Chapter 8

Pneumocystis Molecular Phylogeny:

A Way to Understand Both Pneumocystosis
Natural History and Host Taxonomy

Magali Chabé, Jean-Pierre Hugot, and Eduardo Dei-Cas

Abstract The genus Pneumocystis comprises numerous fungal pathogens dwelling
in the lungs of a wide spectrum of mammalian species. Here, we show how new
molecular methodologies, and in particular phylogenetics, have changed our views
on the diversity and epidemiology of these fungal pathogens. Pneumocystis organ-
isms have a marked host-species-related diversity, which is associated to close host
specificity. High divergence among Pneumocystis species probably resulted from a
prolonged process of coevolution with each mammal host and mostly associated
with cospeciation like it was demonstrated in recent phylogenetic studies on primate-
derived Pneumocystis. Therefore, Pneumocystis species or strains may be used as
evolution markers, to reconstruct the phylogenetic history of mammal species, thus
helping to elucidate controversial issues in mammalian taxonomy.
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8.1 Introduction: New Views on the Pneumocystis
Natural History

For the last years, important research advances changed radically our conceptions
about Pneumocystis development, infection sources, reservoir, and taxonomy. Until
recently it was considered that Pneumocystis organisms were able for multiplying
exclusively in deeply immunodepressed hosts, that infection could be contracted by
airborne route from animal or hypothetical environmental sources, where the unique
species of the genus (“Pneumocystis carinii”’), able to cause Pneumocystis pneumo-
nia (PcP) in both humans and animals, developed saprophytic growth.

Recent researches have changed drastically this view. Sensitive molecular
methods allowed the detection of Pneumocystis organisms in respiratory samples
from healthy or hospitalized subjects without severe immunodepression (Calderon
et al. 1996, 2004; Dei-Cas 2000; Peterson and Cushion 2005). Moreover, it was
shown that Pneumocystis organisms were able to multiply transiently in the lungs of
immunocompetent hosts, these hosts being able to both transmit the infection to
susceptible hosts by airborne route and play the role of Pneumocystis reservoir
(Chabé et al. 2004).

Furthermore, molecular genetic studies revealed a marked host-species related
Pneumocystis genetic heterogeneity. Consistently, close host species specificity was
demonstrated by cross infection experiments (Aliouat et al. 1993b, 1994; Gigliotti
et al. 1993; Durand-Joly et al. 2002). On the basis of genomic and phenotypic diver-
gence multiple Pneumocystis species were then recognized (Frenkel 1999; Dei-Cas
2000; Stringer et al. 2001; Cushion et al. 2004; Keely et al. 2004). Pneumocystis
Jjirovecii Frenkel was the sole species identified in humans, showing also close host
specificity (Durand-Joly et al. 2002). Gene sequence analysis and isoenzymatic data
suggested that speciation in the group resulted from long genetic isolation and
coevolution (Demanche et al. 2001; Hugot et al. 2003).

In the present chapter, we attempted to characterize, mainly from basic molecular
phylogenetic studies developed for the last 20 years, the Pneumocystis genus, life
cycle and transmission of Pneumocystis organisms, the taxonomy of the group at
the species level, the close cophylogeny with mammals hosts, and the impact of
new data on both host taxonomy and basic notions on Preumocystis infection
epidemiology.

8.2 A Short Presentation of the Pneumocystis Genus

On the basis of genomic and other data (see Aliouat-Denis et al. 2008 for review),
the Pneumocystis genus was assigned to the group of fungi at the branch point
between Ascomycota and Basidiomycota (Edman et al. 1988, 1989; Wakefield et al.
1992; Eriksson 1994; Guarro et al. 1999; Wakefield 2002; Frealle et al. 2005, 2006).
Specifically, the genus was included in the taxon Taphrinomycotina (Eriksson and
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Winka 1997), formerly “Archiascomycetes” (Nishida and Sugiyama 1993), which
includes fission yeasts (Schizosaccharomyces spp), Pneumocystis and other genera
(Liu et al. 2009). Indeed, Taphrinomycotina would diverge as a sister group to
Saccharomycotina plus Pezizomycotina, as suggested by the recent work of Liu
et al. (2009).

8.2.1 Host Range of Pneumocystis Genus

Pneumocystis (Delanoé and Delanog 1912) constitutes a highly diversified eukary-
otic genus spanning numerous parasitic species that are host species specific and
well adapted to live inside the lungs of a great diversity of terrestrial, aerial and,
likely, aquatic mammals (Settnes and Henriksen 1989; Laakkonen et al. 1993, 2001;
Peters et al. 1994b; Lobetti et al. 1996; Bishop et al. 1997; Laakkonen and Sukura
1997; Mazars et al. 1997a; Wakefield et al. 1997; Laakkonen 1998; Perron-Lepage
et al. 1999; Guillot et al. 1999, 2001; Durand-Joly et al. 2000; Demanche et al.
2001, 2003; English et al. 2001; Hugot et al. 2003; Dei-Cas et al. 2006; Sanches
et al. 2007; Chabé et al. 2010).

Hitherto, microscopic or molecular methods allowed the detecting of Pneumocystis
in all explored mammals with the exception of Monotremes (Table 8.1). Two stud-
ies searched for Pneumocystis in birds with apparent contradictory results. Thus, a
survey of animals in Japan reported the presence of Pneumocystis in chicken (5%),
quails (17%) and feral pigeons (29%) by using microscopy and a cyst concentration
method (Shimizu et al. 1985). In contrast, Poelma (1975) was unable to detect
Pneumocystis organisms in Zoo birds using light microscopy. Likewise, Settnes
et al. (1994) did not detect these fungi in European birds by using either micro-
scopic lung smear examination or PCR on serum samples, although they were able
to detect Pneumocystis serum antibody in some specimens.

8.2.2 Morphology of Pneumocystis

Pneumocystis organisms are extracellular microbes able to attach intimately to
alveolar epithelial cells (Dei-Cas et al. 2004), and occasionally, to induce severe
pneumonitis, particularly in hosts with marked impairment of the immune system
(Dei-Cas 2000). In such hosts, Pneumocystis cells proliferate progressively and
may fill pulmonary alveolar cavities, a process leading to respiratory failure.
Ultrastructural studies have shown that Pneumocystis organisms, especially the
mononucleate trophic forms (formerly called ‘trophozoites’) (Fig. 8.1), attach spe-
cifically to type-1 epithelial alveolar cells. Trophic forms (2—-8 pum in diameter) have
a thin cell wall and emit cytoplasmic expansions or filopodia that vary in thickness
depending on the species (Dei-Cas et al. 1994, 2004; Mazars and Dei-Cas 1998;
Nielsen et al. 1998). Filopodia may penetrate deeply into the cytoplasm of the host



M. Chabé et al.

152

7oP2 ‘AOSUN
‘wore ‘DS
“4dHA ‘SdHd
‘0OLdSH ‘SL
MITAJI I0] ‘SLI ‘VN¥YIonu
(80020) 810 VNYINSSIH uonosayur S[euurue PHOM (snpmosnut
STUS(-1BNOIY 39S VNYINS T plwt ‘god pIia pue AJojeioqe] puLnu MIN PUe P10 SNP) ASNOIN
(sadiosnf
(1000) DULOJOIN])
‘Te 19 usuoyyee| QUON  UONOJUI PIIA STewrtue prip - BIUIOJI[RD  JBI pAJo0J-AYsng
(8661)
uauoyyee| s[ewiiue
((0861) P[im pue
[BPOTT pUB SAUIRS QUON aN Kyandeo ur parg — ueder Syrewuo  (snupd snyvy) yey
0LdSH ‘DOSIN
dL 9sedlVv ‘SL
MITAJI JOJ ‘SLI ‘VNYonu
(8002) ‘B ‘VNIINSSiu uonodJuI s[ewiiue PIHOM (sno13aa.10u
STUS(-1BNOIY 39S ‘YNYINS W Pl ‘dod Plim pue AI0jeIoqe] avipjayaypm g MIN PU® PIO snpvy) 1By
q 149 ‘Zopo
‘OSUN ‘wore
“44HA ‘SdHd
‘0LdSH ‘OSIN
ddL ‘esed1v
‘qm-0 ‘qui-g ‘ST,
MQTAJI T0J ‘SLI ‘VN¥Yonu
(8002) Te 1R VNYINSSIu uonodyuI s[ewue PIIOM (sno13aa.10u
SIUQ(J-1BNOIY 998 ‘VNYINS W Pl ‘dod Plim pue A1ojeioqe| NULIDD MIN PUe PIO snpvy) 1By BIUIPOY
sioyIny souag payediey UoT)OJuI (S[ewrue prim 10 LSa10ads urduo $JSOY URT[RWIWRIA
sus€oownaug pliw Io Jod  onsowop ‘00z ‘k10)  suys{oownaug [eoydei3oan

-e1oqe[) ursmo jsoq

S[RUIBW UT SOUSLINOIO0 SUsIownaug |°'g dqelL



153

8 Pneumocystis Molecular Phylogeny: A Way to Understand Both Pneumocystosis...

(panunuoo)

BL661

‘Te 19 SIRZBIN

((1000) T8 12

uauoyee |

‘MITAI

10} (8661)
uauoYyee| 39S

MITADI

103 (8661)
uouoOYyeeT 99§

(1000)
‘Te 19 usuoeE|
(8661) uouOYeRT
(eL661)
‘[B 10 SIBZBIA[
‘MITAI
105 (8661)
UQUOYBRT 99§
(1000)
‘[e1030[InD
(1000)
‘Te 930D
(6L61)
any3ouo.O
pue
paay :(1861)
‘Te 19 BpIYSOx
(6061) seseyd

(sysas13p
SNIOLDIN
un VNJINS W

QUON

QUON
QUON

(snoypajks
snmuapody
un YNJEINS W
VNIINSSIu
VNIINSPw
VNIINSSIu
VNYINSPw

QUON

uonodjuI PIIN

UONOdUI Pl

UonIJUI PN
an

UONOdUI P

aN

aN

uonoJul
prw ‘dod

Kyanded ur jou

10 paurejuTRW
s[ewIue pli

Kyandes ur jou

Io paurejurewt
S[ewTue pIg

S[ewWIue plIp
S[ewIue prIp

s[ewIue pij

S[eWIUE Pl

S[ewIue pIj

s[ewrtue £10JeI0qe|

BIUIOJIED)
‘uede[ ‘odoing

pue[ul{
‘orqnday yooz)

BILION[ED
puefuL]

uede[ ‘odoing
eURAND YOUAIL]

rUBAND YOUAL]

PHOM
MIN PU® PO

(dds
SMJOLI1) SI[OA
(dds

swouoriy1a]))

SOJOA
(snoniofijpo
sndipojavy))
J[0A

MOpEAW BIUIOJI[ED)

sapnunut SOOI

dds smuapody
sisuauvdns
s&unyoao4g

vovd ynosy

(snpja040d

p1ap)) 31d eounn



M. Chabé et al.

154

(9002) uonooput (snpruy
‘T& 39 usuoeR | QUON prw ‘god S[ewIue plIp - pueyul snda7) areyq
(0961) o9ze[g
:(9002) T8 19
uduoNER
(9861) uonodyur puepuL] (snavdouna
‘Te 12 saunes QUON priw ‘god S[EWIUR PIIA - Sewuaq sndo7) arey
goSuur ‘wore
“44Hd ‘SdHA
‘0LdSH ‘SL
MITAI ‘SLI ‘VN¥Ionu srewrrue (snpnound
103 (9002) ‘VNEINSSIM uonoajut PIim pue sn&vjo1dLiQ)
‘T 19 seD)-19(J 39S VNYINSw pru god K1o1e10QR] ‘YRO]N  18D]J010L40 g PHIOM PIO nqqey eydiowoge|
(1002) VNYINSSiu (subnisav
‘Te 39 10[[IND) ‘VNIINS P aN S[ewrtue pIIpg —  euedno youarg sn4n108) [21nbg
(smpom3dun
(8007) T8 19 I'T SLI ‘VNY*IN AN  s[ewrue £10)e10qeT] - BUIYD  SPUOLIDJY) Q19D
(snurotonb
(eL661) sdutolq)
‘Te 19 SIRZRIA VNYINS W uonodjur priy S[euwIrue prp - QoueI]  SSNOULIOP USpIeD)
(SL6D)
MeUS pue uosure| QUON aN S[ewue prip\ - nzeig  ondvo sKwozliQ
(S14382.4.42]
(9861) D]03144) AOA
‘[& 19 1040D) QUON  UONIAJUI PIIA S[ewIue PIIA\ - Qouelq 191em ueadoing
soyny souag paypesSie) UuoroJur (sTewrtue prim 10 LS9103ds uIguo $1SOV| UBT[RWIIR]A
sus€oownaug plw Io god  onsowop ‘00z ‘k10)  suys{oownaug [eoydei3oon

-e10qe[) ursmo jsoq

(PonUNUOd) T°g AqEL



155

8 Pneumocystis Molecular Phylogeny: A Way to Understand Both Pneumocystosis...

(panunuoo)

(80020) T8 12
SIUQ(J-1enoIy

{(9661)
‘Te 30 eInyng
«(1002)

e 19 10[[IND

(SL61) BW[OO4
(9861)

‘Te 19 sou)as
MITAI I0]
(8002) 'Te10
STUS(J-1eNnoI Yy

995 *(8661)
usuoyEe]

(8661) uauoxyee]

(eL661)
‘2 19 sTezZRIN

(SL6D)
Suny pue sso1)

(1002
.Mm iie] GDEOM&&NJ
(ey661)
‘T8 19 s1019d
((eL661)
‘Te 19 SsIeZeJ\
{(1000) Te 10
usuoyeR|
{(8661) uauopee|

SL ‘SdHd

“4dHA

VNYINSSIM
‘VNRINS W

QUON

QUON

SdHA “44IHA
‘wore ‘DS
‘SL ‘VN¥Ionu
‘VNJINSSIu
VNIINS P

QUON

VNIINSPW

QUON

QUON

(Snauvap xa108
un VNN S

d°d
aN

aN

uonooJuI
Pl dod

uonoIJuI PN

uonoAuI PIIN

uono3JuI PN

uonoddJuI PN

uonoAJuI PIIN

S[eWITUE ON)SAWO(]

S[eWIUE 007

S[eWIUR PI

s[ewtue

PIIM pue AJojeroqe]

S[ewrtue pirp
S[ewue pirp
Aynanded

ur paurejurew
S[eWIU. PIIA

S[ewIue i

S[EWIUE Pl

PHOM
MIN PUE PIO

SpUBLIAYION

STeWud(J

PHOM
MIN PUE PIO

IeoseSepeN

Qouel] ‘uredg

uemre],

BIwIOJI[ED)

PHOM
MON pue PO

(supsma

sndnj supy)) 3oQq
(opaaz

sadjnp) x0J douuaq
(sadna

sadnp) xoq

(dds vjarsnpy)
101194

(ds app30431p4)
221Uy,

(vavdoana
pdjny) SJON

SHULINW SNOUNS
(1pI0jmerd
X3I0SONON))

MAIYS 113S9(J

(dds xa10g) smarys

BIOATUWLIE))

BPILIOSOIJY

eydiowodriog



M. Chabé et al.

156

(9861)

‘[€ 19 souNdS
(6661) T8 10
o3edoT-uorrog

{(Qr661)
‘2 10 519094

(9861)
‘[e 30 STUOYSNUOX

(sLe1)
MBS puUE uosure|

(SLe1)
MeyS pue uosure|

(SL61) ewiieod

(sL61)

MBYS pUE uosure|
(1002)

‘Te 19 101D
(0661) Te 10
eIoIyS ($861)
1a8e[asse

pue souyes

QUON

VNIINSPw

QUON

QUON

QUON

QUON

QUON

VNIINSSIu
VNIINS W

QUON

aN

d>d

d>d

aN

d°d

aN

d>d

aN

uonoagut pIiA

S[eWIUe Pl

S[eWIUER dNSAWO]
Anandeo

ul paurejureu
[eWIUE PIIA

S[ewiue pripy
Kynanded
ur paurejurew
S[ewitue plIp

s[ewue 007
Knanded
ur paurejurewt
S[ewiue prip

S[eWIue plIp

S[RWIUE ONSOWO(]

yrewuag

Qouel] ‘pue[3ug

vweueg

nizeig

n1zeig

SPUBIOYION

nzeig

rURAND) YOUAIL]

uede[ “yrewrua(q

(snjoaudpo
snjoadn)))
109p 20y

(snjppgoo
snnbr) 9s1I0H

(smp3ariva
snd pv.ag) Yio[s

(sm&govpip
snd2010y)) OIS

(snpk1o0p1ay
snd{po.1g) QOIS

(suasf

snnjry)
epued pay

(vorwu vnsvp)

Ipunwineo)
(vav1p14
SHOIPD) UOSLID

(smwo s112.) 1)

e[f1oEponIy

B[A)9BPOSSLIdJ

BIY)IBUIY

sioyIny

souag payediey
sus€oownaug

uon0JuI
Pl 10 4od

(srewrtue prim 1o

JT}SOWOP ‘00Z ‘A10)
-e1oqe]) uISuo S0y

LS9103ds
sys€oowmnaug

urduo
[eoryder3oon

S)SOY UBT[BWIWEA

(PoNUNUOd) T°§ AqEL



157

8 Pneumocystis Molecular Phylogeny: A Way to Understand Both Pneumocystosis...

(panunuoo)

(60027) e 30
YOOI
(1002)

‘T 12 1011

(SL61) BrIT0g
(1000)

‘Te 30 30[1MH
(8000) Te 10
SIua(I-1enory
((1661)
‘[€ 19 SouNas
(€661) Te 10
opuoy] (L00T)

‘[€ 19 sayoues
(1000)

‘Te 32 3011MH

(wLen)

“Te 32 UOS[IA\
(6861)
UOSYLIUSH

pue saupes
(6861)
UOSYLIUSH

pue saunas
(1L61)

‘Te 39 [[ouUo)) O

VNIINSSIu
VNRINS W

QUON

VNIINSSIu
VNIINS W

AOSUIN
VNYINSPW

VNIINSSIu
VNIINS W

QUON

QUON

QUON

QUON

uondIJuI PN

aN

aN

uonoJul

Pl ‘dod

aN

UOnIJUI PN

aN

aN

d>d

S[ewIue i

s[ewrrue 007,

S[EWIUE Pl

S[eWIUE dNSAWO(

S[ewIue prIp

S[eWIue I

S[eWITUE ONSAWO(T

STewrtue dnsawoq

[eWIUR d)SAWO(]

0JIXAN
‘eueAno) YouaI

SPUBTIOYION

eUBAND YOUAIL]

PHOM
MIN PUE PO

oadong

BOLY YINog

Yrewua(q

Yrewua(q

BILY YIN0g

DU120408
p3vydosson)

(snfna

sndotovp)
oore3uey poy

DULINUL DSOULID A

(snonsautop
sng) 314

(nforo sng) 1ROY
(4281
sndvajoddipy)

adorayue o[qes

(snunvy s140g) Jred

(sa14p s140) doaysg
(sn18v3ap
p.1dp)y) 180D

exdoany)

(srerdnsaejy)
enuopojoxdiq

(srerdnsaepy)
erqdrowrydppiq



M. Chabé et al.

158

q 140
‘9P *AQOSUN
‘DSIA ‘wore
“dHA ‘SdHA
‘0LdSH ‘qm-0
‘qm-g ‘S,
MIIADI IO} ‘SLI ‘VNRIonu
(8000) e 10 VNS uonoaqut PHOM (suardps
SHUS(J-1enol[y 99§ VNIINS W P dod noadoul g MIN PUE PIO OuoH) UBN sajewilld
DIDPNNI?
vlydiq
‘s142] S110C
WN1Y1] DATUANLS
‘smpriquaf
snaquay
‘snssojout
snssojop
‘snpunjou
snpoutsa(q
(6000) T8 12 VNYINSSIu ‘SmppnYIUD]
SOUOURS-IUI[[BABD) VNRIISN T aN S[ewIIue pIpy - lizeig sdowounodN
(6002)
‘[& 39 sayoues
-lur[eA®) [1zergq
:(6000) VNYINSSI ‘BUNUISIY sisuanisvaq
‘Te 39 syamoleqg ‘VNIINSTPW  uondspul piiy S[ewiue plIp - ‘0O bpLvpn],
(6002) VNYINSSI snjjaysidid
‘[© 19 dydInoIag YNIINSTIW  uonoajur prijn S[ewTue prIp - douelq snjjaasidig
sioyny Soua3 payedie) uoroJul (sTewrtue p[im Io LSo100ds ur3o $)SOY UBT[BWIWIR]A
sus€oownaug plw io god  onsowop ‘00z ‘A10)  sus{oownaug [eoydeiSoan

-eI0qe]) UISLIo JISOH

(ponunuoo) 1°g AqeL



159

8 Pneumocystis Molecular Phylogeny: A Way to Understand Both Pneumocystosis...

vivp1o1uad X1y DILND XYL YINgaz]aq §2]a1y ‘DY214108D] X1uyj08DT ‘DISNf DIIPNOJY 1140p

-1uap 03VIPL) ‘SISUIIDS2UIS 03VIPL) ‘S2JAPO]304] UDG ‘SMIDTA1ALL SNJOY ‘S1d0]IKD PIPIVI ‘DIDISNf DIPISN[ DIDIDPY UT PAJOAIP M SWSIUBSIO S1SLI0WNUg
spprut Soprut

SnuINSng ‘s11]0212snf SNUIM3InS UP1203 021UIIDY) ‘SN2ANIIS LIUIDS 1K04[J023 X1y ‘SIpLi1aoLS1u snoayidoua] y ut payiidwe sem ouad SqHJ Sus ooumnaug
00DIVUL

YD ‘SN24n108 Lunvs ‘vroayiid v1daynd ‘1pao8 odonun) ‘sndipao sndipao snumndng ‘S110010snf smundog ‘svpiu sopiu Snumsns 1UCoLffoad x1yio) ‘snyoovl
XLyjp) ‘Supjoiu snoayirdosua)) ‘wkjupy snoayidoaia)) ‘S1pnI1ISvf oIV ‘snsayl anbeoew uerpuy :ur pagrdwe sem ua3 YNYINSSIWU sus oownaug
v122y1d P12y

‘snsoyI onbeoew uerpuy ‘snsoyl onbeoew osoury) “oviaduil snumspg ‘Sipriiaosdiu snoayjdouaqyy ‘0ovIvUL PR ‘S17]0219SN) SNUINSDS UP]20S 011D
‘supjou snoayindoata)) ‘snasiid smuappdpp] ‘Snaanids ups uluny snoayiidooa)) 1Ko4ffoas X1y ‘Sopiu Sopiu Snummdns ‘Snyoovl x1ynp) ‘sndipao
sndipao SNUM3DS ‘SNULINUL SNGIIOLINA] ‘SLIDINIIISDY DIDIDIY ‘DULIISIUDU DIDIDIN ‘US20Y] $10ay11do242)) ul payrdwre sem ouag YA STIW sus{ooumaud,
pojeoIpur axom sa1oads sus{ooumaug paqrIdsap A[[eurioj A[uQ,

q QWOIY203Kd @142 $7 9[OAD UOISIAID [

Z9op2 ‘asenwsip aprxoradns asaueIuews qOSUN 0/ urloid Yooys 18y )/ JdSH SeyIuAs a1e1031doIpAYIp SJH T 9SBIONPAI 9)R[0JOIPAYIP YJH( ‘SISOYIUASOIq
proe ourwe onewore jewstioydaxd ur sdays 9ATINOAsSU0D Al sazATe)ed yeyy opndadAjod o[Surs © Jurpoous oue wosv souad ureo1dook[3 ooeyins rolewr HEH
curojord Surpuiq x0q-vIV g7 ‘dund uojoid aspg v ‘oseyiuAs 9e[ApIwAY) § 7 ¢SNO0[ ua3 YN Jea[onu woly 19oeds paqLIosue) [BUIUI § 7] ‘OWOUAS Jea[onu
woly VN [BWOSOqL “YNYIONU ‘YN [BWOSOqLI [BLIPUOYO0)IUI JO JIUNANS [[BWS YAY-4/1SSIU SYNY [BWOSOqLI [RLIPUOYD0IIUW JO JUNnqns d3Ie] YAy T

GQUON

‘(mwounu

sNJjoy ur)

MAHA (pyvpniu

DOVIVY

un dOSUN

(0002 ‘SLI ‘DS

‘Te 39 Ajor ‘YNFIonu

-pueIin( pue ‘SdHA
(80020) &1 VNIINSSIU uonoaur S[ewiiue pim PHOM Sojelid

SIU9(J-JBNOI[Y 99§ VNIYINS W plw god  Io A10j8I0QE] ‘007 - MIN PUE PIO UBWINY-UON



160 M. Chabé et al.

Synaptonemal
complexe

v'Conjugation Trophic Earl \
" ste2 forms arly

s ste3 sporocyte ’
* mapk o

- ste11/ste20 :’xggsm :

R * rant

N>

¥'Mitosis:
* cdc2

S - cdc13
%.57] - cdc25
* cdc42

Intermediate
sporocyte

Late sporocyte

Fig. 8.1 Hypothetical life-cycle of Prneumocystis species (from Chabé et al. 2011 in FEMS Yeast
Res). Parasites are represented as observed in the lung using transmission electron microscopy.
Pleomorphic, thin-walled mononuclear trophic forms are shown attached to type-I epithelial alveo-
lar cells (at the top). Trophic forms (2n) evolve into early sporocyte in which a synaptonemal
complex is indicated. Meiotic nuclear division (R/) leads to thickwalled sporocytic and cystic
stages, in which multiple nuclear divisions in intermediate and late sporocytes lead to the forma-
tion of eight haploid spores or ascospores (n). These forms are able to leave the cyst, to attach
specifically to type-I epithelial alveolar cells and, likely, to develop conjugation as illustrated at the
top (left) (n+n), where spindle pole bodies are well visible. Main molecular factors involved in
conjugation, meiosis or mitosis identified in Pneumocystis carinii have been listed in the figure
(see main references in the text). Synaptonemal complex and conjugation pictures have been
drawn according to ultrastructural micrographies of Yoshida et al. (1984) and Itatani (1996),
respectively

cell (Dei-Cas et al. 1991). However, no disruption of host cell membrane results
from either attachment or filopodial activity. In addition, no structural or functional
host cell alteration was found in in vivo or in vitro studies using transmission elec-
tron microscopy (TEM) (Dei-Cas et al. 1991, 2004; Settnes and Nielsen 1991;
Aliouat et al. 1993a), confocal microscopy (unpublished) or exploring the alveolar
epithelium cytophysiology (Beck et al. 1998). Trophic forms coexist usually with
cystic forms (4-8 pm in diameter) that are spheroid structures with a thick cell wall,
likely involved in airborne transmission (Creusy et al. 1996; Dei-Cas 2000; Cushion
et al. 2010).
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8.2.3 Atypical Features of Pneumocystis

In clinical or research laboratory, Prneumocystis organisms are often considered as
atypical fungi (Cailliez et al. 1996). Actually, though of fungal nature, they are
unable to grow in vitro in current fungal culture media, they have not ergosterol in
their plasma membrane, and they are not susceptible to most antifungal drugs, except-
ing echinocandins, which target beta-glucan synthase (Powles et al. 1998; Ito et al.
2000; Utili et al. 2007). The absence of ergosterol can explain why Pneumocystis
organisms are neither susceptible to inhibitors of ergosterol synthesis nor to amphot-
ericin B, though this drug apparently binds to Prneumocystis sterols in vitro and causes
permeability changes in the parasite cellular membrane (Kaneshiro et al. 2000).

Like other microfungi, Preumocystis organisms possess chitin and beta-glucan
in their cell wall. For this reason, the cystic forms, which have a thick cell wall, can
be stained with calcofluor, ortho-toluidine blue, PAS or Gomori-Grocott’s or similar
silver stains (Dei-Cas et al. 2004, 2006). However, all known Preumocystis life
cycle stages present also an outer membrane that resembles that of Gram-negative
prokaryotes and cyanobacteria (Barton and Campbell 1967; Vavra and Kucera 1970;
Campbell 1972; Haque et al. 1987; De Stefano et al. 1990; Palluault et al. 1992;
Dei-Cas et al. 2004). This intriguing structure is apparently absent from the cell wall
of other fungi.

Another striking atypical Pneumocystis feature is the presence of only one rRNA
gene (Giuntoli et al. 1994; Tang et al. 1998) while the vast majority of eukaryotes,
including fungi, possess dozens of copies, often hundreds of rRNA genes (Fischer
et al. 2006). Interestingly, despite its low copy number, Pneumocystis IRNA gene
evolved at a rate typical for eukaryotes, as emerged from a 18S rDNA comparative
analysis (Fischer et al. 2000).

8.3 Pneumocystis Life-Cycle and Transmission

Lack of robust, long-term culture has prevented detailed dynamic follow-up of dif-
ferentiation of the Pneumocystis life cycle stages. Therefore, hypotheses on the
Pneumocystis life-cycle stem mainly from ultrastructural and molecular data as well
as from in vivo observations on the growth rate (Aliouat et al. 1999; Aliouat-Denis
et al. 2009). Such hypotheses were recently reviewed in detail by Aliouat-Denis
et al. (2009). In short, life cycle views include both sexual and asexual reproduction
alternate (Yoshida et al. 1984; Yoshida 1989; Cushion 2004; Dei-Cas et al. 2004; De
Souza and Benchimol 2005; Thomas and Limper 2007; Aliouat-Denis et al. 2008,
2009). Pneumocystis life cycle stages are trophic forms, sporocytes and mature
cysts (Fig. 8.1). Trophic forms are the most abundant stages, representing 90-95%
of the parasite population in the lungs of hosts with Prneumocystis pneumonia (PcP).
They are mononuclear, mostly haploid cells (Cornillot et al. 2002; Dei-Cas et al.
2004) presenting a single-layered, electron-dense thin cell wall. Ameboid in shape,
trophic forms display filopodia. Ultrastructural observations (Itatani 1996) as well
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as the recent discovery of the Ste3 pheromone receptor gene and the Ste2-like homo-
logue within the Pneumocystis genome suggest the existence of mating types and
the occurrence of conjugation between trophic forms (Smulian et al. 2001; Cushion
2004) leading to the early sporocyte, a round, thin-walled, mononuclear diploid
cell. Shortly thereafter early sporocyte enters a meiotic division process as attested
by the detection of synaptonemal complexes (Matsumoto and Yoshida 1984; Peters
et al. 2001). Additional mitotic replications result in eight nuclei in the sporocyte
stage (Fig. 8.1) in whose cell wall develops an internal, beta-glucan rich electron-
lucent layer. Late sporocyte evolves then into thick-walled mature cyst (Dei-Cas
et al. 2004) with few filopodia. In the mature cyst, are generated eight haploid
ascospores, containing a single nucleus and a fairly dense cytoplasm with a rounded
mitochondrion and a well-developed rough endoplasmic reticulum (Dei-Cas et al.
2004). Ascospores leave then the cyst or ascus, likely through a foramen-like struc-
ture (Itatani 1994), to develop into eight free haploid trophic forms able to attach to
the alveolar epithelium and restart the cycle (Yoshida 1989). Many factors involved
in both conjugation and meiosis have been identified in Pneumocystis carinii for the
last years (Fig. 8.1) (Thomas et al. 1998; Wyder et al. 1998; Kottom et al. 2000,
2003; Smulian et al. 2001; Vohra et al. 2003a, b, 2004; Cushion 2004; Cushion et al.
2007; Burgess et al. 2008; Villegas et al. 2009).

Interestingly, Pneumocystis species develop sexual reproduction within their
host (Dei-Cas et al. 1992; Cushion et al. 2007) as well as biotrophic fungi of plants
(O’Connell and Panstruga 2006). In contrast, most fungi developing in animals do
not appear to complete a sexual cycle (Sexton and Howlett 2006). Some exceptions
to this rule may nevertheless be noted. Aspergillus nidulans is able to sexually
reproduce in vivo in human as well as in animal tissues, thus producing cleistothecia
and Hiille cells (Doby and Kombila-Favry 1978; Dei-Cas and Vernes 1986; Mitchell
et al. 1987). More recently, it was shown that clinical Candida lusitaniae isolates
were able to mate and undergo meiosis once put in contact with a sexually compatible
strain (Frangois et al. 2001).

Likely, the most striking singularity of Pneumocystis organisms as fungal patho-
gens to animals (Dei-Cas 2000) is inter-host airborne transmission. Actually, while
Pneumocystis organisms can be directly transmitted among hosts by the airborne
route (see Aliouat-Denis et al. 2008, for review and original references), it is well
known that deep fungal diseases caused by typical dimorphic, exosaprophytic fungi
such as Histoplasma capsulatum or Coccidioides immitis, cannot be transmitted
from one infected host to another. The reservoir for these pathogens is the soil,
which is also the infection source for hosts (Dei-Cas and Vernes 1986). Thus, PcP
would be the sole deep fungal disease transmissible directly by airborne route
between hosts (Dei-Cas 2000). Furthermore, whereas the known Preumocystis
species or strains show close host species specificity (Aliouat et al. 1993b, 1994;
Gigliotti et al. 1993; Durand-Joly et al. 2002), no evidence of narrow host specificity
was reported in other agents of deep mycosis in animals (Dei-Cas 2000; De Hoog
et al. 2000; Sexton and Howlett 2006).

Furthermore, Pneumocystis in utero transmission seems to occur in some
mammal hosts like lagomorphs and primates, including humans (Ceré et al. 1997,
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Sanchez et al. 2007; Montes-Cano et al. 2009). This modality of transmission does
not seem to be usual in other pathogenic fungi, though fungal infection is a major
worldwide cause of abortion in cattle (Kirkbride 1992).

8.4 The Pneumocystis Species

As evoked above, molecular tools have been crucial for the assigning of Prneumocystis
genus to the group of Fungi. Molecular approaches, specifically genetic studies aiming
at exploring potential divergence between Pneumocystis strains isolated from differ-
ent mammal species, have also been critical to identify such strains, and to assess both
divergence among them and stability in time and space (Dei-Cas et al. 1998). Indeed,
as the Pneumocystis isolates from different mammals were morphologically indistin-
guishable (at least at the level of light microscopy), it was considered for almost one
century that the Pneumocystis genus contained a unique widely spread euryxenic spe-
cies. However, in the 90°, a cluster of host species-related genomic (Sinclair et al.
1991; Wakefield et al. 1992; Stringer et al. 1993; Banerji et al. 1995; Mazars et al.
1995; Ortiz-Rivera et al. 1995; Hunter and Wakefield 1996; Stedman et al. 1998;
Denis et al. 2000; Demanche et al. 2001; Ma et al. 2001), karyotypic (Weinberg and
Bartlett 1991; Stringer et al. 1993), isoenzymatic (Dei-Cas et al. 1994; Mazars et al.
1994, 1997b) and antigenic differences (Furuta and Ueda 1987; Linke et al. 1989;
Gigliotti 1992; Bauer et al. 1993; Christensen et al. 1996) were reported among
Pneumocystis isolates from diverse mammals. Thus, the need of considering them like
substantially different taxons emerged clearly, and the species level was considered to
class these new entities. Furthermore, host species-related genomic divergence in the
Pneumocystis genus was often higher than that existing among typical ascomycetous
species (Dei-Cas et al. 1998; Stringer et al. 2001; Keely et al. 2003).

The Phylogenetic Species Concept (PSC) as specified by Taylor et al. (2000) for
fungi, revealed operative to describe Pneumocystis species (Cushion et al. 2004;
Keely et al. 2004; Dei-Cas et al. 2006). The absence of genetic flow between
Pneumocystis isolates from different mammal species (Mazars et al. 1994), associ-
ated with a marked host-species related phenotypic divergence (Aliouat-Denis et al.
2008), strengthen the taxonomic and conceptual consistency of the five Pneumocystis
species described hitherto. They can be shortly characterized as follows:

Pneumocystis jirovecii (Frenkel 1999) was the sole species identified in humans.
It was described for the first time in 1976 in the framework of the International Code
of Zoological Nomenclature (ICZN) on the basis of apparent host species specific-
ity and antigenic differences with rat-derived Pneumocystis (Frenkel 1976). This
author described again the species in 1999, this time in the framework of the
International Code of Botanical Nomenclature (ICBN) (Frenkel 1999). At the
genetic level P, jirovecii clustered clearly with the other primate strains, and showed
significant DNA sequence divergence with rodent-derived Pneumocystis (Dei-Cas
et al. 2006; Aliouat-Denis et al. 2008). Consistently, P. jirovecii organisms revealed
unable to infect SCID mice, a result that suggests the species has close host
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species-specificity (Durand-Joly et al. 2002). At the ultrastructural level, P. jirovecii
trophic forms present thick filopodia, similar to those observed in macaca-derived
Pneumocystis (Durand-Joly et al. 2000) and in the species P. oryctolagi, from
rabbits (Dei-Cas et al. 20006).

Pneumocystis carinii (Frenkel 1999) is the type species of the genus. It was first
recognized as an independent taxonomic entity by Delanoé¢ and Delanog (1912) in
Rattus norvegicus. Afterward, as steroid-treated rats were the most frequently used
PcP models, most available data on Preumocystis biology, culture, susceptibility to
drugs, pathology, etc., were obtained from P. carinii. As a matter of fact, the genome
of P. carinii is the first being sequenced in the framework of the “Pneumocystis
Genome Project” (http://pneumocystis.cchmc.org/). Laboratory rats, either steroid-
treated conventional rats or nude rats provide the highest parasite loads. Ultrastruc-
turally, filopodia of P. carinii are thinner than those from rabbit or primate Preumocystis
species (see Dei-Cas et al. 2004, for review). The in vivo doubling time of P. carinii
was found to be of 4.5 days in steroid-treated rats (Aliouat et al. 1999). Histologically,
rat PcP evokes strongly human or primate PcP (Durand-Joly et al. 2000), and most
therapeutic protocols against human PcP were based on results of experimental work
performed in the rat model. P. carinii seems to display a stronger in vitro binding
capacity to target cells than P. murina does. In vivo, P. carinii was unable to infect
SCID mice (Aliouat et al. 1993b, 1994).

Pneumocystis wakefieldiae (Cushion et al. 2004) is the second species formally
described in laboratory rats (R. norvegicus). The species was characterized on the
basis of electrophoretic karyotype, localization of eight orthologous genes on dif-
ferent chromosomes, sequence divergence of several genes (4—7% divergence in
seven orthologous genes between P. wakefieldiae and P. carinii), antigenic varia-
tion and MSG expression (Vasquez et al. 1996; Cushion 1998; Cushion et al. 2004;
Schaffzin and Stringer 2000). A PCR method was developed to discriminate
between P. wakefieldiae and P. carinii (Palmer et al. 1999). In mixed infections, the
two species may also be distinguished using a single-strand conformation poly-
morphism method (Nahimana et al. 2001). Intriguingly, P. wakefieldiae is often
found associated with P. carinii in laboratory or wild rats (Cushion et al. 2004;
Cushion 1998). Nevertheless, in wild R. norvegicus from Denmark (Palmer et al.
2000) or Thailand (Chabé et al. 2010), P. wakefieldiae DNA was the sole amplified
sequence in a significant number of cases. These observations associated to the
genetic stability of this species in laboratory rats (Cushion et al. 1993) strength-
ened the validity of the taxon.

Pneumocystis murina (Keely et al. 2004) is the sole species identified in labora-
tory mice (Mus musculus). The species was recently described in the framework of
ICBN rules (Keely et al. 2004) on the basis of PSC. It clustered clearly with the
other rodent-derived Pneumocystis (Guillot et al. 2001) being close to rat-derived
Pneumocystis species. Like in rat Pneumocystis, P. murina filopodia are more
numerous, thin, and tree-like when compared to those of rabbit or primate
Pneumocystis species (Dei-Cas et al. 1994, 2004, 2006; Nielsen et al. 1998; Durand-
Joly et al. 2000). Additionally, P. murina trophic forms usually display more abun-
dant cytoplasmic dense granules than those of the other species (Nielsen et al. 1998).
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The doubling time of P. murina was found to be of 10.5 days in SCID mice (Aliouat
et al. 1999). Organisms of this species were found to have weaker in vitro binding
capacity to target cells when compared to P. carinii (Aliouat et al. 1993a). According
to our own experience, latent Pneumocystis parasitism seemed to be less frequent in
mice than in rats or rabbits. However, mice have been largely used both as parasite
source and as experimental hosts for studies on Prneumocystis transmission, genetic
polymorphism, host—parasite relationships, immune response, etc.

Pneumocystis oryctolagi (Dei-Cas et al. 2006) is the sole species described in
Old World rabbits (Oryctolagus cuniculus). This species induces usually benign
PcP in rabbits at weaning (about 1 month after birth) without corticosteroid
administration (Soulez et al. 1989; Rajagopalan-Levasseur et al. 1998; Dei-Cas
et al. 2006). For this reason, the rabbit model has been used for studying
Pneumocystis—surfactant interactions (Prévost et al. 1997; Aliouat et al. 1998) and
host immune response (Allaert et al. 1996, 1997; Rajagopalan-Levasseur et al.
1998; Tamburrini et al. 1999), two processes influenced by corticosteroid adminis-
tration. At the light microscope level, P. oryctolagi organisms cannot be distinguished
unequivocally from other Prneumocystis species. Furthermore, in rabbits with spon-
taneous PcP the cystic-to-trophic form ratio is usually higher (about 0.10-0.15) than
in immunosuppressed rodents with PcP (about 0.02-0.05). Interestingly, P. oryctolagi
in vivo doubling time (1.7 days) is much shorter than in rodent Pneumocystis
species (Aliouat et al. 1999; Dei-Cas et al. 2006).

8.5 Understanding the Circulation of Preumocystis
in Host Populations Using Molecular Tools

Advances made over the last 20 years in the understanding of the natural history of
Pneumocystis infection have been largely due to the use of molecular biologic
approaches. Indeed, such studies have improved understanding of PcP epidemiol-
ogy, shedding light on Preumocystis reservoir, transmission patterns and circulation
of Pneumocystis in host populations.

On the basis of the identification of several species in the genus and the demon-
stration that each Pneumocystis species can only infect its own specific host (Aliouat-
Denis et al. 2008), emerged clearly the idea that pneumocystosis is not a zoonosis but
an anthroponosis. Consequently, it is highly probable that only humans serve as res-
ervoirs to Pneumocystis jirovecii, the sole species found in men (Dei-Cas et al. 1998;
Wakefield 1998; Dei-Cas 2000). For a long time, it was thought that PcP resulted
from the reactivation of Prneumocystis latent forms because of the high prevalence of
Pneumocystis primary infection in small children, and because provoked steroid
immunosuppression in laboratory animals led currently to PcP. But today, a lot of
evidences suggest that Pneumocystis infection is usually exogenous, i.e. it results
rather from de novo infection than from reactivation. For example, we know that new
Pneumocystis strains, as identified by molecular typing, are usually responsible
for recurrent episodes of PcP in a same patient (see Chabé et al. 2009, for review).
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In addition, with the healing of PcP, Pneumocystis organisms would be radically
eliminated from the lungs, according to negative results of highly sensitive PCR
tests (see Chabé et al. 2009, for review).

In humans, beyond the well-known PcP of immunodepressed patients, especially
of AIDS patients, the use of non-invasive sampling methods and highly efficient
PCR assays revealed the presence of Pneumocystis DNA in a variable spectrum of
health situations (Aliouat-Denis et al. 2008). For instance, Preumocystis coloniza-
tion or carriage (i.e. detection of low rates of Pneumocystis organisms or their DNA,
without pneumonia) was described in healthy or hospitalized subjects without
severe immunodepression like healthy small children, adults, pregnant women and
subjects with chronic respiratory conditions, e.g. chronic obstructive pulmonary
disease (COPD) (Calderon et al. 1996, 2004, 2007; Dei-Cas 2000; Peterson and
Cushion 2005; Aliouat-Denis et al. 2008).

The role of immunocompetent colonized hosts in Prneumocystis epidemiology was
investigated recently. Using the SCID-Balb/c mouse airborne transmission system
described by Dumoulin et al. (2000), it was shown that healthy host-to-healthy host
transmission of P. murina organisms can occur. More importantly, the ‘second’ healthy
contacts revealed to be able to transmit the infectious organisms to immunocompro-
mised, susceptible hosts (Gigliotti et al. 2003; Chabé et al. 2004). In addition, using
histology and testing the expression of both cyclin-dependent serine-threonine kinase
and heat-shock 70 protein in Pneumocystis, the authors showed that Pneumocystis
organisms are able to dwell and replicate in the lungs of immunocompetent hosts,
which points out these hosts as reservoir for Pneumocystis species (Chabé et al. 2004).
Thus, healthy hosts behave actually as transient Pneumocystis carriers constituting a
sort of dynamic reservoir as they are able to radically eliminate the parasites from
their lungs, but as long as they remain infected they may transmit the infection either
to naive hosts, or to immunosuppressed members of the population prone to develop
PcP (Chabé et al. 2004). Like in mice, P jirovecii could circulate by airborne route in
subpopulations more or less able to fight against the infection.

In order to approach the epidemiology of Pneumocystis infection, the main
genotyping methods that have been used are the following: DNA sequence analysis,
multitarget PCR-single-strand conformation polymorphism (SSCP), analysis of
tandem repeats in the intron of the expression site of the P. jirovecii major surface
glycoprotein (MSG), and more recently, a multilocus sequence typing method based
on six distinct loci (Beard et al. 2004; Esteves et al. 2010).

Concerning the circulation of P. jirovecii, several molecular studies testified to
the idea of interindividual airborne transmission in humans in both hospitals, as a
nosocomial infection (Nevez et al. 2008), and community (see Chabé et al. 2009 for
review). For example, studies using a multi-target PCR-SSCP method or P. jirovecii
genotyping at the internal transcribed spacers (ITS) of the nuclear rRNA operon
suggested that interhuman transmission of P. jirovecii occurred in PcP clusters
among patients in hospitals (Nevez et al. 2008). Pneumocystis DNA was also
detected in healthcare workers exposed to patients with PcP (Vargas et al. 2000).
Moreover, investigations based on a genotyping approach of subjects colonized
with P. jirovecii like small children developing Pneumocystis primary infection or
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other immunocompetent Pneumocystis carriers, have suggested that these popula-
tions have a role in the circulation or transmission of the microorganism (Totet et al.
2004; Rivero et al. 2008). The analysis of dihydropteroate synthase (DHPS) locus
of P. jirovecii was also useful to understand the circulation of the microorganism in
the human reservoir. DHPS is the enzymatic target of sulfonamides, which are the
major drugs for PcP prophylaxis and treatment. Now, prior exposure to sulfonamide
drugs has been identified as a predictor of P. jirovecii DHPS mutant genotypes,
which in other infections are usually associated with sulfa-drug resistance (reviewed
in Totet et al. 2004). However, a high frequency of P. jirovecii DHPS mutations was
recorded in patients who had never used sulfamide-based PcP prophylaxis or treat-
ment (Huang et al. 2001; Kazanjian et al. 2000). Also, the city in which a patient
resides has been identified as an independent risk factor of Pneumocystis DHPS
mutation (Huang et al. 2001). On the whole, the evoked observations support the
hypothesis that P. jirovecii can be transmitted from sulfa-treated patients to untreated
subjects, potentially susceptible to P. jirovecii.

Airborne route could explain the transmission of the fungus between the mem-
bers of human populations, but although the respiratory route is very likely the
most common and important mode of transmission of Pneumocystis, the existence
of other routes of transmission—like transplacental one- cannot be ruled out. Indeed,
vertical transmission of Prneumocystis via the transplacental route was demon-
strated in rabbits, but it does not appear to occur in rats or SCID mice (see Chabé
et al. 2009 for review). In humans, congenital transmission was suspected for many
years, and a recent report documented the presence of Pneumocystis jirovecii DNA
in foetal lung and placenta samples, recovered from nonimmunodepressed preg-
nant women who had a miscarriage (Montes-Cano et al. 2009). The presence of
Pneumocystis DNA in fetal lungs was also well documented in another primate
(Demanche et al. 2003).

So, to summarize, Pneumocystis jirovecii could circulate actively by airborne
route between the members of human populations, who present usually heteroge-
neous levels of innate or adaptive immune defense capacities. And we see that, in
fact, PcP is a rare event in the natural history of Prneumocystis infection, and that
beside Pneumocystis airborne transmission, a “protected” transplacental mother-to-
offspring transmission could explain the high worldwide prevalence of Pneumocystis
infection in small children.

To understand Pneumocystis circulation in ecosystems, animal patterns of
transmission turn out to be crucial. Of particular interest was a study in non-
human primates, where highly sensitive Pneumocystis molecular detection tech-
niques associated to the use of efficient noninvasive sampling methods (Demanche
et al. 2005) revealed a constant and intensive circulation of Pneumocystis organ-
isms within a social organization of macaques (Macaca fascicularis) (Demanche
et al. 2005).

Using mostly microscopic methods, the presence of Preumocystis organisms
was also reported in a large variety of zoo, domestic or wild mammals from differ-
ent continents (Table 8.1). But compared to light microscopy, molecular methods
have definite advantages for approaching Pneumocystis infection in wild hosts,
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especially higher sensitivity and discriminatory power. Actually, molecular
approaches allow identifying Pneumocystis species or strains, which are usually
indistinguishable one another by using light microscopy and do not grow in in vitro
culture. The molecular characterization of Pneumocystis species dwelling in the
lungs of wild animals remains therefore a crucial way to understand how these
pathogens disseminate in ecosystems.

On the whole, the exploring of Prneumocystis in wild or domestic mammals by
using molecular techniques showed typically the following facts: (i) a high preva-
lence of Pneumocystis colonization is found in wild mammals, probably resulting
from active airborne horizontal and vertical (transplacental or aerial) transmission
mechanisms; (ii) a specific Pneumocystis DNA sequence could be attributed to
each host species; (iii) P. jirovecii DNA was never detected in the lungs of non-
human mammals; (iv) although fatal Pneumocystis infections were recorded in
newly captured coatimundis, Nasua narica, and sloths, Bradypus tridactylus and
Bradypus variegatus (Edentata) in Brasil and Panama (Lainson and Shaw 1975;
Yonushonis et al. 1986), PcP cases were reported rarely in wild mammal popula-
tions living in natural conditions (Aliouat-Denis et al. 2008, Table 8.1). The infec-
tion occurs in apparently immunodepressed animals but the type and the degree of
immunodeficiency could not be established in most cases. Thus, in natural ecosys-
tems Pneumocystis organisms circulate through the members of host populations
developing mostly mild parasitism, though frequent, in the lungs of immunocom-
petent hosts.

In conclusion, Pneumocystis organisms illustrate the concept of phylogenetic
specificity exhibited by groups of highly adapted parasites showing low pathogenic-
ity, high host specificity maintained throughout time, extensive colonization of host
populations, and a life cycle closely linked with host organs and physiology
(Humphery-Smith 1989).

8.6 How Pnreumocystis Molecular Phylogeny May Improve
the Understanding of Host Taxonomy

Several authors have suggested that the phylogenetic relationships of highly host
specific parasites would provide valuable information about the evolutionary his-
tory of their hosts (see Brooks and McLennan 1993 for a review). Sometimes, the
life-histories of two different lineages are so intimately linked that a speciation in
one group induces a parallel speciation event in the other. If cophylogeny was the
only process occurring, the host and parasite phylogenies would exactly mirror each
other making it possible to base genealogical conclusions on parasite data. Parallel
coevolution between the primates and their specific parasites yet was mentioned
concerning parasites as different as viruses (Siddall 1997), nematodes (Hugot 1999),
mites (O’Connor 1985) or lice (Reed et al. 2004). Comparison of the Pneumocystis
phylogeny with the phylogeny of their primate hosts gives an additional example of
cophylogeny (Hugot et al. 2003).
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Fig. 8.2 Coevolution in Primate’s Pneumocystis (after Hugot et al. 2003). The host tree (on the
left) is after Fabre et al. (2009). The parasite tree (on the right) was built on the basis of three-
concatenated gene polymorphism (mtLSU rDNA, mtSSU rDNA, DHPS). Black spots and open
spots showed congruent and incongruent nodes, respectively (see text)

Figure 8.2 allows comparing the phylogenetic tree of the Pneumocystis parasite
species with a phylogeny of the corresponding primate host species. The parasite
phylogeny is after Hugot et al. (2003), the tree resulting of the ML analysis of a data
set, combining three molecular markers (DHPS, dehydropteroate synthetase;
mtSSU-rRNA, small subunit of mitochondrial ribosomal RNA; mtLSU-rRNA,
large subunit of mitochondrial ribosomal RNA). The host tree is after Fabre et al.
(2009). Comparison of the host and parasite trees was performed using TreeMap
(Page 1995): an algorithm to find all reconstructions that maximize the number of
codivergences in the particular case of a host-parasite assemblage.

Congruent (corresponding) nodes are underlined using black spots and incongru-
ent nodes using open spots. Only four apparent incongruences emerge between
parasite tree versus host tree. There are at the level of Saguinus species, Callimico
and Callithrix genera and of Macaca species (Fig. 8.2). More than 77% of the nodes
(14 out of 18) are congruent and the probability to obtain such a result by chance is
very low. In addition, when this work was first published, the relationships between
Pithecia, Aotus and Saimiri were not definitively resolved; since that time progress
have been performed and the phylogenetic relationships between these three genera
(Fabre et al. 2009), revealed to be identical to the phylogeny of the corresponding
Preumocystis species. Thus, in this case the phylogeny of the parasites enlightened
the phylogeny of the hosts.
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8.7 Conclusion

On the whole, molecular approaches used in Preumocystis research have played a
crucial role in the shift from an old conceptual Pneumocystis infection framework
to a new one. Particularly, molecular methodologies, associated with other
approaches, have drastically changed our views on the epidemiology and natural
history of pneumocystosis. In the old conceptual framework, Pneumocystis organ-
isms were considered undefined or even enigmatic protists belonging to a unique
euryxenic taxonomic entity (“P. carinii”’) transmissible by the airborne route
between mammals of different species. In the new conceptual framework, the
Pneumocystis genus is a highly diversified group of parasitic microfungi that con-
tains numerous stenoxenic species closely adapted to, and coevolving with, mam-
mal species. Thus, present developments in molecular phylogeny are leading us to
identify new Pneumocystis species on the basis of Phylogenetic Species Concept.
Finally, thanks to the high host-specificity of Pneumocystis organisms and their
long-range adaptation to mammals, Pneumocystis species and genotypes could be
useful tools to understand taxonomy and phylogeny of their mammal hosts. In other
words, the topology of Pneumocystis phylogenetic trees could shed light on the
mammalian host evolution history, helping to solve taxonomic uncertainties.
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