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Abstract

Cryptosporidium parvum is a protozoan parasite causing gastro-intestinal disease
(cryptosporidiosis) in humans and animals. The ability to investigate sources of
contamination and routes of transmission by characterisation and comparison of isolates in
a cost- and time-efficient manner will help surveillance and epidemiological investigations,
but as yet there is no standardised multi-locus typing scheme. To systematically identify
variable number tandem repeat (VNTR) loci, which have been shown to provide
differentiation in moderately conserved species, we interrogated the reference C. parvum
lowa Il genome and seven other C. parvum genomes using a tandem repeat finder software.
We identified 28 loci that met criteria defined previously for robust typing schemes for
inter-laboratory surveillance, that had potential for generating PCR amplicons analysable on
most fragment sizing platforms: repeats = 6 bp, occurring in tandem in a single repeat
region, and providing a total amplicon size of < 300 bp including 50 bp for the location of the
forward and reverse primers. The qualifying loci will be further investigated in vitro for

consideration as preferred loci in the development of a robust VNTR scheme.
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1. Introduction

Cryptosporidiosis is a worldwide diarrheal disease caused by species of the protozoan
parasite Cryptosporidium. The parasite is transmitted via the faecal-oral route through the
ingestion of oocysts, either by direct contact with infected hosts or in contaminated food or
water, which may lead to the emergence of large scale outbreaks (Ortega and Cama, 2008;
Chalmers, 2012). Among the 26 or so species that have been described to date,
Cryptosporidium hominis is the most common anthroponotic species and Cryptosporidium
parvum is the most common zoonotic species infecting humans and a wide range of
animals, placing an economic and welfare burden on livestock farming as well as public
health (Xiao, 2010; Shirley et al., 2012). Subtyping of isolates is of utmost importance to
investigate sources of contamination and routes of transmission and in doing so, identify

appropriate interventions.

The life cycle of Cryptosporidium involves both asexual and sexual reproduction and genetic
recombination has been demonstrated experimentally in C. parvum (Feng et al., 2002).
Therefore, it is feasible to suppose that recombination between different genotypes occurs
in nature giving rise not only to new genotypes but also to heterogeneous populations,
although the scale of occurrence within hosts is not known as many genotyping methods
lack sensitivity for their detection (Grinberg and Widmer, 2016). Cryptosporidium parvum
genotypes have traditionally been identified based on sequence analysis of the gp60 gene,
in which variable numbers of tandem serine codons as well as downstream polymorphisms

differentiate subtypes (Strong et al., 2000).
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Genetic loci containing a variable number of tandem repeats (VNTRs), when used in
multilocus variable number tandem repeat analysis (MLVA), can enable rapid
characterization of outbreak isolates and infer linkage (Hotchkiss et al., 2015; Chalmers et
al., 2016). However, VNTRs have been used in many combinations on different analytical
platforms in a limited number of studies for genotyping C. parvum and investigating
population structure and transmission and there is as yet no standardised multilocus
subtyping scheme (Robinson and Chalmers, 2012). Some of the currently used VNTR loci are
either poorly suited to fragment sizing (Chalmers et al., 2016) or have been found to be
monoallelic in some populations (Hotchkiss et al., 2015). For international surveillance and
outbreak investigations, a robust, multilocus VNTR scheme, incorporating suitable loci for
the different analytical platforms that might be used in different laboratories, would provide
a portable tool. Criteria and processes for the selection of markers have been described for
bacterial pathogens (Nadon et al., 2013). However, many of the VNTR loci used for fragment
sizing analyses of C. parvum have been identified as sub-optimal. Either they are very short
repeat units producing similar sized fragments that are prone to amplification errors due to
slippage and that are hard to differentiate on many analytical platforms, or are complex and
non-tandem in occurrence, and there is a need for the identification of new loci (Robinson

and Chalmers, 2012; Chalmers et al., 2016).

Traditionally, options for identifying new candidate VNTRs include: screening thousands of
clones in genomic libraries through colony hybridization with repeat-containing probes such
as RAPD-based to avoid library construction and screening, primer extension-based
methods for the production of libraries enriched in microsatellite loci, and selective

hybridization (Zane el al., 2002). In recent years, with the continued improvement of next
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generation sequencing (NGS) technologies and ever reducing costs, whole genome
sequencing has become more feasible; for some pathogens, including Shiga-toxin producing
E. coli, this is now the standard typing method (Dallman et al. 2015) and for others it
provides a means for identifying new markers. Interrogating whole genome sequences
provides an efficient, simplified method of identifying new VNTR regions (Lim et al., 2012;
Zapala et al., 2012). However, whole genome sequencing of Cryptosporidium spp. has
lagged behind that of other pathogens, such as those that are culturable, present in greater
abundance, or in less complex samples than faeces. Until recently, only three
Cryptosporidium genomes were available, one each of C. parvum, C. hominis and

Cryptosporidium muris (Abrahamsen et al., 2004; Xu et al., 2004; http://cryptodb.org).

However, through the use of appropriate faecal sample selection, oocyst purification by
flotation and immunomagnetic separation, followed by bleach treatment to degrade
exogenous nucleic acid, new Cryptosporidium whole genome sequences have been
generated from clinical samples, increasing the number of sequences available (Hadfield et
al., 2015). Genomes can be mined rapidly and efficiently using bioinformatics tools,
expanding the potential for the identification of new diagnostic and genotyping markers. For
Cryptosporidium, several studies have used software programs to mine the previously
limited number of genomes to identify VNTR loci in C. parvum, C. hominis and C. muris and
used them to multilocus genotype isolates by sequencing or fragment sizing (Tanriverdi and
Widmer, 2006; Feng et al., 2011; Herges et al., 2012; Li et al., 2013; Ramo et al. 2016a).
Additionally, Cryptosporidium genome mining of newly produced genomes has been used in
the identification of unique gp60 sequences within the genome of the emerging pathogen
Cryptosporidium ubiquitum (Li et al., 2014). Here we describe the mining of multiple C.

parvum genomes for the identification of VNTR loci and the verification in silico of their
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suitability for further development of multilocus variable-number tandem-repeat analysis

(MLVA) schemes.

2. Methods

2.1. Identification of variable VNTR loci and their attributes

To identify robust MLVA candidate loci for inter-laboratory surveillance and outbreak
investigations, selection criteria were first defined on the basis of a previous in vitro
evaluation study (Chalmers et al., 2016) and published guidance (Nadon et al., 2013):
repeats > 6 bp, occurring in tandem in a single repeat region, and providing a total amplicon
size of < 300 bp including 50 bp for the location of the forward and reverse primers which
would give fragments suitable for sizing on most platforms. The C. parvum lowa |l reference
genome (Table 1; Puiu et al., 2004) was retrieved from the NCBI database

(http://www.ncbi.nlm.nih.gov) and interrogated for qualifying loci meeting our selection

criteria using Tandem Repeat Finder (TRF) software (version 4.07b, Boston University)
(Benson., 1999) using the default settings. The output table of identified tandem repeats
was transferred to a spreadsheet (Excel 2007, Microsoft) and repeats of < 6 bp rejected.
Repeats with < 90% sequence similarity among the copies were also rejected and those with

> 90%, with the variation limited to only the ends of the region, examined further.

The repeat size, sequence and copy number, gene name and chromosome location, GC
content and conservation of the sequences flanking the repeat units of the remaining repeat
regions was recorded. The corresponding loci within seven other C. parvum whole genomes
(UKP2 through to UKP8; Table 1) published previously (Hadfield et al., 2015) and obtained

from the umbrella BioProject PRINA215218 on the NCBI database
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(http://www.ncbi.nlm.nih.gov) were identified and all sequences were aligned at each locus

using BioEdit (v7.0.9.0, http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The alignments

were edited to include only the VNTR and immediate flanking regions, the orientation
checked and the validity of coding sequences and reading frames identified in the C. parvum
lowa Il reference genome on CryptoDB. The true repeat units were identified by checking
that repeats in coding regions were represented by whole codons in the correct interval
from the methionine start codon. Motifs similar to the true repeat that consistently flanked
the VNTR units without variation were not included in the definition of the repeat region; an
example is shown in Figure 1. Only those loci that displayed variations in the number of

repeats in the eight aligned isolates were included the final selection.

The number of true repeat units was determined for each locus in each genome, and any
additional features of interest that could influence the further selection of qualifying loci for
PCR development were noted. To investigate whether any potential tandem repeats were
present as only single copies in the lowa Il reference genome, the process was repeated
using the genome of C. parvum UKP8 (selected as it is a different gp60 family compared to

the other seven and therefore more likely to vary from lowa; Table 1) as the reference.

2.2. Literature and database search

To validate our identification procedure, we looked in the TRF output spreadsheet for the
loci reviewed previously by Robinson and Chalmers (2012) and those arising from a new
literature search using the terms Cryptosporidium AND parvum AND (VNTR OR tandem OR
microsat® OR minisat* OR multiloc* OR multi-loc*) undertaken in PubMed for the time

period 1% November 2011 to 20" May 2016.
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Qualifying loci, their flanking regions and potential PCR primer sequences were checked on

http://EuPathDB.org using the BLAST search tool to see if they were present in the

reference genomes of C. hominis and C. muris, which may be desirable if a common
subtyping approach is required for both C. parvum and C. hominis for example. Likewise, the
genomes of genera within the other taxa available on the database (Amoebozoa,
Apicomplexa, Chromerida, Diplomonadida, Fungi, Kinetoplastida, Oomycetes, and
Trichomonadida) were also checked as homology in potential primer sequences would
compromise the specificity of any assay based on these loci. The repeat regions and 50 bp of
the flanking sequences from each of the identified C. parvum loci were used as the query

sequence using default parameters.

2.3. Bioinformatic analyses

To compare the eight C. parvum isolates at all selected loci, a Minimal Spanning Tree (MST)
was produced using Bionumerics 7.6 (Applied Maths). To determine the potential for the
MLVA approach to be used as a surrogate for whole genome comparison of closely related
isolates, the MST was compared with phlyogenetic analysis of four isolates with the same
gp60 subtype, UKP4, 5, 6 and lowa Il, conducted on the FASTA files from the NCBI
Bioprojects (Table 1; Hadfield et al., 2015) using MEGA version 6 (Molecular Evolutionary
Genetics Analysis; Tamura et al. 2013) and aligned using the integrated ClustalW multiple
sequence alignment program. Isolates UKP4, 5 and 6 were from cryptosporidiosis cases
diagnosed during a widespread foodborne outbreak in the UK in 2012 (McKerr et al., 2015).
The ~9.08 Mb whole genome alignment was subsequently examined manually to ensure

sequence integrity and consensus across the four isolates. Phylogenetic reconstruction of
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aligned sequences was achieved using the Unweighted Pair-Group Method with Arithmetic
Mean (UPGMA) algorithm imbedded in MEGA version 6, using the Maximum Composite
Likelihood model and uniform rates among sites. Confidence of the phylogenetic tree was

assessed using 1000 bootstrap replications.

3. Results

3.1. Identification of variable VNTR loci and their attributes

A total of 2284 tandem repeat loci were identified initially in the C. parvum lowa Il reference
genome, but after rejecting 2074 loci with repeats of < 6 bp or showing < 90 % similarity
among the copies of the repeat, and 182 loci that showed no variation in copy number
within the other seven genomes, 28 remained for further examination (Table 2).
Interrogating the UKP8 genome, 2016 loci were identified initially, but after applying our
selection criteria and removing duplicates identified initially in the IOWA Il genome, eight
additional loci remained. However, those eight were also rejected as they showed no

variation in copy number within the other genomes investigated (Table 2).

The repeat size, sequence and copy number, gene name and chromosome location, GC
content and conservation of the sequences flanking the repeat units of the remaining edited
and validated repeat regions are shown in Tables 3 and 4. Of the 28 qualifying VNTR loci, 16
met all of the guidance criteria published by Nadon et al. (2013) while 12 had some
variation. For two loci this was in the flanking region only, for seven it was towards the ends
of the VNTR region and for three loci it was in both the flanking region and towards the ends
of the VNTR region (Table 3). The variability in the flanking regions was not predicted to

hinder assay design or affect fragment sizing because it was due to substitutions and not
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indels, so the actual size of the fragments would not be affected and they were considered

as qualifying for consideration in further analysis.

The 28 qualifying loci were found across all eight C. parvum chromosomes (Tables 2, 3 and
4). Chromosomes 2 and 4 had the most qualifying loci, with six loci each; chromosome 3 had

the least with only a single qualifying locus.

The majority of VNTR sequences in the qualifying loci were non-polymorphic (18/28),
especially those found in chromosome 2 where there was no sequence variation within the
six repeat units. Twenty five of the 28 qualifying loci were coding, and the most common
repeat unit length was 6 bp and the longest was 27 bp (cgd6_4290 9811) (Table 3). The
three non-coding loci (one on chromosome 5 and the two on chromosome 8) were 6, 13
and 18 bp in length. With the intention of developing in vitro assays and designing PCR
primers, we looked at the GC % content as well as the conservation of the sequences
flanking the repeat region. In all cases, the GC content was < 50 % and all but 5 qualifying
loci showed 100 % conservation of flanking sequences upstream and downstream of the

repeat region (Table 3).

Of the 28 qualifying loci, 19 were found in all eight genomes interrogated. The non-detects
occurred mostly as singles (six loci) but three loci (cgd4_3940_298, cgd4_1340_1688, and
cgd5_4490_2941) were not detected in two, three and four genomes respectively (Table 4).
The number of alleles identified for each qualifying locus in the eight genomes investigated
varied between two (21 loci), three (4 loci), four (one locus), five (one locus) and seven (one

locus, cgd8 NC_ 4440 _505) (Table 4). Of the 19 loci found in all eight genomes, eight
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differentiated the gp60 lla and lld families while two also differentiated between some of
the seven gp60 Ila genomes and nine provided differentiation between at least two of the

Ila genomes but could not separate Ild (Table 4).

3.2. Literature and database search

Of the 55 VNTR loci reviewed by Robinson and Chalmers (2012), 18 were 2 6 bp, but only
MSF (Tanriverdi and Widmer, 2006) was selected by our criteria for further examination
(cgd5_10_310, Table 3). The remaining 17 were not included as six showed < 90 % similarity
among the repeat copies and in 11 the variation was distributed throughout the repeat
region. One locus overlooked previously, MSC6-5 (Xiao and Ryan, 2008), was also selected

through our process (cgd6_4290 9811, Table 3).

A total of 35 new publications were identified using the search terms defined in PubMed
within the time period considered, of which 19 were considered relevant. Only three of
these reported “new” loci. Herges et al. (2012) described the GRH locus, detected with the
same TRF software that we used, identified in our study as cgd1_470_1429 (Table 3) with
the repeat re-defined based on the correct reading frame. The two others (Ramo et al.,
2016a and 2016b) included four previously un-described VNTR loci. We found all four in our
initial screening of the C. parvum lowa Il genome, and two qualified in our analysis (Table 3),
although again we defined the repeat sequences differently, based on their DNA codons in
the correct open reading frame. Additionally, one was translated from the antisense strand
(Table 3). Two were rejected (cgd2_3850 and cgd6_5400) as they presented <90 %

similarity throughout the repeat regions.
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Investigation of the C. hominis reference genome revealed 20 of the qualifying loci in both C.
parvum and C. hominis for which we predicted feasible PCR amplification. Eight were
confirmed as present only in C. parvum. None of the loci were indicated to be present in C.
muris. The BLAST results against other taxa on EuPathDB only returned results showing low
similarity, or close matches over very short sequence spans suggesting that non-specific

amplification would be avoided by careful primer design.

3.3. Bioinformatic analyses

All eight isolates were differentiated in silico by MLVA using all 28 loci (Figure 2). In fact the
minimum number of loci required to differentiate all eight isolates was two
(cgd8_NC_4440_506 and any one of eight others, the most discriminatory being

cgd4 2350 796, Table 4).

Both MLVA and whole genome comparison of UKP4, 5 and 6 and lowa Il showed similar
outcomes: while each individual isolate could be identified separately, the UKP4, 5 and 6
clustered closely together when compared to the other genomes (Figure 2) and when

compared to lowa Il (Figure 3).

4. Discussion

The clinical and economic impact of cryptosporidiosis demands the development of
strategies for improved surveillance and control including the ability to investigate, through
genotyping, sources of contamination and routes of transmission in a fast and reliable way.
The availability of seven new C. parvum genomes (Hadfield et al., 2015), in addition to the

reference lowa Il genome, allowed us to perform an in silico analysis of new potential VNTR
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loci using well defined criteria. This approach has been shown to be quicker and cheaper
than traditional methods based on the construction of DNA libraries enriched for repetitive
sequences (Zane, 2002), and was fruitful in our analysis; of the 28 qualifying loci identified,

23 were new and just 5 had been identified previously.

Cryptosporidium genome mining for VNTR loci has been restricted in the past because of the
limited number of genomes available, and required subsequent laboratory experiments to
predict their discriminatory potential (Tanriverdi and Widmer, 2006, Feng et al., 2011,

Herges et al., 2012, Li et al., 2013, Ramo et al., 2016a).

Although the accuracy of NGS may be challenged by homopolymers, one study reported the
acceptable identification of short tandem repeats, present in the yeast Saccharomyces
cerevisiae in copy numbers of a similar order of magnitude to those in our whole genome
sequences (Zavodna et al., 2014). The depth of coverage of the genome sequencing was
identified as being important, but cannot alone resolve assembly gaps caused by repetitive
regions with lengths that approach or exceed those of the short NGS reads (Sims et al.,
2014). The required average mapped depth to allow reliable calling of SNPs and small indels
across 95 % of the genome has reduced from 50x to 35x due to improvements in sequencing
chemistry reducing GC bias and yielding a more uniform coverage (Sims et al., 2014). The
overall range of coverage of the C. parvum genomes in our study ranged from 26.86x to
192.48x (mean 113.52x ) for the UKP genomes (Hadfield et al., 2015) and 13x for lowa Il
(Abrahamsen et al., 2004) (Table 1). We therefore considered that using the genome
sequences not only allowed us to locate and describe the VNTRs, but also compare the

outputs and outcomes phylogenetically.
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The majority of the qualifying VNTR loci contained non-polymorphic tandem repeats located
in coding regions. It is likely that selection pressure for sequence conservation drove the
occurrence of homogeneous repeats mainly in coding regions (Madesis et al., 2013). The use
of only perfect non-polymorphic repeats for MLVA was recommended by Nadon et al.
(2013), but to identify these it was necessary to loosen the parameters to include those
repeats with > 90 % similarity before manually determining the true repeat, as flanking
sequences similar to the repeat would sometimes stop the software from returning some of
the results when set to 100 %. For example, TCA TCA TCT would not return if set to 100 %,
because the TCT unit would be counted as part of the repeat, even if it was consistently
present and non-variable. While this undoubtedly resulted in the loss of a number of VNTR
loci that may indeed be useful, the objective was not to identify all of the tandem repeats
present, but to identify new suitable candidates that could be examined further to develop
a robust typing scheme. The 90% cut-off was not pre-determined, but selected arbitrarily
based on the number of initial results that it returned (210 before assessing the spread of
variation throughout the region and discrimination with the other C. parvum isolates).
Additionally, we made the assumption that loci with the highest similarity between repeat

copies would be more robust in a typing method.

Most repeat units were short (6 bp) but some longer ones were identified, up to 27 bp, but
there didn’t appear to be any major significance associated with the length of the repeat
and potential for discrimination, although this is probably due to only 2 or 3 alleles being
found at most loci (25/28). The most discriminatory locus was the 6 bp repeat

cgd8_NC_4440 506 that separated the 8 genomes into 7 different alleles, but the second
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most discriminatory locus was the 15 bp repeat cgd4_3450_ 4336 that resulted in 5 alleles.
The potential advantages of the shorter repeats include the scope to detect a greater
number of alleles within the maximum fragment size requirements for a multi-platform
scheme. For example, when the two most discriminatory loci are compared in the lowa |l
genome, cgd8 NC_4440 506 had 30 copies of the repeat opposed to the 13 copies of
cgd4 _3450_4336, but the latter is at the top end of the preferred size range (< 300 bp
including 50 bp flanking regions for primer annealing) because each copy is 15 bp. The
advantage however, with longer repeats is the easier separation of alleles based on

fragment size as variation in the sizing is less likely to overlap with the next allele size.

The distribution of qualifying loci was across all chromosomes, with the number per
chromosome ranging from one (chromosome 3) to six (chromosomes 2 and 4) (Table 3). The
selection of loci for a scheme based on the diversity and spread across different
chromosomes is particularly important in Cryptosporidium due to the potential for
recombination during the sexual stage of the life cycle (Widmer & Sullivan, 2012). While a
spread of loci across chromosomes is required, a representative from each chromosome is
not necessary, because the aim would be to identify a multilocus method providing good

resolution but with the smallest number of markers (Widmer & Sullivan, 2012).

Of the 28 qualifying loci, nine were not detected in one or more of the whole genomes
(Table 4). There could be a few explanations for this including, mismatches in the sequence
inhibiting the identification of the target sequence, poor coverage of the genome at that
particular locus or a true absence of the repeat in that isolate. The locus that had the most

non-detects (cgd5_4490_2941) only identified alleles in half of the genomes. However, each
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of the alleles that were found with this locus were different making it the third most
discriminatory with 4 alleles. This locus warrants further investigation to determine why it
was not detected in half of the genomes and whether following primer design to specifically

target it can the VNTR be detected in all isolates.

The eight C. parvum genomes investigated comprised two C. parvum gp60 families (lla and
IId) which are prevalent in both humans and animals worldwide (Wang et al., 2014). While
the gp60 marker does provide relatively good discrimination between isolates of C. parvum,
it, along with other single loci, does not serve as a surrogate for other loci or multilocus
genotypes (Widmer and Lee, 2010). However, as these data were readily available for each
of our genomes, the gp60 genotype of each isolate could provide some initial indication to
differences between isolates for comparative purposes with the newly identified alleles.
Eight of our loci could only differentiate the two gp60 families lla and lid (Table 4), whereas
the remaining candidate VNTR loci allowed for some intra-gp60 family discrimination (e.g.
cgd1l 3060_604 with two alleles or cgd8 NC_ 4440 505 with seven alleles) sometimes in
addition to family discrimination. Although within-host populations of Cryptosporidium are
likely to be genetically diverse (Grinberg and Widmer, 2016), MLVA has the potential to
identify these mixed populations. The genome sequences interrogated in our study were
reported to show no evidence of being mixed species (Hadfield et al., 2015), but from the
sequence data alone we cannot be certain that there are no mixed populations of C. parvum

genotypes present.

The apparent discriminatory power of VNTR loci has been shown previously to differ

between gp60 families. For example, in two studies the VNTR locus MSF (Tanriverdi and
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Widmer, 2006; cgd5_10_310 in this study) readily differentiated isolates belonging to gp60
family Ild, but was not as discriminatory for gp60 family lla isolates (Chalmers et al. 2015;
Hotchkiss et al. 2015). Consideration of the hosts likely to be investigated is important; in
Spain and the UK, gp60 family lla is more common in cattle (Quilez et al., 2008a; Hotchkiss
et al., 2015) and Ild in sheep and goats (Quilez et al., 2008b), so loci such as cgd5_10 310
(MSF, Tanriverdi and Widmer, 2006) would be less informative in cattle isolates compared
to sheep and goats (Hotchkiss et al., 2015). Indeed, in a recent study by Ramo et al. (2016b)
two VNTR loci that were previously used for intra-species typing in cattle and showed to be
poorly discriminatory (Ramo et al., 2016a) were among the most informative for typing in
sheep. Due to the prior selection of samples for whole genome sequencing (Hadfield et al.,
2015), only one of the genomes analysed in our study was Ild, whereas the other seven
genomes were lla, which may have resulted in selection bias towards loci that are more
variable in lla. Further testing in vitro of a larger, varied panel of isolates is required to
provide more detailed information about the discriminatory capabilities of the qualifying
loci. For example, Herges et al. (2012) identified 10 different GRH (syn. cgd1_470 1429 in
this study) alleles in 254 C. parvum isolates from humans and cattle, second in
discrimination only to gp60 with 22 alleles. There remains a need for more Cryptosporidium
whole genomes to be published ideally from different sources to increase the amount of
potential variation and allow us to make less biased comparisons. The number of available
genomes is increasing (Andersson et al., 2015; Hadfield et al., 2015; Guo et al., 2015) and

mining their data will help further in the development of efficient MLVA schemes.

Comparison of three isolates (UKP4, 5 and 6) from cryptosporidiosis cases who lived in the

North East of England and were diagnosed during a large foodborne outbreak in 2012
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(McKerr et al., 2015) showed variation at three of the qualifying loci (cgd2_3300_1504,
cgd4 2350 796, cgd8 NC_4440_505). In a multilocus sequence typing study by Feng et al.
(2013), linkage equilibrium was observed in the gp60 subtype [laA15G2R1 group but not in
the non-1laA15G2R1 group, indicating the possible presence of genetic recombination and
maybe explaining the variation at other loci within the 11laA15G2R1 gp60 genotype.
However, in our study the cgd2_3300_1504 and cgd4_2350_796 loci only differed between
the three isolates in UKP5 and it is a possibility that this variation could be due to
inaccuracies in the UKP5 sequence assembly as the depth of coverage was only 26.86x.
Another potential for inaccuracy in two of the loci (cgd4_2350_796 and
cgd8_NC_4440_505) is that the repeats are approaching the size of the raw NGS reads,
which as described above can make it hard to resolve assembly gaps in these regions (Sims
et al., 2014). Testing these three isolates with carefully designed PCR assays at these loci
would help resolve whether these isolates are indeed different from each other. It is also
possible that in outbreaks, especially ones where there must have been a high degree of
contamination to cause geographically widespread illness in >300 confirmed cases (McKerr
et al., 2015), mixed populations of oocysts may have caused the infections resulting in
differing allelic profiles. Alternatively, the cases may not have been linked by a common
exposure to the source of the outbreak and may have been background, unlinked cases. A
comparison by MST with all 28 loci and phylogenetic analysis of the whole genome both
suggested that although slightly different, the outbreak samples cluster together separately
from the lowa Il isolate (Figures 2 and 3). This suggests that with careful selection of loci,
MLVA may serve as a surrogate to whole genome analysis when studying relationships
between epidemiological relevant isolates with clear cost-saving benefits. In addition to

cost, whole genome sequencing of Cryptosporidium is also hindered by the non-culturable
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nature of the parasite, which, combined with the limited amount of faeces available in many
clinical samples, often results in too few organisms to obtain enough highly purified DNA for

WGS to be applicable (Hadfield et al., 2015).

Conclusions

The strategy we followed for this study enabled the identification of 28 VNTR loci that may
be suitable for the development of a robust MLVA scheme. This study not only mined a C.
parvum reference genome (lowa Il) to identify VNTR loci, but also utilised seven additional
C. parvum genomes to determine the potential for intra-isolate discrimination. The potential
for these loci to discriminate isolates was demonstrated by comparing alleles, MST and
UPGMA. For an efficient MLVA scheme the number and selection of loci should be ideally
reduced to a minimum number of discriminatory loci to maintain cost and time efficiency
for epidemiological investigations. The next step will be subjecting selected loci to in vitro
testing to assess their typability and discriminatory power by capillary electrophoretic sizing

of amplified DNA from both related and unrelated isolates.
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Table 1. Cryptosporidium parvum genomes used to identify VNTR loci

C. parvum Provenance gp60 allele  BioProject Mean sequencing
isolate number depth of coverage
lowa Il Standard isolate from infected calf  11aA15G2R1 PRINA15586  13x
UKP2 Male child, case from north east 11aA19G1R2 PRJNA253836 51.80x
England in 2012
UKP3 Female child from north Wales IlaA18G2R1 PRINA253840 166.42x
linked to an outbreak involving
lamb contact at school in 2013
UKP4 Adult cases from north east laA15G2R1  PRINA253843 192.48x
UKPS England diagnosed during a IlaA15G2R1 PRINA253845 26.86x
UKP6 widespread foodborne outbreak in  [1aA15G2R1 PRIJNA253846 104.83x "
2012 (McKerr et al., 2015)
UKP7 Male child from north west IlaA17G1R1 PRINA253847 77.85x
England linked to an outbreak at an
open farm in 2013
UKP8 Female adult case from the IIdA22G1 PRINA253848 174.39x

Midlands of England linked to an
outbreak at an open farm in 2013

" Random shotgun sequencing (Abrahamsen et al., 2004)
" llumina sequencing reads mapped to C. parvum lowa Il (Hadfield et al., 2015)
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Table 2. Identification and distribution of tandem repeat regions within Cryptosporidium
parvum genomes

Chromosome Number of Number of tandem repeat Number of tandem
tandem repeat regions meeting selection repeat regions
regions found criteria” in the lowa II showing variation in
in genome (additional repeats  copy number of
lowa Il ; UKP8 in the UKP8 genome) repeats within eight

genomes studied
(Table 1)

1 194 ;192 18 (0) 4

2 276 ; 279 26 (0) 6

3 215; 212 29 (1) 1

4 312 ;202 38 (1) 6

5 351; 332 24 (3) 3

6 326 ; 282 19 (0) 4

7 227 ;142 22 (0) 2

8 383 ;375 34 (3) 2

>6 bp, =2 90% similarity among the copies of the repeat, sequence variation limited to the
ends of the repeat region

29



Table 3. Attributes of the selected VNTR loci identified in Cryptosporidium parvum. Within coding regions, loci are named according to the
chromosome, gene number and location of the repeat region in bp from the start of the gene, and for non-coding (NC) regions according to
the chromosome followed by the label NC, the upstream gene number and location of the repeat region in bp from end of the upstream

gene.
VNTR locus name Corrected nucleotide sequence 5’ to 3’ Length Coding / % GC Conservation of the sequences
Non-coding content  flanking the repeat unit
(not
including
repeat)
Chromosome 1
cgdl_470_1429 TC(T/G)GAT? 6 Coding 38.2 100%
cgdl 3060 _604 TCCTCA 6 Coding 34.6 100%
cgdl 3170 4182 TGATTCCAATTC 12 Coding 27.4 100%
cgdl_3670_5956 GAGCCT® 6 Coding 37 100%
Chromosome 2
cgd2 430 451 TCAAGT 6 Coding 45,5 100%
cgd2_3300_1504 CATTCTGGTAGGGGAGGA 18 Coding 31.5 100%
cgd2_3320_1621 GAACAGGAGCAT 12 Coding 34.5 100%
cgd2_3490_2029 TCATCT 6 Coding 39.1 100%
cgd2_3550_1474 TCCACTTCTGCT 12 Coding 32.7 100%
cgd2 3690 5176 GAAAAGGAGGAGAAAGAG 18 Coding 27.3 100%
Chromosome 3
cgd3_3620_1036 AAAGA(C/T) 6 Coding 24.4 100%
Chromosome 4
cgd4 1340 1681 GGTACTAAAATTAC(C/T)AATACC 21 Coding 20 100%
cgd4 2350 796 CC(T/C)GGTATGGG(T/C)CC(A/G) 15 Coding 40.4 UKP6 not conserved downstream
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cgd4 3450 4336
cgd4_3630_880
cgd4_3940_298
cgd4 3970 1525

Chromosome 5

cgd5 10 310

cgd5 NC_3600 3666
cgd5 4490 2941

Chromosome 6
cgd6_530_1561
cgd6_3930_1823

cgd6_3940_ 688
cgd6_4290 9811

Chromosome 7
cgd7_420_4750
cgd7_1010_9527

Chromosome 8
cgd8_NC_ 4440 _505
cgd8_NC_4990_360

TCTGAA
CCAAGTAG(C/G)(A/G)CT
GAAAGCGATTCTGATAGT
ATGCCT

GCTCAGGAAGGA®
CATCATCACCA(A/T)CATCAC
CAGAGC

ACAGGAACA
CAGCTCCTC

ATGCCA®
(TCT*/TCC)°TCTTCTTCCTCCTCT(TCTTCTTCC/
TCCTCCTCT**)

(G/A/C)AA(C/G)AA
TTGGACAGGGGTGTGGAG

TGAGC(C/T)
GGCGG(G/T)CAATTTT

12
18

12
18

18

13

Coding
Coding
Coding
Coding

Coding
Non-Coding
Coding

Coding

Coding
Coding
Coding

Coding
Coding

Non-Coding
Non-Coding

41.5
45.5
25.4
30.6

38.2
44.1
24.1

28.6

36.5
50
35.2

25.7
29.7

41
26

100%
UKP8 not conserved downstream
100%
100%

100%
100%
100%

100%
UKP8 not conserved downstream

UKP4 not conserved upstream
100%

100%
100%

UKP7 not conserved upstream
100%

* present only in first repeat, ** present only in last repeat

a) Previously presented as TTCTGA (Herges et al., 2012)

b) Previously presented as TGAGCC (Ramo et al., 2016a)

c) Reverse complement of MSF (Tanriverdi and Widmer, 2006)

d) Reverse complement, adjusted repeat previously presented as TTGGCA (Ramo et al., 2016a).

e) Identified previously as MSC6-5 (Xiao and Ryan, 2008)
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Table 4. Amount of variation within eight Cryptosporidium parvum genomes at the qualifying VNTR loci. NF indicates repeat not found, which
could be due to either mismatches in the sequence inhibiting the identification of the target sequence or poor coverage of the genome at
that locus

Number of repeats (gp60 allele)

Level of
discrimination
compared to

Number .
gp60 provided by
Locus lowa Il UKP2 UKP3 UKP4 UKP5 UKP6 UKP7 ukpg ~ ofalleles the locus
(laA15G2R1) (11aA19G1R2) (I1aA18G2R1) (1laA15G2R1) (IlaA15G2R1) (laA15G2R1) (IlaA17G1R1) (lldA22G1) identified . 0 o ity
intra-family or
both)
cgdl_470_1429 7 4 4 4 4 4 4 6 3 Both
cgdl _3060_604 5 5 6 5 5 5 5 5 2 Intra-family
cgdl 3170 4182 3 3 3 3 3 3 NF 2 2 Inter-family/Both
cgd1_3670_5956 5 5 5 5 5 5 5 10 2 Inter-family
cgd2_430_451 6 7 6 6 6 6 7 6 2 Intra-family
cgd2 3300_1504 3 3 3 3 1 3 3 3 2 Intra-family
cgd2_3320_1621 4 4 4 4 4 4 4 5 2 Inter-family
cgd2 3490 2029 4 4 4 5 5 5 NF 5 2 Inter-family
cgd2 3550 1474 2 1 2 2 2 2 2 2 2 Intra-family
cgd2 3690 5176 4 4 4 4 4 4 4 2 2 Inter-family
cgd3 3620 1036 7 6 8 8 8 8 6 NF 3 Intra-family/Both
cgd4 1340 1688 3 3 3 NF NF 3 NF 2 2 Inter-family/Both
cgd4 _2350_796 13 6 7 5 9 5 8 5 5 Intra-family
cgd4 3450 4336 3 3 3 3 3 3 3 2 2 Inter-family
cgd4 _3630_880 5 5 5 5 5 5 5 6 2 Inter-family
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cgd4 3940 298
cgd4_3970_1525

cgd5_10_310
cgd5_NC_3600_3667
cgd5_4490_2941

cgd6_530_1561
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Figure 1. The true cgd1_3060_604 repeat region (green box) occurring in eight Cryptosporidium parvum isolates comprising tandem TCCTCA
repeats (each translated to two serine repeats), but flanked by similar TCCTCT or TCTTCT repeats (red boxes) (also translated as two serine

repeats) that are not included as part of the repeat region.
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ACCEPTED MANUSCRIPT

Figure 2. A minimum spanning tree comparing 28 VNTR loci within eight C. parvum

genomes.
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Figure 3. UPGMA phylogenetic tree of four C. parvum whole genome sequences
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HIGHLIGHTS

A\

Recent availability of multiple genomes enabled improved VNTR discovery.
28 loci met defined criteria for use on different fragment sizing platforms.
In silico analysis of qualifying loci was performed with eight C. parvum genomes.

VYV V V

Multilocus discrimination was high even between closely related isolates.



