Impacts of feeding organic acid-based feed additives on diarrhea, performance,
and fecal microbiome characteristics of pigs after weaning challenged with an
enterotoxigenic strain of Escherichia coli

John R. Pluske,"!>° Diana L. Turpin,” Shafi Sahibzada, Lane Pineda,* Yanming Han,* and
Alison Collins':

TAgricultural Sciences, College of Science, Health, Engineering and Education, Murdoch University, Murdoch,
WA 6150, Australia; *Trouw Nutrition R&D, Stationsstraat 77, 3811 MH, Amersfoort, The Netherlands;
IDepartment of Regional NSW, Elizabeth Macarthur Agricultural Institute, Woodbridge Rd, Menangle, NSW
2568, Australia

ABSTRACT: Post weaning diarrhea (PWD)
caused by enterotoxigenic strains of E. coli
(ETEC) remains a major problem in the industry,
causing decreases in performance and survival of
weaned pigs. Traditionally, antimicrobials have
been used for its mitigation/control. This study
tested the hypothesis that a combination of two
organic acid (OA)-based commercial feed addi-
tives, Presan FX [an OA, medium-chain fatty
acid (MCFA) and phenolic compound-based
product] and Fysal MP (free and buffered OA
based on formic acid), would reduce PWD and
improve post-weaning performance in pigs chal-
lenged with an F4-ETEC. This combination was
assessed against a Negative control diet without
any feed additives and a diet containing amoxi-
cillin. Combined with a reduction in temperature
during the infection period, inoculation with
F4-ETEC resulted in 81% of pigs developing diar-
rhea, but with no differences between treatments
(P > 0.05). However, between days 14 to 20 of
the study and due to colonization by Salmonella
serovars, pigs fed the combination of Presan FX
and Fysal MP showed less (P = 0.014) diarrhea
commensurate with a lower (P = 0.018) pro-
portion of Salmonella numbers relative to total
bacterial numbers. This caused less (P = 0.049)

therapeutic antibiotic administrations relative to
the diet with amoxicillin during this time. The
diversity of bacteria within amoxicillin-treated
pigs was lower (P = 0.004) than the diversity in
control or Presan FX + Fysal MP-treated pigs
(P = 0.01). Pair-wise comparisons showed that
amoxicillin-treated pigs had altered (P < 0.001)
fecal microbial communities relative to both
Presan FX + Fysal MP-treated pigs and control
pigs. Amoxicillin-treated pigs were characterized
by an increased abundance of bacterial families
generally linked to inflammation and dysbiosis in
the gastrointestinal tract (GIT), whereas Presan
FX + Fysal MP-treated pigs had an increased
abundance of bacterial families considered bene-
ficial commensals for the GIT. Control pigs were
characterized by an increased abundance of
Spirochaetaceae associated with healthy piglets,
as well as bacterial families associated with re-
duced feed intake and appetite. The combination
of two OA-based feed additives did not reduce
the incidence of F4 ETEC-associated diarrhea
nor enhance performance. However, the com-
bination markedly reduced diarrhea caused by
Salmonella that occurred following the ETEC in-
fection, commensurate with less therapeutic ad-
ministrations relative to the diet with amoxicillin.
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INTRODUCTION

Finding sustainable and cost-effective solutions
to post-weaning diarrhea (PWD) is essential to
limit economic losses and decreases in the perform-
ance and survival of weaned pigs. The disease is
caused by strains of enterotoxigenic E. coli (ETEC;
F4 or F18) that adhere to receptors on the entero-
cytes and colonize the surface of the small intestine
after weaning, releasing enterotoxins that enhance
the net secretion of water to the intestinal lumen
(Pluske et al., 1997; Pluske et al., 2018; Laird et al.,
2021). Antimicrobials, including antibiotics, have
traditionally been used for the treatment of PWD,
but rising consumer/retailer concerns, the develop-
ment of antimicrobial-resistant bacteria, and bans
or restrictions on the use of selected antimicrobials
in various jurisdictions, have collectively compelled
the need to use different approaches to this issue
(Pluske, 2013).

There is a plethora of nutritional, management,
and (or) veterinary strategies that can be used to
mitigate or treat PWD (de Lange et al., 2010; Liu
et al., 2018; Pluske et al., 2018). Amongst nutri-
tional approaches, commercial feed additives exist,
for in-feed and (or) water application, that offer
potential solutions to PWD. Products based on
organic acids (OA) and medium-chain fatty acids
(MCFA) have received much attention and are rou-
tinely used in the nursery. Numerous studies over
many years have shown their beneficial production
effects (Partanen and Mroz, 1999; Suiryanrayna
and Ramana, 2015; Mesonero Escuredo et al.,
2016) and positive impacts on the gastrointestinal
tract (GIT), including changes to the microbi-
ome (Roth and Kirchgessner, 1998; Li et al., 2018;
Tugnoli et al., 2020).

It is likely that a combination of OA- and
MCFA-based feed additive products will be more
efficacious in combatting PWD than an indi-
vidual product alone since products that differ in
their composition can have specific targeted effects
against pathogens and different modes of action,
either in different segments of the GIT and (or) in
the feed and water. In the present study, the efficacy
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of a combination of two commercial products,
Presan FX and Fysal MP (Trouw Nutrition; The
Netherlands), was evaluated. The study tested the
hypothesis that the use of Presan FX and Fysal
MP would reduce diarrhea and improve growth
performance of weaned piglets challenged with
F4-ETEC, relative to a diet containing an antibiotic.
It was also anticipated that favorable shifts in the
microbiome would occur with this combination.

MATERIALS AND METHODS

This experiment was approved by the Murdoch
University Animal Ethics Committee (R3083/13).

Animals, Housing, Experimental Design, and Diets

A total of 84 male weanling pigs (Large White
x Landrace) aged approximately 21 d was weighed
and ear-tagged on a commercial farm and then
transported approximately 45 min to the research
facility at Murdoch University. Upon arrival, pigs
were blocked in groups of four pigs per pen in a
temperature-controlled and ventilated facility and
randomized, on the basis of body weight (BW) and
pen location, to one of the three treatments (7 repli-
cations of 4 pigs per pen, with a total of 28 pigs per
treatment). Before weaning, 170 pre-weaned piglets
from the farm of origin were genetically screened
for the MUC4 gene before the start of the study to
be homozygous susceptible to F4-ETEC infection
(Sterndale et al., 2019a).

The three treatments tested were 1) basal diet
without antibiotic (Negative control; T1); 2) basal
diet with antibiotic (amoxicillin; T2); and 3) basal
diet with Presan FX (a blend of a phenolic com-
pound (>0.5%), slow release C12 (>5%), target-re-
lease butyrate (>10%) and sorbic acid (>5%),
MCFA (C8-C10, >20%), OA (>5%), and silica)
plus Fysal MP (formic acid >25%, propionic
acid >10%, acetic acid >5%, ammonium formate
>15%, and silica; T3) (both from Trouw Nutrition,
The Netherlands) (Table 1). A wheat/barley-soy-
bean-based diet was formulated without any add-
itional additives or medication to be isocaloric and
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Table 1. A summary of the treatments used in the study

ZnO0O,
Treatment ppm Amoxicillin, kg/t Presan FX, kg/t Fysal MP, kg/t
T1:Basal diet (Negative control) 1,000 - - -
T2: Basal diet + Antibiotic (amoxicillin) 1,000 0.020 - -
T3: Basal diet + Presan FX + Fysal MP 1,000 - 2 4

isonitrogenous (Table 2). Zinc oxide (ZnO) was
added to all diets at a sub-pharmacological inclu-
sion level of 1,000 ppm (mg/kg). A master-batch of
the basal diet using the same batch of ingredients
was prepared and then the additives were added
on top of the basal diet, mixed well, and thereafter
put into pre-marked feed bins. After the individual
feed was made, a representative sample of 2 kg was
taken out of the mixer and subsequently divided
into two sub-samples (1 kg/each) for subsequent
feed analysis.

Experimental F4 ETEC Challenge

All pigs were orally inoculated with 0.8 mL of
F4-ETEC broth (serotype O149; F4; toxins LT, STa,
STb, EAST) on days 5 and 6 after weaning. The
F4-ETEC was encapsulated in a gelatin capsule and
administered to the pigs (Sterndale et al., 2019b).
The concentrations of F4-ETEC inoculated were
7.84 X 10° cfu (0.8 mL of 9.8 x 10°) and 8.16 x 10°
cfu (0.8 mL of 1.02 X 10') on days 5 and 6, re-
spectively. Fecal consistency (FC), diarrhea index
[DI; (total number of days with score 4 diarrhea/
number of days) X 100], and the number of thera-
peutic antibiotic treatments were recorded. Fecal
consistency was visually examined at the same time
each morning by the same person on days 1 to 14,
and scored on a scale of 1 to 5 as follows: 1, dry and
granulated; 2, dry and firm shaped; 3, moist and
soft with largely retained shape; 4, pasty diarrhea;
and 5, watery diarrhea.

Post-weaning diarrhea was recorded when a pig
developed pasty or a watery fecal consistency (FC
> 4) accompanied with a stained perineum. All pigs
were swabbed upon arrival to determine [3-hemo-
lytic E. coli shedding by inserting an alginated
tipped swab into the anus. This was repeated on
days 3,4, 5, 6, 7, and 11 after weaning. Swabs were
cultured onto sheep blood (50 mL/liter) agar plates
and incubated overnight at 37 °C. An assessment of
the proportion of -hemolytic E. coli recovered on
each blood plate was made according to the number
of sections (0 to 5) expressing continued streaks
of clearing hemolysis around colonies displaying
morphology characteristic of [-hemolytic E. coli,
where 0 = no growth and 5 = confluent growth to

Table 2. Ingredient and nutrient composition of the
basal diet (as-fed basis)

Ingredients Amount, %
Barley 10
Wheat 44.1494
Soybean meal 15
Bloodmeal 1.7247
Fishmeal 8.0369
Whey powder 15.873
Canola Oil 3.157
Lysine 0.2856
Methionine 0.2395
Threonine 0.1347
Tryptophan 0.0724
BJ-Pig Grower Plus* 0.15
Limestone 0.4603
Dicalcium phosphate 0.2207
Salt 0.2
Zinc oxide 0.1
Choline chloride 60% 0.0458
Calculated analysis (%)

ME, MJ/kg 14.2
Dry matter 91.7
Protein 21

Fat 5.0
Crude fiber 2.3
Ash 3.5

Av Lysine 1.35
Lysine 1.36
Av Methionine 0.54
Av Cystine 0.27
Av M+C 0.81
Av Threonine 0.85
Av Tryptophan 0.30
Av Isoleucine 0.77
Av Leucine 1.44
Av Phos 0.45
Calcium 0.9
Phosphorus 0.68

“Provided the following nutrients (per kg of air-dried diet): vitamins: A, 7000
1U; D3, 1400 IU; E, 20 mg; K, 1 mg; thiamine, 1 mg; riboflavin, 3 mg; pyridoxine,
1.5 mg; cyanocobalamin, 15 mg; calcium pantothenate, 10.7 mg; folic acid,
0.2 mg; niacin, 12 mg; biotin, 30 mg. Minerals: Co, 0.2 mg (as cobalt sulfate);
Cu, 10 mg (as copper sulfate); iodine, 0.5 mg (as potassium iodine); iron, 60 mg
(as ferrous sulfate); Mn, 40 mg (as manganous oxide); Se, 0.3 mg (as sodium sel-
enite); Zn, 100 mg (as zinc oxide); BJ Grower 1, BioJohn Pty Ltd., WA, Australia.

the last streak. Pigs that developed a diarrhea score
of FC>4 on two consecutive days were treated
with antibiotics [Moxylan IM (amoxicillin 150 mg/
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mL, Jurox Pty Ltd., Rutherford NSW, Australia)]
as recommended by a veterinarian and in com-
pliance with the directions of the Animal Ethics
Committee. The treatment continued until the diar-
rhea stopped.

Temperature in the rooms upon entry was set
at ~28 °C, and during inoculation was lowered to
~23 °C to further induce diarrhea (Wathes et al.,
1989). Thereafter and until the end of the second
week of the study, temperature was maintained at
~28 °C. In the third week, the temperature was re-
duced to ~26 °C.

Fecal Sampling and Feed Analysis

A representative pooled sample of fresh feces
was collected from the floor of each pen within each
treatment at day 21 of the study, and then frozen
for subsequent PCR and next generation sequenc-
ing (NGS) of fecal microbiota.

Feed samples were analyzed (Agrifood
Technology, Bibra Lake, WA, Australia) for dry
matter, crude protein, crude fat, crude fiber, ash,
Ca, P, and Zn according to standard procedures
(Table 2). Analysis of sorbic acid, to confirm the
addition of Presan FX, was undertaken at the
National Measurement Institute (Melbourne, VIC,
Australia).

DNA Extraction and Quantitative Real-Time PCR

The Wizard DNA purification Kit (Promega)
was used to extract DNA from pooled pen fecal sam-
ples according to the manufacturer’s instructions.
Briefly, 200 mg of feces were suspended in 700 pL
of phosphate-buffered saline, heated to 55 °C for
30 min, and then centrifuged at 12,000¢ for 5 min.
The supernatant (approximately 0.3 mL) was mixed
with 0.8 mL of the Wizard resin and drawn through
a column by vacuum. Each sample was washed
with 2 mL of 80% isopropanol and dried before
DNA was eluted in 50 pL of 10mM Tris, pH 8.0.
Real-time polymerase chain reaction (PCR) assays
were performed to quantify E. coli with F4 fimbria,
Salmonella spp., and the total bacterial population.
Standard curves for each of the qPCRs were con-
structed in duplicate from 10-fold serial dilutions of
each DNA extracted from known numbers of pure
cultures of F4 E. coli and Salmonella Typhimurium
enumerated by ISO 16649-2 and ISO 21528-2, re-
spectively. Published primers and probes for F4
E. coli (Franklin et al., 1996), total bacteria (Suzuki
et al., 2000), and Salmonella spp. (Malorny et al.,
2004) were synthesized by Biosearch Technologies

(Novato, USA). TagMan probes were synthesized
with 5-carboxyfluorescein (FAM) on the 5 end
and Black Hole Quencher (BHQ-1) on the 3” end.
The compound SYBR green was used to visualize
amplicons for the F4 E. coli RT PCR.

One-fifth volume (5 pL) of undiluted DNA was
added to the F4 E. coli and Salmonella spp. qPCR
assays, but DNA was diluted by one-tenth for
total bacteria qPCR. The F4 fimbria E. coli gPCR
cocktail included 7.5 pmoles of both forward and
reverse primers in the SensiMix SYBR Green Low-
ROX reaction kit (Bioline, Australia). Product was
amplified over 40 cycles of 95 °C for 15 s, 60 °C for
30, and 72 °C for 60 s, following an initial denatur-
ation at 95 °C for 10 min. The other qPCR assays
included 5 pmoles of both forward and reverse
primers and 1 pmole of the correct probe in the
AgPath-ID RT-PCR buffer (Applied Biosystems,
Foster City, USA). After an initial denaturation
step of 95 °C for 10 min, the PCR products were
amplified over 40 cycles of 95 °C for 15 s, followed
by annealing at 58 °C for total bacteria or 60 °C for
Salmonella spp. for 30 s, on a 7500 Fast PCR ma-
chine (Applied Biosystems, Foster City, USA).

Next Generation Sequencing

The concentration of DNA from each sample
was quantified with the Qubit dSDNA BR assay
on the Qubit fluorometer (Molecular Probes), and
75 ng of each extract was submitted to the commer-
cial Ramaciotti Centre for Genomics (University of
New South Wales) for 16S rRNA V4 (515f-806r)
amplicon library preparation and sequencing
(Illumina MiSeqV2, 2 X 250bp runs). All amplified
DNA was sequenced in both directions and paired-
end reads were imported into the Qiagen CLC
Genomics workbench v21. Sequencing adapters
and ambiguous nucleotides were trimmed, chimeras
removed, sequence reads below 5 were discarded,
and sequences with less than 100 reads were filtered
out. Overlapping forward and reverse paired reads
were merged to produce one high-quality read.

Operational Taxonomic Unit (OTU) clustering
was performed according to the manufacturer’s
instructions (Qiagen, 2021) using the reference
database provided (16S_97_otus_GG.clc). The
metadata (treatments and sample numbers) were
aggregated with the OTU table produced from
clustering analysis. Low abundance OTUs (less
than 10) were filtered out of the data. A phylo-
genetic tree of all OTUs was constructed using
a maximum likelihood analysis based on mul-
tiple sequence alignment of the OTUs generated
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by MUSCLE. Alpha diversity analysis used this
phylogenetic tree to provide an estimate of the di-
versity of bacteria within a sample. Rarefaction
analysis set the minimum and maximum depth to
sample at 1 and 5,000, with 20 depths to be sam-
pled and 100 replicates at each depth. Rarefaction
plots were checked for plateauing of the phylogen-
etic diversity in all 21 samples, to indicate good
coverage of bacterial sequences. Significant differ-
ences in the median phylogenetic diversity between
treatments were determined by the non-parametric
Kruskal-Wallis test.

Beta diversity was measured by UniFrac, an
analysis tool used to determine whether commu-
nities are significantly different by using phylogen-
etic data for each sample to cluster similar bacterial
communities together and display the results with
standard multivariate statistical techniques includ-
ing principal coordinates analysis (PCoA). Beta
diversity analysis estimated differences in species
diversity between samples. The treatment and pen
replicate data were incorporated into the results to
observe differences in relative abundance of bac-
terial species between treatments.

Differential abundance analysis was used to
determine which 25 OTUs had the most signifi-
cantly different abundances across all treatments
using a generalized linear model for each OTU.
A Likelihood Ratio test was used to determine
significance across the three treatments (ANOVA-
like). A heat map for abundance and corresponding
dendogram was constructed from the output with
the dendogram distance set to Euclidian.

Linear discriminate analysis Effect Size (LEfSe)
was performed to determine the combination of
OTUs (bacterial groups) that most likely explained
the microbiome differences between treatments, by
combining biological consistency and effect rele-
vance to traditional statistical tests (Segata et al.,
2011). This differs from testing significant differ-
ences in the relative abundance of individual bac-
terial families between treatments by ANOVA.

Statistical Analyses

A test for normality and outliers (Shapiro—Wilk
statistic; <0.8 was considered to be not Normally
distributed) was used for all variables, and data
points were removed as appropriate. A one-way
analysis of variance (ANOVA) with post hoc com-
parisons (Least Significant Difference; LSD) was
used for the statistical evaluation of the effect of
diet on BW, average daily gain (ADQG), average daily
feed intake (ADFI), feed conversion efficiency, and

qPCR data (bacterial numbers were log,, trans-
formed). Feed conversion efficiency was calculated
as gain:feed (G:F; g bodyweight gain: g feed intake)
for days 1 to 7, to account for the low feed intake
and high incidence of BW loss, and was then calcu-
lated as feed conversion ratio (FCR; g feed intake: g
bodyweight gain) in subsequent periods. The treat-
ment was the fixed factor and block was included
as the random factor in the analysis. The pen was
the experimental unit (unless otherwise stated).
Statistical significance was accepted at P < 0.05,
and a trend was considered at P <0.1.

The distribution for the fecal data [E. coli score,
FC score, DI, and number of days pigs treated for diar-
rhea] was not normally distributed and therefore was
analyzed non-parametrically using a Kruskal-Wallis
test with post hoc comparisons (LSD) to determine
which groups were significantly different from each
other. A Chi-squared analysis was used to examine
differences between treatments for the percentage of
pigs treated for diarrhea. The individual pig was the
experimental unit. Statistical significance was accepted
at P <0.05, and a trend was considered at P <0.1.

Significant differences in microbial com-
munities between treatments were determined
by permutational multivariate analysis of vari-
ance (PERMANOVA; Qiagen CLC Genomics
Workbench), a non-parametric multivariate statis-
tical test. The null hypothesis tested whether the clus-
tering (made up of center points and dispersion) of
bacterial communities was equivalent for all groups,
i.e., a measurement of the effect size and significance
of beta diversity between treatments. Differences in
the ratios of F4 E. coli and Salmonella spp. to total
bacteria between treatments were compared by one-
way ANOVA. Statistical significance was accepted at
P < 0.05, and a trend was considered at P < 0.1. All
statistical analyses were conducted with SPSS (ver-
sion 24, IBM corporation, Armonk, NY).

RESULTS

Analysis of feed samples showed generally good
agreement with the calculated analysis. The level of
(total) Zn in the control diet was lower than that in
the other two diets; however, at this level of dietary
Zn, no differences in physiological effects were an-
ticipated. The detected level of sorbic acid in the diet
Presan FX + Fysal MP was 130 mg/kg (Table 3).

Post-weaning Diarrhea

The oral dose of F4-ETEC combined with a
reduction in the temperature during the inocula-
tion period resulted in 81% of the pigs developing
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Table 3. Diet composition and analysis (%, as-fed)

Diet

Item Control Antibiotic Presan FX + Fysal MP
DE, MJ/kg* 13.5 13.6 13.6
Dry matter 90.8 91.1 91.6
Crude protein 20.8 20.7 21.2
Nitrogen-free extract 58.1 58.4 57.7
Crude fiber 2.4 2.1 2.2
Ash 5.5 5.7 6.2
Crude fat 4.0 4.2 43
Calcium, mg/kg 9,500 11,000 11,000
Phosphorus, mg/kg 6,900 7,400 8,000
Zinc, mg/kg 800 915 940
Sorbic acid, mg/kg® <5 <5 130

“DE, digestible energy; calculated from ME (derived)/0.96.
"ND, not detected.

diarrhea, i.e., a score of 4 or 5 at least once between
the first day of inoculation and the end of the study.
Of these pigs, 48 required treatments with anti-
biotics (2 d of score 4 or 5/5 diarrhea or clinically
unwell). However, 29/48 pigs that received inject-
able amoxicillin (Moxylan; Jurox Australia) did not
respond to the treatments and had to be changed
to a different antibiotic. This was unexpected since
previous testing of the inoculated strain confirmed
sensitivity to amoxicillin. Further to this, several
pigs developed more severe clinical signs (wast-
ing, inappetence, lethargy, and dehydration) than
expected.

Consequently, fecal samples were taken from
two pigs that had received a full course (5 d) of
amoxicillin with no improvement in diarrhea score.
Whilst waiting for the culture and sensitivity results,
pigs not responding to injectable amoxicillin were
changed to oral Scourban (Bayer AG, Leverkusen,
Germany; Sulfadimidine 71 mg/mL, Sulfadiazine
71 mg/mL, Streptomycin sulfate 7.6 mg/mL,
Neomycin sulfate 1.8 mg/mL; and in each 30 mL
contained Sodium chloride 133 mg, Calcium gluco-
nate 5.9 mg, Magnesium sulfate 1.77 mg, Potassium
chloride 57 mg, Hyoscine hydrobromide 0.95 mg,
Pectin 159.6 mg, Kaolin 3.1 g, and Glycine 627 mg).
In addition to receiving antibiotic treatment where
necessary, all pens were offered an electrolyte solu-
tion (Vet Only, Pig Restart; Portec Pty Ltd.) twice
daily after inoculation via extra feeders placed in
the pens, and any pigs with a fever or showing signs
of discomfort were given an injectable anti-inflam-
matory compound (Meloxicam; Troy Laboratories,
Australia). Furthermore, any pigs showing signs of
inappetence (hollow belly), dehydration or general
lethargy were offered gruel in the pen to encourage
eating, and extra time was spent with these pigs

to orally dose electrolytes and gruel during each
morning and afternoon. By day 12 of the experi-
ment, 40% of all pigs required additional treatment.

Fecal (culture) testing from the diarrheic pigs
(VetPath; Belmont, Western Australia) showed
the isolation of Salmonella Derby and Salmonella
Typhimurium. Both species were found to be re-
sistant to amoxicillin, which further exacerbated
the diarrhea. Further testing of feces from other
diarrheic pigs confirmed the presence of Salmonella
serovars, indicating that co-infection with F4-ETEC
had occurred. Collectively, the current experiment
experienced a post-weaning mortality of 10.2%.
Most pigs that died (7/9) were from the diet con-
taining the antibiotic.

B-hemolytic E. coli Shedding and FC Score

Pigs fed the diet containing antibiotic shed less
(P <0.05) E. coli on days 6, 7, and 8 of the experi-
ment compared to pigs on the other diets. Pigs fed
the antibiotic also had a lower FC score on days
6 and 7, but a higher FC thereafter (days 14-20),
than the control- or the Presan FX + Fysal MP-fed
pigs (both P < (0.05). Before inoculation, pigs on
the antibiotic treatment had a lower FC score than
the control pigs, and pigs on the Presan FX + Fysal
MP treatment had a FC score similar to pigs on the
other two treatments (P < 0.05) (Table 4).

Diarrhea Measurements and Antibiotic Treatments

There were no significant differences between
treatments for the DI, the average number of days
pigs were treated for diarrhea, or the percentage
of pigs treated for diarrhea over the study (Table
5). However, from days 14 to 20, pigs fed the

Translate basic science to industry innovation



Impacts of feeding organic acid-based feed additives in pigs after weaning 7

Table 4. Effects of feeding a Negative control diet, a diet supplemented with antibiotic, or a diet supple-
mented with Presan FX and Fysal MP, on fecal E. coli scores, and fecal consistency (FC) scores before and
after E. coli infection

Treatment P value
Item Control Antibiotic Presan FX + Fysal MP
n 28 % 28V 28
E. coli score*
do 0.36 £ 0.201 0.25+0.142 0.39 £0.195 0.897
ds 0.07 £ 0.050 0 0.07 £0.071 0.368
dé 2.25%0.328 0.46 +0.189° 1.89 +0.339¢ <0.001
d7 2.21 £0.301° 0.46 = 0.209° 2.00 £ 0.381¢ <0.001
ds8 1.61 £0.214° 0.39 £ 0.165° 2.00 £ 0.329¢ <0.001
dl11 1.43 £0.310 1.75 £ 0.370 2.11 £0.350 0.511
FC score’
d 0-5 (before inoculation) 2.3 £0.05 2.1 £0.05° 2.2 +0.05® 0.016
d 6 and 7 (inoculation) 3.8£0.22¢ 2.8+0.22° 3.6 £0.22¢ 0.004
d 8-13 (after inoculation) 3.1%£0.14 3.1£0.18 3.0%0.11 0.949
d 14-20 (after inoculation) 24+0.12 3.2+£0.22° 24+0.11° 0.009

Data are expressed as mean =SE of the mean.

n= number of pigs per treatment on day 0 of the experiment.

*] pig euthanized on day 17 of the experiment.

2 pigs euthanized on day 11 and day 15 of the experiment respectively and 2 pigs on day 17 of the experiment.

“Expressed according to the number of sections (0 to 5) expressing continued streaks of clearing hemolysis around colonies displaying morph-
ology characteristic of E. coli, where 0 = no growth and 5 = confluent growth to the last streak. Data analyzed non-parametrically.

PFC (fecal consistency) score: scored on a scale of 1 to 5 as follows: 1, dry and granulated; 2, dry and firm shaped; 3, moist and soft with largely
retained shape; 4, pasty diarrhea and 5, watery diarrhea. Data were analyzed non-parametrically.

#PMeans in a row not having the same superscript are significantly different (P < 0.05).

Table 5. Effects of feeding a Negative control diet, a diet supplemented with antibiotic or supplemented
with Presan FX and Fysal MP, on diarrhea index (DI), the average number of days that pigs were treated
therapeutically for diarrhea over the study with an antibiotic, and the percentage of pigs therapeutically
treated for diarrhea after E. coli infection

Treatment p value
Item Control Antibiotic Presan FX + Fysal MP
n 28+ 28 28
DI, % 23.6 £3.16 27.0 £4.11 20.4 £2.75 0.590
Average number of days pigs treated for diarrhea 4.5+£0.71 5.0%£0.78 3.2%0.60 0.279
Percentage of pigs treated for diarrhea® 71 68 61 0.687
(20/28) (19/28) (17/28)

Data are expressed as mean *£SE of the mean.

n= number of pigs per treatment on day 0 of the experiment.

*] pig euthanized on day 17 of the experiment.

v2 pigs euthanized on day 11 and day 15 of the experiment respectively and 2 pigs on day 17 of the experiment.

“DI: diarrhea index; calculated as (total mean number of days with FC score 4 or 5 diarrhea/number of days) x 100. Data were analyzed
non-parametrically.

A diarrhea score of FC > 4 on two consecutive days and treated therapeutically with antibiotics. Data were analyzed using a Chi-square test.

antibiotic-supplemented diet had a higher DI and
were treated for clinical diarrhea for more days
on average than the control or the Presan FX +
Fysal MP-fed pigs (P < 0.05). The percentage of
pigs treated for diarrhea in the antibiotic treatment
was also higher than in the Presan FX + Fysal MP
treatment (P = 0.049), but similar to the control
pigs (Table 6).

Production Performance

There were no differences (P > 0.05) in BW or
ADG between treatments during the 20-d experi-
mental period. There was a trend (P = 0.098) for
pigs fed the antibiotic diet to gain more weight
than pigs on the control diet during the inocula-
tion period (days 6 to 7), whereas the weight gain
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Table 6. Effects of feeding a Negative control diet, a diet supplemented with antibiotic, or a diet supple-
mented with Presan FX and Fysal MP, on the diarrhea index (DI), the average number of days that pigs
were treated therapeutically for diarrhea from days 14 to 20 of the study with an antibiotic, and the per-
centage of pigs therapeutically treated for diarrhea after E. coli infection

Treatment P value
Ttem Control Antibiotic Presan FX + Fysal MP
N 28+ 28¥ 28
DI, % 18.7 £ 3.53 36.7+6.91° 143 +441¢ 0.014
Average number of days pigs treated for diarrhea® 1.3 +0.35 3.3+0.54° 1.1 £0.392 0.005
Percentage of pigs treated for diarrhea® 43 64° 320 0.049
(12/28) (18/28) (9/28)

Data are expressed as mean =SE of the mean.
*] pig euthanized on day 17 of the experiment.
2 pigs euthanized on day 11 and day 15 of the experiment respectively and 2 pigs on day 17 of the experiment.

“DI, diarrhea index; calculated as (total mean number of days with FC score 4 or 5 diarrhea/number of days) x 100. Data were analyzed
non-parametrically.

"Data were analyzed non-parametrically.
‘A diarrhea score of FC 24 on two consecutive days and treated therapeutically with antibiotics. Data analyzed using a Chi-square test.
*®Means in a row not having the same superscript are significantly different (P < 0.05).

Table 7. Effects of feeding a Negative control diet, a diet supplemented with antibiotic, or a diet supple-
mented with Presan FX and Fysal MP, on body weight (BW) and average daily gain (ADG) of weaned pigs
during the 20-d experimental period

Treatment P value
Item Control Antibiotic Presan FX + Fysal MP
n 7* 7Y 7
BW, kg
do 6.72 £ 0.062 6.72 £ 0.067 6.76 £ 0.071 0.864
ds 6.82 £ 0.057 6.89 £0.058 6.95 £ 0.058 0.317
d7 6.77 £ 0.086 7.02 £0.086 6.98 £ 0.086 0.111
d13 7.37+0.175 7.65£0.175 7.63 £0.176 0.448
d 20 9.35£0.327 9.17 £0.327 9.60 £ 0.329 0.656
ADG, g
do0-5 17+ 11.5 31+11.51 43+11.6 0.317
d6and7 =27+ 22.0 64° £ 22.0 14+ 221 0.031
d8-13 99 £23.7 91 £23.7 110 £ 23.8 0.856
d 14-20 272 +£43.1 191 £43.1 281 £43.3 0.293
d 0-20 131 £17.9 110+ 17.9 144 £ 18.0 0.424

Data are expressed as mean +SE of the mean. The BW at the start was included as a covariate in the analysis. Pigs that died in the study were
excluded from the analysis.

n =" pens of 4 pigs each.
*1 pig euthanized on day 17 of the experiment and performance data adjusted accordingly.

¥2 pigs euthanized on day 11 and day 15 of the experiment respectively and 2 pigs on day 17 of the experiment. Performance data were adjusted
accordingly.

a®Means in a row not having the same superscript are significantly different (P < 0.05).

of pigs on the Presan FX + Fysal MP diet was
similar (P > 0.05) to pigs on the other two diets
during the same period (Table 7). The ADFI was
similar (P > 0.05) between treatments; however,
pigs fed amoxicillin showed a trend (P = 0.098) to
have a poorer feed conversion efficiency for the
entire study compared to the other treatments
(Table 8).

Real-Time PCR Quantification of Specific
Bacterial Species

Standard curves (log, ) were linear (R* > 0.997)
over the serially diluted standards for each of the
three qPCRs: F4 E. coli (5.4 X 107 to 5.4 x 107,
Salmonella Derby (4.5 x 10% to 4.5 x 10%), and
total bacteria (1.1 x 107 to 1.1 X 10%). Salmonella
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Table 8. Effects of feeding a Negative control diet, a diet supplemented with antibiotic or supplemented
with Presan FX and Fysal MP, on average daily feed intake (ADFI) and feed conversion efficiency (FCE)
of weaned pigs during the 20-d experimental period

Treatment P value
Item Control Antibiotic Presan FX + Fysal MP
n 7 7Y 7
ADFI, g
d0-5 80+ 6.0 88+ 6.0 89+6.0 0.557
d6and7 86+ 12.7 102 £ 153 93+133 0.715
d8-13 140 £ 12.5 163 £18.2 174+ 7.5 0.216
d 14-20 398 £19.7 343+£ 36.7 364 £25.6 0.439
d 0-20 210+ 11.5 201 +16.9 211 +£8.9 0.831
FCE, g:g
d0-5 0.08 £0.212 0.32+0.132 0.49 +0.095 0.195
d6and7 -0.19£0.953 -1.53+2.42 2.00 +1.04 0.318
d8-13 1.52+0.234 2.27£1.139 2.31 £0.750 0.738
d 14-20 1.49 +0.099 2.61£1.832 1.47 £ 0.237 0.803
d 0-20 1.61 £ 0.097 2.52 £ 0.560 1.54 £0.120 0.098

Data are expressed as mean =SE of the mean. Pigs that died in the study were excluded from the analysis.

n= 7 pens of 4 pigs each.

*1 pig euthanized on day 17 of the experiment and performance data adjusted accordingly.

2 pigs euthanized on day 11 and day 15 of the experiment respectively and 2 pigs on day 17 of the experiment. Performance data were adjusted

accordingly.

Table 9. Effects of feeding a Negative control diet, a diet supplemented with antibiotic, or a diet supple-
mented with Presan FX and Fysal MP, on selected fecal bacterial ratios 21 d after weaning

Treatment F4 E. coli: Total bacteria Salmonella: Total bacteria Total bacterial numbers
T1Basal diet (Negative control) 7.2%x10* 1.3 x 10 7.6 X 10°°

T2 Basal diet + Antibiotic 1.6 x 1073 5.7 X107 3.9 x 10°¢

T3 Basal diet + Presan FX + Fysal MP 9.0 x 107 4.2 x 107 1.1 x 10

P value 0.452 0.018 0.005

#®Values in the same column with different superscripts are significantly different.

serovars were not detected by qPCR in any 21-d
post-weaning fecal samples from pigs treated with
the Presan FX + Fysal MP diet; hence, a random
number below the linear detection threshold of the
Salmonella qPCR was given to all ‘negative’ sam-
ples. The ratio of Salmonella to total bacteria was
reduced (P = 0.018) in pigs fed the Presan FX +
Fysal MP diet relative to antibiotic-fed pigs, but
diet had no effect (P > 0.05) on the proportion of
F4 E. coli. However, the variance in the ratio of
F4 E. coli to total bacteria was different between
treatments (P < 0.001), with the smallest variance
in pigs fed the Presan FX + Fysal MP diet (1.5 X
10®) relative to control pigs (2.5 X 10) and amox-
icillin-treated pigs (1.6 X< 10°). As identical weights
of each pooled fecal sample were not used for DNA
extraction and qPCR, it is not possible to accur-
ately compare absolute numbers of pathogens
between treatments; however, the antibiotic diet re-
duced (P = 0.005) total bacterial numbers in fecal
samples relative to the two other diets (Table 9).

Next-Generation Sequencing of the Microbiota

The phylogenetic diversity was reduced in
four of the seven pens of pigs treated with amoxi-
cillin, observed as a reduced plateau in diversity
on rarefaction plots (data not shown). In addition,
species richness (Chao 1) of bacteria within amox-
icillin-fed pens was lower than the richness in con-
trol (P = 0.004) or Presan FX + Fysal MP-treated
pigs (P =0.011). The alpha diversity of fecal micro-
biomes at 21 d after weaning in control- and Presan
FX + Fysal MP-treated pigs were not different (P >
0.05; Figure 1).

Analysis of microbial communities by
PERMANOVA demonstrated that diet had stat-
istically significant effects on clustering of micro-
bial communities. Pair-wise comparisons showed
that amoxicillin-fed pigs had altered fecal mi-
crobial communities relative to both Presan FX
+ Fysal MP-treated pigs (P < 0.001) and control
pigs (P = 0.001). No significant difference existed
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Figure 1. Box plot of bacterial diversity (Chao-1 alpha diversity) within pooled fecal samples of pigs fed with amoxicillin (AMOX), the control
diet (CONT), or a diet with Presan FX + Fysal MP (FX+MP) at 21 d after weaning.

Table 10. The PERMANOVA analysis (Bray—Curtis) of pair-wise comparisons of clustering of fecal mi-
crobial communities between amoxicillin-, Presan FX + Fysal MP-, and control-fed pigs

Treatment 1 Treatment 2 Pseudo f-statistic P value P value (Bonferroni)
Amoxicillin Presan FX+ Fysal MP 4.051 <0.001 0.002
Amoxicillin Control 3.083 0.001 0.004
Presan FX + Fysal MP Control 1.322 0.105 0.315

in clustering of microbial communities between
Presan + Fysal MP-treated pigs and control pigs
(Table 10).

At the phylum level, diet had no effect on the
relative abundance of the two most common phyla
in the porcine intestinal microbiome Firmicutes
or Bacteroidetes (or the ratio of Firmicutes to
Bacteroidetes). However, feeding amoxicillin increased
(P <0.05) the abundance of the phyla Proteobacteria,
Fusobacteria, and Actinobacteria relative to con-
trol-and Presan FX + Fysal MP-fed pigs (Table 11).

Diet had no significant effect on any bacterial
class within Proteobacteria, although there was
a trend (P < 0.1) for eclevated Betaproteobacteria
(Alcaligenaceae) and Gammaproteobacteria (pre-
dominantly  Enterobacteriaceae,  Pasteurellaceae
and Succinivibrionaceae) in amoxicillin-fed pigs.
The Presan FX + Fysal MP-fed pigs showed a large

reduction in the abundance of Enterobacteriaceae
(P = 0.016) relative to both control- and amoxicil-
lin-fed pigs. Fusobacteriaceae, the only abundant
family within the phylum Fusobacteria, was more
abundant in amoxicillin-treated pigs relative to
other treatments (Table 11). Two most abundant
families in Actinobacteria are Coriobacteriaceae
and Bifidobacteriaceae, and Coriobacteriaceae were
more abundant in amoxicillin-fed pigs (P = 0.016).
In contrast, the phyla Spirochaetes and Tenericutes
(predominantly Mollicutes order RF39) were more
abundant in controls relative to amoxicillin- and
Presan FX + Fysal MP-fed pigs.

Diet similarly had no significant effect on the rela-
tive abundance of Bacteroidetes, but amoxicillin-fed
pigs showed increased abundance of the families
Prevotellaceae and S24-7 (P < 0.05) and a trend toward
elevated Bacteroidaceae relative to control- and Presan
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Table 11. Effects of feeding a Negative control diet, a diet supplemented with amoxicillin, or a diet supple-
mented with Presan FX and Fysal MP, on the relative abundance of specific bacterial phyla in weaner pig

feces

Bacterial Phylum Control Amoxicillin Presan FX + Fysal MP P value
Actinobacteria 0.0024 * 0.0092°® 0.0013 ® 0.017
Fusobacteria 0.00001 * 0.0013°® 0.00001 * 0.05
Proteobacteria 0.0033 @ 0.012° 0.003# 0.018
Spirochaetes 0.0085 @ 0.002° 0.0042® 0.029
Tenericutes 0.099 ¢ 0.016° 0.051° 0.006

*®Means in a row not having the same superscript are significantly different (P < 0.05).
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Figure 2. Linear discriminate analysis of the combination of bacterial groups (OTUs) that characterizes the microbiome of treatment groups.

FX + Fysal MP-fed pigs (P = 0.071). Within the phylum
Firmicutes, amoxicillin-fed pigs showed an increased
abundance of Veillonellaceae and reduced abundance
of Erysipelotrichaceae and Dehalobacteraceae relative
to the other treatments (P < 0.05).

Using linear discriminate analysis, amoxicillin-fed
pigs were characterized by an increased abundance of
Veillonellacaeae and Enterobacteriaceae, along with
the Coriobacteriaceae, Bacteroidaceae, Peptococcaceae,
Fusobacteriaceae, and Alcaligenaceae (Figure 2). In con-
trast, the Presan FX + Fysal MP-fed pigs were charac-
terized by an increased abundance of Ruminococcaceae,
Lachnospiraceae, Lactobacillaceae, Erysipelotrichaceae,
and Christensenellaceae families (Figure 2). Control
pigs were characterized by an increased abundance of
Spirochaetaceae, Elusimicrobiaceae, Dehalobacteriaceae,
Pirellulaceae, Methanomassilicoccaceae, and RF16 (un-
identified family of Bacteroidetes).

Differential abundance of genera and families
between treatments was analyzed by a general-
ized linear model with significance demonstrated
with a Likelihood ratio test, and the 25 OTUs
with the most significantly different differential
abundances between treatments visualized with
heat maps and a dendogram. Amoxicillin-fed pigs
showed an increased differential abundance of the
genera Parabacteroides, Prevotella and family S24-7
in the order Bacteroidales, along with the genus
Acidaminococcus in the family Veillonellaceae
(phyla Firmicutes) and just one of the 400 OTUs in
the Ruminococcaceae family, relative to control- and
Presan FX + Fysal MP-fed pigs. It was harder to
show differential differences in abundance of OTUs
between control and Presan FX + Fysal MP-fed
pigs, suggesting that the microbiome of these two
treatments was more similar. Control pigs appeared
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Figure 3. Differential abundance (log, fold change) of 25 most different OT Us (bacterial groups) across treatments expressed as a heat map with
increased abundance shown in light blue and reduced abundance in black. Treatment and pen identities are outlined on top axis of heat map and

OTU identities are outlined on left axis.

to show a differentially increased abundance of the
order Bacteriodales and Mollicutes RF39, and two
Ruminococcus genera (Figure 3).

DISCUSSION

This experiment examined the hypothesis that
a combination of Presan FX and Fysal MP would
reduce F4-ETEC diarrhea and improve growth
performance relative to a diet containing an anti-
biotic (amoxicillin). There were no positive effects
of Presan-FX + Fysal MP on indicators associated
with diarrhea and fecal ETEC shedding associated
with F4-ETEC inoculation, with pigs fed amoxicillin
showing reduced fecal E. coli excretion and less diar-
rhea in the peri-infection period than pigs on both
other treatments. However, over the entire study,
amoxicillin-fed pigs showed no statistical differences
in the average number of days they were treated thera-
peutically for diarrhea with an antibiotic, and the
percentage of pigs therapeutically treated for diar-
rhea after ETEC infection. Nevertheless, a significant
amount of the diarrhea observed in this study occurred

on days 14 to 20 due to an unanticipated, opportun-
istic infection by Salmonella serovars including Derby
and Typhimurium. Pigs fed Presan FX and Fysal MP
showed markedly less diarrhea commensurate with a
significantly lower proportion of Salmonella numbers
relative to total bacterial numbers (as determined by
gPCR). The dietary combination of Presan FX and
Fysal MP caused significantly fewer therapeutic anti-
biotic administrations relative to the diet with amoxi-
cillin during this time and demonstrated the potential
beneficial effects of this combination under such
circumstances.

The combination of F4-ETEC inoculation and
amoxicillin treatment is likely to have caused the
observed increased abundance of Proteobacteria
and specifically Enterobacteriaceae, microbial
dysbiosis, and loss of commensal bacteria, which
are normally able to competitively inhibit or ex-
clude pathogens such as Salmonella Derby or
Typhimurium from colonizing the GIT (Shin et al.,
2015; Anderson and Kendall, 2017). Increased
abundance of Proteobacteria is a marker of dysbio-
sis or unstable intestinal microbial communities and
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is associated with colitis in mammals (Shin et al.,
2015). In contrast, no Salmonella were detected in
the feces of pigs treated with Presan-FX + Fysal
MP. Comparisons between control- and Presan-FX
+ Fysal MP-fed pigs showed no significant differ-
ences in alpha and beta diversity, and only minimal
differences in differential abundance of OTUs.

However, the Presan-FX + Fysal MP-fed
pigs were characterized by the increased abun-
dance of short-chain fatty acid-producing bac-
teria such as Ruminococcaceae, Lachnospiraceae,
Lactobacillaceae, Erysipelotrichaceae, and
Christensenellaceae. Butyric acid (butyrate) pro-
duction by these bacteria is considered beneficial
for the GIT in the post-weaning period (Bedford
and Gong, 2018). Moreover, genera affiliated with
Lachnospiraceae and grouped in the Clostridium
cluster X1Va populate the areas between the mu-
cosal folds in the large intestine and potentially
contribute to immune homeostasis and anti-inflam-
matory effects. They have been shown to induce the
accumulation and differentiation of colonic T regu-
latory cells when colonizing the gut of germ-free
mice and have been found to be less abundant, for
example, in IBD patients compared with healthy
subjects (Ivanov and Honda, 2012; Mancabelli
et al., 2017).

The dietary inclusion of Presan-FX + Fysal
MP was also associated with a reduction in the
abundance of other potential enteric pathogens
including Fusobacteriaceae, relative to amoxicil-
lin-treated pigs. Fusobacteriaceae are associated
with diarrhea and increased expression of GIT in-
flammatory factors (Nosho et al., 2016; Yang et al.,
2017). Antimicrobial treatment is known to in-
duce intestinal dysbiosis (Collier et al., 2003; Looft
et al., 2014; Yu et al., 2017), which can, in turn,
induce inflammation, increase GIT permeability,
and ultimately increase translocation of bacteria
including Salmonella spp. across the intestinal mu-
cosa (Zeineldin et al., 2019). Given ever-changing
circumstances occurring worldwide with respect
to antimicrobial resistance and the resultant like-
lihood of a greater incidence of enteric bacterial
co-infections (Luppi, 2017), product combinations
such as Presan-FX + Fysal MP are likely to become
more important in controlling post-weaning diar-
rheal events in the future.

Pigs are often asymptomatic carriers of
Salmonella, highlighting the importance of identi-
fying high-prevalence farms and effective treatment
methods such as diet and (or) water additives for
its control (Schut et al., 2019). Previous research
exploring the use of feed additives such as OA

and MCFA has tended to concentrate on pigs in
the grow-finish period (van der Wolf et al., 2001;
Rasschaert et al., 2016) where a higher prevalence
occurs (Casanova-Higes et al., 2019). However, rela-
tively little information is known about Salmonella
infections in younger pigs, even though it is likely
that the lactation and nursery periods influence
the dynamics of infection during this period.
Recent work has shown that newly-weaned pigs
can become sub-clinically infected and act as active
carriers of Salmonella, with there being a close re-
lationship between Salmonella infection in piglets
and sows as the same serotypes and strains were
found in both populations (Casanova-Higes et al.,
2019). After weaning, disease caused by coloniza-
tion of Salmonella in the GIT most commonly de-
velops because of the intestinal dysbiosis seen when
multiple challenges, including other pathogens such
as F4-ETEC, arise (Pluske et al., 2002). In this re-
gard, we found no evidence in the feed or water of
the same Salmonella serovars that were cultured,
and presume that the Salmonella serovars were al-
ready present in the GIT and clinical infection was
induced by the F4-ETEC infection itself.
Nonetheless, several studies have explored the
use of some feed additives on Salmonella excretion
and survival after weaning, but generally with mixed
results. In weaned pigs experimentally infected with
Salmonella Derby or F4 ETEC, addition of 1.2%
potassium diformate or 0.9% OA (75% formic and
25% propionic acid) reduced Salmonella shed-
ding and resulted in significantly lower counts of
Salmonella and E. coli in the stomach content, indi-
cating an improved efficacy of the stomach barrier
(Taube et al., 2009). Another study (Walsh et al.,
2012) weaned pigs at 19 = 2 d of age in a 14-day
study to evaluate the effects of water-delivered
direct-fed microbials (DFM) or OA on growth, im-
mune status, Salmonella infection and shedding,
and intestinal microbial populations after intrana-
sal inoculation of Salmonella Typhimurium (10"
cfu/pig). Treatments were 1) control diet; 2) control
diet + DFM (Enterococcus faecium, Bacillus sub-
tilis, and Bacillus licheniformis) in drinking water
at 10° cfu/L for each strain of bacteria; 3) control
diet + an OA-based blend (predominantly propi-
onic, acetic, and benzoic acid) in drinking water at
2.58 mL/liter; and 4) control diet + 55 mg/kg of car-
badox. These authors showed that the DFM and
OA treatments offered little or no benefits to pigs
infected with Salmonella. In contrast, a later study
(Faba et al., 2020) showed that feed additive blends
including mannan-rich hydrolyzed copra meal and
fermented rye combined with OA (88% formic
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acid and 12% lactic acid) reduced peak shedding
and mean shedding of Salmonella Typhimurium in
nursery pigs under a 7-d challenge that was evalu-
ated for 21 d. Shedding was not influenced using
coated butyrate with the OA blend. More recently,
it was shown that feeding a commercial blend of
MCFA salts distilled from coconut oil reduced
the hindgut colonization by pathogenic popula-
tions such as enterobacteria, ETEC and Salmonella
Typhimurium in orally challenged weaned piglets
(Lopez-Colom et al., 2019). Differences in the types
of acids and their concentrations, as well as different
diet formulations (e.g., use of mineral compounds
such as ZnO, fiber types and contents, and other
bacterial modifying compounds), weaning age, and
(or) environmental conditions, likely account for
the disparity seen between studies.

The present experiment showed no major over-
riding positive effects on any production indices
except for the peri-infection period, where pigs
fed amoxicillin performed better only than con-
trol-fed pigs. Feed conversion efficiencies for diet
Presan-FX + Fysal MP and the control diet were
improved compared to the pigs fed amoxicillin, a
result explained by the greater incidence of diar-
rhea that occurred in the latter part of the study.
In a study comparing the efficacy of a mixture of
two commercial OA products like those used in the
present study (Li et al., 2018), and relative to a diet
with 3,000 ppm ZnO and a diet with 10 mg/kg zinc
bacitracin, 5 mg/kg colistin sulfate, and 5 mg/kg
olaquindox, no production benefits or reductions
in PWD were similarly seen with the OA-based
products. However, the study observed that the
genus Prevotella was increased in the colon and the
microbial community structure was significantly al-
tered with various acid combinations, and that the
OA blends showed a similar growth-promoting ef-
fect as antibiotics in the less digestible diet to which
high levels of ZnO had not been added.

Some significant microbial changes in the feces
occurred at the end of the study in response to
pigs fed Presan FX + Fysal MP. Relative to amox-
icillin-fed counterparts, pigs offered Presan FX +
Fysal MP showed greater (alpha) diversity. This has
similarly been observed in several previous studies
exploring similar types of OA- and MCFA-based
feed additives (Li et al., 2018; Soler et al., 2018).
There is debate related to the importance of a higher
GIT microbial diversity in the post-weaning period,
with, for example, some authors (Reese and Dunn,
2018) stating that the framework for understanding
diversity in host-associated microbial communi-
ties should not be as simple as “more diversity is

better.” Indeed, factors such as genotype, age, and
diet profoundly impact diversity of the GIT after
weaning as the pig adapts to new challenges (Frese
et al., 2015; Mach et al., 2015; Yang et al., 2019).
In the present study, the high relative abundance of
Salmonella spp. in amoxicillin-fed pigs at the end of
the study was likely confounded with the lower di-
versity and species richness observed. Nonetheless,
several studies have described a reduction in diver-
sity of the fecal microbiota associated with the ad-
ministration of antimicrobials (Janczyk et al., 2007;
Looft et al., 2012; Ubeda and Pamer, 2012; Gresse
etal., 2017; Liet al., 2018; Soler et al., 2018).

In this context, the microbial structure in
weaner pigs receiving antimicrobials or a propri-
etary feed additive product was examined in a re-
cent study (Soler et al., 2018). All animals received
a diet with ZnO during the first week after weaning
and then pigs were split into three groups: 1) the
control group received a standard diet without anti-
biotics or additives; 2) the antibiotic group received
the same diet as the control group but with amoxi-
cillin (15 mg/kg BW/day) and colistin sulphate
(5 mg/kg BW/day); and 3) the feed additive group
received the same diet as the control group but with
a dietary feed additive at 3 kg/tonne that contained
71% coated short-chain fatty acids (butyrate and
propionate), 10% MCFA (caprylic, capric and lau-
ric acid), and 19% essential oil components (thymol,
cinnamaldehyde and eucalyptus oil). The highest
bacterial diversity was observed for the control and
the feed additive groups but was very similar in the
antibiotic group, which agrees with data found in
the present study.

Soler et al. (2018) also reported an increase in
abundance of Bacillus and Lactobacillus spp., part
of the Firmicutes phylum, within the feed additive
group versus the antibiotic and control groups, as
well as a decrease in abundance of Proteobacteria
in the antibiotic-treated group and the shift in
abundance of the Prevotellaceae family occupying
their niche. These changes are in harmony with
data from the current study. Significantly, a nega-
tive correlation between productive performance
and the abundance of the family Prevotellaceae
species has been observed (Unno et al., 2015), al-
though this could not be established in the pre-
sent study. Furthermore, non-diarrheic pigs after
weaning were shown to have a continuous decrease
in Lactobacillus and Escherichia and a gradual in-
crease in Prevotella with the transition to solid food
after weaning (Janczyk et al., 2007; Frese et al.,
2015). These authors proposed that an altered re-
lationship between Prevotella and Escherichia may
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be the main cause of diarrhea in pre-weaned pig-
lets, whereas reduced numbers of Bacteroides,
Ruminococcus, Bulleidia, and Treponema that are
responsible for the digestion and utilization of solid
feeds may be related to the onset of post-weaning
diarrhea. Indeed, a higher abundance of Prevotella
has been reported as a dominant feature of the
fecal microbiota in healthy pigs as compared to
diarrheic pigs after weaning (Dou et al., 2017;
Karasova et al., 2021), and those performing better
after weaning (Luise et al., 2021).

CONCLUSIONS

This study showed no overriding positive effects
of the combination of Presan FX and Fysal MP on
either a reduction in F4 ETEC-induced diarrhea or
performance indices relative to the control diet or
a diet with amoxicillin. Nonetheless, the co-infec-
tion with Salmonella serovars that occurred in the
latter part of the experiment clearly demonstrated
the positive impacts of a mixture of Presan FX and
Fysal MP to reduce fecal Salmonella spp. counts
consistent with reduced diarrhea and improved feed
conversion efficiency under such conditions, rela-
tive to pigs fed amoxicillin. Changes in the diver-
sity and composition of the fecal microbiome were
observed at day 21 of the study. The diversity of
bacteria within amoxicillin-treated pigs was lower
than the diversity in control- or Presan FX + Fysal
MP-fed pigs commensurate with a significantly
altered fecal microbial community. Amoxicillin-
treated pigs were characterized by an increased
abundance of pathogenic families, predomin-
ately  Veillonellacaeae and  Enterobacteriaceae.
In contrast, the Presan FX + Fysal MP-fed
pigs were characterized by an increased abun-
dance of Ruminococcaceae, Lachnospiraceae,
Lactobacillaceae, Erysipelotrichaceae, and
Christensenellaceae, all of which are considered
potential beneficial commensals. Control pigs
were characterized by an increased abundance of
Spirochaetaceae, associated with healthy piglets,
as well as Elusimicrobiaceae and RF16, associated
with reduced feed intake and appetite.
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