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SUMMARY

The epidemiological study of human cryptosporidiosis requires the characterization of species and subtypes involved in
human disease in large sample collections.Molecular genotyping is costly and time-consuming, making the implementation
of low-cost, highly efficient technologies increasingly necessary. Here, we designed a protocol based onMALDI-TOFmass
spectrometry for the high-throughput genotyping of a panel of 55 single nucleotide variants (SNVs) selected as markers for
the identification of common gp60 subtypes of fourCryptosporidium species that infect humans. Themethod was applied to
a panel of 608 human and 63 bovine isolates and the results were compared with control samples typed by Sanger
sequencing. The method allowed the identification of species in 610 specimens (90·9%) and gp60 subtype in 605 (90·2%). It
displayed excellent performance, with sensitivity and specificity values of 87·3 and 98·0%, respectively. Up to nine
genotypes from four different Cryptosporidium species (C. hominis, C. parvum, C. meleagridis and C. felis) were detected in
humans; the most common ones were C. hominis subtype Ib, and C. parvum IIa (61·3 and 28·3%, respectively). 96·5% of
the bovine samples were typed as IIa. The method performs as well as the widely used Sanger sequencing and is more
cost-effective and less time consuming.
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INTRODUCTION

Discrimination between Cryptosporidium species
and subtypes is crucial for epidemiological studies
and for the prevention and control of cryptospor-
idiosis. These require the screening of vast numbers
of samples to determine the genotypes involved in
human disease and the possible sources of contami-
nation. Nowadays, Sanger DNA sequencing at a
reduced number of genes is the most common tool
used for molecular determination (Strong et al. 2000;
Xiao et al. 2004). However, when large numbers of
samples are analysed, this method is expensive and
unpractical (Chalmers, 2008). Another limitation of
the technique is that sometimes it is difficult to obtain
high-quality sequences from stool DNA extractions

containing inhibitors and/or DNA degrading sub-
stances (Chalmers, 2008; Jex et al. 2008).
There is a range of high-throughput cost-effective

tools available to identify Cryptosporidium species
and subtypes (Jex et al. 2008). The most widely used
is the electrophoretic display of genetic variants
using single-stranded conformation polymorphism
(SSCP), based on changes in the mobility of single-
stranded DNA in a non-denaturing polyacrylamide
gel (Gasser et al. 2006; Jex et al. 2007b). This method
is highly efficient, although very dependent on
the genes used to discriminate polymorphisms
(Chalmers et al. 2005; Jex et al. 2007b, 2008), so the
selection of adequate loci is essential to obtain
accurate results. A caveat to this technique is that it
does not identify the nature of the variants detected
and further sequencing is needed to determine it.
The aim of our study was to test and describe a new

method for genotyping Cryptosporidium isolates
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based on the combined use of single base extension
(SBE) of a panel of selected single nucleotide variants
(SNVs), that includes both polymorphic positions
within a species (single nucleotide polymorphisms,
SNPs) and fixed changes between species, followed
by sequencing by mass spectrometry (Matrix-
Assisted Laser Desorption/Ionization-Time Of
Flight, MALDI-TOF). Its performance was tested
in a total of 608 human isolates representative of
community cases seeking medical assistance and
63 bovine samples. The results were compared with
Sanger sequencing data from a panel of control
samples.

MATERIALS AND METHODS

Cryptosporidium samples

The samples of human origin were routinely col-
lected from diarrhoeal patients between years 2000
and 2008 at the Complexo Hospitalario Universitario
de Santiago (CHUS, Santiago de Compostela,
Spain) and diagnosed by staining oocysts with the
auramine phenol method (Casemore et al. 1984).
Cryptosporidium positive samples were stored at
−20 °C in 1·5 mL plastic vials. The bovine stool
samples were collected from calves (<1month of age)
in 2007 and diagnosed as Cryptosporidium-positive at
the Laboratorio de Sanidade e Producción Animal da
Xunta de Galicia (Lugo, Spain) using immunochro-
matography.

DNA extraction

DNAwas isolated from 180–200mg of stool samples
using the QIAamp DNA Stool Mini kit (QIAgen,
Izasa, Barcelona, Spain) with slight modifications of
the manufacturer’s protocol to improve the disrup-
tion of Cryptosporidium oocysts. Three freeze-
thawing cycles were performed after the addition of
Buffer ASL by immersion in liquid nitrogen for
1min and thawing in a water-bath at 95 °C for 2min.

Genotyping

Samples were genotyped at single nucleotide variants
from five different loci (ACoAs, COWP1, gp60, gtub
and ISWIr), allowing us to distinguish between
Cryptosporidium species and subtypes infecting hu-
mans using the MassARRAY system (Sequenom),
which combines the iPLEX Gold genotyping tech-
nology with MALDI-TOF mass spectrometry and
allows for the automated analysis of large numbers of
samples. This assay is based on a primer extension
aimed to detect sequence differences at the nucleotide
level (Fig. 1). The protocol includes an initial PCR
amplification of the region surrounding the sequence
variation of interest, followed by the addition of a
primer with mass-modified terminators that anneals

immediately upstream of the polymorphic site and
produces a specific single-base extension of the
product complementary to the SNV (Gabriel et al.
2009). The mass difference of the single-base
extension products enables allelic discrimination,
which is performed by MALDI-TOF mass spec-
trometry (Sauer and Gut, 2002). Several SNVs of
interest can be amplified simultaneously, a process
known as ‘multiplexing’.

The protocol was initially developed in two plexes
of 20 and 15 SNVs. These were applied to 671
samples distributed into eight plates containing 90
samples and six appropriate controls each. However,
given that some of the SNVs produced low-quality
results (e.g. low call rates or dubious genotypes), 20
additional SNVs were also genotyped (Tables 1
and 2). These were arranged in three plexes of ten,
six and four SNVs each that were applied to a single
plate with 83 samples with dubious genotypes and
the corresponding positive and negative controls.
The designs of amplification and extension primers,
as well as allele calling, were performed at the
Universidade de Santiago de Compostela node of
the Centro Nacional de Genotipado (CEGEN).

Diagnostic SNVs were chosen among those de-
scribed in a multilocus variation study (Abal-Fabeiro
et al. 2013) and from comparison of selected
representative sequences retrieved from GenBank
(Supplemental Table 1S – in Online version only).
All SNVs were located in the coding sequences of
five genes: ACoAs, COWP1, gp60, gtub and ISWIr,
which have been mapped to four different chromo-
somes (1, 6, 6, 7 and 8 respectively; footnote ‘a’ of
Supplemental Table S2 – in Online version only in

Fig. 1. Schematic diagram of the iPLEX™ Gold
genotyping process. SNV markers are selected. The
region around each SNV is PCR amplified in each
sample. Specific oligonucleotides are added for a
single-base extension. SNV alleles are identified by
allele-specific differences in mass between alternative
extension products.
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Abal-Fabeiro et al. 2013). Nineteen SNVs were
selected for species identification and 36 for subtype
assignment. The subtype of each sample was
determined on the basis of the genotypes of various
SNVs at gp60. Two other loci,ACoAs and gtub, were
also used for verification purposes, taking advantage
of the fact that the patterns of genetic variation in
Cryptosporidium at these loci are structured according
to the gp60 haplotypes (Abal-Fabeiro et al. 2013).
Four types of internal quality-controls of the

genotyping protocol were included: (i) 91 samples
previously sent to the Center for Disease Control and
Prevention (CDC, Atlanta, USA) for identification at
the species level by Sanger sequencing of both the
COWP1 and SSU rRNA (82 of which were
successfully characterized). (ii) A subset of 24 of
these 82 samples typed by Sanger sequencing of gp60
(Abal-Fabeiro et al. 2013). (iii) Repeated samples
collected from the same individual at different stages
of the infection, which were analysed blindly (i.e. 38

patients and 7 cows were sampled twice, and 5 other
patients were sampled three times). (iv) Human
blood DNA samples (Cryptosporidium free) and
reagent blanks (negative controls).
Results were analysed in a sequential way; in the

first round only the SNVs determining the species
were evaluated, while in the second round the
genotypes of a different group of SNVs were used
to assign the subtype of isolates successfully char-
acterized at the species level.
Given the high levels of within-species diversity

described in C. meleagridis (Abal-Fabeiro et al. 2013)
all the samples infected with this species were PCR
amplified and sequenced at the gp60 locus to check if
the genotypes matched the Sanger sequencing results
using primers and protocols previously described
(Abal-Fabeiro et al. 2013). Other Cryptosporidium
samples showing iPLEX inconclusive results were
also sequenced at the gp60 locus for species or
subtype identification.

Table 1. Sensitivity and specificity assessment (%) of the 19 single nucleotide variant (SNV) markers used
to identify Cryptosporidium species

SNV name Allele Identifies TP FN TN FP Sn Sp

ACOAS_235 C m 1 0 81 0 100·0 100·0
T p, h 78 3 1 0 96·3 100·0

COWP1_111 G s 0 0 82 0 – 100·0
COWP1_114 C p, m 39 1 42 0 97·5 100·0

T h, c, u, f 40 2 40 0 95·2 100·0
COWP1_142 C f 0 0 82 0 – 100·0
COWP1_189 G c 0 0 82 0 – 100·0
COWP1_255 C u 0 0 82 0 – 100·0

A s 0 0 82 0 – 100·0
COWP1_291 G f 0 0 82 0 – 100·0
COWP1_333 C m 1 0 81 0 100·0 100·0

T p, h, f 79 2 1 0 97·5 100·0
COWP1_336 G u 0 0 82 0 – 100·0

A s 0 0 82 0 – 100·0
COWP1_399 T m 0 1 81 0 0·0 100·0

A p, h 32 49 1 0 39·5 100·0
COWP1_435 C c 0 0 82 0 – 100·0
GP60_73 G f 0 0 82 0 – 100·0

T p 36 3 6 37 92·3 14·0
GTUB_ 96 A mu 0 0 82 0 – 100·0
GTUB_360 G p 36 3 42 1 92·3 97·7

A h 38 4 39 1 90·5 97·5
GTUB_735 T p 34 5 43 0 87·2 100·0

C h 39 3 40 0 92·9 100·0
GTUB_804 G m 1 0 81 0 100·0 100·0

A p, h 79 2 1 0 97·5 100·0
ISWIR_104 T mu 0 0 82 0 – 100·0
ISWIR_120 C h 39 3 40 0 92·9 100·0

T p, m 38 2 42 0 95·0 100·0
ISWIR_249 G m 1 0 81 0 100·0 100·0

A p, h 72 9 1 0 88·9 100·0

Pooled 683 92 1728 39 88·1 97·8

m: C. meleagridis; p: C. parvum; h: C. hominis; s: C. suis; f: C. felis; c: C. canis; u: C. ubiquitum; mu: C. muris. Sn: sensitivity;
Sp: specificity (both expressed as percentage). The number of true positive (TP), false negatives (FN), true negatives (TN)
and false positives (FP) were estimated by comparing the iPLEX typing results with those obtained by Sanger sequencing
(considered the gold standard, see Materials and Methods). Additional SNVs selected to reinforce the accuracy of base
calling in a reduced number of samples with uncertain genotypes are typed in bold.
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To describe the diagnostic performance of each
SNV allele, two widely used parameters were esti-
mated: sensitivity (Sn), defined as the proportion of
cases with the investigated attribute (i.e. a particular
genotype) which are correctly identified and

specificity (Sp), which measures the proportion of
correct negative calls of the marker. Sn=TP/
(TP+FN), where TP is the number of true positive
(TP) calls andFN the number of false negatives (FN).
Sp =TN/(TN+FP), whereTN and FP stand for the

Table 2. Sensitivity and specificity assessment (%) of the 36 single nucleotide variant (SNV) markers used
to identify Cryptosporidium gp60 subtypes

SNV name Allele Identifies TP FN TN FP Sn Sp

ACOAS_256 C Ib 8 1 1 0 88·9 100·0
T Id 1 0 9 0 100·0 100·0

ACOAS_686 A IIa 9 1 3 0 90·0 100·0
G IIn 3 0 10 0 100·0 100·0

GP60_33_1 C Ia 0 0 10 0 – 100·0
GP60_33_2 A Ig 0 0 10 0 – 100·0
GP60_45-1 G Ia 0 0 10 0 – 100·0
GP60_45-2 T Ig 0 0 9 1 – 90·0
GP60_110 G IIIb 0 0 1 0 – 100·0

A IIIf, IIIi 0 1 0 0 0·0 –
GP60_111 T IIIg 0 0 1 0 – 100·0

C IIIf, IIIh, IIIi 1 0 0 0 100·0 –
GP60_131 G IIIh 0 0 1 0 – 100·0
GP60−144 C IIb 0 0 13 0 – 100·0

T IIa, IId, IIf, IIg, IIj,IIn 0 10 3 0 0·0 –
GP60_162 T If 0 0 10 0 – 100·0
GP60_171_1 T IIf 0 0 13 0 – 100·0
GP60_171_2 A IIIb 0 0 1 0 – 100·0

C IIIf, IIIg,IIIh, IIIi 1 0 0 0 100·0 –
GP60_181 G IIj 0 0 13 0 – 100·0
GP60_183 C IId 0 0 13 0 – 100·0
GP60_215 C IIb 0 0 13 0 – 100·0
GP60_219 T If 0 0 10 0 – 100·0
GP60_228 T IId 0 0 13 0 – 100·0

C IIb, IIf 0 0 13 0 – 100·0
GP60_241 G IIh 0 0 13 0 – 100·0
GP60_243 C IIc 0 0 13 0 – 100·0
GP60_259 A IIIf, g 1 0 0 0 100·0 –

G IIIb, IIIh, IIIi 0 0 1 0 – 100·0
GP60_260 C IIj 0 0 13 0 – 100·0
GP60_261 C Ia, Ig 0 0 10 0 – 100·0
GP60_270 C IIg 0 0 13 0 – 100·0
GP60_274 A IIc 0 0 13 0 – 100·0
GP60_276 A IId 0 0 13 0 – 100·0
GP60_281 C IIh 0 0 13 0 – 100·0
GP60_305 G IIIb 0 0 0 0 – –

GP60_318 T Ie 0 0 10 0 – 100·0
GP60_335 C IIIf 1 0 0 0 100·0 –

G IIIb, IIIg, IIIh, IIIi 0 0 1 0 – 100·0
GP60_349 A Ie 0 0 10 0 – 100·0
GTUB_60 A IIIj 0 0 1 0 – 100·0

G IIIf, IIIg, IIIh 1 0 0 0 100·0 –
GTUB_85 A Ib 9 0 1 0 100·0 100·0

C Id 1 0 9 0 100·0 100·0
GTUB_87 C IIIf, IIIh 1 0 0 0 100·0 –

T IIIg, IIIj 0 0 1 0 – 100·0
GTUB_417 T Ib 8 1 1 0 88·9 100·0

C Id 1 0 9 0 100·0 100·0
GTUB_705 G IIIh 0 0 1 0 – 100·0

A IIIf, IIIg, IIIj 1 0 0 0 100·0 –

Pooled 47 14 326 1 77·0 99·7

TP, FN, TN and FP were estimated by comparing the iPlex typing results with those obtained by Sanger sequencing
(considered the gold standard) of gp60 (Abal-Fabeiro et al. 2013). Additional SNVs selected to reinforce the accuracy of base
calling in a reduced number of samples with uncertain genotypes are typed in bold.
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numbers of true negative and false positive calls,
respectively. The number of TP, FN, true negatives
(TN) and false positives (FP) were estimated by
comparing the iPLEX typing results with those
obtained by Sanger sequencing of diagnostic loci in
a subset of samples (see above).

RESULTS

Identification of the species

Nineteen SNVs at five different genomic loci were
selected to identify Cryptosporidium species
(Table 1). Seven of the SNVs were monoallelic (i.e.
the genotyping reaction is expected to work only if
a particular allele is present) and 12 biallelic (two
alternative results are expected). The calling per-
formance of each SNV allele was determined by
comparing their typing results with those obtained by
successful Sanger sequencing of 82 out of 91 samples
previously sent to the CDC for species identification.
iPLEXgenotyping permitted the identification of the
Cryptosporidium species in 86 out of these 91 control
isolates (94·5%), a slightly larger fraction than with
the Sanger sequencing method, which was successful
for 82 samples (90·1%; the difference is not statisti-
cally significant, P= 0·40, in a two-tailed Fisher’s
exact test). The two methods produced coincident
species determinations across the 91 control samples.
The only discrepancies corresponded to two samples
that were not typed by the iPLEX method, six by
Sanger sequencing and three samples that were not
typed by any of the two approaches.
Redundant SNVs were used to ensure the correct

classification of the samples and to prevent against
sporadic failures of the genotyping assays. This can
be illustrated with the case of the two alleles of
COWP1_399: the first one (nucleotide T), failed to
detect the single C. meleagridis positive control
(Table 1), as determined by Sanger sequencing and
by other redundant SNVs such as ACOAS_235,
COWP1_333, GT_804 or ISWIR_249, that cor-
rectly identified this species. The second allele
(nucleotide A), only detected 32 out of the 81
Cryptosporidium parvum or Cryptosporidium hominis
samples among the controls, which were also
identified by alternative markers.
Despite the failure of some SNV callings, pooled

sensitivity (Sn) and specificity (Sp) values across all
markers (based on samples where Sanger sequencing
produced a result) were high: 88·1 and 97·8%,
respectively.

Identification of gp60 subtypes

Once the species was identified for each isolate, a new
set of 36 SNVs selected for subtype determination
were genotyped (22 monoallelic and 14 biallelic,
Table 2). The results of the subtyping matched

precisely those obtained by Sanger sequencing of the
gp60 gene in a subset of 24 human isolates that were
used as positive controls for the subtyping process: Ib
(n = 9), IIa (n = 10), IIn (n = 3), Id (n = 1) and IIIf
(n = 1) (Abal-Fabeiro et al. 2013). Again, there was
large redundancy between many of the markers and
their performance varied significantly. PooledSn and
Sp parameters values were high: 77·0 and 99·7,
respectively. The lower sensitivity can be attributed
to the performance of one marker (GP60_144;
nucleotide T), which displayed a high proportion of
false negative results.
Considering the two-step genotyping process as

a whole (including the species and subtype determi-
nation), the overall Sn and Sp values for the
combined set of markers were 87·3 and 98·0,
respectively. These parameters would reach even
higher values if only a selection of those SNVs with
the best performance in terms of sensitivity and
specificity was considered (pooled Sn= 94·5 and
Sp= 99·8; Supplemental Table 2S – in Online
version only).

Analysis of a panel of 671 human and bovine samples

The analysis of the full panel of samples allowed
species identification in 550 of the 608 human isolates
(90·5%), 370 of which corresponded to C. hominis
(60·8%), 176 to C. parvum (28·9%), three to
C. meleagridis (0·5%) and one to C. felis (0·1%)
(Table 3). Ambiguous results with genotype calls
corresponding to C. hominis and C. parvum were
obtained in two additional samples. Isolate 578
produced, among other base calls common to both
species, a C. parvum specific G at GTUB_360 and a
C. hominis specific C at GTUB_735 and ISWIR_120

Table 3. Subtyping results obtained by SNV-
marker high-throughput genotyping in a panel of
671 human and bovine samples

Species gp60 subtype Human Cattle

C. hominis Ia 3 0
Ib 336 0
Id 27 0
Ie 4 0
U 0 1

C. parvum IIa 155 56
IId 3 2
IIn 16 0
U 2 1

C. meleagridis IIIb 1 0
IIIf 2 0

C. felis 1 0
Not typed 58 3

Total 608 63

U: undetermined.
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(Supplemental Table 3S – in Online version only).
The other one, sample 744, showed a heterozygous
C/T at COWP1_114 compatible with an infection
with several species (Supplemental Table 3S – in
Online version only), although the remaining SNV
calls were specific to C. hominis. To further investi-
gate the existence of multiple infections, the gp60
locus in these samples was sequenced by the Sanger
method to determine not only the species but also the
subtype/s causing the cryptosporidiosis. We found
no evidence for variation in the length of the PCR
amplicons and there were no double peaks in the
sequencing electropherograms, as would be expected
in the case of a mixed infection with two different
gp60 subtypes. The nucleotide sequences revealed
that sample 578 contained C. parvum IIa and sample
744 C. hominis Ib.

Sixty (95·2%) of the 63 bovine isolates were
successfully characterized and C. parvum was found
in 59 cases (Table 3 and Supplemental Table 3S – in
Online version only). One of the bovine samples
(G27) showed a C call at ISWIR_120 compatible
with the presence of C. hominis, something rarely
reported to date (Smith et al. 2005).We failed to PCR
amplify the gp60 product for this allele.

The gp60 subtype was determined in 605 out of the
671 isolates and the results obtained were consistent
across samples collected from the same individual at
different stages of the infection, except in three of
themwhere one of the repeats failed to produce signal
at any SNV (data not shown).

In humans the most frequent C. hominis subtype
was Ib (n = 336; Table 3), followed by Id (n = 27),
while the presence of Ia and Ie was uncommon (3 and
4 isolates, respectively). The predominant variant in
C. parvum was IIa (n = 155), while other subtypes
(IIn and IId) were found at much lower frequencies
(n = 16 and 3, respectively). Two C. parvum isolates
(10 and 572, Supplemental Table 4S – in Online
version only) showed inconclusive results (i.e. lack of
genotype call at the relevant SNVs) and only after
sequencing their gp60 gene they could be unambigu-
ously assigned to IIa.

Two C. meleagridis isolates (95 and 451,
Supplemental Table 4S – in Online version only)
were also genotyped by Sanger sequencing of the
gp60 locus and subsequently assigned to subtype IIIf
(Abal-Fabeiro et al. 2013) in good agreement with the
iPLEX™ method. The third C. meleagridis isolate
(161), typed as IIIb, could be not verified by Sanger
sequencing.

Subtype was identified in 58 (92·1%) of the 63
bovine samples. The most prevalent subtype was IIa
(n = 56), followed by IId (n = 2) (Table 3). One
additional sample (G39) exhibited inconclusive
results (Supplemental Table 4S – in Online version
only), being classified as IIa only after its gp60
nucleotide sequence was determined by Sanger
sequencing.

DISCUSSION

The accurate diagnosis of cryptosporidiosis relies on
the correct identification of Cryptosporidium species
and subtypes, and it is essential for the study of the
population structure, epidemiology and evolution of
the parasite (Gasser et al. 2006; Jex et al. 2007b). The
precise classification of the different genetic variants
of this pathogen is central to detect potential sources
of contamination and therefore to the prevention and
control of these parasites (Jex et al. 2007a; Chalmers,
2008). To estimate the disease burden, identify
outbreaks or understand population trends in sur-
veillance data (Gasser, 2006; Chalmers, 2008; The
ANOFEL Cryptosporidium National Network,
2010; Yoder et al. 2010) the genetic characterization
of hundreds of samples is required, making increas-
ingly necessary the application of efficient high-
throughput technologies capable of genotyping large
sample panels at low cost. Here we present one such
method for the simultaneous genotype determination
of a moderate number of SNVs at different loci and
apply it to a large sample.

Marker selection

One major difficulty for the use of high-throughput
technologies for molecular typing of non-model
organisms is the lack of a panel of variants (preferably
single nucleotide substitutions) that can be used
as a reference. Here, we took advantage of the
increasing number of nucleotide sequences of marker
loci from different Cryptosporidium isolates that
are available in public databases (GenBank,
CryptoDB) and our own work (Abal-Fabeiro et al.
2013) to compile a panel of SNVs for the identifica-
tion of Cryptosporidium genotypes commonly found
in humans.

The ability of a technique to classify the different
Cryptosporidium species depends on the choice of
suitable genetic markers, which should combine low
levels of polymorphism within species with a
considerable degree of variation among them
(Gasser, 2006). One of the most widely used genes
for the classification ofCryptosporidium isolates is the
small ribosomal subunit (SSU rRNA), which has
been sequenced for all species (Jex et al. 2008).
However, as found in the C. parvum and C. hominis
genomes, this locus is present in several paralogous
copies not necessarily identical (Strong and Nelson,
2000; Abrahamsen et al. 2004; Xu et al. 2004). In
most Cryptosporidium species the number and
sequences of the SSU rRNA copies are still ignored
and the finding of any new genetic variant could be
erroneously assigned to a novel species, when it could
be a previously unidentified copy from a known
species (Navarro-i-Martinez et al. 2003). The use of
single copy genes as molecular markers is therefore
highly recommended, since they facilitate the
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sequence analyses and avoidmisinterpretations of the
data. Consequently, all marker SNVs selected for the
multiplex study correspond to single copy nuclear
loci (Abal-Fabeiro et al. 2013):COWP1 and gp60 had
been extensively used for typing the main species
involved in human and bovine infections
(McLauchlin et al. 2000; Pedraza-Diaz et al. 2001;
Kato et al. 2003; Leoni et al. 2006; Hunter et al. 2007;
Geurden et al. 2009; Widmer and Lee, 2010) and the
other three loci, (ACoAs, gtub and ISWIr) also
present variants that are fixed between species
(Abal-Fabeiro et al. 2013).
Furthermore, the use of a single locus to classify

the isolates in different groups of alleles (subtyping)
can be problematic (Widmer, 2009). The analysis of
the microsatellite length polymorphism in gp60
(Strong et al. 2000) as the main tool to identify
Cryptosporidium variants exhibited inconsistencies in
C. hominis and C. parvum, where sequences with the
same microsatellite size carried different serine
trinucleotides (Sulaiman et al. 2005; Gatei et al.
2007). As a consequence, many authors identified
subtypes according to length polymorphism and
nucleotide variation by counting the number of
TCA, TCG or TCT repeats present in the gp60
microsatellite region (Sulaiman et al. 2005; Jex and
Gasser, 2010; Xiao, 2010). However, multilocus
studies comparing the subtype classification obtained
with gp60 and other loci showed discrepancies; for
example, samples sharing a gp60 allele exhibited
differences when other genetic markers, particularly
micro and mini-satellites, were included. These
observations were made after scoring isolates either
according to amplicon lengths (Mallon et al. 2003;
Tanriverdi and Widmer, 2006) or combining both
amplicon lengths and SNVs (Gatei et al. 2007, 2008;
Widmer and Lee, 2010). Considering that micro-
satellites are highly unstable and have some of the
highest mutation rates observed at molecular loci
(Goldstein and Pollock, 1997; Ellegren, 2004),
polymorphisms either in length or in nucleotide
composition are not excessively surprising. The
finding of genetic differences at distinct microsatellite
loci, is also predictable. Therefore, and to avoid
such conflicts, we selected SNVs in gp60 (Strong
et al. 2000), in a region which did not include the
microsatellite, and two additional single copy nuclear
genes, gtub and ACoAs, which proved to be useful to
classify samples into groups that can be associated
with distinct gp60 subtypes (Abal-Fabeiro et al.
2013).

Performance

We designed a two-step genotyping protocol based
on the iPLEX methodology, consisting of an initial
determination of the species, followed by the
identification of the gp60 subtype. It displayed very

good performance at the two phases of the analysis,
particularly at the identification of the species.
However, two kinds of problems arose at this stage
in some samples: the failure to produce an extension
at the targeted SNVs and the presence of ambiguous
genotype calls. Indeed, 49 out of the 61 samples that
were not assigned to a particular species (Table 3)
failed to produce an extension at all targeted SNVs
(Supplemental Table 3S – in Online version only).
This probably reflects lack of success in the single-
base extension step due to below-requirements
template DNA quantity or quality. In this respect it
must be noted that the iPLEX methodology pro-
duced genotype data for six samples where Sanger
sequencing failed. This performance is consistent
with the observation that the former method has
lower DNA quality restrictions and works compara-
tively better for samples with low DNA concen-
tration or partially degraded DNA (Mendisco et al.
2011).
In samples with ambiguous calls corresponding

to C. hominis and C. parvum, the lack of
supporting evidence from the Sanger sequencing
data does not rule out the possibility of mixed
infections. Given the smaller amplicon sizes needed
by the mass spectrometry method, the mixed
results might reflect the presence of degraded
DNA templates of a hypothetical second genotype,
which would be missed by Sanger sequencing. A
similar pattern would be observed if the parasite
load of one of the species was much larger than the
second one. To address the issue of mixed
infections in which small amounts of DNA from
a minor species could be involved, alternative
methods like PCR-RFLP, SSCP or the use of
species-specific primers have been proposed
(Chalmers et al. 2005).

Genotyping results

MALDI-TOF genotyping performed as well as
Sanger sequencing in our internal controls. In fact,
themost informative SNVs (those selected because of
their best performance in terms of sensitivity and
specificity) showed mean sensitivity and specificity
results comparable to those obtained with other
molecular techniques such as real-time PCR
(Stroup et al. 2006; Hadfield et al. 2011), RFLP
analysis ofCOWP1 and SSU rRNA (Chalmers et al.
2009), Sanger sequencing of gp60 (Chalmers et al.
2008; Hijjawi et al. 2010) or fragment-size-analysis of
three microsatellite markers (gp60, ML1 and ML2)
(Hunter et al. 2007).
We identified nine different gp60 subtypes

from four Cryptosporidium species in our panel of
human-derived isolates (Table 3). Themost common
subtypes were Ib and IIa, which represent 61·3 and
28·3% of the typed human samples, respectively.

497High-throughput SNV genotyping of Cryptosporidium isolates



Subtypes Id and IIn were also abundant while
the others were found in just a few isolates.
The performance of probes designed to identify
the less frequent gp60 subtypes, like C. hominis If,
Ig or C. parvum IIb, IIc, IIf, IIg, IIh, IIj could
not be determined because none of them were
detected in our sample panel despite the use of
multiple SNVs.

Most of the markers that failed the primer
extension were designed for the identification of
C. meleagridis subtypes. Given the particularly high
levels of within-species gp60 diversity described in
this species (Abal-Fabeiro et al. 2013), the possibility
that these failures reflect undetected variation in the
priming sites cannot be excluded.

The bovine sample group was not so diverse
because most animals harboured C. parvum. The
only exception was one calf putatively infected
with C. hominis. Nevertheless, this result has to
be taken with caution, since this isolate only
produced base calls at three SNVs and all attempts
to sequence the gp60 gene in this sample were
unsuccessful, probably due to the lack of good-
quality DNA.

Although mass spectrometry has been widely used
for the genotyping of SNVs for population surveys,
often with medical purposes, as far as we know this is
the first time this technology was used for the
genotyping of Cryptosporidium samples. In our
view, this method has the following advantages over
Sanger sequencing: (i) it allows the simultaneous
analysis of a large number of markers. This is
particularly interesting because it allows the scrutiny
of multiple genomic regions. (ii) The multiplexing
design allows an easy update of the SNVs panel to be
analysed. Further studies with the same purpose
as this one could be limited to the sets of most
informative SNVs (Supplemental Table 2S – in
Online version only), greatly improving the method’s
performance indicators (sensitivity and specificity)
without a noticeable loss of information. In addition,
other SNVs of interest, for example to identify other
species or gp60 subtypes of interest, could also be
included in multiplex designs. (iii) The method is
particularly suitable for the genotyping of large
numbers of samples, with high automatization and
limited handling. (iv) It is much faster than other
sequencing techniques; the full analysis of our panel
of 55 SNVs in the 671 samples can be accomplished
in less than 3 weeks, as compared with the several
months necessary if other methods are used. (v) We
also estimated that this technology is around 40 times
cheaper than Sanger sequencing, which is now
commonly used in Cryptosporidium studies, with
0·1 E per genotype as compared with over 4·0 E per
Sanger sequencing reaction. The cost benefit in-
creases with the sample size to be analysed. (vi) The
small size of the amplicons means that the method
can be used even with degraded template DNA.

Finally (vii), the genotyping results are very robust,
as demonstrated by the high repeatability in our
replicated samples.

Overall, here we presented a method for the high-
throughput genotyping ofCryptosporidium isolates in
large sample panels. The method is based on the
multiplex analysis of a collection of SNVs used as
species and gp60 subtype markers, by means of mass
spectrometry. Compared to Sanger sequencing this
method is practical, efficient, cheaper and less time
consuming and it can be progressively adapted for the
diagnosis of new species or subtypes as soon as their
sequences are characterized.

SUPPLEMENTARY MATERIAL

To view supplementary material for this article, please visit
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