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Abstract

Cryptosporidium spp. are protozoan parasites that cause cryptosporidiosis, an enteric disease
that can affect a wide range of vertebrate hosts. Pigs play a potential role in the transmis-
sion of Cryptosporidium spp. to humans, although infections are most often subclinical.
This study aimed to assess the occurrence and molecular characterization of Cryptosporid-
ium spp. in swine farms located in Aragén, northeastern Spain. Fecal samples (n = 72)
were collected from 10 breeding farms, encompassing various production stages (lactation,
nursery, fattening, and/or wean-to-finish). Data regarding the type of production system
(two- or three-stage), production stages, and farming facilities (the type of flooring and
water source) associated with the parasite presence were also analyzed using a question-
naire. The results showed that Cryptosporidium spp. were more frequently detected in fecal
samples originating from three-stage production systems (21.9%) compared to two-stage
systems (12.5%). Samples from the fattening stage exhibited the highest positivity rate and
estimated oocyst count (3.0 oocyst/microscopic field). Furthermore, the molecular charac-
terization of Cryptosporidium spp. revealed the circulation of multiple species both among
farms and within the same pig production flow, with Cryptosporidium scrofarum being the
most prevalent species (7/72; 9.7%), followed by Cryptosporidium suis (1/72; 1.4%). These
findings underscore the importance of the surveillance and molecular characterization of
Cryptosporidium spp. for controlling infections in pigs, considering the potential for the
zoonotic transmission of this parasite to humans.

Keywords: Cryptosporidium spp.; pigs; Cryptosporidium suis; Cryptosporidium scrofarum; zoonosis

1. Introduction

Cryptosporidium spp. are zoonotic parasites with a global distribution, affecting a
wide range of vertebrate hosts, including humans. Infection with this protozoan can
lead to cryptosporidiosis, an enteric disease recognized as a significant zoonotic illness
worldwide [1]. The main route of transmission of this parasite is fecal-oral, involving the
ingestion of infective Cryptosporidium spp. oocysts from contaminated environments, food,
or water [2].

Among susceptible animals, pigs are considered a significant reservoir host for Cryp-
tosporidium spp. [1-6]. The global prevalence of Cryptosporidium spp. in pigs was estimated
to be 16.3% [6]. The highest infection rate of this parasite in pigs per continent was found
in Africa (40.8%), followed by Europe (18.3%). Within Europe, the United Kingdom and
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Ireland reported the highest prevalence (44.6%), while Germany showed the lowest preva-
lence (0.4%). In Spain, the estimated prevalence of Cryptosporidium spp. was 13.7% [4],
based on published data from previous studies in domestic pigs [7,8], black Iberian pigs [9],
and wild boars [9,10].

In most cases, Cryptosporidium spp. infections in pigs are subclinical [11,12]. Neverthe-
less, in some cases, cryptosporidiosis may present clinical manifestations, particularly in
the presence of co-infections with other enteric pathogens such as Cystoisospora suis and/or
Rotavirus. In those scenarios, pigs may exhibit diarrhea, reduced feed conversion rates, and
even mortality [7,13-15]. Previous research indicates that the development and severity
of clinical signs in pigs and their severity are influenced by factors such as the age of the
infected pigs [16], farm management practices [17], and the specific Cryptosporidium species
or genotype involved [12]. To date, 13 species/genotypes of this protozoan have been
identified in pigs, with Cryptosporidium scrofarum, Cryptosporidium suis, and Cryptosporidium
parvum being the most prevalent species detected both globally [6] and in Spain [7-9].
These three Cryptosporidium species have also been detected in humans, highlighting their
zoonotic potential [18-21] and the importance of implementing effective control measures.

The fact that one to ten infective oocysts of Cryptosporidium spp. can initiate infection
and cause disease [22,23], coupled with the prolonged survival of these oocysts under
diverse environmental conditions [24] and the close contact between pigs and humans,
indicates a considerably high zoonotic transmission risk of Cryptosporidium spp. from
pigs [6,25]. Furthermore, the potential for water resource contamination is significant if
swine manure is not properly managed [25]. The increasing implementation of intensive
swine production systems in Aragén, a region in northeastern Spain that held the largest
Spanish pig population in 2024 [26], results in the generation of a significant volume of
slurry. Despite this elevated risk and the potential for widespread contamination, current in-
formation on the prevalence of Cryptosporidium spp. in this area remains limited. This study
aimed to investigate the occurrence of Cryptosporidium spp. across various swine farms in
Aragoén and to identify the parasite species involved through molecular characterization.

2. Materials and Methods
2.1. Farm Selection

Ten commercial breeding farms voluntarily participated in this study. The ten farms
were located in the area with the highest density of pig farms in Aragén, in northeastern
Spain. These farms encompassed various production stages: lactation (Phase 1, P1), nurs-
ery (P2), fattening (P3), and/or nursery-fattening (P2 + P3, also referred to as wean-to-finish,
WTF). Participating farms were classified into two production system types: (A) three-
phase farms, including the P1, P2, and P3 stages, and (B) two-phase farms, including the P1
and WTF stages.

2.2. Sample Collection and Questionnaire

A total of 72 fecal samples were collected by the responsible veterinarian at selected
commercial breeding farms between March and June 2024. Among these selected farms,
four farms (40.0%) followed a three-stage production system (P1, P2, P3), and six farms
(60.0%) utilized a two-stage production system (P1, WTF). For each farm and stage, three
pens of animals (10-12 animals per pen) were randomly selected, and samples were
collected. The number of samples collected per farm and production stage is summarized
in Table 1. Feces samples were collected from the pen floor using gloves and sterile, single-
use materials and placed into separate containers (2-3 containers per farm). Following
collection, samples were transported to the laboratory at 4 °C for analysis.
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Table 1. Number and percentages of collected samples per farm and production stage.
Number of Samples per Production Stage
Production Number of Wean-t

Type F % P _ s ean-to- o
yp arms (%) Lactation-P1 ~ Nursery-P2  Fattening-P3 .. .0 ‘v Total (%)
3-stages 4 10 23 12 NA 32 (44.4%)
2-stages 6 15 NA NA 23 40 (55.6%)
Total 10 25 12 12 23 72 (100%)

NA: not applicable.

Participating swine veterinarians completed a study-specific questionnaire compris-
ing 13 questions, including 6 closed-ended (e.g., yes/no or multiple choice) and 7 semi-
closed-ended questions (Supplementary File S1). The questionnaire requested information
regarding the farm (ID, location, size, production system type, stage, and facilities, such as
flooring type and water source) and the health status of the sampled animals concerning
digestive signs potentially related to Cryptosporidium spp. (diarrhea, retarded growth, loss
of appetite, vomiting, lethargy, etc.). Questionnaire responses showed that none of the
pigs in the sampled pens exhibited diarrhea or other digestive clinical signs. All farms had
slatted floors, and the water supply originated from bored wells.

2.3. Fecal Oocyst Concentration and Examination by Immunofluorescence

Cryptosporidium spp. oocysts in fecal samples were concentrated using the formalin-
ethyl acetate sedimentation method, as previously described by Young et al. [27]. The
presence of oocysts in each concentrated sample was examined by immunofluorescence (IF)
using a commercial Aqua-Glo™ G/C Direct Reagent Only Kit (A100FLR-20X, Waterborne,
Inc. (New Orleans, LA, USA)) following the manufacturer’s instructions. An estimated
oocyst count (EOC) was also performed by evaluating 25 random microscopic fields. The
infection intensity in each sample was categorized at 400 x magnification as follows: high
(>10 oocysts), mild (10-5 oocysts), minimal (<5 oocysts), and no infection (0 oocysts).

2.4. DNA Extraction, Detection and Sequencing

DNA extraction from microscopically positive samples was performed using the
FavorPrep™ Stool DNA Isolation Mini Kit (Favorgen Biotech Corp (Pingtung County,
Taiwan)) according to the manufacturer’s instructions. The extracted DNA was stored at
—20 °C until polymerase chain reactions (PCRs) were conducted.

Cryptosporidium spp. were detected and characterized by the nested PCR amplification
of the small-subunit (SSU) ribosomal RNA gene, as previously described by Xiao et al. [28],
to obtain a PCR product of approximately 800 bp long (depending on the species). Positive
samples exhibiting a high amplicon intensity were selected for Sanger sequencing. These
selected samples were purified using PCR ExoSAP-IT™ (Thermo Fisher Scientific (Waltham,
MA, USA)), following the manufacturer’s instructions, and subsequently sequenced using
a 3500 XL Genetic Analyzer (Thermo Fisher Scientific).

2.5. DNA Sequence and Phylogenetic Analysis

Sequences were aligned and edited using MEGA v11.0.13 software [29]. The resulting
consensus sequences were analyzed and subsequently deposited in the GenBank database
under the accession numbers PV583372 to PV583379. Representative sequences of Cryp-
tosporidium species/genotypes isolated in pigs, such as C. parvum, C. suis, and C. scrofarum,
among others, were retrieved from the NCBI database for phylogenetic analysis. Addition-
ally, a sequence of Cystoisospora suis was included as the outgroup sequence. Phylogenetic
trees were constructed using MEGA 11 software. These trees were generated based on
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1000 bootstrap replicates and included the sequences obtained in this study along with the
above-mentioned representative sequences. Neighbor-joining trees were constructed based
on evolutionary distances calculated according to the Kimura two-parameter model.

2.6. Statistical Analysis

Data concerning the questionnaire responses and Cryptosporidium spp. positivity were
recorded in a Microsoft Excel® spreadsheet. Qualitative variables, including questionnaire
responses (information on farms and health status), IF (categorized as high, mild, minimal,
no infection), and PCR results (positive/negative), were compared using the Chi-square
(x?) test. All statistical analyses were performed using R software (version 4.0.2, R Core
Team, Vienna, Austria), with statistical significance set at p < 0.05.

3. Results
3.1. Positivity of Cryptosporidium spp. by Immunofluorescence and EOC

Cryptosporidium spp. were detected by immunofluorescence in 12 out of 72 (16.7%)
collected samples originating from five different farms (Table 2). Regarding the type
of production system used, three-stage farms exhibited a higher proportion of positive
farms (7/32, 21.9%) by immunofluorescence compared to two-stage farms (5/40; 12.5%).
When considering all sampled farms and production types, the highest positivity for
Cryptosporidium spp. by immunofluorescence was observed in the nursery and fattening
phases (3/12, 25.0% in each production phase), followed by the WTF phase (4/23, 17.4%)
and the lactation phase (2/25, 8.0%). No statistically significant association was found
between Cryptosporidium spp. positivity and the type of production used.

Table 2. Number of positive samples for Cryptosporidium spp. by immunofluorescence per produc-

tion stage.
N° Positive Number of Samples per Production Stage
Farm Production Collected Samples Wi t
T P _ . ean-to-
ype Samples (%) Lactation-P1 ~ Nursery-P2  Fattening-P3 Finish-WTF

A 3-stages 8 6 (75%) @ - 3 3 NA

B 3-stages 7 1(14.3%) P 1 - - NA

D 2-stages 5 2 (40.0%) P - NA NA 2

F 2-stages 6 2(33.3%) P - NA NA 2

] 2-stages 6 1(16.7%) ° 1 NA NA -
Total 32 12 (37.5%) 2 3 3 4

NA: not applicable; different superscript letters indicate statistical significance (p < 0.05).

The highest EOC values were observed in Farm A (8.6 oocysts/field), which cor-
responded to a mild infection intensity. In contrast, Farms B (0.02 oocysts/field),
D (0.27 oocysts/field), F (0.35 oocysts/field), and J (0.16 oocysts/field) exhibited min-
imal infection levels. Statistically significant differences in EOC values were detected
between Farm A and the other monitored farms (B-J) (p < 0.05). Regarding the type of
production system used, three-stage farms showed higher EOC values (2.16 oocyst/field)
compared to two-stage farms (0.12 oocyst/field). However, no statistically significant
differences in EOC values were found between the two production types.

Finally, the fattening stage showed the highest mean EOC value (3.0 oocysts/field),
followed by the weaning (2.75 oocysts/field), wean-to-finish (0.18 oocysts/field) and
lactation (0.04 oocysts/field) stages. Nevertheless, no statistical differences in EOC values
were observed among these production stages.
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3.2. Detection of Cryptosporidium spp. by Nested PCR and Sequencing

The twelve samples that tested positive for Cryptosporidium spp. via immunofluores-
cence were subsequently analyzed using nested PCR. Of these, eight samples (8/12, 66.7%)
were confirmed positive for Cryptosporidium spp. These positive samples corresponded to
Farm A (n = 6; three from weaning and three from fattening stages), Farm D (n = 1, WTF
stage), and Farm F (n = 1, WTF stage). No amplification was observed in the remaining
four samples. The sequencing of Cryptosporidium spp.-positive samples revealed that the
most prevalent species detected in the tested farms was C. scrofarum (7/8), followed by C.
suis (1/8). The phylogenetic relationships between Cryptosporidium species are detailed
in Figure 1.

GQ121024.1 Cryptosporidium sp. mouse genotype | A

49
(GQ983349.1 Cryptosporidium parvum isolate W14595 A

KR296813.1 Cryptosporidium hominis isolate SC563 A

PV583373 Cryptosporidium suis ZINUM2

67)
43

KJ790224.1 Cryptosporidium suis isolate CWQ1 A

MF405462.1 Cryptosporidium meleagridis isolate CryZaBrog8 A
59

KT749819.1 Cryptosporidium felis isolate M11 A

JN172971.1 Cryptosporidium sp. rat genotype rat193 A

JX424840.1 Cryptosporidium scrofarum A
59

PV583379 Cryptosporidium scrofarum Z4WFM23

PV583376 Cryptosporidium scrofarum Z1INUM8

PV583375 Cryptosporidium scrofarum Z1FAM7

9 EF489037.1 Cryptosporidium sp. Eire w65.5 A

PV583374 Cryptosporidium scrofarum ZINUM3

PV583377 Cryptosporidium scrofarum Z1FAM6

PV583378 Cryptosporidium scrofarum Z6WFM42

JQ073556.1 Cryptosporidium muris small A

94
KP704554.1 Cryptosporidium andersoni A

KX808495.1 Cystoisospora suis isolate CZ1 @

Figure 1. Phylogenetic relationships among Cryptosporidium species from this study and reference
(A) and outgroup (e) sequences downloaded from GenBank. A phylogenetic tree based on partial
SSU rRNA gene sequences of Cryptosoporidium species constructed by the neighbor-joining distance
method with 1000 bootstrap replicates using MEGA 11 software.
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4. Discussion

This study investigated the occurrence of Cryptosporidium spp. in pigs across different
production stages (lactation, nursery, and fattening) and consequently at different ages
in various swine farms located in Aragoén, northeastern Spain. The results obtained in
this study revealed lower prevalence rates of Cryptosporidium spp. compared to previous
investigations conducted in the same geographical area, where detection rates ranged from
78 to 62% in farms and from 32 to 22% in individual pigs [7,8]. These differences could
be attributed to the number of samples analyzed, the age of the animals sampled, and the
inclusion of a wean-to-finish production system not considered in earlier studies.

Cryptosporidium spp. were most frequently detected on farms following a three-
stage production system (21.9%), with the fattening period exhibiting the highest number
of positive farms and estimated oocyst count (EOC) values. This finding contrasts with
previous studies that reported a higher Cryptosporidium spp. prevalence in the post-weaning
period (~25.8%) compared to pre-weaned and fattening pigs [6-8,30]. Notably, none of
the pigs monitored in this study exhibited diarrhea or other clinical signs potentially
associated with Cryptosporidium spp. infections during sampling. These findings align with
previous studies indicating that Cryptosporidium spp. infections are primarily subclinical in
pigs, suggesting the potential adaptation of this pathogen to swine [11,12]. This possible
adaptation underscores the role of pigs as potential hosts in zoonotic cryptosporidiosis,
thus necessitating further research on the prevalence and control of this pathogen in
swine populations.

The molecular characterization of Cryptosporidium species using SSU rRNA sequence
analysis provided valuable data, confirming the presence of different species among the
tested farms. Specifically, the most prevalent Cryptosporidium species was C. scrofarum,
which is detected in fecal samples originating from different farms, production types, and
stages, while C. suis was only reported in a single specimen. These findings are consistent
with previous studies conducted at European and global levels, where C. scrofarum was
also the major species detected in pigs [6,25]. In Spain, a previous study conducted in the
same region as the present study also identified C. scrofarum (64.0%) and C. suis (36.0%) as
the most prevalent species in pigs [8]. Notably, in this study, both species C. scrofarum and
C. suis were detected in samples from nursery pigs originating from Farm A. This result
confirms that multiple species can co-circulate within a single farm. Such a scenario might
imply the potential risk of genetic recombination within species, leading to the emergence
of novel subpopulations with unknown virulence and/or drug resistance [31-33]. Indeed,
mixed infections with the same or different species can lead to recombination events within
species, such as the discovery of novel subclades, demonstrating the role of admixture
in shaping population structure [33]. Nevertheless, it is important to note that shorter
fragments of the expected amplicon were obtained, limiting the accuracy of genotype
identification for some sequences. This finding may be explained by the lower quality of
sequences obtained from pig samples compared to those from other species (e.g., calves).
This could be due to the lower number of oocysts in samples, as well as the potential
presence of PCR inhibitors in pig feces. In fact, 4 out of 12 samples that tested positive
by immunofluorescence resulted in a negative PCR, supporting the hypothesis of a low
number of oocysts in pig samples. Further research is needed to improve sequencing
protocols and to evaluate genetic diversity and the potential risks of recombination.

Human cryptosporidiosis is primarily caused by C. hominis and C. paroum, with
the latter being the most significant zoonotic Cryptosporidium species [34]. In this study,
C. parvum was not detected, which is a result consistent with the above-mentioned study
conducted in the same geographical area by Suarez-Luengas et al. [8]. These findings
strengthen the hypothesis that pigs are not a significant reservoir for human infections with
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C. parvum in this region. Nevertheless, it is worth mentioning that both C. scrofarum and
C. suis have also been sporadically detected in human cases [18-21]. Given the potential
zoonotic risk of Cryptosporidium spp. infections, the implementation of stringent internal
biosecurity protocols, and proper hygiene practices among farm personnel is crucial to
prevent the transmission of this parasite to humans and its spread within farms. These
protocols should include thorough hand sanitation for farm workers, the use of gloves
when handling animals and/or materials (e.g., crate separators contaminated with feces),
and the changing of clothing, among other measures. Similarly, rigorous cleaning and
disinfection protocols, especially for slatted floors, are essential to reduce and prevent
oocyst environmental contamination and infectious pressure within farms [35,36]. Another
critical factor in the spread of Cryptosporidium spp. is the contamination of drinking water
with oocysts [36,37]. In this study, the impact of floor type and the source of drinking water
could not be evaluated since all farms utilized slatted floors and bored wells. Therefore,
further research exploring the significance of water sources and farm facilities as risk factors
is required to fully elucidate the transmission dynamics of Cryptosporidium spp. among
pigs and their potential for environmental contamination.

5. Conclusions

This study confirmed the presence and genetic diversity of Cryptosporidium spp. in
pigs across different production stages and farms in Aragén, northeastern Spain. The
results indicated that Cryptosporidium spp. were detected throughout the pig production
flow, with the highest prevalence observed in the three-stage production system and during
the fattening stage. The molecular characterization of Cryptosporidium spp. confirmed the
presence of different species both among and within farms, with C. scrofarum being the most
prevalent species identified. Given that Cryptosporidium spp. is a zoonotic pathogen and
considering the predominantly subclinical nature of infections observed in pigs, continuous
epidemiological surveillance and the promotion of rigorous hygiene practices among farm
personnel are essential measures. Further research focused on elucidating the complex
dynamics of Cryptosporidium spp. infections in pigs is needed to effectively prevent zoonotic
transmission between pigs and humans.
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