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Abstract
To provide up-to-date information on the occurrence of Cryptosporidium in pre-weaned calves from Sardinia (Italy), the
species implicated and their zoonotic potential, 147 faecal samples from 22 cattle herds were microscopically examined
for Cryptosporidium oocysts; positive isolates were molecularly characterised. A questionnaire was developed to iden-
tify risk factors for Cryptosporidium infection. Overall, the percentage of positive calves and farms was 38.8 and 68.2%,
respectively. The SSU rRNA-based PCR identified two Cryptosporidium species, Cryptosporidium parvum (95.8%) and
C. bovis (4.2%). Sequence analyses of the glycoprotein (gp60) gene revealed that all C. parvum isolates belonged to the
subtype family IIa (IIaA15G2R1 and IIaA16G3R1), with the exception of three isolates that belonged to the subtype
family IId (IIdA20G1b and IIdA20). Mixed logistic regression results indicated that calves aged 15–21 days were more
likely to be Cryptosporidium-positive. The risk of being positive was also significantly higher in herds from Central
Sardinia and in farms using non-slatted flooring. In addition, the application of disinfectants and milk replacers was
significantly associated with higher Cryptosporidium prevalence. In contrast, the risk of being positive was significantly
reduced in halofuginone-treated calves. Our results reveal that a significant percentage of suckling calves are carriers of
zoonotic subtypes of C. parvum. Thus, both healthy and diarrhoeic calves younger than 1 month may represent a risk for
the transmission of cryptosporidiosis in humans and animals.

Keywords Cryptosporidium . Pre-weaned calves . SSU rRNA genotyping . gp60 subtyping . Italy

Introduction

Cryptosporidium spp. are apicomplexan enteropathogens af-
fecting a broad range of vertebrate hosts (Xiao 2010). They
are recognised worldwide as a cause of diarrhoeal disease,
particularly in ruminants (de Graaf et al. 1999; Santín and
Trout 2008). In cattle, cryptosporidiosis causes serious and
economically significant outbreaks of neonatal diarrhoea
during calving, related to the deterioration of appetite and
state of dehydration, growth retardation and, to a lesser ex-
tent, mortality (Sanford and Josephson 1982; Naciri et al.
1999). A number of molecular techniques have shown that
cattle can be infected with at least sixteen Cryptosporidium
species and multiple genotypes. The four most common and
widely distributed Cryptosporidium species in cattle have
been shown to be age-related. Thus, Cryptosporidium
andersoni, C. bovis and C. ryanae are low-pathogenic and
host-adapted species which are especially common in post-
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weaned and adult cattle (Santín and Trout 2008; Xiao 2010).
In contrast, C. parvum is the most frequently detected spe-
cies in pre-weaned calves. Although asymptomatic C.
parvum infections have been found in cattle, this species is
significantly related with diarrhoeic syndrome in calves
(Sanford and Josephson 1982; Naciri et al. 1999). C.
parvum is also an important zoonotic species because to-
gether with C. hominis, it is involved in most cases of cryp-
tosporidiosis in humans (Xiao 2010). Given that some re-
cent investigations suggest an increasing importance of C.
hominis in bovines (Zahedi et al. 2016; Razakandrainibe et
al. 2018), cattle may play an important role as reservoirs of
Cryptosporidium species causing human cryptosporidiosis.
Cryptosporidial infection is transmitted by the faecal-oral
route, and the majority of human cases are waterborne
(Fayer et al. 2000; Olson et al. 2004). Thus, it has been
suggested that cattle facilities, manure runoffs from beef
and dairy feedlots, and spraying of liquid manure on fields
may be related to the contamination of water supplies by C.
parvum and C. hominis oocysts and thus to a significant
proportion of cryptosporidiosis outbreaks in humans
(Mohammed et al. 1999; Sischo et al. 2000).

In cattle herds, infected animals, above all diarrhoeic
calves, and other livestock acting as reservoirs of the proto-
zoan such as lambs and goat kids may act as sources of direct
infection (Olson et al. 2004). In addition, indirect transmis-
sion by ingesting environmental oocysts contaminating wa-
ter and food, as well as bedding, cattle sheds, pasture or soil,
has been reported as an important form of bovine transmis-
sion (Wells and Thompson 2014). Thus, factors related to
the presence of Cryptosporidium infection in cattle farms
and consequently favouring the occurrence of neonatal di-
arrhoea outbreaks are mainly associated with environmental
contamination by oocysts, and with the immunological sta-
tus of calves (Duranti et al. 2009). Poor hygienic conditions,
intensive rearing systems, communally housed animals,
overcrowded livestock facilities or a high number of new-
born calves during the calving season are risk factors for
cattle cryptosporidiosis (de Graaf et al. 1999).

Nevertheless, significant differences between studies have
been shown, probably related to geographical and manage-
ment differences, or even to the study design. Thus, regional
risk factor surveys should be performed to identify the most
decisive variables in a particular cattle population.

Ep idemio log i ca l s t ud i e s on the p re sence o f
Cryptosporidium spp. in Italian cattle farms are still limited;
prevalences ranging from 5 to 11.4% (Merildi et al. 2009;
Duranti et al. 2009; Di Piazza et al. 2013) have been reported,
although the percentage of positives increases (50–62.1%)
when only diarrhoeic calves are considered (Grana et al.
2006; Papini et al. 2018). At least five Cryptosporidium spe-
cies, including C. bovis, C. ryanae, C. ubiquitum and C.
hominis, have been identified in cattle from Italy, but C.

parvum was the most frequent species found (Grana et al.
2006; Duranti et al. 2009; Merildi et al. 2009; Imre and
Dărăbus 2011; Di Piazza et al. 2013).

There is also a notable presence (approx. 30%) of the pro-
tozoan in calves from Sardinia (Scala and Garippa 1994; Scala
et al. 2007). However, no information on theCryptosporidium
species present in Sardinian calves has been recorded.We thus
carried out a survey in cattle dairy farms of Sardinia, Italy. The
aim was to provide up-to-date data on the occurrence of
Cryptosporidium spp. in both healthy and diarrhoeic pre-
weaned calves, the species implicated and their zoonotic po-
tential, as well as to identify the risk factors associated with
hygiene and management.

Materials and methods

Study area and characteristics of studied flocks

The study was performed in Sardinia (38° 51′–41° 18′ N; 8°
8′–9° 50′ E), the second-largest island in the Mediterranean
Sea, located to the west of the Italian Peninsula, covering an
area of 24,090 km2 (Fig. 1). Sardinia is a major livestock
breeding area, particularly for sheep. Cattle breeding is also
an important Sardinian farming activity, with 271,083 heads
of cattle bred in 2017 (ISTAT 2017). Most of the cattle farms
are intensive and located throughout the island. A high density
of cattle farms is located in Arborea, an important agro-
economical region located in the province of Oristano (west-
ern Sardinia) with a substantial production of meat and dairy
products and a high genealogy of cattle (Varcasia et al. 2006).

Sample collection and microscopic analysis

From February to March 2014, faecal samples were collected
directly from the rectum of a total of 147 pre-weaned calves in
22 cattle herds located in the centre (province of Oristano; n =
18) and the north (province of Sassari; n = 4) of Sardinia
(Fig. 1). In each farm, all animals younger than 35 days old
were sampled. The number of faecal specimens taken ranged
from 4 to 13 (mean = 6.68; standard deviation (SD) = 2.41).

A questionnaire requiring no more than 10 min of the
farmers’ time was administered regarding general characteris-
tics of the farms, calves’ housing conditions and the hygiene
practices probably associated with Cryptosporidium infection
risk in cattle herds. All farmers answered the questionnaire at
the moment of sampling; it included descriptors of the farm
such as herd size, breeding system, type of cattle farming and
the presence of other animal species. Detailed information was
also gathered on the stalling of calves, type of flooring, drink-
ing water, general hygiene status and the use of disinfectants.
Owners were asked about previous diarrhoeic episodes in the
farm, vaccination of pregnant dams against other infectious
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agents causing neonatal diarrhoea, administration of colos-
trum or use of anti-diarrhoeal compounds in calves. Cattle
breed, age and hydration status of each animal were also re-
corded when sampling.

Each faecal specimen was firstly studied macroscopically
to establish its consistency as liquid, soft or solid, and the
presence of mucus or blood was also noted. Faecal specimens
were then examined for the presence of Cryptosporidium oo-
cysts by microscopy of stained Ziehl-Neelsen smears (Fig. 2).
Infection intensity was estimated semi quantitatively accord-
ing to the average number of oocysts in 20 fields at × 1000
magnification and expressed as oocysts per field (opf)
(Castro-Hermida et al. 2002). All microscopy-positive sam-
ples were selected for further genetic characterisation.

DNA extraction

Oocysts were purified from faecal specimens by using satu-
rated NaCl solution as previously described (Elwin et al.
2001). Purified oocysts were then resuspended in distilled
water and stored at 4 °C prior to use. Total DNAwas extracted
from 200 μl of oocyst suspensions using the ChargeSwitch®
gDNA Micro Tissue Kit (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s instructions, preceded by
three freezing cycles with liquid nitrogen (1 min) and thawing
at 100 °C (5 min). DNA extracts were stored at − 20 °C.

Cryptosporidium species identification and C. parvum
subtype analysis

Cryptosporidium species were determined by nested PCR of
an SSU rRNA gene fragment and restriction fragment length
polymorphism (RFLP) analysis of the secondary PCR

products with the endonucleases SspI, VspI and MboII, using
primers previously described (Jiang et al. 2005). Species as-
signment was carried out by comparing RFLP profiles to
those reported by Xiao and Ryan (2008). Diagnosis of
Cryptosporidium species different from C. parvum was con-
firmed by DNA sequencing of the SSU rRNA PCR products.

A gp60 gene fragment (800 to 850 bp) was amplified using
the nested PCR protocol of Alves et al. (2003) to subtype C.
parvum isolates. Those samples testing negative at the gp60
gene were sequenced at the SSUrRNA gene to confirm the
PCR-RFLP results. Both selected SSU rRNA and gp60 DNA
fragments were purified and sequenced on an ABI 3730xl
sequencer (Applied Biosystems, Foster City, CA, USA) at
the Sequencing and Fragment Analysis Unit of the Santiago
de Compostela University. Sequences were aligned and edited
using ChromasPro (Technelysium, Brisbane, Australia) and
consensus sequences were then scanned against the
GenBank database using BLAST. Subtypes were named

Fig. 2 Cryptosporidium oocysts in Ziehl-Neelsen staining

Fig. 1 Geographic map of the
sampling locations in the
provinces of Sassari and Oristano
(grey areas) of Sardinia (Italy)
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according to the nomenclature described by Sulaiman et al.
(2005). Unique gp60 sequences identified in this study were
deposited in GenBank under accession numbers MG725620
and MG725621.

Statistical analysis

Variables were categorised for statistical analysis as
summarised in Table 1. A mixed effects logistic regression
was used for risk factor analysis; herd was considered as a
random factor. A geographic variable was also included based
on the location of the farm (Oristano or Sassari). Several var-
iables were not included in the analysis since all the farms use
private water wells for drinking water and all calves were
stalled without dam and fed with colostrum for the first 3 days
of life. Milk or a milk replacer was always offered via nipple
buckets.

The frequency of disinfection of calf pens was not included
in the analysis since most farmers only disinfect calf pens
before putting in a new batch of calves; only in one farm,
where four faecal samples were collected, did the owner dis-
infect calf pens fortnightly. Since C. parvum infection can be
asymptomatic or cause diarrhoea in calves, the relationship
between the presence of this species and the macroscopic
characteristics of faeces (faecal consistency, presence of mu-
cus or blood) was also analysed using the same multivariate
test. In both cases, factors were eliminated from the initial
model using a backward conditional method based on the
AIC value (Akaike Information Criterion) until the best model
was built. Next, all pairwise interactions that were biologically
plausible were evaluated. Odds ratios were computed by rais-
ing e to the power of the logistic coefficient over the first
category of each factor (reference category), not over the last.

The existence of significant differences in oocyst excretion
intensity considering the macroscopic characteristics of faeces
was analysed using ANOVA. Tukey’s HSD test was used to
detect differences between pairs. For these analyses, the de-
pendent variable—oocysts per field—was log-transformed
beforehand, Ln (opf + 1). In all analyses, associations were
considered significant at p ≤ 0.05. All statistical analyses were
performed with the glmer () function from lme4 package
(Bates et al. 2014) in the R statistical package (R v.3.1.1; R
Development Core Team).

Results

Prevalence

Microscopic analysis of 147 faecal samples revealed the pres-
ence of Cryptosporidium oocysts in 57 (38.8%) specimens
(Fig. 2). The mean intensity of oocyst shedding was 3.38
opf (SD = 5.85). Fifteen of 22 cattle farms (68.2%) harboured

infected animals; the mean intra-herd prevalence was 51.8%,
whereas the percentage of calves shedding oocysts in each
positive farm ranged from 20.0 to 85.7%.

Risk factor analysis

Mixed logistic regression results indicated that calf positivity
to Cryptosporidium spp. was mainly determined by the

Table 1 Cryptosporidium positivity in calves from Sardinia. Results for
the different categories considering the analysed factors

Variables Groups Positivity
(%)

General characteristics
of the farm

Age < 8 days (n = 32) 53.1

8–14 days (n = 33) 51.1

15 to 21 days
(n = 65)

26.2

> 21 days (n = 17) 35.3

Location Oristano (n = 109) 41.3

Sassari (n = 38) 31.6

Cattle breed/system
of breeding

Frisian/dairy
(n = 139)

38.6

Other (n = 9) 40.0

Presence of other animals Yes (n = 35) 31.4

No (n = 112) 41.1

Stalling of calves Individual (n = 68) 35.3

Grouped (n = 79) 41.8

Type of flooring Not slatted (n = 93) 45.2

Slatted (n = 54) 27.8

General hygiene Bad (n = 53) 37.7

Good (n = 73) 39.7

Very Good
(n = 21)

38.1

Use of disinfectants Yes (n = 53) 47.9

No (n = 94) 33.3

Previous diarrhoea outbreaks Yes (n = 98) 40.8

No (n = 49) 34.7

Vaccination against other
enteropathogens

Yes (n = 83) 34.9

No (n = 64) 43.8

Halofuginone Yes (n = 23) 13.0

No (n = 124) 43.5

Macroscopic characteristics
of faeces

Faecal consistency Solid (n = 82) 31.7

Soft (n = 49) 42.9

Watery (n = 16) 62.5

Presence of mucus Yes (n = 22) 36.4

No (n = 125) 39.2

Presence of blood Yes (n = 3) 33.3

No (n = 144) 38.9
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animals’ age, farm location, type of flooring and use of disin-
fectants, halofuginone and milk replacer (Table 2). Thus,
calves younger than 2 weeks showed the lowest prevalence
values; animals aged 1–7 days presented a 1.6- to 4.6-fold
higher probability of being positive to the protozoan than oth-
er age groups. The location and type of flooring can also be
considered determining factors since the risk of being positive
was 4.7- and 6.0-fold higher in herds from Oristano and in
farms using non-slatted flooring, respectively. The application
of disinfectants and milk replacers was significantly associat-
ed with higher Cryptosporidium prevalences (Table 2). In
contrast, the risk of being positive to the protozoan was lower
(OR = 0.27; 95%CI 0.05–1.06) when calves were treated with
halofuginone.

Molecular analysis

Amplicons of the SSU rRNA gene were obtained in 84.2%
of the microscopic-positive samples (Table 3). PCR-RFLP
analysis revealed the presence of two Cryptosporidium spe-
cies in Sardinian calves, C. parvum and C. bovis. The for-
mer was the most frequent species, with a prevalence of
31.3%, and was present in both diarrhoeic and healthy ani-
mals. In fact, faeces from positive C. parvum calves were
mostly solid (45.6%) and did not show mucus (86.0%) or

blood (98.2%); only 17.5% of positive faecal samples were
watery. Mixed logistic regression results indicated that the
prevalence ofC. parvumwas significantly influenced by the
faecal consistency (Table 1); thus, calves with watery diar-
rhoea presented a C. parvum-positive probability that was
3.59-fold higher (95% CI 1.18–10.94; p = 0.025) than those
excreting solid faeces. The model showed that the presence
of mucus or blood in faeces is not associated withC. parvum
oocyst shedding. In addition, the mean C. parvum oocyst
shedding intensity was 4.13 opf (SD = 6.29). The ANOVA

Table 2 Final outcome of a
backward (conditional) mixed
logistic regression for risk factor
analysis. Factors had been
eliminated step by step (AIC)
until best model was built

Estimate S.E. p OR C.I. 95%

Lower Upper

Intercept − 0.947 0.909 0.297 0.388 0.059 2.187

Age

< 7 days – – – – – –

7–14 days − 0.461 0.638 0.470 0.631 0.176 2.187

14–21 days − 1.527 0.579 0.008 0.217 0.007 0.660

> 21 days − 0.732 0.715 0.306 0.481 0.113 1.922

Slatted flooring

No – – – – – –

Yes − 1.795 0.548 0.001 0.166 0.052 0.456

Farm location

Sassari – – – – – –

Oristano 1.553 0.678 0.022 4.724 1.335 19.761

Use of disinfectants

No – – – – – –

Yes 1.923 0.653 0.003 6.841 2.048 27.400

Use of halofuginone

No – – – – – –

Yes − 1.294 0.741 0.080 0.274 0.054 1.064

Milk replacer feeding

No – – – – – –

Yes 1.279 0.596 0.032 3.592 1.157 12.193

Table 3 Cryptosporidium species and C. parvum gp60 subtypes
identified in pre-weaned calves from Sardinia

Samples (n = 147) Farms (n = 22)

Microscopy 57/147 (38.8%) 15/22 (68.2%)

Positive by SSU rRNA 48/57 (84.2%) 15/15 (100%)

C. parvum 46/48 (95.8%) 14/15 (93.3%)

C. bovis 2/48 (4.2%) 2/15 (13.3%)

Positive for C. parvum by gp60 38/46 (82.6%) 12/14 (80.0%)

IIaA15G2R1 31/38 (81.6%) 10/12 (83.3%)

IIaA16G3R1 2/38 (5.3%) 2/12 (16.7%)

IId A20 2/38 (5.3%) 1/12 (8.3%)

IIdA20G1b 1/38 (2.6%) 1/12 (8.3%)

Not readable 2/38 (5.3%) 2/12 (16.7%)
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test showed that oocyst counts were significantly higher
(F = 12.178; p < 0.001) in watery samples (8.73 opf; SD =
6.13) than in those with a soft (3.23 opf; SD = 6.89) or solid
consistency (1.45 opf; SD = 3.11). The post-hoc Tukey test
showed that the differences were significant between liquid
and solid faecal specimens (p < 0.001) and between liquid
and soft samples (p = 0.001). Oocyst shedding was also
higher in samples showing mucus (6.36 vs 2.89 opf) or
blood (14.9 vs 3.18 opf), but these differences were not
significant (p > 0.05).

C. bovis was only identified in two solid faecal samples
from calves aged 7 and 16 days (1.4%). Both samples were
then sequenced to confirm RFLP results, showing 100% ho-
mology with the reference C. bovis sequence MF074602
(Supplementary data). The intensity of C. bovis oocyst excre-
tion was low, ranging between 0.05 and 1.10 opf.

A monospecific infection was identified in all animals and
farms, except for one herd where bothC. parvum and C. bovis
were detected.

Cryptosporidium parvum subtyping analysis

Thirty-eight of 46 (82.6%) C. parvum isolates identified by
PCR-RFLP of the SSU rRNA gene were positive to gp60
PCR. Sequencing gave 36 readable traces. SSU rRNA
amplicons of the gp60-negative C. parvum isolates were se-
quenced to confirm the RFLP results. Four subtypes belong-
ing to the families IIa and IId were identified, including the
novel subtype IIdA20 (Table 3). IIaA15G2R1 was the most
frequent and distributed subtype and was identified in 83.3%
of C. parvum-positive farms. In contrast, the rest of the iden-
tified subtypes were occasional findings. It is worth noting
that all IId subtypes were detected in calves from a single
farm. All IIaA15G2R1 and IIdA20G1b isolates were 100%
homologous to reference sequences MF142042, KY990913
and KU852712 (see Supplementary data). Both IIaA16G3R1
specimens were identical and exhibited a transversion (A in-
stead T) in the non-repeating region when compared to the
reference sequence HQ005741, resulting in a change from
lysine to histidine. Likewise, the novel subtype IIdA20 exhib-
ited a single nucleotide transition (C instead of T) downstream
of the repeat region when compared to IIdA19G1 (GenBank
accession number KY711525), resulting in a change from Val
to Ala.

A single C. parvum subtype was identified in most farms,
except for two herds where two gp60 alleles (IIaA15G2R1 +
IIaA16G3R1 and IIdA20 and IIdA20G1b) were found.

Discussion

Our findings revealed thatCryptosporidium spp. are prevalent
and widely distributed parasites in cattle farms from Sardinia.

The individual percentage of infection is in line with previous
investigations carried out in suckling calves from Sardinia,
with values close to 33% (Scala and Garippa 1994; Scala et
al. 2007). These results show that the percentage of
Cryptosporidium-positive calves has remained high and con-
stant in Sardinia during the last 20 years, suggesting that the
control/preventive measures adopted have not been fully ef-
fective. In addition, the percentage of cryptosporidial infection
was higher than those found in pre-weaned calves from other
Italian regions, such as Central Italy (Duranti et al. 2009) or
Sicily (Di Piazza et al. 2013), where prevalences did not ex-
ceed 25%.

The significant intra-herd prevalence values are a reflection
of the high morbidity of this protozoan. It has been reported
that some hygienic and management factors may favour dis-
semination of the protozoan in the farm, increasing the risk of
infection (de Graaf et al. 1999; Castro-Hermida et al. 2002).
Multivariate analysis of our data revealed several risk factors
for calf positivity to Cryptosporidium spp. The risk of being
positive was significantly higher in herds from Oristano,
where the density of intensive cattle farms is far higher than
in Sassari (Varcasia et al. 2006). The proximity of farms may
favour oocyst dissemination and indirect transmission by fo-
mites such as clothes or footwear (particularly by farmers or
veterinary surgeons), shared farm tools or even insects
(Graczyk et al. 1999; Bihn and Gravani 2006; Bouzid et al.
2013).

Although cryptosporidial infection is considered especially
common in animals living in overcrowded and oocyst-
contaminated environments (Mohammed et al. 1999; Castro-
Hermida et al. 2002), general calf cleanliness and stalling of
calves were not identified as decisive factors. Our results show
that the risk of being positive was significantly higher in herds
using straw on earth or cement flooring. Although deep and
regular straw bedding seems to keep calves clean from faeces
(Wells and Thompson 2014), poor or infrequent bedding
maintenance was very common in the cattle farms studied,
leading to an increase in the faecal contamination of stalls
and thus the risk of infection. In contrast, Muhid et al.
(2011) found that calves kept in pens with slatted floors had
an increased risk compared with those in pens with cement
floors. Surprisingly, the application of disinfectants was sig-
nificantly associated with higher prevalence of the protozoan,
suggesting the use of incorrect cleaning and disinfection rou-
tine practices. Several investigations have proved that thick-
walled Cryptosporidium oocysts are highly resistant to ad-
verse external conditions, including those disinfectants most
commonly used in animal husbandry (Fayer 2008). In our
study, 36.1% of farmers stated that they disinfected calf pens
using ammonia, iodine or lime, but only ammonia has shown
good efficacy against the protozoan (Fayer 2008). Our results
also suggest that farmers used concentrations of disinfectants
insufficient to reduce oocyst infectivity. Moreover, their pre-
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disinfection cleaning methods failed to remove organic
soiling, consequently reducing disinfectant efficacy and in-
creasing the likelihood of oocyst survival in the environment
(Fotheringham 1995). Thus, most farmers using disinfectants
did not achieve effective removal or inactivation of oocysts,
but a dispersion of oocysts favouring calf infection.

A significant preventive effect of halofuginone treatment
was also identified in the risk factor analysis. These results are
consistent with several investigations that found halofuginone
is an effective drug for the prophylactic treatment of
Cryptosporidium infections, causing a reduction in oocyst
shedding and diarrhoeal disease (Trotz-Williams et al. 2011;
Delafosse et al. 2015). The association of Cryptosporidium
positivity and use of milk replacers might be related to oocyst
contamination due to the milk replacer being prepared or
stored in unhygienic conditions (McGuirk 2003). In addition,
since poor nutrition is also related to immunosuppression,
using poor-quality milk replacers could negatively influence
leukocyte responses and res is tance to di fferent
enteropathogens (Ballou et al. 2015; Hammon et al. 2018),
thereby favouring cryptosporidial infection.

In summary, effective control and preventive measures in-
cluding correct cleaning and disinfection routine practices,
administration of halofuginone and good quality milk re-
placers or the use of slatted flooring should be adopted, par-
ticularly in farms from Central Sardinia, to reduce the proto-
zoan’s presence in farms and consequently lower the crypto-
sporidiosis outbreak risk. All these findings could be very
useful to Sardinian cattle farmers since they strongly suggest
that suitable control measures would reduce both the impact
and risk of the disease on animal health.

Only two Cryptosporidium species were identified: C.
parvumwas clearly predominant, whereasC. boviswas found
only occasionally. These results endorse previous molecular
studies carried out in cattle from Europe and North America
which found that C. parvum is the main Cryptosporidium
species affecting both diarrhoeic and healthy suckling calves
(Santín et al. 2004, 2008; Trotz-Williams et al. 2006; Quílez et
al. 2008; Díaz et al. 2010; Castro-Hermida et al. 2011; Imre
and Dărăbus 2011; Duranti et al. 2009).

Shedding of C. parvum oocysts was significantly asso-
ciated with watery diarrhoea, mainly in calves younger
than 2 weeks, which presented a higher probability of
being positive than other animals; these results are in line
with previous studies (Kváč et al. 2006; Duranti et al.
2009; Garro et al. 2016). C. parvum is broadly recognised
as the most pathogenic species for cattle, since it is re-
sponsible for the appearance of important neonatal diar-
rhoea outbreaks in farms (Santín et al. 2004; Fayer et al.
2006; Santín and Trout 2008; Quílez et al. 2008; Díaz et
al. 2010; Imre and Dărăbus 2011), although in some stud-
ies, it has also been identified as the major or the only
species in healthy cattle (Santín et al. 2004; Castro-

Hermida et al. 2011; Trotz-Williams et al. 2006; Fayer
et al. 2007; Duranti et al. 2009).

The presence of mucus or blood in faeces was not related to
the presence of C. parvum due to its superficial location in the
intestinal epithelium (Aurich et al. 1990; Castro-Hermida et
al. 2002). Nevertheless, some bloody and mucous faecal sam-
ples tested positive to the protozoan, suggesting co-infection
with other bacterial, viral or parasitic enteropathogens such as
rotavirus, coronavirus, Escherichia coli orGiardia duodenalis
(Castro-Hermida et al. 2002; García-Meniño et al. 2015).
Since C. parvum is considered the most important
Cryptosporidium zoonotic species (Xiao 2010), the high oc-
currence of the parasite in Sardinian cattle farms may have
significant public health implications.

C. bovis was of little significance in pre-weaned calves
since it was only identified in two asymptomatic calves aged
7–13 days. Our results endorse most Cryptosporidium inves-
tigations in cattle reportingC. bovis as a host-specific and low-
pathogenic species particularly common in post-weaned
calves and heifers (Santín et al. 2008; Šlapeta et al. 2013). In
contrast, C. bovis has also been reported as the most common
Cryptosporidium species in pre-weaned calves from the five
continents (Ayinmode et al. 2010; Silverlås et al. 2010; Ng et
al. 2011; Budu-Amoako et al. 2012; Abeywardena et al.
2014), although its presence is especially important in suck-
ling calves in China (Wang et al. 2011; Zhang et al. 2015; Ma
et al. 2015; Fan et al. 2017). The sporadic detection of this
species in the present study may be a consequence of the low-
intensity oocyst excretion values observed, usually below the
detection limit of diagnostic tests. In addition, considering the
high prevalence and oocyst shedding of C. parvum in pre-
weaned calves, the exponential amplification of PCRmethods
could mask the presence of C. bovis in animals showing
mixed infections. In addition, C. bovis is considered a non-
zoonotic species, although it has been detected sporadically in
humans from Australia (Ng et al. 2012), Egypt (Helmy et al.
2013) and India (Khan et al. 2010).

When the genetic diversity within C. parvum was
analysed, four subtypes belonging to the subtype families
IIa and IId were found. Our results are consistent with pre-
vious investigations reporting these two subtype families as
the most common in cattle worldwide, particularly IIa, al-
though other subtype families, such as IIj and IIl, have also
been sporadically found (Xiao 2010). The low genetic di-
versity observed may be due to the low number of isolates
subtyped or to a genetic isolation because of insularity. Both
IIa subtypes identified, IIaA15G2R1 and IIaA16G3R1,
have zoonotic potential; thus, the former is considered the
most common C. parvum subtype in humans (Trotz-
Williams et al. 2006; Xiao and Ryan 2008; Xiao 2010). C.
parvum subtype family IId has been involved in a signifi-
cant number of human cryptosporidiosis cases (Cui et al.
2014; Ibrahim et al. 2016). The two IId subtypes identified
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in the present study are not common; in fact, IIdA20 is a
novel C. parvum subtype in cattle. They both originated
from the northwesternmost farm studied, geographically
distant from the other farms. Both subtypes were detected
in asymptomatic calves, and the intensity of oocyst excre-
tion was low, ranging from 0.1 to 4.6 opf. Finally, the find-
ing of a single C. parvum gp60 subtype in most positive
farms indicates that molecular subtyping techniques are
useful tools for identifying and tracking cryptosporidiosis
outbreaks in humans and animals.

In conclusion, our results reveal that a significant percent-
age of healthy and diarrhoeic suckling calves in Sardinia are
carriers of zoonotic subtypes ofC. parvum, representing a risk
for the appearance of cryptosporidiosis outbreaks not only in
animals but also in humans.
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