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Abstract Ninety-two Cryptosporidium sp.-positive fecal sam-
ples of dairy diarrheic or non-diarrheic calves from 30 cattle
herds in Normandy (France) were selected. Here, the aim was
to investigate the species of Cryptosporidium excreted as well
as the subtypes of Cryptosporidium parvum found in 7-17-
day-old dairy calves. Excretion levels were comprised between
2x10%and 4 x 107 oocysts per gram of feces. Here, a nested 18S
SSU rRNA PCR associated with sequencing was performed for
identification of Cryptosporidium species and revealed the
presence of C. parvum in most cases (80/82), except for two
animals which were infected with Cryptosporidium bovis.
Then, C. parvum samples were submitted to gp60 PCR. For
39 samples from 24 different herds, a multilocus analysis
based on four mini-microsatellites loci (MM19, MMS5, MSF,
and MS9-Mallon) were conducted. These results were com-
bined with sequence analysis of the gp60 to obtain multilocus
types (MLTs). Here, C. parvum gp60 genotyping identified
three subtypes in the Ila zoonotic allele family: [laA15G2R1
(88 %), IaA16G3R1 (10 %), and [TaA19G2R1 (2 %), and we
identified 12 MLTs. The MS9-Mallon locus was reported as
the most polymorphic (five alleles). The most common
MLT was MLT 1 with 15 samples in 10 farms: (MS9-
M: 298, MSF: 165, MM5: 264, MM19: 462, and gp60
subtype: [IaA15G2R1). When comparing diarrheic and non-
diarrheic fecal samples, no difference was seen for distribution
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of Cryptosporidium species, C. parvum gp60 subtypes, and
MLTs. Here, in a range of oocyst excretion of 10°~107 opg,
both in diarrheic and non-diarrheic calves, infection was
mainly due to C. parvum and to the zoonotic subtype:
[MaA15G2R1.

Introduction

Cryptosporidium is a protozoan parasite of medical and vet-
erinary importance recognized as an important zoonotic
pathogen that infects a wide host range (mammals, birds,
reptiles, amphibians, and fish), including humans (Fayer
2010; Xiao 2010). This parasite is the agent of cryptosporid-
iosis, a disease characterized by diarrhea in human and
livestock. Currently, no drug therapy is yet available and
the high resistance of oocysts of Cryptosporidium spp. in
the environment makes cryptosporidiosis difficult to control
(Caccio and Pozio 2006).

The first reported case of cryptosporidiose in cattle was in
1971 (Panciera et al. 1971); now, bovine cryptosporidiosis is
of great concern due to the huge number of cattle and their
economic importance. In fact, Cryptosporidium spp. is one of
the major causes of neonatal calf diarrhea, while in yearling
heifers and mature cows, asymptomatic infection commonly
occurs (Santin et al. 2008). Economic losses due to crypto-
sporidiosis in farm animals are related to morbidity and mor-
tality according to Cryptosporidium species/genotypes caus-
ing the infection. Thanks to molecular characterization, sev-
eral studies demonstrated that cattle could be infected with
different species: Cryptosporidium parvum, Cryptosporidium
bovis, Cryptosporidium ryanae, and Cryptosporidium
andersoni. The three former species were found in most age
categories (Kvac et al. 2006; Fayer et al. 2008). However, C.
parvum was predominantly found in pre-weaned dairy calves
(<2 months of age) while C. bovis and C. ryanae were mainly
observed in post-weaned dairy calves (>2 months of age)
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(Santin et al. 2004; Fayer et al. 2005). C. andersoni was dom-
inantly found in adult cows (Feng et al. 2007; Santin et al. 2008;
Fayer 2010; Xiao 2010). More recent studies identified the
species C. bovis and C. ryanae in younger dairy or beef calves
(<2 month of age) (Silverlas et al. 2010; Silverlas and Penedo-
Blanco 2012; Rieux et al. 2013). As far as pathogenic aspects
are concerned, it has been shown that C. parvum infecting
neonates is responsible for diarrhea, dehydration, and growth
retardation in calves whereas animals infected with other
Cryptosporidium species usually exhibit no overt clinical
signs (Kva¢ and Vitovec 2003; Fayer et al. 2008).

Over the last few years, typing and sub-typing techniques
have been applied to understand the dynamics of C. parvum
transmission between cattle and human populations (Alves
et al. 2006; Plutzer and Karanis 2009). At least 11 different
C. parvum families with many subtypes have been described
on the basis of sequence analysis of a 60-kDa glycoprotein
(gp60) (Xiao 2010). Moreover, previous studies have shown
that cattle could be considered as a primary reservoir for
Cryptosporidium oocysts for zoonotic subtypes of C. parvum
belonging to families Ila and I1d, so infected calves could be a
risk factor for the public health via environmental contamina-
tion from their manure being spread on farmland or their
grazing on watersheds (Monis and Thompson 2003; Xiao
and Fayer 2008; Chalmers and Giles 2010).

Sequencing of the 60-kDa glycoprotein is currently the most
widely used sub-typing method, due to the gene heterogeneity,
but other methods based on the characterization of short vari-
able number tandem repeats, known as microsatellites and
minisatellites, are being increasingly used in multilocus analysis
to investigate the genetic structure and or geographic tracking
of Cryptosporidium (Jex et al. 2008; Xiao 2010). Methods used
to investigate polymorphisms of micro-minisatellites are based
on fragment size analysis of PCR-amplified products by se-
quencing (Chalmers et al. 2005; Wielinga et al. 2008), capillary
electrophoresis (CE) with labeled primers (Mallon et al. 2003;
Morrison et al. 2008), and polyacrylamide or precast high-
resolution slab gel (Feng et al. 2000; Tanriverdi and Widmer
2006; Tanriverdi et al. 2006). These different approaches to
identify alleles were compared by Diaz et al. (2012); these
authors showed that CE approach was an economic and rapid
option for performing fragment size analysis. Numerous loci
have been investigated in multilocus genotyping study refer-
ences but until now no markers have been universally adopted
(Robinson and Chalmers 2012).

Available data concerning molecular epidemiology of
Cryptosporidium in calves, in France, are quite limited: only
two longitudinal studies were conducted, one in dairy calves
in Brittany (Follet et al. 2011) and one in beef calves in Deux-
Sévres (Rieux et al. 2013).

Here, we wanted to investigate which species of
Cryptosporidium were excreted by young diarrheic and
non-diarrheic calves (7—17 days of age) from a wide range
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of farms located in a specialized dairy area in western France.
Then, we further characterized the C. parvum isolates through
genotyping and sub-typing with a multilocus analysis using CE
analysis combined to a result of a sequence of the gp60 gene to
observe the variability of multilocus types (MLTs) among the
location of farms and to observe the possibility of one genotype
or MLT to be associated to clinical signs.

Materials and methods
Fecal sample collection

An epidemiological study was conducted in 100 dairy herds in
a dairy specialized department in Normandy (France): 10
calves <21 days of age were sampled once/herd. Feces were
collected directly for the rectum using plastic gloves. For each
animal, the number of animal identification, the age, the sam-
pling date, and the clinical status were recorded. These samples
were transported to the laboratory in a sample pot and then
stored at 4 °C for a maximum of 48 h before analysis. Each
sample was screened for Cryptosporidium spp. infection using
a semiquantitative fecal smear staining (Heine 1982). Samples
were done in compliance with the animal welfare and did not
cause any pain according to the ethics committee for animal
experimentation no. 16 (French Referential)

For the present study, a selection of farms was made to
obtain contrasted both epidemiological and clinical situations.
From the 100 farms, we selected 30 farms, within a 140-km
radius (Fig. 1) as following: we chose 15 dairy cattle herds
with four or more diarrheic calves (4 out of 10 was the median
number of diarrheic calves farm in the whole survey),
representing the herds with a high prevalence of diarrhea
and 15 cattle herds with less than 4/10 diarrheic calves,
representing the herds with low prevalence of diarrhea. We
selected 50 diarrheic calves positive for Cryptosporidium
aged 7 to 17 days from 15 farms and we selected 42 non-
diarrheic, but positive for Cryptosporidium, calves aged 8 to
17 days from 15 farms (Fig. 1). The fecal scores of the selected
samples for Cryptosporidium oocyst were comprised between
four and five corresponding to a high level of excretion by
Heine technique.

Sample processing (oocyst concentration
and immunofluorescence test)

All samples, except 16 frozen samples which were directly
submitted to DNA extraction, were examined by immunoflu-
orescence test (IFT) after oocyst concentration. One gram of
feces was used for the oocyst concentration using ethyl acetate
as previously described (Castro-Hermida et al. 2005). Aliquots
of 10 pl of the sediment were fixed on slides using acetone at
4 °C for 10 min and processed using an IFT commercial kit
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Fig. 1 Map of the department of
Orne (north-western France)
showing the location of farms
included in this study. The farm
with diarrheic animals were
represented by a dark stars and
the farms with non-diarrheic
animals were represented with a
gray stars

(Merifluor® Cryptosporidium/Giardia, Meridian Bioscience
Europe, Nice, France). The samples were observed by fluores-
cence microscopy using x400 magnification. The number of
oocysts per gram of feces was given by [number of oocysts
seen on slide/(volume of sample examined (ml)xweight of
feces (g))]. The limit of detection of this technique was esti-
mated at 100 opg (Fayer et al. 2000). Positive samples were
then submitted to molecular characterization.

DNA isolation

Genomic DNA was extracted from 500 pl of oocyst suspen-
sion using an automatic extractor (Maxwell® MDX 16,
Promega) with a tissue kit (Maxwell® 16 Tissue DNA Puri-
fication Kit AS1030), after a preliminary step of breaking
achieved with a RiboLyser™ (Bio-Rad®).

PCRs amplification of 18S SSU rRNA gene and gp60 gene for
the species identification and sub- genotyping of C. parvum

All positive samples by IF were submitted to species identi-
fication and sub-typing using gp60. A nested PCR protocol
was used to amplify an 830-bp fragment of the 18S rRNA
gene. The nested polymerase chain reaction protocol was
performed in two steps according to Xiao et al. (1999, 2001).
The specific used primers were Flforward 5'-TTCTAGAGC
TAATA CATGCG-3'and R1 reverse 5-CCCATTTCC
TTCGAAACAGGA-3' for primary PCR and F2 forward 5'-
GGAAGGGT TGTATTTATTAGATAAAG-3' and R2 reverse
5-AAGGA GTAAGGAACAACCTCCA3' for secondary
PCR.

For samples identified as C. parvum, a nested PCR pro-
tocol was used to amplify a 850-bp fragment of the gp60 to

identify the subtype. The nested polymerase chain reaction
protocol was performed in two steps according to Gatei et al.
(2007). The specific used primers were gp60F forward 5'-
ATAGTCTCCGCTGTATTC-3' and gp60R1 reverse 5'-
GGAAGGAAC GATGTATCT-3' for primary PCR and
gp60F2 forward 5-TCCGCTGTATTCTCAGCC-3' and
gp60R2 reverse 5'-GCAGAGGAACCAGCATC-3' for sec-
ondary PCR. These amplifications were performed on an
iCycler Thermal Cycler from Bio-Rad®. Amplification
products (10 L) were separated on 2 % agarose and stained
with ethidium bromide. PCR was repeated at a maximum of
two times for samples that were positive by IF but remained
negative by PCR.

Sequence analysis

All the secondary PCR products obtained, after amplification
of'the 18S rRNA gene or gp60 gene, were sequenced in both
directions. DNA sequencing reactions were performed
using internal primers of the nested PCR using an ABI
3730XL sequencer (Applied Biosystems, Warrington, UK)
by Genoscreen (Lille, France). The sequence alignment was
checked for sequencing accuracy using the software BioEdit
Sequence Alignment Editor (version 7.0.9.0). The sequences
obtained of each strand were aligned and then were compared
with published sequences in the GenBank database using
Basic Local Alignment Search Tool [NCBI (http:/www.
ncbi.nlm.nih.gov/BLAST)].

Multilocus analysis

All samples which had a gp60 sequence of C. parvum avail-
able (20 samples from diarrheic calves and 19 samples from
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non-diarrheic calves) were submitted to multilocus analysis.
These 39 samples were collected in 24 farms located within a
140-km radius.

Molecular characterization

The four polymorphic loci used in this study were as follows:
MS9-Mallon, MM 19, MSF, and MM5. These markers were
chosen from the literature to observe if there were some
differences of MLT according to the location of farms or
clinical signs observed in these animals (Mallon et al. 2003;
Morrison et al. 2008; Robinson and Chalmers 2012). These
markers were the more informative markers concerning the
multilocus analysis of C. parvum isolates (Robinson and
Chalmers 2012). The MS9-Mallon marker contains a
TGGACT repeat in a 2,016-bp gene encoding a hypothetical
protein located at position 640137 to 642152 on chromo-
some 5. The MM 19 marker contains a GGA (G/T)C(T/A)
repeat in a 7,230-bp gene located at position 1208520 to
1215749 on chromosome 8. The MSF marker contains a
TCCTTCCTGAGC repeat in gene encoding a signal peptide
and the MMS5 marker contains a TCCTCCTCT repeat locat-
ed in a 11,418-bp gene located at positions 1002285 to
1013702 on chromosome 6. The sequences of the primers
used for amplification were described by Mallon et al. (2003)
and Morrison et al. (2008). The sequences of the primers
used were the following:

MS9-Mallon-F, 5-GGACTAGAAATAGAGCTTTGG-
CTGG-3';

MS9-Mallon-R, 5'- GTCTGAGACAGAATCTAGG
ATCTAC-3';

MSF-F, 5'- TCGGCCTCCTCTACAG-3;

MSF-R, 5'- AGAAGAAAGCCAA GAAGGGT-3';
MMI19-F, 5'- GATT CTGTCAACTTTGAATTCAG-3;
MM19-R, 5" CCAACC CCGAATTCATTTCCAAC-3';
MMS5-F, 5" GGAGAAGATAAGCTAGCCGAATCT-3;
MMS5-R, 5" CCTGGACTTGGATTTGGACTTACAC
C-3".

All forwards primers were labeled with a fluorophore and all
reactions were undertaken by Genoscreen (Lille, France). Ten
characterized samples providing for another study, acting for
positive control, were sent for testing the primers of the differ-
ent markers and the CE technique before the amplification test
for the 39 samples.

Allele and multilocus type identification

The size of each PCR product was estimated by electrophoresis
on a capillary apparatus by Genoscreen (Lille, France) by
comparison to size standards which allowed us in determining
size of alleles by software. The software automatically assigned
fragment sizes to the resulting electropherogram peaks; allele

@ Springer

size was deduced from that of the main peak rounded to the
nearest probable base pair number. Each allele was assigned a
number and an MLT designated by the combination of alleles
at each locus. If one isolate contained more than one allele at
one locus, this was the result of the presence of mixed infection.

Results
Selection of samples and quantification of the level of excretion

Sampling characteristics and oocyst excretion range were
displayed on Tables 1 and 2. From each farm, we selected
between 1 and 6 diarrheic calves (herds with high prevalence
of diarrhea) and between 1 and 5 non-diarrheic calves (herds
with low prevalence of diarrhea). Animals were sampled
once before 21 days of life. Calves chosen for the present
study have an average age of 11 days for the diarrheic calves
and an average age of 13 days for the non-diarrheic ones. The
level of excretion of these samples was accurately quantified
by IFT and comprised between 2x10* and 4x 107 opg. For
the 50 diarrheic samples, the average level of excretion was
2.9x10° opg (varying between 3 x10* and 3x 107 opg), and
for the 42 non-diarrheic samples, the average level was
3x10° opg (varying between 2x10% and 4x 107 opg).

Cryptosporidium species identification by 18S rRNA
sequence analysis

Eighty-two isolates (45 diarrheic and 37 non-diarrheic) were
amplified by PCR 18S (Tables 1 and 2). All sequences from
diarrheic calves were exploited and all isolates were identi-
fied as C. parvum (Table 1). Among the 37 non-diarrheic
isolates, 35 were identified as C. parvum and 2 were identi-
fied as C. bovis (Table 2). Sequence analysis revealed be-
tween 99 and 100 % identity with the sequences JX416362.1
and JX559849.1 for isolates of C. parvum and between 99 and
100 % identity with the sequence JX515546.1 of GenBank for
the two isolates of C. bovis.

C. parvum sub-typing by gp60 sequence analysis

From the 80 samples identified as C. parvum, 52 samples
were successfully amplified by gp60 PCR. DNA sequences
of isolates from diarrheic calves (31/45) and non-diarrheic
animals (21/35) were analyzed. Sequence analysis of the
gp60 gene revealed between 99 and 100 % identity with
the sequences JF727755.1, HQ005741.1, and JQ362495.1
of GenBank corresponding to the subtypes [laA15G2R1 (46
isolates/52), MlaA16G3R1 (5/52), and [TaA19G2R1(1/52),
respectively. The subtype [MaA15G2R1 was found in 21
farms, the subtype [TaA16G3R1 was found in two farms,
and the subtype [1TaA19G2R1 was found in one single farm.
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Interestingly, only one subtype was identified in each farm
(Tables 1 and 2).

Multilocus typing

In a first step, 10 positive controls (samples containing be-
tween 10° and 107 opg, from diarrheic dairy calves identified
C. parvum (subtype ITaA15G2R1) used in another study)
were sent to Genoscreen for testing the primers of the different
markers and the CE technique. Then, we sent 39 samples (20
diarrheic and 19 non-diarrheic) from 24 dairy cattle herds. The
level of excretion of these 39 samples comprised between
3x10* and 4x10” opg, and among these isolates, 37 were
identified with the subtype [TaA15G2R1 from 20 farms and 2
with the subtype [laA16G3R1from 2 farms.

A total of 38 samples were typed at MM 19 and MMS5, four
alleles were found for MM19 and four for MMS. A total of 37
samples were typed at MS9-Mallon and MSF with five alleles
for MS9-Mallon and two for MSF (Table 3). MS9-Mallon was
the most polymorphic marker.

A total of 36 C. parvum isolates were typable at all four loci
and used for multilocus analysis. Twelve MLTs were identified
with the 31 gp60 subtype [IaA15G2R1 isolates being differen-
tiated into 10 MLTs and the 2 gp60 subtype [laA16G3R1
isolates being differentiated into 2 MLTs (Tables 3 and 4).
Moreover, in two farms (<4 diarrheic calves, herd numbers 4
and 15), two different profiles of MLT were observed. In
addition, three samples (10, 8 %) contained more than one
allele at one locus resulting in the presence of mixed infection.

The MLT1 was the most prevalent type in our study (15
calves in 10 farms) and this profile was equally found in
diarrheic and non-diarrheic samples. Here, no difference
regarding MLT found was seen between diarrheic and non-
diarrheic samples.

Discussion

Bovine cryptosporidiosis is one of the major causes of neo-
natal calf diarrhea and young calves (<1 month of age) are
frequently infected with Cryptosporidium sp. (Quilez et al.
1996). In France, only two recent studies have included
molecular tools for the study of Cryptosporidium prevalence
in calves (Follet et al. 2011; Rieux et al. 2013). The present
study is the first one in France to extend molecular charac-
terization (18S and gp60 combined to MLT analysis) to
describe genetic characteristics of Cryptosporidium in 92,
7-17 days old dairy calves coming from 30 cattle herds.

Our results showed that C. parvum was the dominant
species identified (80/82) and confirmed the previous data
of Follet et al. in Brittany in 2011 where C. parvum caused
86.7 % of Cryptosporidium infection in 5-week-old calves.
Other studies conducted worldwide, in dairy calves, also
showed that C. parvum was responsible for more than
80 % of Cryptosporidium infection (Plutzer and Karanis
2009; Santin et al. 2004; Brook et al. 2009).

The two other isolates collected from non-diarrheic calves
were identified as C. bovis. This species is mainly found in

Table 1 Sampling characteristics, oocyst excretion range, and species and subspecies identification of Cryptosporidium from diarrheic calves in herds

with high prevalence of diarrhea (>4/10 animals)

Herd number Number of diarrheic calves Number of diarrtheic Age (mean) IF (opg)

Species identification® Subtypes identification®
(min—-max)

(out of 10) calves tested

1 5 3 14
2 8 5 10
3 7 2 12
4 7 4 11
5 7 3 12
6 7 2 11,5
7 6 1 7
8 6 1 10
9 7 6 9
10 5 5 10
11 5 5 10
12 5 2 10
13 8 4 10
14 7 4 10
15 5 3 14

7x10%-2x107
3x10%1x10°
3%x10°-4x10°
2x10%1x10°
b
1x10°4x10°
2.3x10°
5.5x10°

3x10*-5x10°

4x105-5x10°
6x10°°
2x10°-3x10°
§x10°°

3%x10°-3x10°

5x10°-3x107

C. parvum (3/3)
C. parvum (5/5)
C. parvum (2/2)
C. parvum (4/4)
C. parvum (3/3)
C. parvum (2/2)
unidentified

C. parvum (1/1)
C. parvum (6/6)
C. parvum (5/5)
C. parvum (4/5)
C. parvum (2/2)
C. parvum (4/4)
C. parvum (1/4)
C. parvum (3/3)

1TaA15G2R1 (2/3)
1TaA15G2R1 (5/5)
1TaA15G2R1 (2/2)
1TaA19G2R1 (1/4)
1TaA15G2R1 (2/3)
IlaA15G2R]1 (1/2)
Unidentified

Unidentified

1TaA15G2R1 (5/6)
1TaA15G2R1 (3/5)
1TaA16G3R1 (3/5)
1TaA15G2R1 (2/2)
1TaA15G2R1 (4/4)
1TaA15G2R1 (1/4)
Unidentified

#The numbers in brackets correspond to DNA samples amplified successfully/samples submitted

® Some fecal samples from these farms where not submitted to IFT
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Table 2 Sampling characteristics, oocyst excretion range, species and subspecies identification of Cryptosporidium from non-diarrheic calves in herds

with low prevalence of diarrhea (<4/10 animals)

Herd Number of diarrheic calves Number of

Age (mean) IF (opg)

Species identification® Subtypes identification®

number (out of 10)

non-diarrheic calves tested

(min—-max)

O 0 9 AN L AW N~

—_— = = = e
AW NN = O

15

_—= OO W N = W W NN WD WW

W W R NN R B WR — — bW W

14
16
1
13
16
14
12
14
115
12
17
14
1
1

9

6x10*-3x10°
7x10°-5%10°
2x10°-1x10°
5x10*-4x10°
4x107

3x10°
1x10°-1x107
b
2x10°-4x10°
7x10°-6x10°
1x10%
1x10°-1x10°
4x10*-6x10*
1x10°-3%10°
2x10*1x107

C. parvum (3/3)
C. parvum (3/3)
C. parvum (4/4)
C. parvum (4/5)
C. parvum (1/1)
C. parvum (1/1)
C. parvum (2/2)
C. parvum (3/3)
C. parvum (1/4)
C. parvum (4/4)
C. parvum (2/2)
C. parvum (1/2)
C. bovis (2/2)

C. parvum (3/3)
C. parvum (3/3)

TaA15G2R1 (3/3)
aA15G2R1 (3/3)
aA15G2R1 (1/4)
MaA15G2R1 (2/5)
Unidentified

Unidentified

1TaA15G2R1 (2/2)
aA15G2R1 (2/3)
MaA15G2R1 (1/4)
1TaA16G3R1 (2/4)
MaA15G2R1 (1/2)
MaA15G2R1 (1/2)

aA15G2R]1 (1/3)
MaA15G2R1 (2/3)

#The numbers in brackets correspond to DNA samples amplified successfully/samples submitted

®Some fecal samples from these farms where not submitted to IFT

weaned animals (Santin et al. 2004, 2008; Coklin et al. 2009;
Fayer 2010; Xiao 2010). C. bovis has been recently recorded in
beef and dairy calves in France and Sweden, from 7 or 9 days of
age with high level of excretion (up to 8x10° opg) (Silverlas
et al. 2010; Rieux et al. 2013).

Differences in pathogenicity between the subfamilies of
Cryptosporidium hominis have been described by Cama et al.
(2007) with some subfamily as Id that was associated with
diarrhea whereas others as subfamilies Ia, Ib, or Ie that was not.
In our study, we searched for such differences according to the

Table 3 Distribution of multilocus types (MLTs) for C. parvum isolates in dairy calves according to five markers: gp60, MM 19, MM5, MS9-M, and MSF

MLTs Gp60 MMI19* MM5* MS9- MSF* Number of diarrheic isolates Number of non-diarrheic isolates ~ Number of farms
M* (n=18/20) (n=16/19) (n=22/24)

1 ITaA15G2R1 298 264 462 165 9 6 10

2 ITaA16G3R1 304 264 450 165 1 0 1

3 IMaA15G2R1 304 238 450 165 3 0 1

4 IMaA15G2R1 304 264 462 165 1 3 2

5 IaA15G2R1 328 264 462 165 2 0 1

6 TaA15G2R1 298 264 456 165 1 0 1

7 IMaA16G3R1 298 264 468 127 0 1 1

8 IMaA15G2R1 304 261 462 165 0 1 1

9 ITaA15G2R1 267 261 462 165 0 1 1°

10 ITaA15G2R1 267 264 462 165 0 1 1°

11 IlaA15G2R1 298 264 444 165 0 1 1°

12 IlaA15G2R1 298 259 462 165 0 1 1

- [TaA15G2R1 298 264 462 - 1 0 1

- IlaA15G2R1 298 264 - 165 0 1 1

- IMaA15G2R1 — - - - 0 1 1

Incomplete profiles were not assigned to an MLT. Mixed infections were not mentioned

 Adjusted capillary electrophoresis fragment size

® MLTs found in the same cattle herd (<4 diarrheic calves, herd number 15 with MLT 9 and MLT10 and herd number 4 with MLT 11 and a mixed infection

not mentioned in this table)
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Table 4 Species of Cryptosporidium, subtypes, and main multilocus types (MLT) of C. parvum in calves from herds with high or low prevalence of diarrhea

Herd type (number) Calf type (number) Age (mean) Species identification® Subtypes identification Two main MLTs
>4/10 diarrheic calves (15) Diarrheic (50) 11 C. parvum (45/50) HaA15G2R1: 28/31 MLT1: 9
[TaA16G3R1: 3/31 MLT4: 1
[MaA19G2R1: 1/31
<4/10 diarrheic calves (15) Non-diarrheic (42) 13 C. parvum (35/42) MaA15G2R1: 19/21 MLT1: 6
C. bovis (2/42) [TaA16G3R1: 2/21 MLT4: 3

#The numbers in brackets correspond to DNA samples amplified successfully/samples submitted

location of dairy cattle herds or to the presence or absence of
clinical signs like it. The results concerning the sequence
analysis of the gp60 gene showed three subtypes belonging
to the zoonotic allele family Ila: [TaA15G2R1 (88 %),
aA16G3R1 (10 %), and ITaA19G2R1 (2 %) subtypes were
detected. Subtypes [lTaA15G2R1 and [TaA16G3R1 were found
in diarrheic and non-diarrheic animals like it was already
described in literature (Brook et al. 2009; Xiao 2010; Follet
etal. 2011). Follet et al. (2011) found a higher subtype diversity
compared to our study with six different subtypes of C. parvum
(IaA15G2R1, IaA17GIRI1, IaAl16G3R1, IlaA16G2R1,
aA16GIR1, and [TaA13G1R1) in 15 cattle herds (fattening
units) in Brittany by analyzing the gp60 gene. The present
study was conducted in one single area (department), in 30
cattle herds located within a 140-km radius, without calf
movements between herds, what is quite different from the
situation of Follet et al. (2011), where calves coming from a
wider geographic area (six departments) were collected in 15
fattening units possibly explaining the difference in number of
subtypes found. Moreover, the number of samples in the study
of Follet et al. (2011) was higher. Our results are in agreement
with several previous studies that described [IaA15G2R1 as
the most widely Ila subtype distributed in calves worldwide
(Xiao 2010). Interestingly, in some countries (Slovenia, Portu-
gal, and The Netherlands), it has been shown that this subtype
was predominant in human cryptosporidiosis outbreaks (Alves
et al. 2006; Wielinga et al. 2008; Soba and Logar 2008). Such
data are not available in France. The second subtype found in this
work, [TaA16G3R1, has also been described with a similar
frequency in cattle in The Netherlands Wielinga et al. (2008),
England (Brook et al. 2009), and in France (Follet et al. 2011).
The last subtype found in this study, [TaA19G2R1, has been
recorded with high figures (7 %) in diarrheic calves less than
2 months of age in 20 farms in Australia (Ng et al. 2012). In
previous studies about subtype characterization as well as in the
present work, a single subtype was found per herd (Alves et al.
2006; Santin et al. 2008). This suggests a stable within herd
clonal pattern in the C. parvum population (Soba and Logar
2008). In contrast, in area with animal exchange between herds,
more than one subtype can be found per farm unit (Brook et al.
2009; Follet et al. 2011; Silverlas et al. 2013).

The majority of the multilocus analyses targeting microsat-
ellite and/or minisatellite regions have been used to investigate
the population structure, to understand the transmission dynam-
ics of some strains of Cryptosporidium spp. and figure out the
host—parasite interaction (Mallon et al. 2003; Tanriverdi and
Widmer 2006; Tanriverdi et al. 2006; Morrison et al. 2008;
Robinson and Chalmers 2012). Here, four markers considered
as informative for the species C. parvum were added to results
of gp60 typing. Results of the present study reveal that the
marker MS9-Mallon was the most polymorphic and highly
contributed to the discriminatory power of the multilocus ap-
proach. The combination of polymorphisms at the four loci
generated a total of 12 MLTs among the C. parvum isolates
from dairy pre-weaned calves, diarrheic and non-diarrheic. In
Italy, a recent largest MLT study (northern, central, and south-
em Italy) used seven polymorphic markers, whose MM19,
MS9-Mallon, and MMS5, and was conducted with numerous
and diverse samples (122 isolates of calves, 21 of lambs, 21 of
goats, and 14 of humans) (Drumo et al. 2012). The authors
found 102 MLTs and found that MM19 marker was the most
polymorphic closely followed by the MS9-Mallon marker.
Another multilocus study conducted, in Spain, with three other
markers identified 9 MLT from 41 C. parvum isolates (Diaz
etal. 2012). In this last study, samples of calves and lambs were
tested to search for differences between subtypes according to
the host. The authors concluded that one MLT was predomi-
nant in cattle and another MLT was predominant in lambs. In
our study, MLT was done within a host (calves) and in a more
restricted geographical area including several distinct herds
facing clinical cryptosporidiosis or not. Concerning the num-
bers of markers used and the MLTs found, our results are in
general agreement with these previous studies. Here, the pre-
dominant MLT was MLT1 and it was found in 15 calves from
10 farms (nine diarrheic calves belonging to five herds and in
six non-diarrheic calves belonging to five other herds). We also
found 10.8 % of C. parvum isolates contained more than one
allele at one locus resulting in the presence of mixed infection.
Here, we also observe two different MLTs in one cattle. The
level of mixed infection in C. parvum populations varies in
published data from no detection in New Zealand (19 humans
and 7 calf'isolates) to 8.2 % to 30 % in Serbia (23 calves) and to
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11.6 % in Italy (Tanriverdi and Widmer 2006; Tanriverdi et al.
2006; Morrison et al. 2008; Drumo et al. 2012). Concerning
MLT analysis, numerous loci have been investigated but until
now no marker sets have been universally adopted, producing a
fragmented view of the genetic variability, hindering data com-
parison and making meta-analyses impossible (Robinson and
Chalmers 2012). Additionally, different approaches to identi-
fying alleles have been used (DNA sequencing, CE, and high-
resolution slab gel electrophoresis) and there is no consensus in
the methods so far.

Here, no differences were seen concerning the species of
Cryptosporidium identified in diarrheic or non-diarrheic sam-
ples as C. parvum was mainly found. This is in agreement with
previous literature for young dairy calves (Santin et al. 2004;
Plutzer and Karanis 2009; Trotz-Williams et al. 2007; Santin
et al. 2008). Others pathogens could be found in diarrheic
samples such as bacteria or virus in association or not with
Cryptosporidium but this aspect has not been included in our
study. It is also important to mention that we worked only with
samples highly loaded in oocysts of Cryptosporidium and that
dairy calves were sampled once. It is therefore possible that
some animals had clinical signs before or after the date of
collection. In fact, selected animals have an average age of
11 days for the diarrheic animals and average age of 13 days
for the non-diarrheic animals. It has been shown that the
prevalence of excretion of Cryptosporidium oocysts was
highest in pre-weaned animals with excretion beginning at
4-5 days of age, reaching a peak between 7 and 10 days and
declining beyond 16 and 17 days (Trotz-Williams et al. 2007).
In addition, we did not observe differences in subtypes of C.
parvum (I1TaA15G2R1) or in the MLT’s (MLT1predominant
with MS9-M: 298, MSF: 165, MMS5: 264, MM19: 462, and
gp60 subtype: [lTaA15G2R1) according to the diarrheic or non-
diarrheic status of calves.

Finally, this study shows that young dairy calves (7—17 days
of age) are mainly infected by the species: C. parvum and by
the zoonotic subtype: [lTaA15G2R1. Moreover, we observed
that whatever the level of characterization chosen, species
identification, sub-typing, or multilocus analyses, no differ-
ence was seen in Cryptosporidium isolates according to the
location of farms or to the clinical status.
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