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Liquid fermented cereals with 
added Pediococcus acidilactici did 
not reduce post-weaning diarrhea 
in pigs – an Escherichia coli 
challenge study
Jiajia Xu , Samantha Joan Noel , Charlotte Lauridsen , 
Helle Nygaard Lærke  and Nuria Canibe *

Department of Animal and Veterinary Sciences, Aarhus University, Tjele, Denmark

The effect of feeding fermented liquid feed (FLF) with added Pediococcus 
acidilactici to weaning piglets challenged with enterotoxigenic Escherichia coli 
(ETEC) F4 on aspects of diarrhea, performance, immune responses, and intestinal 
epithelial barrier function was investigated. A total of 46 weaners (weaning at 
27–30 days of age) were assigned to four treatments: (1) Non-challenged and 
dry feed (Non-Dry); (2) Challenged and dry feed (Ch-Dry); (3) Non-challenged 
and FLF (Non-Ferm); (4) Challenged and FLF (Ch-Ferm). All groups received the 
same feed, either dry (Non-Dry and Ch-Dry), or in liquid form (Non-Ferm and Ch-
Ferm) in which the cereals with added P. acidilactici (106 CFU/g cereals) had been 
fermented for 24 h at 30°C. On day 1 and 2 post weaning, Ch-Dry and Ch-Ferm 
were orally inoculated with 5 mL × 109 CFU ETEC F4/mL, whereas the Non-Dry 
and Non-Ferm received the same amount of saline. Fecal samples and blood 
samples were collected through the study period. The microbial composition, 
concentration of microbial metabolites and nutrient composition indicated that 
the quality of the FLF was high. In the first week, ADFI of both non-challenged 
groups was significantly higher (p < 0.05) than that of the Ch-Ferm group. The 
two challenged groups had higher fecal levels of FaeG gene (ETEC F4 fimbriae) 
from day 2 to 6 post weaning (p < 0.01), and higher risk of having ETEC F4 present 
in feces from day 3 to 5 post weaning (p < 0.05) compared to non-challenged 
groups, indicating the validity of the ETEC challenge model. Generally, ADG of 
the two groups fed FLF were numerically higher than those fed dry feed. Neither 
challenge nor FLF affected diarrhea. No significant differences were measured 
between Ch-Ferm and Ch-Dry regarding the level of plasma haptoglobin and 
C-reactive protein, hematological parameters or parameters related to epithelial 
barrier. The data indicated a low level of infection caused by the ETEC challenge, 
while recovery from weaning stress could be observed. The study showed that 
a strategy like this can be a way of providing a high level of probiotics to pigs by 
allowing their proliferation during fermentation.
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1. Introduction

Post-weaning diarrhea (PWD) is an enteric disease causing 
considerable economic losses in pig production worldwide and leading 
to extensive usage of antibiotics and zinc oxide for prophylactic and 
therapeutic purposes. During acute outbreaks, mortality associated 
with PWD may reach 20–30% over a 1- to 2-month time span in 
infected pigs (1). Among several risk factors, enterotoxigenic 
Escherichia coli (ETEC) is an important cause of severe watery diarrhea 
(2). ETEC colonizes through attachment to the small intestinal 
epithelium before initiating an infection by secreting toxins (3, 4).

The use of liquid feed as a feeding strategy in pig nutrition is 
widespread (5). Fermentation of liquid feed results in a product with 
high numbers of lactic acid bacteria, a high concentration of lactic 
acid, and low pH (6). These parameters can have an antibacterial 
activity. It has been shown that feeding piglets with fermented liquid 
feed (FLF) results in a reduction in the number of Enterobacteriaceae, 
which include coliforms and Salmonella, in the gastrointestinal tract 
of pigs (7–9). Additionally, studies have shown beneficial effects of 
FLF in animals infected with Lawsonia intracellularis (10) and 
Brachyspira hyodysenteriae (11). However, the fermentation process of 
the whole feed mixture can result in the degradation of amino acids, 
mainly lysine, which are decarboxylated, resulting in increased 
concentration of biogenic amines in the feed (12, 13). The negative 
impact of these reactions can be three-folded, firstly, a degradation of 
essential amino acids will impact the nutritional value of the feed with 
a risk of undersupplying the animals; secondly, a high concentration 
of biogenic amines is considered to contribute to impaired palatability 
leading to reduced feed intake (14); thirdly, the presence of high 
concentrations of biogenic amines might have a negative health 
impact (15, 16). Therefore, fermenting only the cereals as opposed to 
the complete feed can be an alternative (17).

One of the expected advantages of feeding FLF to piglets around 
weaning is that it contributes to a less stressful weaning transition due 
to its liquid characteristics being closer to the consistency of sow’s 
milk. This might help avoid a drastic reduction in feed intake at 
weaning (8). Furthermore, adding a specific bacterial strain shown to 
exhibit probiotic effects, able to proliferate in the liquid feed during 
fermentation could lead to a better microbiological quality of the feed, 
as well as be a way of providing a high number of bacteria with health 
promoting properties (18), with the expected beneficial impact on the 
animals. Our previous study investigated various candidate bacteria 
species to be added to liquid feed by a series of in vitro fermentation 
experiments (19). A mixture of cereal grains and water (1:2.75, w:w) 
was prepared and one of four candidate strains added (107 CFU/g 
liquid mixture) and incubated for 48 h at 30°C. Pediococcus acidilactici 
showed the best characteristics as a whole, i.e., lowest pH, suppressed 
the growth of Enterobacteria to below detection limits, and high lactic 

acid concentration (19). However, the impact of FLF with added 
P. acidilactici on PWD still needs to be further investigated.

The objective of this study was to investigate whether feeding 
piglets liquid feed based on liquid fermented cereals with added 
P. acidilactici could reduce diarrhea, improve immune responses, and 
intestinal epithelial barrier function, and increase performance during 
the post-weaning period. For that, an in vivo challenge study with an 
ETEC (O149, F4ac+, LT+, STb+) was conducted with piglets.

2. Materials and methods

2.1. Diets, experimental groups and feeding

Piglets were assigned to one of four experimental groups where 
they were challenged with ETEC or not challenged and fed either dry 
or fermented liquid diets based on standard Danish starter and weaner 
diets (Supplementary Table S1): (1) Non-challenged and dry feed 
(Non-Dry); (2) Challenged and dry feed (Ch-Dry); (3) Non-challenged 
and fermented liquid feed (Non-Ferm); (4) Challenged and fermented 
liquid feed (Ch-Ferm; Figure  1). The Dry groups (Non-Dry and 
Ch-Dry) received the diets in dry form, and the Ferm groups (Non-
Ferm and Ch-Ferm) received the same diets in liquid form in which 
the cereals with added P. acidilactici had been fermented (see below 
2.2 for further description).

The ETEC strain E. coli F4 O149 (Aarhus University), which has 
the genes for and produces heat-stable enterotoxin b (STb), heat-labile 
toxin (LT) and adhesin F4ac was used to challenge the piglets. To 
prepare the strain for inoculation, ETEC F4 was aerobically grown 
overnight on blood agar plates at 37°C (Columbia sheep blood agar, 
100253ZFMP, VWR International BVBA, Leuven, Belgium), a single 
colony was transferred to BHI broth (1.10493, Merck KGaA, 
Darmstadt, Germany) and incubated at 37°C for 5 h (150 rpm constant 
shaking). Cells were harvested by centrifugation at 15938 g for 10 min, 
the pellet was diluted with 0.9% NaCl until OD600 reached 1.0, which 
corresponded to ~109 colony-forming unit (CFU)/mL. Colony 
forming units (CFU) of the suspension were determined on blood 
agar plates after overnight aerobic incubation at 37°C to verify the 
number of bacteria in the suspension. On day 1 and 2 post weaning, 
the challenged groups (Ch-Dry and Ch-Ferm) were orally inoculated 
with 5 mL of the solution containing 109 CFU ETEC/mL by using a 
syringe with a soft rubber mouthpiece. The non-challenged groups 
(Non-Dry and Non-Ferm) received the same amount of sterile saline.

Until day 13 of age, all piglets exclusively received milk from the 
sow. From 14 days of age until 7 days after weaning (weaning at 
27–30 days of age), half of the litters were offered dry feed based on the 
starter diet, and the other half received FLF based on the same starter 
diet (Supplementary Table S1). From 7 days until 21 days after weaning, 
the litters continued the same dry or FLF diets but based on the weaner 
diet (Supplementary Table S1). Piglets had ad libitum access to feed 
and water throughout the experiment. Sows were fed a standard 
Danish sow diet and with amounts according to Danish norms (20).

2.2. Production of fermented liquid feed

The fermented cereals were prepared by mixing the cereal portion 
of the diets (69.8% wheat and 30.2% barley) with water at the ratio 

Abbreviations: PWD, post-weaning diarrhea; ETEC, Enterotoxigenic Escherichia 

coli; FLF, fermented liquid feed; P. acidilactici, Pediococcus acidilactici; CFU, 

colony-forming unit; DM, dry matter; CRP, C-reactive protein; qPCR, quantitative 

real-time polymerase chain reaction; DAO, diamine oxidase activity; LPS, 

lipopolysaccharide; NDO, non-digestible oligosaccharides; NSP, non-starch 

polysaccharides; NCP, non-cellulosic polysaccharides; LOQ, limit of quantification; 

ADG, average daily gain; ADFI, average daily feed intake; G:F, gain to feed ratio.
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1:2.4 (w:w) and 106 CFU Pediococcus acidilactici (Bactocell, CNCM 
MA18/5 M)/g cereals were added. The mixture was then incubated for 
24 h at 30°C, with 1 min of stirring every hour. After 24 h, the 
fermented cereals were transferred to a mixing tank to be mixed with 
the remaining ingredients of the diet, as well as water, aiming at a final 
dry matter (DM) content of approximately 26%. The complete feed 
mixture was stored at 20°C to reduce the risk of further fermentation 
and thus maintain its good quality. Benzoic acid 0.5% was added in 
the compound feed also to minimize the further fermentation process. 
Before feeding, the complete feed mixture was first stirred in the 
mixing tank for 50 s, then conveyed to the pipes mounted indoors for 
circulation, while the mixing tank stirred the circulating feed, this 
process lasted 1 to 2 min to ensure the homogeneity of the feed. The 
feed mixture was automatically pneumatic conveyed and fed to the 
piglets using a liquid feeding system (Bopil A/S, Sønderborg, 
Denmark) that was set to feed every hour if the trough was detected 
as almost empty. Two sets of tanks were used to produce the 
experimental feed; when the feeding from one set began, the cereal 
mixture was prepared in the other set, so that a new batch of fermented 
cereals with P. acidilactici was ready 24 h later, then mixed with the 
remaining ingredients and fed. To ensure no contamination, the 
troughs were emptied every day, and the tanks were set to self-clean 
every 24 h.

2.3. Animals

The study was performed at Aarhus University, Department of 
Animal and Veterinary Sciences (AU Viborg, Denmark). The animal 
and experimental procedures were approved by the Danish Animal 
Experiments Inspectorate, Ministry of Food, Agriculture and 
Fisheries, Danish Veterinary and Food Administration. Animal care 
and housing were in accordance with Danish laws and regulations 
governing the humane care and use of animals in research (LBK no. 
474 of 15/05/2014). A total of 46 piglets from 15 sows 
(Duroc × Landrace × Yorkshire mated with Norsvin Landrace boar, 
first parity) were used in this study. The sows were confirmed to 
be homozygous carriers of the dominant gene (MUC4 gene) coding 

for intestinal ETEC F4 fimbriae receptors using competitive allele 
specific PCR (KASP) (VHL Genetics, Netherlands); thus, piglets were 
genetically susceptible to ETEC F4 (21). The study was carried out in 
two blocks. Eight litters were included in the first block and seven in 
the second (one of the initial eight sows farrowed too few piglets and 
therefore could not be included in the study). Starting from day 14 of 
age, piglets were fed with either dry or FLF diets. At the beginning of 
the feeding trial, the body weight of piglets offered dry diet was 
4.14 ± 0.58 kg, and the body weight of piglets offered FLF diet was 
4.15 ± 0.69 kg. At weaning, two littermates from each sow of the two 
dietary groups were allocated to the two challenged groups, i.e., 
Ch-Dry (N = 14 from 7 sows) and Ch-FLF (N = 16 from 8 sows), 
respectively. From four of the sows, two littermates were allocated to 
the two non-challenged groups, i.e., Non-Dry (N = 8 from 4 sows) and 
Non-FLF (N = 8 from 4 sows). Piglets were distributed in the 
experimental groups according to weight to reach a similar average 
body weight across groups.

2.4. Housing, registrations and sampling

New-born piglets were housed in pens for loose-housed sows 
(Type FT30, 3.0 × 2.2 m, Skiold Jyden A/S, DK) until weaning. 
We provided new-born piglets with additional heat using a 150 W 
bulb in the corner for the first 7–10 days until they could maintain 
sufficient warmth solely with the floor heating. After weaning, pairs 
of littermates were housed in the same pen (215 cm × 110 cm), with 
75 cm × 110 cm slatted floor, and 140 cm × 110 cm concrete floor with 
floor heating and partial coverage. All piglets were housed in the same 
room, with piglets receiving dry feed and those receiving FLF placed 
on either side of the aisle. Furthermore, an empty pen was allowed 
between the challenged and non-challenged groups to prevent cross-
contamination. No physical contact was allowed between piglets from 
different pens. Shoe covers and disposable protective suits were worn 
when the personnel entered the room; gloves, plastic sleeves, aprons, 
and boots were changed between handling non-challenged groups 
and challenged groups. Non-challenged pigs were always handled 
before ETEC-challenged pigs. To avoid affecting the gastrointestinal 

FIGURE 1

Experimental timeline. From 14 days of age, half of the litters were offered dry feed, and the other half received FLF based on the same diet. Piglets 
weaned at 27–30 days of age. On day 1 and 2 post weaning, the two challenge groups were inoculated with 5 mL of 109 CFU ETEC/mL, the two non-
challenged groups received the same amount of saline. Individual body weight was registered on weaning day (day 0), and on day 7, 14, and 21 after 
weaning. Fecal samples were collected day 0, 2–6, 8, 11, 13, 15, 18, and 20 after weaning. Blood samples were taken by puncture of the jugular vein on 
day 0, 4 and 14 post weaning. Created with BioRender.com.
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system and experimental parameters, no bedding was allowed. Each 
pen was provided with a rope, which could help to satisfy the natural 
behavior of the piglets. The room temperature was 25°C the first week 
after weaning and then gradually reduced to 21°C the third week. The 
humidity in the room was 62.1%, and the ventilation rate was 3.85 
cfm/pig in both blocks.

Individual body weight was registered on the day of weaning (day 
0), and on day 7, 14, and 21 after weaning (Figure 1). Feed intake per 
pen was registered daily and was calculated on a DM feed intake basis. 
Fecal samples were collected directly from the rectum on weaning day 
(day 0), and on days 2–6, 8, 11, 13, 15, 18, and 20 after weaning, using 
a plastic glove lubricated in gel. The individual fecal samples were 
immediately scored according to consistency following a 7-score scale 
which consisted of the following categories: (1) hard, dry and lumpy; 
(2) firm; (3) soft yet malleable; (4) soft and liquid; (5) watery and dark; 
(6) watery and yellow; (7) foamy and yellow. A score > 3 was 
considered as diarrhea. The samples were divided into three aliquots 
for DNA extraction followed by quantitative real-time polymerase 
chain reaction (qPCR) (stored at −80°C), DM determination (stored 
at −20°C), and microbiological enumeration (conducted 
immediately). Blood samples were taken by puncture of the jugular 
vein on day 0 (weaning day), day 4 and day 14 post weaning. Blood 
samples were drawn into EDTA containing-vacutainers for 
hematology analysis, and heparinized tubes for analysis of cytokine, 
C-reactive protein (CRP), haptoglobin, diamine oxidase activity 
(DAO) and lipopolysaccharide (LPS) concentration. Plasma was 
separated by centrifugation at 1300 g and 4°C for 10 min and then 
stored at −80°C until analysis.

2.5. Analytical methods

2.5.1. Chemical analysis
Dry matter content of feces and dry feed was determined by freeze 

drying. The DM of the FLF was determined by drying to constant 
weight at 103°C (≈20 h). Ash was measured according to method 
923.03 AOAC (22). Crude protein (N × 6.25) was determined by the 
Dumas method (23) and amino acids were determined using the 
European Economic Community methods (24). Crude fat was 
determined by HCl-Bligh and Dyer extraction as described by Jensen 
(25). Gross energy was measured on a 6,300 Automatic Isoperibol 
Calorimeter system (Parr Instruments, Moline, IL, United States). The 
dietary content of starch, soluble and insoluble non-starch 
polysaccharides (NSP), non-cellulosic polysaccharides (NCP), 
cellulose, and Klason lignin were analyzed essentially as described by 
Bach Knudsen except that acid hydrolysis was performed in 
2 M-H2SO4 for 1 h instead of 1 M-H2SO4 for 2 h (26). Digestible sugars 
and non-digestible oligosaccharides (NDO) were determined after 
extraction in 50% ethanol by HPLC-PAD (27). Biogenic amine 
(cadaverine, agmatine, putrescine and tyramine) concentration was 
determined using HPLC as described by Poulsen (28). Organic acid 
concentration were determined as described by Canibe et al. (12).

2.5.2. Microbiological enumeration
To enumerate selected microbial groups in the FLF, samples 

(approximately 5–10 g) were transferred to blender bags (400 mL, 
No.129–0729, VWR International BVBA, Leuven, Belgium) 
containing a peptone solution in a 10-fold dilution and homogenized 

for 2 min in a smasher paddle blender (bioMérieux Industry, 
United States). After homogenization, serial 10-fold dilutions were 
prepared in a peptone solution and 100-μL aliquots were spread-
plated on agar plates (except 1 mL pour-plated on TSC agar plates). 
Enterobacteriaceae were enumerated on MacConkey agar 
(84614.0500, VWR International BVBA, Leuven, Belgium) after 
overnight aerobic incubation at 37°C. Yeasts and mold were 
enumerated on YM agar (85052.0500, VWR International BVBA, 
Leuven, Belgium) with Chlortetracycline and Chloramphenicol 
supplement (SR0177E, Oxoid LTD, Basingstoke, England) after 
aerobic incubation for 3 days at 30°C. Clostridium perfringens were 
enumerated using the pour-plate technique on TSC agar (84636.0500, 
VWR International BVBA, Leuven, Belgium) after anaerobic 
incubation for 3 days at 30°C. Lactic acid bacteria were enumerated 
on MRS agar (84607.0500, VWR International BVBA, Leuven, 
Belgium) after anaerobic incubation for 3 days at 30°C. Bacteria and 
yeasts were counted using a manual colony counter and the result 
expressed as CFU/g feed. Detection limits for microorganisms were 
as 3 log CFU/g sample for Lactic acid bacteria, Enterobacteriaceae and 
yeasts, 2 log CFU/g sample for Cl. perfringens.

To determine ETEC counts in feces, 1–3 grams of fecal sample was 
suspended in a peptone solution (1:10, w:v) and homogenized for 
2 min in a smasher paddle blender (bioMérieux Industry, 
United States). After homogenization, serial 10-fold dilutions were 
prepared in peptone solution and 100-μL aliquots were spread on to 
blood agar plates (100253ZFMP, VWR International BVBA, Leuven, 
Belgium) and incubated aerobically overnight at 37°C. Hemolytic 
bacteria were counted using a manual colony counter and the result 
expressed as CFU/g feces. Blood agar plates with hemolytic colonies 
were stored at 5°C until ETEC F4 serotyping was performed using the 
slide agglutination test with type-specific antisera (SSI Diagnostica 
A/S, Hillerød, Denmark) on three randomly selected colonies per 
plate. The limit of detection was 5 log CFU/g feces.

2.5.3. Quantification of fecal F4ac fimbriae, LT, 
STb, and Pediococcus acidilactici

DNA was extracted from 50 mg feces samples using NucleoSpin 
96 DNA Stool kit (MACHEREY-NAGEL, Germany) following the 
manufacturer’s protocol, with modifications. After the addition of 
Lysis Buffer ST1, samples in MN Bead Tube were mechanically 
homogenized using a homogenizer (star-beater, VWR International 
BVBA, Leuven, Belgium) at a frequency of 30 Hz for 5 min. DNA was 
eluted in 150 μL of elution buffer and stored at −20°C until further 
analysis. DNA concentration was determined using a 
Qubit Fluorometer.

Quantitative real-time PCR (qPCR) was performed on an Applied 
Biosystems ViiA7 real-time PCR system (Thermo Fisher Scientific, 
United  States) using MicroAmp Optical 384-well reaction plate 
(Applied Biosystems). The reaction system contained 5 μL of RealQ 
Plus 2x Master Mix Green (Amplicon, Denmark), 0.3 μL forward and 
reverse primers, 2 μL of DNA template, and nuclease-free water which 
was used to adjust the final volume to 10 μL per well. The primers were 
purchased from Sigma-Aldrich (Darmstadt, Germany), primer 
sequences are listed in Table 1.

Determination for DNA samples, standards, and non-template 
control were conducted in triplicates on each plate. The temperature 
profile was as follows: initial heating at 50°C for 2 min, followed by hot 
start activation at 95°C for 15 min and 40 cycles of amplification. For 
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the ETEC F4 fimbriae (FaeG gene), LT toxin (eltB gene) and 
P. acidilactici (D-LDH gene), annealing temperature was 60°C for 30 s 
and extension 72°C for 30 s. For the STb toxin (est-II gene), annealing 
and extension were 59.1°C for 60 s. Melting curve analysis was done 
by increasing the temperature to 95°C at a rate of 0.05°C/s with 
recording continuously. Target gene copy numbers in the original 
sample were determined from a standard curve consisting of a 5-fold 
serially diluted DNA standards with a known copy number. 
Enterotoxigenic E. coli F4 and P. acidilactici pure cultures were used as 
standards. Target gene copy number was determined in the standards 
using DNA copy number and dilution calculator (32).

The Ct cut-off values were 29 for F4 fimbriae (FaeG gene), 27 for 
LT toxin (eltB gene), 30 for STb toxin (est-II gene) and P. acidilactici 
(D-LDH gene).

2.5.4. Hematology and immune parameters
Complete blood count was performed as haematology diagnostics 

using ProCyte Dx Haematology Analyser (IDEXX, United  States). 
Blood plasma haptoglobin and CRP concentrations were measured 
using Phase range Haptoglobin Assay Kit (cat. no. TP-801) and Phase 
porcine CRP Assay Kit (cat. no. TA-901) respectively (Tridelta 
Development Ltd., Ireland). Haptoglobin analyses were performed 
using an ADVIA 1800 Clinical Chemistry System autoanalyzer 
(Siemens Healthineers AG, Germany), while CRP concentrations were 
determined by solid-phase sandwich immunoassay, and measured using 
a POLARstar Galaxy microplate reader (BMG Labtech, Germany). The 
plasma concentration of cytokines (IFN-γ, IL-1β, IL-6, IL-10, IL-12, and 
TNF-α) were analyzed using methods previously described (33). Plasma 
diamine oxidase activity (DAO) was determined by a kinetic-
fluorometric method where 1.5 diamino pentane (cadaverine, Sigma 
C8561) was the substrate and 10-acetyl-3,7-dihydroxyphenoxazine 
(ADHP) was the profluophore oxidized by the developed hydrogen 
peroxide. Units were defined as d-emission per min at 590 nm after 
excitation at 544 nm. Plasma lipopolysaccharide (LPS) concentration 
was analysed using the Porcine Endotoxin ELISA kit (AMSBIO, 
United Kingdom). The assays were performed in duplicates.

2.6. Calculations and statistical analysis

Feed intake of the pigs fed with FLF was calculated by daily 
weighing the feed offered and the leftovers and determining the DM 
content of the feed leftovers weekly. The qPCR data were analyzed by 

setting a limit of quantification (LOQ) log copies first, i.e., 5 gene copies 
per 2 μL DNA elution, then LOQ log copies/g sample was calculated 
according to the exact weight of the sample used for DNA extraction.

Statistical analyses were performed using R Studio (version 4.2.1) 
(34). QQ plots were used to assess if the assumption of model residuals 
being normally distributed was met. Model diagnostics were 
conducted in the R package “DHARMa” (35) and “performance” (36). 
For all analyses, the emmeans package was used to compare between 
treatment groups. Significance was declared at p ≤ 0.05, and values 
0.05 < p < 0.10 were considered a tendency. p-values from pair-wise 
comparison were adjusted using the Bonferroni adjustment.

Treatment group, day and their interaction were included as fixed 
effects in all analyses. Pen, sow, block, and pig were included as 
random effects, and removed from the model if their effect was not 
significant except pig, or if a convergence problem was encountered.

Linear mixed-effects models were used to analyze all response 
parameters using lme4 package (37), except the probability of 
diarrhea, and fecal shedding of ETEC F4 based on plate counting. 
Body weight at weaning was used as a covariate for ADG and ADFI 
analyses. Tests for neutrophils, eosinophils, and all cytokines (except 
IFN-γ and IL-12) data were performed on log scale.

Individual feces score was analyzed using a binomial distribution, 
by which score <3 was considered as non-diarrheic samples and score 
>3 was considered as diarrhea. A generalized linear mixed model was 
used, with a logit link to convert values to the scale of a probability (38).

The data on fecal shedding of ETEC F4 based on plate counting 
were analyzed assuming a penalized maximum likelihood binomial 
distribution (Bayesian mixed-effects model), using the blme package 
(39), where samples were classified as below or above the detection 
limit, which was 5 log CFU/g feces. Due to the nature of this data, i.e., 
too many samples below the detection level, linear mixed-effects 
models could not be applied to this dataset, thus the raw data are 
shown in Supplementary Figure S2.

3. Results

3.1. Feed composition

The chemical and microbial composition of the experimental 
diets are shown in Tables 2, 3, respectively. The concentration of sugars 
decreased by fermentation of the cereals to approximately half of the 
initial concentration and a further reduction in their concentration 

TABLE 1 Sequences of primers used for real-time PCR.

Target Gene Primer direction# Sequence Reference

FaeG (F4ac fimbriae)
F CACTGGCAATTGCTGCATCT (29)

R ACCACCGATATCGACCGAAC

eltB (LT toxin)
F AAGCCATTGAAAGGATGAAGGA (29)

R CTGATTGCCGCAATTGAATT

est-II (STb toxin)
F TGCCTATGCATCTACACAAT (30)

R CTCCAGCAGTACCATCTCTA

P. acidilactici (D-LDH)
F GGACTTGATAACGTACCCGC (31)

R GTTCCGTCTTGCATTTGACC

#F, forward; R, reverse.
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was observed after 24 h of storage of the complete feed at 20°C, 
reaching values of 6–28% of the initial levels (Table 2). This decrease 
was also observed in the concentration of NDO, reaching values of 
6–14% of the initial levels. The concentration of starch was slightly 
lower in the FLF samples compared to the dry feed, and a similar 
pattern was seen for NSP. The concentration of lysine and all other 
amino acids was similar in the FLF and dry feed.

Lactic acid bacteria counts in all fermented samples (both the 
cereals and the complete feed) reached values between 8.6 and 9.0 log 

CFU/g (Table 3). Pediococcus acidilactici in the fermented cereal mix 
reached around 8 log copies/g after 24 h of fermentation, which was 
more than 100 times the initial added dose. The number of 
Enterobacteriacea was reduced by fermenting the cereals to levels close 
to the detection limit, i.e., 3 log CFU/g, and kept at this level after 
mixing with the remaining feed ingredients. Cl. perfringens counts were 
close to detection levels (2 log CFU/g) in all samples, and mold numbers 
were below detection level (3 log CFU/g) in all samples (data 
not shown).

TABLE 2 Chemical composition of the experiment diets (N = 1).

Items
Day 0–7 post weaning Day 8–21 post weaning

Control dry 
feed

FLF-1 h1 FLF-24 h2 Control dry 
feed

FLF-1 h1 FLF-24 h2

Chemical composition

DM (g/kg) 896.72 213.53 187.61 895.10 213.53 187.61

Ash (g/kg DM) 53.60 48.26 50.17 54.42 53.05 51.29

Crude protein (N × 6.25) (g/kg DM) 222.84 219.35 219.70 208.77 213.15 214.27

Fat (g/kg DM) 32.87 28.95 27.67 25.82 24.73 26.55

Energy (MJ/kg DM) 18.25 18.15 18.23 17.89 17.52 17.93

Digestible CHO (g/kg DM)3 524.8 498.4 500.6 551.8 504.3 484.4

Starch 507.3 488.0 495.6 532.7 497.3 483.3

Sugars4 17.5 10.4 4.9 19.1 7.0 1.1

Dietary fibre5 134.3 131.2 132.5 141.5 145.5 135.4

Non-digestible CHO6 117.9 109.6 108.4 124.1 111.0 108.2

NDO7 5.1 0.8 0.3 9.3 2.8 1.3

Total NSP (soluble NSP) 112.8 (30.8) 108.8 (48.8) 108.0 (27.5) 114.7 (33.4) 108.3 (32.9) 106.9 (24.1)

Total NCP 92.9 87.5 87.5 95.2 87.3 84.9

Cellulose 19.9 21.3 20.5 19.6 20.9 22.0

Klason lignin 16.4 21.6 24.1 17.4 34.5 27.2

Amino acids (g/kg DM)

Ala 9.4 9.6 10.1 8.5 9.0 9.3

Arg 12.9 12.5 12.4 12.0 11.8 11.9

Asp 19.3 19.1 19.5 18.2 18.7 19.1

Cys 3.5 3.4 3.5 3.4 3.3 3.4

Glu 41.0 41.9 42.8 40.1 39.9 39.8

Gly 9.5 9.6 9.9 8.7 9.0 9.1

His 5.0 4.8 4.9 4.7 4.7 4.7

Ile 9.7 9.8 10.0 9.1 9.4 9.6

Leu 16.0 16.2 16.6 15.2 15.6 15.9

Lys 15.2 14.6 15.1 13.8 14.2 14.1

Met 4.7 4.5 4.6 4.2 4.2 4.1

Orn U8 0.4 0.5 U 0.4 0.5

Phe 10.6 10.7 11.0 10.2 10.5 10.5

Pro 14.0 14.7 15.1 13.8 13.9 13.9

Ser 10.6 10.7 10.9 10.2 10.3 10.4

Thr 9.6 9.6 9.7 8.8 9.1 9.0

Val 11.8 12.0 12.3 10.7 11.0 11.3
1Fermented cereals mixed with the remaining feed ingredients and samples taken after 1 h stirring.
2Fermented cereals mixed with the remaining feed ingredients and samples taken after 24 h of storage.
3Digestible carbohydrates (CHO) = starch + monosaccharides + disaccharides + maltotriose.
4Sugars = monosaccharides + disaccharides + maltotriose.
5Dietary fibre = non-digestible oligosaccharides (NDO) + non-starch polysaccharides (NSP) + Klason lignin.
6Non-digestible CHO = NSP + oligosaccharides except maltotriose.
7NDO = Raffinose + Stachyose + Verbaskose + 1-Kestose + Kestotetraose (Nystose).
8“U” means under the detection limit.
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The pH decreased to values below 4 after fermenting the cereals 
for 24 h, the levels increased after mixing the remaining feed 
ingredients and were below 4.5 after 24 h of storage of the complete 
feed. Lactic acid concentration increased after fermenting the cereals 
for 24 h, the levels slightly decreased after mixing the remaining feed 
ingredients and increased again to higher levels after 24 h of storage. 
The concentration of biogenic amines increased by fermenting the 
cereals for 24 h, and a further increase was observed after 24 h of 
storage of the complete feed. Agmatine was measured at the greatest 
concentration, also in the initial cereal mixture.

3.2. Growth performance

No significant difference in body weight at weaning was detected 
between treatment groups (p = 0.46) (Table 4). Generally, ADG of the 
two groups fed FLF were numerically higher than those fed dry feed 
but not statistically significant. The first week post weaning, the 
Ch-Dry group lost weight, and almost no weight gain was observed 
in the Ch-Ferm group, whereas the non-challenged groups had a 
small positive ADG. In the first week, ADFI of both non-challenged 
groups was significantly higher (p < 0.05) than that of the Ch-Ferm 

group. Gain to feed ratio (G:F) during the whole experimental period 
was similar in all four treatment groups.

3.3. Fecal consistency

There was no significant difference between treatment groups in the 
probability of developing diarrhea (p = 0.94) (Figure 2). The probability 
levels were below 61% at all times in all groups except the Non-Ferm 
group, which showed a probability of 79.6% (±17.5%) on day 6.

The lowest fecal DM% levels were measured from day 3 to 5 in the 
Ch-Dry group, from day 2 to 6 in the Ch-Ferm group, whereas DM% 
in the Non-Ferm group reached its minimum on day 8 (Figure 3). Yet 
there was no significant difference in DM% between any of the 
treatment groups during the whole experimental period (p = 0.36).

3.4. Fecal shedding

When analyzing the probability of ETEC F4 being present in feces 
based on plate counting, a significant effect of treatment (p < 0.001), as 
well as day (p < 0.001), with a significant interaction between group 

TABLE 3 Microbial composition (log CFU/g sample) and concentration of organic acids (mmol/kg sample) and biogenic amines (mg/kg sample) in the 
liquid feed offered from day 0 to 7 post-weaning and from day 8 to 21 post-weaning1.

Feed day 0–7 post weaning Feed day 8–21 post weaning

Cereals-0 
h2

Cereals-24 
h3 FLF-1 h4 FLF-24 h5 Cereals-0 

h2
Cereals-24 

h3 FLF-1 h4 FLF-24 h5

Microbial groups6

Lactic acid bacteria 5.89 ± 0.57 8.80 ± 0.15 8.68 ± 0.49 8.76 ± 0.71 5.82 ± 0.32 8.61 ± 0.43 8.94 ± 0.27 9.00 ± 0.30

P. acidilactici 5.83 ± 0.73 8.20 ± 0.43 7.84 ± 0.88 8.06 ± 0.70 5.49 ± 0.11 7.67 ± 0.45 7.63 ± 0.37 7.90 ± 0.39

Cl. perfringens 2.23 ± 0.34 2.00 ± 0.00 2.18 ± 0.38 2.04 ± 0.14 2.16 ± 0.29 2.18 ± 0.35 2.34 ± 0.36 2.43 ± 0.47

Enterobacteriaceae 5.14 ± 0.17 3.28 ± 0.71 3.30 ± 0.43 3.20 ± 0.53 5.13 ± 0.40 3.07 ± 0.27 3.31 ± 0.52 3.11 ± 0.21

Yeasts 3.88 ± 0.79 6.49 ± 0.98 6.29 ± 0.93 5.77 ± 1.39 3.83 ± 0.41 5.84 ± 1.17 5.74 ± 1.03 4.79 ± 0.73

pH 6.15 ± 0.18 3.86 ± 0.13 4.77 ± 0.21 4.48 ± 0.20 6.11 ± 0.18 3.71 ± 0.11 4.67 ± 0.08 4.35 ± 0.11

Organic acids, mmol/kg sample7

Formic acid 0 0.5 ± 1.5 1.3 ± 1.5 2.9 ± 2.7 0 0.1 ± 0.2 0.9 ± 1.1 5.2 ± 5.3

Acetic acid 1.8 ± 0.6 14.1 ± 5.9 15.2 ± 3.0 23.5 ± 5.4 0.8 ± 0.1 15.7 ± 2.9 15.8 ± 1.2 23.0 ± 6.6

Benzoic acid 0 0 10.4 ± 1.0 10.4 ± 1.0 0 0 9.0 ± 0.5 7.0 ± 2.0

DL-Lactic acid 0.5 ± 1.7 67.7 ± 19.6 58.4 ± 10.6 90.8 ± 21.1 0 79.7 ± 15.1 68.8 ± 6.3 93.0 ± 27.4

Succinic acid 0.1 ± 0.3 2.4 ± 0.8 2.1 ± 0.4 2.4 ± 0.3 0 1.7 ± 0.6 1.8 ± 0.3 3.0 ± 0.9

Biogenic amines, mg/kg sample

Cadaverine 0 13.5 ± 11.0 22.8 ± 8.1 22.0 ± 9.4 0 9.1 ± 7.7 12.9 ± 5.5 17.9 ± 10.3

Agmatine 32.6 ± 3.4 40.1 ± 13.1 51.6 ± 6.8 49.3 ± 4.9 30.4 ± 4.6 37.4 ± 4.3 46.3 ± 2.7 35.5 ± 10.7

Putrescine 3.3 ± 0.4 10.3 ± 6.4 15.9 ± 6.2 36.4 ± 23.7 2.9 ± 0.7 8.5 ± 4.0 11.4 ± 5.5 28.4 ± 20.0

Tyramine 0 16.3 ± 14.1 16.8 ± 11.1 22.2 ± 16.4 0 29.6 ± 8.8 24.5 ± 7.9 21.5 ± 11.5

Total 35.9 ± 3.7 80.1 ± 44.6 107.0 ± 32.2 129.8 ± 54.4 33.2 ± 5.3 84.6 ± 24.7 95.1 ± 21.7 103.3 ± 52.5

1Values are means and standard deviation. N = 12–15, except P. acidilactici (N = 7–8), and biogenic amines (N = 6–9).
2Cereals and P. acidilactici and water mixed.
3The cereal mixture after 24 h of incubation at 30°C.
4The complete feed 1 h after mixing and stored at 20°C.
5The complete feed 24 h after mixing and stored at 20°C.
6The unit is log CFU/g sample, except for P. acidilactici is log copies/g sample. Detection levels for microorganisms are 3.0 log CFU/g sample for lactic acid bacteria, Enterobacteriaceae and 
yeasts; 3.8 log copies/g sample for P. acidilactici; and 2.0 log CFU/g sample for Cl. perfringens.
7Propionic acid, Isobutyric acid, n-Butyric acid, Iso-valeric acid and n-Valeric acid under detection level.
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FIGURE 2

The probability of developing diarrhea (fecal score > 3) in the treatment groups. The ETEC F4 was orally administered on days 1 and 2 post weaning. 
Data are presented as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard dry feed, n = 14; Non-Ferm, 
non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16.

TABLE 4 Effect of ETEC F4 challenge and fermented liquid feed on body weight, average daily gain, average daily feed intake, and gain to feed ratio 
(G:F)1.

Item
Treatment2

SEM3 p-value
Non-Dry Ch-Dry Non-Ferm Ch-Ferm

Body weight (kg)

Day 04 6.93 7.85 7.74 7.36 0.42 0.46

Day 7 7.31 7.26 7.93 7.39 0.45 0.75

Day 14 8.47 8.73 9.14 8.81 0.52 0.89

Day 21 10.60 11.30 11.90 11.80 0.77 0.68

Average daily gain (g)

Day 0–7 24.1 −65.2 39.3 1.8 40.6 0.27

Day 7–14 175.0 206.0 180.0 201.0 33.7 0.86

Day 14–21 334.0 359.0 386.0 431.0 56.2 0.41

Day 0–21 178.0 167.0 198.0 210.0 33.5 0.59

Average daily feed intake (g)

Day 0–7 114.2a 89.2ab 109.1a 66.0b 21.9 < 0.01

Day 7–14 243.0 237.0 209.0 206.0 19.2 0.62

Day 14–21 390.0 370.0 389.0 433.0 44.4 0.42

Day 0–21 247.0 232.0 235.0 235.0 22.6 0.77

Gain: feed ratio

Day 0–7 −0.21 −0.84 0.13 −0.28 0.73 0.76

Day 7–14 0.69 0.84 0.83 0.97 0.11 0.38

Day 14–21 0.87 0.95 0.94 1.03 0.11 0.77

Day 0–21 0.72 0.70 0.79 0.92 0.11 0.37

1Values are presented as emmeans.
2Non-Dry: non-challenged, standard dry feed, n = 8; Ch-Dry: challenged, standard dry feed, n = 14; Non-Ferm: non-challenged, fermented liquid feed, n = 8; Ch-Ferm: challenged, fermented 
liquid feed, n = 16. The ETEC F4 was orally administered on days 1 and 2 post weaning.
3Pooled standard error of least square means.
4Day 0: the day of weaning.
abValues within a row without a common superscript differ (p < 0.05).
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and day (p = 0.0149) was observed (Supplementary Figure S1). 
Validating the challenge model, odds ratio showed that after the first 
challenge, i.e., on day 2 post weaning, the Ch-Ferm group had 154 
times higher risk of having ETEC F4 present in feces compared with 
the Non-Ferm group (p = 0.0277); on day 3 post weaning, the Ch-Dry 
group had 79 times higher risk of having ETEC F4 present in feces 
compared with the Non-Dry group (p = 0.0011). Both challenged 
groups had significantly higher risk of having ETEC F4 present in 
feces compared with non-challenged pigs from day 3 to day 5 post 
weaning (p < 0.05). On day 6 post weaning, while Ch-Dry group had 
higher risk of having ETEC F4  in feces compared to Non-Dry 
(p = 0.0212) and Non-Ferm (p = 0.0156) groups, the Ch-Ferm group 
had no significant difference with any of the two non-challenged 
groups (p > 0.5). The raw data (Supplementary Figure S2) clearly 
showed that the two challenged groups had similar level of ETEC 
shedding while the two non-challenged groups had much lower level.

From day 2 to day 6, the two challenged groups had significantly 
higher levels of FaeG gene (ETEC F4 fimbriae) compared to the two 
non-challenged groups (p < 0.01), yet there was no significant 
difference when comparing the Ch-Dry group and Ch-Ferm group 
(Figure 4). The Ch-Ferm group tended to have higher FaeG gene copy 
numbers compared with the Ch-Dry group on day 8 (p = 0.064). On 
day 11, the Non-Ferm group showed higher copy numbers than the 
Ch-Dry (p = 0.045) and the Ch-Ferm (p = 0.034).

The number of eltB gene (LT toxin) copies from day 2 to day 5 was 
similar to that of the FaeG gene (Figure 5). On day 6, the Non-Ferm 
group had significantly lower eltB gene copy numbers compared to 
Ch-Ferm (p = 0.011) and Ch-Dry (p = 0.009), whereas the Non-Dry 
group tended to be  lower than Ch-Dry (p = 0.056) and Ch-Ferm 
(p = 0.066).

The est-II gene (heat-stabile toxin STb) was detectable in all 
treatment groups before challenge, with no significant difference 
among groups on day 0 (Figure  6). The two challenged groups 
responded to the ETEC challenge as shown by the increased shedding 
of est-II gene on day 2 and 3 post weaning. The two challenged groups 

had significantly higher level of est-II gene compared to Non-Dry 
group from day 2 to day 5 post weaning (p < 0.05), while the values 
were not different to those in the Non-Ferm group (p > 0.10).

On day 0, 6, and 13 post weaning, the two groups fed with FLF 
had higher copy numbers of D-LDH gene (P. acidilactici) than the two 
groups fed with dry feed (p < 0.001; Figure 7).

3.5. Hematology

Overall, no significant differences between treatment groups were 
found for hematology parameters, the treatment did not have 
significant effect on these parameters (p > 0.10; Supplementary Table S2). 
A significant effect of day (p < 0.05) was observed in all parameters 
except red blood cells and eosinophils. Reticulocytes decreased from 
day 0 (p < 0.01) and kept the level from day 4 to day 14. White blood 
cells and lymphocytes increased from day 0 to day 4 (p < 0.01), and 
from day 4 to day 14 (p < 0.01). Significant interaction between 
treatment and day was detected for red blood cells (p = 0.04) and 
eosinophils (p < 0.01).

3.6. Immune response parameters

3.6.1. Acute phase proteins
No significant differences in the concentration of plasma CRP 

between groups were found (Table  5). All groups had low CRP 
concentrations on day 0, with values ranging from 4.6 to 15.7 μg/
mL. A significant effect of day (p < 0.001) was observed, with CRP 
concentration increasing on day 4 in all groups. Overall, the Non-Dry 
group had significantly lower haptoglobin concentration in plasma 
than the Ch-Ferm group (p = 0.034). The concentration of haptoglobin 
was affected by day (p < 0.001), with values increasing on day 4, and 
then being reduced on day 14 in all groups, though at higher levels 
than on day 0.

FIGURE 3

Fecal dry matter content (DM%) in treatment groups. The ETEC F4 was orally administered on days 1 and 2 post weaning. Data are presented as 
emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard dry feed, n = 14; Non-Ferm, non-challenged, 
fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16.
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3.6.2. Cytokines
Overall, no significant differences between groups were observed 

for plasma cytokine concentrations of IFN-γ, IL-1β, IL-6, IL-10, IL-12, 
and TNF-α (p > 0.05; Table  6). Significant interaction between 
treatment and day was detected for IL-12 (p = 0.048), which tended to 
be higher in the Ch-Ferm group compared with the Ch-Dry group on 
day 0 (p = 0.08) and on day 4 (p = 0.09), but no difference between 
treatment groups were seen on day 14. The concentration of IL-6 
(p < 0.01), IL-10 (p < 0.05) and TNF-α (p < 0.01) was lower on day 14 
compared to day 0 and day 4.

3.7. Diamine oxidase activity and 
lipopolysaccharide concentration in 
plasma

Diamine oxidase activity in plasma was similar in all treatment 
groups (p = 0.34; Figure 8). A significant effect of day (p < 0.001) was 
observed, with the concentrations being reduced from day 0 to day 4 
and remaining stable on day 14 in all groups.

No significant differences between treatment groups were 
found in the plasma lipopolysaccharide (LPS) concentration 

FIGURE 4

FaeG (F4 fimbriae) level in feces (log copies/g) in treatment groups. The limit of detection is 3.8 log copies/g sample. The ETEC F4 was orally 
administered on days 1 and 2 post weaning. Data are presented as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, 
challenged, standard dry feed, n = 14; Non-Ferm, non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16. 
a,bIndicate statistical significance (p < 0.05). A,BIndicate a statistical tendency between treatment groups (0.05 < p < 0.10).

FIGURE 5

EltB (LT toxin) level in feces (log copies/g) in treatment groups. The limit of detection is 3.8 log copies/g sample. The ETEC F4 was orally administered 
on days 1 and 2 post weaning. Data are presented as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard 
dry feed, n = 14; Non-Ferm, non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16. a,bIndicate statistical 
significance (p < 0.05). *BbIndicates there is a statistical tendency when comparing Non-Dry to Ch-Dry and Chy-Ferm, but there is no difference 
between Non-Dry and Non-Ferm on day 6.
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(Figure 9). There was an interaction between treatment and day 
(p = 0.002), which could be  explained by a reduced  
concentration in the Non-Ferm group with time. On day 0, the 
Non-Ferm group was numerically higher than other three  
groups, but on day 4, this group had numerically lower  
values than the Non-Dry and Ch-Dry groups. All treatment 
groups had numerically lower values with time after 
weaning, though.

4. Discussion

4.1. Feed

According to Brooks et al. (40), pH above 4.5 in FLF can lead to 
undesirable fermentation as a result of proliferation of certain 
enteropathogens, i.e., coliforms and Salmonella sp. The observed pH 
value of the fermented cereals in this study was below 4, which is in 

FIGURE 6

Est-II (STb toxin) level in feces (log copies/g) in treatment groups. The limit of detection is 3.8 log copies/g sample. The ETEC F4 was orally 
administered on days 1 and 2 post weaning. Data are presented as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, 
challenged, standard dry feed, n = 14; Non-Ferm, non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16. 
a,bIndicate statistical significance (p < 0.05). A,BIndicate a statistical tendency between treatment groups (0.05 < p < 0.10).

FIGURE 7

D-LDH gene level in feces (log copies/g) in treatment groups. The limit of detection is 3.8 log copies/g sample. The ETEC F4 was orally administered 
on days 1 and 2 post weaning. Data are presented as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard 
dry feed, n = 14; Non-Ferm, non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16. a,bIndicate statistical 
significance (p < 0.05).
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TABLE 6 Effect of ETEC F4 challenge and fermented liquid feed on cytokine concentration in plasma1.

Item
Treatment2

SEM3 *
p-value

Non-Dry Ch-Dry Non-Ferm Ch-Ferm Treat Day Treat  ×  Day

IFN-γ (ng/mL) 0.87 <0.001 0.04

Day 04 28.5 22.7 29.5 27.5 2.4

Day 4 24.1 24.9 22.7 23.5 2.3

Day 14 17.9 16.0 14.5 15.4 2.1

IL-1β (pg/mL) 0.82 0.11 0.54

Day 0 206.4 175.2 211.0 175.2 91.4

Day 4 160.1 188.5 138.8 180.6 75.2

Day 14 117.7 162.4 90.6 169.9 63.1

IL-6 (pg/mL) 0.69 <0.001 0.29

Day 0 165.9 132.5 189.3 162.7 71.3 a

Day 4 121.0 140.8 106.3 163.0 56.4 a

Day 14 69.1 77.9 57.0 109.0 36.0 b

IL-10 (pg/mL) 0.73 0.008 0.41

Day 0 612 492 795 678 305 a

Day 4 469 509 457 706 242 a

Day 14 335 361 277 445 173 b

IL-12 (pg/mL) 0.17 0.69 0.048

Day 0 1,126AB 898B 1,121AB 1,153A 87

Day 4 942AB 938B 1,093AB 1,185A 86

Day 14 926 1,198 1,039 1,154 101

TNF-α (pg/mL) 0.92 <0.001 0.09

Day 0 114.0 110.8 119.1 110.6 35.9 a

Day 4 87.7 113.1 82.1 93.2 28.6 a

Day 14 86.2 52.6 66.2 42.5 18.8 b

*For each parameter, across treatments, values within a column without a common superscript differ between days (p < 0.05). 
1Values are presented as emmeans.
2Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard dry feed, n = 14; Non-Ferm, non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented 
liquid feed, n = 16. The ETEC F4 was orally administered on days 1 and 2 post weaning.
3Pooled standard error of least square means.
4Day 0: the day of weaning.
ABValues within a row without a common superscript tend to differ (0.05 < p < 0.1).

TABLE 5 Effect of ETEC F4 challenge and fermented liquid feed on acute phase proteins (CRP, Haptoglobin) concentration in plasma1.

Item
Treatment2

SEM3 *
p-value

Non-Dry Ch-Dry Non-Ferm Ch-Ferm Treat Day Treat  ×  Day

C-reactive protein (μg/mL) 0.34 <0.001 0.14

Day 04 4.6 9.5 15.7 7.1 4.1 b

Day 4 23.4 36.5 40.3 9.4 12.4 a

Day 14 26.1 30.1 33.3 51.3 15.2 a

Haptoglobin (mg/mL) 0.03 <0.001 0.11

Day 0 0.2 0.6 0.8 0.9 0.2 c

Day 4 0.8 1.7 1.7 1.6 0.2 a

Day 14 0.7 0.9 1.1 1.0 0.1 b

# a ab ab b

1Values are presented as emmeans.
2Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard dry feed, n = 14; Non-Ferm, non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented 
liquid feed, n = 16. The ETEC F4 was orally administered on days 1 and 2 post weaning.
3Pooled standard error of least square means.
4Day 0: the day of weaning. 
*For each parameter, across treatments, values within a column without a common superscript differ between days (p < 0.05). #For haptoglobin, across days, values within a row without a 
common superscript differ between treatments (p < 0.05).
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line with values obtained by Canibe et  al. (12) when fermenting 
liquid cereal grains. Previous studies in our lab have shown great 
impact of temperature on the fermentation dynamics. Further, an 
incubation temperature of 30°C was proven preferable by Brooks 
et al. (41) since it allows a quick production of the desired lactic acid 
and a fast exclusion of enteropathogens. The large impact of 
temperature was also shown by Carlson et al. (42) and Beal et al. (43) 
when fermenting the whole feed. The increase in pH after mixing the 
remaining feed components with the fermented cereals (~0.9 pH 
units) was expected and due to the feed components added to the 
mixing tank, such as calcium carbonate and soybean meal having 
higher buffering capacity than grain (44). In the present study, the 
prepared FLF was offered to piglets during the following 24 h, which 
would allow further fermentation. To reduce the further fermentation 

and stabilize the liquid feed pH, we added 0.5% benzoic acid to the 
feed in the present study. Also, adding 0.5% benzoic acid is a rather 
common strategy in weaner diets as Canibe et al. (45) reviewed. The 
pH value of the FLF dropped slightly from around 4.7 after mixing 
the complete feed to 4.4 after 24 h in the mixing tanks, which 
indicated some fermentation occurred during this period. Microbial 
metabolite concentrations also indicated that some fermentation had 
taken place.

As expected, fermentation of the cereals led to lower levels of 
Enterobacteriaceae, and more than 600 times higher numbers of lactic 
acid bacteria. Similar findings were reported by Geary et al. (18) and 
Niven et al. (13) when fermenting the whole feed. The lactic acid 
concentration in the fermented cereals and FLF in the present study 
was lower than FLF in other studies where the whole feed was 

FIGURE 8

Diamine oxidase activity in plasma (units) in treatment groups. The ETEC F4 was orally administered on days 1 and 2 post weaning. Data are presented 
as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard dry feed, n = 14; Non-Ferm, non-challenged, 
fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16. #: Units were defined as d-emission per min at 590 nm after excitation 
at 544 nm/80 μL plasma.

FIGURE 9

Lipopolysaccharide (LPS) concentration in plasma (pg/mL) in treatment groups. The ETEC F4 was orally administered on days 1 and 2 post weaning. 
Data are presented as emmean ± SEM. Non-Dry, non-challenged, standard dry feed, n = 8; Ch-Dry, challenged, standard dry feed, n = 14; Non-Ferm, 
non-challenged, fermented liquid feed, n = 8; Ch-Ferm, challenged, fermented liquid feed, n = 16.
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fermented (7, 9, 43), this was also observed by Canibe et al., who 
attributed this to the low pH value of fermented cereals is likely to 
inhibit the growth of lactic acid bacteria, thus reducing acid 
production (12).

Biogenic amines are derived from microbial decarboxylation of 
amino acids (46); and when present in high concentrations in the feed, 
they are alleged to contribute to impaired palatability (14). In the 
present study, biogenic amines were formed but at relatively low level 
as compared to FLF produced by fermenting the whole feed (12, 13, 
47), which was expected, as only cereals were fermented.

In accordance with these results, the levels of amino acids were 
very similar in the dry feed and FLF (Table 2), indicating no amino 
acid degradation during fermentation of the cereals and during 
storage of the FLF. This is in line with the results of Canibe et al. (12) 
and Pedersen et  al. (48). Canibe et  al. (12) considered that the 
fermentation of only grains minimized the degradation of free amino 
acids. The addition of benzoic acid most probably also contributed to 
minimizing the fermentation of the complete feed and preventing 
microbial degradation of free amino acid (49, 50). Another 
contributing factor might come from P. acidilactici, which was 
reported to result in considerable reduction in lysine metabolism by 
E. coli (13).

Acetic acid is also considered to contribute to impaired palatability 
at high concentrations, although according to Canibe et al. (51) very 
high levels would be needed to significantly reduce feed intake. Also, 
high numbers of yeasts were reported as possible contributors to 
impaired palatability due to production of “off-flavours” and ethanol 
(52). The levels of acetic acid (<25 mmol/kg), yeasts (~ 5.5 log CFU/g), 
and biogenic amines (<130 mg/kg in total) as mentioned above, were 
not high in FLF in the present study compared to the studies 
mentioned above, this might explain feed intake was not 
adversely affected.

Hence, the microbial composition, concentration of microbial 
metabolites and nutrient composition indicated that the quality of the 
FLF was high during the whole period the pigs received it.

4.2. Growth performance

Feeding FLF numerically prevented weight loss in the first 
week post weaning. On the other hand, a lower feed intake of the 
Ch-Ferm group compared to the non-challenged groups during 
the first week post weaning was observed, which could 
be speculated to be partly due to the DM content of the FLF. The 
final DM content of FLF had to be reduced (22% in practice vs. 
27% as originally planned) due to blockage of the feeding tubes. 
However, Geary et  al. (53) reported no significant effect of 
dietary DM on DM feed intake, weight gain or feed conversion 
ratio, because the piglets maintained DM feed intake by 
increasing their total volumetric feed intake when offered lower 
DM diet (14.9% DM versus 25.5% DM); meanwhile the piglets 
fed the lower DM diet reduced their water intake from nipple 
waterers as compared to the higher DM diet group. In the present 
study, the water intake from nipple waterers was not recorded. 
Canibe et al. (12) reported a lower feed intake and average daily 
gain in piglets fed with feed produced by fermenting the cereals 
and adding the remaining ingredients immediately before feeding 
as compared to the same diet fed as dry feed. However, as the 

authors argued, the two dietary groups could not be compared 
since the pigs received the dry feed were allowed ad libitum 
access to the feed, whereas the pigs received the feed containing 
fermented cereals was fed restrictively.

Brooks pointed out that if an initially nutritionally balanced FLF 
did not affect feed intake, it was likely that the biochemical changes 
produced by fermentation lead to a less-balanced diet (54). Yet 
considering the good quality of FLF in the present study as discussed 
above, this does not seem to explain a lack of expected positive effect 
of FLF on feed intake. Improvement in feeder design (trough with a 
sloped bottom and a step up) (55), and the addition of sepiolite to 
control the sedimentation of the solids in FLF (56), or other factors 
might be ways of improving the results.

4.3. Diarrhea, ETEC F4 and enterotoxin 
shedding

Generally, ETEC-caused diarrhea in weaned piglets has been 
difficult to model experimentally because of its multifactorial nature; 
the combination of factors required to induce diarrhea has not been 
fully understood (57). For example, Xia et al. (58) reported that, due 
to transportation and grouping, mild and temporary diarrhea was 
observed before the bacteria challenge had been conducted. In the 
present study, we challenged the piglets on day 1 and 2 after weaning, 
expecting to take advantage of the stressful situation, yet the challenge 
did not influence the diarrhea prevalence significantly. The lack of 
response on diarrhea in the present study could be partially attributed 
to the timing of the challenge, which was very close to the weaning 
date. This might allow the passive immunity derived from sow’s milk 
to assist piglets in facing the infection (21). However, both the detected 
probability of ETEC F4 strain in feces, and the elevated fecal shedding 
of F4 fimbriae and enterotoxin observed in the challenged pigs but not 
in the non-challenged pigs indicated the validity of the ETEC 
challenge model (21). This demonstrated that although piglets shed 
ETEC at high levels, there may not necessarily be obvious diarrhea 
and vice versa. This agrees well with other studies (59–61) and 
indicates that several response parameters should be included in this 
type of challenge models.

As reviewed by Lauridsen et al. (62), very few published studies 
have been designed to test the impact of FLF on PWD, and 
therefore it is difficult to conclude on it. Missotten et al. (56) and 
Pedersen (63) reported no effect of FLF, produced by fermenting 
the whole feed, on diarrhea compared with control dry feed in 
weaned pigs, Pedersen (48) and Maribo et al. (64) reported no 
effect of FLF, produced by fermenting the cereal fraction, on the 
frequency of diarrhea treatment compared with non-FLF in pigs at 
different ages. There are few studies evaluating the effect of FLF on 
PWD under controlled ETEC infection settings as the present 
study, and with limited number of repetitions. In two challenge 
studies with E. coli O149: F4, feeding diets including whey (61) or 
whey permeate (65) fermented with lactic acid bacteria, did not 
affect the severity or frequency of PWD. In the present study, FLF 
had no influence on the probability of developing diarrhea 
compared to dry feed, either under challenge or non-challenged 
conditions. It should be kept in mind that, as shown above, the 
challenged pigs developed diarrhea to a very low extent, which 
makes it difficult to conclude on this parameter.
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In general, according to the characteristics of FLF as measured 
here, a lower ETEC fecal shedding and/or faster clearance was 
expected when feeding piglets with FLF. Overall, quantitative 
detection of genes showed that FLF did not influence the level of 
ETEC F4 or enterotoxin in feces in the present study. The findings 
support the experiment where Missotten et al. (56) reported that FLF 
did not affect fecal coliform counts. However, the effect of FLF on the 
Enterobacteriaceae is not always consistent. Some studies reported 
that FLF reduced fecal shedding of Enterobacteriaceae (66), and the 
number of Enterobacteriaceae (9), E. coli (67) and coliforms (6) in the 
rectum. It is worth noting that the pigs in these studies were not 
challenged with ETEC. Unlike the findings in our study, Amezcua 
et al. (61) reported that pigs fed FLF eliminated the bacteria slower 
than the control dry feed group under ETEC challenge. It is difficult 
to speculate on the reasons for the absence of expected results, but 
high doses of probiotics may not always yield positive results, as 
previously reported (68).

We found a good correlation between the two methods of 
measuring ETEC F4  in feces (microbiological enumeration and 
qPCR), yet qPCR showed a higher number of detectable FaeG gene 
encoding for the F4 fimbriae than the detectable bacterial from the 
microbiological enumeration. This finding is in line with the study 
conducted by Hansen et al. (33), with ETEC F18 being measured in 
that study. The qPCR method detects all cells in a sample, including 
the dead cells or the DNA of bacteria in the environment (69), whereas 
when plate counting, only viable cells that are capable of forming 
colonies on nutrient media are counted. Nonetheless, the present 
study shows that quantifying virulence genes is a useful method for 
assessing ETEC shedding in weaned pigs.

The est-II gene encoding for STb toxin was detectable at relatively 
high levels in all treatment groups before ETEC challenge in the 
present study. This is consistent with the findings in previous research 
(33, 70–72). The presence of the est-II gene is most probably associated 
with non-hemolytic E. coli, since quantification of the FaeG gene and 
bacterial plate counting followed by serotyping confirmed that neither 
ETEC O149:F4 nor other hemolytic E. coli were detected (except three 
pigs in the Ch-Dry in the first block, which showed low levels of FaeG 
gene) before ETEC challenge. The eltB gene encoding for LT toxin was 
detectable before ETEC challenge in all treatment groups in the 
second block of the present study, though at relative low levels. With 
undetectable level of FaeG gene in the second block as mentioned 
above, this finding may indicate that pigs used in the second block had 
some level of LT-positive, F4-negative E. coli. Contrary to our findings, 
Rhouma et al. (71) did not find the gene encoding LT in feces before 
challenge; however, the detection limit was not indicated. It’s 
interesting to notice that both the study of Rhouma et al. (71) and our 
study showed similar profiles of eltB and FaeG gene levels after 
challenge, and also more animals shed detectable levels of eltB gene 
than of FaeG gene. Since the piglets did not suffer from diarrhea 
before the ETEC challenge, these findings indicate that the presence 
of enterotoxin-positive but F4 fimbriae-negative E. coli at these levels 
do not cause diarrhea.

4.4. Blood parameters

Overall, the plasma concentration of acute phase proteins (CRP 
and haptoglobin) increased after weaning in the present study. This 

result is in line with earlier literature (73) pointing out that induction 
of stress through mixing animals or changes in feeding patterns may 
cause this increase. We observed a great individual variability, which 
was previously reported by Pomorska-Mól (73) and Yu et al. (74), 
indicating the difference in reactions to stress among individuals. Our 
experience with acute phase proteins analyses indicate variation from 
batch to batch of pigs used in ETEC challenge studies conducted in the 
same facility (33). Moreover, the acute phase proteins reference ranges/
threshold values for ETEC infection are still unclear due to different 
methods applied in different institutions. Therefore, it could be difficult 
to compare acute phase proteins actual values between different studies.

Several studies have demonstrated that weaning itself can initiate 
intestinal inflammation (75) and is closely related to oxidative stress 
(76, 77). During inflammation, locally produced cytokines may reach 
detectable levels at systemic level (78). Our data showed that the 
plasma TNF-α, IL-6 and IL-10 levels decreased from day 4 to day 14 
post weaning in all groups, and a similar profile, although not 
significant, was observed for IFN-γ. These results may indicate that 
inflammatory reactions, which were induced by weaning, were 
ameliorated with time. Since studies in humans have shown increased 
hematocrit levels after stress (79), the decreased hematocrit levels 
from day 4 to day 14 observed here also provided indications of this 
weaning stress recovery, yet this value, together with other 
hematology indexes, was within reference intervals for piglets of this 
age (80, 81). González-Ramón et al. (82) reported that pig haptoglobin 
was mainly regulated by IL-6, which is in good agreement with the 
results of the present study, as we observed a decrease in both IL-6 
and haptoglobin from day 4 to day 14 post weaning.

Kim et al. (83) reviewed that the peak of systemic inflammation 
with regard to pro-inflammatory cytokines and acute phase proteins 
occurred on day 2 to 7 post ETEC challenge in weaned pigs, and after 
day 14 post challenge it became undetectable. The ETEC challenge in 
the present study did not elevate pro-inflammatory cytokines 
significantly, though. Moreover, the plasma TNF-α level of the 
challenged groups was lower in the present study compared with other 
ETEC challenge studies conducted on post-weaning pigs (84, 85). This 
finding, suggesting a low level of systemic inflammation, could 
partially be  attributed to the time of sampling (3 h/6 h/12 h post 
challenge (84) vs. 3 days post challenge in our study). It is worth 
noting that the TNF-α level of all groups before challenge (>110 pg./
mL) and the value in non-challenged groups in the present study 
(>80 pg./mL on day 4) are higher than in the mentioned studies. This 
difference might partially be due to the time between weaning and 
challenge. Lee et al. (85) allowed a 7-day adaptation period before 
challenge, and Li et al. (84) 15 days, whereas in the present study, the 
piglets were challenged 1 and 2 days after weaning. López-Colom 
pointed out that the baseline values of TNF-α was around ≤100 pg./
mL in weaned piglets as a biomarker in digestive pathologies (86). Our 
results may indicate that all the pigs in the present study experienced 
some degree of systemic inflammation before or at weaning. 
Confirming this, our data shows a reduction of plasma DAO, a marker 
for gut epithelial barrier, from the weaning day, indicating that the 
intestinal epithelial barrier function was gradually improved after 
weaning. There was no difference in the level of plasma LPS among 
treatment groups, which suggests no acute disruption of the gut 
barrier, together with the lack of differences in hematology profile, 
providing additional evidence for a low level of systemic inflammation 
caused by ETEC.
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5. Conclusion

The present study examined the influence of FLF with added 
P. acidilactici on weaned pigs after an experimental ETEC F4:O149 
challenge. The results showed no impact of this feeding strategy on 
diarrhea, ETEC shedding or related parameters. Although the ETEC 
challenge did not induce clear signs of infection after the challenge, a 
reduction in the shedding of the inoculated ETEC could be expected, 
but this was not observed. The study showed that a strategy like this 
can be a way of providing a high level of probiotics to pigs by allowing 
their proliferation during fermentation.
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