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Abstract The basidiomycete yeast Cryptococcus

neoformans causes disease in immunocompromized

patients. Whole genome sequencing (WGS) technol-

ogy provides insights into the molecular epidemiology

of C. neoformans. However, the number of such

studies is limited. Here we used WGS and multilocus

sequence typing (MLST) to determine the genetic

diversity of C. neoformans isolates and genetic

structures of their populations among patients admit-

ted to a single hospital in Bangkok, Thailand. Seven

isolates from six patients collected during 1 year were

identified as C. neoformans sensu stricto according to

colony morphology, microscopy, matrix-assisted laser

desorption/ionization time-of-flight mass spectrome-

try and nucleotide sequence analysis of internal

transcribed sequences. These isolates were sensitive

to the antifungal drugs amphotericin B, fluconazole,

5-flucytosine, voriconazole, itraconazole and

posaconazole and were mating type a and molecular

type VNI. MLST analysis identified ST4, ST5 and

ST6. We further employed WGS to determine the

genetic diversity and relationships of C. neoformans

isolated here combined with C. neoformans sequences

data acquired from a public database (n = 42). We

used the data to construct a phylogenetic tree. WGS

provided additional genomics data and achieved high

discriminatory power for identifying C. neoformans

isolates isolated in Thailand. This report further

demonstrates the applicability of WGS analysis for

conducting molecular epidemiology and provides

insight into the genetic diversity of C. neoformans

isolates from one hospital in Thailand.
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Introduction

The basidiomycete Cryptococcus neoformans causes

systemic disease and primarily affects the meninges of

immunocompromized patients with underlying dis-

eases, as well as healthy people [1, 2]. Risk factors for

cryptococcosis include human immune deficiency

virus (HIV) infection, as well as those with autoim-

mune disorders, malignancy and transplant-associated

immunosuppression [3, 4].

Seven species have been recognized within the

Cryptococus neoformans/gattii species complexes,

namely C. neoformans (serotype A; genotype

AFLP1/VNI, AFLP1A/VNB/VNII and AFLP1B/

VNII), C. deneoformans (serotype D; genotype

AFLP2/VNIV) and hybrids between both (serotype

AD; genotype AFLP3/VNIII) form the C. neoformans

species complex. Cryptococcus gattii s.s. (serotype B;

genotype AFLP4/VGI), C. deuterogattii (serotype B;

AFLP6; VGII), C. bacillisporus (serotype B and C;

genotype AFLP5/VGIII), C. tetragattii (serotype C;

genotype AFLP7/VGIV) and C. decagattii (serotype

B; genotype AFLP10) [5–7].

Epidemiological surveys performed in Asia showed

that C. neoformans causes the majority of cryptococ-

cal infections [8–13]. In Thailand, the molecular

epidemiology of C. neoformans isolated from human

biological samples was studied using restriction

fragment length polymorphism of URA5 gene

(URA5-RFLP), along with multilocus sequencing type

analysis (MLST) [14–17]. Whole genome sequencing

(WGS) has been applied to the study of the population

structure of C. neoformans isolates in many countries

[18–22]. However, only one study used WGS to

analyze the population genetics based on WGS of C.

neoformans in Thailand [18]. Thus, additional studies

are required to comprehensively to determine the

genetic diversity of C. neoformans. WGS analysis has

been shown to have greater discriminatory power than

MLST [23]. However, the number of studies compar-

ing the performances of these two tools is low,

particularly regarding genetic classifications.

To address this insufficiency in our knowledge of

this important pathogen, here, we investigated the

biological features and molecular characteristics of C.

neoformans s.s isolated from patients admitted to our

hospital. For this purpose, we employed nucleotide

sequencing, in vitro drug-sensitivity profiling, mating

type (MAT) analysis using multiplex PCR, and

molecular typing using URA5-RFLP. Further, we

employed MLST, WGS-based typing, and phyloge-

netic tree analysis to determine the genetic diversity

and relationships among our isolates and those char-

acterized by others worldwide.

Materials and Methods

Study Population

Seven isolates of C. neoformans from six clinical

blood specimens and one sample of cerebrospinal fluid

(CSF) were retrieved from the Microbiology Labora-

tory, Department of Central Laboratory and Blood

Bank, Faculty of Medicine, Vajira Hospital, Nava-

mindradhiraj University from September 1, 2018 to

August 30, 2019. The isolates were from six patients

(identified using our routine laboratory methods,

including colony morphology, microscopy and

matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry [MALDI-TOFMS]) [24, 25].

These isolates were stored in Sabouraud dextrose

broth with 20% glycerol at- 30 �C. Clinical data and
samples were anonymized. The Ethical Review Board

of the Faculty of Medicine, Vajira Hospital, Nava-

mindradhiraj approved the study (COA119/61).

Growth on Caffeic Acid Ferric Citrate (CAFC)

Test Agar

CAFC test agar was used to identify and then

differentiate C. neoformans from other sibling yeast

species by produces melanin or melanin-like pigments

from an o-diphenol (caffeic acid) in the presence of

ferric citrate [26–29]. Isolates were cultured on

Sabouraud Dextrose Agar (SDA) and maintained at

37 �C for 48 h. Strains were adjusted to the 0.5

McFarland standard in 0.9% NaCl and then serially

diluted fivefold (five dilutions). From each dilution,

5-ll aliquots were spotted on CAFC agar (Himedia,

India) followed by incubation at 37 �C for 6 days

(triplicate tests for each isolate).

Antifungal Sensitivity Testing

A SensititreTM YeastONE YO10 plate (Thermo Sci-

entific, USA) was used to test the sensitivity of

amphotericin B (0.12–8 lg/ml), 5-flucytosine

123

504 Mycopathologia (2020) 185:503–514



(0.06–64 lg/ml), fluconazole (0.12–256 lg/ml),

posaconazole (0.008–8 lg/ml), voriconazole

(0.008–8 lg/ml) and itraconazole (0.015–16 lg/ml),

following the manufacturer’s guidelines and the

guidelines of the Clinical Laboratory Standards Insti-

tutes (CLSI). The wells contained a colorimetric

indicator, which improves end-point readability

because of a change from blue to purple, which is

used to calculate minimum inhibitory concentrations

(MICs). A clinical breakpoint value is not available for

C. neoformans in the CLSI guidelines. Therefore, the

epidemiological cutoff value (ECV) was used as a

reference to define a strain as wild-type [30–32]. C.

parapsilosis ATCC 22,019 served as the control for

the broth microdilution system.

Sample Preparation and Genomic DNA Extraction

Isolates were cultured on SDA and maintained at

37 �C for 48 h. Genomic DNA was extracted and

modified according to a published method [14, 16]. In

brief, a loop full of yeast culture fluid was transferred

into a microtube and frozen at - 20 �C for 1 h. Lysis

buffer (500 lL) was added with 0.5 g sodium dodecyl

sulfate, 1.4 g NaCl, 0.73 g EDTA, 20 mL 1 M Tris–

HCl per 100 mL lysis, and 5 lL of 2-mercaptoethanol,

and the suspension was vortexed and incubated at

65 �C for 1 h. The lysate was extracted with 500 lL
phenol–chloroform–isoamyl alcohol (25:24:1, v:v:v)

and mixed by pipetting. The tubes were centrifuged

for 5 min at 12,500 rpm at 4 �C. The aqueous phase

was transferred to a new tube, and DNA was

precipitated with 500 lL of isopropanol and incubated

for 1 h at 4 �C. To pellet the DNA, the solution was

centrifuged for 5 min at 12,500 rpm at 4 �C. The DNA
pellet was washed with 70% ethanol, centrifuged for

5 min at 12,500 rpm, and air-dried. The DNA was

resuspended in 100 lL of sterile deionized water and

stored at - 20 �C.

MLST

All isolates were sequenced using primers specific for

ITS5 and ITS4 [5.8S ribosomal DNA gene and

internal transcribed spacers (ITS)] and the MLST

scheme of the International Society for Human and

Animal Mycology through the Fungal MLST Data-

base (https://mlst.mycologylab.org/) [33]. The MLST

scheme amplifies sequences at the genetic loci as

follows: capsular associated protein (CAP59); glyc-

eraldehyde-3-phosphate dehydrogenase (GPD1); lac-

case (LAC1); phospholipase (PLB1); Cu, Zn

superoxide dismutase (SOD1); orotidine monophos-

phate pyrophosphorylase (URA5); ribosomal RNA

intergenic spacer (IGS1). PCR was performed using

the specific primer pairs listed in Table S1. Each PCR

reaction mixture (25 ll final volume) contained

0.5 lM of each primer. KAPA 2G Fast HS ReadyMix

PCR Kit with loading dye (Kapa Biosystems, USA),

nuclease-free water, and genomic DNA. PCR ampli-

fications were performed using a T100 Thermal

Cycler (Bio-Rad, USA) as follows: initial step at

95 �C for 5 min, followed by 35 cycles of amplifica-

tion at 95 �C for 1 min (at a gene-specific annealing

temperature) (Table S1) for 45 s, 72 �C for 45 s, and a

final extension at 72 �C for 5 min. The PCR products

(5 ll) were electrophoresed through a 1.5% agarose

gel in 1 9 TBE buffer, stained with 1 lg/ml ethidium

bromide, and photographed using a Gel Doc

XR ? system (Bio-Rad, USA).

Each PCR product was purified using a FavorPrep

GEL/PCR Purification Mini Kit (Favorgen Biotech

Corporation, Taiwan) and sequenced using gene-

specific forward and reverse primers at Macrogen

(South Korea) and Bio Basic Asia Pacific Pte Ltd

(Singapore). The sequence files were analyzed using

BioEdit software (https://www.mbio.ncsu.edu/

bioedit/bioedit.html) and compared with sequences

in GenBank using BLASTn (https://blast.ncbi.nlm.

nih.gov/Blast.cgi). A single allele type (AT) number

was assigned to each of the seven loci by comparing

the consensus of DNA sequences with the Fungal

MLST Database (https://mlst.mycologylab.org/

cneoformans). The allelic profiles defined the corre-

sponding Sequence Types (STs). Primers and PCR

conditions used for the amplification of the MLST

genes are listed in Table S1.

To assess evolutionary relationships among STs,

the sequence of each locus was trimmed to the correct

length from the start to the end of each gene.

Sequences were concatenated in the order as follows:

CAP59,GDP1, IGS1, LAC1, PLB1, SOD1, andURA5.

The evolutionary history was inferred using the

Maximum Likelihood method. The best models of

evolution for the concatenated data set were selected

from the Bayesian Information Criterion (BIC) of

MEGA X [34]. The model with the lowest BIC score

was chosen to construct a maximum likelihood
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phylogenetic tree. The percentage of trees in which the

associated taxa clustered together is shown next to the

branches. The initial tree for the heuristic search was

automatically obtained by applying the Neighbor-Join

and BioNJ algorithms to a matrix of pairwise distances

estimated using the Maximum Composite Likelihood

approach, and we then selected the topology associ-

ated with a superior log likelihood value. The tree is

drawn to scale, with branch lengths representing the

number of substitutions per site. A bootstrap analysis

was conducted using 10,000 replicates, and bootstrap

values C 50% are shown above branches.

Determination of MAT Using Multiplex PCR

MAT was performed following a published protocol

[35]. The PCR reaction mixture (25 ll) contained

0.5 lM of each primer, KAPA 2G Fast HS ReadyMix

PCR Kit with loading dye (Kapa Biosystems, USA),

nuclease-free water, and genomic DNA. PCR ampli-

fications were performed using a T100 Thermal

Cycler (Bio-Rad, USA) as follows: initial step at

95 �C for 5 min, followed by 35 cycles of amplifica-

tion at 95 �C for 1 min, 64 �C for 45 s, 72 �C for 45 s,

and a final extension step at 72 �C for 5 min. The PCR

products (5 ll) were electrophoresed through a 2%

agarose gel containing SYBRTM Safe DNA Gel Stain

(Thermo Fisher Scientific, USA) in 1 9 TBE buffer,

80 V for 2 h. The images of the gels were acquired

using a Gel Doc XR ? system (Bio-Rad, USA). C.

neoformans strains CBS132 and JEC21 (provided by

Prof. Massimo Cogliati, Laboratorio di Micologia

Medica, Dipartimento Scienze Biomediche per la

Salute, Università degli Studi diMilano,Milano, Italy)

were used to optimize PCR conditions.

Molecular Typing Using RFLP Analysis of URA5

(URA5-RFLP)

We first performed bioinformatics analyses of the

URA5-RFLP method. The URA5 sequences acquired

using MLST were used to predict the products of

double-digests using HhaI and Cfr13I BioEdit v7.2.5.

Wet-lab analysis of the URA5-RFLP technique was

adapted from a published protocol [36]. PCR reaction

mixtures (50 ll final volume) contained 0.5 lM of

URA5 primer pairs (Table S1), a KAPA 2G Fast HS

ReadyMix PCR Kit with loading dye (Kapa Biosys-

tems, USA), nuclease-free water and genomic DNA.

PCR products were double-digested using HhaI

(10 U/ll, InvitrogenTM AnzaTM 59 HhaI; Thermo

Fisher Scientific, USA) and Cfr13I (5 U/ll, Invitro-
genTM AnzaTM 116 Cfr13I; Thermo Fisher Scientific,

USA) for 1 h, and the amplicons were separated using

a 2% agarose gel containing SYBRTM Safe DNA Gel

Stain (Thermo Fisher Scientific, USA) in 1 9 TBE,

80 V for 2 h. RFLP patterns were visually determined

by comparison with a published standard pattern [36].

WGS and In-Silico Analysis

WGS was performed using an Ion Proton System

(Thermo Fisher Scientific, USA). Measurements of

DNA concentrations and preparation of the whole

genome library were performed according to the

manufacturer’s protocol (Medical Genome Company,

Bangkok, Thailand). The FASTQ files were mapped

against the H99 reference (GCF_000149245) using

BWA-MEM (version 0.7.17-r1188) [37] with default

parameters. To place our data into a Thai context, 40

whole genome sequences of Thai C. neoformans

isolates from the EBI-ENA database were analyzed

(BioProject accession numbers PRJEB27222 and

PRJEB5282) [18]. Single nucleotide polymorphisms

(SNPs) were simultaneously called from 49 samples

using the GATK Unified Genotyper algorithm (ver-

sion 3.3-0-g37228af1) [38] with the parameters as

follows: (1) sample_ploidy 2 (Ploidy [number of

chromosomes] per sample), (2) genotype_likeli-

hoods_model SNP (genotype likelihoods calculation

model employed), and (3) rf BadCigar (filters applied

to reads before analysis). SNPs were filtered according

to the following criteria: read depth[ 5, genotype

quality[ 20, and mapping quality[ 20, using BCF-

tools (version 1.9) (https://www.htslib.org/doc/

bcftools.html). The variant call format files were

converted to interleaved PHYLIP format using TAS-

SEL (version 5.2.53) [39]. The maximum likelihood

approach was performed using IQ-TREE (version

1.6.1) [40]. JEC21 (GCA_000091045) served as an

outgroup to construct a phylogenetic tree with the

following parameters: (1) Generalized time reversible

model (GTR) ? I ? G (Standard model selection),

where GTR is a substitution model, I (Invariable site),

and G (discrete Gamma model) are rate-heterogeneity

variables; (2) Ultrafast bootstrap (bb 10,000) [41]. A

phylogenetic network depicting the association among

whole genome sequences of Thai C. neoformans
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isolates was performed using the neighbor-net algo-

rithm of SplitsTree4 (https://www.splitstree.org/)

[42].

Data Availability

Sequence reads were deposited in the NCBI Sequence

Read Archive (SRA: Project Number PRJNA565894).

The cultures of these isolates are available in the

biobanking of Department of Clinical Pathology,

Faculty of Medicine Vajira Hospital, Navamindrad-

hiraj University and can be requested to the corre-

sponding author. The MLST nucleotide sequences

were deposited in GenBank under accession numbers

MT310905 to MT310960.

Results

Population and Setting

The identification of each of the seven isolates as C.

neoformans s. s. was achieved using routine laboratory

identification, MALDI-TOF, PCR, and the sequences

of the ITS regions. Six isolates were collected from

blood cultures (VJR-CN001, VJR-CN002, VJR-

CN003, VJR-CN005, VJR-CN0010, and VJR-

CN0011), and only one isolate was collected from

the CSF culture (VJR-CN009) from September 1,

2018 to August 30, 2019. The VJR-CN005 and VJR-

CN009 strains were isolated from different specimens

of the same patients.

We found that the seven isolates oxidized o-

diphenols to melanin at variable rates from day 2

until day 6 after plating (Fig. 1). The highest rates

detected after 48 h were achieved by the VJR-001,

VJR-005, and VJR-009 strains.

In Vitro Antifungal Susceptibility

Voriconazole (MIC range, 0.03–0.06), posaconazole

(MIC range 0.0–0.25), and itraconazole (MIC range,

B 0.015–0.12) had high antifungal activities. MICs

ranged as follows: 0.5 lg/ml, amphotericin B; 2–4 lg/
ml, 5-flucytosine; 2–8 lg/ml, fluconazole (Table 1).

MLST, MAT, and Molecular Typing

The seven isolates of C. neoformans were classified as

ST4, ST5, or ST6 according to this scheme (Table 2).

The isolates were identified as MATa when compared

with the published pattern (320- and 400-bp) ampli-

cons synthesized using the NAD4aAF and NAD4aAR
primer pair (Fig. S1) [35]. URA5-RFLP identified all

isolates as molecular type VNI (Fig. S2, Fig. S3, and

Table 2).

The URA5 sequences comprised two alleles (ATs)

(Table 2). VJR-CN001 and VJR-CN002 were identi-

fied as AT1, and the other isolates were identified as

AT5. In-silico analysis predicted the correct length of

URA5-AT1 and URA5-AT5 (50-terminal ATGTCCT

to 30-terminal GTCTTAA) as 777 bp, and when

aligned, revealed variable sites between the two

alleles at nucleotide positions 60 (C/T) and 504 (T/

C), respectively (Fig. S2). We predicted the restriction

map of the URA5 sequence (777 bp) generated using

double-digestion with HhaI and Cfr13I. HhaI did not

cleave these two sequences, and Cfr13I cleaved at

positions 213/214 and 274/275. The predicted,

digested fragment lengths were 61 bp, 213 bp, and

503 bp (Fig. S2). These results were verified by wet-

lab analysis. The RFLP profile is shown in Fig. S3. The

lengths of the URA5-PCR products corresponded to

61 bp, 213 bp, and 503 bp, characteristic of molecular

type VNI.

MLST and WGS Analyses of Population Structure

and Genetic Diversity of Thai isolates of C.

neoformans

The phylogenetic relationships among ST4, ST5, and

ST6, as well as ST2 from C. neoformans H99, are

shown in Fig. S4. The STs clustered into related

branches with the same topology and separated into

two branches. The first branch comprises ST4 and

ST6, supported by bootstrap value (BV) = 65. The

second branch comprises ST5. We used WGS to

determine the genetic diversity and genomic relation-

ships of the seven C. neoformans isolates, and the

sequences were used in the phylogenetic analysis in

comparison with sequences of other Thai isolates ofC.

neoformans. Reference-based phylogenetic analysis

was performed, and the data were compared with the

whole genomes of C. neoformans (ST4 and ST5)

isolated in Thailand [18]. We performed WGS of 49
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isolates (seven isolates studied here and 40 previously

published isolates) [18] to investigate their phyloge-

netic relationships. WGS analyses of C. neoformans

H99 and C. deneoformans JEC21 are included

(Fig. 2). All FASTQ sequences were mapped

compared with the WGS data of the H99 strain

(GCF_000149245). TheWGS data of the JEC21 strain

were used as an outgroup. The split-tree network

analysis parallelogram is presented (Fig. 3). The

characters in the split-tree network, which are shared

by a set of species, group the isolates into the terminal

branch (Fig. 3). The SNP data of the isolates based on

WGS separated the isolates into two major clades (not

compared with the WGS of C. neoformans H99; GCF

000149 and JEC21; GCA 000091) with BV = 19,

which is supported by the split-tree network analysis.

The first clade was the WGS of ST5-C. neoformans.

VJR-CN001 and VJR-CN002 clustered together with

C. neoformans ENA accession numbers ERR2624251,

ERR2624103, ERR2624271 and ERR2624470. The

second clade clustered together with the WGS data of

ST4-C. neoformans and ST6-C. neoformans (BV =

24). This clade was divided into three subclades

(Fig. 2). Among the WGS data of the ST4/ST6 clade,

our ST4 isolates (VJR-CN003, VJR-CN005, and VJR-

CN009) clustered together with our ST6 isolates

Fig. 1 Melanin production by C. neoformans cultured on CAFC agar. The initial spot is the final inoculum adjusted to the 0.5

McFarland standard, and subsequent spots are fivefold dilutions. Plates were incubated at 37 �C for 6 days

Table 1 Antifungal susceptibility profile

Strains Antifungal drugs (MIC values; lg/ml)

AMB 5FC FLC VCZ POZ ITZ

VJR-CN001 0.5 4 8 0.03 0.06 0.03

VJR-CN002 0.5 4 4 0.03 0.12 0.06

VJR-CN003 0.5 2 4 0.03 0.25 0.06

VJR-CN005 0.5 4 8 0.06 0.06 0.12

VJR-CN009 0.5 4 8 0.06 0.06 0.12

VJR-CN010 0.5 2 8 0.06 0.12 0.12

VJR-CN011 0.5 4 2 0.03 0.03 B 0.015

AMB amphotericin B, 5FC 5-flucytosine, FLC fluconazole,

VCZ voriconazole, POZ posaconazole, ITZ itraconazole
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(VJR-CN010, VJR-CN011), BV = 23, and separate

from the other ST4-Thai isolates. From this WGS

analysis, our ST4 and ST5 isolates were resolved at a

greater resolution of intrataxa diversity in the same

STs among other Thai strains when compared with the

MLST data.

Discussion

The epidemiology of Cryptococcus species isolated

from clinical samples was studied by several research

groups in Thailand [14, 16–18]. The taxonomy of the

Cryptococcus genus was revised [4–6]. Here we report

the isolation of only C. neoformans strains from

patients admitted to Vajira Hospital, Bangkok, Thai-

land. The isolates were identified using MALDI-TOF

MS, and their ITS regions were sequenced using

primers specific for ITS5 and ITS4. All isolates

produced melanin, which is an important virulence

factor of C. neoformans. Melanin protects C. neofor-

mans from amphotericin B, macrophage-mediated

phagocytosis, nitrogen- and oxygen-derived oxidants,

microbicidal peptides, and ultraviolet light [43, 44].

The guidelines of the Infectious Diseases Society of

America recommend therapy using amphotericin B,

deoxycholate, and flucytosine in the induction regi-

men and fluconazole as an alternative in the

consolidation and maintenance regimens [45]. In this

study, antifungal susceptibility testing was performed

using the Sensititre YeastOne kit, which achieves a

good correlation with the broth microdilution method

described by the CLSI [46–48]. The ECV was used as

the reference to define a strain as wild-type (a clinical

breakpoint for C. neoformans is not available from the

CLSI) [30–32]. MIC values B 0.5 lg/ml for ampho-

tericin B, B 8 lg/ml for 5-flucytosine, B 8 lg/ml for

fluconazole, and B 0.25 lg/ml each for voriconazole,

posaconazole, and itraconazole are considered char-

acteristics of the wild-type strains [30–32]. Therefore,

our in vitro susceptibility tests identified our isolates as

wild-type. Compared with the results of other studies

conducted in Thailand [9], all isolates of clinical

isolates from the culture collections of the Mycology

Research Unit, Faculty of Medicine, Chulalongkorn

University, Bangkok (2002–2011) were also sensitive

to amphotericin B, 5-flucytosine, and fluconazole.

The URA5-RFLP analysis groups C. neoformans

s.s. into the major molecular types VNI and VNII. C.

deneoformans is molecular type VNIV, and hybrids

between C. neoformans s.s and C. deneoformans

belong to molecular type VNIII [5, 6]. Our present

study identified the seven isolates as molecular type

VNI (Fig. S2, Fig. S3, and Table 2). No isolate was

classified as molecular types VNII or VNB. Therefore,

molecular type VNI of C. neoformans isolated from

Table 2 Cryptococcus neoformans isolates

Strains Time of

isolation

Specimens AT ST Mating

type

RFLP

profile
CAP59 GPD1 IGS1 LAC1 PLB1 SOD1 URA5

VJR-

CN001

09-2018 Blood 1 3 1 5 2 1 1 5 a VNI

VJR-

CN002

11-2018 Blood 1 3 1 5 2 1 1 5 a VNI

VJR-

CN003

1-2019 Blood 1 1 1 4 2 1 5 4 a VNI

VJR-

CN005a
3-2019 Blood 1 1 1 4 2 1 5 4 a VNI

VJR-

CN009a
3-2019 CSF 1 1 1 4 2 1 5 4 a VNI

VJR-

CN010

6-2019 Blood 1 1 1 3 2 1 5 6 a VNI

VJR-

CN011

8-2019 Blood 1 1 1 3 2 1 5 6 a VNI

aVJR-CN005 and VJR-CN009 were isolated from the same patient: allele type (AT): sequence type (ST)
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Fig. 2 Molecular phylogenetic maximum likelihood analysis of the whole genome sequences of 49 Thai strains

Fig. 3 Unrooted network tree depicting the associations among whole genome sequences of Thai C. neoformans isolates
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our patients is consistent with other studies in Thailand

that identified VNI as the most prevalent molecular

type [14, 16]. Further, VNI is the most common

molecular type of C. neoformans s.s associated with

HIV-infected and immunocompromized (non-HIV)

patients [49, 50].

The two C. neoformans mating types MATa and

MATa are controlled by a single locus of the two-

allele mating system [15, 51]. All isolates of the strains

analyzed here were MATa. Moreover, clinical and

environmental isolates of 183 Thai C. neoformans are

MATa [15], and another study found that that all

clinical isolates are MATa [14]. Therefore, MATa is

the major MAT of circulating C. neoformans strains in

Thailand. Notably, MATa strains are more virulent

than MATa that infect the central nervous system.

This may explain why MATa strains are isolated from

patients in Thailand at high frequency and are more

prevalent worldwide than MATa strains [52, 53].

MLST has the advantage of providing readily

comparable results through access to databases that

reside in the Cloud [54, 55]. In the first pipeline, our

study used MLST as the genotyping tool to study the

genetic diversity of C. neoformans isolated from

clinical samples. We identified ST4, ST5, and ST6

among our seven isolates, which are the most

commonly observed STs in Thailand [15, 17]. Further,

C. neoformans isolated from clinical samples acquired

from patients admitted to the Department of Micro-

biology, Faculty ofMedicine Siriraj Hospital, Mahidol

University, Bangkok from 2012 to 2014 include ST4

(n = 23), ST6 (n = 18), ST5 (n = 8), ST93 (n = 1),

and ST32 (n = 1) [14]. Moreover, the genetic diversity

of 183 Thai clinical isolates of C. neoformans is lower

compared with those found in Africa and the Americas

[15].

Laotian isolates ofC. neoformans are ST4 (n = 35),

ST6 (n = 33), ST5 (n = 9), and ST93 (n = 2), in

contrast to C. neoformans ST5, which predominates in

Vietnam (n = 66), followed by ST4 (n = 32), ST93

(n = 8), and ST6 (n = 12) [10]. Thanh et al. [10],

generated a geographical distribution of ST types ofC.

neoformans isolated from Vietnam and Laos, along

with those from other Asian countries, including

Thailand, as well as those isolated in North and South

America, Europe, the Middle East, and Africa. A

clonal complex was revealed using GoeBurst analysis,

and the association between geographical location and

STs were recoded [10]. For example, most Asian

isolates are included in subgroup 4 (ST4/ST6) and

subgroup 5 (ST5) [10], which is consistent with our

present findings (Fig. 2). VNI-ST5 is the most

frequently reported molecular and sequence type

among Asian isolates [14, 56–59].

Limitations of the present study include the small

numbers of isolates analyzed from one hospital, the

short collection period, and the low diversity among

the isolates. Thus, MLST captures only a small

fraction of sequence diversity, which may provide

incomplete data or inaccurate measures of species

relationships [60, 61]. In the present study,MLSTwas,

therefore, insufficient for analyzing genetic diversity.

A phylogenetic analysis based on WGS of 699

isolates (682 of C. neoformans sensu lalto, 12 of C.

gattii sensu lato, and 5 of putative hybrids between C.

neoformans sensu lato and C. deneoformans) from

Vietnam, Laos, Thailand, Uganda, and Malawi clus-

tered the isolates into the main subclades VNIa-4,

VNIa-5, and VNIa-93 [18]. Further, 40 of 682 of C.

neoformans isolates were from Thailand, and only C.

neoformans ST4 and ST5 were isolated from 2013

through 2014 [18]. To gain insights into the genetic

diversity of our C. neoformans, we constructed a

phylogenetic tree using the whole genome sequences

of our seven C. neoformans isolates and those of other

Thai isolates (n = 40). The WGS-based-approach

clearly discriminated the ST5 strains from each other

and divided the ST4 strains into a subgroup.

WGS revealed the sequence diversities and rela-

tionships among the 47 C. neoformans Thai strains,

attesting to the high discriminatory power of WGS

compared with MLST. Moreover, other WGS-based

approaches were used to characterize Cryptococcus

species. For example, WGS analysis of 118 C. gattii

s.l. isolates and a population genome analysis provides

insights into species evolution and dispersal through

the Pacific Northwest region of North America [62].

Here we show that the strains VJR-CN001 (VNI/

MATa-ST4), VJR-CN005 (VNI/MATa-ST5), and

VJR-CN009 (VNI/MATa-ST5) produced the highest

level of melanin, and theirMICs for fluconazole (8 lg/
ml) were higher compared with those of other strains.

The LAC1 gene regulates melanin catalysis and

associates with variable levels of melanin production

[63]. Therefore, our finding indicates the relationship

between this gene and melanin production.

In summary, we demonstrate here the usefulness of

WGS analysis for genetic characterization of seven C.
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neoformans isolated from six patients in Thailand. The

value of WGS in the context of genetic diversity

derives from its high discriminatory power for iden-

tifying C. neoformans. We further report the in vitro

antifungal susceptibility profiles, mating types, ATs

and STs of Thai isolates of C. neoformans, for the first

time to our knowledge. Moreover, we present a

phylogenetic analysis of the relationships among the

whole genome sequences of their STs (ST4, ST5, and

ST6) as well as other genomics data.
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