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Abstract: Pneumocystis jirovecii is an opportunistic human pathogenic fungus causing severe
pneumonia mainly in immunocompromised hosts. Multilocus sequence typing (MLST) remains
the gold standard for genotyping of this unculturable fungus. However, the lack of a consensus
scheme impedes a global comparison, large scale population studies and the development of a global
MLST database. To overcome this problem this study compared all genetic regions (19 loci) currently
used in 31 different published Pneumocystis MLST schemes. The most diverse/commonly used eight
loci, β-TUB, CYB, DHPS, ITS1, ITS1/2, mt26S and SOD, were further assess for their ability to be
successfully amplified and sequenced, and for their discriminatory power. The most successful loci
were tested to identify genetically related and unrelated cases. A new consensus MLST scheme
consisting of four genetically independent loci: β-TUB, CYB, mt26S and SOD, is herein proposed
for standardised P. jirovecii typing, successfully amplifying low and high fungal burden specimens,
showing adequate discriminatory power, and correctly identifying suspected related and unrelated
isolates. The new consensus MLST scheme, if accepted, will for the first time provide a powerful tool
to investigate outbreak settings and undertake global epidemiological studies shedding light on the
spread of this important human fungal pathogen.
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1. Introduction

Pneumocystis jirovecii is a major opportunistic pathogen, which can manifest into severe pneumonia,
Pneumocystis pneumonia (PCP), in immunocompromised patients. PCP can cause interstitial lung
disease, along with fever, coughs and dyspnea [1]. The incidence is still relatively high, especially in
the developing world, for this underestimated fungus, with reported mortality rates ranging from
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10% to 60% [2,3]. Besides causing isolated cases, P. jirovecii has been linked to nosocomial outbreaks
affecting mainly solid organ transplant recipients with devastating consequences. Besides helping
to establish epidemiological links among affected patients, allowing for paths of transmission to be
mapped and index cases identified within hospital outbreaks, genotyping is an essential tool to achieve
knowledge on more general aspects of the epidemiology of microorganisms.

Multilocus sequence typing (MLST) is currently the preferred standard for genotyping, due to
the limited amounts of DNA being available from this unculturable fungus in clinical samples,
its reproducibility, inexpensiveness and discriminatory ability [4]. However, unlike many other human
pathogenic fungi, Pneumocystis has, as yet, no consensus typing scheme, which hinders the ability for
global comparison of clinical isolates, since multiple various typing schemes are currently in use [5].

There are 19 coding and non-coding DNA regions which have been explored for Pneumocystis
genotyping world-wide. The levels of allelic polymorphism fluctuate greatly between the used DNA
regions, resulting in varying levels of discriminatory power among 31 schemes currently reported in
the literature (see Table 1) [3,5–71]. The lack of standardisation limits the interpretation and comparison
of different epidemiological datasets and studies. Molecular typing of P. jirovecii is further hampered
by the fact that the fungus cannot be cultured in vivo, and hence the volume of DNA available for
sequencing analysis is limited [72]. The DNA volume can be further depleted depending on the
source and site of extraction, and if the patients are having a mild infection or if they are colonised
carriers [73]. Therefore, the ability of a locus to be successfully amplified is equally as important as it is
discriminatory power, when deliberating which loci to include in a standardised MLST scheme.
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Table 1. Published genetic loci used in P. jirovecii genotyping, corresponding multilocus sequence typing (MLST) schemes and obtained allele and sequence types.
MLST schemes described are listed chronologically, followed by the respective publications using the specific scheme. The third column indicates the total number of
isolates included in the study, followed by the fourth column, which indicates the number of isolates which were able to be successfully sequenced by the study.
The fifth column lists the total number of sequence types identified, with the following columns listing the number of allele types found for each genetic locus.

Schemes
(Included
Loci) and
Reference

Country Total # of
Samples

# of
Samples
Sequenced

# of
Sequence

Types

Genetic Locus

5.8S 18S 23S 26S ITS1 ITS2 ITS1/2 msg mt26S β-TUB TS arom/
EPSP mtSSU DHPS UCS Kex1 CYB SOD DHRF TRR1

Scheme 1 (5.8S, 18S, 26S, ITS1, ITS2)
[6] USA 15 15 6 1 1 1 2 3 NG
[7] GBR 24 24 NG 1 1 1 5 7 NG

Scheme 2 (ITS1, ITS2, msg, mt26S)
[8] USA 15 15 NG NG NG NG NG
[38] IND 180 29 NG NG NG NG NG

Scheme 3 (26S, β-TUB, ITS1, mt26S)
[9] CHE 11 11 NG 3 3 3 2
[20] EUR 212 212 6 6 3 4 3
[19] EUR 91 91 28 NG NG NG NG
[33] DEU 7 7 2 NG NG NG NG
[42] DEU 20 14 NG 2 4 4 1
[43] CHE 19 7 1(+) 2 4 3 2
[50] DE 18 18 NG 2 3 3 2
[53] GBR 670 31 NG NA 5 4 NA
[54] FRA 13 10 3 2 2 3 1

Scheme 4 (ITS1, ITS2, mt26S)
[10] USA 15 15 6 4 3 7 4

[11] SWE,
FRA 7 7 NG 4 4 NG 3

[48] GBR 27 27 NG NG NG 2 3
Scheme 5 (5.8S, ITS1, ITS2, mt26S, TS)

[12] FRA,
ITA 20 18 NG 6 3 3 10 4 1

Scheme 6 (arom, ITS1, ITS2, mt26S, mtSSU)
[13] NLD 6 6 NG NG NG 9 3 1 2

Scheme 7 (ITS1, ITS2)
[14] GLO 207 207 NG 15 14 NG
[18] JPN 24 24 NG 11 11 NG
[31] ZAF 20 20 NG 11 13 NG
[49] SWE 64 64 12 10 12 NG
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Table 1. Cont.

Schemes
(Included
Loci) and
Reference

Country Total # of
Samples

# of
Samples
Sequenced

# of
Sequence

Types

Genetic Locus

5.8S 18S 23S 26S ITS1 ITS2 ITS1/2 msg mt26S β-TUB TS arom/
EPSP mtSSU DHPS UCS Kex1 CYB SOD DHRF TRR1

Scheme 8 (DHPS, ITS1, ITS2, mt26S)
[15] FRA 14 14 NG NG NG NG NG NG

[39] PRT,
ESP 108 # NG 12 10 NG 4 4

[44] AUS 68 68 NG 8 9 16 2 2
Scheme 9 (DHFR, DHPS)

[16] USA 37 37 NG 4 2
[32] FRA 33 33 NG 3 2
[40] THA 29 18 NG 3 3
[71] USA 13 13 NG 2 2
[70] COL 98 45 NG 4 2

Scheme 10 (DHPS, mt26S)
[17] USA 324 191 14 4 4
[26] ESP 255 79 NG 4 4
[34] ESP 50 12 NG 4 1
[35] USA 442 Z NG 4 4
[45] ESP 60 19 NG 3 1
[51] ITA 67
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[23] USA 57 37 NG 6 7 NG 3 
[27] PRT 43 43 NG 15 14 17 2 
[36] ITA 261 174 NG NG NG 9 3 

Scheme 14 (CYB, DHFR, DHPS) 
[24] JPN 34 34 NG 4 2 1 

Scheme 15 (DHPS, ITS1, ITS2, mtSSU) 
[25] GBR 2 2 NG NG NG 2 1 1 

Scheme 16 (DHPS, mt26S, mtSSU) 
[28] GBR, ZWE 51 30 NG 3 4 2 

Scheme 17 (DHPS, mtSSU, mt26S, SOD) 
[29] GBR 16 16 NG NG NG NG NG 

 [30] NG 76 76 15 4 4 4 4 
Scheme 18 (DHFR, DHPS, ITS1, ITS2) 

[37] PRT 68 68 NG NG NG 19 4 4 
Scheme 19 (UCS, Kex1) 

[39] PRT 87 35 NG 4 4 
Scheme 20 (CYB, DHFR, DHPS, mt26S, SOD) 

[46] PRT 102 78 NG 9 6 3 6 6 
Scheme 21 (β-TUB, CYB, DHFR, DHPS, mt26S, TRR1, TS, SOD) 

[47] PRT 70 ► 48 5 3 ⌘ 3 7 4 3 ⌘ 
Scheme 22 (β-TUB, DHPS, ITS1/2, mt26S) 

[3] AUS 11 11 2 4 2 2 1 
[55] AUS 48 48 4 2 2 1 1 
[57] AUS 7 7 NG NG NG NG NG 

Scheme 23 (mt26S, mtSSU) 
[52] FRA, CUB, ESP 75 75 NG 5 3 

Scheme 24 (26S, β-TUB, CYB, DHFR, DHPS, ITS1, mt26S, SOD) 
[5] FRA 23 23 NG 7 9 4 2 1 7 3 3 

Scheme 25 (26S, ITS1, ITS2, mt26S) 
[56] DNK 22 18 3 NG NG NG NG NG 

Scheme 26 (CYB, ITS1, mt26S, SOD) 
[58] FRA 37 32 NG NG NG NG NG 

Scheme 27 (β-TUB, CYB, DHFR, mt26S, SOD) 
[59] BEL 20 20 ^ NG NA 4 2 4 2 2 

Scheme 28 (CYB, mt26S, SOD) 
[60] FRA 24 ◎ 14 6 5 3 
[61] FRA 32 32 18 22 14 4 
[62] FRA 7 7 NG 4 3 2 

[63] POL 17 ◉ 8 13 6 2 

[66] FRA 192 35 17 11 5 2 
[67] TUR 31 26 6 4 5 3 
[68] REU, GUF, FRA 47 47 23 5 9 3 

Scheme 29 (23S, 26S, DHPS) 
[64] BRA 30 30 5 3 2 1 

Scheme 30 (DHFR, DHPS, mt26S) 
[65] IND 37 37 13 3 3 2 

Scheme 31 (CYB, DHPS, mt26S, SOD) 
[69] POL 72 N/A N/A 3 1 3 2 

Loci in black did not match diversity criteria for further consideration. Loci in blue indicate loci investigated in this study, but not included in the newly proposed MLST 
scheme. Loci in green indicate loci suggested from this study for the newly proposed consensus MLST scheme. NG = Information not given; NA = No amplification 
recorded; and 1(+) = Study only listed the sequence types (STs) for test isolates, 5 ST were identified when the controls are included. ✕ = 91 samples amplified for 
dihydropteroate synthase (DHPS) and 68 for Internal Transcribed Spacer (ITS); ❋ = 100% for mitochondrial large ribosomal subunit (mt26S) and 53% for DHPS;  ⚑ = 67 for 
mt26S and 21 for DHPS; ► = mt26S 100%, cytochrome b oxidase gene (CYB) 61%, superoxide dismutase (SOD) 74%, β-tubulin (β-TUB) 49%, dihydrofolate reductase gene (DHFR) 
91%, DHPS 96%, thioredoxin reductase gene (Trr1) and thymidylate synthase gene (TS) 36%; ⌘ = Null sequence divergence, not included in study further for genotyping; ^ = 
ITS no amplification; ◎ = 78% SOD, 96.4% mt26S and 82.1% CYB; ◉ = 17/17 mt26S and CYB, 5/17 SOD. Country codes are according to ISO 3166-1 alpha-3. 

NG 4 3

Scheme 11 (26S, β-TUB, DHPS, ITS1, mt26S)
[21] USA 22 22 10 2 5 4 2 3

Scheme 12 (26S, β-TUB, ITS1, ITS2, mt26S)
[22] ITA 25 18 15 4 6 6 4 3

Scheme 13 (DHPS, ITS1, ITS2)
[23] USA 57 37 NG 6 7 NG 3
[27] PRT 43 43 NG 15 14 17 2
[36] ITA 261 174 NG NG NG 9 3

Scheme 14 (CYB, DHFR, DHPS)
[24] JPN 34 34 NG 4 2 1

Scheme 15 (DHPS, ITS1, ITS2, mtSSU)
[25] GBR 2 2 NG NG NG 2 1 1

Scheme 16 (DHPS, mt26S, mtSSU)

[28] GBR,
ZWE 51 30 NG 3 4 2

Scheme 17 (DHPS, mtSSU, mt26S, SOD)
[29] GBR 16 16 NG NG NG NG NG
[30] NG 76 76 15 4 4 4 4
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Table 1. Cont.

Schemes
(Included
Loci) and
Reference

Country Total # of
Samples

# of
Samples
Sequenced

# of
Sequence

Types

Genetic Locus

5.8S 18S 23S 26S ITS1 ITS2 ITS1/2 msg mt26S β-TUB TS arom/
EPSP mtSSU DHPS UCS Kex1 CYB SOD DHRF TRR1

Scheme 18 (DHFR, DHPS, ITS1, ITS2)
[37] PRT 68 68 NG NG NG 19 4 4

Scheme 19 (UCS, Kex1)
[39] PRT 87 35 NG 4 4

Scheme 20 (CYB, DHFR, DHPS, mt26S, SOD)
[46] PRT 102 78 NG 9 6 3 6 6

Scheme 21 (β-TUB, CYB, DHFR, DHPS, mt26S, TRR1, TS, SOD)

[47] PRT 70
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[23] USA 57 37 NG 6 7 NG 3 
[27] PRT 43 43 NG 15 14 17 2 
[36] ITA 261 174 NG NG NG 9 3 

Scheme 14 (CYB, DHFR, DHPS) 
[24] JPN 34 34 NG 4 2 1 

Scheme 15 (DHPS, ITS1, ITS2, mtSSU) 
[25] GBR 2 2 NG NG NG 2 1 1 

Scheme 16 (DHPS, mt26S, mtSSU) 
[28] GBR, ZWE 51 30 NG 3 4 2 

Scheme 17 (DHPS, mtSSU, mt26S, SOD) 
[29] GBR 16 16 NG NG NG NG NG 

 [30] NG 76 76 15 4 4 4 4 
Scheme 18 (DHFR, DHPS, ITS1, ITS2) 

[37] PRT 68 68 NG NG NG 19 4 4 
Scheme 19 (UCS, Kex1) 

[39] PRT 87 35 NG 4 4 
Scheme 20 (CYB, DHFR, DHPS, mt26S, SOD) 

[46] PRT 102 78 NG 9 6 3 6 6 
Scheme 21 (β-TUB, CYB, DHFR, DHPS, mt26S, TRR1, TS, SOD) 

[47] PRT 70 ► 48 5 3 ⌘ 3 7 4 3 ⌘ 
Scheme 22 (β-TUB, DHPS, ITS1/2, mt26S) 

[3] AUS 11 11 2 4 2 2 1 
[55] AUS 48 48 4 2 2 1 1 
[57] AUS 7 7 NG NG NG NG NG 

Scheme 23 (mt26S, mtSSU) 
[52] FRA, CUB, ESP 75 75 NG 5 3 

Scheme 24 (26S, β-TUB, CYB, DHFR, DHPS, ITS1, mt26S, SOD) 
[5] FRA 23 23 NG 7 9 4 2 1 7 3 3 

Scheme 25 (26S, ITS1, ITS2, mt26S) 
[56] DNK 22 18 3 NG NG NG NG NG 

Scheme 26 (CYB, ITS1, mt26S, SOD) 
[58] FRA 37 32 NG NG NG NG NG 

Scheme 27 (β-TUB, CYB, DHFR, mt26S, SOD) 
[59] BEL 20 20 ^ NG NA 4 2 4 2 2 

Scheme 28 (CYB, mt26S, SOD) 
[60] FRA 24 ◎ 14 6 5 3 
[61] FRA 32 32 18 22 14 4 
[62] FRA 7 7 NG 4 3 2 

[63] POL 17 ◉ 8 13 6 2 

[66] FRA 192 35 17 11 5 2 
[67] TUR 31 26 6 4 5 3 
[68] REU, GUF, FRA 47 47 23 5 9 3 

Scheme 29 (23S, 26S, DHPS) 
[64] BRA 30 30 5 3 2 1 

Scheme 30 (DHFR, DHPS, mt26S) 
[65] IND 37 37 13 3 3 2 

Scheme 31 (CYB, DHPS, mt26S, SOD) 
[69] POL 72 N/A N/A 3 1 3 2 

Loci in black did not match diversity criteria for further consideration. Loci in blue indicate loci investigated in this study, but not included in the newly proposed MLST 
scheme. Loci in green indicate loci suggested from this study for the newly proposed consensus MLST scheme. NG = Information not given; NA = No amplification 
recorded; and 1(+) = Study only listed the sequence types (STs) for test isolates, 5 ST were identified when the controls are included. ✕ = 91 samples amplified for 
dihydropteroate synthase (DHPS) and 68 for Internal Transcribed Spacer (ITS); ❋ = 100% for mitochondrial large ribosomal subunit (mt26S) and 53% for DHPS;  ⚑ = 67 for 
mt26S and 21 for DHPS; ► = mt26S 100%, cytochrome b oxidase gene (CYB) 61%, superoxide dismutase (SOD) 74%, β-tubulin (β-TUB) 49%, dihydrofolate reductase gene (DHFR) 
91%, DHPS 96%, thioredoxin reductase gene (Trr1) and thymidylate synthase gene (TS) 36%; ⌘ = Null sequence divergence, not included in study further for genotyping; ^ = 
ITS no amplification; ◎ = 78% SOD, 96.4% mt26S and 82.1% CYB; ◉ = 17/17 mt26S and CYB, 5/17 SOD. Country codes are according to ISO 3166-1 alpha-3. 
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[23] USA 57 37 NG 6 7 NG 3 
[27] PRT 43 43 NG 15 14 17 2 
[36] ITA 261 174 NG NG NG 9 3 

Scheme 14 (CYB, DHFR, DHPS) 
[24] JPN 34 34 NG 4 2 1 

Scheme 15 (DHPS, ITS1, ITS2, mtSSU) 
[25] GBR 2 2 NG NG NG 2 1 1 

Scheme 16 (DHPS, mt26S, mtSSU) 
[28] GBR, ZWE 51 30 NG 3 4 2 

Scheme 17 (DHPS, mtSSU, mt26S, SOD) 
[29] GBR 16 16 NG NG NG NG NG 

 [30] NG 76 76 15 4 4 4 4 
Scheme 18 (DHFR, DHPS, ITS1, ITS2) 

[37] PRT 68 68 NG NG NG 19 4 4 
Scheme 19 (UCS, Kex1) 

[39] PRT 87 35 NG 4 4 
Scheme 20 (CYB, DHFR, DHPS, mt26S, SOD) 

[46] PRT 102 78 NG 9 6 3 6 6 
Scheme 21 (β-TUB, CYB, DHFR, DHPS, mt26S, TRR1, TS, SOD) 

[47] PRT 70 ► 48 5 3 ⌘ 3 7 4 3 ⌘ 
Scheme 22 (β-TUB, DHPS, ITS1/2, mt26S) 

[3] AUS 11 11 2 4 2 2 1 
[55] AUS 48 48 4 2 2 1 1 
[57] AUS 7 7 NG NG NG NG NG 

Scheme 23 (mt26S, mtSSU) 
[52] FRA, CUB, ESP 75 75 NG 5 3 

Scheme 24 (26S, β-TUB, CYB, DHFR, DHPS, ITS1, mt26S, SOD) 
[5] FRA 23 23 NG 7 9 4 2 1 7 3 3 

Scheme 25 (26S, ITS1, ITS2, mt26S) 
[56] DNK 22 18 3 NG NG NG NG NG 

Scheme 26 (CYB, ITS1, mt26S, SOD) 
[58] FRA 37 32 NG NG NG NG NG 

Scheme 27 (β-TUB, CYB, DHFR, mt26S, SOD) 
[59] BEL 20 20 ^ NG NA 4 2 4 2 2 

Scheme 28 (CYB, mt26S, SOD) 
[60] FRA 24 ◎ 14 6 5 3 
[61] FRA 32 32 18 22 14 4 
[62] FRA 7 7 NG 4 3 2 

[63] POL 17 ◉ 8 13 6 2 

[66] FRA 192 35 17 11 5 2 
[67] TUR 31 26 6 4 5 3 
[68] REU, GUF, FRA 47 47 23 5 9 3 

Scheme 29 (23S, 26S, DHPS) 
[64] BRA 30 30 5 3 2 1 

Scheme 30 (DHFR, DHPS, mt26S) 
[65] IND 37 37 13 3 3 2 

Scheme 31 (CYB, DHPS, mt26S, SOD) 
[69] POL 72 N/A N/A 3 1 3 2 

Loci in black did not match diversity criteria for further consideration. Loci in blue indicate loci investigated in this study, but not included in the newly proposed MLST 
scheme. Loci in green indicate loci suggested from this study for the newly proposed consensus MLST scheme. NG = Information not given; NA = No amplification 
recorded; and 1(+) = Study only listed the sequence types (STs) for test isolates, 5 ST were identified when the controls are included. ✕ = 91 samples amplified for 
dihydropteroate synthase (DHPS) and 68 for Internal Transcribed Spacer (ITS); ❋ = 100% for mitochondrial large ribosomal subunit (mt26S) and 53% for DHPS;  ⚑ = 67 for 
mt26S and 21 for DHPS; ► = mt26S 100%, cytochrome b oxidase gene (CYB) 61%, superoxide dismutase (SOD) 74%, β-tubulin (β-TUB) 49%, dihydrofolate reductase gene (DHFR) 
91%, DHPS 96%, thioredoxin reductase gene (Trr1) and thymidylate synthase gene (TS) 36%; ⌘ = Null sequence divergence, not included in study further for genotyping; ^ = 
ITS no amplification; ◎ = 78% SOD, 96.4% mt26S and 82.1% CYB; ◉ = 17/17 mt26S and CYB, 5/17 SOD. Country codes are according to ISO 3166-1 alpha-3. 
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[23] USA 57 37 NG 6 7 NG 3 
[27] PRT 43 43 NG 15 14 17 2 
[36] ITA 261 174 NG NG NG 9 3 

Scheme 14 (CYB, DHFR, DHPS) 
[24] JPN 34 34 NG 4 2 1 

Scheme 15 (DHPS, ITS1, ITS2, mtSSU) 
[25] GBR 2 2 NG NG NG 2 1 1 

Scheme 16 (DHPS, mt26S, mtSSU) 
[28] GBR, ZWE 51 30 NG 3 4 2 

Scheme 17 (DHPS, mtSSU, mt26S, SOD) 
[29] GBR 16 16 NG NG NG NG NG 

 [30] NG 76 76 15 4 4 4 4 
Scheme 18 (DHFR, DHPS, ITS1, ITS2) 

[37] PRT 68 68 NG NG NG 19 4 4 
Scheme 19 (UCS, Kex1) 

[39] PRT 87 35 NG 4 4 
Scheme 20 (CYB, DHFR, DHPS, mt26S, SOD) 

[46] PRT 102 78 NG 9 6 3 6 6 
Scheme 21 (β-TUB, CYB, DHFR, DHPS, mt26S, TRR1, TS, SOD) 

[47] PRT 70 ► 48 5 3 ⌘ 3 7 4 3 ⌘ 
Scheme 22 (β-TUB, DHPS, ITS1/2, mt26S) 

[3] AUS 11 11 2 4 2 2 1 
[55] AUS 48 48 4 2 2 1 1 
[57] AUS 7 7 NG NG NG NG NG 

Scheme 23 (mt26S, mtSSU) 
[52] FRA, CUB, ESP 75 75 NG 5 3 

Scheme 24 (26S, β-TUB, CYB, DHFR, DHPS, ITS1, mt26S, SOD) 
[5] FRA 23 23 NG 7 9 4 2 1 7 3 3 

Scheme 25 (26S, ITS1, ITS2, mt26S) 
[56] DNK 22 18 3 NG NG NG NG NG 

Scheme 26 (CYB, ITS1, mt26S, SOD) 
[58] FRA 37 32 NG NG NG NG NG 

Scheme 27 (β-TUB, CYB, DHFR, mt26S, SOD) 
[59] BEL 20 20 ^ NG NA 4 2 4 2 2 

Scheme 28 (CYB, mt26S, SOD) 
[60] FRA 24 ◎ 14 6 5 3 
[61] FRA 32 32 18 22 14 4 
[62] FRA 7 7 NG 4 3 2 

[63] POL 17 ◉ 8 13 6 2 

[66] FRA 192 35 17 11 5 2 
[67] TUR 31 26 6 4 5 3 
[68] REU, GUF, FRA 47 47 23 5 9 3 

Scheme 29 (23S, 26S, DHPS) 
[64] BRA 30 30 5 3 2 1 

Scheme 30 (DHFR, DHPS, mt26S) 
[65] IND 37 37 13 3 3 2 

Scheme 31 (CYB, DHPS, mt26S, SOD) 
[69] POL 72 N/A N/A 3 1 3 2 

Loci in black did not match diversity criteria for further consideration. Loci in blue indicate loci investigated in this study, but not included in the newly proposed MLST 
scheme. Loci in green indicate loci suggested from this study for the newly proposed consensus MLST scheme. NG = Information not given; NA = No amplification 
recorded; and 1(+) = Study only listed the sequence types (STs) for test isolates, 5 ST were identified when the controls are included. ✕ = 91 samples amplified for 
dihydropteroate synthase (DHPS) and 68 for Internal Transcribed Spacer (ITS); ❋ = 100% for mitochondrial large ribosomal subunit (mt26S) and 53% for DHPS;  ⚑ = 67 for 
mt26S and 21 for DHPS; ► = mt26S 100%, cytochrome b oxidase gene (CYB) 61%, superoxide dismutase (SOD) 74%, β-tubulin (β-TUB) 49%, dihydrofolate reductase gene (DHFR) 
91%, DHPS 96%, thioredoxin reductase gene (Trr1) and thymidylate synthase gene (TS) 36%; ⌘ = Null sequence divergence, not included in study further for genotyping; ^ = 
ITS no amplification; ◎ = 78% SOD, 96.4% mt26S and 82.1% CYB; ◉ = 17/17 mt26S and CYB, 5/17 SOD. Country codes are according to ISO 3166-1 alpha-3. Scheme 22 (β-TUB, DHPS, ITS1/2, mt26S)

[3] AUS 11 11 2 4 2 2 1
[55] AUS 48 48 4 2 2 1 1
[57] AUS 7 7 NG NG NG NG NG

Scheme 23 (mt26S, mtSSU)

[52]
FRA,
CUB,
ESP

75 75 NG 5 3

Scheme 24 (26S, β-TUB, CYB, DHFR, DHPS, ITS1, mt26S, SOD)
[5] FRA 23 23 NG 7 9 4 2 1 7 3 3

Scheme 25 (26S, ITS1, ITS2, mt26S)
[56] DNK 22 18 3 NG NG NG NG NG

Scheme 26 (CYB, ITS1, mt26S, SOD)
[58] FRA 37 32 NG NG NG NG NG

Scheme 27 (β-TUB, CYB, DHFR, mt26S, SOD)
[59] BEL 20 20 ˆ NG NA 4 2 4 2 2

Scheme 28 (CYB, mt26S, SOD)

[60] FRA 24
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Table 1. Cont.

Schemes
(Included
Loci) and
Reference

Country Total # of
Samples

# of
Samples
Sequenced

# of
Sequence

Types

Genetic Locus

5.8S 18S 23S 26S ITS1 ITS2 ITS1/2 msg mt26S β-TUB TS arom/
EPSP mtSSU DHPS UCS Kex1 CYB SOD DHRF TRR1

Scheme 30 (DHFR, DHPS, mt26S)
[65] IND 37 37 13 3 3 2

Scheme31 (CYB, DHPS, mt26S, SOD)
[69] POL 72 N/A N/A 3 1 3 2

Loci in black did not match diversity criteria for further consideration. Loci in blue indicate loci investigated in this study, but not included in the newly proposed MLST scheme. Loci in
green indicate loci suggested from this study for the newly proposed consensus MLST scheme. NG = Information not given; NA = No amplification recorded; and 1(+) = Study only
listed the sequence types (STs) for test isolates, 5 ST were identified when the controls are included. # = 91 samples amplified for dihydropteroate synthase (DHPS) and 68 for Internal
Transcribed Spacer (ITS);Z= 100% for mitochondrial large ribosomal subunit (mt26S) and 53% for DHPS;
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Loci in black did not match diversity criteria for further consideration. Loci in blue indicate loci investigated in this study, but not included in the newly proposed MLST 
scheme. Loci in green indicate loci suggested from this study for the newly proposed consensus MLST scheme. NG = Information not given; NA = No amplification 
recorded; and 1(+) = Study only listed the sequence types (STs) for test isolates, 5 ST were identified when the controls are included. ✕ = 91 samples amplified for 
dihydropteroate synthase (DHPS) and 68 for Internal Transcribed Spacer (ITS); ❋ = 100% for mitochondrial large ribosomal subunit (mt26S) and 53% for DHPS;  ⚑ = 67 for 
mt26S and 21 for DHPS; ► = mt26S 100%, cytochrome b oxidase gene (CYB) 61%, superoxide dismutase (SOD) 74%, β-tubulin (β-TUB) 49%, dihydrofolate reductase gene (DHFR) 
91%, DHPS 96%, thioredoxin reductase gene (Trr1) and thymidylate synthase gene (TS) 36%; ⌘ = Null sequence divergence, not included in study further for genotyping; ^ = 
ITS no amplification; ◎ = 78% SOD, 96.4% mt26S and 82.1% CYB; ◉ = 17/17 mt26S and CYB, 5/17 SOD. Country codes are according to ISO 3166-1 alpha-3. = 17/17 mt26S and CYB, 5/17 SOD.

Country codes are according to ISO 3166-1 alpha-3.
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The aim of this study was to establish a consensus MLST scheme for P. jirovecii, taking into
account the previously applied loci, to be used globally for P. jirovecii strain typing. Having a global
consensus MLST scheme will allow for data exchangeability and comparisons of clinical isolates
between laboratories, and the creation of an online world-wide MLST databank for P. jirovecii isolates.

2. Investigated Loci and Typing Schemes

To select the most appropriate genetic loci all published loci and respective P. jirovecii genotyping
schemes have been evaluated. Since 1994 nineteen genetic loci, representing either single or multi-locus
genes, have been used in diverse genotyping analyses of P. jirovecii (see Table 1). Due to the limited
DNA amount extracted from Pneumocystis positive clinical samples, the loci were rated based on their
previous published amplification and sequencing success rates, as well as the diversity revealed per
locus and subsequent ability to discriminate between strains.

2.1. Nuclear rRNA Gene Cluster

Firstly, the multi-copy nuclear rRNA gene cluster was studied. It consists of five components which
have been amplified and sequenced previously, including the 18S rDNA gene, the ITS1 region, the 5.8S
rDNA gene, the ITS2 region and the 26S rDNA gene [6]. While the rDNA genes are highly conserved,
the ITS regions show substantial diversity and as such have been used heavily for identification and
genotyping of fungi [12]. The ITS1 and ITS2 regions have demonstrated the highest sequence variation
among all loci of the rDNA gene cluster, as evident when sequenced as separate loci or in combination
of the two regions (including the 5.8S gene), using nested-PCR techniques [3]. This has resulted in
over 120 unique genotypes for both ITS regions reported and submitted to GenBank [74]. The ITS1
and ITS2 regions were chosen over the other genes in the rDNA gene cluster due to their superior
discriminative power.

2.2. Mitochondrial Genes

The mitochondrial large ribosomal subunit (mt26S) gene is involved in basic metabolic functions,
with 15 copies within the genome [75]. This locus was selected as it has been considered to be a highly
informative genetic marker due to its high variability between isolates, as well as being used as the
main target world-wide for P. jirovecii detection and identification [76]. Another mitochondrial gene
also selected was the cytochrome b gene, which contains approximately six copies per genome [75].
Cytochrome b oxidase gene (CYB) has been used widely within MLST genotyping of PCP infections
and is increasingly commonly used within European hospitals and laboratories [41]. It has a reported
high amplifying and sequencing success rate, although it offers a slightly lower variability than the
mt26S locus. Although the mitochondrial small subunit (mtSSU) rDNA gene has over twice as many
copies than mt26S gene, it has considerably reported lower variation over the mt26S gene, five unique
genotypes compared to 25 [75,77]. Additionally, the locus has only appeared in six publications since
1998, when it was first sequenced for use in MLST. For all those reasons the mtSSU locus was not
further considered for the consensus scheme.

2.3. Nuclear Genes

Finally, three nuclear genes, β-tubulin (β-TUB), dihydropteroate synthase (DHPS) and superoxide
dismutase (SOD) were also selected to be included in the study. β-TUB, is a single copy gene belonging
to the tubulin coding gene family, which has been used for Pneumocystis identification and genotyping
since the 1990′s and has been published within MLST schemes over 50 times [78]. Additionally, β-TUB
has been used as a target locus for PCP diagnosis and is also part of the International Society of
Human and Animal Mycology (ISHAM) MLST database (available online http://mlst.mycologylab.org),
the only current MLST database specific to Pneumocystis, hence warranted further investigation [79].
SOD is a single copy gene encoding the production of the enzyme superoxide dismutase, which is
commonly used in European studies as an efficient and discriminatory locus for genotyping [29,41].

http://mlst.mycologylab.org
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SOD has a lower variation than β-TUB, but several studies have shown that these loci can be used to
differentiate between colonised Pneumocystis (low burden levels) cases and high burden levels, such as
in active PCP cases [80].

The final gene selected to be further investigated was DHPS, a highly studied locus due to
nonsynonymous, point mutations within codons 55 and 57. These point mutations offer insights
to trimethoprim-sulfamethoxazole (TMP-SMZ) resistance, due to the SMZ region of TMP-SMZ [81].
Drug resistances in P. jirovecii have been suggested by tracking the variations in DHPS, signifying
an association between mutations and failure of prophylaxis with sulfa drugs [82]. Due to its high
amplification success, along with the ability to give insight to resistance [70], DHPS is a key genetic
region for many MLST studies. Despite its extensive use, low levels of genetic variation have been
reported, with most studies reporting wild-type sequences being detected [83]. DHPS is also commonly
genotyped together with DHFR, the dihydrofolate reductase encoding gene, as both enzymes are part of
the folic acid pathway [46]. DHFR is inhibited by trimethoprim, nevertheless, information regarding the
occurrence of mutations in DHFR are scarce, and also conflicting [70,82]. Studies have reported varying
levels of DHFR mutations, from 2% to 60%, with no significant trends within global distributions,
limiting its validity to be used for discrimination between samples [16,24,47,84]. Although this locus is
still investigated within PCP treatment research, among the literature it shows slightly lower rates
of variation than DHPS, and so would not add any further information when used alongside DHPS
within a newly proposed MLST scheme.

The major surface glycoprotein (msg) gene, upstream conserved sequences (USC) genetic regions of
the kexin-like serine protease gene (Kex1), thymidylate synthase gene (TS), thioredoxin reductase gene (Trr1),
as well as the 5-enolpyruvylshikimate-3 phosphate synthase activity (EPSP) region within the arom gene
were not selected for further analysis within this study. These genetic regions displayed an inability to
be adequately sequenced, as seen with the msg and USC genes [46,85]. The Trr1, TS, Kex1 and arom
gene loci showed a minimal sequence divergence due to being highly conserved housekeeping genes,
and, as such, they are not suitable for MLST, as their discriminatory power is too low [13,41].

As a result of this theoretical analysis the following seven genetic loci have been selected for
further practical exploration in this study: β-tubulin gene, cytochrome b oxidase gene, dihydropteroate
synthase gene, internal transcribed spacer 1 (ITS1), internal transcribed spacer 2 (ITS2), mitochondrial
large ribosomal subunit rRNA gene (mt26S, also known as LSU-mt26S) and superoxide dismutase gene.

3. Amplification Rate and Variation of Target Loci

Two cohorts of positive Pneumocystis DNA samples were independently subjected to amplification
of the selected loci. The first cohort contained 44 bronchoalveolar lavage (BAL) samples which
were PCP positive and were obtained from patients within Chilean hospitals between 2004 and 2014.
The second cohort was composed of 23 oropharyngeal washes (OW) and 63 BAL samples from a single
centre in Spain, between 2014 and 2018, with 35 positive PCP cases and 51 colonisations.

P. jirovecii PCP was diagnosed either by Grocott-Gomori’s methenamine silver stain or direct
immunofluorescence (Meridian Bioscience, Inc.) [86]. Samples were processed inside a biosafety
cabinet using sterile precautions to avoid contamination. They were homogenised with a sterile pipette
and a 200 µL aliquot was used for DNA extraction with the QIAamp® DNA Blood Mini kit (Qiagen).
P. jirovecii was confirmed via PCR of the mitochondrial large subunit rRNA using the primers pAZ102-E
and pAZ102-H [87]. Negative controls were included to monitor for cross-contamination during DNA
extraction and purification. An internal control using the human β-globin gene [79] was used in each
sample to detect false negatives. Each sample was run undiluted and as a 1/5 dilution.

The samples were subjected to amplification to assess the effectiveness of the loci in a practical
setting, within a range of Pneumocystis samples. To yield higher success rates the PCR primers and the
associated amplification protocols were optimised from previously published conditions. Genes were
amplified in volumes of 25 µL per PCR reaction, using 10X buffer (100 mM Tris-HCL, pH 8.3, 500 mM
KCl, 15 mM MgCl2 and 0.01% w/v gelatine), 50 nM MgCl2, 2 mM dNTPs, 10 ng/µL of each primer,
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5 U/µL BIOTAQ DNA (Bioline) polymerase and 10 µL of genomic DNA. The optimised primers and
amplification conditions suggested to be used for the new consensus MLST scheme are shown in
Table 2. The amplification conditions which have been used to amplify the loci not included in the new
consensus MLST scheme are shown in the Supplementary Table S1.

Table 2. Primer information for the loci of the novel MLST scheme.

Locus Primer Name Ref. Nucleotide Sequence Product Size
(Base Pairs)

PCR
Conditions

β-TUB
PneumoβTub_F

-
5′-TCATTAGGTGGTGGAACGGG-3′

303
95 ◦C 3 min;

45 cycles:
94 ◦C 30 s,
60 ◦C 45 s,
72 ◦C 45 s;

72 ◦C 7 min

PneumoβTub_R 5′-ATCACCATATCCTGGATCCG-3′

SOD
MnSODFw

5
5′-GGGTTTAATTAGTCTTTTTAGGCAC-3′

602
MnSODRw 5′-CATGTTCCCACGCATCCTAT-3′

CYB
CytbFw

5
5′-CCCAGAATTCTCGTTTGGTCTATT-3′

579
95 ◦C 3 min;

45 cycles:
94 ◦C 30 s,
55 ◦C 45 s,
72 ◦C 45 s;

72 ◦C 7 min

CytbRw 5′-AAGAGGTCTAAAAGCAGAACCTCAA-3′

mt26S
PneumoLSU_F

-
5′-TCAGGTCGAACTGGTGTACG-3′

297
PneumoLSU_R 5′-TGTTCCAAGCCCACTTCTT-3′

Bidirectional sequencing was performed at Macrogen Inc., Seoul, South Korea. The obtained
sequences where then assembled and edited using the software package Sequencher ver. 5.4.6
(Gene Codes Corporation). The cleaned-up sequences for each locus were aligned with the program
CLUSTALW [88] part of the software MEGA version 10.1 [89] and compared to reference sequences
listed in Table 2 and Supplementary Table S1. Allele types were named with respect to previously the
published nomenclature [5,41].

The obtained amplification and sequencing success rates varied widely, with the nested PCR of
the ITS1/2 locus being the lowest, with 2% for the Chilean isolates and only 38% of the Spanish isolates.
DHPS and mt26S loci had the highest, which amplified 83% for the Spanish and 100% for the Chilean
isolates and 95% of the Spanish and 100% of the Chilean isolates, respectively. Simple PCR of the ITS1
region with the newly designed primers amplified 47% of the Chilean isolates, although the Spanish
were not amplified with this primer. This was then followed by the β-TUB locus, which amplified 80%
of the Spanish and 78% of the Chilean isolates, the SOD locus, which amplified 71% of the Spanish
and 91% of the Chilean isolates, and the CYB locus, which amplified 94% and 93% of both Spanish
and Chilean isolates, respectively. Average amplification rates of the two cohorts are seen in Figure 1.
The Fisher exact test statistic value indicated no significant differences between the individual cohort
amplification rates for β-TUB, CYB and mt26S, and a significant result at p < 0.05 using the Fisher’s
exact test [90] for the DHPS, SOD and ITS1/2 loci (for all raw data see Supplementary Table S2).

The genetic loci were then assessed for their ability to discriminate between different strains, as a
high variability within individual loci will directly increase the discriminatory value of the consensus
scheme. Based on the PCR performance the ITS1/2 and ITS1 loci were not further analysed due to their
poor amplification rates. The mitochondrial genes, mt26S and CYB, were found to have the highest
variation, followed by β-TUB and SOD, as judged from the number of unique allele types obtained.
The DHPS locus showed the least amount of variation, with the vast majority of alleles corresponding to
the wild type and only two variants having been found across the entire collection of samples (Figure 2).
A new database of all allele and sequence types has been established at http://mlst.mycologylab.org for
the newly proposed consensus P. jirovecii MLST scheme.

http://mlst.mycologylab.org
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Based on the above results, showing a superior amplification rate and sequence quality, and high
discriminatory power, the following four loci: β-TUB, CYB, mt26S and SOD were chosen for inclusion
in the proposed new consensus P. jirovecii MLST scheme.

4. Case Study: Assessing the Ability to Discriminate between Clinical Isolates

To access the efficiency to identify related and to differentiate between unrelated P. jirovecii
isolates these four loci were then used to genotype six positive Pneumocystis samples representing
a potential cluster (two epidemiologically linked isolates) and four independent cases. Allelic
profiles were assigned to each sample using the newly developed MLST database available online at
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http://mlst.mycologylab.org (Table 3) confirming the suspected to be related isolates and successfully
separated all four suspected unrelated isolates (Figure 3). The two suspected related isolates showed
identical MLST profiles corresponding both to the ST21. The four suspected unrelated isolates had all
unique MLST profiles, ST2, ST7, ST42 and ST44, and where also different from the two related isolates
(Table 1 and Figure 3). Cross contamination between samples was ruled out as samples were analysed
on different days and results were checked by resequencing a second aliquot.

Table 3. Allele types and sequence types of two related and four unrelated P. jirovecii isolates. Colours
indicate the different allele types per genetic locus.

Strain
Number

Country of
Origin

Date of
Sample β-TUB CYB mt26S SOD Sequence

Type

HVH21 Spain Jan 2015 2 1 3 1 ST21

HVH22 Spain Jan 2015 2 1 3 1 ST21

Case 63 Australia Dec 2016 1 3 1 4 ST42

Case 71 New Zealand May 2017 4 2 2 4 ST44

1794 Chile Feb 2011 2 5 4 1 ST7

2165 Chile Oct 2014 2 2 4 5 ST2J. Fungi 2020, 6, x FOR PEER REVIEW 9 of 17 
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Figure 3. Phylogenetic tree of six P. jirovecii isolates (patients from Table 3) used in the case study to
show the discriminatory power of the new consensus P. jirovecii MLST scheme, obtained by maximum
likelihood analysis with the general time reversible (GTR) model with RaxML (version 7.2.8) using
RaxmlGUI 1.1 [91], part of the software package MEGA ver. 7.0 [92].

5. Discussion

Genotyping of P. jirovecii is vital for the advancement of understanding of the biology, pathogenesis,
epidemiology, prophylaxis and treatment regimen of this human pathogen, but more specifically it is
vital to help manage, contain and prevent nosocomial clusters. With a rise of nosocomial outbreaks
since the early 2000s, hospitals have recorded catastrophic consequences of PCP outbreaks, with up
to 83% of reported outbreaks being described within organ transplant wards, as well as in patients
with haematological malignancies and connective tissue diseases [93]. Large graft failure and over

http://mlst.mycologylab.org


J. Fungi 2020, 6, 259 12 of 20

50% casualties in wards has been reported from single outbreaks, demonstrating the severity of this
underestimated disease [94].

An effective way to investigate epidemiological links is through the creation of transmission maps
by combining molecular typing along with studying patient encounters and interactions within the
hospital [5]. However, the fact that there are currently 19 genetic regions being used in 31 different
typing schemes for P. jirovecii limits effective epidemiological studies. The lack of a consensus scheme
directly inhibits the ability to compare results, polymorphic strains, and epidemiological data between
research centres, and hinders the possibility of establishing global databases and conducting large-scale
population studies.

To overcome these limitations, a comprehensive study of all genes and schemes was herein
undertaken to assess which loci and which combination of loci would allow for the development of
the most practical, efficient and discriminatory scheme. Previous studies looked at the performance of
various schemes to suggest a possible consensus scheme, but none have since been formally brought
forward as a suggested universal scheme [3]. Maitte et al. 2013 [5], in their review suggested that an
eight loci scheme provided the most powerful genotyping results, but this is only possible theoretically
due to the limited amount of DNA available from P. jirovecii in clinical samples. There are no reliable
methods to culture the P. jirovecii in vitro, therefore the DNA amount which comes directly from clinical
samples is limited [7]. The volume is then further limited depending on the fungal load as well as the
source of the specimen [95]. HIV positive patients have high fungal loads, whilst colonised carriers and
HIV-negative PCP patients carry lower levels [96]. Bronchoalveolar lavage specimens are the preferred
sample, yielding the highest sensitivity due to a greater fungal concentration and also yielding an
acceptable negative predictive value [97]. The same studies have shown that the less invasive method,
induced sputum (IS), showed comparable levels of fungal burden as BAL, followed by oropharyngeal
washes, and then to a lesser extent nasopharyngeal aspirates, and nasal swabs [93,95]. It is therefore
vital to have a typing system, consisting of as few genetic loci as possible, but being able to detect
and amplify specimens with low levels of fungal burden, as this is often the first limiting step when
undergoing Pneumocystis genotyping analysis.

On the other side, having too few loci also poses a problem, since lowering the number of loci in a
scheme then decreases the discriminatory power and the ability to distinguish between closely related
strains. Studies have shown that often schemes with less than three loci do not have enough variation
to accurately genotype, as such the Hunter (H)-index has been used in multiple studies to demonstrate
the discriminatory power of a scheme [5]. The H-index should not be the only determining factor of an
effective scheme as it is highly variable depending on the number of isolates being tested, but it has
been a useful tool to help predict the estimated discriminatory power of a scheme [98]. A H-index
of 0.95 or higher is considered a suitable cut-off benchmark for MLST schemes, and the review by
Maitte et al. 2013 [5] showed that there were no genetic regions which could work individually or
paired with another, that would meet this cut-off [19]. As seen in Table 1, there are multiple schemes
used in genotyping which are comprised of only two loci, casting a shadow of doubt on their results
and generated epidemiological data of these studies, further reinforcing the need for standardisation
amongst the Pneumocystis scientific community.

As a result, eight genetic regions were explored in this study as potential loci which could be
included in a global consensus scheme, by analysing their amplification ability and demonstrating their
discriminatory power. The whole ITS region is widely reported to have the most variability within
P. jirovecii and is highly useful when identifying and genotyping other invasive fungi [74]. Unfortunately,
it also has been reported to have a high amplification failure when applied to P. jirovecii [59], which was
also evident in the current study, as ITS1 alone and ITS1/2 regions showed to have the lowest
amplification capability, unable to amplify and successfully sequence more than 50% of the studied
isolates for either primer set. Studies have reported that using nested-PCR instead of conventional,
single-round PCR can help to overcome the lack of amplification for the ITS region [3,99]. This was not
the case in the herein reported study, as the nested-PCR protocol for the ITS1/2 regions performed
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considerably worse than single round PCR for the ITS1 region within the Chilean cohort. Due to the
lack in amplification success, both in this study and others, no loci from the nuclear rRNA gene cluster
were further considered for involvement in a new consensus MLST scheme.

Conversely to the ITS region, DHPS amplification was highly successful achieving a global 91.5%
amplification success, with minor variations that can be attributed to differences associated to the
spectrum of clinical settings covered, ranging from colonisations to infections. DHPS is heavily used
among P. jirovecii genotyping and has been consistently used since the late 1990s in diverse schemes.
Despite this, within the reported literature, DHPS does not reveal much variation, as such most often
wild-types are reported, carrying no informative data to discriminate between strains, showing a
H-index of 0 in previous studies [5,100,101]. DHPS has demonstrated effectiveness when exploring
TMP-SMZ resistance, by showing mutations at the 55 and 57 codons [102]. Population studies using
the DHPS locus have effectively been able to track additional sulfa pressure in geographical regions
with or without widespread use, and as such accurately predict or identify sulfamethoxazole resistance
within these regions [103,104]. In this study, only two allele types have been identified, with most
of the isolates showing the wildtype, showing regional differences in the distribution of wildtype
and allelic variants, subject to further studies. The mutations can be used to give an insight in the
widespread use of TMP-SMZ, and for a further comparison between other geographical locations
heavily using SMZ but not showing resistance within the community. From a genotyping perspective,
the DHPS locus, however, does not offer enough variation to be considered as a useful locus within a
consensus scheme, and was therefore no longer considered within this study. Despite its drawback
to sufficiently discriminate between isolates, researchers should maintain DHPS typing for assessing
prophylaxis and treatment resistance within populations, and DHPS can further be explored for its use
as an identifying genetic target in PCP diagnosis due to its successful amplification properties.

Two schemes which use the loci explored in this study and are predominant in the literature
are: The official scheme promoted by ISHAM [3], consisting of β-TUB, DHPS, ITS1 or ITS1/2 and
mt26S; and a French scheme first proposed by Maitte et al. 2013 [5], consisting of CYB, mt26S and
SOD. The ISHAM scheme is highly discriminatory, when applied to both herein studied cohorts it
resulted in an H index of >0.98. for both cohorts. The H index was calculated as per Hunder et al.
1988 [98]. Due to different ITS regions explored, ITS1 in the Chilean cohort was able to identify 23
unique sequence types using this scheme, and ITS1/2 in the Spanish cohort attained 14 sequence types.
The Maitte et al. 2013 [5] scheme has been reported to have a H-index above 0.95, but this index fell
below the threshold when larger sample sizes were considered. H indexes ≤ 0.945 were attained when
herein applied to the Chilean and Spanish cohorts, with 33 unique ST detected.

Since the DHPS and ITS are not appropriate loci to be used in MLST schemes, the ISHAM
scheme could not be promoted for universal application, and neither could the Maitte et al. 2013 [5]
scheme, due to inconsistencies with sub-optimal levels of discrimination. β-TUB, CYB, mt26S and
SOD genetic regions were all individually effective in amplification, but unable to individually
discriminate effectively enough, therefore a new consensus MLST scheme comprising of these four loci
is herein proposed.

When applied to both cohorts, the new MLST scheme was able to discover a total of 38 unique
sequence types, with a combined H-index of 0.975, which is well above the discriminatory cut-off

margin for any useful MLST typing scheme.
As this new MLST scheme had not been previously used, the next step was to explore the

effectiveness of the scheme to successfully individual P. jirovecii isolates. The new MLST scheme was
applied to two suspected epidemiologically linked isolates and four isolates for which clinical metadata
suggested no relationship, to determine whether it would be discriminatory enough to distinguish
the isolates appropriately. The MLST analysis revealed a distinct cluster, showing the genotype ST1,
consisting of two patients, named HVH21 and HVH22. The identical sequences of patient HVH21 and
HVH22 confirmed the suspected fact of relatedness, which is based on the metadata of the patients,
which suggested a possible nosocomial cross-transmission. The cluster involved an HIV positive
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colonised patient and a colonised lung transplant recipient, both with a positive BAL, obtained three
days apart. Transmission could have taken place at the radiology department, which both had attended
on the same day. The other four epidemiologically unlinked isolates were successfully separated
from the cluster and revealed each a unique sequence type, ST7, ST13, SR18 and ST21, which was
expected as they were obtained from patients from different geographic regions, including Australia,
New Zealand and Chile. With the Chilean isolates originating from patients from different Chilean
health centres (public and private) three years apart. As such, the newly established consensus MLST
scheme has demonstrated its ability to discriminate appropriately between P. jirovecii isolates, making
it a powerful tool to identify identical strains in settings with many associated cases, such as in an
outbreak situation. However, the obtained typing data should always be complemented with a clinical
history as good as possible to trace back the origin.

The herein obtained results demonstrated that the new MLST scheme consisting of β-TUB, CYB,
mt26S and SOD (Table 2) has a much higher amplification rate and an efficient discriminatory power
to be applied for genotyping of P. jirovecii isolates from clinical samples with high and low fungal
burdens, including disease causing and colonising isolates.

Promoting this novel MLST scheme as a global consensus scheme will for the first time standardise
MLST for the human pathogen P. jirovecii and set up the basis of a substantial improvement in
understanding the relationship between clinical P. jirovecii isolates. This will allow real-time genotyping
of current infected patients and suspected colonised carriers to be now undertaken to improve the
understanding of transmissions and the effect colonised carriers have on nosocomial spreads. Further,
this will influence public health approaches for preventing nosocomial infections, in especially high-risk
patients, such as those recovering from organ transplantation in close approximate in hospital wards.

Since there is no current database, outside of the ISHAM MLST database [3], available online
at http://mlst.mycologylab.org/, it is difficult to find all currently published allele types and the lack
of standardisation across global centres often cause confusion, even when attempting to compare
allele types of a certain locus. The new global database, also placed at http://mlst.mycologylab.org,
established herein will improve the nomenclature of allele types and sequence types and makes it easier
for researchers and clinician to have one source of information for all genotyping data. The herein
standardised MLST scheme will enable the establishment of such a global database, which can be used
by all clinical diagnostic and research centres to deposit metadata and sequences, allowing to compare
global specimens, something which was not previously possible.

6. Conclusions

In conclusion, this study demonstrates the importance of a consensus MLST scheme for P. jirovecii
genotyping and the formation of a global database in expanding the understanding of this important
human pathogenic fungus. Based on the previous schemes and the evidence in this study, a novel
MLST for the genotyping of P. jirovecii, consisting of four genetic regions: β-TUB, CYB, mt26S
and SOD is proposed. This combination of loci maximises the likelihood for amplification and
adequate discrimination of isolates over previously used schemes and will aid hospitals in drawing
conclusions about interhuman transmission between patients, and hopefully minimise or early detect
nosocomial outbreaks.
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Lobo, M.L.; Matos, O.; Hendrich, A.B. Prevalence and genotyping of Pneumocystis jirovecii in renal transplant
recipients—Preliminary report. Parasitol. Res. 2019, 118, 181–189. [CrossRef]

70. Muñoz, C.; Zuluaga, A.; Restrepo, A.; Tobón, A.; Cano, L.E.; Gonzalez, A. Molecular diagnosis and detection
of Pneumocystis jirovecii DHPS and DHFR genotypes in respiratory specimens from Colombian patients.
Diagn. Microbiol. Infect. Dis. 2012, 72, 204–213. [CrossRef]

71. Taylor, S.M.; Meshnick, S.R.; Worodria, W.; Andama, A.; Cattamanchi, A.; Davis, J.L.; Yoo, S.D.; Byanyima, P.;
Kaswabuli, S.; Goodman, C.D. Low prevalence of Pneumocystis pneumonia (PCP) but high prevalence of
Pneumocystis dihydropteroate synthase (dhps) gene mutations in HIV-infected persons in Uganda. PLoS ONE
2012, 7, e49991. [CrossRef]

72. Liu, Y.; Fahle, G.A.; Kovacs, J.A. Inability to culture Pneumocystis jirovecii. MBio 2018, 9, e00939-18.
[CrossRef] [PubMed]

73. Roux, P.; Lavrard, I.; Poirot, J.L.; Chouaid, C.; Denis, M.; Olivier, J.L.; Nigou, M.; Miltgen, M. Usefulness of
PCR for detection of Pneumocystis carinii DNA. J. Clin. Microbiol. 1994, 32, 2324–2326. [CrossRef] [PubMed]

74. Xue, T.; Ma, Z.; Liu, F.; Du, W.-Q.; He, L.; Ma, L.; An, C.-L. Genotyping of Pneumocystis jirovecii by use of a
new simplified nomenclature system based on the internal transcribed spacer regions and 5.8S rRNA gene
of the rRNA operon. J. Clin. Microbiol. 2019, 57, 1–11. [CrossRef]

75. Valero, C.; Buitrago, M.J.; Gits-Muselli, M.; Benazra, M.; Sturny-Leclère, A.; Hamane, S.; Guigue, N.;
Bretagne, S.; Alanio, A. Copy number variation of mitochondrial DNA genes in Pneumocystis jirovecii
according to the fungal load in BAL specimens. Front. Microbiol. 2016, 7, 1413. [CrossRef] [PubMed]

76. Alanio, A.; Gits-Muselli, M.; Mercier-Delarue, S.; Dromer, F.; Bretagne, S. Diversity of Pneumocystis jirovecii
during infection revealed by ultra-deep pyrosequencing. Front. Microbiol. 2016, 7, 733. [CrossRef]

77. Ma, L.; Cissé, O.H.; Kovacs, J.A. A molecular window into the biology and epidemiology of Pneumocystis spp.
Clin. Microbiol. Rev. 2018, 31, 1–49. [CrossRef]

78. Nahimana, A.; Francioli, P.; Blanc, D.S.; Bille, J.; Wakefield, A.E.; Hauser, P.M. Determination of the copy
number of the nuclear rDNA and Beta-tubulin genes of Pneumocystis carinii f. sp. hominis using PCR
multicompetitors. J. Eukaryot. Microbiol. 2000, 47, 368–372. [CrossRef]

79. Brancart, F.; Rodriguez-Villalobos, H.; Fonteyne, P.-A.; Peres-Bota, D.; Liesnard, C. Quantitative TaqMan
PCR for detection of Pneumocystis jiroveci. J. Microbiol. Methods 2005, 61, 381–387. [CrossRef]

80. Morilla, R.; González-Magaña, A.; Friaza, V.; de Armas, Y.; Medrano, F.J.; Calderón, E.; de la Horra, C.
Genetic polymorphisms of Superoxide Dismutase locus of Pneumocystis jirovecii in Spanish population.
Front. Public Health 2019, 7, 292. [CrossRef]

81. Huang, L.; Crothers, K.; Atzori, C.; Benfield, T.; Miller, R.; Rabodonirina, M.; Helweg-Larsen, J.
Dihydropteroate synthase gene mutations in Pneumocystis and sulfa resistance. Emerg. Infect. Dis. 2004,
10, 1721–1728. [CrossRef]

82. Nahimana, A.; Rabodonirina, M.; Bille, J.; Francioli, P.; Hauser, P.M. Mutations of Pneumocystis jirovecii
Dihydrofolate reductase associated with failure of prophylaxis. Antimicrob. Agents Chemother. 2004, 48, 4301–4305.
[CrossRef] [PubMed]

83. Matos, O.; Esteves, F. Pneumocystis jirovecii multilocus gene sequencing: Findings and implications.
Future Microbiol. 2010, 5, 1257–1267. [CrossRef]

84. Costa, M.C.; Esteves, F.; Antunes, F.; Matos, O. Genetic characterization of the Dihydrofolate reductase gene
of Pneumocystis jirovecii isolates from Portugal. J. Antimicrob. Chemother. 2006, 58, 1246–1249. [CrossRef]
[PubMed]

85. Sunkin, S.M.; Stringer, J.R. Translocation of surface antigen genes to a unique telomeric expression site in
Pneumocystis carinii. Mol. Microbiol. 1996, 19, 283–295. [CrossRef]

86. Procop, G.W.; Haddad, S.; Quinn, J.; Wilson, M.L.; Henshaw, N.G.; Reller, L.B.; Artymyshyn, R.L.;
Katanik, M.T.; Weinstein, M.P. Detection of Pneumocystis jiroveci in respiratory specimens by four staining
methods. J. Clin. Microbiol. 2004, 42, 3333–3335. [CrossRef] [PubMed]

87. Wakefield, A.E.; Pixley, F.J.; Banerji, S.; Sinclair, K.; Miller, R.F.; Moxon, E.R.; Hopkin, J.M. Amplification
of mitochondrial ribosomal RNA sequences from Pneumocystis carinii DNA of rat and human origin.
Mol. Biochem. 1990, 43, 69–76. [CrossRef]

http://dx.doi.org/10.1007/s00436-018-6131-0
http://dx.doi.org/10.1016/j.diagmicrobio.2011.11.015
http://dx.doi.org/10.1371/journal.pone.0049991
http://dx.doi.org/10.1128/mBio.00939-18
http://www.ncbi.nlm.nih.gov/pubmed/29895638
http://dx.doi.org/10.1128/JCM.32.9.2324-2326.1994
http://www.ncbi.nlm.nih.gov/pubmed/7814571
http://dx.doi.org/10.1128/JCM.02012-18
http://dx.doi.org/10.3389/fmicb.2016.01413
http://www.ncbi.nlm.nih.gov/pubmed/27672381
http://dx.doi.org/10.3389/fmicb.2016.00733
http://dx.doi.org/10.1128/CMR.00009-18
http://dx.doi.org/10.1111/j.1550-7408.2000.tb00062.x
http://dx.doi.org/10.1016/j.mimet.2005.01.001
http://dx.doi.org/10.3389/fpubh.2019.00292
http://dx.doi.org/10.3201/eid1010.030994
http://dx.doi.org/10.1128/AAC.48.11.4301-4305.2004
http://www.ncbi.nlm.nih.gov/pubmed/15504856
http://dx.doi.org/10.2217/fmb.10.75
http://dx.doi.org/10.1093/jac/dkl411
http://www.ncbi.nlm.nih.gov/pubmed/17038348
http://dx.doi.org/10.1046/j.1365-2958.1996.375905.x
http://dx.doi.org/10.1128/JCM.42.7.3333-3335.2004
http://www.ncbi.nlm.nih.gov/pubmed/15243109
http://dx.doi.org/10.1016/0166-6851(90)90131-5


J. Fungi 2020, 6, 259 20 of 20

88. Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 1994, 22, 4673–4680. [CrossRef]

89. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

90. Fisher, M.E.; Scesney, P.E. Visibility of Critical-Exponent Renormalization. Phys. Rev. A 1970, 3, 825.
[CrossRef]

91. Silvestro, D.; Michalak, I. raxmlGUI: A graphical front-end for RAxML. Org. Divers. Evol. 2012, 12, 335–337.
[CrossRef]

92. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis version 7.0.
Mol. Biol. Evol. 2015, 33, 1870–1874. [CrossRef]

93. De Boer, M.G.J.; de Fijter, J.W.; Kroon, F.P. Outbreaks and clustering of Pneumocystis pneumonia in kidney
transplant recipients: A systematic review. Med. Mycol. 2011, 49, 673–680. [PubMed]

94. Kim, J.E.; Han, A.; Lee, H.; Ha, J.; Kim, Y.S.; Han, S.S. Impact of Pneumocystis jirovecii pneumonia on kidney
transplant outcome. BMC Nephrol. 2019, 20, 212. [CrossRef] [PubMed]

95. Alanio, A.; Hauser, P.M.; Lagrou, K.; Melchers, W.J.G.; Helweg-Larsen, J.; Matos, O.; Cesaro, S.;
Maschmeyer, G.; Einsele, H.; Donnelly, J.P. ECIL guidelines for the diagnosis of Pneumocystis jirovecii
pneumonia in patients with haematological malignancies and stem cell transplant recipients.
J. Antimicrob. Chemother. 2016, 71, 2386–2396. [CrossRef] [PubMed]

96. Alanio, A.; Desoubeaux, G.; Sarfati, C.; Hamane, S.; Bergeron, A.; Azoulay, E.; Molina, J.M.; Derouin, F.;
Menotti, J. Real-time PCR assay-based strategy for differentiation between active Pneumocystis jirovecii
pneumonia and colonization in immunocompromised patients. Clin. Microbiol. Infect. 2011, 17, 1531–1537.
[CrossRef]

97. Lu, Y.; Ling, G.; Qiang, C.; Ming, Q.; Wu, C.; Wang, K.; Ying, Z. PCR diagnosis of Pneumocystis pneumonia:
A bivariate meta-analysis. J. Clin. Microbiol. 2011, 49, 4361–4363. [CrossRef]

98. Hunter, P.R.; Gaston, M.A. Numerical index of the discriminatory ability of typing systems: An application
of Simpson’s index of diversity. J. Clin. Microbiol. 1988, 26, 2465–2466. [CrossRef]

99. Le Gal, S.; Damiani, C.; Rouillé, A.; Grall, A.; Tréguer, L.; Virmaux, M.; Moalic, E.; Quinio, D.; Moal, M.-C.;
Berthou, C. A cluster of Pneumocystis infections among renal transplant recipients: Molecular evidence of
colonized patients as potential infectious sources of Pneumocystis jirovecii. Clin. Infect. Dis. 2012, 54, e62–e71.
[CrossRef]

100. Helweg-Larsen, J.; Benfield, T.L.; Eugen-Olsen, J.; Lundgren, J.D.; Lundgren, B. Effects of mutations in
Pneumocystis carinii Dihydropteroate synthase gene on outcome of AIDS-associated P. carinii pneumonia. Lancet
1999, 354, 1347–1351. [CrossRef]

101. Suárez, I.; Roderus, L.; van Gumpel, E.; Jung, N.; Lehmann, C.; Fätkenheuer, G.; Hartmann, P.; Plum, G.;
Rybniker, J. Low prevalence of DHFR and DHPS mutations in Pneumocystis jirovecii strains obtained from a
German cohort. Infection 2017, 45, 341–347. [CrossRef]

102. Iliades, P.; Meshnick, S.R.; Macreadie, I.G. Mutations in the Pneumocystis jirovecii DHPS gene confer
cross-resistance to sulfa drugs. Antimicrob. Agents Chemother. 2005, 49, 741–748. [CrossRef]

103. Ponce, C.A.; Chabé, M.; George, C.; Cárdenas, A.; Durán, L.; Guerrero, J.; Bustamante, R.; Matos, O.;
Huang, L.; Miller, R.F. High prevalence of Pneumocystis jirovecii Dihydropteroate synthase gene mutations
in patients with a first episode of Pneumocystis pneumonia in Santiago, Chile, and clinical response to
trimethoprim-sulfamethoxazole therapy. Antimicrob. Agents Chemother. 2017, 61, e01290-16. [CrossRef]

104. Rabodonirina, M.; Nahimana, A.; Weber, R.; Francioli, P.; Bille, J.; Hauser, P.M. Geographical variation
in the prevalence of Pneumocystis jirovecii Dihydropteroate synthase mutations within Western Europe.
J. Eukaryot. Microbiol. 2006, 53, S112–S113. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/nar/22.22.4673
http://dx.doi.org/10.1093/molbev/msy096
http://dx.doi.org/10.1103/PhysRevA.2.825
http://dx.doi.org/10.1007/s13127-011-0056-0
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/21453224
http://dx.doi.org/10.1186/s12882-019-1407-x
http://www.ncbi.nlm.nih.gov/pubmed/31182046
http://dx.doi.org/10.1093/jac/dkw156
http://www.ncbi.nlm.nih.gov/pubmed/27550991
http://dx.doi.org/10.1111/j.1469-0691.2010.03400.x
http://dx.doi.org/10.1128/JCM.06066-11
http://dx.doi.org/10.1128/JCM.26.11.2465-2466.1988
http://dx.doi.org/10.1093/cid/cir996
http://dx.doi.org/10.1016/S0140-6736(99)03320-6
http://dx.doi.org/10.1007/s15010-017-1005-4
http://dx.doi.org/10.1128/AAC.49.2.741-748.2005
http://dx.doi.org/10.1128/AAC.01290-16
http://dx.doi.org/10.1111/j.1550-7408.2006.00194.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Investigated Loci and Typing Schemes 
	Nuclear rRNA Gene Cluster 
	Mitochondrial Genes 
	Nuclear Genes 

	Amplification Rate and Variation of Target Loci 
	Case Study: Assessing the Ability to Discriminate between Clinical Isolates 
	Discussion 
	Conclusions 
	References

