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PROJECT SUMMARY

Cryptococcus neoformans is an opportunistic fungal pathogen of enormous clinical importance. A
recent study from the Centers for Disease Control estimates that approximately one million new infections
occur each year (53). In Africa, cryptococcosis is the third most common cause of death in patients with
HIV/AIDS, and mortality from cryptococcal meningitis exceeds the death rate from tuberculosis (53). C.
neoformans is also a model organism for studying the virulence of pathogenic eukaryotes (24).

Recent phylogenetic studies highlighted the diversity and complex evolutionary relationships among
genetic groups within the Cryptococcus species complex. The two pathogenic sibling species, C. neoformans
and C. gattii , are members of the Filobasidiella clade of the Order Tremellales, which also includes several
nonpathogenic saprobic fungi associated with the arthropodal frass, decayed vegetation and soil (14). Both C.
neoformans and C. gattii are environmental, non-contagious pathogens, but they differ in key genetic,
ecological, physiological and pathobiological properties (29). Within each species, discrete genetically isolated
subgroups have been identified, which are morphologically indistinguishable but share 89-92% nucleotide
identity and can be classified as cryptic species (2, 27, 49). Specifically, C. gattii is comprised of four
genetically isolated groups designated VGI to VGIV molecular types, and C. neoformans is comprised of two
varieties, C. neoformans var. grubii and C. neoformans var. neoformans, which are commonly denoted by their
traditional capsular serotypes, A or D, respectively. In preliminary studies, we developed multilocus sequencing
typing (MLST) to genotype Cryptococcus and demonstrated that each variety can be further subdivided into
genetically isolated subpopulations, which are often restricted to specific geographic areas and/or occupy
different ecological niches (7, 40, 47). In addition, our population genetic analysis discovered that not all strains
are equally pathogenic, and strains with certain genotypes are more likely to cause disease in humans (35,
37).

Despite the extensive genetic and phenotypic diversity among wild type strains of C. neoformans, most
recent studies of pathogenesis focus on just three model strains (H99, JEC20 and JEC21), which restricts
interpretation of the results to the strain- or model-specific framework. Rather than continue to concentrate on
a small number of laboratory strains, we propose to obtain and analyze whole genome sequences of 330
genomes of Cryptococcus representing different species, molecular types, subpopulations, genotypes,
geographic regions, ecological niches and patient cohorts. Comparison of several pathogenic and
nonpathogenic species in the Cryptococcus species complex will provide insights into the core set of genes
that are responsible for their specialized ability to survive inside the mammalian host and cause human
disease. By comparing and contrasting strains from different populations and ecological niches, we will identify
genetic mechanisms that are responsible for adaptation to diverse ecological conditions, increased human
virulence and fitness. Analysis of strains from different geographic regions will allow us to estimate the extent
of clonality and sexual reproduction in the global population. The availability of multiple genomic sequences of
C. neoformans will expand our understanding of pathogenesis beyond the model strains, facilitate comparative
genomic and evolutionary studies, provide a rich supply of genetic markers and define testing populations for
subsequent epidemiologic and genome-wide association studies. All results will be freely available to benefit
the global scientific community.

Based on the preliminary data obtained by multilocus sequencing typing (MLST), population genetics
and phylogenetic analyses of the Cryptococcus species complex (14, 40, 49), we selected the minimum of
isolates required to address the specific aims. This proposal is primarily focused on C. neoformans var. grubii
(aka, serotype A) because this variety is responsible for >90% of all cryptococcal infections worldwide.
Consequently, the selected strains target specific questions about the molecular epidemiology, evolution and
pathogenesis of C. neoformans. In addition, this project will survey the diversity of C. gattii and related
nonpathogenic Tremellales species. For this purpose, we will sequence representatives of the four major
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lineages of C. gattii and 1 to 3 isolates of each closely related species of Tremellales. Table 1 summarizes the
genomes targeted by this project. All of these strains are available in the laboratories of the collaborating Pls
(see Table 2 attached after References).

Table 1. Genetic groups targeted for whole genome sequencing by aims 1, 3 and 4 of this proposal.

Genomes for de Genomes for

Species group Serotype Phylogenetic groups novo assembly  resequencing

3 clades (VNI, VNII, VNB);

C. neoformans var. serotype A 111 unique MLST 113* 159

grubi genotypes; Fig. 4*

C. neoformans var. serotype D 2 lineages; Fig. 3 15 0

neoformans

C. neoformans . —

hybrids serotype A/D 3 lineages; Fig. 3 14 0
. serotypes B 4 clades (VGlI, VG, VGIIl,

C. gatti and C VGIV); Fig. 2 15 0

Other UrEnEl s 12 species; Fig. 1 18 0

species

* For space considerations, Fig. 4 includes only 24 of the 99 unique genotypes found in the African
population.

**  Two strains, IUM 96-28-28 (64) and CDC15 (61), have not been genotyped by MLST. However, they are
included because of their interest to the research community (see Table 2), and their genomes will be
assembled de novo.

BACKGROUND

Medical impact. Although cryptococcosis occurs in people with apparently healthy immune systems, it
is the most prevalent life-threatening fungal infection among patients with HIV/AIDS. A recent report from the
US CDC estimated that the rate of cryptococcosis in sub-Saharan Africa is approaching one million cases per
year with mortality rates that may exceed 50% (53). In developed countries, the incidence of cryptococcosis is
much lower, but it remains a leading opportunistic infection of patients with solid organ transplants,
hematologic malignancies and HIV/AIDS (11). Even when early, appropriate therapy is available, cryptococcal
meningoencephalitis has a mortality rate of =40% (11, 55). Cryptococcosis can be caused by either of two
species, C. neoformans, which is characterized by haploid isolates with the A or D capsular serotype, as well
as AD hybrids, or C. gattii, traditionally denoted by serotype B or C. However, more than 90% of infections
worldwide are due to haploid strains of C. neoformans var. grubii, which possess the serotype A capsular
epitope (4).

Phylogenetic relationships and populations structure. Phylogenetic relationships among species of
Tremellales are shown on Figure 1. C. neoformans and C. gattii are the only species that are capable of
causing disease in mammals; the other Tremellales are saprobic and found on plants, decayed wood, soil and
insect frass (14). In addition, C. laurentii, C. adeliensis and a few other species of Cryptococcus are
infrequently isolated from mammals; however, despite sharing the generic name with pathogenic cryptococci,
these species are phylogenetically unrelated to Tremellales and therefore will not be included in this study (48).
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In our preliminary studies we developed two robust genotyping methods, amplified fragment length
polymorphisms (AFLP) and multilocus sequence typing (MLST), and genotyped strains of C. neoformans and
C. gattii from 15 different countries. Our studies and results by others demonstrated that C. gattii is comprised
of four genetically isolated molecular types, designated VGI to VGIV (Figure 2), which likely represent cryptic
species (15, 29, 39, 49). VGI strains are global and known to cause disease in both immunocompetent and
immunocompromised individuals. VGII strains are responsible for the ongoing outbreak on the Vancouver
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Figure 2. Phylogenetic relationships among
molecular types of C. gattii. This maximum
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C. neoformans is comprised of two varieties, C. neoformans var. neoformans (serotype D) and C.
neoformans var. grubii (serotype A). In addition, diploid AD hybrid strains are isolated from clinical and
environmental samples (36). The global population of serotype D is comprised of three genetically isolated
lineages (Figure 3). Strains from lineages 1 and 2 are global and widespread in the environment and in
patients. Serotype D counterparts from lineages 1 and 2 are commonly present in AD hybrids. Conversely,
strains from the lineage 3 are rare, and to date, they have only been isolated from unique AD hybrids isolated
from patients in France (unpublished data).
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Figure 3. Genetic relationships among 58 strains of serotype D and AD hybrids visualized by
Neighbor Joining dendrogram, which is based on polymorphisms in five concatenated MLST loci.
Three main lineages are shown. Numbers next to each clade designate the number of strains that will
be sequenced.




Figure 4 presents the genetic relationships among strains of serotype A. MLST genotyping using 12
unlinked loci identified three genetically isolated subpopulations, VNI, VNII and VNB. Strains of VNI and VNII
are ubiquitous, highly clonal, and cause most cryptococcal infections outside of Africa. In contrast, VNB
isolates are highly genetically variable and apparently confined to sub-Sahara Africa. In addition, 25% of the
clinical isolates of VNB from Botswana possess the rare MATa mating type allele (37).
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Figure 4. Genetic relationships among 84 strains of serotype A visualized by Neighbor Joining
dendrogram based on 12 concatenated MLST loci (adapted from (40)). Strains unique to Africa are
shown in red; these clades are designated VNB, as labeled, and VNI-Botswana (the red branches
within the VNI clade). Blue brackets show candidate strains for sequencing in aim 1; red brackets
show candidate strains for sequencing in aim 3. Numbers next to the brackets show the number of

strains of each genotype that will be sequenced.
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Population genetic analysis identified exceptional genetic diversity in the African population. Forty-nine
MLST genotypes were identified among 142 southern African strains, but only 10 genotypes were detected in
the global sample of 102 strains (40). Principal component analysis (PCA) and phylogenetic methods detected
a remarkable correlation between the genotypes and ecology: endemic African strains (VNB and VNI strains
from Botswana) were associated with native trees, whereas ubiquitous genotypes (VNI strains) were isolated
from their previously established niche, pigeon excreta (Figure 5). Haplotype network analysis indicated that
ancestral haplotypes of all eight loci are extant in strains obtained from endemic African trees. Conversely,
haplotypes of global isolates are associated with pigeons and occupy distal positions on the networks, which is
consistent with their recent origin. The combined evidence from population and phylogenetic analyses supports
the African origin and recent global expansion of serotype A (34).
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Figure 5. PCA plot of 59 MLST genotypes. Green circles
represent genotypes of isolates from endemic African
strains, and red triangles represent global genotypes.
Genotypes associated with African trees are marked with
tree icons, genotypes associated with pigeon excreta are
marked with pigeon icons, and genotypes without icons
represent clinical strains not yet recovered from the
environment. Adapted from (34).

In this project, we will use comparative
genomic analysis to define speciation boundaries
within this Cryptococcus species complex.
Comparative genomic analysis of pathogenic and
nonpathogenic species will distinguish genes that
enable C. neoformans and C. gattii to establish
infection and identify the basis of virulence in
Cryptococcus.

Sexual reproduction. The majority of natural
isolates of C. neoformans var. grubii (aka, serotype A)
are haploid, but they possess one of two mating type
alleles, a or a, and in the laboratory, strains of
opposite mating type are capable of sexual
reproduction (50). However, most natural isolates only
possess the a mating type (MATa), and this
dominance of a single mating type minimizes the
possibility of conventional sexual reproduction in
nature. Sexual reproduction among strains of serotype
A is geographically restricted to the ancestral
population in southern Africa, which harbors strains

with the rare MATa mating type and demonstrates evidence of recombination. Conversely, 99.9% of the
cosmopolitan strains of serotype A possess MATa mating type. Among isolates of C. neoformans var.
neoformans (serotype D), less than 2% possess the MATa mating type (51).

The extent of clonality and recombination in the natural populations of C. neoformans remains to be
determined. Population genetic analysis indicates that despite the predominance of MATa strains in the
environment, most natural populations exhibit some evidence of linkage equilibrium (41). However, an
alternative explanation for the observed linkage equilibrium among the loci in unisexual populations is the
potential of same sex mating between isolates with the MATa mating type (32, 33). This project will use
comparative genomic analysis to estimate the extent of sexual reproduction and recombination in different

populations of C. neoformans.

Human infection and virulence. During propagation in the environment, basidiospores or desiccated
yeast cells become airborne, and inhalation of these infectious propagules leads to a pulmonary infection. In
the alveoli, cryptococcal cells become encapsulated yeasts and proliferate. In people with healthy immune
responses, infection may remain latent for years and rarely cause disease. However, in people with impaired



immunity, the yeasts can disseminate to almost any part of the body, but preferentially to the central nervous
system, where meningoencephalitis is the usual and deadliest clinical manifestation.

The pathogenicity of C. neoformans is polygenic. Using well characterized laboratory strains and gene-
disruption experiments, a number of virulence factors have been identified, and the most important include
ability to produce a polysaccharide capsule and melanin, grow at 37°C, and secrete phospholipase B and
urease (28, 42, 45, 54). In addition, several signal transduction pathways have been implicated in the
regulation of pathogenicity (8, 9, 13, 52, 62). Although these previously characterized virulence factors are
essential for virulence, they are not necessarily sufficient and do not predict the pathogenic potential of a
strain. Multiple studies have noted that many wild-type strains are capable of producing these virulence factors,
but they are unable to cause disease in animals (17, 18, 46). Our recent data demonstrate that environmental
isolates of serotype A are unable to cause disease in the murine model of cryptococcosis, which is considered
the most valid surrogate for human cryptococcosis; however, most clinical isolates with the same molecular
genotypes as the benign environmental strains are lethal for mice (38). Regardless of genotype, two
hypotheses can explain this apparent paradox: (i) very few environmental strains are inherently virulent or (ii)
most environmental isolates are potentially pathogenic, but they require prior incubation and selection in the
host to become virulent. In this project, we will utilize comparative genomic and gene expression analyses of
clinical, environmental and experimentally evolved strains to explore these hypotheses and identify the genetic
mechanisms of virulence.

RESEARCH QUESTIONS OF THE PROPOSAL

This project will address the following fundamental questions about biology and epidemiology of C.
neoformans:

¢ Identify core set of genes that are responsible for specialized ability to colonize mammals;

e Define speciation boundaries within Cryptococcus species complex;

e Determine the genome-wide estimates of linkage disequilibrium and the extent of sexual reproduction
in different populations;

e |dentify sets of genes and/or markers that coincide with the ecological transition from decayed wood to
avian excreta, and subsequently, to the emergence of global clonal populations of serotype A (34);

¢ Identify specific genes/markers that are associated with significantly high prevalence in patients;

e Identify set of genes/markers that are associated with (i) increased morbidity and/or mortality in
patients, (ii) the ability to infect immunocompetent individuals, (iii) high prevalence in pediatric patients;
(iv) and increased fitness;

e Using RNA-Sequence, identify genes that are differentially regulated and/or mutated in clinical and/or
environmental strains;

e Determine the extent of alternative splicing and posttranslational regulation in C. neoformans;

e Using experimental evolution, identify transcriptional modifications/genomic rearrangements and/or
mutations associated with adaptation to in vitro stress/starvation and increased/decreased virulence.

Strains for this project have been selected to target these specific questions. In particular, the selection of
strains from different phylogenetic groups/populations will allow us to evaluate phylogeographic associations,
and potential speciation barriers within the Cryptococcus species complex. Most importantly, these strains will
enable us to identify a core set of genes responsible for human infection. Comparing the sequences of
environmental and clinical strains will identify markers associated with human infection and/or pinpoint sources
of human infection. The inclusion of strains from the ancestral recombining population in Africa will determine
the origin(s) of the global population, assess the extent of linkage disequilibrium, and identify strains/markers
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that are more likely to cause infection in Africa. Comparing strains from different geographic areas will allow us
to evaluate the extent of clonality in the global population. Analyzing strains with identical genotypes but
different phenotypes and/or isolated during different stages of infection will allow us to identify markers
associated with clinically relevant phenotypes, such as specific virulence factors, tissue tropisms and patient
prognoses (e.g., latent period, lethality), as well as identify mechanisms of phenotypic variations in C.
neoformans.

Because the genomic size of Cryptococcus is relatively small (20 Mb), it is feasible and economical to
analyze numerous genomes and transcriptomes at relatively low cost. In addition, it is possible to obtain
significant quantities of pure DNA and RNA, and all strains for this project are available in existing collections.
To obtain a representative and comprehensive sample of genomic diversity of C. neoformans, we propose four
focus areas for this proposal, described below.

SELECTION OF STRAINS, GROWTH CONDITIONS AND SEQUENCING APPROACH

Aim 1. Obtain and annotate whole genome sequences of key, representative strains in Cryptococcus
species complex. We will use our preliminary MLST data to select strains for whole genome sequencing (14,
40). To achieve an unbiased and comprehensive sample of global strains, we will include representative
strains of all common MLST genotypes from C. neoformans var. grubii and var. neoformans, as well as
common AD hybrids. In addition, to provide outgroups for subsequent phylogenomic analysis, we will include
representatives of each molecular type of C. gattii (VGI to VGIV) as well as several closely related
nonpathogenic species from Tremellales (14). To assess the extent of clonality among different geographic
and ecological samples, when available, we will include clinical and environmental representatives of each
MLST genotype from each geographic region and ecological niche. In addition to the common MLST
genotypes, which will be defined as genotypes that have been isolated from more than one population sample,
we will include several phylogenetically informative rare strains, such as those that possess rare mating types
and/or carry ancestral MLST alleles (34, 36). Overall, we anticipate obtaining whole genome sequences of 141
strains: 79 genomes of serotype A, 15 serotype D, 14 AD hybrids, 15 C. gattii and 18 related nonpathogenic
species. The resulting genomic data will be used to (i) determine phylogenetic relationships among the
strains/populations, (ii) define species/population boundaries, and (iii) identify genes/markers associated with
different ecological niches and human disease.

To facilitate phylogenomic analysis of the Cryptococcus species complex and to identify core set of genes
that enable Cryptococcus to cause infection, we will sequence, assemble, and annotate the following strains:

1. 18 nonpathogenic strains representing major lineages within Tremellales (Figure 1). To assess diversity
within the species, when available, we will include 2-3 representative strains of each species. (Two novel
species, C. pinus and C. shivajii, are not shown on Figure 1.)

2. 15 strains of C. gattii, including eleven representatives of VGI and VGII clades, which are the most diverse
and clinically relevant molecular types, and four representatives of the VGIII and VGIV clades, which are
less common in humans (Figure 2). To the best of our knowledge, we did not include strains that have
been already sequenced and/or are being proposed for sequencing by other groups.

3. 110 strains of C. neoformans, including 79 strains of serotype A (C. neoformans var. grubii), 15 strains of
serotype D (C. neoformans var. neoformans) and 14 AD hybrids (Figures 3 and 4). To capture genetic
diversity in the natural populations of this most clinically relevant species of Cryptococcus, we included
representatives of the all common MLST genotypes, which are defined as genotypes that were isolated
from more than one population sample, as well as several phylogenetically informative rare strains, such as
those that possess rare mating types and/or carry ancestral MLST alleles (34, 36). To assess the extent of



clonality in the populations, we added multiple strains of several common MLST genotypes that were
isolated from different geographic regions as well as clinical and environmental sources.

Proposed approach for Aim 1. We will follow the current approach at the Broad Institute for sequencing and
de novo assembly of small eukaryotes. All sequencing will be done with lllumina technology. For a subset of
the serotype A strains, where groups of mostly clonal isolates will be sequenced, we will select one isolate
from each clonal group for complete de novo sequencing and assembly. For the other isolates in each clonal
group, we will use a re-sequencing approach, where reads from a single fragment library will be obtained for
each strand compared to a reference genomic sequence to identify variation. Specifically, for 63 serotype A
strains that are clonal, we will generate 100X fragment coverage of 101 base reads from one 180 base library
and align these reads to a reference assembly chosen for each clonal group to identify SNPs, indels, and
regions of copy number variation. For the 78 genomes requiring de novo assembly, we will generate
approximately 100X paired end coverage by obtaining 101 base reads from each of two small-medium insert
libraries (180 bases and 3-5 kb). We recently used this approach to sequence and assemble the genomes of
several other fungi with haploid genomes similar in size to Cryptococcus and achieved high quality results.
Based on previously sequenced strains of C. neoformans, we expect the genomes to be 19 Mb in size, 48%
G+C, and minimally repetitive, and therefore to perform well in sequencing and assembly (43).

Because AD hybrids contain two similar haploid genomes, we will deploy a different approach to
sequence and assemble these strains. Previous work comparing the sequences of serotype A and serotype D
strains D (H99 and JEC21, respectively) determined that these genomes are highly syntenic (27) with only 32
rearrangements disrupting the collinear chromosomal structure (61). By aligning the JEC21 and H99 at the
nucleotide level, we find that they share 89% identity on average. At this level of nucleotide similarity between
the two genomes, it may be possible to assemble both the A and D genomes from the AD hybrids. A strategy
of using longer lllumina reads of 150 bases for assemblies is currently being tested in other genomic projects
at the Broad Institute, and if proven successful, we will employ this approach. However, if it is not possible to
assemble all the data directly, we will bin the AD hybrid reads by aligning them to the H99 and JEC21
genomes and assemble the reads that align to each genome separately. As the nearly completed JEC21 and
H99 assemblies are of high quality, they will provide superb references to bin sequence reads of the AD
hybrids. We will evaluate the completeness of the AD hybrid assemblies obtained by either approach by
aligning assembled sequences to the H99 and JEC21 reference genomes and determining the extent of
coverage and similarity of each A and D hybrid genome.

Comparative analysis of these genomic data will be carried out using existing methods. Specifically, we
will build gene families across the genomes using OrthoMCL (5, 6) or a similar program and examine patterns
of genetic conservation. Significantly enriched gene families or functions will be identified using a
hypergeometric test with correction for a false discovery rate of 5%. This comparison will allow us to identify
the core set of genes in the pathogenic species complex as well as genes specific to subsets of these species,
such as those that differentiate the pathogenic lineages of C. neoformans and C. gattii. In addition, we will
align orthologous groups with MUSCLE (57) and use paired likelihood tests in PAML (65) to detect evidence of
selection or higher rates of evolution in specific lineages.

We will use principal component analyses (PCA), hierarchical clustering (40) and Bayesian methods
with the software STRUCTURE (12, 56) to assess the genetic relationships among strains from different
populations and/or geographic regions. We will determine the extent of genetic variation within each
subpopulation and identify subpopulations with the highest level of genetic variation by computing the average
rate of pairwise differences in SNPs between the members of each cluster. In addition, we will analyze
population divergence by computing the Fsr statistic for all pairwise combinations of isolates to examine the
level of genetic differentiation and gene flow among populations.
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Aim 2. Use RNA-Sequence to assess the extent of variation among transcriptomes, provide
experimental annotation of the expressed genes, and estimate the level of alternative splicing in C.
neoformans.

Whole genome sequence data from aim 1 will be supplemented by gene expression data obtained by
RNA-Seq. RNA will be isolated from 12 representative strains of C. neoformans and C. gattii, which will be
selected based on the preliminary MLST analysis and include strains with MLST genotypes, which are most
frequently isolated from the environment and patients. To identify genes, whose expression correlates with
human infection, we will include both environmental and clinical isolates of each genotype (38). Strains will be
grown under six conditions that simulate growth inside the host and in the environment (e.g., synthetic media
that contain limiting amounts of nutrients and oxidative agents; rich medium; macrophage-like cells; rabbit
CSF, sterilized pigeon feces and boiled tree bark extract). To achieve statistical significance of data,
experiments will be performed in duplicate. The resultant transcriptome data will be used to (i) improve
annotation of the existing genes, (ii) identify new genes and non-coding RNAs, (iii) estimate the extent of
alternative splicing, and (iv) identify genes whose expression is correlated with adaptation to growth in the
environment and/or mammalian hosts.

We propose to obtain gene expression patterns of eight strains of serotype A, two strains of serotype D
and two of C. gattii. Specifically, we will include 8 previously characterized strains of serotype A with known
murine virulence, which represent three most prevalent MLST genotypes in the global population, A1/M1,
A4/M4 and A5/M5 (38). To identify differences in the gene expression between clinical and environmental
strains, we will analyze at least one clinical and one environmental strains of each genotype. We will include
H99 strain as the most common reference strain for gene expression studies. In addition, to assess the extent
of variability at the gene expression levels between serotypes A and D, we will include two strains of serotype
D representing linage 1 and 2 (Figure 3) and two strains of C. gattii, R265, the major outbreak strain, and a
strain from the same VGII group isolated from the environment on Vancouver island.

To capture the diversity of expressed genes, RNA will be isolated from strains growing under six
different conditions, designed to mimic environmental and in vivo growth of C. neoformans. Growth conditions
within the mammalian host will be simulated by propagating strains in (i) low-iron starvation medium
supplemented with hydrogen peroxide to produce reactive oxygen species, similar to the starvation and
oxidative stress conditions in the host (10, 23, 26), (ii) inside activated J774.1A macrophage-like cells, which
correspond to the initial stages of infection within the pulmonary alveoli (3, 44), and (iii) in rabbit CSF using the
established model of experimental meningitis, which replicates the terminal stage of infection (30). Our
preliminary microarray data indicate that each of these conditions distinguishes lethal and non-lethal strains,
and the combination provides a broad assessment of the critical host environments (data not shown).
Environmental growth conditions will be simulated by growing strains in the following culture media: (i) Yeast
Peptone Dextrose (YPD) broth, which is nutritionally replete, (ii) pigeon excreta broth, which consists of 15%
(w/v) suspension of sterile, desiccated pigeon feces to simulate growth in the most common ecological niche,
and (iii) boiled extract of decaying hardwood bark, another natural reservoir. To achieve statistical significance,
each experiment will be performed in duplicate. In this aim, we anticipate a total of 144 samples for RNA-Seq.

Proposed approach for Aim 2. For each strain and experiment described above, we will use the Broad
Institute protocol to generate strand-specific lllumina adapted libraries from polyA purified mRNA. For each
cDNA library of C. neoformans transcripts we will aim to generate 25M lllumina 75-bp reads, which is expected
to provide an average genic coverage of ~150X per strain. This approach should detect expression across a
wide range of expression values and provide sufficient reads per transcript to reveal significant differences in
gene expression. Although several Cryptococcus genomes have been annotated, none have yet been

evaluated or revised using RNA-Seq. Completing the sequence proposed by this aim will enable us to use
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RNA-Seq data to predict genes in each of the 12 genomes. We anticipate that the data this will provide
evidence supporting the existence of previously overlooked short genes as well as invalidate some previously
predicted genes. In addition, as splicing in C. neoformans is fairly complex for fungi, with six exons per gene,
we will use RNA-Sequence to refine exon predictions and evaluate alternative splicing, as well as antisense or
other noncoding transcripts. The revised annotations enable more accurate analyses of transcriptional
differences in gene expression among different strains and experimental conditions. For these comparisons,
we will use software such as the DEseq R package developed for RNA-Seq measurements and the
MultiExperiment Viewer to cluster and view expression values (1).

Aim 3. Estimate linkage disequilibrium in the African population of serotype A and identify genetic
markers associated with increased/decreased probabilities of causing cryptococcal disease and
emergence of global strains.

While global populations of serotype A and D are highly clonal, a unique subpopulation of serotype A in
sub-Saharan Africa is characterized by high genetic diversity, the presence of both mating types and evidence
of recombination, which are characteristic of the ancestral population of serotype A (34, 37). Despite the
enormous diversity of genotypes in the African population, almost half (46%) of all patients in Botswana and
more than 25% of patients in South Africa are infected by strains of only three closely related genotypes;
however, none of these molecular genotypes is dominant in strains from the African environment (unpublished
data). In this aim, we propose to use whole-genome sequencing to genotype 180 clinical and environmental
strains from Botswana. These data will be used to estimate linkage equilibrium and the extent of sexual
reproduction in the African population. The results will also enable us to identify genomic regions that are
significantly associated with a high or low probability of causing cryptococcal disease, the transition to a
different ecological niche and/or the emergence of cosmopolitan clonal lineages.

Our previous studies described the unusual population in southern Africa that is characterized by (i) a
significant proportion of isolates with the MATa mating type, which is almost extinct from the global population,
(ii) unprecedented genetic diversity, and (iii) evidence for genetic recombination (37). Our recent phylogenetic
and population genetic analyses demonstrated that this population is ancestral, and the emergence of as few
as two strains from Africa can fully account for the genetic diversity of the global population of serotype A (34).
In this aim, we will obtain whole genome sequences of clinical and environmental strains from Africa. By
comparing their sequences with the global strains, we will identify genetic markers that coincide with the
change of ecological niche and emergence of global strains (34).

High genetic diversity and frequent recombination makes the African population an ideal target for
GWAS. Genomic data from aim 3 will provide the necessary preliminary data for the subsequent project to
identify regions of genome that are associated with virulence in serotype A. Although we do not yet have a
complete set of clinical and environmental strains to achieve statistical significance of GWAS, we recently
received funding from NIH to identify genes and markers associated with virulence in C. neoformans. Within
the next year, we anticipate obtaining a statistically meaningful sample of environmental and clinical strains,
including the corresponding ecological and clinical data. Genomic data from this aim will provide necessary
preliminary data for this forthcoming GWAS project. More specifically, this aim will identify numerous
polymorphic markers, define target populations and provide genome-wide estimates of the linkage equilibrium.
For this aim, we will sequence 15 strains isolated from the environment in Botswana and South Africa, and 165
clinical strains (detailed list is shown in Table 1).

Proposed approach for aim 3. As in aim 1, we will select a subset of the strains for de novo assembly. One
representative strain from each clonal group will be sequenced and assembled, and the other clonal isolates
will be sequenced to 100X and compared to the assembled reference strain. Of the 180 total strains in this
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aim, we plan de novo assemblies of 99 genomes using 200X coverage of paired end 101 base lllumina reads
(180-bp and 3-5 kb libraries). The remaining 81 strains will be sequenced to 100X using paired end reads from
180-bp fragments and variants identified as in aim 1.

Preliminary analysis of the MLST data revealed that the Botswanan population consists of two partially
isolated subpopulations: VNB and VNI-Botswana (see Figure 4) (40). In addition, previous analysis of AFLP
data suggested that the VNB subpopulation may be subdivided into three subgroups (viz., VNB-a, VNB-b, and
VNB-c) (37, 40). However, neither MLST nor AFLP genotyping provided sufficient resolution to determine the
statistical significance of these subdivisions. In this aim, we will test for evidence of the geographic or
ecological subdivision in the African population by using PCA, hierarchical clustering (40) and STRUCTURE as
described in aim 1. In addition, we will determine the extent of genetic variation within each subpopulation and
identify subpopulations with the highest level of genetic variation by computing the average rate of pair-wise
differences in SNPs between the members of each cluster. We will compare genetic diversity between global
and African population samples. This project should definitively enhance our preliminary findings by providing a
larger and more varied number of strains and an increased number of markers (SNPs). This critical expansion
of the data will result in a finer scale of resolution of each cluster and a more accurate estimate of genetic
diversity within each subpopulation.

To determine the evolutionary relationships between the African and global populations, we will
compare their genomic sequences, which will be obtained in aims 1 and 3. To account for small and large
scale variation between these strains we will take two approaches. First, we will compare all African strains to
two reference genomes from Africa, representing the VNB and VNI-Botswana subpopulations, and obtain
genotypes for all SNP loci across all strains. SNPs with biased representation in the different niche groups of
strains will be identified, and will be grouped based on location to determine which large genomic regions have
segregated based on strain niche. Second, to identify SNPs and other variations within the entire set of
sequences, both African and global, we will identify orthologous genes with OrthoMCL (5, 6) and align the
orthologs using MUSCLE (57) as described in aim 1. We will determine if sequence regions are missing in
some strains by examining the representation of orthologous genes across the sequenced genomes. Aligned
1:1 orthologous genes represented in all genomes will be concatenated into independent alignment files, and
the phylogeny will be inferred using maximum parsimony and Neighbor joining methods implemented in PAUP
and maximum likelihood using RAXML method (59, 60). On the phylogenetic tree, ancestral haplotypes are
expected to occupy basal positions and should have a sibling relationship to all the other haplotypes. We will
root the reconstructed gene trees with sequences from the reference strain of C. neoformans var. neoformans
(serotype D) and C. gattii. We will compare the results of different phylogenetic methods and alignment
strategies determine which haplotypes (from which subpopulations) occupy basal positions on the tree. If
bootstrap analysis is not possible, congruent results across methods will greatly increase confidence in the
inferred topologies. Presence of ancestral haplotypes in the African population will support an African origin of
serotype A, whereas presence of ancestral haplotypes in multiple locations will suggest other models of
evolution.

We will test for evidence of recombination in African subpopulations by assessing the extent of linkage
disequilibrium (LD) across each of the scaffolds in the reference assembly. LD in the population will be
estimated by calculating r?, a standard statistic that describes the joined and independent frequencies of paired
loci in the population (31, 63). We will plot r* against the physical distance between SNP markers. (The
program HAPLOVIEW will be used to calculate the average distance between these markers.) Areas of the
genome that exhibit a rapid decline of r* over distance will be deemed regions of low LD, and areas with a
gradual decline will be deemed regions with high LD. Values of r? for the unlinked markers will used to
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represent the background level of LD in the populations. In addition, we will test for evidence of recombination
in each population by calculating the standardized index of association (1») for each subpopulation (58).

Aim 4. Identify genetic and transcriptional changes associated with the
gain or loss of virulence and phenotypic instability in experimentally
evolved strains.

Our preliminary data showed that experimental evolution and stable
adaptation to starvation and oxidative stress increases the ability of C.
neoformans to survive and proliferate in vitro in macrophages, whereas
prolonged growth in rich medium decreases virulence. In this aim, we will
compare whole-genome sequences and gene expression patterns among 13
experimentally evolved strains and their progenitors to identify mutations,
structural variations and changes in gene expression patterns associated with
gain or loss of virulence. (Transcriptional changes will be determined by RNA-
Seq using culture conditions described in aim 2). This aim addresses several
fundamental questions about the pathobiology of C. neoformans. First, these
data will resolve questions about whether environmental, apparently avirulent
strains can become virulent after several months of incubation under
conditions that simulate mammalian alveoli, and if so, whether most or only a
few environmental strains have the potential to cause infection. Second, whole
genome sequencing and gene expression analysis of the evolved and
progenitor strains will explicate the genetic mechanisms of phenotypic variation
(switching) of C. neoformans, which has been described in numerous reports
but never fully explained at the molecular level (16, 19-22, 25). Third, direct
comparison of the transcriptional patterns and whole genome sequences of the
evolved and progenitor strains will identify specific genes and pathways whose
differential regulation causes an increase or decrease of virulence.

Our preliminary data and results by others demonstrate that strains of C.
neoformans are phenotypically variable and strains with the same genotypes
often differ in virulence (8, 16, 19-22, 25, 38). Our recent unpublished data
confirmed that in vitro propagation under conditions of starvation and oxidative
stress resulted in the selection of strains with dramatically increased ability to
replicate within macrophage-like cells (Figure 6), and growth in nutritionally
replete medium selected for strains with reduced virulence (Figure 7). In this
aim, we will use whole genome sequencing and RNA-Seq to identify genomic
and transcriptional changes associated with phenotypic variability in C.
neoformans. Transcriptional changes will be determined by RNA-Seq using
culture conditions that imitate in vivo growth described in aim 2 (e.g. starvation-
oxidative stress medium, J774.A1 activated cells, rabbit CSF). Overall, we
anticipate obtaining whole genome sequences of 13 experimentally evolved

strains and 39 RNA samples. The following strains will be analyzed:

1. Experimentally evolved progeny of non-lethal environmental strains,
A1-35-8 and A5-35-17: two colony-purified evolved strains for each
progenitor strain (four strains total). To obtain experimentally evolved
strains for this experiment, progenitor strains were propagated at 37°C
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Figure 6. Survival & proliferation
of the evolved & progenitor
strains in macrophages. PMA-
activated J774 cells were
incubated with colony-purified
evolved strains (red bars), their
progenitors (blue bars) & lethal
clinical strains with same
genotypes (green bars). Total
numbers of internalized yeast
cells of each strain were
determined by
spectrophotometer after 12 h
co-incubation. Progenitor strains
(marked with asterisks)
demonstrated significantly lower
proliferation rates (p<0.001).
Top panel shows data for A5-
35-17-derived strains and the
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Figure 7. Survival of mice
infected with the original clinical
strain C23 (red) and two in vitro
passaged subcultures (C23-A
and C23-B; blue) isolated after
40 days of propagation in YPD.




in the starvation-oxidative stress medium, which contained only trace amounts of iron and copper (no
external Fe or Cu were added), 0.1% of glucose (1/10 of the amount in the complete medium) and
0.1% of ammonium sulfate (1/5 of the amount in complete medium). In addition, the medium was
supplied with 0.15 mM of tBOOT (tert-butylhydroperoxide), which penetrates the cells and produces
reactive oxidative species (ROS) that mimic in vivo oxidative stress (10, 23). Strains were propagated

for 60 d; each day approximately 10° CFU were transferred to a tube
containing fresh medium. After approximately 250 generations,
single colonies were isolated and sub-cultured 5 times on YPD (rich
non-selective medium) plates to ensure stability of the acquired
changes. Then, growth rates of the evolved and progenitor strains
were compared in both limiting and rich media. As shown in Figure 8,
the growth rate of evolved strains was faster in selective medium but
slower in YPD. Obtaining whole genome and transcriptome
sequences of the experimentally evolved strains will allow us to
identify genetic and transcriptional changes that correlate with
adaptation to starvation, stress and increased virulence.

Phenotypic variants of strain H99 with different virulence in mice,
H99E, H99W and H99S (three strains total). H99E and H99W
originated from the H99 #1 original stock by repeated passaging on
YPD medium; these strains differ from the parental strain as they
produce less melanin, have impaired mating and attenuated
virulence. H99S isolate was obtained via passage of a mixed H99
frozen stock through the rabbit model of CNS infection. The H99S
isolate is highly virulent in the mouse, rabbit and Galleria mellonella
animal models, produces normal levels of melanin and readily mates
in the laboratory. Obtaining whole genome and transcriptome
sequences of the phenotypic variants of H99 strain will allow us to
identify genetic and transcriptional changes that correlate with these
changes in virulence.

pyclA revertant strains, which regained their ability to grow on
glucose as the result of microevolution; two colony purified strains
will be selected for each mutant (6 strains total). PYK1, which
encodes the C. neoformans pyruvate kinase gene, was deleted in
the wild type strain H99 generating three deletion strains, MPC31,
MPC33, and MPC34, which were unable to utilize glucose. The
mutants were incubated on YPD for one week and strains with
revertant phenotypes were selected, which regained their ability to
utilize glucose. Obtaining whole genome sequences of these
revertant strains will allow us to identify genetic mechanisms that
enable C. neoformans to adapt to different sources of carbon and/or
starvation, which are major selection factors inside the host.
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Figure 8. Growth of A5-35-17
evolved strains & their progenitor
in the starvation-oxidative stress
medium (modified LIM).
“Progenitor” is the original
environmental strain that was
isolated from pigeon guano and
kept at -80°C. “Evolved #1" and
“Evolved #2" are two individual
colonies isolated from the evolved
culture and sub-cultured 5 times
on YPD plates to ensure stability.
“Evolved-Mix” is a sample of the
entire population of evolved cells.
All strains were grown o/n in YPD
broth, harvested, washed with
EDTA to remove Fe and Cu,
enumerated in hemocytometer,
and the same amount of inoculum
was used to initiate the cultures.
Turbidity of the cultures was
estimated by measuring OD600.
Experiment was performed in
triplicate. Similar results were
obtained for A1-38-5 strain (data
not shown).

Proposed approach for Aim 4. Using the approach described in aim 1, we will sequence and assemble each
of the six progenitor strains (approximately 100X Illumina coverage of paired end 101 base reads from each of
two small-medium insert libraries). For the seven evolved progeny, we will generate 100X coverage, and
identify SNPs, indels, and regions of copy number variation as in aims 1 and 3. RNA-Sequence will be
performed as described in aim 2. By comparing the progeny sequence to the progenitor assemblies, we will
identify genetic changes for the progeny strains. These will be compared across lineages to identify common




and unique changes. The genes or regions with changes will be compared to the RNA-Sequence data, to
determine which changes resulted in gene expression differences. This will suggest candidate loci that could
contribute to phenotypic changes.

COMMUNITY INTEREST

Cryptococcus is a pathogen of the global clinical importance and an established model fungus. The
scientific community working on C. neoformans and C. gattii is diverse and includes numerous research
laboratories in the US and abroad. The 8" International Conference on Cryptococcus and Cryptococcosis
(8ICCC) was held in 2011 and attracted over 200 participants from more than 60 laboratories. This meeting
highlighted an urgent need for additional well-annotated genomes of C. neoformans and C. gattii. Most of
these investigators will benefit from the data resulting from this project. For this proposal, we have assembled
a consortium of researches who support our genomic initiative, including:

Joseph Heitman, Duke University, USA

John R. Perfect, Duke University, USA

James A. Alspaugh, Duke University, USA

Thomas G. Mitchell, Duke University, USA

Xiaorong Lin, Texas A&M University, USA

Kyung J. Kwon-Chung, NIAID, USA

Arturo Casadevall, Albert Einstein College of Medicine, USA
Christina M. Hull, University of Wisconsin, Madison, USA
Kirsten Nielsen, University of Minnesota, USA

Hiten Madhani, University of California, San-Francisco, USA
Jason Stajich, University of California, Riverside, USA
James Kronstad, University of British Columbia, Canada
Jianping Xu, McMaster University, Canada

Mathew C. Fisher, Imperial College, UK

Francoise Dromer, Institute Pasteur, France

Guilhem Janbon, Institute Pasteur, France

Teun Boekhout, CBS Fungal Diversity Centre, Netherlands

PROJECT COLLABORATORS

Strains for this project have been contributed by collaborating Pls (Anastasia Litvintseva, Joseph
Heitman, Francoise Dromer and John Perfect). Since the strains have already been collected and stored, no
IRB or IACUC approvals are required. Furthermore, relevant strains will be provided to other researchers on
request and deposited in fungal culture collections, such as ATCC, CBS, etc.
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DATA RELEASE

Sequence data will be submitted as it is generated to the short read archive if available, or other
appropriate database. Assemblies and annotations will be submitted to GenBank and released on the Broad
Institute website.
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Table 2. Strains proposed for sequencing. Strains are grouped into four specific aims. Strains with identical MLST genotypes are color-coded: one strain shown in
red from each clonal group will be de novo assembled as a reference genome.

AIM 1
Strain Serotype MLST genotype OCrti);i?]try of Source Comments Provided by PI Reference
A1-35-8 A Al/M1 USA pigeon guano avirulent environmental strain Litvintseva 38, 40
Al1-84-14 A Al/M1 USA pigeon guano the only virulent environmental strain Litvintseva 38, 40
Arg1366 A Al/M1 Argentina clinical 2006, MLST study Litvintseva 40
Cc23 A Al/M1 USA bronch. wash/HIV- virulent clinical strain Litvintseva 38, 40
AD2-99a A Al/M1 France clinical A/D study in France Dromer 11
AD3-83a A Al/M1 France clinical A/D study in France Dromer 11
MW-RSA606 A Al/M1 S. Africa CSF/HIV+ RSA, 2010, original isolate Litvintseva
MW-RSA5387 A Al/M1 S. Africa CSF/HIV+ RSA, 2010, relapse isolate Litvintseva
A3-38-20 A A3/M1 USA pigeon guano avirulent environmental strain Litvintseva 38, 40
AD4-47a A A4/M1 France clinical A/D study in France Dromer 11
AD3-58 A A4/M1 France clinical A/D study in France Dromer 11
A4-1-12 A A4/M1 USA pigeon guano 2005, environmental strain from NC Litvintseva
MW-RSA1869 A A4/M1 S. Africa CSF/HIV+ 2010, RSA, van Wyk study Litvintseva
MW-RSA82 A related to A1/M1 S. Africa CSF/HIV+ 2010, RSA, van Wyk study Litvintseva
AD1-7a A related to AL/M1 France clinical A/D study, the most prevalent gen Dromer 11
AD1-95a A related to AL/M1 France clinical A/D study, the most prevalent gen Dromer 11
AD5-45a A related to AL/M1 France clinical A/D study, the most prevalent gen Dromer 11
AD6-55a A related to AL/M1 France clinical A/D study , the most prevalent gen Dromer 11
AD6-54a A related to AL/M1 France clinical A/D study, the most prevalent gen Dromer 11
AD1-90a A related to AL/M1 France clinical A/D study, the most prevalent gen Dromer 11
WM148 A Al/M1 Australia clinical typing strain Litvintseva 40, 47
MW-RSA2628 A unigue S. Africa CSF/HIV+ RSA, 2010, original isolate Litvintseva
MW-RSA6134 A unique S. Africa CSF/HIV+ RSA, 2010, relapse isolate Litvintseva
A2-102-5 A A2/M2 USA pigeon guano genotype never isolated from humans Litvintseva 38, 40
D17-1 A A2/M2 S. Africa pigeon guano Durban, 2007 Litvintseva 34
A3-1-1 A A3/M3 USA pigeon guano avirulent environmental strain Litvintseva 40
Pré68 A A3/M3 S. Africa pigeon guano Parys, 2007 Litvintseva 34
Ug2459 A A3/M3 Uganda CSF/HIV+ 2006, MLST study Litvintseva 40
AD2-60a A A3/M3 France clinical A/D study in France Dromer 11
AD4-92a A A3/M3 France clinical A/D study in France Dromer 11



AIM 1, Continued

Strain Serotype MLST genotype ocr(i);i:try of Source Comments Provided by PI Reference
A4-34-6 A A4/M4 USA pigeon guano avirulent environmental strain Litvintseva 38, 40
In2632 A A4/M4 India CSF/HIV+ 2006, MLST study Litvintseva 40
Cc27 A Ad/M4 USA CSF/cancer virulent clinical strain Litvintseva 38, 40
Br795 A A4/M4 Brazil clinical 2006, MLST study Litvintseva 40
RTC1 A Ad/M4 Botswana CSF/HIV+ 2007, Botswana clinical Litvintseva 34
Gb118 A A4/M4 Botswana pigeon guano 2007, Gaborone Litvintseva 34
MW-RSA36 A A4/M4 S. Africa CSF/HIV+ 2010, RSA, van Wyk study Litvintseva

AD1-68a A A4IM4 France clinical A/D study in France Dromer 11
AD5-39a A A4IM4 France clinical A/D study in France Dromer 11
AD2-04a A A4IM4 France clinical A/D study in France Dromer 11
ADA4-63a A A4IM4 France clinical A/D study in France Dromer 11
A5-35-17 A A5/M5 USA pigeon guano avirulent environmental strain Litvintseva 38, 40
C8 A A5/M5 USA CSF/HIV+ progenitor of exp. evolved strains Litvintseva 38, 40
Jp1088 A A5/M5 Japan human lung 2006, MLST study Litvintseva 40
CHC193 A A5/M5 China CSF/HIV- the only genotype in China Litvintseva 7
MW-RSA1955 A A5/M5 S. Africa CSF/HIV+ 2010, RSA, van Wyk study Litvintseva

AD1-83a A A5/M5 France clinical A/D study in France Dromer 11
AD1-86a A A5/M5 France clinical A/D study in France Dromer 11
AD2-82a A A5/M5 France clinical A/D study in France Dromer 11
AD5-53a A A5/M5 France clinical A/D study in France Dromer 11
Jo278-1 A A5/M5 S. Africa soil Johannesburg, 2007 Litvintseva 34
Th206 A Th Thailand blood/HIV+ 2006, MLST study Litvintseva 40
Ug2463 A Th Uganda CSF/HIV+ 2006, MLST study Litvintseva 40
Th84 A Th Thailand blood/HIV+ 2006, MLST study Litvintseva 40
LP-RSA2297 A Th S. Africa CSF/HIV+ 2006, Limpopo Pr. Litvintseva 34
AD3-95a A Th France clinical A/D study in France Dromer 11
ADA4-76a A Th France clinical A/D study in France Dromer 11
AD2-6a A unique France clinical A/D study in France, unusual genotype Dromer 11
AD3-55a A unique France clinical A/D study in France, unusual genotype  Dromer 11
AD3-41a A unique France clinical A/D study in France, unusual genotype  Dromer 11
A7-35-23 A VNII USA soil avirulent environmental strain Litvintseva 38, 40
C12 A VNII USA lung/HIV- avirulent clinical strain Litvintseva 38, 40



AIM 1, Continued

Strain Serotype MLST genotype OCrcing]Ji?]try of Source Comments Provided by PI Reference
Ug2462 A VNII Uganda CSF/HIV+ 2006, MLST study Litvintseva 40
WM626 A VNII Australia clinical VNII typing strain Litvintseva 40, 47
C45 A VNII USA sputum/HIV- virulent clinical strain Litvintseva 38, 40
LP-RSA1684 A VNII S. Africa CSF/HIV+ virulent clinical strain Litvintseva 34
AD3-9a A VNII France clinical A/D study France Dromer 11
AD5-67a A VNII France clinical A/D study France Dromer 11

T4 A VNII USA oak tree arboreal isolate from the US Litvintseva

8-1 A VNII USA clinical used for creating congenic strains Litvintseva 34, 40
AD3-11a A VNII France clinical A/D study France Dromer 11

Cc2 A VNII USA clinical 2006, MLST study Litvintseva 40
MW-RSA852 A VNII S. Africa CSF/HIV+ RSA, 2010, original isolate Litvintseva

MW-RSA4119 A VNII S. Africa CSF/HIV+ RSA, 2010, relapse isolate Litvintseva

MW-RSA722 A unique S. Africa CSF/HIV+ most prevalent genotype in van Wyk study Litvintseva

LP-RSA2296 A unigue S. Africa CSF/HIV+ related to A2/M2, Limpopo Pr., 2006 Litvintseva 34
CDC15 A unknown USA clinical strain used for QTL mapping by Sun et al Litvintseva 61
IUM 96-28-28 A unknown Italy pigeon guano MATa isolate from Italy Litvintseva 64
125.91 A unique Tanzania clinical MATa isolate, ancestral haplotypes Litvintseva 34, 36
MMRL757 D lineage 1 Italy Heitman

MMRL760 D lineage 1 Italy Heitman

MMRL751 D lineage 1 Italy Heitman

B3179 D lineage 1 USA Heitman

CDC92_18 D lineage 2 USA Heitman

S17 D lineage 2 France Heitman

2 22 D lineage 2 USA pigeon guano Heitman 35
CDC92_27 D lineage 2 USA clinical Heitman

AD3 99 D lineage 2 France Heitman 11
VANC_R461 D lineage 2 Canada Heitman

431 D lineage 2 Denmark Heitman

3_15 D lineage 2 USA pigeon guano Heitman 35
S15 D lineage 2 France clinical Heitman

S10 D lineage 2 France clinical Heitman

WM629 D unknown Australia clinical typing strain for serotype D Heitman 47



AIM 1, Continued

Strain Serotype MLST genotype OCrcing]Ji:try of Source Comments Provided by PI Reference
IUM92_4686 AD lineage 1 Italy Heitman

ATCC48184 AD lineage 1 Japan Heitman

S3 AD lineage 1 France Heitman

NC34_21 AD lineage 1 USA pigeon guano Heitman 35
6_20 AD lineage 2 USA pigeon guano Heitman 35
AD7_95 AD lineage 2 France Heitman 11
MMRL1361 AD lineage 2 Italy Heitman 38
S4 AD lineage 2 France Heitman

It756 AD lineage 2 Italy Heitman 38
S6 AD lineage 2 France Heitman

S7 AD lineage 2 France Heitman

S10 AD lineage 2 France Heitman

29287 AD lineage 2 China Heitman 38
S1 AD lineage 3 France Heitman

E566 B VGI Australia eucalyptus tree Heitman

EJB2 B VGI USA clinical Heitman

NT-10 B VGI Australia clinical Heitman

Ru294 B VGI S. Africa unknown tree Heitman

CA1014 B VGlla USA clinical Heitman

CBS10090 B VGlla Greece clinical Heitman

LA55 B VGlla Brazil clinical Heitman

99/473 B VGllb Caribbean clinical Heitman

Ram5 B VGIIb Australia clinical Heitman

2001/936-1 B VGII Senegal clinical Heitman

MMRL2647 C VGII Australia clinical Heitman

CA1873 C \elll USA clinical Heitman

CA1280 C VGIII USA clinical Heitman

Bt64 C VGIV Botswana clinical Heitman 39
IND107 C VGIV India clinical Heitman

CBS7841 Filobasidiella depauperata Heitman 14
CBS7855 Filobasidiella depauperata Heitman 14
CBS6074 Bullera dendrophila Heitman 14



AIM 1, Continued

Strain Serotype MLST genotype Ocr?;i:try of Source Comments Provided by PI Reference
CBS8507 Kwoniella mangroviensis Heitman 14
CBS10436 Kwoniella mangroviensis Heitman 14
CBS8886 Kwoniella mangroviensis Heitman 14
CBS10118 Cryptococcus bestiolae Heitman 14
CBS10117 Cryptococcus dejecticola Heitman 14
CBS569 Cryptococcus heveanensis Heitman 14
BCC8398 Cryptococcus heveanensis Heitman 14
CBS6973 Tremella mesenterica Heitman 14
ATCC24925 Tremella mesenterica Heitman 14
HL#3846 Tremella globispora Heitman 14
CBS10737 Cryptococcus pinus Heitman 14
KMF1 Cryptococcus shivajii Heitman 14
ATCC14438 Cryptococcus humicola Heitman 14
CBS6039 Cryptococcus amylolentus Heitman 14
CBS6273 Cryptococcus amylolentus Heitman 14
AIM 2
A1-35-8 A Al/M1 USA pigeon guano avirulent environmental strain Perfect/Litvintseva* 38, 40
A1-84-14 A Al/M1 USA pigeon guano the only virulent environmental strain Perfect/Litvintseva 38, 40
Cc23 A Al/M1 USA clinical virulent clinical strain Perfect/Litvintseva 38, 40
H99 A Al/M1 USA clinical typing strain Perfect/Litvintseva 38, 40
A5-35-17 A A5/M5 USA pigeon guano avirulent environmental strain Perfect/Litvintseva 38, 40
C8 A A5/M5 USA clinical clinical virulent strain Perfect/Litvintseva 38, 40
A4-34-6 A Ad4/M4 USA pigeon guano avirulent environmental strain Perfect/Litvintseva 38, 40
c27 A A4/M4 USA clinical clinical virulent strain Perfect/Litvintseva 38, 40
2 22 D lineage 2 USA pigeon guano environmental strain Perfect/Litvintseva 35
S16 D lineage 2 France clinical clinical strain Perfect/Litvintseva
R265 B VGlla Canada clinical outbreak typing strain Perfect/Litvintseva 3
RB1 B VGlla Canada tree environmental, genotype identical to R265 Perfect/Litvintseva

* RNA for Aim 2 will be provided by Drs. Litvintseva and Perfect



AIM 3

Strain Serotype MLST genotype oc:i);i:try of Source Comments Provided by PI Reference
Bt2 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt3 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt6 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt19 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt29 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt30 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt37 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt44 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt93 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt110 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt114 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt116 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt120 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt129 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt130 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37, 40
Bt137 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt151 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt153 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt161 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt203 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt211 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt214 A gen24 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt4 A gen27 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt8 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt11l A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt15 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37, 40
Bt17 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt18 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt20 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt23 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt28 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt42 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37



AIM 3, Continued

Strain Serotype MLST genotype OCrti);i?]try of Source Comments Provided by PI Reference
Bt43 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt47 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt48 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt49 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt51 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt57 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt58 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt59 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt62 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt66 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt72 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt77 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt78 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt79 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt83 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt87 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt121 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37, 40
Bt155 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt209 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt210 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt205 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt207 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt90 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt95 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt97 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt104 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt106 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt111 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt117 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt118 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt123 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt126 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37



AIM 3, Continued

Strain Serotype MLST genotype OCrcing]Ji:try of Source Comments Provided by PI Reference
Bt132 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt160 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt164 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt202 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt212 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
RTC5 A gen27-30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
Bt100 A gen28 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt107 A gen28 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt108 A gen28 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt119 A gen28 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt127 A gen28 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt134 A gen32 (A5/M5)  Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37, 40
Bt139 A gen32 (A5/M5)  Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt141 A gen32 (A5/M5)  Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt150 A gen30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37, 40
LP-RSA848 A gen30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
Bt156 A gen30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt163 A gen30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt213 A gen30 (VNI) Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
LP-RSA116 A VNI Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
Bt9 A VNI Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt68 A VNI Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
LP-RSA1343 A VNI Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
LP-RSA3042 A VNI Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
Gb159-1 A VNI Botswana unknown tree Gaborone, 2007 Litvintseva 34
Tu241-1 A VNI Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu259-1 A VNI Botswana Mopane tree Tuli, 2007 Litvintseva 34
Pr284-1 A VNI Botswana avian guano Parys, 2007 Litvintseva 34
Btl A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt24 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt25 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt27 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37



AIM 3, Continued

Strain Serotype MLST genotype Ocr?;i:try of Source Comments Provided by PI Reference
Bt22 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt5 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt10 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt7 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt31 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt32 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt33 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt34 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt36 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt38 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt39 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt40 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt41 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt45 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt46 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt50 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt52 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt53 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt54 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt55 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt56 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt60 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt63 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt65 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt70 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt71 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt75 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt76 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt81 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt84 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt85 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt88 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40



AIM 3, Continued

Strain Serotype MLST genotype Ocr?;i:try of Source Comments Provided by PI Reference
Bt89 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt92 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt96 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt98 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt99 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt101 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt102 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt103 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt105 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt109 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt115 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt125 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt128 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt131 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt133 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt136 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt137 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt138 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt142 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt143 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt146 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt147 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt148 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt149 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt152 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt154 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt157 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt158 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt162 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37
Bt204 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt206 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37,40
Bt208 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 37



AIM 3, Continued

Strain Serotype MLST genotype Ocr?;i:try of Source Comments Provided by PI Reference
LP-RSA756 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
LP-RSA6618 A VNB Botswana CSF /HIV+ Botswana, 2003 Litvintseva 34
MW-RSA1186 A VNB Botswana CSF /HIV+ RSA, 2010, original isolate Litvintseva
MW-RSA3179 A VNB Botswana CSF /HIV+ RSA, 2010, relapse isolate Litvintseva
MW-RSA1607 A VNB Botswana CSF /HIV+ RSA, 2010, original isolate Litvintseva
MW-RSA3321 A VNB Botswana CSF /HIV+ RSA, 2010, relapse isolate Litvintseva
MW-RSA913 A VNB Botswana CSF /HIV+ RSA, 2010, original isolate Litvintseva
MW-RSA2967 A VNB Botswana CSF /HIV+ RSA, 2010, relapse isolate Litvintseva

RTC3 A VNB Botswana CSF /HIV+ Botswana, clinical, 2007 Litvintseva 34
LP-RSA3144 A VNB Botswana CSF /HIV+ Limpopo Pr., 2006 Litvintseva 34
Tu406-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu416-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu229-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu369-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu401-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu422-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu360-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
Tu248-1 A VNB Botswana Mopane tree Tuli, 2007 Litvintseva 34
PLR10 A VNB Botswana Mopane tree L.Roushe, northern Botswana, 2009 Litvintseva 34
Ze90-1 A VNB S. Africa Eucalyptus tree Zerrust, 2007 Litvintseva 34



AIM 4

Strain Serotype MLST genotype OCrcing]Ji:try of Source Comments Provided by PI Reference
A1-35-8-E#1 Al/M1 exp. evolved Litvintseva
A1-35-8-E#2 Al/M1 exp. evolved Litvintseva
A5-35-17-E#1 A5/M5 exp. evolved Litvintseva
A5-35-17-E#2 A5/M5 exp. evolved Litvintseva
H99E Al/M1 exp. evolved less virulent Perfect
H99W Al/M1 exp. evolved less virulent Perfect
H99S Al/M1 exp. evolved more virulent Perfect
MPC31-1 A1/M1 exp. evolved revertant of pycl Perfect
MPC31-2 Al/M1 exp. evolved revertant of pycl Perfect
MPC33-1 Al/M1 exp. evolved revertant of pycl Perfect
MPC33-2 Al/M1 exp. evolved revertant of pycl Perfect
MPC34-1 Al/M1 exp. evolved revertant of pycl Perfect

MPC34-2 Al/M1 exp. evolved revertant of pycl Perfect
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