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Abstract

Despite the strong association between Cryptococcus neoformans infection and the Human
immunodeficiency virus (HIV) status of patients globally, most cryptococcosis cases in Far
East Asia occur in non-HIV individuals. Molecular epidemiological studies, using multilocus
sequence typing (MLST), have shown that more than 95% of cryptococcal strains belong to
a specific subtype of VNI. However, this association has never been specifically examined
in other parts of Asia. Therefore, in this study, we investigated the VNIc/ST5 genotype distri-
bution among cryptococcosis patients in Thailand. Fifty-one C. neoformans isolates were
collected from clinical samples in Siriraj Hospital, Bangkok, Thailand. The strains were pre-
dominantly isolated from HIV-positive patients (88.57%) and all were molecular type VNI
MATa. An MLST analysis identified five sequence types (ST) in Siriraj Hospital, of which
ST4 (45.10%) and ST6 (35.29%) were most common, and ST5 (15.69%), ST32 (1.96%),
and ST93 (1.96) were less common. Contrary to reports from Far East Asia, ST5 was pre-
dominantly (83.33%) found in HIV patients (P = 0.657), and there was no significant change
in the prevalence of ST5 over the past 10 years (P = 0.548). A further analysis of comorbidi-
ties showed higher morbidity and delays in the cryptococcal diagnosis in patients with tuber-
culosis coinfection or without HIV. Our study suggests that although the Thai population is
genetically closely related to the Far East Asian population, ST5 is not associated with non-
HIV status in Thailand. Therefore, this association may not be related to the host’s genetic
background. However, its mechanism remains unclear.

Introduction

Members of the Cryptococcus species complex include two major species, C. neoformans and
C. gattii. Cryptococcus is an important opportunistic human pathogen causing life-threatening
meningitis, with significant morbidity and mortality. C. neoformans and C. gattii are the major
causative agents of human and animal cryptococcosis. C. neoformans is known to infect mainly
immunocompromised hosts, whereas immunocompetent hosts are usually infected by C. gattii
[1, 2]. Cryptococcus infection occurs after the inhalation of infectious propagules

PLOS ONE | https://doi.org/10.1371/journal.pone.0173744 March 21,2017

1/11


https://doi.org/10.1371/journal.pone.0173744
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173744&domain=pdf&date_stamp=2017-03-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173744&domain=pdf&date_stamp=2017-03-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173744&domain=pdf&date_stamp=2017-03-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173744&domain=pdf&date_stamp=2017-03-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173744&domain=pdf&date_stamp=2017-03-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0173744&domain=pdf&date_stamp=2017-03-21
https://doi.org/10.1371/journal.pone.0173744
https://doi.org/10.1371/journal.pone.0173744
http://creativecommons.org/licenses/by/4.0/

@° PLOS | ONE

Molecular epidemiology of the VNIc/ST5

(basidiospores or blastoconidia), which primarily colonize the lung and subsequently invade
the central nervous system (CNS) [3]. The yeast can survive in humans by expressing virulence
factors such as the capsule protein, melanin, its growth at 37°C, and has a unique mating
system.

PCR fingerprint, Restriction fragment length polymorphism (RFLP) analysis of the oroti-
dine monophosphate pyrophosphorylase (URAS5), Multilocus microsatellite typing (MLMT)
and Multi-Locus Sequence Typing (MLST) analysis have been used to classify C. neoformans
and C. gattii into eight major molecular types: VNI (var. grubii, serotype A), VNII (var. grubii,
serotype A), VNIII (serotype AD), VNIV (var. neoformans, serotype D), VGI, VGII, VGIII,
and VGIV (C. gattii, serotypes B and C). VNI is the most common molecular type among the
strains collected from cases of clinical infection and is the leading cause of mortality among
HIV patients worldwide, including in Thailand [4, 5]. The Cryptococcus neoformans was
believed to cause opportunistic infections but cryptococcosis in immunocompetent patients
has been increasingly reported. The ongoing outbreaks of cryptococcosis on Vancouver Island,
Canada, and in the Pacific Northwest area of the USA have seen C. gattii emerge as a primary
pathogen [6].

Furthermore, although the VNI-type C. neoformans was previously believed to predomi-
nantly infect immunocompromised patients. It is also reported to cause disease in healthy peo-
ple [7]. Cryptococcosis caused by C. neoformans in immunocompetent hosts has been
increasingly reported in Far East Asia regions, including China and South Korea, where
77.4%-100% of cryptococcosis infections occur in non-HIV patients. Multilocus sequence typ-
ing (MLST) has shown that more than 90% of these cases are infected by a specific subtype of
molecular type VNI, the ST5 genotype. Although the overall association between ST5 infection
and non-HIV status was reported again in a recent Asian study [8], this association has never
been evaluated in other parts of Asia. Therefore, in this study, we investigated the association
between HIV status and ST5 infection in Thailand, a Southeast Asian country.

Materials and methods
Clinical isolates

Cryptococcal isolates from 2012-2014 were obtained from clinical samples in the Department
of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand.
All the isolates were identified with the RapID™ Yeast Plus System (Thermo Fisher Scientific,
MA, USA). L-Canavanine-glycine-bromothymol blue (CGB) agar was used to differentiate C.
neoformans from C. gattii. Clinical isolates were collected upon approval from Siriraj Institu-
tional Ethics Committee (No.SI 405/2014).

Reference strains

A set of standard laboratory reference strains representing each of the eight major molecular
types were used for molecular typing: WM148 (VNI), WM626 (VNII), WM 628 (VNIII), WM
629 (VNIV), WM 179 (VGI), WM 178 (VGII), WM 175 (VGIII), and WM 779 (VGIV) [3].
KN990. and KN99a were used as the reference strains for the mating-type analysis [9]. The ref-
erence strains were obtained through the courtesy of Dr. Wieland Meyer, The University of
Sydney of Westmead Hospital, Westmead, NSW, Australia.

Genotype and mating-type analyses

DNA was extracted with the phenol-chloroform-isoamyl alcohol (25:24:1, v:v:v) method [10].
The URA5 gene was amplified with the following primers URA5
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(5’ ATGTCCTCCCAAGCCCTCGACTCCG3’ ) and SJ01 (5’ TTAAGACC TCTGAACACCG
TACTC3"). Genotypes were determined with a restriction fragment length polymorphism
(RFLP) analysis of the URAS5 gene with the enzymes Hhal and Sau96I (Thermo Fisher Scien-
tific, MA USA) [3]. Mating types were identified with PCR using two specific primers,
STE20Ac. and STE20Aa, as described previously [11].

MLST

An MLST analysis of the C. neoformans isolates was performed, using the International Society
for Human and Animal Mycology (ISHAM) consensus scheme of seven unlinked loci
(CAP59,GPD1,1GS1, LACI, PLBI1, SOD1, and URA5). Each locus was amplified with previ-
ously described primers and amplification parameters [3, 4]. The allele types and sequence
types (STs) were defined according to the ISHAM MLST database for C. neoformans (http://
mlst.mycologylab.org) [2]. The generated sequences were manually edited using the software
and aligned using Clustal W. The concatenated alignments were then imported to the program
MEGA 6.06 and analyzed using the neighbor-joining method with p-distance. Bootstrap anal-
ysis using 1000 replicates was used to estimate support for clades of the concatenate dataset.

Statistical analysis

The statistical analysis was performed with Fisher’s exact test using the online program SISA
(http://www.quantitativeskills.com/sisa/statistics/fisher.htm). Unknown data were regarded
as lost and were not included in the calculations. Statistical significance was defined as P-
value < 0.05.

Results

Distribution of major molecular types, mating types and demographic
data

A total of 165 C. neoformans isolates were collected from 51 patients. Only one isolate per
patient was selected for analysis because, typically, serial isolates from the same patient belong
to the same genotype [12]. Moreover, a recent study from Thailand also revealed all serial iso-
lates belonged to the same genotype [4]. Cerebrospinal fluid (CSF) was the most common site
of isolation, followed by blood and bone marrow (Table 1). This result was in line with previ-
ous studies that C. neoformans was majorly associated with meningitis [4]. All the isolates were
identified as molecular type VNI and mating type MATo. (Table 2).

The medical records of 35 patients with cryptococcosis were available. The patients’ ages
ranged from 24 to 82 years (mean, 40.2 years) and most were males (65.71%). Thirty-one
patients (88.57%) were HIV positive (Table 1).

MLST analysis

All isolates were identified as molecular type VNI (Table 2). The most common allele type of
CAP59, GPD1,1GS1, LACI, PLB1, SOD1 and URA5 gene was allele type 1 (100.00%), 1
(82.35%), 1 (96.08%), 4 (45.10%), 2 (96.08%), 1 (100.00%) and 5 (80.39%), respectively. The
MLST analysis divided the 51 C. neoformans isolates into five STs: ST4 (45.10%, n = 23), ST6
(35.29%, n = 18), ST5 (15.69%, n = 8), ST93 (1.96%, n = 1), and ST32 (1.96%, n = 1) (Table 2).
A phylogram of sequence types was shown in Fig 1.
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Table 1. Characteristics of C. neoformans isolated from patients.

Characteristics Count (%)

Isolation sites (n = 51)

* Cerebrospinal fluid 29 (56.86%)

* Blood 21 (41.18%)

* Bone marrow 1(1.96%)
Patient’s ages (n = 35)

*0-15years 0

* 15-60 years 29 (82.86%)

*>60 years 6 (17.14%)
Gender (n = 35)

* Male 23 (65.71%)

* Female 12 (34.29%)
HIV status (n = 35)

* Positive 31 (88.57%)

* Negative 4 (11.43%)

https://doi.org/10.1371/journal.pone.0173744.t001

ST5 not associated with non-HIV patients in Thailand

Recent data showed a significant association between ST5 and non-HIV patients. Therefore,
we expected a similar phenomenon among the Thai isolates. However, our results showed that
ST5 was mainly detected in HIV-positive patients (5 out of 6 patients, 83.33%) unlike the pre-
vious reports [13, 14]. Moreover, the association of ST5 and HIV status was not evident in this
study as there was no significant difference in the prevalence of HIV infection in ST5 and non-
ST5 infected patients (P = 0.657) (Table 3).

No change in ST distributions in Thailand in the last 10 years

After a national campaign of highly active antiretroviral therapy (HAART), the prevalence of
cryptococcosis dropped significantly. According to our records, a 90% reduction in cases of
cryptococcosis occurred in the past 10 years (data not shown). Therefore, we speculated that
changes in the ST distributions may have occurred. However, our data showed no such change
(P = 0.548), as shown in Table 3.

High mortality was associated with tuberculosis and non-HIV strains

Because comorbidities may affect the efficacy of treatment for cryptococcosis, we investigated
the effects of tuberculosis (TB) and HIV infection on treatment outcomes. As expected,
patients with active TB had higher morbidity than those without TB (75% vs 25%, respectively;
P =0.031). However, surprisingly patients without HIV infection had higher morbidity than
those with HIV (66.67% vs 33.33%, respectively; P = 0.041) (Table 4).

Because comorbidities can complicate the investigation of cryptococcosis, we tested
whether TB or HIV infections delayed the diagnosis of cryptococcosis. Our data showed that
coinfection with TB or being HIV-negative delayed the diagnosis of cryptococcosis (1.9 and
2.3 times longer, respectively) (Table 5). The difference between the HIV-coinfected and unin-
fected patients was significant (P = 0.024). However, no significant difference between the TB-
coinfected and uninfected patients was observed (P = 0.401).
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Table 2. Alleles and sequence types of the cryptococcal isolates in this study.

Strain Isolation site | HIV status | Moleculartype | Mating type Allelic profiles ST
CAP59 | GPD1 | IGS1 | LAC1 | PLB1 | SOD1 | URA5
SICN_001 CSF + VNI a 1 3 1 5 2 1 1 5
SICN_002 Blood - VNI a 1 1 1 4 2 1 5 4
SICN_003 Blood + VNI a 1 1 1 3 2 1 5 6
SICN_004 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_005 Blood + VNI a 1 1 1 4 2 1 5 4
SICN_006 Blood + VNI a 1 1 1 4 2 1 5 4
SICN_008 Blood - VNI a 1 1 1 3 2 1 5 6
SICN_009 CSF - VNI a 1 1 1 3 2 1 5 6
SICN_011 Blood + VNI a 1 1 1 4 2 1 5 4
SICN_012 CSF + VNI a 1 3 1 5 2 1 1 5
SICN_013 Blood + VNI a 1 1 1 4 2 1 5 4
SICN_014 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_015 CSF + VNI a 1 1 1 3 2 1 5 6
SICN_017 Blood + VNI a 1 1 1 4 2 1 5 4
SICN_018 CSF + VNI a 1 23 10 3 4 1 1 93
SICN_019 CSF + VNI a 1 3 1 5 2 1 1 5
SICN_021 Blood - VNI a 1 3 1 5 2 1 1 5
SICN_022 Blood U VNI a 1 1 1 3 2 1 5 6
SICN_024 Blood + VNI a 1 1 1 3 2 1 5 6
SICN_025 CSF - VNI a 1 1 1 3 2 1 5 6
SICN_026 Blood + VNI a 1 1 1 3 2 1 5 6
SICN_027 CSF + VNI a 1 1 1 3 2 1 5 6
SICN_028 CSF + VNI a 1 3 1 5 2 1 1 5
SICN_029 CSF - VNI a 1 1 1 3 2 1 5 6
SICN_030 Blood + VNI a 1 3 1 5 2 1 1 5
SICN_031 Blood + VNI a 1 1 1 3 2 1 5 6
SICN_032 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_033 Blood + VNI a 1 1 1 3 2 1 5 6
SICN_034 | Bone marrow - VNI a 1 1 1 3 2 1 5 6
SICN_035 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_036 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_038 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_039 CSF - VNI a 1 1 1 4 2 1 5 4
SICN_040 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_041 CSF + VNI a 1 1 10 3 4 1 1 32
SICN_060 Blood U VNI a 1 1 1 4 2 1 5 4
SICN_061 CSF U VNI a 1 1 1 3 2 1 5 6
SICN_062 CSF U VNI a 1 1 1 4 2 1 5 4
SICN_063 CSF U VNI a 1 1 1 3 2 1 5 6
SICN_064 Blood U VNI a 1 1 1 4 2 1 5 4
SICN_065 CSF U VNI a 1 1 1 4 2 1 5 4
SICN_066 Blood U VNI a 1 1 1 4 2 1 5 4
SICN_067 CSF U VNI a 1 1 1 4 2 1 5 4
SICN_068 CSF U VNI a 1 1 1 4 2 1 5 4
SICN_069 CSF + VNI a 1 1 1 4 2 1 5 4
SICN_070 CSF U VNI a 1 3 1 5 2 1 1 5
(Continued)
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Table 2. (Continued)

Strain Isolation site | HIV status | Moleculartype | Mating type Allelic profiles ST
CAP59 | GPD1 | IGS1 | LAC1 | PLB1 | SOD1 | URA5
SICN_071 CSF U VNI a 1 1 1 3 2 1 5 6
SICN_072 Blood U VNI a 1 1 1 4 2 1 5 4
SICN_073 Blood U VNI a 1 1 1 3 2 1 5 6
SICN_074 Blood U VNI a 1 3 1 5 2 1 1 5
SICN_075 CSF U VNI a 1 1 1 3 2 1 5 6

U = Unknown, CSF = Cerebrospinal fluid, ST = sequence type

https://doi.org/10.1371/journal.pone.0173744.t1002

Discussion

Cryptococcosis is usually considered an opportunistic infection, and is associated with
acquired immune deficiency syndrome (AIDS) in 90% of the patients. A patient typically
becomes infected by inhaling the spores of Cryptococcus, which primarily cause lung disease.
The spores can then disseminate to other organs via the bloodstream, especially to the CNS. In
this study, we found that the commonest source of cryptococcal isolates was the cerebrospinal
fluid (56.86%), whereas 41.18% of the isolates were from blood and 1.96% from bone marrow,
which is known to be involved in the pathogenesis of this organism. Our results are consistent
with a previous study, in which more than 80% of specimens were isolated from cerebrospinal
fluid [4].

Cryptococcus neoformans VNI is the molecular type most commonly found in Thailand and
around the world [4, 7], and usually infects immunocompromised individuals.

Surprisingly, in 2008, it was reported that the majority (91.5%) of C. neoformans VNIc/ST5
isolates detected in China were from immunocompetent patients [15]. This phenomenon has
also been reported in other areas of Far East Asia [4, 8, 16, 17]. Therefore, we undertook an
epidemiological study of the putatively non-HIV-associated genotype, ST5, in Thailand, where
the population is closely genetically related to that in Far East Asia. Our results are consistent
with those of all previous studies throughout the world, in that more than 90% of the isolates
were VNI [4, 18]. Our MLST analysis showed high prevalence of the ST4 and ST6 genotypes
which is consistent with a previous study in Thailand [4]. A minor genotype, ST93 is the domi-
nant sequence type in India and Indonesia [8]. A recent report showed that the other less com-
mon genotype, ST32, is also rarely (3.2%) found in Japan. [12]. These data demonstrate clear
genetic variations among different Asian regions [4, 8, 16, 17]. A phylogram, constructed with
a neighbor-joining analysis based on concatenated data from seven loci, showed that the five
STs (ST 4, 5, 6, 32, and 93) detected in this study were genetically homogeneous. This clonality
of C. neoformans was also confirmed by the fact that all the strains belonged to MATo.

Most strains were isolated from HIV-positive patients (88.6%), which is consistent with a
previous study [4]. The male predominance (65.71%) is consistent with previous data collected
in Thailand, which showed that more than 60% of cryptococcosis patients were male [4]. A
slight increase in the mean age, from 30.5 years in 1997 to 32.4 years in 2004, has been reported
[19]. A later study in 2013 reported a further increase in the average age to 37.97 years [4].
This trend was evident again in our study, where the average age had increased to 40.2 years.
One explanation might be that HARRT improves the quality of patients’ lives and therefore
increases their life spans [20].

Unlike cryptococcosis in Japan [16], China [13], and Korea [14], no association was evident
between ST5 and non-HIV status in patients at Siriraj Hospital in this study. Only 15.69% of
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Fig 1. Phylogram of the C. neoformans isolates. Phylogram depicting the genetic relationships between
the C. neoformans isolates based on neighbor joining analysis of the concatenated seven ISHAM consensus
MLST loci using the program MEGA 6.06.

https://doi.org/10.1371/journal.pone.0173744.9001
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Table 3. Association between sequence types, HIV status, and time.

Data Sequence type P-value
ST5 Non-ST-5
HIV status” Positive (n = 31) 5(16.13%) 26 (83.87%) 0.657
Negative (n=4) 1(25.00%) 3 (75.00%)
Years 2003-2005 (n =231) 29 (12.55%) 201 (87.45%) 0.548
2012-2014 (n=51) 8 (15.70%) 43 (84.30%)

#only data available in medical records were considered

https://doi.org/10.1371/journal.pone.0173744.t1003

Table 4. Association between comorbidity (HIV or TB) and treatment outcome#.

Disease Treatment outcome P-value
Cure Death
TB Active (n=4) 1(25.00%) 3 (75.00%) 0.031
Non active (n = 27) 18 (78.26%) 5(21.74%)
HIV Positive (n = 22) 17 (77.27%) 5(22.73%) 0.041
Negative (n = 6) 2 (33.33%) 4 (66.67%)

#only data available in medical records were considered.

https://doi.org/10.1371/journal.pone.0173744.t1004

the clinical isolates were ST5 and 12.50% of the ST5 isolates were from an HIV-negative
patient. It has been reported that ST5 is found in both HIV-positive and negative patients [8].
Our data confirms that the association between ST5 and non-HIV status is unique to Far East
Asia. Although this association has been tentatively attributed to the specific genetic suscepti-
bility of the Far East Asian population [8], our data suggest otherwise. Because the genetic
backgrounds of the Fast East Asian and South East Asian populations are reportedly close [21],
the specific genetic susceptibility theory is inconsistent with this difference in the ST5-HIV
relationship in these two Asian populations. However, because the number of samples ana-
lyzed in the present study was limited, a larger study is required.

Coinfection with Cryptococcus and Mycobacterium tuberculosis is relatively difficult to treat.
Our results confirm that comorbidity with tuberculosis reduces the treatment efficacy for cryp-
tococcosis. There is evidence that M. tuberculosis and Cryptococcus synergistically suppress the
immune system, and consequently reduce the signs and symptoms of patients, delaying their
diagnosis and treatment [22]. Treatment also failed more frequently in HIV-negative patients
in this study. A similar suggestion was proposed in another report, in which a delay in the
diagnosis of cryptococcosis in non-HIV patients was attributed to the negative or low antigen
titers in their samples [23]. These proposals are also supported by our finding that coinfection

Table 5. Association between comorbidity (HIV or TB) and time from symptom onset to disease
diagnosis®.

Disease Mean of time from symptom onset to disease diagnosis (days) P-value
Active/positive status Non-active/negative status
TB 42.50 (n=4) 22.35(n=231) 0.401
HIV 18.74 (n=27) 44.63 (n=8) 0.024

#only data available in medical records were considered.

https://doi.org/10.1371/journal.pone.0173744.1005
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with TB or being a no HIV infection delayed the diagnosis of cryptococcosis. Therefore, the
timely diagnosis of the disease, especially in TB endemic areas, is essential [24, 25].

In conclusion, the non-HIV-specific ST5 is still less common than other STs in Thailand. A

phylogenetic analysis showed that the five STs detected were highly homogeneous. However,
the relationship between the sequence type and the host’s HIV status is still unclear. The col-
lection of more clinical strains is required to clarify this relationship.

Author Contributions

Conceptualization: CH SP PN.

Data curation: PC KS PK.

Formal analysis: CH SP.

Funding acquisition: PN.

Investigation: CH SP.

Methodology: CH SP.

Project administration: PN.

Resources: PN.

Software: CH SP.

Supervision: PC KS PK PN.

Validation: CH SP.

Visualization: PN.

Writing - original draft: SP.

Writing - review & editing: PN.

References

1.

Dou HT, Xu YC, Wang HZ, Li TS. Molecular epidemiology of Cryptococcus neoformans and Cryptococ-
cus gattiiin China between 2007 and 2013 using multilocus sequence typing and the DiversiLab sys-
tem. Eur J Clin Microbiol Infect Dis. 2015; 34(4):753-62. Epub 2014/12/05. https://doi.org/10.1007/
$10096-014-2289-2 PMID: 25471194

Fang W, Fa Z, Liao W. Epidemiology of Cryptococcus and cryptococcosis in China. Fungal Genet Biol.
2015; 78:7—15. Epub 2014/12/03. https://doi.org/10.1016/j.f{gb.2014.10.017 PMID: 25445309

Meyer W, Castaneda A, Jackson S, Huynh M, Castaneda E. Molecular typing of IberoAmerican Crypto-
coccus neoformans isolates. Emerg Infect Dis. 2003; 9(2):189-95. Epub 2003/02/27. https://doi.org/10.
3201/eid0902.020246 PMID: 12603989

Kaocharoen S, Ngamskulrungroj P, Firacative C, Trilles L, Piyabongkarn D, Banlunara W, et al. Molecu-
lar epidemiology reveals genetic diversity amongst isolates of the Cryptococcus neoformans/C. gattii
species complex in Thailand. PLoS Negl Trop Dis. 2013; 7(7):2297. Epub 2013/07/19. https://doi.org/
10.1371/journal.pntd.0002297 PMID: 23861989

Simwami SP, Khayhan K, Henk DA, Aanensen DM, Boekhout T, Hagen F, et al. Low diversity Crypto-
coccus neoformans variety grubii multilocus sequence types from Thailand are consistent with an
ancestral African origin. PLoS Pathog. 2011; 7(4):e1001343. Epub 2011/05/17. https://doi.org/10.1371/
journal.ppat.1001343 PMID: 21573144

Byrnes EJ 3rd, Bildfell RJ, Frank SA, Mitchell TG, Marr KA, Heitman J. Molecular evidence that the
range of the Vancouver Island outbreak of Cryptococcus gattiiinfection has expanded into the Pacific
Northwest in the United States. J Infect Dis. 2009; 199(7):1081—6. Epub 2009/02/18. https://doi.org/10.
1086/597306 PMID: 19220140

PLOS ONE | https://doi.org/10.1371/journal.pone.0173744 March 21,2017 9/11


https://doi.org/10.1007/s10096-014-2289-2
https://doi.org/10.1007/s10096-014-2289-2
http://www.ncbi.nlm.nih.gov/pubmed/25471194
https://doi.org/10.1016/j.fgb.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25445309
https://doi.org/10.3201/eid0902.020246
https://doi.org/10.3201/eid0902.020246
http://www.ncbi.nlm.nih.gov/pubmed/12603989
https://doi.org/10.1371/journal.pntd.0002297
https://doi.org/10.1371/journal.pntd.0002297
http://www.ncbi.nlm.nih.gov/pubmed/23861989
https://doi.org/10.1371/journal.ppat.1001343
https://doi.org/10.1371/journal.ppat.1001343
http://www.ncbi.nlm.nih.gov/pubmed/21573144
https://doi.org/10.1086/597306
https://doi.org/10.1086/597306
http://www.ncbi.nlm.nih.gov/pubmed/19220140
https://doi.org/10.1371/journal.pone.0173744

@° PLOS | ONE

Molecular epidemiology of the VNIc/ST5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Cogliati M. Global Molecular Epidemiology of Cryptococcus neoformans and Cryptococcus gattii: An
Atlas of the Molecular Types. Scientifica (Cairo). 2013; 2013:675213. Epub 2013/11/28.

Khayhan K, Hagen F, Pan W, Simwami S, Fisher MC, Wahyuningsih R, et al. Geographically structured
populations of Cryptococcus neoformans Variety grubiiin Asia correlate with HIV status and show a
clonal population structure. PLoS One. 2013; 8(9):e72222. Epub 2013/09/11. https://doi.org/10.1371/
journal.pone.0072222 PMID: 24019866

Yan Z, Li X, Xu J. Geographic distribution of mating type alleles of Cryptococcus neoformans in four
areas of the United States. J Clin Microbiol. 2002; 40(3):965—72. Epub 2002/03/07. https://doi.org/10.
1128/JCM.40.3.965-972.2002 PMID: 11880424

Danesi P, Firacative C, Cogliati M, Otranto D, Capelli G, Meyer W. Multilocus sequence typing (MLST)
and M13 PCR fingerprinting revealed heterogeneity amongst Cryptococcus species obtained from Ital-
ian veterinary isolates. FEMS Yeast Res. 2014; 14(6):897—-909. Epub 2014/07/02. https://doi.org/10.
1111/1567-1364.12178 PMID: 24981157

Lengeler KB, Cox GM, Heitman J. Serotype AD strains of Cryptococcus neoformans are diploid or
aneuploid and are heterozygous at the mating-type locus. Infect Immun. 2001; 69(1):115-22. Epub
2000/12/19. https://doi.org/10.1128/IA1.69.1.115-122.2001 PMID: 11119496

Ormerod KL, Morrow CA, Chow EW, Lee IR, Arras SD, Schirra HJ, et al. Comparative Genomics of
Serial Isolates of Cryptococcus neoformans Reveals Gene Associated With Carbon Utilization and Viru-
lence. G3 (Bethesda). 2013; 3(4):675-86. Epub 2013/04/04.

Chen J, Varma A, Diaz MR, Litvintseva AP, Wollenberg KK, Kwon-Chung KJ. Cryptococcus neofor-
mans strains and infection in apparently immunocompetent patients, China. Emerg Infect Dis. 2008; 14
(5):755—-62. Epub 2008/04/29. https://doi.org/10.3201/eid1405.071312 PMID: 18439357

Choi YH, Ngamskulrungroj P, Varma A, Sionov E, Hwang SM, Carriconde F, et al. Prevalence of the
VNIc genotype of Cryptococcus neoformans in non-HIV-associated cryptococcosis in the Republic of
Korea. FEMS Yeast Res. 2010; 10(6):769-78. Epub 2010/06/22. https:/doi.org/10.1111/j.1567-1364.
2010.00648.x PMID: 20561059

Ngamskulrungroj P. A Non-HIV Specific ST5 Genotype of Cryptococcus neoformans-gattii Species
Complex. 2015. 2015; 67(6). Epub 2015-12-21.

Mihara T, Izumikawa K, Kakeya H, Ngamskulrungroj P, Umeyama T, Takazono T, et al. Multilocus
sequence typing of Cryptococcus neoformans in non-HIV associated cryptococcosis in Nagasaki,
Japan. Med Mycol. 2013; 51(3):252—60. Epub 2012/08/21. https://doi.org/10.3109/13693786.2012.
708883 PMID: 22901045

Park SH, Choi SC, Lee KW, Kim MN, Hwang SM. Genotypes of Clinical and Environmental Isolates of
Cryptococcus neoformans and Cryptococcus gattiiin Korea. Mycobiology. 2015; 43(3):360-5. Epub
2015/11/06. https://doi.org/10.5941/MYCO.2015.43.3.360 PMID: 26539057

Meyer W, Marszewska K, Amirmostofian M, Igreja RP, Hardtke C, Methling K, et al. Molecular typing of
global isolates of Cryptococcus neoformans var. neoformans by polymerase chain reaction fingerprint-
ing and randomly amplified polymorphic DNA-a pilot study to standardize techniques on which to base
a detailed epidemiological survey. Electrophoresis. 1999; 20(8):1790-9. Epub 1999/08/06. https://doi.
org/10.1002/(SICl)1522-2683(19990101)20:8<1790::AID-ELPS1790>3.0.CO;2-2 PMID: 10435451

Khongphatthanayothin M, Tantipaibulvut S, Nookai S, Chumchee P, Kaldor J, Phanuphak P. Demo-
graphic predictors of a positive HIV test result among clients attending a large metropolitan voluntary
counselling and testing centre in Thailand. HIV Med. 2006; 7(5):281—4. Epub 2006/09/02. https://doi.
org/10.1111/j.1468-1293.2006.00377.x PMID: 16945071

Effros RB, Fletcher CV, Gebo K, Halter JB, Hazzard WR, Horne FM, et al. Aging and infectious dis-
eases: workshop on HIV infection and aging: what is known and future research directions. Clin Infect
Dis. 2008; 47(4):542-53. Epub 2008/07/17. https://doi.org/10.1086/590150 PMID: 18627268

Mahasirimongkol S, Chantratita W, Promso S, Pasomsab E, Jinawath N, Jongjaroenprasert W, et al.
Similarity of the allele frequency and linkage disequilibrium pattern of single nucleotide polymorphisms
in drug-related gene loci between Thai and northern East Asian populations: implications for tagging
SNP selection in Thais. J Hum Genet. 2006; 51(10):896—-904. Epub 2006/09/08. https://doi.org/10.
1007/s10038-006-0041-1 PMID: 16957813

Van Tongeren L, Shaipanich T, Fleetham JA. Coinfection with Cryptococcus gattiiand Mycobacterium
tuberculosis in an otherwise healthy 18-year-old woman. Can Respir J. 2011; 18(4):e62-3. Epub 2011/
11/08. PMID: 22059185

Zuger A, Louie E, Holzman RS, Simberkoff MS, Rahal JJ. Cryptococcal disease in patients with the
acquired immunodeficiency syndrome. Diagnostic features and outcome of treatment. Ann Intern Med.
1986; 104(2):234—40. Epub 1986/02/01. PMID: 3946951

PLOS ONE | https://doi.org/10.1371/journal.pone.0173744 March 21,2017 10/11


https://doi.org/10.1371/journal.pone.0072222
https://doi.org/10.1371/journal.pone.0072222
http://www.ncbi.nlm.nih.gov/pubmed/24019866
https://doi.org/10.1128/JCM.40.3.965-972.2002
https://doi.org/10.1128/JCM.40.3.965-972.2002
http://www.ncbi.nlm.nih.gov/pubmed/11880424
https://doi.org/10.1111/1567-1364.12178
https://doi.org/10.1111/1567-1364.12178
http://www.ncbi.nlm.nih.gov/pubmed/24981157
https://doi.org/10.1128/IAI.69.1.115-122.2001
http://www.ncbi.nlm.nih.gov/pubmed/11119496
https://doi.org/10.3201/eid1405.071312
http://www.ncbi.nlm.nih.gov/pubmed/18439357
https://doi.org/10.1111/j.1567-1364.2010.00648.x
https://doi.org/10.1111/j.1567-1364.2010.00648.x
http://www.ncbi.nlm.nih.gov/pubmed/20561059
https://doi.org/10.3109/13693786.2012.708883
https://doi.org/10.3109/13693786.2012.708883
http://www.ncbi.nlm.nih.gov/pubmed/22901045
https://doi.org/10.5941/MYCO.2015.43.3.360
http://www.ncbi.nlm.nih.gov/pubmed/26539057
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8<1790::AID-ELPS1790>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1522-2683(19990101)20:8<1790::AID-ELPS1790>3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/10435451
https://doi.org/10.1111/j.1468-1293.2006.00377.x
https://doi.org/10.1111/j.1468-1293.2006.00377.x
http://www.ncbi.nlm.nih.gov/pubmed/16945071
https://doi.org/10.1086/590150
http://www.ncbi.nlm.nih.gov/pubmed/18627268
https://doi.org/10.1007/s10038-006-0041-1
https://doi.org/10.1007/s10038-006-0041-1
http://www.ncbi.nlm.nih.gov/pubmed/16957813
http://www.ncbi.nlm.nih.gov/pubmed/22059185
http://www.ncbi.nlm.nih.gov/pubmed/3946951
https://doi.org/10.1371/journal.pone.0173744

o @
@ ’ PLOS | ONE Molecular epidemiology of the VNIc/ST5

24. HuangCT, Tsai YJ, Fan JY, Ku SC, Yu CJ. Cryptococcosis and tuberculosis co-infection at a university
hospital in Taiwan, 1993-2006. Infection. 2010; 38(5):373-9. Epub 2010/07/28. https://doi.org/10.1007/
$15010-010-0045-9 PMID: 20661622

25. ManfrediR, Calza L. Severe brain co-infection with Cryptococcus neoformans and Mycobacterium
tuberculosis in a young, otherwise healthy student recently immigrated from China. Int J Infect Dis.
2008; 12(4):438—41. Epub 2007/12/07. https://doi.org/10.1016/}.ijid.2007.09.009 PMID: 18054512

PLOS ONE | https://doi.org/10.1371/journal.pone.0173744 March 21,2017 11/11


https://doi.org/10.1007/s15010-010-0045-9
https://doi.org/10.1007/s15010-010-0045-9
http://www.ncbi.nlm.nih.gov/pubmed/20661622
https://doi.org/10.1016/j.ijid.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18054512
https://doi.org/10.1371/journal.pone.0173744

