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Abstract

Introduction

Cryptococcus neoformarmsdCryptococcus gattiare fungal pathogens found in the
environment, which cause potentially liflereaening meningoencephalitis amohgman
immunodeficiency virugHIV) -infected and HIVuninfected persons in South Africa.
Cryptococcuss the most common cause of meningitis among South African aliiuisuth
Africa, fluconazole is still used in combination with amphotericin B for induction treatment
of HIV-associated cryptococcal meningitis and as monotheraplygoonsdidation and
maintenance treatmephasesMolecular characterisation using multilocus sequence typing
(MLST) is a good discriminatory tool to genotypeyptococcusThere is a high genetic
diversity observeth strainsisolatedin southern Africa. Additimally, it was hypothesised

that the molecular type VNBhat is endemic teouthern Africamay be more virulent

among theC. neoformansnolecular typesThe overall aim of this study was to explore the
genetic diversity, antifungal susceptibility and virulence of the two patho@eyptococcus

speciexomplexes causing human disease in South Africa.

Materials and Methods

Multilocus sequence typinand fluconazole susceptibility testing was performed on
randomlyselectedsample o251 C. neoformanand 146C. gattiiisolates collected from
South African patients with cryptococcosis throl@boratorybasedsurveillance from 2005
to 2009 and 200%t2013, respectively. We examined the association between clinical
characteristics of patients and/ptococcalmolecular type, and the effect of molecular type
on inthospital mortality. We performed whole gane phylogenetic analysis of 15

C. neoformanssolates with the molecular type VNB and tested their virulence3alkeria
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mellonellamodel. We also sequenced the genomes ofCL@fattiiisolates with the

molecular type VGIV. We prospectively collect€dneoformanssolates from 1 January
through31 March 2017 from persons with a first episode of cubargfirmed cryptococcal
disease. We determined fluconazole minimum inhibitory concentration (MIC) values (range:
0.125 eg/ ml t &. néofbrmangsblaids using dustoimade broth

microdlution panels prepared, inoculated and read according to Clinical and Laboratory
Standards Institute M2&3 and M60 recommendationd/e interpreted fluconazole MIC

values using published epidemiological cutoff values (ECWsMIC valuesobtained in
the2017 survewere compared to MICs of 249 isolates from earlier surveillance {2007

2008).

Results

For C. neoformansmost isolates collected between 2ET®9 had the molecular type VNI

(206/251, 82%), followed by VNII (25/251, 10%), VNB (15/251, 6%), and VNIV (5/251,

2%); with a total of67 sequence types identifiecthere were no differences in fluconazole

MIC valuesamong molecular types and the majority of strains had low MIC valitlei

the wildtype ranggMICso of 1 ug/ml and MIGy of 4 ug/ml). We did not find ay

associatioeb et ween patientsd clinicahdbeteanr act eri st
molecular type and thospital mortalityFifteen VNB strains were ndiighly virulent in a

G. mellonellalarval model.Themajority of these VNB strains belonged to the VNBII clade

and were very closely related by phylogenetic analysis.

Vii



In the 2017%urvey, the fluconazole MKg, MICgo and geometric mean MIC of 229
C.neoformans s ol ates was 4, 8 and 4. 11 edg0fiml compa

2008 (n = 249) respectively.

For C. gattii, most isolates had the moleculargygGIV (101/146, 70%), followed by VGI
(27%, 40/146), VGII (2%, 3/146) and VGIII (1%, 2/14@)th a total 0f99 sequence types
identified The majority ofC. gattii strains in our study had low fluconazole MIC values
within the wildtype range (MIGo of 4 pg/ml and MIGo of 16 pg/ml). VGIV isolates had a
lower fluconazole MiGovalue compared to neviGIV isolates but still within one double
dilution. Compared to HIVseronegative patientsllV -seropositive patientsere ten times

more likely to be infeted with avVGIV isolateon multivariable analysis, though with small
numbers, theonfidence intervalCl) was very wide (95% CI: 1.985.31, p=0.006)We did

not find ay association between molecular type antiaspital mortalityWhole genome
phylogenetic analysis of the VGIV strains in our study showed that the VGIV molecular type
was highly diverse, with only some strains being closely related in two small clusters of ten

and six strains, respectively.

Conclusion

Our studesshowed that SobtAfrican clinicalC. neoformanandC. gattiiisolates had a

high genetic diversity with VNI and VGIV being the dominant molecular types among the
two sibling species, respectively. Clinical neoformansndC. gattii strains collected
between 2005 and 2013 mostly had low fluconazole MIC values, although thze aitC
MICgo values forC. gattiiweretwo doubledilutionshighercompared tahose for

C. neoformansand stillwithin the wildtype rangeWe also observed #éh fluconazole MiGp
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and MIGy values were twdold higher in clinical South Africa. neoformanssolatesfrom
first episodes of meningitsollected in 2017 compared to 20@D08. Our findings led to
higher fluconazole dose recommendations for induciwhconsolidation phases in the 2019
Southern African guideline fddlV -associated cryptococcosighe few South African VNB
strains in our study were very closely related by whole genome phylogenetic analysis,
suggesting a common environmental sourceoM/genome phylogenetic analysis of 98
South African VGIV strains confirmed their high genetic diversity with most strains not
beingclosely related. However, we observed two small clusters of clodabed strains, one
cluster from patients living in hGauteng and Limpopo Provinces and the other cluster
consisting of patients from the Mpumalanga Province of South Africa suggesting a similar

environmental source.
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Chapter 1: Introduction/Literature Review

1.1 Burden of cryptococcal meningitis

In 2014, the global burden of cryptococcal meningitis among people livinghwitian
immunodeficiency virus/acquired immunodeficiency syndr¢hi®//AIDS) was estimated

to be 223,100ases per year with 181,100 deatRajasingham et al., 2017plobally,
cryptococcal meningitis causes 15%A0DS-related deaths and is the second most common
cause of AIDSrelated mortality after tuberculogigB) (Rajasingham et al., 2017)he

global cryptococcal antigenaemia prevalence was estimated to be 6% among people living
with HIV/AIDS with a CD4 cell count of less than 100 cells pewjth 278,000 global
cryptococcal antigen positive cag@&ajasingham et al., 2017 eventy three per cent of the
global cryptococcal argenpositive caseand cryptococcal meningitissesoccur in sub
Saharan AfricdRajasingham et al., 2013eventy five per cerdf deaths also occur sub

Saharan Afric§Rajasingham et al. 047).

As a consequence of SouCryptofotcuss theaniost commange HI V
cause of meningitis among adults, accounting for 62% of microbiologicafifirmed cases

and is more common than bacterial menindBistz et al., 2016)Based on National Institute

for Communicable Diseases (NICD) data, 6,425 patients with laboredofirmed incident

cryptococcal episodes were reported du2@d 9 with an incidence risk of omeported case

per 1,000 HIVinfected persons in South Afri@ERMSSA AnnualReport, 2019)A third

of the patientadmitted to South African hospitals withyptococcal meningitis die in

hospita GERMSSA Annual Report, 201uan et al., 2019 ryptococcal meningitis is

fatal in more than habf the treated cases in South Africa in routine hospital @anelani et

al., 2013, Quan et al., 201%Hlowever, a large number of patients who are successfully



treatednitially also experience recurrent cryptococcal dis¢daevis et al., 2010)
Symptomatic relapse accounted for 23% of all laboratonfirmed cases of meningitis i
oneSouth African hospitalJarvis et al., 2010)This can be caused by a new infection,
persistence of the initial infecting strain, or relapse of the infection due to the osigaial

or strains folbwing appareninitial clearancgVan Wyk et al., 2014)

1.2 Clinical presentation of disease

Cryptococcal disease was first identified in 1§Bdsse, 1894hut was only recognised as a
majorhealth threat in the 1980s with the onset of the AIDS pand@teitect and
Casadevall, 2002Extrapulmonary cryptococcosis is an AlBf&fining illness but other
immunocompromised patients can be infected, such as those on chronic corticosteroid
treatment or those who undergo solid organ transplant@iizendine et al., 2011, May et
al., 2016) The dsease can also occur in apparently immunocompetent indivigQats-
Chung et al., 2014)hese individuals could have immunological defects that are
unrecognised or undiagnos@dvon-Chung et al., 2014)Infections are mainly caused after
individuals inhale fungal spores or desiccated yeast cellstfreranvironmentKwon-

Chung et al., 2014)r'he major body sites affected are the lungs and theat@ervous
system(CNS)(Maziarz and Perfect, 2016)he clinical presentation of pulmonary infection
can range from sultinical disease, an incidental pulmonary nodule on a chest radiograph to
severe pneumonia with respiratory distr@&szendine et al., 2011, Maziarz and Perfect,
2016) Upon reactivation of latent infection or at the time of a new irdactiryptococcal
disease can spread to @BBISthrough the bloodstream causing cryptococcal
meningoencephalitis or meningitislaziarz and Perfect, 2016)here are three proposed

mechanisms on how the fungus crosses the blood brain barrier; these are paracytosis,

transcytosi s and t h@ayefal,6 @J1&)(h) Pdracytosieiowhérey p ot he s



Cryptococcuproduces enzymes thabreakdown hie blood bran barrier therebgausing
damage andllowing cellsto crosshetween host endothelial cells that line the blood vessels
in the brain(Vu et al., 2014 (2) Transcytosis involveSryptococcugells moving directly
through endothelial cellfChangetal., 2004 ( 3) The W@ATrojan horseo h
thatCryptococcugells are transported within host phagocytes across the H@ai@goza,
2019) Symptoms of meningitis include headache, fever, lethargy, coma, or memory loss,
which develop over several weegerfect and Casadevall, 2002, Maziand Perfect, 2016)
Patientsstarting antiretroviral treatme(RT) can also experience a paradoxical worsening
of cryptococcal disease symptoms called immune reconstitution inflammatory syndrome
(IRIS) (Brizendine et al., 2011An IRIS-like syrdrome can also occur in nd#lV -infected
individuals with cryptococcal diseasa antifungal treatmer{iVu et al.,2020).Other body
sites less frequently affected include skin, prostate, eyes and boneghtzintarz and

Perfect, 2016)

1.3 Treatment of cryptococcal meningitis

There are three main antifungals used for treatment of cryptococcal disease: liposomal or
deoxycholate amphotericin B, flucytosine and fluconag@levender et al., 2019)

Antifungal treatment of HIVassociated cptococcal meningitis consists of the induction,
consolidation and maintenance pha&&svender et al., 2019yheWorld Health

Organization (WHO) recommends that amphotericin B with flucytosine is the ideal
combination for the induction pha@8uidelines 2018) These recommendations were guided
by results from the Advancing Cryptococcal Treatment in Africa (ACTA) (Nillloy et al.,
2018) This trial showed that participants on amphotericifuBytosine combination therapy
had a 31% mortalitgompared to a 45% mortality of patients on amphoterieflu@&nazole

combination therapy at ten wegldolloy et al., 2018) Although flucytosine is not registered



in South Africa, a flucytosine access programme is currently being expanded across South
Africa for the treatment of cryptococcal mening{i&hroufi et al., 2020)n the absence of
flucytosine, fluconazole is recommended as an alternative in combination with amphotericin
B for the induction phas@Meiring et al., 2016)Fluconazole is also recommended for the

consolidation and maintenance phadésiring et al., 2016)

Amphotericin B is fungicidal by binding to ergosterol in the fungal cell membrane thereby
generating pores in the cell wall and membr@aiay et al., 2012, May et al., 20)1 It also
induces cell death by oxidative damd@eay et al., 2012, May et al., 2018he

deoxycholate formulation of this antifungal is more toxic than the lipid formulagidausill

et al., 2010)A new treatment strategy includiagingle highdoseof liposomal

amphotericin B is currently being explored in the Ambi@©MK trial and the trial results,
expected in 2021, may alter international treatment recommendétemmeence et al., 2018)
Flucytosine can either bloadeoxyribonucleic ad (DNA) synthesis or disrupt protein
synthesis, which leads to growth arr@dty et al., 2016)It does this by being taken up by
fungal cellsby the enzymeytosine permeas©nce within the cell, it isleaminged into 5
fluorouracil by tle enzyme cytosine deaminaserlBorouracil can be convertdxy the
enzymeuracil phosphoribosyl transferasgo two metabolites inside the fungal cdlhese
metabolitesare 5fluorouridine triphosphate (FURTP) aBefluorodeoxyuridine
monophosphate (FdUMM)at cause DNA andbonucleic acid RNA) damage5-
Fluorouridine triphosphate is incorporated into fungal RNA in place of uridylic acid causing
premature chain termination thereby inhibiting RNA and subsequetaipisynthesis-
Fluorodeoxyuridine monophosphate inhibits the enzyme thymidylate synthetase that is
involved in DNA synthesis therefore inhibiting DNA synthg$tgaldorf and Polak, 1983,

Vermes et al., 2000)-luconazole is fungistatic lynding to andnhibiting the lanosterol



1 4-démethylase enzyn{eytochrome P45@rgl1p or Cyp51pgncoded by the geiERG11
in the ergosterol biosynthesis pathwahis prevents production of ergosterol for the fungal
cell membraneDepletion of ergostet causes alteration in the permeability and fluidity of
the fungal cell membraradfecting membrandound enzymes involved in cell wall synthesis

(Odds et al., 200Fmith et al., 2015, May et al., 2016, Chang et al., 2018)

Antifungal resistance has beencountered to all of the aforementioned driMay et al.,
2016) There are new drugs in development or in clinical trials for the treatment of
cryptococcal diseagday etal., 2016) The orally active antifungal manogepix (APX001A
or E1210) inhibits the synthesis of the cell wall component, glycosylphosphatidyl inositol
(GPI)T anchored mannoprote{Shaw et al., 2018)rhis molecule and its close analogues
have been shown to be efficaciousnivitro andin vivostudies but it is not yet in clinical
trials for treatment of cryptococcal meningii&haw et al., 2018VT-1129 inhibits

ergosterol synthesandwas shown tde efficacious in a ouse mode{Wiederhold et al.,
2018) A phase one clinical trias currently being conducted
(https://ncats.nih.gov/trnd/projects/complete/antifungall 29 cryptococcalmeningitis).
Arylamidine 2307 is fungicidal and targets the fungal mitochondrial memkitdisbikawa
et al., 201Y. Clinical phase one studies were completed and there wereere selverse
effects, makingt a promising nevcandidate for cryptococcogislishikawa et al., 2017)
Current drugs repurposed for cryptococcosis treatment are also being investigated such as
tamoxifen, a drug used to treat breast cancer that targets the fungal protein cal(Mugurin
et al., 2019 A phase twalinical trial has been undertaken whereby the combination of
tamoxifen with amphotericin B and fluconazole will be compared to the combination of
amphotericin B and fluconazo{Blgan et al., 2019Data analysis for this trial is ongoing

(Ngan et al., 2019)The antidepressant satine is fungicidal andnterferes with



Cryptococcugprotein synthesiéBoulware et al., 2020Although sertraline was shown to
havein vitro andin vivo fungicidal activity againsCryptococcusin clinical phase two and
three trials, there was no effect on matyalRhein et al., 2019, Katende et al., 2QX9)d it

also causeddversesideeffects leading tearly stoppagef the trial(Boulware et al., 2020)

Mortality due to cryptococcal meningitis can be reduced by screening for cryptococcal
antigenaemia (CRAG) &RT initiation or among ARTexperienced patients and pre
emptively treating those patients who screen CRGItive(Jarviset al., 2013, Hurt et al.,
202]). Following inclusion of a cryptococcal diseascreemandtreat intervention in the

National Strategic Plan for HIV/AIDSexually transmitted infection§TIs) and TB South
Africa conducted a phased implementation of a national senegtreat program from 2012
2015(Govender, 2012)The National Health Laboratory Service (NHLS)/Nationa
Department of Health implemented reflex laboratory CRAG screening across the country in
October 201§Govender and Glencross, 2018)study is currently being conducted at the
NICD, evaluating the effectiveness of this national program on CiRésiive patient

outcomes t his studyoésNBhort title is ACAST

1.4 Cryptococcusthe causative agent of cryptococcal meningitis

Two speciezomplexeswvithin the basidiomycetous yeast gen@syptococcuscause most
human diseas€ryptococcus neoformamsmdCryptococcugattii (Pappas, 2013Dther
Cryptococcuspecies aréess likely to cause clinically significant infection. Only one case of
invasive disease caused ®¢ryptococcuspecies other thad. neoformanandC. gattii

was detected from 54 American patients over an gigat periodCano et al., 2020)
CryptococcusieoformansandC. gattii can further be divided into threenties, five

serotypes and Irholecular subtypes (Tablel) (Maziarz and Perfect, 20163everal



differences exist betwedl. neoformansandC. gattiibased on geographical distrikmrt,

ecological niches, epidemiology, pathobiology, clinical presentation and molecular characters
(Cogliati, 2013) There is a prapsal for each molecular type Gfyptococcudo be elevated

to species level and the proposed species names are listed in. Igblaegkn et al., 2015)
However, this proposavascontroversial and researchers hatik not reached a consensus

on these taxonomichangegKwon-Chung et al., 2017)

About 95% of cryptococcal disease is cause@bgeoformansar. grubii (serotype A) and
4to 5% caused b€. neoformansar. neoformangserotype D) o€. gattii (serotypes B or
C) (Maziarz and Perfect, 2018)ryptococcusheoformanyar. grubii (serotype A)s
globally distributed whereds. neoformanwar. neoformangserotype D) is endemic to
Europe Cryptococcugyattii (serotypes B or C) was previously thought to be confined to
tropical and subtropical regions and was found less frequently in temperate (dtparez
and Perfect, 2016However, this speciesomplexseems to have expanded to temperate
zones, for example, the occurrenceCofyattii outbreaksn North America(Kidd et al.,
2005) CryptococcuseoformansandC. gattiiare both known to cause disease in both-HIV
infected persons and immunocompetent individ(Régppas, 2013Among HIV-infected
personsC. gattiidisease is indistinguishable fran neoformanslisease; patients present
with meningitis with or without fungaem{@organ et al., 2006 Among HIV-uninfected
patients, disease caused®@ygattii frequently presents as a lesion localized in timg$ or

CNS(Morgan etal., 2006)



Table 11: Pathogeni€ryptococcuspecies (adapted from Meyer et al., 2009, Hagen et al.,

2015, Farrer et al., 2019)

Current species or variety | Serotype | Molecular Proposed species names
or hybrid name type
Cryptococcus neoformans | A VNI C. neoformans
var. grubii
A VNB C. neoformans
A VNII C. neoformans
AD hybrid AD VNIII C. neoforman¥

C. deneoformanfybrid

Cryptococcus neoformans | D VNIV C. deneoformans
var.neoformans

Cryptococcus gattii B/C VGI C. gattii
B/C VGl C. deuterogattii
B/C VGl C. bacillisporus
B/C VGIV C. tetragattii
B/C VGV Not proposed yet
B/C VGVI C. decagattii




1.5 Ecological niche ofC. neoformansand C. gattii

Cryptococcal disease is not contagious; as such, htwraimman transmission is not
observedVan Wyk et al., 2014)it is likely that individuals inhal€ryptococcuspores or
desiccated yeasts from the environm@@nhove et al., 2017Yo better understand the
epidemiology of cryptococcosis, several studies have investigateddhagical niche of this
fungusthat is ubiquibus in the environmerfEllis and Pfeiffer, 1992, Granados and
Castafieda, 2005, Litvintseva et al., 2005a, Chowdhary et al., 2012, Chen et al., 2015b,
Cogliati et al., 2016, Vélez and Escandon, 2017, Vanhove et al.,. ZD¥@)ococcus
neoformanss found in bird droppingsspecially pigeon excreta, soil, vegetative debris, and
tree hollows specifically the Mopane treesouthern Africa(Litvintseva et al., 2005a,
Litvintseva et al., 2011, Vanhove et al., 2013typtococcugattii has been mainly
associated with certain tree species, such as eucal(fgilissand Pfeiffer, 1992, Vanhove et
al., 2017) firs and oakg¢Kidd et al., 2005)A recent environmental Zambian study showed
isolation ofC. gattiifrom hyrax faeces that was not reported as a niche previp(esthove

et al., 2017)

It has been hypothesized that the global distributiod. sieoforman®ccurred due to its

ability to metabolize pigeon excreta; this allowed the organism to spadivide along
migratoryand trade routes once the pigeon became domest{tatadtseva et al., 2011)

On the other hand, the ecological nich&ofjattii is restricted to sedentary trees thereby
restrictingits global movemeng{Nielsen et al., 2007However, its ability to adapt to a new
temperate niche caused a geographiaasgricted outbreak in North Ameri¢idd et al.,

2005, Engelthaler et al., 2014)hee are many theories on the unexpected and unexplained
emergence of. gattiimolecular type VGIin North America. These includbe shipment of

eucalyptus trees or agricultural products, global warming, ocean and wind currents, animal



movement, or human/mechanical transmission due to increased internationgkinawel

Chung et al., 2014, Engelthaler and Casadevall, 2@ hypothesis suggests that gattii

was transported by ships in contaminated ballast tanks from South America to North America
in 1914(Roe et al., 2018)T'his organism then established itself in coastal waters. A tsunami

in 1964 then carrie@. gattiiinto the coastal forests. This organism adapted to a new
environmental niche (i.e. land/forest) and therseauan outbreak of human infection about

three decades laté@Engelthaler and Casadevall, 2019)

1.6 Pathogenesis of cryptococcal disease

Individuals inhale airborne yeast cells or basidiospores from the environment into the lungs
(Kwon-Chung et al., 20D4Infection can occur in the lungs and disseminate to other organs
depending on t he thepahbgérsioad, eifMaziare ans pesfdecte 201.6)

In immunocompetent hosts, fungal cells are effectively cleared by the immune system
(Kwon-Chung etal., 2014. In immunosuppressed hosts, the yeast cells proliferate and spread
through the bloodstream to other tissues, especiallgi&(Kwon-Chung et al., 2014ay

et al., 2016)Once in theCNS, meningitis results (Figurkl) (Kwon-Chung et al., 2014,

May et al., 2016)Clinically asymptomatic knt infection can alsoccur, whereby a small
lung-lymph complex is formed and yeast cells remain viahledbrmani{Kwon-Chung et
al.,,20149)Once the hostdéds immunity is compromised,
leading to active disease wherein cells proliferate in the pulméyagh node complexral

disseminate into extraulmonary sitegKwon-Chung et al., 2014)

10



Inhalation

Proliferation in the lung

n n Fungemia
6
1t [0

Fulminating infection of the CNS Crossing the
blood-brain barrier

Soil, tree hollows,
pigeon droppings

Figure 11: Pathogenesis of cryptococcal meningiisvon-Chung et al., 2014)

The main virulence factors @ryptococcusre polysaccharide capsule formation, melanin
pigment production, enzyme production and thermotoler@veeiarz and Perfec2016)

The capsule surrounds the yeast cell and is mainly composed of two polysaccharides:
glucuronoxylomannan (GXM) and glucuronoxylomannogalactan (GXM@abagoza,
2019) Other minor components include mannoproteins and dikgrstructure§Zaragoza,
2019) In the environment, it is likely that the capsule protects the fungus froyaidgion
and phagocytic predators, such as amoéBhasman et al., 2011Puringactive disease and
latent infection, the capsule protects yeast cells against host phagocyc e | | s by
interferes with host immune mechanisni@asdevall et al., 2019)he capsule inhibits
phagocytosis by masking the epitopes for macrophamgpters since these epitopes are
found on the cell wakurrounded by the capsuyl&aragoza, 2009 Glucuronoxylomannan

and GXMGal havémmunemodulatory abilities that degrade immune function (Casdevall et
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al., 2019) Eventhough the capsule inhibits phagocytosryptococcal cellgean be
phagocytosedutare able tsurvive and avoid killingnside macrophaged his makes
Cryptococcus facultative intracellular fungal pathogetthin the hostsit replicates inside

phagocytic cells, where it can survive for a long ti{i@ragoza, 2019)

Melanin is stored in the cell wall and it protects the fungus from free radicals, ionizing
radiation, heat and antifungal drug act{@aragoza, 2019 Melanin also enables survival of
the organism inside alveolaracrophages and facilitates escape from the lung thereby
allowing the fungus to spread from the lungs to the Wfdaverr et al., 2004 It also changes
host cytokine production and protects against macropl{&adti et al., 20147aragoza,

2019)

CryptococcusieoformansandC. gattiiare the only speciemplexeswithin the genus
Cryptococcughathave the ability to grow at 3T the mosessential virulence factor, which
enables these speci@mplexedo cause disease since this is within the mammalian body
temperature rang&won-Chung et al., 20140ther virulene factors include production of
enzymes, such as phospholipase, protease and (Gzssalevall et al., 2019, Zaragoza,
2019) These degradation enzymes allow survivataast cells within host cellshey can be
transported to the cell surface enablingesihin to host cells aralsobreakdown hostell
membranes to penetrdiest tissuéZaragoza, 201%won-Chung et al., 2004 They could
also promote sequestration of yeast cells at microcapisyelsallowing crossingf the
blood brain barrier thereby enabling brain invasion (Zaragoza, K&é®)-Chung et al.,

2014).
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Production of capsule, modified cell wall composition and melanin synthesis are cell surface
changes that have various role€iryptococcuwirulence as described abofAdtamirano et

al., 2020) Additionally, cell size changes is@ather virulence factor wherel@. neoformans
producedarge titan cells and small micro and titanide cells during infe¢@tamirano et

al., 2020) Typical yeast cells are 5 um in diameterhowever titan cells are greater than 10

pum in diameter with @ell wall thickened with a mannan layer and a highly cilodsed
capsulemicro cells ardess than 1 um in diameter also with a thickened cell wall and
titanides are 2 um in diameterovalshaped and have a thinner cell wallencompared to
typical yeast cellg§Altamirano et al., 2020Micro cells and titanides may promote
dissemination and survival within macropha@&amirano et al., 2020)Titan cells may aid

in pathogen survival during pulmonary infecti@gitamirano et al., 2020)

1.7 Identification and antifungal susceptibility testing ofCryptococcus

Culture on selective/differential media, such as Niger seed agar, canavanine glycine
bromothymol blue agar, and ureantaining agarallow reliable identification of

Cryptococcusn the microbiology laboratory (Figude2) (McTaggart et al., 2011)

Microscopy by staining cerebrospinal fluid (CSF) specimens with India ink and observing the
cryptococcal capsule has been valuable in the past (FigRyéNalintya et al., 2016put this

is generally no longer recommended as arthatjc tool since it is less sensitive than culture
and cryptococcal antigen detecti@ominic et al., 2009)Histopathology stins such as

Alcian blue or mucicarmine (which stains the capsule) and Foiasaon (which stains

melanin in the cell wall) have been used to differentiigtococcugrom other fungin

tissue(Lazcano et al., 1993)
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Due toadvancesn technology molecular methods such &angersequencing athelarge

subunit (LSU) of the ribosomal DNA or the intergenic sp&@g) genesas well asa

multiplex polymerase chain reactioRCR systemweredevdoped for the identification of
CryptococcussolategMcTaggart et al., 2011, Rhein et al., 2Q1%¢rological tests fahe
detection of the cryptococcal capsular antigen, GXidude cryptococcal latex

agglutination tests (CLAT), antigen capture sandwich enzyme immunoassays (EIA) and
lateral flow immunochromatographic assays (LEAansen et al., 2013Thelmmunoc

Mycologics Ltd (MMY ) LFA is a rapid poinbf-care dipstick test with a 99% specificity and
sensitivity to detect cryptococcal antigen in CSF compared to traditional diagnostic tests (i.e.

culture,CLAT and India ink microscopyBoulware et al., 2014)
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Figurel.2: A1 Cryptococcus neoformarssibcultured on Niger seed agdMcTaggart et al.,
2011) B Cryptococcus neoformassib-cultured on canavanine glycine bromothymol blue
agar(McTaggart et al., 2011 - Cryptococcus gattisub-cultured on Niger seed agar
(McTaggart et al., 2011P - Cryptococcus gattisub-cultured on canavanine glycine
bromothymol blue agdMcTaggart et al., 201X 5ource: National Institute for
Communicable Diseases, Centre for Healthcare Associated Infections, Antimicrobial

Resistance and Mycoses)
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Figure 13: Micrograph showing the cryptococcal capsule stained with India ink (Source:

https://mycology.adelaide.edu.au/descriptions/yeasts/cryptocdccus/

In vitro susceptibility testing o€ryptococcuss performed by reference bhomicrodilution
(BMD) methods, for example using the CliniealdLaboratory Standards Institute (CLSI)
guideline(Clinical and Laboratory Standartsstitute, 2008pr commercial BMD methods,

for example the Sentititre YeastOne Y10 AST plate (Thermo Fisher Scientific, UK) or Etest
(bioMe’rieux, Marcyl 6 EEt o i |Aetifungtl susaeptilli)y testing (AST) of
Cryptococcuss generally not useful for incidempisode islates, since treatment of HHV
associated cryptococcosis is standadand AST results have shown not to correlate with
fungal clearance or mortaliD'Connor et al., 2020Antifungal susceptibility testinip
howeveruseful for recurrent episodes of HRAssociated cryptococcogiSovencr et al.,

2019)

Currently there are no breakpoints fGryptococcudut epidemiological coff values
(ECVs) for fluconazole, itraconazole, posaconazole, voriconazole, amphotericin B and
flucytosine have been publish&m C. neoformansandC. gattii (Table 1.2)Espinetingroff

et al., 2012a, Espindghgroff et al., 2012bClinical and Laboratory Standartisstitute, 2018)
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A systematic review of 21 papers reported an increase in fluconazole minimum inhibitory
concentration (MIC) distributions for clinical cryptococcal isolates from PRO02 to 201#
2018(Chesdachai et al., 2019 few African repots on susceptibility testing of
Cryptococcussolates have shown varying results. For exan@igptococcussolates from
Zimbabwe had low CLSI BMD MIC values for fluconazole (range: @2®/ml),

amphotericin B (range: 0.12bug/ml) and flucytosine (rege: <0.06364 pg/ml) using
published ECV4Espinetingroff et al., 2012a, Espihdngroff et al., 2012b, Nyazika et al.,
2016@). A Kenyan study also showed tl@atyptococcussolates had low CLSBMD MIC
values to fluconazole (range: 0-:26 pug/ml), amphotericin B (range: 015ug/ml) and
flucytosine (range:-16 ug/ml) using published interpretive crite(fguyen and Yu, 1998,
Mdodo et al., 2011)However, Smith and colleagues showed an increase in fluconazole
MICso values in Uganda@. neoformanssolates from 4 pg/ml in998-1999 to 8 pg/ml in
20102014 with 31% of isolates hasingtmedlLSA f | ucon:
BMD method(Smithet al., 2015)In a South African study, 0.6% of incidebt neoformans
isolatesfrom2002 003 had a fluconazole MIC of 016 ¢tg
very low MICs to amphotericin B, voriconazole and posacond@xeender et al., 2011)
Additionally, C. neoformanssolates from HIVseropositive patients were less susceptible to
fluconazole compared to those from H¥éronegative patients using the CLSI BMD method
(Trilles et al., 2012)It is possible thaHIV -seropositive patients are more likely to be
exposed to antifungal treatment for oropharyngeal candidiasis prior to a diagnosis of
cryptococcal menigitis, require longer maintenance theramd relapses are also common

(Trilles et al., 2012)
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Table 12: Epidemiological cuff values( i n  &og Cryptococcus neoformamsmdCryptococcus gattisolates Espgnel-Ingroff et al., 2012a,

Espinetingroff et al., 2012bClinical and Laboratory Standards Institute, 2018

Antifungal Cryptococcus neoformans Cryptococcus gattii

agent Nontyped VNI VNII VNI VNIV Nontyped VGl VGl VGl VGIV
Fluconazole 16 8 - 16 - 8 16 32 8 16
Itraconazole 0.5 0.25 - - - 0.5 0.5 1 0.5 1
Posaconazole | 0.25 0.25 - - - 0.5 0.5 - - -
Voriconazole 0.25 0.25 - 0.25 0.12 0.25 0.5 0.5 - -
Amphotericin B | 1 0.5 - - - 1 0.5 1 - -
Flucytosine 16 8 - - - 4 4 32 - -
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The amphotericin B and flucytosine MIC valueshfgattiiisolates differsignificantly
betweergeographicategions for example Europea@. gattii strains were more susceptible
to amphotericin B compared to African, Asian, Australian, North American and South
AmericanC. gattii strains (Hagen et al., 2010). Additionally, North Ameri€argattii strains
were less susceptible to flucytosine than African, European, Asian and South America
C. gattii strains (Hagen et al., 201(he fluconazole MIC values of Brazilian, Spanish and
IndianC. gatii isolates were significantly higher th@n neoformanssolates as tested by the
CLSI BMD method (Trilles et al., 2004, Torr&0driguez et al., 2008, Chowdhary et al.,
2011) The susceptibility o€. gattiito azole antifungals has been described in a previous
South African studyMorgan et al., 2006the MICs were approximately one douwoléution

higher than those faZ. neoformanssolategGovende et al., 2011)

Cryptococcal strains exhibit heteroresistance to fluconazole and with longer exposure to
fluconazole, clinicallyrelevant resistance may eme(deilles et al., 2012)Heteoresistance

is a chromosomallynediated phenomenon in which aistant subpopulation can emerge
from a single susptible strain and exhibitansient adaptation to fluconazole at higher
concentrationgSionov et al., 2009)This acquired resistance can then revert to susceptibility
when the isolate is no longer exposed to the @8imnov et al., 2009}t is also possible that
cryptococcal strains can develop resistance to azoles in the environment whesderpo
azole fungicides that are used to treat cropstamas been speculated tisaime people may
then deelop infections with primarilyesistant strainéSmith et al., 2015¥Fluconazole
resistance can be caused by aneuploidy whereby chromdsisndeplicated relatingp
heteroresistang&ionov et al.,2012 Stoneet al.,2019). Two genes present on chromosome
1 are involved in fluconazole resistantteese ar&RG11that encodes the fluconazole target

enzyme a n o s t -demethylaskRbderoet al.,2003) andC. neoformangntifungal
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Resistance 1GnAFR2J, an adenosingiphosphate (ATP) binding cassette (ABC) efflux
pumpthat is a major transporter of azoleCinneoformangPosterato et al2003 Stone et
al., 2019. Point mutations such as G484%lero et al., 2003and Y145F $ionov et al.,
2012 in ERG11have been associad with fluconazole resistance. Overexpression or

upregulation ofcnAFR1alsoresults in fluconazole resistand@oiterato et al., 20D3

1.8 Molecular typing of Cryptococcus

Molecular characterisation using midicus sequence typing (MLST) is a good
discriminatory tool to genotyp@ryptococcusnd is established as the gold standard for
identifying the major molecular types 6f neoformansandC. gattii (Van Wyk et al., 201
A standardised MLST protocol f&. neoformanandC. gattiihas been established by the
wor king group ~CmeofoingamlCt y g afthg interdational Society
for Human and Animal Mycology (ISHAM) to reduce iMaboratory varihility (Meyer et

al., 2009)

A comprehensive review consisting of publist@&ceoformanandC. gattiigenotyping

studies from South America (2353 isolates), Asia (1707 isolates), North America (1706
isolates), Europe (1266 isolates), Oceania (543 isolates) and Africa (505 isolates) summarised
the molecular type distribution €. neoformanandC. gattiion a global scaléCogliati,

2013) Cryptococcuseoformanss divided into four molecular types: VNI, VNII, VNIII and

VNIV (Meyer et al., 2009)VNI is distributed worldwide and is the most prevalent molecular
type (Cogliati, 2013) VNB is predominately found in se®aharan Africa (clinical and
environmental isolates) but has been found in the South American environment
(Ngamskulrungroj et al., 2009, Rhodes et al., 201Vh)I and VNIII are also globally

distributed, but found less frequen(yogliati, 2013) VNIV is found to a lesser extent
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globally but is more frequent in Eurof@ogliati, 2013) Interestingly, African environmental
isolates of VNI and VNII are associated with urban areas, pigeon excreta aMbpane

trees whereas VNB is mostly associated with BuptreegLitvintseva et al., 2011, Chen et
al., 2015b, Vanhove et al., 201 Btudies done in Zambia and Botswana further suggest that
VNI infections are associated with urbanized populations, WNB is associated with
Mopane trees in rural settin¢Shen et al., 2015b, Vanhove et al., 2017vintseva and

coll eagues pr op o hyahedishoexplaio the evotution AYNI i ¢ a 0
(Litvintseva et al., 201). Since VNI is mainly associated with pigeon excreta, it was
postulated that pigeons enabled the global spre@d méoformangrom a genetically diverse
southern African populatiofLitvintseva et al., 2011)A lower genetic diversity has been
observed in global VNI strains from Southeast ASiemwami et al., 2011and South
America(FerreiraPaim et al., 2017which further suppostthis theory. An alternative
hypothesis is that the VNI lineage originated elsewhere and became more diverse in Africa

(Litvintseva et al., 2011)

Cryptococcugattii is divided into five molecular types: VGI, VGII, VGIII, VGIV and VGV
(Meyer et al., 2009, Farrer et al., 201®he fifth molecular type VGV was recently
identified from six environmental isolates collected from a specific location in Zambia
(Farrer et al., 2019VGl is mostly found in Australia and Papua New Gui(t@éampbell et

al., 2005) VGlI is prevalent in Canada and tbaited States of Americ@JSA), where it has
caused a major outbreéikidd et al., 2005)However, this molecular type has subsequently
also been found in Austral{€arriconde et al., 2011Brazil and ColombidFiracative et al.,
2018). VGIII has been found ithe USA (Lockhartet al., 2013)Mexico, Brazil and
Colombia(Firacative et al., 2IB). VGIV has until now, been mainly identifiedrfom HIV-

infected individualdrom India(Cogliati et al., 2012)Colombia, MexicdMeyer et al.,
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2003) Botswana, MalawfLitvintseva et al., 2008 and ZimbabwéNyazika et al., 2014).

Since VGII was the major molecular type causing the Pacific Northwest (PNW) outbreak in
North America, the ancestral source of the outbreak was investigated. The VGII isolates from
this outbreak were most closely relatedsolates from Brazil leading to the theory that

C. gattii VGII could have originated from South America. Researchers have termed this the

Aout of Sout h ASoacoeta., 2@l6)hy pot hesi s

One can use genotyping to carefully study the molecular epidemiolayythe long term on
condition that théundamentaprinciples of epidemiology amdhered to, for example,
selection otlinical cases (and correspondiisglate$ from a defined study populatida

arswer a research questidMultilocus sequence typirig a valuable tool since it is able to
determine the molecular differences between isolates that show similar phenotypic
characteristicéDesnosOllivier et al., 2010)Multilo cus sequence typing analysis of

C. neoformanssolates from paediatric patients in South Africa showed that there were 24
distinct sequence types (ST), each ST corresponding to specific molecular types of

C. neoformans.e. VNI, VNIl and VNB (Miglia et al., 2011)It has also been observed that a
large proportion o€. neoformanstrains from Africa have unigue genotygdstvintseva et

al., 2011, Ferreir®aim et al., 2017)Genotyping analysis of glob@l. neoformansvar.

grubii molecular type VNI isolates by MLST revealed that the highest genetic diversity was
observed in African isolates and the lowest genetic diversity in South American isolates
(FerreiraPaim et al., 2017)There were 65 unique genotypes in an African study, 26 of
which were found only in@ithern Africa(Litvintseva et al., 2011)AmongC. gattiiisolates,
VGIV is most common in AfricdLockhart et al., 2013R4 of 176Cryptococcustrains were
determined to b€. gattii (serotype C) and all were molecular type VGIV in a previous study

(Litvintseva et al., 2005b)
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Multilocus sequence typing analysis was performe@ ameoformansandC. gattiiisolates

from HIV-infected patients in South Africa with recurrent cryptococcal infegttam Wyk

et al., 2014)Clinical isolates were obtained through an active, popuktased natiora
cryptococcosis surveillanggogrammeVan Wyk et al., 2014)Serial isolate pairs or triads
were identified from patients who were diagnosed with cryptococcal disease from 2005 to
2009 at enhancddboratorysurveillance sites (i.e. sites where a nurse intetmase

patients or reviewerhedical records to obtain clinical information) and who had a second or
third strain isolated more than 110 days after the first sfvan Wyk et al., 2014)Iit was

found that 157. neoformanssolates from 72 of the 81 patients and all eighgattii

isolates from four patients had identical genotypes per patient, thereby suggesting that the
same strain had caused the initial aotdsequent infectiofyan Wyk et al., 2014)it was

also found that there was a high genetic diversity, shee were 28enotypewbtained

from 170 clinical isolate§van Wyk et al., 2014)Compared to a previous study, there were
12 genotypes obtained from 650 environmental isolafesrtseva et al., 2004. Beale and
colleagues analysed 280 neoformanssolates from HIVseropositive South African clinical
trial patients and obtained 50 different SBgale et al., 2015)hey found that patients
infected with the VNB molecular typdad a significantly worse survival outcome,
suggesting that genetic lineage of the pathogen may play an integral role during infection
(Beale et al., 2015)rhe authors also observed that there was a link between ST and various
clinical variables, such as survival outcome and altered mental @ataig et al., 2015)The
molecula diversity of clinicalC. neoformanssolates was assessed in a French study using
MLST in order to observe its biology in the h@3tsnosOllivier et al., 2010) The authors
found that 20% of patients diagnosed with cryptococcosis had mixed infections, with more
thanone genotypéDesros-Ollivier et al., 2010) This may suggest that multiple strains are

acquired by the host from the environm@désnosOllivier et al, 2010)
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A new approach to genotypiri@yyptococcuss whole genome sequencing (WGS), through
which potentiallymore genetic information, such as virulence and antifungal resistance
markers can be obtained together with strain relatedness data in a shorter space of time
compared to MLST, even though the overall costs are higher. This technique presents unique
oppotunities to further study tlsespecies comples In addition, one is able to extract

MLST sequences from WGS data, which has been found to be a useful approach in
genotypingCryptococcugChen et al.2015a) It also allows analysis of a large number of
genes to determine diversity within a population and itsugiwol (Engelthaler et al., 2014
Rhodes et al., 2017b)Vhole genome sequencin@s used to stud@. gattiiisolates that

were confined to the temperate North Ameriatific Northwestegion and had increased
virulence and a different clinical presentation from isolates in tropical regitmgelthaler et

al., 2014) Whole genome sequencing was performed on these isolates to determine the
source and genomic adaptations to this temperate régnmelthaler et al., 2014The

authors were able to study the relationshipvieen globalC. gattiiisolates and the North
American isolates to determine the potential role of unique genes in virulence expression,
environmental adaptation and clinical presentafiermgelthaler et al., 2014y herewere
specificregionswithin sugar transport, metabokad virulence genes that wenere likely

to bepresent in the North American isolatbanin the global isolate€Engelthaler et al.,

2014) It was poposed that some of these extra gene regitbowed the organism to utilise

a carbohydrate source in a temperate environment enabling it to survive in this region while
other genes enabled certain subtypes of the outbreak strains to become more virulent and
display a different pattern of clinicaisttase compared to its global counterp@tgelthaler

et al., 2014)Whole genome sequencing thus provided a more comprehensive view of
phylogenetic relationships and genomic evolution of an emerging pathogen, Siialjp#s

(Engelthaler et al., 2014WWhole genome sequencing analysi€ofheoformansar. grubii
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serotype A isolates with the moleculgpés VNI, VNIl and VNB revealed its genomic
diversity(Rhodes et al., 2017bJyhese authors intensively studied the phylogenetic
relationships and#ced the evolution of these molecular types at the global population level
(Rhodes et al., 2017byhey found that there was a much higher diversity observed in
isolates with the molecular type VNB compared to isolates that had the molecular types VNI
and VNII (Rhodes et al., 2017bFurther WGS studies of cryptococcal isolates from South
Africa would rot only reveal genetic diversity, but also allow for a better understanding of

virulence traits and clinical outcom@serreiraPaim et al., 2017)

Whole genome sequencing of recurrent isolates has been performed to determine if more than
one genotype may be responsible for ititecand to study microevolution @ryptococcus
(Altamirano et al., 2020)n a study by Rhodeand colleaguesa clonal relationship was

observed for the majorityf the 17 cases investigatéRhodes et al., 2017ajlowever, there

was a high leel of genetic diversity observed for cryptococcal strains from two cases; this
diversity was either due to infection by mixed genotypes or genetic mutéiibodes et al.,

2017a) Whole genome sequencing was done on two gerinéoformanssolates from an

HIV -seropositive patient who had suffered an initial and relapse episode of cryptococcal
meningoencephaliti®rmerod et al., 2013hese two isolates were found to be identical by
MLST, but were showrothave several differences by whole genome analyses that explained
the presence of microevolati of the organism in the hd€drmerod et al., 2013Whole

genome sequencing was performed to investigate the microevabfilecident and relapse
Cryptococcussolates from South African patierShen et al., 2017)hese isolates were
genotyped by MLST previouslivan Wyk et al., 2014)The authors had fowl that there

were changes in the virulence genes and antifungal resistance genes between the incident and

relapse isolate@hen et al., 2017)his study enabled a further study of microevolution of
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strains that underwépressure from the host immune response and antifungal treatment

(Chen et al., 2017)

Due to the differences between molecular type and traits, such as virulence, geographic
range, epidemiology and population genetics, the identificatitimeaiyptococcal genotype
is important. Identifying the molecular type in a particular patient asdle potential to
guide treatment because the molecular type may be related to antifungal susceptibility
patterngFiracative et al., 20165tudies have been performeddietermine the differences in
virulence between the various cryptococcal genotypes, usingrbeitfo andin vitro models
(Firacative et al., 2014)t was shown that usin@alleria mellonellaas ann vivomodel to
study the virulence dfryptococcusvas comparable with studies performed in mammalian
models(Firacative et al., 2014Additionally, usingG. mellonellato study virulence is easy,
less costly and requires less ethical considerations than mammalian (Rodekstive et al.,
2014, Smith and Casadevall, 202Ihis invertebrate model effectively showed that certain
molecular types of. gattiiare more virulent than othefBiracative et al., 2014Previous
studiesmainly focused oiC. neoformansave found that there is a link between
Cryptococcuggenot ype and pat i enstuch@s gentidMiginetall char ac
2011) clinical outcomgWiesner et al., 2012, Beale et al., 2QXered mental statBeale
et al., 2015)HIV status(Khayhan et al., 2013nd host immune respon@&iesner et al.,
2012) Sequence type 8 was significantissociated withinfection in male patientéVliglia et
al., 2011) The molecular type VNB was associated with a worse suranddltered mental
status (Beale et al., 2015equence typed3 and 77 were associated with a higher patient
mortality compared to ST63 and ST5 (Wiesner et al., REe&huence type 5 has also been

associated witinfection amondIV -sermegative patient&Khayhan et al., 2013pequence
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type 93 also elicited a greatype 2helperT-cell (Thy) cytokineresponséWiesner et al.,

2012)

The work from this thesis did nobverexploring the molecular mechanisms of resistance to
the three antifungalg.e. liposomal or deoxycholate amphotericin B, flucytosine and
fluconazole)used to treat cryptococcal disea&dditionally, this thesiglid not involve

determining virulence and antifungal resistance markers from WGS data.

1.9 Study aim

The overall aim of this studyasto explore the genetic diversity, antifungal susceptibility
and virulence of the two pathoger@icyptococcuspeciecomplexes causing human disease

in South Africa.

1.10Study objectives

1 Using MLST, to determine the sezpce types of. neoformanandC. gattiiisolates
from a first episode of cryptococcal disease, detected thmmatignal laboratory
basedsurveillance.

1 To determine if patient clinical characteristics are associateccwiptococcal
molecular type, anthe effect of molecular type on-hospital outcome.

1 To determine the antifungal susceptibility pattertCoheoformanandC. gattii
isolates to fluconazole from a first episode of cryptococcal disease, detected through
national laboratorpasedsurveillance.

1 To determine the virulence &f. neoformansnolecular type VNB using Galleria

mellonellamodel.
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1 Using whole genome sequencing, to describe the population genetic structure of

C. neoformansnolecular type VNB an@. gattiimolecular type/GIV.
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Abstract: In South Africa, Crypfococcus negformans is the most common cause of adult meningitis.
We performed multi locus sequence typing and fluconazole susceptibility testing of clinical C.
negformans isolates collected from 251 South African patients with eryptococcosis through national
surveillance from 2005 to 2009. We examined the association between clinical characteristics of
patients and genotype, and the effect of genotype on in-hospital mortality. We performed whole
genome phylogenetic analysis of fifteen C. negformans isolates with the molecular type VNB and tested
their virulence in a Galleria mellonella model. Most isolates had the molecular type VNI (206,251,
82%), followed by VNII (25/251, 10%), VNB (15/251, 6%), and VNIV (5/251, 2%); 67 sequence types
were identified. There were no differences in fluconazole minimum inhibitory concentration (MIC)
values among molecular types and the majority of strains had low MIC values (MICs; of 1 pg/mL
and MICqy of 4 ug,/mL). Males were almost twice as likely of being infected with a non-VNI genotype
{(adjusted odds ratio [OR]: 1.65, 95% confidence interval [CI]: 0.25-10.99; p = 0.61). Compared to
patients infected with a VNI genotype, those with a non-VNI genotype had a 50% reduced adjusted
odds of dying in hospital (95% ClI: 0.03-7.57; p = 0.62). However, for both these analyses, our
estimates had wide confidence intervals spanning 1 with large p-values. Fifteen VINB strains were
not as virulent in a G. mellonella larval model as the H99 reference strain. A majority of these VINB
strains belonged to the VINBII clade and were very closely related by phylogenetic analysis.

Keywords: Cryptococcus neoformans; molecular type; South Africa; MLST; whole genome sequencing;
fluconazole; antifungal resistance
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1. Introduction

Cryptococeus is a more common cause of meningitis among adults in South Africa than
bacteria or Mycobacterium tuberculosis, accounting for 62% of microbiologically-confirmed
cases [1]. Two species-complexes within the genus Cryptococcus cause most human disease:
Cryptococcus neoformans and Cryptococcus gattii [2]. Both are known to cause disease in
HIV-infected persons and immunocompetent individuals [2]. The ecological niche of these
sibling species overlaps in southern Africa including soil, bird droppings, and certain tree
species [3]. For induction treatment of HIV-associated cryptococcal meningitis, flucyto-
sine is now recommended in combination with amphotericin B, followed by fluconazole
monotherapy for consolidation and maintenance treatment [4].

Multi locus sequence typing (MLST) is a good discriminatory tool to genotype strains
of the two closely-related sibling Cryptococcus species and is the gold standard for identify-
ing the major molecular types of C. neoformans and C. gattii [5]. Molecular typing subdivides
C. neoformans into five molecular types: VNI, VNB, VNII, VNIII, and VNIV [6]. New species
names that correspond to each molecular type were proposed due to differences in viru-
lence, geographic range, epidemiology, and population genetics [7]. While this proposal
may not be formalized because some members of the scientific community foresaw issues
of potential taxonomic instability, others have adopted this nomenclature in the published
literature [8]. A comprehensive review of published C. negformans genotyping studies from
South America (1766 isolates), Asia (1444 isolates), Europe (1217 isolates), North America
(938 isolates), Africa (475 isolates), and Oceania (189 isolates) summarized the molecular
type distribution of C. neaformans on a global scale [9]. VNI is distributed worldwide and is
the most prevalent molecular type [9]. VNB is predominately found in sub-Saharan Africa
(clinical and environmental isolates), but recently-sequenced environmental and clinical
isolates from Brazil had this genotype [10,11]. VNIT and VNIII are less frequently found
globally [9]. VNIV also has global distribution but is more frequently found in Europe [9].

African environmental isolates of VNI and VNII are associated with urban areas,
pigeon excreta, and non-Mopane trees whereas VINB is mostly associated with Colophosper-
munt mopane (Mopane) trees [12-14]. Studies done in Zambia and Botswana further suggest
that VNI infections are associated with urbanized populations while VNB is associated
with Mopane trees in rural settings [13,14]. Whole genome sequencing (WGS) has revealed
that VINB isolates have a higher diversity compared to VNI and VNII isolates [15]. Two
groups have proposed that the VNB lineage be split into two clades, namely VNB-A and
VINB-B [14] or VNBI and VNBII [16]. Population genomic analyses of VNB isolates showed
that the VINB lineage migrated bi-directionally between A frica and South America before
its diversification into these two clades [15]. Additionally, patients infected with VNB in
a South African study had a significantly worse survival outcome, suggesting that the
genetic lineage plays an integral role during infection and that there is possibly a link
between clinical characteristics and genotype [17].

We aimed to describe the molecular type distribution and fluconazole susceptibility
of clinical South African C. neoformans isolates collected through national laboratory-based
surveillance during 2005-2009. We examined the association between clinical characteristics
of patients and molecular type, and the effect of molecular type on in-hospital mortality.
We also sequenced the genomes of fifteen VINB isolates from our study and compared
the virulence of these strains to the H99 reference strain in a Galleria mellonella model. We
focused our Whole Genome Sequencing (WGS) and virulence studies on this molecular
type since this genotype is endemic to southern Africa and based on previous work,

hypothesized that this genotype may be more virulent than the other molecular types [17].

2. Materials and Methods
2.1. Study Design and Sample Selection

We conducted a cross-sectional study nested within national laboratory-based surveil-
lance for cryptococcosis in South Africa from 2005 through to 2009 [18]. A case was

defined as a person diagnosed with cryptococcal disease by any one of the following
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positive laboratory tests during a 30-day period: India ink microscopy on cerebrospinal
fluid (CSF), cryptococcal antigen test on blood or CSE, and /or culture of Cryptococcus
from any specimen. At least 50 C. neoformans isolates from each of the surveillance years,
20005 to 2009, were randomly selected for genotyping using a random-integer generator
(https:/ /www.random.org/integers/, accessed on 4 January 2010), totaling 251 cases. In
some years, more than 50 isolates were selected to account for non-viability and/ or con-
tamination. Recurrent isolates from the same patients were excluded and in such instances,
the incident isolate was the one selected. We also excluded isolates that were identified as
C. gattii or other Cryptococcus species. We genotyped 251 strains from a total of 18,040 cases
between 2005 and 2009. We then estimated the prevalence and 95% CI for each genotype
in this random sample of the study population. We applied the calculated 95% Cls to the
study population of 18,040 cases to determine the range of cases per genotype in the study
population.

2.2. Subculture and Identification of Surveillance Isolates

Following primary isolation in culture at diagnostic laboratories, a sweep of the culture
plate was inoculated onto Dorset medium (Diagnostic Media Products (DMP), NHLS) and
transported to a reference laboratory at the National Institute for Communicable Diseases
(NICD) in Johannesburg, where the isolates were identified and stored at —70 “C. For this
study, the C. neoformans isolates were retrieved from —70 “C storage and sub-cultured onto
Sabouraud dextrose agar (DMPF) to check for purity and viability. We characterized isolates
phenotypically as previously described [5].

2.3. Multi Locus Sequence typing (MLST) Experiments and Data Analysis

DNA was extracted from single yeast colonies using the Zymo ZR Fungal /Bacterial
DNA MiniPrep Kit (Zymo Research Corp, Irvine, CA, USA) following the manufac-
turer’s instructions. Thereafter, DNA amplification and sequencing was performed for
six housekeeping genes CAP5Y, GPD1, LACI, PLE1, 5OD1, LIRAS, and the intergenic
spacer region IG51, as described by Meyer et al. [6]. For each locus, DNA sequences
in both forward and reverse orientations were obtained and edited using Sequencher
5.4.6. Allele numbers and sequence types (STs) were assigned using the MLST database
(http:/ /mlstmycologylab.org). Concatenated DNA sequences for the seven laci were
aligned using the program ClustalW (BioEdit Sequence Alignment Editor). A phyloge-
netic tree was generated in the program MEGA using the neighbor-joining method with
a bootstrap analysis of 100 replicates and the Jukes—Cantor model. With the number and
frequency of 5Ts, the Simpsons diversity index () was calculated to estimate the genetic
diversity of C. neoformans strains from this study. High scores (close to 1) indicate high
diversity and low scores (close to 0) indicate low diversity [19]. Mating type identification
was performed by polymerase chain reaction (PCR) amplification using MFa primers
(upper and lower sets) and the STE20gpa primer sets, which are specific to the mating type
regions of o and a mating-type cells, respectively, according to a previous study [20].

2.4. Fuconazole Susceptibility Testing

Of the 251 C. neoformans isolates, antifungal susceptibility testing was performed
for 105 isolates: 60 randomly-selected VNI (from a total of 206), 25 VNII, 15 VB, and
five VNIV. We determined fluconazole minimum inhibitory concentration (MIC) values
(range: 0.125 ug/mlL to 64 ug/ml) using custom-made broth microdilution panels (NICD,
]DMmsburg) prepared, inoculated, and read according to susoeptibi.lity tesﬁ.ng meth-
ods published previously and Clinical and Laboratory Standards Institute M27-A3 and
M60 recommendations [21-23]. We interpreted fluconazole MIC values using published
epidemioclogical cutoff values (ECVs) [24].
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2.5. Virulence Studies

To assess the virulence of the 15 VINB strains in our study, we used the moth G.
mellonella model of fungal disease [25]. Larvae in the final instar stage of larval development
were used in experiments according to methods published previously [26,27]. Briefly, ten
larvae per VNB strain were injected with 10 uL of a 10 yeast cells/ml inoculum prepared
using normal saline. Ten larvae were also inoculated with a highly-virulent reference strain
(C. neaformans H99). We also included two sets of control groups, whereby we injected
10 larvae each with phosphate-buffered saline (PBS) and another 10 larvae each that were
not injected. Following injection, larvae were incubated in Petri dishes at 37 °C in the dark
and the number of dead larvae were recorded daily for ten days. Larvae were considered
dead when they did not move in response to a physical stimulus such as a sterile forceps.
We performed three experimental replicates and an average from the three replicates was
calculated. We generated a Kaplan-Meier survival curve for larvae infected with each VNB
strain, the reference strain H99, and the controls. As a proxy for virulence, we compared
the median survival times of larvae infected with each VNB strain to larvae infected with
the well-studied reference strain H99 (genotype VNI). Details of the statistical analysis
are below.

2.6. Whole Genome Sequencing and Phylogenetic Analysis

Whole genome sequencing was performed on 15 isolates with the molecular type
VNB using [llumina MiSeq sequencing technology (Illumina, San Diego, CA, USA). DNA
samples were prepared for paired-end sequencing using the NEBNext Ultra II DNA
Library Prep Kit for [llumina followed by 2 x 300 bp sequencing on a MiSeq instrument.
FASTQC and PrinSeq were used to check the quality of read data and perform read filtering.
Sequenced genomes were then aligned to a known reference VINB genome (Bt 85, NCBI
BioSample number: SAMN01162765) to compare and call single nucleotide polymorphism
(SNP) variants using Burrows-Wheeler Aligner (BWA)) and SAMtools. BWA and SAMtools
were performed using the publicly-available Northern Arizona SNP Pipeline (NASP) [28];
filtering parameters involved removing positions that had <10x coverage, <90% variant
allele calls, and those within duplicated regions in the reference. Downstream filtering by
NASP produced the final BestSNP alignment that was then used for maximum parsimony
inference. Only positions present in all genomes with at least 10x depth of coverage and
90% agreement were included. Maximum parsimony trees with 500 bootstrap replicates
were constructed and visualized using MEGA software. In our first analysis, we included
whole genome sequences of publicly-available VINB strains from the study conducted by
Rhodes et al. in 2017; this included 10 strains from Botswana, seven from South Africa,
and four from Brazil [15]. From this initial analysis, we were able to calculate the distances
of samples most closely related to our 15 VNB strains using MinHash. This allowed us
to determine a cut-off distance p-value of 0.0157. There were 95 publicly-available VNBII
isolates that were equal to or less than this value, which we included in our next analysis.
These strains were from Botswana (n = 56), South Africa (n = 20), Zambia (n = 16), and
Brazil (n = 3) [15,16]. In this analysis, we used a draft assembly of one of the 15 VINB strains
from our study (isolate number 1239) as a reference using BWA and SAMtools in NASP in
order to find publicly-available VNB genomes closely related to our strains.

2.7. Statistical Analyses

We used logistic regression models to determine associations between patient charac-
teristics and genotype. Patient characteristics were obtained by nurse surveillance officers at
the surveillance sites who either interviewed patients or reviewed patients” medical charts
to obtain detailed case information. Mental status was categorized as “Alert” (Glasgow
Coma Scale [GCS] score of 15) or “Not alert” (GCS score < 15 or recorded as disorientated,
stuporose, or comatose). We defined genotype as VNI vs. non-VNI (including VNII and
VNB), since there were too many sequence types with low frequencies. We therefore com-
pared cases of C. neoformans serotype A infection (which corresponds to molecular types
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VNI, VNIIL, and VNB) in this analysis and excluded C. neoformans serotype D (corresponds
to molecular type VNIV). We included the following variables in the final regression model
with genotype as the dependent variable: sex, age, year of diagnosis, province, speci-
men type, mental status at diagnosis, CD4+ T-cell (CD4) count at diagnosis, antiretroviral
treatment, CSF India ink result, CSF white cell count, current antifungal treatment, and
tuberculosis treatment. This was an exploratory analysis whereby we adjusted for age
(added a priori), mental status, CD4 count at diagnosis, and CSF white cell count since
these variables have been associated with molecular type in previous studies [17,29]. We
also modeled the effect of molecular type on in-hospital mortality, adjusting for sex, age,
mental status at diagnosis, CD4 count at diagnosis, antiretroviral treatment, and current
antifungal treatment. We also compared the fluconazole MICz, values of the VNI isolates
and non-VNI isolates using a Wilcoxon rank-sum test. We performed a log rank test of
equality to compare survival curves of larvae infected with H99 and the 15 VNB isolates,
where the null hypothesis was that there was no difference between the population survival
curves. Statistical analyses were performed using Stata statistical software (Version 14.1;

StataCorp LF, College Station, TX, USA).

2.8. Ethics Approval

Ethics clearance for this study was obtained from the Human Research Ethics Com-
mittee (Medical), University of the Witwatersrand. We obtained an ethics waiver from the
Animal Ethics Research Committee, University of the Witwatersrand (Registration number:
AREC-101210-002) for the G. mellonella virulence studies.

3. Results
3.1. Descriptive Analysis of National Laboratory-Based Surveillance

From 2005 to 2009, 18,756 viable Cryptococcus isolates were collected from 18,534
cases of cryptococcal disease. Ninety-seven per cent of viable isolates (18,260/18,756)
were identified as C. neoformans originating from 18,040 patients. Due to changes in
surveillance methodology, the proportion of culture-confirmed C. neoformans cases by year
was: 2005: 22% (3933 /18,040), 2006: 26% (4686, 18,040), 2007: 26% (4726,/18,040), 2008: 15%
(2768/18,040), and 2009: 11% (1927 /18,040). The difference in the proportion of culture-
confirmed cases was due to the number of surveillance sites decreasing in 2008-2009. The
median age of patients was 34 years (inter-quartile range [IQR]: 2941 years) and 53%
(9616/18,040) were female. Of the 18,040 cases, most patients were diagnosed in Gauteng
Province (33%, 5971), followed by KwaZulu-Natal Province (23%, 4194), Mpumalanga
Province (9%, 1547), Eastern Cape Province (9%, 1639), North West Province (9%, 1554),
and Western Cape Province (7%, 1282). The rest were diagnosed in the Free State (6%, 1051),
Limpopo (3%, 599), and Northern Cape (1%, 203) provinces. CSF was the most common
specimen type (17,288/18,040, 96%), followed by blood culture (715/18,040, 4%).

3.2. Genotyping of 251 Clinical C. neoformans Isolates

We genotyped 251 strains from a total of 18,040 cases between 2005 and 2009, which
equaled 1.4% of all cases. The molecular type distribution of 251 C. neoformans isolates
(see Supplementary Materials for metadata) were as follows: VINI (206,251, 82%; 95% CI:
0.77-0.87), VNII (25/251, 10%; 95% CL: 0.07-0.14), VNB (15/251, 6%; 95% CI: 0.03-0.10),
and VNIV (5/251, 2%; 95% CI: 0.01-0.05). The characteristics of the five cases infected
with the VNIV strains are described in Table 51. Most isolates had the mat-a mating type
(n =249, 999%) whereas 1% (n = 2 VNI isolates) were mat-a. There were 67 different S5Ts
observed from 251 C. neoformans isolates and these are shown in Figure 1. 5T5 (53/251,
21%), 5T93 (30/251, 12%), and 5T23 (26/251, 10%) were the most commonly-observed
types. The genetic diversity of South African C. neoformans isolates from this study was
high, as determined by calculating the Simpsons diversity index (D' = 0.9205). We calculated
that among the 18,040 cases, VNI would have accounted for 13,891-15,695 cases, VNII for
1263-2526 cases, VINB for 541-1804 cases, and VNIV for 180902 cases.
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Figure 1. Neighbor joining phylogenetic tree showing clustering of molecular types for 67 different sequence types (5Ts)
from 251 South African clinical Cryptococcus neoformans isolates. Cryptococcus gatéii WM 2604 serves as the outgroup. Red
circles indicate the 5Ts with the VNI molecular type, blue circles indicate the 5Ts with the VINII molecular type, green circles
indicate the 5Ts with the VINB molecular type, and grey circles indicate the S5Ts with the VINIV molecular type. Bootstrap
values are shown next to the branches.

3.3. Association between Patients” Clinical Characteristics and Genotype

On multivariable analysis, males were almost twice as likely to be infected with a
non-VNI genotype compared to females, after adjusting for age, mental status at diagnosis,
CD4 count at diagnosis, and CSF white cell count. Although the point estimate for the
odds ratio was 1.65, the 95% CI spanned 1 (0.25-10.99) and the p-value was large (0.61)
(Tables 52 and 53). This also makes our findings consistent with males having a 75%
reduced odds to an eleven-fold increased odds of being infected with non-VNI (95% CI:
0.25-10.99; p = 0.61).

3.4. Association between Genotype and In-Hospital Mortality

The overall crude in-hospital case fatality ratio was 36% (64/180). The crude case
fatality ratio among patients infected with each molecular type was as follows: VNI 37%
(54/145), VNII 35% (7 /20), VINB 18% (2/11), and VNIV 25% (1/4). Patients infected with a
non-VNI eryptococcal molecular type had a case fatality ratio of 29% (9/31) versus 37%
(54/145) for patients infected with a VNI genotype (crude odds ratio [OR]: 0.69, 95%CI:
0.29-1.61, p = 0.39) (Table 54). Compared to patients infected with a VNI genotype, those
with a non-VNI genotype had a 50% reduced odds of dying after adjusting for sex, age,

mental status at diagnosis, CD4 count at diagnosis, antiretroviral treatment, and current
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antifungal treatment. Although the point estimate for the odds ratio was 0.50, the 95% CI
spanned 1 (0.03-7.57) and the p-value was large (0.62) (Table 55).

3.5. Fluconazole Susceptibility Testing

The fluconazole MICs; and MICy; values for 105 C. neoformans isolates was 1 ug/mL
and 4 ug/ml, respectively, with a geometric mean of 1.32 ug/ml. (Table 1). The MICSD
value for five VNIV isolates was 2 ug/ml compared to 1 pg/mL for 60 VNI isolates,
25 VNIl isolates, and 15 VNB isolates, respectively (Table 1). There was no difference in the
MIC5; values between the VNI isolates and non-VINI isolates (p = 0.17). Most isolates had a
MIC value of less than or equal to 8 pug/ml, which is considered to be wild-type according
to published ECVs [24]. There was only one VNI isolate that had a MIC of 32 ug/mL.

Table 1. Fluconazole minimum inhibitory concentration (MIC) distribution (in pg/mL) by molecular type of 105 South
African Cryptococcus neoformans isolates from national laboratory-based cryptococcosis surveillance collected between 2005

and 2009,
Molecular Geometric
Type Total MIC Value MICz, MICy, Mean Range
0125 025 05 1 2 4 8 16 32 o4

VNI 60 0 2 w0 20 19 3 5 ] 1 0 1 3 143 0.25-32
VNB 15 0 1 2 [ 3 3 0 0 0 0 1 4 1.26 0.25-4
VINII 25 0 0 5 15 4 1 0 0 0 0 1 2 1.03 0.5-4
VNIV 5 0 0 0 0 5 0 0 0 0 0 2 2 2 2
Total 105 0 3 7 41 31 7 5 0 1 0 1 4 1.32 0.25-32

3.6. Virulence and Whole Genome Sequencing (WGS) of 15 C. neoformans Isolates with the VNB
Molecular Type

We plotted survival curves for G. mellonella larvae inoculated with 15 C. neoformans
VNB isolates and H99 (Figure 2). Median survival times and p-values are shown in Table 2.
The 15 VNB strains showed some heterogeneity in their virulence, as some strains killed as
quickly as H9Y9, while others killed the larvae more slowly. The larvae inoculated with one
VNB strain (isolate number 5873) had a survival time of two days, which was the same as
shown for the highly virulent reference strain H99. Nine VNGB strains resulted in a median
survival time of the inoculated larvae of three days, four VNB strains resulted in a median
survival time of the inoculated larvae of four days, and one strain in a median survival
time of the inoculated larvae of five days (Figure 2).

The WGS results of the 15 VNB isolates are shown in Figures 3-5. Figure 3 shows
the 15 VNBs including two reference strains for the VINBI and VNBII clades. All 15 VNB
isolates clustered in the VINBII clade. Figure 4 shows the 15 VNBs and 21 publicly-available
clinical and environmental samples obtained from the study conducted by Rhodes and
colleagues [15] with reference strains for the two representative clades. The cluster clade
at the top of the tree in Figure 4 consists of nine of our VNB strains with fewer than
35 SNFs among them. Two patients from whom these strains were cultured were female
and seven were male. Six patients were from Gauteng Province and had been diagnosed
at the same health care facility, another two were from the Free State Province, and one
from the Eastern Cape Province. The cases did not cluster in time: two patients were
diagnosed in January and August of 2005, four patients in February, April, and November
of 2006, and one patient each in March 2007, October 2008, and January 2009, respectively
(Table 56). Four other isolates were scattered throughout the tree within the VNBII clade.
Two patients were male, one patient was female, and the gender was unknown for one
patient. Three patients were from Gauteng Province and one patient was from the North
West Province. The remaining two VNBs (sample numbers 637 and 2890) clustered closely
with an environmental Brazilian isolate (WM1408 Hamden C3-1 BR); there were fewer
than 160 SNPs among the three isolates, but fewer than 30 SNPs between the two South
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Figure 2. Survival curves of Galleria mellonella larvae (30 larvae per strain from three experimental replicates) infected with
15 clinical South African Cryptecoccus neoformans molecular type VNB isolates. Larvae (n = 10 each) were also inoculated
with H99 (pink solid line), which is a highly virulent reference strain, or phosphate buffered saline (PBS) or not injected

{(black solid line).

Table 2. Virulence of Cryptococcus neoformans molecular type VINB strains inoculated into Galleria
mellonella larvae compared to larvae inoculated with the highly-virulent H99 strain.

Strain Median Survival Time p Value

H9g * 2 NA
5873 2 0.54
205 3 0.02
2887 3 0.01
3438 3 0.24
1597 3 0.01
907 3 0.02
1239 3 0.04
3783 3 0.01
130 3 0.01
1543 3 0.01
637 4 0.02
1817 4 0.002
802 4 0.003
2890 4 0.001
1408 5 0.001

* H99 was used as the comparison strain in the log rank test of equality.
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Figure 3. Whole genome sequencing single nucleotide polymorphism (WGS5 SNF) analysis of
15 South African clinical Cryptococcus neoformuns isolates with the VINB molecular type (green circles
and bold). Bt 85 (VINBI) was used as the reference and Bt 1 (VINBII) was added as an external
genome. BWA was used to align reads to the reference and SAMtools was used to call SNPs. There
were 293,484 SNPs in total with a coverage breadth of 88% and this is a midpoint-rooted maximum
parsimony tree with 500 bootstrap replicates. The bootstrap values are shown next to the branches,
the consistency index was 0.65, and the number of phylogenetic sites was 203,484,

We then performed a comprehensive analysis consisting of 95 publicly-available
WVNBII isolates from Botswana, South Africa, and Brazil. Six South African strains isolated
from patients with recurrent cryptococcosis from previous studies [30,31] were found to
be closely related to nine of our strains within the cluster clade with fewer than 12 SNPs
between them. Figure 5 shows the WGS SNF analysis using BWA and SAMtools that
zoomed in on these 15 closely-related VINB strains (nine from this study and six from
previous South African studies). There were fewer than 30 SNF differences among these
strains, further confirming that these strains are very closely related. In the comprehensive
analysis, we also observed that two of our isolates were closely related to two Brazilian
isolates (one being environmental and one being clinical) with fewer than 48 SNPs among
the four isolates, while there were fewer than nine SNPs between our two VNB strains.
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Figure 4. {a) WGS SNP analysis of 15 South African clinical Cryptococcus neoformans isolates with the VINB molecular
type (green circles and bold) and 21 publicly-available clinical and environmental VNB isolates [15]. Bt 85 (VNBI) was
used as the reference and Bt 1 (WVNBII) was added as an external genome. BWA was used to align reads to the reference
and SAMtools was used to call SNPs. There were 488,188 SNPs in total with a coverage breadth of 79% and this is a
midpoeint-rooted maximum parsimony tree with 500 bootstrap replicates. The bootstrap values are shown next to the
branches, the consistency index was (.39, and the number of phylogenetic sites was 488,188. GA—Gauteng, F5—Free
State, EC—Eastern Cape, NW—North West, KZ—KwaZulu-Natal, M—Male, F—Female, U—Unknown, SA—South Africa,
BO—Botswana, BR—Brazil. (b) The map shows the geographical and gender distribution of the 15 South African patients
infected with C. negformans molecular type VNB in our study.
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Figure 5. WGS SN analysis of 15 South African clinical Cryptococcus neoformans isolates (nine from
this study and six from previous South African studies) with the VINB molecular type. Isolates from
this study are indicated with green circles and bold. Sample number 1239 was used as the reference
for the VINBII clade. BWA was used to align reads to the reference and SAMtools was used to call
SNPs. There were 111 SNPs in total with a coverage breadth of 73% and this is an unrooted maximum
parsimony tree. The consistency index was 1.00 and the number of phylogenetic sites was 111.

4. Discussion

In summary, most of the 251 South African clinical C. neoformans strains in our study
had the VNI molecular type, followed by VNII, VNB, and VNIV. There were no differences
in fluconazole MIC values among molecular types and the majority of strains had low
MIC values within the wild-type range. Males were more likely to be infected with a
non-VNI genotype and patients infected with the non-VINI genotype were less likely to
die in hospital, though for both of these analyses, our estimates had wide confidence
intervals spanning 1 with large p-values. There was some heterogeneity in virulence
between 15 VNB isolates in a G. mellonella larval model compared to the highly-virulent
HY9 strain. WGS data analysis showed that the 15 VINBs isolated in our study were very
closely related and belonged to the VINBII clade.

VNI was the major molecular type identified in our study, which is consistent with the
global molecular type distribution [9]. In Africa, VNI accounts for the highest percentage,
followed by VNB and VNII, and a small percentage of VNIII [9]; this has been further
confirmed by recent molecular epidemiology studies from Cameroon [32], Kenya [33],
Ivory Coast [34], and Zimbabwe [35]. VNIV is mostly found in Furope and we found
a few isolates with this molecular type in our study. VNIV has also been found in low
percentages in Oceania, Asia, and in the Americas [9].

We observed 67 genotypes among these clinical South African C. negformans strains,
suggesting a high genetic diversity (D = 0.9205). There were 65 unique genotypes in
a southern African study, of which 26 genotypes have only been found in this region
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previously [12]. MLST analysis of C. neoformans isolates from pediatric patients from the
same South African surveillance system used in our study showed 24 distinct sequence
types (ST) [36]. Genotyping analysis of global C. neaformans var. grubii molecular type
VNI isolates by MLST revealed that the highest genetic diversity was observed in African
isolates [37]. Beale and colleagues analyzed 230 C. neoformans isolates from HIV-seropositive
South African clinical trial patients and obtained 50 different STs [17]. Due to the high
genetic diversity of African C. neoformans clinical and environmental strains, it has been
hypothesized that this organism originated in Africa and then spread globally to the rest of
the world. Litvintseva et al. termed this the “Out of Africa” hypothesis [12].

The C. neoformans isolates in this study, collected between 2005 and 2009, had flucona-
zole MICs5; and MICyg values of 1 ug/mL and 4 ug/mL, respectively, and were therefore
considered wild-type. We have recently shown that fluconazole MIC values of isolates from
first episodes of meningitis increased between 20072008 and 2017 [23], providing evidence
for higher fluconazole dose recommendations in the 2019 Southern African guideline for
HIV-associated cryptococcosis [4]. In our current study, we found no association between
MIC value and genotype. A Zimbabwean study found similar results [35]; whereas other
studies have found that VNI isolates had a higher geometric mean fluconazole MIC com-
pared to VNII [38] and VNIV isolates had a lower fluconazole MIC than VNI and VINIII
isolates [39].

Previous studies have shown an association between HIV status [40], clinical out-
come [10,17,29], altered mental status [17], host immune response [29], and genotype. More
specifically, patients infected with the VNB genotype had a worse survival compared to
those patients infected with VNI [17], suggesting that this molecular type is more virulent.
However, in our study, we could not conclude that our 15 VINB strains were more virulent
than H99 in a G. mellonella larval model. We only found one strain with a median larval
survival time to H99. Furthermore, we observed heterogeneity in virulence between the
15 VNB strains. While we observed that patients infected with the non-VNI genoty pe (VNII
and VNB) were less likely to die compared to patients infected with the VNI genotype, our
sample size for patients infected with the non-VNI genotype was small and the 95% CI
crossed 1 with a large p-value. In a previous study, patients infected with 5T93 and 5T77
isolates had a 79% mortality when compared to patients infected with 5T5 and 5T63 within
the VNI genotype [29]. Miglia and colleagues found an unadjusted association between
gender and ST in a South African pediatric population (84% of males compared to 16% of
females, p = 0.01). This finding was subject to confounding due to lack of adjusting [36].
We found that males were more likely to be infected with a non-VNI genotype on adjusted
analysis, but again, the 95%ClI for this effect spanned 1 with a large p-value.

Phylogenetic analysis showed that nine of our VNB isolates clustered closely together,
suggesting a common environmental source. However, these nine patients resided in the
Gauteng, Free State, and Eastern Cape Provinces and therefore spread across different parts
of South Africa, thus making it difficult to draw a firm conclusion on how these strains
may be related or may have originated. Six South African strains isolated between 2005
and 2010 from patients with recurrent infection from two previous studies [30,31] were
very closely related to our nine strains, suggesting a possible outbreak of Cryptococcus.
Alternatively, it is also possible that the isolates were related by chance considering that
there was an estimated total of between 541 and 1804 VNB isolates in 2005-2009.

Two of our VINB strains were more closely related to two Brazilian isolates than to
the other South African isolates in our study, suggesting an association between the two
South African strains and the two Brazilian strains. There may be more similarity between
geographically-distinct VNB isolates and as more VINB isolates are identified elsewhere,
especially from South America, we can study this further Genomic evidence suggests that
there were ancient migrations of the VNB molecular type bi-directionally between Africa
and South America, and that South American VNB isolates are highly diverse [15]. In
addition, VNB isclates from South America have experienced ancestral recombination and
donated genetic material to all molecular types across different geographical areas [15].
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In conclusion, our study shows that South African clinical C. neoformans isolates
collected through national laboratory-based surveillance had a high genetic diversity with
VNI being the dominant genotype and these clinical strains also had low fluconazole MIC
values. South African isolates with the molecular type VNB were not highly virulent in
a G. mellonella larval model, but more research needs to be done to confirm this. The few
South African VINB strains in our study were very closely related by WG5S SNP analysis,
suggesting that this genotype may be able to cause outbreaks. Two South African VINB
strains were related to Brazilian VNB strains, suggesting some level of relatedness and
donation of genetic information between strains across geographical regions. As we learn
more about the relationships between molecular types of C. neoformans from different
geographical locations, we will gain a better understanding of this fungus that is globally
distributed throughout the world.
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Chapter 3: Molecular type distribution and fl uconazole susceptibilityof
clinical Cryptococcus gattiisolatesfrom South African laboratory -based
surveillance, 20052013 (To be submitted to PLOS Neglected Tropical

Diseases)

Abstract

BackgroundAs is the case globallgryptococcus gattiis a less frequent cause of

cryptococcosis tha@ryptococcus neoformams South Africa.

Methodology/Principal Finding3Ve performed multilocus sequence typing (MLST) and

fluconazole susceptibility testing olates from 146 (of 750) South African patiewith

C. gattiidisease identified through enhanced laboratory surveillance, 2005 to 2013. The
dominant moleculatype was VGIV(101/146, 70%), followed by VGI (27%, 40/146), VGII
(2%, 3/146) and VGIII (1%, 2/146There were 99 different sequence types (STs) among 146
C. gattiiisolateswith ST294 (14/146, 10%) and ST155 (10/146,) T#ing most commonly
observedThe fluconazole Mlgyand MIGy values of 105 (of 146) randomé$glected

C. gattii isolateswvere 4ug/ml and 16ug/mlrespectively. VGIV isolates had a lower MKC
value compared to neviGIV isolates, but these values were within one dowldlgion of

eadt other HIV-seropositive patients had a t#d increased adjusted odds of a VGIV
infection compared to HAseronegative patients, though with small numbers (99/136; 73%
vs. 2/10; 20%), theonfidence intervalCl) was wide (95% CI: 1.985.31, p=0.006)Whole

genome phylogeny @i sol ates of South Africads most
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identified that this molecular type is highly diverse, with only some strains being closely

related within two small clusters of ten and six straiespectively.

Conclusions/Significance&outh African clinicalC. gattii strains were highly diverse with

VGIV being the dominant molecular type. Most VGIV strains had fluconazole MIC values
within the wildtype range. HIVseropositive patients were mdilely to be infected with
VGIV. Whole genome phylogeny of 98 VGIV strains confirmed their high genetic diversity,
though two small clusters of closablated strains, with one cluster consisting only of
patients from the Mpumalanga Province in Southa&frsuggest a similar environmental

source.

Author summary:

Cryptococcuss the most common cause of meningitis among adults in South Africa. Two
speciesomplexes within the fungal gen@ryptococcus neoformardCryptococcus

gattii, cause most humatsease. The endnmental range of these speaesnplexes, both
found in soil, overlaps in southern Africa thoughgattiiis a less commohuman pathogen.
C. gattiiis divided into five molecular types: VGI, VGII, VGIIIl, VGIV and VGV. In earlier
moleailar epidemiology studies including relatively few isolates, most southern African
strains were confirmed as molecular type VGIV. We aimed to determine the molecular
diversity ofC. gattiiin South Africaby genotyping patient isolates obtained through
laboratory surveillance, 2008013. We confirmed that VGIV was the dominant molecular
type and that HIVseropositive patients were more likely to be infected with VGIV compared
to those HI\seronegativeAnalysis of the genomes of South African VGIV straiegealed

that they spanned the whole VGIV clade and confirmed that most strains were not clustered.
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However, we obsengetwo small clusters of closelglated strains, consisting of patients
from three neighbouring provinces in South Africa, suggestinmiasienvironmental
source. brther studies of clinical and environmental Africangattii strains are needed to

gain a better understanding of this pathogen.

3.1 Introduction

Basidiomycetous fungi within the genGsyptococcusre the most common cause of
meningitis among HIVseropositive adults in southern Afrif@ritz et al., 2016)Human
disease is mostly causbyg two speciesomplexes within the genuSyyptococcus
neoformanandCryptococcus gattifCano et al., 202Qwith C. gattiicausing fewer than 1%
of cases of cryptococcal disease globdytamirano et al., 2020While more often reported
in the literature as causing disease in immunocompetent hosts withotlyungdeedical
conditions,C. gattiialso causes disease in immunocompromised péafiamirano et al.,
2020, Montoya et al., 2021eople infected witlkC. gattiiappear to present with pulmonary
cryptococcosis more often than cryptococcal meningitis, with thesiiegmattern being
observed foC. neoformansliseasédMontoya et al., 2021, Baddley &it, 2021). Among

HIV -seropositive adults with advanced immunosuppres§logattiidisease (meningitis with
or without fungaemiahas been reported to be indistinguishable from disemassed by

C. neoformangMorgan et al., 2006, Baddley et al., 20Rggardless of the pathogen,
flucytosine is recommended in combination with amphotericin B for induction treatment of
HIV-associated cryptococcal meningitis, followed by fluconazole monotherapy for the

consolidation and maintenance phases of treat(@mtender et al., 2019)
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Cryptococcugattii was historically thought to be confined to tropical and subtropical regions
and was found less frequently in temperate regiblaziarz and Perfect, 2016)he
envirormental range of the two closealglated species overlaps in southern Africa, though

C. gattiiis a less commopathogenEdwards et al., 2021Eryptococcugyattii is mainly
associated with decomposing plant matter and certain tree species, such as eucalyptus in
Australia and CalifornigEllis and Pfeiffer, 1992, Vanhove et al., 201fifs and oaks in the
Pacific Northwestegion of North AmericgKidd etal., 2005)and numerous tropical tree
species (e.gricusspp.) Springer and Chaturved2010), with a new niche f&. gattii

recently described after its isolation from hyrax faeces in an environmental Zambian study

(Vanhove et al., 2017)

SinceC. gattiiis mainly restricted to sedentary trees, it is not as widely distributed as

C. neoformanswhichis hypothesized to have a global distribution owing partially to its

ability to metabolise pigeon droppinfstvintseva et al., 2011)Cryptococcugattii has also
demonstrated the ability to adapt to new temperate niches, causing a geograpgstradted
outbreak in North AmericéKidd et al., 2005, Nielsen et a2Q07, Litvintseva et al., 2011,
Engelthaler eal., 2014. There are many theories on the unexpected and unexplained
emergence of. gattiiin North America. A recenthpublished hypothesis suggests that

C. gattii was transported by ships in contaminated ballast water tanks from South America to
North America in 1914Roe et al., 2018)This organism then established itself in coastal
waters. A tsunami in 1964 may then have car@edattii into the coastal forests. It adapted
subsequently to a new environmental niche (i.e. land/forest) causing human infections about
three decadelater(Engelthaler and Casadall, 2019) While C. neoformanéas been

hypothesized to originate from Afric&, gattiicould have originated from South America
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considering the high genetic diversity of South AmeriCagattii strains(Casadevall et al.,

2017, Edwards et al., 2021)

Cryptococcugyattii is divided into five molecular types: VGI, VGII, VGIIl, VGIV and VGV
(Meyer et al., 2009, Farrer et al., 201®hich have also been proposed as separate species
(Hagen et aJ 2015), with the molecular type VGV recently identified from six environmental
isolates collected from th&éambian Central Miombo woodlan@Barrer et al., 2019VGl is
mostly found in Australia and Papua New Guif@ampbell et al., 2005V Gl is prevalent

in Canada and thgnited States of Americ@JSA), where it has caused a major outbreak
(Kidd et al., 208). However, this molecular type has subsequently also been found in
Australia(Carriconde et al., 2011Brazil and Colombi#Firacative et al., 2018YGllIl has

been found inhe USA (Lockhart et al., 2013Mexico, Brazil and ColombigFiracative et

al., 2018) VGIV has until now been mainigentified from India(Cogliati et al., 2012)
Colombia, MexicqMeyer et al., 2003)Botswana, MalawfLitvintseva et al., 20059nd
Zimbabwe(Nyazika et al., 2016)n earlier molecular epidemiology studies including
relatively few isolates, most southern African strains were confirmed as molecular type VGIV
(Ellis et al., 2000, Litvintseva et al., 200%ith this molecular type mostly associated with

disease in HIMinfected individués (Montoya et al., 2021)

To expand on these earlier findings, we aimed to: (1) determine the molecular diversity of

C. gattiiin South Africaby genotyping a subset of clinical isolates from enhanced laboratory
based surveillance conducted between 2005 and 2013; (2iped¢kerfluconazole

susceptibility of these isolates, and (3) determine if there was an association between patient

clinical characteristics and the infecting molecular type, and the effect of molecular type on
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in-hospital mortality. In addition, we anab@ the genomes @B isolates of the most

common South Africae. gattiimolecular type VGIV to place them into the global context.

3.2 Materials and Methods

3.2.1Study design and sample selection

We conducted a crosctional study nested withiaboratorybased surveillance for
cryptococcosis in South Africa from 2005 to 2013. We used this time period since routine
collection and storage of cryptococcal isolates through surveillance was terminated in 2013.
From 1 January 2005 to 30 June 2008ptogoccal isolates were submitted from all
laboratories to the National Institute for Communicable Diseases (NICD). The surveillance
methodology changed from 1 July 2008 to 31 December 2013 when only enhanced
surveillance sites (B9 (29 hospitals in ningrovinces), National Health Laboratory Service
(NHLS) laboratories in KwaZuhNatal Province, and pathology laboratories in the private,
mining, and military sectors were required to submit isolates. A case was defined as a person
diagnosed with cryptocoatdisease by any one of the following positive tests during a 30

day period: (1) India ink microscopy on cerebrospinal fluid (CSF) or (2) a positive
cryptococcal antigen test on blood or CSF or (3) cultuergptococcugrom any clinical
specimen. Recuent isolates from the same patients were excluded and only cases with
cultured and viable isolates were includdiadicker et al., 2021\We also excluded isolates

that were identified a€. neoformansgr otherCryptococcuspecies. Following these

inclusion and exclusion criteria, there were 750 cas€s gattiiinfection in total that were
available for analysiddlV infection status was recorded for 387 of these patients at enhanced
surveillance sites; we ebuded all other patients with an unknown HIV infection status.

Among these 387 patients, 374 were F&ftopositive and 13 were HSeronegative. One

hundred and thirtgix C. gattiiisolates were randomly selected from the 374-HIV
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seropositive casassinga randominteger generatohftps://www.random.org/integers/) and
all 13 isolates from HIVseronegative persons were selected but only ten were viable. In total,
146 unique cases were selected from 387 cagesgdittii disease between 2005 and 2013

andthe corresponding isolates were genotyped (Supplementary FiguAgppendix Q.

3.2.2Subculture and identification of surveillance isolates

Following primary isolation o€ryptococcuspecies at diagnostic pathology laboratories, a
sweep of the culture plate was inoculated onto Dorset medium (Diagnostic Media Products
(DMP), NHLS, Johannesburg, South Africand transported to a reference laboratory at the
NICD in Johannesburg, wheiteetisolates were identifiday phenotypic method¥/an Wyk

et al., 2014pand stored at70°C. The patient metadata that accompanied each isolate were
captured in a surveillance database. The selé€ttgdttii strans were retrieved frorv0°C
storage and subultured onto Sabouraud dextrogma(DMP, NHLS, Johannesburg, South
Africa) to check for purity and viabilitfNaicker et al., 2021We phenotypically

characterised isolates as previously descr{d@s Wyk et al., 2014)

3.2.3Multilocus sequence typing (MLST) experiments and data analysis

DNA was extracted from single yeast colonies using the Zymo ZR Fungal/Bacterial DNA

MiniPrep kit (Zymo Research Corp, USA) followinge manuf act urTe 6s i nst
onlymodi fication from the manufacturerads instr
extractions since single yeast colonies grown on Sabouraud agar (DMP, NHLS,

Johannesburg, South Africa)30°Cafter 48hwas usedThe International Society for Human
andAnimal Mycology (ISHAM) MLST consensus scheme @rneoformanandC. gattii

containingthreehousekeeping geneGPD1, SODlandURAS three virulence genes:
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CAP59 LAClandPLBZ; and the intergenic spacer regi@S1lwas usedMeyer et al.,
2009).Primer sequences were obtained from a previous study (Meyer et al., RBN@ovas
amplified using a conventional PCR with DreamTaq Hot Start DNA Polymerase (Thermo
Fisher Scientific, Waltham, Masschusetts, USA) in an Applied Biosystems 2720 Thermal
cycler (Thermo Fisher Scientific, Waltham, Masschusetts, USA) using PCR cycling
conditions described previously (Meyer et al., 2009). Amplicons were visualised on a 1%
agarose gel and Sanger sequencing was perfoffoe@ach locus, DNA sequences in both
forward and reverse orientations were obtained and edited using the program Sequencher ver.
5.4.6(http://www.genecodes.comAllele types (ATs) and sequence types (STs) were
assigned using the onli2 gattiiMLST database (http://mlist.mycologylab.org). The
concatenated DNA sequences for the seven loci were aligned using the program ClustalW
(BioEdit Sequence Alignment Editor). A phylogenetic tree was generated with the program
MEGAGS using the neighbejoining mehod with a bootstrap analysis of 100 replicates and the

JukesCantor mode(Tamura et al., 2011)

Mating type identification was performed by conventional PCR amplification using primer

sets (Table A.3 in Appendix A) and cycling conditions from previous studies (Yan et al.,

2002, Bovers et al., 2006), which are specific to the mating type regiorsofdd U -mat i ng
type cells. Amplicons were visualised on a 1% agarose gel and the mating type was

determined using amplification that related to each mdtiygp e 6s expect ed ampl

(Table A.3 inAppendixA).

3.2.4Fluconazole susceptibility testing

Of the 146C. gattiiisolates, fluconazole susceptibility testing was perfarfioe 105 isolates:

60 randomlyselected VGIV (from a total of 101), 40 VGI, three VGII and two VGIII. We
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determined the fluconazole minimum inhibitory concentration (MIC) valuegé: 0.125
pg/ml to 64 pg/ml) using customade broth microdilution (BMD) panels (NICD,
Johannesburg) prepared, inoculated and read according to susceptibility testing methods
published previously and the Clinical and Laboratory Standards Institute (RRZIA3 and
M60 recommendation&linical and Laboratory Standartsstitute, 2008Clinical and
Laboratory Standardsstitute, 2017, Naicker et al., 202@Ye interpreted fluconazole MIC
values usig published epidemiologitautoff values (ECVs) for the VGIII and VGIV
isolategEspinetingroff et al., 2012)and the CLSI ECVs fahe VGI and VGII isolates

(Clinical and Laboratory Standartisstitute,2018)

3.2.5Whole genome sequencing and phylogenetic analysis

Whole genome sequencing (WGS) was performed on 101 isolates of the molecular type
VGIV using lllumina MiSeq sequencing technology (lllumina, San Diego, California, USA).
Previouslyextracted DNA samples (extraction procedure described above) were prepared for
pairedend sequencing using the NEBNext Ultra Il DNA Library Prep Kit for lllumina
followed by 2 x 300 bp sequencing on a MiSeq instrument dtrdeslational Genoios
Research Institute (Pathogen and Microbiome Divisibhjee genome sequences were of
low quality; these genomes were excluded from further analysis and therefore we only
analysed®8 VGIV genomes. Single nucleotide polymorphisms (SNPs) were deteated fr
raw read data usirtfpe publicallyavailable Northern Arizona SNP pipeline (NASBgahl et

al., 2016) The pipeline was set to aligrads for every sample to thedwn assembled
reference VGIV genome (IND 107, NCBI BioSample numS&MN01932842 using
BurrowsWheeler Aligner (BWA) (Li, 2013)SNP variants were detected usirfg\gools (Li

et al., 2009. Posterior iltering parameters involved removing positions that had <10x

coverage<90% variant allele calls, and those mapping to duplicated regions in the reference.
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Downstream filtering by NASP produced the fihayh-quality orBestSNP alignment that

was then used for maximum parsimony inference. Only positions present in all genomes with
at least 10x depth of coverage and 90% agreement were incMadeidaum parsimony trees
with 100 bootstrap replicates were ctvasted using the phangorn libraigchliep, 2010and
visualized sing MEGA 6 softwaréTamura et al., 2013We included 4additional pubc

VGIV whole genome sequences, five of which were sequenced in previous §Gltkeset

al., 2017, Farrer et al., 20180d 20 VGIV strains were obtained frone tAustralian Medical
Mycology Culture CollectionWFCC registration number: WNI205)sequenced herein. The
47 additional VGIV genomes included 19 strains from Botswana, 16 strains from South
Africa, four strains from Colombidhree strains from Indjawo strains from Australia, one
strainfrom Zambiaandthe geographical origin of one strain was unknokar assessment of
specific clusters, trees were drawn separately to maximize thejbaity comparable

positions between samples of each apparent .ckaahis, draft assemblies of one of the
samples in each clageerecreatedde-novousing SPAdes
(https://cab.spbu.ru/software/spades/) in careful mode and then used as references for the

cluster trees.

3.2.6 Statistical data analysis

For the 200582013 surveillance period, we compared demographic characteristics of patients
with C. gattiiandC. neoformanslisease to determine if there were any differences between
these two groups. F@. gattiiinfection, we used logistic regression aets (Sperandei,

2013)to determine associations between patient characteristics and molecular type. Patient
case data were collected by nurse surveillance officers at enhanced surveillance sites who
either interviewed patients or reviewed their medicakit{Naicker et al., 2021)WVe defined

a molecular type group as VGIV vs. Ro&I1V since VGIV was the dominant molecular type
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in South AfricaWe included the following variables in the analysis with molecular type as

the dependent variable: sex, age, year of diagnosis, geographical region, specimen type, HIV
infection status, mental status at diagnosis, CD4€lT(CD4) count at diagnosis,

antiretroviral treatment, current antifungal treatment, and tuberculosis treatment. Mental
status was categorised as fAalerto (a Gl asgow
GCS score <15 or a patient was recorded to be disorientated, stuporoseitmsecat the

time of diagnosisjNaicker et al., 2021We divided the geographical regions of South

Africa, based on the Koppégieger climate classification zongsdesina et al., 2017)nto

mostly temperate (Gauteng, Mpumalanga, KwaAudial and Western Cape provinces) vs.

mostly arid(Northern Cape, Free State, Limpopo, North West and Eastern Cape provinces).

In the final multivariable analysis, we only adjusted for factors that were associated with
geographical region and were risk factors for VGIV infection; the variables agandexV

infection status all met these criteNdle also separately modelled the effect of molecular type

on inrhospital mortality, adjusting for sex, age, mental status at diagnosis, CD4 count at

diagnosis, antiretroviral treatment, and current antifutrgatmentWe compared the

fluconazole MIGo values of the VGIV isolates and nMGI1V isolates using a Wilcoxon

ranksum tes{Kim, 2014) We al so compared the associati ol
vs >8 pug/ml) and outcome data of patients infected @ithattii. Statistical analyses were

performed using Stata statistical software (Version 14.1; StataCorp LP Texas USA).

3.2.7 Ethics approval

Ethics clearance for this study was obtained from the Human Research Ethics Committee
(Medical), University othe Witwatersranavith clearance certificate numbers: M160375 and

M1809107.
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3.3 Results

3.3.1Descriptive analysis of national laboratdygsed surveillance

From 2005 to 2013, 25,676 viallwyptococcussolates were collected from 24,286 cases of
cryptococcal disease. Only 3% of the viable isolates (781/25,676) were identiiedatsi
originating from 750 patients compared to 97% (24,871/25,676) of \tableoformans

isolates originating from 2312 patients. Owing in part to changes in surveillance
methodology, the number of cultucenfirmedC. gattiicases varied by year: 2005: 114 (15%
of total), 2006: 133 (18%), 2007: 91 (12%), 2008: 61 (8%), 2009: 75 (10%), 2010: 65 (9%),
2011: 58 (8%), 20156 (7%) and 2013: 97 (13%). The median age for patients infected with
C. gattiior C. neoformansvas 35 years, though the intguartile ranges (IQR) differed

slightly (C. gattii. IQR, 3642 years vsC. neoformansiQR, 2941 years). Fiftyseven per
cent(426/748) of male patients were infected withgattiicompared to 48% (11,057/23,206)
infected withC. neoformangp=0.0001). More patients diagnosed with eitGeneoformans

or C. gattiidisease were from the mostly temperate provinces of South AZiggattii.

565/750, 75%¢C. neoformansl7,682/23,512, 75%) compt to the mostly arid provinces

(C. gattii 185/750, 25%¢€C. neoformans5,830/23,512, 25%). For bo& gattiiand

C. neoformansnfections, CSF was the most common specimen type fromhvhe

pathogen was culture®€( gattii. 712/750, 95%¢C. neoformans22,279/23,512, 95%)

followed by blood cultureQ. gattii 32/750, 4%C. neoformans1179/23,512, 5%).

3.3.2Genotyping of 146 clinical. gattiiisolates

We genotyped 146 isolates from a total of 387 cases between 2005 and 2013, equaling 38% of
all cases from enhanced surveillance sites. The molecular type distribution©f g4ii
isolates (Supplementary information for metadatAppendix Q was asdllows: VGIV

(101/146, 70%; 95% CI: 0.60.77) followed by VGI (40/146, 27%; 95% CI: 0-B(B5),

78



VGII (3/146, 2%; 95% CI: 0.060.06) and VGIII (2/146, 1%; 95% CI: 0.04R05).Most
i solates had the MATU mating typed2V@)Kr139, 95
were MATa. There were 99 different STs observed amongsC14éittiiisolategFigure

3.1). ST294 (14/146, 10%) and ST155 (10/146, 7%) were the most commonly observed STs.
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Figure 31: Neighbour joining phylogenetic tree based on multilocus sequence typing data
showing clustering of molecular types for 99 different sequence types (STs) from 146 South
African clinical Cryptococcus gattiisolates Cryptococcus neoformarssrain WM 05.474,
molecular type VNI serves as the outgroup. Red circles indicate the STs with the VGIV
molecular type, green circles indicate the STs with the VGI molecular type, grey circles

indicate the STs with the VGII molecular type and blue circles indicate theiBT&he
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VGIII molecular type Bootstrap analysis was performesing the program MEGA Wwith

100 bootstrap replicate®ootstrap values are shown next to the branches.

333Association between patientsd clinical c ha

After adjusting for sex, age and HIV infection status, patients diagnosiee mostly

temperate provinces of South Africa had a 43% reduced odds of a VGIV infection than
patients from mostly arid provincehoughthe 95% CI spanned 1 (0-2158) and thg-value

was large (0.28)Supplementary Tables 1 anan?Appendix Q. We also found that HIV
seropositive patients had a ten times increased odds of a VGIV infection compared to those
who were HI\(seronegative in the same adjusted analysis, though mvéh sase numbers,

the Cl was very wide (95% CI: 1.95.31, p=0.006{Supplementary Tables 1 andnh2

Appendix Q.

3.3.4Association between molecular type anchospital mortality

The overall crude Hnospital caséatality ratio was 28% (40/142). The cdseality ratio was

30% (29/98) for patients infected wigh gattiiisolates of the VGIV molecular type versus

25% (11/44) for patients infected with a AYBIV molecular type (arde odds ratio [OR]:

1.26, 95% CI: 0.5€.84, p=0.57) (Supplementary Tablen3Appendix . On multivariable
analysis, patients infected with the VGIV molecular type had a 43% reduced adjusted odds of
dying than those infected with other molecular typlesyghthe 95% CI crossed 1 (0.07

4.43) and the value was large (0.59pupplementary Tableid Appendix Q.
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3.3.5Fluconazole susceptibility testing

The average fluconazole Migand MIGy values for all 10%C. gattiiisolates (60 VGIV, 40

VGI, 3 VGII and 2 VGIII) were 4ug/mland 16ug/ml, respectively, with a geometric mean

of 4.53ug/ml (Table3.1). There was a statistical difference in the M@alues between the

VGIV isolates and notVGIV isolates £=0.002, though these differed by only one double
dilution (4 pg/ml for VGIV isolates vs. 8 ug/ml for neGI1V isolates)(Table3.1). Most of

the VGI, VGII and VGIV iugn,whkidh s sonsideret todbe MI C v a
wild-type according to published ECBspinetingroff et al., 2012Clinical and Laboratory
Standards Institute, 20L8However, the two VGIII isolates, six VGIV isolates and six VGI
isolates were considered to be rwitd-type (Espinetingroff et al., 2012Clinical and

Laboratory Standards Institute, 2018@n unadjusted analysis, patients with a cryptococcal
isolate that had a fluconazole MIC value of greater than 8 ug/ml were more than one and a
half times more likely to die, though this estimate also had a 95% CI spanning 1 and a large p

value(95% CI: 0.475.64; p=0.43).
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Table 31: Fluconazole minimum inhibitory concentration (MIC) distribut{@m ug/ml) by
molecular type of 105 South Africaryptococcus gattiisolates from enhanced laboratory

based surveillance collected between 2005 and 2013

Molecular MICs0 MICgo Geometric

Type Total MIC Value (ug/ml) (Lg/mD) (ug/ml) Mean Range
051 2 4 8 16 32

VGl 40 O 1 5 9 195 1 8 16 6.17 1-32

VGl 3 O 0 O 030 0 8 8 8 8

VGl 2 O 0 0 020 O 8 8 8 8

VGIV 60 3 7 14 17135 1 4 12 3.52 0.532

Total 105 3 8 19 263710 2 4 16 4.53 0.532

3.3.6Whole genome sequencing of @8gattii VGIV isolates

Figure 3.2 shows the WGS SNP analysis of 98 VGIV isolates, the VGIV reference strain IND
107 and 47 global VGIV isolates. There were 123,891 SNPs called. The minimum, median
and maximum number of SNPs were 0; 13,309 and 21,804, respectively. Scatterghlaitro

the tree, there were nine clusters overall and the clusters are labelled in Figure 3.2. There were
five clusters that only included isolates from our study. Cluster 1 consisted of three isolates
(339, 1866 and 1788). Isolates 339 and 1866 had 2Ps Separating them and were

isolated from patients from two different provinces. However, isolate 1788 was separated by
more than 30 000 SNPs from the other isolates in cluster 1. Cluster 2 consisted of four
isolates. The median number of SNPs was 198dwi three isolates (924, 1428 and 274).

The fourth isolate (4102) was separated by 850 SNPs from the other isolates in this cluster.
Isolate numbers 924 and 1428 were from patients living in the same town in the Mpumalanga

Province diagnosed at the saraeility just over two months apart in 2011. Isolates 3096, 786
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and 3470 were in cluster 3 and the median number of SNPs was 404. All three patients from
whom these strains originated lived in the Gauteng Province and two patients were diagnosed
in the samdacility less than two months apart in 2013. There wereimtavesting clusters of
closelyrelated isolates observed (clusters 4 and 5 in Figi@je Cluster 4 consisted of ten

isolates from patients living in the Gauteng and Limpopo provinces named the
Gauteng/Limpopo cluster (Supplementary Tabie BAppendix Q and cluster 5 consisted of

six isolates from patients living in the Mpumalanga Province named the Mpumalanga cluster
(Supplementary Tableié Appendix §. Kmerbasedyping of these genomés-silico using

a custom kraken database indicated that none of our isolates belonged genetically to the new

molecular type VGV.

There were four clusters that included isolates from our studgand of theylobal strains
(including other South African stins either from Chen et al., 2017 or from gestralian

Medical Mycology Culture Collectign There were fewer than 30 SNPs between two
previouslypublished sequences of South African isolates cultured from a South African
patient with recurrent cryptocoosis between 2005 and 2009 (Chen et al., 2017) and South
African isolate 500 from our study cultured from a patient living in the KwaRlatal

Province diagnosed in January 2007 (cluster 6 in Fig2)e There were fewer than 700

SNPs between isolateimber 1005 and two South African samples sequenced from the
Australian Medical Mycology Culture Collection in clusterThe minimum, median and
maximum number of SNPs were 0, 6 and 478 respectively; between four Colombian strains
(Escandon et al., 2006 publicallyavailablesequence from &outh African animal isolate

and isolate number 399dluster 8 in Figur&.2). The patient infected with isolate 3994 was
from the Gauteng Province and was diagnosed in September 2008. The minimum, median and

maximum number of SNPs were 0, 318 and 908 respectively between isolates 547 (patient
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from GautendProvince) and 3882 (patient from Mpumalanga Province) and fifteen

Botswanan samples that were isolated from CSF in 2000 and 2012 (cluster 9 irBRgure

We then analysed the Gauteng/Limpopo cluster and Mpumalanga cluster separately using the
draft asembly of one of our strains as a reference in NASP. There were 1600 SNPs called
within the Gauteng/Limpopo cluster of ten isolates (Fig@8a and c). The minimum,

median and maximum number of SNPs were 52, 426 and 574 SNPs, respectively. Six patients
from whom these strains originated were male and four patients were female. Seven patients
were from the Limpopo Province; four of which were diagnosed at the same facility; and

three were from the Gauteng Province. The cases did not cluster in time: ené geth was
diagnosed in December 2006 and February 2008, three patients each in January, November
and December of 2009, one patient each in May 2010 and August 2011, and one patient each

in January, April and November 2013 (Supplementary TabieApperdix C).

The Mpumalanga cluster of six isolates from our study and two from a previously published
South African study (Chen et al., 2017) contained 1649 SNPs among all genomes (Figure
3.3b and c¢). The minimum, median and maximum number of SNPs were ané&®9
respectively. The six isolates from our study originated from five malerpiatand one

female patientfive patientswere diagnosed at the same facility. The cases did not cluster in
time: one patient each was diagnosed in May 2006, April 2008 2009, January 2010,
December 2010 and July 2011. The two previcpsiglished sequences were from isolates
cultured from another South African patient with recurrent cryptococcosis between 2005 and
2009(Chen et al., 2017)he two isolates 70 and 2153 within this cluster were distanced by

zero SNPs between them. These patients lived in two towns that were akooitrigders
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apart, but both were diagnosed at the same facility two years apart (2008 and 2010)

(Supplementary Tableié Appendix Q.
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Figure 32: Whole genome sequencismgle nucleotide polymorphism (SN&)alysis of 98
South African clinical VGIVCryptococcus gattiisolates (coloured circles and bolded tip
labels) and 47 previous samples. INDI@belled inthetree afiReference) was used as the
reference. BrrowsWheelerAligner was used to align reads to the reference and SAMtools
(Li et al., 2009 was used to call SNPs. There were 123,891 SNPs in total with a coverage
breadth of 61% and this is a rooted maximum parsimony tree with 100 bootstrap replicates.
The bootstrap valuese shown next to the branches, the consistency index was 0.35 and the
number of phylogenetic informative positions were 123,8917 BBOtswana, SA South
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Gauteng, green Mpumalanga, light blué Limpopo, purpe i North West, grey KwaZulu-

Natal, blacki Western Cape, dark bliieNorthern Cape.
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Figure 33: All clinical cases ofCryptococcus gattiinfection (n=508) collected through laboratdrgsed surveillance during 20@913 from three South African
provinces highlighting the cases that clustered closely by genomic data. a: Whole genome sequencing single nucleotitespoli®ig?) analysisféen South
African clinical VGIV C. gattiiisolates from patients living in the Gauteng and Limpopo provinces. Strain number 918 was used as the reference. Té@be were
SNPs in total with a coverage breadth of 96% and this is an unrooted maximunopgrsimeconstructed using MEGAG softwar€he consistency index was 0.99 ar
the number of phylogenetic sites were 16R8di Gauteng, light blué Limpopo. b:Whole genome sequencing SNP analysis of eight South African clinical @GIV
gattii isolates §ix from this study and two from a previougiublished South African studgfen et al., 2017)]solates from this study are indicatecbwid. Strain
number 976 was used as the reference. There were 1649 SNPs in total with a coverage breadth adhB6%amdnrooted maximum parsimony tceastructed
using MEGAG softwareThe consistency index was 1.00 and the number of phylogenetic sites were tE&t8. [@pumalanga Province. c: Map of South Africa
showing the clustered cases in yellow andCaljattii cases =508 in grey from Gauteng, Limpopo and Mpumalanga provinces.
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3.4 Discussion

Laboratorybased surveillance for cryptococcosis, a common-ad¥ociated opportunistic
infection in South Africa, provided a platform to determinerttedecular epidemiology of

C. gattii. Only 3% of viable isolates were identified@sgattii speciescomplex with the
remainder identified a8. neoformanspeciescomplex. Previous clinical studies from
neighbouring southern African countries have reported a much higher propor@Gogattii
infections such as 13%itvintseva et al., 2005r 17%(Nyazika et al., 2016 However,

these studies included small case numbers, where cryptococcal isolates were obtained from
patients admitted to a single fhiyi or cases were not randongglected from a defined study

population.

We observed 99 STs among our clini€algattiiisolates indicating a high genetic diversity,
with VGIV being the dominant molecular type in South Africa. This confirms the results of
studies undertaken in Zimbab, Botswana and MalaJfitvintseva et al., 2005, Nyazika et
al., 2016) In an earlier South African study on isolates from episodes of recurrent
cryptococcosis, there were eight gattii isolates recovered from four patients and four
isolates each had the molecular type VGI and VGIV, respectiVely Wyk et al., 2014)in

our larger study, we were able to describe the molecular type distribuii@rgattiiin South
African patients. Twenty seven per cent of the clinical isolates in our study had the VGI
molecular type; this moleca type has been described in a previous study as being dominant
among Kenyan clinical and environmental strgidangogo et al., 2015)n a study of 350
clinical, veterinary and environmental gattii strains from Africa, Asia, Europe, North
America and South America, VGII was the dominant molecular type followed by VGI

(Hagen et al., 2010 here were lower percentages of VGIII and VGHagen et al.2010)
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For the twentyeight African isolates (countries unspecified), accounting for 8% of the total
number of strains included in this global study, VGI was the dominant molecular type,
followed by VGIV (Hagen et al., 2010 he authors concluded that VGI and VGII are
globally distributed whereas VGIII and VGIV are minor molecular types that seeen to b
geographically restricted to specific locatightagen et al., 2010However, a relatively

larger number of strains was obtained from Europe, Namkrica and South America, and
therefore this collection was not representative of a global molecular type distrifheigen

et al., 2010)The fliconazole MIGo values, MIGo values and ranges overlapped for isolates
with all four molecular types our singlecentre studyOur study therefore does not provide

sufficient evidence for any meaningful difference in fluconazoseeptibility by molecudr

type.

We found incidentally that HAseropositive patients had an increased addsVGIV
infection compared to those HiSeronegative, after adjusting for age, sex and climatic
region. With a small sample size, our estimate of this effect is likely to be imprecise.
However, previous studies in southern Africa have also shown th&Ghv molecular type
is a major cause @. gattiimeningitis in HI\:seropositive patientd.itvintseva et al., 2005,
Nyazika et al., 2016VGIV and VGIII have been reported to cause infection in-HIV
seropositive patients whereas VGI and VGII are reported to cause infection mainly in
immunocompetent hos(Byrnes et al., 2011, Chen et al., 2014ritbya et al., 2021)Ne

are uncertain of what could explain this difference but Harris and colleagues previously
speculated that. gattiimolecular type, sequence type, fungal population genetics and
environment al di stributi on npremdshwiahovargyingi nt er ac

degrees of i mniHarigeta. 2@ig)ased ondhe point estimate, patients
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infected with the V®/ molecular type were less likely to die in hospital compared to
patients infected with the neviGIV molecular types, although we may have found this
difference entirely by chance with a largegdue. Recent phenotypic variation results
suggest that théGIV molecular type may be a less virulent pathoffegrnandes et al.,

2018) These authors observed that the VGIV molecular type is similar to other molecular
types in terms of capsule production and cell ftsgnandes et al., 2018oth VGIV and

VGIII molecular types were more sensitive to temperature compared to VGI and VGII that
are considered most virulefiternandes et al., 2018§GIV also produces irregular cells, a
variant phenotype not shown to be related to patient death whgraced to other variant
phenotypes, such as giant cells, micro cells and shed extracellular capsule produced by
CryptococcugFernandes et al., 2018)here is also evidence that virulence is not
specifically associated with molecular tyfféracative et al., 2014, Firacative et al., 2016)
one of these studie&alleria mellonellalarvae were infected with the fo@. gattii

molecular types and highly virulent strains were observed from all molecular types,
suggesing that virulence may be related to specific strains regardless of the molecular type

(Firacative et al.2014)

In our WGS analysis, we observed two small clusters consisting of ten and six isolates
respectively. The median number of SNPsefach of these two clusters were 426 and 598
respectively. However, the remaining isolates were highly diverse with a médiar809
SNPs. A previous study described nine VGI isolates isolated from patients lithy in
southeastern states of théSA that clustered together with 41,000 SNPs and 4558 SNPs
between any two isolatésockhart et al., 2016)iracative and colleagues were able to

define two major clusters of VGIII isolates in their study, separating serotype B from
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serotype C isolates. There were 88,337 SNPs for one cluster and 79,945 SNPs for the second
cluster(Firacative et al., 2016 hree clusters were observed amongst the VGII outbreak
isolates in the PNWegion of North America, made up of VGlla, VGIlb and VGllc, with

107, 132 and 137 SNPs within each of those subtypes, respectively, indicating that these
VGII populations in that region were clonal with a low genetic dive(&hgelthaler et al.,

2014, Lockhart et al., 2016Dpur results suggetiat, likeVGI andVGlII, the VGIV

molecular type ats has a high genetic diversity. \Wbserved that one of the isolates from

our study and a previouslgolated South African sample were related to all four previeusly
isolatedenvironmentalColombian VGIV strains witk480SNPs(Escandon et al., 2006)

This suggests some level of relatedness between VGIV strains from different geographical
regions or a similar eimonmental exposure, although we do not have the travel history of the
patients to confirm this. Our surveillance
addresses and healthcare facility at the time of clinical diagnosis. However, this dad® not t
into account the long latency period of cryptococcosis in some cases and relocation of
residence between provinces. The Gauteng, Limpopo, North West and Mpumalanga
Provinces are located in the northern parts of South Africa. These provinces are inland.
However, climatic differences between these provinces do exist. The Gauteng Province is
elevated and temperate, whereas parts of the Mpumalanga Province-bjiadow

subtropical to tropical and humid but also dry in some areas. The North West Prondnce a
the Limpopo Province are hot and dry. There was a cluster of six strains isolated from
patients living in the Lowveld region of Mpumalanga Province in South Africa, suggesting a
common environmental source. Based on our findings, we can speculake iy

molecular type may be widely distributed in this subtropical environment. In a Zambian
study,C. gattiiwas mostly associated with the Zambian Central Miombo woodlands that is

dry and tropica(Vanhove et al., 2017 he genomes of six of these isolates were recently
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sequenced and found to represent a new molecular type,(V&xér etl., 2019) This
molecular type was found in hyrassociated environments making this a new
environmental niche fo€. gattii. We did not find any VGV isolates in our collection of
clinical C. gattiiisolates. As Farrer and colleagues conclude pbssible that this molecular
type is strictly environmental and yet to cause clinical infedti@rer et al., 2019)-urther
studies of clinical and environment@l. gattii strains from southern Africa should be
performed to gain a better understanding of this pathogenic sppecgdex(Edwards et al.,

2021)

In conclusion, our study showed that South African clin@adattii strains, collected

through enhanced laborateppsed surveillance from 20@®13, were highly diverse, the

VGIV molecular type dominated and these strains also mostly had low fluconazole MIC
values. HI\fseropositive patients were more likely to be infected with VGIV. We observed
two snall clusters of closelyelated VGIV strains, with one cluster consistingafients

from the Mpumalanga Province in South Africa, suggesting a similar environmental source.
Our large study providea broader baseline forore extensive WGS studigssouthern

Africa, to enable us to gain a more complete pictui@.afattii, thelesser known cause of

HIV -associated cryptococcal meningitis in this part of the world.
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Abstract
Background

Fluconazole is used in combination with amphotericin B for induction treatment of cryptococ-
cal meningitis and as monotherapy for consolidation and maintenance treatment. More than
90% of isolates from first episodes of cryptococcal disease had a fluconazole minimum
inhibitory concentration (MIC) <4 pg/ml in a Gauteng population-based surveillance study
of Cryptococcus neoformans in 2007-2008. We assessed whether fluconazole resistance
had emerged in clinical cryptococcal isolates over a decade.

Methodology and principal findings

We prospectively collected C. neoformans isolates from 1 January through 31 March 2017
from persons with a first episode of culture-confirmed cryptococcal disease at 37 South Afri-
can hospitals. Isolates were phenotypically confirmed to C. neoformans species-complex
level. We determined fluconazole MICs (range: 0.125 pg/mil to 64 ug/ml) of 229 C. neofor-
mans isolates using custom-made broth microdilution panels prepared, inoculated and read
according to Clinical and Laboratory Standards Institute M27-A3 and M60 recommenda-
tions. These MIC values were compared to MICs of 249 isolates from earlier surveillance
(2007—2008). Clinical data were collected from patients during both surveillance periods.
There were more males (61% vs 39%) and more participants on combination induction anti-
fungal treatment (92% vs 32%) in 2017 compared to 2007—2008. The fluconazole MICs,
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MICgg and geometric mean MIC was 4 pg/ml, 8 pg/ml and 4.11 pg/mlin 2017 (n = 229) com-
pared to 1 pg/ml, 2 pg/ml and 2.08 pg/mlin 2007-2008 (n = 249) respectively. Voriconazole,
itraconazole and posaconazole Etests were performed on 16 of 229 (7%) C. neoformans
isolates with a fluconazole MIC value of =16 pg/ml; only one had MIC values of >32 pug/ml
for these three antifungal agents.

Conclusions and significance

Fluconazole MICgq and MICg, values were two-fold higher in 2017 compared to 2007—2008.
Although there are no breakpoints, higher fluconazole doses may be required to maintain
efficacy of standard treatment regimens for cryptococcal meningitis.

Author summary

Cryptococcus neoformans, a pathogenic fungal species-complex with an environmental
niche, is the most common cause of meningitis among HIV-seropositive adults in sub-
Saharan Africa. Fluconazole is recommended in combination with amphotericin B for
induction treatment of cryptococcal meningitis and as monotherapy for consolidation
and maintenance treatment. Fluconazole is also commonly prescribed to HIV-seroposi-
tive individuals for other indications; fluconazole exposure may result in secondary resis-
tance if patients have concurrent active cryptococcal disease. Azole fungicides used in
agriculture may potentially drive primary cryptococcal resistance when the fungus is
exposed to these fungicides in the environment. We aimed to determine fluconazole
MICs in 2017 and compare these values to those obtained in a 2007-2008 South African
survey to assess whether fluconazole resistance had emerged in C. neoformans over a
decade. We found that the proportion of isolates with an MIC of =16 pg/ml increased
from 0% in 20072008 to 7% in 2017. MICs,, and MICg, values were also two-fold higher
in 2017 compared to 2007-2008. These study findings provided evidence for higher flu-
conazole dose recommendations (in combination with amphotericin B for the induction
phase and as monotherapy for consolidation and maintenance phases) in the 2019 South-
ern African guideline for HIV-associated cryptococcosis.

Introduction

In South Africa, more than 6500 patients were diagnosed with a laboratory-confirmed first
episode of cryptococcal meningitis during 2017, with an estimated incidence risk of 0.1%
among HIV-seropositive persons [1]. A third of patients admitted to South African hospitals
with cryptococcal meningitis die in hospital [2]. Cryptococcal meningitis is fatal in more than
half of treated cases in routine care [3]. Fluconazole monotherapy is not appropriate as a first-
line induction-phase treatment but is recommended as an alternative to flucytosine, in combi-
nation with amphotericin B. Fluconazole is also recommended for consolidation and mainte-
nance treatment [4]. [n an earlier population-based surveillance study of Cryptococcus
neoformans in Gauteng province, South Africa, fluconazole susceptibility remained largely
unchanged between 2002-2003 and 2007-2008. Only 0.6% of incident isolates from 2002~
2003 had a fluconazole MIC of =16 ug/ml and these isolates also had very low MICs to ampho-
tericin B, voriconazole and posaconazole [5]. In contrast, in a recent Ugandan study, Smith
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and colleagues documented a substantial increase in fluconazole MICs in 2010-2014 com-
pared to a previous study in 1998-1999. The MICsy and MICgy values were 8 ug/ml and 32 pg/
ml respectively in 2010-2014 compared to an MICs; of 4 pg/ml and an MICy, of 8 pug/ml in
1998-1999 [6]. In a systematic review of 21 papers reporting fluconazole MIC distributions for
clinical cryptococcal isolates, the median MICs, value increased from 4 pg/ml in 2000-2012 to
8 pug/mlin 2014-2018 [7]. Ina US study, 37% of isolates collected between 2001 and 2011 had
an MIC =16 pg/ml, which the authors considered elevated based on aliterature review. This
study reported an association between elevated fluconazole MIC and prior azole use [8]. Flu-
conazole is a broad-spectrum antifungal agent with several indications, including cryptococcal
antigenaemia, candidaemia, mucosal candidiasis and common fungal skin infections [9]. Flu-
conazole is commonly prescribed to HIV-seropositive patients; therefore, fluconazole expo-
sure for other indications could result in development of secondary resistance if patients have
concurrent active cryptococcal disease [10]. In agriculture, azole fungicides are used to treat
crops. Of 229 pesticides registered in South Africa, 22 are azole-based fungicides [11]. Analo-
gous to the emergence of azole-resistant Aspergillus fumigatus [12], it is also possible that cryp-
tococcal strains develop resistance to azoles when exposed to fungicides in the environment
and some people develop infections with primarily-resistant strains. The aim of this study was
to assess whether there was an increase in fluconazole MIC values in South African clinical
cryptococcal isolates since the last survey was performed almost ten years ago.

Materials and methods

Study design

Since 2002, the National Institute for Communicable Diseases (NICD) has conducted labora-
tory-based surveillance for cryptococcosis. A case has been consistently defined as a person
diagnosed with cryptococcal disease at any South African laboratory, based on any one of the
following positive tests: India ink test on cerebrospinal fluid (CSF), cryptococcal antigen test
on blood or CSF and culture of Cryptococcus from any specimen. Using a standardised case
report form, study nurses at enhanced surveillance sites collected detailed information from
participants who met the laboratory case definition. In an earlier survey, Govender et al. had
reported that 3/467 (0.6%) clinical C. neeformans isolates had fluconazole MICs =16 pg/ml
[5]. In the 2017 survey, we needed to perform antifungal susceptibility testing on at least 220
C. neoformans isolates to show a difference in prevalence based on 80% power and an alpha of
0.05, if we hypothesized that the proportion of isolates with a fluconazole MIC =8 pg/ml had
increased from < 1% to 5%. In the earlier survey, 280 of 571 first episodes of cryptococcosis
from 2007-2008 had been randomly selected from four enhanced surveillance hospitals in
Gauteng province; 249 viable isolates were then tested for antifungal susceptibility using the
same laboratory methods (with no modifications) as detailed in the section below. We pro-
spectively collected C. neoformans isolates from 1 January through to 31 March 2017 from per-
sons with a first episode of culture-confirmed cryptococcal disease at 37 enhanced and non-
enhanced surveillance hospitals across South Africa. Only incident cases were included and
these were defined as participants of any age with first isolation of C. neoformans from any
specimen. We thus compared the antifungal susceptibility profiles of Cryptococcus isolates col-
lected during 2 surveillance periods: 1 March 2007 through 28 February 2008 (n = 249, Gau-
teng province) and 1 January 2017 through 31 March 2017 (n = 229, national [9 provinces]).

Laboratory methods for 2017 survey

Isolates were received on Dorset transport medium (Media Mage, Johannesburg, South Africa)
at NICD, were confirmed as C. neoformans species-complex by standard phenotypic methods,

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008137  March 31, 2020 3/11

110



111








































































































































































































































































