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Multilocus sequence typing (MLST) has become the preferred method for genotyping many biological
species, and it is especially useful for analyzing haploid eukaryotes. MLST is rigorous, reproducible,
and informative, and MLST genotyping has been shown to identify major phylogenetic clades, molecular
groups, or subpopulations of a species, as well as individual strains or clones. MLST molecular types often
correlate with important phenotypes. Conventional MLST involves the extraction of genomic DNA and
the amplification by PCR of several conserved, unlinked gene sequences from a sample of isolates of
the taxon under investigation. In some cases, as few as three loci are sufficient to yield definitive results.
The amplicons are sequenced, aligned, and compared by phylogenetic methods to distinguish statistically
significant differences among individuals and clades. Although MLST is simpler, faster, and less expensive
than whole genome sequencing, it is more costly and time-consuming than less reliable genotyping
methods (e.g. amplified fragment length polymorphisms). Here, we describe a new MLST method that
uses next-generation sequencing, a multiplexing protocol, and appropriate analytical software to provide
accurate, rapid, and economical MLST genotyping of 96 or more isolates in single assay. We demonstrate
this methodology by genotyping isolates of the well-characterized, human pathogenic yeast Cryptococcus
neoformans.
� 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction pulsed-field gel electrophoresis (PFGE) (Schwartz and Cantor,
1984) and amplified fragment length polymorphism (AFLP) (Vos
Efficient methods for estimating the genetic diversity among
microorganisms are essential for understanding their evolutionary
history, geographic distribution, and pathogenicity. In the past dec-
ades, numerous methods have been developed for typing bacteria
and fungi (Li et al., 2009; Vanhee et al., 2010). Some of these meth-
ods can characterize a large number of isolates at low cost, such as
et al., 1995). However, the results of these methods are laboratory
specific and usually are not comparable among laboratories.
Conversely, DNA sequencing results can be archived and shared
among laboratories, and therefore, these methods are widely used
in microbial studies today (Janbon et al., 2014; Li et al., 2009;
Litvintseva et al., 2006; Tavanti et al., 2005; Taylor and Fisher,
2003; Vanhee et al., 2010). Multilocus sequence typing (MLST) tar-
gets multiple genomic loci and is considered one of the most reli-
able and informative methods for molecular genotyping (Maiden
et al., 1998; Schwartz and Cantor, 1984). MLST has been applied
to many pathogenic microorganisms, and there is increasing inter-
est in the variation among isolates and within microbial popula-
tions, especially in studies of microbial evolution, pathogenesis,
ecology, and microbiomes (Byrnes et al., 2009; Chen et al., 2013;
Litvintseva and Mitchell, 2012; Meyer et al., 2009). Moreover,
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online MLST databases have been constructed for several bacterial subpopulations of these recognized species and varieties were also
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and fungal species to facilitate molecular epidemiological studies
and surveillance (Chan et al., 2001). MLST genotyping is a superb
approach to delineate species and strains, but the current method-
ology is costly, time-consuming, and laborious.

To accelerate automation and expand the versatility of the cur-
rent MLST method, we developed a high-throughput next-genera-
tion sequencing approach, NGMLST, and an automated software
program for data analyses, MLSTEZ. We adapted multiplex PCR,
which may save more than 75% of the PCR work (calculated based
on using seven MLST loci). For next-generation sequencing, we
employed the Pacific Biosciences (PacBio) circular consensus
sequencing (CCS) technology, which is capable of generating rela-
tively inexpensive, single-molecule consensus reads of 1–2 kbp in
length. Unlike the usual PacBio read, a CCS read is an error-
corrected consensus read generated from the consensus alignment
of single-molecule circular sequencing (Eid et al., 2009). Therefore,
the accuracy of a CCS read is correlated with the number of
sequencing passes of the template molecule (Travers et al.,
2010). With the benefit of these higher quality reads, our software,
MLSTEZ, can automatically identify the barcodes and primers used
in the PCR, correct sequencing errors, generate the MLST profile for
each isolate, and predict potentially heterozygous loci.

Cryptococcus neoformans is a well-characterized, opportunistic
human fungal pathogen, and it is responsible for approximately
600,000 annual deaths worldwide (Park et al., 2009). In this study,
we targeted the nine MLST loci that are commonly used to geno-
type isolates of the C. neoformans/Cryptococcus gattii species com-
plex. As controls, we selected 28 clinical and environmental
haploid strains with known MLST genotypes that represented each
major subpopulation or molecular type of the species complex, as
well as six previously described diploid hybrid strains (Litvintseva
et al., 2006; Simwami et al., 2011; Stephen et al., 2002; Sun et al.,
2012; Xu et al., 2009). We pooled the amplicons of these 34 isolates
with those of another 62 wild type C. neoformans isolates and
sequenced them in one PacBio SMRT Cell. The NGMLST method
and MLSTEZ software produced high quality, unambiguous MLST
profiles of all 96 isolates, and the sequences of the reference strains
were identical to their genotypes, which were previously deter-
mined by the conventional MLST method. The MLSTEZ successfully
detected heterozygous loci in the hybrid strains and identified the
sequences of each allele.
2. Materials and methods
2.1. Strains of C. neoformans

As reference controls, we selected conventionally MLST-geno-
typed strains of C. neoformans var. grubii (Cng), C. neoformans var.
neoformans (molecular type VNIV), and C. gattii. Distinct genetic
Table 1
Nine pairs of MLST locus specific primer sequences and corresponding primer concentrati

Locus Upper primer Lower primer

SOD1 50-GGCACAACTCCACCGATCA 50-CTTACATGACAC
LAC1 50-AACATGTTCCCTGGACCTGTG 50-ACGTGGATCTCG
MPD1 50-TGCCCTGGATCCTAATGCTCT 50-ACCCAGACTGCC
TEF1 50-AATCGTCAAGGAGACCAACG 50-CGTCACCAGACT
CAP59 50-CTCTACGTCGAGCAAGTCAAG 50-TCCGCTGCACAA
PLB1 50-CTTCAGGCGGAGAGAGGTTT 50-GATTTGGCGTTG
GPD1 50-ATGGTCGTCAAGGTTGGAAT 50-GTATTCGGCACC
IGS1 50-GGGACCAGTGCATTGCATGA 50-ATCCTTTGCAGA
URA5 50-ATGTCTTCCCAAGCCCTCGAC 50-TTAAGACCTCTG

a The production lengths are based on the H99 genome, and the primer lengths are n
considered when we selected control strains. For example, we
included all three molecular types of Cng (VNI, VNB and VNII)
(Litvintseva et al., 2006) and the four molecular types of C. gattii
(VGI, VGII, VGIII, and VGIV). The number of strains for each molec-
ular type are as follows (Table S1): 11 strains of C. neoformans var.
grubii (five VNI strains, three VNB strains, three VNII strains); three
strains of C. neoformans var. neoformans (VNIV); 14 strains of the
sibling species, C. gattii (four VGI strains, three VGII strains, five
VGIII strains, two VGIV strains); and six hybrid strains (three VNIII,
two VGII/VGIII, one VNB/VNII). The other 62 isolates were wild
type clinical and environmental isolates of C. neoformans collected
from Brazil and Botswana.

2.2. MLST target loci and primer design

As routinely employed for genotyping strains of C. neoformans
and C. gattii, the following nine MLST loci were used to analyze the
genetic diversity of the strains: CAP59, GPD1, IGS1, LAC1, PLB1,
SOD1, URA5, TEF1 and MPD1 (Colom et al., 2012; Litvintseva et al.,
2006, 2011; MacDougall et al., 2007; Meyer et al., 2009). The
locus-specific primers are listed in Table 1. A 20-bp universal primer
(50-CTGGAGCACGAGGACACTGA) was added at the 50 end of each
locus-specific primer (Fig. 1). Each barcode primer included a 5-bp
padding sequence (GGTAG) at the 50 end, followed by the 16-bp bar-
code sequence as suggested by PacBio (http://www.smrtcommunity.
com/servlet/servlet.FileDownload?file=00P7000000W067VEAR),
and a 20-bp universal primer was added to the 30 end. The sequences
of the 96 barcode primers used in our study are listed in Table S2.

2.3. NGMLST library preparation

Genomic DNA was isolated from each yeast strain using a Mas-
terPure yeast DNA purification kit (Epicentre Biotechnologies,
Madison, WI) according to the manufacturer’s instructions. MLST
loci of interest were amplified by two rounds of PCRs to prepare
the library. The first PCR was used to amplify the target loci and
then the unique barcodes for labeling the amplicons from each iso-
late were added in the second PCR.

For the first round, each multiplex PCR mixture contained
12.5 lL 2� Master Mix (QIAGEN Multiplex PCR Plus Kit, cat #
206152), approximately 2.5 ng genomic DNA, and nine primer
pairs at the optimized concentration for each pair (Table 1). The
PCR was conducted with the following thermocycling conditions:
initial denaturation at 95 �C for 5 min, followed by 35 cycles of
30 s at 95 �C, 1.5 min at 58 �C, and 1.5 min at 72 �C, and finally,
10 min at 68 �C for extension.

These multiplexed products were then diluted 1:50 and used as
templates for the second round of PCR, which were carried out in
volumes of 25 lL that contained LongAmp Taq DNA Polymerase
(New England BioLabs Inc., catalog # M0323L), 1 lL of diluted
ons and product lengths.

Concentration (lM) Product lengtha

CGCAGGCA 0.3 668
GGAGGA 0.3 816
GCTGTCGTC 0.8 1008
TGACGAAC 0.4 811
GTGATACCC 0.3 564
GTTTCAGT 0.3 635
AGCCTCA 0.4 561
CGACTTGA 0.1 845
AACACCGTACTC 0.4 733

ot counted into products.
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multiplex PCR product, and 2 lL 10 lM barcode primer. The PCR

sequencing (CCS) reads with less than four full passes were also fil-

3. Results

Fig. 1. Two rounds of PCRs are employed in NGMLST. In the first PCR round, each
primer consists of a locus-specific sequence (blue, see Table 1) and a 20-bp
universal primer sequence (purple, 50-GCTGTCAACGATACGCTACG). The diluted PCR
product is used as template for the second PCR round. The barcode primers consist
of three parts: (i) a 20-bp universal sequence (purple), which amplifies the
template; (ii) a 16-bp barcode sequence (orange) that identifies the amplicons from
each different isolate; (iii) and a 5-bp padding sequence (green) to provide
equivalent binding affinities for adding the PacBio sequencing adapters. Because
multiplex PCRs were used in the first PCR round, primer pairs for each of the nine
loci are added to the PCR mix at the same time. In the second PCR round, the various
barcode primers are used to identify each isolates. The final products of each isolate
would have the same sequence structure on both ends, flanking different target
locus sequences in the middle, which are shown with different colors. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. The workflow for NGMLST with estimated time for each step (A) and
flowchart of the analysis pipeline used in MLSTEZ (B).
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was performed with the following cycling conditions: initial dena-
turation at 94 �C for 30 s followed by 35 cycles of 30 s at 94 �C, 30 s
at 50 �C, and 60 s at 65 �C, and lastly, 10 min at 65 �C for extension.

The amplicons of the 96 strains were visualized on a 1.4% TAE
agarose gel, and their concentrations were estimated. The ampli-
cons were pooled into four groups of 24 strains based on having
similar concentrations of DNA. Each pool of 24 amplicons was puri-
fied utilizing the QIAquick PCR Purification Kit (Qiagen, catalog #
28106), the DNA concentration of each pool was determined using
a Nanodrop ND-1000 Spectrophotometer, and portions of the four
purified pools containing equal concentration of DNA were
combined.

2.4. PacBio sequencing

SMRT Cell sequencing libraries were prepared using Pacific Bio-
sciences DNA Template Prep Kit 2.0 (catalog # 001-540-835)
according to the 3-kb or 10-kb template preparation and sequenc-
ing protocol provided by Pacific Biosciences. Instead of using mag-
netic beads, the amplicons were loaded by diffusion at a
concentration of 300 pM. The PacBio RS II platform was used for
sequencing the amplicons. One SMRT Cell was used to sequence
all 96 pooled isolates. The sequencing run used 1 � 180 min movie
with P4-C2 chemistry.
2.5. Data analysis
Primary analysis was performed using the PacBio SMRT Analysis
version 2.1 program, and the filtering parameters 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
tered in further analysis. We used MLSTEZ to generate all the con-
sensus sequences of each locus and searched for heterozygous
loci. The analysis steps were outlined as flowchart in Fig. 2B. This
software used the Smith–Waterman algorithm to identify each bar-
code and specific MLST locus in the reads. Then, the first quartile
(Q1) and third quartile (Q3) of each MLST locus length among all
sequenced isolates were calculated. The interquartile range (IQR)
was calculated as Q3 � Q1. Reads with length less than Q1 � 1.5 ⁄

IQR or larger than Q3 + 1.5 ⁄ IQR of the specific locus were consid-
ered to be outliers and removed from the dataset. Then, all the reads
were ranked by their sequencing scores. In this study, a minimum
of three and a maximum of 10 reads of each locus were aligned
using MUSCLE to generate the consensus sequence (Edgar, 2004).
To detect heterozygosity, all the reads identified at each locus were
aligned, and variation scores were calculated based on the number
of variant sites among the sequences. A locus with two groups of
reads that had significantly different variant scores (p < 0.001)
was considered heterozygous. Consensus sequences of the two
alleles were generated separately by different groups of reads.
The following software parameters were used: barcode_length =
16; min_readnum = 3; max_readnum = 10; flanking_length = 5;
match_score = 2; mismatch_score = �1; gap_score = �1; max_mis-
match = 3. The entire analysis was performed on an iMac computer
with 3.4G Intel Core i7, 16GB 1333MHz DDR3, and Mac OS X 10.9.2.

2.6. Software

The algorithm was written in Python, version 2.7.6. PyQt4
(http://www.riverbankcomputing.com/software/pyqt/download)
and Qt Designer (http://qt-project.org/doc/qt-4.8/designer-man-
ual.html) were used to create the graphic user interface (GUI)
(Fig. 3). Mac and Windows versions of the GUI software were
tested on computers with Mac OS X10.9 and Windows 7 operating
systems, respectively.
3.1. Development of multiplex PCR and resultant data production

To evaluate the multiplex PCR protocol for NGMLST, we
selected the nine consensus, unlinked MLST loci adopted for geno-
typing isolates of C. neoformans and C. gattii: CAP59, GPD1, IGS1,
LAC1, PLB1, SOD1, URA5, TEF1 and MPD1 (Colom et al., 2012;
Litvintseva et al., 2011, 2006; MacDougall et al., 2007; Meyer
et al., 2009). Of these loci, MPD1 was used only for isolates of C. gat-
tii. To enable simultaneous amplification of the other eight loci
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from most isolates of C. neoformans and C. gattii, we designed new

amplicons of the first PCR round were amplified by the same uni-

3.2. Data processing

Fig. 3. Graphic user interface of MLSTEZ under Mac OS X system. The interface
consists of four parts: toolbox bar (top), list of analyses panel (mid-left), analysis
result panel (mid-right), and running status panel (bottom).
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pairs of primers that were specific for five loci (IGS1, TEF1, LAC1,
SOD1, and URA5), which targeted the same regions used in previous
studies, and we used previously designed primers for CAP59, GPD1,
PLB1, and MPD1 (Table 1). In addition, all nine MLST locus-specific
primers were modified to include a universal primer sequence at
the 50 end (Fig. 1), which was needed to facilitate the addition of
barcodes in the subsequent step (Fig. 2A). The nine pairs of
locus-specific primers were admixed with the optimized concen-
trations (Table 1), and all the loci were amplified simultaneously.
Although some strains and/or species differed in the efficiency
with which they were amplified (Table 3), all the loci were success-
fully amplified in most tested isolates (Fig. 4).

The barcode primers for the second PCR round consisted of
three parts (Fig. 1). The padding sequence was used to ensure that
each product had equal efficiency to ligate to the sequencing adap-
ter. The barcode sequence was unique to each isolate and was used
to separate the amplicons from different isolates by MSLTEZ. The
Fig. 4. Two rounds of PCR products of isolates H99 (VNI molecular type), R265
(VGII), and JEC21 (VNIV) are shown on 1.4% TAE agarose gel. R1 and R2 stand for the
first and second PCR round, respectively. The expected PCR product sizes are shown
in Table 1. The bands from top to bottom are PCR products of MPD1, IGS1, LAC1,
TEF1, URA5, SOD1, PLB1, CAP59 and GPD1. Some bands are overlapped because of
similar product lengths. The gel image indicates that the MPD1 (top band) locus was
amplified with greater efficiency from R265 than H99 and JEC21. The primer pairs
of other loci also reveal different amplification efficiencies among isolates from
different molecular groups (Table 2).
versal primer that we had added into the barcode primer.
To test the accuracy of the PacBio sequencing platform for

NGMLST, we selected 28 diverse reference strains that represented
the eight major haploid molecular types of C. neoformans and
C. gattii and six hybrids, which are very difficult to genotype using
the conventional MLST protocol (Table S1). In addition, DNA from
62 wild type isolates of C. neoformans were also added to the test
mixtures. We pooled all the barcoded amplicons of 96 isolates
and sequenced them in one PacBio SMRT Cell. Four full passes
yielded 37,906 CCS reads with an average CCS read length of
730 bp. As expected, more than 80% of the reads ranged between
600 and 1100 bp (Fig. 5A).
The first step of the analysis pipeline to generate the MLST pro-
file for each isolate is to identify the unique barcode sequence
added during the second round of amplification. MLSTEZ success-
fully identified barcode sequences on 32,932 of 37,906 (86.9%)
CCS reads. The average number of reads obtained for each isolate
was 343.0 (Fig. 5B). Subsequently, the barcode-called amplicons
were separated by the locus-specific primer sequences. Due to
the low sequencing qualities of some reads, primer sequences
Fig. 5. Length distribution of CCS reads generated from 96 isolates (A). More than
80% of the reads have sequence lengths between 600 and 1100 bp. Normal
distribution is shown for the read count of the 96 isolates (B). Distribution of read
counts for isolates. The average read count of each isolate is 343, and minimal and
maximal read counts are 34 and 829, respectively.



could not be identified on 1641 of 32,932 (5.0%) CCS reads. These sequencing data. A minimal of five reads were required for analysis

4. Discussion
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reads were then removed from further analysis.
We obtained CCS reads from 818 of 864 (94.7%) alleles. The fail-

ure to obtain the sequences of certain loci in some isolates could
probably be explained by the sequence diversity between the iso-
lates and the primer sequences, which resulted in low amplifica-
tion efficiencies of some primer in certain molecular type isolates
(Table 2). This result was verified by electrophoretic gel images
(data not shown), and the data from missing loci were then
sequenced manually using Sanger technology.

3.3. Verification of NGMLST data

Both conventional MLST and NGMLST genotyping require
sequence data of very high quality. Compared with other next gen-
eration sequencing platforms, such as Roche 454, Illumina HiSeq,
or Ion Torrent, PacBio has the advantage providing reads of longer
length, but the analysis of PacBio reads requires dealing with a rel-
atively high error rate prior to consensus sequence determination
(Koren et al., 2012; Quail et al., 2012). Therefore, we needed to ver-
ify that PacBio was able to generate high quality NGMLST profiles
that were comparable to data obtained by conventional MLST. The
34 reference strains tested here included a total of 306 alleles, and
206 of these alleles were previously sequenced by Sanger method.
Thus, the sequences of these alleles were compared with the corre-
sponding sequences produced by NGMLST and MLSTEZ.

We obtained on average 37.8 CCS reads for each allele of the 34
isolates. However, due to the low efficiency of several primers in
isolates of certain molecular types, 22 of 206 alleles did not have
more than three reads, which was our minimal requirement to
generate a consensus. The newly generated NGMLST profiles were
compared with 184 MLST alleles previously obtained by Sanger
sequencing. The result demonstrated that 172 alleles were 100%
identical between the two protocols, and the other 12 alleles only
had very limited mismatches (63 SNP per sequence). Thus, the
sequencing accuracy has surpassed 99.98%. Using the phylogenetic
analysis, the other 62 isolates were identified as 1 VNI, 3 VNB, 18
VGI, 15 VGII, 1 VGIII, 22 VGIV and 2 VN/VG hybrids. This result
clearly confirmed the high quality of MLST profiles generated by
NGMLST, which is also a more rapid and less expensive alternative
to the conventional method.

3.4. Identification of hybrids and allelic sequences

We assessed utility of NGMLST for simultaneous sequencing
and differentiating alleles in the diploid hybrid strains by including
six hybrid C. neoformans strains: three VNIII (VNI + VNIV) hybrids,
two VGII/VGIII hybrids, and one VNII/VNB hybrid. The heterozy-
gous locus discovery function of MLSTEZ was used to analyze the

Table 2

Primer efficiencies in multiplex PCR of different molecular type isolates. Increased
number of ‘‘+’’ stands for higher efficiency of the primers. Primers with ‘‘+++’’ have
very high efficiency in all test isolates. Primers ‘‘++’’ work well in most isolates, and
enough read coverage (P3) for loci to be obtained. Primers with ‘‘+’’ work
inconsistently among the isolates, and they may occasionally not be able to yield
sufficient reads. The primers labeled ‘‘�’’ rarely worked with the corresponding
molecular types among the isolates tested.

IGS1 TEF1 GPD1 LAC1 PLB1 MPD1 CAP59 SOD1 URA5

VNI +++ +++ +++ +++ +++ + + +++ +++
VNB +++ ++ +++ ++ +++ � + +++ +++
VNII +++ +++ +++ ++ +++ + + +++ +++
VNIV ++ +++ +++ � +++ + +++ +++ +++
VGI ++ +++ +++ +++ ++ � +++ ++ +++
VGII � +++ � +++ + +++ +++ +++ +++
VGIII ++ +++ +++ +++ � +++ +++ +++ +++
VGIV ++ +++ +++ +++ + + +++ +++ +++
for the heterozygous locus analysis. As expected, multiple hetero-
zygous loci were reported by the software for each hybrid (Table 3).
Phylogenetic analysis of the recovered alleles showed that the
compositions of most heterozygous loci of the hybrids were consis-
tent with previous studies (Fig. 6). A few loci from some haploid
isolates were erroneously reported as having a heterozygous locus.
Additional analysis revealed that these false positive results were
caused by reads of low quality and quantity.
In studies of molecular epidemiology, pathogenicity, and phy-
logenetics, MLST has become the standard method of genotyping
many fungi, including strains of the C. neoformans/C. gattii species
complex. Furthermore, it also widely used in genotyping other fun-
gal species such as Candida (Jackson et al., 2009), Aspergillus (Bain
et al., 2007), and Pseudallescheria (Bernhardt et al., 2013). Although
whole genome sequence typing (WGST) is becoming more accessi-
ble, especially for organisms with small genomes, such as bacteria
and viruses, it is not yet practical for genotyping numerous isolates
of eukaryotic species. MLST will not soon become obsolete because
it provides an economical and efficient method of screening wild
type isolates, assigning them to established clades, subpopulations,
or phenotypic groups, and determining whether they warrant
more extensive analysis or WGST. However, compared to less
reproducible and more subjective methods of rapid genotyping,
such as generating amplified fragment length polymorphisms,
MLST has the disadvantages of being more time consuming as well
as costly due to the use of Sanger sequencing. To resolve these
issues, we have developed a new high-throughput method of MLST
genotyping that generates CCS PacBio next-generation sequencing
reads, NGMLST, and a novel multifunctional software program,
MLSTEZ, which provides simplified and automated analysis of
NGMLST data. The average time required for processing DNA from
96 isolates was 7 h. Previously, 2–4 weeks were required to obtain
sequence data from the same number of strains using conventional
MLST.

To interface with NGMLST, we developed the multifaceted soft-
ware program, MLSTEZ, which is available on the Internet at no
cost (https://sourceforge.net/projects/mlstez/). The program is
fully automated and requires a general sequencing format file
(FASTQ and FASTA) as input, which means that NGMLST will sup-
port all sequencing platforms that can generate full-length bar-
coded amplicons. Because a sequence assembly feature is not
included in the program, fragmented amplicons must first be
assembled before analysis by MLSTEZ. MLSTEZ can perform bar-
code and primer identification, recognize consensus sequences,
and predict heterozygous loci. All the results that are generated
by the software can be easily exported as sequence files, graphs,
or tables. In addition, the MLSTEZ output sequence files can be
used directly for phylogenetic analyses, which significantly
reduces the time required for many follow-up studies. With the
multiprocessing features of MLSTEZ, the analyses of data from

Table 3

Heterozygous loci of the hybrids predicted by MLSTEZ. ‘Yes’ indicates the identifi-
cation of two alleles, ‘No’ indicates that only one allele was identified, and the loci
without insufficient reads (<5) for analysis are labeled ‘NA’.

Strain CAP59 GPD1 IGS1 LAC1 MPD1 PLB1 SOD1 TEF1 URA5

Cng9 NA Yes No No No No Yes No Yes
ZG287 No Yes No Yes NA Yes Yes Yes Yes
CBS132 No Yes No NA No No Yes No Yes
NC34-21 No Yes No Yes NA Yes Yes Yes Yes
EJB34 No No NA Yes Yes NA Yes Yes Yes
EJB41 No No No Yes No NA Yes No No

https://sourceforge.net/projects/mlstez/


one PacBio SMRT Cell can be completed within an hour on a mod-

reads were required to generate an accurate consensus sequence.

Fig. 6. Phylogeny of the SOD1 locus among isolates with different molecular types
and both alleles of six hybrids visualized by the neighbor-joining dendrogram.
Different species and molecular groups of the isolates are color-coded (blue, C.
neoformans var. grubii; red, C. gatii; green, C. neoformans var. neoformans). All the
sequences were generated using MLSTEZ based on NGMLST sequencing result. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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ern desktop computer. Thus, the rate-determining step of this pro-
tocol is the time required for PacBio sequencing.

Recently, a NGS genotyping method (HiMLST) was proposed by
Boers et al. (2012) for typing four different bacterial species using
454 pyrophosphate sequencing. The comparisons among conven-
tional MLST, HiMLST and NGMLST are shown in Table 4. The major
advantages in our MGMLST approach are: (i) the employment of
multiplex PCR greatly reduces the amount of labor; (ii) the cost
of PacBio CCS sequencing is only about 20% of Roche 454 sequenc-
ing; (iii) PacBio greatly extends the maximum read length of target
loci or genes from 500-bp to 2-kb without requiring fragmentation
into shorter sequences; (iv) the NGMLST workflow was optimized
to reduce unnecessary steps; (v) MLSTEZ can be easily imple-
mented and does not require technical expertise or a background
in bioinformatics; and (vi) for analysis of hybrid isolates, unlike
most programs, MLSTEZ can detect heterozygous loci and sequence
their alleles.

PacBio CCS reads have an error rate of 2.5% with �1.5 kb inser-
tion size (Jiao et al., 2013), which is considerably higher than other
platforms. However, because these errors occur randomly and are
not biased toward homopolymeric regions (Carneiro et al., 2012),
accuracy approaching 100% can be achieved by increasing the level
of coverage or number of reads. Our software routinely employs
multiple PacBio CCS reads to generate consensus sequences, and
accuracy can surpass 99.98%, which is sufficient for genotyping.
In preliminary experiments, we determined that more than three

Table 4

Comparisons between conventional MLST, HiMLST and NGMLST based on 96 isolates with

Conventional MLST

Number of PCRs 768
Number of PCR product purifications 768
Sanger sequencing reaction 1536 (768 � 2)
Automate data analysis tool None
Estimated experimental time >1 week
Estimated data analysis time >10 h (manually)
Estimated cost per isolate $70.56 (bi-directional)

a Tested with 8 threads on iMac (Mac OS X 10.9.2) on 3.4G Intel Core i7, 16GB 1333M
However, our tests showed that including more than 10 reads
per locus did not significantly improve the quality. On the contrary,
exceeding 10 reads per allele tended to overfill the program with
low quality reads, which sometimes reduced the accuracy. There-
fore, to generate optimal consensus sequences, only the top 10
scored reads were used. We also observed that a small proportion
of the reads were longer or shorter than expected. Most of the
shorter reads were leftover adaptor and incomplete PCR products,
and the longer reads represent concatemers generated by ligation
during preparation of the PacBio library. To resolve this issue, we
added a length filter in our analysis pipeline (Fig. 2B) to ensure that
only sequencing reads within the correct length range would be
used for generating the consensus sequences.

For this evaluation of NGMLST and MLSTEZ, we targeted the
nine unlinked loci that are routinely used to genotype isolates of
the C. neoformans/C. gattii species complex. Five of the primer pairs
were identical to those used in previous studies but with different
annealing PCR temperatures (Colom et al., 2012; Litvintseva et al.,
2011, 2006; MacDougall et al., 2007; Meyer et al., 2009). After
adjusting and standardizing the PCR conditions, these primers
worked well in the thermocycling parameters for multiplexing.
The primer pairs of the other four loci were developed specifically
for this study, but they targeted the same regions used in previous
reports. Under these optimized conditions, the primer pairs ampli-
fied the previously established cryptococcal MLST loci. Preliminary
results with reference strains confirmed that the primers used here
(Table S1) accurately genotyped both species and the molecular
types of C. neoformans and C. gattii in addition to the hybrid strains.
The use of species-specific primers could further improve the
results. For example, we used the same protocol to genotype 96
isolates of C. neoformans var. grubii with eight pairs of primers
(without MPD1), and 762 of 768 (99.2%) alleles had more than
three filtered reads to generate consensus (data not shown).

Although we have only demonstrated the application of
NGMLST to C. neoformans and C. gattii, this approach can be used
for any MLST investigation. Most MLST analyses performed by con-
ventional MLST could be readily adapted to this method. In our
study, we found that the primers previously used under different
PCR conditions (Litvintseva et al., 2006) worked reasonably well
in a single multiplex PCR system using the same conditions. Sev-
eral caveats are suggested for successfully replacing conventional
MLST with NGMLST: (i) NGMLST can accommodate amplicoms
up to 2 kbp in length; however, the maximal difference in length
among the amplicons cannot exceed 500 bp to avoid affecting
the yield of sequencing reads; (ii) the concentration of locus-spe-
cific primers needs to be optimized to obtain equal amounts of
each product; and (iii) considering the quality and amount of data
that are generated with the current protocol, the numbers of target
MLST loci and tested isolates need to be balanced. We suggest ana-
lyzing no more than 11 loci for 96 isolates at one time. Multiple
groups of multiplex PCRs could then be employed to accommodate
different PCR conditions and/or the need for a large number of loci
required by species with low amounts of genetic variation.
8 target loci.

HiMLST NGMLST

864 (768 + 96) 192 (96 + 96)
More than 96 4
None None
None MLSTEZ
>30 h 7 h
>10 h (manually) �1 h (automatically)a

$42.23 (1/4 plate) $8.83 (1 SMRT Cell)

Hz DDR3.
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on the haploid strains but also can be used to detect and analyze
hybrid strains, which are difficult to MLST genotype using conven-
tional Sanger sequencing. Among our six control hybrid strains,
most were detected by more than three heterozygous loci. Unfor-
tunately, some haploid strains were erroneously identified with
heterozygous loci; these results were caused by low coverage or
reads of poor quality. Therefore, we strongly recommend repeating
the analysis on putative hybrids. In addition, MLST only targets a
limited number of genomic loci, and aneuploid strains are very
common in some fungal species (Kwon-Chung and Chang, 2012;
Selmecki et al., 2009). It remains difficult to determine the ploidy
of test strains even when multiple loci have been identified to be
heterozygous. Other methods to determine aneuploidy, such as
analysis of the cells by fluorescent-activated cell sorting (FACS)
could help to confirm MLST data and ploidy.

This investigation evaluated a novel NGMLST method of geno-
typing, which has proven to be rapid and relatively inexpensive,
as well as amenable to the high-throughput analyses of large sam-
ples. Coupled with the automated multifunctional software, MLS-
TEZ, high quality MLST profiles can be acquired with very simple
operations in a short period of time. The approach demonstrated
here was evaluated with the heterobasidiomycetous human path-
ogen, Cryptococcus, but it can be applied to many other fungal or
other eukaryotic taxa, including haploid, diploid, and hybrid
organisms.
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