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Abstract

Antigenic variation is a mechanism used by various pathogenic microorganisms
to evade the host’'s immune system. The opportunistic fungus P. jirovecii is a non-
culturable pathogen causing life-threatening pneumonia in immunocompromised
individuals. To change the epitopes that are exposed at its cellular surface, it uses
hypervariation of the major surface glycoproteins (Msg). These proteins belong to a
superfamily composed of six families, which encoding genes are all located within the
subtelomeres of all chromosomes of the fungus. Two mechanisms enable antigenic
variation: gene mosaicism and mutually exclusive expression of the genes of family |
(msg-l). The latter consists in the expression of a single gene out of the ca. 80 present
in the genome, which can be exchanged overtime. This generates an antigenically
heterogeneous population of P. jirovecii cells made of subpopulations each expressing
a specific gene. In this thesis, all the msg-I genes present in each of 29 patients with
Pneumocystis pneumonia from five cities were sequenced using PacBio circular
consensus sequencing (CCS). This determined the repertoires of the msg-l genes
present in the P. jirovecii strain(s) causing each infection. The analysis of these
repertoires revealed that translocations of entire genes through intergenic
recombinations led to reassortments of the repertoires. Together with evidence of other
types of recombinations within the subtelomeres, our observations allowed proposing
a model of the mechanisms involved in the antigenic variation system of P. jirovecii.
We propose in addition that these recombinations are potentially mediated by the DNA
triplex that the short imperfect mirror sequences present at the beginning of each msg-
| gene might form. Besides, our analyses identified three clusters of patients presenting
identical or similar msg-I repertoires. Two of them were confirmed using a novel
genotyping technique based on the PacBio CCS sequencing of the ITS1-5.8S-ITS2
genomic region that we developed. One cluster might have resulted from transmission
of a P. jirovecii strain harbouring a stable msg-I repertoire over time, and/or from
infection by a dormant form of the fungus. Another cluster might have resulted from
multiple transmission events and enrichment with specific msg-1 alleles in the
concerned geographical area. The last cluster suggested the working hypothesis that
the repertoires reassort more or less rapidly according to the underlying disease

affecting the patient.






Résumé

La variation antigénique est un mécanisme utilisé par divers micro-organismes
pathogénes pour échapper au systéme immunitaire de [I'héte. Le champignon
opportuniste P. jirovecii est un pathogéne non cultivable qui provoque des pneumonies
mortelles chez les personnes immunodéprimées. Pour modifier les épitopes exposes
a sa surface cellulaire, il utilise I'hypervariation des major surface glycoproteins (Msg).
Ces protéines appartiennent a une superfamille composée de six familles, dont les
genes codants sont tous situés dans les sous-télomeres de tous les chromosomes du
champignon. Deux mécanismes permettent la variation antigénique : le mosaicisme
génétique et I'expression mutuellement exclusive des genes de la famille I (msg-I).
Cette derniére se traduit par I'expression d'un seul géne sur les quelque 80 présents
dans le génome, qui peut étre échangé au fil du temps. Cela génére une population
de P. jirovecii antigéniquement hétérogene, composée de sous-populations exprimant
chacune un géne spécifique. Dans cette thése, tous les génes msg-I présents chez 29
patients atteints de pneumocystose et provenant de cing villes ont été séquencés a
l'aide de PacBio circular consensus sequencing (CCS). Cela a permis de déterminer
les répertoires des génes msg-l présents dans la ou les souches de P. jirovecii a
l'origine de des infections. L'analyse de ces répertoires a révélé que les translocations
de genes entiers par recombinaisons intergéniques entrainaient des réarrangements
des répertoires. Associées a la mise en évidence d'autres types de recombinaisons
au sein des sous-télomeres, nos observations ont permis de proposer un modéle des
mécanismes impliqués dans le systeme de variation antigénique de P. jirovecii. Nous
proposons en plus que ces recombinaisons soient possible grace au triplex d'ADN
formé par les courtes séquences miroirs imparfaites présentes avant chaque gene
msg-1. Par ailleurs, nos analyses ont permis d'identifier trois groupes de patients avec
des répertoires msg-I identiques ou similaires. Deux d'entre eux ont été confirmés par
une nouvelle technique de génotypage, que nous avons développée, basée sur le
séquencage PacBio CCS de la région géenomique ITS1-5.8S-ITS2. Un groupe pourrait
résulter de la tranmission d’'une souche de P. jirovecii avec un répertoire msg-I stable
dans le temps, et/ou d'une infection par une forme dormante du champignon. Un autre
groupe pourrait résulter d'événements de transmission multiples et d'un
enrichissement de certains alleles msg-I dans la zone géographique concernée. Le
dernier groupe suggere I'’hypothése que les répertoires se réorganiseraient plus ou

moins rapidement en fonction de la maladie sous-jacente du patient.
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General introduction

Pneumocystis spp. history and nomenclature

Pneumocystis was described for the first time in 1909 by Carlos Chagas
(Chagas, 1909). During his studies on trypanosome parasites, he observed new forms
of cysts and classified them as one of their life stages. A few years later, the suggestion
of these cysts being new organisms was emitted by the Delanoé couple who renamed
them Pneumocystis carinii, in honour of Antonio Carini who provided them with the
samples they studied (Delanoé & Delanoé, 1912; Vera & Rueda, 2021). In the following
years, descriptions of Pneumocystis in various animals were made, but a lack of link
with any disease led to a decrease of the interest of the researchers. Around 1940, a
new form of pneumonia was described in premature and malnourished children with a
large number of cases in Europe (Calderén-Sandubete et al., 2002). The association
between this pneumonia and Pneumocystis spp. was made later on by Dutch and
Czech researchers (Van der Meer & Brug, 1942; Vanek et al., 1953). Pneumocystis
pneumonia gained importance during the HIV epidemic in the 1980s, during which it
was the most frequent opportunistic infection. An important milestone in the
Pneumocystis history is its attribution from the protozoan to the fungi kingdom thanks
to studies of the RNA sequences in the late 1980s (Edman et al., 1988; Stringer et al.,
1989). Shortly after, different species were characterized according to the host that
they infect. The human pathogen was named Pneumocystis carinii forma specialis
hominis in 1994 (Bartlett et al., 1994) before being officially renamed Pneumocystis
jirovecii in 1999 (Frenkel, 1999). Nowadays, the Pneumocystis genus belongs to the
Ascomycetes phylum and the Taphrinomycotina subphylum (Figure 1a), in which they

are the only animal pathogens among diverse phytopathogens including the



Schizosaccharomyces genus and the model organism of Eukaryotes

Schizosaccharomyces pombe (Eriksson & Winka, 1997).

Host adaptation

Pneumocystis has been found in the lungs of numerous mammal species
shortly after its discovery in the early 20" century. Molecular and cross-infection
studies revealed the specificity of each Pneumocystis species to a unique host species
(Figure 1b) (Durand-Joly et al., 2002; Gigliotti et al., 1993). Nowadays, besides P.
jirovecii in humans, the following species have been characterized: Pneumocystis
murina in Mus musculus (mouse, Keely et al., 2004), Pneumocystis carinii and
Pneumocystis wakefieldiae in Rattus norvegicus (rat, Cushion et al., 1993, 2004),
Pneumocystis oryctolagi in Oryctolagus cuniculus (rabbit, Dei-Cas et al., 2006),
Pneumocystis canis in dogs, and Pneumocystis macacae in macaque (Cissé et al.,
2021). Pneumocystis organisms have also been isolated from numerous other
mammal species, such as ferrets, horses, pigs and shrews (Aliouat-Denis et al., 2008;
Blasi et al., 2021; Laakkonen et al., 1993; Weissenbacher-Lang et al., 2023). Co-
evolution and host adaptation are the most common explanations for host specificity

of the Pneumocystis species (Aliouat-Denis et al., 2008; Cissé et al., 2021).

P. jirovecii - human relationship

P. jirovecii can cause Pneumocystis jirovecii pneumonia (PCP, or PJP) in
immunocompromised individuals. Besides HIV positive patients, transplant recipients
and individuals with immunosuppressive conditions are the most susceptible to

develop PCP. PCP is the second most frequent invasive fungal infections worldwide



with over 500.000 cases annually and a mortality rising to 80% when left untreated
(Bongomin et al., 2017; Brown et al., 2012).

The fungus was also found in the lungs of immunocompetent individuals,
however without provoking any symptoms. P. jirovecii is believed to be able to colonize

human lungs without harm (Cushion & Stringer, 2010). Healthcare workers in contact
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with PCP patients have been found to be at least transiently colonized with P. jirovecii
(Miller et al., 2001; Valade et al., 2015). Several studies investigated the presence of
the fungus in asymptomatic immunocompetent adults, and the results were diverse,
as between 0% and 65% of the tested individuals presented P. jirovecii colonization in
their lungs (Medrano et al., 2005; Nevez et al., 2006; Ponce et al., 2010; Vera & Rueda,

2021).

Transmission of P. jirovecii

The modes of spreading of P. jirovecii and the source of infection are still
unclear. Two hypothesized transmission routes exist which are not mutually exclusive.
First, cells from a previous infection within the host’s lungs could reactivate upon a
decrease of immunity and cause a new episode of the disease. A primo infection most
probably happens very early in life as high proportions of healthy infants possess anti-
P. jirovecii antibodies by the age of two (Morris et al., 2002; Vargas et al., 2001). High
percentages of P. jirovecii colonization in pregnant women suggest that transmission
from mother to foetus or infant might be a possible transmission route (Montes-Cano
et al., 2009; Vargas et al., 2003).

The second hypothesis is de novo acquisition of P. jirovecii that leads to an
infection. The asci and/or the ascospores were identified as the airborne transmission
form of the fungus (Cushion et al.,, 2010; Martinez et al., 2013). However, the
transmission’s distance might be limited (Cissé et al., 2020). It is unlikely that the
fungus has an environmental source as it is an obligate parasite because it lacks many
biochemical pathways. This also suggests that mammals are the sole reservoirs of this
fungus (Hauser et al., 2010; Ma et al., 2016). Therefore, the host-to-host transmission

of P. jirovecii is an important spreading mechanism and happens between individuals,



possibly only when in close proximity. Additionally, numerous reports of PCP outbreaks
due to interhuman transmission during brief encounters were described (Rabodonirina
et al., 2004; Yiannakis & Boswell, 2016). These infection clusters were observed
among individuals with the same condition, such as transplant recipients. Besides, one
strain was linked to renal transplant recipients within clusters (Sassi et al., 2012).
Immunocompromised patients are known to be a major source of infection of
the fungus as they develop PCP. However, several studies have shown, both in human
and animal models, that immunocompetent individuals are also key elements of its
transmission route (Chabé, Dei-Cas, et al., 2004; Dumoulin et al., 2000; Gigliotti et al.,
2003; Menotti et al., 2013). Similarly, colonization of P. jirovecii is prevalent among
elderly asymptomatic people, suggesting their participation in the transmission cycle

of the fungus (Vargas et al., 2010).

Molecular typing of P. jirovecii

Most PCP have been shown to be due to multiple co-infecting P. jirovecii strains,

up to seven were observed in a single patient (Alanio et al., 2016; Azar et al., 2022;

Nahimana et al., 2000). Hence, genotyping of P. jirovecii is an important aspect for the

understanding of the transmission of the fungus. Notably, there is no clear definition of

a genotype for this fungus and various molecular typing techniques were described to
genotype P. jirovecii:

(1) Sanger sequencing of amplified markers was first developed. Markers

used included the internal transcribed spacer 1 and 2 (ITS1 and ITS2) of

the rRNA operon or genes encoding the beta-tubulin, dihydrofolate

reductase or kexin 1 (Ma et al., 2018). The choice of markers is



(ii)

(i)

(iv)

controversial, as it should stay stable at least for several months to be
considered adequate for genotyping (Hauser et al., 1997).

Multilocus sequence typing (MLST) combines the analysis of multiple
markers to increase the discriminatory power. However, MLST has been
done with myriads of different marker combinations with varying
discriminatory power (Maitte et al., 2013), thus limiting the comparisons
between these studies (de Boer et al., 2007; Hauser et al., 1997; Ma et
al., 2018; Schmoldt et al., 2008).

Restriction fragment length polymorphism (RFLP) has been used on
various markers as well, rendering comparisons difficult. Recently, RFLP
has been done on a fragment of the genes of the family | of the major
surface glycoproteins (msg-1) which resulted in a high discriminatory
power. However, it requires higher amount of start material than other
methods (Ripamonti et al., 2009; Sassi et al., 2012).

Variable-number tandem-repeat takes another approach, as it does not
characterize the polymorphisms in marker genes but quantifies the
number of copy of short tandem repeats (Ma et al., 2018).

Cutting-edge sequencing techniques enable faster and more accurate
sequencing of the same markers as described above. The present study
used PacBio Circular Consensus Sequence (CCS), a single-molecule
real-time sequencing technique enabling an accuracy of 99.8% and the
generation of reads up to 13.5 kb (Wenger et al., 2019). Circularization
of the double-stranded DNA template leads to multiple sequencing of the
target template molecule, resulting in a highly accurate consensus read

(Figure 2).
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Figure 2. PacBio CCS overview. CCS derives a consensus (CCS read) from multiple
sequencing of a single template molecule, producing accurate CCS reads from
individual subreads with errors. Adapted figure 1a and legend from reference (Wenger
et al., 2019)

Life cycle

The inability of culturing in vitro any Pneumocystis species is a large drawback
for research. Research is ongoing to find a reproducible methodology to cultivate this
fungus. The use of polarized CuFi-8, a human epithelial cell line in an air-liquid
interface system, was proposed as a culturing method (Schildgen et al., 2014).
However, it could not be replicated elsewhere (Liu et al., 2018).

The lack of a long-term culture method restrains considerably the advances in
understanding the life and sexual cycles of P. jirovecii. Nevertheless, the following
section describes the current knowledge (Figure 3). During infections, 98% of the cells

within the host’s lungs are trophic forms, which are anamorphous without a rigid cell



wall. They are haploid (Aliouat-Denis et al., 2009; Martinez et al., 2011; Wyder et al.,
1998) and are believed to replicate asexually either by binary fission or possibly
endogeny. They would be able to undergo a sexual cycle, which initiation triggers are
still unknown. The fungus uses a primary homothallic reproduction mode (Almeida et
al., 2015). This is a self-compatible mating system where the cells co-express both
mating types to initiate the sexual cycle without the need for a compatible partner
(Hauser, 2021; Hauser & Cushion, 2018; Luraschi et al., 2019; Richard et al., 2018).
During its sexual cycle, P. jirovecii produces asci each containing eight ascospores.
The asci represent a low percentage of all P. jirovecii cells present in the infections,
ca. 2 to 10% (Shiota et al., 1986). They have a thick cell wall that maintains their
spherical shape. The ascospores have also been observed as elongated cells with a
condensed cytoplasm (Figure 3, blue cells). Ascospores may exit the asci through a

rent at the surface of the ascus within the host’s lungs (Hauser & Cushion, 2018). A
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Figure 3. Latest hypothesized life cycle of P. jirovecii including one obligate sexual cycle and two
potentially facultative asexual cycles. Figure 1A from (Hauser, 2021).



function of the sexual cycle would be to create the airborne transmission form of the
fungus. It is still unknown whether it is the asci or the ascospores, or both, that are
airborne. Nevertheless, they would exit the host’s lungs and spread to another host in
which ascospores would transform into trophic cells and restart the cycle.

The systematic presence of asci in each infection, their role in the spread of P.
jirovecii as well as the presence of genes responsible for various steps of the sexual
cycle supports the hypothesis that the sexual cycle is obligate for the fungus’
transmission and survival (Hauser, 2021; Hauser & Cushion, 2018; Richard et al.,
2018). This contrasts with the requirement of an asexual cycle which occurrence might
be facultative, i.e. it might depend on the environment or particular conditions of the

host (Hauser, 2021; Hauser & Cushion, 2018; Richard et al., 2018).

Genome of P. jirovecii

P. jirovecii has a reduced genome and a GC content lower than that of relative
organisms. Indeed, its genome is ca. 8Mb on 17 to 20 linear chromosomes with a GC
content of 29% versus 13Mb and 42%, respectively 14Mb and 36% for Taphrina
deformans and S. pombe (Cissé et al., 2013; Ma et al., 2016). The whole genome
sequencing of P. jirovecii was released first by Cissé et al. (2013), who thereupon
observed a lack of virulence factors and of most of the enzymes usually dedicated to
amino acid biosynthesis in fungi. The reduced genome and loss of essential enzymes
support that P. jirovecii is an obligate parasite, i.e. it is strictly dependent on the host’s
cells because it scavenges from them numerous essential compounds to survive
(Cissé et al., 2013; Hauser et al., 2010). Later, it was hypothesized that the common
ancestor of all Pneumocystis species lost ca. 40% of its genes (Cissé et al., 2021). Ma

et al. (2016) identified additional lacking pathways such as stress responses or
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biosynthesis of lipids, as well as biosynthesis of some vitamins and carbohydrates.
The latter is particularly interesting because P. jirovecii was found to lack critical
enzymes for biosynthesis of chitin, which subsequently was confirmed to be absent on
the fungus’ surface. Chitin is usually considered as an essential component of fungal
cell walls and is a common target for antifungals, such as nikkomycins, polyoxins, and
plagiochin (Lima et al., 2019). P. jirovecii is the first species of the fungal kingdom
identified to lack it. The main components of the cell wall of P. jirovecii are glycoproteins
and B-glucan, however, the latter was only detected on the surface of the cyst form of
the fungus as the trophs do not have a cell wall (Kottom & Limper, 2000; Kutty et al.,

2015; Ma et al., 2016).

Msg superfamily

The most abundant proteins at the surface of P. jirovecii cells are the major
surface glycoproteins (Msg; Kutty et al., 2008; Ma et al., 2016, 2020; J. R. Stringer &
Keely, 2001). They form a superfamily of proteins including six distinct families,
numbered | to VI (Schmid-Siegert et al., 2017). They are linked to the extracellular side
of the cell wall by a glycosylphosphatidylinositol (GPI) anchor. Family IV is the only
family suspected not to be bound to the fungus’ surface as it lacks a GPI anchor at its
C terminus (Ma et al., 2020; Schmid-Siegert et al., 2017). Family | is the most
abundant, both in terms of protein quantity and number of genes, and is the only family
missing a signal peptide at its N-terminus. Families | to 11l all possess a ST-rich region
directly before their GPI anchor, which is a site of oxygen-linked glycosylation
supposed to provide adhesive properties and rigidity to the protein (Schmid-Siegert et
al., 2017). Another interesting aspect of several Msg families is the presence of

cysteine as well as lysin residues at regular intervals in the peptide (Ma et al., 2016).
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Cysteines are known to form covalent disulfide bonds between two of their residues.
They have been shown to play a key role in the stability of the tertiary structure of
extracellular proteins (Sevier & Kaiser, 2002). This suggests their importance in the
structure of Msg proteins through intra- and inter-molecular bindings.

The function of the Msg is still largely unclear, but it is believed to be double.
Firstly, as surface proteins they are thought to be essential for adhesion to host cells
and extracellular matrix proteins, such as fibronectin and vibronectin (Pottratz et al.,
1991; Pottratz & Martin, 1990). They also adhere to lung epithelial cells (Kottom,
Hebrink, & Limper, 2018), as well as to various C-type lectin receptors present on
immune cells (Ezekowitz et al., 1991; Kottom et al., 2017; Kottom, Hebrink, Jenson, et
al., 2018; Sassi et al., 2018). Secondly, Msg proteins are thought to be responsible for
the antigenic variation system of P. jirovecii, which would enable the fungus to escape
the host immune system by rapidly changing its surface antigenicity (Keely et al., 2005;

Keely & Stringer, 2009; Schmid-Siegert et al., 2017; J. R. Stringer, 2007).

msg genes

The major surface glycoproteins are encoded by multiple genes, each encoding
a specific allele with a mean identity of 45% to 83% at the nucleotide sequence level
between them, being 70% for family | (Schmid-Siegert et al., 2017). They represent
8% of the fungus’ genome. This is surprising considering their highly reduced and
compact genome of these fungi. This high proportion underlines the importance of the
Msg superfamily (Cissé et al., 2021; Ma et al., 2016). The genes encoding the six
families are clustered within the subtelomeres of the ca. 17 to 20 chromosomes of P.
jirovecii with a conserved order. The genes of family | are located closest to the

telomeres, while those of family VI are closest to the genomic genes on the side of the
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centromeres. The other families are located in between. The open reading frames
(ORF) of all these genes are encoded in the same direction, towards the telomeres.
Multiple copies of the genes of each family are present in the subtelomeres, five to 20
according to the family, and 80 for family I. Each gene of the families Il to VI are
preceded by a promoter which suggests they can be continuously and simultaneously
expressed (Schmid-Siegert et al., 2017). The expression levels vary among the
families, family | representing ca. 85% of the msg expressed genes, msg-Ill ca. 10%,
and each of the other families ca. 1% (Schmid-Siegert et al., 2021).

Each msg-1 gene is ca. 3.1 kb long and multiple allelic genes are present in each
subtelomere (Schmid-Siegert et al., 2017), totalling ca. 80 genes per genome. A strong
promoter could be identified in a single copy per genome for the msg-I family. It is
located upstream of the start codon within the upstream conserved sequence (UCS),
which also includes the protein start and sequences responsible for post-translational
translocation (Edman, 1996; Kutty et al., 2013). The presence of a single copy
promoter suggests a mutually exclusive expression system, in which only the allele
downstream of the promoter is expressed (Figure 4). Another peculiar aspect of the
genes of family | is the presence of a 33-bps sequence called the conserved region
junction element (CRJE) in front of each gene and at the end of the UCS. The 3’ end
of this CRJE encodes a lysin-arginine sequence, which is a recognition site for kexin
proteases. Such an enzyme could be involved in the maturation of the protein by
cleaving the CRJE and releasing the constant portion of the protein encoded by the
UCS (Keely et al., 2005; Kutty et al., 2001; Ma et al., 2016; Schmid-Siegert et al.,

2017).



13

Upstream Conserved Sequence

ucs

r L Single expressed msg-| allele iTOP
B TATA ATG  intron 481 bps
X

CRJE TOP _\
msg-l allele 1
TOP
CRJE
msg-l allele 2 _
CRJE TOP
msg-l allele 3 ca. 80 alleles

CRJE TOP per genome

msg-| allele 4
CRJE 500 bps

Conserved Recombination
Junction Element

33 bps _/

Figure 4. Scheme of the mutually exclusive expression system of msg-l genes located at the
subtelomeres of the chromosomes of P. jirovecii. A single promoter, located within the
UCS, is present in the genome for ca. 80 msg-l. The cross represents the putative
recombination at the CRJE.

Antigenic variation

Antigenic variation is an important mechanism present in various parasite
organisms, such as Trypanosoma brucei, Borrelia burgdorferi (Vink et al., 2012) and
Plasmodium falciparum (Freitas-Junior et al., 2000). It enables the pathogen to evade
the host immune system by changing the epitopes at its outer surface protein layer.
However, the strategies vary significantly between species (Vink et al., 2012). They
incorporate genetic, epigenetic and/or expressional mechanisms (Deitsch et al., 2009).

In P. jirovecil, it is believed that the antigenic variation system is occurring at the
genetic level, mainly using msg family I, in order to create a hypervariation of the Msg
proteins. Two mechanisms are thought to be involved. Firstly, gene mosaicism of all
msg families through intragenic recombinations, which results in exchange or
conversion of gene fragments within each msg family (Keely et al., 2005; Kutty et al.,
2008; Schmid-Siegert et al., 2017). Secondly, msg-l have a mutually exclusive

expression system, as explained above. The small CRJE sequence is believed to have
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a crucial role. Recombinations are believed to happen within it, resulting in the
exchange of the expressed gene (Kutty et al., 2008).

The frequent exchange of the expressed msg-l would generate antigenically
heterogeneous populations of P. jirovecii composed of several subpopulations of cells,
each expressing a different msg-I gene and thus with a different Msg exposed at its
surface. This diversity would challenge the host’s adaptive immune system. However,
as P. jirovecii probably evolved in immunocompetent individuals, the aim of its
antigenic variation system might be the survive of the fungus long enough to spread
rather than to overcome the immune system to cause PCP (Keely et al., 2007; J. R.
Stringer, 2007). When confronted to a weaker host defence, P. jirovecii can evade the

impaired immune response, reproduce and accumulate, which can lead to PCP.

Immune system response

Both the innate and the adaptive immune system are required to clear P.
jirovecii infections (Evans et al., 2016). The innate response is activated by various
surface proteins such as B-glucans and Msgs, and the subsequent activation of
alveolar macrophages is a major player in the fungus clearance (Limper et al., 1997).
The adaptive response uses CD4+ T and B cells with a focus on the interaction
between these cells (Beck et al., 1993; Charpentier et al., 2021; Opata et al., 2015).
Anti-Msg antibodies produced by the activated B cells are measurable after an
infection with P. jirovecii (Bishop & Kovacs, 2003; Daly et al., 2006). Additionally, the
evasion of the immune system by antigenic variation affects the humoral response by
imposing a constant adaptation of the antibodies to the current Msg(s) expressed on

the surface of the fungal cells (Deitsch et al., 2009; Vink et al., 2012).
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Projects and aims of the PhD thesis

This thesis encompasses two chapters :

Chapter 1: Fungal antigenic variation using mosaicism and reassortment of

subtelomeric genes’ repertoires, potentially mediated by DNA triplexes

Chapter 2: Clusters of patients with Pneumocystis jirovecii pneumonia harbouring

similar msg-I repertoires

The main aim of this thesis was to better understand the genetic mechanisms
involved in the antigenic variation system of P. jirovecii. For this purpose, we
characterized the msg-1 gene repertoires present in P. jirovecii strains causing active
pneumonia in immunocompromised patients from multiple cities, and compared them.
Chapter 1 is a manuscript reporting this analysis that is presently submitted for
publication.

During the analyses presented in chapter 1, three clusters of patients harbouring
similar P. jirovecii msg-l repertoires were detected. Chapter 2 is a manuscript in

preparation that reports the analysis of these three clusters.
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Chapter 1: Fungal antigenic variation using mosaicism and

reassortment of subtelomeric genes’ repertoires,

potentially mediated by DNA triplexes

Summary of the results

The mechanisms involved in the antigenic variation system of P. jirovecii
believed to allow escape from the host immune system are still poorly understood.
Amplification of all entire msg-I genes, followed by a cutting edge sequencing method
i.e. PacBio circular consensus sequencing (CCS), enabled the characterization and
comparison of the msg-I repertoires among 24 patients from five cities.

The characterization of these repertoires resulted in the identification of 1007
msg-| alleles. Ca. 50 % of them were present in multiple cities, whereas 88 % of the
other half found in a single city were only present in a single patient, suggesting the
need of both inter- and intragenic recombinations to achieve such diverse repertoires.
Further observations included (i) the identification of duplicated fragments within msg-
| genes, which supported an intragenic recombination mechanism; (ii) the detection of
a higher identity between intergenic spaces than the genes themselves, suggesting
favoured intergenic recombinations relative to intragenic ones; (iii) the detection of
interfamily similarities upstream of msg-Il and msg-lll genes, which suggested single
intergenic recombinations between those two families; and (iv) the study of the
structure of the sequence CRJE, present in front of each allele, which has a peculiar
mirror repeat sequence suggesting the formation of a DNA triplex, known to promote

recombination events.
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These observations led to the creation of a more complete model of
mechanisms leading to antigenic variation in P. jirovecii, including inter- and intra-genic
recombinations; possible exchange of the downstream telomere additionally to the

genes; and possibly promoted by the CRJE.

Contributions to the manuscript

My contributions to this paper under the supervision of P. Hauser are the

following:

Optimization of the amplification and preparation of the samples for the

sequencing

- Development of a bioinformatics pipeline for the analyses of the results
(under the supervision of M. Pagni of the Swiss Institute of Bioinformatics)

- Writing of the draft

- Creation of the figures
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Abstract

Surface antigenic variation is crucial for major pathogens that infect humans,
e.g. Plasmodium (Deitsch & Dzikowski, 2017), Trypanosoma (Navarro & Gull, 2001),
Giardia (Prucca et al., 2008). In order to escape the immune system, they exploit
various mechanisms in order to modify or exchange the protein that is exposed on the
cell surface, at the genetic, expressional, and/or epigenetic level (Deitsch et al., 2009).
Understanding these mechanisms is important to better prevent and fight the deadly
diseases caused. However, those used by the fungus Pneumocystis jirovecii that
causes life-threatening pneumonia in immunocompromised individuals remain poorly
understood. Here, though this fungus is currently not cultivable (Liu et al., 2018), our
detailed analysis of the subtelomeric sequence motifs and genes encoding surface
proteins suggest that the system involves mediation of homologous recombinations
during meiosis by DNA triplexes. This leads to the reassortment of the repertoire of ca.
80 non-expressed genes present in each strain, from which single genes are retrieved
for mutually exclusive expression within subpopulations of cells (Schmid-Siegert et al.,
2017). The recombinations generates also constantly new mosaic genes. Dispersion
of the new alleles and repertoires, supposedly by healthy carrier individuals, appears
very efficient because identical alleles are observed in patients from all over the world.
Our observations reveal a unique strategy of antigenic variation allowing colonization
of the non-sterile niche corresponding to lungs of healthy humans. They also highlight
the possible role in genome rearrangements of small imperfect mirror sequences
forming DNA triplexes (Mirkin & Frank-Kamenetskii, 1994). Such mirror sequences are
widespread in eukaryotic genomes (Gofii et al., 2006b), as well as in HIV virus (Lang,

2007), but remain poorly understood so far.
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Introduction

The fungus Pneumocystis jirovecii is an obligate biotrophic parasite that
colonizes specifically the human lungs (Gigliotti et al., 2014). In immunocompromised
patients, mostly HIV positive patients and transplant recipients, it causes a life-
threatening pneumonia that is among the most frequent invasive fungal infections
(Bongomin et al., 2017). Currently, the study of P. jirovecii biology is difficult due to the
lack of a long-term in vitro culturing method.

This fungus lacks chitin, B-glucans, and outer chain N-mannans commonly
present in fungal walls, which may help escape the host’s immune responses during
colonization (Ma et al., 2016). In addition, like other major microbes pathogenic to
humans, it possesses a system of surface antigenic variation that appears essential
for survival because it represents ca. 8% of its highly compacted genome (Keely &
Stringer, 2009; J. R. Stringer & Keely, 2001). The most important player of this system
is a superfamily including six families of major surface glycoproteins (Msg-I to VI (Ma
et al., 2016; Schmid-Siegert et al., 2017)). These are supposed to be responsible for
adherence to various human proteins present in the lungs and on macrophages
(Ezekowitz et al., 1991; Kottom, Hebrink, & Limper, 2018; Pottratz et al., 1991; Pottratz
& Martin, 1990). All Msgs are believed to cover asci and trophic cells that are present
during proliferation, except those of family VI which could be present only at the surface
of ascospores, as it is the case in Pneumocystis murina infecting specifically mice
(Bishop et al., 2018). Family | is the most abundant in number of genes, transcripts,
and proteins at the cell surface (Kutty et al., 2013; Ma et al., 2016; Schmid-Siegert et
al., 2021). The genes encoding Msgs are located within all subtelomeres of the 17 to
20 chromosomes of P. jirovecii, the genes of family | being closest to the telomeres

(Ma et al., 2016; Schmid-Siegert et al., 2017). The subtelomeric localization favours
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ectopic recombinations within the meiotic bouquet of telomeres, gene silencing, and
possibly mutagenesis (Barry et al., 2003). In addition, recombinations of genes in this
genomic region presents the advantage to have no or small effect on the overall
chromosome structure (J. R. Stringer & Keely, 2001). Genes of families Il to VI each
have their own promoter and could be constitutively and simultaneously expressed
(Schmid-Siegert et al., 2021). On the other hand, a single out of the ca. 80 genes of
family | is believed to be expressed at a time in a cell thanks to the presence of a single
copy promoter in the genome, within the so called upstream conserved sequence
(UCS) (Edman, 1996). At the end of the UCS, a 33 bps-long sequence is present, the
conserved recombination junction element (CRJE), which is also existing at the start
of each of all msg-1 alleles (Keely et al., 2007). It is most probably the preferred site of
recombination allowing the exchange of the downstream expressed allele. The
spontaneous exchange of the single msg-I gene expressed per cell is thought to create
subpopulations of cells, each expressing a different msg-I allele. A second mechanism
of antigenic variation relies on intragenic recombinations of the msg gene sequences,
i.e. gene mosaicism (Kutty et al., 2008; Ma et al., 2016, 2020; Schmid-Siegert et al.,
2017).

The present work aimed at better understanding the mechanisms involved in
the antigenic variation system of P. jirovecii by investigating the repertoires of the msg-
| genes present in patients from different geographical locations. Our observations
allow us to complete the model for the surface antigenic variation system of P. jirovecii.

The present work was submitted by C. Meier as patrtial fulfillment of a Ph.D.

degree at the Faculty of Biology and Medicine of the University of Lausanne.
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Methods

Ethics approval and consent to participate

In Lausanne, Bern, and Seville, the procedure for admittance in the hospital
included informed written consent for all patients. The admittance form included the
possibility to require their samples not to be used for research. The samples were
obtained through the hospital’s routine procedure and were anonymized. The research
protocol was approved by the Seville Hospital review board and the Swiss institutional
review board (Commission Cantonale d’Ethique de la Recherche sur 'Etre Humain,

hitp://www.swissethics.ch). The collection and use of archival specimens was

approved by the ethics committee of Brest University Hospital on June 24th 2021, and
registered with the French Ministry of Research and the Agence Régionale de
I'Hospitalisation, No. DC-2008-214. The samples from Cincinnati were anonymized,;
their use was not for research on human subjects and did not require approval by the

Institutional Review Board.

Samples and DNA extraction

Broncho-alveolar lavage (BAL) samples were collected from 24
immunocompromised patients with Pneumocystis pneumonia in five different
geographical locations over 25 years (Table S1). DNA was extracted from 0.2 ml of

each BAL using the QIAamp DNA Blood Mini Kit (Qiagen).

Amplification of the repertoires of msg-l genes

Two distinct generic PCRs were used to amplify all entire msg-1 genes that are

expressed (the “expressed repertoire”), or all entire msg-I genes of the genome that


http://www.swissethics.ch/

24

are present in the sample, i.e. the expressed plus the non-expressed genes (the
‘complete repertoire”). The expressed repertoire was specifically amplified thanks to a
forward primer localized at the end of the UCS sequence, 27 bps upstream of the
CRJE (GK135: 5 GACAAGGATGTTGCTTTTGAT 3’) (Kutty et al.,, 2001). The
complete repertoire was amplified specifically using a forward primer covering the 3’
half of the CRJE sequence (CRJE-for-bis: 5 TGGCGCGGGCGGTYAAG 3’; the
underlined Y was introduced because 87 and 13% of the CRJEs harbor respectively T
and C at this position). The reverse primer was identical for both PCRs and located in
a conserved region of 31 bps ca. 90 bps after the stop codon of the msg-l genes
(GK452: 5° AATGCACTTTCMATTGATGCT 3’; the underlined M was introduced
because ca. 90 and 10% of the sequences harbor respectively T and G at this position)
(Kutty et al., 2008). PCR was performed with one microliter of DNA from the BAL in a
final volume of 20 pl containing 0.2 ul polymerase (KAPA LongRange HotStart,
Roche), the provided buffer, each dNTP at 0.2 mM, each primer at 0.5 pM, and a final
MgCl2 concentration of 3 mM. In order to prevent contaminations, PCRs were set up
and analysed in physically separate rooms using materials dedicated to each room,
and negative controls were systematically carried out at each experiment.

A touchdown PCR procedure was used for both PCRs. To amplify the
expressed repertoire, the program began with 10 cycles consisting in a constant
decrease of the annealing temperature from 62°C to 55°C, followed by 25 or, if needed
to obtain a sufficient amount of PCR product, 30 cycles with annealing at 55°C. For
the complete repertoire, the decrease was from 68°C to 58°C in 10 cycles, followed by
20 or 25 cycles with annealing at 58°C. The elongation time was for both PCRs 3 min
at 72°C. The reactions finished with a final elongation of 7 min at 72°C. The PCR

products were verified by (i) their size of ca. 3100 bps on an agarose gel and (ii)
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subcloning some of them using the TOPO cloning kit (Invitrogen) followed by Sanger
sequencing. The PCR products were then purified with E-gel CloneWell 0.8%
(Invitrogen) according to the manufacturer’s instructions, except for the use of 50%
glycerol instead of the provided loading buffer to avoid any issues during the
sequencing due to its unknown composition. Finally, they were evaporated on a
heating block at 50°C with the tube lid open to reach the adequate concentration
required for PacBio circular consensus sequencing. Each open tube was covered with
a non-airtight lid during evaporation in order to prevent cross-contamination. Absence
of the latter was assessed by the presence of a single allele in the plasmid controls

upon sequencing.

PacBio circular consensus sequencing (CCS)

Single molecule real time sequencing of the PCR products was performed using
the PacBio Sequel Il at the Genomic Technologies Facility of the University of
Lausanne, Switzerland. Barcodes were added to the amplicons before pooling them.
They were then circularized to enable multiple sequencing of the same msg-l gene
and the generation of circular consensus sequences. This technology provides long
and accurate reads of the repetitive sequences present in the msg-l1 genes. The
sequencing of 50 samples (48 PCR products from the 24 samples, plus two plasmid

controls) resulted in 10’223 to 160’836 reads per sample.

PCR artefacts

The production of artefacts during PCR amplification of mixed alleles results in
additional non-biological diversity (Beser et al., 2007). In order to address the

occurrence of this problem in our conditions, two plasmids containing each a single
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specific msg-1 allele were mixed before or after PCR amplification, and then sequenced
using PacBio CCS. Chimeric amplicons were observed upon mixing before PCR, but
not after PCR. These PCR artefacts result probably from a premature detaching of the
DNA polymerase during the elongation step that produces incomplete strands. The
latter can then be used as primers by annealing to closely related sequences. The
putative extremities of the incomplete strands were localized in the first and last 500
bps of the chimeric sequences. These findings led to the decision to trim both ends of
the ca. 3.1kb sequences and to keep only the central 2kb for the subsequent analyses

(positions 500 to 2500).

Allele identification and quantification

A dedicated bioinformatics pipeline of analysis of the Pacbio CCS raw reads
was developed to identify the alleles present in each sample as well as their
abundance. Information about the versions of the software and its packages are
provided in Table S2. The multistep process consisted in the following sequence of
analyses:

1. hmmer (http://hmmer.org/, n.d.) was used to identify the reads corresponding
to msg-l genes by aligning them to a profile-HMM specifically generated using

18 msg-1 genes previously identified in a pilot experiment and trimmed after the

CRJE in order to be in frame. The nhmmer program command was used to filter

the reads by alignment length and bit score, which resulted in removal of ca.

5% of the reads and a final number of 9°'742 to 156’375 reads per sample for

further analysis.

2. swarm (version 3.1.0) (Mahé et al., 2014) was used to define cluster seeds for

each sample. Each read that is more than 1 bp (option -d 1) different from any
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other is defined as a new cluster seed by swarm. The seeds with more than one
read in their cluster were kept as cluster seeds for the following clustering step.
3. cd-hit (version 4.8.1) (Li & Godzik, 2006) was used to cluster the reads around
the cluster seeds defined by swarm. The command cd-hit-est-2d, with options -
¢ 0.99 and -g 1, allowed the allocation of each read to the most similar seed to
create clusters of similar reads and determine the abundance of the alleles that

were identified among the reads as described in the next section.

The fine-grained clustering obtained so far still accounts for PacBio sequencing
errors and an additional step of clustering was required to get rid of this problem. Two
plasmids containing each a single specific msg-I allele, one with the UCS and the other
without the UCS, were amplified by PCR, PacBio CCS sequenced, and clustered as
described above, yielding several seed sequences. However, all pairwise sequence
identities between the seed sequences from a single plasmid were higher than 99.5%,
which matches the expected error rate of the PacBio CCS sequencing (Wenger et al.,
2019). An additional round of clustering was performed with an identity threshold set
at 99.5%. This yielded clusters of reads that were considered as identical alleles, or
alleles that cannot be distinguished by the used sequencing technique. This

corresponds to a difference of less than 10 bps in the trimmed 2kb sequences.

Confirmation of the msg-lI alleles repertoires present patients using
specific PCRs
The repertoires observed were supported using PCRs specific to three given

alleles among five patients (Table S3, Figure S1). Three alleles were selected that

were present in several patients and absent in others. Primers were designed within
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these alleles to amplify specifically each of them (Table S3). The specificity of the
primer pairs were assessed by blasting them against the 1007 different msg-I alleles
identified in the present work, as well as against the whole nucleotide collection (nr/nt).
The PCRs were performed with the following parameters: 3 min at 94°C followed by
35 cycles consisting of 15 sec at 94°C, 30 sec at 56°C, and 2 min at 72°C, followed by
a final extension of 7 min at 72°C. The presence or absence in patients observed by
PacBio CCS was confirmed by the specific PCRs (Figure S1). The sequences of the
amplicons obtained using the Sanger technology showed 100% identity with those
obtained using CCS. The positive DNA control was produced by random amplification
of 2.5 ul DNA from the BAL of patient LA2 using the GenomiPhi HY kit (GE Healthcare),
followed by a purification step using the columns of the QIAamp DNA Blood Mini Kit

(Qiagen). It was also used for the setup of the PCR reactions.

Estimation of the number of P. jirovecii strains

The number of P. jirovecii strains infecting each patient was estimated by
amplifying and sequencing the region comprising the internal transcribed spacers and
the 5.8S rRNA gene of the ribosomal RNA operon (ITS1-5.8S-ITS2). The PCRs mixes
were identical as for the amplification of the msg-I genes with one microliter DNA in a
total volume of 20 pl. The PCRs were performed with the following parameters: 3 min
at 95°C initial denaturation followed by 35 cycles consisting of 30 sec at 95°C, 30 sec
at 62°C and 45 sec at 72°C followed by a final elongation of 1 min at 72°C. The primers
were derived from those described by reference (Xue et al, 2019) : %
GCTGGAAAGTTGATCAAATTTGGTC 3 and 5 TTCGGACGAGACTACTCGCC 3
(the six underlined bases were added in 5’ to the first primer to adjust the annealing

temperature, and the four underlined bases replaced those from Pneumocystis carinii,
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the species infecting rats, that were in fact within the second primer). The PCR program
included 3 min at 95°C of initial denaturation, 30 to 35 cycles consisting of 30 sec at
95°C, 30 sec at 62°C, and 45 sec at 72°C, followed by 1 min of final elongation at 72°C.
After purification using the Qiagen PCR column kit, the amplicons were sequenced
using PacBio CCS. The bioinformatic pipeline dedicated to the analysis of the ITS1-
5.8S-ITS2 reads started with hmmer to identify the correct genes followed by a filtering
step by read size between 470 and 500 bps (see above, Allele identification and
guantification). Xue et al. (Xue et al., 2019) highlighted that the ITS1-5.8S-ITS2 region
includes seven homopolymer stretches that are prone to errors during both
amplification and sequencing. Hence, the length of the six homopolymers that showed
variation in our data were homogenized (Figure S2). The redundant reads were then
clustered using swarm (option dO) and only the clusters comprising more than 1% of

the reads present in each patient were analysed.

BALSTn analyses

We searched similarities within the 37 subtelomeres present in the whole P.
jirovecii genome assembled from a single strain using PacBio sequencing (Schmid-
Siegert et al., 2017). We used the BLASTn algorithm on the NCBI website

(https://blast.ncbi.nim.nih.gov/Blast.cgi) with the default parameter values (expected

threshold 0.05) and the following settings: database: whole-genome shotgun contigs
(wgs), limit by: BioProject, BioProject name: 382815 Pneumocystis jirovecii strain
E2178, program selection: somewhat similar sequences (BLASTn). The 37 contigs
carrying msg genes are entire or partial subtelomeres corresponding to most of the 34
to 40 that are present in P. jirovecii genome (17 to 20 chromosomes) (Ma et al., 2016).

Nevertheless, 17 of the 37 contigs do not carry non-msg genes flanking the
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subtelomere, so that they could not be attributed to a specific chromosome previously
described (Ma et al., 2016). Consequently, some of them could be parts of the same
subtelomere, rather than distinct ones. For simplification, each contig is considered as

one specific subtelomere in the present manuscript.

Search of mosaicism within the msg-I alleles

Duplicated fragments were searched within the 917 alleles identified in the
complete repertoires of this paper. An allele chosen randomly was blasted using
BLASTn with default parameters to align two or more sequences among the 3.1kb
sequences of the 917 alleles (the full size alleles were used because search of
duplicated fragments is not impaired by eventual chimera). Its closest allele, i.e. that
with the highest score, was chosen for the following steps. Alignment of both
sequences allowed the visual identification of fragments larger than 100 bps shared by
the two alleles. These fragments were then searched among the 917 alleles using

BLASTN, identifying the ones containing the fragments completely conserved.

Bioinformatics search for site-specific recombinase genes

Potential genes encoding site-specific recombinases were searched for in the

P. jirovecii genome (accession number LFWAO1000000 by matching this genome

against large pools of representative bait sequences by using tBLASTn (NCBI BLAST
suite). These pools were recruited through the InterPro annotations IPR011010 (DNA
breaking-rejoining enzyme, catalytic core) from a wide range of taxa. To avoid missing
candidates because of the use of too stringent conditions, the tBLASTn searches were
conducted with relaxed parameters (E value from 1E-4 down to the default value).

Each match with a suitable E value was investigated by looking for pre-existing
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annotations. If no coding sequence (CDS) annotations were available, the matched
region was assessed for putative novel CDSs and their translated sequence were
submitted to the InterProScan4 tool to detect the required reference signature matches

(Paysan-Lafosse et al., 2023).
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Results

Amplification and identification of the msg-I alleles

We amplified the msg-I alleles present in the BALs of 24 patients with
Pneumocystis pneumonia from five different geographical locations (Table S1).
Generic primers were used in two different PCRs to amplify specifically either all entire
msg-l genes both expressed and non-expressed (hereafter called the “complete
repertoire”), or all entire expressed msg-l genes (the “expressed repertoire”). The PCR
products were sequenced using PacBio circular consensus sequence (CCS). The
reads were processed using a specifically developed bioinformatics pipeline dedicated
to the identification of the different biological alleles present, as well as to the
determination of their abundance. The known issues represented by chimeric
sequences created during PCR amplification and PacBio sequencing errors were
specifically addressed and are not believed to affect the results presented below (see

methods). The diversity of the alleles reported might however be underestimated.

msg-l alleles identified in the patients

Among the 48 PCR products from the 24 patients, 1007 distinct msg-I alleles
were identified. They had a mean pairwise sequence identity of 65.7% + SD 9%. This
value is in agreement with that based on 11 alleles from Switzerland that we published
previously (71% + SD 7%) (Schmid-Siegert et al., 2017), as well as with that of 70.5%
+ SD 3% among a collection of 80 msg-I genes from USA (Ma et al., 2016). If we define
pseudogenes as alleles with at least one stop codon, they represented 5.6% of the

1007 alleles. This is consistent with the single previous observation of 11% among 28
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genes with a CRJE (Schmid-Siegert et al., 2017). Thus, 94.4% of the 1007 alleles
presented a fully open reading frame without any introns.

The 24 complete and 24 expressed repertoires included respectively 917 and
538 distinct alleles that were sorted using hierarchical classification trees (Figure 5).
Both trees highlighted the presence of two major and one smaller subgroups of the
msg-| alleles, which is consistent with previous observations (Kutty et al., 2008; Ma et
al., 2016; Schmid-Siegert et al., 2017). The two major subgroups constitute a single
family, based on the occurrence of recombinations between them (Kutty et al., 2008;
Schmid-Siegert et al., 2017). The smaller one corresponds to outlier msg genes that
could not be yet classified into family | (Schmid-Siegert et al., 2017). The significance

of these subgroups remains unexplained so far.

Repertoires of msg-l alleles present in the patients

The alleles of both the expressed and complete repertoires present in each
patient were uniformly spread along the trees of the alleles (Figure 5). No repertoire
showed clear groups of alleles that would have revealed the presence of related ones.
The complete repertoires contained 44 to 185 alleles per patient (104 + SD 40),
whereas 2 to 108 alleles were present in the expressed repertoires (37 £ SD 34, Table
S4). Notably, three out of the five samples from Brest (BR1, BR2, BR3) harbored the
least diverse expressed repertoires with 2, 3, and 5 alleles. The variation of the number
of alleles of the complete repertoires was at least partially explained by the number of
P. jirovecii strains present in the patients. Indeed, a significant correlation was
observed between these numbers (Figure 6). On the other hand, the expressed
repertoires showed no correlation, suggesting the involvement of other more important

parameters. Figure 6 also shows the consistency of the data. Indeed, the correlation
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was 0.74 between the number of alleles of the complete repertoires and that of strains.
Moreover, the average of 77.6 (intercept + regression slope) alleles in samples
infected by a single strain obtained by regression is compatible with an
underestimation of the postulated number of 80 per genome.

Due to the design of the two PCRs, the expressed repertoire should be a subset
of the complete repertoire for each patient. Consistently, high proportions of the alleles
of the expressed repertoires were also present in the corresponding complete
repertoires (85% + SD 17%, 40 to 100%, “% expressed in complete”, Table S4).
Eighteen out of the 24 patients presented a proportion lower than 100% probably
because of the limitations that affect the composition in low abundant alleles of the
repertoires, and that lead to a slight underestimation of the number of these alleles
(Supplementary data 1, Table S5, Figure S3). Reversely and as expected, lower
proportions of the alleles of the complete repertoires were present within the
corresponding expressed repertoires (33% + SD 32%, 2 to 100%, “% complete in
expressed”, Table S4). These latter proportions are consistent with the single previous
estimation of 50% among 28 genes (Schmid-Siegert et al., 2017), they correspond to

the alleles that are both non-expressed and expressed.

Similarity of the msg-I repertoires between the patients

The complete and expressed msg-I repertoires present in the patients were also
sorted using hierarchical classification trees (Figure 5). The inspection of these trees
reveals that each repertoire was notably different from all the others. This
distinctiveness implies the absence of obvious correlation of the repertoires with the
year or city of collection of the sample, the underlying disease affecting the patient, or

the P. jirovecii genotype(s) causing the infection. The complete repertoires of two
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samples from Seville, SE1 and SE2, as well as the complete and expressed repertoires
of the two samples from Cincinnati, CI1 and CI5, were possible exceptions as they
were slightly related.

Although they were all distinct, the repertoires shared many alleles. Indeed, 84%
+ SD 7% of the alleles of each complete repertoire were present in at least one
complete or expressed repertoire of another patient. The value was 77% = SD 16% for
the expressed repertoires. Figure 7 gives the proportion of alleles shared by each
repertoire, and allow visualizing that the overlaps of the repertoires did not differ

significantly according the city and continent, as well as of the year of collection.

Distribution of the msg-I alleles among the cities and patients

Approximately half of the 917 alleles present in the 24 complete repertoires were
found in only one city, of which the vast majority were in a single patient (88.0%, 411
among 467, Table 1a). The remaining half was present in more than one city, 3.6%
occurring even in all five cities. The proportion of the alleles found in only one city
among the 24 expressed repertoire was higher than in the complete repertoires
(72.9%), but a similarly high proportion of which was found in a single patient (88.5%,
347 among 392, Table 1b). A single expressed allele was present in all five cities
(0.2%). Figure 8 allows the visualization of these proportions and shows that
comparable results were observed in each of the five cities.

In order to understand the parameters influencing the distributions of the alleles
among the patients, we performed two simulations experiments in silico. First, we
investigated the size of the reservoir from which the alleles are retrieved. We simulated
the 24 complete repertoires by drawing 24 times the 104 alleles present on average in

them out of a simulated reservoir comprising 1’000 to 5’000 alleles. We repeated this
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draw 30 times, and then determined the mean number of draws of each allele. The
distribution obtained with the reservoir including 2’000 alleles was most similar to that
observed in the complete repertoires of our data (Figure S4a). Similarly, drawing 24
times 37 alleles to simulate the 24 expressed repertoires, the distribution with a
reservoir of 1°000 alleles resembled that we observed for the expressed repertoires
(Figure S4b). In the second simulation experiment, we determined the effect of
analysing less than the 24 patients. We drew 30 times 5, 10, 15, or 20 patients
randomly, and calculated the mean numbers of alleles observed. Consistently with the
first simulation experiment, the numbers of alleles increased regularly, showing that a
plateau corresponding to the complete reservoir was not reached with the analysis of
24 patients (Figure S5). These simulations suggest that the high proportion of alleles
we observed only once in single patients could be explained by a large reservoir of
alleles. However, a not mutually exclusive hypothesis is that a proportion of them
corresponds to new alleles created by mosaicism within each patient because this is

probably necessary for the survival of the fungus.

Abundance of the msg-l alleles in the patients

Each population of P. jirovecii cells is expected to be composed of
subpopulations, each expressing a distinct msg-l1 allele. The size of these
subpopulations, and thus the abundance of the expressed alleles, may vary according
to a possible advantage over the host immune system, or to other parameters. To test
this hypothesis, the abundance of an allele was defined as its number of reads in
percent of the total number of those present in the given repertoire. These abundances
were confirmed using subcloning in the wet-lab (Supplementary data 2, Table S6). All

the 24 complete repertoires showed a homogenous distribution of the allele
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abundances which remains under a maximum of 8% (Figure 9). By contrast, 22 out of
the 24 expressed repertoires, i.e. except those of LA6 and BE1, showed a
heterogeneous distribution of these abundances, with up to 6 highly abundant alleles
(= 8%), and 107 low abundant alleles (< 8%). The highest abundance was seen in
patient LA7 at 71.9%. Among the 62 expressed alleles with an abundance = 8%, 40
were observed in more than one patient (64.5%). This contrasted drastically with the
same proportion among all expressed alleles, including those at < 8% (35.5%, 100
minus 64.5%, Table 1b). This difference suggests that the alleles at = 8% might have
presented a selective advantage, for example over the host immune system of the
individuals that harboured them.

The technical variability of the expressed repertoires characterization is the
major limitation of the present study (Supplementary data 1, Table S5, Figure S3).
Nevertheless, the heterogeneity of the allele abundances concerned both duplicates
of all four expressed repertoires that we analysed (Figure S3b). Moreover, all 11 alleles
with an abundance = 8% in at least one duplicate were present in both duplicates, six
of them being at < 8% in the other duplicate. Thus, despite the variation of the
expressed abundances due to the limitation of the method, the distributions of the
abundances differed clearly between the complete and expressed repertoires. This
further supports the mutually exclusive expression hypothesis. Indeed, the expressed
alleles are likely to correspond to subpopulations expressing each a specific allele, the

most frequent alleles by the largest ones.

Sequences flanking the msg genes

The msg-I genes present short conserved sequences of a length of ca. 30 bps

before and after their CDS (coding sequence), the CRJE and 31 bps located after the
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stop codon, in which we placed our primers for amplification of the complete
repertoires. To investigate if similar conserved sequences flank the msg CDSs of the
other families, we took advantage of the 37 subtelomeres that we previously
assembled from a single strain using the PacBio sequencing technology (Figure S6
and Figure S7) (Schmid-Siegert et al., 2017). These subtelomeres carry 113 distinct
msg genes of the six msg families. We used the 200 bps located immediately up- or
downstream of 20 representative CDSs as queries in BLASTn analyses against the
PacBio P. jirovecii genome assembly. Most of the genes of families | to V produced
numerous significant hits with other sequences that flanked a CDS of a gene or
pseudogene of the same family, most often both up- and downstream (Table 2, Table
S7a). The hits represented variable proportions of the up- or downstream sequences
of the same family present in the assembly (20 to 100%). Importantly, for families | and
IV, the identities of these hits with the query were ca. 10% higher than those between
the genes themselves (Table S7b). On the other hand, these identities were similar
between families II, 1ll, and V. Notably, for family I, fewer hits were found for the
pseudogenes than for the genes (7 to 38% versus 67 to 79 %). Inspection of the
alignments with the hits for families Il to V did not identify any conserved sequences
flanking the CDSs, contrary to family I. These analyses revealed that the up- and
downstream regions of msg CDSs are often similar among the genes of the same
family, except for family VI, and that those of families | and IV are even more conserved
than the genes nearby.

These analyses also revealed that the upstream sequences of the genes of
families 1l and Ill are often similar, but not their downstream sequences (Table 2). The
identities between these hits and their query were much higher than those between

the genes nearby (Table S7b, mean difference of 29.8% *= SD 5.9%). These hits
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included an important proportion of the upstream sequences of the other family (50 to
78%). Besides, genes no. 3, 37, 55 and 8 of these two families showed no or lower
similarities with the other family (Table 2). The latter genes are located centrally in the
subtelomeres, whereas the others are located at their extremities (genes no. 7, 25, 34,
53, Figure S8). Furthermore, the similarity between the 200 bps upstream of genes of
families Il and IIl proved to extend within the CDS on ca. 100 bps (Figure S8). In
conclusion, the upstream regions of the CDSs of msg families 1l and Il are often similar
and more conserved than the genes nearby, in particular among genes located at the

distal tip of the subtelomeres, but not their downstream regions.

Mosaicism of the msg genes

The mosaicism of msg genes, i.e. being composed of fragments potentially
originating from other genes, was suggested based on the detection of recombinations
and duplicated fragments strictly among members of the same family (Kutty et al.,
2008; Schmid-Siegert et al., 2017). We investigated the possible mosaicism of the 917
msg-| alleles identified in the complete repertoires during the present study. Inspection
of the alignments of three randomly chosen alleles with their closest hit in BLASTn
comparison identified in each case four to eight duplicated fragments of a size = 100
bps (total of 16 fragments, one alignment is shown in Figure S9). We then searched
each fragment within the 917 alleles using again BLASTn comparison. It appeared that
the fragments were conserved among closely related alleles, i.e. within the same
subgroup of alleles of the tree (Figure 10). They were conserved in several patients,
regardless of the year of the pneumonia episode, or city and continent of origin.
Moreover, the two fragments < 200 bps were present within two different subgroups of

alleles (blue and purple in Figure 10). In the single case of the fragment labelled in
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purple, the two subgroups corresponded to very distant alleles because they belonged
to the two major subgroups of msg-I alleles (see above, section “msg-I alleles identified
in the patients”). By contrast, the fragment = 200 bps shown in red distributed in only
one subgroup. Identical distributions in function of the size of the duplicated fragments
were observed for all 16 duplicated fragments, ten = 200 bps and six < 200 bps, two
among the latter being nevertheless present only in a single subgroup of alleles.

To understand better the phenomenon, we searched thoroughly duplicated
fragments within the 10 representative subtelomeres of the 37 previously assembled
(Schmid-Siegert et al., 2017) shown in Figure S6. The results confirm the mosaicism
of the msg genes and pseudogenes previously reported (Schmid-Siegert et al., 2017),
reveal that the intergenic spaces are also concerned, and suggest that no hotspots of
recombination exist along the msg genes (Supplementary data 3, Table S7 and Table

S8, Figure S6, Figure S7 and Figure S10).

Structure of the CRJE sequence present at the beginning of each msg-|

gene

The sequence CRJE of 33 bps that is conserved at the beginning of each msg-
| gene is probably the site of recombination allowing the exchange of the expressed
allele. It is specific to P. jirovecii, and we did not identify any site-specific recombinase
that could target it (Supplementary data 4 and 5). We identified two important features
of the CRJE.

First, each strand of the CRJE is enriched in purines or pyrimidines that are part
of an imperfect mirror repeat (Figure 11a). An AT bp is present between the copies of
the mirror repeats (position 14), and four AT bps are organized as inverted repeats at

the end of the repeat, at positions 26 to 29 (TTAA). According to a body of literature
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(Buske et al., 2011; Frank-Kamenetskii & Mirkin, 1995; Mirkin & Frank-Kamenetskii,
1994; Soyfer & Potaman, 1996), the features of the CRJE suggest that it can form two
isomers of a non-canonical H-DNA, so-called *H-DNA (Figure 11b, the symbol * stands
for Hoogsteen bonds). *H-DNA is an intramolecular DNA triplex that, in this case,
would be made of 11 base triads involving Hoogsteen bonds and presenting a single
stranded stretch of 12 bps (Figure S1la and Figure S11b show the structure of the
base triads and a 3D model of DNA triplex). Although slightly smaller, the CRJE
sequence closely resembles the canonical sequences that have been reported to form
*H-DNA (Figure S11c). Consistently, seven out of the 11 base triads potentially formed
by the CRJE are one of the two most frequent reported to constitute *H-DNA (CG*G).
Two of the 11 triads have been reported only in H-DNA so far (CG*C, GC*G), whereas
the two remaining GC*C are non-canonical requiring more energy to be integrated in
a DNA triplex but which have been observed in vitro. *H-DNA presents sequence
requirements much less stringent than H-DNA (Mirkin & Frank-Kamenetskii, 1994), the
mirror repeat may even not be present, so that the specificities of the CRJE sequence
and the alternate triads that it may form are plausible. DNA triplexes are believed to
play a number of roles in the cell (Frank-Kamenetskii & Mirkin, 1995; Soyfer &
Potaman, 1996).

The second new feature of the CRJE is that the peptide encoded presents a
direct tandem repeat of the motif ARAV, just upstream of the cutting site of the Kexin
that is believed to ensure removal of the constant part corresponding to the UCS
(Sunkin et al., 1998). Interestingly, one of the four positions that are imperfect in the
repeats, the C at position 19, is necessary to encode the arginine (R) within the second
copy of the motif ARAV (Figure 11a). RA within ARAV is a motif that is cleaved by a

number of peptidase, such as the cathepsins (MEROPS database). Furthermore, the
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R residue is a common recognition site for trypsin-like peptidase, for example the
transmembrane serine protease present in the human lungs that is involved in the
defence system (Uniprot O60235). Thus, the CRJE sequences might also be involved
in the proper removal of the constant part of the Msg proteins by host enzymes in order
to ensure the variation of each Msg’ antigenicity.

As far as the other species of the genus are concerned, P. carinii harbours a
CRJE sequence with a less symmetrical mirror repeat than that of P. jirovecii (Keely et
al., 2007), but that could possibly form a DNA triplex (not shown). On the other hand,
the one present in P. murina presents a much less conserved mirror repeat and

symmetry (Keely et al., 2007), so that formation of triplex appears unlikely.
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Discussion

We investigated the mechanisms used by the fungus P. jirovecii to vary its
antigenicity by analyzing the repertoires of the genes encoding its major surface
proteins, as well as the motifs and similarities present within the subtelomeres
harbouring these genes. Based on our new results, we posit that the antigenic
variation system of P. jirovecii relies on the three following mechanisms, listed in the
order of their importance:

() Reassortment of the msg-1 genes’ repertoires and exchange of the expressed
allele by translocation of entire genes mediated by DNA triplexes.
(i) Rearrangement of the subtelomeres through single recombinations.

(i) Mosaicism of the msg genes through intragenic recombinations.

(1) Reassortment of the msg-l genes’ repertoires and exchange of the
expressed allele by translocation of entire genes mediated by DNA

triplexes

Although they were all distinct, the complete repertoires of the P. jirovecii msg-
| alleles overlapped importantly among the patients. This implies that very frequent
translocations of entire non-expressed alleles occur among the subtelomeres, which
creates new assortments of the alleles and thus new subtelomeres. The latter would
be then segregated into different P. jirovecii cell lines, in which further translocations
of the msg-I alleles would occur. This continuous reassortment of alleles would lead
to the distinctiveness of each repertoire that we observed independently of the
geographic location, the year of the Pneumocystis pneumonia episode, or the
subgroups of alleles observed by their hierarchical classification. The likely underlying

mechanism of these translocations is a combination of two homologous
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recombinations, one within the region localized upstream of the msg-1 CDS and one
within the downstream region (Figure 12a). Such events would permit the exchange
of the two alleles (reciprocal exchange), but also possibly the replacement of one by
the other (conversion, non-reciprocal exchange). Consistently, the up- and
downstream regions flanking the msg-1 CDSs proved to be similar with an identity that
was ca. 20% higher than between the genes themselves, probably favouring the
postulated recombinations outside of the genes. These recombinations might occur
preferentially in the 33 bps CRJE sequence present at the beginning of each CDS and
the 31 bps sequence located after the stop codon because these sequences are fully
conserved within the up- and downstream regions. We also found that the sequences
located immediately up- and downstream of the CDSs in msg families II, Ill, IV, and V
are also often similar, particularly among the genes located at the tip of the
subtelomeres. Furthermore, those of family IV present also an identity higher than the
CDSs themselves, like for family I. These observations suggest that translocation of
entire genes may also concern these families, but no data supporting this hypothesis
are presently available. The facilitation of the translocation of msg genes thanks to
intergenic spaces more conserved than the flanking genes themselves has been
previously postulated in P. carinii (Keely et al., 2005).

Translocations through double recombinations are likely to affect also the
expressed msg-l alleles because they also present the CRJE upstream and the
similarity downstream (Figure 12b). However, most events affect probably the non-
expressed alleles because, per genome, the latter are present in ca. 80 copies,
whereas there is a single expressed allele per genome. Moreover, translocation of the
expressed allele may be reduced by the fact that the similarity upstream of it is only

the 33 bps of the CRJE upstream, whereas that of the non-expressed genes is 200
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bps long plus 33 bps of the CRJE. As previously postulated (Schmid-Siegert et al.,
2017; Sunkin & Stringer, 1996), an alternative mechanism is suggested by the distal
location of the msg-I genes within the subtelomeres because it may facilitate their
exchange through a single recombination. The latter would occur between two CRJE
sequences, leading to the exchange of one or several genes together with the
telomere linked to them (Figure 12c-d).

The number of expressed alleles per patient varied greatly (2 to 108). Apart
from the number of P. jirovecii strains infecting the patient, as we evidenced in the
present study, one can postulate the three following parameters influencing this

number:

(i) The number of cells with distinct msg-I repertoires that infected the patient

because it can influence the initial number of different expressed alleles.

(i) The level of immunosuppression of the patient that can eliminate more or less
efficiently the cell subpopulations expressing alleles or epitopes previously

encountered by the patient.

(i) The time elapsed between acquisition of the fungus and the Pneumocystis
pneumonia episode. Indeed, new cell subpopulations expressing a specific
allele are presumably segregated continuously and could accumulate over time

in immunocompromised patients such as those we analysed.

The conservation of the CRJE sequence in toto and in multiple copies in the

subtelomeres, precisely at the location where recombinations leading to the exchange
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the expressed allele are postulated, very strongly suggest that it plays a crucial role in
the antigenic variation system of P. jirovecii. The DNA triplexes that these sequences
can potentially form because of their distinct motif including an imperfect mirror could
be involved. However, despite that they constitute a hallmark representing up to 1%
of eukaryotes’ genomes (Cox & Mirkin, 1997; Gofii et al., 2006a; Wells, 1988), the
function of the imperfect mirror repeats has been difficult to assess and remain
putative so far. This situation results from the fact that DNA triplexes are notoriously
difficult to tract, mostly because of their putative transient state and that the conditions
required for their formation are not reproduced easily in vitro (Mirkin et al., 1987; Mirkin
& Frank-Kamenetskii, 1994; Soyfer & Potaman, 1996). Nevertheless, a large body of
circumstantial evidence (Bacolla et al., 2015), mainly their location within the genome,
suggests that they are involved in a number of genetic process: transcription,
replication, chromosome folding, structure of chromosome ends, mutational process,
instability, rearrangements, translocations, and homologous recombination. In our
context, the latter three processes are highly relevant, and homologous recombination
is in fact the function that was most recurrently mentioned because mirror repeats
have often been reported close to recombination sites (Frank-Kamenetskii & Mirkin,
1995; Rooney & Moore, 1995; Stasiak, 1992; Weinreb et al., 1990; Wells, 1988).
Moreover, mediation of homologous recombination is the only potential function that
has been supported by an experimental evidence: the presence of a polypurine-
polypyrimidine stretch within a plasmid of Escherichia coli enhanced homologous
recombinations within repetitive sequences present nearby (Kohwi & Panchenko,
1993). Furthermore, nucleic acid triplexes (RNA:DNA hybrids, R-loops) would be
involved in (i) the switching of the expressed allele participating to the antigenic

variation system of Trypanosoma brucei (Saha et al., 2020), and (ii) the switch
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recombinations in mammalian immunoglobulins (Roy et al., 2008). Thus, we
hypothesize that the DNA triplexes potentially formed by the CRJE sequences
mediate, perhaps activate, the recombinations involved in the translocations of the
msg-l genes, and possibly also the other recombinations involved in the system of

antigenic variation.

(i) Rearrangement of the subtelomeres through single recombinations

We found in the present study that the upstream regions of the genes of families
Il and Ill are very similar, but not their downstream sequences. Their identity was ca.
30% higher than between the genes nearby (79.8 versus 50.1%). These similarities
may promote exchanges of large parts of subtelomeres through a single homologous
recombination between them (Figure 12e). Such intergenic recombinations might be
as or more frequent than intragenic recombinations leading to gene mosaicism
because the mean identity of the genes within each msg family is lower or similar, i.e.
66, 83, 83, 72, 66, 45 for respectively families | to VI (Schmid-Siegert et al., 2017).
This mechanism would lead to the creation of new subtelomeres that are potentially
of varying sizes. This would be compatible with the important variation of the telomere
length that we observed (Schmid-Siegert et al., 2017) (Figure S6 and Figure S7).
Indeed, the distance between the genomic genes and the msg-l genes with a CRIJE
sequence, which are the genes always closest to the telomere, varied from 6 kb

(contig/subtelomere 149, Figure S7a) to 25 kb (54, Figure S6).

(ili) Mosaicism of the msg genes through intragenic recombinations

A general phenomenon concerning subtelomeric genes is the occurrence of

ectopic recombinations between them, i.e. also between non-homologous



48

chromosomes (Barry et al., 2003; Britten, 1998). These recombinations are likely to
occur mostly when the telomeres and subtelomeres are bundled as a “bouquet” by the
attachment to the spindle body during the prophase of meiosis (Barry et al., 2003;
Oizumi et al., 2021; Yamamoto, 2014). This bouquet is involved in the matching and
alignment of the homologous chromosomes by shaking them within the diploid cell.
The latter phenomenon concerns most if not all eukaryotes, but has not been
documented in the Pneumocystis genus so far. The products of two such
recombinations are difficult to assess, and may vary according to the organism (Figure
12f). Moreover, a balance between fragment conversions and fragment exchanges
may exist in all organisms because the former generally homogenises the alleles,
whereas the latter diversifies them (Freitas-Junior et al., 2000). The importance of
each process in the balance may depend on the amount of different alleles imported
in the system, for example by mating of strains because it leads to the fusion of two
sets of alleles. The recombinations responsible for the mosaicism of the alleles could
also result from the meiotic reparation of the altered genes through fragment
conversions (Chen et al., 2007).

Ectopic recombinations during meiosis are likely to generate the mosaicism of
the P. jirovecii genes, pseudogenes, and intergenic spaces of the subtelomeres that
is observed. However, our present observations suggest that the duplicated fragments
we observed among the P. jirovecii msg-I alleles have been conserved from ancestral
alleles during the diversification of the alleles. Indeed, two thirds (4 out of 6) of the
fragments < 200 bps that we investigated were present in two subgroups of distant
alleles. One was even in the two main subgroups of msg-I alleles, i.e. very distant
ones. On the other hand, all ten fragments = 200 bps were present in a single

subgroup. During the diversification process, the probability for a fragment to be split
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is probably greater with a length = 200 than for those < 200. Thus, the larger fragments

would more likely be present within a single subgroup than the shorter ones.

An alternative hypothesis is that the duplicated fragments result from
conversion events that occurred within subgroups of related alleles, followed by the
dissemination of the alleles created among patients. The presence of the same
duplicated fragments within two distant subgroups, as we observed, could be
explained by the existence of hotspots of recombinations along the gene leading to
the same duplicated fragments. However, our analyses of the locations of the
duplicated fragments did not reveal the presence of any such hotspots. Therefore, our
observations favour the hypothesis that the diversification of the msg-I alleles in P.
jirovecii results primarily from recombinations that split ancestral alleles. These
recombinations could be those resulting in fragment exchanges, events we could not
detect by our approach, or could be the single ones resulting in the rearrangements of
the subtelomeres mentioned here above. This conclusion contrasts with those of
previous studies. Indeed, conversion events were suggested by the high content of
G+C motifs within P. jirovecii msg-I genes (Delaye et al., 2018), and by the analysis

of duplicated fragments at the P. carinii expression site (J. R. Stringer, 2007).

Putting in perspective

Many different P. jirovecii msg-I alleles were observed being expressed in the
lungs of the immunosuppressed patients analysed here. In contrast,
immunocompetent individuals that are colonized by the fungus might harbour a
smaller number of expressed alleles because of their effective immune system, but no
data are presently available. The latter immunocompetent individuals constitute

probably the niche in which the antigenic variation system of P. jirovecii evolved, so
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that this system is above all a colonization factor. Thus, to improve our understanding
of the latter, it might be useful investigating the immunocompetent transitory carriers
such as healthcare workers in contact with patients with Pneumocystis pneumonia, or
infants experiencing their primo-infection by P. jirovecii.

The important overlap of the msg-I genes’ repertoires implies the existence of
a very efficient mean of dissemination of the alleles and strains by frequent contacts
between the P. jirovecii populations. This might happen through the primo-infections
of infants that are frequent events occurring in the general population. Another not
mutually exclusive hypothesis is the transient carriage of the fungus by healthy people,
a phenomenon that has been frequently hypothesised but not firmly established so far
(Chabé, Vargas, et al., 2004; Ma et al., 2018; Menaotti et al., 2013).

Our data support that the strategy of P. jirovecii is the continuous production of
new subpopulations that are antigenically distinct, as we previously proposed
(Schmid-Siegert et al., 2017). This strategy relies on recombinations that take place
during the prophase of meiosis, within the bouquet of telomeres and subtelomeres.
Surface antigenic variation at each generation being probably necessary for survival,
it might account for the obligate sexuality of this fungus (Hauser & Cushion, 2018;
Richard et al., 2018). Consistently, the latter probably ensures also proliferation of the
fungus (Hauser & Cushion, 2018; Richard et al., 2018). However, the frequency of the
recombinations and the speed of the subtelomeres evolution remain to be determined.
The strategy of P. jirovecii is one of a kind among human pathogens and might be
adapted to the nonsterile niche constituted by the mammal lungs (Hauser, 2019;
Schmid-Siegert et al., 2017). It contrasts with the populations that are antigenically

homogenous of Plasmodium and Trypanosoma, and that vary overtime upon
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exchange of the expressed gene (Deitsch et al., 2009). These might be imposed by

sterile niches such as blood.
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Table 1. Contingency table of the 917 and 538 alleles of the 24 complete (a) and 24 expressed (b)
msg-I repertoires among the cities and patients.

a
Number of Number of cities
patients 1 2 3 4 | 5 | Total | % alleles
1 411 0 0 0 0 411 44.8
2 50 | 128 0 0 0 178 19.4
3 4 62 40 0 0 106 11.6
4 2 15 36 7 0 60 6.5
5 0 8 16 14 1 39 4.3
6 0 1 20 17 4 42 4.6
7 0 0 8 11 4 23 2.5
8 0 0 6 10 | 4 20 2.2
9 0 0 1 8 3 12 1.3
10 0 0 2 3 4 9 1.0
11 0 0 0 2 2 4 0.4
12 0 0 0 1 4 5 0.5
13 0 0 0 1 3 4 0.4
14 0 0 0 0 2 2 0.2
15 0 0 0 0 2 2 0.2
Total 467 | 214 129 74 | 33 917
% alleles 50.9| 23.3 | 141 | 81 | 3.6 100
b
Number of Number of cities
patients 1 2 3 | 4| 5 |Total | % alleles
1 347 0 0| O | O] 347 64.5
2 41 61 0 0 0 102 19.0
3 4 27 |21 0 0 52 9.7
4 0 7 13 1 0 21 3.9
5 0 3 3|0 10 1.9
6 0 0 2 2 0 0.7
7 0 0 0 110 0.2
8 0 0 0| O 1 0.2
Total 392 | 98 |40 | 7 1 | 538
% alleles 7291182 |74|13|0.2 100
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Table 2. Homologies to the 200 bps sequences localized immediately up- or downstream of 20 representative msg CDSs within P. jirovecii subtelomeres
from a single strain 2,

No. of significant BLASTn hits localized immediately
up- or downstream of msg CDS

Query sequence of 200 bps localized immediately

up- or downstream of msg CDS of the same msg family of another msg family
Localization
msg gene no. relatively to Pseudo - Genes Pseudo—-genes

msg family (contig / subtelomere no.) gene Genes genes (family) (family)
I 32 (54) up® 18 1 0 0
down ¢ 11 3 0 0
6 (18) upb 20 4 0 0
down ¢ 11 3 0 0

Il 7 (18) up 7 2 7 (1) 1 (I
down 9 0 0 0
25 (45) up 1 0 0 0
down 9 0 0 0
3 (6) up 0 0 0 0
down 0 0 0 0
37 (54) up 1 1 0 0
down 9 0 0 0

1] 34 (54) up 8 1 8 (I 2 (I
down 4 0 0 0

53 (74) up 7 1 8 (Il 2 (I
down 4 0 0 0

55 (74) up 7 0 7 (1) 1 (I
down 4 0 0 0
8 (18) up 3 0 0 0
down 0 0 0 0
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Table 2. Continued.

No. of significant BLASTn hits localized immediately
up- or downstream of msg CDS

Query sequence of 200 bps localized immediately

up- or downstream of msg CDS of the same msg family of another msg family
Localization
msg gene no. relatively to Pseudo - Genes Pseudo—genes
msg family (contig / subtelomere no.) gene Genes genes no. hits-family no. hits-family
v 80 (110) up 4 2 3¢ 0
down 3 2 0 0
63 (95) up 4 2 0 0
down 2 0 1d 0
Y 54 (74) up 3 1 1d 0
down 4 1 1d 0
42 (55) up 0 0 0 0
down 4 0 0 0
28 (45) up 2 0 0 0
down 0 0 0 0
VI 18,39,44,49,73 up 0 0 0 0
(26,54,55,59,106)
18,49,73 down 0 0 0 0
39 down 1 0 1d 0
44 down 2 0 0 0

a The 200 bps sequence located immediately up- or downstream of the msg CDS was used as query in a BLASTn analysis against the PacBio P. jirovecii
genome assembly (Schmid-Siegert et al., 2017) (search of somewhat similar sequences). All significant hits with a coverage of the query > 40% are listed.
The msg gene numbers are those used in Figure S6. The identities between hits and query of relevant genes are given in Table S7b.

b The CRJE was not included in the 200 bps upstream sequences of msg-1 genes.

¢ The 200 bps sequence downstream of msg-l gene includes the 31 bps fully conserved ca. 90 bps after the stop codon.

d These hits were located between and thousands of bps from msg genes of different families (Table S7a).
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Figures of Chapter 1
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Figure 6. Correlation between the number of P. jirovecii strains and the number of alleles present
within the 24 complete and 24 expressed repertoires. For the complete repertoire, the
correlation between the number of alleles and the number of stains was 0.74 (Pearson
correlation weighted by the number of reads, p-value = 4.2x10-5, n=24); the regression
slope and intercept were 21.48 and 56.11, respectively. For the expressed repertoire
the correlation was 0.32 (p-value = 0.12); the regression slope and intercept were 19.40
and 8.24, respectively. The size of each point indicates the number of reads generated
by PacBio CCS for each sample. No correlation was observed between the number of
reads and the number of different alleles identified in each sample (Pearson correlation,
p-value: 0.20, correlation -0.19, SD 0.14). The center lines of the boxplots represent the
median values, the box limits the 25th and 75th percentiles, and the whiskers extend to
the largest values no further than 1.5 x inter-quartile range.
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Figure 7. Complete (a) and expressed (b) repertoires of the 24 patients ordered by city in order
to visualize the alleles that the patients share. The order of the cities was arbitrarily
chosen. Each vertical line represents an allele present in the given repertoire with the
color figuring its abundance in % of all reads composing the repertoire, as indicated at
the top right of panel (a). For each patient, the alleles that are stacked on the right
correspond to those not shared with the patient(s) that are placed above. The humber
of alleles present in each repertoire and the proportion of alleles shared with other
patient(s), i.e. the overlaps, are indicated next to the patient's name. LA, Lausanne. BE,
Bern. BR, Brest. CI, Cincinnati. SE, Seville.
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Figure 8. Complete (a) and expressed (b) repertoires of the 24 patients ordered by city and
presence of the alleles in one or multiple cities. The order of the cities was arbitrarily
chosen. Each vertical line represents an allele present in the given repertoire with the
color figuring its abundance in % of all reads composing the repertoire, as indicated at
the top right of panel (a). LA, Lausanne. BE, Bern. BR, Brest. CI, Cincinnati. SE, Seville.
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Figure 9. Abundance of the alleles present in the complete (top row) and expressed (bottom row)
repertoires. The alleles were sorted using a hierarchical classification tree of a multiple
alignment of all allele sequences found in the patient (not shown). The red lines indicate
an abundance of 8.0%. LA, Lausanne. BE, Bern. BR, Brest. Cl, Cincinnati. SE, Seville
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Figure 10. Conservation of fragments within subgroups of alleles among the complete msg-I repertoires of the 24 patients. Data are added onto
Figure 1. Each vertical line of the heatmap represents an allele present in the given repertoire with the color figuring its abundance in % of all
reads composing the repertoire, as indicated at the top left. The presence of each of the three fragments conserved in different alleles is
represented by the coloration of the vertical line in blue, purple or red (red corresponds to the fragment C of 420 bps shown in the alignment
of Figure S9, blue and purple correspond to fragments of respectively 133 and 104 bps, each from one of the two other alignments analysed).
The stars indicate the two alleles initially aligned in order to identify the duplicated fragments. The colored horizontal lines below the tree
show the subgroups of the hierarchical classification tree in which each of the three fragments are present. BE, Bern. BR, Brest. Cl, Cincinnati.
LA, Lausanne. SE, Seville.
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Figure 11. Structure of the conserved Recombination Junction Element (CRJE) and the *H-
DNA triplex potentially formed.

a. Each strand of the CRJE is enriched in purines or pyrimidines that are part of an
imperfect mirror repeats over 27 bps (symbolized by the convergent arrows). The
imperfect positions 7, 9, 19 and 21 are underlined. The strand enriched in purines
encodes the peptide shown underneath that is part of the Msg protein (amino acids’
symbols are positioned at the center of the codon). This peptide presents a direct
tandem repeat of the motif ARAV (symbolized by arrows pointing to the right). The
imperfect C at position 19 of the DNA leads to the underlined R residue in the protein.
The repeated ARAV is located before the recognition site KR of the kexin that is
underlined (the cleavage by the kexin is believed to remove the constant part of the Msg
protein, the UCS, during the maturation (Sunkin et al., 1998)). Approximately 13% of the
CRJEs presents a transition T to C at position 27 of the DNA, not shown, which is a
silent polymorphism.

b. The CRJE can potentially form two isomers of *H-DNA triplex made of base 11 triads
involving each 2 or 3 Watson-Crick (points) and 2 Hoogsteen (squares) hydrogen bonds.
In the two *H-DNA triplexes, a portion of the strand enriched in pyrimidines is single-
stranded over 12 bps. The isomer in which the 5’ half of the purines repeat is used as
third stand (right, H-r5), rather than 3’ (left, H-r3), is commonly less frequently formed
(Mirkin & Frank-Kamenetskii, 1994).
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Figure 12. Model for the antigenic variation system of P. jirovecii. The subtelomeres shown are adapted from Fig. 3 of reference (Schmid-Siegert et al.,
2017) (i.e. contigs 54 and 18). The subtelomere carrying the UCS (upstream conserved sequence) contains the promoter present at a single
copy per genome (i.e. contig 72). Relevant similarities between the three subtelomeres are shown by the yellow parallelograms (between
up- and downstream regions, and between msg-Ill genes). Recombinations within these similarities lead to the mechanisms indicated by
the black arrows. The mechanisms a to f are described in the text. The occurrence of fragment conversions is not supported by the present
study (mechanism f). DNA triplexes potentially formed by the CRJE (conserved recombination junction element) sequences might mediate
the homologous recombinations.
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Chapter 2: Clusters of patients with Pneumocystis jirovecii

pneumonia harbouring similar msg-I repertoires

Introduction

The characterization of the P. jirovecii msg-I repertoires described in the chapter
1 of this thesis was initially applied to five additional patients with PCP. These five
patients proved to be part of two clusters made of three and four patients harbouring
identical or similar complete msg-I repertoires. The epidemiological analysis of these
clusters is described in the present chapter 2. A third cluster with two patients
harbouring weakly related repertoires was also analysed. These analyses suggest that
a P. jirovecii strain with a stable msg-I repertoire was transmitted through a chain of
multiple interhuman transmission events. Besides, the working hypothesis of the

existence of infectious dormant cells is formulated.

Methods

All methods used for this chapter 2 are identical to those used in chapter 1. In
particular, the msg-I repertoires and the ITS1-5.8S-ITS2 genotypes of the P. jirovecii
strains infecting patients were determined using PacBio circular consensus
sequencing (CCS). The variations to the methods described in chapter 1 are

mentioned hereafter.



66

Patients

In this chapter 2, we analysed the broncho-alveolar lavage (BAL) samples of 29
immunocompromised patients with PCP from five different geographical locations over

26 years (Table 3). These 29 patients include the 24 analysed in chapter 1.

Correspondences of the genotypes with previous publications

In order to compare the ITS1-5.8S-ITS2 genotypes observed among the 29
patients to those reported in previous studies by other researchers, each sequence
was searched within the NCBI GenBank database using BLASTn and the default
settings. Six homopolymer stretches were ignored because of their artefactual
variation (see section “Estimation of the number of P. jirovecii strains” of chapter 1,

and Figure S2 of Annex 1). Only 100% identical hits were considered (Table 4).
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Results

Detection of clusters of patients with P. jirovecii pneumonia by their

identical or similar complete msg-I repertoires

The characterization of the complete repertoires of P. jirovecii msg-l genes
present in 29 patients with PCP highlighted that only 20 repertoires were clearly
distinct. The remaining nine formed three clusters, one including three patients from
Switzerland with nearly identical repertoires, another including four patients from North
America (Cincinnati) with similar repertoires, and a third including two patients from
Spain (Seville) with weakly related repertoires (Figure 13a, the clusters are
emphasized by binary hierarchical clustering of the patients shown by the tree on the
left).

Two of the three patients forming the Swiss cluster were from Bern (BE2 and
BE3), both were renal transplant recipients and their PCP infection occurred seven
months apart in 2013 and 2014. The third patient (LA10) was diagnosed with PCP in
Lausanne in 2021, i.e. seven years after the two other patients. The underlying disease
of LA10 is unknown (Table 3). The three patients harboured repertoires that shared 54
msg-1 alleles, while only two or three additional were present in low abundance in
respectively BE2 and BES3 relatively to LA10. These differences might result from the
main limitation of our approach, i.e. the non-amplification in each PCR of the low
abundant alleles because of the stochastic variations of their amount serving as
template (see Annex 1, supplementary data 1 of chapter 1).

The second cluster included four patients diagnosed in Cincinnati (CI1 to Cl4).
The four infections happened in 2009, but none of the underlying diseases are known

(Table 3). The complete repertoires present in the patients were much less similar than
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those of the Swiss cluster as their numbers of msg-I alleles varied between 89 and 144

(Figure 13a). Nevertheless, there was a clear similarity between these repertoires.
The third cluster included two HIV positive patients diagnosed in Seville in 2007

and 2010. The patients harboured weakly similar msg-I complete repertoires, i.e. much

less similar than those of the American cluster (Figure 13a).

Similarity between the expressed msg-|l repertoires present in the clusters

We also characterized the P. jirovecii expressed msg-l repertoire present in
each of the 29 patients (Figure 13b). All expressed repertoires were distinct one from
another, their alleles being spread evenly over the whole of their classification tree, as
seen for the complete repertoires (Figure 13a). Nevertheless, those of the Swiss and
American clusters were clearly related, whereas those of the Spanish cluster were only
weakly related.

The Swiss cluster presented expressed repertoires that were related but not as
identical as their complete ones (Figure 13a and Figure 13b). The number of
expressed alleles was very different between the patients, ranging from 13 to 63.
Additionally, most of the alleles expressed in LA10 and BE3, respectively 100 and
92%, were among the 63 expressed in BE2. Hence, the expressed repertoires of LA10
and BE3 were both subsets of that of BE2, who was the first patient diagnosed with
PCP among the cluster. Interestingly, the identities of the expressed alleles were
largely different between LA10 and BE3 as only four alleles were expressed in both
patients (20% and 31% of the alleles). The latter observation is noteworthy because
the expressed alleles were supposedly retrieved from identical or nearly identical

complete repertoires for mutually exclusive expression.



69

The complete and expressed repertoires of the American cluster shared many
alleles and presented a comparable level of similarity as evidenced by the binary
hierarchical trees sorting the patients (Figure 13a and 10b).

On the other hand, the expressed repertoires of the Spanish cluster were very
weakly similar, less than their complete ones.

Of note, BEZ2 is one of the three patients out of the 29 with a larger number of
alleles in its expressed repertoire compared to its complete one (with CI5 and LAZ2,
Figure 13a and 10b). This is probably explained by the main limitation of our

experimental approach (see above).

No laboratory mix-up of the samples

The legitimate assumption of a laboratory mix-up of samples that would have
created artificially the three clusters was addressed by analysing the possibility of
cross-contamination between the samples during the whole experimental procedure.
For the Swiss cluster, the expressed repertoires of BE2 and BE3 were processed
together for all steps, whereas their complete repertoires only during DNA extraction
and PCR amplification. Additionally, the PCR product of the complete repertoire of
LA10 was purified with that of BE3. For the American cluster, seven out of the eight
samples of the four patients were handled in parallel during all steps of the procedure.
The exception was the complete repertoire of Cl1 that was processed alongside other
samples. For the Spanish cluster, all the samples were handled in parallel for all steps
of the procedure.

Nevertheless, cross-contaminations most probably did not occur because of

four reasons:
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(1) The two samples of patient CI5, who is not a member of the American
cluster, were processed together with the four patients of this cluster
during the whole procedure. However, CI5 presented complete and
expressed repertoires very different from those observed among the
cluster (Figure 13a and 10b).

(i) The complete repertoire of CI1 as well as the expressed repertoire of
LA10 were never processed with any other sample of their respective
cluster, and thus could not have been contaminated.

(i)  The six samples of the three patients forming the Swiss cluster were
processed, at least for one step of the procedure, together with four to
seven samples of patients presenting repertoires very different from
those of the cluster (i.e. BE1, BE4, BE5, LA2, LA3, LA5, LAS, LA9, BR2,
CI1).

(iv)  The two control plasmids carrying a single allele that we analysed to set
up the procedure (see chapter 1) have not been contaminated by the four
samples containing many different alleles with which they were
processed for the evaporation of their PCR product before sequencing

(.e. BR1, BR4, SE3, SE4).

A novel genotyping method using PacBio CCS

In order to further assess the three clusters detected using characterization of
the msg-I repertoires, we developed a novel method to genotype P. jirovecii relying on
the polymorphism of the region ITS1-5.8S-ITS2 of the nuclear rRNA operon (500 bps
long). The latter was amplified using a generic PCR and sequenced with PacBio CCS.

The advantage of PacBio CCS is the possibility to process many samples at once and
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to detect efficiently co-infections with several genotypes that occur in most patients.
However, we faced the problem that the ITS1 and ITS2 genotypes differ often by a
single nucleotide polymorphism, which is very similar to the error rate of PacBio CCS
of 0.2% to 0.5% (Wenger et al., 2019; determined in chapter 1). To find the threshold
of sequence identity and procedure to use for proper genotyping, we analysed three
control plasmids carrying each a single ITS1-5.8S-ITS2 allele and searched how to
identify a single genotype upon processing the CCS reads. Accordingly, we defined a
P. jirovecii ITS1-5.8S-ITS2 genotype as a group of CCS sequences that are fully
identical, and we considered only the groups that represented more than 1% of the
total reads present in at least one patient. This procedure resulted in 31% to 59% of
the reads being included within the genotypes, according to the patient (mean 47%,
SD 7%). It is possible that several genotypes representing less than the threshold of
1% are true biological co-infecting genotypes that are ignored using our approach, but
our results contain the genotypes present in majority, which are likely to have the

highest biological significance.

ITS1-5.8S5-ITS2 PacBio CCS genotyping of the strains infecting the 29

patients

We identified 28 different genotypes among the 29 patients. Ten patients were
infected with a single genotype, while 20 were co-infected with two to five genotypes
(Figure 14). Table 4 shows the correspondences of these genotypes with the
numbering of Xue et al. (2019), as well as with their accession numbers in the GenBank
database. Figure S12 in annex 2 shows the alignment of their sequences. The two
most common genotypes (Pj01 and Pj02) were present in respectively 16 and 12

patients, 11 other genotypes were present in 2 to 5 patients (Pj03 to Pj13), while 15
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genotypes were present only in single patients (Pj14 to Pj28). All patients harboured
at least one out of the six most prevalent genotypes (PjO1 to Pj06), i.e. the genotypes
that were present in at least four different patients (Figure 14).

The Swiss cluster identified by the msg-I repertoires was confirmed by the ITSs
genotyping (Figure 14). Indeed, all three patients were infected by genotype PjO1 as
the most abundant one. Both BE2 and LA10 harboured only this single genotype while
BE3 had the additional genotype Pj05, though at a low abundance of 1.96% (versus
48.51% for Pj01). Nevertheless, because of this low abundance, the supplementary
ITSs genotype could have been missed in the other patients.

On the other hand, the American cluster showed a different pattern. Indeed,
three patients were co-infected each with four different genotypes, while the fourth
harboured five. Moreover, two subclusters were identified within this cluster, CI1 and
ClI2 on one side, CI3 and Cl4 on the other (Figure 14). The latter subcluster was
infected by the same four genotypes (Pj01, Pj04, Pj11, Pj13). The former had three
genotypes in common (Pj02, Pj07, Pj12), but Pj01 was also present in patient CI1, and
Pj09 plus Pj23 in CI2. Thus, notably, the two subclusters shared almost no genotype.
These two subclusters were not identified by the determination of the complete msg-I
repertoires (Figure 13a). However, the subcluster composed of CI3 and Cl4 identified
by ITSs genotyping was also present among the expressed msg-I repertoires (Figure
13b).

The patients of the Spanish cluster were both infected with the single genotype
Pj01, confirming the relationship suggested by the complete msg-I repertoires.

In contrast, most of the remaining 20 patients harboured a distinct single ITSs
genotype or a distinct combination of co-infecting ITSs genotypes (Figure 14).

Nevertheless, three patients from Lausanne (LA3, LA8 and LA9) were infected with
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the single genotype Pj01 between 2012 and 2014. Two of these patients were HIV
positive, whereas the underlying condition of LA3 is unknown. However, the complete
and expressed repertoires harboured by these patients were not related (Figure 13a

and 10Db).
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Discussion

The characterization of the complete repertoires of P. jirovecii msg-l1 genes
present in 29 patients detected three clusters involving nine patients with identical or
similar repertoires. Genotyping P. jirovecii by sequencing the ITS1-5.8S-ITS2 region
with PacBio CCS confirmed two of these clusters. The latter analysis detected in
addition one small cluster of patients harbouring an identical ITSs genotype. The four
clusters observed have drastically different characteristics, leading to the distinct
interpretations that are exposed hereafter.

The three patients forming the Swiss cluster harboured nearly identical
complete msg-l repertoires and ITSs genotypes. However, their expressed msg-I
repertoires varied considerably. Two of them were subsets of the one of the first
diagnosed patient, i.e. the “index patient”. This suggests that only some of the P.
jirovecii sub-populations present in the index patient, each expressing a specific msg-
| allele, were transmitted to and/or succeeded to proliferate in each of the other two
patients of the cluster. Of note, the latter observation suggests the original hypothesis
that transmission of a diversity of expressed alleles might be crucial to infect
successfully new hosts. Thus, a single strain, although expressing different msg-I
repertoires, infected the three patients of this cluster, implying transmission between
them. This interpretation is supported by the fact that two of the patients were kidney
transplant recipients from the same city that were diagnosed with PCP only seven
months apart. Indeed, many clusters among transplant recipients due to interhuman
transmission have been described, and were explained through encounters during
visits at the hospital (Rabodonirina et al.,, 2004; Yiannakis & Boswell, 2016).
Nevertheless, the third patient of the cluster has an unknown condition and was

diagnosed with PCP in another Swiss city. Moreover, the diagnosis occurred seven
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years after those of the other two patients. This long period of time raises the question
of how the strain was transmitted to this third patient. We propose the two following not
mutually exclusive hypotheses.

First, the strain was genetically stable over a long period of time, including at its
subtelomeres carrying the msg-I repertoire, and was transmitted to the third patient
through a chain of transmission involving unknown infected individuals. The antigenic
variation system of P. jirovecii is believed to allow escaping the human immune system
mostly through reassortment of the repertoires, mutually exclusive expression, and
mosaicism of the msg-1 genes (Ma et al., 2016; Schmid-Siegert et al., 2017, Meier et
al., submitted). The dynamics of these mechanisms is unknown, and P. jirovecii strains
may have stable msg-I repertoires over long period of time, which could explain our
observations. Such a strain with stable msg-l repertoires has been previously
described among two clusters of renal transplant recipients that occurred ca. 300 km
apart in a period of four years (Sassi et al., 2012). This observation relied on identical
patterns observed by restriction analysis of all the 3’ halves of the msg-I genes present
in each patient, a highly discriminant genotyping method analysing repertoires that is
similar to the analysis used in the present study. The authors concluded that this strain
was adapted to renal transplant recipients. They called it the European Renal
Transplant (ERT) strain because they observed another strain with a stable but
different msg-I restriction pattern in Japan. The ERT strain was later reported in a third
cluster that occurred during the same period of time ca. 400 km away from the two
other clusters (Hauser et al., 2013). Genotyping using multilocus of four genomic loci
showed that the strain involved in the Swiss cluster reported in the present study is
different from the ERT strain (results not shown). The latter observation confirms that

different strains may present stable msg-I repertoires.
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The second not mutually exclusive hypothesis to explain the seven years gap
is that a dormant state of P. jirovecii exists. The stability of the complete msg-I
repertoire would be accounted for by the reactivation of such dormant cells after a long
period of time. P. jirovecii has been detected in air samples collected around PCP
patients in hospital and at their homes (Bartlett et al., 1997; Le Gal et al., 2015). Asci
might be disseminated over long distances in such a dormant state, which would fit
their detection in the air within a rural location far from any cities (Wakefield, 1996).
This hypothesis is supported by the fact that P. jirovecii asci contain glucans within
their wall that are supposed to confer resistance to the damaging physical constraints
present in the environment. Such long-distance dispersal of P. jirovecii would also
account for or contribute to the dissemination of the msg-I alleles all around the world
during the process of repertoires reassortment that we report (chapter 1; Meier et al.,
submitted). Nevertheless, only P. jirovecii and no other Pneumocystis species was
present in human exposome metagenomic data sets, i.e. from particles collected in the
close proximity of individuals. This suggested that local transmission of P. jirovecii is
strongly favoured over long distance ones (Cissé et al., 2020). It might be that both
types of transmission coexist, but that the local one is more frequent. It is possible that
asci can remain in a dormant state in some environmental locations, for example within
dust, where P. jirovecii has been recently detected (Gantois et al., 2021). Moreover, it
cannot be excluded presently that such dormant forms might remain within the lungs
of humans, after a PCP episode or upon carriage of the fungus. Indeed, the detection
methods might not be sensitive enough to detect these cells because of their extremely
low number. Notably, the chains of transmission of the ERT strain between the patients

of the three clusters were continuous, i.e. linked by encounters allowing potential
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transmission events, and thus did not need to include a dormant state of the source of
infection (Gianella et al., 2010; Pliquett et al., 2012; Schmoldt et al., 2008).

The American cluster contained four patients that harboured complete and
expressed msg-I repertoires with a comparable similarity and large numbers of alleles.
Such numerous alleles were consistent with the co-infections with several ITSs
genotypes observed in these patients. The presence of multiple genotypes might be
due to their accumulation through several interhuman transmission events, possibly
between these patients, which is not excluded because they were diagnosed in the
same city during the same year. Surprisingly, the two very distinct subclusters of ITSs
genotypes composing this cluster were not observed among the complete msg-I
repertoires classification, and only partially among the expressed msg-l ones. A
tentative hypothesis is that the multiple transmission events between the patients
coincided with an enrichment with specific alleles in the city or geographical area.
Nevertheless, this cluster remains epidemiologically unsolved.

The two HIV positive patients of the Spanish cluster harboured complete and
expressed msg-I repertoires that were weakly related, but an identical ITSs genotype.
Given that this cluster was observed over a period between two and three years,
interhuman transmission appears possible, although transmission through an
intermediary patient or a dormant source of infection is not excluded. The weak
relationship of the msg-I repertoires might result from a relatively rapid reassortment
of the repertoires within a stable ITSs genotype, in contrast to the stability observed in
the Swiss cluster. Indeed, one cannot exclude that these dynamics of reassortment
vary according to conditions encountered by the fungus. For example, it may depend
on the pressure exerted by the immune system within the lungs. Thus, it might depend

on the status of the host, immunocompetent or immunocompromised, and/or the
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underlying immune impairing condition. Accordingly, a drastic decrease in the rate of
repertoires reassortment may result from specific parameters present in the
environment of lungs of transplant recipients. Consequently, the cause of the
difference between the Swiss and Spanish clusters would be crucial to determine,
because it might be related to the HIV positive rather than transplant recipient status
of the patients. However, alternatively, given that only two patients are involved, one
cannot exclude that the weak relationship between the Spanish repertoires is simply
due to an enrichment with specific alleles in the city or geographical area, and that the
presence of the same ITSs genotype is a coincidence. However, this cluster remains
epidemiologically unclear.

ITSs genotyping identified one additional small cluster in Lausanne consisting
in two HIV positive patients and one patient with unknown underlying disease. All were
infected by the same single genotype but harboured distinct complete and
expressed msg-I repertoires. The period of two to three years between the diagnoses
implies again that interhuman transmission has been possible, and that intermediary
patients or a dormant source might have been involved. This cluster also remains
unclear, a coincidence of the same ITSs genotype is also possible.

In conclusion, our observations confirm that strains with a stable repertoire of
msg-l genes are involved in clusters of transplant recipients, spanning over a few
years. They also suggest the hypothesis that another mean than direct transmission
of the fungus between individuals may exist, i.e. a dormant form as an environmental
source of the infection. Finally, they lead to the working hypothesis that the speed of
evolution of the msg-I repertoires may vary according to conditions or environment,

possibly according to the underlying disease of the host.
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Table 3. BAL samples from 29 immunocompromised patients included in this study. Both clusters
are indicated in colors (Swiss cluster in green, American cluster in violet, Spanish cluster

in orange)
City Country Patient name @ Collection year Underlying disease
Lausanne  Switzerland LA1 2014 HIV
LA2 2014 HIV
LA3 2014 unknown
LA4 2018 unknown
LAS 2014 unknown
LA6 2017 unknown
LA7 2014 HIV
LA8 2012 HIV
LA9 2014 HIV
LA10 2021 unknown
Bern Switzerland BE1 2014 HIV
BE2 2013 kidney transplant
BE3 2014 kidney transplant
BE4 2015 cancer
BES 2014 cancer
Brest France BR1 2018 giant cell arteritis
BR2 2018 cancer
BR3 2019 HIV
BR4 2020 psoriasis (methotrexate)
BR5 2019 cancer
Cincinnati  United States Cl1 2009 unknown
ClI2 2009 unknown
CI3 2009 unknown
Cl4 2009 unknown
Cl5 1995 unknown
Seville Spain
SE3 2013 HIV
SE4 2013 HIV

a LA, Lausanne. BE, Bern. BR, Brest. Cl, Cincinnati. SE, Seville.



Table 4. Genotypes identified among the 29 patients of this study.

PacBio GenBank

Genotype number of Frequency among

ITS1-5.85-TS2 Xue et al. (2019)2 accession the 29 patients
genotype number
Pjo1 1 JQ365709 16
Pj02 17 AB481410 12
Pjo3 59 MK300661 5
Pjo4 10 JQ365725 4
Pjo5 nd JQ365722 4
Pjo6 12 AB481406 4
Pj07 62 MK300664 3
Pjo8 27 JQ365707 2
Pj09 nd nd 2
Pj10 4 KC470776 2
Pj11 nd nd 2
Pj12 nd nd 2
Pj13 nd nd 2
Pj14 nd nd 1
Pj15 nd nd 1
Pj16 nd nd 1
Pj17 nd nd 1
Pj18 9 JQ365723 1
Pj19 nd nd 1
Pj20 nd nd 1
Pj21 nd nd 1
Pj22 nd nd 1
Pj23 nd nd 1
Pj24 nd nd 1
Pj25 nd nd 1
Pj26 nd nd 1
Pj27 nd nd 1
Pj28 nd nd 1

aThe sequence of the 5.8S gene was not considered by Xue et al. (2019).
bnd, not described.
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Figure 13. Composition of the complete (a) and expressed (b) msg-I repertoires present in the 29
patients. The clusters are indicated by the colored backgrouds (green: Swiss cluster;
violet: American cluster, orange: Spanish cluster). Each vertical line of the heatmap
represents an allele present in the given repertoire with the color figuring its abundance
in % of all reads composing the repertoire, as indicated at the top left of panel a. The
942 and 570 distinct alleles identified in the repertoires were sorted using hierarchical
classification trees of the multiple alignment of the allele sequences (Fitch distance,
average linkage). The patients were sorted using a binary hierarchical clustering tree
of presence/absence of each allele in their repertoire (binary distance, average
linkage). The collection year and the number of alleles present in the patient are
indicated next to the patient’s name. LA, Lausanne. BE, Bern. BR, Brest. Cl, Cincinnati.

SE, Seville
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Figure 14. Identity and abundance of the P. jirovecii genotypes present in each of the 29 patients.
The Swiss, American and Spanish clusters are shown at the top of the figure. The
genotypes are ordered in decreasing abundance. Each colored rectangle of the
heatmap represents a genotype present in the given patient, with the color figuring its
abundance in % of all reads analysed for the patient, as indicated at the bottom right
of the figure. The total abundance of the genotype(s) in each patient is below 100%
because those under 1% were not considered (see text). The collection year and the
number of genotypes present in the patient are indicated next to the patient's name.
LA, Lausanne. BE, Bern. BR, Brest. Cl, Cincinnati. SE, Seville.
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General conclusions

Based on our observations, we propose in chapter 1 an overview of the potential
mechanisms involved in the antigenic variation system of P. jirovecii (Figure 15).
Intergenic recombinations would allow the reassortment of the msg-l genes’
repertoires through translocations of entire alleles, and possibly also the exchange of
the expressed alleles (Figure 15a-b). Single recombinations would lead to the
rearrangement of the subtelomeres (Figure 15c-d) and pairs of intragenic
recombinations would create new mosaic msg genes (Figure 15f). Finally, the
recombinations might be mediated by DNA triplexes. Previous studies had shown the
importance of mosaicism and exchange of the expressed alleles (Keely et al., 2005;
Kutty et al., 2008; Schmid-Siegert et al., 2017). However, we show here for the first
time that intergenic recombinations are responsible for the translocation of entire
alleles. We also observed for the first time similarities between intergenic spaces close
to genes of two different msg families, suggesting a new type of subtelomeric

rearrangements (Figure 15e).

Various human pathogenic microorganisms possess a mutually exclusive expression
system to vary their antigenicity (Deitsch et al., 2009; Vink et al., 2012). This is the
case for example of the VSG system of Trypanosoma brucei (Faria et al., 2022) and
the VAR system of Plasmodium falciparum (Frank et al., 2008; Freitas-Junior et al.,
2000). However, P. jirovecii displays a unique antigenic variation system compared to
these organisms. Indeed, it would rely on antigenically heterogeneous populations of
cells, whereas the others have homogeneous ones. A major difference between these
pathogens is their niche. That of P. jirovecii is the human lungs, an environment

harbouring its own microbiota because it is in contact with the outside air and thus with
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Figure 15. Model of the various recombination mechanisms involved in the antigenic variation
system of P. jirovecii. The subtelomeres shown are adapted from Fig. 3 of reference
(Schmid-Siegert et al., 2017) (i.e. contigs 54 and 18). The subtelomere carrying the
UCS (upstream conserved sequence) contains the promoter present at a single copy
per genome (i.e. contig 72). Relevant similarities between the three subtelomeres are
shown by the yellow parallelograms. Recombinations within these similarities lead to
the mechanisms indicated by the black arrows. DNA triplexes potentially formed by
the CRJE (conserved recombination junction element) sequences might mediate the
homologous recombinations.

The following recombination mechanisms are illustrated in this figure:

a. Two homologous recombinations, one within the conserved CRJE and one within the
conserved downstream region, would lead to the translocation of the entire msg-I
genes.

b. Two homologous recombinations, one within the CRJE next to the UCS and one within
the downstream region, would lead to the exchange or conversion of the entire
expressed msg-l gene.

c. A single recombination between two CRJE sequences would lead to the exchange of
one or several genes together with the telomere linked to them.

d. A single recombination between the CRJE next to the UCS and a second CRJE
sequence would lead to the exchange of the expressed gene as well as all
downstream genes and the telomere linked to them.

e. Similarities between the upstream regions of families Il and Il of the msg genes may
promote exchanges of large parts of subtelomeres through a single homologous
recombination at these locations.

f. Intragenic recombinations would lead to gene mosaicism due to fragment exchange
or conversion.

Figure and legend adapted from Meier et al., submitted.
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a myriad of organisms, while that of T. brucei and P. falciparum is the bloodstream and
tissues, which are sterile environments. In the lungs, it might be more advantageous
to present multiple epitopes, such as the antigenically heterogeneous populations of
P. jirovecii, that mimic the low abundance of fungi present in the lung microbiome. On
the other hand, the homogeneity of the population might be advantageous within sterile
niches because the pathogen faces there a very strong immune reaction due to the

intolerance of any organisms (Hauser, 2019).

Three clusters of patients with PCP were detected by their identical or similar
complete msg-1 repertoires. The genotyping of the strains infecting the patients
involved and the epidemiological analysis of the clusters suggested putative distinct
transmission routes. The transplant recipients who form a cluster that lasts a relatively
short timeframe of a few years are likely to have been infected through direct
interhuman transmission during encounters at the hospital. A stability of the msg-I
repertoire within a cluster might reflect the involvement of unknown carriers or infected
individuals in a chain of transmission, and/or the reactivation of a dormant state of the
fungus present within the environment or, possibly, the host’s lungs. One of our
observations suggests that this stability might not be occurring among patients with
other underlying conditions, suggesting the working hypothesis that the speed of the
evolution of the repertoires might vary due to the environment surrounding P. jirovecii,

such as the pressure exerted by the immune system.

The dormancy state we hypothesized might be a form where most cellular
processes and metabolism are stopped (Maire et al., 2020). Many fungal species have

known dormant states, such as Saccharomyces cerevisiae, Schizosaccharomyces.
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pombe and Aspergillus fumigatus (Dworkin & Shah, 2010). The extant of the metabolic
halt can vary among species. The production of the ascospores is a hallmark of the
Ascomycetes phylum, to which P. jirovecii belongs. The asci and/or the ascospores
they contain are the putative dormant form in this phylum. The elongated ascospores
with a condensed cytoplasm (Figure 3, blue cells) are good candidates because they
are similar to the dehydrated bacterial spores that are known to remain dormant up to
thousands of years. Such dormant cells are formed in response to stress (Hatanaka &
Shimoda, 2001) and are able to survive over a long period of time in presence of
various environmental insults (Neiman, 2005). Hence, as such dormant states are
found in various fungi from the phylum that includes Pneumocystis species, and as
asci and ascospores are produced by P. jirovecii, the presence of a similar dormant

state of this fungus appears plausible.
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Perspectives

Although the study of the msg-I repertoires and genotypes harboured by 29
patients enabled a better understanding of the mechanisms involved in the antigenic
variation of P. jirovecii and modes of interhuman transmission, there are several

perspectives that could take further the project to understand these issues.

Adding more patients in this analysis may increase the number of msg-I distinct
alleles to the reservoir studied. This would improve the understanding of the
importance of the size of the reservoir versus the creation of new alleles in the antigenic
variation system (mosaicism). Additionally, the analysis of more patients may detect
more clusters of patients with similar or identical repertoires and thus help increasing

our knowledge of the modes of transmission of P. jirovecii.

Studying immunocompetent individuals colonized with P. jirovecii would give
insights into the impact of the immune system on the reassortment and diversity of the
msg-| repertoires. The evolution in the number of alleles present in each repertoire,
especially in the expressed ones, as well as the number of genotypes present in the

infection, may be impacted by the immune status of the host.

A wet-lab approach to study CRJE is necessary to confirm the hypothesis
emitted here, i.e. that the DNA triplex potentially formed by the CRJE mediates the
recombination events in the subtelomeric regions, possibly particularly those affecting
the msg-l1 genes due to their proximity. As P. jirovecii is presently not cultivable,
inserting the CRJE sequence into a plasmid vector of a model organism, such as

Escherichia coli, S. cerevisiae or S. pombe, might reveal the effects of this sequence
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on different cellular or metabolic parameters, possibly on recombination. RNA-Seq
could also be used to link this sequence with specific pathways through differential

gene expression.

The novel ITSs genotyping technique using PacBio CCS developed here
requires more validation by its comparison to an established genotyping method
relying on a different sequencing technique, such as multilocus sequence typing
(MLST). Subcloning of the PCR products followed by Sanger sequencing would
confirm the ITSs genotypes observed by PacBio CCS, as would the amplification of
given ITS-5.8S-ITS2 alleles with specific primers, similarly to the controls we

performed in chapter 1 for the msg-I alleles.
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Annex 1: Supplementary data of chapter 1

1. Reproducibility of the determination of the repertoires

In order to investigate the reproducibility of the whole methodology, eight
samples were analysed twice in independent experiments using identical conditions
and protocol, except for the DNA extraction that was performed only once. The alleles
identified and their abundance were highly similar in the duplicates of four complete
repertoires with 73 to 98% of alleles in common (Table S5, Figure S3a). Moreover, all
alleles identified in only one of the duplicates were low abundant (less than 1% of all
reads composing the repertoire, grey and light green lines in Figure S3a). These alleles
were presumably not amplified in one duplicate. This can be explained by the
stochastic variation in the number of copies of the low abundant genes used as
template in the PCR amplification. In other words, low abundant alleles are not
amplified each time in repeated PCRs.

As far as the expressed repertoires are concerned, there were more differences
between the duplicates than for the complete repertoires with only 33 to 53% of alleles
in common. For two samples (BE1 and LA1), most alleles (97 to 100%) that were not
present in both duplicates had an abundance lower than 1%, as observed for the
complete repertoires (Table S5). On the other hand, the values for samples LA3 and
LA4 were only 33 and 50%, respectively. This might result from the lower number of
alleles in these two latter samples (14 to 22 versus 82 to 140 in BE1 and LAl). The
reduced reproducibility for the expressed repertoires might be due to the greater
variation in the allele abundances than in the complete repertoires (see Results,
section “Abundance of the msg-I alleles in the patients”), a phenomenon that could be

increased when the number of alleles present decreases.
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2. Confirmation of the allele abundance within patients using

amplicon subcloning

The last step of the bioinformatics pipeline provided the abundance of each
allele in each sample in percentage of all reads composing the repertoire. A wet-lab
approach was used to verify these abundance values. Amplicons from the expressed
repertoire of patients LA7, BR3 and SE3 used for PacBio CCS were subcloned using
the TOPO cloning kit (Invitrogen). These samples were selected because the low
numbers of alleles composing their expressed repertoires facilitates the estimation of
abundances by subcloning. Despite the low accuracy of the subcloning approach due
to the small number of subclones analysed (8 to 19), the abundances obtained are
consistent with those observed using Pacbio CCS followed by the bioinformatics

pipeline (Table S6).

3. Search of duplicated fragments within the subtelomeres of a

single strain

We searched for all duplicated fragments of size = 100 bps present within the
10 representative subtelomeres assembled from a single strain (Figure S6). We used
BLASTNn comparisons of the 35 genes, 15 pseudogenes, and 50 intergenic spaces
covering integrally these subtelomeres to the P. jirovecii PacBio genome assembly.
The significant hits obtained for each gene corresponded to genes and pseudogenes
of the same family, whereas pseudogenes generated few hits. The hits obtained for
the intergenic spaces were intergenic spaces of the subtelomeres, which were
upstream of genes or pseudogenes of the same family as for the query. However,
families 1l and Il constituted an exception because some of their upstream sequences

produced reciprocal hits with a low score or coverage of the query, which was
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consistent with the observations made in the section “Sequences flanking the msg
genes” of the Results. Visual inspection of all alignments of the queries with their hits
identified 61 and 38 duplicated fragments involving respectively 14 genes, 5
pseudogenes and 17 intergenic spaces, with a length up to 1142 bps (Table S8). We
did not detect any duplicated fragments between the genes and intergenic spaces of
family VI, nor between those of families Il and Ill. Alignments of a number of mosaic
genes, for example msg-l no. 45 and 94 (Figure S10), suggested that the regions
between the shared fragments presented a sequence identity close to those observed
on average between the members of each msg family (66 to 83%) (Schmid-Siegert et
al., 2017). The presence of at least one of these duplicated fragments suggests that
22 to 100% of genes, pseudogenes, or intergenic spaces of families | to V are mosaic.
These proportions are in fair agreement with those we previously observed (Schmid-
Siegert et al., 2017) for genes and pseudogenes, including the absence of mosaicism
in family VI (Table S8). Five out of the 15 pseudogenes investigated were also
concerned by the phenomenon. These observations confirm the mosaicism of msg
genes and pseudogenes, and reveal that the intergenic spaces are also concerned.
The 99 duplicated fragments detected are represented on the 10 representative
subtelomeres that we analysed (Figure S6), as well on the 27 supplementary

subtelomeres (Figure S7). Inspection of Figure S6 revealed the following features:

(i) Most subtelomeres share fragments with many other subtelomeres.

(i) Some genes and their upstream space presented many duplicated fragments

(for example, gene msg-ll no.13 in subtelomere 26, and msg-Ill no. 53 in

subtelomere 74). Sequence alignments revealed that these fragments
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sometimes overlap or are identical. This is also revealed by the locations of the
shared fragments within the query (Table S7c and Table S7d). The important
variation of the latter locations suggest that no hotspots of recombination are not

present along the msg genes.

(i) The entirety of the partial msg-I gene no. 52 at the end of subtelomere 74 (Figure
S6) is duplicated in subtelomere 95 (subtelomere/contig 95, gene no. 61, Figure

S7b), suggesting a whole gene duplication.

4. Specificity of the CRJE sequence for P. jirovecii

Because of the peculiarity of the CRJE, we wondered if it was specific to P.
jirovecii by using it as query in a BLASTn analysis against the whole nucleotide
collection (nr/nt). The full CRJE sequence of 33 bps is present only in P. jirovecii, and
only at the beginning of msg-1 genes. Nevertheless, the 25 bps sequence covering the
mirror repeats, i.e. positions 2 to 26 in Fig. 7a, was present in few copies and few other
organisms (2 copies in 1 bacterial species, and 1 to 4 copies in 7 different butterfly

species).

5. Absence of site-specific recombinase targeting the P. jirovecii
CRJE sequence

To investigate if of a recombinase that recognizes specifically the CRJE
sequence exists in P. jirovecii, we performed extensive homology searches using
BLASTN involving site-specific recombinases as bait from various organisms (see

Methods). These analyses did not detect any recombinases of interest.
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Table S1. BAL samples from 24 immunocompromised patients analysed in this study.

City Country Patient code 2  Collection year Underlying disease
Lausanne Switzerland LAl 2014 HIV
LA2 2014 HIV
LA3 2014 unknown
LA4 2018 unknown
LA5 2014 unknown
LAG 2017 unknown
LA7 2014 HIV
LA8 2012 HIV
LA9 2014 HIV
Bern Switzerland BE1 2014 HIV
BE2 2013 kidney transplant
BE4 2015 cancer
BES 2014 cancer
Brest France BR1 2018 giant cell arteritis
BR2 2018 cancer
BR3 2019 HIV
BR4 2020 psoriasis (methotrexate)
BR5 2019 cancer
Cincinnati us cil 2009 unknown
CI5 1995 unknown
Seville Spain SE1 2007 HIV
SE2 2010 HIV
SE3 2013 HIV
SE4 2013 HIV

a LA, Lausanne. BE, Bern. BR, Brest. Cl, Cincinnati. SE, Seuville.



Table S2. R packages used with the R version 4.1.0 (2021-05-18).
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R package Version Description Reference
BiocManager 1.30.16 access hioconductor package repository Morgan (2021)
biostrings 2.62.0 manipulation of biological strings Pages et al. (2019)
DECIPHER 2.22.0 manage biological sequences Wright (2016)
dendextend 1.15.2 dendogram manipulation Galili (2015)

ggplot2 3.35 figures and plots Wickham (2016)
gplots 3.1.1 create heatmaps Warnes et al. (2020)
gridExtra 2.3 arrange plots Auguie (2017)
pBrackets 1.0.1 bracket elements in plot Schulz (2021)
plotrix 3.8-2 plot options Lemon (2006)
reshape2 1.4.4 reshape data Wickham (2007)
seqinr 4.2-8 manipulation of sequences Charif & Lobry (2007)
stringr 1.4.0 string operations Wickham (2015)
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Table S3. Primers used for the control PCRs specific to given alleles.

Name allele Present in . Position VoA
Allele PacBio patients 2 Primer (nt) Sequence (5' - 3)
LA2 LA8. A-for  198-224 CCAAGTTGTAAAGGTAGTAAATGTAGC
A Cl3c106432837 ’ :
BEL CI3  A-rev 1909-1929 TAAACGACTTCGTGTCTTTTG
B-for 52-70 GTCCACCTCTAGTGCAAGC
B LA2cd106037614 LAZ2, CI3
B-rev  1627-1651 TTCTTGACATTTCCATTTTTATTAG
LA2. BE1.  C-for 57-80 GAAAAGACATGTGAGAACCTTATG
C LA7c108528291 ’ ’
CI3 C-rev 1791-1812 GCTTTTCTAGTTCTTTTCTTGC

a BE, Bern. ClI, Cincinnati. LA, Lausanne.
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Table S4. Characteristics of the expressed and complete msg-I gene repertoires observed in
the 24 patients.

Number of
. alleles in % expressed in % complete in
Number of alleles in common copmplete exprepssed

between (alleles in common . Number of

alleles in common o >

_ expressed complete the two / total number in (/total number in P.jirovecii

Patient # repertoire repertoire repertoires expressed) complete) strains

LAl 82 148 72 88 49 3
LA2 54 49 44 81 90 1
LA3 22 79 20 91 25 1
LA4 18 130 14 78 11 3
LAS 21 144 19 90 13 2
LAG 91 116 82 90 71 5
LA7 5 59 5 100 8 1
LAS8 59 105 51 86 49 1
LA9 7 54 7 100 13 1
BE1 90 185 59 66 32 4
BE2 63 56 56 89 100 1
BE4 82 113 79 96 70 3
BES 18 118 9 50 8 5
BR1 3 83 3 100 4 3
BR2 2 96 2 100 2 3
BR3 5 128 2 40 2 3
BR4 9 96 5 56 5 2
BR5 18 170 17 94 10 4
ci1 108 140 100 93 71 4
CI5 45 44 32 71 73 1
SE1 41 61 37 90 61 1
SE2 12 115 10 83 <) 1
SE3 8 77 8 100 10 3
SE4 17 139 17 100 12 3

aLA, Lausanne. BE, Bern. BR, Brest. Cl, Cincinnati. SE, Seuville.



Table S5. Duplicated analyses of eight samples.
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Common alleles

Number alleles in duplicates % of
P different
Repertoire Patient?2 % alleles with
duplicate duplicate Total number (alleles in common/  gpundance
1 2 distinct total number distinct <1%
alleles)
complete LA2 49 48 49 48 98 100
LAL1 149 134 154 129 84 100
BE1 185 211 212 184 87 100
LA3 79 80 92 67 73 100
expressed BE1 90 121 138 73 53 100
LA1 82 140 148 74 50 97
LA3 22 19 28 13 46 33
LA4 18 14 24 8 33 50

a LA, Lausanne. BE, Bern.



Table S6. Abundance of alleles determined using PacBio CCS and subcloning.

Subcloning
Patient2  Allele name® égg;?oa?(;:; Abundance (%)  Nb of clones
BR3 BR3u100403135 33 74 14
BR3u100532918 32 0 0
BR3u103089526 24 21 4
BR3u100992345 10 1
BR3u119802438 2 0
LA7 LA7u47056848 72 60 6
LA7u100272069 9 0 0
LA7u10029856 8 10 1
LA7u101910862 7 20 2
LA7u100074959 4 10 1
SE3 SE3u100009239 35 38 3
SE3u100271002 14 13 1
BR1u102369376 ° 13 13 1
SE3u100008413 11 13 1
Cl1u100600372 » 9 0 0
SE3u117048602 8 25 2
SE3u105186188 7 0
SE3u110953735 4 0

a LA, Lausanne. BR, Brest. Cl, Cincinnati. SE, Seville.

b The name of these alleles results from their high abundance in samples BR1 or CI1.
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Table S7. See separate excel file.

Table S8. Duplicated fragments = 100 bps within the 10 P. jirovecii representative subtelomeres from a single strain a.

No. of genes or intergenic
space upstream of genes

(of which pseudogenes)

% potential

% poter_1tia| mosaic
_ mosaic genes in
with Total no. of duplicated genes or reference
duplicated fragmc?erlfctze:iq’o bps Mean size (bps) of '”;eggsg'c (Schmid-
ms.g fragments 2 (of which between genes and duplicated fragments (pseudogenes Siegert et al.,
famlly used as query 100 bpS pseudogenes) (range) included) 2017)0
Genes and | 20 (g 5@ 7 @ 513 (109-670+1142) 25 42
pseudogenes I 9 @ 5 0 32 249 @17-7110) 56 28
11 5 0 3 0 12 (o 120 (100-153) 60 40
v 2 © 2@ 4 (9 165 (113-221) 100 22
V 7 @ 4 @) 7 @ 183 (102-363) 57 7
VI 4 (o) 0 ) 0 o 0 0 0
outlier 3@ 0 © 0 © 0 0 -
Total 50 @5) 19 5 61 (7)
Intergenic | 20 (s 9 12 148 (105-224) 45 -
spaces I 9 ¥ 2 0 6 © 314 @31-787) 22 -
11 5 0 2 0 6 () 233 (132-320) 40 -
v 2 1w 2 @ 129 (115, 142) 50 -
\Y 7 @ 3w 12 3) 178 (115-334) 43 -
Vi 4 () 0 o 0 © 0 0 -
outlier 3w 0 (0 0 (0 0 0 -

Total 50 @5s) 17 @3 38 )
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Footnotes of Table S8:

a All msg genes, pseudogenes, and intergenic spaces composing the 10 representative subtelomeres shown in Figure S6 were used as query in BLASTn
analyses (search of somewhat similar sequences) against the PacBio P. jirovecii genome assembly (Schmid-Siegert et al., 2017). Each upstream intergenic
space extended up to the end of the gene located upstream (all genes are oriented towards the telomere within the subtelomeres, see Figure S6). Visual
inspection of all alignments of the query with the significant hits identified the duplicated fragments. Outlier genes are those that could not be attributed to
one of the six msg families (Schmid-Siegert et al., 2017).

b The duplicated fragments detected twice because of reciprocal BLASTn analyses were counted only once.

¢ Using various numerical bioinformatics tools to detect recombination events between msg genes and pseudogenes (Schmid-Siegert et al., 2017).

d  The duplicated fragment of 1142 bps corresponds to the entirety of the partial gene msg-I no. 52 at the end of contig 74 (Figure S6).
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Supplementary figures

Allele A Allele B Allele C
1730 bps 1600 bps 1750 bps
N N o NN Q N N
- (1| - L - L
*SH S @ S - tg 8 S

2kb
1.5kb

Figure S1. Analysis in agarose gel of the PCRs using primers specific to fragments of msg-I alleles A,
B and C. The size of the PCR product from each allele is indicated. The positive control (+)
is randomly amplified DNA of patient LA2 that contains all three alleles. The primers used
and alleles are described in Table S3.
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GAAAATTCAGCTTAAACACTTCCCTAGTGTTTTAGCATTTTTCAAACATCTGTGAA

10xT 6xT
[TTTTTTTTTGTTTGGCGAGGAGCTGGCTTTTTTGCTTGCCTCGCCAAAGGTGTT

TATTTTTAAAATTTTAAATTGAATTTCAGTTTTAGAATTTTTTAAAAACTTTCAACAA
TGGATCTCTTGGCTCTCGCGTCGATGAAGAACGTGGCAAAATGCGATAAGTAGT

GTGAATTGCAGAATTTAGTGAATCATCGAATTTTTGAACGCATCTTGCGCTCCTT
5xT
AGTATTCTAGGGAGCATGCCTGTTTGAGCGTTATTTTTAAGTTCCTTTTTTCAAG
5xA 3xA
CAGAAAAAAGGGGATTGGGCTTTGCAAATATAATTAGAATAAAATAATTATATGC

ATGCTAGTCTGAAATTCAAAAGTAGCTTTTTTTCTTTGCCTAGTGTCGTAAAAATT

4xT
CGCTGGGAAAGAAGGAAAAAAGCTTTTATAAATACAAGAATT

Figure S2. P. jirovecii ITS1-5.8S-ITS2 sequence (JQ365709.1). Highlighted in yellow are the six
homopolymers that were homogenized in the present study, i.e. they were replaced in
all sequences by the number of nucleotides indicated in red.
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Figure S3.  Duplicate analyses to evaluate the reproducibility of the whole methodology. LA, Lausanne. BE, Bern.
a. Composition of the complete and expressed msg-I repertoires observed. Each vertical line of the
heatmap represents an allele present in the given repertoire with the color figuring its abundance in
% of all reads composing the repertoire, as indicated at the top right of the figure. The 470 alleles
observed were sorted using hierarchical classification trees of the multiple alignments of the allele
sequences (Fitch distance, average linkage).The percentage of common alleles between the
duplicates are indicated next to the patient’s name.
b. Abundance of the alleles within the complete and expressed repertoires (see Results, section

“Abundance of the msg-I alleles in the patients”). The alleles are sorted using the same tree as in
panel a. The red lines indicate an abundance of 8.0%.
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Figure S4. Comparison of the distribution of the alleles observed in the complete (a) and
expressed (b) repertoires of the 24 patients with those obtained by simulating
reservoirs of alleles of increasing size (see text). The software R was used.
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Figure S5. Number of alleles observed in the complete (black) and expressed (red) repertoires in
function of the simulated number of patients analysed (see text). SD are shown. The
software R was used.
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Figure S6. Ten representative subtelomeres (i.e. contigs, see Methods) which genes, pseudogenes, and intergenic spaces were used as queries
against the whole genome assembled from a single P. jirovecii strain using PacBio sequencing (Schmid-Siegert et al., 2017). The symbols
represent the size of the duplicated fragments identified within genes and pseudogenes (red symbols), or intergenic spaces (blue symbols).
The position of the symbols is not precise. The positions of the duplicated fragments within the query and the subtelomeres are given in
Table S7c and Table S7d. Adapted from Fig. 3 of reference (Schmid-Siegert et al., 2017).
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Figure S7. Supplementary subtelomeres (i.e. contigs, see methods) from the same single strain
as the 10 representative ones shown Figure S6. The symbols represent the size of
the duplicated fragments identified within genes and pseudogenes (red symbols), or
intergenic spaces (blue symbols). Their positions within the query and the
subtelomeres are given in Table S7c and Table S7d. Adapted from Figure S6 of
reference (Schmid-Siegert et al., 2017).

a. 10 subtelomeres harboring genomic genes (in gray) that allowed their attribution to a
specific chromosome from reference (Ma et al., 2016).

b. 17 subtelomeres not harboring genomic genes, preventing their attribution to a
chromosome.
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|
+ 200 from ATG
Alignments of the region surrounding the ATG of seven msg-Il and six msg-Ill genes presenting significant similarity in the 200 bps
upstream of their CDS. The blue bars underneath indicate areas of significant similarity. Such areas are particularly long around the start

codon ATG of the CDS. The ATG start codons and the regions encompassing the — and + 200 bps positions relatively to the ATG of
sequences are boxed.



125

BE1cdl00532810 1
LA2¢cd100205170 1
e e e 8 ey s e e R e
Primer CRJE A
BE1cd100532810 261
LA2cd100205170 261
L B e
BE1cd100532810 s21
L 170 521

BE1cd100532810 781
LA2cd100205170 781

BE1cd100532810 1041
LA2¢cd100205170 1041

BElcdl100532810 1301
LA2¢cd100205170 1301

BE1cd100532810 1561
LA2cd100205170 1561

BE1cd100532810 1821
LA2¢d100205170 1821

BE1cd100532810 2081
LA2¢d100205170 2081

BE1cdl100532810 2341

LA2cd100205170 2341
. I B I — 1 1 e N e e N

BE1cd100532810 2601

LA2cd100205170 2589

I [ S IS SN N N N N Y DN I S S—

BE1cdl00532810 2861
LA2cd100205170 2843 agacacatgggtcacaaagacatcgacccataccageacatctacgaccacatccacagtcacgtcaagaataacactcacttcgacaagaagatgraaaccgaccaagtgtacgacaggagaggaagatgatgcaggagaggtgaagecgagtgaggggttgaggatgagtgggtggagegtgatgaggggggtgctagrggcgatgatgatttcattcatgatttaaaaagcaaatgggca--ggatttaataatggy
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stop
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(GK 452)

Figure S9. Alignment of two mosaic msg-l genes identified in this study (the names of the alleles are given on the left). The blue bars indicate areas of
full identity. The four fragments of > 100 bps shared are indicated (A to D, respectively of 284, 1335, 420, and 294 bps). Fragment C is
shown in red within Figure 6. Clone Manager 9 Professional Edition software version 9.51 (Sci Ed Software LLC) and the alignment format
“similarity summary bars” were used.
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CLCaagcacatcrLggogogyycdgtgycgcyyUcygttaagogycaggcaaaagytgcacagaatagcattgatyaggagcatgtiitagctLLaatton tgattoggat tgtat Ttg CaTLgTCAaagaacty: gc gttcatgaaaaactaaag
—————— tagattitggogogggoggtggogogggoggttaagoggoaggcaaaaggtgcacagaatagoattgatgaggageatgttttagotttaattct tgatttggat tgtat =2 tattgt € aaaact ttcat taaag
|
CRJE
gatatctgtgataac gagat tgt T TaaagLTacT gtgcaatgaatttaaaacaaaaaagtiagaacaagcyitasagaaactatclgataatgattlycaaagaaaatgagcygcaatgcctattiiiggagyUygcatgccctagtgrtcitatagaggattgoaacasactaagyaat
gatatctgtgataacacaaaacgagatgaaaaatgtaaaaaactaaaaactaaagttactgaaaagtgcaatgaatitasaacaaaaaagttagaacaagogttaaagaaactatctgataatgattgoaaagaaaatgagoggoaatgoctattittiggagggggcatyccctagtghtcitatagaggatigcaacaaactaaggaat
A
ctatgttaccagaaaaaacgtgatagagtagoagaagaaghcobtttgagggogoticgcggaaatotaactaatgaaactacatgtcaagaaaatotcaaagaggttigoccaatcttggggagggaaagtgacgagtaacaagocttghgtotgaaccaggaaaatacgtgoaaaaatattataaagaaaagagataataaatgoaat
cratgttace tgatagagtago tocotttt tro tctaactaatgaaactacatgtcaagaaaatclCaaagaggttiycccaatct tgacgagtt tTgrgtotoaa tacgt tattat taataaatgcaat

ACCCLLaaaacaagtgTtJCagcagcacttgyaayciitaaaaaagaagaatgocctatcattacitgaagaatgitatttitacOitggaaactUcCaAgaATACTATALAACTYAATOLATLAAAETOJUA0a0aAATICCAJIAACAAAACATTOLTLATALACCACCAGYACCCUATLLTJaTCCAACTLAGTCCATATICTACACTEA
actcttaaaacaagtgttgo a2 Tt tgtttatcattacttgaagaatgttatttttacgttggaaactgcaaagaatac--—atatcagaatgtgatacattggcagagaaatgtgaaaaagaaaatattgittatatgoatcogggaccogattitgatccaactaatccagagoctacaata

gcagaagacatagggctgyaagagciitataaagaggctgagaaguatggaatitiiattggaaagaatcatcraagagatycaacygottigttgycyttgttygttggaasagataat, Taatgatyl T Taagattoto T tcacatgaacatgaggcottggaaaaacta
gcagaggacatagggctggaagaattttataagaaggcagaggaggatggagtitttattggaagacaacaagtaagagatgcgacagot byt Lggcgt g tggtt gataat taatgatatcgg tgtaatgagattctogaaaataaatgoaaaaactctcatgaacatgaggocttggaaaaacta

tgtaataaaactaatccaagtgattat -gaaatg: t—- tatc, tgtgatattctcacgtcaaagottacasataatcatctttttgactcaaaaaaaggaagtaatggaattatiggatggggaggattaccaacatttocttagoaacgaagattgtgoaaaattagagtoctattgttte
TgraatasaacTaaTCCaagTUATTACAAAAAARA0RAALJCJAA0RATLAGAJAAAGATATCAARAAACATOLGATATECTCACGLCARAGCETACAAATAATCATCETLETJACTCARAAAAA0YAAGTAATIUAATEATLGJACTUTUAgTatt tttc gaagattor TTagagLcCTATTgLTLC

tattttgaaaaaaaatgccaagatggcgaaaaatcatgtgogaacgt gtgttat ttgatgcacgggoaaacaatatattge tat ttattgoatggotcaaataaagattggottaagaaatttcaacaagaattagtaaaagtatgt t t ttte
TALTLLgaaaasaaaCgcCaagatggcgasaaatcatgtgogaacgtaagggcagcytytiataagagagyycitgatgoacyggcaaacaatatattgcaaaaaaatatgcgagyyttattgcatgyctcasataaagattggciiaagasatticaacaagasttagtaaaaytatytgagasactgaaaggaaatasagyaagitoc

B
tcaaacgatgaattgbttgbtoctgtgtatacaaccagcaaaggoagoacgattacttacacatgaccatcaaatgagagttatctttttacgacaacagttggataaaaaacgagattitccaacggataaagattgocaaagaattagggagaaaatgocaagatttaggaaaggattcaaaagaaattacgtggocatgtoatacacty
tcaaacgatgaattgritgitotgtgtatacaaccaacaaaggoagoacgattacttacacatgaccatcaaatgagagttatcrtiitacgacaacagttggat trttocaac trge Tt tgccaagattt, tre ttacgtggocatgtoatacacty

C
JaGCagCaaTUCaatogoLTyg oot gUTTLATTggatyaACAcAAgJATACETLgaaaaCtCATOAAAACTOTULAACATALLTARA00JaaAA0TITAALAAATYIECTAGAAG0JCIa-TUACCOLETCECTETTOLAtTYLETTCCARAACTCTACGLTaAAgC-~AT0JTaRaA0ACOTACAAGAT
gagcagcaatgoaatogott trtt tttactaaatgaacacaaggatactttgaaaactcatgaaaactgtgtaacatatttaaaggasaagtgtaataaatggtctagaaggggtaataatcattttictottgtatgtgtcttccaaaatgctacgtgtaagotgatggtagatgatgtgaaagat
[ __ B} |

aggtgcazaatattcazagasaatatasaagiitcagaaattigitgatitioltaaaaataatacgaataacataacaacactgaaagaaactgrccCtoCtgUcatacgtactycaatagattiicatctaattytoCagattitte TCCTTL Tt a2TTUTAAgCCATTLLATUAAAGAARAPCT
agatgtgaagtattcgaaaaaaatatasaagcatcagagattgbtggatttcttaaaaataatacaaataacataacaacattaggaaatgtttgcccatttbgggacccatattgtgacaaattitcacctaattgtctagatttttcaaaaaagaatccttgtacaaaaattaaaaacaattgtaagccattttatgaaagaaaagcc

ttggaagacgotctcasagtagagottogaggaaagotgagtgatgaaaacaaatgtactgcagoatigaagggatattgtacactagogggaaatgtaaataacgcatcagtcagaagtttatgoaaagataacactcaaggtageaat tgac tggt ttgtaagaaattgatggaagaagtaaaa
TLGgaagacHCToTCaaagiTgaActLogagyasadttoagtJagasaaatggatyiyctacagcatiagaAagaTALTILACA0TAJCHJUAAACHCAAATAALICOLCAALCATAATLTTATGLAAATATARCACCAATIILAACOCE —--ga =2 JgaaCLCTUTUAGAAATTAGTOAAAJAATLGTAA

gagcaatgogagacattaccagcagaattaaaacaaccggoagacgatctagaaaaagatgttaagacatat L aatgaacaagtccagocttgttttatcattogtt taatacacc taat gaagataagaatgtogtitcaaatgaaa--—aa
gaacagTgcaaagcaTTacCaacagaatTagygcaaccggotgotgatciaaaaaaayattataagacatatgaggaacttaagaaacytgcagagyaagcaatyaacaaatccagtottgLLTTgECactoatt taatgTatcaaaaagraatagcaaaaacasggaTaagaatgcogTLLCaaacgyattitcaa

gataccataaaacatgtgaaaatactacggagaggagttaaggatgtattagtaacagaattagaagocaaggcgttbgacttagoagoagaagtgtitiggaagatatgtagatttaaaggaaagatgogagaaattgaccttggattgtgggattaaagacgattgcgatggtitaraaggtgtgtgtggaaagattaagaagaaatgt
gataccacagaacatatgaaaatactacggagaggagttaaggatgractigtaacagaattggaagocaaagoatttgatttggcagoagaagrattt atgragattt tgtgagaaattggaatcggattgogggattaaagaggattgcaaagattitaaaagatgrgtgtggaaagattgagaagatracgr

COCganCTUaagcCToTgUaggtyaagtoycacyaaaTtagtcacaAgaAagCaCAACTACTACCACYACHAC———22CAACCHTTACCOaToCYaAAGgCaAaCATAATUCARATCCTLACAGACAACATACACATGYILTACACAJACATCTACACACACAAJCACHTCLACCATOACATCTACAALCACATCARAAATAACATLGACAT A
cgcgatctgaagoctotggaggtgaagtogoacgaaatagtcacagaaagcacaacgacgaccacaacgaccacaacaaccgttaccgatocgaaggcaacggaatgoaaatocttacagacaacagacacatgggttacacagacatcgacacacacaageacgtotaccatcacatctacaatcacatcaaaaataacattgacatca

acgaggcgatgcaaaccaaccaagtgtaccacaggggataatgcagaggacgtgaaaccgaatgagggattgaagatgagrgggtggagogrgatgaggggggrgatattagcaatgatgatttcaataatgatttaa
acaaggcggtgtaagoctacaaagtgtaccacaggggatgatgcagagyacgtgaaaccgagtgaaggcttgagggtgagcgygtggaatgtaataaaaggggtyatagtagcaatggttatttogtttatgatttga
|

stop

Figure S10. Alignment of the mosaic msg-l genes no. 45 and 94. The blue bars indicate areas of full identity. The three fragments of > 100 bps shared
are numbered (respectively 670, 427, and 118 bps). Clone Manager 9 Professional Edition software version 9.51 (Sci Ed Software LLC)
and the alignment format “similarity summary bars” were used.
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B. Hoogsteen Triads
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Figure S11.

Reverse Hoogsteen Triads
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Figure S11. Features of H-DNA and *H-DNA triplexes. A. and B.: Figure 3 and its legend from
reference (Mirkin, 2008). C.: Figure 1 and its legends from reference (Dayn et al.,
1992), with added numbering. All three panels are reproduced with permission from
corresponding author and copyright holder S. M. Mirkin.

A.  The structure of an intramolecular triplex. The two complementary strands of a
homopurine-homopyrimidine repeat are colored in red and gray, while flanking DNA
is colored green. The structure is called H-y when the red strand is homopyrimide,
and H-r if when it is homopurine. One can see that the red and gray strands in this
structure are not linked, i.e. formation of H-DNA is topologically equivalent to an
unwinding of the entire homopurine-homopyrimidine repeat.
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H-y form is built from TA*T and CG*C+ triads, in which pyrimidines in the third strand
form Hoogsteen hydrogen bonds with the purines of the duplex. H-r form and is built
of CG*G and TA*A triads, where purines from the third strand form reverse
Hoogsteen hydrogen bonds with the purines in the duplex.

Intramolecular triplexes consisting of GG*C and TA*T triads. In both sequences | and
I, GC base pairs are arranged as mirror images (shown by arrows; the
pseudosymmetry axis is shown by a vertical line), whereas AT base pairs are
arranged as inverted repeats. Points, Watson-Crick hydrogen bonds; squares,
Hoogsteen hydrogen bond



130



131

Annex 2 : Supplementary data of chapter 2

Multiple alignment of ITS1-5.85-ITS2 sequences
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Figure S12. Multiple alignment of all the identified ITS1-5.8S-ITS2 sequences (Pj01-Pj28). Blue
background indicates a 100% identity between all sequences and the red lines show
the six homopolymer stretches that were ignored.



