
from Portugal. J. Antimicrob. Chemother. 58:1246—1249.

Hunter PR, Gaston MA. 1988. Numerical index of the discriminatory
ability of typing systems: an application of Simpson’s index of diversity. J.
Clin. Microbiol. 26:2465-2466.

Hauser PM, Blanc DS, Sudre P, Manoloff ES, Nahimana A, Bille J,
Weber R, Francioli P. 2001. Genetic diversity of Prneumocystis carinii in
HIV-positive and -negative patients as revealed by PCR-SSCP typing.
AIDS 15:461-466.

Hocker B, Wendt C, Nahimana A, Tonshoff B, Hauser PM. 2005.
Molecular evidence of Pneumocystis transmission in pediatric transplant
unit. Emerg. Infect. Dis. 11:330—-332.

Rabodonirina M, Vanhems P, Couray-Targe S, Gillibert RP, Ganne C,
Nizard N, Colin C, Fabry J, Touraine JL, Van Melle G, Nahimana A,
Francioli P, Hauser PM. 2004. Molecular evidence of interhuman trans-
mission of Pneumocystis pneumonia among renal transplant recipients
hospitalized with HIV-infected patients. Emerg. Infect. Dis. 10:1766—
1773.

Touzet S, Pariset C, Rabodonirina M, Pouteil-Noble C. 2000. Nosoco-
mial transmission of Prneumocystis carinii in renal transplantation. Trans-
plant Proc. 32:445. doi:10.1016/S0041-1345(00)00825-3.

Bensousan T, Garo B, Islam S, Bourbigot B, Cledes J, Garre M. 1990.
Possible transfer of Pneumocystis carinii between kidney transplant recip-
ients. Lancet 336:1066—-1067.

Glotz D, Kazatchkine M, Vincent F, Haddad H, Duboust A, Druet P,
Bariety J. 1992. Pneumocystis carinii pneumonia in a kidney transplanta-
tion center in the proximity of an AIDS care unit. Presse Med. 21:2154. (In
French.)

Hennequin C, Page B, Roux P, Legendre C, Kreis H. 1995. Outbreak of
Pneumocystis carinii pneumonia in a renal transplant unit. Eur. J. Clin.
Microbiol. Infect. Dis. 14:122-126.

Bergues B. 2010. Cas groupés d’infections a Prneumocystis jirovecii chez les
patients transplantés rénaux au CHU d’Amiens Picardie: génotypage
multi-locus du champignon et cartographie des contacts entre les patients.
Thesis. Faculté de Pharmacie d’Amiens, Amiens, France.

Pestourie N. 2011. Investigation de cas groupés de pneumocystose dans
un service de néphrologie. Congres National de la Société Francaise
d’Hygiene Hospitaliére, Lyon, France.

Lundgren B, Wakefield AE. 1998. PCR for detecting Pneumocystis carinii
in clinical or environmental samples. FEMS Immunol. Med. Microbiol.
22:97-101.

Nahimana A, Francioli P, Blanc DS, Bille J, Wakefield AE, Hauser PM.
2000. Determination of the copy number of the nuclear rDNA and beta-
tubulin genes of Pneumocystis carinii f. sp. hominis using PCR multicom-
petitors. J. Eukaryot. Microbiol. 47:368-372.

Nevez G, Totet A, Jounieaux V, Schmit JL, Dei-Cas E, Raccurt C. 2003.
Pneumocystis jiroveci [sic] internal transcribed spacer types in patients
colonized by the fungus and in patients with pneumocystosis from the
same French geographic region. J. Clin. Microbiol. 41:181-186.

Totet A, Pautard JC, Raccurt C, Roux P, Nevez G. 2003. Genotypes at

Journal of Clinical Microbiology


http://dx.doi.org/10.1186/cc6806
http://dx.doi.org/10.1371/journal.pone.0020935
http://dx.doi.org/10.1093/cid/cir996
http://dx.doi.org/10.1093/cid/cir996
http://dx.doi.org/10.1016/S0041-1345(00)00825-3
http://jcm.asm.org

43.

44,

September 2013 Volume 51

the internal transcribed spacers of the nuclear rRNA operon of Preumo-
cystis jiroveci [sic] in nonimmunosuppressed infants without severe pneu-
monia. J. Clin. Microbiol. 41:1173-1180.

Esteves F, Gaspar J, Marques T, Leite R, Antunes F, Mansinho K, Matos
0. 2009. Identification of relevant single-nucleotide polymorphisms in
Pneumocystis jirovecii: relationship with clinical data. Clin. Microbiol. In-
fect. 16:878—884.

Tsolaki AG, Miller RF, Underwood AP, Banerji S, Wakefield AE. 1996.
Genetic diversity at the internal transcribed spacer regions of the rRNA
operon among isolates of Pneumocystis carinii from AIDS patients with
recurrent pneumonia. J. Infect. Dis. 174:141-146.

Number 9

45.

46.

47.

Multilocus Sequence Typing of Pneumocystis jirovecii

Wakefield AE, Pixley FJ, Banerji S, Sinclair K, Miller RF, Moxon ER,
Hopkin JM. 1990. Detection of Pneumocystis carinii with DNA amplifi-
cation. Lancet 336:451—453.

Lane BR, Ast JC, Hossler PA, Mindell DP, Bartlett MS, Smith JW,
Meshnick SR. 1997. Dihydropteroate synthase polymorphisms in Preu-
mocystis carinii. J. Infect. Dis. 175:482—485.

Nahimana A, Rabodonirina M, Zanetti G, Meneau I, Francioli P, Bille
J, Hauser PM. 2003. Association between a specific Pneumocystis jiroveci
dihydropteroate synthase mutation and failure of pyrimethamine/
sulfadoxine prophylaxis in human immunodeficiency virus-positive and
-negative patients. J. Infect. Dis. 188:1017-1023.

jcm.asm.org 2849


http://jcm.asm.org

	Multilocus Sequence Typing of Pneumocystis jirovecii from Clinical Samples: How Many and Which Loci Should Be Used?
	Clinical samples.
	Multilocus sequence typing of P. jirovecii from clinical samples.
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS

	REFERENCES

