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Reduction of post-weaning diarrhoea caused by ETEC is a principal objective in pig farming in terms

of welfare benefits. This study determined the effects of genetic susceptibility and dietary strategies
targeting inflammation and fimbriae adherence on F4-ETEC shedding and diarrhoea in weaned piglets
in an experimental challenge model. A DNA marker test targeting single nucleotide polymorphism

2 (SNP2) identified piglets as heterozygous (SNP2+, susceptible) or homozygous (SNP2-, resistant)

to developing F4ac-ETEC diarrhoea. A total of 50 piglets, 25 SNP2+and 25 SNP2-, were weaned at

30 days of age and equally distributed to different treatments (n =10): Positive control (PC): piglets
fed with a negative control diet and provided with colistin via drinking water; Negative control (NC):
piglets fed with a negative control diet; Tall oil fatty acids (TOFA): piglets fed with a negative control
diet+1.0 g TOFA/kg feed; Yeast hydrolysate (YH): piglets fed with a negative control diet+1.5 gYH/kg
feed derived from Saccharomyces cerevisiae; and Combination (COM): piglets fed with a negative
control diet+1.0 g TOFA and 1.5 g YH/kg feed. On day 10 post-weaning, all piglets were infected with
F4-ETEC by oral administration. Piglets fed with PC, TOFA, YH or COM had a lower faecal shedding of
F4-ETEC than NC piglets (P <0.001), which was also shorter in duration for PC and TOFA piglets than
for NC piglets (P <0.001). Piglets in PC, TOFA, YH and COM had a shorter diarrhoea duration versus

NC when classified as SNP2+ (P =0.02). Furthermore, PC, TOFA and YH piglets grew more than NC and
COM piglets in the initial post-inoculation period (P <0.001). In addition, the level of faecal F4-ETEC
shedding and the percentage of pigs that developed F4-ETEC diarrhoea (72 vs. 32%, P <0.01) following
infection were higher, and the duration of F4-ETEC diarrhoea longer (2.6 vs. 0.6 days, P<0.001), in
SNP2+ piglets than in SNP2- piglets, and led to reduced growth performance (P=0.03). In conclusion,
piglets fed with TOFA, YH or their combination, irrespective of their SNP2 status, are more resilient to
F4-ETEC infection. Moreover, SNP2+ piglets show a higher level of F4-ETEC shedding and diarrhoea
prevalence than SNP2- piglets, confirming an association between SNP2 and F4ac-ETEC susceptibility.

In pig production, post-weaning diarrhoea (PWD) is a common gastrointestinal problem for newly weaned
piglets, characterized by watery faeces, dehydration, and reduced appetite and growth, and it can even lead to
death!. Enterotoxigenic E. coli (ETEC) is the most common pathogen associated with PWD?.

Reducing PWD caused by ETEC and the associated antimicrobial usage is crucial to improve piglet health
and welfare and to restrict the spread of antimicrobial resistance among ETEC"**. Since therapeutic levels of
zinc oxide cannot be used anymore for treating PWD within the European Union due to environmental and
antimicrobial resistance concerns’, functional feed additives, feed ingredients and feeding strategies have become
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fundamental in reducing antimicrobials in pig production to sustain the health status and reduce the risk of
pathologies. Although different in-feed additives and dietary formulations have been recognized as promising
dietary alternatives®’, to date no single ‘silver bullet’ has been found that can replace antibiotics and zinc oxide.
Additionally, the implementation of genotype findings in breeding programs is important for reducing ETEC
PWD. An integrated approach to control PWD should be considered, including the impact of nutrition, genetics,
housing and management. In the current study, we investigated the effect of two distinct classes of registered
feed material in the European Union on PWD in piglets of diverse genetic backgrounds.

Tall oil fatty acid (TOFA) is a standardized composition of free fatty acids and coniferous resin acids (see
Supplementary Table 1, Additional File 1). The resin acids of TOFA are lipophilic diterpene carboxylic acids
with antimicrobial, antifungal and anti-inflammatory activities®!!. In previous in vivo studies, dietary TOFA was
shown to improve performance and reduce PWD'? and beneficially affect the immunological status of piglets'’.
Yeast and yeast derivatives are often used in farm animal diets because of their nutritional value and their posi-
tive effects on animal health and performance'*'°. A Saccharomyces cerevisiae-based yeast hydrolysate (YH) has
been shown to reduce PWD', and to improve the growth performance, feed conversion and immune response
of piglets'®. However, it has not yet been fully investigated whether TOFA and YH supplementation can prevent
F4-ETEC associated PWD development.

To enable colonisation and proliferation, the fimbriae of ETEC adhere to specific host receptors on the brush
border of enterocytes in the small intestine, followed by endotoxin production that causes diarrhoea!®. The most
prevalent antigenic variant of ETEC associated with PWD in piglets is F4ac-ETEC?*?!. Previously, MUC4 and
MUCI13 were suggested to be the gene responsible for the intestinal receptor that allows ETEC to adhere to the
intestinal tract?®*; however, later studies rejected this hypothesis and proposed a refined candidate region for
F4ac ETEC on chromosome 13%*. Goetstouwers et al.>* reported two significant and completely linked SNPs
(SNP1 and SNP2) on chromosome 13 close to MUC13 that were found to be strongly associated with F4ab/ac
receptor phenotyping based on in vitro F4ac-ETEC adherence to intestinal cells, suggesting that further inves-
tigation is needed into these SNPs as a marker for in vivo F4ac-ETEC susceptibility.

The aim of this study was to evaluate the protective effect of dietary inclusion of TOFA and YH against F4ac-
ETEC infection in the post-weaning period, and to evaluate the possible additional benefits of combining both
dietary strategies. It was hypothesized that dietary supplement TOFA, YH and their combination could pre-
vent or limit the detrimental effects of ETEC infection improving animal health and performance. Moreover,
these strategies were evaluated in SNP2-positive (SNP2 +) and SNP2-negative (SNP2-) piglets to provide more
information regarding the potential role of SNP2 as a genetic susceptibility marker in a pilot study setup. It was
hypothesized that SNP2+ piglets would exhibit a higher shedding of F4-ETEC, a higher prevalence of PWD, and
reduced growth performance compared to SNP2- piglets.

Results

Dietary tall oil fatty acids and hydrolysed yeast as well as genetics linked to F4-ETEC resist-
ance reduce F4-ETEC PWD severity and duration

Faecal dry matter analyses were in line with the faecal scoring system to classify faeces into diarrhoeic (score<4)
and non-diarrhoeic samples (score >4). The faecal dry matter percentages were; 9.1+3.0% for score 2 (n=2),
13.7 +3.8% for score 3 (n=20), 18.2+7.3% for score 4 (n=13), 23.3+3.7% for score 5 (n=5), 31.8 +5.2% for
score 6 (n=8), 37.4+6.0% for score 7 (n=9), 43.6 +4.1% for score 8 (n=7) and 43.0 +2.5% for score 9 (n=5).

Inoculation with the ETEC strain resulted in a drop in faecal score to 5.1 on day 12 post-weaning, i.e., two
days post-inoculation (day 2 PI), and recovered thereafter until an average score of 5.8 on day 22 post-weaning,
i.e., day 12 PI (see Supplementary Fig. 1, Additional File 1).

The effect of treatment and genotype on the pattern of faecal consistency and diarrhoea is summarized in
Fig. 1. No interaction between treatment and day was found on faecal consistency (Fig. 1A), but treatment
affected it significantly (P<0.001); an improved faecal consistency score was found for PC (5.8 +£0.11%), TOFA
(5.7+0.13%) and COM piglets (5.6 £0.12°) versus NC (5.0+0.17%) and YH piglets (5.2 +0.13%). From day 18 to
22 post-weaning the proportion of piglets with F4-ETEC PWD was significantly higher in the NC group than
in the other groups (Fig. 1B). In total, 30% of PC piglets, 70% of NC piglets, 30% of TOFA piglets, 70% of YH
piglets, and 60% of COM piglets developed F4-ETEC PWD after inoculation (P=0.16).

Genotype and day did interact (P=0.008), showing that SNP2+ piglets had a lower faecal consistency score
than SNP2- piglets during the first four days post-inoculation, i.e., from day 11 to 14 post-weaning (Fig. 1C).

Moreover, a significant difference in the prevalence of F4-ETEC PWD was observed between SNP2+and
SNP2- piglets, in which 72% of the SNP2+ versus 32% of the SNP2- piglets developed F4-ETEC PWD (P<0.01).
This difference in F4-ETEC PWD prevalence between SNP2+and SNP2- piglets was particularly present during
the first four days post-inoculation (Fig. 1D).

The duration of F4-ETEC PWD was significantly affected by the interaction between treatment and geno-
type (Fig. 1E). PC, TOFA, YH and COM resulted in a shorter duration of diarrhoea than NC in SNP2+ piglets.
However, this effect was not observed in SNP2- piglets, which showed a similar and short duration of diarrhoea
across all treatment groups. Looking for the main effects, PC (0.6 +0.34°* days), TOFA (1.1 +0.57* days), YH
(1.8+£0.51* days) and COM piglets (1.0 +0.39* days) had a shorter duration of F4-ETEC PWD than NC piglets
(3.3£1.01* days, P<0.001), and SNP2+ piglets had a longer duration of diarrhoea than SNP2- piglets (2.6 +0.44
vs. 0.6 +£0.22 days, P<0.001).
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Figure 1. Faecal consistency (A, C), prevalence of F4-ETEC diarrhoea (B, D), and the duration of F4-ETEC
diarrhoea (E). F4-ETEC inoculation took place on day 10 post-weaning in piglets of diverse genetic
backgrounds fed with different dietary strategies. The grey-coloured background indicates the pre-inoculation
period. PC = control diet + colistin via drinking water; NC = control diet; TOFA =1.0 g tall oil fatty acids per kg
feed; YH=1.5 g yeast hydrolysate from Saccharomyces cerevisiae per kg feed; COM=1.0 g TOFA and 1.5 g YH

per kg feed; Trt=treatment.

Dietary tall oil fatty acids and hydrolysed yeast reduce F4-ETEC shedding, while piglets of
SNP2+genotype shed higher quantities of F4-ETEC than piglets of SNP2- genotype

No F4-ETEC was detected in faeces before the challenge, and all piglets had quantifiable amounts of F4-ETEC
on the first day after the challenge. F4-ETEC shedding was affected by day with the highest F4-ETEC shedding
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on the first day after inoculation (day 1 PI), which decreased on day 2 PI and remained constant until day 5 PI,
after which it decreased further on days 8 and 10 PI (see Supplementary Fig. 2, Additional File 1).

Faecal F4-ETEC shedding was significantly affected by treatment (Fig. 2A) and genotype (Fig. 2C), but not
by their interaction (P> 0.10, see Supplementary Table 6, Additional File 1). Treatment did significantly interact
with day for faecal F4-ETEC shedding (P<0.001), showing that treatment affected faecal F4-ETEC shedding at
all measurement days, except for days 8 and 22 post-weaning (Fig. 2A). As expected, piglets in the PC group shed
consistently less faecal F4-ETEC than piglets in the NC group from day 11 to 20 post-weaning and than piglets
fed with TOFA, YH and COM from day 11 to 15 post-weaning. Piglets fed TOFA excreted less faecal F4-ETEC
than piglets fed with the NC diet from day 13 to 20 post-weaning. On day 18 post-weaning the shedding of
F4-ETEC in piglets fed with TOFA did not differ from that of piglets in the PC group. On day 20 post-weaning,
NC-fed piglets had more F4-ETEC in their faeces than piglets in the PC, TOFA, YH and COM groups. Altogether,
F4-ETEC shedding was affected by treatment (P <0.001), with piglets in PC (2.71+0.128%) showing significantly
less F4-ETEC shedding than piglets fed with TOFA (4.06 +0.262), YH (4.57 +0.244°) and COM (4.39  0.240),
which all shed significantly less faecal F4-ETEC than piglets fed NC (5.22 +0.252¢ log,, CFU/g faeces). Piglets
fed TOFA also had lower levels than piglets fed YH. From days 13 to 22 post-weaning, the prevalence of faecal
F4-ETEC shedding was significantly affected by treatment (Fig. 2B). The highest prevalence was found for piglets
fed with NC, the lowest prevalence of piglets in PC and intermediate prevalence for TOFA (day 13 to 22), YH
(day 18 to 22) and COM (day 18 to 22), with TOFA having the closest effect to PC. Moreover, PC and TOFA
piglets shed F4-ETEC for fewer days than NC piglets (Fig. 2E).

SNP2+ piglets shed significantly higher faecal F4-ETEC concentrations at days 12 and 13 post-weaning com-
pared to SNP2- piglets (genotype x day interaction, Fig. 2C). The main effect of genotype showed that SNP2+ pig-
lets had more faecal F4-ETEC shedding than SNP2- piglets (4.51 +0.180 vs. 3.82 +0.125 log,, CFU/g faeces,
P<0.001). The prevalence of F4-ETEC shedding tended to be higher in SNP2+(100% of the piglets shedding
F4-ETEC in the faeces) than SNP2- piglets on day 12 post-weaning (88%, P=0.08), but not at the other days
(P=0.10, Fig. 2D). Additionally, SNP2+ piglets did not differ from SNP2- piglets in the duration of F4-ETEC
shedding (5.57+£0.370 vs. 5.19£0.437 days, P=0.37) and no interaction between treatment and genotype was
found for the duration of F4-ETEC shedding (P=0.67; see Supplementary Fig. 3, Additional File 1).

Dietary tall oil fatty acids or hydrolysed yeast and a homozygous resistant SNP2 genotype
reduce the risk of mortality and growth retardation following F4-ETEC inoculation

Mortality due to a humane endpoint tended to be affected by treatment (P=0.09). Two SNP2+ piglets from
the NC group reached a humane endpoint, one on day 2 PI and one on day 3 PI. Pathology results confirmed
an intestinal disorder due to ETEC infection without other abnormalities. No mortality occurred in the other
treatment groups. Piglet BW and ADG were significantly affected by treatment and genotype, but not by their
interaction (Table 1; Supplementary Table 7, Additional File 1). Piglet ADG from day 8 to 15 post-weaning
showed significant differences between treatments (P <0.001), with a better growth performance for piglets in
the PC, TOFA and YH treatments versus the NC and COM treatments. SNP2+ piglets grew less than SNP2-
piglets from day 8 to 15 post-weaning (P=0.002) as well as overall from day 0 to 22 post-weaning (P=0.03).
This resulted in a significantly lower BW on day 15 post-weaning (P=0.02) as well as a trend for a lower BW on
day 22 post-weaning (P=0.07).

Discussion

The main response parameters in the F4-ETEC challenge model are faecal F4-ETEC shedding (prevalence,
duration and quantitative level) and F4-ETEC PWD (prevalence, duration and faecal consistency score). In the
present study, F4-ETEC inoculation induced F4-ETEC shedding in the faeces of all piglets on the first day after
the challenge and induced clinical signs of diarrhoea with a peak post-challenge. Firstly, to compare the results of
the two control groups; piglets in PC had a significantly lower prevalence, duration and level of faecal F4-ETEC
shedding, as well as a lower prevalence and duration of PWD, than piglets in NC. Temporarily reduced piglet
performance could be observed, as PC piglets had better feed efficiency (1.02+0.032 vs. 1.37 £0.001) and growth
performance than NC piglets during the initial post-inoculation period, i.e., from day 8 to 15 post-weaning. These
results confirmed effective inoculation. It should be noted that colistin was provided in the drinking water of PC
piglets throughout the 22 days of the trial. This differs from the practical application of colistin, which should
be limited to the prescription period. The farm animal industry aims to minimize the use of antimicrobials such
as colistin, to reduce antimicrobial resistance?*, highlighting the importance of reducing F4-ETEC infections by
breeding, housing, management and nutritional strategies.

This trial aimed to expand our knowledge in the search for non-antibiotic alternatives for managing PWD. To
that aim, the effect of dietary supplementation based on tall oil fatty acids or a yeast hydrolysate and the impact
of adding both feed ingredients was assessed in F4-ETEC-challenged piglets of diverse genetic backgrounds.
Genotype (SNP2+or SNP2-) as well as the two nutritional strategies (TOFA and YH), either applied alone in
the diet or in combination (COM), significantly affected the response of weaned piglets to a F4ac-ETEC chal-
lenge. Supplementation of weaned piglets with either 0.1% dietary TOFA or 0.15% dietary YH resulted in a
lower prevalence of F4-ETEC detected in faecal samples, less faecal shedding of F4-ETEC, a shorter duration of
PWD and improved growth performance in the first days post-inoculation compared to a non-supplemented
diet. TOFA also shed faecal F4-ETEC for a shorter number of days and exhibited an improved faecal consistency.
These results are in line with the in vitro efficacy of TOFA in an E. coli 0149 assay (Roy et al.,, 2018), a reduction
in PWD and improved growth at 3 weeks post-weaning observed in piglets fed 0.1% TOFA in a Finnish com-
mercial weaner facility'? and a reduction in ETEC shedding and PWD of weaned piglets fed with 0.3% YH from
2 weeks prior to weaning onwards'’. In addition, the current study shows that dietary YH supplementation is
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Figure 2. Quantitative faecal F4-ETEC shedding (A, C), prevalence of F4-ETEC shedding (B, D) and the
duration of F4-ETEC shedding (E). F4-ETEC inoculation took place on day 10 post-weaning in piglets of
diverse genetic backgrounds fed with different dietary strategies. The grey-coloured background indicates the
pre-inoculation period. PC = control diet + colistin via drinking water; NC = control diet; TOFA =1.0 g tall oil
fatty acids per kg feed; YH =1.5 g yeast hydrolysate from Saccharomyces cerevisiae per kg feed; COM=1.0 g

TOFA and 1.5 g YH per kg feed; Trt=treatment.

also successful in reducing F4-ETEC infections of weaned piglets when applied from weaning at an inclusion rate
0f 0.15%. The combination of TOFA and YH resulted in a lower prevalence of faecal F4-ETEC, less faecal shed-
ding of F4-ETEC, a better faecal consistency and a shorter diarrhoea period compared to a non-supplemented
diet, but did not exert additional beneficial effects compared to the singular application of either TOFA or YH in
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Treatment? Genotype P-value

PC_[NC [TOFA [YH [COM |SEM |sNP2+ [SNP2- |SEM |T® G* TxG
Body weight, kg
Do 788 |7.80 |7.84 |7.79 |778 | 0.356]7.85 7.78 0227] 1.00 0.83  0.90
D8 855 |9.08 |9.06 |898 |922 | 0.408]8.87 9.09 0260 0.82 0.57 | 0.57
D15 11.72 | 10.55 11.71 11.69 | 11.13 0.442 | 10.84 11.88 0.282 0.27 0.02 | 0.35
D22 1559 | 14.02 | 1571 |1527 | 1468 | 0.608 | 1453 |1558 | 0338 | 028 0.07 | 0.64

Average daily gain, g/piglet

Do0-8 84 160 153 149 180 27.1 127 163 17.3 0.15 0.16 | 0.32
D8-15 452> | 261* 379" 387° | 273° 32.0 302 399 20.4 <0.001 <0.01]0.17
D 15-22 554 496 571 511 507 38.8 527 529 24.7 0.59 0.95 | 1.00
D 0-22 351 293 358 340 314 22.1 308 354 14.1 0.23 0.03 | 0.57

Table 1. The effect of treatment and genotype on the performance of weaned piglets challenged with
F4-ETEC'. Different superscripts (**) within a row indicate a significant difference between treatments
(P<0.05). 'F4ac-ETEC challenge on day 10 post-weaning. 2PC = control diet + colistin via drinking water;
NC=control diet; TOFA = 1.0 g tall oil fatty acids per kg feed; YH=1.5 g yeast hydrolysate from Saccharomyces
cerevisiae per kg feed; COM =1.0 g TOFA and 1.5 g YH per kg feed. * T =Treatment effect. *G = genotype effect.
* T x G=interaction between treatment and genotype.

the current trial setup. In the present study, the animal performance parameters were not considered the main
response parameters, but they still provide valuable data on the severity of the disease induced by the challenge
and on the effects of the dietary treatments. COM piglets numerically had the best FCR (data not shown) and
ADG in the first week before the challenge when feed intake levels among treatments were similar (ranging
from 196 to 228 g/piglet). While TOFA and YH improved the growth performance of piglets versus NC in the
initial post-challenge period, this effect was not observed in COM. The feed consumption level of COM piglets
may have played a role in this, since a numerically lower feed intake was observed in COM piglets (528 g/piglet)
versus TOFA (627 g/piglet) and YH piglets (587 g/piglet) from day 8 to 22 post-weaning, which suggests that less
TOFA and YH ended up in the intestines of COM piglets. The faecal consistency of piglets fed with TOFA, YH
and COM and the duration of diarrhoea were similar to PC piglets, as well as the ADG between PC, TOFA and
YH in the initial post-challenge period. These results emphasize the size effect of the two feed ingredients and
suggest that they can partly represent an alternative to the use of antibiotics for managing PWD and sustaining
piglet performance.

Investigation of the mechanism of action was beyond the scope of this trial, but in-depth analyses of biological
samples in research incorporating singular and combined use of the two feed ingredients are recommended to
provide further indications regarding the observed effects. The efficacy of TOFA in reducing F4-ETEC PWD may
be derived from its antimicrobial'?, anti-inflammatory?”, immunomodulatory'*?® and gut microbiome stabiliz-
ing properties”?’. The TOFA product used consisted of resin acids such as abietic, dehydroabietic and pimaric
acids, as well as free fatty acids such as (conjugated) linoleic, oleic and pinolenic acids. TOFA and/or its com-
ponents have been shown to increase systemic IgG concentrations?®*° and modulate cytokine production'**"2,
which may limit the inflammatory response following F4-ETEC infection. Moreover, diet-derived coniferous
resin acids have been shown to decrease inflammatory T-cell infiltration and inflammation-associated collagen
degradation in the intestinal tissue of broiler chickens?, and it is possible that they may have the same effect in
piglets, thereby improving intestinal integrity and reducing PWD. In addition, TOFA might disrupt the bacterial
cell wall and membrane of pathogenszs, which may have lowered the abundance of F4-ETEC in the intestine,
and may modulate the microbiota population in such a way that piglets are less susceptible to ETEC infection,
for example via the production of anti-inflammatory and energy-providing metabolites'>**. The latter may also
play a role in the improved performance as a result of TOFA feeding that has been observed in challenged'***
and non-challenged animals'>*>3¢.

The tested YH was an acid-hydrolysed spent Saccharomyces cerevisiae brewer’s yeast, which contained both
soluble and insoluble yeast cell wall-derived components, including mannans, oligosaccharides, peptides and
nucleotides. The mannan oligosaccharides (MOS) in YH may have prevented attachment of F4-ETEC to the
intestinal epithelial cells by adhesion to the mannose-binding proteins that are expressed on the fimbriae of
ETEC strains®”*%. YH may also protect weaned piglets from F4-ETEC challenge by a higher innate and adaptive
immune response, including higher (natural) antibody production, as seen in weaned piglets challenged with E.
coli lipopolysaccharides® and sheep red blood cells'®, and in calves exposed to a vaccine challenge®. p-glucans
from the yeast cell wall were found to attenuate intestinal damage upon F4-ETEC challenge in weaned piglets
via an improved intestinal morphology, such as increased villus length and increased expression levels of tight
junction proteins, suppression of inflammatory cytokines, and changes in the microbial population and fermen-
tation pattern*'. In addition, nucleotide rich yeast extract was reported to reduce PWD caused by ETEC*, and
was suggested to play a role as a gut microbiome stabilizer*** and immune-stimulant*. YH is also known to
improve nutrient digestibility and feed efficiency, resulting in improved body weight gain in pigs*’~*.

Due to the number of piglets, this study has limited experimental power for the interaction between treat-
ment and genotype, particularly for the response parameter piglet performance. This may explain the lack of an
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interaction effect between treatment and genotype on piglet ADG and BW, while such an interaction effect was
reported for the duration of F4-ETEC diarrhoea. The lack of an interaction effect of treatment and genotype in
combination with the significant treatment effect on the level and duration of faecal F4-ETEC shedding sug-
gests that PC, TOFA, YH and COM lowered the level and shortened the duration of faecal F4-ETEC shedding
compared to NC, not only in SNP2+ but also in SNP2- piglets. It therefore seems highly relevant to implement
such nutritional strategies on pig farms, in which a distribution of F4-susceptible and F4-resistant animals can
also be found*® and in which less F4-ETEC shedding is considered important for low infection pressure and to
prevent secondary and/or coinfections, such as by Streptococcus suis™.

As hypothesized from the results of **, SNP2+ piglets had a higher prevalence and shedding of faecal F4-ETEC,
as well as a higher prevalence and longer duration of F4-ETEC diarrhoea than SNP2- piglets. SNP2+ piglets also
had a lower growth rate than SNP2- piglets, resulting in a lower body weight of the piglets. These observations
were mainly present within the first 5 days PI, suggesting that SNP2 is associated with the susceptibility of piglets
to F4ac-ETEC. These results imply that it is important to select and allocate pigs to experimental treatments
based on their F4ac-susceptibility profile to eliminate this confounding factor in nutritional studies using the
ETEC-F4 infection model. Moreover, the results indicate that SNP2 is a promising marker for screening experi-
mental animals to determine F4ac susceptibility, and support the results of >*°2. To the best of our knowledge,
this is the first pilot study that compared SNP2+ with SNP2- piglets in an ETEC challenge study in weaned
piglets. Of the SNP2+ piglets, 72% developed F4-ETEC PWD. The remaining 28% of the SNP2+ piglets did not
develop diarrhoea, of which 12% received colistin as part of PC, 12% were fed with TOFA and 4% were fed with
COM, which are the three interventions that significantly improved the faecal score compared to the other two
groups. Other possible factors related to the risk of F4-ETEC PWD in SNP2+ piglets may include the pH of the
stomach, variability in the exposure of F4 receptors in the intestinal epithelium, the gastrointestinal microbiome
population of the host (as discussed by>®) and potential susceptibility differences among the SNP2 genotype
(heterozygous vs. homozygous susceptible; as indicated for MUC13 in>*). Moreover, studies with other DNA
marker-based tests have also reported associations between the marker (e.g. CHCF1, CHCF3, ALFA0072075) and
F4-ETEC susceptibility’®>>*. Multiple markers are therefore considered as candidates, but the gene responsible
for F4-ETEC susceptibility has not yet been elucidated, suggesting that further research is needed to understand
the genetics of F4-ETEC susceptibility.

Conclusion

The experiment confirmed that piglets fed with TOFA, YH or their combination had lower levels of faecal
F4-ETEC shedding compared to the NC group, which was reflected in the reduced severity of diarrhoea, suggest-
ing these dietary strategies improve the resilience of piglets towards F4-ETEC infection. F4-ETEC quantification
and diarrhoea were significantly higher in SNP2+ piglets than in SNP2- piglets following an experimental F4-ac
ETEC infection, enforcing previous observations of SNP2 as a suitable marker for F4ac-ETEC susceptibility.

Methods

Ethics declaration

The study was approved by the Dutch Central Authority for Scientific Procedures on Animals (project license
AVD104002016515) and the Animal Care and Use Committee of Schothorst Feed Research (Lelystad, the Neth-
erlands), and conducted at the research facility of SFR. The protocol of the experiment was carried out in com-
pliance with the ARRIVE guidelines and in accordance with the Dutch law on animal experimentation, which
complies with the European Directive 2010/63/EU on the protection of animals used for scientific purposes.

Animals and selection criteria

Suckling piglets (75 Tempo x TN-70 piglets from 11 sows with a parity range from 1 to 5) were sampled for blood
(1.2 ml) via jugular venepuncture at 21 days before weaning (approximately 9 days old). Blood was collected in
EDTA tubes, and shipped with cool packs on the same day to Labo Dierlijke Genetica (Department of Veterinary
and Life Sciences, Faculty of Veterinary Medicine, University of Gent, Merelbeke, Belgium) to determine the
presence of SNP2 (ASGA0091537) by DNA analysis of whole blood. SNP2, identified by Goetstouwers et al.**
using the Porcine SNP60 BeadChip (Illumina), is positioned between HEG1 and MUC13, proximal to the
Indel MUC13 marker (Indel of 68 bp in intron 2 of the MUCI13 gene), and is suggested as a region related to an
increased susceptibility to infections caused by enterotoxigenic E. coli F4?#*%. The SNP2 marker test, a QPCR assay
with dual-labelled probes, was developed and performed by Labo Dierlijke Genetica (Department of Veterinary
and Life Sciences, Faculty of Veterinary Medicine, University of Gent, Merelbeke, Belgium). Based on the blood
results, 25 SNP2-positive and 25 SNP2-negative piglets were selected at weaning, taking into account the weaning
weight and sex of the piglets. SNP2-positive piglets were heterozygous susceptible (C/T), while SNP2-negative
piglets were homozygous resistant (C/C).

At birth, piglets were ear tagged, and weighed, and their sex was determined and registered. No teeth clipping,
tail docking or castration was performed. Litter size was standardized to 12-15 piglets per litter and cross-foster-
ing was recorded. Litters were housed in farrowing pens with a size of 2.10 X 2.00 m and reared by the sow. Gilts
and sows were vaccinated according to the manufacturer’s vaccination scheme with an inactivated vaccine against
neonatal colibacillosis and Clostridium infections (SUISENG®, HIPRA, Amer, Girona, Spain). Piglets received
commercial creep feed (ABZ Diervoeding, Leusden, the Netherlands) from approximately one week of age.

Piglets were selected for blood sampling purposes at 21 days before weaning based on the health status of the
litter, average birth weight of the litter and sex (equivalent ratio). Piglets showing signs of injury or illness at the
time of blood sampling or weaning were excluded from selection, as well as piglets that were cross-fostered or
medically treated during the suckling period. Piglets were selected at weaning based on the following criteria:
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SNP2 detection in blood, sex (equivalent male to female ratio) and weaning weight. After being included in the
study, piglets were excluded when a humane endpoint was met. Humane endpoints were defined as situations in
which pigs were showing severe clinical symptoms, or moderate clinical symptoms during two observations with-
out signs of recovery. In that case, they were humanely euthanized and sent for pathology to the GD (Deventer,
the Netherlands). The trial started at 21 days pre-weaning, with blood sampling for SNP2 detection, and lasted
for 43 days in total, of which 22 days post-weaning, with experimental treatments applied from weaning onwards.

A subset of 50 piglets was weaned (7.82+0.146 kg) at 30 days of age (29.72+0.128 days) and housed in 10
pens (2.00 x 1.00 m) in one climate-controlled room. Room temperature was automatically regulated by a climate
computer following a temperature curve starting at 28 °C on the day of weaning to 23 °C at 22 days post-weaning.
The room was ventilated using outdoor air. The humidity in the room was dependent on the outdoor humidity
and ventilation rate. Artificial lights were provided from 7.00 to 17.00 h. Piglets had ad libitum access to feed and
water. The pen floor was partly slatted and partly covered with a rubber mat. Each pen contained two feeding
troughs with feeder space for 1 to 2 piglets per trough depending on pig body size, two drinking nipples, a metal
chain with HDPE plastic bar that was alternated daily and a cotton rope.

Experimental design and diets

A randomization process was performed to block piglets to pens based on weaning weight, SNP2 presence, and
sex. The trial was setup as a complete randomized block design containing five treatments: Positive control (PC)
with piglets fed with a negative control diet and provided with the antibiotic colistin via drinking water (Colisol®
250 000 I.E./ml; 10 ml product per 25 kg of body weight per day, Dopharma Research B.V., Raamsdonksveer, The
Netherlands, REG NL 2182/UDD), that is known for the oral treatment of intestinal infections caused by E. coli,
and particularly of PWD; Negative control (NC) with piglets fed with a negative control diet; Tall oil fatty acids
(TOFA) with piglets fed with a negative control diet with the addition of 1.0 g per kg feed of TOFA containing
8.7% resin acids (PROGRES’; AB Vista, Marlborough, UK, see Supplementary Table 1, Additional File 1); Yeast
hydrolysate (YH) with piglets fed with a negative control diet with the addition of 1.5 g per kg feed of YH derived
from Saccharomyces cerevisiae (PROGUT® EXTRA; Hankkija Oy, Hyvinkaa, Finland); and Combination (COM)
with piglets fed with a negative control diet with the addition of 1.0 g TOFA and 1.5 g YH per kg feed. Each treat-
ment group consisted of 10 piglets, divided over two pens, i.e. one replicate with lighter (on average 6.9 kg) and
one replicate with heavier piglets (on average 8.7 kg) in terms of body weight. Treatments were given from wean-
ing until the end of the experiment on day 22 post-weaning. In the PC group that received colistin throughout
the 22 post-weaning days of the trial, the dosage was increased over time according to the piglets’ body weight
development (10 ml product per 25 kg of body weight per day). In the first three days of the trial, all piglets
were treated with colistin via drinking water to standardize and reduce the presence of ETEC in the intestine.

The experimental negative control diet was formulated to meet the requirements for all essential nutrients
for piglets according to recommendations published by the Foundation Central Bureau for Livestock Feeding®’.
The diet was a barley, wheat, soybean meal, and maize-based diet. The diet composition and calculated nutri-
ent contents are presented in Supplementary Table 2 of Additional File 1. The analysed nutrient contents of the
diets are presented in Supplementary Table 3 of Additional File 1. The test products were added on top of the
negative control diet to create the different treatments. Experimental diets were pelleted at a diameter of 3 mm
in the specialised feed mill of ABZ Diervoeding (production facility in Leusden, the Netherlands). As method
of blinding, numerical coding was used. Diet formulation, piglet selection and allocation, trial measurements
and data analyses were performed by different personnel.

Moisture, crude protein, crude fat, crude fibre, and ash were determined in the diets using standard proxi-
mate analysis methods by the laboratory of Schothorst Feed Research (Lelystad, the Netherlands). The mois-
ture determination was performed gravimetrically after oven-drying at 80 °C vacuum to a constant weight
(NEN-ISO 6496:1999). Crude protein content was measured according to the Dumas principle (NEN-EN-ISO
16634-2:2016), crude fibre was determined by the filter technique (NEN-EN-ISO 6865:2001) and crude fat
was determined after hydrolysis with hydrochloric acid under heating (NEN-ISO 6492:1999). Ash was meas-
ured gravimetrically after ashing the sample for 3 h at 550 °C (NEN-ISO 5984:2003). Proximate analysis of the
experimental diets showed comparable contents of the Weende components. The analysed nutrient contents are
presented in Supplementary Table 3 of Additional File 1.

The dietary concentration of resin acids was determined using gas chromatography (GC) and gas chroma-
tography—mass spectrometry (GC—MS) methods by Oy Separation Research Ab (Turku, Finland). First, diet
samples were ground to a homogeneous powder. Resin acids and free fatty acids were extracted using acetone
and hexane, and analysed by GC and GC—MS. Subsequently the concentration of TOFA in feed samples was
calculated based on the analysed quantity of resin acids (see Supplementary Table 4, Additional File 1) and the
known ratio of resin acids to free fatty acids in TOFA.

Experimental challenge

On day 10 post-weaning, all piglets were orally inoculated via syringe with a 5 ml solution of 5.9+ 2 x 10° CFU
of ET10, an enterotoxigenic E. coli strain (virotype: F4ac, STb, LT; serotype: O149:H10) isolated from a mild
clinical case of PWD™. The whole-genome sequence is available at NCBI (ET10, BioProject ID: PRINA770188).
The inoculum was prepared by inoculating 1 L of HIB broth (OXOID HIB broth, Thermo Fisher, NL) with three
colonies of ET10. After 24h at 37 °C, the inoculum was placed on ice, and a serial dilution was plated on Colum-
bia blood agar (CBA plates, Tritium, NL). After inoculation of all piglets, another serial dilution was plated on
Columbia blood agar plates to compare the bacterial concentration before and after inoculation.
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Measurements
Fresh faecal samples were collected from individual pigs after rectal stimulation at days 0, 8, 11, 12, 13, 14, 15,
18, 20 and 22 post-weaning. The faecal consistency of the samples was determined on an 8-point scale from
severe water thin diarrhoea to hard, dry and lumpy faeces. The faecal consistency protocol can be found in Sup-
plementary Table 5 of Additional File 1. To prevent dehydration, piglets with severe water thin diarrhoea were
provided with a mixture of water plus electrolytes. The faecal dry matter of 69 selected faecal samples varying
in faecal score was determined using an oven drying method (ISO 6496:1999) in which samples were weighed
before and after drying at 80°C for 18h. A faecal score of <4 was considered diarrhoea, while a faecal score of <4
in combination with F4-ETEC detected in the faecal sample on the same day was considered F4-ETEC diarrhoea.
After scoring the faecal consistency, the fresh faecal samples were placed on ice and taken to the laboratory.
Approximately 2 g was taken from the samples at days 8, 11, 12, 13, 14, 15, 18, 20 and 22 post-weaning, their
actual weight was recorded, and the samples were stored at —-80 °C until shipment to BaseClear BV (Leiden, the
Netherlands). DNA was extracted from each faecal sample and used to quantify faecal F4-ETEC using quantita-
tive PCR (qPCR) targeting the inoculated F4-ETEC strain. DNA extraction, whole genome sequencing of the
strains with the Illumina NovaSeq 6000 and assembly, QPCR assay screening, development and validation were
performed at BaseClear BV (Leiden, the Netherlands) according to the methods provided in Additional File 2.
Individual body weight (BW, in kg) was recorded at the start of the experiment (weaning; day 0), as well as
at days 8, 15, and 22 post-weaning. Average daily gain (ADG, g/piglet) was calculated for the separate periods
(from day 0 to 8, day 8 to 15, and day 15 to 22 post-weaning) and for the total experimental period (from day 0
to 22 post-weaning). Feed allowance and refusals were recorded manually per pen (with 5 piglets per pen) at the
same time points as the body weights were determined. Weights were determined using a platform scale (KERN
FTB, KERN & Sohn GmbH, Balingen, Germany). The average daily feed intake (ADF]I, g/piglet) and feed conver-
sion ratio (FCR) were calculated on a pen basis for the separate periods and for the total experimental period.
Before F4-ETEC inoculation piglets were monitored daily for clinical symptoms (body condition, diarrhoea,
behaviour, signs of dehydration), which increased to three times a day during the first five days post-inoculation
and continued for two times a day until the end of the study. Additionally, rectal temperature was measured once
a day during the first five days post-inoculation to monitor piglet health.

Statistical analysis

No faecal sample, despite rectal stimulation, was obtained from one piglet on day 12 post-weaning, and it was
thus designated as missing value for faecal consistency and ETEC excretion at this day. Data missing due to two
piglets reaching a humane end point were handled as missing values in the dataset. The performance of these
animals was taken into account until reaching the humane end point.

Each faecal sample was analysed in triplicate in the F4-ETEC qPCR, and the average cycle threshold (CT) was
used to determine F4-ETEC concentrations. If one of the triplicates had an undetermined CT (=40 cycles), then
the average was taken of the CTs of the other two replicates. If two out of the triplicates had an undetermined
CT, then the value of the replicate with determined CT (<40 cycles) was used to quantify the F4-ETEC. The limit
of detection (LOD) was set at 200 CFU F4-ETEC per gram of faeces. Samples with an undetermined CT (=40
cycles) were given a value of 0.5 times the LOD. Finally, a log10 transformation was performed on the F4-ETEC
concentrations before statistical analyses were performed.

The experimental data were analysed using GenStat® Version 23 for Windows™ (VSN International Ltd, Hemel
Hempstead, UK). Missing values were estimated. The normality of the data was tested using Shapiro—Wilk
normality tests and residual plots. The piglet was the experimental unit for all response parameters. The main
response parameters in the F4-ETEC challenge model are faecal F4-ETEC shedding (prevalence, duration and
quantitative level) and F4-ETEC PWD (prevalence, duration and faecal consistency score). Treatment, genotype
and their interaction were used as fixed effects unless stated otherwise. Piglet performance, duration of F4-ETEC
diarrhoea, duration of faecal F4-ETEC shedding, and F4-ETEC concentration (on each day separately) were
analysed using one-way analysis of variance (ANOVA) via the General Linear Model function. Faecal consistency
and faecal F4-ETEC shedding over time were analysed in an ANOVA using treatment, day, and their interaction
as fixed effects and replicate as a random effect, as well as using genotype, day, and their interaction as fixed effects
and replicate as random effect. Faecal consistency at weaning (day 0 post-weaning) was used as a covariate in the
model of faecal consistency over time. In case of a significant interaction with time, data were also analysed per
day by ANOVA using treatment or genotype as a fixed effect and replicate as a random effect. Chi-square tests
were used to analyse the prevalence of F4-ETEC diarrhoea and shedding. Significant differences are declared
at P<0.05, with near significant trends at 0.05<P<0.10. (Near) Significant fixed effects were further analysed
by least significant differences (LSD, Fisher’s LSD method) to compare treatment means. Data are presented as
absolute means, adjusted for covariates if any included. The P-value and standard error of the mean (SEM) are
reported per response parameter.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to their proprietary
nature but are available from the corresponding author on reasonable request.

Received: 23 October 2023; Accepted: 20 January 2024
Published online: 24 January 2024

References

1. Luppi, A. Swine enteric colibacillosis: Diagnosis, therapy and antimicrobial resistance. Porc. Heal. Manag. 3,16 (2017).

Scientific Reports |

(2024) 14:2060 | https://doi.org/10.1038/s41598-024-52586-3 nature portfolio



www.nature.com/scientificreports/

2. Luppi, A. et al. Prevalence of virulence factors in enterotoxigenic Escherichia coli isolated from pigs with post-weaning diarrhoea
in Europe. Porc. Heal. Manag. 2, 20 (2016).

3. Maynard, C. et al. Antimicrobial resistance genes in enterotoxigenic Escherichia coli 0149:K91 isolates obtained over a 23-year
period from pigs. Antimicrob. Agents Chemother. 47, 3214-3221 (2003).

4. Garcia, V. et al. F4- and F18-positive enterotoxigenic Escherichia coli isolates from diarrhea of postweaning pigs: Genomic char-
acterization. Appl. Env. Microbiol. 86, €01913-e1920 (2020).

5. European Commission. Commission implementing decision of 26.6.2017 concerning, in the framework of Article 35 of Direc-
tive 2001/82/EC of the European Parliament and of the Council, the marketing authorisations for veterinary medicinal products
containing “zinc oxide” to be administered orally to food producing species. https://ec.europa.eu/health/documents/commu
nity-register/2017/20170626136754/dec_136754_en.pdf (2017).

6. Bonetti, A., Tugnoli, B., Piva, A. & Grilli, E. Towards zero zinc oxide: Feeding strategies to manage post-weaning diarrhea in piglets.
Animals (Basel). 1, 642 (2021).

7. Canibe, N. et al. Review on preventive measures to reduce post-weaning diarrhoea in piglets. Animals 12, 2585 (2022).

8. San Feliciano, A., Gordaliza, M., Salinero, M. A. & del Corral, J. Abietane acids: Sources, biological activities, and therapeutic uses.
Planta Med. 59, 485-490 (1993).

9. Savluchinske-Feio, S., Curto, M. J., Gigante, B. & Roseiro, J. C. Antimicrobial activity of resin acid derivatives. Appl. Microbiol.
Biotechnol. 72, 430-436 (2006).

10. Helfenstein, A. et al. Antibacterial profiling of abietane-type diterpenoids. Bioorg. Med. Chem. 25, 132-137 (2017).

11. Roy, K, Lyhs, U, Vuorenmaa, J. & Pedersen, K. In vitro inhibition studies of natural resin acids to Clostridium perfringens, Staphy-
lococcus aureus and Escherichia coli O149. J. Appl. Anim. Nutr. 6, €2 (2018).

12. Uddin, M. K., Hasan, S., Mahmud, M. R., Peltoniemi, O. & Oliviero, C. In-feed supplementation of resin acid-enriched composition
modulates gut microbiota, improves growth performance, and reduces post-weaning diarrhea and gut inflammation in piglets.
Animals 11, 2511 (2021).

13. Guan, X,, Santos, R., Kettunen, H., Vuorenmaa, J. & Molist, F. Effect of resin acid and zinc oxide on immune status of weaned
piglets challenged with E. coli lipopolysaccharide. Front. Vet. Sci. 8, 761742 (2021).

14. Broadway, P. R, Carroll, J. A. & Burdick Sanchez, N. C. Live yeast and yeast cell wall supplements enhance immune function and
performance in food-producing livestock: A review. Microorganisms 3, 417-427 (2015).

15. Burdick Sanchez, N. C., Broadway, P. & Carroll, J. A. Influence of yeast products on modulating metabolism and immunity in
cattle and swine. Animals 11, 371 (2021).

16. Perricone, V. et al. Yeast-derived products: The role of hydrolyzed yeast and yeast culture in poultry nutrition—a review. Animals
(Basel) 12, 1426 (2022).

17. Jensen, K., Damgaard, B., Andresen, L., Jorgensen, E. & Carstensen, E. Prevention of post weaning diarrhea by a Saccharomyces
cerevisiae-derived product based on whole yeast. Anim. Feed. Sci. Technol. 183, 29-39 (2013).

18. Molist, E, van Eerden, E., Parmentier, H. K. & Vuorenmaa, J. Effects of inclusion of hydrolyzed yeast on the immune response and
performance of piglets after weaning. Anim. Feed Sci. Technol. 195, 136-141 (2014).

19. Fairbrother, J. M., Nadeau, E. & Gyles, C. L. Escherichia coli in postweaning diarrhea in pigs: An update on bacterial types, patho-
genesis, and prevention strategies. Anim. Heal. Res. Rev. 6, 17-39 (2005).

20. Westerman, R. B., Mills, K. W,, Phillips, R. M., Fortner, G. W. & Greenwoud, J. M. Predominance of the ac variant in K88-positive
Escherichia coli isolates from swine. J. Clin. Microbiol. 26, 149-150 (1988).

21. Guinée, P. A. M. & Jansen, W. Behavior of Escherichia coli antigens K88ab, K88ac, and K88ad in immunoelectrophoresis, double
diffusion, and hemagglutination. Infect. Immun. 23, 700-705 (1979).

22. Ren, J. et al. Susceptibility towards enterotoxigenic Escherichia coli F4ac diarrhea is governed by the MUC13 gene in pigs. PLoS
One 7, €44573 (2012).

23. Schroyen, M., Stinckens, A., Verhelst, R., Niewold, T. & Buys, N. The search for the gene mutations underlying enterotoxigenic
Escherichia coli F4ab/ac susceptibility in pigs: A review. Vet. Res. 43,70 (2012).

24. Goetstouwers, T. et al. Refined candidate region for F4ab/ac enterotoxigenic Escherichia coli susceptibility situated proximal to
MUCI3 in pigs. PLoS ONE 9, 105013 (2014).

25. SDa. Het gebruik van antibiotica bij landbouwhuisdieren in 2020. WHO-classificatie en nieuwe benchmarkwaarde voor colistine.
https://www.autoriteitdiergeneesmiddelen.nl/nl/publicaties/sda-rapporten-antibioticumgebruik (2021).

26. Sipponen, A. & Laitinen, K. Antimicrobial properties of natural coniferous rosin in the European Pharmacopoeia challenge test.
APMIS 119, 720-724 (2011).

27. Aguirre, M. et al. In-feed resin acids reduce matrix metalloproteinase activity in the ileal mucosa of healthy broilers without
inducing major effects on the gut microbiota. Vet. Res. 50, 15 (2019).

28. Hasan, S. ef al. Late gestation diet supplementation of resin acid-enriched composition increases sow colostrum immunoglobulin
G content, piglet colostrum intake and improve sow gut microbiota. Animal 27, 1-8 (2018).

29. Hasan, S. et al. Dietary supplementation with yeast hydrolysate in pregnancy does influence colostrum yield, gut microbiota of
sow and piglets after birth. PLoS ONE 13, €0197586 (2018).

30. Corino, C., Pastorelli, G., Rosi, F,, Bontempo, V. & Rossi, R. Effect of dietary conjugated linoleic acid supplementation in sows on
performance and immunoglobulin concentration in piglets. J. Anim. Sci. 87,2299-2305 (2009).

31. Kang, M. S. et al. Dehydroabietic acid, a phytochemical, acts as ligand for PPARs in macrophages and adipocytes to regulate
inflammation. Biochem. Biophys. Res. Commun. 369, 333-338 (2008).

32. Yao, W. et al. Effects of dietary ratio of n-6 to n-3 polyunsaturated fatty acids on immunoglobulins, cytokines, fatty acid composi-
tion, and performance of lactating sows and suckling piglets. J. Anim. Sci. Biotechnol. 3, 43 (2012).

33. Kettunen, H. et al. Natural resin acid-enriched composition as modulator of intestinal microbiota and performance enhancer in
broiler chicken. J. Appl. Anim. Nutr. 3, €2 (2015).

34. Kettunen, H. et al. Dietary resin acid composition as a performance enhancer for broiler chickens. J. Appl. Anim. Nutr. 5, €3 (2017).
35. Lipinski, K., Vuorenmaa, J., Mazur-Kus$nirek, M. & Antoszkiewicz, Z. Effect of resin acid composition on growth performance,
footpad dermatitis, slaughter value, and gastrointestinal tract development in turkeys. J. Appl. Poult. Res. 30, 100112 (2020).

36. Vienola, K., Jurgens, G., Vuorenmaa, J. & Apajalahti, J. Tall oil fatty acid inclusion in the diet improves performance and increases
ileal density of lactobacilli in broiler chickens. Br. Poult. Sci. 59, 349-355 (2018).

37. Kogan, G. & Kocher, A. Role of yeast cell wall polysaccharides in pig nutrition and health protection. Livest. Sci. 109, 161-165
(2007).

38. White, L. A., Newman, M. C., Cromwell, G. L. & Lindemann, M. D. Brewers dried yeast as a source of mannan oligosaccharides
for weanling pigs. J. Anim. Sci. 2(80), 2619-2628 (2002).

39. Li, L. S. et al. Effects of mannan oligosaccharides and Lactobacillus mucosae on growth performance, immune response, and gut
health of weanling pigs challenged with Escherichia coli lipopolysaccharides. J. Anim. Sci. 99, skab286 (2021).

40. Kim, M. H. et al. Effects of hydrolyzed yeast supplementation in calf starter on immune responses to vaccine challenge in neonatal
calves. Animal 5, 953-960 (2011).

41. Zhou, Y. et al. Effect of B-glucan supplementation on growth performance and intestinal epithelium functions in weaned pigs
challenged by enterotoxigenic Escherichia coli. Antibiotics (Basel). 11, 519 (2022).

Scientific Reports | (2024) 14:2060 | https://doi.org/10.1038/s41598-024-52586-3 nature portfolio


https://ec.europa.eu/health/documents/community-register/2017/20170626136754/dec_136754_en.pdf
https://ec.europa.eu/health/documents/community-register/2017/20170626136754/dec_136754_en.pdf
https://www.autoriteitdiergeneesmiddelen.nl/nl/publicaties/sda-rapporten-antibioticumgebruik

www.nature.com/scientificreports/

42. Patterson, R., Heo, J. M., Wickramasuriya, S. S., Yi, Y. J. & Nyachoti, C. M. Dietary nucleotide rich yeast extract mitigated symptoms
of colibacillosis in weaned pigs challenged with an enterotoxigenic strain of Escherichia coli. Anim. Feed Sci. Technol. 254, 114204
(2019).

43. Hu, L. et al. Inclusion of yeast-derived protein in weanling diet improves growth performance, intestinal health, and anti-oxidative
capability of piglets. Czech J. Anim. Sci. 59, 327-336 (2014).

44. Andrés-Elias, N., Pujols, J., Badiola, I. & Torrallardona, D. Effect of nucleotides and carob pulp on gut health and performance of
weanling piglets. Livest. Sci. 108, 280-283 (2007).

45. Stein, H. H. & Mateo, C. D. Nucleotides may have a role in nutrition of young pigs. Feedstuffs 76, 11-14 (2004).

46. Lee, D. N. et al. Effects of diets supplemented with organic acids and nucleotides on growth, immune responses and digestive tract
development in weaned pigs. J. Anim. Physiol. Anim. Nutr. 91, 508-518 (2007).

47. Zhang, ]. Y., Park, J. W. & Kim, I. H. Effect of supplementation with brewer’s yeast hydrolysate on growth performance, nutrients
digestibility, blood profiles and meat quality in growing to finishing pigs. Asian-Australas J. Anim. Sci. 32, 1565-1572 (2019).

48. Lee, J. J. et al. Dietary yeast cell wall improves growth performance and prevents of diarrhea of weaned pigs by enhancing gut
health and anti-inflammatory immune responses. Animals 11, 2269 (2021).

49. Boontiam, W, Bunchasak, C., Kim, Y. Y., Kitipongpysan, S. & Hong, J. Hydrolyzed yeast supplementation to newly weaned piglets:
Growth performance, gut health, and microbial fermentation. Animals (Basel). 12, 350 (2022).

50. Hu, D. et al. Effective genetic markers for identifying the Escherichia coli F4ac receptor status of pigs. Anim. Genet. 50, 136-142
(2019).

51. Vangroenweghe, E A. C.]. & Boone, M. Vaccination with an Escherichia coli F4/F18 vaccine improves piglet performance combined
with a reduction in antimicrobial use and secondary infections due to Streptococcus suis. Animals (Basel). 12, 2231 (2022).

52. Fu, W. X. et al. A genome-wide association study identifies two novel promising candidate genes affecting Escherichia coli F4ab/
ac susceptibility in swine. PLoS ONE 7, €32127 (2012).

53. Sterndale, S. O. et al. Effect of mucin 4 allele on susceptibility to experimental infection with enterotoxigenic F4 Escherichia coli
in pigs fed experimental diets. J. Anim. Sci. Biotechnol. 10, 56 (2019).

54. Roubos-van den Hil, P. ], Litjens, R., Oudshoorn, A. K., Resink, J. W. & Smits, C. H. M. New perspectives to the enterotoxigenic
E. coli F4 porcine infection model: Susceptibility genotypes in relation to performance, diarrhoea and bacterial shedding. Vet.
Microbiol. 202, 58-63 (2017).

55. Rydal, M. P. et al. Pilot study on CHCF1 genotype in a pig challenge model for enterotoxigenic Escherichia coli F4ab/ac associated
post-weaning diarrhea. BVMC Vet. Res. 18, 382 (2022).

56. Rydal, M. P, Jorgensen, C. B., Gambino, M., Poulsen, L. L. & Nielsen, J. P. Complete association between CHCF1 genotype and
enterotoxigenic Escherichia coli F4ab-associated post-weaning diarrhea in a pig challenge trial. Vet. Microbiol. 282, 109771 (2023).

57. Foundation Central Bureau for Livestock Feeding (CVB). Booklet of feeding tables for pigs. Nutrient requirements and feed
ingredient composition for pigs, CVB-series no. 64. (Foundation CVB, Lelystad, the Netherlands, 2020).

Acknowledgements

The authors are grateful to Lone Brendsted and Jens Peter Nielsen of the University of Copenhagen (Copen-
hagen, Denmark) for sharing their knowledge and experience on the F4-ETEC strain used in this study. The
authors thank the laboratory, biotechnicians and project office team from SFR for their technical support. We
acknowledge Labo Dierlijke Genetica for performing the SNP2 marker test and BaseClear BV for qPCR assay
screening, development, validation and sample analyses.

Author contributions

AM.,, X.G. and EM. designed the experiment. H.K. and ].V. participated in conceptualization of the study design.
A.M. was the principle investigator that conducted the animal trial, wrote the protocols, analysed, visualized
and interpreted the data and wrote the manuscript. X.G. assisted in designing the protocols and conducting the
animal trial. M.G. cultured the ETEC strain, and M.G. and M.R. assisted in the protocol for inoculum prepa-
ration. M.R. provided general advice on the setup of the challenge model. R.T. performed the majority of the
laboratory work including preparation of the ETEC inoculum and handling of the faecal samples, and assisted
in qPCR development and data interpretation. EM. supervised A.M., X.G. and R.T. H.K. contributed to writing
the introduction and discussion of the manuscript. All authors gave constructive comments for the manuscript
and have read and approved the published version of the manuscript.

Competing interests

H.K. and ].V. are employed by Hankkija Oy, funding this research study. H.K. and J.V. participated in conceptu-
alization of the study design, decided to publish the results and reviewed this manuscript. H.K. wrote the parts
of the introduction and discussion that review the literature regarding the effects and mode-of-action of the
tested feed ingredients. A.M., M.R., M.G., X.G., R.T. and EM. declare that they have no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-024-52586-3.

Correspondence and requests for materials should be addressed to A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:2060 | https://doi.org/10.1038/s41598-024-52586-3 nature portfolio


https://doi.org/10.1038/s41598-024-52586-3
https://doi.org/10.1038/s41598-024-52586-3
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:2060 | https://doi.org/10.1038/s41598-024-52586-3 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Effect of dietary tall oil fatty acids and hydrolysed yeast in SNP2-positive and SNP2-negative piglets challenged with F4 enterotoxigenic Escherichia coli
	Results
	Dietary tall oil fatty acids and hydrolysed yeast as well as genetics linked to F4-ETEC resistance reduce F4-ETEC PWD severity and duration
	Dietary tall oil fatty acids and hydrolysed yeast reduce F4-ETEC shedding, while piglets of SNP2+ genotype shed higher quantities of F4-ETEC than piglets of SNP2- genotype
	Dietary tall oil fatty acids or hydrolysed yeast and a homozygous resistant SNP2 genotype reduce the risk of mortality and growth retardation following F4-ETEC inoculation

	Discussion
	Conclusion
	Methods
	Ethics declaration
	Animals and selection criteria
	Experimental design and diets
	Experimental challenge
	Measurements
	Statistical analysis

	References
	Acknowledgements


