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Abstract

One of the key challenges of the 2% century is the emergence and reemergence
of pathogens. Fungal pathogens represent animpor tant portion of this problem , as the
cohort of immunocompromised patients susceptible to common fungal pathogens
rapidly expands in the developed world, and HIV/AIDS continues to present substantial
challengesin the developing world. Understanding the proces ses by which pathogens
emerge is critical, both for treating current outbreaks and for preventing future
outbreaks. Here | have focused on the human fungal pathogen Cryptococcus deuterogattii
an emerging pathogen responsible for an ongoing outbreak in the Pacific Northwest
region of the United States and Canada over the past approximately 15 years. To do so, |
have taken comparative genomic, population genomic, and classic geneticapproaches to
understanding the origin of the outbreak, and the ev olution of virulence at three
different levels. | will first compare C. deuterogattito the rest of the Cryptococcus
pathogenic species complex, followed by comparisons of clonal clusters within C.
deuterogattij and finally 1 will compare individual strains within the VGlla cluster.

| will begin in C hapter 1 by introducing genetic and non -genetic drivers of
phenotypic diversity. | will then introduce the diversity of the fungal RNAi pathway, as
well as discuss the frequent losses of the RNAIi pathway throughout the eukaryotic

kingdom.



In Chapter 2, | will examine the differences between the C. deuterogattispecies
responsible for the Pacific Northwest outbreak and the non -outbreak members of the
Cryptococcupathogenic species complex. Ibegan by comparing the R265reference
genome of C. deuterogattito the C. neoformansC. deneoformansnd C. gattii reference
genomes. Here wediscovered that the core components of the RNAI pathway, including
both argonautes, one of thetwo Dicers, and the only RNA -dependent RNA polymerase
had been lost in the C. deuterogattipenome. These gene losseare conserved across the
entire speciesand are defining characteristics of the species. We utilized this information
to conduct a comparative genomics screen and identified a total of 14 conserved genes
that were lost in the C. deuterogattipenome. We tested these for function in the RNAI
pathway and discovered that a number of previously uncharacterized genes are novel
RNAI components. In total, 9 of the 14 genes havebeenshown to play a role in the RNAI
pathway . We demonstrated that the sexinduced (SIS) and mitotic-induced (MIS)
silencing pathways share core components, and that SIS requires additional pathway
components not required by MIS, suggesting that SIS may be a relatedand more
specialized version of MIS. Finally, we showed that SIS appears to be induced through
the pheromone signaling and MAP kinase cascade.

In Chapter 3, | will describe a whole genome resequencing project where we
sequenced and analyzed clonal outbreakstrains from the Pacific Northwest, related

strains from outside the outbreak, as well as representatives of diverse global isolates.



We utilized phylogenomic inference to provide evidence that the three clonal subgroups
of the outbreak had distinct proxi mal origins: VGlla in South America, VGIIb in
Australia, and VGlIc with no identified origin outside the United States. We also
demonstrated that the C. deuterogattipopulation shows patterns consistent with
ancestral mating, but shows little evidence of more recent mating events, meaning that
the population is characterized primarily by long periods of clonal growth with only
intermittent episodes of sexual recombination.

In Chapter 4, | will examine variation within the VGlla and neighboring VGlla -
like groups of C. deuterogattiuncovered through our resequencing study. We identified
an msh2nonsense allele ancestral to the VGllalike group. Here we demonstrate that this
allele is responsible for a mutator phenotyp e that is particularly severe in genes
containing homopolymer runs. Mutator strains are uncommon in eukaryotic microbes,
and this lineage may represent a rare stable and successful environmental hypermutator
lineage. However, | will also present evidence that the mutator state leads to high
mutational burden and eventually loss of virulence, and argue that the mutator allele
did not play a role in the expansion of the Pacific Northwest Outbreak in the VGlla
group.

In Chapter 5, | will conclude this thesis and provide some thought towards
future directions that emerge from this work. Finally, in Appendices A and B | will

discuss a pair of unfinished projects focusing on identifying novel mycoviruses in RNAI

Vi



deficient lineages and the genetic basis of 5FC resistance.
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1. Introduction

This chapter is partially adapted frdRB Billmyre, S Calo, M Feretzaki, X Wang, J Heitman
(2013)RNAi function, diversity, and loss in the fungal kingdo@hromosome Research21 (67),

561-572.

1.1 Genetic and epigenetic engines of diversity in the evolution
of pathogenic microbes

Mutation is traditionally called the raw material for evolution, but it is not the
only medium upon which selection acts. Microbial pathogens deploy a panoply of
strategies to adapt and thrive when exposed to diverse stresses. Previously we revieved
some o these strategies[1], and here we update and expand on these to include RNAI
loss and cytoplasmic elements, epimutations, biological noise, dispensable B
chromosomes, and variation in ploidy states. Microorganisms are capable of traversing
multiple routes to reach an evolutionary peak, even those that are often deleterious from

the perspective of either an unstressed microbe or a multicellular organism.

1.1.1 RNAI loss allows cytoplasmic viruses to alter host expression

Viruses are typically thought of as deleterious and many eukaryotic microbes
contain an active RNAI system to defend themselves from viral assault. However, RNAI

pathways have been repeatedly and independently lost across the eukaryotic kingdom,


https://scholar.google.com/citations?view_op=view_citation&hl=en&user=jmFOfdQAAAAJ&citation_for_view=jmFOfdQAAAAJ:2osOgNQ5qMEC

including in the model ye ast Saccharomyces cerevidiag the human fungal pathogen
Cryptococcus deuterogatfB], and the old world Leishmanigarasites[4]. As expected,
some of these losses are correlated with dsRNAviral infection, but in these cases the
viruses appear to be beneficial, as they produce toxins that kill neighboring unrelated
yeasts[5]. This inherently provides an advantage to the microbe in accessing nutrients in
competitive situations. In the clinical setting, these types of toxin -encoding viruses could
have profound effects by modulating the microbiome of an infected site, allowing the
pathogen to establish infection.

These cytoplasmic viral elements can contribute to phenotypic variation in less
obvious ways as well. The presence of dsRNA viruses modulates the phenotype of
numerous mutations in yeast. In fact, complex three-way interactions between
cytoplasmic viruses, the nuclear genome, and the mitochondrial genome have been
observed [6]. These cytoplasmic elements may explain substantial portions of the
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1.1.2 Epimutation allows transient silencing of temporarily
disadvantageous genes

Microbes encounter numerous stresses that act on or through microbe-encoded
proteins. As a result, microbes can escape these stresses by igtivating the target gene,
if it is not essential for function. Mutations readily inactivate genes, but are difficult to

reverse to restore wildtype function if the stress is transient. One alternative route
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involves epigenetic modification, such as epimut ation, to transiently inactivate the gene.
In Mucor circinelloidesthe RNAI pathway can silence the gene target of FK506 and
rapamycin, the FKBP12 homdog, in a reversible fashion [7]. Similarly, in the plant
pathogen Phytophthora sojagRNA-dependent gene silencing can inactivate the Avr3a
effector. This effector is recognized by host plants with the Rps3a Rgene, resulting in
host immunity. Consequent ly, pathogens that silence Avr3a are enabled to successfully
infect otherwise resistant hosts, expanding their host range [8].

Epimutation also generates phenotypic variation in the human parasitic
pathogen Plasmodium falciparunthe etiological agent of malaria. P. falciparun is adapted
to grow in a number of disparate host environments as obligate portions of its life cycle,
including the salivary glands of mosquitos, human hepatocytes, and human
erythrocytes. Plasmodiunparasites are able to generatediversity by randomly a nd
epigenetically silencing portions of redundant gene sets in a process called clonally
variant gene expression (CVGE)[9]. As a result, within a genetically clonal population,
multiple invasion approaches are empl oyed, making it much more difficult for a host to
adapt to prevent invasion through any one pathway. This process is mediated by
H3K9me3 modification localized to silenced genes, resulting in their localization to the
periphery of the nucleus [10]. Epigenetic changes can also drive resistance to chemical
stresses like blasticidin, where histone changes drive transient silencing of the 5 member

clag gene family, mediating resistance [11]. These type of regulatory epimutations may



underlie many transient phenotypes that enable pathogens to vary their phenotypic

repertoire to cause disease.

1.1.3 Biological noise generates diverse phenotypic states from
genetically identical populations

Biological noise introduces variation into a population of cells that is
independent of any intrinsic genetic differences. While most biological systems are
robustly buffered, smal | differences in expression level are possible between genetically
identical individuals. These differences are particularly impactful for proteins present in
low quantities in cells, which may vary, for exa mple, between zero or one copy per cell.
This results in dramatic differences between siblings in a population, with some
individuals functionally lacking a pathway, at least for periods of time. This population
level diversity can be highly important during infection. In ~ Salmonella typhimurium
inducti on of interferon responses is dependent upon the level of PhoPQ expression in
the invading bacterium, which is highly variable between individual bacteri a[12]. Noise
also mediates antibiotic survival through regulation of persistence pathways like the
toxin -antitoxin pathway. Stochastic increases in toxin expression alter the stoichiometric
relationship between the toxin and the antitoxin, triggering transient gro wth arrest and
consequent antibiotic resistance in E. coli[13].

Notably, pathogens employ noise to adopt self-sacrificing altruistic behaviors

that would otherwise be negatively selected if genetically encoded. For example, during
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S. typhimuriuminfections a subset of the bacteria stochastically express a Type lli
secretion pathway and invade the gut epithelium, triggering inflammation that clears

the intestinal microbiota. Most of the invasive bacteria are killed by host defenses, but
the host response enhances survival of the genettally identical non -invaders [14].
Because this behavior is the result of noise, the surviving norrinvasive bacteria can give
rise to new invading populations during subsequent infections. This type of kin -
selection may underlie many altruistic behaviors during infections, such as in the fungal
pathogen Cryptococcusleutergattii, where some individuals engulfed by macrophages
slow growth and form tubular mitochondria, which protects their non -tubular siblings

inside the same macimophage from killing [15].

1.1.4 ABO accessory chromosomes all ow s

Organisms utilize a core set of genes contained within a set of nondispensable
chromosomes found in all individuals of a species. However, in addition to this set of
? 2wWET UOOOUOOI UOWUOOT wOUT EOPUOUWT EUEOUWOOT wodUw
dispensable chromosomes, sometimes referred to as supernumerary chromosomes, lack
genes with essential functions and are often deleterious and selfishly inherited. As a
result, individuals within a species harbor varying sets of B chromosomes, with
variation in both the presence and copy number of these selfish elements. Often these

chromosomes are dominated by noncoding sequence and repetitive elements. In some



ways, the selfish nature of B chromosomes is akin to that of bacterial plasmids utilizing
toxin -antitoxin systems to ensure their maintenance.

However, in a number of microorganisms, the presence of B chromosomes can
be advantageous. For example, accessory lineagspecific chromosomes in Fusarium
oxysporumconfer pathogenicity and allow expansion of host range [16]. These
chromosomes are able to transfer between closely related-usariumstrains, and as a
result virulence t o a particular plant species is a polyphyletic trait. Dispensable
chromosomes are found in many plant pathogenic fungi, including the wheat pathogen
Mycosphaerella graminicqglavhich contains eight dispensable B chromosomeg[17], and
Nectria haematococoahere a B chromosome enables growth on pea plantg[18,19] This
type of dispensable chromosome is also distinct in that it is frequently characterized by
relatively high gene content, in contrast with the repetitive nature of other B
chromosomes. One hypothesis to explain the high frequency of supernumerary
chromosomes in plant pathogens is that it may represent adaptation to the effector-
specific immunity found in plants: B chromosome encoded effector suites can easily be
transferred to new individuals to expand their host range. However, when those
pathogens move to a host where one of these &ectors is recognized by a host R gene,
triggering immunity, the Avr gene could easily be lost in a portion of the pathogen
population simply through error prone segregation of the B chromosome. This could

then enable a regain of virulence and a loss of mthogen recognition by the host.



1.1.5 Ploidy variation enables global changes in phenotype

In eukaryotic pathogens, variation in ploidy also generates phenotypic diversity.
Many fungi are capable of growing in either haploid (1N) or diploid (2N) states.
Experiments in S. cerevisiahave shown that an even higher increase in ploidy to
tetraploidy (4N) accelerates the rate of adaptation by buffering altered alleles and even
unleashing mutations that are specifically beneficial in the tetraploid state [20].
Furthermore, increases in ploidy moderate the effects of losing or gaining a single
chromosome, allowing higher rates of aneuploidy, w hich can itself provide further
phenotypic variation, and allow further mutation. Variation in ploidy even generates de
novo phenotypic variation in isogenic isolates. Comparison of S. cerevisiaand S.
paradoxugeveals that diploids outcompete haploids u nder some growth conditions yet
are inferior under other conditions, and that these ploidy advantages are conserved
between S. cerevisiaand S. paradoxu§21]. This suggests that selection acts either on
exposure to specific streses during different portions of the life cycle or that the
preferred ploidy of different yeast strains may differ based on the environmental

stresses they face.



1.1.6 Conclusions

Here we have highlighted myriad mechanisms by which microorganisms as
diverse as fungi, oomycetes, bacteria, and parasites generate phenotypic diversity to
better exploit their environments and survive extreme stresses. Both pathogens and their
hosts take part in a perpetual evolutionary arms race. Each adapts to tip the balance n
their own favor, but each also faces unique biological constraints. As a result, eukaryotic
hosts tend to add layers of complexity to their defenses, while pathogens throw out the

rulebook and alter their phenotype by any and all means available.
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1.2 RNAI function, diversity, and loss in the fungal kingdom

RNAI is a robust gene regulatory system that triggers silencing of transcripts via
the detection of double-stranded RNA. In its most basic form, RNAiI is driven by two
canonical components: a double-strand RNA endonuclease (Dicer) and a small RNA-
binding protein (Argonaute). Dicer typically acts on dsRNA to produce small RNAs
from 20-30 bases in lengththat are then loaded onto Argonaute and used to identify

complementary messages, triggering further degradation of the target message.



Argonaute is the catalytic subunit of what is termed the RNA -induced silencing complex
(RISC). In addition, there is a third canonical component, the RNA -dependent RNA
polymerase, that can amplify this signal by generating additional dsRNA to trigger
Dicer and Argonaute. In some cases RARP can be essential for RNAI as it generates the
initial dsRNA from ssRNA templates or t argets. RNAi is involved in a broad spectrum
of functions, including genome defense against viral or transposon invasion, and also
regulates diverse cellular and developmental processes.

In this review we first describe RNAIi -dependent silencing mechanismsin fungi.
We will then discuss the biological functions of RNAI in the context of loss and retention
of the RNAI pathway across the fungal kingdom. Many of the RNAiI phenomena
identified in fungi are better understood mechanistically than they are in a fun ctional,
biological context. By bringing together these two areas, we hope to emphasize some of
the hypotheses for the inherent biological functions that RNAI serves in the highly

diverse lineages of the fungal kingdom.

1.2.1 Homology dependent gene silencing

The development of gene transfer methods has allowed transgenic DNA to be
integrated into the genome and transmitted as a heritable Mendelian trait in transgenic
lines. However, the introduced transgenes are in some case silenced and can also cause

silencing of endogenous genes that share sufficient homology. This phenomenon has



been termed homology dependent gene silencing (HDGS), cosuppression, or transgene
silencing and has been found in myriad organisms including plants, animals, ciliates,

and fungi [22¢26]. HDGS usually occurs when multiple copies of particular sequences
are present in the genome. Thus, transposable elements, which are repetitive sequences,
are also subject to HDGS. One central mechanism involved in HDGS is RNA

interference (RNAI) in which small RNAs (~20 to ~30 nt) homologous to the repetitive
sequences are generated and orchestrate gene silencing posttranscriptionallyf27,28] or
transcriptionally [26,29,30]in a sequencespecific manner.

In fungi, quelling is the bestcharacterized RNAi-dependent HDGS process and
the first to be discovered [31]. Quelling occurs in the vegetative tissue of the filamentous
fungus Neurospora crassand is mediated by sRNA [32]. Studies on quelling have
uncovered key RNAi components and functions, contributing significantly to advance
the RNAI field [24,32 35]. Quelling is a post-transcriptional gene silencing (PTGS)
process tha is induced by aberrant RNA (aRNA) and requires the core RNAI
components, including Dicer -like proteins, Argonaute, and RARP [24,36,37] In quelling,
the silenced loci can act in trans, leading to silencing of some or all homologous genes.

The first eukaryotic RNAi component identified was the RNA -dependent RNA
polymerase QDE-1 and it is required for quelling [24]. It was identif ied shortly after the
silencing effect of injected dsRNA was found in C. elegansnd the discovery of QDE-1

contributed to elucidate the role of dsRNAs in RNAi [38]. The Argonaute protein QDE-2
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and the Dicer-like proteins DCL-1 and DCL-2 constitute the main core components of
the quelling pathway and are highly conserved among eukaryotes [28,39] Interestingly,
QDE-3is a RecQ helicase that usually participates inhomologous recombination and
DNA repair in N. crassabut also plays an important role in quelling. QDE-3 may
recognize transposable elements or transgenes that contain inverted repeats and recruit
QDE-1to generate aberrant RNA (aRNA) that is then transcribed into dsRNAs. The
dsRNA is bound by the dicers DCL-1 and DCL-2 and processed into siRNAs of 20-25 nt
that are loaded onto RISC, formed by Argonaute QDE-2 and QIP, a QDE-2-interacting
exonuclease[40].

DNA -damage also induces the expression of the quelling Argonaute protein
QDE-2 and a novel class of QDE-2 associated sRNAs, designated giRNAs[41]. These
DNA damage -induced sRNAs derive from the highly repetitive sequences of rDNA loci,
are shorter in length (~21 nt) than standard siRNA, and require similar components to
quelling (QDE-1, QDE-3, and the Dicers), indicating the two pathways are
mechanistically related [41,42] Moreover, the two pathways share the same initial
signal, which is highly repetitive sequences, although for quelling they are exogenous
(transposon or viruses) and for qiRNAs they are endogenous (repetitive rDNA). Recent
studies showed sRNAs regulate the DNA damage response pathway in rice and the

production of qiRNAs from rDNA loci may be a novel mechanism of DNA repair in
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plants [43,44] DNA damage -induced sRNAs have been detected in flies and mammals,
indicating that this mechanism is conserved across eukaryotes[45,46]

DNA damage induces cell-cycle arrest, delays DNA replication, and red uces
protein synthesis. The accumulation of giRNAs indicates that DNA damage may cause
stress on DNA replication of repetitive sequences and it may act as a DNA damage
checkpoint control by inhibiting protein synthesis. Recent findings demonstrate that
homologous recombination and chromatin remodeling factors, including Rad51, Rad52,
and Rad54, are essential for giRNAs and homologous recombination can distinguish
between endogenous and exogenous repetitive sequences and activate DNA damage

response sRNAs ard quelling respectively [47].

1.2.2 Meiotic silencing by unpaired DNA

In addition to quelling, the study of RN Aiin N. crassehas revealed surprisingly
diverse types of SRNAs with different biogenesis pathways and functions. During
sexual development, the presence of unpaired DNA initiates an RNAI -related
mechanism termed meiotic silencing by unpaired DNA (MSUD). During the sexual
cycle, haploid hyphae of the opposite mating type of N. crassduse to produce a
transient heterokaryon that, following nuclear fusion to the diploid, undergoes one
round of meiosis and one of mitosis to yield 8 ascospores. The presence bunpaired

DNA in the prophase of meiosis | initiates silencing of the unpaired DNA, and also of
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genes homologous to the unpaired DNA in the diploid ascus, although this silencing is
not always completely penetrant [48,49] It is interesting that MSUD triggers silencing of
all of the genes homologous with the unpaired DNA, even copies that may be paired,
indicating an initial trans -sensing step signals the MSUD pathway [48,49]. This signal
triggers the production of unpaired -DNA -specific aRNA in the nucleus that is converted
to dsRNA by SAD-1, an RdRP, SAD-2, a scaffold protein that localizes and physically
interacts with SAD -1 in the perinuclear region, and SAD-3, an RNA/DNA helicase [49t
52]. dsRNA is cleaved by DCL-1, a Dicerlike protein, and the 20-25 nt sRNAs produced
then bind SMS-2, an Argonaute homologue, and QIP, an exonuclease, driving
posttranscriptional silencing of the genes homologous to the unpaired DNA [41,5355].
One region of the genome that is naturally unpaired is the mating type locus, at
which there are two idiomorphic, unrelated sequences, mata and matA. It is not known
if MSUD operates at MAT or whether MAT is in some way protected from MSUD
action. While heterozygosity at MAT is necessary for progression through the sexual
cycle, it is formally possible that the action of both or even either MAT idiomorph is not
required for progression through the stage of meiosis at which M SUD acts.
Alternatively, the MAT locus may be uniguely marked in some fashion to render it
immune, or resistant to MSUD. Studies to address this could examine the expression

levels of MAT encoded genes during the sexual cycle in wild type vs. MSUD mutant
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strains, or seek to detect whether sSRNA accumulates directed against theMAT locus
during crosses.

Interestingly, quelling and MSUD function separately and employ different
components, with the exception of DCL -1 and QIP, indicating that quelling and MSUD
may have a shared ancestry but have diverged over time [51]. Although the silencing
pathway of MSUD has been extensively studied, little is known about the trans -sensing
mechanism. There is some evidence that DNA methylation and chromatin structure may
direct recognition of unpaired DNA during MSUD [50]. In addition, recent studies
identified a novel protein, SAD -5, that is essential for MSUD and localizes in the
nucleus, indicating a possible role in the initial stages of the pathway [52]. Surprisingly,
silencing by unpaired DNA during meiosis has been observed in numerous species,
including other fungi, C. elegandD. melanogasterand mice, indicating a highly
conserved method for genome defense against exogenous DNA[53% 56].

Homology -dependent gene silencing can dso operate in an RNAi-independent
manner. This has most recently been shown inAspergillus nidulans where introduction
of a transgenic copy of the matAHMé gene causes silencing of the endogenousnatA.
Unusually, this silencing is highly penetrant, and do es not rely on the RNAI
components, including Argonaute. The silencing is also recessive and fails to spread
between nuclei within heterokaryons, unlike canonical silencing [57]. A number of

similar RNAI -independent silencing mechanisms likely exist undiscovered in the fungi.
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1.2.3 RNAI in Cryptococcus

The genome of the more evolutionarily distant basidiomycete and human fungal
pathogen Cryptococcus neoformaatso encodes a fully functional RNAI pathway [58],
and introduction of transgene -expressed dsRNA has been used to successfully repress
expression of the target geneg[59,60] Recently, a quelling like co-suppression
phenomenon termed mitotic -induced silencing (MIS) was discovered that occurs during
C. neoformangegetative mitotic asexual growth [61]. During screens to isolate cpal
single mutant strains following introduction of a cpal:ADE2 disruption allele, some
transformants that had decreased mRNA levels of both the CPAL1and CPA2 genes were
obtained. CPAl1and CPA2are two homologous genes and both encode cyclophilin A,
the target of the immunosuppressive antifungal natural product cyclosporine A (CsA).
Because bothCPAl and CPA2are silenced in these transformants, they exhibit a
phenotype similar to cpal cpaZlouble mutants (resistance to CsA). Like quelling, this
silencing process is dependent on the RNAI silencing pathway. First, the RNAI
components Rdpl, Agol, and Dcr2 are required for silencing. Second, siRNAs
homologous to both CPAland CPA2 (by virtue of the high sequence identity it shares
with CPA1) were detected in the silenced strains. The silencing efficiency of theCPAl

and CPA2genes is correlated with the transgene copy number and reached ~90% in the
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presence of a >25copy repeat transgene, while much lower (0.1%) or no silencing

occurred in transformants containing one or three copies of the transgene.

1.2.4 Sex-induced silencing

A related silencing process operates during the sexual cycle of C. neoformansThis
transgene-induced posttranscriptional silencing mechanism is more active than in
vegetative mitotic growth, and hence this phenomenon was named sex-induced
silencing (SIS)[62]. For example, silencing of a tandem insertion of a triplicated SXI2a-
URADS transgene during a-Y opposite-sex reproduction occurs at D250-fold higher
frequency than in vegetative mitotic asexual growth. Because C. neoformansan produce
spores via two distinct mating pathways: a-Y wO x x O U D U |-Yiuhbidexdal E OE wY
reproduction, a subsequent study tested and demonstrated that SIS is not limited to a-Y’
opposite-Ul B wE U U wE O U O wGkuhisekial feptadictibt $58).1 Mor¥
importantly, the silencing frequenc y observed during opposite -sex and unisexual
reproduction is comparable. Similar to the mitotic induced co -suppression pathway in C.
neoformansSIS is an RNAirelated process and requires the presence of a multicopy
transgene array.

Sequencing of small RNAs in C. neoformansnder both mating and vegetative
growth conditions revealed that abundant small RNAs map to repetitive transposable

elements[62,64] In rdpl mutant strains, siRNAs generated from these repetitive loci
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were abolished, supporting a role for RNAI in transposon control in  C. neoformans
Furthermore, two lines of evidence may explain why C. neoformansvolved a more
robust sex-related silencing mechanism [62,63] First, transposons and retrotransposons
are highly expressed during sexual reproduction of RNAi mutant strains. Sec ond, by
employing the FKBP12 encoding geneFRR1as a transposon trap, a much increased
transposition/mutation rate was detected in progeny derived from the rdplmutant a-Y w
OxxOUPUI wUIl R-YidhBEdxEddpnodididhunih during mitotic growth of the
rdpl mutant [62,63] This evidence supports models in which an efficient silencing
mechanism is necessary to defernl genomic integrity and reduce the potential for a
higher mutational burden during sex. Thus, the robust nature of highly efficient SIS
could be one strategy that C. neoformandeploys to squelch the activity of selfi sh DNA
elements during mating and effectively guard the genome integrity of the progeny. Most
interestingly, the RNAiI machinery components are more abundant during mating or
under mating growth conditions, supporting a model in which increased expression o f
RNAIi machinery may function to silence potentially overexpressed transposons during
mating [62]. This increase in abundance does not occur at the transcriptional level of the
RNAIi components and thus may be attributable to either an RNA operon that enhances
their coordinate translation or to regulation of protein localization/stability.

The mechanistic details of the initiation and effectiveness of SIS are not yet

understood. A related central question is: how do cells recognize repetitive sequences
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and produce transgene-specific dsSRNA? It was hypothesized in plants that a
gualitatively aberrant feature of transgenic DNA or RNA (aDNA or aRNA), can trigger
gene silencing [32,65] If so, stages of the sexuatycle involving the sequence homology
search that mediates meiotic recombination may accelerate the formation of aberrant
DNA -RNA hybrids in tandem repeat sequences, possibly producing templates for Rdp1,
thus activating silencing in C. neoformansWith regard to quelling in N. crassait was
proposed that large tandem repeats may produce aberrant DNA (aDNA) secondary
structures that are recognized by the recQ DNA helicase Qde3[34]. Then, by an
unknown mechanism, Qdel, which can act as botha DNA -dependent RNA polymerase
(DdRP) and as an RNA-dependent RNA polymerase, is recruited to the transgene loci
and generates dsRNA using the single strand repetitive DNA and the first strand aRNA
as the template [41]. Replication protein A, a ssDNA -binding protein complex, has
recently been shown to function during the recruiting steps and promotes dsRNA
formation [42]. In C. neoformanswo components of the RPA complex, Rpa32 and Rpa70,
are also required for transgene silencing [61], suggesting similar initiation steps are
involved as in quelling [66]. However, a component in C. neoformanthat functions like

Qde3 to recognize aDNA/aRNA structures has not yet been identified.
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1.2.5 Heterochromatin formation

Heterochromatin formation induced by RNAI has been extensively studied in  S.
pombeover the last decade[29,51,67] dhand dgrepeats are characteristic of the
heterochromatin domains at centromeres, subtelomeres, and theMAT locus [29,68]
Transcripts produced by RNA p olymerase Il carrying these repetitive sequences are
substrates for the RNA-dependent RNA polymerase complex (RDRC), which includes
the RNA-dependent RNA polymerase Rdpl [69]. This enzyme synthesizes the
complementary strand to generate dsRNA that is then processed into siRNAs by the
Dicer protein Dcrl. The RNA -induced transcriptional silencing (RITS) complex,
containing an Argonaute protein (Agol), binds the siRNA and reinforces the silencing
mechanism by facilitating the localization of Rdpl to the nascent target complementary
to the siRNA [70]. In addition to RDRC, the histone methyltransferase Clr4 (homologue
of mammalian SUV39H) is also recruited to the DNA target where it methylates histone
3 at lysine 9 (H3K9me), a landmark feature of heterochromatin [69,71,72]

Transient heterochromatin has also been detected over convergent genes during
the G1-S phase transition[73]. Readthrough transcription that occurs frequently during
this phase of the cellcycle generates dsRNA from overlapping transcripts at these loci to
activate RNAI. The formation of heterochromatin then promotes the recruitment of
cohesin, which blocks transcriptional read -through during G2 [73,74] This transient

heterochromatin is a key regulatory mechanism for RNAi genes themselves, as most
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feature a convergent configuration. Perturbation of this orientation dysregulates their
expression and causesaberrant cell morphology [75].

RNAI mechanisms operating in S. pombgo beyond the silencing and
maintenance of centromeres, telomeres, or convergent genes. In addition, RNAI
suppresses the expression of antisense RNAs at euchromatic locf73,76], competing with
RNA quality control factors such as the exosome, a multi-protein complex involved in
RNA degradation [77]. RNAi components interact, through C Ir4 and Mlo3 (an mRNA
export protein [78]), with the Trf4/Air2/Mtr4 polyadenylylat ion complex (TRAMP) [77],
an exosome cofactor that stimulates the degradation of aberrant RNA [77,79] Mlo3,
perhaps in cooperation with TRAMP, could be responsible of driving the RNAs into
RNAI or exosome pathways [77]. This collaborative mechanism is conserved in
Drosophilaand has thus far been implicated in the silencing of sexual differentiation
genes, genes encoding transmembrane proteins, and Tf2 retrotransposons, implying that
RNAI may serve as an adaptive response mechanism for development and sensing of
environmental signals [80].

Interestingly, recent work in Cryptococcusas also begun to forge a link between
RNAIi and mRNA processing. Delays in splicing trigger RNAiI -dependent degradation of
the stalled message via a nuclear RNAi complex termed SCANR (SpliceosomeCoupled
and Nuclear RNAI) [64]. This complex contains a canonical RARP, Argonaute, and QIP

in association with the Srrl splicing component. As with the case of exosome studies in
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S. pombegthis work is beginning to show a previously unsuspected link between mRNA

processing and silencing. This may represent the RNA equivalent of mismatch repair,

effectively proofreading transcripts as they are produced and processed. Further, it also

represents a mechanism for distinguishD O1T w? Ul O 20uidd @O w0 WE OOwWOEUDY
transcripts are selected for efficiently spliced introns, exogenous elements with less

optimal, more poorly spliced introns will have a difficult time integrating into the

genome and being expressed.

1.2.6 miRNAs

miRNAs are small endogenous non-coding RNAs derived from precursor
transcripts with a hairpin structure. Two different Dicer and dsRNA -binding domain
(dsRBD) proteins process the precursors, producing 2624 nt small RNAs that bind to
Argonaute and regulate target expression by endonucleolytic cleavage or translational
repression of the mRNA [81]. miRNAs have been extensively studied in animals, plants,
and algae, but fungi were assumed to lack this pathway. However, miRNA -like small
RNAs (milRNAs) have been found in N. crassaand four different classes have been
described so far that are distinguished by the mechanism of their biogenesis [82].
Different combinations of RNAI proteins are implicated in the production of the four
different milRNAs classes, but none is precisely the same mechanism as for conventional

mMiRNAs. milR -2 is Dicer-independent but QDE -2-dependent; milR-3 and milR-4 are
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completely or partially dependent on Dicer but not QDE -2; milR-1, the most abundant,
is dependent on Dicer, the presence of QDE2, but not its slicer activity, and the
exonuclease QIP[82]. The maturation of milR -1 is also dependent on the RNA exosome
[83], which may explain why the QDE -2 nuclease activity is not required. Despite their
differences in biogenesis, milRNAs also seem to silence endogenous transcripts with
partial complementarity, similar to animal miRNAs [82].

mMiRNAs have been also recently described in C. neoformanf84]. The two miRNA
identified, miR1 and miR2, share similarities with conventional miRNAs: 22 and 18 nt
OO0O0T wUIl UxIT EUDPYI OAaOWEwWxUOOOUT UwoOi waAir yd&fUwbOwUDa
the small RNA. RNAIi gene mutations ( rdpl, agol dcrl, or dcr2) prevent the generation
and action of these miRNAs on a reporter gene fused to miR1 or miR2. Also, as their
sequences map to transposons and pseudogenes, they may be involved in regulating

these elements[84].

1.2.7 nat-siRNAs and disiRNAs

Natural antisense transcripts (NATSs) are non-coding RNA molecules that share
sequence complementarity with genes encoding RNA transcripts. In plants, stress
conditions can induce NAT transcription. These anti -sense transcripts then bind the
coding transcript to produce dsRNA, which is processed by RNAI to create NAT-

derived siRNAs ( nat-siRNAs) [85,86] Although NATs are widely present in fungi [874
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90], NAT -induced RNAI activation has thus far only been observed in convergent gene
configurations as described above for S.pombe
Natural overlapping transcripts in N. crassacan also produce dicer-independent

small interfering RNAs (disiRNA). Despite having canonical siRNA characteristics (22 nt

0001 WECEWEWKkzZ WUUPEDOI WEPEUAOWEDOT 1 GdalRBAI wOi wED U

components (Dicer, Argonaute, and RNA -dependent RNA polymerase) [82], suggesting
an unknown RNAI -independent sRNA production mechanism remains to be

discovered.

1.2.8 Other endogenous sRNAs

The first endogenous sRNAs described as regulators of gene expression through
RNAI in fungi were the exonic -siRNAs (ex-siRNAs) found in M. circinelloideq91]. A
canonical RNAI pathway had been previously studied in this organism as a response to
non-integrated transgenes[92]. Dcl2, Agol, and RdRP2 are the main proteins implicated
in this RNA silencing, and RdRP1 is responsible for dsSRNA production from sense
transgenes[93t 95]. However, ex-siRNAs produced endogenously from exons are

generated by 4 different mechanisms, involving different combinations of RNAI

proteins, similar to N. crassamiRNAs [91]6 w" OEUUIT UwhwEOE wl wi EYT WE WEDE

nucleotide and are DCL2-dependent. Thesetwo classes differ in their requirement for

RdRP1 (class 1) or RARP2 (class 2). On the other hand, class 3 is dependent on both
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RdRPs and the Dicer proteins are redundant for the production of these ex-siRNAs,
while class 4 depends on only Dcl1[91]. All 4 classes are degndent on the Agol protein
but only classes 1 and 2 actually bind to it [95], indicating that the biogenesis of some of
these exsiRNAs may not follow the canonical RNAI pathway.

Similar results have been obtained in the fungi Trichoderma atroviridend
Magnaporthe oryza®6,97] In T. atroviride RNAIi has been implicated in the control of
development and metabolism based on defects in conidiation or morphological
alterations exhibited by RNAiI mutants. Transcriptional profiles from dcr mutants
corroborated those observations [96]. In the case ofM. oryzae deep sequencing revealed
endogenous sRNAs (esRNASs) derived from protein coding genes, intergenic regions,
and repetitive elements [97]. However, the tissue specialized in plant invasion, the
appressorium, showed enrichment in SRNA derived from tRNA. The involvement of
RNAI in the production of these sRNAs has not been experimentally proven yet, but it
has been proposel to restrict protein translation as a mechanism to direct cellular

metabolism and thereby promote infection [97].

1.2.9 Conservation of RNAI

RNAi: is found in each of the main groups of fungi, including the Ascom ycota
[24], Basidiomycota [62], and Zygomycota [92] phyla (Figure 1). In fact, it appears likely

that RNAI, at least in a basic form, was found in the last common ancestor to all
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eukaryotes [98]. However, in addition to the considerable diversity of mechanisms and
functions described earlier in this review, there are a number of fungal species that have
lost RNAi completely. The model yeast S. cerevisiabhas lost RNAI although the pathway
can be resurrected by introducing the Dicer and Argonaute genes from the closely
related ascomyceteS. castellif2]. In addition, the molecular subtype (VGII) of the
pathogenic fungus Cryptococcusleutergattii responsible for an ongoing outbreak in the
Pacific Northwest has also lost its RNAI pathway, while the rest of the Cryptococcus
species complex has retained RNAI[62,99] Notably, the fungi that have lost RNAIi have
all lost it relatively recently [5]. For example, the RNAi-deficient VGII subtype of C.
deutergattii is estimated to be 12.4 million years diverged from the RNAI -proficient VGI
subtype [99]. This raises an important question: under what conditions is RNAI
disadvantageous and dispensable instead of highly important? In the remainder of this
review we will discuss two possible answers, including viral defense and hyper -
mutability. It is also possible that RNAI loss in neutral, and simply tolerated by the

strains that lose it. This seems unlikely, given the number of species that have lost
multiple components of the pathway and the degree to which this loss has become fixed
in these species. Some selective mechanism seems necessary. Additional hypotheses for

RNAI losses are examined in more detail elsewhere [100].
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Figure 1. Phylogeny of RNAI in fungi
Above is a phylogeny of selected fungal species, intended to display the broad loss
and retention of RNAi components in the fungal kingdom. Specie s names in red are
those that have lost RNAI, while those in black have retained it. In addition, the

names of species where RNAi has been more extensively studied are in bold,
including the model RNAi loss of ~ S. cerevisiae

1.2.10 Viral Defense

While RNA i is typically considered an asset for defense against viruses, there is
at least one exception to this rule in the case of advantageous viruses. Viruses are
typically thought of as deleterious for the infected host, but at least in the case of S.

cerevisae this is not always true. S. cerevisiaean harbor double-stranded RNA
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totivirus es, including the killer satellite virus [101]. This element is transmitted either
vertically from mother to daughter cell or horizontally by infecting the zygote during
mating, but typically does not exist outside the host cell as an infectious particle. Killer
viruses were described classically in yeast genetics because o distinct phenotype:
killer -positive strains inhibit the growth of neighboring killer -negative strains and
species. This provides a clear growth advantage in a competitive environment. This
enhanced competitiveness conferred by Killer is inherently incomp atible with the
presence of an RNAIi pathway and in fact reintroduction of RNAI results in the silencing
of the killer viruses and loss of clearing of unrelated neighbors [5]. The presence of
killer -like viruses across the fungi kingdom correlates inversely with the presence of
RNAI in four of the nine documented cases, suggesting that this type of advantageous
virus may provide at least a partial expla nation for loss of RNAi [5].

However , viruses are also often bad for fungi. Unlike the beneficial viruses of S.
cerevisiagCryphonectria parasiticahe causative agent of Chestnut Blight, is plagued by a
hypovirus [102]. When infected with this dSRNA element, C. paraiticais substantially
less infectious to chestnut trees, resulting in infections that the plant can resolve on its
own, instead of causing substantial damage. Mutation of the RNAI pathway renders C.
parasiticasubstantially less resistant to these hypovi ruses[103]. This suggests that viral
defense via RNAI may be a balancing act: fungal lineages that have many successful

viral pathogens may benefit by retaining RNAI. In contrast, the pres ence of an
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advantageous virus may push the balance towards loss of RNAI. In the short term this
strategy may prove highly advantageous but could also render the organism susceptible
to new viruses in the long term, as well as transposons and repetitive sequences. In the
case ofS. cerevisigdt has been posited that the balance has swung towards loss of RNAI
because of killer viruses, suggesting that the fungi that have lost RNAi may represent an

evolutionary bubble waiting to burst [5].

1.2.11 Mutator states

RNAI, as described above, plays a role in controlling transposable elements in
fungi [26,80] Loss of RNAI therefore allows more rampant transposon movement, as
has been observed inCryptococcu$62,104] Likewise, quelling in N. crasséhas been
suggested to play a role in transposon control, at least ancestrally[105], while over time
the introduction of repeat -induced point -mutatio n has rendered the remaining
transposons inoperative. Therefore, loss of RNAI could conceivably contribute to a
hypermutator phenotype. These phenotypes are often advantageous in organisms
attempting to adapt rapidly to a new environment, as typified by th e high prevalence of
hypermutator Pseudomonas aerugindsalates in the lungs of Cystic Fibrosis patients
[106]. This is particularly poignant in the case of VGII C. deutergattii, which is the
subtype responsible for the outbreak in the Pacific Northwest. C. deutergattii is normally

considered a tropical or sub-tropical pathogen and thus its spread to the temperate
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climate of the Pacific Northwest may reflect a certain amount of adaptation. Experiments
are currently underway exploring whether the loss of RNAI in the outbreak C.
deuter@attii isolates may have contributed to this spread into a new formerly
inhospitable environment. As in the case of the viral defense example, mutators tend to
be beneficial only in the short term. Bacteria can switch from a stable genome to a
mutable one by inducing the SOS response, and then return to sability by turning off

the SOS pathway[107]. Loss of the genes encoding an entire pathway is essentially
irreversible. This could also explain why there are no large groups of fungal species that
have lost RNAI. Instead what is observed is frequent and independent loss of RNAI in
diverse fungal species throughout the fungal tree of life.

One other possible source of diversity is the link between RNAI and aneuploidy
observedin S. pombeRNAI dysfunction leads to a higher incidence of chromosome
missegregation in S. pombeand this stems from a role of RNAI in proper centromere
function [108]. In the context of multicellular eukaryotes, aneuploidy is typically
considered maladaptive, but in fungi there are important advantages to aneuploidy in
the right environment. In C. albicansgeneration of an aneuploid with an isochromosome
containing additional copies of the ERG11gene can provide protection against azole
antifungals [109]. Similarly, C. neoformansan also acquire drug resistance by becoming
disomic for chromosome 1, which contains the C. neoformang&RG11gene[110]. In

addition, C. neoformansan generate advantageous de novo phenotypic diversity via
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generation of aneuploids during opposite -sex or unisexual reproduction [111]. It
remains to be seen whether RNAI contributes to centromere function in fungi outside of
S. pombgbut if so, an increased frequency of aneuploidy is an intriguing possible
hypothesis for the loss of RNAI.

The fungal kingdom represents an amazing diversity of RNAi pathways and
functions. This makes fungi ideal model systems for elucidating the mechanisms of
RNAI present in other eukaryotes. Recent studies in Cryptococcusave revealed alink
between intron splicing and RNAIi [64], while S. pombdas been shown to have a
mechanism for selecting between the exosomeand RNAI for message degradation [80],
either of which may pro ve to represent general mechanisms for RNAI. Continued work
on RNAI in the fungi is essential, not just for delineating mechanisms but also for
understanding the basic biological roles of RNAI. This is most clearly illustrated by the
frequent losses of RNAI that confer both known and as yet unknown selective benefits
involving acquisition of beneficial dsSRNA viruses, and mechanisms of genome stability

and instability.
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2. Gene network polymorphism illuminates loss and
retention of novel RNAI silencing components in the
Cryptococcus pathogenic species complex

This chapter is adapted from Feretzaki M*, Billmyre RB*, Clancey SA, Wang X,
Heitman J (2016) Gene Network Polymorphism llluminates Loss and Retention of Novel RNAI
Silencing Components in theryptococcus Pathogenic Species Complex. PLoS Genet 12(3):
€1005868. doi:10.1371/journal. pgen.1005868

* These authors contributed equally

2.1 Abstract

RNAI is a ubiquitous pathway that serves central functions throughout
eukaryotes, including maintenance of genome stability and repression of transposon
expression and movement. However, a number of organisms have lost their RNAI
pathways, including the model yeast Saccharomyces cerevisitee maize pathogen
Ustilago maydisthe human pathogen Cryptococcus deuterotgia, and some human
parasite pathogens, suggesting there may be adaptive benefits associated with both
retention and loss of RNAI. By comparing the RNAI -deficient genome of the Pacific
Northwest Outbreak C. deuterogattistrain R265 with the RNAI -proficie nt genomes of
the Cryptococcugpathogenic species complex, we identified a set of conserved genes that
were lost in R265 and all other C. deuterogattiisolates examined. Genetic and molecular

analyses reveal several of these lost genes play roles in RNApathways. Four novel
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components were examined further. Znf3 (a zinc finger protein) and Qipl (a homolog of
N. crassaQip) were found to be essential for RNAI, while Cpr2 (a constitutive
pheromone receptor) and Fzc28 (a transcription factor) are involved in sexinduced but
not mitosis-induced silencing. Our results demonstrate that the mitotic and sex -induced
RNAI pathways rely on the same core components, but sexinduced silencing may be a
more specific, highly induced variant that involves additional speci alized or regulatory
components. Our studies further illustrate how gene network polymorphisms involving
known components of key cellular pathways can inform identification of novel elements
and suggest that RNAI loss may have been a core event in the speiation of C.

deuterogattiiand possibly contributed to its pathogenic trajectory.

2.2 Author Summary

Genome instability and mutations provoked by transposon movement are
counteracted by novel defense mechanisms in organisms as diverse as fungi, plants, ad
mammals. In the human fungal pathogen Cryptococcus neoformaren RNAI silencing
pathway operates to defend the genome against mobile elements and transgene repeats.
RNA: silencing pathways are conserved in the Cryptococcupathogenic species complex
and are mediated by canonical RNAi components. Surprisingly, several of these
components are missing from all analyzed C. deuterogattivGlI strains, the molecular

type responsible for the North American Pacific Northwest outbreak. To identify novel
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components of the RNAI pathways, we surveyed the reference genomes ofC.
deuterogattij C. gattii, C. neoformansand C. deneoforman®Ve identified 14 otherwise
conserved genes missing in R265, including theRDP1, AGO1, and DCR1 canonical RNAI
components, and focused on four potentially novel RNAi components: ZNF3, QIP1,
CPR2 and FZC28 We found that Znf3 and Qipl are both required for mitotic - and sex
induced silencing, while Cpr2 and Fzc28 contribute to sex-induced but not mitosis -
induced silencing. Our studies reveal elements of RNAI pathways that operate to defend
the genome during sexual development and vegetative growth and illustrate the power

of network polymorphisms to illuminate novel components of biological pathways.

2.3 Introduction

Genome reduction is a common adaptation among bacterial pathogens and
commensals, and has been hypothesized to occur for a number of reasons, including
increased specificity to a host or environmental range, or to increase virulence more
directly through loss of an antiviru lence gene or gene cluster. The former case can be
explained primarily through loss of genes that play only accessory roles. These genes
can become dispensable as an organism becomes obligately associated with a host,
which then acts as an alternative source for these gene products, such as amino acids or
metabolic intermediates [112t 114]. In some cases, hetwork polymorphisms can result

from loss of one of the components, which then enables additional inactivating
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mutations to occur in other components of the crippled or disabled pathway, such as

loss of the Gal80 repressor inSaccharomyces kudriavzepiil5]. Genes also can be lost as a

Ul UUOU0 WO wEOw? EOUDY DU U BhigélaahdEuchlivberedt® PréseneeE U wb U wU
of the lysine decarboxylase cadA interferes with the synthesis of enterotoxins through

production of cadaverine [116]. This model, termed the black hole hypothesis, suggests

that gene losses can be the result of active interference with pathogenesis, likely as the

result of gain of a new incompatible function. In either model, understanding the gene

network polymorphism can elucidate the biology and evolution of the pathogen, facets

that are particularly relevant for new and emerging pathogens.

Cryptococcus deuterogattipreviously C. gatti molecular type VGII [117], is an
emerging human fungal pathogen in the Pacific Northwest (PNW) of the United S tates
and southwest Canada [118t 120]. While the sibling species C. neoformanpredominantly
infects immunocompromised individuals, many of the C. deuterogattiinfected patients
in the Pacific Northwest outbreak were otherwise healthy. Both species cause severe
pulmonary and central nervous system infect ions, and are fatal if untreated.

Surprisingly, whole genome sequencing revealed that the C. deuterogattistrain R265 is
missing both of the Argonaute genes, essential components of the RNAi-induced
silencing complex (RISC)[62,99] Further examination revealed that in addition to the
loss of both Argonaute genes, one of the two Dicers and the only RNA-dependent RNA

polymerase have also undergone pseudogenization through large sequence losses
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similar to those of the Argonaute genes [121]. The loss of critical canonical components
of the RNAI pathway raises a number of questions about the origins and biology of the
C. deuterogattispecies as well as the function of RNAi within the Cryptococcus
pathogenic species complex as a whole.

RNA interfer ence (RNAI) is a highly conserved mechanism among eukaryotes
that facilitates homology -dependent gene silencing. This transcriptional regulatory
strategy was initially observed in Caenorhabditis elegamshere exogenously introduced
double-stranded RNA (dsRNA) triggers silencing of the transcript compleme ntary to the
dsRNA sequence[38]. Since its discovery in C. elegansnumerous species of plants,
animals, fungi, and protists have been found to employ similar strategies to either
protect their genomes from foreign DNA or to orchestrate gene expression and diverse
cellular, developmental, and physiological processes [4,26,51,122] Repetitive sequences
are often found in mobile genetic elements and previous studies found an association
between RNAI and tr ansposable elements, which are ubiquitous in eukaryotic
organisms. Transposon activation and movement impairs genome stability and
increases the mutational burden of the host. Therefore, eukaryotes employ different
strategies to inhibit and limit transposo n expansion. Arabidopsis thalianaDrosophila
melanogasteiSaccharomyces castelNieurospora crassand C. eleganall utilize RNAI

strategies to control and inhibit transposon expression [1,29,100,123]
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C. neoformanalso employs an RNAi-related pathway to inhibit transposable
elements. In previous studies, Wang et al. showed that the insertion of a tandem
multicopy transgene triggered a homology -dependent gene silencing mechanism during
sexual development and termed this process sexinduced silencing (SIS) [62]. This
process was identified specifically with a SXI2a-URAS transgene array inserted into the
urablocus, resulting in the presence of three functional copies of URA5 and one
nonfunctional copy. During mating, progeny that inherit the array silence the URA5
gene in an RNAi-dependent manner approximately 50% of the time. In addition, Wang
et al. later found that transgene silencing can also occur during vegetative growth,
named mitotic -induced silencing (MIS), but at a relatively lower frequency in mitotic
(~0.2%) compared to meiotic progeny (~50%)61]. Further analysis showed that SIS and
MIS require the RNAi comp onents Rdpl (RNA-dependent RNA polymerase), Agol
(Argonaute), and Dcr1/2 (dicer-like proteins) [61,62] SIS and MIS function to inhibit
transposon movement and thus serve as a genome defense mechanism during meiosis
and mitosis. The initi al observation of transposon silencing during sexual development
was made in the highly virulent C. neoformanBneage. Later studies found that
transgene-related SIS also occurs inC. deneoformarend that the RNAi components are
required for transposon silencing during both bisexual and unisexual development [63].

The lack of the critical Argonaute, Dicer, and RdRp components of the RNAI

pathway in C. deuterogdii suggests that the loss of RNAI may represent a gene network
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polymorphism. In fact, the RNAIi pathway is intermittently conserved and lost across
eukaryotes [5,121,124,125]In Leishmaniaand trypanosomes, RNAI | osses were
previously taken advantage of in order to identify additional, previously unknown
components of the RNAI pathway via comparative genomics [4]. To test the hypothesis
that the RNAI pathway represents a gene network polymorphism, we surveyed the
genomes of the R265 C. deuterogatt)i, WM276 (C. gattii), H99 (C. neoformanjs and JEC21
and B-3501A (C. deneoformanstrains and found 14 genes missing fom C. deuterogattii
including the canonical components of the RNAi pathway RDP1, AGO1, and DCR1
Here we focus on four of these lost components: ZNF3, previously identified as a
regulator of hyphal development during unisexual and bisexual reproduction [126];
CPR2 a G-protein coupled receptor (GPCR) previously studied for its role as an
accessory constitutively active pheromone receptor [127], QIP1, independently
identified as an RNAi component via a mass spectrometry approach[64]; and FZC28, a
putative transcri ption factor with no obvious phenotypes in a systematic genome -wide
transcription factor deletion study [128].

Here we demonstrate that the loss of the RNAi components represents a bona
fide system polymorphism, with several previously unknown RNAi components lost in
C. deuterogattiiIn addition, we show that mutants of these missing genes in C.
neoformangall into two classes: mutants that lose both vegetative silencing and sex

induced silencing, and mutants that are affected only in the frequency of sex-induced
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silencing. This suggests that sexinduced silencing may be a specialized, highly induced
variant of the vegetative transgene-induced silencing pathway, rather than a separate
pathway. Taken together, our results show that a substantial loss of genes contributing
to two related RNAI pathways has occurred in C. deuterogattiiBy using comparative
genomics, these gene losses reveal key insights that aid in elucidating the functions of

these RNAi-based genome conservation pathways.

2.4 Results
2.4.1 RNAi components are missing from C. deuterogattii

The C. deuterogattilineage (previously VGII C. gattii) is responsible for the
recent, ongoing outbreak on Vancouver Island and its expansion into the Pacific
Northwest of the United States. Initial analysis of the R265 C. deuterogattireference
genome revealed that both the key canonical RNAi components AGO1 and AGO2 are
missing, indicating that the VGII lineage of C. deuterogattimay lack a functional RNAI
pathway [62,99] Upon further examination, w e discovered that two of the other
canonical components, DCR1 and RDP1, had both suffered truncations removing key
functional domains and are therefore pseudogenes. Of the known RNAI canonical
components, only DCR2remains intact in C. deuterogatti{Figure 2A) [99,129 132] We
hypothesized that this loss of multiple RNAi components may represent a gene network

polymorphism where all of the components of a pathway are intact in one species, but
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have been selectively lost in another closely related species. We further hypothesized
that a whole genome comparison of C. deuterogattiwith other related Cryptococcus
species would reveal novel components of the RNAI pathway lost in C. deuterogattibut

otherwise maintained throughout the pathogenic species complex.
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Figure 2: Genes conserved in the pathogenic species complex but lost in the VGII  C.

deuterogattii lineage.

A) The known canonical components of RNAi have been broadly conserved in the

pathogenic species complex, with the exception of the AGO2 T 1 Ol
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indep endent losses of RNAi components. In contrast, the C. deuterogattii lineage has
lost 4 of the 5 canonical components. Delta symbols indicate a complete deletion
while a psi indicates a pseudogenization event. B -H) Gene losses in canonical
components and in genes shown here to influence the RNAI pathway are visualized
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using ACT. Blastn alignments were utilized to align the H99 and R265 genomes.
Large portions of these genes have been cleanly lost, in some cases comprising the
entire ORF (D) and in others inc luding the start codon (E,F,G).

We compared the publicly available reference genomes of JEC21C.
deneoformanib8], B-3501A (C. deneoformani%8], H99 (C. neoforman$l33], and WM276
(C. gattii)[99] with R265 (C. deuterogatt)[99] to identify otherwise conserved genes that
were missing or truncated in the C. deuterogattilineage. We found seven conserved
genes that were not annotated in R265 and seven thers that were dramatically
shortened (over 50% different in length) as a result of extensive deletions of genomic
sequence (Table 1). All 14 genes were lost across thentire VGII group, based on 53
publicly available whole genome sequ ences fromC. deuteogattii [129]. These genome
sequences did reveal some diversity in these regions. ESDOEUD OO wOi w3 ENDOEz Uw#
windows across the genome and within the regions left by the deletion events showed a
highly negative value for the genome as a whole (mean of-1.122), and a slightly more
positive (mean of -0.796), but not statistically significant value (p=0.0901) for the deletion

windows (Figure 3).
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Table 1: List of genes identified in comparative genomic screen.

Genes that were identified as lo st or substantially chan ged in length in the R265
genome, along with their H9 9 accession numbers. Genes were assayed for a role in
RNAI, as described below.

Name

CPR2
DCR1
QipP1
RDP1
FZC47
GWC1
MEH1
FZC28
GWO1
CDP1
ZNF3
OXR1
FCR1
AGOT1

Accession Number

CNAG_03938
CNAG_02742
CNAG_01423
CNAG_03466
CNAG_04184
CNAG_06486
CNAG_06497
CNAG_00505
CNAG_00520
CNAG_03734
CNAG_02700
CNAG_06609
CNAG 06976
CNAG_04609

Tajimas's D

Description Annotated in R265
constitutively active receptor related to Ste3 pheromone receptor Yes
canonical Dicer Yes
homolog of QIP Yes
canonical RdRp Yes
fungal transcription factor Yes
GW/WG protein Yes
microsomal epoxide hydrolase Yes
fungal transcription factor No
GW182-like No
chromodomain protein No
zinc finger protein No
oxidoreductase No
ferric-chelate reductase No
canonical Argonaute No

[ P=0.0901

Genome

Loss Events

Figure 30 W3 ENPOEz Uw# wbUwdOOUwUDT OPiI PEEOD

the whole genome.
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Role in RNAi

SIS

SIS/MIS
SIS/MIS
SIS/MIS
none
Dumesic et al.
unknown

SIS
Dumesic et al.
unknown
SIS/MIS
unknown
none
SIS/MIS

OOawEl EOI
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The distribution of estimates of the Tajma z Uw # w UUEUPUUPEwWIi OUwUT 1T wl
slightly more positive on average than the distribution of estimates for the genome as

a whole, however the distributions are not statistically different (p = 0.0901). This

suggests that the gene losses are relatively ancestral and any signal of bottleneck or

population sweep attached to them has decayed out of the population.

We did not identify any transposable elements or repeats that may have
mediated the deletion events. One of the seven missing genes was the peviously
identified canonical RNAi component AGOL. In each case, localized deletions of
sequence occurred, encompassing entire ORFs, start codons, and/or functional domains
of the candidate genes (Figure2B-H, Figure 4). Our screen identified two potential
transcription factors , FZC28and FZC47, and three genes, including GWC1, GWQO1, and
QIP1, which have been previously identified as participating in the degradation of
unspliced mRNA through RNAi [64]. Two of the 14 missing or truncated genes,CPR2
and ZNF3, were previously shown to play roles in unisexual and bisexual reproduction,
but were not described as having a role in RNAIi [126,127] We chose to focus on four
genes as candidates to interrogate for a role in the SIS and MIS RNAI pathways:CPR2

FZC28 ZNF3, and QIP1.
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Figure 4: Additional conserved genes identified as lost in  C. deuterogattii .

Gene losses in genes either shown elsewhere to influence RNAI, not tested here, or
not influencing RNAI are visualized using ACT. Blastn alignments were utilized to
align the H99 and R265 genomes.

CPR2encodes a seven transmembrane domain GPCR closely related
phylogenetically to the Ste3 family of pheromone receptors, but it is constitutively active
and independent of pheromone ligand binding [127]. Cpr2 signals via the same G

proteins as the pheromone receptor Ste3, and overexpression ofCPR2can rescue the
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sterility defect of ste3 mutants, although it may bias cells towards unisexual
reproduction [127]. FZC28is a transcription factor about which very little is known. It
was identified and mutated as part of a genome-wide transcription factor deletion
library, and experiments in that study identified no obvious phenotypes [128].

In previous studies we found that ZNF3 is required for hyphal development
during unisexu al and bisexual reproduction in C. deneoformar{426]. Deletion of the
gene blocks hyphal development and impairs pheromone expression during mating.
However, it does not play a direct role in the pheromone -signaling cascade.
Surprisingly, microa rray expression analysis revealed that deletion of Znf3 increased
transposon and transposon-related gene expression during bisexual reproduction [126].
Znf3 is also somewhat rapidly diverging in amino acid sequence. While it is found in the
Cryptococcupathogenic species complex and the neighboring sensu strictdincluding C.
amylolentu$ and sensu lat@roups (including C. heveanensisthe sequence is not well
conserved, and it shares only weak homology over a 211 amino acid stretch (23%
identity and 38% positive) with the reciprocal best BLAST hit ortholog in Tremella
mesentericalhe encoded protein in Cryptococcus neoformansentains three zinc finger
domains, two predicted nuclear localization signals (NLS), and a conserved coiled coil
region, often involved in protein -protein interactions, as well as a putative ribonuclease

conserved domain indicating that it may be involved in cleavage of RNA.
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QIP1is named for N. crassaQIP, which functions during quelling and MSUD by
binding to RISC and stimulating cleavage of the passenger strand of the duplex siRNA
[40]. Moreover, a previous study directly implicated Qipl in the transcriptional
squelching of transposons and the degradation of mRNAs that have poorly spliced non -
canonical introns [64]. Dumesic et al. localized Qipl in the nucleus and showed that it
physically interacts with Rdp1 as part of the Spliceosome-Coupled and Nuclear RNAI
(SCANR) complex [64]. Analysis of N. crassé®0 D x wUI Y1 EOI E ukEzuull Or0A0 WEYA 1EEWT |
domain belonging to the DEDDh superfamily of nucleases, showing high similarity to
the E. coliDNA polymerase | ( ( swipnit [40]. Although, the C. neoforman®ip1 protein
does not contain any detected conserved functional domains, it exhibits weak similarity
to the helical domain of Class lla histone deacetylases, which may suggest a role

different than that of N. crassaQip.

2.4.2 Non-canonical components of RNAI pathway

In previous studies, Wang et al. found that a tandem multicopy insertion of a
SXI2a-URAGS transgene triggered silencing of the URAS gene during bisexual
reproduction and vegetative growth in C. neoformanfs1,62] When F1 progeny were
isolated from a cross between WTMAT Y URA5 o' N)Navd MAT a SXI2a-URAS (JF289),
~25% were found to be uracilauxotrop hic despite the fact that all of them had intact

copies of the URADS allele. Further analysis revealed that ~50% of the progeny that
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inherited the SXI2a-URAS transgene were uracil auxotrophic. Recent studies showed
that the transgene induced silencing mechanism is activated efficiently during bisexual
and unisexual reproduction (SIS) and less efficiently during vegetative growth (MIS)
[61,63]

Deletion of RNA -dependent RNA -polymerase Rdpl abolished transgene
induced silencing during SIS and MIS in both C. neoformanand C. deneoformango
investigate the role of the missing genes from R265 in silencing we generated deletion
mutants in the JF28% isolate bearing the SX12a-URAS transgene (derived from strain
KN99aX OWE OE wUT 1T wE O Gtlaih. viokndepehdeht Ngietton mutants for each
gene were isolated and analyzed.

To determine the silencing efficiency of the mutants during sexual reproduction,
unilateral (one parent is muta nt) and bilateral (both parents are mutants) crosses were
performed on MS media. We dissected random F1 spore progeny from each cross and
these were tested for growth in the absence of uracil and genotyped for the presence of

the SXI2a-URAS transgene (Figure 5A, Figure 6).
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Figure 5: Non-canonical components are required for sex -induced silencing via RNAI.

(A) Deletion of ZNF3 and QIP1 significantly reduces silencing in unilateral mutant

matings. Progeny from wild type and unilat eral mutant matings (one parent is

mutant) were isolated and evaluated for URAS silencing by growth on rich media

(YPD) and SD-uracil. The parents and ura5 mutant were included as controls. The

x OEUTl Uwbi Ul wbOEUEEUI EwEUwt Y S tossédithuf289&dnd U6 w2 UUE
" NNYWEUOUUI EwbPUT w761 YkGwp! Aw2ET 1 OEUPEWDOEDPEEU
transgene array in the spores from (A) as tested by PCR (Primary data in Figure 6), as

well as the occurrence of silencing. (C) Frequency of sex -induced silencing in all
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mutants tested. Primary data is shown in Figure 7. The asterisk indicates that only

unilateral silencing was tested for qipl,. WOUUEOUUWET EEUUI wEDPOEUI UEOw
produce viable spores. Strains used: for znf3 o6 w, %t k WE OE wip16 b Wk & wivOwuw
SEC2, SEC3, SEC4, and H99; focpr2 6 w8/ ' hut Qw7 & foNZZBwg W2 SUNA Qw2 $ " WC

YSB2337, YSB2338, H99; and fofzc47 o w2 $" kOw2$ "t Ow82! uKYt Ow8 2! hK

H99 x JF289a 9,8
& 5 »16 17 »28 K

H99 x znf3A

Figure 6: Presence of transgene array as determined by PCR.

Test for the presence of the SXI2a-URAS transgene array via PCR. (A) Transgene array
PCRs for progeny from the wild type H99 x JF289 a cross depicted in Figure 5. (B)

Transgene array PCRs for progeny from the unilateral H99 x znf3 WEUOUUWEI xPEUI |
Figure 5. Strains used: H99 x JF289 and H99 x XW205.

In unilateral matings with a deletion allele only present in one of the two parents,
two meiotic progeny were ura-for gipl wOU U wOi whK wb G146 Bobed OT wUT 1 wE
were ura- for znf3 (out of 18 inheriting the array, 0%), and three were ura- for cpr2 wpO U U w

of 22 inheriting the array, ~13.6%) indicating significantly reduced silencing efficiency
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compared to WT (Figure 5A, Figure 7). These results suggest that all three components
play a role in RNAI du ring sexual development. In contrast, the silencing efficiency of
the SXI2a-URAS transgene in the fzc28 O w EZEE wnilateral mutant matings was
similar to WT (~50%) (Figure 5C). All of the ura- progeny carry an intact copy of the

SXI2a-URAGS transgene, as verified by PCR.

Unilateral

A YPD SD-Ura YPD SD-Ura YPD SD-Ura YPD SD-Ura

AR

H99a x JF289a

F L A -
cpr2A x JF2 fzc470 x JF289a fzc280 x JF289a

s \

~ / 4
znf3A x znf3A cpr2A x cpr2A fzc470 x fzc470 fzc28A x fzc28A H99 x gip1A x

. JF289a ip1A
Bilateral "

Figure 7: Non-canonical components are required for sex -induced silencing.

(A) Progeny from wild type, unilateral mutant matings (one parent is mutant), and

bilateral matings (both parents mutant) were isolat ed and evaluated for URA5

silencing by growth on rich media (YPD) and SD -uracil. The parental and ura5

mutant strains were included as controls. The plates were incubated at 30°C for 3

days. This data is quantified in Figure 5C. Strains used in Figure 6: for WT: H99 x

JF28%, for znf3 O w, %t k wR weps2 ¥ Wi BUasRdPRd6 KIXW197, for

fzc47 o w8 2! hKY b an® WSBB4A07 WMNSECS, forfzc28 o w8 2! | + + Aan® w) %l WN
YSB2338 x SEC7. (B) While a unilateral cross of the gipl mutant showed a silencing

defect, a bilateral cross produced substantially fewer spore chains and basidia, and

spores from the gipl x gipl crosses did not germinate. Strains used for gipl, 6 w2 $" huw R w
H99 and SEC1 x SECA4.
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Previous studies showed that bilateral matings of all three canonical RNAI
component mutants (agol Qal @pd Awa Bl OEI Ewal Ywi O@Fwiul b1 UwU x (
mutants also demonstrating disorganized and atypical basidia, but with no effect on the
sporulation efficiency of the spores that were produced [62]. Similarly, although deletion
of ZNF3 severely impaired mating in C. deneoformar{426], hyphal development during
bisexual reproduction was similar to WT in C. neoformangnf3 mutants, albeit
somewhat delayed. In contrast, in bilateral gipl wdipls mutant crosses we found that
spore production was severely impaired and the few spores that were isolated failed to
germinate, indicating that Qipl is required for completion of the sexual cycle and may
play a role in meiosis (Figure 7B). On the other hand, deletion of RDP1 or ZNF3 did not
affect sporulation efficiency. Deletion of ZNF3 in both parents completely abolished
silencing, as none of the progeny that inherited the transgene were ura- (Supplemental
Figure 7A). These reallts indicate that Znf3 is required for silencing during mating and
deletion of the gene causes a severe SIS silencing defect, similar talpl . Silencing of the
URAGS gene was also impaired in fzc28 and cpr2 bilateral mati ngs (Figure 5C).
However, fzc47 mutation in both parents did not impair silencing of the URAS
transgene and it was similar to WT, despite a modest increase in silencing ratein a
unilateral cross (Figure 5C, Figure 7).

We then examined the silencing frequency of the SX12a-URAS transgene in the

mutant strains by measuring spontaneous 5-FOA resistance following mitotic growth in
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rich media. The strains bearing the gqipl WEDB wuE]l O1 UPOOUwi EPOI EwOOwab
on 5-FOA media, indicating that these two genes are required for transgene-induced

mitotic silencing (Figure 8). In contrast, deletion of two transcription factors, FZC28and

FZC47, obtained from a recently report ed systematic transcription factor deletion

collection and crossed into the JF289 background128], and the GPCRCPR?2 did not

alter the mitotic silencing frequency of the SXI2a-URAS transgene comparedto WT.

Mitotic Induced Silencing Rate

1.5-

Strain
WT
+ - A1

A2

=
o
—

——

o
wui
1

Normalized Rate of Silencing

0.0- ® [

| | 1 1 1
znf3 qip1 cpr2 fzc28 fzc47
Strain

Figure 8: Non-canonical components are required for mitotic -induced silencing via
RNAI.

Znf3 and Qipl are required for URADS repetitive transgene silencing during vegetative

growth. Wild type JF289 aisolate and the derived deletion mutants were grown in rich

media and plated on 5-FOA to calculate the frequency of URAS silencing. The

silencing frequency is normalized to the frequency of the wild type JF289 strain and

plotted with error bars indicating the standard deviation from the mean. The other

three mutants tested showed only minor non -significant variation in silencing rate

from the wild type. Strains used: JF289 a (wild type), XW205 and XW206 (znf3, AOw2 $ " huw
and SEC2 @ipl, AOw7 6 uNA wEdPE WA GuinNSUT uhcpu EzEPE usChuwi BUQuEgpu 2 $ " k WE (
SEC6 (zc47 KO
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In conclusion, we found that Znf3 and Qipl are required for silencing during
both MIS and SIS and deletion of the genes generates a phenotype similar tanutation of
RDP1, whose gene product is essential for RNAI function in C. neoformansThese results
suggest that Znf3 and Qipl are novel regulators or components of the RNAI pathway. In
addition we found that a new transcription factor Fzc28 and the GPCR Cpr2 influence
transgene-induced silencing specifically during sexual development, possibly coupling
the sexual cycle with the RNAI pathway but likely not acting mechanisti cally during

silencing itself.

2.4.3 Znf3 and Qip1l are required for transposon suppression

In a previous study we found that deletion of ZNF3in C. deneoformaractivates
transposon expression[126] and here we have shown that it is required for MIS and SIS.
Recent studies revealed that transposable element expression increaseduring sexual
reproduction and the components of the RNAIi pathway maintain genome integrity
through an efficient transposon silencing mechanism [62]. Deletion of RDP1results in
centromeric and telomeric retrotransposon overexpression during sexual development
in C. neoformanfs2]. We examined the transcript abundance of two transposons, Tcnl
and Tcn2, inznf3 mutant crosses and found that abundance was dramatically

increased, similar to rdpl and agol mutant crosses (Figure 9A). Deletion of QIP1 also
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yielded elevated levels of transposon transcript abundance, indicating that Qipl1 also
plays a major role in transposon quenching during sexual development (Figure 9A).
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Figure 9: Znf3 is required for transposon silencing.

(A) Quantitative real -time PCR showed that deletion of Znf3 or Qipl resulted in

markedly increased abundance of transposon -derived transcripts, similar to mutation

of other canonical components o f the RNAI pathway. Strains used: H99 and JF289 a

(wild type), YPH348 and YPH351 (rdpl, AOw 8/ ' At Ww EadwBQui 7 NINYukoau E O E |
MF65 (znf3, AOQWEOE w2 $" hgipE ZBuwam "Ahui b EOWOEx wOl wEDI 11 Ul
genes in a wild type cross versus a bilateral znf3 w#Af@ WEUOUUwWOUWEWEDOEUI U
UExh wEUOUUBS w2 UUE D O umlild typ)p Xiw208 Mind BAGES wiznf3oe | AUONU
YPH348 and YPH351 (dpl A0
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To further investigate the role of Znf3 in transposon silencing on a genome -wide
scale, we performed a comparative transcriptome analysis of znf3 x znf3 and rdpl x
rdpl crosses during sexualdevelopment and vegetative growth. Bilateral crosses of
znf3 xznf3 andrdpl xrdpl mutants were incubated on solid V8 medium (pH=5)

[ OUw!l Kwi OUUUOWE U awid ©pe eréssbas RNNVEISD latgd Fbomilipe
mating cultures, transcribed to cD NA, and hybridized to a C. neoformangenome
microarray.

Genome-wide expression analysis revealed that among the transcripts with
altered expression level, the majarity were increased in the znf3 mutant cross relative
to WT during sexual development, indi cating that Znf3 has a repressive role during
sexual development. The few transcripts whose abundance was decreased in theznf3
and rdpl crosses are involved in hypoxia, oxidation, ion channels, sugar transport, and
possibly sporulation. During znf3 sexual development more than 80 independent
microarray tags exhibited a twofold increase in abundance compared with the WT.
Further analysis revealed that the majority of these tags correspond to sequences from
hypothetical proteins or align to intergenic reg ions of the C. neoforman$i99 genome.
Alignment to a retrotransposon library [134] showed that almost all of the intergenic
probes that were increased inznf3 mutants correspond to retrotransposon sequences
found in multiple sites in the genome (Table 2). We found that these retrotransposons

have long terminal repeats (LTR) and reside in the centromeric and telomeric regions of
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the chromosomes. In addition, most of the upregulated hypothetical proteins in znf3 x
znf3 crosses were found to be RNA and DNA helicases, RNA-dependent DNA
polymerases, and other transposonrelated proteins (Table 2). During vegetative growth
fewer transcripts were upregulated in znf3 mutants; however, the transcripts that
exhibited differential abundance were also involved in transposon expression or
activation. As was observed previously, the Tcnl, Tcn2, and Tcn3 elements were
increased in znf3 wARf3 crosses, while their abundance was diminished during znf3
vegetative growth but remained significantly higher than the WT. We compared the
transcript profiles between the two mutants were highly s imilar (Figure 9B). The highly
correlated transcript profiles of upregulated genes suggests that Znf3 and Rdpl have
similar functions and may mediate retrotransposon silencing through the same RN Ai

pathway.
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ID tag rdpl, wBpdi znf3 wdABG) Comment
EwR w EwR wY

CNAG_01966 15.7 11.44 Tenl
CNAG_06805 15.59 7.67 M ethyltransferase
CNAG_05266 14.21 9.174 Putative acetate transporter
CNAG_02244 13.96 8.932 Transposable element
CNAG_00948 13.32 10.7 Transposable element
1772.seq.161 12.19 8.264 Tcnl
1621.seq.152 11.05 6.577 Transposable element
CNAG_01967 10.31 6.721 Transposable element
180.m00139 10.16 6.888 Tcn2
1662.seq.118 9.321 5.597 Tenl
1761.seq.055 9.213 5.415 Transposable element
CNAG_04421 8.795 6.132 Transposable element
CNAG_04426 8.702 7.056 Tenl
CNAG_00946 7.735 4.692 Transposable elermrent
1743.seq.X2 7.713 5.209 Tenl
CNAG_00958 7.663 4.896 Tenl
1751.seq.040 7.351 6.056 Tenl
CNAG_07042 7.31 4.952 RNA helicase
CNAG_00947 7.201 3.313 Tenl
1672.seq.136 7.106 4.017 RdDP
CNAG_06478 6.761 5.612 Transposable element
1621.seq.150 6.524 4.093 Tenl
CNAG_06701 5.857 3.679 Transposable element
CNAG_00951 5.713 3.278 Tcn3
1641.seq.049 5.37 5.077 Tcnl
CNAG_02518 5.29 4.821 Transposable element
CNAG_02391 4.891 4.073 Transposable element
CNAG_02390 4.851 4.088 Transposable element
CNAG_02253 4.791 3.477 Tenl
CNAG_06700 4.477 3.327 Transposable element
CNAG_02560 3.926 3.693 Transposable element
CNAG_02042 3.673 2.976 Transposable element
CNAG_06757 3.493 3.068 RNA helicase
CNAG_06863 3.419 2911 Putative endonuclease
1742.seq.057 3.266 1.859 RdDP
CNAG_01383 3.256 2.763 DNA helicase
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ID tag rdpl, wBpdi znf3 wdABG) Comment

EwB w) EwR wY
CNAG_05212 3.231 2.664 Retrotransposon nucleoside
1702.seq.183 3.134 2.191 Tenl
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Interestingly, in spite of the loss of RNAi components in C. deuterogattii
transposon copy humber does not appear to have dramatically increased in the genome
(Figure 10). The vast majority of transposable elements are present at substantially lower
copy number in C. deuterogatticompared to C. gattii. However, several classes of
transposable elements are present in approximately equal amounts (TCN3 and TCNG6) or
at even higher levels (TCN4 and LTR13) in C. deuterogatti{R265) than in C. gattii

(WM276), based on a BLAST search usg a C. neoformangibrary [134].
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Figure 10: Transposon quantity is largely, although not entirely, diminished in C.
deuterogattii .

A blastn search was conducted using a C. neoformansTE library [134] against the H99,
WM276, and R265 reference genomes. The majority of TE elements have reduced
numbers of blast hits in R265 as compared to the other genomes, although TCN3 and
TCNG6 are better conserved in copy number and TCN4 and LTR13 appear to be
increased in copy number relative to WM276.
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2.4.4 Znf3 and Qip1l are sexually induced

In previous studies we found that, although Znf3 regulates sexual development,
ZNF3 expression remains stable during vegetative growth and mating in C. deneoformans
[126]. In addition, mRNA levels for the RNAi components are relatively similar between
mitotic growth and mating based on northern blot analysis; however, their protein
abundance was significantly higher during sexual development suggesting that the
RNAIi components are translationally induced or stabilized during the sexual cycle [62].
Based on this evidence we hypothesized thatZNF3 and QIP1 expression might also
remain the same between the two conditions in C. neoformanskRNA was isolated during
mitotic growth and mating from WT and bilateral mutant crosses and the abundance of
their transcripts was analyzed using quantitative RT -PCR. Unlike the canonical RNAI
components, we found that both ZNF3 and QIP1 expression was significantly higher
during mating compared to WT (Figure 11A). This was a surprising result given that the
expression of the highly conserved ZNF3 gene in C. deneoformangmains the same and
similar to WT during both conditions [126]. Moreover, Znf3 and Qip 1 have similar roles
with the RNAi components in SIS and MIS whose expression remains stable. This
indicates that Znf3 and Qipl expression may have a uniqgue mode of regulation distinct

from Rdpl and Agol.
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Figure 11: ZNF3 and QI P1 expression increases during mating.

(A) Expression of ZNF3 and QIP1 was determined using gPCR during vegetative

growth and during mating. Expression of both increased in mating conditions. Strains

used for ZNF3 expression: H99, H99 x JF289a, MF65, andXW205 x MF65. Strains used

for QIP1 expression: H99, H99 x JF28@, SEC3, and SEC1 x SEC3. B) Increased protein

levels of Qipl were also detected via western blot analysis during mating. Strains

used: H99, MF190, and MF190 x JF288. (C) Expression of the canonical RNAI

components and ZNF3 were determined via gPCR in bilateral crosses with mutations

of the RNAi components. Loss of agol wUIl UUOUI EwbPOwDOEWNEUI Ewl B x
Strains used: H99, H99 x JF28@, YPH348 x YPH351 (dpl, AO w8/ ' A+ Wadlu&D! | NN w
MF62 x MF65 (znf3 AOw EOE w 2 $ " tipl RAS 2u$# AnDberfy Gihd Rdpl -
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mCherry direct fluorescence signals in wild type vs. znf3  w#hf@ w Eultures under

mating conditions. Mating mixtures were spotted and incubated on V8 (pH=5) plates

for 24 hours in the dark and then cells were scraped off and resuspended in water for

microscopy. Strains used for Agol: XW35 x YL99a and MF201 x MF62. Strains used for
Rdpl-mCherry: XW37 x YL99a and MF197 x MF62. (E) Western blotting for Rdpl -

mCherry shows that levels of 1 Exhiw EUIl w OOEI UUOa wEI EUI EUI Ew D
compared to wild type. Strains used: H99 x JF289a, XW37 x JF288, MF197 x MF62, and

MF198 x MF62.

We next assessed whether the RNA abundance during sexual development is
correlated with the protein level betw een the two conditions. The C-termini of Znf3 and
Qipl were fused with mCherry at the endogenous genomic loci. MIS and SIS assays
were conducted to test if the chimeric proteins retain their functional roles in silencing.
Znf3 tagged with mCherry was compl etely defective in SIS and MIS, indicating that the
mCherry tag interferes with function. On the other hand, Qip1l tagged with mCherry
exhibited wild type levels of silencing during vegetative growth and sexual
development. The protein levels were examined during both conditions and we found
that, although the Qipl protein was present during both vegetative growth and mating,
it was significantly more abundant during sexual development, similar to the difference
observed in RNA abundance (Figure 11B). Theseresults indicate that Qipl, and possibly
also Znf3, have a unique mode of regulation that is possibly distinct from that of other

RNAIi components.
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2.4.5 RNAi component regulation is independent of Qipl and Znf3

The MIS and SS silencing phenotypes of znf3  w E g umutants are very
similar to rdpl mutants. Previous studies have suggested that an unknown RNA -
binding factor may govern translational regulation of the transcripts of the RNAI
components to result in elevated protein levels specifically during sexual development
[62]. We found that Znf3 bears both zinc fingers and an RNase domain and transcription
of the gene is sexually induced. Considering that Znf3 has a similar phenotype to Rdp1,
it could be involved in the translational regulation of the RNAi components, and the
severe loss of silencingphenotype of znf3 mutants might be attributable to an absence
of these factors.

It is unlikely that Znf3 regulates the transcription of the RNAi components based
on microarray expression analysis. Nevertheless, we performed quantitative RT-PCR in
the absence of each of tke RNAi components during sexual development. Surprisingly,
we observed a modest increase in the expression of the RNAi components during sexual
development compared to vegetative growth (Figure 11C). In previous studies, northern
blot analysis was employed to investigate the expression of these genes during
vegetative growth and mating, and the modest 2 - to 4-fold increase we observed using
RT-PCR was possibly below the level of detection by northern blot. However, deletion
of ZNF3 and QIP1 did not alter th e expression ofRDP1 or AGO1, suggesting that Znf3

and Qipl do not act as transcriptional regulators of the canonical RNAiI components or
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mediate the modest increase in expression we observed in mating conditions We also
investigated the expression of ZNF3 and QIP1 in the absence of the canonical RNAI
components during sexual development. Deletion of RDP1did not affect the ZNF3
transcript levels during sexual development, indicating that RDP1does not control the
expression of this gene (Figure11C). The expression of Znf3 was modestly but
significantly increased in the agol mutants, which is the catalytic subunit of the RISC
complex. Interestingly, expression of QIP1 during sexual development decreased to
vegetative levels in the absence ofRDP1.

To explore a possible role of Znf3 in the translational regulation of the RNAI
components, we deleted ZNF3 and investigated the protein levels of Agol and Rdpl
fused with mCherry under the control of the endogenous promoter during sexual
development. We detected astrong protein signal for both Agol -mCherry and Rdp1-
mCherry during sexual development with or without ZNF3 (Figure 11D). Western blot
analysis revealed that deletion of ZNF3 resulted in a modest decrease in the protein
abundance of Rdpl1 under mating conditions (Figure 11E). It is possible that this
decrease may not have been detectable via direct microscopy of cells expressing the
Rdpl-mCherry fusion protein (Figure 11D). These reslts indicate that although Znf3 is
not involved in transcriptional regulat ion of the canonical RNAi components, it could be
involved in either translational regulation or in modulating protein stability via a role as

a scaffolding protein.
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2.4.6 Znf3 localizes in P-bodies while Qipl migrates to the nucleus
during vegetative growth

RNAI silencing is a multifunctional pathway and different steps occur at
different sites within the cell. The presence of tandem repeated genes or
retrotransposons in the genome induces the transcription of aberrant ssSRNA in the
nucleus through an unkn own mechanism and Rdpl generates dsRNA from these
sequences and evokes the RNAIi pathway. The dsRNA travels to Rbodies, where
processing and RNA silencing occurs. Dcrl/2 and Agol, which localize to P-bodies,
generate siRNAs that target mRNAs with complemen tary sequences for degradation
[62]. These findings suggest that additional components of the pathway will localize
either to the nucleus or to P-bodies.

Znf3 has two NLS signals, therefore we initially hypothesized that Z nf3 might
localize to the nucleus where it could act as a transcription factor, or bind and degrade
dsRNAs generated by Rdpl. To investigate the localization of Znf3, and because
endogenous Cterminal tagging had failed to produce functional protein, the N -
terminus of the protein was fused to mCherry, and expressed from the constitutivel y
active GPD1x UOOOUIT U6 wadiJF289 sikapsywere transformed with the
mCherry -Znf3 plasmid and evaluated by direct fluorescence microscopy. Surprisingly,
we observed multiple bright foci in the cells indicating that the protein was present in

more than one cellular compartment during sexual development (Figure 12A).
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Figure 12 Znf3 and Qipl localize to P -bodies during mating.

Direct fluor escence microscopy of mCherry-Znf3 (A) or Qipl -mCherry (B) in strains
with either GFP -tagged Nopl or GFP-tagged Dcpl was carried out in both vegetative
growth and mating conditions. Znf3 localizes exclusively to P
Dcpl, during mating. Qip 1 localizes to either the nucleus or P -bodies during
vegetative growth, but moves to P -bodies exclusively during mating. Strains used (A):

MF156, MF162, and YL9% (B): MF228, MF237, and YL9%.

To determine this cellular localization, we utilized two establ ished marker

components, one for P-bodies and the other for the nucleus. Dcpl, found in P-bodies, is
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responsible for decapping mRNAs during exonucleolytic degradation, while Nopl is a
component of the small subunit processome (a ribosome assembly intermediate)
complex of the nucleolus [62,135] GFP-Dcpl and GFP-Nopl were expressead from
plasmids that were ectopically introduced into the genomes of strains expressing the
mCherry -Znf3 protein and localization was observed during vegetative growth and
sexual development. Surprisingly, we found that Znf3 localizes only in the P -bodies
during both vegetative growth and sexual reproduction, despite the putative NLS
signals (Figure 12A). These results suggest that Znf3 may participate directly in the
RNAI silencing process and it may represent a novel element of the RNAI pathway.
Previous studies found that Qipl localizes in the nucleus and that it physically
interacts with Rdpl and Agol during vegetative growth [64]. Although Agol is
primarily localized in P -bodies during mating, where RNA silencing occurs, it has been
also reported in the nucleus under vegetative growth conditions [64]. To further
investigate the localization of Qipl, the protein was fused at the C-terminus with
mCherry and expressed from the endogenous QIP1 promoter. The fluorescent signal
was evaluated via microscopy during vegetative growth and sexual development. Co -
localization of Qipl -mCherry with GFP -Dcpl or GFP-Nopl revealed surprising results.
During sexual development, where the RNAIi pathway is highly induced, Qipl was
localized exclusively in P-bodies, potentially reflecting a role in RNA degradation

(Figure 12B). During vegetative growth we observed Qipl in association with either the

67



P-bodies or the nucleus (Figure 12B). These results suggest that Qipl may interact with
Rdp1l in the nucleus during vegetative gro wth, possibly as a component of the SCANR
complex to participate in the processing of the stalled splicing intermediate [64]. During
mating Qipl migrates to the P-bodies where it may subserve its conseaved role in the

RISC complex.

2.4.7 Cpr2 contributes to the induction of Sex-induced Silencing
through the same pathway as Ste3

MIS. This suggests that these two pathways may differ in more than just their efficiency.

As a result, we sought to test whether the role of Cpr2 in SIS was linked to its role in

mating or independent of this function. We tested th is by analyzing mutants lacking

201 + YOWEwWxT T UOOOO! wuil EIl xUOUwWUT EQwUT EUTI UwUT T wUE
to mate, so a deletion was instead constructed in anay Y wE D x O O R )wWEpZBWas) Ul w

used to verify that two independent stedy aweletions remained stably diploid (Figure

7B). Thestedr awiploids were then sporulated and the progeny were dissected and

tested for silencing of the URAS transgene. Both independent mutants demonstrated a

defect in SIS, with a silencing frequency of only ~21-22% compared to 50% silencing in

WT crosses.
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Figure 13: Cpr2 and Ste3 play redundant roles in intiating RNAi during SIS.

(A) Schematic of the genotype of a diploid in whichthe STE3Ywi 1 O1 whEUWET OI U1 |
Two independent ste3Y $TE3 mutants remain diploid based on FACS analysis of
propidium iodide stained cells. Strains used: XW207 and XW208. (C) When
Ux QUUOGEUT EOQwUT T wx UOT $T6% mutabt Gt€ainsEXIMAG7 @nd X208 ¥
show defects in SIS, with only 21% and 22% silen cing, respectively, compared to
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~50% in the wild type. Strains used: XW207 and XW208. (D) Schematic of the MAPK
cascade triggered by Ste3 and Cpr2. (E) The MAT a JF289 strain was crossed with a

MATY wte3Y, w UUUEDPOw UT E U CPRD G Bnddr Eher Ebhtioluof the
constitutively active GPD1 promoter. (F) Analysis of progeny from the cross in (E)
showed overexpression of CPR2 suppresses the SIS silencing defect of the ste3Y w
mutant. Strains used: XW209 and XW210.

To test whether this effect was mediated by the shared downstream MAP kinase

overexpression of Cpr2 could compensate for thested wO U U E & o &GiS. IThisl strain
was mated with the JF28% SXI2a-URAS transgene array strain and spores were
dissected, germinated, and phenotyped (Figure 13 E-F). Overexpression of Cpr2 restored
the SIS efficiency of theste3Y" amutant to ~ 67-68%. This suggests lhat both Cpr2 and
Ste3 act coordinately to induce the RNAI pathway during the sexual cycle, and may not
act as essential RNAi components themselves. Similarly, the transcription factor Fzc28 is
a candidate to be the downstream effector of the Ste3/Cpr2 pahway, as it has no MIS

defect but an absolute defect in SIS, suggesting it is essential for that arm of the pathway.

2.5 Discussion

In this study we found that four novel proteins are required for silencing of the
SXI2a-URAGS transgene during sexual development (SIS) and/or vegetative growth
(MIS), and that they fall into two distinct classes: proteins essential for both RNAI

pathways, and proteins influencing just the sex -induced arm of the pathway. Deletion

70



analysis reveals that Znf3 and Qip1 are required for MIS and SIS RNAI silencing, similar
to the canonical RNAi component Rdpl, while Cpr2 and the novel transcription factor
Fzc28 influence only in SIS.

In further support of this model we found that rdpl and znf3 mutants have
very similar transcript profiles during mating characterized by increased abundance of
messages from retrotransposons and other transposonrelated genes. However, unlike
RNAIi components, whose expression remains largely stable during mitotic growth and
mating, ZNF3 and QIP1 are transcriptionally induced during the sexual cycle. Although
Znf3 has two NLS tags, we found that it localizes in P-bodies, where Dcrl/2 and Agol
are also localized. Qipl also localizes in Rbodies during sexual development; however,
in some cases it migrates to the nucleus during vegetative growth. This may indicate
that these two proteins act mechanistically in the silencing pathway, rather than as
regulators of the canonical components.

RNA silencing is a highly conserved mechanism of transcriptional regulation.
Since its discovery in C. elegan& has been identified in numerous species throughout
the eukaryotic kingdom and it is hypothesized to be an ancestral feature of the last
common eukaryotic ancestor [38,70,122] An RNAI -related phenomenon was initially
identified in plants and fungi, and later multiple species have been found to undergo
RNA silencing mechanisms, including the fungi Neurospora crassducor circinelloides

and Schizosaccharomgs pomb§7,29,31,92] However, RNAI has been independently lost
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in some species, such assaccharomyces cereviséael Ustilago maydiswhich are missing
all of the components of the RNAIi pathway [5,100] Nevertheless, the closely related
species ofS. castelliand C. albicas retain some of the RNAi components and substitute
for the absence of others by employing noncanonical factors to produce dsRNA and
shRNAs that map to transposable elements[2]. As a result, it is possible to learn more
about the intact RNAIi pathway of a species by comparing it to a related species that has
lost some or all of its RNAi compo nents [4,124] This study shows that examining
individual cases of RNAI loss with available sequenced genomes for closely related
organisms is likely to be fruitful. The Ustilagoclade is another basidiomycete example to
which this approach could be applied [125].

In this study we identified a number of novel RNAiI components, three of which,
Cpr2, Znf3, and Fzc28, had no functional domains or similarity to a known RNAI
component that would have suggested they might be involved in an RNAI pathway.
Notably, there are two known canonical RNAi components that we did not identify
using this approach: Ago2 and Dcr2. In the first case, this is because Ago2 is not
conserved across all of the GyptococcufkRNAI -proficient ge nomes, as it is missing from
the H99 Cryptococcus neoformansference genome. In the second case, Dcr2 is retained in
C. deuterogattiiwhich may suggest either that Dcr2 already has an additional non-RNAI
role in Cryptococcusthat it has acquired a secand role during the loss of RNAi and

speciation of C. deuterogattiior that the entire RNAi pathway has not been lost. As a
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precedent for the first two hypotheses, in C. albicansa noncanonical Dicer plays a role in
SnRNA processing [136].

Also notable is that our screen identified components that play a role in only the
sexinduced pathway but not in mitotic silencing. Loss of these components suggests
one of two hypotheses regarding the RNAI loss: either loss of RNAi began with the
inactivation of SIS, and without SIS the evolutionary pressure to maintain the MIS
pathway was no longer strong enough to prevent loss of core components, or
alternatively, loss began with the core mechanistic components involved in the
vegetative arm, and the pressure to maintain the specialized regulatory machinery of SIS
vanished, allowing loss of both CPR2and FZC28. The latter case seems potentially more
likely, as the loss of canonical RNAi components can allow relatively robust transposon
movement even without undergoing the sexual cycle [64,104] In addition, the loss of
these SISspecific components also provides an opportunity to elucidate the signaling
processes connecting mating to induction of the RNAI pathway.

It is also interesting that the Cryptococcuspecies that has lost RNAI, C.
deuterogattij is the species causing an ongoing outbreak in the Pacific Nathwest. The
loss of RNA silencing is possibly associated with higher virulence in this strain, but
becauseC. neoformansr C. deneoformarstrains missing RNAIi elements are not altered
in virulence in a murine host [62], the loss of RNAI in the C. deuterogattilineage may

have instead had a longer-term impact on virulence trajectory. Indeed, loss of RNAI
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liberates transposons in Cryptococcu$62,64,104] which could provide adaptive benefits
through the generation of increased genetic and phenotypic diversity.

We showed herein that Znf3 and Qip1 influence transgene induced silencing
during mitotic growth and sexual reproduction. Deletion of these genes severely
impaired silencing efficiency, even in unilateral crosses where only one parent was
mutant. This phenotype is similar to rdpl mutations, which abolish silencing during
unisexual mating and impact silencing efficiency in unilateral bisexual crosses [62].
Given that Rdp1 is a major component of RNAI silencing, and that it is responsible for
the initial steps generating dsRNAs, we propose that Znf3 also plays an important role
in the pathway. Although the RNAIi components Dcrl/2 and Agol are required for SIS,
their deletion in a unilateral cross only lowers the silencing efficiency, indicating that
their role may be redundant or largely complemented when one wild type nucleus is
still present. Therefore, it is possible that Znf3 interacts with these proteins and may
participate in the formation of the RISC complex. Znf3 is a large protein (~1515 aa),and
so it could act as a scaffold to bring components of the RNAi pathway together in
complex with the dsRNA substrate. Localization of Znf3 in P -bodies, where Dcrl/2 and
Agol process the dsRNAs, may further support this hypothesis. Further, we provided
evidence that Znf3 may play a role in protein translation or protein stability, which
could be through a role as a scaffold in the P-bodies, or even as an RNAbinding protein

through its zinc finger motifs.
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Dumesic et al. showed that Qip1l localizes in both the cytoplasm and the nucleus
during growth in rich media, and that it physically interacts with both Rdp1 and Agol
[64]. We further confirmed that Qipl localizes in the nucleus during vegetative growth;
however, we showed that during sexual development Qipl expression is highly induced
and it is localized in P-bodies during sexual development. Qipl may enhancethe
function of Rdpl in the nucleus during vegetative growth, possibly by participating in
the generation of aberrant dsRNAs from repetitive loci. During sexual development,
where transposon movement is highly induced, Qipl may resume its conserved role in
RNA processing in P-bodies, where it may interact with Agol and participate in the
cleavage of the passenger strand. Interestingly, Qipl appears to play a role in meiosis, as
bilateral mutant crosses failed to yield recombinant progeny. Lee et al. showed that Qip
is also essetial for meiotic silencing and meiosis in N. crassd42]. However, the two
proteins are significantly different and C. neoforman®ipl does not contain a canonical
exonuclease domain, unlike Qip. This may suggest that either Qip1 plays a different
mechanistic role in C. neoformanthan Qip in N. crassadespite a similar phenotypic
outcome, or that Qipl may contain an unrecognized exonuclease domain.

Sexinduced silencing is an efficient mechanism that protects the genome against
mobile elements. Previous studies showed that ~5% ofthe Cryptococcugienome consists
of transposons that cluster together in blocks and reside in both telomeric and

centromeric regions on the chromosomes[58]. Transposon activation and movement
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may drive genome instability and phenotypic variation. Wang et al. found that
transposons are transcriptionally induced specifically during sexual development, but
they are silenced posttranscriptionally by the RNAIi pathway [62]. These results suggest
that transposons are derepressed during mating, which could increase the mutational
burden of the progeny unless counteracted by the SIS RNAIi pathway. During unisexual
reproduction this mechanism could generate de novo genotypic and phenotypic

variation in clonal populations and enable rapid adaptation to new environments. Thus,
loss of the RNAi components may confer a beneficial advantage in clonal mitotic or

sexual populations.

2.6 Material and Methods
2.6.1 Strains and media

The strains and plasmids used in this study are listed in Table 3. The strains were
maintained in glycerol stocks at -80°C and grown on rich YPD media at 30°C (Yeast
extract Peptone Dextrose). Strains with selectable markers were grown on YPD
containing nourseothricin (NAT) and/or G418 (NEO). Uracil auxotrophic isolates were
tested on bath SD medium lacking uracil and synthetic medium containing 5 -FOA (1
g/l). Mating assays were performed on 5% V8 juice agar medium (pH=5 for C. neoformans

or pH=7 for C. deneoforman®r on MS (Murashige and Skoog) medium minus sucrose
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(Sigma-Aldrich). The mating cultures were incubated in the dark at room temperature

for 1 week.

2.6.2 Genetic crosses and spore dissection

To visualize and isolate spores, strains of interest were cocultured on solid V8
medium for 2 weeks at room temperature in the dark wit hout parafilm. Basidiospores
from the edges of the colonies were randomly isolated using a microdissection
microscope equipped with a25-4 OWOPEUOOI 1 EOIl wp" OUEwW20a ol Uw-11 E
Dissection Needle Kit) as previously described [137]. Following germination the colonies
were tested on YPD, YPD + NAT or NEO, SD-ura, and 5-FOA media. Genomic DNA
was isolated using a CTAB protocol as previously described [138]. The presence of the
SXI2a-URAGS transgene in the progeny was assessed by PCR using the primeipair

JOHE16835/JOHE16836. Example gel images can be found iRigure 6 for the unilateral

crosses depicted in Figure5.

2.6.3 Gene disruption

The gene of interest was disrupted using a standard overlap PCR approach
described previously [126]. Bl | Oa OwUT | wk 7z wE O E wizZRAR,IQPE &aD OT wuli 1
CPR2genes were amplified from H99 Y genomic DNA, and the selectable markers NAT

and NEO were amplified from plasmids pAI3 and pJAF1, respectively. The flanking
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sequences and the selectable markers were used to generate a fulength deletion
cassette in an overlap PCR reaction with the flanking primers. The deletion cassettes

Pl Ul wbOUUOEUEI &diBFrs@ ittt by biolistid NaYisformation [139]. Gene
replacement via homologous recombination was confirmed by PCR and Southern
hybridization. The primers used to generate the deletio n mutants are listed in Table 4.
All deletions were constructed from at least two independent cultures, inoculated from
different single isolated colonies of the parent strain, and independent mutants were
isolated from different transformations.

AAAAAA I OETl OUwEIT O U
the KN99 background from a recent deletion collection [128]. They were crossed with
JF28% and spores were dissected to isolate segregats that inherited the deletion, the

transgene array, and were MAT a. These segregants were named strains SEC5, SECS6,

SEC7, and SECS.

2.6.4 Construction of strains for protein localization

To determine the cellular localization of the Znf3 protein, the mChe rry protein
was fused to the C-terminus of the protein under the control of the endogenous
promoter using a standard overlap PCR approach. Briefly, 1 kb of sequence upstream of
the start codon and 1 kb downstream of the stop codon were amplified from the w ild

type strain H99 genomic DNA using primers listed in Table S2. The mCherry sequence
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fused with the NEO marker was amplified from plasmid pLKB25. The flanking
sequences and the fluorescence marker were combined as a template for an overlap PCR
reaction. TheoveU OE x w/ " 1 wx UOEUEUUwPI Ul wbOU UBtEanE | EwbOU O
by biolistic transformation. Transformants were analyzed by PCR and Southern
hybridization.

To construct a plasmid encoding mCherry -Znf3, the mCherry protein was fused
to the N-terminu s of Znf3 under the control of the constitutively active GPD1 promoter.
The genomic sequenceof ZNF3 P EUWE Ox OB B génomi)NA usingypvirvier
pair JOHE37890/JOHE37891 and cloned into plasmid pLKB49140] digested with Xbal
and Pacl. Plasmid pMF81 was introduced into the H99Y and JF28% strains by biolistic
transformation and the transformants were screened by PCR and direct fluorescence
microscopy. Stable transformants expressingmCherryZNF3 and QIP1-mCherrywere also
transformed via ectopic insertion with the pXW11 ( GFP-DCP1) and pSL04 GFP-NOP1)

plasmids to visualize P-bodies and the nucleus, respectively.

2.6.5 Microscopy

To visualize mCherry -Znf3 and Qipl-mCherry together with GFP -Dcpl and
GFP-Nop1, the strains of interest were grown on YPD medium to determine localizat ion
during vegetative growth or mixed with the opposite mating -type strain on V8 medium

for 24 hours to visualize the proteins during sexual reproduction. Briefly, cells were
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grown overnight in liquid YPD and washed with PBS. Cells were then counted and

mixed in equal proportions of MATaand MATY wE O E wU x O U U35 fediOr® w5 Ww x '
These plates were incubated in the dark at room temperature for 24 hours. Cells were

then scraped from the plates and mixed in sterile water and placed on prepared slides

covered with 1.5% water agar. Imaging was performed with a Zeiss Axio Imager

widefield fluorescence microscope at the Light Microscopy Core Facility at Duke

University. Analysis was performed using the Metamorph Premier software package.

2.6.6 Microarray and data analysis

For vegetative growth the cells were grown in 5 ml liquid YPD overnight at 30°C.
The following day the cells were harvested, washed, frozen in liquid nitrogen, and
lyophilized. Samples were kept at -80°C until analysis. To isolate RNA from mating
a0UEaUOwUT &ndidstraih®wete §ravif in YPD liquid, washed with sterile water,
mixed in equal amounts in eppendorf tubes, and a 1 ml suspension was spotted on V8
agar pH=5 and incubated in the dark at room temperature for 24 hrs. The next day the
mating cultures were harvested, washed with sterile water, frozen, lyophilized, and
stored at-80°C. Total RNA was extracted using the RiboPureTM-Yeast Kit (Ambion)
i 6O60OPPOT wlUT 1 WOEOUI EEUUUI UzUwPOUUUUEUDOOUWm+ DI
agarose @l electrophoresis and NanoDrop were used to assess quality and

concentration of the RNA samples. The RNA was amplified using the Ambion®

80



, T UUET1T Oxoaw/ Ul OPl Uwl- w OxOPi PEEUDPOOWODUwWiI 606

instructions. cDNA was synthesized using Affini tyScript reverse transcriptase
(Stratagene), Cy3/Cy5 labeled, and hybridized to aC. neoformansicroarray slide
(Cryptococcus Community Microarray Consortium, Washington University, St. Louis,
MO). Labeling and hybridization were conducted in the DNA Micr oarray Core Facility
at Duke University. The slides were washed, scanned with a GenePix 4000B scanner
(Axon Instruments), and processed with GenePix Pro (version 4.0). All microarrays were
conducted in triplicate. GeneSpring software was used for statistic al analysis employing
Lowess normalization, reliable gene filtering, and ANOVA analysis (significance

p<0.05).

2.6.7 Comparative genomics screen

Published reference genomes from H99, B3501A, JEC21, and WM276 were
compared with R265 using FungiDB (http:// fungidb.org/fungidb/) [58,99,133,141]Genes
were selected that were present in all four of the non-C. deuterogattireference genomes
but absent or greater than 50% different in length in the R265 genome. Positive hits were
manually examined using synteny maps produced by Fungi DB to confirm that
orthologs had been correctly identified. The majority of the initial hits were false
positives attributable to sequencing gaps or incorrect gene annotation. For the remaining

hits, sequences from all five reference genomes were manually aligned using Clustal
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[142] to verify that sequence deletions had occurred. In addition, de novaassemblies of 53
VGII genomes from previously publis hed data were used to validate that deletions of all
of the components were conserved in the VGII lineage and not restricted to the R265

genome [129,143]

2.6.8 Calculation of Tajimads D
$UUDPOEUDPOOWOT W3IENPOEzZUw#wWPEUwxIT Ul OUOI EwUUDC
Bio::PopGen:Statistics package of BioPer[144]. Briefly, genomes were aligned and SNPs
were called as previously described [129]. To avoid sampling bias, a representative
genome was chosen from each clonal expansion in the sequeniag dataset for a total of
17 individual lineages out of the original 53 genomes. SNPs were sampled over a range
using VCFTools [145], dternate referenceswere constructed using GATK [146], and
regions were aligned using ClustalW [142]. These alignments were imported by
Bio::AlignlO and sampled u sing Bio::PopGen:Statistics[147] within BioPerl. To sample
the genome as a whde, 2 kb windows every 10 kb throughout the genome were chosen.
Locations with missing data for an individual were discarded, resulting in a total of 1159

data points.
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2.6.9 Strains used in this study

Table 3: Strains and plasmids used in this study

Strain Genotype Source/Reference

Cryptococcus neoformans

H99 MAT a [133]

YL99%a MAT a [148]

JF28% MAT a sxi2aD::NAT ura5 SXlZa::URA5(x3) [62]

YPH348 MAT a rdp1D::NEO sxi2aD::NAT ura5 [62]
SXl2a::URA5(x3)

YPH351 MA Ta rdp1D::NEO [62]

YPH738 MAT aagoD::NEO sxi2aD::NAT urab5 [62]
SXlI2a::URA5(x3)

YSB299 MAT a agoD::NEO [62]

YSB1406 MAT a fzc47 &NBO [128]

YSB1407 MAT a fzc47 &NBO [128]

YSB2337 MAT a fzc28 NBO [128]

YSB2338 MAT a fzc28 NBO [128]

YPH16 MAT a cpr2D::NAT [127]

XW197 MAT a cpr2D::NAT sxi2aD::NAT urab This study
SXl2a::URA5(x3)

XW198 MAT a cpr2D::NAT sxi2aD::NAT ura5 This study
SXl2a::URA5(x3)

XW207 a/a diploid stedy" swi2aD::NAT ura5 This study
SXl2a::URA5(x3)

XW208 a/a diploid stedy" swi2aD::NAT ura5 This study
SXl2a::URA5(x3)

XW209 a/a diploid sted(" wph1-CPR2 sxi2D::NAT ura5  This study
SXl2a::URA5(x3)

XW210 a/a diploid ste3" rhi-CPR2 sxiaD:NAT ura5  This study
SXl2a::URA5(x3)

SEC1 MAT aqipl ®NBO sxi2aD::NAT urab5 This study
SXl2a::URA5(x3)

SEC2 MAT aqgipl &NBO sxi2aD::NAT ura5 This study
SXl2a::URA5(x3)

SEC3 MAT a gipl &NBEO This study

SEC4 MAT a gipl &NBO This study

SEC5 MAT afzc47 NBO sxi2aD::NAT ura5 This study
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SXlI2a::URA5(x3)

SEC6 MAT afzc47 ONBO sxi2aD::NAT ura5 This study
SXlI2a::URA5(x3)

SEC7 MAT afzc28 WNBO sxi2aD::NAT ura5 This study
SXl2a::URA5(x3)

SECS8 MAT afzc28 WNBO sxi2aD::NAT ura5 This study
SXlI2a::URA5(x3)

MF62 MAT a znf3D::NEO This study

XW205 MAT a znf3D::NEO sxi2aD::NAT ura5 This study
SXl2a::URA5(x3)

XW206 MAT a znf3D::NEO sxi2aD::NAT ura5 This study
SXl2a::URA5(x3)

MF65 MAT a znf3D::NEO This study

MF188 MAT a sxi2aD::NAT ura5 SXl2a::URA5(x3) This study
QIP1::mCherry:NEO

MF190 MAT a QIP1::mCherry:NEO This study

MF201 MAT a AGO1::mCherry:NEO znf3D::NAT This study

XW35 MAT a AGO1::mCherry:NEO [62]

XW37 MAT a RDPL:mCherry:NEO [62]

MF197 MAT a RDPL:mCherry:NEO znf3D::NAT This study

MF198 MAT a RDPL:mCherry:NEO znf3D::NAT This study

MF140 MAT a Pcroi-mCherry:ZNF3::NEO This study

MF153 MAT a Pcroi-mCherry:ZNF3::NEO This study

MF228 MAT a QIP1::mCherry:NEO GFP..DCP1.:NAT This study

MF237 MAT a QIP1::mCherry:NEO GFP:NOP1::NAT This study

MF162 MAT a Peror-mCherry:ZNF3::NEO This study
GFP:NOP1::NAT

MF156 MAT a Pcroi-mCherry:ZNF3::NEO This study
GFP.:.DCPL:NAT

Plasmids

pPXW11 GFP:DCP1:NAT AmpR [62]

pSLO4 GFP.:NOP1::NAT AmpR [135]

pLKB25 Pcroi-mCherry:NEO [149]

pLKB49 Peroi-mCherry:NEO [140]

pMF81 Peroi-mCherry:ZNF3::NEO This study
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2.6.10 Primers used in this study

Table 4: Primers used in this study

Primer

21 @U1 OEIl wopk z wUOwWt z 4 Comment

M13F
M13R
JOHE16835
JOHE16836
JOHE21985
JOHE21986

JOHE24058

JOHE24059

JOHE24060

JOHE24061
JOHE38286
JOHE38287

JOHE38288

JOHE38318

JOHE38319
JOHE21985
JOHE24061

JOHE38727
JOHE38728
JOHE39521
JOHE39522
JOHES39523
JOHE39524
JOHE39525

JOHE38790

GTAAAACGACGGCCAG
CAGGAAACAGCTATGAC
TTGGGTCAACTCTAATAAGGT
TCTATGGCGAACGTGCTCATT
TCTGAGTTTGGCGTGTCTGTCACT
TCTTCATAAGTGGCAGCGTGGACT
AAACAGAAGCAGCGTGATAAGGC
GG
CTGGCCGTCGTTTTACTAGTAGCTG
GCTGTTTCTAAAGATG
GTCATAGCTGTTTCCTGGGGGCAAC
AATCCATATAGCA
GAGAGAGTAGTAGTCGGGTTGGGT
GGC
ACGACCAAGCATCCAACCTAG
CTCGCCCTTGCTCACCATCCAGCCA
CCAGTGTCTCC
GGAGACACTGGTGG CTGGATGGTG
AGCAAGGGCGAG
CTCCTCCTATCTTTTTTACCAAGCTT
GGTACCGAGCTC
GAGCTCGGTACCAAGCTTGGTAAA
AAAGATAGGAGGAG
TCTGAGTTTGGCGTGTCTGTCACT
GAGAGAGTAGTAGTCGGGTTGGGT
GGC
GGAGTTCATGCGCTTCAAGGTG
TTGTAGATGAACTCGCCGTCCTG
CTCAACCTGTGGAAGCCACCA
TGTTGGGAGGGAATCTGAACGAA
TGTAGACGAGTCCGGTTGGAT
GAGGTGATGTCCAACTTGATGTTGA
ATCCCACGACGCGTTTTTGAC
ATTGTATCTAGATATGCTCACAGCC
TTCTTCGGCTA

85

universal oligo
universal oligo
SXI2a-URADS screening [62]
SX12a-URAS screening [62]
znf3screening
znf3 screening

ZNF3EI Ol UPOOwk 7
ZNF3EI Ol UPOOwk 7
ZNF3E] Ol UPOOwt 7

ZNF3EI Ol UPOOwt 7
ZNF3-mCHERRY C-terminus
ZNF3-mCHERRY C-terminus

ZNF3-mCHERRY C-terminus
ZNF3-mCHERRY C-terminus

ZNF3-mCHERRY C-terminus
ZNF3-mCHERRYscreening
ZNF3-mCHERRYscreening

ZNF3-mCHERRYRT-PCR

ZNF3-mCHERRYRT-PCR

ZNF3-mCHERRYsequencing
ZNF3-mCHERRYsequencing
ZNF3-mCHERRYsequencing
ZNF3-mCHERRYsequencing
ZNF3-mCHERRYsequencing

MCHERRY-QIP1 N-terminus



Primer 21 gU1 OEl wopk z wUOwt z 4 Comment
GCGTTAATTAAGAGAGAGTAGTAG .
JOHE38791 TCGGGTTGGGT MCHERRY-QIP1 N-terminus
JOHE38792 GGCTCTTCTTTGACAGGAGTTTCG ZNF3-mCHERRYscreening
JOHE38875 GCATGTCTCATCTTCATCTTCTGG fzc47screening
JOHE38876 GTACTCCCAGTCACCTGCTCC fzc47screening
JOHE38839 GAGATCGTACGGCTCAGC fzc28screening
JOHE38840 GGCGAACATTCCTCTTGC fzc28screening
JOHE39128 GGCGATCGGCAAAGAGTTAC QIPLET O1 UPOOuwk 7t
CTGGCCGTCGTTTTACGATCGGAAT .
JOHE39129 AC GAAGTCG QIP1deletion 57 w1
GTCATAGCTGTTTCCTGATAATAAC ey v e
JOHE39130 GACAAGTATCTTCATGAACAG QIPLEI Ol UBOOQuwt z
JOHE39131 CAGAGCAAAAAGTGGGAAGCG QIPLET O1 UPOOwWt z
JOHE38869 GGACGATAACAACCCAGGAGGC giplscreening
JOHE38870 CCTCTACGGCATCTAGAACGTTTG giplscreening
JOHE40319 gGAAGTGTGCAA GACCACATACTG QIP1-mCHERRY C-terminus
CTCGCCCTTGCTCACCATAACCTCT ,
JOHE40320 ACGGCATCTAGAA QIP1-mCHERRY C-terminus
TTCTAGATGCCGTAGAGGTTATGGT ,
JOHE40321 GAGCAAGGGCGAG QIP1-mCHERRYC-terminus
CCTAGCTCCCTTCCTGGCCCAAGCT .
JOHE40322 TGGTACCGAGCTC QIP1-mCHERRY C-terminus
GAGCTCGGTACCAAGCTTGGGCCA :
JOHE40323 GGAAGGGAGCTAGG QIP1-mCHERRY C-terminus
JOHE40324 gCTTCGATGTCAGAGTCAACAGAG QIP1-mCHERRYC-terminus
JOHE40325 GCATCATTACCGGCATTACCGAC QIP1-mCHERRYsequencing
JOHE40326 GTAGAATCTTCCTACCTGCCGC QIP1-mCHERRYsequencing
JOHE40327 GTACATCCGCTCGGAGG QIP1-mCHERRYsequencing
JOHE40328 GGAGGGTGTACATCCTTTTCCG QIP1-mCHERRYsequencing
JOHE40329 TCTGAGCGTGACAAGGTGGG QIP1-mCHERRYscreening
JOHE40330 TCCTCGAAGTTCATCACGCGC QIP1-mCHERRY screening
JOHE40331 CTGTGCTCGACGTTGTCACTG QIP1-mCHERRYscreening
JOHE40332 CTTATCGCCGCAACGTGTCG QIP1-mCHERRY screening
JOHE40347 CGCTCCCGGTCTTTGACTCCA QIP1-mCHERRYRT-PCR
JOHE40348 TCCTCTCGTTCAACCCTTCGC QIP1-mCHERRYRT-PCR
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3. Highly recombinant VGII Cryptococcus deuterogattii
population develops clonal outbreak clusters through
both sexual macroevolution and asexual microevolution

This chapter is adapted frdgillmyre RB, Croll D, Li W, Mieczkowski P, CarterA)
Cuomo CA, Kronstad JW, Heitman J. 2014. Highly recombinant \BB}ptococcus gattii
population develops clonal outbreak clusters through both sexual macroevolution and asexual

microevolution. mBio 5(4):e014941. doi:10.1128/mBio0.01494.

3.1 Summary

An outbreak of the fungal pathogen Cryptococcusleutergattii began in the Pacific
Northwest (PNW) in the late 1990's. This outbreak consists of three clonal
subpopulations: VGlla/major, VGlIb/minor, and VGlIc/novel; both VGlla and VGlIc are
unique to the PNW and exhibit increased virulence. In this study, we sequenced the
genomes of isolates from these three groups, as well as global isolates, and analyzed a
total of 53 isolates. We found that VGlla/b/c show evidence of clonal expansion in the
PNW. Whole genome sequencing provided evidence that VGIIb originated in Australia
while VGlla may have originated in South America, and these were likely
independently introduced. Additionally, the VGlla outbreak lineage may have arisen
from a less virulent clade that contained a mutation in the MSH2 ortholog, but this
appears to have reverted in the VGlla outbreak strains, suggesting that a transient

mutator phenotype may have contributed to adaptation and evolution of virulence in
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the PNW outbreak. PNW outbreak isol ates share genomic islands, both between the
clonal lineages and with global isolates, indicative of sexual recombination. This
suggests that VGII C. deutergattii has undergone sexual reproduction, either bisexual or
unisexual, in multiple locales contrib uting to the production of novel, virulent subtypes.
We also found that the genomes of two basal VGII isolates from HIV -patients contain an
introgression tract spanning three genes. Introgression substantially contributed to intra -
VGII polymorphism and lik ely occurred through sexual reproduction with VGI C. gattii.
More broadly, these findings illustrate how both microevolution and sexual

reproduction play central roles in the development of infectious outbreaks from

avirulent or less virulent progenitors.

3.2 Importance

Cryptococcusleutergattii is the causative agent responsible for ongoing infections
in the Pacific Northwest of the United States and Western Canada. The incidence of
these infections increased dramatically in the 1990's and remains elevagd. These
infections are attributable to three clonal lineages of C. deutergattii, VGlla, VGIIb, and
VGillic, with only VGlla identified once previously in the Pacific Northwest prior to the
start of the outbreak, albeit in a less virulent form. This study addresses the origin and
emergence of this outbreak, using whole genome sequencing and comparison of both

outbreak and global isolates. We show that VGlla arose mitotically from a less virulent
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clonal group possibly via the action of a mutator phenotype, w hile VGllb was likely
introduced from Australia, and VGlIc appears to have emerged in the United States or
in an under-sampled locale via sexual reproduction. This work shows that multiple

processes can contribute to the emergence of an outbreak.

3.3 Introduction

Emergence and expansion of new pathogens is one of the most important current
paradigms in infectious diseases[150]. Consequently, understanding the mechanisms by
which these outbreaks develop is paramount. For some pathogens, emergence is
enabled by changes in the host population, such as expansion of the
immunocompromised population as a consequence of the HIV/AIDS epidemic and the
rise in the number of organ transplant recipients. This has dramatically increased the
number of annual infe ctions caused by opportunistic pathogens like Cryptococcus
neoformangsparticularly among HIV/AIDS patients in sub -Saharan Africa [151].
Likewise, the recent emergence of zygomycete pathogens has also been driven by the
expansion of a vulnerable host population [152].

Alternatively, emergence can be driven by changes in the pathogen population,
often through genomic variation. In the case of the yearly outbreak of seasonal
influenza, antigenic drift, whereby viral lineages undergo positive selection altering the

antigenic target of the immune system, allows the virus to evade not only the immunity
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established in infected individuals th e year before, but also that of immunized
individuals [153]. While this process allows the small changes required for continual,
seasonal reemergence, the antigenic shift that occurs by reassortment when two or more
viruses exchange components while in the same host, has been implicated in the
emergence of large influenza outbreaks, including the 1918 pandemic and the 2009
H1N1 epidemic [154,155] These much greater genomic reassortments (here termed
macroevolution) can lead to emergence of pathogens with novel characteristics,
including enhanced transmission and virulence.

In eukaryotes, recombination between lineages occurs via meiotic sexual cycles.
This can have profound consequences for the development of successful pathogens. In
Toxoplasmatwo ancient lineages recombined to generate the modern hypervirulent
clonal groups [156], and in a contemporary setting, both outcrossing and selfing have
been implicated in outbreaks of Toxglasmaand related pathogens [157]. Sexual
reproduction has also recently been shown to provide de novo short-term variation in C.
neoforman®y dramatically increasing the incidence of aneuploidy [111]. Alternatively,
mitotic mutation can contribute to the emergence of pathogens. In C. neoformansserial
growth in either laboratory conditions or in anim als can lead to attenuation [133] or
elevation of viru lence [158], respectively. In both bacteria and fungi, mutation can be
further enabled by development of a hypermutator state, often through mutations in

DNA repair pathways. In yeast, loss of MSH2, which encodes a critical mismatch repair
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protein, results in i nstability in repeat tracts [159], which commonly occur in cell surface
proteins [160], and can affect recogqition by the host immune system. In C. neoformansa
hypermutator state has been shown to increase resistance to amoeba by enabling
mutations in the RAM pathway and e nabling pseudohyphal growth [161].
Cryptococcusleutergattii is a basidiomycete fungus and a pathogen of humans.
Unlike its sister speciesC. neoforman<C. deuterogattipredominantly infect s
immunocompetent individuals. The VGII subtype is causing an ongoing outbreak in the
Pacific Northwest of the United States and in British Columbia in Canada[118,120,162]
This outbreak originated on Vancouver Island in the late 1990's and has been expanding
geographically over the ensuing decade [120,162] Recent human and veterinary cases of
C. deutergattii show the outbreak is continuing to expand south and east from the
Pacific Northwest [163,164]. Multilocus sequence typing revealed that the outbreak
consists of two subtypes of VGII, termed VGlla and VGIIb. The VGIIb subtype is also
found in other parts of the world, especially Australia, and has reduced virulence in
animal models, while VGII a is unique to the Pacific Northwest (with the exception of
one isolate from Brazil that differed at one of seven MLST markers examined) and
exhibits increased virulence [165]. Additionally, these subtypes share approximately
50% of their MLST alleles, suggesting that VGlla may have been a more virulent
progeny or sibling of VGIIb [165]. Subsequent sampling identified a third, even more

virulent subtype designated VGllic, which is, so far, completely unique to the Pacific
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Northwest outbreak in Oregon [119]. Recent work based on MLST typing shows that the
VGII lineage itself originated ancestrally in So uth America [166]; however, the proximal
source of the outbreak strains is still unknown. Australia [165] and South America
[165,166]have both been proposed as geographical sources of origin.

Previous studies used a multilocus sequence typing (MLST) approach to test a
maximum of 30 loci [165]. This inherently covers only a fraction of the true diversity that
is present. Dramatic reductions in the cost of whole genome sequencing over the past
several years have made whole genome sequencing of multiple isolates tractable.
However, the few studies that have incorporated this approach have primarily used it in
comparison to, or to supplement MLST [143,166] In this study, we utilized whole
genome sequencing b address the clonality of individual outbreak lineages, the
possibility of recombination in the population, and to determine the origin of the
outbreak isolates. Our findings reveal that the clonal clusters in the Pacific Northwest
originated through sexu al reproduction within the highly sexual VGII population, but
were introduced independently of each other. Further, the VGlIic lineage likely
developed high virulence through sexual recombination of alleles, while VGlla
underwent mitotic microevolution, pot entially driven by a mutator phenotype that arose

following ancestral rounds of sexual reproduction.
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3.4 Results

The genomes of 38C. deutergattii isolates of the VGII genotype were sequenced
to initiate an investigation of recombination and clonality. In addition, sequences for 17
previously published genomes from the CDC were obtained from the NCBI Sequence
Read Archive (SRA) [143]. The strains analyzed are summarized in Table5. Briefly,
genomic sequencing targeted three sets ofstrains thought to be clonal, representing the
VGlla, VGIIb, and VGlic groups. In addition, 3 VGlla -like, 2 VGIIb-like, and 18 other
VGl isolates not from these groups were sequenced, including 3 MAT aisolates. In sum,
11 VGlla, 9 VGIIb, 10 VGllc, and 23other genomes sequenced in this study or
previously published were compared, with two isolates sequenced by both the CDC and
this study for a total set of 53 VGII whole genome sequences. Sequences generated in
this study are available in the SRA.

Table 5: C. deuterogattii genomes sequenced

The strains utilized in this study are listed. The source of the sequence is
DOEPEEUI EOQwbBDUT w?' I PUOEOWOEE? wEI UDPT OEUDPOT wbUO

Population Origin Mating Sequenced by
and strain type
VGlla
R265 Vancouver Island clinical MATY Broad Institute
RB1 Vancouver Island environmental MATY Heitman lab
RB59 Vancouver Island environmental MATY Heitman lab
EJB17 Oregon veterinary MAT Y Heitman lab/CDC
E;S’jgﬂ()o ' Oregon clinical MATY Heitman lab
B7395 Washington clinical MATY Heitman lab/CDC
B7436 California veterinary MATY Heitman lab
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R498
R265 reseq
B7422
B8849
B8577

VGlla -like
ICB107
CBS7750
NIH444

VGlIb
R272
NT13
B7394
B7735
B8554
B8828
RDH6
V9
V6
V26

VGlIb -like
99/4731
B9588

VGllc
B8571
B8843
B8838

B7466 (or

EJB52)
B7737
B6863
B7390
B7432
EJB87
EJB18

Vancouver Island veterinary
Vancouver Island clinical
Oregon veterinary
Oregon environmental
British Colombia environmental

Brazil clinical
California environmental
Seattle clinical, 1975

Vancouver Island clinical
Australia, NT
Washington veterinary
Oregon Clinical
Oregon veterinary
Washington veterinary
Australia, N T clinical
Australia veterinary
Australia veterinary
Australia veterinary

Caribbean clinical
Florida clinical

Washington clinical
Oregon clinical
Washington clinical

Oregon veterinary

Oregon clinical
Oregon clinical
Idaho clinical
Oregon clinical
Oregon veterinary
Oregon clinical
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MAT Y
MAT Y
MATY
MATY
MATY

MAT Y
MAT Y
MATY

MAT Y
MAT Y
MAT Y
MATY
MATY
MATY
MAT Y
MAT Y
MAT Y
MATY

MAT Y
MAT Y

MATY
MATY
MATY

MAT Y

MATY
MATY
MATY
MATY
MATY
MATY

Heitman lab
Heitman lab
CDC
CDC
CDC

Heitman lab
Heitman lab
Heitman lab

Heitman lab
Heitman lab
CDC
CDC
CDC
CDC
Heitman lab
Heitman lab
Heitman lab
Heitman lab

Heitman lab
Heitman lab

CDC
CDC
CDC

CDC

CDC
CDC
CDC
CDC
Heitman lab
Heitman lab



VGII MAT a

LA499 Colombia clinical MAT a Heitman lab
CBS1930 Aruba veterinary MAT a Heitman lab
VBGcll Puerto Rico environmental MAT a Heitman lab
VGlInt

NT3 Australia, NT clinical MATY Heitman lab
NT7 Australia, NT clinical MATY Heitman lab
NT8 Australia, NT clinical MATY Heitman lab

RDH2 Australia, clinical MATY Heitman lab

RDH7 Australia, NT clinical MATY Heitman lab

VGII
78-5-46 Utah clinical MATY Heitman lab
ICB182 Brazil clinical MATY Heitman lab
ICB183 Brazil environmental MATY Heitman lab
ICB184 Brazil environmental MATY Heitman lab
WAS861 Western Australia veterinary MATY Heitman lab
WM178 Sydney clinical MATY Heitman lab

IP96/11201 French clinical MATY Heitman lab
2003.125 French clinical MATY Heitman lab

93.980 French clinical MATY Heitman lab

08.1132 Caribbean clinical MATY Heitman lab

3.4.1 Outbreak populations of C. deuterogattii are highly clonal

Analysis of whole genome sequencing of C. deuter@attii isolates revealed that the
population consists of clonal subpopulations, each of which shares a mating type and is
differentiated wi thin the cluster by very lim ited diversity. Five clonal clusters were
identified: the previously known VGlla, VGlIb, and VGlic groups, an additional cluster
restricted to the Northern Territory of Australia comprised of isolates NT3, NT7, NT8,
RDH2, and RDH7 (referred to as VGIInt [167]), and aMAT a clonal cluster comprised of

isolates LA499, CBS1930, and VBGc11 (referred to as VGQWAT a). After eliminating
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erroneous polymorphic site calls as a result of improper mapping of repetitive
sequences, a total of 150 polymorphisms remained within the VGlla group, 288 within
the VGIIb group, 130 within VGlIc, and 2164 within the Australian VGIInt group. As

most of the polymorphic alleles were private (restricted to a single isolate), any two
given isolates within a group were separated by considerably fewe r sites, ranging from a
minimum of 14 to a maximum of 49 for VGlla. VGIIb isolates were separated by 11 to 61
polymorphisms excluding one outlier isolate B8554 (99 sites). Phylogenetic trees were
constructed using single nucleotide polymorphisms (SNPs) der ived from the whole
genome. In the case of both VGllaand VGIIb, comparison with the most closely related
isolates that were still distinguishable by MLST analysis revealed substantial differences
(Figure 14A,B). For VGlla, the South American isolate ICB107 branched outside the
VGlla cluster from the Pacific Northwest. Similarly, the Caribbean isolate 99/473-1 and
the Florida isolate B9588 fell outside the VGIIb cluster otherwise shared between
Australia and the Pacific Northwest. VGlIc was not closely rela ted to any isolates from
any geographic regions other than the PNW, but did exhibit diversity at the whole
genome level allowing an inference of population structure within the VGlic clade

(Figure 14C).
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Figure 14: Phylogenetic re construction shows evidence for clonal expansion in
outbreak groups.
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Maximum likelihood phylogenies were constructed using a matrix of all available
SNPs. Bootstrap values are based on 500 replicates. Scale bar indicates substitutions
per nucleotide positi on. A) Phylogeny based on SNPs unique to VGlla. ICB107 was
also included as it differed at only one MLST marker in previous studies. B)
Phylogeny based on SNPs unique to VGIIb. 99/473 -1 was also included as it was
similar to VGIIb in previous studies. C) P hylogeny based on SNPs unique to VGIIc.

Analysis of whole genome sequencing revealed no evidence of ongoing
recombination within the clonal clusters in the Pacific Northwest via a standard allele
compatibility test. In the case of VGlla, only two of the s equenced strains shared any
polymorphisms (Figure 1 4A). Instead the vast majority of SNPs did not show evidence
of either sexual recombination or shared descent past the introduction into the Pacific
Northwest. This likely indicates that sampling and seque ncing of isolates has not
reached saturation. VGIIb and VGlIc showed substantially more population structure
with a number of isolates sharing SNPs; however, both groups still lacked evidence for
intraclade recombination via a standard allele compatibility test. The much higher
frequency of shared polymorphism within the VGIlIb and llc groups suggests that

sampling has been more complete in these groups, or is more restricted to one subclade.

3.4.2 Outbreak strains have diverse proximal origins

There has been a debate as to the geographic origin(s) of the lineages causing the
Pacific Northwest outbreak. The VGlla lineage was previously proposed to be the
offspring of a cross between VGIIb and an unknown parent that may have taken place

either in Australia or in the Pacific Northwest [165]. Whole genome analysis suggests
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that VGlla from the Pacific Northwest is a clonal group, derived from a shared common
ancestor with limited diversi ty (150 SNPs within the entire group, with as few as 14-49
SNPs distinguishing any two isolates) (Figure 15A). In addition, there is a closely related
isolate from South America, ICB107. This isolate differs from the PNW VGlla isolates by
1174 polymorphic sites, including insertion or deletion events (indels). These sites are
distributed evenly across the genome (Figure 15B), with no substantial blocks devoid of
SNPs. This suggests that these SNPs have arisen during clonal propagation since the last
common ancestor of these isolates underwent a meiotic event, and that VGlla likely
shares a common lineage with ICB107. While VGlla could have entered the PNW
through Australia as previously hypothesized, the generation of this lineage likely
occurred much longer ago, either in South America, or in a different location, after
which it dispersed to both South America and the PNW. The lack of a VGlla -like isolate

from Australia suggests that South America is a more likely proximal source.
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Figure 15: VGlla outbreak isolates are more closely related to each other than to
historical isolates or South American VGII isolates.

A) Prediction of VGlla population structure based on haplotype network inference.
Only SNPs were used to eliminate alignm ent artifacts. All Pacific Northwest isolates
are predicted to share a relatively recent last common ancestor. The South American
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isolate ICB107, while the closest among isolates included in this analysis, is only
distantly related. B) SNPs distinguishing 1CB107 from the VGlla isolate R265 plotted
across the genome. SNPs are distributed across the genome, suggesting ICB107 is not
separated from VGlla by a recent meiotic event.

Importantly, VGIIb isolates from the Pacific Northwest are highly similar to
isolates from Australia, with some isolates clustering more closely with Australian than
with other PNW VGilIb strains (Figure 16). With one exception, a CDC-sequenced isolate
from Oregon (B8554), the Australian and PNW isolates appear to share a single origin.
In contrast, isolates described as VGIIb from outside the PNW or Australia (i.e., a
Caribbean isolate 99/4731 and a recent Florida clinical isolate B9588) group outside this
clonal lineage. It may be more accurate to describe these isolates as VGlHike, as they
do not appear to fit within the clonal outbreak cluster encompassing both the PNW and
Australian isolates and were likely introduced to the Southeast US in a separate,
unrelated event. This evidence suggests that the VGIIb/minor component of the
outbreak either arrived in the PNW from Australia, or arrived in both the PNW and

Australia at very similar times from a common progenitor population.

102



-

5 SNPs

Australia

Australia

Pacific Northwest
m Caribbean

Florida

@4\ 47

Australia

Figure 16: VGIIb outbreak isolates cluster more closely with Australian isolat  es than
Caribbean isolates.

Prediction of VGIlb population structure based on haplotype network inference.
Pacific Northwest VGIIb isolates and Australian isolates cluster together, with the
exception of the Pacific Northwest isolate B8554 sequenced by the CDC.

3.4.3 VGlla-like isolates have a frameshift mutation in a key DNA
repair gene

The VGlla population consists of two distinct groups, the outbreak strains in the
Pacific Northwest, and a less virulent group consisting of the strains ICB107, CBS7750,
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and NIH444 that we call VGlla -like [119,165] These strains were all isolated prior to the
onset of the Pacific Northwest outbreak, and all are characterized by diminished
virulence. A rough estimate based on the commonly accepted estimate of 0.0081
substitutions per site per million years [168] suggests that these groups diverged 91.7
years ago, although with such a small number of SNPs, this number could vary
dramatically. As our results show that VGlla and the VGlla -like isolates do not appear
to be separated by a recent meiotic event (Figurel5B), we explored mitotic
microevolution as a potential cause of the increased virulence observed in the more
recently isolated VGlla strains. SNPs and indels differentiating the VGlla and VGlla -like

strains were examined for potential impact using SNPeff (Table 6).

Table 6: Coding polymorphisms differentiating the VGlla and VGlla -like groups

Accession  Mutation Type Closest yeast protein  Predicted function

CNBG 0103 Missense(Q->E) Arol Aromatic amino acid synthesis
CNBG 0538 Missense(S->P) Msm1 Methionyl-tRNA synthetase
CNBG 0605 Missense(D->G)

CNBG_0776 Splice site acceptor Haloacid hydrolase

CNBG 0907 Missense(G->D) Mcx1 Mitochondrial ATPase
CNBG_1161 Frame shift Msh2 Mismatch repair
CNBG_1222 Synonymous Nop13 RNA-binding

CNBG 1894 Missense(L->V) Rom1 RhoGEF

CNBG 2540 Missense(A->V) Ubx7 UBX domain

CNBG 2807 Missense(L->P)

CNBG_3034 Missense(H->Y) BRCT domain

CNBG 3430 Missense(A->E) Put3 Fungal transcription factor
CNBG_3547 Synonymous Smd3 Splicing

CNBG_4876 Missense(L->S) YJLO6BC Esterase

CNBG 5437 Missense(P->L) Fpkl Phototropin-like kinase
CNBG 5544 Missense(M->T) Mus81 Nuclease
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Twelve non-synonymous polymorphisms were identified, but only one
frameshift mutation was found (Figure 17A). This mutant was in the 4th of 19 exons of
CNBG_1161, leaving only 42 amino acids unchanged out of the 964 amino acidength.
CNBG_1161 encodes theC. deutergattii ortholog of Msh2, a MutS-like DNA repair
protein characterized in Saccharomyces cereviqidg9,169](Figure 17B). Themsh2
frameshift mutation is present in all three VGlla -like isolates (ICB107, CBS7750, and

NIH444) but the wildtype allele is presentin all VGlla outbreak isolates analyzed.
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VGlia | R265 B8
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Spocific hits crer— | ABCMSHZ.euk
Superfanilies Mats_T PUAS_IT suparfanil MutS_TIII superfamily MBC_ATPase superfanily

Hulti-donains MutS

Figure 17: VGlla -like low virulence clade has a hypermutator mutation.

A) Read depth across an exon of CNBG_1161 from three VGlla -like, two VGlla, one
VGIllb, and one VGIlc ge nome. All three VGlla -like isolates have a single base
deletion (denoted with a box) resulting in a frame shift mutation in the MSH2 gene. B)
Results from a conserved domain search for CNBG_1161 performed using the NCBI's
CD search program. CNBG_1161 has grong homology to the MutS or Msh2 domains
involved in DNA damage repair.

105



3.4.4 Recombination is occurring between clonal clusters

While strains within each of the five clonal clusters of C. deutergattii are highly
related to each other, comparisons amory clusters revealed substantial differences.
However, the sites differentiating these clusters were not uniformly dense across the
genome. This is demonstrated by incongruity between phylogenies inferred from
different portions of the genome (Figure 18), suggesting ancestral recombination among
the clonal lineages has resulted in some portions of the genome being more similar

between two clonal groups than the others.
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Figure 18 VGII phylogenies are incongruent based on different  loci.
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Pair of maximum likelihood phylogenies generated from the first 100 kb of
Supercontigs 6 and 7. Clonal clusters are shaded to facilitate comparison. Bootstrap
values are based on 500 bootstraps. Scale bar indicates substitutions per nucleotide
position. Crossing lines indicate lack of congruence.

Further evidence is provided by examining SNP density between isolates. This
analysis demonstrates the presence of islands of identity between any two individual
isolates where diversity is considerably low er than the genome-wide average (Figure
19A). Inferring phylogenies from these regions of depressed polymorphism reveals
uniquely close relationship s among strains (Figure 1B). This suggests that sexual
reproduction likely contributed to the production of the ancestor of each clonal cluster,
with subsequent mitotic clonal expansion of these isolates to spread throughout the
environment. Notably, none of the outbreak clusters have an individual partner strain or
cluster that contributes a large portion of t he genome (i.e. 50% for one cross, 25% for two
crosses, etc). This suggests that either sampling has captured only a small portion of the

VGII population, or that some of these intermediate strains may no longer exist.
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Figure 19: Regions of reduced SNP density provide evidence for ancestral sexual
reproduction.

A) SNP density is plotted relative to the R265 reference genome. Clonal groups are
collapsed to the SNPs shared by all members of the group. Regions of unexpectedly

low levels of polymorphism are boxed for emphasis. B) Maximum -likelihood
phylogenies generated from regions of depressed SNP density demarcated in A.

Bootstrap values are based on 500 bootstraps. Scale bar indicates substitutions per
nucleotide position. Outbrea k groups are highlighted in larger font, as well as

individual global isolates that contribute to the identity island.
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3.4.5 Diploid RB59 isolate is homozygous

A diploid VGlla isolate RB59 was previously identified by FACS analysis [165].
Using MLST markers, this strain did not appear to be a hybrid of two different VGII
lineages. Whole genome sequencing further revealed that this strain is homozygous for
all identified SNPs and in dels. This suggests that RB59 is the result of either
endoreplication, or mother -daughter cell-cell fusion, both of which are possible
intermediates in the unisexual cycle. This would not produce offspring with substantial
polymorphism, as both parental ch romosomes would be identical in both copies, but it
could enable the production of basidiospores, which might then serve as infectious

propagules, or the production of aneuploid variant progeny [111,170]

3.4.6 Analysis of possible recombination/gene conversion in the
MATU | ocus

Recombination can occur via either bisexual or unisexual reproduction.
However, the mating type locus is an exception, as this ~100 kb region is highly
rearranged and divergent between MAT Y w E KBAT aisolates and recombination
betweenaE OE wYWE OOI Ol UwbpbbPOOwWUI UUOUwWPOWEET OUUPEwWOUw
evidence of crossover within this locus should be the result of mating between two
isolates of the same mating type. This locus has a relatively robust population structure,
with the VGlla and VGIlIb clonal groups being closely related compared to the other

clonal clusters (Figure 20.

109



We examined 995 SNPs within the MAT locus. Three SNPs broke apart otherwise
conserved haplotypes and were suggestive of recombination via a standard allele
compatibility test. Two of these lie within the coding sequence of the gene encoding
Ste20 Figure 20B), while the other was approximately 40 kilobases away in the
intergenic region between the SPO14and GEF1genes (not shown). All three SNPs were
well supported, with high quality scores, high mapping sco res, and high depth of
coverage. The intergenic variant between SPO14and GEFLllies in a region that is
colinear betweena E O E wY wahd<0 colltl potentially still be the resul t of
recombination during bisexual mating. This variant also lies close to a known a-Y w
mating gene conversion hotspot in C. neoforman§2 events out of 255 progeny tested)
[171]. However, the other pair lies within a gene that is diverged and rearranged
betweenaE OE wY WE OO1 Ol Ud fladkibgyrécdmbibidtidn tre®tE réazhing the
new allele combinations, the most parsimonious explanation is that one of the alleles
UGEIT UPI OUwi 1 Ol wEO6VMU ODBIOOWE @@y, iul podsible O
that homoplasic mutations may have contributed to the signature of gene conversion.

We can estimate the frequency of homoplasic mutation by measuring the frequency of
multiallelic SNPs as compared with biallelic SNPs in the SNP calling set. There are 1,346
multiallelic SNPs out of 223,743 total SNPs for a total frequency of 0.60%. Mutations at a
biallelic site should generate homoplasic mutations half as often as multiallelic, so with

995 SNPs in theMAT locus, this suggests approxmately 3 homoplasic SNPs may exist in
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this set. As a result we cannot confidently distinguish the two possible explanations for

the origin of these SNPs.

A
VGlla

MAT locus
. VGlib
VGlint

STEZ20 MYO2

Figure 20: MAT locus shows evidence of gene conversion.
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A) Maximum likelih ood phylogeny was derived from alignment of the = MAT locus.
This region corresponds to R265 supercontig 18, from nucleotide 26430 to 121589. 500
bootstraps were used to calculate support. Scale bar indicates substitutions per
nucleotide site. B) Allele comp atibility test of region that is suggestive of
recombination/gene conversion within the  MAT locus. Reference alleles are indicated
in green, and alternate alleles in red. Each locus depicted is biallelic. In the paired
allele compatibility diagram below, e vidence for recombination is indicated by the
presence of all four alleles and an hourglass shape, which is colored red for emphasis.
Stars indicate loci containing allele combinations found only once within MAT,
which break apart otherwise conserved haplo types.

3.4.7 The VGII group is recombining at the population level

In addition to the shared genomic islands, use of a paired allele compatibility test
based on SNP information (AB x ab giving rise to AB, ab, Ab, aB) provided evidence for
sexual reproduction and recombination (Figure 21A). 100 random loci were selected
using GATK's SelectVariants walker out of the 262,614 polymorphic sites in the data set.
These loci were collapsed into unique and informative allele combinations, leaving 46
loci, and then compared. This test showed evidence for mating and meiosis occurring
between a number of different isolates at the whole genome level, both with and
without the involvement of the three sequenced MAT aisolates in this study. In
particular, all of the 46 loci tested showed evidence for recombination with at least 13 of
the 45 other loci (29%) and as manyas 40 out of 45 (89%) (Figure 2&). Recombination
provides strong evidence for the involvement of the sexual cycle in the production of
these C. deuter@attii strains, and given the paucity of aisolates in the environment we

hypothesize this involved both aY WE D U1 R UEWWERDEIWYUE OwUl x UOEUEUD O
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Figure 21: Whole genome allele compatibility test shows evidence for prolific
recombination at the population level.

A) An example of a paired allele compatibility test from the VGII population.
Alternative SNPs are depicted in red and reference in white. Evidence for
recombination is provided by any pairwise comparison of two loci in wh ich strains
are present where red-red, white -white, red -white, and white -red combinations are all
found (AB, Ab, aB, ab) satisfying the allele compatibility test providing evidence for
recombination. B) 100 random SNPs were selected from the VGII data set and
collapsed into 46 unique allele patterns. The reference nucleotide is indicated by
white and the variant by red. A pairwise comparison of all 46 unique loci is shown
with green shading indicating a positive result and evidence for recombination.
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3.4.8 Genomic islands of high polymorphism in the VGII group

Polymorphisms among VGII isolates are not homogeneous along the
chromosomes. In contrast with the islands of diminished polymorphism, we found SNP
density was elevated locally resulting in genomic isl ands of high polymorphism. For
example, a region on R265 supercontig 13 located between 39317 kb showed 34X
more polymorphisms than the surrounding regions (Figure 22B). This region coincides
with two blocks of high linkage disequilibria on supercontig 13 (Figure 22A). We
examined whether the increased polymorphisms were caused by the inclusion of
particular VGII isolates and found that the high polymorphisms between positions 393 -
408 kb are caused by two outlying clonally related isolates (2001/9351 and IP96/11201;
Figure 22D). Removal of these two isolates reduced the polymorphism to levels identical
to the genomic surroundings (red area in Figure 22C). Similarly, the high level of
polymorphism in the region from 414 -417 kb is caused by the presence fosix clonal
isolates from the VGIInt group (NT3, NT7, NT8, RDH2, RDH7, and MMRL2647; Figure
22D). Removal of these six isolates from the analysis drastically reduced the level of

polymorphism in this region (blue area in Figure 22C).
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Figure 22 Genomic islands of high polymorphism on supercontig 13 are caused by
two distinct VGII clades.

A) Linkage disequilibria (R2) among SNP loci on supercontig 13. Two regions located
between positions 393-417 kb were in high linkage disequili bria. B) Polymorphism
among VGII isolates on supercontig 13. An island of high polymorphism co  -localized
with high linkage disequilibria between positions 393  -417 kb. C) The islands of high
polymorphism were caused by the presence of two distinct groups of  VGII isolates.
Exclusion of isolates 2001/935-1 and IP96/11201 reduced the polymorphism within
VGIlI to low levels (red area) between positions 393 -408 kb compared to
polymorphism among all VGII isolates (grey area). Exclusion of isolates NT3, NT7,
NT8, RDH2, RDH7, and MMRL2647 reduced the polymorphism within VGII to low
levels (blue area) between positions 414 -417 kb compared to polymorphism among all
VGII isolates (grey area). D) Maximum -likelihood phylogeny of VGII isolates based
on all SNPs on supercontig 13. Values indicate bootstrap support among 100
replicates. Isolates 2001/9351 and IP96/11201, and isolates NT3, NT7, NT8, RDH2,
RDH7, and MMRL2647 each grouped into a distinct clade of VGII.
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3.4.9 Incongruent phylogeny on supercontig 13 indicates
introgression into VGII isolates

To understand the causes of the regions of elevated polymorphism, we
constructed a phylogeny based on sequence polymorphisms within the region of 393-
408 kb on supercontig 13. We included diverse isolates of all four VG typesrepresenting
all four species in the Cryptococcus gattispecies complex The phylogeny resolved all
four VG types/speciesas expected (Figure23B). However, isolates 2001/9351 and
IP96/11201 were placed incongruously next to VGI and VGIV instead of bei ng clustered
among other VGII isolates. Clade support for these groupings was high (95% and 73%
bootstrap support, respectively). The incongruous groupings are indicative of an
introgression event into isolates 2001/9351 and 1P96/11201 from VGI C. gattii. In
contrast, in the second block from 414417 kb isolates from the VGIlInt group were

placed within VGII (data not shown).
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Figure 23: Island of polymorphism on supercontig 13 shows evidence of introgression
into VGII.

A) The region of high polymorphism between 393 -408 kb on supercontig 13 contains
three genes (CNBG_4871:4873). Variation in GC content in the region is shown in red.
B) Maximum likelihood phylogeny of VGI, VGII, VGIII, and VGIV isolates. The tree

was constructed based on 297 informative SNP in the region of 393 -408 kb on
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supercontig 13. VGII isolates 2001/935-1 and IP96/11201 most closely grouped with
VGI. Values indicate bootstrap support among 100 replicates.

The affected region from 393-408 kb comprises three g@es: CNBG_4871,
CNBG_4872 and CNBG_4873 (Figure23A). All of these genes showed considerable
amino acid polymorphism among C. gattii isolates (Figure 24). Isolates 2001/935L and
IP96/11201 share amino acids polymorphism with different VG groups at differ ent
positions in the protein, suggesting that the introgressed region was affected by
recombination or the donor is an unknown VG type. In CNBG_4873, the two isolates
also have an amino acid at position 44 that was not found in any other C. gattii isolate.
The three genes in the affected region from 393408 kb are not yet functionally
characterized in C. gattii. A homology search based on a translated nucleotide sequences
identified CNBG_4871 as being a likely ortholog of AVO3 in Saccharomyces cerevisiae
Avo3 is part of the TORC2complex that contains the Tor2 protein, and is involved in
polarization of the actin cytoskeleton. CNBG_4872 is predicted to encode the ATP-
dependent DNA helicase Mph1 that dissociates Rad51 D-loops. CNBG_4873 is predicted
to encode the metal homeostasis protein Bsd2 with roles in metal ion transport and

vacuolar protein targeting.
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Figure 24: Amino acid polymorphisms in proteins encoded by genes CNBG_4871 -4873
located in the introgressed region of the VGII  isolates 2001/9351 and IP96/11201.

Variable amino acid positions are shown for distinct protein haplotypes grouped by

VG type. The protein haplotype found in introgressed isolates 2001/935 -1 and
IP96/11201 is highlighted in yellow.

3.4.10 Introgressed isolate from HIV-patient is aneuploid

Both isolates 2001/9351 and IP96/11201 do not belong to an outbreak VGII
subtype but do group within the VGII clade (Figure 22D). Both isolates are of clinical
origin and were isolated from HIV -positive patients fro m Africa. Isolate IP96/11201 was
isolated in France from a patient who moved from Africa and isolate 2001/935-1 was

isolated from a bronchoalveolar lavage sample from a Senegalese patien{165]. Despite
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the near clonal nature of the two isolates 2001/9351 and 1P96/11201, we found that
IP96/11201 likely had multiple partial and complete chromosomal duplications not
found in 2001/935-1. Read depth on supercontigs 6 and 13 indicaed partially duplicated
regions and read depth on supercontig 14 indicated duplication of the entire region
covered by this supercontig (Figure 25). Interestingly, the introgressed region on
supercontig 13 is found within a duplicated region of this superc ontig. All three
duplications contain only homozygous variants, suggesting the extra copies arose by
duplicating the original chromosomal region represented by the supercontig, rather than
through mating with a different strain, EOUT OVTwiOEY H OT wOUWEUUOEDx OODPEH
followed by sequential chromosome loss cannot be ruled out. Duplication of
chromosomes readily occurs in Cryptococcugollowing exposure to antifungal
compounds and during sexual reproduction [110,111] Chromosomal disomy in
IP96/11201 isolated from an HIV -patient may have been a direct consequence of

antifungal treatment in the patient.
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Figure 25: Aligned read depth on supercontigs of IP96/1120 -1.

Read depth was approximately two -fold higher compared to the genome -wide mean
coverage on supercontigs 6, 13, and 14. Variation in read depth on supe rcontigs 6 and
13 suggests partial duplications across the region of the chromosome mapping to
these supercontigs. Read depth on supercontig 14 suggests duplication of the entire
region represented by this supercontig.

In addition to the aneuploidy observ ed in IP96/11201, two additional isolates
were found to be aneuploid ( Figure 26). The VGIlIb isolate B8828 is disomic across
supercontig 13, while the French clinical isolate 93.980 is disanic across supercontig 14

and parts of the region aligning to super contig 6 occurin 1, 2, 3, 4, 5, or 6 copiesHigure
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27). These isolates are of clinical and veterinary origin respectively, which may indicate

that aneuploidy could be an adaptation to growth in an animal host.
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Figure 26: Supercontig copy number variation among VGII isolates.

The aligned read depth of resequenced isolates was normalized to the genome wide

mean coverage. Orange represents supercontigs with a read depth identical to the
genome wide average (normalized to 1). Red sh ows supercontigs with a two -fold
increased read depth compared to the genome wide average. Color shades between
orange and red indicate supercontigs with putative partial duplications.
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Figure 27: French clinical isolate 93.980 has highly aneuploid supercontig 6.

Depth of coverage across supercontig 6 of 93.980 determined using IGVtools count

program and visualized using IGV

[172]. Genome average depth of coverage is
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indicated by a solid black horizontal line. Regions of supercontig 6 range include 1N,
2N, 3N, 4N, 5N, and 6N.

3.5 Discussion

Understanding the evolution of virulence in pathogens is k ey to understanding
the development of emerging diseases. The sudden emergence of an outbreak of the
previously primarily tropical pathogen C. deuter@attii in the temperate Pacific
Northwest in the late 1990's raised a number of questions about the emergace of this
outbreak, namely the genetic and geographic origin of this pathogen.

Adaptation and emergence of virulence can take place through both small
changes introduced through random mutation, as well as through reassortment of pre -
existing mutations in the population. The VGII C. deutergattii population shows
examples of both types of adaptation. The VGlla lineage is a result of small scale mitotic
adaptation from a shared last common ancestor with the strains we have termed VGlla-
like. These lineages display different virulence potentials, and the VGlla outbreak
strains have increased virulence relative to the VGlla-like isolates ICB107, CBS7750, and
NIH444 [119,165] Both CBS7750 and NIH444 are closelyelated to the VGlla clonal
outbreak cluster, and thus comparison of the genomes may allow identification of the
critical changes impacting virulence that enabled the emergence of the VGlla subclade of
the Pacific Northwest outbreak. In fact, the first VG lla-like isolate, NIH444, was isolated
in Seattle in the 1970's. This raises the obvious question of why, if VGlla has been
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present in the Pacific Northwest for so long, did the outbreak not begin until the late
1990's? Our whole genome sguencing analysis suggests thatmicroevolution may have
led to heightened virulence and expansion of these isolates as an outbreak and likely
occurred over a relatively short time (from ~1970 ¢ 1999) in the Pacific Northwest,
although the ancestral origin of these isolates may lie in South America, along with the
VGlla-like isolate ICB107. There is precedent for dramatic changes in virulence through
mitotic growth in the serially passaged H99 laboratory isolates [133]. An alternative
hypothesis is that both VGlla and VGlla -like strains arose somewhere else and were
both introduced to the Pacific Northwest, potentially at different times. We favor the
explanation that VGlla arose from the VGlla -like lineage via mitotic mutation. The
recent development of a congenic VGlla mating pair [173] will allow experimental
crosses between R26& and the VGlla-like isolates to test these and other hypotheses.
Further, our results suggest that the microevolution of VGlla may have been
mediated by a hypermutator phenotype as a result of an early frameshift mutation in the
ortholog of MSH2, a key mismatch repair component. This may be a transient mutation
that was repaired in the VGlla lineage, after allowing short -term adaptation for higher
virulence. In C. neoformanthere is evidence that hypermutators aid in adaptation to
stress caused by amoebd161], however in this case the hypermutator strains themselves
have diminished virulence in mice. This is counter to experiments done with signature -

tagged mutants in C. neoformanswhere both the msh2 WE@ELwwODUOEUET wUl x EDU
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mutants appear at higher abundance in mouse lungs in a signature-tagged mutant
experiment [174]. Further experiments will be necessary to test whether Msh2
contributes to virulence in VGII C. deuter@attii. In this case, we suspect the main
contribution of the mutation in  MSH2 is not a direct affect on virulence, but instead it
may have potentiated changes in the progenitor of the VGlla group, resulting in a more
fit lineage that gave rise to the VGlla outbreak strains. The msh2frameshift mutation is
only present in the VGlla-like isolates we hypothesize are the progenitors of the VGlla
outbreak lineage in which the MSH2 gene has been restored to wildtype. Further
experiments will be necessary to test these hypotheses.

In contrast, the novel VGlIc type is, as a whole, restricted to the Pacific
Northwest, possibly only to the state of Oregon, and has dramatically enhanced
virulence [119]. This clonal lineage, unlike VGlla, appears to have been generated as a
new, highly virulent subtype via mating. The virulence phenotype of VGlIc exceeds that
of any other VGII subtype tested [119], and it appears to be a clonal expansion of a single
original strai n in the PNW. An alternative is that VGIIc exists but has not been sampled
in another geographic region. Both models are possible but we favor a recent origin for
two reasons: 1) The high virulence potential of VGlIc suggests that we would likely
observe human or veterinary cases if it were present in another highly populated locale
and 2) ongoing sampling since the start of the PNW outbreak has been unable to identify

a single VGllc, or even VGllc-like, isolate outside of the PNW. Additional sampling may
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reveal other VGIIC isolates in other parts of the world, but this lineage appears to be the
result of a meiotic event resulting in a more fit progeny, in contrast to VGlla.

The proximal geographic source of the VGII outbreak has been debated.
Hypotheses have included an origin in Australia [165] as well as in South America
[165,166] Data from whole genome analysis suggests that both hypotheses may be at
least partially correct. In fact, it appears that VGlla arose in its most recent, virulent form
in the Pacific North west although it likely originated ancestrally in South America, and
VGllb came to the Pacific Northwest by way of Australia, although VGIIb -like isolates
exist in the Caribbean and now in Florida [175] within the United States. In contrast,
VGllc either arose in the Pacific Northwest or in some unsampled location elsewhere in
the world. An origin other than the PNW seems less likely given the high virulence
potential of VGIlIc, unless it lies in a pristine niche to which the human population and
other animals have not yet been exposed. Notably, whole genome data suggests that
ead of the molecular types of the PNW population may have been introduced
independently and possibly at different times. Sequencing of additional South American
VGlla-like isolates, as well as additional global VGIIb -like isolates will help increase
confidence in these hypotheses.

As a whole, the VGII group is robustly recombining at the population level based
on a standard allele compatibility test. Within our set of samples, multiple loci from the

randomly selected set show evidence for sexual recombination that rely on involvement
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of the clonal outbreak groups from the Pacific Northwest to complete the allele
compatibility test. We cannot be certain whether these groups were the parents in such a
putative cross, or the offspring. Likewise, we cannot be certain that additional sampling
will not reveal additional strains that may have these allele pairs. However, in
combination with the presence of islands of identity within the genome, this provides
strong evidence that the clonal outbreak lineages are the result of sexual reproduction, at
least part of which resulted in shared genomic portions between these clonal outbreak
groups and their ancestral progenitors.

Additionally, while we cannot rule out a-YwOx x OUDPUI wUI RwOEUDLOT OQwbH
Y-Y wU O b U lat§)i& ddntributing to recombination within the VGII group globally.
Outside of South America there are very few MAT aisolates, and there are multiple
genotypes that have not been isolated from South America, despite relatively extensive
sampling. In thi s study we sequenced threeMAT aisolates representing two MLST
types. These isolates were more similar than predicted by the MLST approach and
likely represent a single progeny from a cross that has mitotically expanded over time,
analogous to the VGlla group. Notably these isolates have previously been shown to be
environment.

The population genomic and phylogenetic analyses of supercontig 13 strongly

suggest that the genomes of isolates 2001/938 and IP96/11201 contain introgressed
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sequences. A very recent introgression event is expected to leave a mosaic structure of
multiple introgressed sequences in the genome. The highly localized nature of the
discordant phyl ogenetic signals and evidence for recombination among haplotypes in
the introgressed tract suggests that the introgression event did not occur in very recent
generations. The source of introgression is most likely an isolate from the VGI group.
Introgression from related VG groups into VGII is likely as at least VGII and VGIII can
produce viable progeny and transmit hypervirulence traits [176].The strong linkage
disequilibrium and restricted introgression tract suggests that selection favored the
fixation of the introgressed sequenceq177].

Genomes from the VGII C. deutergattii isolates suggest that it is a population
heavily characterized by ancestral sexual recombination, including evidenc e for
introgression from other VG types, but also by more recent clonal expansions. We found
that neither of the two original components of the VGII outbreak in the PNW appear to
have been the immediate product of sexual reproduction. Instead, VGlla may have
arisen in South America, and undergone expansion, driven by a transient mutator, to
become more virulent in the PNW, and VGIIb appears to have arrived in the PNW
largely unchanged from Australia. In contrast, VGllIc, as a result of its uniqueness to the
PNW and its novel high virulence, may have arisen through a recent mating in the
Pacific Northwest. This provides evidence that mitotic -driven mutations, migration, and

sexual reproduction can all contribute to the development of an outbreak.
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3.6 Methods
3.6.1 Genome sequencing

DNA was prepared using the CTAB isolation met hod as previously described
[171]. Library construction and genome sequencing was performed at the UNC Next
Generation Sequencing Facility using a Hiseq2500.solates were multiplexed and run
with 16 samples in each lane. Paired end sequence libraries with approximately 300 base
inserts were constructed and sequenced to a length of 100 bp per end. The Illlumina
Pipeline (v.1.8.2) was employed for initial processing. Sequences have been deposited to

the Sequence Read Archive under propctaccession numberSRP044232

3.6.2 Reference-based assembly

Sequences were mapped ¢ the R265 reference genomg99] using the short read
component of the BWA aligner [178]. Further refinement was performed using the
Genome Analysis Toolkit (GATK) [146] pipeline versio n 2.4-9, including SAMtools [179]
and Picard to convert from sam to bam format, and clean, sort, fix read groups, and
mark duplicates, respectively. Indels were also realigned using GATK's IndelRealigner.
SNPs and indels were called with the GATK Unified Genotyper, using the haploid
ploidy setting. SNP filtering was performed using VCFtools [145] to remove all SNP
calls with missing data in at least one sample, call quality below a PHRED score of 30, or

mean depth below 10. Thiseliminated about 7% of the initial calls, almost entirely as a
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result of the missing data parameter. This data set was analyzed using SnpEff. For some

analysis, including the MAT locus, the original unfiltered set was used becauseMAT a

isolates contributed missing sites across much of theMAT . In addition, to examine

recombination within the clonal groups, SNPS were manually filtered by visually

examining the BAM files using IGV for clear evidence of misalignment of reads to

eliminate obviously erroneous calls. For the introgression analyses, additional outgroup

isolate datasets from VGI, VGII, VGIII and VGIV were downloaded from the Short Read

Archive and analyzed as described above {Table 7).

Table 7: Samples for introgression anal ysis

VGtype NCBI Biosample SRA sample ID Strain Sequenced by  Origin
VGI SAMNO1932839 SRS404757 Es66 Broad Australia
VGI SAMNO1932840 SRS405112 EJB2 Broad UsA
VGI SAMNO1932845 SRS404802 NT10 Broad Australia
VGI SAMNO02412516 SRSs20123 RSA-MW-2399  Broad
VGI SAMNO02412513 SRS520125 RSA-MW-4243  Broad
VGI SAMNO1932849 SRS404504 Ruz2g4 Broad South Africa
VGI SAMNO00754277 SRS270881 B7488 CcDC Oregon
VGI NA NA PNG14 Heitman Lab Papua New Guinea
VGl NA NA ver Heitman Lab Sydney
VGII SAMNO1932838 SRS404455 CBS10090 Broad Greece
VGl SAMNOD2146424 SRX286240 2001/935 1 Broad Senegal
VGl SAMNO1932843 SRS404764 LASS Broad Brazil
VGl SAMNO1932886 SRS411283 MMRBL2647 Broad Australia

VGlla SAMND1932844 SRS404478 CA1014 Broad USA
VGIIb SAMNO1932847 SRS404763 Rams Broad Australia
VGIII SAMNO1932846 SRS404487 CA1280 Broad UsSA
VGl SAMNO1932848 SRS405105 CA1873 Broad UsA
VGII SAMNODD754280 SRS270884 BBz12 CDC Oregon
VGl NA NA 97 433 Heitman Lab Mexico
VGl NA NA B4546 Heitman Lab Unknown
VGl NA NA BHPP3_S1A Heitman Lab California
VGl NA NA CA1053 Heitman Lab California
VGII NA NA CA1308 Heitman Lab California
VG NA NA CA1508 Heitman Lab California
VGl NA NA DS1026 Heitman Lab California
VGl NA NA D51034 Heitman Lab California
VGl NA NA MCPR_1_S1B Heitman Lab California
VGII NA NA PNG30 Heitman Lab Papua New Guinea
VGV SAMNO1932842 SAS404483 IND107 Broad India
VGIV SAMNO02412517 SRSs520122 RSA-MW-2343  Broad

VGIV SAMNO02412515 SRS520124 RSA-MW-3080 Broad

VGIV SAMNO2412514 SRS520126 RSA-MW-500 Broad

VGV SAMNO02412512 SRSs20127 RSA-MW-6610  Broad
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3.6.3 Inference of phylogeny

Maximum likelihood phylogenies w ere constructed using MEGAS [180] either
after alignment using Kalign [181] on artificial fasta files using GATK's
FastaAlternateReferenceMaker or from SNP matrices extracted from VCF famat using a
custom Perl script. Bootstrap analysis was performed using a total of 500 replicates.
MEGA trees were midpoint rooted. Support was calculated using 500 bootstraps.
Phylogenetic analyses of introgression tracts were performed using RAXML 8.0.20[182]
using the GTRCAT nucleotide substitution model and rapid Bootstrap analysis for 500

replicates.

3.6.4 Haplotype network inference

Haplotype networks were constructed using TCS 1.21 [183] from SNP matrices
within the clonal lineages. This relies on the assumption that the strains were not
separated by meiotic events, which we found evidence for from paired allele
comparisons, and essentially treats the entire genome of each clonal group as a single

haplotyp e. Indels were not used for this analysis to eliminate alignment errors.
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3.6.5 Linkage disequilibria analyses

Chromosome-wide linkage disequilibria (R2) were calculated for all SNP
markers with a minor allele frequency of at least 0.03 using VCFtools version 0.0.12a

[145] and visualized with the R statistical software [184].

3.6.6 Whole genome allele compatibility tests

100 random SNPs out of the 262,614 SNPs in the call set were selected using the
random selection component of GATK's SelectVariants walker. These SNPs were then
collapsed into 50 unique allele patterns. Each pattern was compared pairwise with each
other pattern to test for the presence of all four allele combinations. Formally, this is a
test that all four products of meiosis are present, AB, Ab, aB, and ab. This analysis
assumes that homoplasy is rare an assumption that is supported by the low frequency
of multiallelic SNPs in the data set, which should be more frequent than homoplasic

mutations.
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4. Natural mismatch repair mutants mediate phenotypic
diversity and drug resistance in Cryptococcus
deuterogattii

This chapter includes work performed in collaboration with Shelly Claadeghnician

in the Heitman lab and is in preparation for submission.

4.1 Abstract

Pathogenic microbes confront a constant evolutionary conflict between the
pressure to maintain genome stability and the need to adapt to mounting external
stresses. Bacteria often respond by increasing their mutation rate, but to date little
evidence exists for stable eukaryotic mutators in nature. Whole genome resequencing of
the human fungal pathogen Cryptococcus deuterogatidentified an outbreak lineage
characterized by a nonsense mutation inMSH2. This defect in mismatch repair results in
a moderate mutation rate increase in typical genes, and a larger increase in
homopolymer run mutations. This allows facile inactivation of genes with coding
homopolymer runs including the target of the immunosuppresive drugs FK506 and
rapamycin. Our study identifies a successful eukaryotic mutator lineage spread over
two continents and suggests that pathogenic eukaryotic microbes may experience
similar selection pressures on mutation rate as bacterial pathogens, particularly during

long periods of clonal growth or while expanding into new environments.
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4.2 Introduction

Mutation is the raw materia | of evolution. As a result, all organisms must strike a
balance between random mutations for selection to act upon, and the fact that most
mutations are more likely to be deleterious than advantageous and will result in less fit
individuals that must be p urged from a population. This is particularly true for
pathogenic microbes that take part in Red Queen conflicts with their hosts and require
constant mutations to maintain competitive fitness. In this case, increased pressure may
exist to maintain an elevated mutation rate to increase the rate of adaptation. Increases
in mutation rate may also serve to accelerate adaptation when microbes are introduced
into new environments or encounter novel stresses, such as antimicrobial therapy.

Adaptive variation in m utation rate is common in bacteria. One poignant
example is the Long Term Evolution Experiment (LTEE), where defects in DNA repair
emerged and swept the population in six out of twelve E. colilines by generating a
hypermutator phenotype [185]. Mutator alleles likely emerge frequently but are
typically purged from the population because individual mutations are more likely to be
deleterious than adaptive; as a result hypermutators generally produce less fit offspring
than non-hypermutators. However, occasionally a sufficiently beneficial mutation is
potentiated by the presence of the hypermutator and the hypermutator allele is able to

hitchhike to higher frequency within the population. This is more likely to  occur in
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populations at local evolutionary minima, where many different large effect adaptive
mutations are possible. For example, hypermutator phenotypes are common in isolates
of Pseudomonas aeruginag@wing within the lungs of patients with Cystic Fib rosis,
where environmental conditio ns are constantly changing [106]. This changing
environment causes a consistent need to adapt, and increases the likelihood of
hypermutators emerging by increasing the target size for adaptive variation. However,
once beneficial mutations have fixed, and organisms have adapted to their new
environment, antimutator suppressor alleles can emerge to reduce the mutation rate or
defective mutator alleles can even be replaced by functional alleles through horizontal
gene transfer[186,187] This balance is likely critical to evolution in microbes as they face
diverse stresses and environmental changes, and as a result over 1% of natural bacterial
isolates display hypermutator phenotypes [188]. Even more extreme case®xist, like in
Mycoplasma pneumoniamd M. genitalium, where the mismatch repair machinery has
been completely lost throughout both species [189].

In fact, many mutator phenotypes are the result of defects in mismatch repair,
commonly referred to as MMR. In bacteria, MMR requires the MutHLS system, where
MutS binds to mismatches and recruits MutL, which subsequently activates MutH to
excise the mispair [190t 193]. In eukaryotes, both the MutS and MutL families have
expanded, creating MutShomolog (MSH) [169] and MutL homolog (MLH) families

[159]. Heterodimers of various MS H family members participate in mismatch repair, but
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Msh2 in particular is a core component of the majority of mismatch repair pathways in
yeast[194]. As a result, defects in MMR, and MSH2 in particular, result in elevated rates
of simple mismatches, but also dramatically elevated rates of repeat tract instability
[159], which are associated with hereditary colon cancer in humans. MMR also plays a
role in repair of mismatche s introduced during meiosis , meaning that loss of the
complex can lower species boundaries and allow increased recombination between
divergent chromosomes [195,196]

However , in contrast to bacteria, substantially less is known about
hypermutators in natural populations of eukaryotes. Evolutionary theory predicts that
the presence of sex abrogates selectiofior hypermutator strains by eliminating linkage
between the mutator allele and the beneficial mutations it hitchhikes to high frequency
[197]. Studies of allele incompatibility within the model fungus Saccharomyces cerevisiae
have supported this traditional paradigm. Incompatible alleles of PMS1and MLH1 exist
within the population, such that a cross of two strains with wildtype mutation frequency
can give rise to progeny with elevated mutation rates [198,199] However, the
incompatible arrangement was not found among any of the original 65 strains
examined, and only identified within four clinical strains out of 93 total isolates
sequenced in a separate study, where additional suppressor mutations have arisen to
reduce the mutation rate [200]. However, eukaryotic mutators can adapt and thrive in

clonally expanding populations such as in human tumor environments [201]. Recently
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studies of Candida glabrathave begun to challenge this dogma in eukaryotic
microorganisms, with over 50% of clinical C. glabratasolates harboring loss of function
mutations in MSH2, a critical component of mismatch repair [202]. In previous work we
identified a candidate clade of hypermutators with in the Pacific Northwest Cryptococcus
deuterogattiioutbreak, as defined by a single base coding deletion within the critical
mismatch repair component MSH2 [129].

Cryptococcus deuterogattipreviously Cryptococcus gattiVGll [117], is a
basidiomycete human fungal pathogen. Unlike the other species of the Cryptococcus
pathogenic species complex that infect immunocompromised hosts, C. deuterogattiis
characterized by its ability to cause infection in otherwise healthy hosts [203] and by loss
of the RNAI pathway [3,99]. C. deuterogattiis responsible for an ongoing outbreak in the
Pacific Northwest region of the United States and Canada, which began in the late 1990's
[118]. This outbreak was originally analyzed using Multi -locus sequence typing (MLST)
and shown to be comprised of three clonal expansions, denoted VGlla, VGlIb, and
VGlic [119,165] These three subtypes differ in terms of virulence and total number of
cases, with VGlla, the major component of the outbreak, responsible for the majority of
infections. More recently, whole genome sequencing studies of thesesubpopulations
showed that the clonal subtypes appeared to have different proximal geographic origins,
and most interestingly, that VGlla has three very closely related isolates, or VGlla-like,

that were considerably less virulent and differed in isolatio n location or date from the
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outbreak [129]. We identified a candidate potential large effect mutation shared by these
three diminished virulence isolates that resulted in a predicted non -functional Msh2.
Here we show that these VGlla-like isolates exhibit a bona-fide hypermutator
phenotype. Furthermore, we show that homopolymer runs are par ticularly unstable,
and that these runs are common within the coding regions of genes in the Cryptococcus
genome. We predict that this results in dramatic phenotypic diversity with the ability to
transiently inactivate and possibly also activate or reactiv ate genes. Finally, we show
that the msh2allele is not directly responsible for the decrease in virulence of the VGlla-
like isolates, nor does it appear to have directly played a role in the evolution of
virulence in the VGlla clonal outbreak. Rather, it appears to represent a parallel route of
adaptation to a new environment in a successful lineage isolated from two continents
over two decades and from both the environment and patient samples. This work
suggests that mutator phenotypes are not limited to prokaryotes, but may define a

frequent avenue to evolutionary change in eukaryotic microbes as well.

4.3 Results

We previously identified a sublineage of strains highly related to the VGlla
outbreak in the Pacific Northwest denoted VGlla -like, in part because they differed
either in isolation location or time from th e typical outbreak isolates [129]. The VGlla-

like sublineage is composed of three isolates: NIH444, a clinical isolate from Seattle in
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the 1975, well before the start of the outbreak; ICB107, a clinical isolate from Brazil in
1981; and CBS7750, an environmental isolate from Cafornia in 1990. All three isolates
are characterized by diminished virulence relative to the VGlla clonal outbreak strains
[119,165] Here we have included in our analysis additional genomes for a South
Americ an outgroup to both the VGlla-like and VGlla groups [130] (Figure 28A) as well
as aligned these genomedo the improved C. deuterogattigenome assembly[132]. This
allowed determination of the ancestral state of the multiple alleles differentiating the
VGlla and VGlla-like groups. We also included a second independent genome sequence
for our original NIH444 isolate (NIH444(1) and NIH444(2)), as well as an NIH444 isolate
acquired from a different lab ( NIH444(v)). We identified a total of 18 mutations that are
shared by of all the VGlla-like isolates sequenced, 13 SNPs and 5 INDELs (Tabl®). The
SNPs are characterized by a high rate of nonsynonymous mutations (7/8 coding
mutations). In addition we confi rmed that one of the INDELSs in this branch is a single

base deletion in a coding exon of MSH2 [129]. This deletion is unique to the VGlla-like

group.
Table 8: Mutations occurring on the branch to VGlla -like group
Mutation . : :
Gene utat Predicted Impact Predicted Function
Type
CNBG_0538 SNP Missense t-RNA ligase
CNBG_0776 SNP Splice site acceptor lost HAD hydrolase
CNBG_0907 SNP Missense Clp protease subunit
CNBG_1894 SNP Missense RhoGEF
CNBG_2540 SNP Missense Ubiquitin -like
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Mutation

Gene Type Predicted Impact Predicted Function
Intergenic SNP - -
Intergenic SNP - -
CNBG_3034  SNP Missense Biggt:imgm'
CNBG_3547 SNP Synonymous SnRNP
CNBG_3750 SNP Intronic DCP2
CNBG_4876 SNP Missense Esterase
Intergenic SNP - -
CNBG_5437 SNP Missense Protein kinase Nrc2
CNBG_0005 INDEL Intronic Sugar metabolism
CNBG_1661 INDEL Nonsense Msh2
CNBG_4065 INDEL Intronic SAM methyl transferase
Intergenic INDEL - -
Intergenic INDEL - -

We next sought to confirm both the presence of this mutation and test whether it
resulted in a hypermutator phenotype. We performed Sanger sequencing to verify that
this single base deletion was na an Illlumina sequencing artifact (Figure 28B). This single
base deletion occurs within an early exon of MSH2 and results in a nonsense mutation,
with both an out of frame message and an early stop codon present in the predicted

transcript (Figure 28C).
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Figure 28 VGlla -like isolates harbor a frameshift resulting in a predicted
nonfunctional protein

A) The VGlla -like clade is part of the clonal radiation that includes the Pacific
Northwest Outbreak. All three isolates are characte rized by a frameshift in the MSH2
gene at position 131. B) Sanger sequencing of the MSH2 gene confirms that NIH444
and CBS7750 have both undergone deletion of a single T within the coding region of
MSH2, while the VGlla R265 strain and the outgroup VGIlb s train have not. C) This
deletion results in a frameshift beginning in the first functional domain of MSH2 and
a very early premature stop. This predicted protein should not be functional.

4.3.1 MSH2 defect results in hypermutator phenotype

Because Msh2 isa critical component of the mismatch repair complex, we next
tested whether the VGlla-like strains displayed an increased mutation rate. We utilized
a standard fluctuation assay approach to determine the rate of 5-FOA resistance, as
previously applied in Cryptococcu$l61]. The resistance rate was increased in the

hypermutator lineage from anywhere between 4.5 -fold at the minimum (CBS7750) to
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8.75fold at the maximum (ICB107) compared to the type strain VGlla R265 (Figure
29A). The majority of 5-FOA resistance in Cryptococcus neoformaissacquired through
mutation of URAS [204]; therefore, we PCR amplified and sequenced theURAGS locus in
independently derived 5 -FOA resistant isolates to determine the genetic basis of
resistance. We then characterized the mutations as either SNPs, ioeither indels of single
or multiple bases (Figure 29B). The majority of resistant isolates were the result of SNPs,
and this profile was similar between the hypermutator VGlla -like strains and the non-

hypermutator VGlla strain EJB17.
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Figure 29: msh2 mutants are hypermutators

A) A fluctuation assay for resistance to 5 -FOA was carried out for both wildtype
VGlla strains (R265 and EJB17) and hypermutator VGlla -like strains (NIH444, EJB17,
and ICB107), as well as an outgroup VGIIb ( R272) strain. Resistance rate was
normalized to the rate observed in R265. The VGlla -like strains demonstrate an
increase in mutation rate. Data shown are mean of ten replicates plus/minus one
standard deviation. B) The molecular basis of resistance was de termined for 5 -FOA
resistance at the URAS locus. All isolates tested demonstrated predominantly SNVs as
the molecular basis of resistance.
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4.3.2 MSH2 mutants accumulate indels in homopolymer runs

Next the whole genome data was analyzed to ascertain whether the lack of
difference in mutation spectrum observed in 5 -FOA resistance and theURA5 locus was
recapitulated at more than a single locus or if the URA5 locus had unique properties. To
do this, we focused on two relatively long branches within the C. deuerogattii
phylogeny: the branch separating the VGIlIb strain R272 from the VGlla clonal cluster
(58,375 variants) and the private ICB107 variants, which represented the longest
available hypermutator branch (763 variants). We first examined the frequency of
individual SNPs. While a high rate of transitions as compared to transversions was
maintained in the hypermutator branch, there was a slight reduction in the frequency of
A->G and T->C mutations relative to C ->T and G->A mutations (Figure 30A). However,
much more striking was a dramatic increase in indels within homopolymer runs (Figure
30B). While in the R272 branch shifts in homopolymer runs account for only 0.7% of the
variants, in ICB107 they account for 42.9%, exceeding even the number of SNPs.

By looking further at the context of the homopolymer run mutations within the
ICB107 branch, it is apparent that longer base runs appear to be less stable than short
runs, as approximately 17% of the mutations occur within the context of a 9 base
homopolymer ru n (Figure 30C). This peak is likely a function of both the decreased

stability of longer runs and the low quantity of longer homopolymer runs in the
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genome. Many of these longer runs occur within intergenic regions in the genome, but a
substantial portion of the coding genes in C. deuterogatticontain at least one longer
coding homopolymer run (Figure 3 0D). The longest homopolymer run in the URA5S
locus contains only 4 bases, which is predicted to be both relatively stable (Figure 3C)
and among the coding genes with relatively shorter homopolymer runs (Figure 3 0D). In
contrast, the FRR1gene that encodes the FKBP12 homolog responsible for the antifungal
action of both FK506 and rapamycin has a 7C run within its coding region. This places it
both within the range of commonly mutated homopolymers in the ICB107 branch

(Figure 30C), and in the upper half of homopolymer containing genes in C. deuterogattiji
suggesting that FRR1is an appropriate locus to test the effect of mismatch repair

mutants on homopolymers across the transcriptome (Figure 3D).
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Figure 30: Hypermutators are characterized by high homopolymer instability

A) Percentage of transitions and transversions among SNPs private to R272, an
outgroup, and ICB107, a hypermutator, are shown. Transitions are more common in
both strains, while one type of transition is slightly less common in the hypermutator.

B) All private mutations within R272 and ICB107 and characterized either as SNPs,
indels, or homopolymer indels. The cutoff u sed to distinguish a homopolymer indel
was longer than 4 bases. ICB107 had a substantial increase in homopolymer run
shifts. C) Frequency of indels within all homopolymers longer than 1 base from the
private ICB107 mutations are shown. URAD, the target of 5-FOA, has only a run of 4
bases, while FRR1, which is the target of FK506 and rapamycin has a run of 7 bases.
D) All genes from the C. deuterogattii transcriptome were grouped by frequency of
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the longest homopolymer run within the coding region of that ge  ne. URA5 and FRR1
represent below average and above average homopolymer content, respectively.

4.3.3 Genes containing homopolymer runs are highly unstable in
msh2 mutants

We next utilized the FRR1locus to further assess that VGllalike strains were
hyper mutators at more than one locus and to test the hypothesis that homopolymer runs
are particularly unstable in these isolates. The protein product of FRR1binds to either
FK506 to form a protein-drug complex that inhibits calcineurin or to rapamycin to form
a separate complex that inhibits TOR. By selecting with both drugs at the same time at
the non-permissive temperature of 37°C, loss of function mutations in FRR1are selected
as the only single step mutation conferring resistance to both drugs. Here we utilized a
semi-quantitative assay to identify gross differences in mutation rate whereby
independent colonies were grown in liquid culture and then swabbed onto quadrants of
a selective plate. On FK506/rapamycin media, the wildtype strains produced a small
number of resistant colonies (Figure 31A). In contrast the NIH444 hypermutator strain
produced prolific FK506/rapamycin resistant colonies. Surprisingly, the CBS7750
hypermutator was completely resistant to both drugs. Upon examining the FRR1locus
in the whole genome sequence data we discovered that there was a single base deletion
within the 7C homopolymer run in this strain. This may represent an unselected drug

resistance phenotype potentiated by the msh2defect. We attempted to use this assay for
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the ICB107 strain as well but were unsuccessful, likely as a result of its inability to grow
at the higher growth temperature necessary for this assay based on calcineurin
dependent growth at 37°C (Figure 35B).

We next employed a standard fluctuation assay approach to quantify the
mutation rate difference between the VGlla and VGlla -like hypermutators. There was a
greater than 150fold increase in mutation rate to FK506/rapamycin resistance in NIH444
compared to R265, in contrast with the maximum of 8.75fold increase observel for 5-
FOA resistance (Figure 31C). As before, we selected independent resistant colonies and
PCR amplified and sequenced the FRR1gene to determine the mechanism of resistance.
All resistance was explained by mutations within FRR1as expeced, but while R265 still
primarily acquired resistance through SNPs, NIH444 now almost exclusively underwent
single base additions or single base deletions, all within the 7C homopolymer run. This

resulted in nonsense mutations and resistance to FK506 and-apamycin.
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Figure 31: A homopolymer run within the  FRR1gene allows rapid inactivation and
resistance to FK506 and rapamycin.

A) Swab assays of the VGlla and VGlla -like strains were conducted to determine
whether VGlla -like stain s develop resistance to FK506 and rapamycin at 37°C at an
elevated rate compared to VGlla. NIH444 demonstrated a large increase in resistance
rate, while CBS7750 was completely resistant. B) The resistance in CBS7750 is
attributable to a single base delet ion within the coding 7C run in the FRR1 gene that
has been fixed in this strain. C) Fluctuation assays for NIH444 and R265 show that the
hypermutator conferred a greater than 150 -fold increase in mutation rate compared to
the wildtype VGlla strain. Data s hown are mean of ten replicates plus/minus one
standard deviation D) Analysis of the molecular basis of resistance shows that SNVs
are still the predominant mechanism for resistance in R265 but in the hypermutator
strain, single base additions and single b ase deletions within the homopolymer run
are responsible for the vast majority of resistance.
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4.3.4 Hypermutation phenotype is linked to the msh2 defect

We next established that the themsh2del131 allele and the hypermutator
phenotype described are geneically linked. We crossed the NIH444 strain to an R265a
congenic strain recently generated by serial backcrossing[173]. While C. deuterogattii
matings are less fecund in comparison with C. neoformanswe successfully dissected 14
viable spores from a single basidia in this cross. We typed these strains for theMSH2
allele by sequencing and observed 1:1 segregtion of the functional MSH2 and the msh2
dell31. The spores were then tested for rate of FK506/rapamycin resistance using the
same semiquantitative swabbing assay described above (Figure 32A). Surprisingly, two
of the spores (# and #5) failed to exhibit a hypermutator phenotype despite inheritance
of a defective copy of MSH2.

Mating in Cryptococcus$as previously been demonstrated to produce phenotypic
plasticity through generation of aneup loid progeny at a high rate [111]. These
aneuploids often display defects in growth at high temperature; thus, we t ested whether
the high growth temperature of 37 °C employed in our FK506/rapamycin resistance
assay may have masked the ability of these meiotic progeny to develop drug resistance
at 37°C. Both spore products #4 and #5 demonstrated growth defects at 37°C (lgure
32B). Whole genome sequencing confirmed that both segregants carried an extra copy of

one chromosome, suggesting that a 1N+1 aneuploidy was contributing to temperature
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sensitivity (Figure 32C). In fact, all of the progeny from this mating had an unus ually
high rate of aneuploidy with 8 of the 14 progeny aneuploid for at least one
scaffold/chromosome (Table 9). By passaging all of the spores on YPD at 37°C we were
able to restore the ability to grow at high temperatures in all of the progeny except #4
after four passages. An additional five passages of spore progeny #4 were carried out,
after which it no longer demonstrated a high temperature growth defect (Figure 32B). As
a result the passaged deivatives of isolates #4 and #5now demonstrated a

hyperm utator phenotype as expected (Figure 32D) and all 14 progeny produced the
results predicted through linkage of the msh2defect to the hypermutator phenotype
(Figure 33).

Table 9: Aneuploidy in NIH444 x R265a cross

Aneuploid

Spore # scaffold (s) MSH?2 allele
1 - msh2lel131
2 19,21,26 WT

3 - msh2lel131
4 5 msh2alel131
5 6 mshalel131
6 - msh2alel131
7 6 WT

8 - WT

9 6 WT

10 6 WT

11 6 WT

12 - WT

13 - msh2lel131
14 19,21,26 msh2lel131
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As a final verification of phenotypic linka ge, we constructed two independent
deletions of the MSH2 gene in the R265 VGlla background via biolistic transformation
and homologous recombination replacing the MSH2 ORF with a neomycin resistance
cassette. A complete deletion ofMSH2 resulted in the same hypermutator phenotype as
the MSH2 del131 allele, allowing us to separate this mutator phenotype from any of the

other mutations found in the NIH444 VGlla -like genetic background (Figure 32E).
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Figure 32 Hypermutator phenotype is linked to the frameshiftin  MSH2

A) Progeny from a cross between NIH444 and R265 show segregation of the msh2
dell31 allele with the hypermutator phenotype in all except two cases. B)
Temperature sensitivity assay for the incongruent spores before and a fter serial
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passaging at 37°C. C) Whole genome depth of coverage plots show that scaffolds five
and six are aneuploid in spores #4 and #5, respectively. D) After passage at 37°C, the
non-congruent spores now properly demonstrate linkage with the  msh2dell131 allele.
E) Two independent de novo deletions of MSH2 via biolistic transformation
demonstrate elevated mutation rates in an FK506 /rapamycin swabbing assay at 37°C.

Passaged spores

Figure 33 Passaged spore progeny demonstrate predicted phenot ypes

Four independent colonies of each strain were grown in liquid culture overnight and
then swabbed onto quadrants of a plate supplemented with FK506 and rapamycin at
37°C. NIH444 and R26%5 represent the parents from the original cross and were also
passaged.

4.3.5 Hypermutation enables phenotypic diversity including reversion
of mutations

During growth of the msh2 ::NEO strains, a spontaneousade2mutant was
fortuitously identified based on its classic red pigmentation (Figure 34A). We verified

that thi s was the result of a defect in adenine biosynthesis as this strain grows on YNB
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supplemented with adenine, but not YNB media (Figure 34B). As expected, sequencing
of the ADEZ2 locus revealed that the ade phenotype was linked to a single base
polymorphism that results in a His->Arg amino acid change (Figure 34C).

The red pigment produced by adeZmutants is a toxic intermediate in adenine
synthesis that accumulates in the vacuoles of mutant cells. As a result, these mutants
have a growth defect, and suppressor mutants can readily be isolated that eliminate
production of this toxic intermediate and now produce white colonies (Figure 34C). We
isolated two red and two white derivative colonies and sequenced the ADE2 locus.
While the red colonies retained the causative SNV, one of the white colonies retained it
and the other had undergone reversion at this site back to the functional nucleotide
(Figure 34C). We confirmed that this isolate was no longer an adenine auxotroph and
that the second white isolate was stil auxotrophic . This is likely the result of a second
mutation upstream in the adenine synthetic pathway, resulting in further inactivation
and loss of the ability to produce the toxic red intermediate. We tested a number of
independent white reverted colo nies for the ability to grow on media lacking adenine
and observed that direct reversion to functional adenine biosynthesis was more common
than additional inactivating mutations, with 37/42 (88%) white colonies demonstrating
adenine prototrophy (Figure 34D). Taken together, these results suggest that

hypermutation allows not just frequent inactivation of pathways, but also the means to
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adapt to the consequences or to simply undo the original mutation. In the context of

antifungal drugs, this phenotypic div ersity could be highly important.
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Figure 34: Hypermutation allows inactivation and reactivation of adenine

biosynthetic pathway.

A) A spontaneous red colony was isolated from the de novo deletion of msh2. B) This
colony demonstr ated adenine auxotrophy, suggesting that it was an ade2 mutant. C)

Sequencing of the ADE2 locus confirmed that the original colony was an

ade2 mutant.

In addition, two red and two white derivatives were tested. One white derivative had
reverted the origina | mutation, while the second had eliminated production of the red

intermediate but had not reverted the original mutation.

D) An assay to test direct

reversion frequency versus secondary mutation to eliminate the red toxic intermediate
demonstrated that th e most common mutations were direct reversions and restoration

of adenine prototrophy.
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4.3.6 Hypermutation does not directly affect virulence

We previously demonstrated that the VGlla-like mutants exhibit diminished
virulence in a death-endpoint inhalati on model of virulence [119,165] We tested
whether loss of Msh2 function was directly responsible for the dec rease in virulence
observed. However, no difference in virulence was observed (Figure 35A). This
suggested that the defects in murine virulence in the VGlla-like isolates could be the
result of multiple independent deleterious mutations unique to each lineage. We next
tested the ability to grow at higher temperature, a critical virulence factor, in the V Glla-
like isolates. All three isolates showed defects in high temperature growth, varying from
minor defects in NIH444, the isolate with the shortest branch to R265, to moderate
defects in CBS7750, the isolate with an intermediate length branch, and finally severe
defects in ICB107, the isolate with the longest branch affected by the hypermutator

(Figure 35B).

4.3.7 Hypermutation is deleterious in rich conditions, but
advantageous under stress

Our data suggests that over time high mutation rates come at a cost for
organisms. However, we next examined the early stages of a hypermutator and the
direct effects of Msh2 inactivation. To do this the independent de novaleletions of msh2
were employed in competition experiments with wildtype R265. Briefly, liquid YPD

cultures were mixed in 50:50 ratios of wildtype R265 and a neomycin resistant msh2
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mutant or a random insertion of the neomycin resistance cassette as a control. After 24
hours cultures were spread onto YPD plates and then colonies were picked and restruck
to media containing neomycin to determine the percentage of colonies derived from
each original strain. If mutations are neutral, the expectation is that the 50:50 ratio will
be maintained. Instead, minor growth defects were observed for the msh2mutants at
either 30°C or 37°C, suggesting that the msh2mutation is deleterious under rich growth
conditions (Figure 35C). Notably, in each case at least one replicate was able to grow
moderately better than the wildtype parent strain. This may indicate that in this
individual experimental replicate the hypermutator allowed a beneficial mutation.
However, under highly stressful conditions like exposure to the drugs FK506/rapamycin
at 37°C the hypermutator was highly advantageous. In multiple replicates the

hyp ermutator rapidly acquired resistance and overtook the entire culture. This suggests
that when a population faces an evolutionary landscape where large effect beneficial
mutations exist that mutator alleles can be advantageous. In contrast, in landscapes

w here few large effect mutations can provide advantages, mutators are deleterious.
Antifungal treatment and transitions from environment to host lifestyles are likely to

provide opportunities for adaptive mutation and favor mutator alleles.
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Figure 35: Hypermutation does not have immediate virulence defects but may
potentiate long term deficits.

A) Virulence tested in the murine inhalation model was not strongly affected by
deletion of the MSH2 gene. B) All three VGlla -like strains demonstrated defects in
high temperature growth via a spot dilution assay in comparison with the VGlla R265
strain and the VGIIb R272 strain as an outgroup. Strains with longer branches
demonstrate larger high temperature growth defects. C) Competition ex periments
between a tester strain marked with neomycin resistance and the wildtype R265
strain. Original cultures were mixed at a 50:50 ratio and then grown overnight in
liquid YPD. Both hypermutators showed a modest growth defect at 30°C and 37°C but
dramatic growth advantage in the high stress FK506/rapamycin 37°C condition.
Boxplots show minimum, first quartile, median, third quartile, and maximum values.
Points represent the results from six individual replicates summarized by the box
plot. The NEO vs WT competition is shown in gray, while the two  msh2 &NBEO
competitions are shown in dark and light blue.
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