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Impact of precursor-derived
peracetic acid on post-weaning
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Post-weaning diarrhea a�ects piglets in the nursery phase of production, leading

to a substantial impact both at the farm and financial levels. The multifactorial

etiology of this disease includes housing conditions, pig genetics, microbial

composition, and metagenomic assets. Among the common therapeutic

approaches, the widely used zinc oxide underwent a European Union ban in

2022 due to its negative environmental impact and correlation to increased

antimicrobial resistance. During this study, we have tested two levels of

inclusion of the potential antimicrobial alternative peracetic acid, delivered

in water via the hydrolysis of the precursors sodium percarbonate and

tetraacetylethylenediamine, in comparison to zinc oxide and an untreated

control during a 2-week animal study. We assessed the microbial composition

and predicted the metagenome, together with performance and physiological

parameters, in order to describe the microbial functional role in etiopathology.

Both zinc oxide and peracetic acid resulted in amelioration of the diarrheal status

by the end of the trial period, with noticeable zinc oxide e�ects visible from the

first week. This was accompanied by improved performance when compared

to the first-week figures and a decreased stomach pH in both peracetic acid

levels. A significant reduction in both stomach and caecal Proteobacteria was

recorded in the zinc oxide group, and a significant reduction of Campylobacter

in the stomach was reported for both zinc oxide and one of the peracetic

acid concentrations. Among other functional di�erences, we found that the

predicted ortholog for the zonula occludens toxin, a virulence factor present in

pathogens like Escherichia coli and Campylobacter jejuni, was less abundant in

the stomach of treated pigs compared to the control group. In water, peracetic

acid delivered via precursor hydrolysis has the potential to be a valid intervention,

an alternative to antimicrobial, to assist the weaning of piglets. Our findings

support the view that post-weaning diarrhea is a complex multifactorial disease

with an important metagenomic component characterized by the di�erential

abundance of specific predicted orthologs and microbial genera in the stomach

and caecum of pigs.
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1 Introduction

Pigs account for 50% of the total meat production in the
European Union (Popescu, 2020), totaling 110 million tons
produced worldwide in 2020 (Mickiewicz, 2022). As part of pork
production, weaning is characterized by a diet switch from liquid
to solid and concurrent physiological and microbiological changes
that negatively impact the growth rate, at least temporarily, and
that can lead to post-weaning diarrhea (PWD) (Madec et al., 2000).
PWD is usually associated with important financial implications
and with a pivotal role in the spread of antimicrobial resistance
(AMR) (Laine et al., 2008). Although PWD is a multi-factorial
gastrointestinal disease, enterotoxigenic Escherichia coli has been
identified for its main role in the pathogenesis (Laine et al., 2008).
The abrupt change from sow milk to plant-based commercial feed
greatly affects the porcine gut microbial communities (Guevarra
et al., 2019). Indeed, a considerable factor in shaping the
early microbial populations is the maternal contribution, via
both feed and gestation (Jiang et al., 2019). Firmicutes and
Proteobacteria are predominant in the ileal digesta of 2-day-
old piglets (Konstantinov et al., 2006), and Clostridium and
Escherichia–Shigella are predominant at day 1, whose abundance
decreases toward day 20, whereas Bacteroides and Lactobacillus

increase (Chen et al., 2018), thus Prevotella and Clostridium

abundance increase soon after weaning (Pajarillo et al., 2014).
The impact of cost due to therapies, slower growth, and

increased mortality associated with PWD underlies the importance
of finding sustainable alternatives (Bonetti et al., 2021). Among
the common therapeutic approaches, colistin has been commonly
used in the past due to its high efficacy against enteric diseases
(Ahmed et al., 2021); however, plasmid-mediated colistin resistance
genes have been reported in PWD pig isolates (Curcio et al.,
2017). Within the non-antibiotic molecules, zinc oxide (ZnO) has
been extensively used to alleviate porcine PWD (Ou et al., 2007);
nevertheless, ZnO faced a European Union ban in 2022 due to its
deleterious environmental implications (Ekhlas et al., 2023).

Peracetic acid (PAA) is a wide-spectrum biocide used in
several contexts (Kitis, 2004), whose impacts on microbiota
and performance in vivo via precursor hydrolysis have been
demonstrated in poultry, both in water (Galgano et al., 2023b) and
in feed (Galgano et al., 2023a). During this study, we administered
PAA in water to weaning pigs via the hydrolysis of the precursors
sodium percarbonate (SP) and tetraacetylethylenediamine (TAED).
In particular, we tested the effects of the two levels of inclusion, 50
and 150 mg/kg, in comparison to in-feed supra-nutritional ZnO at
3,100 mg/kg, and to an untreated control on a total of 48 piglets
in 24 pens. We assessed the fecal scoring (FS) as a measure of the
diarrhetic status, performance parameters, microbial composition,
and predicted ortholog metagenome in three gut locations. We
were able to identify a treatment-driven phenotype connected
to ameliorated PWD symptoms and correlate this to a possible
microbial functional role, contributing to the advancement of
the knowledge characterizing the etiopathogenesis of PWD as a
multifactorial disease.

The hydrolysis-mediated PAA delivery method does not result
in the generation of harmful by-products, instead leading to
the final formation of H2O and CO2, and therefore, the broad
antimicrobial alternative, in-water PAA, could be a solution to

TABLE 1 Treatments used throughout the trial.

Treatment
code

Description Active ingredient
concentration

0 ppm Negative control No ZnO, no PAA

ZnO In-feed supra-nutritional
ZnO (positive control)

3,100 mg/kg of in-feed ZnO

50 ppm In-water PAA, delivered
via precursors’ hydrolysis

50 mg/kg of PAA (prepared
mixing TAED 0.10 g/L, SP 0.2
g/L, EDTA 0.05 g/L, and citric
acid 0.1 g/L)

150 ppm In-water PAA, delivered
via precursors’ hydrolysis

150 mg/kg of PAA (prepared
mixing TAED 0.30 g/L, SP 0.6
g/L, EDTA 0.05 g/L, and citric
acid 0.3 g/L)

one of the most economically relevant diseases in pig husbandry,
contributing to lowering down the abundance of antimicrobial
resistant genes associated with the pig industry.

2 Materials and methods

2.1 Animal study, sample collection, DNA
isolation, and pH measurement

The 14-day animal study was carried out at the SRUC Easter

Howgate farm, following SRUC ethical approval (PIG AE 20-2021).
A total of 48 piglets were selected from the farm, from five litters,
at weaning and allocated to 24-floor pens with two pigs per floor

pen in six rooms (i.e., four pens per room). Piglets at placement
were balanced for sex, initial body weight, and litter origin per

treatment as much as possible, while temperature and humidity
were automatically controlled throughout the trial. The pens were

allocated to four treatments (Table 1), with six replicate pens (i.e.,
12 pigs) per treatment, and each pen was provided with litter

(wooden shavings), enrichment material (e.g., boots), and a porch-
covered area, complying with welfare standards. Supra-nutritional

3,100 mg/kg of ZnO was added to the feed at the mill (Target
Feed Ltd., Whitchurch, UK), while water treatment was prepared
daily on the farm, as previously described (Galgano et al., 2023b),
via mixing an appropriate quantity of precursors (TAED and SP)
to achieve either 50 or 150 mg/kg of PAA. The hydrolysis of
SP led to the formation of hydrogen peroxide, whose interaction
with TAED led to the formation of PAA in vivo. Citric acid and
ethylenediaminetetraacetic acid (EDTA) were also used to balance
the pH of the water according to values normally found on farms
and to stabilize the newly formed PAA. Random samples of water
were collected, and pH was measured throughout the study to
ensure that values were in the range between 6.6 and 7.4. Both feed
and water were offered ad libitum to the piglets, which had free
access to both feeders and drinkers throughout the animal study.

We inspected the pens and recorded the FS daily as a measure
of the eventual diarrheal status, as detailed in Table 2. From this,
the weekly fecal score average (i.e., from day 0 to day 7 and from
day 7 to day 14) was used for downstream statistical analysis. Feed
intake (FI) and water intake (WI) were measured daily, whereas
body weight (BW) was measured at days 0, 4, 7, 11, and 14 to
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TABLE 2 Fecal scoring used daily after morning inspection.

Score Description

1 Firm stool shape

1.5 Soft but compact feces, e.g., clay-type

2 No formed stool, little spreading (“normal diarrhea”)

3 No formed stool, watery, readily spreading (“watery diarrhea”)

4 No formed stool, very watery, flecks of blood, rapidly spreading

estimate body weight gain (BWG). FI and WI were measured by
calculating the difference in weight of feed and water given to the
piglets and the weight of feed and water left at the end of each 24-h
period, as measured by weighing the feeder and drinker reservoirs
while taring to the weight of the empty containers. The feed
conversion ratio was calculated weekly through the ratio between
the FI and the difference between the final and the initial total
BW. Stomach, jejunum, ileum, caecum, and colon were dissected
during post-mortem (day 14), from which a 0.25 g lumen aliquot
was stored immediately on dry ice in a PowerBead Pro Tube of
the QIAsymphony PowerFecal Pro DNA Kit (Cat. No. 938036,
QIAGEN, Hilden, Germany) and further transferred to −80◦C
until DNA isolation. The latter was carried out at the SRUC
Biomarkers Lab (Edinburgh, UK), where 4 µl of RNase A (Cat.
No. 19101, QIAGEN, Hilden, Germany) were added to each sample
after homogenization of the PowerBead Pro Tubes in a FastPrep-
24TM 5G homogenizer (MP Biomedicals, Santa Ana, CA, USA) for
55 s at 5.5 m/s. Thereafter, DNA isolation was completed using
QIAsymphony SP (Cat. No. 9001297, QIAGEN, Hilden, Germany).
On trial day 14, gut content for the five gut locations was also used
immediately to measure pH (accumet R© AE150, Fisher Scientific,
Hampton, NH, USA).

2.2 Bacterial quantification

Absolute quantitative polymerase chain reaction (qPCR) was

performed to quantify the bacterial concentration, and a linear
plasmid nine-point standard curve was generated as previously
described (Khattak et al., 2022), via targeting the V3 region of the
16S rRNA gene (314F: 5′-CCTACGGGAGGCAGCAG-3′; 518R: 5′-
ATTACCGCGGCTGCTGG-3′). Copy number per qPCR reaction
and output of the qPCR runs were further normalized by the
average genes’ copies found in bacterial cells (Stoddard et al., 2015)
and by considering the concentration of extracted DNA and the
amount used for the isolation (Singh et al., 2014), allowing to
calculate the bacteria/g concentration. All the reactions were run in
triplicate on a Mx3000 thermocycler (Agilent Technologies, Santa
Clara, CA, United States) at 95◦C for 3min, thus at 95◦C for
10 s and 60◦C for 20 s for 40 cycles. Brilliant III Ultra-Fast SYBR
Green qPCR Master Mix, 1× (Agilent Technologies Santa Clara,
CA, United States) was used to prepare the reactions in a total
of 20 µl, including 1 ng of DNA template and 200 nmol/L of
each primer. A triplicate negative control was added to each plate,
while quantification efficiency was calculated using the standard
curve slope (m) and taking into consideration the R2 of the linear

regression used to interpolate the sample target concentration. In
general, m values of−3.1± 0.08, R2 of 0.95± 0.005, and efficiency
of 110.4± 3.98 were measured throughout the analyzed plates.

2.3 16S rRNA gene sequencing and
bioinformatic analysis

DNA isolated from the stomach, ileum, and caecum of all the
pigs was used for 16S rRNA gene sequencing. Library preparation
and 16S rRNA 2× 300 bp paired-end read MiSeq gene sequencing
(Illumina, Santa Clara, CA, USA) were carried out by Omega
Bioservices (Norcross, GA, USA). The V4 region of the bacterial
16S rRNA gene was targeted [F515b (Parada et al., 2016): 5

′
-163

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYC
AGCMGCCGCGGTAA-3

′
; R806b (Apprill et al., 2015): 5

′
-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACT
ACNVGGGTWTCTAA-3

′
], and the libraries were prepared via

both amplicon PCR and index PCR, the latter to incorporate
adapters and barcodes. A total of two library-preparation negative
controls were included in the sequencing pipeline.

Bioinformatic analysis was carried out in QIIME2 v2022.2
(Bolyen et al., 2019), where FASTQ paired-end demultiplexed
reads were imported and joined via VSEARCH (Rognes et al.,
2016), and quality was filtered with a minimum Phred score of
20 (McKinney, 2010; Bokulich et al., 2013). Deblur was used to
denoise the reads (Amir et al., 2017), applying a trimming length
of 250, thus an even sequence depth of 10,581 allowed to retain
31.03% (1,523,664) of the reads in 98.63% of the samples (i.e., all the
144 experimental samples) before carrying out diversity analysis,
with richness and Shannon’s diversity (Anderson, 2001; Kim et al.,
2017) calculated for α-diversity and Bray–Curtis dissimilarities and
Jaccard similarity index (Jaccard, 1908; Bray and Curtis, 1957) used
to analyze β-diversity. The q2-feature-classifier plugin with a Naïve
Bayes classifier was trained using the F515b/R806b primers and
the Silva database (138, 99% of similarities) (Pruesse et al., 2007;
Pedregosa et al., 2011; Bokulich et al., 2018) and was used to assign
the taxonomy, whilemetagenome functional prediction was carried
out using the full pipeline of the phylogenetic investigation of
communities by reconstruction of unobserved states (PICRUSt2)
software (Douglas et al., 2020), based on the marker gene (16S
rRNA) alignment to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (Kanehisa et al., 2016a,b), generating a
list of KEGG orthologs (Kanehisa and Goto, 2000; Kanehisa, 2019;
Kanehisa et al., 2023) as output.

2.4 Statistical analysis

Statistical analysis was performed using R V 4.2.3 (R Core
Team, 2022) in RStudio V 2023.03.0. LMM was fitted using the
package “lme4” (Bates, 2010), calculating the P-value via type
III ANOVA using Satterthwaite’s method through the package
“lmerTest” (Kuznetsova et al., 2017). Treatment and/or time/gut
location effects on FS, performance data, pH, and α-diversity were
calculated via fitting the LMM using longitudinal data, where
possible, considering treatment and time as fixed effects and the
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hierarchy of rooms, pens, and pigs as random effects. Furthermore,
we tested a total of four orthogonal contrast statements, assessing
the following comparisons: 0 ppm vs. all the treatments, ZnO
vs. PAA treatments, and 50 ppm vs. 150 ppm. PERMANOVA
(Anderson, 2001) in QIIME 2 was used to assess the eventual
differences in β-diversity, which also took into account the false
discovery rate, producing both a P-value and a Q-value. QIIME2
artifacts were imported into R via the “qiime2R” package in R
(Bisanz, 2018).

Differential abundance analysis was carried out using the
microbiome multivariable associations with linear models
(MaAsLin 2) pipeline in R (Mallick et al., 2021), where taxonomical
data were normalized through the cumulative-sum scaling (CSS)
method and analyzed via the compound Poisson linear model
(CPLM), with treatment as a fixed effect and the room/pen/pig
hierarchy as a random effect. Whereas ortholog data were
normalized with the trimmed mean of M-values (TMM)
method and analyzed with the zero-inflated negative binomial
model (ZINB), it was reported to give the best performance
with metagenomic data (Pereira et al., 2018). Both treatment
(categorical) and arithmetic FS pen-mean (numerical) were used
as fixed effects and the room/pen/pig hierarchy as random effects,
while MaAsLin 2 also generated significance values for both P

and Q values. The following describes the methodology used
to identify orthologs that were either enriched or less abundant
in connection to the improved phenotype. Significant (i.e., P

< 0.05, Q < 0.05) ZINB negative correlations between the FS
and ortholog TMM abundance would indicate an improved
phenotype (i.e., lower FS) in connection to an enriched predicted
ortholog. Significant positive correlations between the categorical
variables (treatment) and ortholog abundance would also indicate
an improved phenotype in connection to an increased ortholog
abundance. In the opposite way (e.g., positive FS correlation), we
identified the correlations between the orthologs with decreased
abundance and the improved phenotype. Thus, we created Venn
diagrams using the package “ggvenn” in R (Yan, 2023) and
exported the intersection table to a .txt file via the package “gplots”
in R (Warnes et al., 2022), so that we could be able to indicate
which specific orthologs were either enriched or less abundant
in the intersections between “FS:ZnO:50 ppm:150 ppm,” together
with the intersections “ZnO:50 ppm:150 ppm,” “FS:ZnO,” “FS:50
ppm,” and “FS:150 ppm” (i.e., intersections linked to the improved
PWD phenotype).

2.5 Power calculation for sample size
determination

The FS was the most relevant variable relative to the
hypothesis of this study, and it was recorded daily from
48 piglets (i.e., 12 per treatment) and analyzed as a weekly
average longitudinally, with treatment and time as a fixed
effect and room/pen as a random effect [fecal score ∼

treatment · time + (1|room/pen)]. Therefore, the power
calculation was based on the expected fecal score values
based on expected observations (i.e., 1.15 ± 0.1 ≤ fecal score
≤ 1.8± 0.1).

A data frame was assembled in R V4.2.3 (R Core Team, 2022),
containing randomly generated fecal score values; thus, the LMM
was fitted using the lmer function of the lme4 package (Bates
et al., 2015), considering treatment and time as fixed effects and
the hierarchy of room/pen as random effects. The P-value for the
LMM was calculated based on Satterthwaite’s method using the
package lmerTest (Kuznetsova et al., 2017), whereas the power was
calculated based on 10,000 simulations via the package simr (Green
and Macleod, 2016). The resulting power for the variable fecal
score and the predictor treatment (95% confidence interval) was
82.62% (81.86–83.36).

3 Results

3.1 Improvement of post-weaning diarrhea
and e�ect on pH and bacterial abundance

Both treatment, F(3,44) = 4.78 (P < 0.05), and time, F(1,44) =
11.54 (P < 0.05), had a significant effect on the weekly average FS,
with generically higher and therefore worse values observed during
the second week (Figure 1). Over the first 7 days, the FS of the 0
ppm group (1.52 ± 0.1) was significantly higher than ZnO (1.26 ±
0.2, P < 0.05), and while both the 50 ppm (1.43 ± 0.25) and the
150 ppm (1.43 ± 0.22) groups showed a small amelioration in the
diarrhetic status, this was not significantly lower than 0 ppm. At day
14, both ZnO (1.36 ± 0.26) and 50 ppm (1.57 ± 0.31) groups had
better (i.e., lower) FS values than 0 ppm (1.80 ± 0.37), while FS in
the 150 ppm group (1.57± 0.44) tended to be lower than 0 ppm (P
= 0.05). The contrast analysis revealed that at day 7, FS tended to be
lower in ZnO compared to both PAA treatments (P= 0.09). At day
14, the FS of the 0 ppm group was significantly higher than the rest
of the treatments (P < 0.05), and the FS values of the ZnO group
were significantly lower than those of the 50 and 150 ppm groups
(P < 0.05).

The pH was statistically different throughout the five gut
locations analyzed (i.e., stomach, jejunum, ileum, caecum, and
colon), F(4,200) = 502.96 (P < 0.05), and the interaction between
treatment and gut location was significant for pH, F(12,200) = 2.23
(P < 0.05). In the stomach, both 50 ppm (3.44 ± 0.70) and 150
ppm (3.62 ± 0.80) groups had significantly lower pH than 0 ppm
(4.17 ± 0.50, P < 0.05); moreover, it was found that the stomach
pH in the 0 ppm group was significantly higher than that of the rest
of the treatments according to the contrast analysis (P < 0.05). On
the other hand, the stomach pH of the ZnO group (3.88 ± 0.74)
was significantly higher than that of both PAA groups, according to
contrast analysis (P < 0.05). No further significant differences were
found in the rest of the gut locations (Table 3).

The bacterial concentration, hereafter reported in brackets
as the average ± standard deviation of log10 bacteria/g, differed
significantly between gut locations, F(4,176) = 232.99 (P < 0.05).
Indeed, the overall concentration in the stomach (8.15 ± 0.21) and
ileum (8.38 ± 0.27) was higher than that of the jejunum (7.67 ±

0.24, P < 0.05) and lower than that in the caecum (10.38 ± 0.15,
P < 0.05) and in the colon (10.52 ± 0.05, P < 0.05). Bacterial
concentration in the jejunum was significantly lower than the rest
of the gut locations (P < 0.05); however, no statistically significant
differences were found between ileum and stomach content and
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FIGURE 1

Weekly average of the fecal score among the four treatments.

TABLE 3 Average ± standard deviation of both pH and log10 bacterial concentration (bacteria/g) measured throughout the five gut locations analyzed

and among the four treatments.

pH Log10 Bac/g

0 ppm ZnO 50 ppm 150 ppm 0 ppm ZnO 50 ppm 150 ppm

Stomach 4.17± 0.5A 3.88± 0.74AB 3.44± 0.7B 3.62± 0.8B 8.26± 0.44 8.37± 0.51 7.93± 0.46 8.02± 0.90

Jejunum 6.27± 0.34 6.45± 0.33 6.35± 0.37 6.34± 0.26 7.67± 1.12 8.02± 1.05 7.49± 0.90 7.52± 0.73

Ileum 6.96± 0.42 7.20± 0.34 7.08± 0.25 7.12± 0.25 8.34± 1.13 8.76± 0.75 8.13± 0.83 8.30± 0.84

Caecum 5.34± 0.35 5.60± 0.39 5.51± 0.26 5.53± 0.35 10.15± 0.85 10.44± 0.16 10.46± 0.17 10.45± 0.21

Colon 5.52± 0.33 5.66± 0.39 5.60± 0.25 5.58± 0.38 10.51± 0.11 10.45± 0.17 10.56± 0.15 10.55± 0.11

Log10 Bac/g, log10 bacterial concentration (bacteria/g); ZnO, zinc oxide.

Sample size for all the observations was n = 48. Different capital superscript letters in the same row for the different variables (i.e., pH or log10 bacteria/g) indicate statistically significant

differences (P < 0.05). The table depicts significant differences between the groups only if the main P-value calculated for the model and described throughout the text was lower than the

significance level of 0.05.

caecum and colon content. According to the linear mixed model
(LMM), the treatment did not have an overall significant effect on
the bacterial concentration throughout the five gut locations when
compared to 0 ppm (Table 3).

3.2 Treatment-driven changes in microbial
diversity

We isolated the genomic DNA from the luminal content of the
stomach, ileum, and caecum of the 48 piglets at the end of the study
(day 14), which we used to carry out 16S rRNA gene sequencing.
A total of 20,910,326 paired-end reads were imported in QIIME2,
with a range going from 91,663 to 247,788 reads per sample for
the least andmost represented samples, respectively. In parallel, the
two negative controls (i.e., library preparation controls) accounted
for 3,081 and 604 reads, respectively. A total of 11,166,017 (53%)
were retained after joining and quality filtering, while a total of
3,041 features were identified after Deblur denoising, with amedian
frequency per sample of 34,075 and 10,581 features in the least
represented sample, whereas only 134 and nine futures were found
in the two negative controls, respectively.

Both treatment, F(3,15) = 5.60, and gut location, F(2,112) =

119.16, had a significant effect on richness (P < 0.05, Figure 2).
Furthermore, the interaction between treatment and gut location
also had a significant effect on this variable, F(6,112) = 2.99 (P
< 0.05). In the stomach, the ZnO group was associated with the
lowest richness value (235.92 ± 124.79), which was significantly
different from 0 ppm (351.25 ± 99.75, P < 0.05). The 150 ppm
group (258.75 ± 114.54) also had a lower richness index than 0
ppm, while the latter did not differ from the 50 ppm group (334.92
± 136.96). According to the contrast analysis, the richness for 0
ppm was significantly higher than the rest of the treatments (P <

0.05), whereas the richness of the ZnO group tended to be lower
compared to the two PAA groups (P = 0.06) and 50 ppm also
tended to be associated with a higher richness when compared to
150 ppm (P = 0.05). No significant differences were found in the
ileum, where the overall richness index throughout the treatments
was 92.48 ± 59.86. In the caecum, the richness associated with the
ZnO group (267.5± 53.26) was lower than that of the 0 ppm group
(373.33± 125.67, P < 0.05), while the 50 ppm group tended toward
higher values (445.5 ± 67.52, P = 0.06). On the other hand, the
caecal richness of the 150 ppm group (384.25 ± 139.12) was not
significantly different from 0 ppm, whereas the richness of the ZnO
was found to be statistically lower than the PAA treatments by the
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contrast analysis (P = 0.05). Both treatment, F(2,88) = 275.50 (P
< 0.05), and the interaction of treatment and gut location, F(6,88)
= 2.41 (P < 0.05), had a significant effect on the Shannon index;
however, no significant differences were found in the stomach or
in the ileum, where the overall diversity index was 3.97 ± 0.79 and
2.89± 0.84, respectively. In the caecum, 50 ppm treatment (6.49±
0.33) was associated with a higher trend index compared to 0 ppm
(5.89 ± 1.04, P = 0.08), while the ZnO group (5.51 ± 0.42) was
found to have a significantly lower index than both PAA treatments
(P < 0.05).

In terms of β-diversity (Figure 2), both Jaccard and Bray–Curtis
indexes in the stomach of the 0 ppm group were different from
the ones in the rest of the treatments (P < 0.05, Q < 0.05), and
while the microbial communities in the ZnO group were different
compared to both 50 and 150 ppm (P < 0.05, Q < 0.05), there
were no differences between the two PAA treatments. In the ileum,
according to the Jaccard index, the communities of both 150 ppm
and ZnO were different from 0 ppm (P < 0.05, Q < 0.05), and
150 ppm was dissimilar to both ZnO and 50 ppm (P < 0.05, Q <

0.05). Whereas the Bray–Curtis index pointed toward differences
between the 150 ppm group and both 0 ppm and ZnO (P < 0.05,
Q < 0.05), 50 ppm was dissimilar to both 150 ppm and ZnO (P
< 0.05, Q < 0.05). In the caecum, both Jaccard and Bray–Curtis
distance matrixes indicated that the communities in the 0 ppm
group were different from the rest of the treatments (P < 0.05, Q <

0.05), and although both 50 and 150 ppm microbial communities
were different from ZnO (P < 0.05, Q < 0.05), no differences were
found between the two PAA treatments.

3.3 Compositional taxonomical di�erences
among the di�erent phenotypes

3.3.1 Stomach
The most abundant phylum in the stomach was Firmicutes

(Figure 3), with a relative abundance throughout the treatments of
77% ± 0.18%. Proteobacteria, the second most abundant phylum,
was significantly lower in ZnO (11.54% ± 7.15%) compared
to 0 ppm (21.27% ± 10.96%, P < 0.05, Q < 0.05), while it
was reduced in both 50 ppm (16.15% ± 9.92%) and 150 ppm
(16.5% ± 7.92%), albeit not significantly (Figure 4A). Following,
Cyanobacteria (14.75% ± 8.27%), Bacteroidota (1.82% ± 1.88%),
Actinobacteriota (0.34% ± 0.24%), and Archaea (0.08% ± 0.21%)
were, in decrescent order, the most represented phyla throughout
the treatments, with Cyanobacteria and Archaea significantly more
abundant in 0 ppm (18.62%± 8.1% and 0.08%± 0.06%) compared
to ZnO (10.31% ± 7.05% and 0.01% ± 0.02%, P < 0.05, Q <

0.05). Among the less represented phyla, Campylobacterota was
less abundant in 150 ppm (0.02% ± 0.05%) compared to 0 ppm
(0.21% ± 0.42%, P < 0.05, Q = 0.11), while also non-significantly
reduced in 50 ppm (0.1% ± 0.13%), but not in ZnO (0.24% ±

0.43%). Moreover, Spirochaetota was significantly reduced in ZnO
(0.01% ± 0.01%) when compared to 0 ppm (0.03% ± 0.03%, P <

0.05, Q < 0.05).
The genus-level compositional differences shown hereafter

refer to the five most abundant genera throughout the gut locations
analyzed and the treatment groups. A complete feature table, both

at the phylum level and at the genus level, is provided separately
(see Supplementary material 1).

As depicted in Figure 5, Lactobacillus was the most abundant
genus in the four treatments, with abundance of 45.29% ± 24.82%
in 0 ppm, 67.32% ± 25.92% in ZnO, 57.86% ± 21.9% in 50
ppm, and 61.05% ± 18.59% in 150 ppm, which was followed
by Chloroplast, Mitochondria, Sarcina, and Streptococcus, whose
general abundance among the four treatments was 14.74%± 8.27%,
12.11%± 6.85%, 2.00%± 6.20%, and 1.48%± 1.26%, respectively.
Campylobacter was significantly reduced in both ZnO (0.004% ±

0.01%) and 150 ppm (0.01% ± 0.01%) compared to 0 ppm (0.03%
± 0.01%, P < 0.05, Q < 0.05), while being somewhat less abundant
in 50 ppm (0.02% ± 0.02%, Figure 6A). Moreover, Moraxella and
Porphyromonaswere significantly reduced in 150 ppm compared to
0 ppm (P< 0.05,Q< 0.05),OscillospiraceaeUCG.002 were reduced
in both ZnO (P < 0.05, Q < 0.05) and 150 ppm (P < 0.05, Q =

0.09), andOscillospiraceaeUCG.005 was reduced in ZnO (P < 0.05,
Q < 0.05).

3.3.2 Ileum
In the ileum, no significant differences were found at phylum

level across the treatments, where the most abundant phylum was
Firmicutes (92.44% ± 16.23%), followed by Proteobacteria (6.40%
± 15.83%), Bacteroidota (0.50%± 3.93%), Actinobacteriota (0.17%
± 0.22%), Cyanobacteria (0.11% ± 0.14%), and Archea (0.06% ±

0.12%, Figure 3).
At the genus level (Figure 5), Lactobacillus was also the most

abundant in the ileum, followed by Escherichia, Clostridium, and
Sarcina, with abundance across the four treatments of 76.04% ±

27.41%, 4.83% ± 14.67%, 4.55% ± 9.01%, and 3.06% ± 10.82%,
respectively. Streptococcus was significantly reduced in 150 ppm
(0.62% ± 0.55%) compared to 0 ppm (4.81% ± 5.25%, P < 0.05,
Q = 0.06), whereas it was somewhat less abundant in both ZnO
(1.6%± 1.3%) and 50 ppm (3.82%± 3.27%, Figure 6B).

3.3.3 Caecum
As shown in Figure 3, Firmicutes was also the most abundant

phylum in the caecum, with no significant differences between
treatments (73.33%± 7.56%), followed by Bacteroidota (22.74%±

6.06%) and Proteobacteria, which was significantly lower in ZnO
(0.13% ± 0.14%) compared to 0 ppm (2.7% ± 3.83%, P < 0.05, Q
< 0.05), while no differences were found when comparing its levels
to the 50 ppm (1.22% ± 1.48%) and 150 ppm groups (2.23% ±

3.98%, Figure 4B). Actinobacteriota was the fourth most abundant
phylum in the caecum (0.64% ± 0.36%) with no differences across
treatments, followed by Cyanobacteria, significantly decreased in
ZnO (0.05% ± 0.08%) compared to 0 ppm (0.37% ± 0.3%, P <

0.05, Q < 0.05) and unchanged in 50 ppm (0.31% ± 0.24%) and
150 ppm (0.37% ± 0.47%), and Archea, also decreased in ZnO
(0.02% ± 0.02%) compared to 0 ppm (0.09% ± 0.09%, P < 0.05,
Q = 0.10), whose abundance was non-significantly increased in 50
ppm (0.32%± 0.3%) and 150 ppm (0.28%± 0.36%).

Although reduced compared to the other two locations
(Figure 5), Lactobacillus was also the most abundant genus in
the caecum (18.89% ± 9.72%), followed by Prevotella (13.80% ±

5.48%), and Blautia, whose abundance was greater in ZnO (15.99%
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FIGURE 2

Microbial α-diversity expressed through the richness and Shannon indexes and β-diversity expressed through the Jaccard and Bray–Curtis

dissimilarity indexes among the treatment groups and in the di�erent gut locations analyzed.

FIGURE 3

Treatment-wise phylum-level composition through the three gut locations analyzed.

± 8.09%) compared to 0 ppm (8.01% ± 3.9%, P < 0.05, Q <

0.05), but not in 50 ppm (8.2% ± 3.33%) or 150 ppm (9.08% ±

5.2%, Figure 6C). Faecalibacterium was the fourth most abundant
genus in the caecum, followed by unassigned Lachnospiraceae,
with overall abundance of 5.16% ± 3.02% and 3.38% ± 2.46%,
respectively. A number of bacterial genera were differentially

abundant among treatments in the caecum; however, only those
whose relative abundance in the 0 ppm group was ≥0.1% were
reported thereafter.

Compared to 0 ppm (0.26% ± 0.7%), Actinobacillus was
significantly reduced to 150 ppm (0.003% ± 0.01%, P < 0.05,
Q < 0.05), and ZnO (0.01% ± 0.03%, P < 0.05, Q = 0.09).
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FIGURE 4

Di�erential abundance of Proteobacteria in the stomach (A) and in the caecum (B) throughout the treatment groups.

Campylobacter was reduced in ZnO (0%± 0%) compared to 0 ppm
(0.92%± 2.5%, P < 0.05, Q < 0.05), but the latter was not different
from 50 ppm (0.57% ± 1.1%) and 150 ppm (0.53% ± 1.07%).
Anaerovibrio was reduced in ZnO (1.49% ± 2.99%) compared to
0 ppm (2.89%± 3.02%, P < 0.05, Q < 0.05), but not in the 50 ppm
(2.25%± 1.91%) or 150 ppm (1.57%± 1.16%) groups.

Clostridia UCG.014, Colidextribacter, Oscillospira,
Intestinibacter, Ruminococcaceae (incertae sedis), Prevotellaceae

(NK3B31), and Dorea were more abundant in the ZnO group
compared to 0 ppm (P < 0.05, Q < 0.05), whereas Eubacterium
(ruminantium group), Lachnospiraceae (UCG.008), Oribacterium,
Lachnospira, Succinivibrio, Ruminococcus, and Gastranaerophilales

were less abundant in this group compared to 0 ppm (P < 0.05,
Q < 0.05). Rikenellaceae RC9 was more abundant in the 150
ppm group compared to the 0 ppm group (P < 0.05, Q < 0.05,
Figure 6D), whereas Streptococcus was reduced in the 150 ppm
group compared to the 0 ppm group (P < 0.05, Q < 0.05). Finally,
Prevotellaceae (UCG.003) was increased by 50 ppm compared to 0
ppm (P < 0.05, Q < 0.05).

Within the Archaea,Methanobrevibacter was increased in both
50 ppm (P < 0.05, Q < 0.05) and 150 ppm (P < 0.05, Q = 0.07)
compared to 0 ppm, whereasMethanosphaera was reduced in ZnO
(P < 0.05, Q= 0.09) compared to 0 ppm.

3.4 Diversity of the predicted functional
metagenome throughout the treatment
groups

Both treatment F(3,20) = 7.19 (P < 0.05) and gut location
F(2,88) = 199.11 (P < 0.05) had a significant effect on the richness
index of the predicted KEGG ortholog (KO) metagenome, which
was greater in the stomach compared to both the ileum and
caecum (P < 0.05); however, the richness did not statistically differ
between the ileum and caecum. In the stomach, the predicted KO
richness index accounted for 6,067.58 ± 160.4 features in the 0
ppm group, which were statistically greater than ZnO (5,601.58 ±

479.26 features, P < 0.05) but not than 50 ppm (5,968.83 ± 240.48
features) and 150 ppm (5,901 ± 317.19 features). The contrast
analysis revealed that the predicted KO richness associated with
0 ppm tended to be greater than all the rest of the treatments

(P = 0.07), while ZnO was significantly lower than both 50 and
150 ppm (P < 0.05). In the ileum, the richness in the 0 ppm
group (4,675.67 ± 624.53 features) tended to be higher than ZnO
(4,360.83 ± 536.66 features, P = 0.06), but it remained statistically
unchanged when compared to 50 ppm (4,938.58± 193.48 features)
and 150 ppm (4,492 ± 481.7 features), whereas contrast analysis
confirmed that ZnO had a significant impact on KO richness when
compared to both 50 and 150 ppm (P < 0.05), but also that
the index was different when comparing 50 and 150 ppm. In the
caecum, once again the KO richness of the 0 ppm group (4,895.75
± 294.56 features) was significantly greater than the ZnO (4,297.75
± 322.26 features), but statistically unchanged when compared
to 50 ppm (4,782.17 ± 359.95 features) and 150 ppm (4,797.67
± 289.09 features), which was also underlined by the contrast
analysis showing that the index of the 0 ppm group was statistically
different from the rest of the treatments (P < 0.05) and that the KO
richness in the ZnO group was different from both 50 and 150 ppm
(P < 0.05).

Only gut location had a statistically significant effect on the
Shannon index, F(2,88) = 30.10 (P < 0.05), which was significantly
lower in the ileum compared to both the stomach and caecum (P
< 0.05). Even though treatment did not have a significant generic
effect on the Shannon index, individual comparisons showed that
the Shannon index in the stomach of the 0 ppm group (10.79 ±

0.27) was greater than the ZnO group (10.46± 0.4) but unchanged
when compared to 50 ppm (10.62 ± 0.31) and 150 ppm (10.57 ±

0.28), with the contrast analysis showing that the 0 ppm group had
a tendency to be associated with greater diversity than the rest of
the treatments (P = 0.05). The Shannon index did not significantly
change in the ileum, where 0 ppm (10.3± 0.61) was similar to ZnO
(10.16± 0.42), 50 ppm (10.21± 0.31), and 150 ppm (10.22± 0.54).
A similar situation was found in the caecum, where there were no
significant changes between treatments, with the Shannon index
found to be 10.66± 0.15 in the 0 ppm group, 10.53± 0.05 in ZnO,
10.62± 0.04 in 50 ppm, and 10.64± 0.14 in the 150 ppm group.

In terms of β-diversity, the predicted KO metagenome in the
stomach was found to be different when compared to the 0 ppm
and the ZnO groups (P < 0.05, Q < 0.05) both according to the
Bray–Curtis and the Jaccard index, whereas according to the latter,
0 ppm was also different from 150 ppm (P < 0.05, Q < 0.05),
whereas the predicted KO pathways in the ZnO were different
from 50 ppm (P < 0.05, Q < 0.05) and tended to be different
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FIGURE 5

Treatment-wise genus-level composition through the three gut locations analyzed.

from 150 ppm (P = 0.05, Q = 0.06). In the ileum, there were no
differences in β-diversity of the predicted KOmetagenome between
any of the treatments, according to the Bray–Curtis dissimilarity

index. However, the Jaccard distance analysis showed that the KO
metagenome of the ZnO group was significantly different from 50
and 150 ppm (P < 0.05, Q < 0.05) and tended to be different from
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FIGURE 6

Di�erential abundance of Campylobacter in the stomach (A), Streptococcus in the ileum (B), Blautia in the caecum (C), and RC9 in the caecum (D)

throughout the treatment groups.

0 ppm (P = 0.06, Q = 0.07); moreover, significant differences in
the KO metagenome were also found between 50 and 150 ppm
(P < 0.05, Q < 0.05). The caecal KO metagenome in ZnO was
different from 0 and 50 ppm, both according to the Jaccard and the
Bray–Curtis indexes, while it was different from 150 ppm according
to the Jaccard index (P < 0.05, Q < 0.05) and showed a trend
toward difference according to the Bray–Curtis index (P < 0.05,
Q= 0.052). Moreover, the KOmetagenome of 50 and 150 ppm was
also divergent, but only according to the Jaccard index (P < 0.05,
Q < 0.05).

3.5 Functional correlations between the
treatment-driven improved diarrhetic
phenotype and the Kegg orthology
metagenome

As detailed in the Methods, Venn diagram intersections
were used to unravel the correlations between differentially
abundant orthologs and improved PWD phenotypes (Figure 7).
Therefore, the sections hereafter describe the predicted orthologs
found to be more or less abundant in connection to the
improved phenotype through the different gut locations analyzed.
A complete list of the orthologs found to be enriched or less
abundant through the described intersections can be found in
Supplementary materials 2, 3.

3.5.1 Stomach
In the stomach, the predicted ortholog K03382

(hydroxydechloroatrazine ethylaminohydrolase) was found

to be significantly enriched in all treatments compared to 0
ppm, whereas K10954 (zona occludens toxins) was significantly
decreased in all treatments compared to 0 ppm. A total of 21
predicted orthologs were found to be significantly more abundant,
both with better FS and when comparing ZnO to 0 ppm. These
predicted orthologs encoded for enzymes (K18029 nicA, K00527
rtpR, K18916 ptxD, K08483 ptsI, K01187 malZ, K01258 pepT,
K08659 pepDA, K03152 thiJ, K01502 E3.5.5.7, K01644 citE,
and K11788 ADE5), transporters (K15770 cycB, K17074 lysX2,
K17076 lysY, K08483 ptsI, K02761 celB, K02796 manZ, K06199

crcB, K03315 nhaC), peptidases, and inhibitors (K07010 putative
glutamine amidotransferase, K03152 thiJ, K08659 pepDA, and
K01258 pepT). On the other end, 10 predicted orthologs were

less abundant when analyzing the same intersection, seven of
which encoded for enzymes (K0002, K00094, K00518, K00624,

K03896, K03278, K10216), while K18918 (antitoxin RelB) encoded

for prokaryotic defense system/transcription factors, K03278
(waaI) was involved in lipopolysaccharide biosynthesis, and

K14683 (SLC34A) encoded for transporter/exosome. A total of
five predicted orthologs were significantly more abundant, both

when comparing the 50 ppm group to the 0 ppm group and in pigs
with better FS. Of these, K19714 (kdnB) encoded for an enzyme
also involved in lipopolysaccharide biosynthesis, K08713 lctB

encoded for a potassium channel transporter, K14087 echB (ech
hydrogenase subunit B), and both small acid-soluble spore proteins

K and L (K06428 sspK and K06429 sspL) were not assigned to any

hierarchical class. Finally, one predicted ortholog (K08299 caiD;

crotonobetainyl-CoA hydratase) was significantly more abundant,
and one predicted ortholog (K19052 hepC; heparan-sulfate lyase)

was significantly less abundant in pigs administered 150 ppm
compared to 0 ppm and with improved FS.
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FIGURE 7

Venn diagrams depicting the intersections between the di�erent phenotypes observed and the predicted KO orthologs.

3.5.2 Ileum
In the ileum, two predicted orthologs encoding for enzymes

(K00517; CYP81F and K14665; amhX) were significantly more
abundant both in pigs with better FS and in all the treatment groups
when compared with 0 ppm.

Whereas, a total of 13 predicted orthologs were significantly
more abundant in the ZnO, 50 ppm, and 150 ppm groups
compared to 0 ppm, among which were K19224, encoding
for peptidoglycan biosynthesis and degradation protein lytE;
K03200, encoding for the secretion system protein virB5;
K00685 encoding for the arginyl-tRNA–protein transferase ATE1;
K19079 encoding for the cationic antimicrobial peptide transport
system ATP-binding protein vraF; K17243 encoding for the
transporter proteins aguG; and K07244 encoding for mgtE-like
transporter; and six predicted orthologs encoding for enzymes
(K00038 E1.1.1.53; K03333 choD; K00354 E1.6.99.1; K13942 hmd;

K00918 pfkC; and K00333 nuoD). On the other hand, only
one predicted ortholog (K01210 E3.2.1.58) was significantly less
abundant in the same intersection, involved in the starch and
sucrose metabolism.

A total of nine predicted orthologs were significantly more
abundant in the ZnO group when compared to 0 ppm, among
which K06294 and K06313 encoding for the spore germination
proteins gerD and ypeB, and orthologs encoding for the
transporters fluoroquinolone transport system permease protein,
yqgE, oprO_P and dmsC, while seven predicted orthologs were
significantly less abundant in the same intersection, such as
K16850; uxaA2 (altronate dehydratase large subunit), K18210;
tfrB (fumarate reductase (CoM/CoB) subunit B), K00202; fwdC
(formylmethanofuran dehydrogenase subunit C), K17830; GGR
(digeranylgeranylglycerophospholipid reductase), K07151; STT3
(dolichyl-diphosphooligosaccharide–protein glycosyltransferase),
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K03231; EEF1A (elongation factor 1-α) and the uncharacterized
ortholog K09003.

Only four predicted orthologs were significantly more
abundant in the 50 ppm group compared to the 0 ppm group,
which was also associated with good FS values, and these were
encoded for the transporter mdeA (K18936) and the enzymes crtP,
TPMT, and crtQ (K10210, K00569, and K10211).

On the other hand, K01727; hysA (hyaluronate lyase) was
significantly more abundant in the 150 ppm group compared with
0 ppm and with pigs with better FS.

3.5.3 Caecum
The predicted orthologs K01134, encoding for arylsulfatase

A (ARSA), and K09799 (uncharacterized) were enriched in pigs
with better FS and in all the treatments compared to 0 ppm,
while two predicted orthologs (K09744 and K09966) encoding for
uncharacterized proteins, K01167, encoding for the ribonuclease
T1 (RNASA), and K02657, encoding for the twitching motility two-
component system response regulator (pilG), were less abundant in
the same intersection.

While only the predicted ortholog K06434, encoding for
the small acid-soluble spore protein, thioredoxin-like protein
(tlp), was significantly more abundant in pigs in the ZnO,
50 ppm, and 150 ppm groups when compared to 0 ppm, a
total of 63 predicted orthologs were significantly less abundant
within the same intersection. Among these, 37 encoded for
enzymes (e.g., K16652 dprE2; decaprenylphospho-β-D-erythro-
pentofuranosid-2-ulose 2-reductase), nine encoded for proteins in
the two-component system (e.g., K07653 mprB; two-component
system, OmpR family, sensor histidine kinase MprB), eight
encoded for glycosyltransferases (e.g., K14337 mptA; α-1,6-
mannosyltransferase), five encoded for protein kinases (e.g.,
K14949 pknG; serine/threonine-protein kinase PknG), three
encoded for bacterial motility proteins (e.g., K06602 flaF; flagellar
biosynthesis activator protein FlaF), two encoded for transcription
factors (K18136 acrR; TetR/AcrR family transcriptional regulator,
multidrug resistance operon repressor), two encoded for lipid
biosynthesis proteins (K12437 and K12428) and one encoded for
lipopolysaccharide biosynthesis protein (K13013 wbqV; O-antigen
biosynthesis protein).

The FS:ZnO caecal intersection was associated with the
majority of the predicted significant orthologs compared to
the rest of the intersections and the rest of the gut locations.
In total, 140 and 366 predicted orthologs were found to be
significantly increased or decreased in association with this
intersection, respectively. The 140 enriched orthologs were
found to encode for 84 pathways or 22 functional hierarchies,
among which three antimicrobial resistance genes (K02172 blaR1;
bla regulator protein, K18345 vanSB; two-component system,
OmpR family, sensor histidine kinase VanS and K18344 vanRB;
two-component system, OmpR family, response regulator VanR),
the bacterial motility proteins pilT (K02669) and pilD (K02654),
the lipid biosynthesis protein (K00645; fabD), and peptidoglycan
biosynthesis and degradation proteins (K01448; amiABC). On the
other hand, the 366 orthologs significantly reduced within this
intersection encoded for proteins involved in a total of 87 pathways

or 28 functional hierarchies, among which 16 bacterial motility
proteins (e.g., K02411 fliH; flagellar assembly protein FliH),
16 proteins involved in secretion systems (e.g., K03195 virB10;
type IV secretion system protein VirB10), eight peptidoglycan
biosynthesis and degradation proteins (e.g., K06078 lpp; murein
lipoprotein), two proteins involved in prokaryotic defense systems
(e.g., K09159 cptB; antitoxin CptB), and two antimicrobial
resistance genes (e.g., K19212 blaOXA-63; β-lactamase
class D OXA-63).

Only two predicted orthologs were found to be significantly
increased in pigs in the 50 ppm range and associated with
improved FS; one of them (K00210) was unassigned, and the
other (K01966 PCCB) is propionyl-CoA carboxylase beta chain.
On the other hand, four predicted orthologs were significantly
more abundant within the FS: 150 ppm intersection, such as
K16147 glgE; starch synthase, maltosyl-transferring, K00500 phhA;
phenylalanine-4-hydroxylase, K12908 phpF; phosphonoformate
cytidylyltransferase, and K00737 MGAT3; β-1,4-mannosyl-
glycoprotein β-1,4-N-acetylglucosaminyltransferase, while six
predicted orthologs were significantly less abundant within
the same intersection [K06044 treY; (1->4)-α-D-glucan
1-α-D-glucosylmutase, K01236 treZ; maltooligosyltrehalose
trehalohydrolase, K13923 pduL; phosphate propanoyltransferase,
K03343 puo; putrescine oxidase, K01561 dehH; haloacetate
dehalogenase, and K06985 aspartyl protease family protein].

3.6 Interventions’ e�ects on performance

Table 4 summarizes the performance variables measured
throughout the experiment. Time, F(1,42.9) = 98.3 (P < 0.001),
had a significant effect on log10 transformed g/day weekly body
weight gain (BWG); similarly, only time had a significant effect
on log10 transformed g/day feed intake, F(1,35) = 93.3 (P < 0.001).
No statistically significant differences were found between the three
treatments and the control during the second week, both in terms
of BWG and FI.

In general, water intake (WI) in all treatments increased
during the second week (17.81 kg ± 1.91 kg) compared to the
first one (10.76 kg ± 1.37 kg), as confirmed by the statistically
significant LMM time effect, F(1,20) = 106.1 (P < 0.05).
The decreased water intake during weeks 1 and 2 observed
for the rest of the treatments compared to 0 ppm was not
statistically significant.

The FCR was rather stable throughout the animal study, with
overall average values of 1.01 ± 0.02 and 1.05 ± 0.08 during the
first and second weeks, respectively. LMM revealed the absence
of statistically significant effects of time and treatment on FCR,
while also revealing the absence of significant differences between
specific treatments.

4 Discussion

Post-weaning diarrhea in pigs is a multifactorial disease often
observed most intensively during the first couple of weeks post-
weaning (Rhouma et al., 2017), and ZnO interventions have been
widely described during the past 30 years as a valid antimicrobial
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TABLE 4 Summary of the di�erent performance parameters.

Treatment

0 ppm ZnO 50 ppm 150 ppm

Body weight gain (g/day)

Days 0–7 (n= 48) 274.05± 108.6 123.93± 170.47 177.26± 141.33 202.62± 123.35

Days 7–14 (n= 48) 516.9± 120.06 490.6± 140.3 450.83± 129.4 441.43± 118.84

Pen-level feed intake (g/day)

Days 0–7 (n= 24) 546.17± 117.5 360.67± 175.64 406.21± 121.95 429.4± 164.18

Days 7–14 (n= 24) 1,037.98± 96.32 946.36± 303.6 927.6± 200.96 987.86± 181.47

Pen-level water intake (kg)

Days 0–7 (n= 24) 12.7± 2.9 10.74± 2.2 9.8± 3.15 9.79± 2.06

Days 7–14 (n= 24) 20± 2.8 16.76± 3.54 16± 5.03 15.97± 4.47

Pen-level FCR

Days 0–7 (n= 20) 1.03± 0.16 1.00± 0.09 0.99± 0.09 1.00± 0.11

Days 7–14 (n= 24) 1.03± 0.19 0.96± 0.09 1.04± 0.1 1.16± 0.33

alternative (Poulsen, 1995), leading to an improvement of
the symptomatology and performance (Sales, 2013). However,
heavy metal-driven environmental concerns and possible AMR
associations led to a ban of ZnO in pig production by the European
Union in 2022 (Ekhlas et al., 2023). In this study, we tested the
possible use of in-water peracetic acid delivered via the hydrolysis
of the precursors SP and TAED as an antimicrobial alternative
useful during the weaning phase of piglets for the control of post-
weaning diarrhea. We found that both PAA concentrations led to
a decrease in pH in the stomach; however, in vitro tests of the
delivery route presented here (data not shown) indicated that PAA
formation occurred at a host-physiological pH of 4.4 (Merchant
et al., 2011), which thus deviates from the mode of action of the
traditionally used acidifiers (Wang et al., 2022). Therefore, the
lower stomach pH in pigs in both the 50 ppm and the 150 ppm
groups could be due to the microbial populations inhabiting the
stomach of pigs in both PAA groups. Indeed, both the Jaccard and
Bray–Curtis indexes indicated that the stomach microbiota of these
pigs was different from the pigs in both the ZnO and the 0 ppm
groups. Some authors found that gastric pH could play a role in
the control of the PWD, as they observed higher pH values in
symptomatic weaning piglets, while lowered figures could correlate
with a healthier phenotype due tomechanisms such as the favorable
proliferation of non-pathogenic bacteria (Heo et al., 2013). In terms
of bacterial concentration, we found that both the jejunal and ileal
content of pigs within the ZnO group were more densely populated
than that of the rest of the PAA treatments, according to qPCR,
whereas according to the richness index, no differences were found
between the ZnO and PAA groups in the ileum.

According to the analysis of the performance parameters, all
pigs achieved the greatest body weight gain during the second
week, statistically greater than the figures from week 1. Although
not statistically significant according to the generic P-value of the
LMM, the BWG of the piglets in the 0 ppm group was higher
than that of the ZnO group. This seemed to be in contrast to
previous findings suggesting that an improvement in fecal score

would translate into an increase in body weight (Kyriakis et al.,
1999), as ZnO has been shown to improve average daily gain when
compared to a negative control (Lei and Kim, 2018). It ought to
be mentioned that both ZnO and PAA treatments ameliorated the
fecal score during the second week, as we noticed closer BWG
values between these groups and the control. Although the reason
behind the better BWG in the presence of elevated FS in the 0 ppm
group is not clear, it might be indicative of an adaptation period
necessary for the treatment to exert its effects in vivo, as observed
for the response to ZnO in early weaned pigs (Hill et al., 2001). In
addition, greater feed intake of the high-quality ration could have
resulted in a greater level of hindgut fermentation, which can result
in more fluid feces without any apparent detriment. Moreover, our
study was carried out in absence of any subclinical challenge, which
could have otherwise likely led to penalized performance, especially
on high protein rations as used here (Wellock et al., 2008), thus
contributing to increasing the differences in performance between
the 0ppm and the treated groups. Finally, as discussed further
below, the interventions impacted on microbial community levels
and composition, which could have evoked variation in immune
response, which in turn can impact feed intake.

In the stomach, we found a significant reduction of
Proteobacteria in the ZnO group compared to 0 ppm and
Campylobacterota in the 150 ppm group compared to the 0
ppm group, followed by a significant reduction in Campylobacter

in both 150 ppm and ZnO compared to 0 ppm. Interestingly,
Campylobacter has been previously associated with PWD
(Cremonesi et al., 2022), with a known effect of ZnO in controlling
this genus while leading to symptom amelioration (Kaevska et al.,
2016). In our study, stomach Campylobacter relative abundance
was much lower than that of other genera, with∼10 features in the
0 ppm group. Thus, the significance of its role in the pathogenesis of
PWD during our studymight be questionable. However, it has been
shown that only 800 CFU of Campylobacter jejuni were enough
to induce diarrhea symptoms in human volunteers (Kaakoush
et al., 2015), and considering the physiological similarities between
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humans and pigs (Sciascia et al., 2016), it could be deduced that
low Campylobacter concentrations could still be able to lead to
PWD symptoms. This could suggest that the effect of both ZnO
and PAA in reducing this pathogen’s concentration could have
contributed to the improved fecal score observed in these groups.
Moreover, Campylobacter was also significantly reduced in the
caecal content of pigs in the ZnO group. In the stomach, the
opportunistic pathogen Moraxella (Larsen et al., 1973) was found
to be reduced in the stomach of piglets at 150 ppm, which could
corroborate the multifactorial aspect of PWD and underline the
importance of a broad-spectrum therapeutic approach to control
the dynamics of this disease.

In terms of predicted metagenomic analysis, predicted
hydroxydechloroatrazine ethylaminohydrolase (atzB) and
predicted zonula occludens toxin (zot) were significantly more and
less abundant, respectively, in all the treatment groups compared
to the control. The xenobiotic degrader atzB has been described
in Pseudomonas species as responsible for the degradation of
the herbicide Atrazine (Boundy-Mills et al., 1997), whose use in
agriculture is banned in the European Union, as in addition to
being toxic, it is reported to be part of the endocrine-disrupting
chemicals in pigs (Yang et al., 2020). Therefore, although likely
Atrazine residuals were not present in the feed provided to the pigs
during this trial, it is interesting to note the significant increment
of xenobiotic degraders in both PAA and ZnO pigs. Possibly, this
could signify that these treatments led to a selection of microbial
species able to break down toxic elements; however, whether
the predicted atzB enrichment was the cause of the effect of the
treatment remains unknown. The toxin zot was first described in
Vibrio cholerae as capable of altering the structure of intercellular
tight junctions, leading to mild to moderate diarrhea in humans
(Fasano et al., 1991). Interestingly, zot has also been described in
Campylobacter species as leading to intestinal epithelial barrier
damage (Liu et al., 2016). Therefore, our findings, although
based on predicted functional metagenomes, could indicate
that, among other factors, the improved phenotype observed
in both PAA and ZnO groups could be related to a decreased
predicted abundance of zot in the stomach, which could have led
to better intestinal integrity, likely associated with the observed
improved symptomatology.

At the ileum level, Streptococcus was significantly reduced in
the 150 ppm group. In contrast, some authors have observed
enrichment in the ileum of both Streptococcus thermophilus and
Lactobacillus after ZnO administration, likely caused by the
tolerance to ZnO of the extracellular structure of S. thermophilus

(Sun et al., 2022). The healthy phenotype observed in all treatment
groups concurred with 15 more abundant and 1 less abundant
predicted orthologs. The latter was the glucan 1,3-β-glucosidase, an
enzyme involved in the degradation of complex polysaccharides,
shown in high abundance in individuals consuming wheat as a
staple food (Lu et al., 2021). It could be argued that a reduction
in microbial groups that produce glucan 1,3-β-glucosidase in the
ileum, possibly as a consequence of the treatment, contributed
to the observed reduced BWG, especially during the first week,
possibly due to a reduced microbial degradation ability of some
of the resources. On the other hand, a series of predicted
enzymes, such as amidohydrolase (amhX), which catalyze the

degradation of acetylated amino acids and contribute to amino
acid biosynthesis (Kempf and Bremer, 1996), were found to be
more abundant in healthy pigs (i.e., ZnO, 50 and 150 ppm groups).
The predicted virulence gene type IV secretion system protein
(virB5) (Shirasu et al., 1990) and peptidoglycan DL-endopeptidase
(lytE) (Yamamoto et al., 2003) and cationic antimicrobial peptide
transport system ATP-binding protein (vraF), which confers
resistance to selected cationic antimicrobial peptides (Yang et al.,
2012), were all more abundant in pigs with improved diarrheal
symptoms. While it is easy to imagine that an increased abundance
of cell wall hydrolases such as lytE might improve the PWD
symptomatology due to induced bacteriolysis (Callewaert et al.,
2011), the role of virB5 and vraF might not be directly related to
the observed phenotype.

A number of microbial genera were found to be differentially
abundant in the caecal content among the different treatment
groups. Among these genera, Blautia has been identified as a
potential probiotic (Liu et al., 2021) and has been previously
found in pigs with improved PWD phenotype after probiotic
administration (Rattigan et al., 2023), likely due to its role in
inflammation modulation and bacteriocin and butyrate production
(Kalyana Chakravarthy et al., 2018). We found that Blautia was
statistically more abundant in ZnO pigs, which therefore could
also contribute to the phenotype observed in this group. We also
found thatActinobacilluswas significantly reduced in both 150 ppm
and ZnO groups, which is in accordance with previous research
correlating its decreased relative abundance in pigs with improved
PWD after dietary intervention (Wang et al., 2020). On the other
hand, according to previous reports, E. coli is usually associated
with PWD (Rhouma et al., 2017); however, we found that its
abundance was statistically unchanged through the treatments in
the caecum. In parallel, we observed a reduction of E. coli relative
abundance from 0 ppm (1.13% ± 2.92%) to ZnO (0.05% ± 0.11%,
P < 0.05, Q = 0.24) and to 50 ppm (0.12% ± 0.25%, P < 0.05,
Q = 0.17), and a somewhat higher abundance in the 150 ppm
group (1.59%± 4.07%), although these figures were not statistically
significant according to the calculatedQ-values. On the other hand,
Ruminococcuswas significantly reduced in the caecum of ZnO pigs,
which is in contrast with previous findings identifying this fiber-
consuming genus (Helaszek and White, 1991; Crost et al., 2018)
as part of the normal post-weaning microbiota (Choudhury et al.,
2021). This could suggest that the global effects of ZnO on the distal
gut communities could be less beneficial than those observed in the
PAA groups.

The majority of the changes in the predicted ortholog
differential abundance were observed in the caecum. Two predicted
orthologs were significantly more abundant in the intersection
FS:ZnO:50 ppm:150 ppm and one in the interaction ZnO:50
ppm:150 ppm. These encoded for the arylsulfatase A (ARSA),
which catalyzes the hydrolysis of arylsulfate ester bonds (Stressler
et al., 2016), K09799 (uncharacterized), and small acid-soluble
spore protein (thioredoxin-like protein, tlp), respectively, encoding
for acid-soluble spore proteins in Bacillus subtilis (Cabrera-
Hernandez et al., 1999). A total of 67 predicted orthologs
were significantly less abundant in association with improved
diarrheal phenotypes in all the treatment groups. Interestingly,
we found that the predicted orthologs encoding for the bacterial
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motility proteins flaF (flagellar biosynthesis activator protein),
flbT (flagellar biosynthesis repressor protein), pilG (twitching
motility two-component system response regulator), and pilJ
(twitching motility protein) were significantly less abundant
in association with the improved phenotype. The flaF gene,
conserved in α-proteobacteria, is essential for flagellin protein
synthesis and therefore motility with functions in filament
assembly (Llewellyn et al., 2005), while flbT intervenes in
post-transcriptional regulation of flagellin genes in Caulobacter

crescentus in the passage from swarmer to stalked cells (Anderson
and Gober, 2000). On the other hand, pilG and pilJ are part of
the complex signal transduction pathway controlling twitching
motility, described in Pseudomonas aeruginosa, involved in the
colonization of host tissues (Whitchurch et al., 2004). These
findings could suggest that both ZnO and PAA treatments might
have induced a reduction of pathogen virulence via modulation of
the microbial composition.

5 Conclusion

In this study, we presented, to the best of our knowledge,
the first application of PAA, derived from the hydrolysis of
the precursors SP and TAED, in connection with reduced
PWD symptoms in weaning pigs. We demonstrated that
PAA led to an improved phenotype, especially during the
second week of the study, similar to ZnO but at considerably
reduced concentrations.

According to our findings, the effects of both PAA and
ZnO were already visible in the stomach; however, the qPCR
results could suggest that the broad antimicrobial effect, especially
for PAA, was mainly exerted in the upper gut. We previously
demonstrated that the release of PAA from unencapsulated
precursors is more active in the upper gut (i.e., crop) of chickens
(Galgano et al., 2023b), whereas the encapsulation of the precursors
led to the release of PAA in the small intestine of broiler birds
(Galgano et al., 2023a). Therefore, future possible applications
of PAA in pigs as an intervention to aid the successful rearing
of piglets without recourse to antibiotic treatment could include
both unencapsulated and encapsulated precursors, in order to both
achieve the effects observed here and to bypass the possible poor
gastric stability (Palmieri et al., 2015).

We also reported here variation in a number of microbiota
compositional and predicted functional changes that could be
correlated to variation in PWD symptoms, emphasizing its
multi-factorial nature. Most noticeably, we found a reduction of
Campylobacter andMoraxella and a reduction of the predicted zot
at the gastric level, which could have contributed to the observed
amelioration of the diarrheal status. Moreover, we found that at
the caecum level, some of the probiotic strains, such as Blautia,
RC9, belonging to the porcine core microbiota (Holman et al.,
2017) and Prevotellaceae (UCG.003), a key carbohydrate degrader
(Adeyemi et al., 2020), were increased in ZnO by 150 and 50
ppm, respectively, suggesting a beneficial effect via downstream
microbial modulation. In addition to that, we found that the
abundance of some of the predicted orthologs involved in the
production of motility proteins was decreased at the caecum level.
Although our functional analysis was based on predictive tools,

the findings presented here could represent a further step toward
identifying the microbial functional profile underlying the PWD.
Previous studies have shown the results of metagenomic analysis
of samples collected from PWD piglets under different conditions
(Gaio et al., 2021), suggesting differences in metabolic pathway
abundance between pigs undergoing post-weaning challenges with
enterotoxigenic E. coli (Apiwatsiri et al., 2022). The present
study further contributes by adding prediction-based evidence
toward elucidating the microbial functional role associated with an
improved PWD phenotype.
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