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Abstract: The effects of nematodes and bacteria on intestinal health are of primary importance in
modern swine production. The aim of the present study was to assess the seropositivity status of
Ascaris suum infection in fatteners in intensive swine farms in Greece and address possible risk factors,
including Lawsonia intracellularis as a predisposing factor to swine ascariosis. In total, 360 blood
serum samples from pigs in the late fattening period, from 24 Greek swine farrow-to-finish farms
(15 samples/farm) were collected and tested with Svanovir® A. suum antibody ELISA and Ileitis
antibody ELISA. The results demonstrated 34.4% seropositive samples for A. suum and 42.2% for
L. intracellularis. The analysis of predisposing risk factors suggested that the frequency of application
of anthelminthic treatment to sows more than two times per year was significantly associated with
the lower likelihood of A. suum infection, whereas a greater likelihood of A. suum infection was
observed in pigs with concurrent L. intracellularis exposure. The results highlight the importance of
proper anthelminthic metaphylaxis of the breeding stock, as well as the likely outcome of concurrent
exposure to two intestinal pathogens in pigs, implying a possible association between intestinal
nematodes and bacteria in swine.
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1. Introduction

Modern feeding strategies and pig management tools require proper intestinal health,
maturation and adaptation to feeding alterations through the production life of swine. In-
testinal homeostasis plays a critical role in the health and productivity of swine. Pathogens
affecting the intestinal balance provoke typical enteric diseases and clinical symptoms
(e.g., diarrhea, reduced growth, etc.) as well as nutrient imbalance, thus compromising
health and reducing the profitability of swine farms globally [1-3].

Pigs may harbor quite a few intestinal parasites, nematodes and protozoa. One of the
most common gastrointestinal nematodes with a global distribution is Ascaris suum [4].
This parasitic roundworm occurs in all kinds of pig production systems and may affect all
age groups [4,5]. Although the course of porcine ascariosis is usually subclinical, clinical
infections may occur in growing pigs [6]. Furthermore, the hepato-tracheal migration of A.
suum larvae results in injury and subsequent inflammation (white or milk spots) leading to
the induction of respiratory distress characterized by frequent dry coughing or even severe
dyspnea in some animals [5]. In addition, parasitized pigs become more susceptible to
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infections and diseases, which sabotage their health and welfare [7]. Decreased nutritional
conversion and average daily body mass gain are hallmarks of A. suum infection [5,8] and a
linear correlation between worm burdens and these two parameters has been established [9].
Additionally, the presence of white spots in the liver of pigs leads to the condemnation of
affected organs in abattoirs, thus reducing the carcass value [10]. All of the above, taken
together, document that porcine ascariosis can result in major economic losses [11,12],
whereas A. suum may also have public health implications [4,13].

Given the above, the knowledge of the prevalence and intensity of A. suum infection
is crucial for evaluating the success of the implemented control measures, for tailoring
management practices such as housing and applied antiparasitic treatments and for de-
termining the economic impact of the infection. In modern conventional units, ascariosis
is not commonly diagnosed. The diagnosis of A. suum infection is challenging due to its
subclinical nature in combination with the lack of sensitive diagnostic tools [14]. Post-
mortem assessments of infected organs and fecal egg counts have certain limitations; thus,
the actual infection rate and effects of A. suum on the pigs’ health and productivity are
often underestimated. Towards this end, serology can provide more accurate information
both on the infection pressure to which animals are exposed and on its impact on farm
sustainability [14,15].

In addition, the recognition of specific risk factors is essential for prevention and
for improving targeted control schemes [16]. Age [17] as well as outdoor rearing under
organic farming conditions [18] have been previously assessed as potential risk factors for
A. suum infection. It has also been proposed that concurrent intestinal pathogens such as the
obligate intracellular bacterium Lawsonia intracellularis might have an additional negative
influence on pig performance [5]. Lawsonia intracellularis has been proven to affect intestinal
function in swine, inducing porcine proliferative enteropathy (PPE) [19]. Three clinically
different forms of PPE are more commonly observed: acute (young adults 4-12 months of
age); chronic (weaned pigs 6-20 weeks of age); and subclinical [20].

To date, in Greece, there has only been one recent multicenter study on the occurrence
of intestinal parasites in intensively reared pigs that recorded a mean prevalence of 3.7%
for A. suum by coprological examination [17]. However, data regarding the seropositivity
of A. suum infection that imply a challenge with this parasite are lacking.

The objectives of this cross-sectional study were (i) to assess the seropositivity status
of A. suum infection in fatteners in intensive swine farms in Greece, that has been formed
under the commonly applied antiparasitic schemes in Greek intensive farms in the last
few decades, and (ii) to assess the possible risk factors, including for the first time the
potential implication of L. intracellularis, which could predispose to porcine ascariosis in
intensive units.

2. Results
2.1. Seropositivity of Ascaris suum in the Studied Population

A cut-off optical density ratio (ODr) value of 0.50 was used for the presentation of
results, according to Vlaminck et al. [21]. In total, 124 out of 360 samples (34.4%) were
positive. The majority of farms (18/24 farms) had at least one positive sample, whereas
the greatest incidence level was observed in one farm with all samples testing positive.
The mean ODr values of the positive samples in total were 0.74 (£ 0.35 standard deviation
(SD)). Evaluation of the regional positivity pattern showed that 34% of the samples from
the northern region were positive (mean ODr: 0.65 £ 0.15 SD); 28.9% were positive in the
south (ODr: 0.69 & 0.17); 40% were in the central part of the country (ODr: 0.80 £ 0.52);
and 34.4% in the west (ODr: 0.81 £ 0.33). The absence of significant differences between
the positive samples’ percentages and the mean ODr levels among regions was reported
(p=0.482).
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2.2. Seropositivity of Lawsonia Intracellularis in the Studied Population

In total, 152 out of 360 samples (42.2%) were positive with a mean percent inhibition
(PI) value of 47.42 (£19.73 SD). In 3 out of the 24 farms, all samples were positive, whereas
all samples were negative for one farm. The results showed that 31.1% in the north
(PI: 51.50 £ 19.44), 53.5% in the south (PI: 53.62 £ 21.22), 25.6% in the central region (PI:
36.05 £ 17.47) and 58.9% of samples in the west (PI: 47.08 + 16.64) were positive. Mean PI
values of the central region showed a reduced proportion of positive cases with PI > 30% in
comparison to all other regions (p = 0.001).

2.3. Effects of Risk Factors on Ascaris suum Seropositivity in Farms

The random intercept variance for the unconditional mean model was 1.87+0.754
(p £0.05, CI195% 0.85 to 4.12), and the ICC was equal to 0.36 indicating that 36% of the
likelihood of A. suum infection was being explained by between-farm differences, while
the rest, 64%, was attributable to within-farm factors. The application of anthelmintic
treatment in pigs was not significantly associated with the presence of A. suum infection
on the studied farms. A lower likelihood of infection with A. suum tended to occur on
farms practicing anthelmintic treatment in sows >2 times per year compared to the farms
that treated the sows less frequently (decreased by ca. 3.8 times, p = 0.052, CI 95%, 0.99 to
14.92 times). On the other hand, a significantly higher likelihood of infection with A. suum
tended to occur in pigs with L. intracellularis co-infection when compared to non-co-infected
animals (increased by ca. 2.1 times, p = 0.040, CI 95%, 1.04 to 4.29 times). The effects of the
studied predictors used in the multilevel binary regression model (PAT, ATF and LIC) are
summarized below (Table 1).

Table 1. Coefficients + standard errors, p-values and odds ratios (with 95% confidence intervals)
of the studied predictors (PAT, ATF and LIC) forced into the multilevel binary regression model to
assess their association with the likelihood of Ascaris suum infection.

B S.E. P Odds Ratio 95% C.I. for EXP(B)
Lower Upper

PAT —0.33 0.651 0.612 0.72 0.20 2.58
No PAT Ref.

ATF < 2 times per year 1.35 0.69 0.052 3.84 0.99 14.92
ATF > 2 times per year Ref.

Definite LIC 0.75 0.362 0.040 2.11 1.04 4.29

Ambiguous LIC 0.15 0.449 0.748 1.16 0.48 2.80
No LIC Ref.

B: coefficients, S.E.: standard errors, C.I.: confidence interval, PAT: application of anthelmintic treatment in pigs,
ATEF: frequency of anthelmintic treatment in sows, LIC: Lawsonia intracellularis co-infection.

3. Discussion

Ascaris suum is the most prevalent helminth in swine farms worldwide [11,22], though
its prevalence differs depending on management factors and geographical areas [18,23].
Commonly, low prevalence and infection intensity are recorded in intensive swine pro-
duction, while high levels of ascariosis are recorded in traditional and organic swine
farms [23,24]. Moreover, management practices applied on individual farms determine the
infection pattern among different age groups [17].

The estimation of the prevalence of A. suum infection is of major importance. The
usefulness of serology has been evaluated and this method indeed provides a more precise
estimation of the prevalence of ascariosis [12,15,21,25]. Vlaminck et al. [26] noted that
the level of seropositivity for A. suum is linked to pig performance and can be used to
reflect infection intensity. Based on our serology results, seroconversion due to A. suum
infection in fatteners was 34.4%. A recent multicenter extensive study in Greece employing
coprological methods recorded a prevalence of 0.9% for A. suum in fatteners in conventional
intensive Greek pig farms [17]. This discrepancy in results is expected because in fecal



Pathogens 2022, 11, 959

40f 10

tests, false-negative results are common. This has been attributed to the presence of
immature or single-sex worms and the aggregation of adults [14] as well as to the fact
that a large proportion of infected pigs do not excrete eggs in their feces despite positive
serological response results [27]. An additional explanation is that serological results
represent previous infection weeks prior to sampling, whilst fecal tests performed in our
previous study display the level of A. suum occurrence in feces at the time of sampling. The
recorded seroprevalence rate in the present study is somewhere between the respective
values observed in outdoor Iberian fattening pigs (23.8-35%) [28] and in fatteners from
northern Spain (48%) [15]. However, it is lower than the assessed mean seroprevalence of
fattening pigs in Sichuan Province in China, which was a striking >60% [29].

Our results are the first to show the extent of L. intracellularis seroprevalence (42.2%)
in Greek farms. It has been demonstrated that L. intracellularis infection can result in
reduced growth upwards of 60% [30]. Furthermore, it has been recorded that increased PPE
incidence can reduce farm profitability as evidenced in respective studies in German [31],
Danish [32] and UK farms [33]. Acute cases are characterized by sudden death with anemia
and hemorrhagic diarrhea, whereas pigs affected by the chronic form display mild to
moderate loose to watery grey-green diarrhea, anorexia and reduced growth [20]. Since
none of the farms included in our study had increased morbidity levels or mortality (data
not presented) due to ileitis, it can be suggested that significant seroconversion on particular
farms can be associated with the subacute form of the disease. According to previous
studies, the detection of antibodies indicates an exposure to L. intracellularis in the past, but
does not provide clear information about current infections in the animals [19]. Previous
evidence on seroconversion in an experimental study was described within two weeks
after exposure [34]. Antibodies against L. intracellularis may be present until slaughter age
as also seen in our study [34,35]. A large-scale study in five European countries detected
at least one seropositive sample against L. intracellularis in 91.7% of the sampled herds
(60 herds) [19]. Quite similarly in our study, 95.83% of the tested farms had at least one case
of seroconversion due to L. intracellularis. These findings confirm the wide distribution of
the pathogen in Greek farms, in accordance with other European countries.

Significant findings of the present study have been highlighted by the binary regres-
sion model results regarding the risk factors of A. suum seropositivity. In total, in-feed
anthelminthic substances for the metaphylaxis of internal parasitism in fatteners were used
in 10 out of 24 study farms. Six out of ten farms were administering ivermectin and four
farms fenbendazole at the age of approximately 10 weeks. Surprisingly, the application of
anthelmintic treatment in pigs was not significantly associated with A. suum infection in
the studied farms. The absence of a significant seroconversion discrepancy among farms
administering anthelminthic substances and those who do not, may rely on multiple factors
such as the chronic or subacute infection status of the farms. Furthermore, the proper
treatment of sows could result in the disruption of the A. suum life cycle and reduction in
in-farm transmission dynamics (e.g., reduced eggs shedding in farrowing facilities), thus
minimizing the risk of infection to fatteners. Since metaphylactic anthelminthic treatments
for sows were applied in the aforementioned 10 farms, such evidence indicates that the pro-
phylaxis of the fatteners against nematodes through the proper anthelminthic metaphylaxis
of sows is a possible scenario.

The beneficial effect of applying anthelminthic treatments more than two times per
year to the breeding stock of farms has been confirmed for ascariosis in the present risk
factor analysis. In particular, infections were almost 4 times less likely to occur when
sows were treated regularly at less than 6-month intervals. Likewise, a nearly 5 times
lower probability of another helminth infection caused by Trichuris suis (T. suis) has been
previously suggested when anthelmintic drugs were administered regularly at less than
4-month intervals in sows [17]. These results indicate that such administration schemes
for sows fed under field conditions should be practiced. In humans, the recommended
frequency of treatment for high-risk communities (more than 50% prevalence of ascariosis)
is twice per year and for low-risk communities (infection prevalence between 20% and
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50%) it is once per year [36]. Both in humans and in pigs, in cases of a high prevalence of
infection, repeated anthelmintic treatment is highly recommended.

Our results suggested an approximate two-fold greater likelihood of A. suum infection
when L. intracellularis is present in the herd. Similarly, a study demonstrated a significant
correlation between the number of pigs that were positive for L. intracellularis by PCR
and the number of T. suis eggs found in grower and finisher feces, as well as the number
of A. suum eggs found in finisher feces under commercial conditions. The association
at the herd level between infection with L. intracellularis and the presence of T. suis was
robust since whipworm-positive herds were 17.43 times more likely to also be positive
for L. intracellularis [37]. A synergistic effect between T. suis and L. intracellularis has
been previously described regarding necrotizing proliferative colitis and the reduction in
performance in growing pigs [38]. This effect has been attributed to the interplay via mutual
immunosuppression between intestinal nematodes and enteric bacteria [37]. Nevertheless,
the evidence of the increased impact on diarrhea and performance due to concurrent A.
suum and L. intracellularis infection, as suggested by Boes et al. [5], in combination with our
findings highlighting the increased likelihood of A. suum incidence when L. intracellularis
is present, suggest that awareness should be increased when interpreting diarrhea cases
at the fattening stage, especially in farms where anthelminthic treatments are not applied
after weaning. In the same context, in foals it has been proposed that intestinal parasitism
could make them more susceptible to L. intracellularis infection [39]. Additionally, it has
been established that L. intracellularis can affect the immune response by reducing numbers
of B and T cell populations in heavily infected pigs, enable persistent infection of crypt
epithelial cells and alter the composition of gut microbiota (GM). The above may increase
the probability of co-infections with other bacteria, such as the case of increased colonization
and shedding of Salmonella enterica [20,40—-42].

Furthermore, enhanced pathogenicity or susceptibility to viral or bacterial infections,
associated with the immune-modulatory and migratory capacity of A. suum has been
reported and this should not be ignored [11]. This indirect consequence on the pigs” health
is the outcome of the modulation of the immunity of the host by the nematode with the in-
duction of a strong polarized T-helper (Th)-2-type immune response, which suppresses the
necessary Thl-driven immunity for combating bacterial and viral infections [43]. Indeed,
it has been evidenced that the presence of A. suum enhances the effects of infections with
Escherichia coli and Pasteurella multocida [44,45]. The damage caused in the lungs can pave
the way for opportunistic bacterial and viral infections [45]. Moreover, A. suum-mediated
changes in GM composition may result in impaired nutrient metabolism and immunity to
concurrent infections with other pathogens. Subsequently, a study under field conditions
has shown that when piglets are infected with the nematodes A. suum and T. suis, they
excrete more Campylobacter spp. [46]. Another experiment investigating infection reported
that infected pigs have a thorough change in the diversity of the colon microbiome in-
cluding an increase in Prevotella and a reduction in Ruminococcus populations along with
the suppression of their metabolic pathways concerning amino acid and carbohydrate
acid metabolism [47]. The aforementioned research confirms that A. suum infection may
challenge the composition and resiliency of the GM not only to its predilection site of
infection (the small intestine), but also in other distal organs, i.e., the colon and caecum.
Furthermore, a possible interference with vaccination has been proposed for this nema-
tode although the exact immunosuppressive mechanisms for this interplay are not fully
clarified [48,49]. It has been demonstrated that concurrent A. suum infections can impair
the effect of vaccination against Mycoplasma hyopneumoniae in pigs [48]. Combining the
above-mentioned facts with results of the present study, the need for further investigation
of similar co-occurrence patterns and interactions of A. suum with other enteric pathogens
at the intestinal immune response level is emphasized.
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4. Materials and Methods
4.1. Sampling Process

To assess A. suum and L. intracellularis exposure of Greek pig farms, 24 farrow-to-finish
farms were tested and 15 blood samples were collected from pigs in the late fattening
period (>18 weeks of age), either at the fattening unit or at the slaughterhouse, from each
farm. The total number of sows under production in the selected farms exceeded 20% of
the total sow population reared in intensive farrow-to-finish farms in Greece.

The farms were geographically located in four different areas of Greece, namely
the northern (Macedonia region), central (Thessaly region), southern (Evia, Viotia and
Peloponnese region) and western (Epirus and Aitoloakarnania region) regions. Six farms
per region were included in the study. Detailed information was recorded from the sampled
farms to investigate the risk factors involved. The following data were recorded: the
implementation of anthelminthic treatment in fatteners and sows (type, dosage level,
timing, substance, frequency of administration, age of fatteners), the antibody levels against
L. intracellularis and the implementation of treatment for L. intracellularis (type, dosage level,
timing, substance).

Among them, the application of anthelmintic treatment in pigs (PAT), the frequency of
anthelmintic treatment in sows (ATF) and the co-infection with L. intracellularis (LIC) were
retained as the most appropriate ones to be assessed as risk factors in the studied farms
considering the reliability of the collected information and the variation between the farms.

4.2. Serological Methods

Initially, samples were collected with a vacutainer system (18G 11/4 inch needle) from
the jugular vein in BD vacutainer tubes (10 mL). Samples were thereafter centrifuged
(3000 rpm x 10 min) and serum was collected and stored (—18 °C) until analysis.

Samples were tested with the use of Svanovir® A. suum antibody ELISA and Svanovir®
L. intracellularis / lleitis-antibody ELISA (blocking ELISA based on whole cell L. intracellularis
antigen), as per the manufacturer’s instructions (Boehringer Ingelheim Svanova), for the
assessment of antibodies against A. suum and L. intracellularis, respectively (analytical steps
and controls presented by Vlaminck et al. [21] and Jacobson et al. [50], respectively). The
Svanovir® A. suum-Ab assay is an indirect ELISA based on the hemoglobin (AsHb) of
this roundworm, thus enabling the detection of antibodies to both larval and adult stages.
Reactivity to the AsHb antigen is shown in ODr (ODr sample = (ODsample—-ODnegative
control)/(ODpositive control-ODnegative control) [21]. The diagnostic specificity and
sensitivity of Svanovir® A. suum antibody ELISA is 100% for experimentally infected
animals and under field conditions it remains high [21]. Likewise, for the Ileitis antibody
ELISA, specificity is 93% and sensitivity is 72% (at cut-off PI value of 35) [50]. All serological
tests were performed in Bioscreen laboratory (Hannover, Germany).

According to manufacturer’s instructions, A. suum ELISA ODr values < 0.4 showed
absence or a low-level exposure to A. suum, values between 0.4 and 0.6 suggested possible
exposure but limited impact of the parasite, whilst values exceeding 0.6 demonstrated
significant exposure to A. suum. Regarding L. intracellularis, ELISA results were considered
to be negative when the inhibition levels were <20%, ambiguous at levels ranging from 20
to 30% and positive at levels exceeding 30%.

4.3. Data Handling—Statistical Analyses

A multilevel (two-level) binary logistic regression model was used. Pigs (level 1) were
nested within the farms (level 2) to test the possible relationship between the PAT, ATF and
LIC and the likelihood that a pig is infected with A. suum, after adjusting for the random
effect of the farm.
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Initially, an unconditional mean model was used to estimate the intraclass correlation
coefficient (ICC) and quantify the proportion of the between-farm variation in the total
variation, as below [51]

Cc_ var(u0j)
var(u0j) + (72/3)

where ICC is the intraclass correlation coefficient, var(10j) is the random intercept variance
and 71%/3 (~3.29) is the standard logistic distribution (assumed level-1 variance component).

Afterwards, a full model containing the main effects of the level-1 predictors and both
level-1 and level-2 residuals was developed as described below

Yij = BO + (B1 + ulj) x PATj + (B2 + u2j) x ATFij + (B3 + u3j) x LICij + uj

where Yij is the odds of a pig i within the farm j being infected with A. suum; B0 is the
fixed intercept; B1 to B3 are the fixed coefficients of a) the application of the anthelmintic
treatment of pigs (PAT) (2 levels: the application of anthelmintic treatment and no appli-
cation of anthelmintic treatment), the anthelmintic treatment frequency in the sows (ATF)
(2 levels: <2 times per year and >2 times per year) and L. intracellularis co-infection (LIC)
(3 levels: definite co-infection, ambiguous co-infection and no co-infection); ulj to u3j are
the residual terms associated with the predictors used in the model, namely, PAT, ATF and
LIC (ulj to u3j); and uj is the random residual (associated with the farm).

5. Conclusions

Serology is a promising tool for diagnosing ascariosis at the fattening stage. To the best
of our knowledge, this is the first time the seroprevalence of A. suum and L. intracellularis
of pigs reared in farrow-to-finish conventional intensive Greek farms has been assessed.
The results of A. suum serological screening highlight that this infection in commercial pig
farms in Greece is largely underestimated, thus encouraging future large-scale studies to
clarify the actual extent of A. suum exposure and infection and to therefore contribute to
implementing effective control schemes for porcine ascariosis. Moreover, the present study
underlines the importance of conducting anthelminthic treatments more than two times per
year in sows and indicates the increased probability of A. suum infection under the effect
of concurrent L. intracellularis presence on fatteners. Coinfection dynamics and the effects
between A. suum and bacteria that could impair the intestinal function and performance of
pigs should be further investigated.
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