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ABSTRACT

This study investigated the fermentation of liquid feed for pigs and the effect of lactic acid bacteria (LAB) supplementation on fermentation rate,
dry matter losses (DML), formation of biogenic amines, and degradation of phytate-P. The basal substrate in all three in vitro batch experiments
consisted of 50% canola meal, 25% wheat, and 25% barley. The mixed substrates were adjusted to a dry matter (DM) content of 28.4% and fer-
mented in 1-liter vessels at 37 °C for 24 h. Experiment 1 focused on changes in pH profiles over time. Treatments were as follows: 1) liquid feed
without additive (control) and 2) liquid feed supplemented with a mixture of Lactobacillus plantarum, Pediococcus pentosaceus, and Lactobacillus
lactis (adLAB) at 2.0 x 10° CFU/g liquid feed (wet wt.; n = 8). Substrate pH was measured every 2 h. Experiment 2 focused on DML and the
impact of fermentation on phytate-P. Treatments were identical to experiment 1 (control and adLAB; n = 8). Measured parameters included con-
centration of lactic acid, acetic acid, ethanol, and phytate-P and DML after 24 h of fermentation. Counts of molds, Enterobobacteriaceae, yeasts,
and LAB were determined in one combined sample of all replicates. Dry matter losses were lower in LAB-supplemented fermentations (5.89%)
compared to the control (11.8%; P < 0.001). Supplementation with LAB reduced the phytate-P content (2.66 g/kg DM) compared to the control
(3.07 g/kg DM; P = 0.002). Experiment 3 evaluated DML and the impact of fermentation on formation of biogenic amines. Treatments were as
follows: 1) control, 2) adLAB (2.0 x 105 CFU LAB/g liquid feed), 3) adlLys (0.60% DM supplemented lysine), and 4) adLAB+Lys (combination of
adLAB and adlys; n = 8). The fermentation of adlys resulted in a nearly complete breakdown of supplemented lysine, whereas only 10% of
supplemented lysine was lost in adLAB+Lys. Furthermore, all adlLys samples tested positive for cadaverine (mean concentration 0.89% DM),
whereas no adLAB samples contained cadaverine above the detection limit (P < 0.001). Results indicate that DML is reduced in fermentations
supplemented with homofermentative LAB. Fermentation of liquid feed with homofermentative LAB can effectively reduce the degradation of
supplemental lysine and has the potential to further improve P availability.
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INTRODUCTION as inoculum to reduce the substrate pH rapidly. In contrast,
uncontrolled fermentation is a spontaneous process carried
out only by endogenous, largely epiphytic, microorganisms
(Canibe and Jensen, 2012; Kraler et al., 2014). Liquid feed

Feeding liquid diets is an established practice in pig produc-
tion. Major advantages of liquid feed are its generally good

palatability, typically positive effect on growth performance

and digestive health, higher water intake of weaners, and the flrminhcontrolled i@frmentatlon Cal:i h}::lp fus to cllmpr(l)1ve guci
reduction of dust particles in the ambient air compared to dry calth, prevent colitorm scours, and theretore reduce the nee

feeding systems (Scholten, 2001; Canibe et al. 2007; Bunte for antibiotic .interventior.ls (Canibe and Jensen, 2012). It re-
et al. 2019). However, a major concern associated with li- dqces pH rapld.ly by Partlcularly effectl.ve formation of lactic
quid feed is the risk of contamination with pathogens such acid, which typically improves feed hygiene (Beal et al., 2002;
as Enterobacteriaceae, yeast, and molds, which find suitable Ca.rlson apd Daamgaard Poulsen, 2003)', Although fermen-
growth conditions, such as low dry matter (DM) content, suf- tation of liquid feed has several benfzﬁts, it alsq l'eads to dry
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taminated or the feed-out rate of the liquid feed is dispropor- 2% and 12% (DM basis) in typical farm-scale bunker silos
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A common approach to improve the hygienic status of li- feeds for pigs dlffer.ln terms of. f.ermer?tatlon. time (les.s risk
quid feed is controlled fermentation prior to temporary storage than silage) and nutrient composition (higher r%sk than silage),
and feeding. In controlled fermentation specific microorgan-  S0me degree of DML should be expected, but little knowledge

isms, like selected lactic acid bacteria (LAB), they are used on the size of such losses in fermented liquid feed exists to
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date. For fermentations in 50-liter containers over a period
of 6 d and at 23 °C, Scholten et al. (2001) reported losses of
5.1% for liquid finisher and 8.6% for liquid grower feed.

To maximize growth performance, pigs require supplemen-
tation with essential amino acids (AA), particularly lysine.
During uncontrolled fermentation, undesired processes such
as decarboxylation of AA to biogenic amines can occur, re-
sulting in reduced palatability, compromised animal health,
and economic losses (Niven et al., 2006; Canibe et al., 2007).
Niven et al. (2006) reported that in uncontrolled fermen-
tation of liquid feed, 90% of supplemented lysine was lost
and predominantly degraded to cadaverine. In contrast, con-
trolled fermentation of liquid feed with either Lactobacillus
plantarum or Pediococcus acidlactici did not reduce the con-
centration of lysine. Pedersen et al. (2002) also reported that
fermentation of liquid pig feed without added LAB reduces
the concentration of free lysine.

Commercial pig diets are predominantly based on grains.
The main storage form of P in cereals is inositol hexaphosphate
(phytate-P), which cannot be utilized by pigs due to a lack of
endogenous phytase (Nuss and Tanumihardjo, 2010; Humer
and Schedle, 2016). Consequently, phytate-P from grain-
based diets is largely lost, if pig feed is not supplemented with
phytase. It has been reported that—in addition to the effect of
a pre-incubation of the feed with endogenous plant phytase—
fermentation of liquid feed with LAB can lead to a further
reduction in phytate-P and improved availability of P (Humer
et al., 2013). The activity of phytase is largely dependent on
pH, with optimal ranges between pH 4.0 and 5.5 (Simons et
al., 1990; Brejnholt et al., 2011). The innate phytase activity
of most LAB is low, but strains of Pediococcus pentosacaeus
and Lactobacillus plantarum are reported to express at least
some degree of phytase activity (Lopez et al., 2000; Cizeikiene
et al., 2015).

There is strong evidence that controlled fermentation of li-
quid feed with LAB has positive impact on its fermentation
characteristics, the stability of lysine, and the availability of P.
However, studies examining the effects of controlled fermen-
tation in a comprehensive and systematic fashion are scarce.
Therefore, this study was designed to investigate fermentation
kinetics, AA and phytate degradation, and DML in response to
controlled fermentation of liquid feed using supplemental LAB.

MATERIAL AND METHODS

Experimental Treatments and Analyses

This study consisted of three in vitro experiments. The com-
position of the tested basal diet was identical in all three ex-
periments (50% solvent-extracted canola meal, 25% wheat,
and 25% barley; DM basis). A protein content that exceeded
the requirements of growing pigs was chosen to ensure suf-
ficient substrate for possible proteolysis throughout the fer-
mentation process. The same batch of canola meal, wheat,
and barley was used in all three experiments. The mixture
of dry ingredients was adjusted to a DM content of 28.4%
using potable water. In all three experiments, fermentations
were conducted under anaerobic conditions at 37 °C in 1-liter
screw top vessels.

Experiment 1 was designed to compare pH profiles of li-
quid feed without and with supplemented LAB. Substrate
pH was measured every 2 h for 24 h. Treatments were (n
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= 8 vessels): 1) liquid feed without additive (control) and 2)
liquid feed supplemented with a mixture of LAB (adLAB).
The inoculum consisted of approximately equal parts of three
strains of homofermentative LAB (Lactobacillus plantarum,
Pediococcus pentosaceus, and Lactococcus lactis) and was
added at a concentration of 2 x 10° CFU/g liquid feed.
Supplemented LAB was produced by Lactosan GmbH and
Co. KG (Kapfenberg, Austria).

Experiment 2 focused on the impact of fermentation on
phytate-P and DML. Treatments were identical to experi-
ment 1 (control and adLAB). Measured variables included
substrate pH (after 0 and 24 h), chemical composition of the
non-fermented substrates and fermented liquid feeds, concen-
trations of lactic acid, acetic acid and ethanol, DML, as well as
concentrations of P, and phytate-P (all after 0 and 24 h fermen-
tation). Furthermore, counts of molds, Enterobacteriaceae,
LAB, and yeasts were determined in one combined sample for
each treatment.

Experiment 3 was designed to examine the impact of fer-
mentation on the development of biogenic amines in fer-
mented liquid feed. Treatments were as follows: 1) liquid feed
without additives (control), 2) liquid feed supplemented with
LAB (adLAB; 2 x 10° CFU/g liquid feed), 3) liquid feed supple-
mented with 0.6% DM lysine (adLys), and 4) liquid feed sup-
plemented with LAB and lysine (adLAB+Lys; 2 x 10° CFU/g
liquid feed + 0.6% lysine on DM basis). The supplemented
crystalline lysine (Archer Daniels Midland, Decatur, IL) had
a lysine content of > 78.8% DM. Measured parameters
were identical to experiment 2 except that instead of P and
phytate-P, concentration of biogenic amines and nonprotein
bound lysine was determined in all samples before the onset
of fermentation (0 h) and the end of fermentation (24 h).

Chemical Composition Analyses

Chemical composition of the substrate ingredients and fer-
mented liquid feed was analyzed according to standardized
methods of the Association of German Agricultural Analytic
and Research Institutes (VDLUFA, 2012). Dry matter content
of the fermented feed was determined by weighing 200 g of
homogenized sample into an aluminum dish. Samples were
dried in a forced air oven at 65 °C (method 4.3.1). Analytical
DM of the pre-dried fermented feed and the dry ingredients
was determined at 103 °C (method 4.2.1). Dry matter con-
tents were corrected for the loss of ethanol, volatile fatty acids
(VFA), and lactic acid according to CVB (1999): corrected DM
(g/kg) = DM (g/kg) + 0.08 x lactic acid content (g/kg) + 0.50 x
VFA content (g/kg) + 1.00 x ethanol content (g/kg). Contents
of volatiles were measured in fresh material.

Fat was analyzed according to VDLUFA (2012; method
5.1.1). Neutral detergent fiber (NDF) was determined as de-
scribed by Van Soest et al. (1991) using heat-stable a-amylase.
Acid detergent fiber (ADF) was determined according to
VDLUFA (2012; method 6.5.2). The NDF and ADF values
were expressed inclusive of residual ash. Sugar was ana-
lyzed according to VDLUFA (2012; method 7.1.1). Starch
was analyzed according to VDLUFA (2012; method 7.2.1).
Ash was analyzed according to VDLUFA (2012; method
8.1). Organic matter (OM) was calculated as the difference
between 100 and the percentage of ash. Crude protein (CP)
was analyzed by Kjehldahl titration according to VDLUFA
(20125 method 4.1.1). Chemical analyses of the feed ingre-
dients and fermented substrates were performed on one
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Table 1. Chemical composition of the diet ingredients

Item Diet ingredients
Wheat Barley Canola meal!

DM, % 89.1 89.8 89.8
OM, %DM 86.5 87.3 82.3
CP, % DM 15.6 11.3 35.2
NDF?, % DM 15.1 20.7 31.5
ADF3, % DM 4.2 9.4 22.9
Fat, % DM 2.3 2.8 3.1
Sugar, % DM 3.0 2.2 8.0

ISolvent-extracted.

?Neutral detergent fiber assayed with a heat-stable amylase and expressed
without residual ash.

3Acid detergent fiber without residual ash.

pooled sample per treatment (Tables 1 and 3). Each sample
was analyzed in duplicates. Substrate pH was measured using
a pH-Meter (model pH 7310 with pH-electrode Sentix 21,
Wissenschaftlich-Technische Werkstitten GmbH, Weilheim,
Germany). To determine DML, each vessel was weighed at
the beginning (0 h) and end of the fermentation (24 h).

Lactic acid, acetic acid, and ethanol were analyzed from
each vessel incubated in experiments 2 and 3 by high-
performance liquid chromatography (HPLC). The HPLC
system was equipped with a UV detector (Smartline 2500),
refractive index detector (Smartline 2300), column thermo-
stat (model Jetstream 2, all Bio Rad Laboratories, Hercules,
CA), and Aminex HPX-87H-column (300 x 7.8 mm, Bio Rad
Laboratories, Hercules, CA). Sulfuric acid (0.02 N) was used
as a mobile phase was with a flow rate of 0.6 mL/min.

Microbial Analysis

Counts of LAB, molds, yeasts, and Enterobacteriaceae were
quantified on one pooled sample for each treatment in ex-
periments 2 and 3. The fermentation vessels were subsampled
and 30 g of freshly pooled sample was mixed with 270 mL
of buffer. For LAB enumeration, samples (1 mL) were plated
on MRS agar (Merck KGaA, Darmstadt, Germany). Plates
were incubated under anaerobic conditions (using an over-
layer) at 37 °C for 3 d. Counts of yeasts and molds (1 mL
each) were determined on YGC agar (yeast extract glucose
chloramphenicol agar; Oxoid, Hampshire, UK) according
to VDLUFA (2012; method 28.1.2). Plates were incubated
under anaerobic conditions at 30 °C for 48 h. Violet Red Bile
Glucose Agar (Oxoid, Hampshire, UK) was used for deter-
mination of Enterobacteriaceae. Samples (1 mL) were incu-
bated under anaerobic conditions at 30 °C for 24 h.

Analysis of Phytate-P

Concentrations of phytate-P were analyzed in the unfer-
mented (one pooled sample per treatment) and fermented
substrates (individual vessels) of experiment 2. The content
of phytate-P was analyzed enzymatically according to McKie
and McCleary (2016). Briefly, phytic acid was dissolved from
the samples by acid extraction. Subsequently, samples were
dephosphorylized with phytase and alkaline phosphatase.
Phosphorus released from phytic acid was quantified by a
colorimetric molybdenum blue assay.

Analysis of Biogenic Amines and Lysine

Biogenic amines, cadaverine, and free lysine were analyzed
from individual vessels incubated in experiment 3. Analysis of
biogenic amines was performed by gas chromatography-mass
spectrometry (GC-MS). Samples (25 g) of liquid feed were
extracted with 125 mL 10% trichloracetic acid. The extract
was filtered before 500 pL of the filtrate was blended with
375 pL distilled H,O and 100 pL 1.7 diaminoheptane as an
internal standard. The extract was purified over a solid phase
and derivatized followed by liquid extraction with iso-octane.
The organic phase was separated and dried using N gas. The
residue was resuspended in a mixture of 100 pL 80% iso-
octane and 20% chloroform (wt/vol) and injected into a GC
(CP—3800 GC, Varian Inc., Palo Alto, CA) coupled with an
MS (Saturn 2200, Varian Inc., Palo Alto, CA). A 5-point re-
gression calibration was developed before any measurements
were taken. Biogenic amines and cadaverine were analyzed by
LKS Lichtenwalde (Niederwiesa, Germany). Free lysine was
determined according to the European Commission (2009;
regulation 152/2009). Free AA were extracted with 0.1 mol
HCI/I. Norleucin was used as an internal standard in all sam-
ples. Lysine analyses were performed by LUFA-ITL (Kiel,
Germany).

Statistical Analyses

Data were analyzed using the mixed model procedure
(PROC MIXED) of SAS 9.4 (version 9.1; SAS Institute,
Inc., Cary, NC). Fermentation vessels were the experimental
unit for all variables. In all three experiments, eight ves-
sels were incubated per treatment. The model for analysis
of pH development over time in experiment 1 included the
fixed effect of treatment (control and adLAB), sampling
time (0, 2, 4, 6, 8,10, 12, 14, 16, 18, 20, 22, and 24 h after
onset of fermentation), and the interaction of time x treat-
ment. Fermentation vessel was included as a random effect.
Sampling time was treated as a repeated measure. Treatment
differences between least squares means for each time point
were determined by the PDIFF option with the Tukey's ad-
justment. Design and treatments of experiment 2 were iden-
tical to experiment 1, except that all variables were only
measured once after 24 h of fermentation. Consequently,
sampling time and the interaction of time x treatment
were not included in the model statement. Differences be-
tween least squares means were determined by the PDIFF
option with the Tukey’s adjustment. Experiment 3 was
analyzed using PROC MIXED with the fixed effects LAB
addition, lysine addition, and the interaction of LAB x ly-
sine. Fermentation vessel was considered as a random ef-
fect. Similar to experiments 1 and 2, treatment differences
were determined by the PDIFF option with the Tukey’s ad-
justment. Denominator degrees of freedom were estimated
using the Kenward-Roger option in the model statement.
As concentrations of free lysine, cadaverine, and biogenic
amines were below detection limits of < 0.05, < 0.14, and
< 0.04 mg/kg DM, respectively, in the majority of sam-
ples, PROC GLIMMIX was used to compare the number
of samples positive for lysine, cadaverine, and biogenic
amines among treatments (Table 6). For all parameters, sig-
nificance was declared at P < 0.05 with trends discussed at
0.05 < P < 0.10. Since counts of LAB, molds, yeasts, and
Enterobacteriaceae in experiments 2 and 3 were quantified
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Table 2. Nutrient composition of liquid feeds fermented for 24 h without additive (control), supplemented lactic acid bacteria (adLAB), supplemented

lysine (adlLys), and lactic acid bacteria and lysine (adLAB+Lys)

Item! Experiment 2 Experiment 3
Control adLAB? Control adLAB? adLys® adLAB?*+Lys?

DM, % 23.8 24.1 24.0 24.6 23.5 23.7
OM, % DM 79.4 78.4 80.0 81.3 78.7 79.3
CP, % DM 23.7 24.2 4.0 23.9 24.2 24.4
NDF4, % DM 25.3 24.5 25.0 25.8 24.5 24.7
ADF, % DM 16.0 15.4 15.8 16.1 15.3 15.5
Fat, % DM 2.9 2.8 3.0 2.8 3.0 3.0
Starch, % DM 46.0 46.8 47.3 49.5 46.6 471
Sugar, % DM <0.5 <0.5 0.5 <0.5 0.6 <0.5

Derived from one pooled sample per treatment.

2Supplemented with a mixture of Lactobacillus plantarum, Pediococcus pentosaceus, Lactococcus lactis (Lactosan GmbH and Co. KG, Kapfenberg,

Austria) at 2 x 10° CFU/g liquid feed (wet wt.).

3Supplemented with 0.60% lysine on a DM basis (Archer Daniels Midland, Decatur, IL).
“Neutral detergent fiber assayed with a heat-stable amylase and expressed without residual ash.

SAcid detergent fiber without residual ash.

on only one pooled sample for each treatment, results were
not subjected to statistical analysis.

RESULTS

Differences in nutrient composition among treatments (ex-
periments 2 and 3) after 24 h of fermentation were within
narrow ranges (Table 2). The sugar content in all fermented
feeds was approximately 10 times lower (< 0.5 to 0.6% DM)
compared to the nonfermented feed (5.3% DM, data not
shown).

Experiment 1

In experiment 1, initial pH (0 h) in both treatments was
5.92 (Figure 1). No differences between the control and
adLAB occurred during the first 4 h of fermentation. After
6 h, pH in liquid feed supplemented with LAB (pH 5.67)
was reduced by 0.19 units compared to that of the control
(pH 5.86; P < 0.001). After 12 h of fermentation, mean pH
of adLAB was 3.91 compared to 4.88 in the control (P <
0.001). After 24 h of fermentation, the pH of adLAB (pH
3.77) was still lower compared to the control (pH 4.19; P
< 0.001).

Experiment 2

Similar to experiment 1, control and adLAB in experiment
2 had an initial pH of 5.93 (data not shown). The addition
of LAB resulted in a greater reduction in pH (pH 3.80) com-
pared to the control (pH 4.35) after 24 h (Table 3; P < 0.001).
The addition of LAB resulted in higher concentration of lactic
acid (6.23% DM) compared to the control (3.59% DM,;
P < 0.001). The concentration of acetic acid in the control
(1.10% DM) was more than six times higher than that in
adLAB (0.16% DM; P < 0.001). The concentration of ethanol
in adLAB (0.09% DM) was lower compared to the control
(0.60% DM; P < 0.001).

Dry matter losses were lower for adLAB (5.89%) com-
pared to the control (11.8%; P < 0.001; Table 3). The
phytate-P content of the feed before fermentation was
3.98 g/kg DM (data not shown). In both treatments, the

——Control --0--adLAB

6.50
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5.50
:E- 5.00

4.50

4.00 4

3.50

6 8 10 12 14 16 18
Duration of fermentation, hours

0 2 4 20

Figure 1. Substrate pH of liquid feed fermented without additive (control)
or supplemented with lactic acid bacteria (adLAB) for 24 h (n = 8).
Asterisks indicate differences between treatments at the respective time
point (P < 0.001).

phytate-P content decreased in response to fermentation,
whereas adLAB resulted in lower residual concentration of
phytate-P (2.66 g/kg DM) compared to the control (3.07 g/
kg DM; P = 0.002).

All microbial analyses were performed on one pooled
sample per treatment. Control and adLAB had initial LAB
counts of 4.0 and 3.8 x 10* CFU/g liquid feed, respectively
(Table 4). After 24 h of fermentation, counts of LAB in one
combined adLAB sample were 6.7 x 107 CFU/g liquid feed in
the adLAB treatment and 5.8 x 10° CFU/g liquid feed in the
control. Initial mold and yeast counts were in the order of 102
CFU/g liquid feed in both treatments. After fermentation, con-
centration of molds decreased under the detection limit (< 102
CFU/g liquid feed) for both treatments. Counts of yeasts in
adLAB were 4.0 x 102 CFU/g liquid feed and 9.9 x 103 CFU/g
liquid feed in the control. Counts of Enterobacteriaceae in
the nonfermented substrate were 1.3 x 103 and 1.5 x 10°
CFU/g liquid feed for the control and adLAB. After fermen-
tation, counts of Enterobacteriaceae in the control were
1.5 x 103 CFU/g liquid feed, whereas in adLAB, counts of
Enterobacteriaceae were < 102 CFU/g liquid feed.
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Experiment 3

Asinexperiment 2, LAB, yeasts, molds,and Enterobacteriaceae
in experiment 3 were enumerated in only one pooled sample
for each treatment (Table 4). The results were similar to ex-
periment 2 and were foremost affected by the supplementa-
tion with LAB.

Substrate pH levels of adLAB (pH 3.75) and adLAB+Lys
(pH 3.76) were lower compared to the control (pH 4.19)
and adLys (pH 4.23), respectively (P < 0.001; Table 5). Lactic
acid concentrations in adLAB (6.30% DM) and adLAB+Lys
(6.29% DM) were higher compared to the control (4.48%
DM) and adLys (4.40% DM), respectively (P < 0.001). The
addition of LAB (adLAB and adLAB+Lys) resulted in a lower
concentration of acetic acid (0.16% DM) compared to the
control (0.82% DM) and adLys (0.74% DM; P < 0.001).
Supplementation of only added lysine (adLys) tended to reduce
acetic acid compared to the control (P = 0.061). Similar to that,
adLAB (0.08% DM) and adLAB+Lys (0.07% DM) both re-
duced the concentration of ethanol compared to the control

Table 3. Fermentation products, pH, phytate-P degradation, and dry
matter losses of liquid feed without additive (control) and supplemented
lactic acid bacteria (adLAB) after 24 h of incubation (experiment 2; n = 8)

Item Treatment SEM? P-value
Control adLAB!
Lactic acid, % DM 3.59 6.23 0.203 < 0.001
Acetic acid, % DM 1.10 0.16 0.091 < 0.001
Ethanol, % DM 0.60 0.09 0.062 < 0.001
pH 4.35 3.80 0.040 < 0.001
Phytate-P, g/kg DM 3.07 2.66 0.137  0.002
Dry matter loss, % 11.8 5.89 1.136 0.005

ISupplemented with a mixture of Lactobacillus plantarum, Pediococcus
pentosaceus, Lactococcus lactis (Lactosan GmbH and Co. KG,
Kapfenberg, Austria) at 2 x 10° CFU/g liquid feed (wet wt.).

2Standard error of the means.

(0.76% DM) and adLys (0.81 % DM; P < 0.001). A trend for
higher concentrations of acetic acid was observed in response
to adLys compared to the control (P = 0.067). The DML of
adLAB (8.11%) and adLAB+Lys (6.73%) was lower compared
to the control (15.6%), as well as adLys (14.5%; P < 0.001),
whereas the addition of lysine had no impact on DML.

After 24 h, no free lysine was detected in any adLys samples
(Table 6). In contrast, all eight adLAB+Lys samples contained
free lysine (mean concentration 0.54% DM). The concentra-
tion of cadaverine before fermentation was below the detec-
tion limit in all samples. After fermentation, all eight adLys
samples contained cadaverine (mean concentration 0.89%
DM). Concentrations of cadaverine in all other samples were
below the detection limit. After fermentation, the number
of samples that contained biogenic amines (8 out of 8) was
higher for adLys compared to adLAB+Lys (4 out of 8; P <
0.001). Mean concentration of biogenic amines was 0.97%
DM in adLys and 0.18% DM in adLAB+Lys.

DISCUSSION

This study confirms that fermentation of liquid feed with
added homofermentative LAB (Lactobacillus plantarum,
Pediococcus pentosaceus, and Lactococcus lactis) is ad-
vantageous compared to subjecting liquid feed to an un-
controlled fermentation prior to feeding. After a lag time
of approximately 4 h after inoculation, the added LAB be-
came metabolically active as evident by the initial decline
in pH (Figure 1). In adLAB, the decline in pH occurred 6
to 8 h after the onset of fermentation, 2 h earlier than in
the control (8 to 10 h), and after 24 h, mean pH of adLAB
was 3.77 as compared to pH 4.19 in the control. Similarly,
mean substrate pH after 24 h in experiments 2 and 3 was
3.80 in adLAB and adLAB+Lysine, respectively, but > 4.0
in the control and adLys. The pH values after 24 h of fer-
mentation are in line with earlier studies reporting pH for
noninoculated liquid diets and in response to inoculation
of liquid diets with LAB (Scholten et al., 2001; Carlson and

Table 4. Counts of lactic acid bacteria (LAB), yeasts, molds, and Enterobacteriaceae (all CFU/g) in liquid feed (wet wt.) without additive (control),
supplemented LAB (adLAB), lysine (adlLys), and LAB and lysine (adLAB+Lys) prior (0 h) and after 24 h of fermentation (n = 1)

Item Experiment 2

Experiment 3

Control adLAB! Control adLAB! adLys? adLAB! +Lys?
Lactic acid bacteria
0h3 4.0 x 104 3.8 x 10* 4.2 x 10* 4.0 x 104 3.9 x 10* 3.8 x 10*
24 h 5.8 x 106 6.7 x 107 5.6 x 106 6.6 x 10° 5.5x10° 6.9 x 108
Yeasts
0h 6.0 x 10? 7.0 x 10? 7.0 x 10? 9.0 x 102 6.0 x 10 1.0 x 10°
24 h 9.9 x 10° 4.0 x 10? 9.7 x 10° 3.7 x 102 1.0 x 10* 5.0 x 102
Molds
0h 3.0 x 102 5.0 x 102 7.0 x 102 1.0 x 103 3.5x10? 6.0 x 102
24 h < 102 <102 <102 <102 < 102 <102
Enterobacteriaceae
0Oh 1.3 x 103 1.5 x 103 2.1 x 103 1.8 x 103 2.3 x 103 1.5 x 103
24 h 1.5 x 103 <102 2.2x 103 <102 2.5x103 <102

ISupplemented with a mixture of Lactobacillus plantarum, Pediococcus pentosaceus, Lactococcus lactis (Lactosan GmbH and Co. KG, Kapfenberg,

Austria) at 2 x 10° CFU/g liquid feed (wet wt.).

2Supplemented with 0.60% lysine on a DM basis (Archer Daniels Midland, Decatur, IL).

SEnumerated prior to inoculation (0 h).
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Table 5. Fermentation products, pH, and dry matter losses (experiment 3) from liquid feed without additive (control), supplemented lactic acid bacteria
(adLAB), lysine (adLys), and lactic acid bacteria and lysine (adLAB+Lys) after 24 h of incubation (n = 8)

Item Treatment SEM? P-values

Control adLAB! adLys? adLAB! +Lys? LAB Lys LAB x Lys
Lactic acid, % DM 4.48° 6.30° 4.40° 6.29* 0.30 < 0.001 0.172 0.301
Acetic acid, % DM 0.82# 0.16° 0.742* 0.16° 0.019 < 0.001 0.072 0.072
Ethanol, % DM 0.76%° 0.08" 0.81>° 0.07° 0.016 < 0.001 0.140 0.040
pH 4.19° 3.75b 4.232 3.76° 0.013 < 0.001 0.030 0.310
Dry matter losses, % 15.6° 8.120 14.5° 6.73% 1.003 < 0.001 0.224 0.889

'Supplemented with a mixture of Lactobacillus plantarum, Pediococcus pentosaceus, Lactococcus lactis (Lactosan GmbH and Co. KG, Kapfenberg,

Austria) at 2 x 10° CFU/g liquid feed (wet wt.).

2Supplemented with 0.60% lysine on a DM basis (Archer Daniels Midland, Decatur, IL).

3Standard error of the means.
“Control vs. adLys, P = 0.061.
SControl vs. adLys, P = 0.067.
“*Means with different superscript letters are significantly different.

Table 6. Free lysine, cadaverine and biogenic amines in liquid feed fermented without additive (control), supplemented lactic acid bacteria (adLAB),
lysine (adlLys), lactic acid bacteria, and lysine (adLAB+Lys) for 24 h (n = 8; mean concentration = SD in parentheses)

Item Treatment P-value
Control adLAB! adLys? adLAB'+Lys?

Free lysine, #n above DL%/total n 0/8 0/8 0/8 8/8 (0.54 = 0.024%) <0.001

Cadaverine, # above DL*total n 0/8 0/8 8/8 (0.89 = 0.510%) 0/8 <0.001

Biogenic amines, 7z above DL*/total n 0/8 0/8 8/8 (0.97 = 0.491%) 4/8 (0.18 = 0.020%) <0.001

!Supplemented with a mixture of Lactobacillus plantarum, Pediococcus pentosaceus, and Lactococcus lactis (Lactosan GmbH and Co. KG, Kapfenberg,

Austria) at 2 x 105 CFU/g liquid feed (wet wt.).

2Supplemented with 0.60% lysine on a DM basis (Archer Daniels Midland, Decatur, IL).

3Detection limit < 0.05 mg/kg DM.
“Detection limit < 0.14 mg/kg DM.
SDetection limit < 0.04 mg/kg DM.

Damgaard Poulsen, 2003; Canibe et al., 2007). To the best
of our knowledge, patterns of pH decline over time in re-
sponse to LAB addition (experiment 1) have not been re-
ported so far. Lactic acid bacteria use simple carbohydrates
as a main substrate, as evident by the greatly reduced sugar
content of the feed after fermentation (Table 2). However,
differences in sugar content among treatments were only
observed in experiment 3, with numerically lower residual
sugar levels in adLAB and adLAB+Lys. Lactic acid bacteria
predominantly convert monosaccharides to lactic acid, but
also to small amounts of acetic acid and CO, (Scholten,
2001).

The fermentation of liquid feeds can be expected to re-
duce the microbial contamination of the feed, but commonly
also results in a decrease of pH in the gastrointestinal tract,
which can stabilize gut health (Canibe and Jensen 2003;
Bunte et al., 2019). Typically, pH < 4.5 prevent the growth
of undesired microorganisms such as enteropathogenic E.
coli, Salmonella, and Klebsiella in the gut (Scholten et al.,
1999; Merrell and Camilli, 2002). Enteropathogenic E.
coli can cause neonatal and post-weaning diarrhoea in pigs
but also have zoonotic potential (Fairbrother et al., 20035).
Furthermore, low pH in the gastrointestinal tract will pro-
mote the activity of pepsin, which improves the utilization
of proteins (Scholten et al., 1999). When investigating the
fermentation profiles in detail, it is interesting to note that
in the samples without added LAB, a second, much less

pronounced drop in pH appears to be present after approxi-
mately 18 h of fermentation. This effect was present in all
eight replicates. It can only be hypothesized that additional
substrate becomes available and initiates further microbial
activity around this time point. However, despite this second
decrease, the low pH of adLAB was still not reached by the
control within 24 h.

The results of analysis of the free lysine, cadaverine, and
biogenic amines indicate that the inoculation with LAB
can greatly reduce the risk of microbial breakdown of free
AA in liquid feed (Table 6). The supplemented lysine in the
adLAB+Lys treatment was almost entirely preserved and the
adLAB+Lys samples contained no cadaverine and only low
concentrations of biogenic amines. In contrast, no free lysine
was detected in adLys; instead, all eight samples contained
biogenic amines and cadaverine. This is in agreement with
Kramer et al. (2015) who reported that free AA, like crys-
talline lysine, were entirely lost during fermentation of li-
quid feed without added LAB. The main pathway for lysine
catabolism in liquid feed is the microbial decarboxylation
with the formation of biogenic amines, such as cadaverine
as a main end product (Shelef et al., 1998; Marino et al.,
2000). Enterobacteria, which have high proteolytic poten-
tial, are frequently present in unfermented liquid feed (Jensen
and Mikkelsen, 1998). Lactic acid concentration between
75 and 100 mM inhibits the growth of Enterobacteria such
as E. coli in liquid feed (Beal et al., 2002), but evidently the
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concentration of lactic acid in the adLys treatment was not
high enough to suppress proteolytic activity throughout the
entire length of fermentation. To avoid the risk of microbial
decarboxylation, it is recommended that supplemental AA
are added to the ration after the fermentation. However, even
if AA are added to the diet before feeding, the bulk of the
fermented liquid feed will stay in the feeding system for some
time before consumption, which might still lead to a loss of
free AA, if the pH of the liquid feed is not low enough to sup-
press any proteolytic activity. In addition to the economic loss
caused by the breakdown of supplemented AA, formation of
biogenic amines also reduces the palatability of fermented
liquid feed and represents a considerable toxicological risk
(Niven et al., 2006).

In addition to biogenic amines, ethanol is another sub-
stance with potential to decrease the palatability of liquid
feed (Jensen and Mikkelsen, 1998). Increased concentrations
of ethanol in treatments without added LAB (control and
adLys) are in agreement with numerically higher yeast counts
in the combined samples of replicates without added LAB.
The greater presence of yeast led to the higher concentration
of ethanol in the control and adLys. Besides the production of
ethanol, the presence of yeast can also lead to the formation
of other substances with negative impact on feed intake, like
amyl alcohol (Jensen and Mikkelsen, 1998; Missotten et al.,
2015).

The present study also demonstrates the positive effect of
LAB addition on the availability of P (Table 3). The phytate-P
content of the unfermented diet was 3.98 g/kg DM (data not
shown). Fermentation reduced the initial phytate-P content
in the control and adLAB treatment by 22.8% and 33.1%,
respectively. Two main effects will have contributed to the
partial breakdown of a phytate-P. Firstly and most import-
antly, the moistening and soaking of the material already lead
to a considerable degree of phytate degradation. Secondly,
this effect appeared to be further augmented by the LAB
supplementation, probably through a faster and lower de-
crease in pH. In this study, it has to be suspected that the ma-
jority of endogenous phytase activity came from wheat and
barley grain, whereas canola meal only has limited phytase
activity. Endogenous phytase activity can be expected to
vary between 800 and 1200 phytase units (FTU) per kg in
wheat and between 400 and 600 FTU/kg in barley; phytase
activity in canola meal is low (16 FTU/kg; Gesellschaft fiir
Erndhrungsphysiologie, 1994; Eeckhout and De Paepe,
1994). Carlson and Daamgaard Poulsen (2003) also meas-
ured the concentrations of phytate in liquid feed (containing
mainly barley or wheat) in an in vitro experiment; and re-
ported that up to 79% of total phytate was degraded within
the first 8 h of pre fermentation. The innate phytase activity
of the added LAB strains might have contributed to the re-
duction in phytase-P in our experiment, but the activation of
native phytase by moisture and low pH is relatively effective
(Kozlowska et al., 1996), and therefore the most likely explan-
ation for the majority of the observed reduction in phytate-P.
Greater degradation of phytate-P in adLAB as compared to
the control can be explained by the extended time adLAB
samples spent under more acidic pH conditions, which are fa-
vorable for most phytases (De Angelis et al., 2003; Brejnholt et
al.,2011). The finding that fermentation of liquid pig feed has
the capacity to reduce phytate-P has already been reported by
others (Carlson and Damgaard Poulsen, 2003). In line with
those previous reports, it can be suspected that the need for

P supplementation in pigs offered prefermented liquid feed
could potentially be decreased, due to increased availability
of P. The prefermentation of liquid feed might therefore be
particularly attractive in organic farming programs that do
not allow usage of in-feed phytase. A further interesting as-
pect may be the supplementation of exogenous phytases at
the beginning of fermentation, which could result in a further
increase in P availability due to the extended incubation time
at near optimal pH for phytase activity.

Even though homofermentative lactic acid fermenta-
tion is commonly associated with lower DML compared
to heterofermentative fermentation, some DML is practic-
ally unavoidable. For example, 10% DML are reported for
corn silage and 9% for grass silage when stored in bunker
silos from beginning of fermentation until feed-out (Kohler
et al., 2013). Causes of DML during fermentation are losses
from aerobic respiration due to residual oxygen at the start
of the fermentation, and losses occurring during anaerobic
fermentation. Even though the basic process of fermentation
of liquid feed will be similar to those in silages, there are sig-
nificant differences between those two substrate groups. In
liquid pig feed, the fermentation process is much shorter, the
DM content is lower, and it contains higher concentrations
of degradable nutrients. In the present study, average DML
of all treatments were roughly within the range described
for silages (14% for fermentations without added LAB and
7% for fermentations with added LAB; averages across treat-
ments). These values account for losses of volatiles according
to CVB (1999). The finding that fermentation with added
LAB resulted in lower DML is expected, as the conversion of
fermentable carbohydrates into lactic acid is associated with
less energetic and mass loss compared to the formation of
other end products like ethanol and acetic acid. Both ethanol
and acetic acid concentrations were higher in the control and
adLys compared to adLAB and adLAB+Lys. Relatively few
studies quantified DML during the process of liquid feed
fermentation. Moran (2001) reported a DML of 12% for
a grain-based diet that was inoculated with Lactobacillus
plantarum and fermented for 4 d at ambient temperature in
a closed tank. In contrast, Scholten et al. (2001) reported
lower DML of 5.1% for a liquid grower and 8.6% DML
for a finisher diet after 6 d of fermentation at 23 °C (45 kg
feed batches in 50-liter PVC tanks). A direct comparison of
DML among studies is challenging since the composition of
the diets, fermentation conditions, and the length of fermen-
tation differ substantially among studies. It is also uncertain
how closely DML values generated under experimental con-
ditions are reflective of actual DML of liquid feed systems
on-farm. Small bench scale approaches like the one chosen
in our study (1-liter vessels) might produce larger DML com-
pared to large-scale fermentation tanks, as the large surface-
to-volume ratios of small vessels may increase the availability
of oxygen. However, the favorable hygienic conditions of lab
scale fermentations could also lead to lower DML compared
to on-farm, as the risk of contamination with undesired
microorganisms is lower. In any case, the results of DML
prompt further investigations as their magnitude seems to
be sizable even under ideal conditions (low level of microbial
contamination, inoculation with LAB, and relatively rapid
drop in pH). Better knowledge of the causes and extent of
DML could help us to justify the investment in inoculants
and improve the quality of fermented liquid feed. Other fac-
tors that will need to be considered in a cost benefit analysis



of controlled fermentation of liquid feed are the positive
impact on feed hygiene and palatability and potential cost
savings due to the reduced need of phytase supplementa-
tion. Although controlled fermentation of liquid feed also
seems to have a positive impact on animal health (Bunte et
al., 2019), the impact on feed conversion efficiency is not
consistent among studies and should be further investigated
(Mikkelsen and Jensen 1998; Canibe et al., 2007; Bunte et
al., 2019).

Overall, inoculation of liquid pig feed with LAB prior to
fermentation led to a faster reduction in pH compared to the
noninoculated control. This study is one of the few to report
DML in response to fermentation; DML decreased from ap-
proximately 14% to 7% when supplemented with LAB as
an inoculant. Despite a lag time of 6 h for any reduction in
pH, fermentation with LAB also reduced the breakdown of
supplemented lysine to biogenic amines. In addition, LAB-
controlled fermentation increases availability of phytate-P
compared to fermentation without supplemented LAB.
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