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Abstract

Cryptococcus neoformans var. grubii (Cng) is the most common cause of fungal menin-
gitis, and its prevalence is highest in sub-Saharan Africa. Patients become infected by
inhaling airborne spores or desiccated yeast cells from the environment, where the
fungus thrives in avian droppings, trees and soil. To investigate the prevalence and
population structure of Cng in southern Africa, we analysed isolates from 77 environ-
mental samples and 64 patients. We detected significant genetic diversity among iso-
lates and strong evidence of geographic structure at the local level. High proportions
of isolates with the rare MATa allele were observed in both clinical and environmental
isolates; however, the mating-type alleles were unevenly distributed among different
subpopulations. Nearly equal proportions of the MATa and MATa mating types were
observed among all clinical isolates and in one environmental subpopulation from the
eastern part of Botswana. As previously reported, there was evidence of both clonality
and recombination in different geographic areas. These results provide a foundation
for subsequent genomewide association studies to identify genes and genotypes

linked to pathogenicity in humans.
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Introduction

Cryptococcosis is a leading cause of mortality in patients
with HIV/AIDS and accounts for 13-40% of the annual
death rate among these patients in areas of sub-Saharan
Africa (Park ef al. 2009). Most cases of cryptococcosis are
caused by Cryptococcus neoformans var. grubii (Cng), an
opportunistic basidiomycetous yeast, which has been iso-
lated from avian droppings, trees and soil worldwide.
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Previous studies have demonstrated that inhaling air-
borne basidiospores and/or desiccated yeast cells can
lead to an initial pulmonary infection with subsequent
dissemination to the central nervous system and the
manifestation of meningoencephalitis (Giles et al. 2009;
Velagapudi ef al. 2009; Botts & Hull 2010). Because trans-
mission of cryptococcosis among humans and other ani-
mals is extremely rare, the virulence traits that enable
Cryptococcus to infect humans undoubtedly evolved in
the environment. Therefore, to investigate the genetic
profile associated with cryptococcal meningitis, we con-
temporaneously collected environmental and clinical iso-
lates of Cng, determined their genotypes and compared
the genetic structure of these populations.

Previously, we described genetic diversity in environ-
mental populations of C. neoformans in both the United
States and southern Africa (Litvintseva et al. 2005; Lit-
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vintseva & Mitchell 2012). In the United States, Cng iso-
lates are highly clonal, lack geographic structure, are
dominated by isolates with a single mating type, MATu,
and are primarily associated with pigeon habitats and
desiccated pigeon droppings (Litvintseva et al. 2005).
The same genetic features are also characteristic of the
global population of Cng, which is dominated by iso-
lates with a relatively small number of molecular geno-
types and the MATo mating type (Litvintseva et al.
2005). However, isolates in southern Africa also include
a unique population of Cng that is comprised of geneti-
cally diverse isolates and includes isolates with both
mating types, MATa and MATao (Litvintseva et al. 2011).
Multiple genetic analyses of globally distributed iso-
lates of Cng have identified three distinct molecular
types or subpopulations, VNI, VNII and VNB. These
differentiated phylogenetic clades may represent cryptic
species. VNI isolates are prevalent worldwide in the
environment and responsible for most cases of crypto-
coccosis outside Africa. VNII isolates are globally
distributed but rare, and VNB isolates are primarily
restricted to sub-Saharan Africa (Litvintseva et al. 2006).
Our previous results demonstrated that the African
population of Cng includes isolates with genotypes of the
globally distributed VNI and VNII molecular types.
Africa also harbours unique isolates of molecular type
VNI and populations of molecular-type VNB, which are
unique to southern Africa and associated with trees
rather than avian habitats (Litvintseva et al. 2006). We
also detected an unusually high proportion of isolates
with the rare MATa mating type in the African popula-
tion, which showed evidence of sexual reproduction and
recombination. However, these previous studies were
based on analyses of environmental isolates from South
Africa that were isolated from pigeon habitats in the
metropolitan centres and a sample of uniquely African
isolates collected from a small geographic area on the
eastern border of Botswana (Litvintseva et al. 2011). Here,
we report results of the systematic environmental and
clinical sampling in Botswana, which is one of the highest
HIV burdened countries in the world [Joint United
Nations Programme on HIV/AIDS (UNAIDS 2013)], to
describe the prevalence and population structure of
C. neoformans and identify the ecological niche and a
potential environmental reservoir of this pathogen.

Materials and methods

Environmental and clinical isolates of Cryptococcus

To determine the environmental prevalence and distribu-
tion of Cryptococcus in Botswana, we collected a total of
614 samples in April and May, 2012: 571 samples were
obtained from trees, 37 were avian droppings, and six

were soil samples (Table S1, Supporting information).
These samples were collected from rural and urban areas,
parks and nature preserves, in regions around the cities
of Gaborone, Serowe, Francistown, Nata, Kasane, Maun
and Ghanzi. Most of the samples were collected from
trees because our previous results demonstrated a signifi-
cant association between Cng and mopane trees. The
arboreal samples included decaying woody debris within
tree hollows and under the bark as well as soil under the
tree canopy. These samples were collected with sterile
BBL™™ culture swabs containing Amies transport med-
ium (BD Diagnostics, Franklin Lakes, NJ, USA). Samples
of soil and excreta were collected in sterile plastic tubes
and then stored at room temperature for 1-14 days prior
to isolation. Staib agar was supplemented with 0.2 g/L
chloramphenicol (Sigma-Aldrich, St. Louis, MO, USA),
0.025 g/L gentamicin (EM Science, Gibbstown, NJ, USA)
and 0.1 g/L (0.1 g/10 mL 95% ethanol) biphenyl (Alfa
Aesar, Ward Hill, MA, USA). Culture swabs were
directly spread on duplicate Staib plates. Samples of soil
and droppings were resuspended in 10 mL of sterile
water by vortexing. The sediment was allowed to settle
for c. 10 min, and a 1:10 dilution was prepared in sterile
water. A 50 puL portion of the suspension was spread on
Staib plates. Inoculated plates were incubated at room
temperature for 3-5 days. Brown yeast colonies were
selected, grown in pure culture on Staib agar plates with-
out antibiotics, confirmed to be Cryptococcus neoformans
by standard morphological and physiological criteria,
and maintained on yeast extract-peptone—dextrose
(YPD) agar (Difco, Baltimore, MD, USA) at 30 °C.

Under the auspices of Duke IRB-approved protocol
and with patient consent, clinical isolates of Cng were
obtained prospectively from specimens of cerebrospinal
fluid (CSF). Beginning in 2012, patients were enrolled at
the major public hospitals in the two largest cities, Prin-
cess Marina Hospital in the capital city of Gaborone,
which is located in southern Botswana, and Nyan-
gabgwe Referral Hospital in Francistown, which is in
eastern Botswana. The CSF specimens were collected for
routine diagnostic purposes from patients with HIV/
AIDS and cryptococcal meningitis. The isolates from
patients’” CSF were grown on Sabouraud dextrose agar
(Oxoid CMO0041) with chloramphenicol (0.05 g/L). Col-
ony-purified clinical isolates were then inoculated in
15% glycerol and stored at —80 °C until they were
analysed.

A total of 304 isolates of Cng from Botswana were
analysed in this study (Table S2, Supporting informa-
tion). They were comprised of 179 environmental iso-
lates obtained from 77 samples, and 125 clinical isolates
that were cultured from the CSF specimens of 64
patients. Isolates were maintained on YPD agar med-
ium at 30 °C.
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DNA manipulations and mating types

Each isolate of C. neoformans was cultured for 2 days on
YPD agar, and a portion was collected directly for isola-
tion of genomic DNA. Genomic DNA was extracted
and purified from each isolate using a MasterPure yeast
DNA purification kit (Epicentre Biotechnologies, Madi-
son, WI, USA) according to the manufacturer’s instruc-
tions. The mating type of each isolate was determined
by PCR analysis using pairs of STE20 primers with
specificity for each of the two Cng mating types (Li
et al. 2012): STE20-Aa-f, 5-CTAACTCTACTACACCT
CACGGCA (forward orientation) and STE20-Aa-r,
5-CGCACTGCAAAATAGATAAGTCTG (reverse orien-
tation); STE20-Aa-f, 5'-GGCTGCAATCACAGCACCT
TAC (forward orientation) and STE20-Aa-r, 5'-CTTCA
TGACATCACTCCCCTAT (reverse orientation). Each
PCR mixture contained 2.5 uL. of 10x PCR buffer,
0.75 pL of 50 mm MgCl,, 0.5 uL of 10 mm dNTP Mix,
1.25 pL of each primer, 0.1 uL. of Taq DNA polymerase
(Invitrogen, Carlsbad, CA, USA), ~2.5 ng of genomic
DNA and an appropriate volume of distilled water. The
PCR was conducted with the following thermocycling
conditions: initial denaturation at 95 °C for 5 min; fol-
lowed by 35 cycles of 30 s at 95 °C, 30 s at 54 °C and
30 s at 72 °C; and finally 10 min at 72 °C for extension.
PCR products were analysed on 1.4% agarose gels.

MLST determination

We randomly picked one isolate from each biological
sample for MLST analysis. Eight routinely employed
MLST loci were used to analyse genetic diversity of the
isolates: CAP59, GPD1, 1GS1, LAC1, PLB1, SOD1, URA5
and TEFI. The primer sequences were used as previ-
ously described (Litvintseva et al. 2011; Chen et al. 2014)
except LACI, which was newly designed based on H99
genome (Janbon ef al. 2014) and included the target
region previously used. The forward primer for LACI is
5-AACATGTTCCCTGGACCTGTG, and reverse primer
is 5'-ACGTGGATCTCGGGAGGA. We applied our
newly developed NGMLST method in MLST genotyp-
ing, and the sequencing libraries were prepared as pre-
viously described (Chen et al. 2015). In brief, SMRT cell
sequencing libraries were prepared using Pacific Bio-
sciences DNA Template Prep Kit 2.0 (Cat# 001-540-835)
according to the 3- or 10-kb template preparation and
sequencing protocol provided by Pacific Biosciences.
Instead of using magnetic beads, the amplicons were
loaded by diffusion at a concentration of 300 pM and
sequenced using the PacBio RS II platform. In total,
three SMRT cells were used to sequence all the isolates
in this study. The sequencing run used 1 x 180 min
movie with P4-C2 chemistry.

Primary analysis was performed using the PACBIO SMRT
ANALYSIS version 2.1 program, and the filtering parame-
ters were as follows: minimum polymerase read quality
of 0.75; minimum read length of 50 bp; and minimum
subread length of 50 bp. Circular consensus sequencing
(CCS) reads with less than four full passes were also fil-
tered in further analysis. We used the MLsTEZ software
program to generate all the consensus sequences of
each locus and searched for heterozygous loci (Chen
et al. 2015).

Data analyses

Sequences were aligned using MUSCLE (Edgar 2004);
the alignments were edited manually and then trimmed
and concatenated using in-house Python scripts. Every
unique MLST allele was assigned an allelic type (AT)
number at each locus and compared to the existing ATs
in wmistT database (http://mlst.mycologylab.org) on
seven loci (CAP59, GPD1, 1GS1, LAC1, PLB1, SOD1 and
URA5) (Meyer et al. 2009).

Sequence diversities were analysed by pNaspv5 (Libra-
do & Rozas 2009). The number of segregating sites (S),
haplotypes (h), haplotypic diversity (Hd), average num-
ber of nucleotide differences per site (m), Watterson’s
estimate of the population scaled mutation rate (6)
(Watterson 1975) and Tajima’s D (Tajima 1989) were
calculated for each locus for both environmental and
clinical isolates separately.

Evolutionary descent of the Botswana Cng isolates
was analysed by EBURsT (http://eburst.mlst.net/) (Feil
et al. 2004) based on the ATs of seven loci (CAP59,
GPD1, 1GS1, LAC1, PLB1, SOD1, URA5). To assess sta-
tistical support for the phylogeny, bootstrapping values
were calculated from 1000 resamplings. The genetic
relatedness of MLST sequences was evaluated by sMART-
PCA (EIGENSOFT version 6.0 beta) (Patterson et al. 2006)
with default parameters. To better define the relation-
ships among different populations, we used the Bayes-
ian clustering method strucTURE (Pritchard et al. 2000)
based on the single nucleotide polymorphisms (SNP) in
the MLST sequences. The analyses compared all clinical
and environmental isolates as well as environmental
isolates obtained from different areas. Two simulation
runs were conducted for each of K =1 to K = 10 using
a length of burn-in of 10> with 10° replicates of Markov
chain Monte Carlo simulation. In addition, a phyloge-
netic network was analysed in spLiTsTREE4 (http://splits-
tree.org/) with the neighbour-net algorithm (Huson &
Bryant 2006).

Hierarchical analysis of molecular variance (amMOva)
was performed with ArLEQUIN 3.5 (Excoffier & Lischer
2010). The total variance was partitioned into variance
among individuals within populations and variance
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among populations. We first calculated the variance
components between the clinical and environmental
populations, and comparisons were made among three
different subsets: (i) the two populations of clinical
(n =64) and environmental (n = 77) isolates; (ii) the
clinical (n = 19) and environmental (1 = 5) populations
of VNI isolates; and (iii) the clinical (n = 33) and envi-
ronmental (n = 65) populations of VNB isolates. We
also calculated the variance components of different
environmental isolates based on their geographical ori-
gins. Pairwise comparisons were made among the three
sampling areas (Fig. 1). Using ARLEQUIN 3.5, pairwise
Wright's fixation indexes (Fsr) were calculated for each
pair of compared populations. The significance of each
Avmova and Fgr value was tested by a nonparametric
permutation method with 1000 permutations (Excoffier
& Lischer 2010).

Linkage disequilibrium among the loci was estimated
by determining the index of association (I4), 74 and the
most parsimonious tree length (MPTL) (Brown et al.
1980; Smith et al. 1993; Burt et al. 1996). I, and 74 values
were calculated using murtiLocus 1.3b, and 1000 ran-
domized data sets of shuffled alleles were used to test
the null hypothesis. raur (Swofford 2003) execution files
generated from MmuLTILOCUS were used to calculate the
observed and randomized MPTLs, and 99.9% confi-
dence intervals of the randomized data were calculated
in R (Team 2008).

The most appropriate model and parameters of DNA

sequence evolution for each MLST locus and
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concatenate data set were determined by JMODELTEST2
(Darriba et al. 2012) (Table S7, Supporting information).
Neighbour-joining (NJ) phylogenetic trees were con-
structed based on the Kimura 2-parameter and the
inferred model and parameters using PAUP* version
4.0b10 (Swofford 2003). We further used the Shimoda-
ira-Hasegawa (SH) tests (Shimodaira & Hasegawa
1999) to assess phylogenetic incongruence between loci.

Results

Cryptococcus neoformans is widespread in Botswana
and primarily associated with mopane trees

Of the 614 environmental sampling sites, 179 isolates of
Cng were recovered from 77 locations (12.5%) (Fig. 1A
and Table S1, Supporting information). Seventy-five of
these positive Cng sites were trees, and there was one
positive site each from soil and avian excreta. In addi-
tion, two isolates of Cryptococcus gattii were recovered
from a single mopane tree (Colophospermum mopane) in
the Francistown area. The geographical distribution of
Cng varied in association with the regional prevalence
of C. mopane trees. In the vicinity of Francistown, in
eastern Botswana, 40 of 254 (15.7%) sites were positive,
and in around the north central city of Maun, 30 of 175
(17.1%) sites were positive. C. mopane trees are endemic
around Maun and Francistown, and all but two positive
sites were associated with mopane trees. Around Gabo-
rone, in southern Botswana, only seven of 125 sites

All isolates Environmental isolates
100
75
50 1
50 - 25
il

T T T T
Clinical Enviromental Francistown Gaborone Maun

maTa [l MATa

Fig. 1 (A) An outline map of Botswana showing the three geographic locations where environmental samples of Cryptococcus neofor-
mans var. grubii were obtained and analysed in this study. (B) The ratios of MATa and MATa isolates in different populations. Simi-
lar mating-type ratios were found in all clinical and environmental isolates, but different ratios were found in environmental isolates

collected from different areas.
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(5.6%) were positive. Mopane trees do not occur in
Gaborone, but Cng isolates were recovered from an Aca-
cia tree and a Ziziphus mucronata tree. Fifty-four samples
were collected from the western Kalahari Desert region
(n =19), the Okavango delta salt pans in the north cen-
tral area around Nata (7 = 18) and areas near the east-
ern town of Serowe (n =17), but no isolates were
recovered from these samples.

Clinical specimens of CSF were collected from 83 HIV/
AIDS patients who were diagnosed and treated at Prin-
cess Maria Hospital in Gaborone or Nyangabgwe Refer-
ral Hospital in Francistown, Botswana. From 64 of these
patients with cryptococcal meningitis, we recovered 125
isolates of C. neoformans. The remaining 19 patients were
infected with the sibling species, C. gattii, and 30 isolates
of C. gattii were obtained (data not shown).

Unequal distribution of mating-type alleles in the
environmental and clinical Botswana Cng populations

PCR primers specific for STE20 region of Cng were
used to determine the mating type of each isolate. The
frequency of the rare MATa allele in both clinical and
environmental populations was higher than previously
observed: 40 of the 179 (22.3%) tested environmental
isolates and 29 of 125 (21.5%) clinical isolates possessed
MATa mating type. Among the environmental isolates,
the distribution of MATa mating type varied among
isolates from different geographical areas (Fig. 1B). In
Francistown, 39 of 96 (41.6%) isolates possessed MATa,
while only one of 71 (1.5%) isolates from Maun and
none of the seven isolates from Gaborone was identified
to be MATa. Fisher’s exact tests indicated that the fre-
quency of the MATa allele among Cng isolates from
Francistown was significantly higher than its frequency
among isolates from Maun (P < 0.001) and Gaborone
(P < 0.001).

Unequal distribution of VNI, VNB and VNII
molecular types among clinical and environmental
Botswana populations

One representative Cng isolate was selected from each
positive environmental site and patient’s specimens,
and these isolates were genotyped using the NGMLST
method (Chen ef al. 2015) with eight target loci (Lit-
vintseva et al. 2011). In total, 141 isolates were analysed
(Table S3, Supporting information). The aligned
sequences of concatenated loci totalled 5421 base pairs
and 202 polymorphic sites (149 parsimony informative
and 53 singleton sites). Seven of the eight loci were
used in the analysis of AT, and all the sequences were
trimmed into the same lengths as the sequences in the
MLsT database (http://mlst.mycologylab.org). The seven

Table 1 Molecular type statistics in different populations

Environmental

Molecular

type Clinical Francistown Maun Gaborone Total
VNI 19 2 0 3 24
VNB 38 33 28 3 102
VNI/VNB 5 5 2 1 13
VNII 2 0 0 0 2
Total 64 40 30 7 141

loci (CAP59, GPD1, LAC1, PLB1, SOD1, URA5 and
IGS1) of 141 isolates yielded 115 ATs, and 49 of them
were new to the database (Table S3, Supporting infor-
mation). To compare the isolates to previous data,
sequence type (ST) was generated by the alleles at each
of the seven loci for each isolate. In total, 118 STs were
generated for all 141 isolates, and only 9 (8.2%) of those
matched other existing STs in the database, confirming
previously described unique genetic make-up of Cng
isolates from Botswana.

The MLST results identified 24 isolates of VNI
(17.0%), 102 isolates of VNB (69.5%) and two isolates of
VNII (1.4%). In addition, 13 isolates were identified as
putative VNI/VNB admixture genotypes that possessed
both VNI- and VNB-specific MLST loci. Isolates of VNI
and VNII molecular types were significantly overrepre-
sented among clinical compared to environmental iso-
lates, while VNB isolates were more prevalent in the
environmental populations. Only 6.5% of the environ-
mental isolates but 30% of clinical isolates were molecu-
lar type VNI (Table 1), and the frequency of VNI
among clinical isolates was significantly higher than its
frequency among environmental isolates (Fisher’s exact
test, P < 0.001).

Genetic relationships among the MLST genotypes
were analysed by neighbour-net algorithm (Fig. 2). This
analysis confirms the presence of two genetically iso-
lated subpopulations, VNB and VNI, and also provides
evidence of recombination and admixture within and
between these two groups. Specifically, the neighbour-
net algorithm confirmed recombinational events in the
phylogenetic history of 13 putative VNI/VNB admix-
ture genotypes, which were identified by comparing
topologies of the dendrograms of individual MLST loci
(Fig. 2). In addition, several distinct clonal lineages are
discernible within each VNB and VNI group, including
a previously identified subpopulation of VNB-II
(Litvintseva et al. 2006) (Fig. 2).

Genetic structure of Botswana Cng populations

Principle component analysis (PCA) was used to assess
the genetic relationships among the Botswana isolates

© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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of two global molecular types (Litvintseva et al. 2006).
Two patient isolates with the VNII molecular type (two
STs) and five patient isolates with global VNI genotypes
(three STs) were obviously genetically distinct from
other isolates (Fig. S1, Supporting information). There-
fore, isolates with these global genotypes were removed
from subsequent analyses to focus on the uniquely
diverse Botswana isolates of molecular types VNB and
VNI PCA of the remaining environmental (1 = 77) and
clinical (n = 57) isolates was separated into three geneti-
cally distinct groups: one group included the majority
of isolates with the VNB molecular type VNB-I; the sec-
ond group contained a mixture of VNB/VNI admixture
genotypes and a VNB-II subgroup of the VNB isolates,
which was described previously; a third group included
most of the endemic isolates with VNI molecular type
(Fig. 3A).

The population structure was further evaluated by
STRUCTURE (Lawson et al. 2012). Based on the PCA results
and our previous observations, three subpopulations
were assumed (K = 3, VNB-I, VNB-II and VNI) and sig-
nificant differences were detected between clinical and
environmental populations (Fig. 4A) as well as between
Gaborone and other geographic regions (Fig. 4B). sTRuC-
TURE also confirmed the existence of isolates with VNB/
VNI admixture genotypes, which were identified by
phylogenetic analysis (data not shown).

AMOvAs analyses were performed and Wright's fixa-
tion indexes (Fsr) were calculated to compare the fol-

Ftc102-1
Muc402-1

Mucs03-1

lowing groups: (i) clinical and environment isolates; (ii)
VNI and VNB isolates; (iii) isolates from Francistown,
Maun and Gaborone; (iv) VNB isolates with MATa and
MATa alleles. Consistent with the results of PCA and
STRUCTURE analyses, amova and Fsr indicated significant
genetic differences between clinical and environmental
isolates with VNB molecular type, and among isolates
from different geographic areas. No significant differ-
ences were detected when VNI isolates were compared
between clinical and environmental isolates (Table 2).
Moreover, there was no genetic difference among the
VNB isolates with different mating alleles (Fsr ~ 0).

Analyses of genetic variation within different
Botswana Cng populations

The diversity was compared
between clinical and environmental isolates and among

average nucleotide
environmental isolates from different geographic areas.
Calculations of the number of segregating sides (S),
haplotypes (1), haplotypic diversity (Hd), the number
of nucleotide differences per site (m) and Watterson’s
estimate of the population scaled mutation rate (0)
revealed significantly higher genetic diversity among
clinical compared to the environmental isolates
(Table 3). The Tajima’s D values for individual loci
were not significantly different from 0, which indicated
no deviation from the neutral model of evolution
(Table 3). As unequal distributions of mating types
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P

Fig. 2 spLITSTREE obtained using concatenated sequences of the eight loci for 139 Botswana Cryptococcus neoformans var. grubii isolates
(without VNII isolates). The observation that isolates are linked to each other by multiple pathways, thereby forming an intercon-
nected network rather than a single bifurcating tree, is suggestive of recombination. VNI isolates are labelled blue; VNB-I isolates are
labelled orange; VNB-II isolates are labelled green; and VNI/VNB admixture genotypes are labelled red.
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were detected in different geographic areas, we tested
genetic diversities made among the isolates from differ-
ent areas. Except for the isolates collected from Gabo-
rone that showed higher diversity at the GPD1 locus,
there was no significant difference in nucleotide diver-
sity among isolates recovered from areas with high or
low prevalence of the MATa allele (Table S4, Support-
ing information). In addition, we compared the genetic
diversity between VNI and VNB subpopulations. The
result exhibits that the VNB isolates have more haplo-
types than the VNI isolates in most tested loci (Table
S5, Supporting information).

Evidence of recombination and clonality in Botswana
Cng populations

EBURST analysis detected an extended clonal network
comprised of several MLST genotypes (Fig. S2, Sup-
porting information); however, STRUCTURE and SPLITSTREE
analysis identified multiple admixture/recombination
events within and between the VNI and VNB groups,
as well as some evidence of clonality (Figs 2 and 4).

To further evaluate the extent of clonality and recombi-
nation, we calculated index of association (I5) (Brown
et al. 1980) and 7y (Agapow & Burt 2001) statistics for
individual subgroups (Litvintseva et al. 2006; Simwami
et al. 2011). Significant linkage disequilibrium was
identified in the VNB subpopulation (Table 4) and also
within VNB isolates with different mating types (Table
S6, Supporting information). In addition, the possibility
of recombination was suggested in the clone-corrected
VNI subpopulation (Table 4). The branch lengths of
the most parsimonious tree tests showed the observed
tree length was significantly shorter than the tree
lengths of recombined data in all tested groups
(P <0.01), which also rejected the null hypothesis of
free recombination in the population. Conversely,
approximate likelihood ratio tests based on SH compu-
tations provided statistically significant support for
phylogenetic conflicts in all pairwise comparisons
between loci, which was consistent with recombination
(Table S8, Supporting information). Overall, the results
demonstrated the evidence of both recombination and
clonality.
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Fig. 4 Results of Botswana Cryptococcus neoformans var. grubii isolates ancestry analysis (K = 3) for all clinical and environmental iso-
lates (A) and ancestry analysis for environmental isolates with different geographical origins: Francistown, Gaborone (Gabs) and
Maun (B). Each individual is represented by a thin vertical line, which is partitioned into three coloured segments that represent the
individual’s estimated membership fractions in three clusters. Black dashed lines separate individuals of different populations.

Molecular type of each isolate was labelled at the bottom.

Discussion

Cryptococcosis is a leading cause of morbidity and mor-
tality of patients with HIV/AIDS in sub-Saharan Africa
(Park et al. 2009). Our previous studies demonstrated
that the southern African population of Cryptococcus
neoformans is largely comprised of genetically unique
isolates, which are not found elsewhere in the world,
and unlike most global isolates, they are associated with
endemic trees rather than with pigeon droppings (Lit-
vintseva et al. 2011). However, these results were based
on the analyses of a limited number of environmental
isolates collected from the Tuli block, a small geo-
graphic area in the eastern part of Botswana. Here, we
describe results of a broad environmental sampling con-
ducted throughout Botswana and aimed at identifying
an ecological niche of the endemic isolates. In addition,
a comprehensive analysis of clinical and environmental
isolates was undertaken to determine the population
structure and frequency of recombination/sexual repro-
duction in the Cng population in Botswana. These
results will provide a foundation for the subsequent ge-
nomewide association studies (GWAS) intended to
identify genes and genotypes linked to pathogenicity
and human disease.

The results of our environmental sampling indicated
that Cng is highly prevalent in eastern and northern
Botswana and significantly associated with the mopane
woodland ecoregion dominated by Colophospermum

mopane trees. In Gaborone, where mopane trees do not
occur, C. neoformans was isolated from other tree spe-
cies; however, the prevalence of C. neoformans in Gabo-
rone was significantly lower, and no isolates were
recovered from any of the samples obtained from areas
of western and central Botswana, which are not part of
the mopane woodland. The vast majority of isolates iso-
lated from mopane trees possessed the VNB molecular
type, while half of the isolates from Gaborone, where
mopane do not occur, possessed the VNI molecular
type, suggesting that VNB isolates are associated with
the mopane woodland.

Population genetic analysis detected significant diver-
sity among Cng isolates in Botswana. Of 118 STs identi-
fied in this study, only nine have been previously
described in MrsT Database (http://mlst.mycology-
lab.org), and only five (three VNI STs and two VNII
STs) were found to be the same or very similar to the
strains isolated outside Africa. Furthermore, our analy-
sis indicated a significant difference in the genetic com-
positions of clinical and environmental populations in
Botswana. Clinical isolates were significantly more
diverse and included genotypes that were either rare or
absent in the environmental sample.

Of 125 ATs identified from the seven loci in this
study, 48 were shared by both clinical and environmen-
tal isolates, representing 69.6% and 46.2% of all ATs
among environmental and clinical isolates, respectively
(Table S3, Supporting information). Furthermore, only
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Table 2 amovas of MLST genotypes of different Cryptococcus
neoformans var. grubii populations

Variance
Sum of components
d.f. squares (%) Fsr

(i) All isolates: clinical (64), environmental (77)

Between population 1 1223 1.56 (10.6)  0.106***
Within population 139 18322  13.18 (89.4)
Total 140 1954.5 14.74 (100)

(ii) VNI isolates: clinical (19), environmental (5)
Between population 1 125 0.82 (12.0)  0.120
Within population 22 1326 6.03 (88.0)
Total 23 1452 6.85 (100)

(iii) VNB isolates: clinical (38), environmental (64)

Between population 1 26.3 0.38 (4.6) 0.046***
Within population 100 797.9 7.98 (95.4)
Total 101 824.1 8.36 (100)

(iv) Environmental isolates: Francistown (40), Maun (30)

Between population 1 224 0.39 (4.2) 0.042**
Within population 68  609.4 8.96 (95.8)
Total 69 6318 9.35 (100)

(v) Environmental isolates: Francistown (40), Gaborone (7)

Between population 1 42.5 2.68 (20.3)  0.203**
Within population 45 4728 1051 (79.7)
Total 46 5153  13.19 (100)

(vi) Environmental isolates: Maun (30), Gaborone (7)
Between population 1 48.8 3.52 (28.6)  0.286***
Within population 35  308.0 8.80 (71.4)
Total 36 356.8  12.32(100)

*0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001.

two STs were found in both environmental and clinical
samples in this study (Table S1, Supporting informa-
tion). Similar differences between clinical and environ-
mental populations of C. neoformans in the USA have
been described before (Litvintseva et al. 2005). The most
likely explanation for the unequal distribution of geno-
types in clinical and environmental populations is the
limitation of environmental sampling. For example, it is
possible that some isolates, which were significantly
overrepresented in the clinical sample but rare or
absent from the environmental sample, are restricted to
specific geographic areas and/or ecological niches that
have not been adequately sampled. Therefore, addi-
tional environmental sampling from broader areas of
Botswana might reveal a potential link between clinical
and environmental genotypes. Extensive environmental
sampling in and around patients” households is needed
to investigate the hypothesis of local acquisition of Cng.
However, considering the evidence of a lengthy incuba-
tion period between infection with C. neoformans and
the manifestation of disease (Dromer et al. 1992; Saha
et al. 2007), we cannot exclude the possibility that peo-
ple may become infected early in life and beyond their
residence in Botswana. For example, seven isolates with

cosmopolitan genotypes of VNII and VNI molecular
types may have been acquired from South Africa,
which has a large population of Cng isolates associated
with urban environment and pigeon habitats (Litvints-
eva ef al. 2011; Miglia et al. 2011; Van Wyk et al. 2014).
Moreover, it is also possible that some isolates are more
likely to cause infections.

Population genetic analyses detected evidence of a
complex population structure of Cng in Botswana.
Depending upon the size used to define a subpopula-
tion, no fewer than three and up to five subpopulations
were identified by PCA (Fig. 3). Three subpopulations
were detected by strucTURE (Fig. 4), and three to five
subpopulations or clonal lineages were detected by the
neighbour-net algorithm (Fig. 2). These subgroups were
supported by Fgr analysis and amova, which confirmed
that limited genetic exchange occurred among genetic
subgroups and geographic regions (Table 2). However,
we also observed evidence of genetic exchange between
groups. Specifically, STRUCTURE and spLITSTREE4 detected
evidence of mixing between subpopulations and VNI/
VNB admixture genotypes among both clinical and
environmental isolates (Figs 2 and 4). These isolates are
different from the previously described AD or VNB/
VNI hybrids (Xu et al. 2000; Lin et al. 2009) as they pos-
sess a mixture of VNB and VNI loci with single alleles
at each locus, which indicates that they are products of
admixture/recombination rather than hybridization
between subpopulations. This complexity of population
structure must be considered in the future GWAS.

Our previous investigations, which involved rela-
tively small populations, also detected evidence of
recombination among isolates of Cng in Botswana (Lit-
vintseva et al. 2011; 2003). Here, we have analysed a
much larger number of environmental and clinical iso-
lates, and the results highlight a complex mating his-
tory of Cng in Botswana that includes both sexual and
asexual propagation. EursT (Fig. S2, Supporting infor-
mation) and the neighbour-net algorithm (Fig. 2)
detected clonal lineages within the populations. More-
over, tests for linkage equilibrium on clone-corrected
genotypes revealed significant disequilibrium among
loci in the VNB isolates with different mating types,
which is consistent with clonality; however, linkage
equilibrium was detected in the VNI subpopulation,
which may suggest recombination (Table 4). In addi-
tion, SH tests for conflict among phylogenies detected
significant incongruence among all eight loci, which is
indicative of recombination (Table S6, Supporting infor-
mation). The result is consistent with the previous
study by Hiremath ef al. (2008) that both clonality and
recombination were observed in the VNI isolates with
MATao allele. The sTRUCTURE and SPLITSTREE analyses
detected the presence of admixture genotypes with a
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Table 3 Summary of polymorphism among clinical and environmental isolates at each locus

Locus pb* Source s’ h* Hd* n 0** Tajima’s D
CAP59 561 Clinical 16 13 0.814 0.00361 0.00641 -1.31
Environmental 13 14 0.850 0.00343 0.00472 —0.76
GPD1 558 Clinical 15 11 0.736 0.00391 0.00570 -0.93
Environmental 7 6 0.197 0.00076 0.00256 —-1.72
1GS1 853 Clinical 29 15 0.846 0.00508 0.00796 -1.17
Environmental 8 9 0.752 0.00167 0.00198 —-0.40
LAC1 672 Clinical 24 17 0.821 0.00580 0.00790 —0.84
Environmental 16 13 0.731 0.00312 0.00487 —1.04
PLB1 632 Clinical 20 16 0.891 0.00526 0.00699 —0.66
Environmental 7 6 0.536 0.0017 0.00225 —0.60
SOD1 609 Clinical 29 17 0.844 0.01114 0.01075 0.11
Environmental 20 10 0.633 0.00687 0.00712 —0.11
TEF1 804 Clinical 23 16 0.888 0.00389 0.00610 -1.13
Environmental 16 22 0.878 0.00411 0.00413 —0.01
URA5 732 Clinical 28 13 0.881 0.00923 0.00842 0.31
Environmental 19 9 0.763 0.00725 0.00558 0.90

*Total number of sites in alignments.

‘Number of segregating sites.

INumber of haplotypes.

SHaplotypic diversity.

IAverage number of nucleotide differences per site.

**Watterson’s estimate of the population scaled mutation rate, expressed per site.

Table 4 Statistical test of association among the loci in different Botswana Cryptococcus neoformans var. grubii populations

Total samples

Clone-corrected samples’”

Population n' PcP# In 7 n PcP I 74

All 141 0.869*** 12.191%** 0.056%** 110 0.870%** 11.344%** 0.052***
VNI All 24 0.997*** 8.661*** 0.155%** 15 0.997** 6.801 0.122
VNI Clinical 19 0.998*** 9.039*** 0.184*** 11 0.999*** 6.697 0.141
VNI Environmental 5 1 0.917 0.061 4 1.000 0.917 0.061
VNB All 102 0.939*** 6.612%** 0.050*** 80 0.940%** 6.601*** 0.049***
VNB Clinical 38 0.966*** 7.572%%* 0.063*** 36 0.966*** 7.572%%* 0.063***
VNB Environmental 64 0.959*** 6.020%** 0.063*** 44 0.960* 5.738** 0.058**
Francistown 40 0.946** 9.993*** 0.089*** 35 0.947*%* 9.790*** 0.087***
Maun 30 0.973** 6.945%* 0.070** 15 0.974* 5.137 0.049
Gaborone 7 0.994*** 15.647%** 0.204*** 6 0.994** 15.647+** 0.204***

"Number of isolates.

*Percentage of phylogenetically compatible pairs (PcP) of loci.
$Index of association.

Scaled index of association (I4) by the number of loci (m — 1).
" Excluding replicate haplotypes.

*0.01 < P <0.05; **#0.001 < P < 0.01; ***P < 0.001.

mixture of loci from VNI, VNB-I and VNB-II genetic
groups, which provides a strong indication of at least
occasional mating and recombination (Figs 2 and 4).
Other factors, such as inbreeding, nonrandom mating,
same-sex mating or strong underlying population struc-
ture, may have contributed to the observed linkage dis-
equilibrium in the VNB population (Taylor et al. 1999;
Pritchard & Przeworski 2001; Lin et al. 2005). Overall,

our results indicate that both clonal reproduction and
sexual reproduction occur in Botswana Cng popula-
tions; however, the frequency of sexual reproduction in
these natural populations needs to be further evaluated.

We observed unequal distribution of MATa mating
types among different geographic areas. Although iso-
lates with the same genotypes were isolated from Maun
and Francistown, only one of 71 (1.5%) environmental
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isolates from Maun possessed the rare MATa mating
type, while 39 of 96 (41.6%) environmental isolates from
Francistown possessed the rare MATa allele (Fig. 1B).
In addition, no environmental isolates with the MATa
mating type were isolated from Gaborone; however, the
Gaborone population of Cng lacked VNB isolates, which
are more likely to possess MATa. The proportions of
the two mating types, MATa and MATo, were almost
equal in the Cng isolates from Francistown. This preva-
lence of MATa isolates is the highest yet detected in
populations of Cng, and the presence of both mating
types is certainly compatible with sexual reproduction.
A similar distribution of the mating types was observed
in the environmental population of Cryptococcus gattii in
Australia, which nonetheless had characteristics of clo-
nality (Vilcins et al. 2002; Halliday & Carter 2003). The
observed difference in numbers of MATa isolates
between Francistown and Maun environmental popula-
tions is unusual because the two regions share a similar
ecological niche in the mopane woodland ecoregion.
However, the two regions are physically separated by
the Kalahari Desert and the Okavango Delta salt pans
that do not support growth of C. mopane, and the harsh
climate conditions may prevent the exchange of isolates
between the regions. Although the isolates with MATa
alleles are unevenly distributed, we detected no evi-
dence of genetic differentiation between isolates with
the opposite mating types in the VNB isolates. This
observation further indicates the uneven distribution of
MATa isolates might be mainly caused by geographic
isolation.

We also observed significant overrepresentation of
the rare MATa allele among clinical isolates, even
though less than half of the patients resided in Francis-
town, and many came from Gaborone and Maun,
which had a low prevalence of the MATa isolates in
the environment. There are at least three possible
explanations for the high prevalence of MATa mating-
type allele in clinical population. First, the majority of
patients may have acquired infection while away from
home and visiting the Francistown area, which has
high prevalence of the MATa in the environment.
However, results of the population genetic analyses do
not support this hypothesis as the genetic compositions
of the Francistown environmental population and clini-
cal population were different (Fsy=0.10, P-
value < 0.001). Second, patients may have been
infected with a currently unrecognized and unsampled
environmental population possessing a greater fre-
quency of MATa. This explanation is plausible because
PCA and other structure analyses detected consider-
able underlying structure in the clinical population,
which was not revealed by our environmental sam-
pling. Third, the high prevalence of MATa isolates

among clinical isolates may indicate that people are
more likely to be infected by basidiospores than desic-
cated yeasts or other asexual structures. (Sexual repro-
duction yields an equal number of basidiospores with
each mating type.) Several recent studies indicated that
Cng basidiospores are capable of initiating infections
(Giles et al. 2009; Velagapudi et al. 2009). Although
linkage equilibrium among loci, which is usually
expected in sexual population, was not detected in the
clinical population, other factors such as underlying
population structure, inbreeding and/or nonrandom
mating might have contributed to the apparent dis-
equilibrium (Pritchard & Przeworski 2001). Further-
more, clearly the MATa isolates are fully virulent and
the suggestion that MATa isolates and their locus are
linked to virulence in congenic murine studies (Kwon-
Chung et al. 1992) has less relevance to disease produc-
tion when MATa isolates are found in the local envi-
ronment. More research is necessary to address this
question.

Our results here describe the detailed ecological and
population genetic analyses of C. neoformans in Bots-
wana at the epicentre of HIV and cryptococcosis. These
results support our previous observations that Cng is
widespread in the environment and associated with the
mopane tree ecoregion. Natural populations of Cng in
Botswana have high genetic diversity and clear popula-
tion structure with the evidence of admixture between
different genetic groups. The results also demonstrate
that some geographic regions contain almost equal pro-
portions of the two mating types; however, the extent
of sexual reproduction in the environment needs to be
further evaluated. These results confirm that the genetic
profile of the Botswana population is very different
from that of global populations of Cng. Different popu-
lation structures between clinical and environmental
isolates may indicate some clinical isolates are more
likely to cause infections. Genomewide association
study of selected isolates could reveal important genetic
differences between the two populations.
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Fig. S1 The genetic relationships among 141 Botswana Cng iso-
lates are visualized by Principle Components Analysis.

Fig. S2 EBURST analysis of the Cng isolates from Botswana.

Table S1 Summary information of 614 environmental sampling
sites in Botswana.

Table S2 Mating types of 304 Cng isolates. City information for
clinical strains is based on the patients’ residence areas.

Table S3 The MLST allelic profiles of 141 Cng isolates from
Botswana.

Table S4 Summary of polymorphism among environmental
isolates from different areas at each locus.

Table S5 Summary of polymorphism among VNI and VNB
isolates at each locus.

Table S6 Indices of Association for two mating types of VNB
strains.

Table S7 Best models for individual locus and concatenate
sequence estimated by JMODELTEST2.

Table S8 Shimodaira—Hasegawa (SH) tests for phylogenetic
incongruence for all pairwise loci and the concatenated
sequences of all loci (Merge). This test assumes alternative
topologies are equal supported by data set of a locus. Here the
* represents P-value is <0.05, indicating significant difference
of tree topologies for that pair loci.
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