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Preface

Every day, hundreds of diseases pose a danger to livestock farms. Some have a direct influence;
others are more subtle, and their impact is noticeable over time. Some impose limits and obligatory
health measures. Some affect only animals of certain ages, while others affect the entire herd. Some
are new and emerging, while others are old, but no less serious. Regardless of the impact, there is just

one watchword: knowledge as a way to prevent!

Gianmarco Ferrara and Serena Montagnaro
Guest Editors
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Simple Summary: In addition to porcine parvovirus 1 (PPV1), seven new PPVs (PPV2-PPV8) have
been identified in the last two decades. However, the prevalence and evolution of PPVs in slaughtered
pigs in China are still unclear. The infection status in slaughtered pigs could reflect the overall health
situation during pig production in swine herds. Therefore, we detected the infection status of PPVs
in 353 samples collected from slaughtered pigs in six regions of China in 2023. Overall, 79.32%
of the samples were PPV positive, with 67.50% PPV-positive samples co-infecting with two to six
PPVs. Six species of PPVs were detected, except for PPV4 and PPV8. Representative PPV genomes
were determined for evaluating evolutionary relationships and detecting recombination events. A
genome-based phylogenetic tree confirmed the PCR results, and cross-over events were detected
in the PPV2 and PPV3 strains identified in this study. This study provided the first clue on the
prevalence and evolution of PPVs in slaughtered pigs in China.

Abstract: Porcine parvoviruses one through eight (PPV1-PPV8) are prevalent in Chinese swine herds.
However, the infection status of all these PPVs in slaughtered pigs is still unclarified. In this study,
we detected PPV1-PPV8 in 353 tissue samples collected from slaughtered pigs from six regions of
China in 2023. At least one species of PPV was detected in 79.32% of the samples (280 out of 353).
Six PPV species were detected, except for PPV4 and PPVS, in slaughtered pigs, within which PPV3
(49.86%), PPV2 (42.49%), and PPV7 (42.21%) were predominant, followed by PPV1 (13.31%), PPV6
(13.31%), and PPV5 (8.22%). Noticeably, co-infection was frequently detected, with 67.50% of PPV-
positive samples (189 out of 280) co-infecting with two to six PPVs. In addition, one representative
genome for each detected PPV was determined. Multiple sequence alignment determined a large
number of substitutions in capsid proteins of PPVs. Genome-based phylogenetic analysis confirmed
the PCR detection results. Recombination detection identified two potential recombinants (PPV2
GDCZ2023-2088 strain and PPV3 HLJSYS2023-1654 strain) in slaughtered pigs. Overall, this study
provides new insights into the prevalence and evolution of PPVs, particularly in slaughtered pigs in
China.

Keywords: PPV1-PPV8; prevalence; co-infection; genome; slaughtered pigs

Animals 2024, 14, 3238. https:/ /doi.org/10.3390/ani14223238 1 https:/ /www.mdpi.com/journal /animals
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1. Introduction

Parvoviruses (PVs) are small non-enveloped DNA viruses containing a linear single-
stranded genome, which may infect a wide range of animals [1]. In mammals, PVs
are closely associated with nervous and respiratory diseases in humans [2], hepatitis
in horses [3], enteritis in dogs [4], panleukopenia in cats [5], and reproductive diseases
in pigs [6]. The genomes of porcine parvoviruses (PPVs) are about 4.0 ~ 6.3 kb in length,
containing two open reading frames (ORF1 and ORF2). ORF1 encodes a nonstructural
protein, whilst ORF2 encodes a capsid protein [7]. Eight PPVs (PPV1 to PPV8) have been
detected in wild boars and domestic pig herds [8-10], which can be divided into four
genera of parvoviruses [7,11]. In detail, PPV1 and PPV8 belong to Protoparvovirus, PPV2
and PPV3 are grouped in Tetraparvovirus, PPV4, PPV5, and PPV6 are clustered within
Copiparvovirus, and PPV7 is grouped within Chaphamaparvovirus. PPV1 was first isolated in
Germany in 1965 [12]. PPV2 was unexpectedly amplified from swine sera in Myanmar in
2001 [13]. PPV3 (porcine hokovirus) was first identified in Hong Kong in 2008 [14]. PPV4
was detected in a diseased pig co-infected with PCV2 in the United States in 2010 [15].
PPV5 was identified in the United States in 2013 [16]. PPV6 was found in aborted pig
fetuses in China in 2014 [17]. PPV7 was first described in healthy adult pigs in the United
States in 2016 [18]. PPV8 was identified in PRRSV-positive samples in China in 2021 [11].
PPVs are widely spread in wild boars all around the world, including Serbia, Italy, Spain,
Turkey, Romania, South Korea, and China [7,9,10,19]. They are generally detected as the
most common pathogens in wild boars. For instance, two recent studies showed that PPVs
could be detected in 56% and 44.4% of samples from Serbia and Italy, respectively [9,10].
More importantly, all PPVs could be detected from clinically healthy and diseased domestic
pigs. The clinical symptoms may include fever, rash, dyspnea, porcine dermatitis, and
nephropathy syndrome (PDNS), while the potential pathological lesions include lung
consolidation, lymph node hemorrhage, kidney pathology, liver pathology, pericardium
pathology, enteric pathology, meningitis, and lymphadenopathy [7]. PPV1 is the major
agent causing SMEDI syndrome (stillbirths, mummification, embryonic death, and infer-
tility) [7]. Even though the pathogenicity of new PPVs (PPV2-PPV8) is still unclarified,
they have been proposed as potential pathogens of porcine respiratory disease complex
(PRDC) [20]. Although there are PPV commercial vaccines available, PPV infection is still
not well controlled worldwide. Therefore, it is important to monitor the prevalence and
evolution of PPVs in pig populations.

PPV1 was first identified in China in 1983 [21]. In the last two decades, all new PPVs
(PPV2 to PPV8) have also been detected in Chinese swine herds [7,11,14,17]. In addition,
previous studies showed that PPVs can be detected at every stage of the pig production
cycle in different types of samples (such as lung and lymph nodes) [7,22,23]. A recent
study detected PPVs in the gilts showing that new PPVs (such as PPV4 and PPV6) might
affect reproductive performance [23]. Noticeably, PPVs are more prevalent in finishing
and nursery pigs than in suckling pigs [7]. The infection status in slaughtered pigs could
reflect the overall health situation during pig production in swine herds. However, the
infection status of PPVs in slaughtered pigs has not been determined yet. Moreover,
mutation and recombination are two key mechanisms for virus evolution. Mutations in
PPVs are potentially associated with variations in the pathogenicity and protective immune
responses [24,25]. Recombination events are also frequently detected in different PPVs,
including PPV1, PPV2, PPV3, and PPV7 [7,26]. However, the mutation and recombination
situations of PPVs in slaughtered pigs were still unknown. In addition, PPVs have been
detected in different types of tissues, indicating that they have broad tropism [27]. However,
they were more commonly found in lung and lymphoid tissues such as lymph nodes,
tonsils, and spleens [8], Therefore, we evaluated the infection status of PPVs in slaughtered
pigs using 353 tissue samples (lungs and lymph nodes) collected from six regions of China
in 2023. Furthermore, representative PPV-positive samples were submitted to complete
genome sequencing, multiple sequence alignment, genome-based phylogenetic analysis,
and recombination detection.
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2. Materials and Methods
2.1. Sample Collection

A total of 353 tissue samples (including 338 lungs and 15 lymph nodes) from slaugh-
tered pigs were submitted from six regions (Heilongjiang, Shandong, Sichuan, Henan,
Guangdong, and Beijing) of China to Yangzhou University from February 18th to Decem-
ber 10th in 2023. These samples were mailed from slaughterhouses from distinct regions of
China. However, detailed information about these slaughterhouses or animal owners was
not provided. Therefore, we only record the regions where the samples came from. Even
though neither the slaughterhouse owners nor the animal owners provided the hard copy
consents to give us the permissions of sample collection, they, by default, allowed us to use
these samples by submitting them to our laboratory for potential viral detection.

2.2. PPV Detection

The infection status of PPVs (PPV1-PPV8) in slaughtered pigs was determined by
PCR assays described previously [7,11]. Briefly, total DNAs were extracted from tissue
samples using the HiPure Tissue DNA minikit (Magen, Guangzhou, China). Viral DNAs
were eluted using 50 pL nuclease-free double distilled water (ddH,O) and stored at —40 °C
until used. The concentrations of primer pairs and amplification conditions were opti-
mized accordingly [7]. Each of the PCR assays was performed in a 20 pL reaction system
containing 2 uL. DNA, 0.5 pL corresponding primer pair (10 pM), 7.5 uL ddH,0O, and 10 uL
Premix Taq (TaKaRa, Dalian, China). The amplification was carried out at 35 cycles of
98 °C 10's, 55 °C 30 s, and 72 °C for 1 min according to the manufacturer’s instructions.
The PCR products were detected in 1.0% agarose gel electrophoresis with a 1 x TAE buffer.
The obtained amplicons were sent out for Sanger sequencing to confirm the PCR results
(Genewiz, Suzhou, China).

2.3. PPV Genome Sequencing

Representative PPV-positive samples were used for complete genome sequencing
with primers shown in our previous study [7]. The primers could amplify overlapped
fragments covering the entire PPV genome. Each fragment was triply sequenced to ensure
the accuracy of each sequence. The obtained sequences were assembled using DNAMAN
6.0 software, and six nearly complete PPV genomes were obtained in this study.

2.4. Multiple Alignment and Phylogenetic Analysis

To estimate the evolutionary relationships between PPV genomes obtained from
slaughtered pigs in this study and other PPV genomes from the GenBank database, the
obtained six PPV genomes and forty representative PPV genomes (5 for each PPV) were
aligned by the ClustalX 2.1 (University College Dublin, Dublin, Ireland) [28,29]. And, then,
a genome-based phylogenetic tree was constructed with MEGA 6.06 (Tokyo Metropolitan
University, Tokyo, Japan) [7,30]. The phylogenetic tree was built using the 46 aligned
sequences by the neighbor-joining method and the maximum composite likelihood model,
including transitions and transversions, substitutions, homogeneous patterns among lin-
eages, and uniform rates among sites. In addition, the complete deletion option to treat
gaps and missing data were selected. The robustness was estimated by bootstrapping with
1000 replicates.

2.5. Recombination Detection

To determine the intraspecies recombination events during the generation of PPV
strains from slaughtered pigs, all available PPV genomes (45 PPV1, 121 PPV2, 49 PPV3,
79 PPV5, 105 PPV6, and 145 PPV7), except for PPV4 and PPVS, from the GenBank database
were used for screening the cross-over events by recombination detection program 4 (RDP4)
(University of Cape Town, Cape Town, South Africa) [31]. Seven methods, including
RDP, GENECONYV, BootScan, MaxChi, Chimaera, SiScan, and 3Seq, were utilized for
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recombination detection and breakpoint determination. The p value cut off was set at 0.05.
p < 0.05 indicated that the cross-over events are significant.

3. Results
3.1. The Prevalence of PPVs in Slaughtered Pigs in China

To test the prevalence of PPVs in slaughtered pigs in 2023, 353 tissue samples collected
from six regions of China were detected. As shown in Table 1 and Table S1, at least
one species of PPV was detected in 79.32% of the samples (280 out of 353). Six PPVs
(PPV1, PPV2, PPV3, PPV5, PPV6, and PPV7) were detected, except for PPV4 and PPVS,
in slaughtered pigs, within which PPV3 (176 out of 353, 49.86%), PPV2 (150/353, 42.49%),
and PPV7 (149/353, 42.21%) were predominant, followed by PPV1 (47/353, 13.31%), PPV6
(47/353, 13.31%), and PPV5 (29/353, 8.22%). In addition, all six PPVs could be detected in
both lung and lymph node samples (Table S1). These results showed that PPVs are highly
prevalent in slaughtered pigs in China.

Table 1. Distribution of PPV1-8 in 353 samples from slaughtered pigs from different regions of China

in 2023.

Region No. PPV1 PPV2 PPV3 PPV4 PPV5 PPVeé PPV7 PPV8
Heilongjiang 31* + + + - - + + -
Shandong 37 + + + - + + + -
Sichuan 34 - + + - + + + -
Henan 70 + + + - + + + -
Guangdong 167 + + + - + + + -
Beijing 14 + + + - + + + -

Total 353 47/353 150/353 176/353 0/353 29/353 47/353 149/353 0/353

(13.31%) (42.49%) (49.86%) (0%) (8.22%) (13.31%)  (42.21%) (0%)

* The number indicates sample numbers collected from each region.

3.2. Co-Infection Status of PPVs in Slaughtered Pigs

To clarify the co-infection status of PPVs in slaughtered pigs, the positivity of each
sample was determined. As shown in Table 2, simplex, duplex, triplex, quadruplex,
quintuplex, and sextuplex PPV infections were detected in 91, 102, 59, 17, 8, and 3 tissue
samples from slaughtered pigs. In PPV-positive samples, even though 32.50% of the
samples (91 out of 280) were infected by one species of PPV, co-infection was frequently
detected, with 67.50% of the samples (189 out of 280) co-infecting with two to six types of
PPVs. In addition, similar co-infection status of PPVs could be detected in both lung and
lymph node samples (Table S1). These results supported that co-infection among different
species of PPVs commonly occurred in slaughtered pigs in China.

Table 2. Infection and co-infection of distinct PPVs in clinical samples.

Infection Status Numbers Types

Simplex infection 91 PPV1 (11) *, PPV2 (16), PPV3 (28), PPV5 (1), PPV6 (2), PPV7 (33)

Duplex infection 102 PPV1+2 (3), PPV1+3 (9), PPV1+6 (1), PPV1+7 (3), PPV2+3 (35), PPV2+5 (2), PPV2+6 (1),
PPV2+7 (16), PPV3+6 (6), PPV3+7 (19), PPV5+6 (1), PPV5+7 (4),PPV6+7 (2)

Triplex infection 59 PPV1+2+3 (4), PPV1+2+7 (2), PPV1+3+45 (1), PPV1+3+6 (1), PPV1+3+7 (1), PPV1+5+7 (1),
PPV2+3+5 (2), PPV2+3+6 (4), PPV2+3+7 (33), PPV2+5+6 (1), PPV2+5+7 (2), PPV2+6+7
(2), PPV3+6+7 (5)

Quadruplex infection 17 PPV1+2+3+7 (3), PPV2+3+5+6 (2), PPV2+3+5+7 (4), PPV2+3+6+7 (7), PPV3+5+6+7 (1)

Quintuplex infection 8 PPV1+2+3+6+7 (4), PPV2+3+5+6+7 (4)

Sextuplex infection 3 PPV1+2+345+6+7 (3)

Septuplex infection 0 /*

Octuplex infection 0 /

* The numbers in the brackets are the sample numbers of each type of infection status. # The diagonal indi-
cates none.
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3.3. Evolutionary Relationship Evaluation

To estimate the molecular characteristics and evolutionary relationships between
PPVs identified in this study and other Chinese PPVs, six PPV genomes (one for each
species of PPV detected positive in this study) from slaughtered pigs were determined, as
shown previously [7]. The obtained nearly complete PPV genomes were deposited into
the GenBank database with accession numbers PQ328182-PQ328187 (Table 3). The blast
results showed that our PPV genomes shared high similarity with other PPV genomes in
the GenBank database. The PPV1 GDCZ2023-2622 strain shared the highest homology
(99.81%) with the PPV1KUIP22-4 isolate (GenBank No. OP377056) and >99.00% similarity
with other PPV1 strains. The PPV2 GDCZ2023-2088 strain showed the highest homology
(99.75%) with the HuB21-2016 isolate (MN326157) and >96.66% similarity with other
PPV2 genomes. The PPV3 HL]JSYS2023-1654 strain shared the highest homology (98.48%)
with the HBTS20180519-151 strain (MZ577031) and >96.89% similarity with other PPV3
strains. The PPV5 SCNJ2023-1865 strain showed the highest homology (99.70%) with the
SDWEF20170530-67 strain (MZ577037) and >99.18% similarity with other PPV5 genomes.
The PPV6 GDCZ2023-2439 strain shared the highest homology (98.37%) with the SC strain
(KF999684) and >97.81% similarity with other PPV6 strains. The PPV7 HNZMD2023-1903
strain showed the highest homology (95.43%) with the GX49 strain (NC_040562) and
>93.35% similarity with other PPV7 genomes. The genome-based phylogenetic tree showed
that our PPV genomes obtained in this study were grouped together with corresponding
PPV genomes (Figure 1). The phylogenetic results not only confirmed the accuracy of
the PCR results but also supported the close evolutionary relationship between PPVs in
slaughtered pigs and PPVs from other production stages of pigs.

Table 3. Six PPV genomes from slaughtered pigs determined in this study.

Species Name Region * Collection time GenBank No.
PPV1 GDCZ2023-2622 Chaozhou, Guangdong 11 November 2023 PQ328182
PPV2 GDCZ2023-2088 Chaozhou, Guangdong 23 April 2023 PQ328183
PPV3 HLJSYS2023-1654 Shuangyashan, Heilongjiang 27 February 2023 PQ328184
PPV5 SCNJ2023-1865 Neijiang, Sichuan 1 March 2023 PQ328185
PPV6 GDCZ2023-2439 Chaozhou, Guangdong 10 September 2023 PQ328186
PPV7 HNZMD2023-1903 Zhumadian, Henan 2 March 2023 PQ328187

* The region indicated the city and province from where the sample was collected.

3.4. Recombination Events and Substitutions

To evaluate the role of recombination in the generation of PPVs from slaughtered pigs
identified in this study, we aligned our PPV genomes with all available corresponding PPV
genomes in GenBank and submitted them to intraspecies recombination analyses. PPV2
GDCZ2023-2088 and PPV3 HLJSYS2023-1654 strains were detected as recombinants by
all seven methods in RDP4 (Table 4). The PPV2 GDCZ2023-2088 strain was recombined
from SDWF20171225-112 and GD6-2017 viruses (Figure 2A), while PPV3 HLJSYS2023-1654
was generated by a recombination event between GD202206-4 and SD202203-3 viruses
(Figure 2B). In addition, the alignments of PPV capsid proteins identified a large number
of substitutions in our PPVs when compared with other Chinese PPVs (Figure S1). These
results supported that finishing pigs (slaughtered pigs) could also serve as an important
host for the evolution of PPVs in China.
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Figure 1. Genome-based phylogenetic analysis. The phylogenetic tree was constructed based on six
PPV genomes obtained in this study and forty representative PPV genomes (five for each PPV) from
GenBank. Distinct PPVs are shown in different colors. PPVs are clustered within four genera. Our
PPV strains are highlighted with colored squares. Each virus is presented by species, virus name,
year of identification, and GenBank accession number. Bootstrap values from 1000 replications are

shown in each node.
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Table 4. Cross-over events identified by RDP4 in this study.

Species PPV2 PPV3
Recombinant Virus GDCZ2023-2088 HLJSYS2023-1654
. Major SDWF20171225-112 GD202206-4
Parental viruses Minor GD6-2017 SD202203-3
o a Begin 1669 1167
Breakpoints Erg 3052 2083
RDP 23 x107* 6.2 x 10~10
GENECONV 40 x 10711 32 x 1077
Score for the seven BootScan 25 x 10716 6.2 x 10710
detection methods MaxChi 12 x 1075 8.8 x 107?
embedded in RDP4 P Chimaera 6.4 x 1076 6.2 x 1077
SiScan 1.6 x 1071 8.4 x 10722
3Seq 1.9 x 1071 7.2 x 10710

@ The breakpoints are based on the locations in the genome of the PPV2 GDCZ2023-2088 and PPV3 HL]JSYS2023-
1654 strains. P The p value cut off is set at 0.05. p < 0.05 indicates that the cross-over events are significant.
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Figure 2. Potential recombination events detected in our PPV2 and PPV3 strains by RDP4. (A) The
PPV2 GDCZ2023-2088 strain was recombined from the major parental virus SDWF20171225-112 and
the minor parental virus GD6-2017. (B) The PPV3 HL]JSYS2023-1654 strain was recombined from
parental GD202206-4 and SD202203-3 viruses. The p value identified by the BootScan method for
each cross-over event was also shown.
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4. Discussion

All PPVs have been widely spread in Chinese swine herds. The majority of previous
studies explored the infection status of one specific PPV or different PPVs in a specific
region or specific farms [11,14,17,21,32-34]. However, very few studies focused on the
prevalence and evolution of PPVs in a specific stage of the pig production cycle. In this
study, we evaluated the infection status and evolution of PPVs in slaughtered pigs in China
in 2023. Considering that PPVs have broad tissue tropism, they have been detected in
a large number of tissue samples, including the lung, liver, brain, kidney, spleen, heart,
thymus, and thyroid [27]. PPV1 has a tropism to macrophages that could migrate to the
placenta and then infect the fetus [35]. PPV2-PPVS can be detected in serum and tissues,
mainly in lung and lymphoid tissues [8]. Therefore, lung and lymph node samples were
collected and used for PPV detection in this study. Our results showed that several PPVs
are highly prevalent in slaughtered pigs in China. In addition, mutation and recombination
analyses showed that finishing pigs (slaughtered pigs) may also serve as a critical host for
PPV evolution.

The prevalence of distinct PPVs in China was extensively studied. The percentages
of PPV1- to PPV8-positive samples might range from 0 to 75% [11,17,32,36-38]. How-
ever, the infection status of PPVs in a specific pig production stage was rarely evaluated.
Replacement gilts play an essential role in the reproductive cycle. PPV infection in gilts
might affect reproductive performance. A recent study on the gilts showed that PPVs
are highly prevalent in gilts, with PPV3 (40.1%), PPV5 (20.5%), PPV6 (17%), and PPV1
(14.5%) serving as prevalent viruses [23]. PPV infection in slaughtered pigs could reflect the
overall PPV infection status in swine herds. Our results showed that PPVs are also highly
prevalent in slaughtered pigs in China, with PPV3 (49.86%), PPV2 (42.49%), and PPV7
(42.21%) being the predominant viruses. Even though PPV4 and PPV8 were not detected
in our tissue samples from slaughtered pigs in 2023, the exact infection statuses of PPV4
and PPV8 in slaughtered pigs required further investigation using more spatiotemporal
representative samples.

The co-infections among distinct PPVs and PPVs with other pathogens, such as PCV2
and PRRSV, commonly occurred [7,8,23]. Viral pathogens, such as PPV1, PCV2, and PRRSV,
and bacterial pathogens, including Mycoplasma hyopneumoniae, are all major pathogens
for porcine reproductive failure and PRDC [8]. Even though the specific role of each
pathogen in PRDC is still unclear, it is well known that co-infection of PPVs with PCV2 and
PRRSV could influence the severity of clinical diseases [7]. In addition, new PPVs, such
as PPV2, have also been associated with PRDC [20]. Therefore, not only the co-infection
of PPVs with other pathogens but also the co-infection among distinct PPVs might play
synergistic roles in PPV pathogenicity. In this study, co-infections among PPV1, PPV2,
PPV3, PPV5, PPV6, and PPV7 were frequently detected in slaughtered pigs. However, due
to the unknown healthy condition of these slaughtered pigs and no cell lines that could
be used to isolate new PPVs, it is still a huge challenge to explore the influence of PPV
infection and co-infection on the pathogenicity. In light of the complexity of co-infections
among distinct pathogens in pigs, overall biosafety prevention and control strategies in a
farm level rather than individual pig or individual disease treatments must be preferential.

To evaluate the evolutionary relationships between Chinese PPVs detected in slaugh-
tered pigs and other Chinese PPVs, six representative PPV genomes were determined and
submitted to genome-based phylogenetic analysis. Our PPVs shared high genomic similar-
ities (>93.35%) with corresponding PPVs and had close evolutionary relationships with
corresponding PPVs, suggesting that there was no significant genetic difference between
PPVs in slaughtered pigs and PPVs in other stages of the pig production cycle.

Mutation is one of the major mechanisms for viral evolution. Five mutations (I1215T,
D378G, H383Q, S436P, and R565K) in the capsid protein of the PPV1 Kresse strain are po-
tentially associated with the pathogenicity [24]. Substitutions at 378, 383, and 565 residues
in the 3-fold spike region might also influence immune response [25,39]. Antisera from pigs
infected by various PPV1 strains had high neutralizing activities against homologous PPV1
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strains but low neutralizing activities against heterologous viruses [25]. A large number of
substitutions were identified in our PPVs from slaughtered pigs. Whether these mutated
PPVs would change their pathogenicity or affect protective immune responses required
further investigation.

In addition to mutation, recombination also plays a critical role in the generation of
viral genomic diversity. Recombination events are frequently detected in parvoviruses,
including interspecies recombination in rodent parvoviruses and intraspecies recombina-
tion in porcine parvoviruses [26]. Intraspecies recombination events have been detected in
PPV1, PPV2, PPV3, and PPV7, while no cross-over events were reported in PPV4, PPV5,
PPV6, and PPV8 [7,8,26]. PPV1 2074-7 and 225b isolates were detected as potential recom-
binants [7,8,40]. Strong recombination signals were detected in nine PPV2 strains (F3-12R,
F7-1BV, WB-102R2, WB-826MR, WB-763S, WB-804D, WB-720I, F1-23M, and F4-44M) and
three PPV3 strains (F2-47M, WB-RO-369, and WB-RO-834) both in domestic pigs and wild
boars [41]. Two PPV7 strains (KF4 from South Korea and HBTZ20180519-152 from China)
were detected as recombinants originating from wild boars [7]. In this study, the PPV2
GDCZ2023-2088 recombinant was recombined from two PPV2 strains from domestic pigs,
while the PPV3 HLJSYS2023-1654 recombinant was generated by two PPV3 strains with
unclarified origin. Both this study and previous reports confirmed that PPV recombination
events could be detected within and between PPVs from the ages of pigs, within and
between regions/countries, and within and between strains originating from domestic pigs
and wild boars [8,37]. Overall, both the mutations and recombination events identified
in our PPVs from slaughtered pigs confirmed that PPVs keep evolving in finishing pigs
(slaughtered pigs) in China.

This is the first study to focus on the prevalence and evolution of PPVs in slaughtered
pigs in China. The results from this study supported that PPVs persistently infect pigs,
even at the late stage of the pig’s production cycle. In addition, the evolution of PPVs
would not stop, even when the host pig was slaughtered. These findings emphasize the
importance of biosecurity during the entire pig production cycle. However, only a small
number of tissue samples were detected in this study. In addition, these samples were only
collected from six regions of China within one year (2023). Due to these limitations, the
results from this study might not reflect the exact infection status of PPVs in slaughtered
pigs in China. Therefore, more spatially and temporally representative samples should be
collected and evaluated in the near future.

5. Conclusions

This study provided the first clue on the infection status of PPVs in slaughtered pigs
in China. In addition, our results also confirmed that finishing pigs (slaughtered pigs) also
serve as a non-negligible host for PPV evolution.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani14223238/s1, Table S1. Clinical sample infection status. The
detailed infection and co-infection information of PPVs in 353 tissue samples collected from six
regions of China in 2023 are shown. Figure S1. Multiple alignments of capsid proteins. (A-F)
The capsid proteins from our PPVs were compared with capsid proteins from five corresponding
representative PPVs.
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Simple Summary: Infectious laryngotracheitis virus (ILTV) causes avian infectious laryngotracheitis
(ILT), a highly contagious acute respiratory disease that affects chickens. This infection is ubiquitous
globally and decreases poultry production, with significantly more catastrophic repercussions in
states with unstable economic systems. In this study, a total of 240 sera from eight farms (including
commercial and backyard) were sampled to evaluate ILTV exposure. A total of 64 samples tested
positive by commercial ELISA. The risk analysis identified higher prevalences in backyard chickens
and farms that introduced new animals from other farms. Furthermore, 15 suspect animals were
sampled for the viral isolation in embryonated eggs. Isolation was successful in six samples, of which
four were confirmed by PCR using specific primers. This study highlights the presence of this virus in
different types of poultry farms in Southeastern Ethiopia and identifies some management practices
that favor the spread of this infection.

Abstract: Infectious laryngotracheitis virus (ILTV) is responsible for avian infectious laryngotracheitis
(ILT), a highly contagious acute respiratory disease affecting chickens. However, there is limited
information on ILTV and its distribution in Ethiopia, particularly in the southeastern region. The aim
of this study was to establish the serological prevalence and molecular evidence in commercial and
backyard chickens from Robe town, Southeastern Ethiopia. A cross-sectional study was conducted
between December 2021 and June 2022, collecting 240 serum samples from randomly selected chickens
belonging to eight kebeles (farms) using systematic random sampling. ILTV-specific antibodies were
detected using a commercial indirect enzyme-linked immunosorbent assay (ELISA). From 240 serum
samples, 26.7% were positive for ILTV antibodies. Logistic regression analysis identified the type
of poultry farm (backyard) and the introduction of chickens from other farms as potential risk
factors associated with ILTV exposure. Tracheal tissue and oropharyngeal and tracheal swabs were
collected from suspected chickens for isolation and molecular detection. A total of six samples were
successfully isolated in embryonated eggs (40%), with four of them verified with a specific PCR.
These findings documented the presence of ILTV in the study area, which needs further insight to
fully understand the actual spread of ILTV and quantify the damage caused to the poultry sector.

Keywords: avian infectious laryngotracheitis; ILTV; infectious laryngotracheitis virus; molecular
characterization; seroprevalence; risk factors; Southeastern Ethiopia

1. Introduction

Chicken production is widely spread in Ethiopia and represents a valuable source
of protein and income, especially for rural areas [1]. About 97% of the Ethiopian poultry
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population consists of indigenous chickens, while the remaining 3% consists of imported
exotic and hybrid breeds of chickens [2]. The consequences of globalization, climate
change, and the rapidly expanding poultry population favor the emergence of several
diseases [3]. Among these emerging diseases, avian infectious laryngotracheitis (ILT) is an
acute, highly transmissible viral disease of chickens, mainly affecting the upper respiratory
tract. The etiological agent is Gallid alphaherpesvirus type 1 (GaHV-1), which belongs to
the genus Iltovirus, family Herpesviridae, and subfamily Alphaherpesvirinae [4,5]. The
virus has a linear double-stranded DNA genome of approximately 155 kb that encodes
80 viral proteins [6]. These envelope proteins, including gB, gC, gD, gG, gH, gJ, gM, and
gN, are glycosylated, and they are deputies of several functions, such as the mediation
of attachment and entry into the host cell and the interaction with the host immune
system [7,8].

Although chickens are the primary host, occasional infections of pheasants, partridges,
and peafowl] have been reported, while several species, including starlings, sparrows, crows,
pigeons, and ducks, seem to be resistant to the virus [3,9]. The virus is horizontally transmit-
ted, and the primary replication site is the tracheal mucosa [10]. The outcome of infection
depends on the virulence of the strain or co-infection with other respiratory pathogens
(avian influenza virus (AIV), Newcastle disease virus (NDV), and infectious bronchitis
virus (IBV)), with mortality rates ranging from 5% to 70% [11-14]. Two distinct clinical
presentations are reported (severe and milder forms). The severe form causes significant
dyspnea, expectoration of bloody mucus, and sneezing [3,4]. The milder form is associ-
ated with conjunctivitis, mucoid tracheitis, sinusitis, swollen infraorbital (almond-shaped
eyes), nasal discharge, reduced egg production, poor weight gain, and low mortality [3,15].
GaHV-1, like other members of the herpes virus family, induces latent infections due to its
persistence in the trigeminal ganglion of the central nervous system after 7 days of acute
infection (which can reactivate under stress conditions) [15,16].

A laboratory diagnosis is required for ILT since other diseases cause similar clin-
ical signs and lesions. Several methods can be carried out to confirm ILTV, including
histopathology to detect syncytia and intranuclear inclusion bodies (INIBs), virus isolation,
antigen detection with immunofluorescent antibodies (IFA) or immunohistochemistry
(IHC), enzyme-linked immunosorbent assay (ELISA), direct electron microscopy (DEM),
and DNA detection methods [17]. Furthermore, methods have developed rapidly in recent
years. These can identify ILTV quickly and accurately, are highly sensitive, and successfully
identify ILTV in clinical samples including the trachea, larynx, and conjunctiva [18,19].

Knowledge about the spread of this pathogen is fundamental in areas such as Ethiopia,
where subsistence farming is also practiced. The first report of ILTV was reported by
Mekibib et al. [4] from the southern part of Ethiopia. Furthermore, while other reports
exist [20-23], there is a critical lack of information in Southeastern Ethiopia. The aim of
this study was to determine the seroprevalence of ILTV in commercial and backyard farms
from Robe town, Southeastern Ethiopia, and evaluate the potential risk factors involved in
the spread of this infection. A second aim of this study was to attempt viral isolation to
establish the molecular prevalence and strain for future investigations.

2. Materials and Methods
2.1. Description of the Study Area

The study was conducted in Robe Town, West Bale zone, Oromia regional state,
Southeastern Ethiopia, from December 2021 to June 2022 (Figure 1). The area has an
average annual temperature and humidity of 16.5 °C and 64%, respectively. The agro-
climatic condition of the area is highland. In the area, there are two rainy seasons: the
first and main season extends from August to December, and the second and shorter rainy
season is from April to July. The dry season covers December to March [24]. In the study
area, a total of 152,189 poultry are raised [25]. Robe Town and its surroundings were chosen
because of the presence of traditional small poultry farms as well as the import of several
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exotic breeds of poultry from Central Ethiopia to the area, which may have contributed to
the emergence of ILT.
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Figure 1. Map of the study district (Developed by QGIS).

2.2. Study Design, Study Population, and Sampling

A cross-sectional study was conducted from December 2021 to June 2022. The study
populations included indigenous and exotic breeds of chickens reared in eight backyard
and commercial farms in Robe Town. The chickens included in the study were healthy
(for serological analysis) or diseased (for the viral isolation attempts), greater than 8 weeks
old, and of both sexes. No commercial ILTV vaccine was available, and no vaccination
programs had been implemented in Ethiopia. A multistage sampling was implemented
to select the study zone, and a systematic random sampling technique was employed to
select the village, flocks, and the number of chickens to sample from each farm. Purposive
sampling through the evaluation of health status by clinical examination was employed
to select diseased chickens (dyspnea, expectoration of bloody mucus, sneezing, high
mortality, conjunctivitis, sinusitis, swollen infraorbital sinuses, nasal discharge, reduced
egg production, poor weight gain) for isolation and molecular detection of ILTV. The
sample size required for the seroprevalence study was determined based on sample size
determination in random sampling for an infinite population with an expected prevalence
of 19.4% [21] and with a confidence level of 95% and 5% desired absolute precision [26]. A
total of 240 sera were collected from commercial and backyard chickens.

. _ 196> 4 Pexp(1 — Pexp) _ 1.96* +0.194(1 —0.194)

42 0.052 =240

where n = sample size; Pexp = expected prevalence; and d = desired absolute precision.
The equal interval estimation during systematic random sampling was described
as follows:
jth=N/n

where N indicates the total population of poultry and n indicates the sample size:

jth =N/n =152,189/240 = 12th
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Since maternal immunity is expected to develop during the first three weeks of life,
chickens less than three weeks of age were excluded from the study. Each sample was
collected aseptically from the wing vein (about 2-3 mL of blood) using a sterile syringe
with 21-gauge needles and a vacutainer tube. Blood samples were immediately transported
to the laboratory, centrifuged, and stored at —20 °C before being processed. Clinical
samples (tracheal /oropharyngeal swabs and tracheal tissue) were taken from ILT-suspected
chickens, inserted into cryovial tubes containing a virus transport medium supplemented
with antibiotics, transported to the laboratory, and stored at —80 °C until the laboratory
analysis was performed. Each sample was accompanied by a questionnaire with relevant
information related to each chicken, including location, age, breed, sex, production type,
and rearing method.

All chickens were sampled according to international animal care and use guidelines
adopted by the Research Ethical Committee (ARSEC) of NVI [27]. Ethical clearance for
the study was provided by the Research Ethics Committee of the Faculty of Veterinary
Medicine, Hawassa University (FVM, HU). The research ethics committee of the FVM-HU
reviewed and discussed this research on 19 September 2021 (Reference No. 620/w, date
7 July 2022).

2.3. Laboratory Analysis
2.3.1. Serological Analysis

Serological tests were performed by an indirect commercial ELISA (ILTV Antibody
Test Kit IDvet® Screen® ILT Indirect, 310 rue Louis Pasteur, Grabels, France) to measure
specific antibodies against GaHV-1 in chicken sera. The test was performed according to
the manufacturer’s instructions. Briefly, each test sample was diluted at 1:500 with sample
diluents and incubated at room temperature for 60 min. After incubation, each well was
washed three times with approximately 300 uL. After each wash, 100 uL of conjugate
(anti-chicken IgG labeled with alkaline phosphatase) was added to each well and incubated
at room temperature for 60 min. Following a further washing step, 100 pL of substrate
reagent (TMB) was added to each well and incubated at room temperature for 15 min.
Finally, 100 pL of stop solution (2M H,SO,4) was added to each well to stop the reaction.
The microtiter ELISA plate was placed in the ELISA reader to measure the OD (optical
density) at 405 nm wavelength and interpret the results.

2.3.2. Isolation and Molecular Detection

A total of 15 samples (6 oropharyngeal swabs and 9 tracheal swabs/tissues) were
collected from suspected chickens for ILT virus isolation and molecular detection. Tra-
cheal swabs/tissues were suspended in 10% (w/v) of sterile phosphate-buffered saline
solution supplemented with penicillin and streptomycin (1000 pg/mL). The suspension
was transferred into a sterile centrifuge tube and centrifuged at 3000 rpm for 10 min. The
supernatant was harvested and employed for virus isolation and molecular detection. The
tracheal tissue sample was chopped into small pieces using a sterile scalpel blade and
minced using a mortar and pestle. The specimens were inoculated onto the chorioallantoic
membranes (CAMs) of 10-day-old specific-pathogen-free (SPF) chicken embryos, which
were incubated at 37 °C and examined daily for 5 days. CAMs and the allantoic fluids
were harvested five days post-inoculation to collect the virus [28-30]. Briefly, embryonated
SPF eggs were disinfected with 70% ethanol and inoculated with 0.2 mL of 10% of the
supernatant using an insulin needle. Eggs were incubated at 37 °C and checked daily for
embryo mortality. Any mortality within the first 24 h post-inoculation was considered
non-specific, and the eggs were discarded. The dead embryo eggs were chilled at 4 °C for
24 h then opened aseptically, and the embryos were examined for gross ILT lesions [31].
The harvested allantoic fluid was added to sterile cryovial tubes and stored at —20 °C until
DNA extraction was performed.

DNA extraction from the field sample tracheal /oropharyngeal swabs, tracheal tissue
suspension, and allantoic fluid (n = 15) was performed with the QIAGEN DNA Mini
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Column Kit (QIAGEN, Frankfurt, Germany). Conventional PCR was used with a set
of primers that specifically amplify a 688 bp fragment of the ICP4 gene. The PCR was
conducted using Bio Rad 2729 Thermal Cycler (Hercules, CA, USA) in a reaction volume of
25 uL, containing 5 uL of 10x Dream Taq buffer, 2 uL. RNAs free water, 5 puL of each 2 mM
of deoxynucleotide triphosphate, 5 uL of Dream Taq DNA polymerase, 2 uL of 5 pm/puL
Primer ILT (F: 5" ACT GAT AGC TTT TCG TAC AGC ACG 3’ and R: 5'-CAT-CGG-GAC-
ATT-CTC-CAG-GTA-GCA-3), and 3 pL template DNA and resulted in a 688 bp amplicon of
the ICP4 gene fragment [32]. Thermal cycling conditions included an initial denaturation at
94 °C for 3 min, followed by 35 cycles of a three-step amplification protocol (denaturation
at 94 °C for 30 s, annealing at 60 °C for 45 s, and elongation at 72 °C for 1:50 s), and finally
one cycle of elongation at 72 °C for 10 min. PCR products were analyzed by 1.5% (w/v)
agarose electrophoresis gel and visualized using a UV-lamp camera.

2.4. Statistical Analysis

Descriptive statistics were employed to summarize the study variables. Binary logistic
regression was used to identify the potential risk factor for the ILTV. A first univariate
logistic regression analysis was used, and those factors with a p-value < 0.25 were subjected
to multivariable logistic regression. Odds ratios at a 95% confidence interval were used
to express the strength of the association of the factors with the occurrence of the disease.
Moreover, Hosmer-Lemeshow goodness of fit test was used to check the model’s adequacy.
In the final model, a p-value of less than 0.05 with a 95% confidence interval (CI) was
used to declare the associated factors. All the statistical analyses were performed by SPSS
version 28 statistical software.

3. Results
3.1. Seroprevalence and Associated Risk Factors of Infectious Laryngotracheitis Virus

In the current study, 64 out of 240 blood samples tested were positive for ILTV-specific
antibodies. The overall individual seroprevalence was 26.7% (ranging from 15.8 to 36.9%
among different farms), and all the sampled poultry farms resulted positive (Table 1).
Univariate analysis (chi-square) was used to investigate the influence of individual and
managerial risk factors on ILTV seroprevalence. Several factors were positively associated
with higher seroprevalence rates, including breed (local) and type of farm (backyard).
Moreover, a higher prevalence was found in chickens raised on farms that introduced
animals from other farms. Production purpose, age, sex, and farm size did not affect the
ILTV seroprevalence. Variables with a p-value lower than 0.25 from the univariable analysis
were included in the final multivariable logistic model based on a stepwise backward
elimination procedure (Table 2). Backyard chickens were 1.464 times more likely to be
affected by ILTV than commercial chickens (Table 3). For a unit increase in the number
of introduced chickens, the odds of being affected by ILTV were increased by 1.52. The
model has a good fit since the Hosmer and Lemeshow tests could not reject the hypothesis
of model appropriateness with a value of p = 0.95.

Table 1. Kebele (farm)-level seroprevalence of ILTV in chickens in the study district.

Kebele No. Sample Positive Prevalence (%) 95% CI
Alage 33 12 36.4 22.19,53.38
Basaso 19 4 21.1 8.51, 43.33
Bole 57 11 19.3 11.13,31.34
Robe/01 19 3 15.8 5.52,37.57
Robe/02 19 6 31.6 15.36, 53.99
Robe/03 27 7 259 13.17,44.68
Robe/04 20 5 25.0 11.19, 46.87
Shallo 46 16 34.8 22.68,49.23
Total 240 64 26.7 21.47,32.6
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Table 2. Univariable analysis for the occurrence of ILTV in chickens and its potential risk factors.

Factor Examined (n) Positive Proportion (%) 95%CI p-Value
Breed

Exotic 226 56 24.78 9.15-30.41

Local 14 8 57.14 31.22-83.07 0.008
Sex

Male 46 9 19.57 8.10-31.03

Female 194 55 35.71 15-43.28 0.22
Purpose

Broiler 47 10 21.28 9.58-32.98

Layer 193 54 27.98 21.65-34.31 0.35
Age

>20 weeks 193 55 28.5 22.13-34.87

8-20 weeks 47 9 19.5 7.9-30.4 0.19
Farm type

Backyard 70 31 44.29 32.65-55.92

Commercial 170 33 19.4 13.47-25.36 <0.0001
Chicken introduction

No 17 13 76.47 53-90

Yes 223 51 22.87 18-29 <0.0001

Bold p-values are significant ones.

Table 3. Multiple variable logistic analysis for the occurrence of ILTV and its potential risk factors.

Variable n Positive Proportion (%) AOR (95% CI) p-Value
Chicken
introduction
No 17 13 76.47
Yes 223 51 22.87 6.79 (2,23.1) 0.002
Farm type
Backyard 70 31 44.29
Commercial 170 33 19.4 2.3 (1.19, 4.46) 0.013

Bold p-values are significant ones; AOR: Adjusted odds ratio.

3.2. Isolation and Molecular Detection of Infectious Laryngotracheitis Virus

Out of 15 ILTV infection-suspected samples that were inoculated onto the CAMs
of 10-day-old embryonated SPF eggs via three consecutive passages, only six samples
killed the embryo that showed white pock lesions on the CAM of the embryonated SPF
egg (Table S1). Further analysis of molecular detections revealed that out of the 15 DNA
samples tested, 4 (26.7%) were positive for ILTV (Table S2). Notably, PCR amplification
produced a band of 688 bp in three tracheal swabs and one oropharyngeal swab sample
(Figure 2). The positive samples were collected from layers and exotic-breed chickens.

M 1 2 3 4 5 6 7 8 9 100 11

688bp

100bp

Figure 2. PCR amplification of 688 bp fragment of the ICP4 gene from ILT V-infected field samples.
(M = 100-bp DNA ladder; 1 = Positive Control; 2, 3, 4, and 10 = field sample isolates showing
ILTV-specific 688 bp products; 11 = Negative control).
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4. Discussion

The overall seroprevalence of ILTV infection obtained from the present study across
the eight kebeles was 26.7%. All sampled farms had positive animals, demonstrating the
widespread diffusion of this pathogen in the studied area. This prevalence was similar
to the finding of Baksi [33], who reported a 26.77% prevalence in India. However, the
current finding was lower than that of the findings of Birhan et al. [23], Salhi et al. [34],
Roba et al. [22], Mijanur et al. [35], Jahan et al. [36], and Shaza et al. [37], who reported
a prevalence of 59.1% in Northwestern Ethiopia, 56.25% in Algeria, 54.7% in the Oromia
region’s Ada’a districts, and 81.47%, 92.28%, and 96.7% in Bangladesh, respectively. Some
of the above-stated countries use immunization against this virus; therefore, the antibodies
found could possibly be vaccine-related. On the other hand, lower exposure rates were
found in Central and South Ethiopia (19.4%), Ecuador (0.19%), Finland (12%), Bangladesh
(0.4-17.33%), Iran (13%), and North Central Nigeria (1.2%) [21,38—43]. Furthermore, the
differences observed between studies could be due not only to different epidemiological
situations but also to the type of sampling carried out, the type of test used, the study
period, etc.

The risk analysis revealed, as previously observed for other infections, that backyard
chickens were more exposed to ILTV, most likely due to poorer biosecurity frequently
observed on family farms and more interaction with wild animals [44]. On the other hand,
backyard chickens may serve as a reservoir for wild birds due to their close association.
The introduction of new chickens to the farm was another risk factor that was statistically
associated with increased seroprevalence. This approach increases the chance of infection
with any disease, particularly herpesvirus infection. In fact, apparently healthy animals
with latent diseases might be placed on the farm, and when stressed, they facilitate the
spread of the virus due to viral reactivation [45,46]. The absence of a difference in prevalence
between layer and broiler chickens was unexpected, as, although all chickens are susceptible
to the virus, the literature reports greater risks of infection between layers due to their
longer productive lives [46].

The molecular prevalence (40%) obtained from testing suspected chickens was very
similar to the seroprevalence rate. Previous studies performed in Ethiopia found molecular
prevalence of 0% and 11% in 2017 and 2022, respectively [47,48]. In this case, the differences
in prevalence derive above all from the type of matrix used rather than from the PCR
protocol, which is rather standardized. In fact, experimental infections have established
that 7 days after infection, the areas with the highest viral load are the conjunctiva, the
trachea, the lungs, and the spleen [49]. Embryonated eggs inoculated with the field virus
also have high viral loads, increasing the reliability of molecular methods.

Furthermore, the use of embryonated eggs (Table S1) also allows for the isolation
of the virus so that it can be studied, sequenced, or used for the production of vaccines.
Although the present study was performed on a limited number of samples, it demon-
strated the circulation of ILTV in an area of Ethiopia where it had not yet been described
and identified risk factors to take into consideration for the management of this infection.
Further studies are necessary to fully understand the diffusion and impact that ILTV has
on Ethiopian territory.

5. Conclusions

The present study demonstrated an overall ILTV seroprevalence of 26.7% and con-
firmed four ILTV-positive results in the backyard and commercial chickens of Robe Town,
Southeastern Ethiopia. These data suggest that ILTV is widespread among backyard and
commercial poultry farms in the study area. Introduced chickens and backyard production
systems had increased seropositivity for ILTV. This study provides suggestions for control
and biosecurity measures in the poultry farms to eradicate ILTV and represents a baseline
for further study concerning ILTV in Ethiopia (such as sequencing of the viral genome to
identify the strain).
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using 10 days old embryonated SPF eggs for three consecutive passages; Table S2: Detail description of
the active case with results.
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Simple Summary: Mycoplasma bovis is a significant pathogen in cattle, causing diseases such as
respiratory illness, mastitis, arthritis, and reproductive failure. First detected in Ireland in 1994, it
has since become a major health issue in Irish cattle herds. This study investigated the risk factors
associated with M. bovis seropositivity in replacement dairy heifers across 105 Irish dairy herds. Ten
heifers per herd were sampled during three periods: spring 2018, spring 2019, and autumn 2019.
Results showed that seropositivity varied over time, with 50.4% of herds having at least one positive
heifer in spring 2018, 35.2% in spring 2019, and 45.7% in autumn 2019. Risk factors for seropositivity
included the purchase of cattle, managing multiple land parcels, and housing heifer calves separately
from bull calves. Shared airspace between calves and older animals also increased the risk of M. bovis
seropositivity. Conversely, feeding more colostrum reduced the odds of seropositivity. These findings
highlight the importance of implementing strong biosecurity measures, improving calf management,
and enhancing colostrum feeding practices to control the spread of M. bovis in Irish dairy herds.

Abstract: Mycoplasma bovis is a globally significant pathogen of cattle associated with a wide range of
clinical syndromes, including respiratory disease, mastitis, arthritis, otitis, and reproductive failure.
Since its detection in Ireland in 1994, M. bovis has become a significant contributor to morbidity and
mortality in Irish cattle. This study aimed to investigate herd-level risk factors associated with M.
bovis seropositivity in replacement dairy heifers, using data from 105 Irish dairy herds. Ten heifers
per herd were sampled on three occasions: spring 2018, spring 2019, and autumn 2019. Seropositivity
was evaluated using two thresholds: >1 positive heifer (Model > 1POS) and >3 positive heifers
(Model > 3POS). M. bovis seropositivity varied over time, with at least one positive heifer in 50.4%
(95% confidence interval (CI): 40.5-60.3) of herds in spring 2018, 35.2% (95% CI: 26.2-45.1) in spring
2019, and 45.7% (95% CI: 36.0-55.7) in autumn 2019. Herds with three or more positive heifers
increased from 31.4% (95%CI: 22.7-41.2) in spring 2018 to 42.9% (95% CI: 33.2-52.9) by autumn
2019. Risk factors for M. bovis seropositivity included the purchase of cattle, which significantly
raised the odds of seropositivity across multiple visit periods (Model > 1POS: Odds ratio (OR)
3.84, p = 0.02; Model > 3POS: OR 3.69, p = 0.02). Managing more than three land parcels, housing
heifer calves separately from bull calves, and sharing airspace between calves and older animals also
increased seropositivity risks. Conversely, more colostrum feeds reduced the risk of seropositivity
(Model > 1POS: OR 0.81, p = 0.05), while colostrum quality assessment and feeding waste milk
showed a trend toward increased risk. These findings suggest the importance of robust biosecurity
measures, including limiting cattle purchases, improving calf management, and enhancing colostrum
feeding practices, to control the spread of M. bovis. This study provides valuable insights into the
epidemiology of M. bovis in Irish dairy herds, emphasising the need for targeted biosecurity and
surveillance to safeguard herd productivity.
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1. Introduction

Mycoplasma bovis is a significant pathogen affecting cattle populations globally. Clini-
cally, mycoplasmosis manifests in various forms, with arthritis and mastitis being prevalent
in adult cattle, while pneumonia, arthritis, and otitis are primarily associated with infec-
tions in calves [1-3]. These infections contribute to significant economic losses in dairy and
beef industries due to reduced milk production, treatment costs, and culling of infected
animals [4]. For example, in the U.S., M. bovis respiratory infections in beef cattle, which
lead to reduced weight gain and lower carcass value, are estimated to cost USD 32 million
annually. Additionally, the economic losses from bovine mastitis caused by M. bovis may
exceed those from respiratory infections, with estimates reaching up to USD 108 million
per year [5]. Since its first detection in Ireland in 1994 [6], M. bovis has become endemic
and is now considered a major cause of youngstock morbidity and mortality. For exam-
ple, it has been identified as the aetiological agent in 14.3% of neonatal (0-1 month) and
13.7% of older calf (1-5 months of age) deaths attributed to respiratory disease in Ireland
in 2022, respectively [7]. The herd-level prevalence of M. bovis in Irish dairy herds has
recently been estimated at 45% using bulk tank milk (BTM) ELISA testing [8]. In that study
herd seropositivity was associated with herd size, the number of contiguous farms, and
geographical location. While that study provides valuable insights into M. bovis seropreva-
lence at the herd-level, research focusing specifically on Irish dairy herds—particularly
regarding youngstock and replacement dairy heifers—remains limited. Additionally, using
bulk tank milk as a matrix for seroprevalence studies presents several inherent limitations.
While BTM ELISA testing is both cost-effective and convenient—requiring only a single
pooled milk sample for large-scale herd-level screening—it has significant limitations.
Most notably, it excludes non-lactating animals such as calves, heifers, sick cows, and dry
cows, which may serve as substantial reservoirs of M. bovis infection, potentially leading
to inaccurate herd-level prevalence estimates. Moreover, pooling of milk samples can
dilute antibody concentrations, particularly when there are small numbers of infected cows,
which reduces the test sensitivity. External factors, such as herd size, may also affect test
accuracy and introduce biases in prevalence estimates. In contrast, seroprevalence studies
in youngstock cohorts offer a more detailed assessment of M. bovis infection dynamics
within a herd. These studies not only identify seroprevalence trends but also provide
critical insights into the natural progression of M. bovis infections, such as the duration of
antibody persistence following natural infection. Moreover, since adult animals may have
persistent antibodies from previous infections, making it difficult to distinguish between
current and past exposure, sampling youngstock avoids this issue. Their antibody response
is more likely to reflect recent or ongoing infection.

In Swiss dairy herds, M. bovis infections were more prevalent in high-yielding herds
and those with a high rate of animal movements (e.g., cattle shows or trade) [9]. In
Belgian dairy herds, the absence of a dedicated calving pen and the use of a breeding bull
significantly increased the risk of M. bovis presence in dairy herds [10]. Large herd size
(greater than 100 animals), lack of quarantine procedures for newly purchased animals,
and higher-than-average milk production were found to be major risk factors for M. bovis
seropositivity in Brazilian dairy herds, managed under tropical conditions [11]. In a
Japanese study, large dairy herds (greater than 200 animals) and herds that frequently
purchased cattle were at higher risk of M. bovis infection [12]. While these studies provided
seroprevalence estimates for lactating dairy cows, they did not include non-lactating
animals such as replacement dairy heifers. Replacement dairy heifers constitute a key
demographic in epidemiological investigations, as they can act as reservoirs for M. bovis
and significantly influence intra-herd transmission dynamics [13]. The omission of non-
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lactating animals, such as heifers, from seroprevalence assessments limits the ability to
thoroughly evaluate M. bovis transmission and its subsequent effects on herd health.

Risk factors associated with M. bovis infections in calves are varied and include several
management practices and environmental conditions. One significant risk is the feeding
of milk contaminated with M. bovis, such as waste milk from infected cows, which has
been shown to facilitate transmission [14,15]. Additionally, the proximity of infected adult
cows or calves to young calves increases the likelihood of infection. Infections frequently
originate from cows with subclinical mastitis, which can shed the bacteria through milk
or respiratory secretions, amplifying the risk of M. bovis transmission [16]. Calves housed
in contaminated environments such as those with shared bedding or water sources, are
also at heightened risk of exposure to M. bovis. Poor ventilation and overcrowding in
housing facilities exacerbate this risk by contributing to the spread of respiratory infec-
tions [17]. Preweaning exposure to M. bovis in replacement dairy heifers significantly
increases the likelihood of future pathogen shedding and disease transmission within the
herd, highlighting the long-term impacts of early-life exposure [13].

Despite the reported morbidity and high herd prevalence of M. bovis in Ireland, the
seroprevalence of this pathogen in dairy calves and youngstock remains largely unexplored.
While previous studies have focused on adult cattle and lactating cows, there is a significant
gap in understanding the infection dynamics among younger animals, which play a crucial
role in the epidemiology of M. bovis. This study addresses a significant gap in the current
understanding of M. bovis transmission by examining the seroprevalence in replacement
dairy heifers during the critical rearing period (0-2 years of age). Additionally, it aims to
determine herd-level risk factors associated with seropositivity in these youngstock cohorts.
By focusing on this under-researched demographic, this study provides valuable insights
into the spread of M. bovis and informs more effective control strategies for managing the
infection within Irish dairy herds.

2. Materials and Methods
2.1. Herd Recruitment

In total, 120 dairy herds were recruited to a wider national longitudinal study to assess
the animal health risks associated with contract-rearing in Ireland between 2018 and 2021
as described in McCarthy et al. [18]. Briefly, a national register of source dairy farms (SDF),
(farmers who sent their heifers out to be contract-reared) and control farms (CF), (farmers
who did not send their heifers out to be contract-reared) was generated. The 256 SDF were
identified from the Irish Cattle Breeding Federation (ICBF) HerdPlus database. Control
farms were matched to the SDFs by herd size, calving pattern, and geographical location.
Telecontact with these farmers resulted in a database of 120 SDFs and 85 CFs. A total of 66
SDFs and 54 CFs were recruited from the database to participate in a longitudinal study of
the animal health and production implications of contract-rearing [18-22]. The recruited
farms were distributed across all 4 provinces and 19 of the 26 counties of the Republic of
Ireland, with the largest density of farms located in County Cork, reflecting the distribution
of the national dairy cow population. The majority of recruited herds were classified as
spring-calving (92%), with the remaining herds operating a split-calving pattern (spring
and autumn).

2.2. Farm Visit Schedule

A single cohort of heifer calves born in spring 2018 was followed until the end of
their first lactation in 2021. Between spring 2018 and autumn 2019, SDFs and CFs were
visited four times. The first visit occurred when heifers were approximately 1 month old,
conducted on their farm of origin. Subsequent visits for home-reared heifers remained at
the farm of origin, while for contract-reared heifers, visits were subsequently carried out
on the contract-rearing unit. The second visit, when heifers were around 8 months old,
occurred between September and December 2018. The third and fourth visits occurred
when the heifers were approximately 12 months old in spring 2019 and 20 months old in
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autumn 2019. Approximately 6500 heifers were enrolled initially, with data available for
5532 heifers across all four visits after losses due to sales, farm drop-out, and mortality.

2.3. Blood Sampling

During the first (spring 2018), third (spring 2019), and fourth (autumn 2019) farm
visits, blood samples were taken from 10 heifers on each farm. Heifers were sampled
at random, typically with one heifer selected each time the handling facility (chute) was
refilled, depending on its capacity and the size of the heifer cohort. Blood samples were
not obtained at the second farm visit (autumn 2018) as the collection of other sample types,
including faecal samples was prioritised at this visit.

Samples were initially obtained from young calves (<4 months old) via jugular
venepuncture. At subsequent farm visits, blood samples were collected by coccygeal
venepuncture from older animals. Samples were collected in plain vacutainer tubes (BD
Vacutainer, BD, Langen, Germany) and stored in a cooler unit until returned to the research
centre (Teagasc, Moorepark, Cork, Ireland). Samples were refrigerated for approximately
24 h post-collection, after which time serum was separated by centrifugation at 3500 x g for
15 min at 4 °C and frozen at —20 °C pending analysis at the conclusion of all farm visits.

Serum samples were analysed by a commercially accredited laboratory (FarmLab
Diagnostics, Roscommon, Ireland) using the M. bovis ID Screen® Mycoplasma bovis antibody
ELISA (IDVet, Montpellier, France). All analyses were performed according to the manu-
facturer’s instructions. The ID Screen® Mycoplasma bovis antibody ELISA has a reported
sensitivity of 95.7% and a specificity of 100%. The cut-off for a positive sample was an S/N
(sample to negative control ratio) value of <0.6. Inconclusive test results were classified
as negative in the data analysis. There is no M. bovis vaccine available in Ireland. The
median age of sampled heifers was 1.5, 12.8, and 20.2 months during the first, second, and
final farm visits, respectively. Details on the health status of the studied heifer population,
including the detection rate of M. bovis in nasal swabs from calves with respiratory disease
symptoms, have been previously reported by McCarthy et al. (2021) [18].

2.4. Biosecurity Survey

To assess the biosecurity status of study farms (and thus risk factors associated with
M. bovis), all participating farmers were invited to complete a questionnaire relating to
biosecurity and management practices on their farms in September 2018. The questionnaire
was compiled as described in McCarthy et al. [20]. Briefly, the questionnaire was compiled
following a systematic literature review to identify existing questionnaires with a significant
biosecurity component. Approximately 30 questionnaires were assessed for suitability, but
none met the study’s aims. Instead, relevant questions were compiled from web-based
herd health management tools and selected published surveys. Additional questions were
added following consultation with a biosecurity expert group.

The survey covered various aspects of farm management, including herd character-
istics, bioexclusion practices, calving and newborn calf management, unweaned heifer
management, weaned heifer management, and herd vaccination protocols (outlined in
Table 1). The survey consisted of a combination of open- and closed-ended, multiple
choice, and Likert scale questions. It was piloted and modified based on feedback to ensure
completion within 30 to 40 min. Data processing involved inspecting responses, validat-
ing information with national databases, and coding responses for analysis. Descriptive
statistics were calculated for farm characteristics and management practices.
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Table 1. Farm management and associated variables included in questionnaires administered to
participating dairy farmers.

Questionnaire Section Variables

Address, herd number, herd designator, reason for
participation, calving pattern, herd size,
Farmer and herd characteristics replacement rate, farm enterprise and other stock
kept on the farm, herd biosecurity status, number
of land blocks managed.

Use of own equipment/contractor to spread slurry,
use of slurry from other herds, grazing
management after slurry application. Use of
footbaths, livestock transportation method,
cleaning/disinfection practices for farm visitors,
co-grazing of animals with other species, hygiene
Bioexclusion practices practices when working with animals of different

ages, rodent control policy, and farm water source.
Number of animals purchased and source of
bought-in animals, isolation and testing policy for
bought-in animals. Details of bounding farms and
rivers/streams running through farms. Pets are
kept on farms, and wildlife is seen on farms.

Type of calving facility used, max number of
animals it can house, when cows are moved to
calving pen, location of calving facilities, use of
calving facilities for sick animals, cleaning and

Calving and newborn calf management disinfection procedures of calving facilities. Navel
disinfection practices, product, and timing of
application. Colostrum feeding practices; source,
quantity, and method of feeding; assessment of
quality and storage.

Type of milk fed to calves, number of feedings per
day, feeding of nonsaleable milk, calf housing, sick
Unweaned heifer management calf housing, calf feeding equipment,
cleaning/disinfection of housing facilities,
weaning criteria.

Grazing management and parasite

Weaned heifer management .
control strategies.

Products used and dates of vaccination for the
following: BVD 1 IBR 2, calf pneumonia, calf
diarrhoea, leptospirosis, salmonellosis.

Herd vaccination protocol
(biocontainment practices)

Age/weight/month heifers moved to CR
responsibility for breeding management, health
Specific questions for source dairy farmers checks performed on heifers before moving,
transport of heifers to and from CR, isolation of
heifers upon return from CR.

1 BVD: Bovine viral diarrhoea; 2 IBR: Infectious bovine rhinotracheitis.

2.5. Statistical Analysis
2.5.1. Data Cleaning

This study employed a repeated cross-sectional design to assess herd-level seropreva-
lence of M. bovis across multiple farm visits. For each farm visit, the individual M. bovis
ELISA test results from animals were aggregated at the herd level. Herds were classified as
seropositive based on two criteria: (1) if at least one animal (out of a sample of ten) tested
seropositive, and (2) if three or more animals (out of a sample of ten) tested seropositive.
Therefore, the outcome variable for the analysis was binary, indicating whether the heifer
cohort was seropositive or seronegative for M. bovis. Two models were then developed for
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each farm visit: Model > 1POS, where a herd was considered seropositive if at least one
heifer tested seropositive, and Model > 3POS, where a herd was considered seropositive if
at least three heifers tested seropositive.

The independent variables (n = 59) of interest were biosecurity and herd management
factors gathered through the biosecurity questionnaire survey. Where possible, survey
questions with multiple response options were dichotomised. All ELISA results and survey
data were compiled in a Microsoft Excel spreadsheet and exported to R studio (Version
2024.04.2) for further analysis. Herds for which ELISA results were not available at all
three visit periods were removed from the dataset, resulting in a final dataset of 105 herds
available for analysis.

2.5.2. Data Analysis

Multivariable logistic regression analysis was utilised to quantify the associations
between various potential risk factors and M. bovis serostatus. This approach allowed
for the estimation of the effect of each predictor variable while adjusting for potential
confounders and covariates.

Multivariable Logistic Regression Models

Descriptive statistics were conducted using R studio (Version 2024.04.2). Continuous
variables were examined visually for normality using histogram plots. Non-normally
distributed continuous variables were log-transformed.

To identify herd-level risk factors associated with M. bovis seropositivity, three mul-
tivariable logistic regression models (corresponding to the three sampling periods) were
built for each of the two criteria (>1 positive animal and >3 positive animals); a total
of six models. The outcomes of interest in the models were seropositivity in spring 1,
seropositivity in spring 2, and seropositivity in autumn 2. All analyses were performed
at the herd level. By concentrating on herd-level risk factors, this study aimed to provide
actionable recommendations that could be implemented at the farm-level, potentially offer-
ing more effective and scalable solutions for managing M. bovis compared to focusing on
individual animal-level factors. Potential risk factors were first screened for association
with M. bovis serostatus at a univariable level. Variables with a p value of approximately
0.2 were brought forward to the multivariable analysis. Pearson correlation coefficients
were used to assess the correlation between predictor variables. Pairs of highly correlated
variables were identified using a correlation matrix (i.e., with a correlation coefficient of
>0.8). To avoid bias and overfitting, the final variable selection was informed by biological
relevance and causal relationships. Variables with strong biological or causal significance
were prioritised. Missing data were removed before building the initial multivariable
model resulting in a reduction in the number of herds available for the final multivariable
model (see Table 7 for details of the number of herds for which a complete dataset was
available for each visit period).

Multivariable forward stepwise models were then constructed for the three sampling
periods of interest. Variables were added to the model based on their significance until
adding more variables did not significantly improve the model fit (based on reduction of
AIC). Backward stepwise selection was then conducted, resulting in the inclusion of the
same variables, indicating robustness in the selection process.

Potential two-way interactions between variables were evaluated by incorporating
interaction terms into the logistic regression model, and their significance was assessed
using p values, with a threshold of <0.05 considered indicative of a statistically significant
interaction. There were no biologically meaningful interactions evident. A significance
level of 5% was used in all models.

To evaluate the performance of the models, McFadden’s R-squared was used. This
metric assesses how much better the fitted model is compared to a null model (i.e., a model
without predictors), which serves as a reference point for comparison. Higher McFadden’s
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R-squared values indicate a better model fit, suggesting that the model more effectively
accounts for the variability in M. bovis seropositivity.

3. Results
3.1. Descriptive Statistics

In total, M. bovis ELISA results were available for 105 herds across all three farm visit
periods. The median herd size was 141 cows (range 60-633 cows) with a median heifer
cohort size of 41 heifers (range 10-137 heifers). The median age of heifers at each visit
period is outlined in Table 2. The median age of the randomly selected sampled heifers
was comparable to that of their herd mates within each herd at each visit, ensuring that the
sampled animals were representative of the entire heifer cohort on the farm.

Table 2. Median age (in days) of heifer cohort and sampled heifers at each sampling period
(n =105 herds).

Visit Period He(irf)e ™S Heifer Cohort Age (days) Sampled H((:'iii;;)c ohort Age
V1 (Spring 2018) 1065 41 (range 1-112) 45 (1-103)
V2 (Spring 2019) 1091 387 (range 265-456) 388 (304-456)
V3 (Autumn 2019) 1090 613 (range 481-694) 613 (483-691)

Whenever possible, 10 heifers were sampled per herd during each visit period. How-
ever, there was a slight variation in the number of samples collected at each visit due to
fluctuations in the heifer cohort size at the time of sampling. This variation was particularly
evident during the first visit period in spring 2018 when a proportion of the heifer cohort
had not yet been born. Despite these fluctuations, 10 samples were successfully collected in
89%, 88%, and 92% of farms during visit periods 1, 2, and 3, respectively. The distribution
of herds with at least one M. bovis seropositive heifer and three of more seropositive heifers
is shown in Table 3.

Table 3. Distribution of herds with at least one M. bovis seropositive heifer and at least 3 seropositive
heifers across three farm visit periods between spring 2018 and autumn 2019 (n = 105 herds).

Seropositivity Criteria

>1 Positive heifer >3 Positive heifers
Visit period Herd seroprevalence (%) (95% CI)  Herd seroprevalence (%) (95% CI)
V1 (Spring 2018) 50.4 (40.5-60.3) 314 (22.7-41.2)
V2 (Spring 2019) 35.2 (26.2-45.1) 324 (23.6-42.2)
V3 (Autumn 2019) 45.7 (36.0-55.7) 429 (33.2-52.9)

In total, approximately 3200 samples were collected across all three farm visit periods.
The distribution of sampling frequency at the individual heifer level was as follows; 69% of
the heifers were sampled once (n = 2218), 13.4% were sampled twice (n = 432) and 1.7%
were sampled three times (n = 54). The mean M. bovis apparent seroprevalence (within the
positive herds) during each visit period is outlined in Table 4.

Table 4. Mean (se) within-herd M. bovis apparent seroprevalence and standard error across three visit
periods (10 heifers sampled per herd).

Herds (n = 48 CE Herds with at Least One Mean (95% CI)
Visit Period - ! M. bovis-Positive Heifer M. bovis
57 SDF *) cie
(n) Seropositivity (%)
V1 (Spring 2018) 105 53 38.3 (31.5-45.1)
V2 (Spring 2019) 105 37 81.3 (72.1-90.5)
V3 (Autumn 2019) 105 48 77.1 (69.0-85.2)

* CF: Control farm: rearing their own heifers, SDF: Source dairy farm: engage in contract-rearing of heifers.
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The distribution of farms by M. bovis seropositivity percentage by farm visit period is
demonstrated in Figure 1.

Visit 1 Visit 2 Visit 3

25

n

MNumber of Farms (n)

5
. n-ull III- -III

& P P RSP PP B R R R PP B e R
Percentage M _bovis Seropositivity (%)

Figure 1. Distribution of herds (n = 105) by percentage M. bovis seropositivity across three farm visit
periods between spring 2018 and autumn 2019.

Animal-level apparent seroprevalence is demonstrated in Table 5.

Table 5. Animal-level seroprevalence of M. bovis in heifers over three farm visit periods. The table
shows the number of heifers sampled, the number testing positive for M. bovis antibodies, and the
corresponding seropositivity percentages for spring 2018 (V1), spring 2019 (V3), and autumn 2019
(V3) (n =105 herds).

.. . . Positive M. bovis M. bovis Seropositivity
Visit Period Heifers (n) ELISA (n) (%) (95% CI)
V1 (Spring 2018) 1065 214 20.1 (17.7-22.5)
V2 (Spring 2019) 1091 319 29.2 (26.5-31.9)
V3 (Autumn 2019) 1090 393 36.1 (33.2-38.9)

The variation in the herd M. bovis seroprevalence across the three visit periods using
the two positive threshold values of (>1 positive heifer; >3 positive heifers) is outlined in

Table 6.

Table 6. Number of herds classified as M. bovis seropositive or seronegative by two seropositivity

criteria, across three farm visit periods (n = 105).

Herd M. bovis Serostatus Category Herds (n)

Visit 1 Visit 2 Visit 3 >1 Positive Heifer =~ >3 Positive Heifers
Positive Positive Negative 0 0
Negative Positive Negative 0 0

Positive Negative Positive 3 1
Negative Negative Positive 8 10
Positive Negative Negative 23 14
Negative Positive Positive 10 16
Negative Negative Negative 34 46
Positive Positive Positive 27 18

Key: visit 1 (spring 2018), visit 2 (spring 2018), visit 3 (autumn 2019).
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3.2. Univariable Models

Univariable analysis was conducted initially to investigate the association between
biosecurity and farm management practices and herd-level M. bovis seropositivity at each
of the three visit periods (Table S1, Supplementary Materials).

In spring 1 (V1), in Model > 1POS, the housing of heifer and bull calves separately
had a borderline association with seropositivity (estimate: 0.78, p = 0.06). A greater number
of colostrum feeds was associated with a slight decrease in seropositivity (estimate: —0.19,
p = 0.05). Herd size was marginally positively associated with seropositivity, suggesting
that larger herds were more likely to be seropositive (estimate: 0.003, p = 0.05). Additionally,
the presence of non-dairy animals on the farm was marginally associated with increased
seropositivity (estimate: 0.89, p = 0.07).

In spring 2 (V2), in Model > 1POS, the practice of evaluating colostrum quality
showed a non-significant trend towards higher seropositivity (estimate: 0.65, p = 0.12),
while feeding waste milk to calves also indicated a potential increase in risk (estimate: 1.07,
p = 0.07). The purchase of cattle during 2018 was a significant risk factor (estimate: 1.00,
p = 0.05). Similar to Model > 1POS, cattle purchase during 2018 (estimate: 0.83, p = 0.11)
and farming multiple land parcels (estimate: 0.92, p = 0.04) were associated with increased
risk of seropositivity in Model > 3POS. Feeding waste milk to calves again showed a
non-significant association with increased seropositivity (estimate: 0.92, p = 0.12).

During autumn 2 (V3), in Model > 1POS, herds in which farmers assessed colostrum
quality were more likely to be seropositive, with an estimate of 0.79 (p = 0.05). Similarly, the
purchase of cattle in 2018 was significantly associated with seropositivity (estimate: 0.95,
p = 0.04).

Several associations did not reach conventional levels of statistical significance (p < 0.05)
at a univariable level, which may reflect limitations in this study’s statistical power due to
the sample size. This potential lack of power could explain why some trends observed in
the analysis did not achieve significance, despite suggestive estimates.

3.3. Multivariable Analysis

Variables with a p value of approximately 0.2 were selected for inclusion in the initial
multivariable models for each visit period using the two herd seropositivity thresholds to
determine herd M. bovis status. The results of the final multivariable models are presented
in Table 7.

3.4. Model Performance

The comparison of McFadden’s R-squared values between Model > 1POS and
Model > 3POS across the three visit periods demonstrates variations in model performance
over time (Table 8). In visit 1 (spring 1), Model > 1POS had an R-squared value of 0.11,
while Model > 3POS had a similar value of 0.10. During visit 2 (spring 2), Model > 3POS
showed a stronger fit, with an R-squared value of 0.31 compared to 0.13 for Model > 1POS.
By visit 3 (autumn 2), both models performed equally, each achieving an R-squared value
of 0.16. This indicates that Model > 3POS had the best explanatory power in Spring 2,
while both models showed similar predictive performance in Visits 1 and 3.
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Table 8. McFadden R-squared values comparing multivariable model performance across visit
periods. Model > 1POS indicates herd seropositivity based on one or more positive heifers, while
Model > 3POS is based on three or more positive heifers. Higher R-squared values reflect better
model fit, showing the ability of the models to explain variance in M. bovis seropositivity across
different visit periods.

Visit Period Model > 1POS Model > 3POS
Visit 1 (Spring 1) 0.11 0.10
Visit 2 (Spring 2) 0.13 0.31
Visit 3 (Autumn 2) 0.16 0.16

4. Discussion
4.1. Qverview

The key findings from this study demonstrated several critical insights into the sero-
prevalence of M. bovis in heifers across three distinct time points during the rearing period.
This is the first Irish study focused specifically on youngstock M. bovis seroprevalence,
offering a unique perspective that contrasts with previous studies, which have primarily
focused on the adult (lactating) cow cohort [8]. Internationally, similar studies have high-
lighted M. bovis seroprevalence in confined systems [23], but this research expands the
understanding of pathogen dynamics within pasture-based, predominantly spring-calving
dairy enterprises. This study highlights the dynamic nature of M. bovis infection in cattle
herds, with seroprevalence rising over time as heifers aged and were repeatedly exposed,
suggesting that ongoing transmission within the herd plays a significant role in maintaining
infection, which may complicate disease control efforts.

4.2. Herd- and Animal-Level M. bovis Seroprevalence over Time

In spring 2018, 50.4% of herds had at least one seropositive heifer but only 31.4% had
three or more seropositive animals. These findings suggest that while M. bovis was present
in these herds, the pathogen had not yet been extensively transmitted between heifers in the
cohort. The presence of seropositive animals could be attributed either to natural infections
occurring within the calf cohort or to the detection of maternal-derived antibodies (MDA)
in these young animals. MDAs, transferred through colostrum, can provide temporary
immunity to calves, protecting them from early infections or reducing the severity of
infection, which may contribute to detectable antibody levels even in the absence of active
infection. Therefore, the observed seropositivity might reflect a combination of early, limited
infections and the transient presence of these maternal antibodies in the young heifers.

By spring 2019 (V2), the proportion of herds with at least one M. bovis-positive heifer
decreased to 35.2%. While this could potentially reflect the successful implementation of
control measures in some herds, it may also be attributed to statistical variation, given
the small number of animals sampled from larger populations in each herd, which could
influence the observed changes in seroprevalence. However, the consistent proportion
of herds with three or more seropositive heifers (32.4%) suggests that once M. bovis was
established, it continued to spread within the herd. During this period, mean within-herd
seropositivity sharply increased from 38.3% to 81.3%, potentially reflecting the heightened
susceptibility of older heifers as their exposure to the pathogen increased. Increased
exposure due to environmental and management practices likely contributed to this rise in
seroprevalence. Studies have shown that M. bovis can persist in herds despite control efforts,
often spreading more readily within herds that have not maintained stringent biosecurity
measures [24,25].

The increase in seroprevalence at the animal- level, from 20.1% in spring 2018 to 29.2%
in spring 2019, aligns with the understanding that older heifers, now lacking the protective
effect of maternal antibodies, became more vulnerable to M. bovis infections. As a result, the
pathogen spread more widely within those herds that had not fully contained the infection,
leading to a higher overall infection rate.
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In autumn 2019 (V3), the increase in the proportion of herds with at least one seroposi-
tive heifer to 45.7% suggests a resurgence of M. bovis infections. This could be due to the
introduction of new, susceptible animals or seasonal factors that enhanced transmission,
such as changes in housing or weather conditions. The rise in herds with three or more
seropositive heifers to 42.9% reflects more extensive within-herd transmission, which is
often challenging to control once established. Despite a slight decrease in mean within-
herd seropositivity to 77.1%, the persistently high levels indicate that M. bovis continued
to circulate widely within the affected herds. The animal-level seroprevalence, which
reached 36.1%, underscores the cumulative impact of ongoing exposure and the pathogen’s
persistence over time.

This pattern is consistent with findings from other studies that highlight the difficulty
in controlling M. bovis once it becomes endemic in a herd. Infections can persist and spread
due to various factors, including the introduction of new animals, environmental stressors,
and inadequate biosecurity measures. For instance, studies have shown that M. bovis can
remain latent in some animals, re-emerging under stress or immunosuppression, which
complicates eradication efforts [24,26].

Overall, the findings demonstrate that M. bovis seroprevalence increased both within
herds and among individual animals as the heifers aged. The consistent increase in the
number of heavily infected herds (with three or more positive animals) highlights the
persistent challenge of controlling M. bovis and the need for continuous and adaptive
management strategies. These results emphasise the importance of considering both
age-related immunity and the dynamics of within-herd transmission when interpreting
seroprevalence data and developing control measures for M. bovis in cattle populations.
Given these trends, further investigation is warranted to better understand the underlying
factors driving increased M. bovis transmission and to refine intervention strategies.

4.3. Risk Factors Associated with M. bovis Seropositivity in Replacement Heifers

This study utilised two distinct models to systematically evaluate risk factors asso-
ciated with M. bovis seropositivity at three distinct time points during the heifer-rearing
period. The results from both Model > 1POS and Model > 3POS provide critical insights
into the epidemiology and management of M. bovis within dairy herds.

Number of land parcels.

An increased number of land parcels (four or more) farmed during 2018 was a signifi-
cant risk factor for M. bovis seropositivity in both models across multiple visit periods. This
association suggests that fragmented land management contributes to increased M. bovis
transmission and infection rates within herds. These findings are consistent with those
reported in an Irish study by McAloon et al. [8] who found that the number of contiguous
farms was a risk factor for M. bovis bulk tank milk seropositivity in the lactating cow cohort.
Each additional land parcel adds more shared boundaries and potential points of contact
between cattle on adjoining farms, increasing the likelihood of interaction with multiple
herds. This proximity can facilitate the spread of airborne and contact pathogens, especially
when biosecurity measures are inconsistent across farms.

Land fragmentation is a prevalent characteristic of Irish dairy farms, with an average
of six land parcels per farm, according to a study of 900 dairy farms [27]. Many of these
farms are spread across multiple, non-contiguous parcels of land. In Bradfield’s study,
around 59% of farms managed 6 or fewer parcels, while 41% had between 7 and 22 distinct
parcels. This fragmentation complicates farm operations by increasing the frequency of
movement of animals, machinery/equipment (fomites), and workers between land parcels.
This increased movement can facilitate the transmission of M. bovis between management
groups. Several studies have shown that increased contact between different animal groups
and the use of shared equipment without proper biosecurity measures can lead to higher
risks of M. bovis transmission [4,10,23]. Additionally, managing multiple parcels of land
increases the complexity of biosecurity protocols. Insufficient separation between infected
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and uninfected animals and the challenges of maintaining appropriate hygiene standards
across different locations can further exacerbate the spread of M. bovis [28].

Purchase of cattle.

Purchase of cattle was a consistent factor for M. bovis seropositivity in both models,
particularly in spring 2 and autumn 2. These findings agree with those of several studies
which have demonstrated that purchased cattle act as a source of new M. bovis infections
in dairy herds [10,12,29,30]. In a risk factor study by Burnens et al. [31], the purchase of
animals was the only variable significantly associated with the M. bovis serological status of
51 dairy herds in Switzerland. Carrier cattle without clinical signs are the primary vectors
for introducing M. bovis, often leading to varying transmission dynamics across herds. Some
herds experience immediate clinical outbreaks, while others face delayed transmission
events. The risk of M. bovis seropositivity increases significantly when animals are sourced
from multiple herds, compared to single-source or closed herds [8]. Since the removal of
EU milk quotas in 2015, Ireland’s dairy sector has undergone considerable growth, with
the national dairy herd expanding by approximately 45%, from 1.2 million cows in 2015 to
nearly 1.6 million by 2021, accompanied by a 60% increase in milk production [32].

When herds expand through the purchase of animals, they introduce a significant
biosecurity risk, as carrier cattle without clinical signs are a known vector for M. bovis
transmission [31]. Of the herds enrolled in the current study, 93% had undergone expansion
between 2013 and 2018, many by purchasing cattle, which likely increased their exposure
to M. bovis compared to non-expanding, closed herds.

Therefore, the most effective way to prevent M. bovis infections is to maintain a closed
herd [33]. Where this is not feasible, purchased animals should be tested and quarantined
before introduction to the herd. Prior to the purchase of lactating cows, it is recommended
that milk samples should be tested for M. bovis using culture, PCR, or ELISA. Additionally,
calf health records should be reviewed for any history of M. bovis-related diseases, such as
pneumonia or otitis media [24].

Other (non-dairy) animals are kept on the farm.

The presence of non-dairy animals (suckler beef cattle, finishing beef cattle, pigs,
poultry, sheep, horses, or goats) on the farm was a significant risk factor for M. bovis
seropositivity in replacement heifers in Model > 3POS during the spring 1 visit period
(V1). The odds ratio (OR 4.13) indicates that farms with non-dairy animals are substantially
more likely to be M. bovis seropositive. While this finding has not been reported in other
studies relating to M. bovis, a Norwegian study identified that the presence of “other animal
traffic,” including common animal housing and interaction between different animal types,
was associated with higher risks of BVD in dairy herds [34]. Further to this, Correa-
Valencia et al. [35] demonstrated that mixed farming enterprises had increased odds of
infection with Mycobacterium avium subsp. paratuberculosis (MAP). A possible explanation
for the increased seropositivity on mixed farm enterprises is that specialist dairy-only
enterprises may maintain a higher level of control over biosecurity due to a singular focus
on one species. These farms may have better implementation of preventative measures
for dairy-specific diseases such as mastitis. Furthermore, dairy-only farms are less likely
to experience interspecies disease transmission, reducing the overall disease burden on
these farms.

Individual farm management practices.

Feeding waste milk (unpasteurised mastitic milk and milk from antibiotic-treated
cows) to calves was identified as a potential risk factor for M. bovis seropositivity. While
the association was not statistically significant, there was a consistent trend toward higher
seropositivity in both spring 2 (V2) and autumn 2, indicating a potential but inconclusive
association. This practice is linked to an elevated risk of transmitting several pathogenic
agents, including M. bovis [9,14,15,24]. Hazelton et al. [13], and Gabinaitiene et al. [36]
demonstrated that calves fed mastitic milk from cows infected with M. bovis are at a higher
risk of becoming infected themselves. The association between feeding waste milk and
higher M. bovis seroprevalence in the current study underscores the role of this practice in
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the spread of infection from the lactating cohort to the youngstock cohort within herds. It
was surprising that feeding waste milk was not detected as associated with seropositivity in
spring 1. This may reflect the time lag required between ingestion of a sufficient ‘dose’ of M.
bovis infected colostrum/milk and expression of a detectable systemic antibody response.
Many of the heifers at this visit period may not have been exposed to waste milk feeding
practices for sufficiently long enough and may have been too young for detection of an
antibody response (median age of the sampled heifers; 1.4 months old). Antibodies against
M. bovis are not detected until 10-14 days post-infection but detectable levels of antibodies
remain for several months to years [25,37,38], hence associations in spring 2 and autumn 2.
Culling mastitic cows and either discarding or pasteurising infected colostrum and raw
milk are, therefore, recommended to mitigate the risk of transmitting M. bovis to calves [39].
Pasteurisation of colostrum or waste milk is not commonly carried out on Irish dairy farms.

Shared airspace between calves and older animals was identified as a potential risk
factor for M. bovis seropositivity, with a trend toward increased seropositivity in the studied
herds. Although not always statistically significant, there was a consistent association
across different visit periods and in both models. These findings are consistent with those
reported by Gille et al. [10], who demonstrated that co-mingling of animals of different
ages or groups, particularly in environments with suboptimal biosecurity, was a risk factor
for increasing M. bovis transmission.

Older animals, particularly those that are sub-clinically infected or have recovered
from clinical M. bovis infections, can serve as reservoirs of infection. M. bovis is primarily
transmitted through respiratory secretions and close contact, making shared airspace,
particularly in confined environments such as sheds, a critical risk factor for M. bovis
transmission [40]. On farms where airspace is shared between animals of different age
groups, there may be further shared environmental spaces, such as feeding areas, water
troughs, and bedding. In these common areas, the potential for contamination with M.
bovis through respiratory secretions or nasal discharge is considerable, potentially resulting
in a higher pathogen load in the environment and a resultant increased risk of transmitting
the infection to calves. In Irish spring-calving dairy systems, cows typically calve indoors
during the early spring months. After birth, calves are kept indoors for approximately eight
to twelve weeks. Calves commonly share the same airspace as the cows or, in some cases,
the previous year’s calves (now yearlings). This shared housing arrangement can pose
challenges for disease control, particularly respiratory infections, due to the proximity and
potential exposure to pathogens circulating among the older animals. Proper ventilation
and separation are critical to minimising these risks, but in many cases, practical farm
layouts mean calves are housed in close proximity to older animals, potentially exacerbating
disease transmission. To reduce M. bovis transmission, calves should be housed separately
from older cattle. Adequate ventilation, reduced stocking densities, and physical separation
between calf and adult housing, can significantly lower M. bovis transmission risk [23,31].

The number of colostrum feeds was found to have a protective effect against M.
bovis seropositivity, with calves receiving more colostrum feeds showing lower odds of
seropositivity across multiple visit periods. This aligns with existing research that highlights
the critical role of colostrum in providing passive immunity to newborn calves. Colostrum
contains high levels of immunoglobulins, which are essential for the early development
of the immune system in calves [41]. Studies have consistently shown that inadequate or
delayed colostrum intake significantly increases susceptibility to respiratory infections and
systemic diseases such as M. bovis [42]. Thus, ensuring that calves receive an adequate
volume of high-quality colostrum within the first hours of life is critical for enhancing
immunity and reducing the risk of pathogen transmission in herds.

The practice of housing heifer calves separately from bull calves was significantly
associated with M. bovis seroprevalence in both models. This may indicate a response
by such farmers to reduce the risk of transmitting respiratory infections on their farms,
some of which may be due to M bovis infection. However, as the initial source of M bovis
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infection in young calves is from colostrum/milk and the calving environment, subsequent
separation of the heifer and bull calves may be less effective in reducing infection risk.

Other farm management practices.

Navel disinfection was associated with a tendency towards a higher likelihood of
M. bovis seropositivity during spring 1. M. bovis may be transmitted indirectly between a
cow and her environment and her calf shortly after birth when the farmer has calved the
cow and then handled the calf to disinfect its navel. The open umbilicus is a conduit for
pathogens causing omphalitis [43] but possibly also for other maternal or environmental
pathogens, including M. bovis, introduced as contaminants. The positive association of
navel disinfection with M. bovis seropositivity may also indicate broader hygiene issues on
farms implementing this protocol.

The current study did not identify a significant association between contract heifer
rearing and M. bovis seropositivity. One possible explanation for the lack of association
observed in this study could be the variability in M. bovis infection risks across different
contract-rearing facilities. Previous studies indicate that while certain facilities have higher
infection rates, this risk is not consistent across all operations. Differences in management
practices, biosecurity measures, and the presence of asymptomatic carriers could vary
significantly between facilities, potentially masking any clear association within the study
population [13].

4.4. Model Comparison

During visit 1 (spring 1), both Model > 1POS and Model > 3POS show relatively low
R-squared values (0.11 and 0.10, respectively), indicating a modest ability to explain the
variance in seropositivity. In visit 2 (spring 2), however, Model > 3POS demonstrates a
substantially better fit (R-squared = 0.31) compared to Model > 1POS (R-squared = 0.13),
suggesting that a stricter criterion of three or more positive heifers improves the model’s
ability to capture the dynamics of seropositivity during this period.

Conversely, in visit 3 (autumn 2), both models performed equally well, with identical
R-squared values of 0.16, implying that the choice of threshold (one or three positive heifers)
has no significant impact on model fit for this period. Overall, these results suggest that
while the stricter criterion enhances model performance in certain contexts, particularly in
visit 2, its advantage may be less pronounced in other periods.

Hughes et al. [44] demonstrated that McFadden’s R-squared values for logistic re-
gression are generally lower than R-squared values for linear models. Values between 0.2
and 0.4 are considered to indicate a good model fit in epidemiological models of disease
risk. The McFadden R-squared values reported for Model > 3POS, ranging from 0.16 to
0.31 across visit periods, suggest a reasonably good fit, particularly in visit 2 (spring 2),
where the value reaches 0.31. This indicates that Model > 3POS is better at capturing key
infection risk factors, particularly in certain periods, compared to Model > 1POS, which
has consistently lower R-squared values (0.11 to 0.16).

The multivariable analysis reveals that both models consistently identified key risk
factors, such as the number of land parcels farmed, the purchase of cattle, and the number
of colostrum feeds as significant across all visit periods. This consistency highlights the
importance of management practices and environmental exposures in influencing M. bovis
transmission. Model > 3POS tended to capture more severe infection risk factors and
exhibited stronger predictive performance overall. Meanwhile, Model > 1POS identified
broader risk patterns across herds with varying levels of infection. The results suggest
that stricter thresholds for defining herd seropositivity (as in Model > 3POS) may be more
effective in detecting higher-risk herds.

4.5. Study Limitations

This study has specific limitations that may constrain the broader applicability and
interpretation of its results. One key limitation is the potential for selection bias in herd
recruitment, as the farms were initially recruited for a separate study assessing the health
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impacts of contract-rearing of replacement heifers, though a substantial number of these
were control herds. As a result, recruited herds may not fully represent the national dairy
herd population. Furthermore, the voluntary nature of participation could have resulted in
an over-representation of farmers with a greater interest in biosecurity and animal health,
potentially skewing the results.

The initial sample size for the contract-rearing study was calculated based on the
power requirements specifically needed to assess differences in age at first calving (AFC)
between contract-reared and home-farm-reared heifers. Consequently, the sample size may
not have been optimally designed to assess the seroprevalence of M. bovis at herd-level and
it may have limited power for detecting significant associations between risk factors and
M. bovis seropositivity. This could potentially affect the robustness and external validity of
the findings related to M. bovis infection, highlighting a need for cautious interpretation
and possibly further targeted studies with appropriate power calculations focused on M.
bovis seroprevalence.

Additionally, a complete dataset was not available for every farm at each visit pe-
riod (M. bovis ELISA results were available for 105 farms at all three farm visit periods;
120 farms were initially enrolled in this study). Incomplete datasets were predominantly a
result of missing biosecurity and farm management variables, which limited the ability to
comprehensively assess the associations between risk factors and M. bovis seropositivity
across all farms, potentially weakening the statistical power of this study. Furthermore,
the biosecurity and farm management data were collected through self-reported question-
naires, which carry the risk of biases, such as recency and social desirability bias, and may
not reflect the actual practices on farms. In addition, biosecurity data were collected at one
time point in 2018, which does not account for any subsequent changes in management
practices during the study period.

This study followed a single cohort of heifers longitudinally from birth to their first
lactation, but contemporaneous, unrecorded, variations in farm management, environ-
mental conditions, and disease challenges could have influenced the results. The blood
sampling was limited to 10 randomly selected heifers per herd, which may not fully repre-
sent the infection status of the entire herd or heifer cohort. Additionally, this study faced a
considerable loss to follow-up, with data available for fewer heifers than initially enrolled,
which may have introduced bias if the lost heifers differed in their exposure to risk factors
compared to those that remained in this study. These factors collectively necessitate a
cautious interpretation of the findings.

Despite the limitations of this study, it significantly advances our understanding of
the epidemiology of M. bovis in dairy herds. This study identifies several herd-level risk
factors, such as the number of land parcels farmed, purchase of cattle, and number of
colostrum feeds as predictors of M. bovis seropositivity in replacement heifer cohorts. These
findings are particularly important for guiding the development of targeted biosecurity
measures aimed at controlling M. bovis transmission in youngstock. By identifying risk
factors associated with M. bovis seroprevalence, this study contributes to ongoing efforts to
mitigate the impact of this globally significant pathogen in the dairy industry.

5. Conclusions

In conclusion, this study provides valuable insights into the factors associated with
M. bovis seropositivity in replacement dairy heifers at different time points during the
rearing period. The findings consistently highlight key risk factors influencing M. bovis
seropositivity, including the degree of land fragmentation, purchase of cattle, and specific
management practices, such as feeding waste milk and shared airspace between calves and
older animals. The results underline the importance of herd-level interventions, robust
biosecurity protocols, and targeted management strategies in mitigating the spread of M.
bovis within dairy operations. Future research should aim to address the gaps identified,
further refining our understanding of risk factors and optimising control measures for
this pathogen.
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Simple Summary: Trichomonads are among the most prevalent intestinal parasites with a worldwide
distribution which can infect many animals, resulting in economic losses and threatening public
health. The donkey raising industry in Shanxi Province is relatively well-developed; however, it is
not yet known whether donkeys in Shanxi Province were infected with Tetratrichomonas buttreyi and
Pentatrichomonas hominis. Thus, 815 fecal samples were collected from donkeys in three representative
geographical locations in Shanxi Province to determine the prevalence and associated risk factors
of T. buttreyi and P. hominis in donkeys using molecular approaches. The overall prevalence of
T. buttreyi and P. hominis in donkeys in Shanxi Province was 25.4% and 0.7%, respectively. Genetic
analysis revealed that all P. hominis sequences obtained in this study were identified as genotype CC1,
suggesting possible zoonotic potential. This is the first report of T. buttreyi and P. hominis prevalence
in donkeys worldwide, which not only extends the geographical distribution of trichomonads but
also expands the host spectrum. The findings also have implications for the prevention and control
of trichomonad infections in donkeys in Shanxi Province.

Abstract: Two species of trichomonads, Tetratrichomonas buttreyi and Pentatrichomonas hominis, are
common intestinal parasites that can impact animal health and productivity. Severe infection by
these parasites can lead to diarrhea and wasting in affected animals. Notably, P. hominis is known
to cause diarrhea and has the potential to be transmitted between animals and humans. Donkeys
hold significant economic importance in China’s agricultural sector. However, whether donkeys are
infected with T. buttreyi and P. hominis remains unknown globally. To address this gap in knowledge,
815 fecal samples were collected from donkeys in three representative regions in Shanxi Province,
North China. Then, the presence and genetic characteristics of T. buttreyi and P. hominis were examined
using species-specific PCR primers amplifying the small subunit ribosomal RNA genes. The overall
prevalence was detected to be 25.4% (207/815) for T. buttreyi and 0.7% (6/815) for P. hominis in
donkeys in Shanxi Province. All obtained P. hominis sequences were identified as genotype CC1.
Genetic analysis revealed that all P. hominis isolates from donkeys were clustered into the same branch
with isolates detected in humans, suggesting possible zoonotic transmission. This study is the first to
report the occurrence and prevalence of T. buttreyi and P. hominis in donkeys globally. These findings
expand the host range of trichomonads and improve our understanding of their genetic diversity and
zoonotic potential, providing essential baseline data for the prevention and control of these parasites
in donkeys in the region.

Keywords: Tetratrichomonas buttreyi; Pentatrichomonas hominis; donkey; prevalence; zoonotic parasites;
Shanxi Province
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1. Introduction

Tetratrichomonas buttreyi and Pentatrichomonas hominis are two protozoan parasites
of the Trichomonadidae family that inhabit the gastrointestinal tracts of humans and
animals as parasites or commensals, posing significant public health challenges [1]. They
exist in a trophozoite form, which is responsible for infection and replication within the
intestines [2]. Both parasites have direct life cycles, with transmission occurring primarily
through fecal-oral routes, and exhibit distinct characteristics and implications for human
health [3,4].

In 1960, T. buttreyi was first identified in the ceca of pigs by Hibler et al. [5] and
was considered a non-pathogenic commensal organism detected in pigs and cattle [2,6].
Recently, a report indicated that excessive infection by trichomonads can be pathogenic [7],
and subsequently, symptoms such as diarrhea were observed in dairy cattle which were
infected with T. buttreyi [4].

Existing evidence indicates that P. hominis is an opportunistic parasite causing diarrhea
in humans, monkeys, dogs, pigs and cattle [8-12]. In addition, previous studies have
shown that P. hominis may be recognized as a causative agent of diarrhea with potential
for zoonotic transmission [13,14]. To date, most reports of P. hominis involve canids, with
the prevalent genotypes detected in dogs being CC1, CC2 and CC3 [15]. It has also been
sporadically reported in humans [16,17]. However, a previous study demonstrated that
P. hominis infections may accelerate the development of colon cancer through changing
gut microbiota [14]. With the deeper understanding of P. hominis, an increasing number of
reports have indicated that P. hominis not only reproduces at the cecum or colon, but has
also been detected in other organs, such as the anocelia [18,19].

Typically, microscopic examination is the routine method to discriminate trichomonad
species. However, it is difficult to distinguish trichomonads due to their similar mor-
phology under the microscope (e.g., Trichomonas foetus and T. buttreyi). With the rapid
development of molecular detection methods, polymerase chain reaction (PCR)-based
approaches have become important tools for detecting and identifying the trichomonads
with higher specificity and sensitivity, especially in asymptomatic individuals [20-22]. The
small subunit ribosomal RNA (SSU rRNA) gene is the main genetic marker to identify the
species and genotypes of trichomonads [12].

The accurate identification of various trichomonad species is important for the di-
agnosis, treatment and surveillance of trichomonad infections in humans and animals.
Ronidazole is a potentially neurotoxic drug, used for the treatment of feline trichomoniasis
caused by Trichomonas foetus infection [23]. Metronidazole is considered the drug of choice
for the treatment of P. hominis; however, it is proven to be ineffective against Trichomonas
foetus [3]. Therefore, the accurate identification of trichomonad species is necessary to
establish the correct treatment plan.

China is among the top countries in donkey breeding in the world. Historically, don-
keys have been valuable for trade and are now appreciated for their nutritional benefits [24].
Donkeys play a significant economic role in rural areas, providing tender meat, nutritious
skin, and milk [25-27]. Due to the growing significance of trichomonads in veterinary
medicine, an increasing number of studies have been conducted on the prevalence and
pathogenicity of trichomonad infections in different vertebrates. However, no studies have
been published on the epidemiology of T. buttreyi and P. hominis in donkeys globally. Thus,
this study firstly investigated the occurrence, prevalence and genetic characterization of
T. buttreyi and P. hominis in donkeys in Shanxi Province, expanding the host spectrum and
providing the baseline data to control and prevent these parasites in the study areas.

2. Materials and Methods
2.1. Sampling Collection

From April to May 2023, 815 fresh fecal specimens were sampled from donkeys in
three representative cities in Shanxi Province: 81 from Jinzhong city, 363 from Linfen city
and 371 from Datong city. To minimize contamination, the uppermost part of each freshly
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excreted fecal sample was collected using a disposable glove and recorded with relevant
details, including region, sex and age. The donkey feces were categorized into two age
groups (donkeys aged three years and above, and those which were lower than 3 years) and
two sex groups (male and female). All samples were then transported under cool conditions
to the Laboratory of Parasitic Diseases, College of Veterinary Medicine, Shanxi Agricultural
University, and they were stored at —20 °C until needed for PCR-based molecular analysis.

2.2. DNA Extraction and PCR Amplification

Following the instructions provided in the E.Z.N.A.® Stool DNA Kit (Omega Biotek,
Inc., Norcross, GA, USA), genomic DNA was extracted from approximately 200 mg of
each fecal sample and then stored at —20 °C until PCR amplification. A total of 25 uL. PCR
mixture was prepared, including 2 uL of dNTPs, 2.5 uL of 10x PCR Buffer (Mg?* free),
25 mM of MgCly, 1.25 U of Ex-Taq (Takara, Dalian, China), 1 pL of each primer, 2 puL of
genomic DNA and 14.75 uL of ddH,O. The PCR primers and amplification procedures
referred to previous studies [8,28] and are listed in Table 1. Each PCR assay included both
negative controls (reagent-grade water) and positive controls (verified DNA of T. buttreyi
or P. hominis by sequencing) to ensure the reliability of the results. The amplicons were
analyzed on 1.5% agarose gels containing ethidium bromide and observed using UV
transillumination, and the positive ones were sequenced by Sangon Biotech Co., Ltd.
(Shanghai, China) bidirectionally.

Table 1. PCR primers and parameters used in this study.

. . . I al Annealing Fragment
Species Gene Primer ID Primer Sequences (5'-3') Temperatures (°C) Length (bp)
FF GCGCCTGAGAGATAGCGACTA 59
. RR GGACCTGTTATTGCTACCCTCTTC
T buttreyi SSUrRNA bF GTTTTTTCTCAGGCAGCAATG 61 623
bR GCAACCTAGAAACCTAGGCG
F1 ATGGCGAGTGGTGGAATA 60
. R1 CCCAACTACGCTAAGGATT
P. hominis SSUrRNA F2 TGTAAACGATGCCGACAGAG 60 339
R2 CAACACTGAAGCCAATGCGAGC

2.3. Sequencing and Phylogenetic Analysis

In this study, we utilized Chromas V2.6 software to proofread and assemble the
obtained sequences; then, the Basic Local Alignment Search Tool (BLAST) was subsequently
used to identify species by alignment with relevant sequences of known species available in
the GenBank database. A phylogenetic analysis was conducted with the Neighbor-joining
(NJ) method in MEGA 7.0 software, applying the Kimura-2-parameter model. To evaluate
the robustness of the reconstructed phylogenetic trees, we performed a bootstrap analysis
with 1000 replicates.

2.4. Statistical Analysis

The chi-square (x2) test was used to evaluate the relevance between the prevalence
of T. buttreyi or P. hominis across various regions, ages and sexes, employing SPSS 26.0
software (SPSS Inc., Chicago, IL, USA). Moreover, odds ratios (ORs) and 95% confidence
intervals (95% Cls) were calculated to determine the strength of the correlation between
prevalence and the examined variables. A p-value of less than 0.05 was considered to be
statistically significant.

3. Results
3.1. Prevalence of T. buttreyi and P. hominis in Donkeys

In this study, 207 out of 815 fecal samples and 6 out of 815 fecal samples from donkeys
were detected as T. buttreyi- and P. hominis-positive, respectively. The overall prevalence
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in Shanxi Province was 25.4% for T. buttreyi (95% CI: 22.4-28.4) and 0.7% for P. hominis
(95% CI: 0.2-1.3), respectively (Table 2). Among the donkeys in the three cities examined,
donkeys in Linfen city had the highest T. buttreyi prevalence of 31.7% (115/363), while
donkeys in Datong city had the highest P. hominis prevalence of 1.1% (4/371). Statistical
analysis showed that significant differences in the prevalence of T. buttreyi were observed
in donkeys among region groups (p < 0.001) and sex groups (p < 0.001). In contrast to
T. buttreyi, no statistically significant difference was found in donkeys between region
groups and sex groups in the prevalence of P. hominis (p > 0.05). However, a statistically
significant difference in P. hominis prevalence (p < 0.05) was found between donkeys aged
>3 years (0.3%, 2/601) and donkeys aged <3 years (1.9%, 4/214). Additionally, among the
815 fecal samples, the co-infection of both T. buttreyi and P. hominis was detected in a female
donkey in Datong city which was aged less than 3 years, with no clinical symptoms.

Table 2. Factors associated with prevalence of T. buttreyi and P. hominis in donkeys in Shanxi Province,
North China.

Species Factor Category No. Positive/No. Tested  Prevalence % (95% CI)  OR (95% CI) p-Value
Jinzhong 16/81 19.8 (11.1-28.4) Ref.
Region Linfen 115/363 31.7 (26.9-36.5) 1.9 (1.0-3.4) <0.001
Datong 76/371 20.5 (16.4-24.6) 1.1 (0.6-1.9)
. >3 years 160/601 26.6 (23.1-30.2) 1.3 (0.9-1.9)
T. buttreyi Age <3 years 47/214 22,0 (16.4-27.5) Ref. 0.179
5 Male 15/120 12.5 (6.6-18.4) Ref. 0.001
ex Female 192/695 27.6 (24.3-31.0) 2.7 (1.5-4.7) <U-
Sub-total 207/815 25.4 (22.4-28.4)
Jinzhong 0/81 0 0.428
Region Linfen 2/363 0.6 (0.0-1.3) Ref.
Datong 4/371 1.1 (0.0-2.1) 2.0 (0.4-10.8)
. >3 years 2/601 0.3 (0.0-0.8) Ref. 0.024
P. hominis Age <3 years 4/214 1.9 (0.1-3.7) 5.7 (1.0-31.4)
5 Male 2/120 1.7 (0.0-4.0) 2.9 (0.5-16.2) 0.197
ex Female 4/695 0.6 (0.0-1.1) Ref.
Sub-total 6/815 0.7 (0.2-1.3)

3.2. Sequence Analysis of T. buttreyi and P. hominis

T. buttreyi-positive samples were sequenced, and nine distinct sequence types show-
ing 98.1-99.8% sequence similarity were obtained. Among the 207 T. buttreyi sequences
obtained from donkeys in this study, 129, 64 and 8 sequences were identical to the re-
ported T. buttreyi sequences in China with accession numbers PP256577 (pig), PP256576
(pig) and MK880285 (cattle), respectively. Six other sequences showed 98.4-99.8% identity
to the reported T. buttreyi sequence (accession number: PP256576) isolated from pigs in
Shanxi Province.

Regarding the obtained 6 sequences of P. hominis in this study, comparative analysis
showed that 66.7% (4/6) of these sequences had 100% similarity to the reported P. hominis
sequence isolated from a fox in China (accession number: OM763804), and another 2 se-
quences exhibited 99.7% homology with reference sequences isolated from dogs in China
(KX136890 and KX136876), respectively. In addition, all P. hominis sequences obtained from
donkeys in this study were identified as genotype CC1.

3.3. Phylogenetic Analysis of T. buttreyi and P. hominis

To better understand the genetic relationship of T. buttreyi and P. hominis detected
in this study, a phylogenetic tree was reconstructed including other related trichomonad
species. As shown in Figure 1, sequences of T. buttreyi and P. hominis from this study
were clustered with reported animal-derived sequences. Notably, the three representative
sequences of P. hominis from donkeys also clustered with a P. hominis sequence isolated
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from a human, indicating potential zoonotic transmission. The representative sequences
from this study were deposited in the GenBank database with the following accession
numbers: PQ113556 to PQ113564 for T. buttreyi and PQ114251 to PQ114253 for P. hominis.
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PP256574- Pig-China

@ PQ113556-Donkey-China

KX833155-Swine-China

PP256576-Pig-China
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Figure 1. Phylogenetic relationship of trichomonad species inferred from SSU rRNA gene sequences
using Neighbor-joining analysis, based on Kimura two-parameter model, with 1000 bootstrap repli-
cations. T. buttreyi sequences obtained in this study are marked with black circle (o) and those of
P. hominis (A) are marked with black triangle. Bootstrap values are shown when >50%.

4. Discussion

T. buttreyi and P. hominis are parasitic protozoans that commonly inhabit the intestinal
tracts of various vertebrates. Notably, P. hominis has been verified as a zoonotic parasite
infecting a number of mammals such as humans, primates, cats, dogs and cattle, causing
serious gastrointestinal symptoms [18,29,30]. The trophozoite stage of P. hominis can form a
pseudocyst under adverse conditions and can survive outside the host for several days,
thereby increasing the risk of infection to other hosts [10,30]. Up to now, no studies have
reported the occurrence of T. buttreyi and P. hominis in donkeys globally. Thus, the present
study first examined the occurrence and genetic characterization of T. buttreyi and P. hominis
in donkeys.

In the present study, the prevalence of T. buttreyi in donkeys in Shanxi Province was
25.4% (207 /815), which was higher than the average prevalence in cattle in China [31] and
lower than that in pigs in other provinces of China [6] and some other countries, e.g., the
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Philippines [32]. Interestingly, a recent study reported a significantly higher prevalence of
T. buttreyi in pigs (49.7%, 180/362) in Shanxi Province [33]. These differences in T. buttreyi
prevalence might be influenced by factors such as geographic location, animal species, age
distribution, feeding and management practices, ecological conditions, sex composition
and the immune status of the animals. Further studies sampling larger numbers of animals
and diverse animal species are needed to better understand the factors influencing the
prevalence of T. buttreyi in different animals.

Shanxi Province, characterized by a loess-covered mountainous plateau, experiences
significant variations in precipitation due to its topography, with annual rainfall ranging
from 358 to 621 mm [34]. The highest prevalence of T. buttreyi in donkeys in this study was
observed in Linfen city, which is located in the southern part of Shanxi Province and has
higher humidity compared to other cities. A previous report indicated that trichomonads
can survive for several days in moist environments [1]. Thus, we speculate that the
favorable temperature and humidity in Linfen city contribute to the higher prevalence of
T. buttreyi in donkeys. Additionally, the prevalence of T. buttreyi in donkeys in this study
showed an age-dependent increase, which is not consistent with a previous report in pigs
in China [8]. Statistical analysis also showed significant differences in T. buttreyi prevalence
among sex groups (p < 0.001), with female donkeys showing a higher prevalence. Also, sex
has been identified as a risk factor for trichomonad infection in non-human primates in
China [35].

Based on SSU rRNA gene sequences of P. hominis, the prevalence of P. hominis in
donkeys in Shanxi Province was 0.7% (6/815, 95% CI: 0.2-1.3). Notably, P. hominis was
found in all regions except Jinzhong city. With regard to the age groups, a statistically
significant difference in the prevalence of P. hominis was observed in the examined donkeys,
and donkeys aged <3 years had a 5.7 times higher risk of infection compared with those
aged >3 years. Previous studies also suggest that age is a critical factor in P. hominis
transmission among animals and humans, but more epidemiological investigations are
required to reveal the risk factors affecting the prevalence of P. hominis infection in different
hosts, and to elucidate the pathogenic potential of P. hominis in young donkeys [31,36].
Generally, younger animals are more susceptible to parasites due to their less developed
immune systems.

The gut microbiota, a complex ecosystem within the host, is essential for maintaining
immune and metabolic homeostasis [37,38]. Studies have shown that infections with many
gastrointestinal parasites often disrupt this balance, impacting host health [36]. P. hominis
infection in female foxes, for instance, has been linked to gut microbiota imbalances,
diarrhea and wasting symptoms [15]. Moreover, P. hominis can exacerbate colon cancer by
altering patients” gut microbiota [14,39].

Close connections between hosts and through fecal-oral routes via the ingestion of
trophozoites are considered routes of P. hominis transmission [36]. In recent years, P. hominis
has been identified in the feces of felines and canids, and in economic animals such as
cattle [30], pigs [8] and goats [40], suggesting that these animals can act as reservoirs for
further transmission [41]. Overall, six sequences obtained in this study were identified
as genotype CC1, which was frequently detected in canids, e.g., dogs, foxes and raccoon
dogs [15,30]. Notably, the genotype CC1 was also reported in Siberian tigers (Panthera tigris
altaica) [28], dogs [41], monkeys [36], goats [40], foxes [15] and humans [36] in China, indi-
cating that this genotype is not host-specific and suggesting potential zoonotic transmission
of P. hominis between different hosts. Dogs present on donkey farms may contribute to
the P. hominis infection of donkeys, though the transmission between donkeys and dogs
remains unclear. In addition, P. hominis has been detected in wild animals like the boa (Boa
constrictor imperator) and the Philippine scops owl (Otus megalotis), suggesting its wide host
spectrum and potential health risks to both humans and animals [32].

Phylogenetic analysis indicated that the six sequences of P. hominis obtained from
donkeys in this study were clustered into one branch containing known P. hominis sequences
identified in humans, suggesting potential zoonotic transmission. The present study used
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SSU rRNA sequences as genetic markers for the identification of T. buttreyi and P. hominis.
However, SSU rRNA sequences have limitations as genetic markers for the differentiation
of closely related species and/or cryptic species [42,43]. Thus, more appropriate genetic
markers, such as the internal transcribed spacers (ITS-1 and ITS-2) and mitochondrial
cytochrome oxidase subunit I (cox1), should be used for the precise identification and
accurate differentiation of closely related species and/or cryptic species [42,43]. Notably,
no diarrhea symptoms were observed in the positive donkeys, and all had normal stool
consistency. Therefore, further research is needed to confirm the pathogenicity of P. hominis
infection in donkeys. This study not only addresses the knowledge gap of T. buttreyi
and P. hominis infection in donkeys worldwide, but also provides useful information for
implementing measures to control T. buttreyi and P. hominis infections in donkeys in the
studied areas.

5. Conclusions

This study revealed that the prevalence of T. buttreyi and P. hominis in donkeys in
Shanxi Province was 25.4% and 0.7%, respectively. Genetic analysis identified the CC1
genotype of P. hominis in these donkeys, suggesting that donkeys might serve as a potential
host for P. hominis transmission. To our knowledge, this is the first report of the occurrence
and prevalence of T. buttreyi and P. hominis in donkeys globally, which not only extends the
host range of T. buttreyi and P. hominis, but also highlights the public health significance of
P. hominis.
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Simple Summary: This study thoroughly investigated viral pathogens associated with bovine respi-
ratory disease complex (BRDC) in Serbian cattle using serum and nasal swab samples. Conducted
in 2024 across 65 randomly selected dairy farms in Serbia, excluding ones with vaccinated cattle,
this study categorized the farms by their size: small, medium, and large. Serum samples from adult
cattle were tested for antibodies against BVDV, BHV-1, BRSV, and BPIV3, while nasal swabs from
respiratory-symptomatic animals were PCR-tested for viral genome detection. The results showed
seropositivity for all four viruses on all of the farms, with BPIV3 being universally positive. Medium-
sized and large farms exhibited higher levels of seropositivity for BRSV and BHV-1 compared to
small farms (p < 0.05). Our true seroprevalence estimates were 84.29% for BRSV, 54.08% for BVDYV,
90.61% for BHV-1, and 84.59% for BPIV3 at the animal level. A PCR analysis of the nasal swabs
detected BRSV (20%), BHV-1 (1.7%), BVDV (8%), and BPIV3 (10.9%), with no Influenza D virus found.
This study provides crucial insights into viral pathogen prevalence and circulation in Serbian cattle
with BRDC, emphasizing the importance of surveillance and control measures to manage respiratory
diseases in cattle populations.

Abstract: Bovine respiratory disease complex, a complex respiratory ailment in cattle, results from
a combination of viral and bacterial factors, compounded by environmental stressors such as over-
crowding, transportation, and adverse weather conditions. Its impact extends beyond mere health
concerns, posing significant economic threats to the cattle industry. This study presents an extensive
investigation into viral pathogens associated with BRDC in Serbian cattle, utilizing serum samples
and nasal swabs. A cross-sectional study was conducted in 2024 across 65 randomly selected dairy
farms in Serbia, excluding farms with vaccinated cattle. The farms were categorized by their livestock
count: small (<50 animals), medium (51-200 animals), and large (>200 animals). Serum samples
from adult cattle older than 24 months were tested for antibodies against BVDV, BHV-1, BRSV, and
BPIV3. Nasal swab samples from the animals with respiratory signs were tested using PCR for viral
genome detection. The results showed seropositivity for all four viruses across all of the farms, with
BPIV3 exhibiting universal seropositivity. Medium-sized and large farms demonstrated higher levels
of seropositivity for BRSV and BHV-1 compared to small farms (p < 0.05). Our true seroprevalence
estimates at the animal level were 84.29% for BRSV, 54.08% for BVDV, 90.61% for BHV-1, and 84.59%
for BPIV3. A PCR analysis of the nasal swabs revealed positive detections for BRSV (20%), BHV-1
(1.7%), BVDV (8%), and BPIV3 (10.9%). Influenza D virus was not found in any of the samples. This
study provides critical insights into the prevalence and circulation of viral pathogens associated with
BRDC in Serbian cattle, emphasizing the importance of surveillance and control measures to mitigate
the impact of respiratory diseases in cattle populations.
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1. Introduction

Bovine respiratory disease complex (BRDC) refers to a multifactorial respiratory
condition that affects cattle. It is caused by a combination of viral and bacterial pathogens,
as well as environmental stressors such as overcrowding, transportation, and adverse
weather conditions [1]. BRDC is a significant concern in the cattle industry as it can lead to
substantial economic losses due to decreased productivity, high treatment costs [2], and a
mortality rate that can reach 70% [3]. For example, even with yearly preventive vaccination,
BRDC still imposes an estimated annual cost of approximately GBP 80 million on the
UK economy [4]. Bovine respiratory syncytial virus (BRSV), bovine parainfluenza virus
3 (BPIV3), bovine viral diarrhoea virus (BVDV), bovine herpesvirus 1 (BHV-1), bovine
adenovirus (BadV), and bovine coronavirus (BoCV) are recognized as the primary causes
of respiratory illness in cattle [5]. Influenza D virus (IDV) was first identified in 2011 [6]
and has since been confirmed in North America, Europe, East Asia, and Australia [7].
Although it typically causes mild symptoms, recent metagenomic analyses have shown
a positive association between IDV and BRDC [8]. Viral infections further exacerbate the
conditions conducive to bacterial infections. The damage to the upper respiratory tract
and impaired mucociliary clearance enhance bacterial adhesion to virus-infected cells,
facilitating their growth and colony formation. This damage progresses to the tracheal
mucosa epithelium, enabling bacteria to penetrate deeper into the respiratory tract. Viruses
also hinder the function of macrophages and neutrophil leukocytes, which are crucial
for host immune responses and phagocytosis [9]. BRDC affects animals with a range
of symptoms lasting up to five days. They include fever, lethargy, anorexia, coughing,
nasal and ocular discharges, and, in severe cases, strenuous breathing, while bacterial
pathogens can trigger an acute phase response with systemic symptoms, like fever, loss of
appetite, and respiratory issues. Neonatal calf diarrhoea, which can occur with or without
fever, is also linked to BRD and may emerge after significant damage to the intestinal
submucosa [10]. Though biosecurity and antibiotics are also pillars, the control of BRDC
relies on vaccines [11]. However, despite advancements, current BRD vaccines show limited
efficacy as indicated by the development of clinical disease even in vaccinated animals due
to factors like improper administration and storage, as well as challenges in vaccinating
young calves [4]. BRDC remains a persistent and widespread challenge globally, with
significant prevalence observed across Europe. In Serbia, governmental initiatives targeting
BRDC are notably absent, leaving vaccination against the disease optional. Moreover,
the dearth of comprehensive data concerning the prevalence and ramifications of BRDC
within the country further exacerbates the challenge of effectively managing this complex.
Therefore, this study sought to address this critical gap by estimating the seroprevalence of
the viral infections deemed most significant within the BRDC complex.

2. Materials and Methods

This study was carried out using serum samples from the state’s annual leukosis
survey. Ethical approval or consent to participate was therefore not required.

2.1. Study Design and Sampling

Serum samples were obtained from annual enzootic bovine leukosis surveys, which
include testing of all adult cattle older than 24 months. This cross-sectional study was
conducted during January and February 2024, encompassing 65 randomly selected dairy
farms across Serbia where vaccination was not practised. The locations of the sampled
farms are presented in Figure 1.
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Figure 1. The purple dots represent the location of sampled cattle farms.

These farms were classified based on their livestock count: small farms with up to
50 animals (1 = 50), medium-sized farms ranging from 51 to 200 animals (n = 10), and large
farms housing over 200 animals (# = 5). The number of farms and individuals surveyed was
determined based on a 2-stage sampling design. The herd-level sample size was calculated
with an anticipated prevalence of 10%, a confidence level of 95%, and a precision of 0.05%,
alongside data on the total number of cattle farms in Serbia obtained from the Statistical
Office of the Republic of Serbia. The number of animals to be tested was determined to
ensure 95% probability of detecting at least one positive animal if the herd is infected,
considering the farm’s animal count, an assumed prevalence of 20%, a confidence level
of 95%, and a precision of 0.05%. All cattle were subject to testing in small farms with
up to ten animals. The nasal swabs were collected from animals exhibiting clinical signs
of respiratory illness. Symptoms varied from mild to moderate, with no severe cases
observed. In total, 175 nasal swabs were gathered and tested, along with 1000 serum
samples comprising 400 from small farms, 300 from medium-sized ones, and 300 from
large farms.

2.2. Antibody Detection Tests

Serum samples were analysed to identify antibodies against BVDV, BHV-1, BRSV, and
BPIV3. Commercial ELISA kits were employed for assessing antibodies against BVDV
(PrioCHECK™ Bovine BVDV Ab Plate Kit by Prionics, Schlieren, Switzerland), BHV-1
(ID Screen® IBR gB Competition by IDvet, Grabels, France), and BRSV (INgezim BRSV
Compac by Ingenasa, Madrid, Spain). Sample preparation and testing procedures were
carried out in accordance with the guidelines provided by the respective test manufacturers.
The interpretation of test results was conducted individually, adhering to the specified
cut-off values provided by the test producers. Specific antibodies against BPIV3 were
assessed by hemagglutination inhibition (HI) using 0.5% chicken red blood cells and
4 hemagglutination units of SF4 strain of BPIV3 genotype A (ATCC-VR 281, American
Bioresearch, Gaithersburg, MD, USA) propagated in MDBK cell line (ATCC CCL-22). The
serum samples were heat-inactivated prior testing at 37 °C for 30 min. The antibody titre
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was determined as the reciprocal of the highest serum dilution that completely inhibited
hemagglutination. The initial serum dilution was set at 1:4, with the seropositivity cutoff
level established at 4.

2.3. PCR

Nasal swab samples were subjected to PCR testing to detect the presence of BVDYV,
BHV-1, BRSV, IDV, and BPIV3 genomes. Viral nucleic acids were extracted from the
swabs using the IndiSpin Pathogen kit (Indical, Laipzig, Germany) according to the man-
ufacturer’s instructions, following immersion in 1ml of phosphate-buffered saline (PBS).
Published primers for BVDV [12], BRSV [13], BHV-1 [14], IDV [15], and BPIV3 [16] were
utilized for specific genome amplification (Supplementary material, Table S1). Real-time
PCR was conducted using Luna® Universal qPCR Master Mix (NEB, Ipswich, MA, USA)
for BHV-1, while real-time RT-PCR was performed using Luna Universal Probe One-Step
RT-qPCR Kit (NEB, USA) for BVDV, BRSV, and PI3. Samples with Ct values below 40 were
considered positive. Gel-based RT-PCR was applied for IDV detection using OneStep
RT-PCR kit (Qiagen, Hilden, Germany).

2.4. Statistical Analysis
Descriptive statistical methods were used for the analysis of results. The true sero-

prevalence was calculated using https://epitools.ausvet.com.au/trueprevalence (accessed
on 13 March 2024), using imperfect test and 95% confidence level.

3. Results

None of the 65 farms tested seronegative for all four viruses (Supplementary material,
Table S2). All of the farms tested seropositive for BPIV3. Additionally, all medium-sized
and large farms were seropositive for BRSV and BHV-1. Conversely, significantly lower
levels of seropositivity were observed for BVDV (p < 0.05) and BHV-1 (p < 0.05) in small
farms (Table 1) compared to large and medium-size farms, respectively.

Table 1. Seroprevalence of viral pathogens in Serbian cattle farms.

Number of BRSV BVDV BHV-1 BPIV3
Farms/
Farm Size Number of Seropositive  Seropositive = Seropositive  Seropositive = Seropositive = Seropositive  Seropositive = Seropositive
Tested Herds Animals Herds Animals Herds Animals Herds Animals
Animals (number/%) (number/%) (number/%) (number/%) (number/%) (number/%) (number/%) (number/%)
ar}i;igls 50/400 40/80 331/82.75 8/16 197/49.25 10/20 325/81.25 50/100 379/94.75
51-200
animals 10/300 10/100 260/86.67 5/50 150/50 10/100 283/94.33 10/100 210/70
More than
200 5/300 5/100 245/81.67 4/80 193/64.33 5/100 290/96.67 5/100 250/83.33
animals
TOTAL 65/1000 55/84.61 836/83.6 17/26.15 540/54 25/38.46 898/89.8 65/100 839/83.9

The true seroprevalence at the animal level of BRSV was estimated at 84.29% (81.81-86.5%,
with a CI of 95%). The true seroprevalence of BVDV is estimated to be 54.08%, (50.92—
57.21%, with a CI of 95%). Regarding BHV-1, the true seroprevalence was 90.61% (88.54—
92.37%, with a CI of 95%). Lastly, for BPIV3, the true seroprevalence was 84.59% (82.14—
86.78%, with a CI of 95%).

Of the 175 nasal swabs collected, 20% (1 = 35) tested positive for BRSV, 1.7% (1 = 3)
for BHV-1, 8% (n = 14) for BVDV, and 10.9% (n = 19) for BPIV3 (Supplementary material,
Table S2, Figures S1-54). The farm detection rates varied across different pathogens: BVDV
ranged from 11.11% to 26.67%, BHV-1 was detected in 10% of cases, BRSV showed a
detection rate between 50% and 100%, and BPIV3 ranged from 3.33% to 20% in terms of
detection frequency. BRSV circulation was verified in seven of the farms, comprising two
large and five small ones. BHV-1 was confirmed at a single large farm. BVDV circulation
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was identified in three farms: two large and one medium-sized. BPIV3 was detected in ten
farms, evenly split between five large and five medium-sized ones. Influenza D virus was
not detected in any of the tested farms. A statistically significant (p < 0.05) frequency of
BVDYV and BPIV3 detection was observed for the large and medium-sized farms compared
to that of the small ones.

The simultaneous circulation of BRSV and BPIV3 was detected at two large farms,
which were BVDV- and BHV-1-seropositive. BVDV and BPIV3 were concurrent at one
large and one medium farm. The simultaneous circulation of BVDV, BHV-1, and BPIV3
was confirmed at one large farm.

4. Discussion

This study represents the first comprehensive investigation of viral pathogens associ-
ated with BRDC in Serbian cattle. Unlike European countries where eradication or control
programs may be in place, Serbian farms grapple with BRDC without such support. Ser-
bia’s cattle structure is diverse, leading to varied outcomes, and the results are segmented
based on farm size to reflect this diversity.

Although IDV has been reported to be circulating throughout Europe since 2012, the
virus was not detected in any of the tested samples in this study. Previous reports have
suggested that its seroprevalence could reach as high as 94.6% [17]. However, the positivity
rate from nasal swab tests is usually less than 10% [17]. One limitation of this research was
the lack of available serology tests that could accurately determine the prevalence of IDV
infections in cattle in Serbia. Additionally, it is essential to consider the less-intensive cattle
import market in Serbia compared to that in other EU countries, which may impact the
spread of the virus and thus its absence in Serbia. It was shown that virus shedding occurs
after the import of young cattle, which contributes to a broader diffusion in destination
countries and facilitates viral spread through livestock trade [18]. Furthermore, although
small farms in Serbia practice very low biosecurity measures, they tend to produce their
own replacement cattle rather than purchasing them from larger farms, which can also
limit the spread of IDV [19].

In contrast to IDV, BPIV3 emerged as the most prevalent respiratory viral pathogen
in cattle in Serbia, irrespective of farm size. The seroprevalence of BPIV3 varies globally,
reaching 100% at the herd level in places like Iran [20], and our study similarly found
a herd seroprevalence of 100%. Furthermore, the BPIV3 genome was detected in 10.9%
of nasal swabs in our study, aligning with previous research in Serbia, which reported
a positivity rate of 6.7% using genome detection and virus isolation [21]. The average
prevalence of BPIV3 in nasal swabs, as determined by PCR, was estimated at 7%, with age
showing a significant influence but not farm type, which is consistent with our findings [22].
Considering the typical lack of control measures for BPIV3, even on large farms in Serbia,
along with the virus’s characteristics, such as efficient horizontal transmission, propensity
for sub-clinical infections, and potential for reintroduction into herds [23], these results
were anticipated.

Like BPIV3, BRSV also exhibited a trend toward 100% seroprevalence at the herd level
in medium-sized and large farms. However, seroprevalence was notably lower in small
farms, with 50% showing seronegativity. Among all of the viruses circulating in cattle,
BRSV exhibits the highest pathogenicity, manifesting with clinical signs ranging from mild
to moderate or even subclinical [24]. Despite the potential for cattle on farms to remain
free from clinical symptoms due to the subclinical nature of the disease [25], this study
highlighted that small farms could maintain seronegativity under extensive conditions.
Nonetheless, efficient inter-herd transmission contributed to a high true seroprevalence
of 84.29%. These findings echo other studies’ findings, attributing the prevalence to year-
round virus circulation [26] and repeated exposure leading to reinfections [27]. However,
although the rate of positive nasal swabs from sick animals in our study was 20%, which
was higher than those of other authors [28], it should be noted that viral RNA can be
detected for up to 27 days [29], leading to an increased chance of detection.
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While BPIV3 and BRSV are commonly reported in cattle, several countries or re-
gions have achieved freedom from BoHV-1 through the implementation of eradication
programs [30]. However, in Irish beef cattle, the herd-level seroprevalence to BHV-1 was as
high as 90%, with a mean within-herd prevalence of 40% [31]. Consistent with findings in
other studies [31,32], significant disparities in seroprevalence among small, medium-sized,
and large farms were observed in this study. Reports from Estonia [32] indicated a sub-
stantial increase in herd prevalence with herd size, reaching 3.4% in the smallest category,
consistent with previous studies from Serbia [33], while the mean within-herd prevalence
was 37.8%, corresponding closely to our findings of 38.46%.

Moreover, seroprevalence tends to increase with age [33] due to latency and lifelong
exposure to the virus. In this study, only animals aged 24 months and older were included
in the seroprevalence estimation; thus, this association could not be confirmed. Contrary to
our serological findings and owing to the nature of BHV-1, the virus itself was detected
in only 1.7% of the nasal swabs from the sick animals. Similar observations were made in
Slovenia, where the detection rate of BHV-1 was 0.75% [34]. However, considering age-
related infection, the detection rate in young animals could be notably higher, as evidenced
by findings from Poland, where the BHV-1 genome was detected in 36.5% of nasal swabs
from young beef cattle [35].

While several European countries have successfully eradicated bovine viral diarrhoea
virus (BVDV), leading to a reduced prevalence rate of 1.5% [36], this study reveals that
BVDV seroprevalence remains high in Serbia and is particularly contingent on farm size.
For herds with up to 50 animals, the seroprevalence was determined to be 16%, surpassing
the prevalence observed in a study focused solely on backyard farms in the Belgrade area,
where it was 3.8%, albeit with within-herd rates of up to 80% [19]. However, variations
in prevalence are evident concerning region and farm management, but the within-herd
prevalence usually approaches 100% [37]. Globally, the seropositivity rate stands at 42.77%,
with dairy cattle demonstrating the highest prevalence at 48.68%. Notably, positive rates
were more pronounced during summer (60.16%) and winter (63.44%), while cows exhibited
a lower positivity rate compared to that of bulls, and calves showed a lower rate compared
to that of adult cattle [36]. In comparison to antibodies, BVDV is considerably less detectable.
In this study, only 8% of the nasal swabs from such animals contained BVDV, which is
lower than the global average [36].

BPIV3 and BRSV were concurrently detected on two large farms, despite the presence
of BVDV and BoHV-1, which are typically absent in order for BPIV3 and BRSV to become
predominant viral pathogens, according to previous research [38]. A confirmation of
the concurrent circulation of BVDV, BHV-1, and BPIV3 was obtained from a single large
farm. The immunosuppression induced by BVDV infection facilitates other infections,
resulting in a synergistic effect for numerous viral and bacterial pathogens responsible for
respiratory illnesses.

Controlling the spread of BRDC in cattle populations is vital for their health and
welfare. Key policies and practices include strict biosecurity measures to prevent infectious
agent transmission, effective vaccination programs targeting common BRDC pathogens like
BVDYV, BHV-1, and BRSV, regular diagnostic testing to identify carriers, and implementing
good management practices to reduce stress and minimize BRDC risk. These measures
collectively aim to reduce disease prevalence and severity, ensuring healthier and more
resilient cattle populations.

The study underscores the endemic nature and complex dynamics of viral pathogens
associated with BRDC in Serbian cattle, influenced by factors such as farm size. Further
research and targeted control measures are needed to mitigate the impact of these diseases
on cattle health and productivity in Serbia.

5. Conclusions

This study emphasizes that viral pathogens linked to BRDC in Serbian cattle are
not only prevalent but also exhibit intricate interactions, indicating an endemic nature.
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These pathogens, including BVDV, BHV-1, BRSV, and BPIV3, play a significant role in
the occurrence and severity of BRDC. Importantly, the dynamics of these pathogens are
influenced by various factors, with farm size being a notable factor. This underscores the
importance of considering farm size as a factor in understanding and addressing BRDC
in Serbian cattle herds. Further research is warranted to delve deeper into these complex
dynamics, including investigating how farm management practices and environmental
factors may also contribute to disease prevalence and transmission. Moreover, this study
highlights the need for targeted control measures to effectively mitigate the impact of
these diseases on cattle health and productivity in Serbia. This includes implementing
vaccination programs, improving biosecurity measures, and enhancing surveillance efforts
to monitor disease prevalence and detect outbreaks early. By better understanding the
endemic nature and dynamics of these viral pathogens and implementing appropriate
control strategies, it is possible to reduce the burden of BRDC on Serbian cattle herds,
ultimately improving animal welfare and economic outcomes for cattle producers.
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Simple Summary: The administration of antibiotics to a whole cohort of high-risk feedlot cattle
upon arrival to the feedlot is a common practice used by producers to control respiratory disease.
A model was developed that utilizes an economic endpoint to determine the best application of
antibiotics based on demographics of the cattle typically included in feedlot records. Determining
the best situations to use and not use antibiotics helps to not only decrease cases of respiratory
disease but also to ensure continued usefulness of antimicrobials. The goal of this study is to identify
key characteristics of cohorts of cattle that did not receive metaphylaxis but that would benefit
economically from the use of arrival antibiotics.

Abstract: Metaphylactic antibiotic use in feeder cattle is a common practice to control respiratory
disease. Antimicrobial stewardship is important to ensure continued efficacy and to protect animal
welfare. The objective of this study is to identify characteristics of cohorts of cattle that had not
received metaphylaxis that would have benefited economically from the use of metaphylaxis. Cohorts
(n=12,785; 2,206,338 head) from 13 feedlots that did not receive metaphylaxis were modeled using an
economic model to estimate net returns for three metaphylactic options. Logistic regression models
with covariates for entry weight, sex, average daily weight gain, number of animals per cohort, and
days on feed, with feedlot as a random effect, were used to determine the model-adjusted probability
of cohorts benefiting economically from metaphylaxis. Most (72%) cohorts in this data set that had
not received metaphylaxis at arrival would not economically benefit from metaphylaxis. Sex, entry
weight category, number of cattle in the cohort, and average daily weight gain were associated with
the likelihood of benefitting economically from metaphylaxis. The results illustrated that cattle cohort
demographics influenced the probability that cohorts would benefit economically from metaphylaxis
and the type of metaphylaxis utilized, and integrating this information has the potential to influence
the metaphylaxis decision.

Keywords: bovine respiratory disease; economics; metaphylactic antibiotics

1. Introduction

The bovine respiratory disease (BRD) complex is a multi-faceted disease involving
bacterial and viral agents, environmental factors, commingling, transport, and other stres-
sors [1-5]. In 2010, cattle death losses in the United States due to respiratory problems
equated to $643,146,000 [6]. While mortality due to BRD may be a major economic loss,
BRD morbidity is also important when including costs of treatment, labor, reduced average
daily weight gain (ADG), and feed conversion [7-11]. Negative effects on ADG result in
smaller, lower-marbling carcasses, with losses ranging from $23.23 to $54.01 per carcass
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for cattle treated for BRD [12]. Cattle treated for BRD more than once also result in lower
carcass grades compared to those that were only treated once or not at all [13]. Combining
all sources of potential loss, BRD leads to substantial economic losses for cattle producers.
Decreased prevalence of BRD within the livestock industry can also lead to varied effects on
many sectors of the industry, including potentially lowering beef prices for the consumer
and benefiting society [14]. A true evaluation of BRD cost should include mortality and all
the expenses associated with morbidity [15].

Antimicrobial metaphylaxis has been implemented in an effort to curb economic losses,
as well as improve the animal welfare of cattle entering feedlots [16]. Metaphylaxis is the
use of a U.S. Food and Drug Administration (FDA)-approved antimicrobial agent to treat
an entire cohort of cattle that are at high risk for a disease process that would be modified
by treatment at or near the time of arrival to a feedlot [17]. Decreased risk of BRD-related
morbidity and mortality are commonly seen results of implementing metaphylaxis [18-21].

The impact of BRD is highly variable among cohorts of cattle [22,23]. In addition, as an
indication of metaphylactic efficacy, odds ratios for BRD morbidity cumulative incidence
and BRD mortality cumulative incidence vary greatly between different comparisons of
common metaphylactic drugs [24]. The combination of inconsistent disease impact and
variable metaphylactic efficacy makes it difficult to predict which cohorts will benefit from
metaphylactic treatment for the control of BRD.

Currently, metaphylaxis decisions are made based on risk classification of the co-
hort [17,19]. Risk classification assigned at the feedlot is made based on both subjective and
objective measures. While much work has been done to show that metaphylaxis can reduce
morbidity and mortality, because of differences in efficacy and cost between metaphylactic
options, optimum metaphylaxis decisions must be based on more information than risk
classification alone [25,26]. Looking at the decision strictly from an economic outcome
helps remove some subjectivity, and incorporating metaphylactic efficacy and cost brings
additional important factors to the decision-making process.

The objective of this study is to identify characteristics of cohorts of cattle that had not
received metaphylaxis that would have benefited economically from the use of metaphy-
laxis. Specifically, three metaphylactic options are evaluated: no metaphylaxis (NOMET),
low-cost/low-efficacy metaphylaxis (LCLE), and high-cost/high-efficacy metaphylaxis
(HCHE), to discover information to update antimicrobial use decisions leading to improved
antimicrobial stewardship and economic success. The development of an economic model
to determine the differences in net returns between the three metaphylactic options will be
used to identify cohort demographics associated with each optimized metaphylactic option.

2. Materials and Methods
2.1. Ethical Statement

Institutional Animal Care and Use Committee (IACUC) approval was not required as
historical operational data were used for the analysis and no procedures were performed
on cattle specifically for this research.

2.2. Study Design

Retrospective, observational, cohort-level data from 13 feedlots over a 5-year period
(2016-2020) were collected under confidentiality agreements with feedlot collaborators.
Data were combined with economic and statistical models to assess the potential economic
impact of metaphylaxis in cohorts that did not receive metaphylaxis. A cohort was defined
as a purchased group of cattle that entered and exited the feedlot together. BRD morbidity
was defined as cattle identified with BRD and treated with antimicrobials. BRD mortality
was defined as cattle that died following treatment for BRD or that were classified as dying
of BRD even if not previously treated (i.e., pen deads).
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2.3. Exclusion Criteria

Exclusion criteria were applied to the feedlot data to remove potential data entry
errors and to guarantee that only cohorts with complete data were included. For this
analysis, only cohorts that did not receive metaphylaxis upon arrival were included. The
average entry weight of cohorts had to be greater than 181 kg and less than 499 kg. Cohorts
of mixed sex were excluded, in order to be able to analyze differences in economic benefits
between cohorts of steers and cohorts of heifers. Data were filtered to only include records
where cohort size was greater than 40 cattle at arrival. Total cohort days on feed was limited
to less than 400 days and greater than 70 days. Cohort BRD morbidity risk was required to
be greater than or equal to BRD mortality risk, meaning the case fatality risk of the cohorts
could not be greater than 1, which would have allowed for more BRD deaths than calves
treated for BRD.

2.4. Study Variables from Cohort Records

The following data were acquired from cohort records: number of head purchased,
whole-cohort entry weight, number treated for BRD, number of deaths attributed to BRD,
days on feed, number of head sold, whole-cohort exit weight, and pounds of feed consumed.
The subsequent adjusted and calculated variables were computed in order to have a
consistent comparison between metaphylactic options. All cohorts were adjusted to a
constant entry date of 5 October 2018, with exit dates based on actual days on feed (constant
entry date allowed for the comparison of cohort demographic effects on the economic
outcomes while holding cattle and feed prices steady). The whole-cohort entry weight was
divided by number of head purchased to determine the average entry weight per head.

The average daily weight gain of cattle within a cohort was calculated as the average
entry weight per head subtracted from the average exit weight per head divided by days
on feed to compute deads-out ADG. Bovine respiratory disease morbidity and mortality
risk was provided in the original data from collaborating feedlots. Morbidity attributed
to other causes beyond BRD was not included in the model. The case fatality risk as a
depiction of treatment success was calculated as number of deaths from BRD divided by
number of cattle treated for BRD within each cohort. Deaths not attributed to BRD were
designated as “other deaths” and were assumed to be equal proportions regardless of
metaphylactic options.

Head days for each cohort were calculated by assuming that BRD deaths occurred at
day 50, per expert opinion. Other deaths were assumed to occur at the midpoint for days
on feed for that cohort, and cattle that finished the feeding phase had head days equivalent
to days on feed. Head days were used to calculate expenses accrued on a daily time-step
by the number of cattle in the cohort present at each day, such as yardage and feed cost.

Arrival processing and yardage costs were acquired for each cohort from the coop-
erating feedlot. The whole-cohort arrival processing cost was divided by the number of
cattle upon feedlot arrival and then averaged across all cohorts to determine an average
processing cost per head across all yards. The processing cost was assigned as $23.60 per
head upon feedlot entry and was based on data provided by cooperating feedlots. The
whole-cohort yardage cost was divided by head days and then averaged across all cohorts
to determine an average yardage cost per head day across all yards. A yardage cost of
$0.35 per head day was used in the model.

2.5. Study Variables—Cattle Prices

Feeder cattle purchase prices for 5 October 2018 (Table 1) [27-31] were acquired from
an online database. A purchase cost was then calculated based on the average entry weight
for each cohort and the purchase price relative to entry weight category. Live cattle sale
prices were the weekly prices reported from November 2018 to October 2019 (Table 2) [32].
The sale price was assigned based on the cohort exit date from the feedlot, with the exit
date being equivalent to 5 October 2018, plus the actual days on feed of the cohort. The
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sale price and the cohort exit weights were used to determine the income for each original
cohort and its two metaphylaxis treatment-generated cohorts.

Table 1. Feeder cattle purchase prices as of 5 October 2018 [27-31].

Entry Weight Category Price (USD/kg) Price (USD/cwt)
181.4-226.8 kg: 411 186.36
226.8-272.2 kg: 3.83 173.65
272.2-317.5 kg: 3.60 163.28
317.5-362.9 kg: 3.50 158.73
362.9-499.0 kg: 3.39 153.67

Table 2. Fed cattle prices, monthly range of weekly sale prices [32].

Sale Month Price (USD/kg) Price (USD/cwt)
November 2018: 2.5-2.59 113.53-117.54
December 2018: 2.61-2.7 118.40-122.65

January 2019: 2.7-2.74 122.63-124.06
February 2019: 2.73-2.78 123.73-126.15
March 2019: 2.77-2.83 125.83-128.50
April 2019: 2.76-2.82 125.19-127.75
May 2019: 2.54-2.92 115.28-132.27
June 2019: 2.43-25 110.29-113.48
July 2019: 2.43-25 110.41-113.37
August 2019: 2.31-2.49 104.89-112.78
September 2019: 2.2-2.31 99.86-104.61
October 2019: 2.34-2.43 106.26-110.03

2.6. Study Variables—Metaphylactic Treatment Prices

The pricing of metaphylactic options was based on various antibiotic agents at bulk
price from an online veterinary retailer as of June 2022, in combination with expert opin-
ion [33]. The costs for the LCLE and HCHE metaphylactic options were set at $0.02 per kg
and $0.08 per kg of entry weight, respectively. The cost of metaphylaxis was in addition to
the processing costs.

2.7. Study Variables—Feed Costs

The feed ration price per kg was determined using historical commodity and feedstuffs
prices. Kansas State University’s Focus on Feedlots Monthly Report was used for alfalfa hay
and corn prices [34]. Agriculture Marketing Resource Center’s Weekly Ethanol, Distillers
Grain, and Corn Prices was used to determine the price of wet distillers grains based
on an average of the monthly prices from Illinois, lowa, Nebraska, South Dakota, and
Wisconsin [35]. A feed ration consisting of 10% alfalfa hay, 60% corn, and 30% wet distillers
grains was developed. Prices for alfalfa, corn, and wet distillers grains were determined to
be $170.24 per ton ($0.19 per kg), $137.50 per ton ($0.15 per kg), and $46.12 per ton ($0.05 per
kg), respectively. Using these values, feed was priced at $0.18 per kg of feed. For NOMET,
the total pounds of feed consumed was acquired from data records and used to determine
feed costs. When cohort data were modified for LCLE and HCHE metaphylaxis treatment-
generated cohorts, the total pounds of feed consumed was modified by a proportion of
change in head days to account for increased head days within the cohort due to fewer
BRD deaths.

2.8. Study Variables Based on Differences in Metaphylactic Efficacy on Odds Ratios for Cumulative
BRD Morbidity

A systematic review and mixed treatment meta-analysis of metaphylaxis was used to
identify that there are differences in efficacy among metaphylactic antimicrobials which
allowed us to create higher-efficacy and lower-efficacy categories [24]. These higher-
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and lower-efficacy categories were not intended to indicate specific antimicrobials but
were used to inform the metaphylactic efficacy odds ratios of 0.6 and 0.3 for LCLE and
HCHE, respectively.

Each cohort was modeled three times: first, the actual performance of the cohort (i.e.,
no-metaphylaxis NOMET); second, the modeled performance of the cohort if it had received
LCLE; and third, the modeled performance of the cohort if it had received HCHE. The
metaphylactic efficacy odds ratio was used to modify the morbidity risk of each NOMET
cohort to determine a new, reduced morbidity risk within the cohort when either LCLE
or HCHE metaphylaxis was modeled. The new morbidity risk was used to determine the
number of animals within each metaphylaxis treatment-generated cohort that was treated
for BRD. The original case fatality risk of each baseline cohort (NOMET) was then used
to determine the number of animals that died from BRD for each metaphylaxis treatment-
generated comparison cohort. Other deaths were assumed to not be differentially affected
by the use of a metaphylactic antibiotic. A lower morbidity risk and subsequently lower
mortality risk increased both income and costs for LCLE- and HCHE-modeled cohorts
compared to the income and costs modeled for the associated NOMET cohort.

Using each NOMET cohort’s ADG we calculated a healthy-adjusted ADG, as well as
a BRD-treated-adjusted ADG, in relation to the number of morbid calves in the NOMET
cohort. These were calculated on the basis of a 5% decrease in weight gain of the BRD-
treated calves [12]. These adjusted ADG values were used to determine the group-level
ADG for each metaphylaxis treatment-generated cohort based on the adjusted number
of healthy and BRD-morbid cattle for both LCLE and HCHE options. The group-level
ADG was then used to calculate the total exit weight for each metaphylaxis treatment-
generated cohort.

The number of head days for the LCLE and HCHE cohort models were based on
the metaphylaxis treatment-adjusted number of cattle that died from BRD, relative to the
designated morbidity and mortality reduction assigned for the LCLE and HCHE, and the
number of other deaths provided in the NOMET cohort. Bovine respiratory disease deaths
were assumed to die on day 50 while other deaths were assumed to die at the midpoint of
days on feed.

Morbid cattle that were pulled and treated for BRD were charged for the high-cost
antibiotic priced at $0.08 per kg as well as being charged a $1.50 chute fee per head. For
dosing purposes, the weight of morbid cattle was based on the average cohort entry weight
into the feedlot.

2.9. Model Comparison of Net Return between Metaphylactic Options

A net return economic model using enterprise budgets was developed to assess
the optimal metaphylactic option of cohorts of U.S. feedlot cattle that had not received
metaphylaxis at arrival based on the highest net return among the three metaphylactic
options: NOMET, LCLE, and HCHE. For analysis, a logistic regression model was used to
initially compare NOMET to a “yes” metaphylaxis variable (YESMET) which comprised
both LCLE and HCHE, followed by a second logistic regression model to analyze LCLE
versus HCHE within the YESMET-modeled cohorts.

Net returns were calculated as the difference between total revenue and total expenses.
Total expenses included the purchase cost of feeder cattle, processing cost, yardage cost,
BRD treatment cost, chute fee cost, and feed cost, as well as the cost of metaphylaxis. Net
returns for all cohorts were compared across NOMET, LCLE, and HCHE, and the optimal
decision for each cohort was selected based on the highest net return.

Economic calculations and metaphylaxis adjustments were completed using Excel
(Microsoft Excel, Microsoft Office Professional Plus 2019, Microsoft Corporation, Redmond,
WA, USA). Data analysis was completed using RStudio (R Core Team, 2022). The association
of sex, entry weight, cohort size, exit weight, ADG, and days on feed with the probability of
benefiting economically from metaphylaxis options was evaluated with a logistic regression
model with feedlot as a random effect using the glm() function. Data variables were
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evaluated for interactions and none were found. Two logistic regression models were
completed with the first model comparing NOMET to a “yes” metaphylaxis variable that
combined LCLE and HCHE into one outcome, and the second model comparing LCLE
to HCHE within the cohorts that were YESMET in the first regression analysis. Among
cohorts benefiting economically from metaphylaxis, the association of the same variables
with the probability of benefiting from HCHE metaphylaxis versus LCLE metaphylaxis
was evaluated with a logistic regression model with feedlot as a random effect.

3. Results

Records for 16,809 cohorts were originally acquired from collaborators. The application
of the exclusion criteria outlined above resulted in 12,785 cohorts of feedlot cattle in the
dataset. The final dataset of 12,785 cohorts encompassed 4038 cohorts of heifers and
8747 cohorts of steers. These cohorts included 2,206,338 head of cattle that originated from
38 states across the United States; 631,521 head were heifers and 1,574,817 head were steers.
The analysis of the included cohorts found the median percent morbidity risk was 5.1%
with an interquartile range of 2.5% to 10% (Figure 1).

o 25 50 75
Percent Morbidity
Figure 1. Distribution of cohort morbidity risk displayed in a raincloud plot. The upper section shows
density of morbidity percentage due to bovine respiratory disease for each cohort. The lower portion
shows a scatter plot of each cohort by morbidity percentage with a box-and-whisker plot overlay.

Metaphylaxis adjustments (LCLE and HCHE) resulted in a greater sale weight and
less BRD treatment costs, as well as an increased arrival processing cost, increased feed
cost due to increased feed consumed, increased yardage, and other costs associated with
less disease and death compared to NOMET. The optimal metaphylactic choice based on
the economic model output varied among cohorts with a distribution of cohorts falling into
NOMET (72.0%; 9204/12,785), LCLE (25.4%; 3242/12,785), and HCHE (2.7%; 339/12,785).
Statistical analysis included two logistic regressions that first compared NOMET (72%) to
YESMET (28%) and then compared LCLE to HCHE within the YESMET cohorts.

When comparing NOMET to YESMET, sex, the entry weight category, number of
cattle in the cohort, and the average daily weight gain category were found to be statis-
tically significant. Cohorts of steers had a higher probability (31.2 £ 3.3%) of benefiting
economically from metaphylaxis in comparison to cohorts of heifers (19.9 £ 2.5%) (p < 0.05).
Cohorts within the three lowest average entry weight intervals (37 kg intervals) had a
higher probability of benefiting economically from metaphylaxis than the other four weight
categories (Figure 2). Cohorts of less than 100 head of cattle had a higher probability
(30.0 == 3.3%) of benefiting economically from metaphylaxis in comparison to cohorts with
100 to 200 head of cattle (25.1 £ 2.9%) (p < 0.05) and those cohorts with over 200 head of
cattle (20.8 £ 2.6%) (p < 0.05). Cohorts with an ADG of 0.45-1.36 kg/day had a higher
probability (8.3 + 0.5%) of benefiting economically from metaphylaxis compared to those
with ADG greater than 1.36 kg/day (Figure 3).
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Figure 2. Probability of benefiting economically from metaphylaxis (YESMET) by entry weight.
abede Bars without a common superscript letter differ at p < 0.05.
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Figure 3. Probability of benefiting economically from metaphylaxis (YESMET) by average daily
weight gain categories. 2°° Bars without a common superscript letter differ at p < 0.05.

Within the YESMET cohorts, the entry weight category, number of cattle in the cohort,
and average daily weight gain were associated with the probability of HCHE versus LCLE
metaphylaxis having a higher net return. Of cohorts benefiting economically from meta-
phylaxis, those within the three lowest entry weight categories had the highest probability
of benefiting economically from HCHE metaphylaxis (Figure 4). Of cohorts that benefited
from metaphylaxis, cohorts of less than 100 head had a higher probability (5.3 £ 1.4%)
(p <0.05) of benefiting from HCHE metaphylaxis in comparison to cohorts of 100 to 200 head
of cattle (3.3 4+ 0.9%) and cohorts of over 200 head of cattle (3.2 4+ 0.9%). Of those that
benefited from metaphylaxis, cohorts with an ADG of 0.45-1.36 kg/day had the highest
probability of benefiting economically from HCHE metaphylaxis and cohorts with an ADG
of 1.36-1.54 kg/day and 1.54-1.68 kg/day had a higher probability of benefiting econom-
ically from HCHE metaphylaxis compared to cohorts with an ADG of 1.68-2.72 kg/day
(Figure 5).
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Figure 4. Among cohorts benefiting economically from metaphylaxis (YESMET), the probability of
benefiting economically from HCHE by entry weight. 3¢ Bars without a common superscript letter

differ at p < 0.05.
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Figure 5. Among cohorts benefiting economically from metaphylaxis (YESMET), the probability of
benefiting economically from HCHE by average daily weight gain categories. 2 Bars without a
common superscript letter differ at p < 0.05.

4. Discussion

Modeling the administration of metaphylaxis changed both income and costs resulting
in different net returns for the three modeled scenarios for each original cohort. When
comparing cohorts of feedlot cattle that had not received metaphylaxis across NOMET,
LCLE, and HCHE, most (72%) cohorts in this data set would not economically benefit
from metaphylaxis. Our results differ from Dennis et al. [26] who modeled net return
distributions for metaphylactic decisions for cattle at high risk for BRD. Because the data
set used in our study only included cohorts that did not receive metaphylaxis, we assume
that the perceived risk of BRD in our cohorts was lower than for cohorts modeled by
Dennis et al. [26].

Based on the cohorts used in this analysis, we found a median cohort percent morbidity
of 5.1%. Prior research showed a 12.8% bovine respiratory disease morbidity risk in feeder
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cattle via surveys of feedlots in Kansas, Nebraska, Texas, North Dakota, and other states,
which differs substantially from our results [36]. Because we excluded cohorts that received
metaphylaxis at arrival, it is not surprising that morbidity was lower in our study. Cattle
chosen to receive metaphylaxis at feedlots typically have an increased risk of developing
disease, so exclusion of these animals would lead to decreased morbidity within this data
set [17].

Steers had a greater probability of benefiting economically from metaphylaxis com-
pared to heifers. Other studies have estimated that steers have a mean ADG of 1.62 kg
per day while heifers have a mean ADG of 1.36 kg per day [37]. With this in mind, a 5%
decrease in ADG seen in cattle affected by BRD would have a greater impact on cohorts
of steers because of their greater ADG. Metaphylaxis thus provides more improvement in
sale weight within steer cohorts over heifer cohorts.

Upon arrival to the feedlot, lightweight cohorts of cattle are considered to be at
greater risk for BRD in comparison to heavier cattle [17]. The same BRD odds ratio benefit
from metaphylaxis applied to high-morbidity-risk cohorts provides a greater reduction
in number of cattle affected by BRD compared to low-morbidity-risk cohorts; therefore,
metaphylaxis, and specifically, HCHE metaphylaxis, is more likely to provide economic
benefits for high-risk cohorts.

Cohorts with less than 100 head of cattle were more likely to benefit economically
from metaphylaxis. We do not have a hypothesis for the biological association between
smaller cohort size and the economic benefit of metaphylaxis. A smaller cohort size would
be associated with a proportionally higher impact of morbidity and mortality. One morbid
animal in a pen of 50 head (1/50, 2.0%) would cause a significantly higher morbidity
compared to a single morbid animal in a pen of 500 head (1/500, 0.2%). Another possibility
for this association is that smaller cohorts of animals may be more likely to be commingled
in order to fill a pen. Commingling means that cattle from different sources are put together
in order to fill a pen closer to capacity. The commingling of cattle from different sources
increases the likelihood of cattle developing BRD [38]. Each smaller cohort will have
different levels of immunity to diseases as well as bring in different strains of bacteria
and viruses, which helps to contribute to an increased likelihood of developing disease.
We were surprised to see that cohorts with lower ADG were more likely to benefit from
metaphylaxis and HCHE metaphylaxis.

The limitations within this study include the following: the choice of constant entry
dates and pricing; set values for feed costs, chute fees, yardage costs, processing costs,
and metaphylactic prices and efficacies. Constant entry dates and pricing allow for a
more straight-forward comparison of net returns based solely on metaphylaxis effects.
The date of 5 October 2018 was chosen to allow all cohorts to reach slaughter prior to
the COVID-19 pandemic, as there were drastic changes in market values during those
times. We discern that these values would be a better representation of actual figures if
they were allowed to fluctuate, but the additional variation would hinder the comparison
of cohort demographics across equivalent economic factors of production. Future research
utilizing stochastic prices for cattle purchasing, sales, and various inputs would be useful
for determining how prices affect metaphylactic decision making.

5. Conclusions

By modeling cohorts of feeder cattle for NOMET, LCLE, and HCHE metaphylaxis
options, we were able to identify which strategy resulted in the greatest net return, and
we were able to analyze key differences and similarities between the populations. We
found that most (72%) cohorts in this data set that had not received metaphylaxis at arrival
would not economically benefit from metaphylaxis, and we determined that cattle cohort
demographics influenced the probability that cohorts would benefit economically from
metaphylaxis and the type of metaphylaxis utilized. The results of this study as well
as future published studies will provide decision makers with important information to
improve the integration of multiple considerations when making metaphylaxis decisions
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in cohorts of cattle and management systems similar to those modeled in this study. Based
on the results of this study, decision makers should recognize that NOMET was the correct
decision in 72% of comparisons, and they should consider using metaphylaxis in cohorts
currently not receiving the intervention when the arrival weight is low, the cohort consists of
a small number of cattle, and the cohort sex is steers. In order to optimize net returns while
maintaining antimicrobial stewardship and animal welfare, producers and veterinarians
should continue to develop decision tools that incorporate cohort demographic factors
when making metaphylaxis choices.
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Simple Summary: The “PraeRi” study, conducted by three German veterinary universities from
2016 to 2020, was aimed at enhancing dairy health and welfare. With 765 visited dairy farms and
101,307 animals examined, the designed study provided an opportunity for improving animal well-
being. Researchers applied good epidemiologic practice and concepts proven in large-scale studies,
in a study comprising three different regions in Germany with varying farm characteristics. A
sample size of 250 farms per region, determined through stratified sampling based on farm size,
ensured representative estimates. According to the information provided by the farmers, mastitis
was the most frequently occurring disease in their herds (14.2% to 16.3% of the herd—depending on
the region). For most disorders, prevalence data were lowest for the region South compared with
the two remaining regions. Statistical analyses identified risk factors, with results communicated
through individual reports and benchmarking flyers to participating farmers. Challenges arose from
managing practical procedures and communication due to the project’s vast scale. Harmonizing data
management and hypothesis testing across involved parties added complexity. Despite challenges,
the PraeRi study considerably contributed to advancing dairy health and welfare practices.

Abstract: From 2016 to 2020, the “PraeRi” study, conducted by three German veterinary universities,
was aimed at enhancing animal health and welfare in dairy farms. With 765 dairy farms visited and
101,307 animals examined, this study provided a basis for improving animal health and welfare. The
study population comprised three different regions representing a broad variety of characteristics.
To ensure representative estimates, a sample size of 250 farms was determined for each region,
employing a stratified sampling plan based on farm size. According to the information provided
by the farmers, the most commonly occurring disease in their herds was mastitis without general
disorder (14.2% to 16.3% of the herd—depending on the region). For most disorders, prevalence data
were lowest for the region South compared with the two remaining regions. Multivariable regression
analyses were performed to identify risk factors for various target variables, and the results were
communicated through individual reports and benchmarking flyers to participating farmers. The
authors encountered challenges in management and communication due to the project’s size in terms
of personnel, data, and farms examined. Harmonizing data management and hypothesis testing
across all involved parties added complexity.
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1. Introduction

From 2016 to 2020, the large-scale study “PraeRi” (animal health, hygiene and biose-
curity in German dairy herds—a prevalence study) was carried out by three German
veterinary universities: University of Veterinary Medicine Hannover (North), Freie Univer-
sitdt Berlin (East), and Ludwig-Maximilians-Universitdt Munich (South). The overall goal
of the study was to improve animal health and welfare in dairy farms. The main task was
to provide reliable and representative estimates of basic dairy cow health indicators, such
as mastitis, lameness, infectious diseases, etc., because prevalence estimates had not been
available at that time. The latter data form an ideal base for strategies to improve animal
health and welfare.

Three clinics and two epidemiologic institutes participated in the study. Eleven senior
researchers and 43 study veterinarians worked on the project. In total, 765 dairy farms were
visited, and data were collected (interviews with 376 questions; standardized measurements
of stalls; examination of 186,160 animals; laboratory analyses) and recorded in 35 tables with
1522 variables in a relational SQL-database. The study was funded by the German Federal
Ministry of Nutrition and Agriculture with a total amount of more than EUR 4.6 m (support
codes: 2814HS006 (Hannover), 2814HS007 (Berlin), 2814HS008 (Munich)). The final report
to the ministry consisted of a main document with 262 pages and eight appendices enclosing
more than 276 pages (https://ibei.tiho-hannover.de/praeri/pages/69 (accessed on 31
March 2023)).

Researchers do not often have the chance to be part of a large-scale epidemiologic
observational study because such studies are expensive and time-consuming. Only few
funding bodies such as governmental research institutions are able and willing to invest
large amounts of money into studies providing medium- and long-term results.

Large observational studies offer many possibilities to collect representative and
reliable data on complex multifactorial issues. Dairy cow health disorders originate from
complex interactions of housing conditions, herd management, and health management, as
well as the farmers’ personality and characteristics of the individual animal. The collection
of data that include a high number of farms and cows as well as many variables is a
precondition for sound and reliable statistical modeling.

Good epidemiologic practice (GEP) is a guideline for the state-of-the-art conduction
and analysis of epidemiologic studies [1]. Large-scale studies have a higher chance of
applying these guidelines than smaller ones.

Large-scale studies, however, pose challenges that do not occur in smaller studies. Data
collection on a large number of farms including plenty of variables requires good study-
management. As an example: when various observers collect data, good interobserver
agreement must be safeguarded by repeated trainings. In addition, the analysis of the data
is not as straightforward as in smaller studies with one or few target variables and less
hierarchical structures. An analysis strategy must be agreed on by all researchers involved,
and future use of the data must be coordinated.

We use our experiences from the study “PraeRi” to present and discuss an approach on
how GEP and standard epidemiologic methods can be successfully applied to a large-scale
study. Since this study was an observational study, we followed the guidelines of the
STROBEvet statement [2] to structure the following text.

2. Materials and Methods

We conducted a cross-sectional study addressing animal health, hygiene, and biosecu-
rity to achieve representative and reliable prevalence estimates of animal health disorders
in German dairy farms.

73



Animals 2024, 14, 1385

2.1. Study Population

Regionalization: Three structurally different regions were studied, all of which make
a significant contribution to milk production in Germany, but were different concerning
farm size distribution and farm management. The latter differences were already reported
by one of the co-authors in 2012 [3].

2.1.1. Sample Size of Farms per Region

Different target variables: We intended to calculate one (overall) sample size suitable
for several different target variables. Hence, it was to be considered that each target variable
had a different distribution (point estimate and standard deviation), when estimated on a
farm level (i.e., distribution of milk yield per farm), or was measured as a percentage for
the presence of a characteristic. As most of the target variables were originally collected on
an animal level (i.e., quantitative value or dichotomous value for the presence or absence
of a disease), these had to be aggregated on a farm level to obtain the statistical unit as
the farm. For those target variables that were quantitative in nature, a measure of central
tendency per farm was calculated. The distribution of this measure of central tendency
was the target value to be interpreted in terms of content. For those target variables that
were dichotomous in nature (e.g., presence of disease), the prevalence was calculated as
the percentage of animals affected by the disease in question.

One for all sample size: To calculate the sample size, we took estimates from a previous
study as a basis. First, we calculated sample sizes between 10 and 297 for quantitative target
variables given a precision of 1 to 5 and a standard deviation of 7 at a confidence level of 0.95
to 0.99. Then, we calculated sample sizes between 19 and 2536 for dichotomous variables
given a prevalence from 0.05 to 0.5 and a precision from 0.025 to 0.1. All calculations
were conducted with NCSS PASS version 13.0.8 and under the consideration of Glaser and
Kreienbrock [4]. Based on these scenarios and with feasibility in mind, a sample size of
250 farms was determined for each region.

2.1.2. Farm Size as Stratifier

To prevent a biased study population with regard to farm sizes, a sampling scheme was
developed in which stratification was made according to small, medium, and large farms
(control of selection bias). Farm sizes were chosen as cut-offs for this categorization, which
allowed the target population to be assigned to three equally sized groups. These cut-offs
were determined individually for each study region and transferred to the study population.
Consequently, 83 farms were to be investigated per farm size category and region.

2.1.3. Sampling Procedure

A random sample of farms was drawn from the National Traceability and Information
System for Animals “Herkunftssicherungs- und Informationssystem fiir Tiere” (HIT; https:
/ /www.hi-tier.de/ (accessed on 31 March 2023)) [5], with selection stratified by state or
region and farm size. Based on the experiences of a previous study [6], a response rate of
approximately 30 to 40% was anticipated.

For each region, 1250 farms were randomly selected, 5 times more than what was
needed to cover a planned participation rate of at least 20%. Region North included the
federal states of Schleswig-Holstein and Lower Saxony. Region East was represented by the
states of Mecklenburg-Western Pomerania, Brandenburg, Saxony-Anhalt, and Thuringia,
and Bavaria was studied for region South.

In Bavaria, the use of the HIT data was not approved by the Bavarian State Ministry
for the Environment and Consumer Protection. Alternatively, the sampling could be
performed using the database of the Milchpriifring Bayern e.V. (MPR; https:/ /www.mpr-
bayern.de/en (accessed on 31 March 2023)). Here, about 90% of the dairy farms located in
Bavaria were registered.

Due to the low overall participation rate and the unintended inclusion of cattle farmers
without dairy cows in the selection population, an in-depth analysis of the composition of
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the target population and the selection population from HIT was conducted in summer
and early fall 2017. The objective was to (1) initiate a second draw of address data and,
in doing so, (2) better reflect the true distribution of farm sizes of dairy farms. Therefore,
the HIT animal data were also cross-checked with data from the federal state control
associations (Dairy Herd Improvement associations (DHI), [7]). For this purpose, the
September 2016 data were used to ensure comparability with the HIT data, which were
also from September 2016.

Finally, a different type of address data management was defined for each region:

Region North (N): The farm size classes were recalculated using the DHI information
on farm sizes in Lower Saxony and Schleswig-Holstein and applied to the HIT data.
The farm size information came from DHI data, while the address data drawing
continued to be collected in HIT.

Region East (E): Here, too, new farm size classes were determined using DHI data
from Brandenburg, Saxony-Anhalt, Thuringia, and Mecklenburg-Western Pomerania.
The address data were then also drawn from DHI data. A change in the address data
source in the region East was justified by the fact that a very high proportion of dairy
cow farmers (mean: 55%) and dairy cows (mean: 90%) were also members of a state
control association in the states concerned. The advantage of writing exclusively to
dairy cow farmers thus outweighed the disadvantage of not reaching those dairy cow
farmers who were not members of the state control association. Due to the change in
address data management in region East, it was unavoidable that farms were contacted
twice with the second sampling. However, the DHI excluded those farms that had
already participated in the study in advance.

Region South (S): The calculation of the farm size classes was based on the data of the
MPR. First and second data draws were made from the address data of the MPR, since
access to address data from HIT had not been granted in Bavaria.

The finally realized farm size classes are shown in Table 1, and the final participation

rate per region and class in Table 2 and Figure 1.
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Figure 1. Overview of participation rate by region and farm size category in a prevalence study

among 765 German dairy herds. Displayed is the percentage of farms that participated from all farms

that were invited.
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Table 1. Adapted cut-offs (number of cows) based on data originating from state control associations
as opposed to data from the National Traceability and Information System for Animals in a prevalence
study among 765 German dairy herds (data as of September 2016).

Cut-Off
Region Small Medium Large
North 1-64 65-113 >114
East 1-160 161-373 >374
South 1-29 30-52 >53

Table 2. Overview of participation rate by region and farm size category in a prevalence study among
765 German dairy herds.

Number of Number of Number of Total
Small Farms Medium-Sized Farms Large Farms
Invited Visits Invited Visits Invited Visits Invited Visits
Schleswig- 330 13 210 31 110 25 650 69
Holstein
Lower Saxony 1334 70 464 59 339 55 2137 184
North 1664 83/5% 674 90/13% 449 80/18% 2787 253/9%
Mecklenburg-
Western 189 18 123 26 264 22 576 66
Pomerania
Saxony-Anhalt 156 20 131 26 82 26 369 72
Brandenburg 109 24 103 22 173 19 385 65
Thuringia 247 20 76 13 86 16 409 49
East 701 82/12% 433 87/20% 605 83/5% 1739 252/9%
Bavaria 1345 92 2015 84 1058 84 4418 260
South 1345 92/7% 2015 84 /4% 1058 84/8% 4418 260/6%

2.1.4. Sampling of Animals per Farm

On large-scale farms of region East, it was not possible to examine all animals on a
farm. The sample size for each farm was calculated to estimate an expected prevalence of
40% at a confidence level of 95%, with a power of 80% and a precision of +5%. Thus, no
more than 130 animals were sampled per farm in region South and no more than 213 in
region North. In region East, all animals were sampled in farms with up to 159 animals, 166
in farms with 160 to 292 animals, and no more than 292 animals in farms with 293 animals
or more [8]. The methods to ensure an unbiased selection of the cows evenly distributed
over compartments were set out in the project’s SOP manual.

For the calves, a sample calculation per farm was also performed. Here, an expected
prevalence of 40% was to be estimated at a confidence level of 95%, with a power of 80%
and an accuracy of £10%. Consequently, no more than 33 calves were examined in region
South and no more than 54 in region North. In region East, all animals were sampled up to
a farm size of 40, 40 in farms with 41 to 73 animals, and from 74 calves onwards exactly
73 calves were sampled.

2.2. Questionnaires and Survey Forms

Based on the examination catalog from a previous project, as well as on literature re-
search and expert opinions, the questionnaires and survey forms for the herd examinations
were created and validated. The process of variable selection and question formulation
was based on pre-formulated hypotheses, which were specifically linked to the disorders
and performance features to be investigated. The questionnaires were used to record the
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relevant disease and performance characteristics of dairy cows, calves, and young stock in
Germany, as well as potential factors influencing them (Supplemental Material S1). The
survey forms were used to investigate cows (e.g., body condition score [9], locomotion
score [10,11], and hygiene score [12]). A new tool for the assessment of hygiene in calves
was developed and published by Kellermann et al. [13].

It was determined by which method, from which source, at which level, and for which
animal groups information should be collected. Feasibility, validity, and repeatability
were considered. An internal and external validation of the questionnaires and survey
forms was performed via testing in pilot farms (South: ngymg = 5, Nanimals = 357; East:
Nfarms = 3, Nanimals = 944; North: Ngyrmg = 6, Napimals = 1424). Based on the experiences from
the pilot phase, the questionnaires and survey forms were modified once again. In the end,
15 questionnaires and 15 survey forms were created, some of which had to be filled out
only once, and some of which had to be filled out several times (e.g., for all different silages
in use).

2.3. Database and Homepage

A homepage (www.PraeRi.de (accessed on 31 March 2023)) with information on the
project, its objectives, the study teams, and the status was available for animal owners
and veterinarians. It is still operated and can be used to look up results (including the
final report).

An SQL database with a web interface was set up with the scripting language PHP
and maintained on a virtual server at the University of Veterinary Medicine Hannover
Foundation, Germany. There were different user groups, and the data input could be
conducted and decentralized. All data of the project could be viewed by all users according
to their user rights. Functions were available for general, as well as individualized, export
of data. After the creation of the database and input interfaces, an internal (with colleagues
from the IBEI) and external (with colleagues from study team North) check was carried
out and any errors were corrected, or missing items added. The database comprised
35 main tables, 132 check tables, and 1522 data fields. It was used by about 40 users with
different data access and user rights. In addition to the data from the questionnaires and
survey forms, most of which had to be entered manually by the study veterinarians, import
functions were available, which were also set up for data from external sources (e.g., HIT
(www.hi-tier.de (accessed on 31 March 2023)), DHI, and LUFA Nord-West (accredited
service laboratory of the Lower Saxony Chamber of Agriculture, https://www.lufa-nord-
west.com/ (accessed on 31 March 2023)) [14], ration key figures, parasitology laboratory).
Throughout the reporting period, various requests were raised by the study teams, errors
were uncovered, and changes and additions were made. Therefore, various additional
programming was carried out to facilitate the use of the database, data entry and data
correction. Furthermore, explanations on the use of various database parts were available
(user manual).

2.4. Farm Recruitment

Employees of the HIT database created a sample according to the above-mentioned
sampling requirements. The sample consisted of an address list and was sent to the top
state representatives of the veterinary authorities to preserve data protection. They passed
it on to the study units responsible for address data management. In the region East,
this was executed by the regional state control associations for milk testing. The latter
institutions ensured the address data were administered and established contacts with the
farmers asking if they were willing to participate. In Schleswig-Holstein, this was carried
out by the Ministry for Energy Transition, Agriculture, Environment and Rural Areas,
and in Lower Saxony by the project secretary of the Clinic for Cattle at the University of
Veterinary Medicine Hannover. Since the Bavarian State Ministry for the Environment and
Consumer Protection did not agree to the use of HIT data for farm recruitment in Bavaria
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due to data protection reasons, the random sampling and printing of the cover letters (see
below) in region South was carried out at the MPR.

Uniform cover letters were prepared for the participants in the three regions. The
selected farms received such a cover letter by postal mail together with study-specific
information (in the form of a flyer), a reply postcard, and a postage-paid envelope. Persons
who wished to participate in the study returned the reply postcard to the respective regional
office (by postal mail, fax, or e-mail).

When receiving the farmers’ positive reply, the study veterinarians gained access to
the contact data for the first time. They made an appointment for a telephone interview,
in which the contents of the study and the investigations planned on the farm were
explained to the farm managers. Farms with farm-gate sales and farms which delivered
their produced milk to neighboring countries were not included. Then, they requested
information required to prepare adequately for the farm visit. At the end of the telephone
interview, an appointment was made for the visit. Farmers were also informed that they
must ensure access to their HIT- and DHI-databases during the farm visit, so that the
previous year’s data could be downloaded.

2.5. Quality Assurance Measures

Several measures were taken to ensure that data were collected consistently across all
three study regions, to the extent possible.

2.5.1. Sampling of Animals per Farm

Through the intensive exchange during the development of the questionnaires and
survey forms, all study veterinarians benefited from the different experiences that the
individuals contributed to the project. At the same time, the literature research and the
exchange with additional experts led to a familiarization with the different topics.

2.5.2. Training to Enhance Interobserver Reliability (IOR)

For quality assurance, the study veterinarians were introduced and trained in livestock
surveys (three-day training in September 2016).

After the completion of the pilot phase of the project, a one-day alignment of different
measurements took place in Hannover at the university’s Teaching and Research Farm in
2016. The aim of the comparison was to determine whether and to what extent the study
veterinarians (observers) agreed in their assessment of the animals. This was conducted
to minimize the possible effects of individual observers and thus to be able to collect the
PraeRi data in a harmonized way. The criteria for locomotion and hygiene assessment, as
well as the measurement of cow sizes were fulfilled. To identify substantial deviations in
single observers, an exclusion test was performed according to Ruddat et al. [15]. In total,
there was already good to very good agreement for some measurements at the beginning
of the study. For recalibration of the study veterinarians, two further IOR comparisons took
place. Systematic regional effects could not be identified in this observer assessment.

At the second training in 2017, 14 calves and 60 cows were evaluated by each of the 16
study veterinarians present. The third training was held in Munich in 2018. During this
two-day training, 60 cows and 20 calves were evaluated again by the 15 study veterinarians
present. Additionally, 13 cows in tethered housing were assessed. Furthermore, photos
or videos were evaluated and discussed jointly by all study veterinarians in the context of
a group discussion for distinct measurements, which had emerged as problematic in the
previous training sessions.

The data of the assessment of the cows and calves were analyzed, and the results were
communicated in a general report to all project partners. In addition, observers whose
results significantly deviated from the majority of study veterinarians with respect to at
least one observation received a personal notification which enabled them to adjust their
assessment in the future. An analysis of the data from the second and third comparison
showed that there was an overall satisfactory agreement between the study veterinarians.
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Except for differences in the auscultation of the calves, no evidence of region-specific
differences could be found. Due to partly only very small differences between the examined
animals, the agreement between the study veterinarians could not be evaluated with the
desired certainty for all characteristics.

2.5.3. SOP Manual

To ensure a uniform procedure for the collection of data by the study veterinarians,
standard operating procedures (SOPs) were developed and summarized in a collection
of methods (SOP manual). In addition to the SOPs for the individual questionnaires, the
manual also contained a glossary to explain the special terms used to the farmers and
standard procedures for filling out the questionnaires. Any ambiguities that arose during
the study regarding the collection of data were discussed in regular telephone conferences
of the study veterinarians and corresponding decisions were documented in the manual.

2.5.4. Leaders Video Conferences and Collaborative Meetings

Video conferences of the leaders: Video conferences of the project managers of the three
study teams took place in monthly intervals. These were used to exchange information
on the current status of the studies, to discuss and solve problems that had arisen, and to
agree on the next steps in the project.

Consortium meetings and coordination of the analyses: a consortium meeting was held
in Berlin in 2018 to coordinate the work in the context of data analysis, of the preparation of
the final report, and the scientific publications of the overall results. Eight thematic working
groups were formed that prepared detailed descriptive evaluations and the appropriate
statistical models (see below for more information on the approach). Furthermore, a
two-day collaborative meeting for the actual analyses took place in Hannover in 2019,
where the two epidemiological institutions presented detailed instructions for the steps of
the analyses.

Telephone conferences of the study veterinarians: In addition, telephone conferences
between the study veterinarians and the epidemiological institutes were held at approxi-
mately bi-weekly intervals. In these, mainly emerging issues or peculiarities observed on
the farms were discussed and a decision was made on how to handle such cases. Questions
that remained unresolved were discussed and, if necessary, final decisions were made in
the monthly leaders’ video conference. All decisions made during telephone and video
conferences were subsequently included in the manual.

2.6. Data Analysis

Data were pseudonymized, i.e., the identification patterns such as the name and
address of the farm were stored separately. The data set used for analyses did not contain
any data that would enable third-party member to identify the farms. The list for re-
pseudonymization was only accessible to the regional study teams in order to send feedback
to the farmers.

2.6.1. Feedback Letters to Farmers

In total, two feedbacks were sent to the participating farmers. The first letter repre-
sented an individual report that was prepared a short time after the farm visit and included
an overview of all results of the investigations: It included the evaluations of the skin
lesions as well as of the hygienic conditions, a number of tables and figures displaying the
occurrence of lameness, the distribution of the body condition score, and an overview of the
calf weight related to age. An example of this letter is given in Supplemental Material S2.

After total completion of the data collection process and baseline descriptive analyses,
another round of feedback was sent to all participating farmers in the form of a benchmark-
ing flyer, in which individual farm data were compared with the distribution of data of all
study participants (see Supplemental Material S3).
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2.6.2. Plausibility Controls

The epidemiology groups performed general plausibility checks on approximately 230
quantitative variables from the interview questionnaires and approximately 50 variables
from the data entry forms. For these variables, no database internal validations during
data entry were applied, which would have caused error messages in the case of non-
plausible entries. Therefore, the observers went through a number of lists with potentially
implausible values and checked questionnaires and survey forms for the correct values.
Accordingly, approximately 130 related questions (so-called filter questions) were checked
for logical relationships. When these respective data were entered into the database, a
variable-specific, logic-based pre-assignment of dependent answers initially took place
automatically. However, this could be changed by the data entry person if needed, which
made it necessary to check the data records after data entry. Following the plausibility
checks, database queries were defined and programmed to allow the study teams to retrieve
clean and summarized data sets.

In addition, database queries were created that related to specific questions. On the
one hand, these were adapted from the planned analyses in the working groups. On the
other hand, imported data from the external data sources HIT and DHI had to be checked
very intensively. Some information was included in both data sets. The information,
however, included was not always consistent. For example, information on the lactation
number of animals did not match the recorded number of calvings. The reasons for such
discrepancies (here, for example, the non-reporting of stillbirths in HIT) were clarified. We
identified which data source had the greatest completeness and reliability for the respective
information. With the help of contact persons at HIT and “Vereinigte Informationssysteme
Tierhaltung w.V.” (https://www.vit.de/en/ (accessed on 31 March 2023)), discrepancies
could be traced, and further work could be conducted with these findings in the best
possible way.

All plausibility checks required intensive exchange between the study teams. Expertise
and experience from previous farm visits were considered, as well as region-specific
features. For the specific plausibility checks, the epidemiologists sent lists of data sets to
the study teams, which then checked these and made necessary corrections in the database.
All plausibility checks resulted in a very low number of missing values, on the one hand,
and an extremely high quality of the available data, on the other hand.

2.6.3. Multivariable Regression Analyses

Working groups: As described above, topic-specific working groups were formed to
guide the inductive statistical analyses. Each group consisted of study veterinarians from
all three regions, an epidemiologist and a project leader.

The following seven topics were addressed in this way:

Udder Health;

Reproduction;

Metabolism;

Limb health and lameness;
Technopathies such as skin lesions;
Calves/young cattle;

Feeding;

Infectious diseases/biosecurity.

Communication within the working groups took place via telephone (bilateral /conference),
video conference, or e-mail. In addition, internal working group meetings were held at
one of the study sites on an irregular basis. The task of the individual working groups
was to define target values in their area and to assign potential risk factors. Hypotheses:
A hypothesis-based approach was chosen to select the variables for each model. First,
hypotheses were formulated including one target variable (outcome) and one or several
influencing factors. The whole consortium agreed on a summarized list of hypotheses.
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In the next step, causal diagrams were created with the help of a hypothesis list.
After identifying the target variable, a causal directed acyclic graph (DAG) (http://www.
dagitty.net/ (accessed on 25.05.2023)) [16] was created, including all known and expected
influence factors on this outcome, from existing and/or expert knowledge. Drawing arrows
between the variables enabled the scientists to identify confounders (common causes for
influence factor and outcome) as well as variables causing selection or measurement bias
when analyzing the effect of one specific variable on the outcome. An example of a causal
diagram is shown below (Figure 2). For the statistical analyses, some of the influence factors
were latent and were, therefore, represented by observed variables in the data collected.

-

S

General dry cow procedure

i

Use of antibiotics during dry period New infection rate of dry cows
y—
Breed Straw husbandry of the dry cows

Figure 2. A causal diagram displayed as a directed acyclic graph in a prevalence study among
765 German dairy herds showing the example target variable “New infection rate of dry cows”, its
influencing variable “Use of antibiotics during the dry period”, and the possible confounders.

Example Clinical udder Infections

Hypothesis: Cubicle cleanliness has an influence on the incidence of clinical udder
infections in such a way that dirty cubicles negatively affect udder health.

Target: Frequency of clinical udder infections, e.g., in the last 12 months before the
farm visit related to the number of dairy cows (lactating and dry cows) in this period.

Influence variable: “Cleanliness of cubicles”:

Step 1: Define the animal group under consideration, e.g., lactating.
Step 2: Definition of the hierarchical level, e.g., at the plant level, at least one compart-
ment with the grade “soiled” [yes/no].

e  Step 3: Description of influencing variable, e.g., farm has at least one dirty compart-
ment with lactating dairy cows yes/no.

In most cases, the statistical unit was the farm, but the data were sometimes also
collected at the animal, compartment, barn, and possibly site level. Data agglomeration
at the various levels was therefore necessary, i.e., “percentage of cows with specific char-
acteristics” (e.g., lameness) or “predominant category present in at least 80% of the cows”
(e.g., breed). It became clear that the preparation of prudent sets of variables needed the
expertise of both the study veterinarians and the epidemiologists.

2.6.4. Statistical Analyses

Data from different levels of organization from one farm, such as an animal, stable,
and farm, were linked via the farm ID.

Descriptive statistics: For qualitative variables, both the absolute number and the
percentage of study units (farms, compartments, animals...) per expression (category and
response option) were presented. This was conducted separately by the study region.
Quantitative variables were considered based on their distributions (measures of central
tendency and variation). Variables at lower hierarchical levels (e.g., barn, compartment, or
animal level) were often analyzed at their level of origin as well as at the farm level. For the
presentation of qualitative variables at the farm level, the percentage of each characteristic
per farm was calculated. The distribution of these percentages was summarized per
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region. For quantitative variables, this distribution was calculated for an arithmetic mean
and median.

The mean percentage of cows leaving the farm was defined as the percentage of
lost animals out of all animals on the farm in the year before the farm visit. The culling
rate considered the days an animal was present during the study period and provided
additional information about the “rate” at which an animal was likely to leave the farm
as a result of sale for breeding or slaughter. For example, a mean culling rate of 52.2 per
100 cows per year means that the probability of a cow leaving after a full year is 52.2%, or,
in other words, that on average each cow will leave within about 700 days. The loss rate
was calculated as

number per 100 cows and year = (number of lost animals/number of animal days in the period)+365%100 (1)

Information on reasons for leaving was obtained from the DHI and HIT data. From
the DHI data, voluntary and involuntary reasons for cows leaving the farm were derived.
When evaluating the figures, it must be considered that in a substantial number of cases,
not single but multiple reasons led to the decision that the animal had to leave the farm.

The mortality rate was calculated as

number per 100 cows per year = Number of animals died /killed /number of animal days in the period)*365+x100 (2)

Regression models: Generalized regression models were performed for each target
variable to identify relevant risk factors for the target variables of interest (e.g., disease
frequencies and skin lesions). If the target was on any other than farm level, a hierarchical
model including the farm, and, if necessary, barn level as random factors was developed.

During data management, all variables required for the respective model were com-
piled. The documentation of the data management was conducted in an Excel file con-
taining information on variable labels, data type, coding, and clear names of the variables,
as well as a reference to the question in the questionnaire. The members of the working
groups jointly determined which variables would be transformed (e.g., take the logarithm
if there was no normal distribution) or recategorized (combine categories). Missing data
were labeled with special missing values such as —77 (not applicable), —88 (do not know),
and —99 (not specified).

First, a univariable generalized regression model was created separately for each
influencing factor (univariable evaluations). In addition, a bivariate correlation analysis
of all variables among each other was performed. The result of these steps resulted in the
selection of the influencing variables which were potentially included in the multivariable
model:

e Potential association with target variable, expressed as

@) Correlation coefficient > 0.1; or
@) p-value < 0.2.

e  Factors indispensable to the content.

If two influencing variables were highly correlated, the one with the lowest p-value
was selected or the two variables were combined into one.

Multivariable Analyses

The confounder analysis was performed separately for each of the influencing factors.
A causal diagram was now created using these variables. In our example, the new infection
rate of dry cows is the target variable, and the use of antibiotics during the dry period is
the influencing variable (Figure 2). General dry cow procedures and breed can influence
both the target and influence variable. Therefore, these were considered confounders
and had to be included in the model, if the actual influence on the target variable was to
be investigated. Straw bedding of the dry cows, on the other hand, only influenced the
target variable.
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Following the respective DAG, the influencing factors including all confounding
variables and those that represented sources of selection and measurement bias were
included in one (hierarchical) generalized regression model which served as the final
model for the relationship between one influencing variable and the outcome. This resulted
in several models for one outcome.

Since this procedure is very time-consuming, we had to use a more pragmatic ap-
proach for some outcomes: First, a maximum model was created in which all influencing
variables were included with their associated confounders. Then, the variables were se-
lected stepwise backwards by removing the variable with the largest p-value or with the
smallest loglikelihood (-211). This was continued until only variables with p < 0.2 were left in
the model. However, the variables that were indispensable always remained in the model.
In the next step, the respective confounders for these variables were reinserted. Finally,
possible interactions of influencing factors were determined and tested. Only interactions
with p < 0.05 remained in the model. The final model was, therefore, composed of

indispensable factors in terms of content;
factors with p < 0.2;

their confounders from the causal diagram;
interactions between two factors with p < 0.05.

Analyses were performed with SAS® Software, version 9.4 of the SAS system for
Microsoft (SAS Institute Inc. 2019, Cary, NC, USA). We used Proc Tabulate, Proc Means,
Proc Univariate, and Proc Box-plot for descriptive analyses, as well as Proc Reg, Proc GLM,
and Proc Glimmix for the regression models.

3. Results
3.1. Study Population

Participation rate: Overall, a participation rate of 6-9% was achieved (with slight
regional differences) (Figure 1).

Representativeness of the study population: In this study, data were collected from
765 farms, and 86,304 individual cows, 15,003 individual calves, and 84,853 young animals
kept in groups were examined (Table 3). The greatest number of animals was examined in
the region East, which was due to the fact that dairy farming in the latter region—in contrast
to regions North and South—is characterized by larger dairy operations with bigger herd
sizes.. In addition, data from HIT and the milk performance tests were downloaded and
evaluated. Table 4 presents the numbers of farms and cows in Germany compared to the
figures in the PraeRi study. Due to the different numbers of farms and cows per region, the
percentage of farms and animals included in the study was considerably higher (11 and
15%, resp.) in region East than in North (2%) and South (1%).

Table 3. Number of animals examined in a prevalence study including 765 German dairy herds.

Number of Number of Number of Examined
Examined Calves Examined Cows Young Stock
Average/ Total Average/ Total Average/Farm Total
Farm Farm
North 15 3741 99 24,980 77 19,571
East 37 9188 198 49,936 222 56,058
South 8 2074 44 11,388 35 9224
Total 20 15,003 113 86,304 111 84,853
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3.2. Baseline Results
3.2.1. Study Population

A total of 765 farms (North: n = 253; East: n = 252; South: n = 260), roughly evenly
distributed among the three farm size categories, were visited. The farm visits took place
from early December 2016 to late July 2019. As outlined in Section 2, cows were evaluated
using various grading schemes, and additional clinical examinations were performed
on calves.

With respect to farm size, the mean number of lactating cows per farm was (minimum-
maximum) 120 (North: 15-1165, n = 242), 396 (East: 3-3365, n = 249), and 51 (South: 6-254,
n = 232), respectively. The mean number of dry cows was 17 (North: 1-225, n = 241), 67
(East: 1492, n = 245), and 8 (South: 1-47, n = 228), respectively. It should be noted that
only farms that participated in the DHI testing were considered here.

In all three study regions, the cows in the first lactation accounted for the largest pro-
portion at approximately 30 to 35% per farm, followed by lactation numbers in descending
order. Cows had a median lactation number of 2.6 (North), 2.5 (East), and 2.8 (South)
lactations, respectively. Compared to the regions North and East, it is noticeable that cows
in the region South potentially reached more lactations.

Of the cattle breeds listed in Appendix 6 of the Livestock Trade Regulations (2016),
23 were used as dairy cows on the farms visited, although some were beef cattle breeds.
In the regions North and East, the German Holstein breed was the most common, with
an average of 82.9% (Median: 95.0, SD: 28.0) and 84.1% (Median: 93.8, SD: 24.7) per farm,
respectively, while in the region South, the Simmental breed was the most common, with
an average of 80.4% per farm (Median: 100.0, SD: 35.1). In the region North, the order
of other cattle breeds was Red Holsteins (Median: 2.1), cross-bred dairy cattle x dairy
cattle (XMM), crossbred beef cattle x dairy cattle (XFM), and dual-purpose Red Holsteins.
In the region East, the order of the other cattle breeds was XMM (Median: 3.9), Red
Holsteins, other breeds, and Simmentals with also minor frequencies. In the South, the
second most common cattle breed was Brown Swiss (Mean: 11.8%, Median: 0.0) followed
by Holstein-Friesian (Mean: 3.9, Median: 0.0), other breeds, and XFM.

The proportion of farms participating in the DHI testing was very high at 90% and
above, depending on the region. Compared to the region North (4.3%, n = 11) and the
region East (1.2%, n = 3), the proportion of farms that did not participate in DHI testing was
highest in the region South with 10.8% (n = 28). The mean annual milk yield (minimum-—
maximum) based on the DHI farm results from the last available audit year varied between
7606 kg (3712-10,598 kg, n = 231) in the South, 9055 kg (3597-11,927 kg, n = 241) in the
region North, and 9250 kg (2739-12,907 kg, n = 249) in the region East, respectively.

3.2.2. Farm Structure

Almost all farms in the regions North and East were run on a full-time basis (North:
98.9%, n = 250; East: 97.2%, n = 245). In contrast, 20.4% (n = 53) in the region South were
part-time farmers. More than 80% of the farms were conventionally farmed. There were
more organic farms in the South than in the other two regions (North: 4.4%, n = 11; East:
9.1%, n = 23; South: 13.9%, n = 36). In the region South, six farms (2.3%) reported being
in the process of converting from conventional to organic. In more than 80% of the farms,
cows were milked with conventional milking systems. A milking robot was present in
19.9% of farms in the region North (n = 50), in 14.7% of farms in the region East (n = 37),
and in 11.9% of farms in the region South (n = 31).

During the farm visit, different survey sheets were completed for loose housing and
tethering, depending on the housing system. Initially, it was not considered whether a
certain type of housing was the predominant type of housing. However, based on the
number of cows evaluated, it was possible to find out which was the predominant housing
system, i.e., in which more than 80% of the cows graded were kept on the day of the
farm visit. Loose housing was the predominant housing system in regions North and
East (North: 92.9% of farms, n = 235; East: 96.0%, n = 242). However, this was the case
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in only 61.2% of the farms in the region South (n = 159). Overall, the tethering of cows
was considerably less common than loose housing, but was more frequent in the South
compared with the regions North and East (North: 3.6% of farms, n = 9; East: 1.2%, n = 3;
South: 29.2%, n = 77).

The farmed area was significantly larger in the region East (1059.1 ha on average) than
in the North (106.2 ha) and South (49.8 ha) regions. While about half of the farmland in the
regions North and South consisted of grassland, this was true for 20% of the farms in the
region East.

In addition to milk production, most farmers reared their own youngstock (Table 5).
In the regions North and East, approximately one-third of the farms kept mating bulls
and/or fattening bulls. Another more frequent cattle-related farm activity in the region
East was suckler cow husbandry. In contrast, calves and young cattle from other farms
were raised rarely in general, however, more frequently in the region North than in the
other two regions.

Table 5. Agricultural business branches besides dairying in a prevalence study among 765 German

dairy herds.
Region
Other Cattle Holdings North East South
n % n % n %
Rearing calves 242 95.7 249 98.8 255 98.1
Breeding young cattle 239 94.8 237 94.0 243 91.9
Stud bulls 90 35.6 94 37.3 26 10.0
Bull fattening 79 312 57 22.6 27 10.5
Heifer fattening 23 9.1 19 7.5 13 5.0
Calf fattening 6 2.4 20 7.9 12 4.6
Suckler cow husbandry 9 3.6 51 20.2 3 1.2
Rearing calves from other farms of origin 29 11.5 13 5.2 10 3.8
Rearing young cattle from other farms of origin 26 10.3 16 6.3 10 3.8
No answer selected /does not apply 11 44 4 1.6 0 0.0
Total number of farms 253 252 260

Summer grazing varied in different animal groups and depending on the region and
farm size. Comparing regions, animals of all age/lactation stages in the region North were
on pasture in summer on many farms (North: approx. 60% of farms, East: approx. 20%;
South: approx. 30%). With increasing farm size, the offer for grazing decreased. In all three
regions, grazing very often was provided to dry cows (North: 71.9%, n = 182; East: 56.0%,
n = 141; South: 35.8%, n = 93).

3.2.3. Information on the Interview Partners

In the regions North and South, interview partners were owners and managers (North:
70.8%, n = 179; South: 81.2%, n = 211), predominantly. Equal partners were the second
most interviewed group (North: 21.0%, n = 53; South: 11.9%, n = 31). In the region East,
owners and managers (48.8%, n = 123) as well as herd managers and employees (42.5%,
n = 107) were interviewed in equal numbers.

While the most common levels of education of the interviewees in the North were
training as a master farmer (60.1%, n = 152) and training as a farmer (19.8%, n = 50), these
training statuses were present equally often in the region South (master: 36.7%, n = 94;
farmer training: 37.7%, n = 98). In contrast, the most common level of education in the
region East was agricultural studies (59.9%, n = 150), followed by master farmer (17.1%,
n =43) and training as a farmer (14.3%, n = 36). It should be noted that, frequently, several
levels of education were completed. The numbers given above, however, represent the
highest level of education in case several levels were achieved. If we look at the level of
training as a function of farm size, we notice a correlation in the regions North and East
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with higher levels of agricultural training, especially with a university degree. In the region
South, where only a few interviewees had a university degree, a dependency on the size of
the farm, although not as clear as in the other two regions, was only the case for training as
a farmer and the acquisition of the title of master farmer.

3.2.4. Animal Health and Animal Health Management

Integrated veterinary herd management (IVHM) was applied by 54.1% (n = 137) of
farms in the region North, 59.9% (n = 151) of farms in the East, and 18.1% (n = 47) of farms
in the South. On average, IVHM was carried out in two to three different areas per farm.
In all three regions, IVHM was most frequently implemented in the areas fertility (North:
84.7% of the farms applying IVHM, n = 116; East: 92.7%, n = 140; South: 85.1%, n = 40),
and udder health (North: 51.1%, n = 70; East: 83.4%, n = 126; South: 42.6%, n = 20). In
the North, control of lameness, young stock health, and nutrition were further areas in
which IVHM was applied by one-third of the IVHM farms, respectively. In the region East,
lameness control (55.0%, n = 83) and youngstock health (71.5%, n = 108) were IVHM areas
in even more farms, while, especially, lameness control (6.4%, n = 3) was not a common
IVHM area in the South as in the other regions.

The mean incidence of diseases is shown in Table 6. It must be noticed that these
incidences were based on information provided by the animal owners. Some of the figures
came from very precise farm documentation, but in many cases only from an estimate
by the animal owners (approx. 50-70% of the animal owners depending on the disease).
All prevalence distributions had a right-skewed distribution. According to the farmers’
specifications, the most common disease in the herds was mastitis without general disorder
(14.2% to 16.3% of the herd—depending on the region). For most diseases, prevalence data
were lowest for the region South compared with the other two regions. Interestingly, in
regard to foreign-body disease, mastitis with general disorder, and abortion, prevalence
estimations did not differ considerably between regions.

Table 6. Mean incidence (%) of selected diseases in cows (based on farmers’ interview data) in a
prevalence study among 765 German dairy herds.

. . Number Standard . 25%- 75%- Missing
Variable Region of Farms Mean Deviation Me-Dian Quantile Quantile Values

North 250 10.6 10.0 7.4 4.3 14.5 2

Milk fever East 240 6.7 72 5.0 2.3 9.5 12
South 257 5.8 5.7 4.7 17 8.3 3

North 251 11.4 8.8 9.7 5.8 14.8 1

Retained placenta East 236 10.2 8.1 9.2 5.0 13.3 5
South 258 82 5.9 7.3 4.5 11.0 1

North 252 8.8 10.3 5.4 2.6 11.1 1
Uterine inflammation East 235 12.0 12.9 8.2 29 16.3 17
South 257 45 6.0 3.3 0.0 6.7 3

North 252 1.5 3.1 0.0 0.0 1.7 1
Pneumonia East 239 2.3 6.1 0.8 0.0 2.0 13
South 260 0.7 2.0 0.0 0.0 0.0 0

North 247 7.1 8.1 5.0 2.0 10.0 6
Ketosis East 234 6.3 8.3 3.0 1.0 9.0 18

South 254 2.8 4.8 0.0 0.0 3.9 6

North 253 2.1 2.2 1.6 0.0 3.0 0

Displaced abomasum East 243 1.8 2.3 1.0 0.3 2.5 9
South 260 0.3 1.1 0.0 0.0 0.0 0

North 251 1.4 2.5 0.0 0.0 2.0 2
Foreign body disease East 232 12 3.4 0.0 0.0 1.0 20
South 259 0.9 3.2 0.0 0.0 0.0 1
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Table 6. Cont.

. . Number Standard . 25%- 75%- Missing

Variable Region of Farms Mean Deviation Me-Dian Quantile Quantile Values
itis with | North 252 16.3 11.3 14.8 8.7 21.5 1
Mas““sgf’lt 31“ genera East 232 220 19.9 15.9 5.9 324 20
1sorder South 259 14.2 125 11.8 6.0 19.2 1
North 252 5.0 5.1 4.0 14 6.5 1
Mastitis with general disorder East 228 49 8.0 2.0 1.0 5.0 24
South 260 4.6 7.3 2.6 0.0 6.6 0
North 253 3.4 4.6 2.1 0.0 44 0
Heifer mastitis East 219 6.3 8.3 34 0.9 8.3 33
South 225 2.5 5.6 0.0 0.0 3.3 5
North 250 2.8 2.5 2.2 14 4.0 3
Abortion East 239 2.9 29 2.0 1.0 4.0 13
South 260 2.9 3.3 2.5 0.0 41 0
North 252 12.6 12.1 9.5 4.8 16.4 1
Lameness East 250 13.8 149 9.5 3.8 20.0 2
South 259 8.5 7.8 7.1 3.3 11.5 1

Figure 3 shows that infertility, udder diseases, and disorders of the locomotor system
were the main reasons for culling. While in the region North, the proportion of animals
sold for breeding was significantly higher than in the other two regions, the South showed
a high proportion of animals that left due to old age. In the East, on the other hand, a
higher proportion of animals left due to underperformance than in the other two regions.
In all regions, the high proportion of cows for which “miscellaneous” was recorded as the
reason for culling was striking.
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Figure 3. Reasons for cows leaving the farm due to sale or culling in a prevalence study among
765 German dairy herds. Shown is the mean proportion of cows (in% of cows that left) that left the
farm for the reasons listed, staggered by region: North (n = 242 farms), East (n = 249 farms), and
South (n = 232) farms (database: DHI).

The culling risk was similar in all three regions (North: Mean: 33.5, Median: 32.9, SD:
6.9; East: Mean: 37.5, Median: 35.9, SD: 9.5; South: Mean: 37.7, Median: 36.3, SD: 9.4). The
mean culling rate in the region North (Mean: 52.2, Median: 49.5, SD: 18.2) was slightly
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lower than in the East (Mean: 64.9, Median: 55.6, SD: 32.9) and in region South (Mean: 65.7,
Median: 57.3, SD: 31.3).

The mean percentage for mortality, i.e., the percentage of dead/killed animals out of
all animals on the farm in the year prior to the farm visit, was 3.7% (North: median: 3.2, SD:
2.5), 4.2% (East: median: 3.9, SD: 2.2), and 2.3% (South: median: 1.8, SD: 2.1). In the region
East, the median mortality rate was 6.3, 4.7 in the North, and, in the South, it was 3.4.

4. Discussion

To the authors” knowledge, a large-scale study, as reported in the present paper,
has not been conducted on dairy cow health before. While the management of practical
procedures and communication were challenging due to the sheer size of the project in
terms of the amount of personnel, data collected, and farms and animals examined, we
had to organize harmonized approaches for data management and hypothesis testing for
all involved parties.

4.1. Sample Size

To receive valid estimates, the sample must be large enough and representative [17].
To find an optimal number of farms to be sampled, we started with calculating the sample
size for several different target variables. This led to a multitude of different possible
sample sizes, which was not satisfying. Thus, we needed to find a compromise between
statistical necessity and feasibility in the field given the available time and personnel. From
an epidemiological point of view, it must be concluded that estimates for some target
variables were limited from this type of sampling compromise. However, this has merely
manifested in a lack of precision in estimation. As all project partners were informed
about this, it can be supposed that an interpretation of these measures was conducted with
necessary caution.

Sampling type: We discussed two different approaches on the basis of which one
can calculate the sample size (farm or animal as statistical unit). If one were to choose
the animal as the statistical unit, one could then make a size-proportional selection of the
farms. In this approach, large farms would have a higher probability of being studied than
smaller ones because there are more animals there. This approach may initially seem more
attractive for the study, as it requires fewer small farms to be studied than the approach on
a farm level. This type of selection, however, has far-reaching consequences for subsequent
statistical analysis. For descriptive analyses, each farm must be weighted according to its
selection probability [17]. For inductive analyses, in which the possible factors influencing
the target variables are examined, there are as yet, in some cases, no analysis methods at
all with which this weighting can be considered. In particular, if a target variable (i.e., a
health outcome) is categorical and, consequently, a logistic regression would have to be
performed, there are no analysis methods available so far for this. Overall, therefore, this
second type of selection would shift the effort from the phase of investigation to the phase
of evaluation, and it would prevent evaluation in parts. Hence, we decided on a multistage
sampling of farms and animals within farms. For us, this was the best compromise between
good epidemiologic practice, on the one hand, and the comprehensibility of results and
feasibility for later use by interested scientists or other parties, on the other hand.

Impact of region: Whether and what kind of regional differences occurred were not
the main focuses of this study. Rather, the aim was to investigate a sufficient number
of farms for each region. Our decision to divide the study into three regional studies
had several advantages, but also disadvantages. It allowed us to adapt the definition of
small, medium-sized, and large farms to be region-specific and thus to ensure that all farm
sizes were covered by the study sample. However, the general population differed widely
between the regions, from only 2256 farms in the region East to more than 32,000 farms
in the South. For this reason, the percentage of farms represented in the study varied,
leading to a different precision of the estimates. These structural differences also explain
why it was possible to study 15% of the target population in the region East with 252 farms,
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whereas only 2% and 1%, respectively, could be covered with the same number of farms in
the regions North and South.

For the estimation of the prevalence rates, this was not a big problem because the
number of 250 farms was large enough even for the South to ensure a precision of & 6%
in the case of a 50% prevalence. For regression models and other statistical applications,
this discrepancy became important because the percentage of participating farms in the
East was higher than in the North or South, and thus the estimation was more precise.
Even stratification does not solve this problem, so each model was run separately for each
region [17]. In addition, one of the study’s objectives was to provide guidance to farmers
concerning improvements in animal health and welfare. Due to structural differences, these
recommendations needed to be region-specific, and thus data from each region needed to
be reliable.

4.2. Representativeness of the Study Population

Source population: To ensure representativeness in terms of farm size, it was important
to ensure that the composition of the farms studied reflected the composition of the target
population as closely as possible. This was achieved very well in terms of the participating
federal states. However, the average size of the PraeRi farms was higher than the data
provided by the Stat. Bundesamt (region North: +17%; East: +35%; South: +19%) [18].
In order to keep this effect as low as possible, a sampling plan ensured that 1/3 of the
farms per region were small. To classify this apparent discrepancy, it must be pointed
out here that—as we described earlier—the farm sizes of dairy cow farms were biased
downward in some databases. It should also be noted that the most recent data from the
Stat. Bundesamt were from 2016, while our data collection took place until 2019. From
this time, it is known that the average farm size had noticeably increased in all regions
of Germany due to closures of small farms as well as restocking in the remaining farms
(Landwirtschaftskammer Niedersachsen 2019; LKV Berlin-Brandenburg 2020). Comparing
the PraeRi study with current reports of the DHI or similar, the PraeRi study represented
the composition of the target population in terms of farm sizes well to very well. It can
only be speculated as to whether the study results are transferable to other countries or not.
We believe that if herd size, husbandry conditions (grazing, stable type), breed, etc., are
considered, and also the climate is comparable as, e.g., in the neighboring countries, the
study results will be valid to a certain degree.

Already during the preparation of the address data extraction from HIT it became
clear that a pure separation of farms keeping dairy cows and other cattle farmers could not
be ensured. This is because the information on whether a farm keeps dairy cows is only
optional in HIT. For this reason, all cattle farmers who certainly or possibly kept dairy cows
were defined as the source population. Before drawing the random selection, it was not
possible to determine exactly what proportion of cattle keepers without dairy cows was
in the selected sample. Thus, verification of the representative composition of the study
population based on farm sizes was not possible without error. In addition to the mixing
with suckler cow farms, it also had to be noted that some data in HIT were outdated and
HIT listed farms that no longer existed. Since this apparently affected small farms more
often than large ones, it can be assumed that the initially selected farm size cut-offs were
somewhat too low. This example highlights that even when using an official register, such
as the German HIT, data may be outdated or missing, and even mistakes must be taken
into consideration.

As the sampling population contained cattle farmers without dairy cows, it must be
assumed that the cut-offs determined to balance the sampling plan for farm size were also
biased (assumption: the average farm size was slightly underestimated). In addition, the
consequence that the source populations from which potential participants were sampled
differed between the regions must be regarded as a possible source of selection bias.

Participation rate: The unexpectedly low participation rate required measures to meet
the necessary sample size and to cover all categories of the sampling plan sufficiently.
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A telephone non-response analysis in region North (n = 20 farms) confirmed that 14 of
the farms surveyed did not keep dairy cows or that they planned to give or already had
given up the farm. Measures such as tracking and interviewing owners of small farms as
well as explicitly addressing small farms in the following letters, both seemed to have had
an effect.

After initial difficulties in recruiting small (or, in Bavaria, medium-sized) farms in
particular, a separate call for small farms was enclosed with letters of resampling. The
importance of the participation of small farms for the significance of the study, and thus
the livestock farmers themselves, was emphasized. This improved the participation rate.

The second draw of address data including the adjustment of the farm size categories
yielded a full coverage of the sampling plan. Nevertheless, the overall participation rate
was very low, at <10% across all regions and all farm size categories, which was much
lower than in previous studies. Reasons for this may well be due to a heavy workload
in agriculture rather than the scale of data collection in this study, as farmers made the
decision to not participate at a time when they were not yet aware of the extent of data
collection. In addition, studies with a focus on a specific disease or management problem
might be more interesting compared to this rather general topic.

4.3. Prevalence Estimation

The aim of the study was to determine representative and reliable prevalence estimates
for the most important dairy cow health parameters. This is because, to our knowledge,
such large, time- and cost-consuming studies have been conducted very rarely, if ever, up
to now. Alongside this, we were able to provide a data set that allowed for risk factor
analyses, as well. The high completeness of the data set can be attributed to the efforts
that have been taken by the plausibility checks and the following correction of implausible
values whenever possible. Missing values are always a challenge for data analyses and the
quality of a data set is also determined by the number of missing values.

This study is an epidemiological study, not an experiment. The study type is referred
to as a cross-sectional study and follows specific rules for planning, implementation, and
evaluation. It differs from other epidemiological studies in that, among other things, no
control group is used here, as no scientifically selected groups are compared, but the status
quo in the existing population is surveyed.

A good estimate of disease prevalence rates forms the basis for many studies—
observational as well as experimental ones. This information is needed for the calculation
of an adequate sample size in future studies that, e.g., want to investigate causal associa-
tions. Sample size calculation is necessary in the context of animal experiments. A good
knowledge of inner-herd prevalence rates is also necessary to assume the potential im-
provement of a specific intervention measure. Thus, reliable estimates of prevalence rates
in populations are a very important piece of information for current and future research
and can thus not be underestimated [19].

Due to the higher number of observers and the fact that they worked at three different
universities with possibly different opinions regarding the scoring and severity of lesions
and health alterations, three interobserver reliability checks were performed throughout
the period of data collection. By combining teaching, discussion, and comparison between
the observers during a specifically organized observer meeting, we intended to minimize
possible observer bias. Also, the intensive observer seminar at the beginning of data
collection as well as the comprehensive SOP catalogue were aimed at minimizing observer
bias. The agreement between the observers with regard to the compared characteristics
was basically quite good to very good. However, the comparisons could not be carried out
with the desirable sample size, as either animal welfare aspects (such as too long fixation
of the examined animals) or a lack of available animals for the comparison limited the
possible sample size at the selected locations. Here, too, it can be seen that the feasibility of
such a large study can stand in the way of desirable methodological quality.
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Disease prevalences (Table 6): The right-skewed distribution of the prevalence esti-
mates by the farmers indicates that there were either actually some farms with very high
prevalences or that some farmers were able to make a more accurate and thus higher estima-
tion of the prevalences than others. We not only collected the estimation of the farmers in
the project, but also made a prevalence determination ourselves. Jensen et al. [8] could show
that “on average, farmers were conscious of only 45.3% (North), 24.0% (East), and 30.0%
(South) of their lame cows”. This fits with the findings of other studies such as Ranjbar
et al. [20] who reported a 3.7 times underestimation of lameness in pasture-based herds in
Australia. Denis-Robichaud [21] also reported an underestimation of lameness prevalence
by farmers and veterinarians. It can be assumed that all farmers’ data on disease prevalence
are underestimated—especially if the farmers cannot consult any documentation (such as
veterinary invoices or DHI reports, etc.) for estimation. Furthermore, regional differences
in disease incidence need not necessarily be explained by differences in husbandry or
management. Rather, it can be assumed that the differences in the stringency of disease
documentation are mainly due to farm size.

Lameness prevalence in our study was a bit higher than in other studies, as recently
reported in a literature review on lameness in dairy cows worldwide and over 30 years with
study means ranging from 5.1 to 45% [22]. In Europe, only a few recent reports of mastitis
prevalence or reproduction parameters exist. One group carried out a meta-analysis on
subclinical ketosis and reported a mean global prevalence of 22.7%, which is much higher
than in our study [23].

The differences in farm size between the regions resulted in many structural differ-
ences, starting with more part-time farmers and less employees including a lower educa-
tional level in the South, and more automated milking systems and IVHM contracts in the
East. Grazing was most common in the North because farms have more grassland there.
The fact that some diseases had lower incidences in the South although the husbandry
conditions were not better (e.g., tethering stalls) underpins the multifactorial character of
the diseases that were investigated.

In conclusion, we succeeded in having a representative sampling, as much as possible,
in terms of herd size and region. Every study with voluntary participation will not be
fully representative, and even if it is possible to control for bias in the data analysis (e.g.,
if the distribution of the herd size in the target population is known), information about
underrepresented strata (e.g., small herds) will remain less reliable. In our study, we were
able to stratify the farms by herd size and region because we had access to lists of all dairy
herds in Germany. If such population data are not available, convenience sampling may
also lead to reliable results, as long as the sources of bias are discussed thoroughly.

Number of lactations: Assuming that a cow gave birth to a calf for the first time at
the age of 24-36 months, followed by one calf, i.e., one lactation, approximately, per year,
it can be estimated that cows reached an age of about four to six years on average. From
an economic standpoint, this is not ideal since the full potential of a cow’s performance
is not reached before the sixth lactation, and rearing costs on average are not paid back
earlier than in the third lactation [24]. The differences observed between the regions might
be associated with the predominant breed in the regions because the Simmental breed was
mainly present in region South and is known to reach higher lactation numbers due to less
intensive use.

Culling and Mortality: The term culling includes animals exiting the farm due to
slaughter or sale [25]. The reported numbers for culling risk in this study resemble those
found in Germany during the last decades without clear changes over the years (BRS 2023).
In a meta-analysis by Compton et al. [26], including data from studies in North America,
Europe (except Germany) and Australia/New Zealand, lower culling risks were reported
(incidence risk from 0.14 to 0.28). The authors also did not find any evidence of overall
change in culling incidence risk over time. With regard to mortality, a threshold of 2%
has been recommended [27]. In regions North and East, this threshold was exceeded by
at least every second farm. In the South, this was the case for at least every fourth farm.
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Our figures for mortality rate are in alignment with an earlier study in Germany, where an
overall mortality rate of 0.047 per animal-year was reported [28], and other international
studies [26]. Due to our study design with the limitation of the observation period to one
year, no inference about temporal changes could be drawn. However, in the literature,
an increase in mortality has been described [26]. When looking at the reasons as to why
animals leave the farm, our data revealed that roughly 50% were due to disease. Due to
the fact that two different databases had to be consulted for the analysis of culling and
mortality (HIT) and culling reasons (DHI), respectively, there is no information as to why
animals die on the farm. A study by Alvasen et al. [29] showed that the main reasons
for mortality and slaughtering differed; e.g., more cows with fertility disorders or udder
diseases were slaughtered, whereas metabolic diseases and claw /leg disorders more often
were reported for mortality disposal. Accurate documentation, on a farm level, produces
information that might be helpful for further disease management.

4.4. Risk Factor Models

Selection and confounding bias need to be considered in observational studies [17].
The way to deal with it is to detect and control it. This is best carried out by drawing causal
directional acyclic graphs (causal DAGs) that include not only the influence factor and the
outcome of interest, but also all factors that might have led to biased selection and that
are a common cause of the influence factor and the outcome. These types of bias can be
controlled, e.g., by stratification [30].

As described above, the amount of regression models in the final report was too large
to give each of the models the time and effort needed for this well-founded confounder
analysis. We needed a more pragmatic approach to be able to finish the report on time.
Proper confounder analyses are planned for future scientific publications.

Statistical analysis: Although this was not at all foreseen in the sample design, it
was still possible to create risk models with little, describable (and thus controlled) bias.
It has also to be stated that the sample size in some cases was not large enough to sat-
isfy the requirements of a risk factor analysis, neither for univariable nor much less for
multivariable models.

Our pragmatic approach for the final report followed a standardized and validated
procedure that is described above. This procedure was developed and agreed on by all
study personnel that conducted regression models. This avoided “statistician-bias” and
ensured the highest possible quality and thus can be regarded as a good compromise
between scientific demands and resources.

The risk factor models allowed insights into causal associations concerning, e.g.,
lameness [31], udder health [32], and infectious diseases [33], but also concerning calf and
young cattle health [8]. Interestingly, differences could be seen between regions in most
cases. These can be used as starting points for future investigations of specific topics.

5. Conclusions

The perfect epidemiologic study does not exist. Non-biased results can only be
obtained from experimental studies, and these lack the variance that exists in real life.
Therefore, the best that can be achieved is to carry out observational studies that are as
representative and as free from bias as possible to record all known sources of confounding
and to analyze then and interpret the data as carefully as possible. Not only in large
studies but in all, proper project management and comprehensive team communication
are necessary to identify and solve all the challenges of a technical or methodic nature that
may occur during a study. In the case of the PraeRi study, we have almost representative
estimates of the most important animal health disorders in dairy husbandry in Germany.
These, in parts alarmingly high, prevalences and incidences, e.g., for lameness, can and
have already been used as a basis for in-depth analyses of certain aspects and can contribute
a lot to increasing dairy health and welfare.
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Simple Summary: Evaluating disease control in commercial pig herds requires the use of infection
surveillance tools as well as observing clinical signs and measuring production changes. Many
disease control studies evaluate treatments in research facilities where conditions do not equate
with commercial farms, specifically with respect to the presence of multiple and repeated challenges
to pigs. This study evaluated the control of the wasting disease proliferative enteropathy with
disinfection, vaccination, and/or medication in 84 pig pens under commercial conditions using
epidemiological tools. Vaccinated pigs housed in lime-disinfected pens showed the best control of
proliferative enteropathy with reduced diarrhea and fecal shedding of Lawsonia intracellularis and
an increased growth rate and prevalence of protective antibodies. Continuous medication with
olaquindox prevented L. intracellularis infection until it was removed at 17 weeks of age, leaving naive
finisher pigs susceptible to intestinal hemorrhage, bloody feces, reduced growth, and mortalities. To
avoid proliferative enteropathy, control strategies need to suppress but not prevent L. intracellularis
infection, while enabling protective antibodies to develop. This study demonstrated the value of
monitoring the timing and level of excretion of L. intracellularis in pig pens to compare proliferative

enteropathy control on commercial farms.

Abstract: Proliferative enteropathy (PE) is characterized by diarrhea and reduced weight gains
in growing pigs and intestinal hemorrhage in finishers. Vaccination, antibiotic medication, and
improved hygiene can control PE, but their efficacy depends upon the epidemiology of PE. This study
monitored the timing and severity of PE in 84 commercial pens across seven treatments, including
disinfection, vaccination, no treatment, medication with olaquindox (50, 25 and 12.5 ppm), and
combined disinfection and vaccination. Vaccination with or without lime disinfection suppressed
clinical signs of PE and reduced the number of excreted L. intracellularis relative to untreated pigs
housed in cleaned or cleaned and disinfected pens between 9 and 17 weeks of age. Continuous
olaquindox mediation to 17 weeks of age prevented L. intracellularis infection, leaving finisher
pigs naive. These finisher pigs suffered an outbreak of hemorrhagic enteropathy with significant
reductions in weight gain, feed intake, and mortalities of 4.6%. Over the 13 week grow/finish period,
vaccinated pigs housed in disinfected pens showed significantly higher weight gain and feed intake
relative to all other treatments, equating to a weight gain difference of between 3.6 and 3.9 kg per
pig. Monitoring the immune response and fecal excretion of L. intracellularis in pens of pigs enabled
effective PE control strategies to be evaluated on the farm.

Keywords: proliferative enteropathy (PE); Lawsonia intracellularis; disinfection; vaccination;
seroconversion; diarrhea; hemorrhage; olaquindox; epidemiology

1. Introduction

Proliferative enteropathy (PE) is a wasting disease of grower and finisher pigs caused
by Lawsonia intracellularis, an intracellular bacterium that replicates in the cytoplasm
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of epithelial cells lining the ileum and causes thickening of the mucosa due to prolif-
eration of immature enterocytes [1,2]. The clinical signs of PE depend on the dose of
L. intracellularis [3-5] and the age and susceptibility of pigs, ranging from diarrhea and
reduced growth rates in grower pigs to acute hemorrhagic enteropathy and mortality in
up to 10% of affected finisher pigs [6,7]. Economic losses associated with clinical and
sub-clinical PE have been estimated at between AUD 8 and AUD 13 per pig (between
USD 5 and USD 8.30) in reduced net revenue [8]. Losses are due to reduced weight gains,
variation in pig weights within batches, poor feed efficiency, mortalities, and increased
days to slaughter.

Serological surveys have demonstrated between 80% and 100% of pig herds are
infected with L. intracellularis [9,10] with an average of 84% of finisher pigs infected
within herds. Pigs are susceptible to L. intracellularis after weaning, with the loss of
maternal antibodies provided in dams’ milk [11]. However, the common inclusion of
antibiotics in weaner diets to control other enteric or respiratory diseases may prevent
L. intracellularis infection until pigs are moved to grower or finisher accommodation. Sero-
logical surveys on commercial pig farms demonstrate an increased seroprevalence to
L. intracellularis in older animals [10,12-15]. L. intracellularis is transmitted between pigs
by the fecal-oral route [4,16,17], so poor pen hygiene, continuous flow production, an
accumulation of manure, and the mixing of pigs increases the risk of L. intracellularis
infection [13,18,19]. Natural exposure to L. intracellularis and vaccination induce protective
immunity to L. intracellularis, including specific antibodies (IgA and IgG) and cell-mediated
(interferon gamma) immune responses in serum and intestinal mucosa [4,20-23].

Experimental infection studies have demonstrated that vaccination [20] and antibiotic
medication [24-29] can reduce clinical signs of PE, reduce fecal excretion of L. intracellularis
and reduce histopathologic lesions of PE in affected pigs. However, many PE control studies
evaluate treatments in research facilities where conditions do not equate with commercial
farms, specifically with respect to the presence of multiple and repeated challenges to
pigs, stocking density, hygiene, and environmental conditions. In addition, experimental
challenge studies that define PE control as the reduced severity of histopathology lesions
require necropsy of pigs at the peak of intestinal pathology and may thus underestimate
the production losses associated with a more protracted recovery.

This study aimed to demonstrate the value of molecular and serological epidemiologi-
cal tools to compare the efficacy of PE control strategies commonly used on commercial
pig farms, noting that fecal excretion of L. intracellularis has been proven to be correlated
with the severity of PE lesions and clinical signs of PE [30-33]. PE control strategies to
be evaluated include the published treatments of olaquindox [29,34], vaccination with
Enterisol® Ileitis [20], disinfection [35], and tylosin [25].

2. Materials and Methods
2.1. Animals, Housing, and Experimental Design

The study was conducted according to the Australian Code for the Care and Use of
Animals for Scientific Purposes, and animal ethics approval was granted by the Animal
Ethics Committees of both the commercial pig production company and the Elizabeth
Macarthur Agricultural Institute (13V057C). Approximately 3024 grower pigs (9-week-old
females and males) were housed in 84 pens (42 male and 42 female) in a high health
status commercial piggery in south-eastern Australia. Each pen was allocated to one of
seven treatments (Table 1). All pens were pressure washed with water prior to filling over
two weeks with three replicates each week, equaling a total of six replicates. Pens had
a mix of solid and concrete slatted floors (33:66) with mesh dividers between each pen.
Approximately 35 & 2 pigs were housed in each pen and pigs had ad libitum access to feed
and water. The base grower diet was comprised mainly of wheat, canola meal, meat meal,
and tallow and was formulated to meet the animals’ requirements, including 10.1 MJ net
energy per kg, 17.7% crude protein, 2.97% fat, 48.35% starch, 3.8% fiber, and 1.12% lysine.
Finisher base diets were primarily composed of wheat, barley, canola meal, meat meal, and
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tallow and were formulated to 9.94 M] net energy per kg, 14.2% crude protein, 1.96% fat,
51.55% starch, 3.75% fiber, and 0.87% lysine.

Table 1. Treatments and number of pens per treatment.

Treatment Group Number of Pens Treatment Description
A 14 Lime disinfectant + vaccination
B 14 Vaccination
C 12 Lime disinfectant
D 8 No treatment
E 14 12 ppm Olaquindox
F 14 25 ppm Olaquindox
G 8 50 ppm Olaquindox
Total 84

All pigs were medicated with 50 ppm olaquindox (Keyquindox, International Animal
Health Products, Huntingwood, NSW, Australia) from 3 to 9 weeks of age, prior to the
start of the trial. Pigs in treatment groups A and B were vaccinated orally with Enterisol®
Ileitis (Boehringer Ingelheim Animal Health USA Inc., Duluth, GA, USA) between two and
three weeks of age, leaving a three-day antibiotic-free window before and after vaccination.
Pens for treatments A and C were disinfected with lime (Hydrated lime, plasterer’s quality)
prior to the grower pigs entering at 9 weeks of age. These lime-disinfected pens were
grouped together to avoid cross-contamination with other pens. The pens allocated to 50
ppm of Olaquindox were also grouped together and placed adjacent to the lime-treated
pens with solid dividers between treatments. All other treatments were randomly allocated
to the remaining pens (Figure 1).

Pens 1 to 23 ( female replicates 1 to 6) pens 24 to 45 (female replicates 1 to 5)
5 pens

random (B,| G Female (random allocation to tmt B, D, E, F)
D, E F)

Pens 68 to 90 (male replic pens 46 to 67 (male replicates 1 to 5)

5 pens
random (B,
D,EorF)

Male (random allocation to tmt B, D, E, F)

Figure 1. Schematic diagram of pens and treatment layout within sheds.

Olaquindox was maintained in the diets of treatment E, F, and G pigs until day 56
of the trial (1617 weeks of age) when it was replaced with a two-day pulse of 400 ppm
tylosin (Tylan 250, Elanco @ 16 mg/kg bodyweight, Greenfield, IN, USA) in feed every
10 days from trial day 56 until sale at 21-22 weeks of age. Tylan was also pulsed in feed to
pigs in treatments A to D from day 57 onwards due to the occurrence of scouring in more
than 10% of the pigs in each pen.

As this trial was conducted in a commercial herd, normal health management practices
were employed to control other diseases. All pigs were vaccinated against Actinobacillus
pleuropneumoniae (APP) with an autogenous serovar 15 bacterin at 8, 10, 12, and 16 weeks
of age. Pigs were fed a commercial grower diet from 9 to 16 weeks of age, followed by
a commercial finisher diet from 16 to 22 weeks of age. All feed contained the organic
acid Fysal @ 2 kg/t (Selko Feed Additives, Amersfoort, The Netherlands) for Salmonella
control and the antimicrobial salinomycin at 60 ppm (BioCox 120 g/kg, Huvepharma, Sofia,
Bulgaria) for control of Brachyspira spp. Male pigs were vaccinated twice with Improvac
(Zoetis, Parsippany, NJ, USA) at 13 and 19 weeks of age. All trial pigs were selected from
dams vaccinated against porcine circovirus (PCV2), Pasteurella multocida, APP, Erysipelas,
Parvovirus, Leptospirosis, Glassers disease, and Mycoplasma hyopneumoniae.
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2.2. Production Measures and Analysis

Pigs were weighed, and their feed intake was measured at six time periods (day 0
on entry, day 21, 42, 56, 70, and 91). The pen weights and number of pigs per pen were
recorded and the average daily gain (ADG) was calculated by subtracting the earlier pen
weight from the later pen weight and dividing by the number of pigs and number of days
between the first and second weights. Average daily feed intake (ADFI) was calculated by
subtracting the weight of feed not consumed from the total weight of feed provided over
each period and dividing this amount by the number of pigs in the pen and the number
of days. The feed conversion ratio (FCR) was calculated as the feed intake divided by
the ADG. At slaughter (day 91), the liveweight, hot standard carcass weight (HSCW), the
P2 backfat and dressing percent were recorded for each pig. The number of intestines
condemned at slaughter was only recorded for the fifth and sixth replicates and expressed
as a percent of the total pigs.

2.3. Fecal Sampling, Nucleic Acid Extraction, and Quantitative Polymerase Chain
Reaction (qPCR)

Two pooled fecal samples (each containing 5 individual samples randomly selected
from the pen floor) were collected from each pen at six time points (day 21, 35, 49, 56,
70, 84). Previous studies demonstrated that random sampling of five fecal samples per
pen floor provided an accurate measure of L. intracellularis numbers [36]. Nucleic acids
were extracted from the feces using a MagMax DNA extraction kit (Applied Biosystems,
Foster City, CA, USA) as previously described [37]. Nucleic acids from fecal extracts were
amplified in a real-time polymerase chain reaction (RT PCR), alongside fecal standards
seeded with known numbers of L. intracellularis (10* to 10® L. intracellularis per gram of
feces). A standard curve from the seeded feces was used to quantify L. intracellularis
numbers in the pooled pen samples.

2.4. Serum IgG Response to L. intracellularis

Blood from about 11% of the pigs in each pen were collected at three time points
(day 30, 63, and 85) to confirm the timing of seroconversion. Serum IgG antibodies
to L. intracellularis were detected with a commercial competitive (blocking) ELISA kit
(Bioscreen® Ileitis, GmbH, Miinster, Germany) with a positive index cut-off at 30% inhibi-
tion as recommended by the manufacturer.

2.5. Statistical Analysis

The effect of treatment on production and disease measures was investigated using an
unbalanced analysis of variance (ANOVA) with replicate, gender, and their interactions
as blocking effects and starting weight (day 0 = 9 weeks age) as a covariate. The least
significance difference (LSD) t test was used post hoc on ANOVA to determine significant
differences between treatments, and the average standard error of difference was noted for
each analysis. The same data were also modelled with a restricted maximum likelihood
linear mixed model (REML) with fixed effects of treatment, gender, starting weight at day 0,
and all interactions. Random effects included replicate and interactions between replicate,
treatment, gender, and starting weight. Variance for all interactions was constrained to
be positive. Significant differences between means were illustrated in figures using the
glmmTMB function [38] in the R statistical software (R Core Team 2024, R-4.3.3). A compact
letter display (CLD) for pairwise comparisons between treatments for each sex (at each
timepoint) was determined using the cld function in the multcomp package [39] with the
default Tukey p-value adjustment, applied on the marginal means for treatments (within
each sex and timepoint) calculated using the emmeans package [40].

Samples below the detection limit for the L. intracellularis qPCR were randomly al-
located a number under 1000, the limit of quantification of the qPCR. The number of
L. intracellularis was logyo transformed to normalize the distribution of data. A Spearman’s
rank correlation (non-parametric) was used to test the association between L. intracellularis
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numbers and the ADG, ADFI, and FCR (Genstat 16th edn, VSN International 2013). Prior to
correlation analysis, the ADG was divided by the starting weight at week 9, to compensate
for differences between the six replicates.

3. Results
3.1. Epidemiology of PE in Pigs 9 to 12 Weeks of Age (Trial Days 0 to 21)

Pig starting weights at 9 weeks of age (day 0) were not significantly different between
genders, but they were significantly different between replicates, with higher weights in
replicates 4 to 6, relative to replicates 1 to 3. There was no serological or qPCR evidence of
L. intracellularis infection in any of the treatments in the first three weeks of the trial (up
to day 21). Neither treatment, nor gender, nor replicate had a significant effect on ADG.
However, gender, replicate, and starting weight affected the FCR and ADFI in this period.
There was some evidence of APP infection in this period, which caused lost production
and mortalities that were not significantly different between treatments.

3.2. Epidemiology of PE in Pigs 12 to 15 Weeks of Age (Trial Days 21 to 42)

L. intracellularis infection was detected in treatments C (lime) and D (control) at
day 35, with these treatments excreting significantly more L. intracellularis than treatments
A (vaccine + lime), E, F, and G (medicated with 12, 25, and 50 ppm olaquindox, respectively)
(Table 2). Control pigs (D) also shed more L. intracellularis than pigs in treatment B (vaccine
alone). Over this period, pigs across all treatments were clinically affected with APP and
swine dysentery, with mortalities ranging from 0.2% to 1.8% of pigs. Swine dysentery
accounted for 20 of the 67 deaths, and APP caused 35 of 67 deaths. However, mortalities
were not significantly different between treatments.

Table 2. Mean number of L. intracellularis excreted (Log1o/g feces) at days 35, 49, and 56 for treatments
A to G (vaccine plus lime; vaccine only; lime only; no treatment; 12 ppm; 25 ppm; and 50 ppm
olaquindox), average standard error of difference (Av SED) and F probability.

Treatment Logo L. intracellularis/g Feces

Group Description Day 35 Day 49 Day 56
A Disinfectant + vaccination 2.631% 5.665 P 8.852P

B Vaccination 29252 5.111° 7.351P

C Disinfectant 3.741P 5.136P 7.783P

D No treatment 4.091° 6.288 " 8.884°

E 12 ppm Olaquindox 2.753 3 2.7027 43722

F 25 ppm Olaquindox 2.600 2 2.7132 3.068 @

G 50 ppm Olaquindox 24824 24534 3.349°
Av SED 0.4482 0.8706 0.9097
ANOVA p =0.005 p < 0.001 p <0.001

Different superscripts within columns indicate significant differences.

ADG was affected by replicate between days 21 and 42, but this may have been a
consequence of differences in starting weights, with replicates 4 to 6 heavier than replicates 1
to 3. Although there was no overall treatment effect on ADG, least square differences from
the ANOVA indicate that ADG was lower in treatments B (vaccine only) and D (controls)
relative to treatments A (vaccine plus lime), C (lime), and G (50 ppm olaquindox) between
days 21 and 42. Vaccination alone (B) appeared to have no effect on the ADG, relative to
the control, i.e., the untreated pigs. In contrast, vaccination plus lime (A), lime alone (C),
and olaquindox treatments (E, F, and G), improved the ADG relative to the control (D)
treatment (Figure 2).
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Figure 2. Mean ADG over time for females (left side) and males (right side) for treatments A to G
(Enterisol vaccine plus lime; vaccine only; lime only; no treatment; 12 ppm; 25 ppm; and 50 ppm
olaquindox, respectively). Different superscripts indicate significant differences.

Between day 21 and 42, treatment had a significant effect on the ADFI, along with
replicate, gender, starting weights, and the interaction between replicate and gender
(p = 0.05). Vaccinated pigs in lime-treated pens (A) had a higher ADFI than all other
treatments (B to F), except treatment G (50 ppm olaquindox). Treatment G pigs had a
higher ADFI than the control (D) and vaccinated (B) pigs. Females had a significantly
higher ADFI than males (1.69 and 1.59 kg, respectively, p < 0.001). Feed intake was also
higher in replicates 4 to 6 relative to replicates 1 to 3, which may be explained by higher
starting weights in replicates 4 to 6. Feed efficiency was not significantly different between
treatments, but both gender and replicate affected the FCR. No significant correlation was
observed between the number of L. intracellularis excreted (day 21 and 35) and the ADG
(R=—0.067, p =0.545), ADFI (R = —0.030, p = 0.786), and FCR (R = 0.039, p = 0.727) between
days 21 and 42.

3.3. Epidemiology of PE in Pigs 15 to 17 Weeks of Age (Trial Days 42 to 56)

Pigs medicated with olaquindox continued to show no evidence of L. intracellularis
infection until day 56, when L. intracellularis were first detected in treatment E (12 ppm
olaquindox) feces. Treatments A to D demonstrated a significantly higher excretion of
L. intracellularis at day 56 and antibodies to L. infracellularis at day 63 relative to treatments
E, F and G (medicated with olaquindox) (Table 2 and Figure 3).

Neither the treatment nor starting weight affected the ADG, ADFI, or FCR. However,
there was a gender effect on all production measures (Figure 2), and there was a replicate
effect on the ADFI and FCR. Although some diarrhea was observed in treatments A
to D between days 42 and 56, coinciding with a significantly higher fecal excretion of
L. intracellularis (Table 2), no significant differences in the ADG, AD], or FCR were observed
in treatments A to D relative to the olaquindox treatments E, F, and G. There was a
significant negative correlation between the number of excreted L. intracellularis and the
ADG (relative to the starting weight) between days 21 and 56 (R = —0.350, p = 0.016).
Minimal mortalities occurred in this period.
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Figure 3. Box and whisker plot of mean serum concentration of IgG antibodies to L. intracellularis at
day 30, 63, and 85 for treatments A to G (vaccine plus lime; vaccine only; lime only; no treatment;
12 ppm; 25 ppm; and 50 ppm olaquindox). A percent inhibition less than 30% was considered
negative. Descriptive statistics were not tested for significance. Green cross indicates outlier value.

3.4. Epidemiology of PE in Pigs 17 to 19 Weeks of Age (Trial Days 56 to 70)

Diarrhea was observed in treatments A to D around 56 days, and these treatments were
medicated in feed with tylan from day 57 onwards. At day 70, significantly higher numbers
of L. intracellularis were detected in treatments A, B, and C relative to both treatments
F and G (p = 0.004) (Table 3). L. intracellularis numbers in treatments D (control) and E
(12 ppm olaquindox) were also higher than treatments F and G (25 and 50 ppm olaquindox)
(Table 3). However, neither treatment, gender, nor replicate had a significant effect on the
ADG, ADF], or FCR (Figure 2), but the starting weight did significantly affect the ADFI
(p < 0.05). There was a significant negative correlation between L. intracellularis numbers
and the relative ADG between days 56 and 70 (r = —0.580, p < 0.001). Minimal mortalities
occurred in this period.

Table 3. Mean number of L. intracellularis excreted (Logo/g feces) at days 70 and 84 for treatments
A to G (vaccine plus lime; vaccine only; lime only; no treatment; 12 ppm; 25 ppm; and 50 ppm
olaquindox), average standard error of difference (Av SED) and F probability.

Treatment Logqo L. intracellularis/g Feces
Group Description Day 70 Day 84
A Disinfectant + vaccination 8.643 ¢ 7.314 be
B Vaccination 8.490 © 8.177b
C Disinfectant 8.837 ¢ 7.210b €
D No treatment 8.191°b 6.390 ©
E 12 ppm Olaquindox 7.416° 9.7773
F 25 ppm Olaquindox 6.805 2 10.201
G 50 ppm Olaquindox 5.723 2 10.555 @
Av SED 0.8081 0.7804
ANOVA p =0.004 p <0.001

Different superscripts within columns indicate significant differences.
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3.5. Epidemiology of PE in Pigs 19 to 21 Weeks of Age (Trial Days 70 to 84)

Bloody diarrhea was observed from day 79 onwards in treatments E, F, and G, which
required treatment of individual pigs with injectable Lincomycin (Lincomix RTU, Zoetis,
Kalamazoo, MI, USA). Mortalities due to PE and swine dysentery occurred in all treatments,
but the highest mortalities occurred in the olaquindox treatments (E and G: 12 and 50 ppm
olaquindox), with mortalities of 3.1% and 4.6%, respectively. However, there was no
statistically significant difference in mortalities between any treatments over this period
(p = 0.149) or over the whole trial period (day 0 to 91).

Excretion of L. intracellularis continued to be detected in all groups at days 70 and
84. However, at day 84, significantly higher numbers of L. intracellularis were detected
in treatments E, F, and G (previously medicated with olaquindox) relative to treatments
A to D (Table 3). In addition, the control treatment (D) had the lowest mean number of
L. intracellularis, which was significantly different to treatments B, E, and F (p < 0.001).
The mean concentration of antibodies to L. intracellularis was not significantly different
(p = 0.941) between treatments at day 85 (Figure 3).

Both treatment and gender had a significant effect on the ADG (p < 0.001), with a higher
ADG for treatments A, B, and C relative to treatments E, F, and G (Figure 4). Higher ADG
was also observed in control pigs (D) relative to pigs previously medicated with olaquindox
(treatments F and G) (Figure 4). Treatment, gender and replicate all had a significant effect
on the ADFI with a lower ADFI in pigs previously medicated with olaquindox (E, F, and
G) relative to treatments A and B. The FCR between treatments was close to significantly
different (p = 0.052) with a numerically higher FCR in pigs previously medicated with
50 ppm olaquindox (G) compared with pigs in treatments B and C. In this period, gender
and replicate also had a significant effect on the FCR (p < 0.001).
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Figure 4. Box and whisker plot of ADG between day 70 and 91 for treatments A to G (Enterisol
vaccine plus lime; vaccine only; lime only; no treatment; 12 ppm; 25 ppm; and 50 ppm olaquindox).
Descriptive statistics were not tested for significance. Green cross indicates outlier.

In this final period, there was a strong negative correlation between L. intracellularis
numbers at day 84 and the ADG (R = —0.573 and p < 0.001) and ADFI (R = —0.616 and
p <0.001) and a positive correlation with the FCR (R = 0.276 and p = 0.011).

3.6. Epidemiology of PE in Pigs from 9 to 21 Weeks of Age (Trial Days 0 to 84)

Over the whole trial period, the ADG was significantly different between treatments
(p < 0.001) (Table 4) and between gender (males = 0.8671 and females = 0.8327, p < 0.001)
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(Figure 5). The starting weight, replicate, and interactions between treatment and gender
did not significantly affect the ADG. The ADFI was significantly different between treat-
ments (p = 0.003), with the highest feed intake in the vaccinated plus lime treatment A and
the lowest ADFI in the 25 ppm olaquindox treatment (Table 4). The replicate, gender, and
starting weight also had a significant effect on the ADFI, with a higher intake in males
relative to females (1.945 and 1.912, respectively). The FCR was not significantly different
between treatments over the whole period (p = 0.154), but the replicate, gender, starting
weight, and treatment-gender interactions did significantly impact the FCR (p < 0.001).
Males showed a lower FCR than females (2.204 versus 2.337).

Table 4. Predicted ADG, ADFI, and feed conversion efficiency (between day 0 and 91) blocked by
replicate and gender with starting weight as a covariate (ANOVA), with standard error of difference

(Av SED).
Treatment Group Treatment Description ADG ADFI FCR
A Disinfectant + vaccination 0.8714 @ 1.990 2@ 2.287
B Vaccination 0.8640 ab 1.941 ac 2.248
C Disinfectant 0.8574 ab 1.934 be 2.256
D No treatment 0.8453 be 1.926 be 2.280
E 12 ppm Olaquindox 0.8436 b¢ 1.938 2be 2.298
F 25 ppm Olaquindox 0.8280 1.888 P 2.281
G 50 ppm Olaquindox 0.8312°¢ 1.894 be 2.280
Av SED 0.01033 0.02602 0.02216

Different superscripts within columns indicate significant differences.
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Figure 5. Mean Logqq L. intracellularis numbers excreted over time for each gender (females on left
hand side and males on right side) and treatments A to G (Enterisol vaccine plus lime; vaccine only;
lime only; no treatment; 12 ppm; 25 ppm; and 50 ppm olaquindox). Different superscripts indicate
significant differences.

The pig liveweight at 91 days and the mean P2 backfat was affected by treatment
(p = 0.012 and 0.015, respectively) with lower P2 values and lower liveweights in pigs
medicated with higher concentrations of olaquindox (Table 5). Carcass measures, including
hot standard carcass weight (HSCW) and mean dressing percent, were not affected by
treatment (p > 0.05). The percentage of intestines condemned at abattoir due to damage
from L. intracellularis infection was between 0% and 4.48% but was only recorded for the
783 pigs slaughtered in replicates 5 and 6, so the results were not analyzed for significance.
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The carcass dressing percent, P2 backfat, HSCW, and mean liveweight at 91 days were all
affected by the replicate (p < 0.012), and all measures except HSCW were also affected by
gender (p < 0.044).

Table 5. Predicted mean liveweight, mean backfat, and percent condemned intestines at slaughter
(day 91) blocked by replicate and gender with starting weight as a covariate (ANOVA), with average
standard error of difference (Av SED).

Treatment Treatment Description Mean Liveweight Mean P2 % Condemned
Group P 91 Days (kg) Backfat (mm) Intestines *
A Disinfectant + vaccination 102.32 12.342 2.29
B Vaccination 101.5 2P 12.14 2d 0.85
C Disinfectant 100.6 204 12412 1.56
D No treatment 99.9 be 11.71bd 0
E 12 ppm Olaquindox 100.0 be 11.88 abd 1.96
F 25 ppm Olaquindox 98.7 <d 11.49 be 2.53
G 50 ppm Olaquindox 98.0 11.89 2bd 4.48
Av SED 1.165 0.3066

Different superscripts within columns indicate significant differences. * % intestines condemned due to intestinal
hemorrhage only scored for replicates 5 and 6.

4. Discussion

Molecular and serological epidemiology tools were able to demonstrate when pens
of commercial pigs became infected with L. intracellularis, the severity of PE lesions by
inference from the numbers of excreted L. intracellularis, and the proportion and timing
of pigs that raised an immune response to infection. Clinical signs correlated in time
with peaks in L. intracellularis excretion as previously demonstrated [31], and significant
negative correlations were observed between the ADG and excretion of L. intracellularis in
the periods 21 to 56 days, 56 to 70 days, and 70 to 84 days. Similar negative correlations
between the ADG and number of excreted L. intracellularis have been reported in fecal
samples from individual pigs [33], but this is the first report of this correlation for pens of
pigs on commercial farms. Ultimately, these epidemiological tools enabled the comparison
of treatment options for the control of PE in a large commercial pig herd.

Medicating all weaner pigs with olaquindox from 3 to 9 weeks of age prevented
L. intracellularis infection in all pigs prior to the start of the trial, as demonstrated by the
absence of L. intracellularis-specific antibodies 30 days after treatments commenced. Serum
IgG antibodies are routinely detected 14 to 28 days post exposure, depending on the oral
dose of L. intracellularis [4,41]. As a consequence, this study evaluated PE control treatments
in pens of commercially reared pigs between 9 and 22 weeks of age. Pigs in this study were
naturally exposed to a relatively low number of L. intracellularis after 9 weeks of age, as
demonstrated by the low level of L. intracellularis excretion in untreated control pigs at
14 weeks of age and the absence of significant production losses in this group between 9
and 12 weeks of age. Clinical PE and the excretion of higher numbers of L. intracellularis
were not demonstrated in control pigs until they reached 15 to 16 weeks of age (6 to 7 weeks
after the trial commenced). In experimental L. intracellularis challenge trials, clinical signs of
PE and production losses are usually evident between 3 and 4 weeks after exposure [4,42].
In this commercial piggery study, medication, vaccination, and disinfection treatments all
impacted on the timing and severity of L. intracellularis infection and the associated clinical
signs of PE.

Most pigs maintained on high levels of in-feed olaquindox remained naive to
L. intracellularis until the medication was removed from their diets, as evidenced by the
absence of detectable L. intracellularis antibodies at day 63 and low fecal excretion of
L. intracellularis at days 35, 49, and 56. This agrees with experimental challenge studies,
where most pigs medicated with 25 or 50 ppm olaquindox failed to excrete L. intracellularis
in their feces and were, therefore, susceptible to L. intracellularis infection once olaquindox
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was removed from their diets [29]. Once medication was removed from our commercial
herd, naive finisher pigs developed severe clinical signs, including black tarry feces and
death due to intestinal hemorrhage, and they excreted extremely high numbers of L. intra-
cellularis (10'° per gram of feces compared with the next highest of 1088). Net revenue is
significantly impacted by the death of finisher pigs, where the cumulative costs of feeding
pigs from weaning to finishing cannot be recovered. In addition, pigs affected with PHE at
19 to 21 weeks of age did not have sufficient time to recover weight losses before slaughter,
and up to 4.5% of their intestines could not be sold for sausage casing. Outbreaks of
severe PHE are reported to be associated with the increasing age of infected pigs, rather
than any difference in the challenge dose of L. intracellularis [6,7]. A range of other an-
tibiotics at high concentrations have been reported to prevent L. intracellularis infection,
including tiamulin [24], chlortetracycline and oxytetracycline [43], tylosin phosphate [25],
and tilmicosin [44]. Field and experimental challenge studies have demonstrated that
L. intracellularis infection of naive finisher pigs after the removal of protective antibiotics
can cause PHE outbreaks [7,45].

Interestingly, pigs medicated with 12 ppm olaquindox started to excrete higher num-
bers of L. intracellularis at an earlier time than pigs medicated with higher concentrations
of olaquindox, suggesting that 12 ppm was not as effective in preventing L. intracellularis
infection compared with higher levels. As a consequence, pigs medicated with 12 ppm
olaquindox were protected from severe clinical signs of hemorrhagic enteropathy and
production losses. The ADG between 9 and 22 weeks of age in the pigs medicated with
12 ppm olaquindox was not significantly different to control pigs, vaccinated pigs, and pigs
housed in lime-treated pens.

Neither vaccination alone nor disinfection alone significantly increased the ADG or
ADFI nor decreased the feed to gain relative to control pigs over the grower and finisher
phases of production, contrary to previous vaccination studies in experimental challenge
trials [20]. However, housing vaccinated pigs in lime-treated pens did significantly improve
production measures relative to control pigs. The vaccination of pigs in washed or washed
and disinfected pens appeared to delay or suppress L. intracellularis infection, observed as
significantly fewer L. intracellularis excreted at day 35 compared with control pigs. However,
by days 49 and 56, there were no significant differences in the number of L. intracellularis
excreted, and by day 70, vaccinated pigs shed significantly more L. intracellularis than
control pigs. In contrast, vaccination was able to reduce the fecal excretion of L. intracellularis
in experimental studies where pigs were challenged with L. intracellularis at a single time
point three weeks after vaccination [20,41]. Under commercial production conditions, pigs
may be challenged with L. intracellularis many times, and pigs in this trial were vaccinated
at least 6 weeks before they were exposed to L. intracellularis. Both vaccination and lime
disinfection only appeared to suppress L. intracellularis infection for a short period around
the time of exposure. Challenging pigs with a lower dose of L. intracellularis can also
suppress L. intracellularis infection and clinical disease [3,5,7]. This study suggests that once
L. intracellularis enter the pigs’ intestinal epithelium and start replicating, antibiotics that
can accumulate intracellularly are best at suppressing infection and disease [45].

L. intracellularis is transmitted between pigs by the fecal-oral route [16,17], so poor
pen hygiene and the accumulation of manure increase the dose of L. intracellularis that
pigs are exposed to. In addition, L. intracellularis can survive in feces for at least two
weeks and colonize naive weaner pigs dosed with contaminated feces [16,35]. On-farm
epidemiology studies demonstrated that sheds with poor hygiene due to high stocking
densities, a continuous flow production, and partially slatted floors increased the risk of
L. intracellularis infection, while all-in-all production and the use of disinfectants between
batches of pigs appeared to protect pigs [13,18,19,46]. Disinfectants like Virkon S can
successfully eliminate L. intracellularis from contaminated grower pens and can prevent
transmission of L. intracellularis to naive pigs in disinfected pens [35]. However, lime
disinfection of commercial grower pens failed to significantly reduce L. intracellularis
excretion over the following 13 weeks relative to other treatments in this study. Housing
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pigs in lime-disinfected pens also failed to improve pig production measures associated
with PE relative to control pigs, which were repeatedly exposed to L. intracellularis.

In contrast, the disinfection of pens in combination with vaccination increased the
protection of pigs against PE. Combining the disinfection of commercial pens with antibiotic
medication and the partial depopulation of herds has also proved successful in reducing
the survival and transmission of L. intracellularis in attempts to eradicate PE from small
commercial herds [47-49].

Under commercial conditions, where pigs were housed in washed but not disinfected
pens throughout the grower and finisher periods, antibiotic pulses were also required
to control clinical signs of PE. Once diarrhea was observed, pigs in all treatments were
medicated in feed with tylosin two days of every 10 days from day 56 to 84. Previous
studies demonstrate that tylosin can suppress clinical signs of PE and reduce the fecal
excretion of L. intracellularis and the associated production losses [25,29].

For molecular and serological monitoring of commercial herds to be economical, some
thought needs to be given to the optimal timing for sample collection. The target sampling
period should only commence when preventative antibiotics are removed from diets and
before clinical signs of PE are evident. Sampling should continue to the end of the finisher
phase. As serological monitoring aims to demonstrate both the timing of the L. intracellularis
challenge and the proportion of pigs with immunity, blood needs to be collected from
about 10% of pigs every three to four weeks. Published L. intracellularis serological surveys
support this frequency of sampling to identify when pigs are exposed to L. intracellularis
and to determine the seroprevalence of herds [10]. Pooled pen fecal samples probably need
to be collected every two to three weeks, as experimental challenge studies indicate that
the fecal excretion of L. intracellularis persists for about four weeks, depending on the oral
challenge dose [3,4]. In this study, pooled pen fecal samples were collected from every pen
every two weeks because the impact of seven different treatments was being investigated
over the same period. It may have been possible to reduce the number of sampled pens
per treatment in those treatments with 14 pens. This sampling protocol provided sufficient
statistical power to demonstrate the efficacy of PE control measures on a commercial herd
with 8 to 14 pens per treatments, given the experimental design outlined.

Evaluating PE control on commercial farms can be confounded by the presence of
other diseases in the herd. In this study, outbreaks of pleuropneumonia were observed in
pigs between 9 and 15 weeks of age, and swine dysentery and PE outbreaks were observed
between 15 and 22 weeks of age. As olaquindox is also effective in controlling swine
dysentery [50], some of the production gains in olaquindox-treated pigs between 9 and
17 weeks of age may have been due to better control of swine dysentery as well as PE.
However, studies have also reported the recurrence of swine dysentery once olaquindox is
removed [50], as observed in treatments E, F, and G.

5. Conclusions

Molecular and serological epidemiology tools have been successfully used to identify
when pigs in commercial herds are exposed to L. intracellularis, the severity of PE they
experience, when the majority of pigs have developed immunity, and when treatments are
required. Vaccination and the cleaning and disinfection of pens before pigs enter grower
facilities can reduce exposure to L. intracellularis and can reduce clinical signs of PE and
the associated production losses, but PE control may also require antibiotic medication if
clinical signs persist. Molecular and serological epidemiology tools can identify the optimal
timing for a wide range of treatments. As the pig industry aims to identify management
practices that reduce its reliance on antibiotics to control bacterial diseases, this trial has
demonstrated a method to evaluate PE control on the farm and also demonstrated that PE
can be controlled by a combination of good hygiene and vaccination, with the judicious
use of antibiotics if required.
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Simple Summary: A serosurvey study was conducted in southern Spain to assess the exposure
and spatial distribution of Sarcoptes scabiei in Iberian ibexes (Capra pyrenaica) and domestic goats
(Capra hircus). The study included sera from 411 Iberian ibexes (157 with skin lesions compatible
with sarcoptic mange and 254 that were clinically healthy), skin samples from 88 affected animals,
and 392 serum samples from domestic goats, collected between 2015 and 2021. Antibodies against
S. scabiei were found in 3.1% of the clinically healthy ibexes and 66.2% of those with compatible
skin lesions. Mites were confirmed in 64.8% of the skin samples, and 86.0% of these mite-positive
individuals had antibodies. Seropositive animals were detected in population nuclei with previous
records of sarcoptic mange, but not in historically free population nuclei. The non-detection of
antibodies against S. scabiei in the domestic goats suggests an independent epidemiological cycle of
sarcoptic mange in Iberian ibex populations in the study area. Integrated surveillance programs and
control strategies in wildlife and livestock are essential to mitigating the risk of S. scabiei circulation
in Iberian ibex populations.

Abstract: Sarcoptic mange is a highly contagious skin disease caused by Sarcoptes scabiei. Sera were
collected from 411 Iberian ibexes, comprising 157 individuals with sarcoptic mange skin lesions and
254 clinically healthy animals, in 13 population nuclei across Andalusia (southern Spain) between
2015 and 2021. Skin samples from 88 of the 157 animals with mange-compatible lesions were also
obtained. Moreover, 392 serum samples from domestic goats (Capra hircus) were collected in the same
region and study period. Antibodies against S. scabiei were tested using an in-house indirect ELISA,
while the presence of mites of S. scabiei was evaluated in the skin samples by potassium hydroxide
digestion. Seropositivity was found in eight (3.1%) of the clinically healthy ibexes and in 104 (66.2%)
of the animals with mange-compatible lesions. The presence of S. scabiei was confirmed in 57 (64.8%)
out of the 88 skin samples analysed and anti-S. scabiei antibodies were found in 49 (86.0%) of these
57 mite-positive individuals. Seropositive animals were detected in population nuclei with previous
records of sarcoptic mange, where S. scabiei mites were detected by potassium hydroxide digestion
in individuals with sarcoptic mange-compatible external lesions. However, seropositivity was not
observed in population nuclei that were historically free of this disease. None of the 392 domestic
goats had antibodies against S. scabiei, suggesting an independent epidemiological cycle of sarcoptic
mange in Iberian ibex populations in the study area, and a limited or null role of domestic goats in the
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transmission of the parasite to this wild species. Overall, our findings underscore the importance of
maintaining and/or implementing integrated surveillance programs and control strategies in wildlife
and livestock, to limit the risk of S. scabiei circulation in Iberian ibex populations.

Keywords: Caprinae; domestic goat; mite; Sarcoptes; wild goat; monitoring

1. Introduction

Sarcoptic mange, caused by the obligate burrowing mite Sarcoptes scabiei, is a highly
contagious skin disease distributed worldwide [1,2]. This mite is considered one of the
terrestrial ectoparasites with the widest host range, affecting both wildlife and domes-
tic animals, and even humans [3]. In fact, Sarcoptes scabiei currently affects more than
100 mammalian species worldwide, posing an ongoing challenge to wildlife conservation
and management in particular, as it has been associated with significant declines in local
populations for decades [4].

Clinical manifestations of sarcoptic mange include intense pruritus, hair loss, scaling,
and crusting or hyperkeratosis, among others [5]. Although the severity and clinical
outcomes of sarcoptic mange can differ among species, populations, and individuals [6], it
remains likely to be the most severe disease affecting wild Caprinae in Europe [7,8].

The Iberian ibex, or Iberian wild goat (Capra pyrenaica), is a distinctive endemic
medium-sized wild ruminant emblematic of the Iberian Peninsula. Traditionally, four
different subspecies of Iberian ibex have been described: C. pyrenaica lusitanica, which
formerly inhabited northern Portugal and certain regions of northwestern Spain; C. p.
pyrenaica, in the Pyrenees Mountains; C. p. hispanica, found in the southern and eastern
regions of the Iberian Peninsula; and C. p. victoriae, distributed mainly in central areas of
Spain [9]. At present, only two of the four subspecies originally described are not extinct
(C. p. hispanica and C. p. victoriae) with a population of around 100,000 individuals that
is expanding, or at least stable, in southern, central, and eastern regions of Spain, with
smaller, localized populations also found in northern Portugal and southern France [10].

The Iberian ibex has been shown to be particularly sensitive to S. scabiei infection,
which results in high rates of morbidity and mortality, especially in naive populations [7]. In
this regard, the first known epizootic outbreak of sarcoptic mange that affected this species
caused an over 95% decline in an estimated population of almost 9500 individuals [11,12].
The introduction of infected domestic goats was the most likely origin of this outbreak [4,
12]. During the decade following this first outbreak, the disease spread throughout the
mountain range and into surrounding areas [6]. This epidemiological transition from an
initial epizootic outbreak to an endemic disease has been observed in most of the affected
Iberian ibex populations [12-15]. However, the prevalence and mortality rates associated
with sarcoptic mange vary between geographic locations and populations [16-18].

Given that sarcoptic mange is a concern for both animal health and conservation in the
Iberian ibex, several studies have been conducted in order to better understand different
aspects of the disease in this species, including ecology, physiology, pathology, genetics,
control strategies, and diagnostic methods, among others [14]. However, no large-scale
epidemiological studies have been carried out to evaluate the circulation of this parasite in
Iberian ibex and sympatric domestic goat populations. The aim of the present study is to
assess the exposure and spatial distribution of S. scabiei in Iberian ibex and domestic goat
populations in Andalusia (southern Spain), the Spanish region with the largest census of
both species.
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2. Materials and Methods
2.1. Study Area and Data Collection

During 20152021, 411 blood samples from culled Iberian ibexes were collected in the
framework of the epidemiological surveillance program coordinated by the Regional Gov-
ernment of Andalusia [19]. Andalusia (southern Spain: 36° N-38°60' N, 1°75' W-7°25' W),
the study region, has a predominantly warm Mediterranean climate: mild winters with
irregular precipitation, and dry, hot, sunny summers along the coast, becoming more
extreme further inland. The average annual temperature is around 18 °C, with over
300 days of sunshine per year. January is the coldest month, while August records the
highest temperatures.

Iberian ibexes were opportunistically sampled from the primary population nuclei of
this species (1 = 13), specifically, those with more than one individual per square kilometre.
Ten of them were population nuclei with previous records of sarcoptic mange (affected
nuclei, AN1-10), while the remaining three population nuclei were historically free of
sarcoptic mange (HFN1-3) (Figure 1).
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Figure 1. Spatial distribution of the Iberian ibex population nuclei sampled. AN: population nuclei
with previous records of sarcoptic mange; HFN: population nuclei historically free of sarcoptic mange.
Colour gradation shows within-population nuclei seropositivity. Fractions represent the number of
ELISA-positive animals divided by the overall number of animals tested.

Sampled animals were classified according to the visual diagnosis of sarcoptic mange
and included 157 individuals exhibiting external lesions compatible with sarcoptic mange
(alopecia, scales, crusts, seborrhoea, hyperkeratosis, and /or skin lichenification, accord-
ing to Pérez et al. [20]) and 254 clinically healthy Iberian ibexes (189 from AN and 65
from HEN) (Figure 2). Skin samples were collected from 88 of the 157 ibexes showing
mange-compatible lesions. Animals with mange-compatible lesions were divided into
four categories according to the percentage of skin surface area affected: grade I (<25%);
grade 11, (25-50%); grade III (50-75%); and grade IV (>75%) [20,21]. Data on location, age
(juveniles: <2 years old; sub-adult: 2-6 years old; adult: >6 years old), sex, and date of
sampling were recorded in all sampled individuals whenever possible (Table 1).
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Figure 2. Adult male Iberian ibexes. (A) Individual with presence of external mange-compatible
lesions. (B) Clinically healthy individual.

Table 1. Frequency of antibodies against S. scabiei in Iberian ibexes in Andalusia (southern Spain)
and results of bivariate analysis.

Iberian Ibexes with Skin Lesions

Compatible with Sarcoptic Mange Clinically Healthy Iberian Ibexes

Variable Categories
% ELISA Seropositives/ Val % ELISA Seropositives/ Val
Positive Overall 2 p-vatue Positive Overall 2 p-vatue
. AN 68.4 104/152 4.2 8/189
b
Location HEN 0.0 0/5 0.004 00 0/65 0.09
Juvenile 100.0 7/7 10.0 1/10
Age Sub-adult 67.1 49/73 0.152 4.5 4/88 0.305
Adult 63.9 46/72 2.1 3/140
Male 68.1 77/113 3.7 7/187
Sex Female 58.5 24/41 0-179 16 1/62 0-366
2015 - - 20.0 1/5
2016 0.0 0/3 2.8 1/36
2017 60.6 20/33 1.7 1/58
Sampling year 2018 73.3 11/15 0.153 6.8 3/44 0.231
2019 66.1 39/59 1.5 1/66
2020 80.0 12/15 34 1/29
2021 68.8 22/32 0.0 0/16
Percentage Grade I (<25%) 51.1 23/45
of chin o8 Grade I (25-50%) 763 29/38 0.000 ] ] ]
area affected Grade III (50-75%) 83.3 10/12 ’
Grade IV (>75%) 88.2 30/34

2 Missing values omitted. ® AN: population nuclei with previous records of sarcoptic mange; HFN: population
nuclei historically free of sarcoptic mange.

In addition, cross-sectional sampling was carried out in domestic goats in the same
period and study region. The sample size was calculated based on an estimated prevalence
of 50% (which provides the highest sample size in studies with unknown prevalence) with a
95% confidence interval (C195%) and a desired precision of £5%, resulting in 385 specimens
to be sampled. Goat flocks were randomly selected in the four provinces with the highest
goat census [22] and included three of the five provinces where Iberian ibexes were sampled.
Ultimately, 392 blood samples were randomly collected from 28 goat herds.

2.2. Serological Analyses

Blood samples from Iberian ibexes and domestic goats were collected through jugular
vein puncture using sterile tubes without anticoagulants in live animals, or by puncture
of the endocranial venous sinuses in dead Iberian ibexes, as previously described. After
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centrifugation, sera were collected and stored at —20 °C until analysis. The presence of
antibodies against S. scabiei was determined using an in-house indirect ELISA, following
the protocol described by Rambozzi et al. [23] but using commercial ELISA plates coated
with S. scabiei var. suis antigen (Sarcoptes-Elisa 2001® PIG, AFOSA GmbH, Blankenfelde-
Mahlow, Germany) [24]. The cut-off value used was 92.0% [24]. The estimated sensitivity
(Se) and specificity (Sp) of this in-house ELISA were 93.0% and 93.5%, respectively [24].

2.3. Potassium Hydroxide (KOH) Digestion Procedure

Skin scrapings were obtained from lesions compatible with mange, encompassing
both healthy and injured tissue, and were processed in a 10% KOH solution for 60 min
at 37 °C. Subsequently, they were observed under the microscope (20x and 40x) for the
detection of S. scabiei. Identification of mites was performed according to the keys and
descriptions of Wall and Shearer [25].

2.4. Statistical Analyses

The frequency of seropositivity was estimated from the ratio of positive samples to
the total number of samples analysed. The confidence intervals for seroprevalences were
estimated by the standard error 95% confidence interval. Associations between the serolog-
ical results and independent variables (location, age, sex, sampling year, and percentage of
skin surface area affected) were analysed using Pearson’s chi-squared test or Fisher’s exact
test, as appropriate. Pearson’s chi-squared test evaluates the observed frequencies from a
sample against the expected frequencies, assuming that there is no association between the
variables and that the distribution is normal. For the test to be valid, it is essential that all
expected frequencies are sufficiently large (>5). Therefore, when there were fewer than six
observations per category, Fisher’s exact test was used [26]. Differences were considered
statistically significant when p-value < 0.05. Statistical analysis to determine significant
differences between the serological results and independent variables was carried out using
the SPSS statistical software package, version 25.0 (IBM Corporation, Somers, NY, USA).

3. Results

Antibodies against S. scabiei were detected in 112 (27.3 &= 4.3%) of the 411 Iberian
ibexes analysed. Seropositivity was found in 104 of the 157 (66.2 & 7.4%) animals with
mange-compatible lesions, and in 8 of the 254 (3.1 &£ 2.2%) clinically healthy ibexes. Out of
88 analysed skin scrapings, mites of S. scabiei were confirmed in 57 (64.8%) cases. Antibodies
against S. scabiei were found in the sera of 49 (86.0 £ 9.0%) of these 57 animals.

At least one seropositive Iberian ibex was detected in 8 of the 13 (61.5%) population
nuclei, with seropositive values ranging between 5.8% and 50%. Seropositive animals were
detected in AN but not in HEN (Figure 1). Anti-S. scabiei antibodies were not detected in
any of the 392 domestic goats. Sarcoptic mange-compatible lesions were not observed by
farmers in the 28 goat flocks sampled.

Significant differences in seropositivity were observed among Iberian ibexes with
mange-compatible lesions, depending on the affected skin surface. The frequency of
antibodies significantly increased with the percentage of skin surface affected, as follows:
51.1 & 14.6% (23/45) with grade I; 76.3 & 13.5% (29/38) with grade II; 83.3 £ 21.1% (10/12)
with grade I1I; and 88.2 £ 10.8% (30/34) with grade IV (p = 0.002) (Table 1). A temporal
pattern was also observed, with a significantly higher seropositivity in spring (42.9 £ 8.2%;
60/140) compared to summer (23.7 £ 13.5%; 9/38; p = 0.023), autumn (8.8 £ 5.2%; 10/114;
p < 0.001), and winter (27.7 £ 8.0%; 33/119; p = 0.008).

4. Discussion

Even though different direct and indirect methods have been proposed to investigate
the circulation of S. scabiei in wild and domestic species—including clinical diagnosis, der-
matoscopy, intradermal skin tests, infrared thermal imaging, antibody and antigen detection,
PCR-based methods, or even the use of mange-detector dogs [5,27-29]—the diagnosis of

116



Animals 2024, 14, 1194

sarcoptic mange remains a challenge today. Currently, there are few diagnostic methods
showing satisfactory performance and cost-benefit balance [30]. Among them, indirect ELISA
is deemed a valuable diagnostic tool for assessing S. scabiei exposure [2,24,30].

The overall individual prevalence of antibodies against S. scabiei detected in the Iberian
ibex (27.3%) during the present study is evidence of a high ongoing circulation of the para-
site in southern Spain. However, given that the analysed animals were opportunistically
sampled in the framework of the epidemiological surveillance program, this result may
eventually overestimate the actual prevalence of sarcoptic mange among them, thus, the
outcome should be interpreted taking into account the different epidemiological contexts.
Moreover, these results should be interpreted in the context of a broad time frame, taking
into account that the risk factors could change over the time. Of the Iberian ibexes exhibit-
ing mange-compatible lesions, 66.2% tested positive for anti-S. scabiei antibodies. This result
is mostly explained by the lower Sp (60.7%) of the visual diagnosis of sarcoptic mange in
Iberian ibexes [31] compared to the ELISA (93.5%) [24]. This interpretation is supported by
the higher seroprevalence (86.0%) found in ibexes that exhibited mites of S. scabiei in their
skin samples. However, eight cases of mange confirmed by KOH digestion were seronega-
tive, confirming the estimated Se value of the ELISA test used. Complementarily, the onset
of clinical dermatological signs following S. scabiei infestation may shortly anticipate the
onset of a measurable humoral response, as shown by experimental trials in the Iberian
ibex [24,32] and in other mammal species [33-36]. Consistently, within the group of animals
showing mange-compatible lesions, we found a significant positive association between
the presence of anti-S. scabiei antibodies and the affected skin surface—a reasonable proxy
of the mite population size and the related antigenic stimulation of the host’s immune
system [20]. These findings suggest a cumulative persistence of antibodies throughout the
course of the disease; moreover, they are further evidence of the poor defensive contribution
of the circulating antibody response in the face of Sarcoptes invasion [2,18,37].

Interestingly, 3.1% of the clinically healthy Iberian ibexes showed antibodies against
S. scabiei. This result could be associated to the Sp of the ELISA (93.5%) or may mirror
alternative situations, such as (i) recovery after infection and the transitory development
of mild lesions [15,38,39], or (ii) the presence of the disease at an early stage. Concerning
the second hypothesis, although the Se of the visual inspection has been shown to be high
(87.1%) [31], the presence of undetected skin lesions during the external inspection cannot
be ruled out, particularly in recently infected animals. Additional studies are needed to
evaluate these hypotheses.

A significantly higher seropositivity was observed in animals sampled in spring. This
result is consistent with the higher number of cases of sarcoptic mange reported in Iberian
ibexes during the winter season [12,27,31,40], as well as the subsequent seroconversion
several weeks after infestation [32]. The cold period is particularly favourable for mite
direct transmission because of the timing of the rutting season [11]. This temporal pattern
can be also explained by the highest survival time of S. scabiei at <20 °C and relative
humidity > 75% [2], which increases the risk of environmental (indirect) transmission
during the winter period.

The detection of at least one seropositive animal in eight of the thirteen (61.5%)
sampled population nuclei indicates that S. scabiei is widespread in this species in southern
Spain. Accordingly, Fernandez-Mufioz et al. [14] observed that sarcoptic mange is rapidly
spreading among Iberian ibex populations across the Iberian Peninsula, particularly in
the Mediterranean Basin. In our study, all seropositive individuals originated from AN,
whereas seropositivity was not found in the Iberian ibexes from the three HFN analysed.
Of note, the number of analysed sera from the remaining two nuclei was very limited
(two samples each, Figure 1). From a conservation perspective, we highlight an interest
in confirming, with a diagnostic method complementary to the traditional ones (e.g.,
observation from a distance), that no circulation of the parasite occurred in selected areas
during the study period, despite proximity and likely connections with AN. The reasons
why these nuclei have been mange-free for decades are unknown and undoubtedly worth
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investigating. Resilience in naive nuclei of Iberian ibex and other caprine hosts to the
severe demographic effects of sarcoptic mange has been already reported [8,15,41] but an
authentic innate resistance would be unprecedented. If they exist, innately resistant nuclei
should represent a favourite source of founder individuals for (i) planned reintroductions
in areas connected with AN, and (ii) the restocking of those ibex nuclei which are still very
sensitive to mange effects after decades of Sarcoptes circulation.

Since the first epizootic outbreak of sarcoptic mange was described in Iberian ibex popula-
tions in late 1987 [12], different studies have pointed out the relevance of multi-host systems in
the transmission and maintenance of S. scabiei [4]. In this sense, transmission of S. scabiei at the
wild Caprinae-domestic goat interface has been well documented [7,12,42,43]. In our study,
none of the domestic goats analysed showed antibodies against this parasite, suggesting
that sarcoptic mange is now maintained in an independent wild cycle in the study area. In
line with this, Falconi et al. [44] observed that S. scabiei is self-maintained independently in
Cantabrian chamois (Rupicapra pyrenaica parva) and livestock in northern Spain.

5. Conclusions

To the best of the authors” knowledge, this is the first seroepidemiological study
that jointly assesses the exposure of S. scabiei at the Iberian ibex—domestic goat interface.
Our results indicate a widespread distribution of this parasite among the Iberian Ibex
populations of southern Spain and a null or limited circulation in domestic goat flocks
from this region, suggesting that S. scabiei is maintained in exposed ibex nuclei, and in
sympatric livestock if justified by the epidemiological context. Surveillance should inform
the management of exposed ibex nuclei, including options such as selective culling of
mangy individuals, depopulation, mass treatment, and laissez-faire [4,6]. Within this frame,
the results of our survey suggest that sero-diagnosis by indirect ELISA represents a useful
complementary tool to monitor the exposure of wild and domestic Caprinae to S. scabiei
over time.
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Simple Summary: Two recent transmission chains of PRRSV-2-associated cases were documented in
this study using field epidemiological and molecular genetic tools. The investigation highlighted
the risks associated with the free movement of livestock in the European Union. To minimize this
risk of re-infection of PRRS-free herds with PRRSV through animal imports, it is recommended that
pigs are transported directly from the exporting holdings without the involvement of transit stations.
Alternatively, the transit stations could be converted so that pigs in transit avoid contact with each
other, thus preventing exposure to PRRSV infection.

Abstract: This study reports on the molecular epidemiology of Ingelvac-PRRS-MLV-associated cases
in Hungary for the period 2020-2021. Field epidemiology investigations led the experts to conclude
that imported pigs, which were shipped through transit stations in Denmark, introduced the vaccine
virus. The movement of fatteners and the neglect of disease control measures contributed to the
spread of the virus to PRRS-free pig holdings in the vicinity. Deep sequencing was performed to
genetically characterize the genes coding for the virion antigens (i.e., ORF2 through ORF?). The study
isolates exhibited a range of 0.1 to 1.8% nucleotide sequence divergence from the Ingelvac PRRS MLV
and identified numerous polymorphic sites (up to 57 sites) along the amplified 3.2 kilo base pair
genomic region. Our findings confirm that some PRRSV-2 vaccine strains can accumulate very high
number of point mutations within a short period in immunologically naive pig herds.

Keywords: NA-type PRRSV; molecular epidemiology; virus transmission; next-generation sequencing;
single nucleotide variation; Ingelvac PRRS MLV; Hungary

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is amongst the most signif-
icant infectious diseases constantly inducing great economic losses for the global swine
production. The typical manifestations of the syndrome are reproductive disorder in sows
and respiratory disease in piglets [1]. The increased mortality of prenatal, pre-weaned and
young pigs as well as reduced growth rate have the most relevant economic impact [2,3].
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The causative agent of PRRS is an enveloped, single-stranded RNA virus (PRRSV) belong-
ing to the Arteriviridae family [4]. Two, distantly related PRRSV species are distinguished,
such as Betaarterivirus suid 1 and Betaarterivirus suid 2 (former PRRSV-1 or EU-type and
PRRSV-2 or NA-type, respectively) [5].

Recognized by the competent committee of the European Union, Hungary launched
an eradication program (2014-) in order to reduce the initially high prevalence of PRRSV
and to alleviate the associated economic burden [6]. By 2022, all pig herds became free of
wild-type PRRSVs, and the legislation continues to support the maintenance of an absolute
free status for pig holdings (including disease-free status from vaccine-origin PRRSVs) [7].
The extensive monitoring conducted throughout the years of disease elimination revealed
that the circulating EU-type Hungarian PRRSV strains were genetically diverse, whereas
NA-type PRRSVs were scarcely identified [8,9]. In fact, all NA-type viruses detected after
2014 were classified as derivatives of a live, attenuated vaccine virus [9]. The vaccine virus
was developed from a wild-type virulent strain, VR2332 (https:/ /bi-animalhealth.com/
swine/products/flex/ingelvac-prrs-mlv (accessed on 29 September 2023.)). The vaccine
(Ingelvac PRRS MLV or RespPRRS MLV) is registered in nine countries within the EU, such
as Denmark, Belgium, Germany, Lithuania, Luxembourg, Netherlands, Poland, Portugal
and Spain (https://www.ema.europa.eu/en/documents/referral/modified-live-porcine-
respiratory-reproducti-article-35-referral-annex-i-ii-iii_en.pdf (accessed on 29 September
2023)). In addition, Slovakia permits the use of this vaccine for immunization on a case-
by-case basis. Identification of vaccine-origin PRRSV-2 strains has been published from
the EU [10-14], and the policies concerning the registration of the PRRSV-2 vaccines are
likely to reflect the actual epidemiological situation in the respective countries; yet, updated
surveillance data are not regularly published. Although the Ingelvac PRRS MLV is not
authorized in Hungary, the introduction of the vaccine virus is plausible, for example,
through illegal import of vaccines (e.g., as happened in 2008, 1. Szabo, unpublished data)
or with imported, freshly vaccinated piglets.

Denmark, where the Ingelvac PRRS MLV is regularly used, is a major source of pre-
fatteners for Hungary, therefore it is essential that the Hungarian authorities are aware of
the export procedures. Under Danish legislation, Hungary is a red zone country, therefore
exported pigs must be loaded onto Hungarian trucks at EU-certified collecting stations, not
directly at the sellers” farm. Given that the transit stations place pigs from various farms in
shared air space, even a PRRS-free shipment could be infected with various PRRSVs before
entering Hungary [15].

In this study, we present the molecular epidemiological aspects of two PRRS outbreaks
associated with the Ingelvac PRRS MLV. We wish to draw attention to the mode of infection,
which is related to the commercial logistics of immunized fattening pigs in a foreign country.

2. Materials and Methods
2.1. Epidemiological Investigation

Our epidemiological investigations in relation to the accumulation of NA-type PRRSV
infections involved seven large-scale fattening and breeding farms (Farm A to Farm G)
during 2020-2021 (Table 1). The inspection of official departments included the check-
ing of import licenses, the documents accompanying the shipments (TRACES certificate),
and the results of diagnostics. At the same time, information was collected on the move-
ment of transport vehicles (live animals and carcasses, forages, breeding material, etc.)
passing through other establishments or slaughterhouses linked to the farms concerned.
Additionally, the personnel entering the examined pig farms were recorded.
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Table 1. Farms involved in the transmission chain of Ingelvac PRRS MLV.

Farms Farm Size and Type Origin of Pigs Other Information
4000-seat large-scale fattening farm, Prefatteners are purchased
Farm A . .
continuously supplied from Denmark

600-seat large-scale breeding farm (Hungarian
Farm B Large White x Hungarian Landrace local hybrid),

f -to-finish t tablish t . .
arrow-to-hmish type estabiishmen Situated in the same county

large-scale breeding farm (1820 sow, Danbred Parts of prefatteners are

Farm C hybrid), farrow-to-finish type establishment transported to a separate farm
or other integrators
Farm D 2700-seat la}rge-scale fatter.ung farm, Prefatteners are from Farm C
continuously supplied
Farm E 9000-seat la.lrge-scale fatter.ung farm, Prefatteners are from Farm C -
continuously supplied
2000-seat large-scale fattening farm Prefatteners are purchased
Farm F . . -
continuously supplied from Denmark
2600-seat large-scale fattening farm Prefatteners are purchased
Farm G . . -
continuously supplied from Denmark

2.2. PRRSV Diagnostics

Serum or buccal swab samples were collected from imported prefattener stocks, from
pigs showing clinical symptoms and from pigs involved in regulatory PRRSV monitoring
(pregnant gilts, sows and fatteners). In general, the number of samples taken for diagnostics
is calculated based on 95% confidence at 10% prevalence values [16]. The viral RNA was
isolated with the QIAmp Viral RNA Mini Kit (Qiagen, Hilden, Germany) and tested for
PRRSV with RT-qPCR using the Virotype PRRSV RT-PCR Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Sequencing of ORF5 or ORF7 was performed
on randomly selected samples exhibiting low Ct values obtained in the diagnostic RT-qPCR
assay (for details see [17]). Sequencing of these amplified regions using the Sanger method
was carried out on an ABI PRISM 3100 automatic sequencer. Antibody detection was
performed using the PRRS Universal ELISA Kit (Ingenasa, Madrid, Spain) according to the
manufacturer’s instructions.

Concerning the imported fattening stocks, the measures initiated by the eradication
program in accordance with the law are as follows. The entering prefatteners are quaran-
tined for 60 days, and diagnostic tests are conducted (PRRSV RNA and antibody detection)
48 h within their arrival. At the end of the quarantine, the whole workflow is repeated. In
addition to the monitoring of imported fattening stocks, regular and mandatory surveil-
lance is performed every six months as required by the law [18].

2.3. Analysis of the ORF2-7 Region

The standard diagnostic procedures were supplemented with amplification and next-
generation sequencing (NGS) of the structural ORFs, ORF2 to ORF7. In brief, the viral RNA
was freshly re-isolated from the remaining specimens with the QIAmp Viral RNA Mini Kit
(Qiagen, Hilden, Germany). SuperScript™ III Reverse Transcriptase (Invitrogen, Waltham, MA,
USA) and an anchored poly(dT) primer (5-TTTTTTTTITITTTTTTAATTWCG-3') were used
for cDNA synthesis. Amplification of the ORF2-7 region was performed with the Phusion DNA
polymerase (Thermo Scientific, Waltham, MA, USA). The final volume of PCR mixture was
20 pL, in 1x HF Buffer with 3% DMSO, 0.5 uL of each primer (10 uM), and 1 pL of cDNA tem-
plate. The degenerate primer pair was as follows: 5'-CGKGCGCGCCAGRAAGGGAAAATTTA-
3’ and 5-GCACARTRTCAATCAGTGCCATTCAC-3'. The parameters of the PCR program
were as follows: initial denaturation at 98 °C for 30 s, then 35 cycles of denaturation at 98 °C
for 10 s, annealing at 66 °C for 30 s and extension at 72 °C for 2 min; the final elongation at
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72 °C lasted for 10 min. After analysing the PCR product on 1% agarose gel, the bands were
excised and purified with Gel/PCR DNA Fragments Extraction Kit (Geneaid, New Taipei
City, Taiwan). For library preparation, we used the Nextera XT DNA Library Preparation
Kit and the Nextera XT Index Kit v2 (Illumina, San Diego, CA, USA). Sequencing was
performed on an Tllumina® NextSeq 500 sequencer, as described previously [19]. GenBank
accession numbers of the study strains are as follows: OR143097-OR143102.

2.4. Sequence Analysis

The whole ORF2-7 region was assembled from the NGS short reads via reference
mapping to the VR2332 prototype genome. Variant calling (minimum variant frequency of
10%) was performed in Geneious 9.1.8 software (Biomatters, Inc., Auckland, New Zealand).
The final consensus sequences were aligned with selected lineage-specific sequences using
the MAFT algorithm as implemented in Geneious 9.1.8. Pairwise sequence identities were
generated in the MEGA software (version 10.1.8) [20]. Phylogenetic reconstruction based
on maximum likelihood was performed with MEGA software (version 10.1.8) (model
HKY + G, 1000 bootstrap).

3. Results
3.1. Transmission Chains

Preceding the incidents, all affected pig herds in this study possessed a PRRS-free
status registered by the Hungarian Veterinary Authorities. However, from autumn 2020 to
summer 2021, two distinct transmission chains of the Ingelvac PRRS MLV vaccine virus
were identified. In this section, we describe the timeline of sampling and diagnostic test
results followed by the traditional and molecular epidemiologic findings.

3.1.1. Transmission Chain I

All identified cases in the transmission chain I were connected to the collecting station
“P” in Denmark.

Farm A: Several shipments arrived from a foreign, certified PRRS-free farm to Farm A
through the same collecting station in Denmark (“P”) on each week in October and twice
in the first two weeks of November 2020. In mid-October, 30 samples were subjected to lab-
oratory tests from the first two stocks; however, that was several days after the mandatory
48 h. All samples had a positive PCR result, 20 samples also gave positive ELISA and a
single PRRS EU strain (Porcilis PRRS vaccine strain) was detected via ORF5 sequencing.
Neither relevant blood test nor ELISA were performed for the subsequent stocks.

Farm B: Routine laboratory tests of serum samples (n = 33) from Farm B were positive
for PRRS (39% PCR positive and 100% seropositive) on 18 November 2020. The ORF7
sequence determined for a single sample (sample ID.: 64196) showed the closest genetic
similarity to Ingelvac PRRS MLV.

Farm C: On 15 and 20 April 2021, sera (n = 11) and buccal swabs (n = 8) were collected
from sows, respectively, which manifested mild clinical symptoms such as loss of appetite,
fever and snorting. PRRS infection was confirmed with positive ELISA (100%) and PCR
tests (100%). The ORF7 and ORF5 sequences (sample ID.: 18601, sow, buccal swab)
identified the Ingelvac PRRS MLV as the causative PRRSV strain. Subsequently, the
authorities ordered herd closure and monitoring of all age groups, and serum samples
(n = 190) were gathered on 21 April. The obtained seropositivity and positive PCR rate
(found in the cohorts of 28- and 60-day old pigs) for the corresponding herd were 74% and
7.9%, respectively. The ORF7 and ORF5 sequences (samples ID.: 19001, pig, serum) were
classified as Ingelvac PRRS MLV.
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Farm D: Fattening stocks were continuously placed on Farm D from Farm C. On
21 April 2021, routine serological tests showed 100% seropositivity and 16.7% of serum
samples (n = 30) were PCR-positive in case of the fatteners (90-180 days old) settled in
January and February of 2021. Sequencing of the ORF7 (samples ID.: 19702) resulted in the
detection of Ingelvac PRRS MLV. Furthermore, seropositive animals were found among
pigs settled in April 2021.

Farm E: Fattening stocks were continuously placed on Farm E from Farm C. On 23
April 2021, routine serological tests from serum samples (n = 160) showed almost 100%
seropositivity and PCR positivity (1.9%) of the examined herd of Farm E, and Ingelvac
PRRS MLV was identified after sequencing the ORF5 gene (sample ID.: 19601).

3.1.2. Transmission Chain II

All identified cases in the transmission chain II were connected to the transit station
“T” in Denmark.

Farm F: Prefatteners purchased from a foreign-certified PRRS-free farm were imported
through the transit station “T” in Denmark to Farm F on 26 May 2021. The mandatory
laboratory tests from serum samples (n = 29) performed immediately after unloading
showed high rates of positivity with PCR (100%) and ELISA (13.8%). The following
diagnostic tests (7, 14 and 27 days after the settlement) confirmed the infection with PRRSV,
and the Ingelvac PRRS MLV was identified via sequencing of the ORF7 (sample ID.: 27392).

Farm G: Prefatteners were ordered from a foreign-certified PRRS-free farm and trans-
ported through the collecting station “T” in Denmark to Farm G on 4 May 2021. Serology
testing (n = 29) was conducted within 48 h after the arrival, which gave negative test results.
At the end of the quarantine (7 July 2021); however, the herd displayed positivity with PCR
(100%) and ELISA (100%) tests, and the pathogen was classified as the Ingelvac PRRS MLV
based on ORF7 sequencing.

The events of pig import and the results of the PRRSV PCR tests conducted for this
study are summarized on a timeline figure (Figure 1).
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Figure 1. Schematic presentation of pig import events and the results of PRRSV PCR tests.

3.2. Epidemiological Investigation

Epidemiological investigation was performed to explore the most likely transmission
route of the Ingelvac PRRS MLV vaccine strain among affected herds (Figure 2).

In the case series linked to collecting station “P” in Denmark, five large-scale farming
units were involved, and Farm A was identified as the initial piece of the transmission
chain. Pigs imported from Denmark through collecting station “P” to Farm A (October and
November, 2020) could be infected recently with the Ingelvac PRRS MLV vaccine virus.
From some stocks of Farm A, we identified the Porcilis PRRS vaccine strain, an EU-type
vaccine that is regularly used for immunization in Denmark. The PRRSV-2 vaccine virus
itself could not be detected at Farm A, in part, as a result of omitting routine virological
testing of some imported stocks. Concerning the next steps in virus transmission, field
investigation suggested that a manure suction vehicle, which regularly operated between
Farm A and Farm B, was responsible for the introduction of PRRSV from Farm A to Farm
B. Importantly, Farm B had no direct transport or any other commercial relationships with
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collecting station “P” or Farm A that could have explained the introduction of vaccine
virus to this farm. Next, the authorities recognized that the route of infection to other
farms could be epidemiologically linked to the management of fattener transport to the
slaughterhouses or the pig movement between consecutive phases of production. An
apparent issue was that weighing equipment was not available at Farm D; therefore, the
transport vehicle owned by a local slaughterhouse was used to transport the pigs at to Farm
C, where measuring equipment was available. Considering this practice, infection of Farms
C and D with the vaccine strain may have occurred when the vehicle of the slaughterhouse
collected infected pigs from Farm B on 17 February 2021, then the animals were weighed
at Farm C. Next, the vehicle picked up fatteners at Farm D and returned to Farm C to
weigh the pigs of Farm D. At last, the vehicle completed its journey at the slaughterhouse.
Throughout the process of loading, the staff members had multiple contact events with
infected animals, including the transport vehicle and many objects located at the farm that
could have readily spread the vaccine virus. Another plausible explanation is that only
Farm C was infected this way, and later, fatteners from Farm C were placed in Farm D,
which caused the emergence of vaccine-associated PRRS on Farm D. In case of Farm E,
the transportation of already infected prefatteners from Farm C to Farm E introduced the
"P"and "T"

vaccine-origin PRRSV.
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Figure 2. The most likely transmission routes of the Ingelvac PRRS MLV vaccine strain determined
during field epidemiology investigation. The arrows indicate the movement of pigs and the possible

routes of vaccine strain transmission.
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In the case series linked to collecting station “T” in Denmark, two large-scale fattening
holdings were exposed to the vaccine virus. A shipment to Farm F from Denmark very
likely carried the PRRS vaccine strain, as diagnostic tests upon arrival identified severe
PRRS infection in imported piglets. Farms F and G are two neighbouring establishments,
with a fence separating them on the side boundary. The field investigation established that
the fence and the negligible distance between the pens of the two farms could unlikely
prevent the spread of vaccine virus to the PRRS-free herd of Farm G.

3.3. Molecular Investigations

Considering only the ORF5 and ORF7 regions, which were sequenced during the
diagnostic workflow, the nucleotide (nt) and amino acid (aa) sequence identity among
samples were 96.4% to 100% (nt) and 97.5% to 100% (as) for the ORF5, and 97.6% to 100%
(nt) and 99.2% to 100% (as) for the ORF7. Both the ORF5 and ORF7 sequences shared high
similarities to the Ingelvac PRRS MLV vaccine strain (98-100% and 98.1-100%), respectively.
Thus, the sequence data obtained for ORF5/ORF7 uncovered the vaccine origin of strains in
disease etiology; however, additional data were needed to support the field epidemiology
observations. The genomic region encoding the structural proteins was amplified and
sequenced from samples collected at Farms B, C, D, E and F. Unfortunately, some imported
stocks having arrived at Farm A were not sampled, and amplification of the ORF2-7 region
from samples collected at Farm G failed.

The ORF2-7 region was uniformly 3188 base pair long, neither indel mutations nor re-
combination events were detected. Pairwise nt identities of the obtained ORF2-7 consensus
sequences fell between 97.5% and 100%, and, when compared to the Ingelvac PRRS MLV
vaccine strain, the identities ranged between 98.2% and 99.9% (Table 2). By analysing the
NGS runs, we found a total of 72 SNV sites in four samples (19001, 19702, 19601 and 27392)
under the criterion of a minimum variant frequency of 10%. The other two samples (64196
and 18601) showed no sequence variation in the amplified genomic region. The frequency
of SNVs, analysed at an average sequencing depth of 8976-22052X, ranged from 10.2%
to 50.8% (Figure 3). The position of SNVs varied considerably among strains. Between
the Ingelvac PRRS MLV and the VR2332 strain, the following nt positions were identified
as being different along the ORF2-7 region: 610, 722, 813, 1967 and 3161. Only, two and
one SNV variants identical with the VR2332 were detected in samples 19702 and 27392,
respectively, at positions 610, 772 and 1967.

Table 2. Percent pairwise nucleotide identities among study strains and selected reference strains.

Strains VR2332 Ingelvac PRRS 64196 18601 19001 19702 19601 27392
MLV Farm_B Farm_C Farm_C Farm_D Farm_E Farm_F

VR2332

Ingelvac PRRS

MLV 99.6

64196_Farm_B 98.8 99

18601_Farm_C 98.8 99 100

19001_Farm_C 98.1 98.3 97.6 97.6

19702_Farm_D 99.6 99.9 99 99 98.3

19601_Farm_E 98.1 98.2 97.5 97.5 99.7 98.2

27392_Farm_F 99.3 99.4 98.8 98.8 98.3 99.5 98.2
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Figure 3. Distribution of SNV sites in the ORF2-7 region of study strains and their comparison to the
consensus sequences of Ingelvac PRRS MLV and VR2332.

When analysing the aa identity values in the amplified structural protein region,
the study strains were found to share 95.3-100% identities with the Ingelvac PRRS MLV
vaccine strain, with GP3 being the most different region. In particular, the number of
amino acid positions showing substitutions within GP2, GP3, GP4, GP5, M and N of the
Hungarian isolates compared to the vaccine strain were the following: 11/256 (4.3%),
13/254 (5.1%), 3/178 (1.7%), 7 /200 (3.5%), 3/174 (1.8%) and 1/123 (0.8%), respectively. As
shown in Figure 4, the Hungarian study strains shared some unique aa residues (such as
two (F10 — L19, 127 — M%), one (T?® — A30) and one (D3* — H/A/G3) aa residues in
the GP2, GP3 and GP5, respectively) that were shared by the majority of study strains (with
the exception of sample originating from Farm D) but differed from both the vaccine strain
and its wild-type parental strain. We observed several aa residues that were identical to the
Ingelvac PRRS MLV within GP2, GP3, GP5 and N, at three (H?*, A?23 and V?4!), one (I'%),
two (CH, A??) and one (K'°) positions, respectively (Figure 5). On the contrary, only two
aa residues situated in the GP3 (I — V®*) and M (E!® — Q!9), except 19702 from Farm D,
were equal to the VR2332, respectively (Figure 5).
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Figure 5. Maximum-likelihood-based phylogenetic tree based on the ORF2-7 region of the genome.
The study strains and the reference strains, Lelystad and VR-2332, are highlighted with different
colours. For a better resolution of phylogenetic relationships among strains, additional sequences
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from the GenBank were also used. The lineage specificities are shown on the right.

Phylogenetic analysis was performed to connect genetic data to the epidemiologic
observations. The ORF2-7-based phylogenetic tree confirmed the relationship among the
Hungarian strains involved in the two PRRSV-2-associated infection chains, and these
strains clustered with the Ingelvac PRRS MLV vaccine virus, the parental VR2332 strain
and other vaccine-related strains from different countries (Figure 5). Sequences from Farms
B and C, likewise C and E, formed two distinct clusters while the sequence originated from

Farm D clustered with the Ingelvac PRRS MLV.
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4. Discussion

Eradication of PRRSV from the pig population of Hungary is nearing completion. As
the number of PRRS-free herds increases, it is a fundamental obligation for the authorities
to maintain the PRRS-free status. A key measure in these efforts is the continuous epidemio-
logic surveillance and the elimination of all PRRS infections, including those resulting from
vaccination with live virus. Thus, awareness of the major epidemiological risks greatly
contributes to the effective control of PRRS.

The international regulation by the World Organisation for Animal Health (WOAH)
requires the verification of the occurrence of PRRS infection according to the following
criteria: (i) isolation of PRRSV from pig, except vaccine strains; (ii) detection of PRRSV’s
antigen or RNA, which is not the consequence of vaccination; (iii) detection of the vaccine
PRRSV strain’s specific antigen or RNA from non-vaccinated pig; (iv) detection of antibody
against PRRSV, which is not the consequence of vaccination (https://www.woah.org/
(accessed on 09 September 2023)). The Hungarian law added a further criterion declaring
that fattening units must be free of both wild-type and vaccine-origin PRRSV [6].

From the perspectives of epidemiological judgment and regulation, the vaccine-origin
PRRSV strains are considered less harmful, and their impact on economic losses is negligible
when compared to infection with wild-type variants. Apparently, this is in accordance with
the requirements of vaccine use. However, vaccine viruses introduced without vaccination
into a non-vaccinated pig population may serve as a possible source of infection as can be
seen in the case of wild-type strains [21-23].

In this study, the dispersal routes and the transmission modes of the NA-type Ingelvac
PRRS MLV vaccine origin strain was sought in Hungary via epidemiological investigation
and virus genetic analysis. Our investigations led to the conclusion that imported pig
stocks that temporarily stayed at collecting stations in Denmark were the primary source of
infection. Although the number of samples whose sequence data were available for analysis
was limited, our virus genetic data helped clarify the epizootiology of vaccine-origin PRRS
infection in the affected swine herds. Analysis of the ORF2-7 region of all available NA
type PRRSV study strains showed close genetic relationship to the Ingelvac PRRS MLV
strain. Moreover, the deduced amino acid sequences uncovered greater number of shared
residues with the vaccine strain than with the wild-type VR2232 strain.

One of the epidemic cases presented here underlines the responsibility of the im-
porter (Farm A), as without the proper examination of imported pigs, a previously scarce,
identified live vaccine strain—the Ingelvac PRRS MLV—was introduced into five Hun-
garian PRRS-free pig herds. The Ingelvac-PRRS-MLV-related variants detected on Farm
B (sample 64196) and one obtained from sows on Farm C (sample 18601) showed 99% nt
identity to the vaccine strain and clustered together in the phylogenetic tree. This finding
implies that these sequences may represent an earlier infection in the transmission route
as the strain barely differed from the original vaccine strain. Furthermore, it confirms the
spread of PRRS by the slaughterhouse’s vehicle operating between these two pig farms
during the period of infection. At Farm C, another sequence (sample 19001) was identified
that originated from a piglet; this sample shared 97.6% nucleotide identity with sample
18601 (from a sow), suggesting a greater level of virus divergence during the infection cycle
among swine of different ages, a finding that has been reported previously [24]. This latter
sequence from Farm C and sample 19601 from Farm E showed 98.3% and 98.2% nt identity
to the vaccine virus, respectively. The genetic difference suggested that the circulating
PRRSV strains in these herds could have been the most genetically distant viruses from the
initially imported vaccine virus. A recent paper reported that sequences gathered during
outbreaks could accumulate high number of mutations [24]. In Denmark, the Ingelvac
PRRS MLV derivative sequences showed a divergence of up to 6% [12], whereas in the USA,
less than 5% divergence to the vaccine was observed in most vaccine-related strains [25,26].
Additionally, our previous study also supports the possibility of this level of genetic varia-
tion among vaccine-derived PRRSV-2 strains [9]. Results from the phylogenetic analysis
were consistent with the theory that PRRSV was introduced to Farm E by the settled fat-
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teners from Farm C. Sample 19702 from Farm D shared 99.9% nucleotide identity with
the Ingelvac PRRS MLV strain. We hypothesize that at the very beginning of the vaccine
virus transmission, infected fatteners from Farm B were transported to the slaughterhouse.
Afterwards, the virus spread to Farm D when the slaughterhouse’s vehicle was loaded
for weighing of fatteners of Farm D. In this case, this particular virus variant showed less
variation compared to the original vaccine virus suggesting that it may have undergone
less animal-to-animal passage in different herds. Collectively, tracking the routes of the
transmission chain we revealed that within six months (from November 2020 to April 2021),
a newly introduced vaccine-origin PRRSV strain was able to spread to several different
establishments (in this case four) and could leap great geographic distances that may
jeopardize the PRRS-free status of herds in parts of the country.

There are two main factors contributing to the spread of PRRSV-2 in Hungary, based on
our previous and current observations: the initial introduction by importing infected pigs
and subsequent circulation among different herds [9]. Of note, due to the strict measures
implemented in this country, newly introduced strains are eradicated rapidly. However,
legal measures to control PRRSV could be hindered if, for example, external biosecurity
measures are occasionally neglected in farm management or in case of shared equipment
and vehicles or inadequate location of facilities.

Epidemiological investigation convincingly identified the causative virus beyond the
accumulation of cases and provided relevant clues concerning the vaccine virus transmis-
sion; however, some uncertainties remained. Throughout the study period the detected
vaccine-origin PRRSV-2 sequences showed 0.1% to 1.8% nt distance from the Ingelvac PRRS
MLV along the ORF2-7 region. The diversity among all strains identified in this study was
even greater and reached up to 2.5% nt divergence with some genomic region being even
more divergent (ORF5, up to 3.6%). Thus, the observed sequence diversity in the sample set
was somewhat greater than expected within this relatively short period of time. However,
this is not a unique finding, given that the maximum genome-level sequence divergence
detected so far within a year was as high as 6.4% [12]. We speculated that deep sequenc-
ing may help define whether a mixture of closely related vaccine strain-origin variants
co-circulate because of the viral quasispecies features. From this viewpoint, a limitation of
the study was that sampling for sequencing was randomly carried out, and the population
structure of vaccine virus derivates could not be determined in simultaneously sampled
animals. Despite this limitation, the strategy of choosing deep sequencing uncovered some
details concerning the intra-host evolution of vaccine strain from independent herds. We
chose a 10% cut-off value to define a minor variant in the sample as a possible marker for
the quasispecies structure. Four out of six samples showed evidence of intra-host viral
diversity, whereas two samples were genetically homogenous. In samples with multiple
co-evolving virus, the SNV sites ranged from 2 to 57 along the 3188 bp fragment coding for
the major virion antigens. Seeing this divergence and the ratio of the minor and the major
sequence variants, we can conclude that the SNV structure cannot be directly related to the
possible mutation rates derived from the chemistry of PCR or the sequencing technology.
Indeed, the data obtained in this study, show that the Ingelvac PRRS MLV vaccine strain
may become fairly diverse, raising questions concerning the rate of evolution and selection
of dominant variants in individual animals as well as in affected herds. An important
finding was that the distribution of SN'Vs did not show a tendency to revert to the exact
form of the wild-type parental strain, VR2332, in any samples including those identified in
pigs showing clinical manifestations. Different virus genomic evolution was also reported
before when analysing the population structure of a single Ingelvac-PRRS-MLV-related
strain [27]. We found no correlation between the number of SNVs and the sampling location
within the transmission chain either; therefore, it is not clear whether the number of minor
genomic variants increases over time in pigs reared in successive facilities. A more thought-
ful sampling process in similar situations might help understand if the observed sequence
divergence among samples is driven by random effects or if there are yet unidentified
driving forces that act on the microevolution of PRRSV genomes.
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5. Conclusions

In this paper, two distinct transmission chains of PRRSV-2-associated cases are re-
ported, where epidemiologic investigation highlighted the risks associated with free move-
ment of livestock in the EU. Although PRRS is still a major source of economic losses for
the swine industry, it is not a notifiable disease in EU countries and no legislation was
implemented for the regulation of pig trade on an EU standard. As reported previously, it
is proven that imported prefatteners are a major threat to maintain the PRRS-free status of
herds [18]. The ratification of swine stock import solely from PRRS-free pig farms restricted
the entry of severely infected pigs to Hungary. Subsequently, an additional critical problem
became the focus of attention. The export practice, such as the utilization of collecting
stations, is considered as a primary animal health risk for Hungary, particularly in case of
PRRSV-2 strains that are not endemic in Hungary. Temporary cohabitation of pigs from
different herds at the same facility could be a main source of infection, as the pigs are in
different health status and may be in different stages of infection. To minimize the risk
of PRRSV infection through import and thereby reduce further damage to farmers, it is
recommended that pigs are transported directly from the exporting holdings without the
involvement of transit stations. Alternatively, these stations could be designed so that pigs
from different herds do not come into contact and thus are unable to transmit infections
to each other. In parallel, another critical task to reduce the risk of PRRSV spread is to
improve biosecurity and regulatory measures within pig holdings in Hungary.
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Simple Summary: Alpacas (Vicugna pacos) and llamas (Lama glama) constitute the most significant
livestock wealth of the Andean populations of South America. Infectious diseases, particularly
respiratory and enteric infections, cause high morbidity and mortality in offspring and adult
animals. In this study, we demonstrated that multiple variants of the coronavirus co-circulated
among Peruvian alpacas. We also demonstrated that some of these variants bear similarities
to coronavirus strains detected in bats. For a better understanding of the infections that afflict
these animals, continuous surveillance is needed to identify the emergence of new genotypes
and viral variants that are potentially pathogenic to alpacas and humans. Future studies should
include the sequencing of genes encoding CoV spike proteins and host receptors to confirm
interspecies transmission.

Abstract: Coronaviruses (CoVs) infect a wide range of hosts, including humans, domestic animals,
and wildlife, typically causing mild-to-severe respiratory or enteric disease. The main objective of this
study was to identify CoV genera and subgenera detected in Peruvian alpacas. Lung lavage specimens
were collected from 32 animals aged 1 to 6 weeks. CoVs were identified by using RT-PCR to amplify
a pan-CoV conserved region of the RNA-dependent RNA polymerase-encoding gene. A nested PCR
was performed to identify B-CoVs. Then, B-CoV-positive samples were subjected to RT-PCR using
specific primers to identify the Embecovirus subgenus. Out of 32 analyzed samples, 30 (93.8%) tested
positive for at least one CoV genus. 8-, a-, or unclassified CoVs were identified in 24 (80%), 1 (3.3%),
and 1 (3.3%) of the positive samples, respectively. A CoV genus could not be identified in two (6.7%)
samples. A mixture of different CoV genera was detected in two (6.7%) samples: one was co-infected
with B- and a-CoVs, and the other contained a (3- and an unclassified CoV. A sequence analysis of the
amplicons generated by the PCR identified 17 B-CoV strains belonging to the subgenus Embecovirus
and two a-CoV strains belonging to Decacovirus. A phylogenetic analysis of two strains revealed
a relationship with an unclassified Megaderma BatCoV strain. A subgenus could not be identified in
nine -CoV samples. Our data show a high prevalence and a high genetic diversity of CoV genera
and subgenera that infect alpacas, in which the f-CoV subgenus Embecovirus predominated. Our
data also suggest a new role for bats in the dissemination and transmission of uncommon CoVs to
alpacas raised in rural Peru.

Animals 2023, 13, 2983. https:/ /doi.org/10.3390/ani13182983 135 https://www.mdpi.com/journal /animals
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1. Introduction

Raising alpacas (Vicugna pacos) and llamas (Lama glama) is the main economic activity
of the Andean populations of southern Peru [1]. The Peruvian alpaca herd represents
85% of the world’s population of these animals. Breeding is distributed primarily (77%) in
the southern highlands in the departments of Puno and Cuzco [2—4]. Most alpaca farms
are small (50-100 animals) and conduct extensive breeding with inappropriate livestock
management [2,3,5].

Neonatal mortality in alpacas can reach up to 30% [2], which is primarily due to respira-
tory and enteric infections following the failure of passive transfer colostrum antibodies [6,7].
Co-circulating viruses and bacteria have been implicated in outbreaks that feature co-
infections due to highly lethal pathogens such as Streptococcus pneumoniae, Mannheimia
haemolytica, and Pasteurella multocida [8]; coronavirus (CoV), mammalian orthoreovirus,
and rotavirus A [9-12]; CoV and Salmonella spp. [13]; parainfluenza virus type 3, bovine
respiratory syncytial virus, Pasteurella multocida, and Mannheimia haemolytica [14,15].

CoVs infect a wide range of hosts, including humans, domestic animals, and wildlife,
typically causing mild-to-severe respiratory or enteric disease [16]. This family of viruses,
with a positive-sense single-stranded RNA genome, exhibits a high genetic diversity and
is classified into four genera: Alphacoronavirus (x-CoV), Betacoronavirus (f-CoV), Gamma-
coronavirus (y-CoV), and Deltacoronavirus (5-CoV) [17]. In general, a-CoV and B-CoV infect
mammalian hosts, while y-CoV and J-CoV infect birds, although some of them also infect
mammals. It has been suggested that bats are the genetic source of x-CoV and -CoV, while
birds are the genetic source of y-CoV and §-CoV. Bat CoVs, in addition to infecting several
bat species, cross the interspecies barrier infecting other mammals, including humans.
Similarly, CoVs from birds have acquired the ability to infect a variety of bird species
and, occasionally, some mammalian species, such as whales and pigs [18]. Each genus
is further divided into subgenera and species, characterized by great genetic diversity
resulting from the high frequency of homologous recombination and the accumulation of
point mutations, which confer the ability to cross species barriers [17,19]. Recurrent events
of interspecies transmission represent the potential for accelerating viral evolution and,
consequently, the possibility of the emergence of new viral strains. The cohabitation of
birds and mammals in domestic and wild environments, as well as proximity to humans,
may offer the possibility of crossing the interspecies barrier and eventually lead to the emer-
gence of new variants capable of adapting to new hosts, including humans, as observed in
SARS-CoV-1, SARS-CoV-2, and MERS-CoV [17,18,20]. Based on phylogenetic analyses, it
appears that all human coronaviruses have animal origins: SARS-CoV, MERS-CoV, HCoV-
NL63, and HCoV-229E are considered to have originated in bats; HCoV-OC43 and HKU1
likely originated in rodents [17]. Domestic animals may have played important roles as
intermediate hosts that allow for the transmission of the virus from natural hosts to humans.
The camelids were likely intermediate hosts of HCoV-229E [21,22], and HCoV-OC43 likely
evolved from ancestral BCoV strains that crossed the interspecies barrier and established
infections in humans [23,24].

SARSCoV-1, SARSCoV-2, and MERS-CoV are examples of viruses that emerged in the
human population after spillover events, likely from an animal reservoir, with devastating
effects on public health; these viruses are classified as f-CoVs that originated from bats,
which are transmitted to humans through intermediate hosts such as civets, pangolins, and
old-world camelids, respectively [17,20]. Natural and experimental infections by SARS-
CoV-2 have been described in a wide variety of animal hosts. Ferrets and cats were found
to be highly susceptible to the virus, while dogs are less susceptible, and chickens, ducks,
and pigs have shown lower susceptibility [25,26]. The free-ranging white-tailed deer has
also been shown to be highly susceptible to SARS-CoV-2 virus infection and capable of
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sustaining transmission in nature [27]. Serological evidence has demonstrated the ability of
SARS-CoV-2 to naturally infect small ruminants such as cattle, sheep, goats, and dromedary
camels [28,29]. A SARS-CoV-2 spillback transmission from humans to animals has been
suggested [30-32], raising the possibility of SARS-CoV-2 amphixenosis.

Bovine CoVs (BCoVs) that replicate in the intestine, infect the upper and lower respira-
tory systems, and are commonly associated with enteric disease in cattle. Domestic (goats,
sheep, water buffalos, dromedary camels, alpacas, and llamas) and wild ruminants (rein-
deer, elk, sambar deer, sika deer, musk oxen, wisents, wood bison, waterbucks, sitatungas,
stable antelopes, nyalas, giraffes, and Himalayan tahrs) are infected by CoV strains that
share biological, antigenic, and genetic similarities with BCoVs (called bovine-like CoVs or
BCoV-likes) [16,33]. BCoV-likes have also been detected in other species such as Indone-
sian tapirs (Acrocodia indica), an ungulate but non-ruminant species, with dysentery [34];
dogs with respiratory disease [35]; and humans with diarrhea [36], showing the ability of
BCoV-likes to adapt to new hosts.

CoVs detected in Peruvian and other South American alpacas have been associated
with enteritis caused by bovine-like coronavirus strains [10,11,37,38], identified as a B-CoV
of the Embecovirus subgenus. In North America, viruses belonging to the -CoV genus
(subgenus Embecovirus) and x-CoV (subgenus Duvinacovirus) have been reported in alpacas
with enteric and respiratory diseases, respectively [13,39,40].

This study aimed to identify the genera and subgenera of CoVs present in bronchial
lavage samples obtained from newborn alpacas in Cuzco.

2. Materials and Methods
2.1. Sampling

Lung lavage specimens were collected from newborn alpacas (n = 32) between
one and six weeks of age from the rural community of Silly, located in the District of
Marangani, Province of Canchis, Department of Cuzco, Peru (14°21'12"” S, 71°10'17" W,
3800 masl) during the birthing season of 2012. Samples were collected directly from lungs
during necropsy and stored at —70 °C until processing at the Laboratory of Veterinary
Virology and Immunology at the Facultad de Medicina Veterinaria of the Universidad
Nacional Mayor de San Marcos (FMV-UNMSM), Lima, Peru.

2.2. Viral Detection and Identification

Viral RNA was extracted from the lung lavage using TRIzol™ LS Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Sam-
ples were tested for the presence of CoVs via reverse-transcription PCR amplification
(RT-PCR) and nested PCR using specific primers targeting a 251 bp fragment of the RNA-
dependent RNA polymerase gene (RdRp), which is conserved across all CoVs (Table 1).
Briefly, the viral RNA was subjected to one reverse-transcription cycle consisting of 5 min
at 25 °C followed by 45 min at 42 °C and one step of 2 min at 95 °C followed by PCR
cycles as described elsewhere [41]. The generated amplicons were submitted to nested
PCR using specific primers for 3-CoV to generate a 227 bp from RpRd [9]. f-CoV-positive
samples were further analyzed to identify subgenus Embecovirus using nested PCR. The
PCR conditions were as previously described by Brandao et al., 2004 [42] (Table 1). PCR
products were separated with 1.5% (w/v) agarose gel electrophoresis, stained with ethid-
ium bromide, and visualized under UV light. A 100 bp DNA ladder (Promega, Madison,
WI, USA) was used to determine molecular size.

To validate the PCR assays, positive controls were used for each of the four CoV genera
(a-CoV, B-CoV, v-CoV, and 5-CoV), which included CoVs isolated from pigs, chickens, and
alpacas and belonging to the collection of the Laboratory of Veterinary Virology and
Immunology of the FMV-UNMSM. The alpaca CoV strains used as positive controls were
AlpCoV-5A44 and AlpCoV-HN (GenBank accession numbers KX266949 and KX266944,
respectively), both belonging to B-CoV; subgenus, Embecovirus; species, bovine-like CoV.
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2.3. CoV Characterization via Phylogenetic Analysis of Partial Sequences of the RARp Gene

Amplified genomic segments were sequenced by Macrogen Inc. (Seoul, Republic
of Korea). Overlapping sequences were assembled and edited using SeqMan, EditSeq,
and MegAlign in the Lasergene software package (Version 7.0, DNASTAR, Madison, WI,
USA). Phylogenetic analysis was performed with the MEGAX software [43,44]. Dendro-
grams were constructed using the maximum likelihood method based on the Hasegawa-—
Kishino—Yano model [43]. Statistical significance was estimated via bootstrap analysis with
1000 pseudoreplicates. Sequences were compared with reference CoV strains obtained
from GenBank (https:/ /www.ncbinlm.nih.gov/nucleotide/, accessed on 1 August 2023).
Sequences generated in this study were deposited in GenBank under accession numbers
00Q845932-00Q845939.

3. Results
3.1. Detection and Identification of CoV Genera and Subgenera

Of the 32 lavage samples, 30 (93.8%) tested positive for at least one CoV genus.
Twenty-six samples were positive for - (24; 80%), a- (1; 3.3%), or unclassified (1; 3.3%)
CoVs. In two (6.7%) RT-PCR-positive samples, the CoV genus could not be identified with
either nested PCR or sequencing (Figure 1; Table 2). The detection of multiple CoV genera
was observed in two (6.7%) samples. One sample contained a mixture of 8- and a-CoVs,
and the other contained B-CoV and an unclassified CoV (Table 2). The identification of the
subgenera of the detected strains showed that 17 strains of B-CoV belonged to the subgenus
Embecovirus; two a-CoV strains belonged to the genus Decacovirus. Two strains showed
phylogenetic relationships to an unclassified Megaderma bat-CoV strain. Subgenera could
not be identified for nine -CoV strains (Figure 2; Table 2).
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Figure 1. Ethidium bromide-stained 1.5% agarose gel showing the amplified products of a pancoron-
avirus RT-PCR (251 or 280 bp) from a nested-PCR of betacoronavirus (227 bp) and an Embecovirus
nested-PCR (136 bp). (A) RT-PCR pancoronavirus (CoV, RdRp gene): PM line, 50 bp of DNA marker;
lines from 1 to 9; lung lavage samples; lane 10, negative control. (B) Nested-PCR (B-CoV, RdRp gene):
PM line, 50 bp of DNA marker; lines from 1 to 9; lung lavage samples; lane 10, negative control.
(C) Nested-PCR (Embecovirus, RdRp gene): PM line, 50 bp of marker DNA; lines from 1 to 9; lung
lavage samples. Note: Pancoronavirus products in alpacas can vary in size from 251 to 280 bp; in
some cases, both bands are present; PM = molecular weight.
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Table 2. Identification of genera and subgenera of coronaviruses in samples from lung lavages of
Peruvian alpacas killed in a respiratory outbreak.

Infection Type Genus Subgenus N° Positive Samples
Embecovirus
Betacoronavirus (EmbeCoV) 15
(B-CoV)
Not identified 9
) ) Alphacoronavirus Decacovirus 1
Single detection (a-CoV) (DecaCoV)
Unclassified Unclassified 1
(Megaderma Bat-CoV-like) (Megaderma Bat-CoV-like)
Not identified Not identified 2
B-CoV + a-CoV EmbeCoV + DecaCoV 1
Multiple detection B-CoV + Unclassified o
(Megaderma Bat-CoV-like) EmbeCoV + unclassified 1
Total 30

B-CoV = Betacoronavirus; EmbeCoV = Embecovirus; «-CoV = Alphacoronavirus; DecaCoV= Decacovirus;
Unclassified = CoV without a determined genus (ICTV, 2023); not identified = products of 251 bp without
success in sequencing.
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Figure 2. Phylogenetic relationships of coronaviruses based on a 251 bp fragment of RdRp gene.
Sequences in red are of our study, and sequences in purple are of different CoV species reported in
other camelids. This analysis involved 46 nucleotide sequences identified with GenBank accession
numbers. Dendrograms were constructed using the maximum likelihood method; the distances were
corrected with the Hasegawa-Kishino—Yano model. Statistical support was provided by bootstrap-
ping 1000 pseudoreplicates. Bootstrap values >75% are given at branch nodes. The distance scale

reflects substitutions/sites.
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3.2. Phylogenetic Analysis of the RARp Gene

Of the eighteen products selected for sequencing the partial RdRp gene (251 bp), eight
were successfully sequenced: 251 bp of four samples (Alp 13K-01, Alp 16K-01, Alp 25K, and
Alp 32K) and 112 bp of four other samples (Alp 13K-02, Alp 16K-02, Alp 26K, and Alp 29K).
A phylogenetic analysis grouped the sequences into three distinct clusters, each belonging
to a different genus: B-CoV (EmbeCoV) or a-CoV (DecaCoV). Two sequences were grouped
with a bat coronavirus (BatCoV) strain not yet classified by the ICTV (Figure 2).

Strains 13K-01, 16K-01, 25K, and 32K shared a 98.8%-to-100% nucleotide identity.
When compared with CoV reference sequences, they showed a phylogenetic relationship
closer to strains of the subgenus Embecovirus, with nucleotide identities in a range of 80.9%
to 100%, phylogenetically closer to CoVs detected in bovines (BCoV) (LC642814 / GF2020
and AF391542 /LUN), alpaca (ApCoV) (DQ915164), and dromedary (DcCoV) (MN514977),
with nucleotide identities of 98.8-100%, 98.4-99.6%, 99.2-98%, and 99.2-98.8%, respectively.
On the other hand, these strains showed 65.4%, 69.9%, 63.2%, and 58.1% nucleotide identi-
ties with reference strains of the 5-CoV subgenera Sarbecovirus, Nobecovirus, Hibecovirus,
and Merbecovirus, respectively.

The amplicon positives yielded by pancoronavirus and panbetacoronavirus RT-PCRs
that were negative for the Embecovirus subgenus could not be sequenced correctly with the
Sanger method because they presented excessive noise during chromatography.

Sequences 29K and 16K-02 were 100% identical and showed a phylogenetic relation-
ship to the BatCoV /HKU strain (OP963607; 99.1% nucleotide identity), which is classified
as an a-CoV (DecaCoV). Sequences 13K-02 and 26K were identical and phylogenetically
closest (98.1% nucleotide identity) to the Megaderma CoV strain (MZ293749 /Bat-CoV),
which is not yet classified in any coronavirus genus. The phylogenetic distance obtained by
aligning the 29K strain with the 32K, 25K, and 26K strains resulted in nucleotide identities
of 66.9%, 64.6%, and 86.5%, respectively. Co-infections were confirmed by sequencing
two samples: 16K (B-CoV + a-CoV) and 13K (B-CoV + unclassified CoV) (Figure 2, Table 2).

4. Discussion

Our results demonstrated the presence of CoV in 93.8% (32/30) of lung lavage samples
from newborn alpacas from Cuzco, Peru. Other reports have described outbreaks of
diarrhea in alpacas from rural communities located in the Departments of Cuzco and Junin,
presenting rates of 87.5% (70/80) and 53.3% (32/60), respectively [9,45].

The B-CoV genus was the most prevalent (86.7%; 26/30), consistent with the data
presented by Castilla et al. [9], which detected B-CoVs associated with diarrhea in neonatal
alpacas (94.3%; 66/70). However, in that outbreak, the Embecovirus subgenus was identified
in only 22.9% (16/70) of samples. Furthermore, the subgenus of 71.4% (50/70) of the
B-CoV strains could not be identified [9]. On the other hand, in our study, Embecoviruses
represented the majority (65%; 17/26) of strains, and yet, subgenus identification was not
possible for 35% (9/26) of the strains. These data reveal the co-circulation of distinct viral
variants in the studied region. The variation in the prevalence of Embecoviruses could
be multifactorial. Although both studies were conducted in the same geographic area, in
the rural community of Silly during the alpaca birthing season (January and February),
clinical samples were obtained from different anatomic sites (fecal versus lung lavage
specimens), which could suggest differential tissue tropisms. On the other hand, the
year during which the samples were obtained differed between studies. Castilla et al.
analyzed samples obtained in 2015, while those analyzed in this study were collected
in 2012. Given the CoV capacity for rapid evolution [17], B-CoV strains belonging to
one or more subgenera, distinct from Embecovirus, that were already circulating in alpaca
herds in 2012 may have adapted to this host, becoming more prevalent over the years and
subsequently representing more than 70% of circulating strains in 2015. Therefore, it is
essential to monitor these viruses continually to better understand their dynamics in the
environment.
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In the present study, we report a minor percentage of CoV-positive samples in which
a genus could not be identified, similar to previous findings [9]. Our attempts to isolate
these viruses in Vero cell cultures (African green monkey kidney cells) were unsuccessful,
perhaps because of the long storage period of the samples. These results indicate that
studies using next-generation sequencing techniques and continuous molecular surveil-
lance are necessary to better understand the epidemiology and genetic diversity of CoVs in
Peruvian alpacas.

The sequencing of four strains (Alp16K-01, 13K-01, 25K, and 32K), classified as j3-
CoVs/Embecoviruses, showed a close relationship with BCoVs, in agreement with previous
studies suggesting that either the alpaca and BCoVs arose from a common ancestor or
that BCoVs are continuously transmitted to alpacas [11,38,39]. Although South American
camelids have been in contact with cattle for about five centuries, recent reports of dis-
ease associated with BCoVs may be due to the emergence of new CoV variants that are
pathogenic to both bovines and camelids [13,39]. These results can also be explained by
geographic and climatologic conditions, where different animal species (pigs, cows, llamas,
horses, etc.) coexist and graze in proximity [45].

Two strains (16K-02 and 29K) were classified as a-CoVs/Decacoviruses closely related
to a bat CoV (bat CoV/HKU; OP963607). This is not the first report of a-CoV infections
in alpacas; however, the previously reported subgenus was Duvinacovirus, closely re-
lated to human coronavirus 229E (HCoV-229E), one of the most prevalent common cold
coronaviruses in humans [40]. Subsequent genetic studies suggest that the progenitor of
HCoV-229E is an African bat CoV and that camelids were probably the first intermediate
hosts that facilitated transmission to humans [17,21,46,47]. This suggests that bats located
in the region under study may be transmitting various CoV species with the capacity to
adapt and become pathogenic to new host species. To the best of our knowledge, our study
is the first to report a-CoV infections in Peruvian alpacas.

A genus was not identified in a pair of samples (13K-02 and 26K); these sequences are
genetically very similar to a bat CoV strain (MZ293749 / Megaderma CoV), which remains
unclassified. This confirms both the great diversity of this viral family and the role of bats
as an important reservoir of these and other unclassified viruses [48-50].

An important observation in this study was the detection of multiple CoV genera
in two samples confirmed through the sequencing of a fragment of RdRp. Genomic re-
combination has been shown to be an important factor in CoV evolution but requires that
different viral strains infect the same host and the same cells simultaneously [17,51,52].
In fact, So et al. demonstrated that a strain of MERS-CoV that infects African dromedary
camels (DcCoV-HKU23; subgenus, Embecovirus) was a recombinant of bovine, rabbit (Rb-
CoVHKU14), and rodent CoVs [51]. We suggest that CoVs circulating in alpacas are in
active recombination, which favors the evolution of -, a-, and other CoV genera not yet
detected or classified.

Because bats are widely distributed in Peru, they could be the source of the CoV strains
in samples 13K-02, 16K-02, 26K, and 29K. For example, Desmodus rotundus, a hematophagous
bat observed at up to 3680 masl, inhabits the South Andean region (Cusco); alpacas also share
this geographic space (Figure 3) [53,54]. The invasion of their habitat, a hematophagous diet,
migration due to climate change, and proximity to alpacas may favor interspecies spillover.
The transmission of enzootic bat viruses to domestic animals was reported previously. The
HKU2-related BatCoV caused a large-scale epizootic of enteric disease in China, resulting
in the deaths of more than 24,000 piglets. This outbreak demonstrated that the spillover of
a BatCoV can cause severe disease in livestock [17,55]. Bat species are a common origin for
most CoVs affecting humans [21]. The intermediate hosts for these CoVs usually belong to
other mammalian species [46]. The general ecological separation between bats and humans
implies the need for other mammals to act as link hosts between bats and humans [56].

Bergner et al. [54], using metagenomics, characterized viral communities from salivary
and fecal specimens obtained from wild bats captured in caves and trees located in high
Andean and jungle areas of the Departments of Cusco, Ayacucho, and Amazonas in Peru
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in a period from 2015 to 2016 (Figure 3) and demonstrated that a subset of CoVs that
infect neonatal alpacas—specifically, a-CoV (Decacovirus subgenus in our study) and other
CoVs of a currently unclassified genus—are products of interspecies transmission between
bats and alpacas. This can also be explained because the area where these a-CoVs were
identified is endemic to bats [53,54] and close to the collection area of our study.
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Figure 3. Location of Peruvian bat sampling sites in a study by Bergner [54]. In green, the Department
of Cuzco, Peru, and in red, the sampling site of the alpacas for our study.

5. Conclusions

Our data showed the high prevalence and the high genetic diversity of CoV genera and
subgenera detected in alpacas, in which the f-CoV subgenus Embecovirus predominated.
Our data also demonstrated the genetic similarity between strains of CoVs circulating
in Peruvian alpacas and bats. Given the high transmissibility and the zoonotic nature of
coronaviruses, continuous surveillance is necessary to identify the emergence of new viral
genotypes and variants potentially pathogenic to alpacas and humans. Future studies
should include the sequencing of genes encoding CoV spike proteins and host receptors to
confirm interspecies transmission.
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