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Belgian man dies of South Asian superbug, hospital reports 1/1 Rt

BENESIS 2010-017

Belgian man dies of South Asian superbug, hospital
reports

AGENCE FRANCE-PRESSE AUGUST 14, 2010

A Belgian man died from a drug-resistant so-called superbug originating in South Asia, a doctor said
Friday, the first reported death from the new health threat. '

A second Belgian was infected after being hospitalized after an accident during a trip to his native
Montenegro, but recovered following treatment in Belgium, another expert said.

The first victim was infected while being treated in a hospital in Pakistan and died in June, Denis
Pierard, a microbiologist from AZ VUB hospital in Brussels where the man had been treated, told
Belgian media.

"He was involved in a car accident during a trip to Pakistan. He was hospitalized with a major leg injury
and then repatriated to Belgium, but he was already infected," the doctor said.

Despite being administered colistin, a powerfuf antibiotic, the patient died, Pierard said.

He was infected by a bacteria that carried the newly identified gene New Delhi metallolactamase-1
(NDM-1) that makes ordinary bacteria such as E. coli resistant to antibiotics. It was first identified last
year in a Swedish patient admitted to hospital in india. ‘

Scientists fear the gene could easily migrate to other bacteria, making them antibiotic-resistant,

"The epicentre of the presence of this bacteria seems to be India and Pakistan, but it appears through
contact and travel, its spread is becoming wider," said Youri Glupczynski from the University of Leqven.

British medical journal The Lancet reported this week that bacteria containing the NDM-1 gene had
been found in 37 Britons who had received medical treatment in South Asia, and three cases have
been reported in Australia. There have been two cases in Canada, one of them in B.C.

© Copyright (c) The Vancouver Sun
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Emergence of a new antibiotic resistance mechanism in India,
Pakistan, and the UK: a molecular, biological, and epidemiological
study
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S_um_mary_

Background

Gram-negative Enterobacteriaceae with resistance to carbapenem conferred by New Delhi metallo-B-lactamegse 1 (NDM-1) are
potentially a major globat health problem. We investigated the prevalence of NDM-1, in multidrug-resistant Enterobacteriaceae
in India, Pakistan, and the UK.

Methods
Enterobacteriaceae isolates wete studied from two maior centres in India—Chennai (south Indial. Harvana (north India\—and

http://www.the!ancet.com/journals/laninf/article/PIIS1473—3099(10)70913"2/abstract ' 2010/08/31
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Emergence of a new antibiotic resistance mechanism in India, Pakistan, and the UK: a molecular, biological, and epidemiological stud.. 2/2 X—<s

those referred to the UK's national reference laboratory. Antibiotic susceptibilities were assessed, and the presence of the
carbapenem resistance gene blaypy. was established by PCR. Isolates were typed by pulsed-field gel electrophoresis of Xbal-
restricted genomic DNA. Plasmids were analysed by S1 nuclease digestion and PCR typing. Case data for UK patients were
reviewed for evidence of travel and recent admission to hospitals in India or Pakistan.

Findings
We identified 44 isolates with NDM-1 in Chennai, 26 in Haryana, 37 in the UK, and 73 in other sites in India and Pakistan. NDM-1

was mostly found among Escherichia coli {36) and Klebsiella pneumoniage {111), which were highly resistant to all antibiotics
except to tigecycline and colistin. K pneumoniae isolates from Haryana were clonal but NDM-1 producers from the UK and
Chennai were clonally diverse. Most isolates carried the NDM-1 gene on plasmids: those from UK and Chennai were readily
transferable whereas those from Haryana were not conjugative. Many of the UK NDM-1 positive patients had travelled to India or

Pakistan within the past year, or had links with these countries.

Interpretation
The potential of NDM-1 to be a worldwide public health problem is great, and co-ordinated international surveillance is needed.

Funding-
European Union, Wellcome Trust, and Wyeth,

http://www.thelancet.com/journals/laninf/article/PlIS1473-3099(10}701 4%&2/ab'stract_ 2010/08/31
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Intraduction

Newly emerging and reemerging diseases have hecome a major
facus of infectious disease research in the 21% century, Reemerging
diseases are classified as those that have been previously
documented, but are now rapidly increasing in incidence,
geographic range, or hoth [1]. Emerging disease events have
been occurring at higher than average rates in the United States
due 10 several factors such as wildlife diversity, environmental
change, international travel, and increases in host suscepribility
[2,3]. An addidonal facior contribudng to increases in morbidity
and mortality for many infectious diseases involves genetic
recombination events or gene/pathogenicity idand acquisidons.
These events can occur via either horizontal gene wansfer or
confugation/intregression, leading to novel pathogenic genotypes.
This form of virulence evoluton has been well characrerized in
hacterial, viral, fungal, and parasidc human diseases [4,5,6,7,8,9].
The ahility 10 cause damage o mammalian hosts is a common
theme among all microbial pathogens, making it a key aspect of
host-pathogen studies [10).

.@. PLoS Patl:lclgens | www.plespathogens.org

In the genomic era, it is now possible to combine conventional
epidemiological approaches with newly developed molecular
typing techniques to gain insight into the emergence and
molecular epidemiology of pathogens, These approaches can
improve understanding of population dynamics during an
outbreak, and may lead to novel methods for the rapid
idendfication, treamment, and diagnosis of emerging infectons
[11]. Jn addidon, molecular typing serves as an initial approach o
classify isolates into distinct genotypes for analysis. Further
investigations may include the examinaton of virulence and
phenotypic traits that may be common or distnct between
genotypes [6,12,13]. Gaining insights into the molecular epidemni-
ology and virulence of newly emerging diseases has considerable
potendal for the rapid assessment and management of newly
emerging infecdons.

Over the past decade, Crytococews gaftd has emerged as a
primary pathagen in northwestern North America, including hoth
Canada and the United States [6,13,14,15,16,17,18]. In the past,
C. gattsi has often been associated with fucalppiur rees in ropical
and subtropical dimates, causing disease in immunocompetent

April 2010 | Volume 6 | Issue 4 | e1000850
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hosts at low incidences [19,20,21). C. patti is distinct from its
sibling species Coplococcus nevformans [22], which more commonly
infects immmunosuppressed hosts and infects almost one million
people annually with over 620,000 atribuwmble mortalites
[23,24,25]. C. gaiti can be classified into four discrete molecular
types {(VGI-VGIV), which represent cryptic species 25 no nuclear
allelic exchange between groups has been observed [6]. This
molecular classification is significant because VGII is responsible
for approximately 95% of the Pacilic Northwest infecdons in
Canada and the United States [12,15]. The appearance of C. gatsi
in North America is alarming becanse ths is the first major
emergence in a temperate climate, indicating a possible expansion
“in the endemic ecology of this pathogen [26,27].

Several significant questions persist regarding the outbreak and
its expansion within the United Scates. As the global callection of
C. gattii isolates expands, the molecular epidemiolagy of the species
has become increasingly informadve, pardewarly through muld-
locus sequence typing (MLST), which allows data 1o be readily
compared berween groups within the research commuonity
[6,15,28,29,30]. The increase in global and regional isolates that
have been typed at the molecular leve] allows detailed analysis of
C. gatti. The analysis of both conserved coding regions, and
diverse noncoding regions provides insight into the genorypes
responsible for the outhreak. A major finding in this smdy is a level
of underlying diversity within the VGIIa/tajor genotype in the
region of expansion and other geographic locales,

Prior studies documented that the € gawd VGlla/imajor

" genotype solates from Vancouver Island are highly virulent in
experinental murine infecdon assays [G]. Here we expanded this
analysis to examine clinical VGIla génatype isolates from
Vancouver Island, the United States, and Brazil, in addidon to
an environmental VGIIa isolate from California. Gur findings are
consistent with recent iuacrophage inmacellular proliferation
studies, demaonstrating that United States isolates froin the recent
Pacific NW outhreak exhibic high virulence [31]. The enhanced
virulence of isolates from the outbreak region, when compared
with thase from other regions, suggests that the genatypes
circulatng in the Pacific NW are inherendy increased in their
predilection to cause disease in mammalian hows.

In addidon to the detailed examinadon of the VGIla/major

genotype clade, we report that the novel VGIIe genotype is highly

@ PLOS Pathogens | www.plospathogens.org

C. gatii US Emergence

virulent in a murine inhalaton model. Moreover, the VGIIc
genotype was found to have high intracellular proliferaton rates in
macrophages and a significantly increased percentage of mito-
chondria with tubular morphology after macrophage exposure,
and thus VGIIc isolates share virulence amributes with the VGIIa/
major genotype isolates from the Vancouver Island outhreak.
These results extend the molecular and phenotypic understanding
of the recenly discovered VGIIe/novel genotype and help shed
light into its possible geographic and molecular origins,

These studies provide insights into both the evolutonary history
and virulence characteristics of this unique and increasingly fatal
fungal outbreak in the temperate climate of the North American
Pacific Northwest and highlight the importance of a collahorative
interdisciplinary approach to the analysis of emerging pathogens.
Apptication of these appreaches may increase awareness of disease
risks in the expansion zone, lead to 1nore rapid diagnoses and, asa
result, accelerate the implementadon of appropriate therapy.

Materials and Methods

isolate |dentification
Human and veterinary cases of confirmed or suspected C. gattz
infectons in the states of Washington and Oregon were identilied

’ by" referring  physicians and veterinarians, and subsequenty

isolates were purified and examined. Melanin production was
assayed by growth and dark pigmentaton on Stally’s niger seed
medivm, and urease acdvity was detected by growth and alkaline
pH change on Christensen’s agar. These tests established that
isolates were Cpyptococcus (C. neoformany or C. gatil), Isolates were
concomitanly examined for resistance to canavanine and
utilization of glycine on L-canavanine, glycine, 2-bromothymol
blue (CGY) agar, Growth on CGB agar indicates that isclates are
canavanine resistant, and able to use glycine as a sole carbon
source, iggering a'bromothymol blue color reaction indicadve of
C. gatti, whereas C. neyfrmany is sensitive to canavanine, and
cannot use glycine as a sole carbon source, resulting in no growth
or coloradon in this selective indicator inedium, All CGEB pasitive
isolates were then grown under rich culture conditions prior o
storage at —B0°C in 25% glycerol and genomic DNA exwracton.
For genomic DNA isolation, a maodified protocol of the
MasterPure Yeast DNA purificadon kit from Epicentre Biotech-
nologies was used. Briefly, 500 il of glass beads (425-600 nmy)
were added into the combination of cells and 300 pl cell lysis
solution. The rest of the method followed the pratacal provided by
the manufacturer.

Molecular Epidemiology

For muldlocus sequence typing analysis (MLST) [32], each
isalate was analyzed with a minimum of eight and in somne cases
sixteen laci. For each isolate, genomie regions were PCR amptified
(Table 51), purified (ExoSAP-IT), and sequenced. All primers used
for the analysis were designed specifically to amplify open reading
frame (ORF) gene sequence regians including those with non-
cading DNA regions to maximize discriminatory power. Sequences
fromn both forward and reverse swrands were assembled, and
manually edited using Sequencher version 4.8 {Gene Codes
Corporadans). Based on BLAST analysis of the GenBank dambase
(NCBI), each allele was assigned a comesponding number.
GenBank accession numbers with carresponding allele numbers
are lised in the supplementary informadon (Table 82). To
detenmine that the nine VGIIc/novel isolates are clonally related,
given the level of diversity in the lod and the number of isolates that
have been examined, we applied an equation to measure the
probahility of a genotype oceurring more than once in the dataset

April 2010 | Volume & | Issue 4 | €1000850
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[33,34). For the variable number of tandem repeat (VINIR)
analysis, the Tandem Repear Finder (TRT) version 4.00 software
package was employed for marker development, using the genomic
sequence of C. gaifii isolate R265 (hup://www.hroadinstinite.org/
annotadon/genome/cryptacoccus,_neoformans_b,2/Home homl)
[35]. The idendfied tandem repeat sequences and 400 bp of the
flanking region were exwracted from the genomic seguence and
ranked according to the number of total repeats and the size of
repeat unis using an in-house Pexl script (available upon request).
Markers were examined for stability and these with high variability
and stability were chosen for the analysis, Sequences were
assembled and edited using Sequencher version 4.8 (Gene Codes
Corporanons) and aligned using the Clustal W web based software
package (hup:/ /mnv.cbi.ac.uk/Tools/ chustalw?2/index.hmt),

Mating Conditions

Maring analysis was conducted on V8 media (pH 35). Isolates
were incubated at roomn temperature in the dark for 2—4 weeks in
dry condidons. All strains were crossed with the VGIII mating
type a isolate B4546 and the VGII mating type o isolate NIH312,
hath of which are fertle and commonly used for mating studies
[36). Fertlity was assessed by microscopic examinadon for
hyphae, fused damp cells, basidia, and basidiospore formaton.

Clustering and Haplotype Analyses

For each VINTR marker, a sequence type was defined as a
sequence exhibiting a unique mutaton. Each sequence type was
confinned to e unique by BLAST analysis of the NCBI GenBank
database [37]. A concatenated VINTR sequence fype (CVST) was
defined as unique combinatons of sequence types from the VNTR
markers. A muldple alignment of the sequences was carried out
using Clustal W software [38]. Analysis of the sequences was
conducted using the Neighbor-Joining and Maximum Parsimany
methods within the MEGA 3.1 software [39]. In addition, the use
of the maximum likelihood method (PhyML 3.0) with SH-like
approximate likelihood-ratio test and HKY85 substitution model
was applied [40,41]. For this purpose, sequences of the selected
VINTR markers were concatenated. We addidonally concatenated
all of the strain-typing markers including the housekeeping genes
used in MLST and VNTR loci for dm.[en.ng analysis. The
haplotype mapping analysis was carried out using TCS software
version 1,21 (htp://darwin,uvigo.es/software/tes.honl) [42].

Intracellular Proliferation Rate (IPR) Determination

A proliferation assay was previously developed o monitor the
intracellular proliferadon rate (IPR} of individual strains for a 64-
hour period following phagocytosis [31]. For this assay, J774
macrophage cells were exposed to cryptococeal cells that were
apsonized with 1887 andbody for 2 hr as described previously
[43]. Each well was washed with phosphate-buffered saline (PBS}
in quadruplicate to remaove as many extracellular yeast cells as
passible and 1 ml of fresh serum-free DMEM was then added. For
dime point T=0, the | ml of DMEM was discarded and 200 pl of
sterile dHyQ) was added into wells to lyse macrophage cells, After
30 minutes, the intracellular yeast were released and collected.
Another 200 I dH3O was added to each well to collect the
remaining yeast cells. The intracellutar yeast were then mixed with
Trypan Blue at a 1:1 ratio and the live yeast cells were counted.
For the subsequent five rme points (T=16 hrs, T=24 hrs,
T =40 hrs, T=48 hrs and T =64 hrs), inracellular cryprococcal
cells were collected and independently counted with a hemacy-
tometer. For each strain tested, the time course was repeated at
least three independent droes, using different batches of macro-
phages. The IPR value was calculated by dividing the maximum
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intracellular yeast munber by the inirial inracellular yeast number
at T=0. We confirmed that Trypan Blue stains 100% of the
cryptococeal cells in a heat-killed culmre, but only approximately
5% of cells from a standard overnight culture. Compared to a
conventdonal colony counting method, this method was shown to
be more sensidve in degecting the clustered yeast population or
yeast cells undergoing budding. IPR values were used to assess
how congistent the different VGII genotype subgroups were, For
this stadstcal analysis the medians of each populadon were
compared with the non-paramergic Mann-Whimey U-test and

values, of p<c0.025, afier controlling for muldplicity, and were

accepred as stadsdcally significant thup://elegans.swined.edu/
~lean/stats/utest.cgi).

Mitochondrial Morphology

The mitochondrial morphology assays. were conducted in a
shmilar way to those in previous smdies, with medificadons [31]. C.
gatiii cells, grown overnight at 37°C in DMEM in a 5% CQO.
incubator without shaking for 24 hr, or isolated from macraphages
24 hr afer infecdon, were harvested, washed with PBS twice and
re-suspended in PBS containing the Mito-Tracker Red CMXRos
(Invirogen) at a final concentraton of 20 nM. Cells were
incubated for 15 min at 37°C. After staining, cells were washed

. in wiplicate and re-suspended in PBS, For each condidon, more

than 100 yeast cells per replicate for each of the tested strains were
chesen randomly and analyzed, For guantfying different mirto-
chondrial morphologies, images were collected using a Zeiss
Axiovert 135 TV microscope with a 100x oil immersion Plan-
Neolluar objecdve. Both fluorescence images and phase contrast
unages were collected simultaneously, Images were captured with
jdentcal settings on a Qlcam Fawt 1394 camera using che
QCapture Pro51 version 35.1.1T software, All Images were
processed idendeally in Image] and initochondrial morphologies
were analyzed and ¢ounted blindly.

Three individual experiments were performed for each
condidon and the data were tested for normality using the
Shapiro-Wilk test, For homogeneity of variances we used the
Levene statistic, For statistically significant differences ainong the
mean data we applied a One-Way ANOVA. Muld-comparisons
using Tukey Honestly Significant Differences tests were perforined
to identfy stadstcally significant differences berween pairs. A p-
value of p<t0.05, after controlling for multiplicity, was considered
to be swadsically sipnificant. Regression analysis was used to
neasure the correlation between rubular mitochondrial marphol-
ogy and IPR valuef; an Fovalue of P<0.05 was considered to e a
significant correlation.

Murine Virulence Tests and Histopathology

To examine the virulence potential of global VGII isolazes, with a
specific emphasis on the Pacific NW VGII outbreak genotypes, two
independent murine virulence experiments were conducted at two
facilides (Duke Univenity Medical Center and the Wadswarth
Center). The murine virulence assays at Duke University' Meclicat
Center and the Wadsworth Center used a similar protocol o
previous C. gattii and C. negformans experimental infections [6,44,45].

At the Duke University Medical Center Animal Facility,
virulence was assessed using female A/Jer mice -(NCI, 18-24 g).
Smains were cultured in YPD broth for 18-20h at 30°C,
harvested, washed three tiines with sterile PBS and counted using
a hemacytometer 1o determine cell concentratons. Inocula for
hoth murine experiments were confirmed by pladng on YFD and
counting colony-forming units (c.fu.). Nine to ten A/Jer mice per
strain were anesthetized with pemtobarbital and infected via
intranasal insdiladon with 5%10% c.fu, in 50 ul of sterile 1x PBS,
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Animals that displayed severe morbidity, based on nwice-daily
examinadons, were euthanized. Time to morrality was evaluated
for statsdcal significance using Kaplan—Meier survival curves
within the Prism software package (GraphPad Software), and P
values were obtained from a log-rank test. Survival data was
ploted for graphical analysis using the Prism software package,

At the Wadsworth center amimal facility, all asays were
conducted using male BALB/c mice {(approximately 6 weeks old,
15-20 g, Charles River Laboratories, Inc,), Serains were grown
overnight iIn YPD broth at 30°C with shaking. The cells were
harvested, washed in PBS, and counted using a hemocytometer,
Five mice per strain were anesthetdzed with a inixwre of xylazine—
ketamine, and allowed 1o inhale 10° (30 pl) cryptocaccal cells per
mouse, via inranasal insdlladon, Mice were given food and water
ad libiturm and monitored twice daily, At the first sign of poor health
or discomfort, infected animals were euthanized. Brain and lung
tssues from the dead animals were cultured on Niger seed agar for
C. gattii recovery to confirm infections were due to this pathogen.
Time to morality was evaluated for stadstical significance as
described above.

Twao animals from each strain assayed in the swdy conducted at
Duke University were selected for histopathology analysis either at
the time of sacrifice or at the conclusion of the experiment for the
more attenuated isolates. For each animal, lung samples were
callected and stored in 10% neutral buffered formalin. Samples
were parallin etnbedded and hematoxylin and eosin (FI&E) stained
at the Duke Universiry Research Histology Laboratory. After
staining and slide preparaton, each sample was examined
inicroscopically for analysis of cryptocaccal cell burden and
immune responses. Images were caprured using an Olympus
Vanox microscope (Duke PhotoPath, Duke University Medical
Center).

Ethics Statement

The animal studies conducted at the Wadsworth Center were i

full commpliance with all of the guidelines set forth by the
‘Wadswarth Center Insttutional Animal Care and Use Comnmitee
{IACUGQ) and in full compliance with the United States Animal
Welfare Act (Public Law 98-198). The Wadsworth Center
IACUC approved all of the vertebrate studies. The studies were
conducted in {acilides aceredited by the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAG).

The animal studies at Duke University Medical Center were in
full compliance with all of the guidelines of the Duke University
Medical Center Instdrdonal Anitnal Care and Use Commitiee
(ACUC) and in full compliance with the United States Anirnal
Welfare Act (Public Law 98-198). The Duke University Medical
Center IACUC approved all of the vertebrate studies. The studies
were conducted in Division of Laboratory Animal Resources
(DLAR) faclliies that are accredited hy the Assaciadon for
Assessment and  Accreditadon of Laboratory Animal Care
(AAALACG).

Results

Molecular Analysis of C. gattii VGII Outbreak vs. Global
Isolates

To examine the C. gattii outbreak isolates collected from 2005 to
2009 (Figure 1), an in-depth stepwise molecular analysis was
applied to each isolare, and the genotypes were compared with
other global genotypes. In total, 20 markers were selected for
analysis, These markers include both coding and noncoding
genomic regions and range in size and allelic diversity (Table 1),
Additionally, all of the markers are randomly distributed armong
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the chromasomes in the most recent assembly of the reference C.
paiti VGI genome, WM276 (Figure 2). Initally, all isolates were
sequenced at a total of eight MLST imarkers, and four vanable
number of tandem repeats (VINTR) markers (Figure 3, Table 2).
Next, global isolates were selected for diversity, and several isolates
from each of the primary genotypes in the expansion region were
chosen for sequence analysis ar eight addidonal MLST loci,
bringing the ol number of genede markers analyzed for these
isolates to 20 (Figure 4A). As expected, the MIST markers were
less variable and more conserved, while the VINTR inarkers
allowed for higher-resolution differentiation berween kolates that
appeared identcal by MLST analysis. The generated datasets
were then concatenated both without and with VNTR dam
(Figure 4B, Figure 4C).

The combined analysis of the results presented here, and a 30
marker MLST analysis conducted previously [6,18], reveal several
findings of interest in relatdon to VGII genotypes in the region.
From the analysis of 34 markers (30 MLST/4 VNTR), we show
that the Vancouver Island VGIla/majar isolates are fully identical
at all }odi to several recent isolates from Washingron and Oregon, as
well as a historical clinical isolate (1970's), N1H444, from Seattle.
Additionally, the VGII/minor isolates from Austalia and
Vancouver Island are identical at 34 total lod, and also identical
to VGIIb/minor isolates from Oregon at 20 locd (16 MLST/4
VNTR). Furthermore, all VGIlIc isolates to date are identical across
all 20 locl examined (Figure 4A). However, we also are able to
discriminate the outbreak VGIIa genotype from an environmental
VGIIa isolate from California, CB57730, and clinical VGIla
isclates CAl014 and ICB107 from California and Brazl,
respectively, at one or more MLST/VNTR lod. It is clear from
prior studies that the VGIa/major and VGIIb/minor isolates are
clonal lineages [6,12,15,46], and here we confinned that this is the
case for the nine VGIIc/novel isolates, based on 7-loci MLST
analysis of the global VGII population (Figure 51} (p<<0.0001).

The largest and most comprehensive dataset arose from the
combined analysis of seven MLST and four VNTR lod, resulting
in a total of 4] sequence types (STs). This dataset was generated
from clinical, veterinary, and envirominenal €. gaktsi isolates
{Figure 3, Figure S1, Table 53). From the analysis, it is clear that
the VGIla/b/¢ clusters are all related to each other, but also
distinet. In addidon, the data show that the VGIIa/major clade is
closely clustered w VGlle¢, further validadng prior repons that
examined a more limited nuinber of loci [13,47]. In addidon,
VGIIc (ST21) shares high sequence idendry to ST34, represented
by a mating type a clinical isolate from Colombia, suggesting chat
the VGIIc genotype may have resulted from a-o madng, even
though all isolates related to the Pacific NW outhreak are
exclusively o mating type. Addidonally, Vancouver Island isolates
from our collection that had not heen fully typed by MLST were
sequenced at nwo loci o determine if any were unrecognized
VGllc isolates {n= 56) {Figure 52}, Of these, 51 were found to be
VGila, five were VGIIb, and none were VGlle, consistent with
previous dam from the region. Thus, VGIlc appears 1o remnain
exclusive to the United States, specifically Oregon, and has never
been reporied from Vancouver Island, the mainland of Canada,
Washingion State, or elsewhere globally.

Within the VGIla/major cluster, based on the inidal MLST
analysis of 30 loci, only a single isalale (ICB107) could be
distingnished from the other VGIIa isolates, and this was at only
one locus [18]. To further investigate this homogeneous
populaton causing the vast majority of the outbreak-relared
morbidity and mortality, we expanded the molecular analysis to
include highly variable regions of the genmine. The application of
these VINTR inarkers, in combination with the MLST markers,
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Figure 1, Geographic dispersal of pathogenic C gaitii genotypes in the United States. Circles represent human cases and squares
represent animal (non-human mammalian) cases. All cases shown have been reported from 2005 to 2009. Isolates are color coded by genotype, in
which yellow and blue comrespond to VGlla/major genotype cases (yellow 5T1, blue ST30), red coresponds to VGIIb/minor, green corresponds to the
novel VGlic genotype, and orange corresponds to two cases determined to be molecular type VGIIL in total, there were 39 cases (18 human, 21

animal) that have been confirmed by phenotypic and genotypic profiling.

doi:10.1371/joumal.ppat.1000850.g001

allowed us to generate five independent §Ts from within the
VGIla/major genotype and related isolates (Figure 3).

These five sequence types (ST1, ST2, ST3, STi3, ST30)
contained a tomal of 44 isolates (Figure 3, Table $3). The canonical
VGIla/major outbreak genorype, ST1, contained the vaw
majority of the 44 isolates {n = 38). As expected based on previous
models of the C. gatii outhreak expansion [13], ST1 consisted of
isolates exclusively from the inidal outhreak and expansion zones,
including British Columhia, Washington, and Oregon (Table $3).
These resuls further validate the hypothess that the epicenter of
the outbreak was on Vancouver Istand, beginning in the late
199(s, with a direct expansion inte neighboring inainland British
Columlnia and subsequently into the United States [13]. The only
exception in this dataset is isolate NIH444, an older isolate from
the region that was isolated framn a padent sputum sample in
Seatde in the early 197(°s [18], which is also identcal at all 34
markers examined. This suggests that the VGIIa/major genotype
responsible for most of the outhreak cases may have heen
circulating in the region prior to the outhbreak, The passille travel
history of this patient is unknown, and could therefore have
involved exposure on Vancouver Istand. Overall, this analysis
provides increased evidence that the outhreak genotype is unique
10 the region thus far, and molecularly distnet from closely related
isolates from Doth California and South America,

@ PLoS Pathogens | www.plospathogens.org

While the homogeneous namure of the VGTla/major isolates
based on robust molecular typing validated previous models, an
underlying diversity within this group was also discovered, First, we
further validated that the isolate ICB107 (ST13), rom Brazil, was
indeed distnct fromn the ST1 VGIla/inajor clade. This isolate
differs at one MIST marker (LACY), and three VINTR inarkers
(VNTR3, VNTRI5, VNTR34), Addidonally, the high-resolution
sequence analysis was able to discriminace other VGIla isolates that
were collected from California. These include isolate CBS7750
(ST3), collected from the envirammnent in San Franckeo in 1980
[48], and isdlate CA1014 (ST2), which was isolated from a patient
with HIV infection in southern California. Each of these two ixolates
differs from ST1 due to unique mutations within the VNTR? and
VINTR34 lodi, respectively. This shows that similar VGIIa genotype
isolares have been found elsewhere, but that none are identical
those circulating as part of the ongoing Vancouver Island outhreak,
Whesher these isolates are a result of drift from ST1, or if §T1 arose
froin one of these related genotypes I not known.

In addidon to discriininating VGIIa isolates that were not frotn
the outbreak regian, we also found a novel ST, ST30, which is
highly similar o STI1, but divergent at a unique region of
VNTR34. Interestingly, all three of the ST30 isolates are
exclusively from Oregon, incuding two human clinical cases
and one marine mammnal case (Figure I, Figure 3, Table $3),
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Table 1. Markers used in this study.

Marker

tength (bp) Chromozoma {WM276) Alleles

s
sxiza

* 5X12a is an idiomorphic allele, and therefare not present In the a mating type
isolate WM276,
doi;10.1371/Journalppat. T0Q0B50.1001

These results are consistent with an t".xpansion followed by genetic
drift in the highly variable VNTR loci. Isolates of ST30 have not
heen detecred on Vancouver Island, indicating that this divergence
is recent, and likely occurred after the expansion of ST1 into the
United States. Alternatvely, both $T1 (VGIIa/major) and ST30
may have been present for a long period, with anly ST1 having
leen transferred to Vancouver Island.
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Figure 2, Markers used in the study are dispersed in the '

genome. A map of each chromosome is represented, illustrating the
locations of each marker based on the genomic sequence of the C
gateii isolate WM276, MLST markers (n= 16) are indicated on the map by
hexagons, with pink denoting the standard set used, blue the expanded
set of lodi, and red the MAT linked locus that is spedfic to « isolates.
Green triangles represent the four VNTR loci that were examined,
doi:10.1371/joumal.ppat.1000850.g002
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To gain insights into the potental origins of the VGIIe
genotype, and to assess i position within the overall VGII clade,
clustering analysis was applied. Analysis of the combined dataset
including 41 sequence types generated from 115 €. ga#f isolates
shows that the VGIkc genotype is independent, but similar to
VGIIa (Figure 3). The closest reladonship determined from the
analysis was to $T34, an isolate from Colombia, which is also of
the opposite a mating type. Moving beyond the direct branch, it
appears that the VGlic genotype shares sequence similarides to
global isolates from South America, Africa, and also European
isolates with likely African origins hased an collected dlinical case
histories. Additionally, the VGIIc group also shares the JGS/ allele
with isolates fromh Australia, further obscuring the possible origins.
and necesstadng a more thorough analysis (Figure 4A).

When the dustering analysis was expanded to include
additonal MLST lod (Figure 4A), both with and without the
VINTR markers, the relatonships of VGllc to other glabal
genotypes was further elucidated, with close relationships observed
with global isolates from South Anerica, Aftrica, Europe (Greece),
and Australia (Figure 4B, Figure 4C, Table 34). These resuls
increase the comprehensiveness of the analysis, and allow
predictions of the reladonship of this genotype to global isolates.
Examination of alleles illustrates that, when the analysis is
expanded, the VGIIc group appears to be more diverse from
VGIla and VGIIb. Each allele represented in green was initially
denoted as an allele that was unique to the VGIIc genotype, with a
toml of seven such alleles (Figure 4A). To further elucidate the
possible origing of these alleles, isolates selected based on their
global diversity were sequenced at these loci (Figure 4A), Identical
matches for four of the seven VGIIc-unique alleles were identdfied
in isolates from Brazil, Australia, Europe, and European isolates
with likely African origins, while three alleles (SXffa, HOGI, and
CRGI) remain unique to this novel genotype and only seen in
Oregon thus far (Figure 4A). .

To further characterize the genetic relatonships among the
global isolates in reladon to the outbyeak isolates, maximum
ikelihood (ML) analysis was applied. Initally, the isolates were
characterized at 15 MLST loci, excluding the AAT locus so that
hoth & and a isolates could be included. This analysis indicares
that VGIlc may be more distandy related to the VGIla/major
genotype than inidally observed, In addidon, analysis of the 15
MLST loci shows a possible reladon of VGIIc with isalates from
South Aunerica, Africa, Europe, and Australia (Figure 48). When
this analysis was expanded to also include the four VINTR loci,
similar results for the global comparisons of all genotypes and the
relation of VGII¢ to global isolates were observed (Figure 4C). For
these reasons, addidonal sampling and analysis will be necessary to
more precisely elucidate if this novel virulent genotype originated
locally, or originated in an under-sampled region.

In addition to dustering analyses, TCS haplotype-mapping
soltware was applied to establish the evolutdonary histories of the
MIST. alleles examined during the analysis (Figure 5, Figure 6,
Figure §3). From the sequence results, all of the VGIlc isolates

_were detennined to be 100% identical, indicating that there was

likely a recent emergence in which all of the isolates are clonally
derived. To test this hypothesis, the TGS analysis allowed for the
examination of individual loci to detenmine which alleles are likely
ancestral, intermediate, or recemly derived. Of the sixteen loci
examined, eight were consistent with VGIIe possessing the
ancestral allele, six of the alleles were distal nodes at the rerminal
end of the respective haplotype networks, and two laci were of
intermediate allele positions.

Alleles with ancestral genotypes are less informative because
these alleles may not have diversified over time in the VGlle
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Figure 3. Clustering analysis of global VGII| isolates shows high global diversity. This dendrogram, based on seven MLST leci and four
VNTR loci, illustrates the global divergence seen in this molecular type. Major clusters are highlighted accordingly to iflustrate the placements of the
VGllarb/c super clusters as well as a unique NT cluster that has been found only in Australia thus far, Sequence types 1, 30, 19, and 20 are enlarged
and represent the primary genotypes responsible for the Pacific NW outbreak Boxed isolates represent those of the a mating type and all other
sequence types represent the genotypes observed for mating type =« isolates. Several genotypes are also combined with geographic information to
illustrate the diversity surrounding several sequence types, lsolates from the VG, VG, and VGIV molecular types serve as out-group sequence types,

doi:10.1371/joumalppat.1000850.g003

lineage for various reasons, including selecdon pressures and
overall lack of diversity at the allele. When enly non-ancestral
alleles were examined, 75% lay at the distal ends of their haplotype
maps, Inwiguingly, the three VGIIe alleles unique to the genotype
(8X7fae, HOGL, and CRGH) all have distal placements (Figure 5A~
C). Additonally, the most recent ancestor to VGIIc in all three
cases can e shown to derive Trom kolates that are from South
America and Australia, indicating that VGIIe may have emerged
out of one of these regions (Figure 5). While other regions
ineluding Europe and North America can be seen, no other
regions are observed for all three of these alleles, These distal
placements are consistent with a recent divergence of the unique
VGlle lineage. The haplorype analysis, in combinaton with the
lack of any underlying diversity within the nine VGIIc isolates
analyzed, ‘indicares a recent emergence of this novel virulent
genatype in Oregon,

To examine the role that recombinaton rnay have played in the
populaton structure of the VGIH molecular type, we conducted
paired allele analysis for 25 representative global isolates (Figure G,

.@ PLoS Pathogens | www.plospathogens.org

Figure 54). The discavery of all four passible allele combinations
hetween two unlinked loci {AB, ab, Ab, aBl) serves as evidence for
likely recombination [49]. From this analysis, we show thar isolates
collected from South America, Alrica, and Auswralia appear 1o be
involved in recombination events. Representative VGIIa/maor,
VGIIb/ininor, and VGIlc/novel isolates were found among
groups of recombinant isolates. A group of ten isolares, all &, from
South America and Africa (Figure 84} appeared most commonly
as recombinant parmers, although several a mating type isolates
were also less frequently involved. In further support, when we
examined the number of genotypes present hy region and
comnpared this data to the towal number of genorypes represented
(Figure S1), &t is clear that South America and Africa populations
are more diverse when compared with isolates from North
America, which are more clonal. Addidonally, while the obwerved
diversity in Australia was lower than South America and Africa,
this may be atrihutable 1o sampling bias of clonal regions as prior
studies have shown that this contnent is a region with high levels
of recombinatdon due 10 both same-sex and opposite-sex madng
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Table 2. Isolates collected from cases within the United
States, 2005-2009 (n=40).

Isolate Host Residence Molecular Type*

- Vesla/major 0
VGHa!ma}or

67707 5
W15209

VGIlalmajur
VGila/m

VGIlafma]ur
o Velammar -
VGlla/major

VGIIaIma]or
ﬁ‘w e
VGIIdnoveI

' VGlldnovel
VGlic/novel

Oregon

< -~ Oregon |

iy

VGIIdnuveI

vy

Cregon

VG!Idnovel
Sib/mingr

VGitb/minor
7 4

Oregon
ey Washmgmn RA"/c e B
MMC0B-897 Cat Oregon VG

* The Molecular type designation is based on B-loci MLST analysis.
doi:10.1371/journal ppat.1000850.1002

events [50]. In addition to the paired allele apalysis, aliele
diagrams were constructed to observe possible recombinadon
within individual MLST loci (Figure $5). The most parsimonious
explanaton forallelic diversity in 11 of the MLST loci analyzed is
as aresult of consecutive and/or independent mutations within the
populadon. Within the four reinaining loci, there exists at least one
hybrid allele that may be the result of a recombination event
hetween two hypothesized parental alleles in the global VGII
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populaton (Table 3, Figure 55). Phenotypic madng results were
conducted and illustrate that the VGIla/major (&), VGIIc/novel
(e}, VGII matng type a genotypes, as well as several of the
proposed parental contributors from the allelic and genorypic
recombination analysis show fertlity with the production of spores
when mated with fertle VGIII isolates (Table §5). Taken together,
this suggests that both o-o and a-o matng evenrs may be
contributing to the formation of recombinant genotypes as well as
the production of infectious spores. There were no exariples of

* alleles introgressed into VGII from VGI, VGIII, or VGIV, in

accord with findings that the four VG molecular types likely
represent cryptic species [6,29]. In suiumnary, these results suggest
that recamnbination events may be critical driving forces in the
evoluton of C. gattd VGII diversity, which may in part contribute
to the generation of genotypes displaying increased virulence.

VGlic/novel and VGlia/major Outbreak lsolates Are
Hypervirulent

It has recently been shown that inoracellular proliferation rate
(IPR) values for cryptococcal cells within macrophages are
positively correlated with virulence in the murine madel for
cryptococcosis [31]. Ta further elucidate the potendal virulence of
outhreak isolates collected from the United States, proliferation
rates of selecred isolates were tested and compared to other isolates
for which proliferation data had been previously obrained. In total,
1PR values for eight of the nine VGIlc isolates were measured
(Figure 7A). In addition, the type strains for VGIIa/major (R265)
and VGIIb/minor (R272) were included as controls, and
previously published data for other VGIla and VGIIh isolates
were included for comnparisons [31]. On the hasis of individual
strains, seven of the eight VGIIc/novel isolates showed high IPR
levels, with only a single oudier (EJB52) that had a low IPR value
(0.97). Taken together, the median IPR value for VGllc is
significandy closer to that of VGlla/major than o VGIb/minor
(Figure 7A), These results indicate that the VGIIc genorype has a
sinilar intracellular phenorype, and thus virulence profite o the
VGIIa/major genotype. This is noteworthy because previous
analysis showed that the VGIIa/major genotype isolates from the
outbreak had unusually high TPR values, and the VGllc isolares
[rom the same outbreak are here shown to have simnilarly high IPR
values.

Another unique leature of the outbreak VGIla/major isolates s
the ability to forin highly tubular mitochondria afer inwacellular
parasitisim, a characteristic that correlates with both IPR and
murine virulence [31]. To explore the marphology of VGlle
isolates, we examined selected isolates in DMEM media and after
exposure to macrophages, This analysis included two VGII
environmental isolates (CBS8G684, CBS7750) and four of the
VGIc/novel isolates. As expected, the vast majority of the
mitochondria for all six isalates were non-tubular after exposure to
DMEM media alone (Figure 713). However, afier expasure to
macrophages, three of the four VGIlc isalates tested showed
significandy higher percentages of tabular inarphology (Figure 7C).
The lone VGIIc isolate that did not exhibit this morphology
{EJB52) was the same isolate thart also had a low JPR value, and is
thus an overall outlier for the VGIIc genotype.

When the results of IPR versus percentage of cells exhibiting
tubular morphology were plotted, the graph showed a \r.atlsnca.l.l)
significant correlation of the two mmeasures with an R? value of
0.85 (Figure 713). These resulis further indicate that the VGllc
genotype is phenotypically similar to the Vancouver Island
VGlla/major outbreak strains. Qur results also suppart evidence
for similar mechanisms regulating the increased virulence seen in
the novel VGIIc genotype. The exact roles that the mitochondrial
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ribular morphelogy might play in vinutence are not yer known.
However, the distinct phenotype is clearly unique to the outhreak
isolates and is correlated with an increased ability to grow and
divide within host innate imnune cells,

The VGlIc isolates were found to be highly virulent in the
murine inhaladon model of infecdon. Tawo studies were conducted
to examine virulence. In the first inorine experiment a tocal of six
isolates (n=35 animals/isolate), were examined including owo
VGIc isolates (Figure 8A). The VGIla/major isolate R265 served
as a positive cantrol for high virulence, based on prior studies [G],
and the VGIIc isolates EJB15 and EJB18 showed similar virulence
with this well characterized virulent isclate. Additionally, two
VGlla isolates that are not hypothesized 10 be from the curent
Vancouver Idand outbreak, .including NIH444, which is fully
identical across 34 narkers, and isolate CAl014, which differs
from R265 at VNTR34, show a significant reducdon in virulence
compared 10 the high virulence isolates (P<00.03). Finally, in
accordance with previous swdies, the VGII/minor type strain
R272 fram Vancouver Island was avirulent'in this model,

The analysis of virulence within the VGII genotype was
extended in a second experiment, in which 12 isolates {n=9-10

@ PLoS Pathogens | www.plospathogens.org

animals/isolate} were examined. This study included two VGIIa/
major isolates from the outbreak zone, two VGIIb/minoer isolates
from the outbreak zone, five of the novel VGllc isolates, two
VGIla-related isolates that are not part of the cutbreak, and the C.
negformany var, gl type sorain, F99, The H99 isolate used (H99S)
has heen shown to be highly virulent in the inurine model of
infection [44,31].

As expected, all five of the VGIIc Isolates from Qregon as well
as the VGITa/major isolates from Vancouver Island and Oregon,
and the highly virdent H99 isolate exhibited a high level of
virulence (median survival = 20.6 days). The VGIT)/minor isolates
tested were significantly decreased in virulence compared to the
more virulent VGIla and VGIIc genotypes (P<0.005). The VGIIh
isolate R272 was avirulent whereas the VGIIb isolate EJB53 from
Oregon exhibited significandy less virulence compared to the
VGIla/major and VGlIc isolates (P<0.005, median survival =46
days). Similar 1o the first animal study, rwo VGIia isolates thar
differ at one or more molecular markers rom the major VGIla
outhreak genorypes were also tested. The environmenml isolate
CBS7750 and a clinical isolate rom Sauth America ICB107 were
significantly anenuated (P<<0.005) (Figure 8B). These results
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provide further evidence that these are related to but distinguish-
able from isolates that are specific to the Vancouver Island
outhreak, and subsequent United States expansion, and are
decreased in ability to mount fatal infections in 4 mouse intranasal
instillation model of infecton. '

'@ PLoS Pathogens | www.plospathogens.org

The cause 6f infecdon was further evaluated by histopatholog-
ical analysis of lung sections recovered from two infected animals
per bolate at sacrifice. Harvested organs were processed and
sectioned for slides with H&E staining, The langs from the virulent
isolates showed significant inflamemation and numerous crypto-

10 April 2010 | Volume 6 | Issue 4 | e1000B50

111



FHBE v FTRI
et FTR

THR ! (—‘"‘

N

FHB 3

FHB 4

Fil § A" FIRS
\\\\
FIR7

C. gartii US Emergence

SXty. FTRI

SR T

mann X
.

Pl

SXlia 2 / //

P
sxrzas”

HOGE

\\.
BLAE "M HOG 1

\'\kv
\ilwgz
TEFT v, LACY
EAGA T ¥ M/ a4
t LAGT \)(/«
. -~
t16 -
L A TP \\
Y, - .
LAG 2 Ay LACT
" Rt
TEE 3G TAC

Figure 6. Evidence for recombination within the VGI molecular typé. Informative paired allele graphs from VGil global isolates. An hourglass
shape indicates the presence of all four possible pairs of alleles and serves as evidence for recombination. A total of 56 graphs with at least one
possible recombining allele pair were generated from a set of 25 representative genotypes within the VGIl molecular type, including isolates of both

mating type a and x (see also Figure 54),
dol:10,1371/joumal.ppat. 1000850,g006

coccal cells dispersed throughout the alveoli, in accordance with
severe pulmonary infecdon. Qur findings show that there are no
major clinical differences between pulinonary infecdons with the
infectious genotypes VGIla/major (Figure 8C}), and the novel
VGIIc genotype (Figure 8D). These resules further support similar
disease progression caused by these two highly virulent owtbreak

genatypes.
Discussion

The findings presented here document that the outhreak of C.
gaitd in Western North America is contnuing to expand
throughout this temperate region, and that the outhreak isolates
in the United States of both the VGIla/major genorype and the
novel VGl genacype are donally derived and highly virulent in
host models of infecdon. These conclusions are based on an
extensive molecular analysis of isolates collected from the United
States (Table 2} and a comprehensive global collecdon of VGII
isolates of diverse geographic origin (Figure S1), examining both
conserved and divergent regions of the genome. The virulence

analysis is based on asays in hoth murine derived macrophages |

@ PLoS Pathogens | www.plospathogens.org

1

and mice. These findings demonswrate that this emerging and fatal
outbreak is continuing to expand, and that the virulence of these
isolates is unusually high when compared to isolates of dosely
related but distinguishable genotypes found in other non-onthreak
regions. :
The continued expansion of C. gotti in"the United Sctates is
ongoing, and the diversity of hosts increasing. Cases have been
observed in urban and rural areas, and have occurred in 2 range of
mammals [16,52]. On Vancouver Island and the mainland of
Brigsh Columbia, -cases have been documented in marine and
terrestrial mamimals including cats, daogs, porpoises, ferrets, and
llamas [15,52,53]. This trend has continued in the United States,
with several cases in agrarian, domestic, and wild terreserial
mammals, as well as marine mammals, adding elk, alpacas, and
sheep to the aforementioned list (Table S1) [13,14,17). The co-
expansion of the outbreak among mammals and humans is
significant for several reasons, Non-migratory mammals serve as
senunels for disease expansion, particularly given that iolation of
C. gathi from the environment i difficult, and not yer successful zn
all in Oregon. Addidonally, the threat to agricultural and domestic
animals is significant and thus the need for cooperation among
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health officials is critical. Finally, the widespread spectrum of  hoth C. negformany and €. gatsi [57,58]. Swudies Ly Lin and
disease lustrates that the organism is likely 10 be pervasive in the colleap;ues showed that sexual spores can be produced as the result

environment, and that physicians and veterinarians should he well of a meiote process occurring berween cells of the same inadng
informed of symptoms to facilitate early diagnoses, and successful type, a process relerred to as unisexual or same-sex matmg 391,
isolate coltection and macking. Several sudies have shown spores to be pathogenic in animal

A major question in the study of this outbreak is whether sexual models of infecdon. Two previous studies both showed evidence
recombinadon, either within or between mating types, isoccurring  for virulence of Cpplococaws spores, and in one case provided
or has occurred in the region. The passibility of melosis is evidence for enhanced virulence compared to yeast cells [60,61].
important for two reasons, The first is that sexual recombination is More recently, studies have shown that Cpyptococass neoformans
postulated to be a driving force for the increased virulence of the  spores are indeed virulent in the murine intranasal instlladon
VGIla/majar genotype, supported by the discovery of a diploid madel of infection [44,62], providing evidence that spores should
VGla/major isolate, an interinediate in unisexual mating (all nine ~ be considered as infectous propagules in models examining
VGllc/novel isolates are haploid) {6,36). €. gatsi has also heen infections, expansion, and emergence of both €. negformany and C.
shown to undergo opposite sex maung in the laboratory, although  gasn, Given thart all of the Pacific NW isalates are matmq wpe,
this has not yet been abserved to occur beoween two isolates of the  and particles sinall enough to be spores are present in the air
VG malecular type [36,54,55]. Studies in C. neoformans have [26,63], the most parsimonious model is that if these are spores,
shown that this related pathogen completes a full a- sexuval cyde  they are produced via o-o unisexual reproduction.
in assactation with planws [56]. Addidonally, a recent study of Qur findings further indicate that mitochondria may play a
environmentally sampled Ausmalian VGI isolates demnonsrrated significant role in the increased virulence seen in the outhreak
evidence for recombination via both opposite and same-sex  isolates [31]. Tubular morphology and the increased ability to
maring [50]. Taken together, available evidence indicates that  proliferate within immune cells indicate that the ability to
both opposite and same-sex marting are natrally occurring in proliferate and survive within host cells is fundameneal to
populatons, This evidence lends support to the hypothesis that  virulence. The possible role of mitnchondrial involvement is
meiosis might be a factor in the forces that are driving high  intriguing and also increasingly relevant based on studies that have
virulence in the outbreak region. shown mitochondrial inheritance and recombinatdon may impact

The second major event that results from sexuval processes in the C. gatii evoluton, with the inheritance of the mitgchondrial
pathogenic Cpypococas species is the fonmadon of spores. Small genome from the a mau.ng type parent in opposite-sex nating
spores ranging from 1-2 pm in diameter have heen observed to e [64,65]. Furure srudies in this area should address the roles that
praduced in large numbers as the result of opposite sex matng in mitochondrial genes, ar nuclear genes that regulate mitochondria
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Figure 7. In vitro analyses of intracellular proliferation and mitechondrial morphology provide evidence the VGlic genotype is
hypervirulent. A) IPR rates of VGlic isolates are similar to those from the VGlla/major genotype and higher than those seen in the less-virulent
VGib/minor genotype, Eight VGIk isolates were tested individually, with the overall averages for the three primary outbreak genofypes presented. B)
Percentage of cells with tubular mitochondrial morphology in DMEM. C) Percentage of cells with tubular mitochondrial morphology in macrophages.
D) Linear cormelation of IPR and percentage of tubular mitochondria after macrophage exposure,

doi:10.1371joumal ppat.1000850.g007

may play in the hypervirulence observed in the outhreak isolates,
Furthermare, it may be that cell-cell fusion events via mating and
mitochondrial exchange without meiosis or nuclear genetic
exchange have played roles in recombinaton and virulence
acquisition in namwally occurring C, gatéii populations [64,65).

A central question in the field lies in the possible origins of the
virulent genotypes. For the VGlla and VGIIc lineages, it is clear
that those are unique to the Pacific INW, and either arose there
locally, or were transferred frem an under-sanpled region
(Auswralia, South America, Aftica), Isolates that are related to,
hut distinct at one or more molecular marker from VGlla have
been identified in San Francisco (CB57750), southern California
({CA1014), and South America (}CB107). However, in each of
these cases, the isolates are not identical with the VGIla/major
isolates from the Pacific NW. Whether the outbreak isolates are
derived from these isolates, or aliernatively that these isolates are
derived from the outbreak lineage i at present unclear. In the
VGII/minor outhreak lineage, isolates from Auswalia are
identcal ar all 30 MIST loci and four VINIRs analyzed, and
the most parsimonious inodel Is that the two are direcily related.
While it is conceivable that both the Ausiralian and the Vancouver
Island VGIb/minor genotype isolates were dispersed indepen-
denuy from another geographic locale, until isolates are identified
conclusively from another iocale the most parsimonious model is
transfer from Australia to the Pacific NW. We note that a single

.
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isolate with a related bue distinet genorype (isolate 99/473) from
the Caribbean has been identified; and other isolates have been
reported to share the VGIIh genotype but have been analyzed ata
limited number of MLST markers (n=7) which is insufficient to
establish how closely related these isolates are to the outbreak
VGINy/minor genotype swrains [29]. The origins of VGIIc are
unclear, with the genotype possibly arriving in the Pacific NW
from South Ainerica, Africa, Europe, or Ausmalia, Alternatively,
this nove! unique genatype may have arisen locally.

As for the geographic origins of VGII diversity, this alse remains
to be established and may invelve populations in Australia, South
Ainerica, and Alrica, It is clear that there is considerable diversity
among isolates from South Amnerica. As we originally praposed as
an alternatve model [6], and has been independently presented by
other investgators (W, Meyer, T, Bockhout, JI' Xu, pers. comm.),
South America may represent a source of diversity and ongoing
generarion of novel isolates. Analysis of 8 MLST loci in this smudy
indicates that in South Armerica and the Caribbean there are 14
genotypes seen in 2) isolates, while in Nonh America only 3
genotypes have been observed through the analysis of 64 isolates
{Figure S1). Additonally, there is accumuladng evidence thar
ferdle isolates of hoth a and @ mating type are present in South
America [29], and thus ongoing a-& oppaosite sex mating may be
occurring there. It is also clear that a unique set of VGII isolates
are circulating in Ausiralia, and there i evidence for ongoing
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doi:10,1371/joumal.ppat.1000850.9008

recomnbinadon in @ only and a-o populations, suggesting thar
matng contributes to the generadon of diversity in Australia
(36,49,54,55,66,67]. Finally, the analysis of glohal VGII isolates
reveals genetic diversity in Africa, and given the recent findings
that . nefonnens likely ariginated in sub-Saharan Africa {A.
Licvinseva and T, Mitchell, pers. Comm.), further analysis of
African C. gatsi isolates Is clearly warranted.

It remains possible that South America, Africa, or both
represent the ancestral populations of . gaii, and that more
recent dispersal events from other established populadons (for
example, from Australiz to the Pacific Northwese) have occurred to
contribute to the outhreak, As yet, all of the isolates found in the
Pacilic Northwest are o maring type. Thus, if sexual reproduction
is occurring in the Pacific Northwest, it would appear to involve
same-sex matng occurring under environmental conditions.
Recent studies have decomented that C. resformany and C. gattii
ar¢ sdmulated w undergo opposite-sex maring in laboratory
condigons that simulate environmental niches (pigeon guano
medium, co-culture with plants) and thus similar canditions may
be necessary in narre [56,68]. Overall, both the VGIIa/major
and the VGIIc/novel genotypes contain a number of MLST loei
that are thus far resiricted to these lineages, and their origins
remain to be identified.

@ PLoS Pathogens | www.plospathogens.org

Independently of the variables ledding up to and influencing this
outbreak, the major concern is and continues to be the inexorable
expansion throughout the region. From 1999 through 2003, the
cases were largely restricted to Vancouver Island. Between 2003
and 2006, the outbreak expanded into neighboring mainland
British Columbia and then inte Washington and Oregon from

" . 2005 to 2009, Based on this historical majectory of expansion, the

outbreak nay condnue to expand into the neighboring region of
Northern California, and possily further.

The rising incidence of cryptococcosis cases in humans and
animals highlihts the need for enhanced awareness in the region,
and those régions that may posendally become involved, While
rare, litde is currently known about how or why specific humans
and animals become infected. Increased vigilance may decrease
the tme from infecton to diagnosis, and thus lead ro more
effective treatment and a reduction in mortality rates, The
pxental dangers of travel-associated risks should be noted, as a
growing number of cases atributable to travel within the Pacific
NW region have been documented [69,70]. Northern California
has similar temperate cliinates to endemic regions within Oregon,
leading to the hypothesis that the emergence may expand there,
while expansion eastward may be limited by winters with average
temperatures often below freezing {173.

April 2010 | Volume & | Issue 4 | @1000850

115



The expansion of the outhreak into Galifornia is plausible based
on several studies documenting the presence of C. gati throughout
the state and in Mexico. €. ga## molecular type VGII was
environmentally isolated in the San Francisco area in 1990 {isolate
CBS7750) [48], and there have also been two confirined and one
travel-assaciated case of C. getzt molecular type VGI in California.

OFf the VGI] cases, one occurred in a male Atantic bottlenose

dolphin in San Diego, one was isolated from a liver wansplant
recipient in San Francisco, and the other from an otherwise
healthy patent in North Caralina with travel history to the San
Franciseo region [71,72,73]. In addition C. gattii has been reported
in southern Califomia amang a cohort of HIV/AIDS patiens
{74]. Recendy, studies of clinical isolates from Mexico revealed all
four malecular types of C. gaftd vo be present [75]). Taken together,
the hypathesis that the virulent isolates from the Pacific NW will
expand into California must be considered by both physicians and
public health officials,

During the coming years, monitoring and researching the
outhreak expansion as a mulddisciplinary effort will be cridcal,
The ability to bring diverse groups of professionals interested in C.
gatti expansion has been gready facilitated through the forinadon
of the Cpptococeus gatti working group of the Pacific Nonhwest
[17]. From a research standpoint, further examination of the
molecular mechanisims underlying the increased virulence in both
VGIla/major and VGIIc/novel will be useful for the development
of aggressive treatments that may e needed. Furthermore,
increased efforts o determine the ecology and papulation
dynarmics of . gati% in the region, and elucidating the evaludonary
history of the VGIIc genotype will be critical to gain forther
insights into the origins of this unprecedented and frequenty faral
fungal outhreak.

Supporting Information

Figure S1 MILST of all VGII isolates used in the srudy and the
four out-group isolates used in the phylogenedc analysis, ’

Found at: doi:10.1371/journal.ppat. 10008505001 {0.07 MB PDFy

Figure 52 MLST analysis of Vancouver Island isolates at 2 loci.
These were chosen to determine if any of the isolates might have
belonged to the VGIle group.

Found au: doi:10.1371/journal.ppat. 1000350 s002 (0.02 MB
PDF)

Figure 53 TCS haplotype networks for the thirteen alleles not
represented in Figure 5 of the main text.
Found at: doi:10.1371/journal ppat.1000850.5003 (0.15 MB PDF}

Figure §4 All paired allele graphs from VGII global isolates
generated during the analysis, Isolates of both mating type a and a
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