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lactic acid bacteria that inhibit Escherichia coli in vitro
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Summary

Objectives: To determine the fermentation
dynamics of liquid whey-dextrose (FLWD)
inoculated with lactic acid bacteria (LAB)
and whether feeding FLWD inoculated
with LAB and added to a basal dry diet
without antibiotics affects growth, feed
efficiency, and health of weanling pigs.

Materials and methods: One hundred and
forty newly weaned pigs were assigned to
five dietary treatments (four pens of seven
pigs per treatment). Three FLWD prepara-
tions inoculated with either human- or pig-
origin LAB strains were added to a basal
dry feed. The fourth FLWD preparation
contained no LAB. The fifth diet was the

basal dry feed containing 0.1% lincomycin
(control). LAB strains were mixed with
FLWD prior to fermentation. Dry matter
(DM), pH, and LAB counts of diets were
measured daily during the 5-day fermenta-
tion period and the first 2 days of storage.
Growth performance was recorded and
rectal swabs were collected weekly. Fecal
consistency was evaluated daily.

Results: The pH and DM of fermented
feed decreased and total LAB increased
over time. Average daily gain and feed
intake were highest in controls. Prevalence
and severity of diarrhea were greater in
pigs consuming LAB-inoculated diets than
in control pigs. Mortality did not differ

among treatment groups. Fewer hemolytic
Escherichia coli were recovered from pigs

fed FLWD.

Implications: Fermented liquid feeds do
not consistently promote better growth
performance and health in weanling pigs.
Use of LAB in starter feed may inhibit
enteric E coli; however, further studies
are needed to determine whether specific
strains of LAB may prevent postweaning
diarrhea.
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Resumen - Efectos en el desempefio
del crecimiento, eficiencia alimenticia,
y salud de cerdos recién destetados
alimentados con suero de leche liquido
fermentado inoculado con bacteria de
dcido ldctico que inhibe in vitro a la
Escherichia coli

Objetivos: Determinar la dindmica de fer-
mentacién de la dextrosa de suero liquido
(FLWD por sus siglas en inglés) inoculada
con bacterias de 4cido ldctico (LAB por sus
siglas en inglés) y determinar si el alimentar
con la FLWD inoculada con LAB agregada
a una dieta base seca sin antibidticos afecta
el crecimiento, la eficiencia alimenticia, y la
salud de los cerdos recién destetados.

Materiales y métodos: Ciento cuarenta
cerdos recién destetados fueron asignados
a cinco tratamientos dietéticos (cuatro
corrales de siete cerdos por tratamiento).
Se agregaron tres preparaciones de FLWD
inoculadas con cepas de LAB de origen
humano o de cerdo a un alimento base
seco. La cuarta preparacién de FLWD

no contenfa LAB. La quinta dieta fue el
alimento base seco que contenia 0.1%

de lincomicina (control). Se mezclaron

las cepas de LAB con FLWD antes de la
fermenatacién. Diariamente se midieron la
materia seca, el pH, y el conteo de LAB de
cada dieta durante los 5 dias del periodo
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de fermentacién y los 2 primeros dias de
almacenaje. Se registré el desempefio del
crecimiento de los cerdos y se recolectaron
hisopos rectales semanalmente. La consis-
tencia fecal se evalud diariamente.

Resultados: El pH y la DM (materia

seca por sus siglas en inglés) del alimento
fermentado disminuyd y la LAB total
aument6 con el tiempo. El grupo control
presentd la ganancia diaria promedio y

el consumo de alimento mds altos. La
prevalencia y severidad de la diarrea fueron
mayores en los cerdos que consumieron
alimento inoculado con LAB. La mortali-
dad no difirié entre los tratamientos. Se

recuperd menos Escherichia coli hemolitica
de los cerdos alimentados con FLWD.

Implicaciones: Los alimentos liquidos fer-
mentados no promueven consistentemente
un mejor desempefio del crecimiento y
salud en cerdos recién destetados. El uso
de LAB en alimento de iniciacién puede
inhibir la £ coli entérica; sin embargo,

se necesitan estudios adicionales para
determinar si las cepas especificas de LAB
pueden prevenir la diarrea post destete.
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Résumé - Effets du lactosérum fermenté
inoculé avec des bactéries lactiques
inhibant Escherichia coli in vitro sur les
performances de croissance, Iefficacité
alimentaire, et la santé de porcelets sevrés

Objectifs: Déterminer les dynamiques

de fermentation de lactosérum-dextrose
liquide (FLWD) inoculé avec des bactéries
lactiques (LAB) et déterminer si I'ajout

de FLWD inoculé avec des LAB i la diete
seche de base sans antibiotique influengait
la croissance, I'efficacité alimentaire, et la
santé de porcelets sevrés.

Matériels et méthodes: Cent quarante
porcelets récemment sevrés ont été répartis
dans cinq groupes de traitement alimentaire
(quatre parcs de sept porcs par traitement).
Trois préparations de FLWD inoculées avec
des souches de LAB d’origine humaine ou

porcine ont été ajoutées A la diete seche de
base. La quatrieme préparation de FLWD
ne contenait aucune LAB. La cinquieme
diete érait constituée de la diete seche de
base additionnée de 0,1% de lincomycine
(témoin). Les souches de LAB étaient
mélangées avec le FLWD avant la fermenta-
tion. La quantité de mati¢re seche, le pH, et
le dénombrement de LAB de chaque ditte
éraient mesurés quotidiennement durant

la période de fermentation de 5 jours et

les deux premiers jours d’entreposage. Les
performances de croissance des porcs étaient
enregistrées et des écouvillons rectaux pré-
levés a chaque semaine. La consistance fécale
érait évaluée quotidiennement.

Résultats: Le pH et la quantité de matiere
séche des aliments fermentés ont diminué
et le nombre de LAB total a augmenté avec
le temps. Le gain quotidien moyen et la

quantité de nourriture ingérée étaient les
plus élevés chez les témoins. La prévalence
et la sévérité de la diarrhée étaient plus
élevées chez les porcs consommant de la
nourriture inoculée avec le LAB. Le taux de
mortalité ne différait pas parmi les groupes
d’animaux traités. Une quantité moindre

d Escherichia coli hémolytique a été isolée
des porcs nourris avec FLWD.

Implications: Les aliments liquides
fermentés ne favorisent pas de manitre
constante de meilleures performances de
croissance et la santé de porcelets sevrés.
Lutilisation de LAB dans les aliments de
départ peut inhiber les E coli entérique;
toutefois, des études supplémentaires

sont nécessaires afin de déterminer si des
souches spécifiques de LAB peuvent préve-
nir la diarrhée en période post-sevrage.

he potential removal of antimi-

crobials from farm-animal feeds

has stimulated a renewed interest
in the use of probiotics. Probiotics are liv-
ing microorganisms that may exert health
benefits upon ingestion. For example, they
may help to balance disturbed intestinal
microflora induced by weaning, control
enteric diseases, and promote growth.
The most commonly used probiotics for
pigs include lactic acid-producing bacteria
(LAB), (eg, Lactobacillus, Enterococcus, and
Bifidobacterium species) and yeasts, particu-
larly Saccharomyces species.'

As reviewed by Fairbrother et al® and Con-
way, the effects on growth performance and
pig health have been inconsistent when pro-
biotics are added to dry diets. Freeze-dried
probiotics can be administered in tablets or
capsules, paste, powder, or granules, either
administered directly or provided in feed.”
An alternative to delivering large numbers of
LAB is the use of fermented feed, in which
LAB are present as viable cells and addi-
tionally, metabolites produced during the
fermentation process are included.?

Fermentation of feed protein may reduce
protein quality and produce biogenic
amines and ammonia, which may be toxic
and negatively influence animal perfor-
mance.'? Using carbohydrate-rich feed-
stuffs for fermentation may have a more
favorable effect on growth of pigs than
feeding complete compound diets.!! Whey
is one of the most commonly used of a

wide range of available co—products.12

Therapeutic fermented feeds contain LAB
selected for properties enabling them to

survive passage through the gastrointestinal
tract.!3-1¢ If fermentation of liquid feed for
pigs could be successfully controlled by use
of such bacterial inoculants, then the risk
of postweaning coliform diarrhea might

be reduced. This in turn would improve
growth rate, feed efficiency, and well-being
of weaned pigs. Bacterial inoculants could
replace expensive organic acids, antibiotics,
or both in weanling pig diets and contrib-
ute to efforts to reduce overall antimicro-
bial use in pigs.lo’14

The main objective of this study was to
examine the effect on growth performance,
feed efficiency, and health (represented by
diarrhea scores) of weanling pigs fed liquid
diets containing fermented liquid whey
plus dextrose (FLWD) inoculated with dif-
ferent species or strains of LAB. A second
objective was to determine the fermenta-
tion dynamics of liquid whey-dextrose
mixtures inoculated with different LAB by
measuring the pH, dry matter (DM) con-
tent, and LAB counts of the whey-dextrose
mixtures.

Material and methods

Experimental design

Two 21-day trials were conducted at the
University of Guelph Swine Research
Station. Each trial evaluated five dietary
treatments (Table 1) which were fed from
Day 0 to Day 21 of both trials. A total

of 70 pigs per trial were ear tagged and
weighed 1 day before weaning and were
identified in each trial by weight and litter.
On the day of weaning (Day 0), pigs were

assigned to treatments, with littermates

and mean initial body weights distributed
evenly among treatments. Pigs were housed
in two contiguous pens per treatment, with
two contiguous pens left empty between
treatment blocks. This study was approved
by the University of Guelph Animal Care
Committee and conducted according to
the guidelines of the Canadian Council of
Animal Care.!”

Animals and housing

Seventy Yorkshire piglets were used in each
trial, with an average weaning age of 19.3
* 1.4 days in the first trial and 22.9 £ 2.8
days in the second trial, and an average
body weight (BW) of 6.6 £ 0.99 kg in the
first trial and 7.2 + 0.86 kg in the second
trial. Before weaning, piglets had free access
to water but did not receive creep feed.
Nursery pens had fully slatted floors and
were equipped with feeders divided into
four feeding places. The nursery room was
emptied, cleaned, disinfected, and dried
prior to use.

Experimental diets

The Group 5 feed was a dry mash (basal
diet) supplemented with 0.1% lincomycin
and growth-promoting levels of zinc oxide
and copper sulfate (Table 1). Groups 1
through 4 were fed FEWD diets mixed
with the basal diet without growth-promot-
ing supplements (Table 1). For Group 1
pigs, the liquid whey-dextrose mixture was
allowed to ferment naturally and then was
mixed with the basal diet at a ratio of 1:1
just before feeding. Diets for Groups 2, 3,
and 4 were prepared similarly, but bacterial
inocula were added to the whey-dextrose
mixture at the beginning of the fermentation
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Table 1: Five dietary treatments evaluated in a weanling pig performance

study*

Group Fermented Dry feed Lactic acid bacteriat

liquid whey

1 Yes No antibiotics No

2 Yes No antibiotics Lactobacillus rhamnosus,
Lactobacillus reuteri
(human origin)

3 Yes No antibiotics Lactobacillus plantarum (pig
origin), strains 23E13,98L11,
2P11

4 Yes No antibiotics L plantarum (pig origin),
strains 62E11,62E21,2P22

5 No 0.1% lincomycin ~ No

* Seventy pigs per trial (28 pigs per treatment) were weaned and assigned to treat-
ments at approximately 3 weeks of age. Diets were fed for 21 days in each of two

trials.

1 Composition of basal dry diet: Digestible energy, 13.69 mJ/kg; protein, 20.35%; fat,
4.86%; sodium, 0.24%; potassium, 0.81%; calcium, 0.78%; phosphorus, 0.63%; chloride,
0.42%; total lysine, 1.29%; digestible lysine, 1.17%; digestible methionine-cystine,
0.62%; digestible tryptophane, 0.22%; methionine, 0.34; cystine, 0.27%; whey, 7.5%.
The dry diet fed to Group 5 was supplemented with growth-promoting levels of zinc
(140 Ul/kg) and copper sulphate (25 Ul/kg).

1 For Group 1, naturally fermented liquid whey-dextrose, and for Groups 2, 3,and 4,
liquid whey-dextrose fermented with lactic acid bacteria, were mixed 1:1 with the

basal diet just before feeding.

step. For Group 2, the inoculum contained
Lactobacillus rhamnosus (strain GR-1) and
Lactobacillus reuteri (formerly Lactobacillus
fermentum) (strain RC-14), both of human
origin. These human probiotic strains have
been well characterized, are tolerant to bile,
and were selected as a result of extensive in
vitro and human studies.!8 The inocula for
Groups 3 and 4 each contained three differ-
ent isolates of Lactobacillus plantarum of pig
origin (isolated from either nursing or wean-
ling pigs). These six L plantarum strains
were selected for their tolerance to pH 4 and
0.3% bile acids in laboratory studies and

for their ability to inhibit different strains of

enterotoxigenic Escherichia coli in vitro.1?

Preparation of inocula for fer-
mented liquid-whey diets

To prepare the inocula, the LAB were
grown anaerobically at 37°C for 48 hours
on Mann-Rogosa-Sharpe (MRS) agar
plates (Oxoid, Baisngstoke, UK). A McFar-
land 3 suspension (approximately 9 x 108
colony forming units [CFU] per mL) was
prepared in sterile phosphate buffered
saline (PBS; pH 7.4). Three mL of each
suspension was used to inoculate 27 mL of
sterile MRS broth and this was incubated

aerobically for 48 hours. The inocula were
prepared individually for each LAB.

Preparation of fermented liquid
whey-dextrose

The four different liquid whey-dextrose
mixtures were prepared using 20-L plastic
storage jugs. In each jug, nonhygroscopic
whey powder (Pestell, New Hamburg,
Ontario, Canada; 2.5 kg) and dextrose
(Cerelose; Corn Products US, Westchester,
Ilinois; 2.5 kg) were mixed with distilled
water (15 L) for 15 minutes. Three jugs
were inoculated with their respective LAB
(Groups 2, 3, and 4; 25 mL per jug). After
inoculation, jugs were rotated by hand for
10 minutes to mix the contents. A fourth
jug of liquid whey-dextrose was not inocu-
lated with LAB. The four jugs were incu-
bated at 37°C for 5 days, then stored at 4°C
at the farm until fed. Four batches of FLWD
mixtures were prepared for each treatment
in each trial. Feeding of each batch began on
the last day of fermentation.

Testing for pH, DM, and LAB
counts in liquid-whey mixtures
Immediately after the liquid-whey mixtures
were inoculated with LAB and then on

each of the 5 days of incubation and the
first 2 days of storage, a 20-mL sample was
collected from each FLWD for determina-
tion of pH, DM content, and LAB counts
Immediately before sampling, the liquid
whey was stirred for at least 5 minutes.

The pH of the mixture was measured daily
using a pH meter (Accumet AR15; Fisher
Scientific Company, Pittsburg, Pennsylva-
nia). Samples were stored at -20°C until

the end of each trial when all samples were
thawed at room temperature and tested as a
batch. A pooled sample was prepared for the
four batches of each FLWD and tested in
duplicate for DM content by drying in an
oven at 103°C for 24 hours. To determine
the numbers of CFU per mL of FLWD
mixture, serial 10-fold dilutions of the liquid
whey were made in PBS (pH 7.2). Aliquots
of the 10° to 10? dilutions were inoculated
onto MRS agar and incubated anaerobi-
cally at 37°C for 48 hours. Colonies were
counted on each plate, and the concentra-
tions per mL of mixture were calculated and
expressed as base 10 logarithms.

Testing pig-origin LAB strains for
acid and bile tolerance and inhibi-
tory activity against Escherichia coli
LAB isolates were cultured on MRS agar.
Colonies were suspended in 10 mL of
PBS (pH 7.2) to achieve a concentration
approximating a McFarland 2 suspen-
sion (6 x 108 CFU per mL). One mL

of suspension was cultured either in
unsupplemented MRS broth (control) or
in MRS broth containing HCI (pH 2 and
pH 4) or dried unfractionated bovine bile
(Sigma Chemical Company; 1.5 gand 3 g
of bile per mL of MRS to prepare broth
containing 0.15% and 0.30% bile, respec-
tively). Optical absorbance (ODgp0) was
determined at the time of inoculation and
after aerobic culture at 35°C for 24 hours,
and changes in absorbance were calculated.
Tolerance to pH or bile was calculated as
the percentage of growth of LAB in each
MRS medium compared to growth in the
control broth. Isolates were considered
resistant to acid or bile when the ODgyg
of the supplemented MRS broth after 24
hours culture was > 90% of that of the
control broth; moderately resistant when
the ODg;( was > 70% but < 90% of that
of the control broth; slightly resistant when
the ODg;( was > 40% but < 70% of that
of the control broth; and poorly resistant
when the ODg,g was < 40% of that of the
control broth.
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Inhibitory activity of the isolates against

E coli was determined by evaluating the
effect of cell-free LAB culture supernatant
on the growth rate of an O149:F4-positive
E coli strain (JG-280). Briefly, LAB strains
were cultured at 37°C in MRS broth in an
anaerobic environment, then centrifuged at
3800g¢ for 10 minutes at 4°C. Supernatant
was passed through a 0.2-um syringe filter
(Fisher Scientific Ireland Ltd, Dublin, Ire-
land). A control was prepared by adjusting
MRS broth to the pH of the supernatant
with HCI. Supernatants were frozen at
-80°C for 24 hours and then concentrated
10-fold by freeze drying (Freeze Drying
System; Thermo Savant, Farmingdale, New
York) for 36 to 48 hours. Escherichia coli
strains were cultured aerobically in dupli-
cate on blood agar for 24 hours at 37°C.
A McFarland 2 suspension was prepared
and 100 pL of each E coli suspension was
diffusely inoculated onto tryptic soy agar
(TSA) with a swab. Six 6-mm diameter
full-thickness wells were cut out of each
agar plate. Freeze-dried LAB were recon-
stituted with sterile water to one tenth of
the original volume (approximately 700
pL). Seventy pL of a LAB suspension

was placed in each well. Reference LAB
strains included an equine-origin strain,
Lactobacillus pentosus WE7?° (pH 3.7), and
a human-origin strain, L rhamnosus GG!8
(pH 3.7). Following aerobic incubation of
the TSA plates at 37°C for 24 hours, the
diameter of the zone of inhibition around
each well was measured.

Growth-parameter calculations

Pigs were individually weighed weekly
(Days -1, 7, 14, and 21) on an electronic
scale accurate to 0.1 kg, and ADG was cal-
culated per week. The liquid whey-dextrose
mixed with the dry feed was offered once

a day to the pigs, and feed remaining was
removed the following day prior to offering
fresh feed. Feed intake (disappearance or
usage) per day per pen was calculated as
the weight of the feed offered minus the
weight of the feed remaining in the feeder.
Although feed wastage through the floor
slats was observed, this was not taken into
account to calculate daily feed intake. The
approximate DM in the feed offered to

the pigs was calculated daily by adding the
DM content of the liquid whey at day 5 of
fermentation and the DM of the dry feed,
assuming an average DM of 88% for the
dry feed. The DM of unconsumed feed
was similarly calculated daily assuming a

ratio of 1:1 of liquid whey-dextrose and
dry feed remaining in the feeder.

The feed-to-gain (F:G) ratio was calculated
at pen level as average daily feed intake
(ADFI) divided by mean ADG per pen
and expressed as kg of feed per kg of body
weight gained.

Fecal consistency was evaluated for each pig
daily by a person blinded to treatment. The
following criteria were used: 0 = firm dry
feces; 1 = soft and pasty feces; 2 = yellowish
fluid feces; 3 = clear water-like feces.

Culture of rectal swabs for E coli
Rectal swabs were collected from each

pig on Days 0 and 14 and cultured on
MacConkey agar and sheep blood agar.
Suspected hemolytic E coli colonies on the
blood agar plates were considered for fur-
ther investigation. The slide agglutination
test for F4 and O149:K91 antigens was
performed for each hemolytic isolate using

standard techniques.?!

Necropsy procedures

Three pigs on Day -1, and one pig on

each of Days 7 and 21, were euthanized

by IV injection of sodium pentobarbital
(Euthanasol; Schering-Plough Animal
Health, Division of Schering Canada,
Pointe Claire, Quebec, Canada) for culture
of intestinal content. On Day -1, a con-
venience sample of three pigs was selected
from the farrowing room for euthanasia.
On Day 7, the pig with the median body
weight in each pen was selected. On Day
21, with an uneven number of pigs in each
pen, a random table was used to select

one of the two pigs ranked in the median
body weight for the pen. Weaned pigs
were euthanized 24 hours after their last
meal. Samples of stomach, small and large
intestine, and cecal contents were obtained
from each pig for pH determination (Days
-1,7,and 21) and LAB counts (Days -1
and 7). For each sample type, pH was
determined within 1 hour of sample collec-
tion using a pH metre (Accumet Research
AR15). Necropsies were performed on all
pigs that died or were euthanized during
the trial. Qualitative evaluations of the pig’s
intestinal tract contents and body condi-
tion were performed at post mortem.

Statistical analysis

The association between treatments and
pH, LAB counts, and DM content of
the FEWD were analyzed in a mixed

model with repeated measures and tak-
ing into consideration the fixed effects of
treatment and day of fermentation. The
crossed effects of trial and treatment were
considered random effects. Analysis was
performed in SAS Version 9.1 (PC/SAS
Institute Inc, Cary, North Carolina). A
post hoc comparison test (preplanned #
test) was performed to identify treatment
groups that differed significantly. A log 10
transformation was performed on LAB
counts in order to approach a normal dis-
tribution. Results were expressed as mean =
standard error (SE).

The ADG, ADF]I, and F:G ratio at pen
level were subjected to analysis of variance
using the General Linear Model of SAS.
For ADG, ADFI, and F:G ratio, the model
included trial number, treatment, and the
repeated effect of week with all possible
interactions. Where treatment was sig-
nificant, a post hoc comparison test (pre-
planned # test) was performed to identify
treatments that differed significantly.

Results of testing the pH of the stomach,
small intestine, cecum, and colon contents
were analyzed using the Mixed procedure
in SAS. The models included treatment
and the repeated effect of week. Trial was
removed from the model of the pH of
stomach, small intestine, cecum, and colon
contents because of the small sample size.
Results are expressed as least squares means

+ SE.

Diarrhea scores by treatment were analyzed
by the Kruskal-Wallis one-way nonpara-
metric test. Sum ranks of the treatment
groups were compared using the Wilcoxon
rank sum test.

Descriptive statistics were used for mortal-
ity, and treatment groups were tested for
association with hemolytic E coli-positive
culture using a chi-square test. These latter
analyses were performed in Stata (Inter-
cooled Stata 8 for XP, 2003; Stata Corpora-
tion, College Station, Texas).

Results

Characteristics of pig-origin LAB
The LAB of pig origin selected for this
experiment showed moderate growth in
broth at pH 4 and in 0.15% bile (70% to
90% of growth in control broth). Growth
in 0.30% bile ranged from slight to mod-
erate (42% to 85% of growth in control
broth). All isolates were poorly resistant to
pH 2 (< 7% of growth in control broth).
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The diameter of the zone of inhibition for
the pig-origin LAB was >15 mm (range
15.7 to 17.5 mm for the six strains). The
average zones of inhibition for the reference
strains were 13.7 + 0.11 mm (L rhamnosus
GG) and 15.0 £ 0.4 mm (L pentosus WE7).

Changes in pH, DM, and LAB
counts in fermenting liquid-whey
mixtures

The pH and DM of the liquid whey-dex-
trose mixtures decreased in all treatments
during fermentation (P < .001) (Table 2)
and there was a treatment effect on pH
(P < .01). Immediately after fermentation
began and one day later, pH differences
were not observed among the liquid whey-
dextrose mixtures. On the second day of
fermentation, the pH of the Group 2 whey-
dextrose mixture was lower than that of the
Group 1 (naturally fermenting) mixture

(P = .04) and tended to be lower than
those of the Group 3 and 4 liquid mixtures
(P =.08). No differences were observed for
other days. A pH value of < 4 was reached
on the third day of fermentation in the
Group 2 and 3 liquid whey-dextrose mix-
tures, on the fourth day of fermentation in
the Group 4 mixture, and on the fifth day
of fermentation in the Group 1 mixture.

The log 10 LAB count was associated

with treatment (P < .001) and day of fer-
mentation (< .001). On the day of LAB
inoculation, the log 10 LAB count was
significantly lower for the Group 1 fermen-
tation mixture than for the Group 2, 3,
and 4 mixtures (P < .01), and increased in
all five mixtures during the first 24 hours
of fermentation. No differences in log 10
LAB counts were observed among fermen-
tation mixtures during the remaining 5-day
fermentation period (Table 2).

Growth parameters

The least squares means for ADG, ADFI,
and F:G ratio are presented in Table 3.
The ADG model showed a significant effect
of trial (P <.001), treatment (P < .01),

and week (P < .001). The interaction of
treatment and week was also significant

(P < .01); therefore, ADG data were ana-
lyzed within week. Differences in ADG
were observed in the third week of Trial

1. Group 5 ADG was higher than that

of the other groups (P < .01). Moreover,
ADG was higher in Groups 3 and 4

than in Group 2 (P =.03 and P = .02,
respectively). In the ADFI model, trial,
treatment, and week and the interaction of
trial*week and treatment*week were sig-
nificant effects (P < .001). The three-way
interaction of treatment, trial, and week
was significant (P = .02). Analysis within

Table 2: Mean (+ SE) of pH, dry matter (DM) content, and counts of lactic acid bacteria (LAB) in three liquid fermented
whey-dextrose mixtures inoculated with different LAB (Groups 2, 3,and 4) and in one naturally fermented whey-dextrose

mixture (Group 1)*

Days of fermentation

0 1 2 3 4 5 6 7
Group 1 pHt 54+0.10 52+0.16 45+0.01* 42£0.01® 41+0.04® 39+£0.02 39+£0.01 4.1+£0.18
DM (%) 19.5£0.03% 20.7+038 195+040 17.6+1.63 16.0+1.06 14.5+1.32 ND ND
LAB 28+068 6.2+035 82+0.18 84+0.18 85+£0.10 89%0.12 ND ND
(log 10)§
Group2  pHf 54+020 50+030 4.1+0.05° 39+004°> 394003 38+009 3.8+007 3.8+0.09
DM (%) 20.4+0.04> 210+006 19.6+040 17.0+0.07 166+1.22 153+1.40 ND ND
LAB 58+0.05° 85+0.15 89+£002 894006 92£022 9.0+0.00 ND ND
(log 10)§
Group 3 pHt 5.4+0.20 50+0.18 4.4+0.012® 40+0.022> 39+0.03* 384005 3.8+0.03 3.8+0.07
DM (%) 21.4+0.04¢ 21.0+096 192+0.16 18.0+£0.71 16.4+1.57 156+1.70 ND ND
LAB 54+029° 76+076 8.0+0.01 85+024 89+0.06 89%0.10 ND ND
(log 10)§
Group 4 pHt 5.4+0.20 50+025 44+002%° 41+0.04%P 38+004> 384004 3.8+0.04 3.9+0.08
DM (%) 183+0.009 19.7+0.36 186+0.14 169+177 163+0.21 145+0.38 ND ND
LAB 62+0.15° 83+002 84+006 87+0.18 9.1£013 9.0£0.03 ND ND
(log 10)§

after inoculation with LAB.Treatment groups are described in Table 1.

1 After controlling for time in the Mixed model, pH differed among groups over time (P < .001). Differences were observed between
Groups 1 and 2 (P <.001), between Groups 1 and 3 (P <.01),and between Groups 2 and 4 (P < .01).The pH tended to differ (P < .10)
between Groups 1 and 4 and between Groups 2 and 3.

1 After controlling for time in the Mixed model, DM did not differ among treatments over time.

§ After controlling for time in the Mixed model, LAB log 10 differed among Groups over time (P < .001). Differences were observed
between Group 1 and Groups 2,3,and 4 (P <.001).

abcd For each parameter, values with different superscripts within a column differ significantly (P < .05; pre-planned t test).

ND = not done.

Liquid whey-dextrose mixtures were incubated at 37°C for 5 days, then stored at 4°C.The first samples were collected immediately
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Table 3: Average daily gain (ADG), average daily feed intake (ADFI), and feed:gain (F:G) (least squares means) for groups of
pigs weaned at approximately 3 weeks of age (Day 0) and fed four different fermented liquid whey-dextrose diets and a

conventional dry diet*

Group 1 Group 2 Group 3 Group 4 Group 5 SE P
ADG (kg/day)
Trial 1 (28 pigs per group)
Days-1to7 0.07 0.07 0.09 0.08 0.05 0.004 a3
Days 8to 14 0.09 0.15 0.15 0.14 0.19 0.012 .95
Days 15 to 21 0.29%P 0.192 0.30° 0.31° 0.46¢ 0.014 <.01
Days -1 to 21 0.15 0.14 0.20 0.17 0.23 0.015 31
Trial 2 (28 pigs per group)
Days-1to7 0.05 0.11 0.12 0.10 0.14 0.009 91
Days 8to 14 0.24 0.18 0.22 0.19 0.18 0.008 .70
Days 15 to 21 0.28 0.32 0.40 0.41 0.52 0.022 21
Days -1 to 21 0.19 0.20 0.25 0.23 0.28 0.018 .58
Overall ADG 0.17 0.17 0.23 0.20 0.26 0.012 .28
ADFI (kg/day)t
Trial 1 (28 pigs per group)
Days-1to 7 0.172b 0.172b 0.192 0.162P 0.11° 0.005 .04
Days 8 to 14 0.18 0.25 0.26 0.25 0.26 0.007 42
Days 15 to 21 0.372 0.342 0.412 0.382 0.55° 0.015 <.01
Days -1 to 21 0.24 0.25 0.31 0.26 0.31 0.015 .68
Trial 2 (28 pigs per group)
Days-1to7 0.14 0.15 0.18 0.17 0.19 0.005 .60
Days 8 to 14 0.30 0.32 0.33 0.30 0.36 0.006 .50
Days 15 to 21 0.472 0.492 0.49@ 0.542 0.65P 0.014 .04
Days-1 to 21 0.30 0.32 0.34 0.34 0.40 0.017 .59
Overall ADFI 0.27 0.29 0.32 0.30 0.35 0.013 47
F:G (kg of feed/kg gained):

Trial 1 (28 pigs per group)
Days-1to7 2.60 2.34 2.00 2.10 2.19 0.126 81
Days 8to 14 3.67 1.70 1.70 1.77 1.37 0.380 .66
Days 15 to 21 1.3120 1.752 1.37%0 1.252b 1.20° 0.032 <.01
Days -1 to 21 2.52 1.93 1.69 1.70 1.59 0.135 .84
Trial 2 (28 pigs per group)
Days-1to7 4.02 1.52 1.46 1.67 1.48 0.850 .50
Days 8 to 14 1.25 1.85 1.54 1.60 1.95 0.079 .89
Days 15 to 21 1.66 1.60 1.22 1.34 1.26 0.057 77
Days -1 to 21 2.30 1.64 1.41 1.54 1.56 0.279 51
Overall F:G 241 1.78 1.55 1.62 1.57 0.153 .49

*

1 Calculated on dry matter basis (kg/day)

1 F:G calculated as ADFI (dry matter basis) + ADG
ab \Within a row, means with no common superscript differ (P < .05; pre-planned t test when treatment was significant [P < .05] in the

general linear model).

Diets described in Table 1.Pigs were weighed the day before weaning (Day —1) and weekly thereafter.
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week and trial showed that ADFI at Week
3 was higher in Group 5 than in the other
groups in both Trials 1 and 2 (P =.03 and
P = .04, respectively).

On some days, pigs receiving the fer-
mented liquid diets ate all the feed avail-
able and had to wait for the feeder to be
filled, whereas the pigs receiving the dry
feed were fed ad libitum. This feed-intake
restriction was especially pronounced in
the third week of both trials. No significant
effects of treatment and trial were observed
for F:G, but week was significant (P = .01).
Analysis within week and trial showed that
in Trial 1, F:G at Week 3 was higher in
Group 2 than in Groups 4 and 5. However,
variation in F:G in Group 1 was high in
the first and second weeks of Trials 1 and 2
(data not shown).

Mortality, culture of hemolytic

E coli, and diarrhea scores

The proportion of swabs positive for
hemolytic £ coli on Days 0 and 14 are
presented in Table 4. Two pigs died in
each of Groups 1, 3, and 4; one pig died
in Group 5; and no pigs died in Group 2.

In each of Groups 3 and 4, one pig died
due to diarrhea. In Group 1, two pigs were
euthanized because of anorexia, dehydra-
tion, and severe diarrhea. No mortality due
to diarrhea was observed in Groups 2 and
5. Some pigs were euthanized for reasons
other than diarrhea: one pig for lameness
in Group 5, one pig because of meningitis
in Group 3, and one pig because of respira-
tory problems in Group 4.

No significant differences were observed

in diarrhea scores among treatment groups
in the first trial. In the second trial, the
average diarrhea score was higher in Group
4 than in any other treatment group

(P <.001). Average diarrhea scores com-
bined for both trials were higher in Group
4 than in Group 5 (P = .05) (Figure 1).
The O149:K91:F4 E coli that is commonly
associated with postweaning colibacil-

losis was not recovered from rectal swabs

in these trials. However, other strains of
hemolytic E coli were identified. No signifi-
cant differences among treatment groups
were observed at Day 0. The proportion of
rectal swabs positive for hemolytic £ coli
was higher at Day 14 for Group 5 than for
Group 4 (P < .01; Table 4).

Post-mortem observations and
intestinal content pH

Pigs fed the fermented liquid whey-
dextrose diets generally had distended
stomachs and large ceca filled with gas and
liquid contents. In two emaciated Group 1
pigs that died, the gastric mucosa was dark
brown, probably due to gastric ulcers.

There were no significant differences in
pH of stomach, small intestinal, or cecal
contents at Day 7 compared to Day -1,
although the pH of the large intestinal
contents of all groups was lower on Day

7 than on Day -1 (P = .03). However, the
pH of stomach (2 < .001), small intestinal
(P < .01), and cecal (P < .01) contents
decreased between Day 7 and Day 21 in all
treatment groups.

Discussion

To our knowledge, this is the first pub-
lished study evaluating the fermentation
dynamics of liquid whey-dextrose inocu-
lated with LAB and reporting the effect
on growth performance and health when
this fermented product is fed to weanling
piglets. Fermentation was better when

Figure 1: Average diarrhea score by trial among groups of pigs fed four fermented liquid whey-dextrose diets and a con-
ventional dry diet containing an antimicrobial (treatments described in Table 1). Diarrhea scores for each 21-day trial are
expressed as sum of ranks arranged in order of magnitude. Scoring system: 0, firm dry feces; 1, soft pasty feces; 2, yellowish
fluid feces; 3, clear water-like feces. Sum of diarrhea scores per pig were analyzed by the Kruskal-Wallis one-way ANOVA. No
treatment effects were observed (P > .10) in Trial 1.In Trial 2, Group 4 differed from all other treatment groups (P < .001).
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Table 4: Proportion of rectal swabs positive for hemolytic Escherichia coli on
Days 0 and 14 among five groups of pigs weaned on Day 0 and fed dry feed or
liquid-whey mixtures with or without lactic acid bacteria*

Study group E coli-positivet
Day 0 Day 14
No. of pigs (%) No. of pigs (%)
1 2/28 (7.0) 4/27 (14.8)30
2 1/28 (4.0) 1/25 (4.0)2b
3 1/28 (4.0) 2/25 (8.0)%
4 1/28 (4.0) 0/25 (0.0)2
5 2/28 (7.0) 6/25 (24.0)P

* Diets described in Table 1.

t  E coli-positive = rectal swabs cultured positive for hemolytic E coli.
ab percentage values with no common superscript within a column differ (P < .05; chi-

square).

whey-dextrose mixtures were inoculated
with LAB. Decreasing DM and pH of the
FIWD indicated that lactic acid, volatile
fatty acids, and alcohol were produced,
likely by LAB or yeast.! 1422 A low pH

in combination with high concentrations
of organic acids in the feed are likely to be
important for inhibition of pathogenic bac-
teria, and there is evidence that the fermen-
tation process is faster and more controlled
when specific LAB are used, minimizing
formation of undesirable fermentation
products.!®11:16:23 The fermentation pro-
cedure used in this experiment was highly
controlled and may not be practical on
commercial farms. In addition, develop-
ment of this procedure for farm environ-
ments may be limited by the time needed
to grow LAB for the fermentation process
on the farm. However, one study per-
formed on a farm is reported,?# in which
pre-fermented feed and L plantarum were
added to a fermented liquid feed. A stable
environment was established from the first
day of fermentation, with high levels of
LAB, controlled yeast populations, and
reduction of Enterobacteriaceae. In con-
trast, in nonfermented liquid feed, natural
LAB populations were not stabilized for 10
days, there was an undesirable peak of yeast
during the first week, Enterobacteriaceae
were very unstable, and addition of organic
acids was required to lower the pH.24

While laboratory testing can provide infor-
mation useful for selection of potentially
effective probiotic strains, effects on intesti-
nal microflora can be accurately determined
in vivo?> only by the effect on the growth
performance and health of the pig.8 The

results of the present study demonstrate that
FLWD inoculated with probiotic mixtures
show promise in reducing numbers of enteric
bacteria in pigs. However, this study lacked
sufficient sample size and study power to
detect a difference in parameters such as
mortality. Although mortality did not differ
significantly among treatment groups, the
rate of 7% mortality observed in Group 1
(fed fermented feed not inoculated with
LAB), would be unacceptable in a commer-
cial herd. In addition, as the feeding proce-
dure was performed manually, availability of
feed in the third week of both trials differed
between the groups on fermented liquid feed
and the group on dry feed. Pigs receiving the
fermented liquid feed ate all the feed available
and had to wait for the feeder to be filled,
whereas the pigs receiving the dry feed were
fed ad libicum. Therefore, differences among
groups fed dry feed and fermented liquid feed
in the third week must be interpreted with
caution. A larger trial with a feeder system
allowing ad libitum access to the fermented
liquid feed would be needed to specifically
assess the effect of FLWD on mortality and
growth performance.

The two human-origin LAB (L rhamnosus
GR-1 and L reuteri [formerly fermentum)
RC-14) used in this experiment have
proven to have desirable properties and
clinical effects in humans®13-26 and rats.
Further research is needed to determine
the effect of these human-origin bacteria
on the growth performance and health

of pigs. The six L plantarum swine-origin
strains used in these trials had shown
probiotic potential in vitro, ie, they were
able to inhibit growth of enteropathogenic

27

E coli and survive passage through the
intestinal tracts of pigs.!? In these trials,
the L plantarum strains showed promise in
terms of improving ADG and ADFI, but
their effect on lowering diarrhea rates was
inconsistent. Further studies are needed,
perhaps combining L plantarum strains
with a strain such as L reuteri, known to
propagate in pigs.?

Current data on the effects of feeding fer-
mented diets to weanling piglets are based
primarily on research using completely
fermented compound diets.1%29 However,
such diets are reported to have an undesir-
able effect on F:G ratio, especially in wean-
ling pigs.”1%-3% The results of a limited
number of studies show favorable ADG
and F:G ratios in pigs fed fermented co-
products'?? compared to pigs fed nonfer-
mented liquid diets. The Scholten study’
is limited in that it compared feeding fer-
mented wheat with nonfermented wheat,
but did not include a dry-feed control.

In our study, no significant differences in
ADG were observed among treatments
during the first 2 weeks. This result agrees
with the studies of Scholten (2001)? and
Lawlor et al (2002)!° in which pigs were
fed fermented complete compound diets
or a dry diet, and a fermented liquid
wheat and nonfermented liquid wheat
diet, respectively. However, in the present
study, differences in ADG were observed
or tended to be observed in the third week.
In general, ADG was better in pigs receiv-
ing a conventional dry diet containing an
antibiotic (Group 5) than in pigs fed the
partly fermented liquid diets. In addition,
pigs fed the FLWD consumed more feed
than the Group 5 pigs during the first 2
weeks of the trial. However, in the third
week, pigs fed the dry feed ate more than
the pigs fed the fermented liquid diets
because of unintentional restriction of

the liquid feeds. The consequences of this
semi-restricted feeding might be a lower
ADG in pigs on liquid feed compared to
those with ad libitum access to feed. We
assume that if the fermented feed had been
offered ad libitum, the pigs would have
had a higher average daily intake, resulting
in a better daily gain. Likewise, restricted
feeding might affect the F:G ratio. It was
noted that F:G ratios were similar in groups
receiving the fermented liquid diets with
inocula of pig origin and the ad libitum dry
feed group. Restricted feeding can improve
feed efficiency, which may account for the
apparently better F:G in some groups of
pigs fed fermented liquid feeds with LAB.
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The high F:G ratio observed for animals
fed the fermented liquid feed without LAB
may have been a result of feed wastage or
disease.!? Feed wastage is very difficult to
measure,3! and the terms “feed usage” or
“feed disappearance” should be applied to
liquid feeding instead of “feed intake.”!?

It is possible that groups fed fermented
liquid feeds without LAB wasted more
feed because it was unpalatable. Squire
showed that levels of acetic acid were
higher when corn distillers solubles were
fermented without inoculants than when
corn distillers solubles were fermented
with inoculants. High levels of acetic acid
in swine liquid feeds have been associated
with poor feed intake due to the vinegar
flavor and pungent odour.33

32

Failure to gain weight because of disease is
another possible explanation for the high
F:G ratios in pigs on the fermented liquid
diets. Liquid fermented diets can cause
ulceration in the esophageal region of the
stomach, possibly due to high levels of
volatile fatty acids entering epithelial cells
causing acidification, swelling, inflamma-
tion, and ulceration.34 Gastric lesions were
present only in the pigs fed the fermented
feed without LAB inoculum, and this may
be related to the type of LAB that grew in
this feed and the acids produced during
the fermentation process.>> Superficial
and deeply penetrating gastric lesions were
observed in a study in which young gnoto-
biotic pigs were fed high-carbohydrate diets
inoculated with fermentative commensal
Lactobacillus and Bacillus strains. 34

There is evidence in the present study that
some mixed cultures of LAB, in particular
strains GR-1 and RC-14, reduced fecal £
coli in the pigs. This was observed on Day
14 of the trial. Gardiner et al*> reported
lower counts of enteric bacteria in pigs on
days 15, 22, and 26 of probiotic consump-
tion than prior to or during the first week of
culture consumption (days 3 to 8). Similar
observations were reported by Canibe and
Jensen® in growing pigs. The significant
increase in hemolytic £ coli found in pigs
fed antibiotics might be expected since
lincomycin is effective against gram-posi-
tive bacteria,® including normal intestinal
microbiota, establishing conditions that per-
mit invasion by pathogens. This finding is

a concern, as gram-negative pathogens have
adverse effects not only on the pigs, but also
on consumers if there is contamination at
slaughter.’” The ability of LABs to decrease
enteric bacterial counts in pigs may be
viewed as a more important outcome than

the weight gain obtained with antibiotic
use. A longer-term study would determine
the extent to which weight gains truly differ
between probiotic-fed and antibiotic-fed
animals, and an economic analysis could
then assess the impact to the producer.

Although some studies have been pub-
lished concerning the ability of probiotics
and fermented feed to reduce levels of
enteric bacteria in the GI tracts or feces of
pigs,35’38’41 evidence for the effectiveness of
fermented liquid feed diets as anti-diarrhea
agents has not been tested. In the present
study, pigs in all treatment groups devel-
oped diarrhea. The incidence of diarrhea
was highest in the control group and one

of the groups inoculated with pig-origin
LAB (Group 4). Danish veterinarians®’
recommend feeding newly weaned pigs dry
pelleted feed for at least the first week after
weaning before a fermented feed is offered.
Liquid feeding of newly weaned pigs is a
challenge, as intake during the first 7 to 14
days post weaning is highly variable. Build-
up of liquid feed in the troughs must be
controlled to avoid feed spoilage, loss of feed
palatability, growth of unfavorable microbes
in the troughs, and resulting compromised
pig performance. This is one of the main
reasons that use of dry feed during the first 1
to 2 weeks post weaning is a common prac-
tice in Europe. In addition, feeding fresh
liquid whey with high levels of lactose may
increase diarrhea, perhaps because of the
laxative effect of the sugar.84142 It is pos-
sible that during fermentation in the present
study, lactose was not completely degraded
to lactic acid in some of the liquid-whey
batches, and high levels of lactose were still
present in the liquid whey, producing diar-
rhea in the pigs.

Due to time restrictions in this study, it
was not possible to determine the occur-
rence of LAB in the intestinal contents

of the pigs. In one report,24 strains of L
plantarum inoculated into fermented liquid
feed were recovered from the feces of pigs,
indicating that the microflora of the feed
might influence the intestinal microflora of
the weaned pigs. More studies are needed
to determine whether the LAB used in this
study can influence the intestinal micro-
flora of pigs. In agreement with previous
reports,' 138 a decrease of pH in stomach,
small intestinal, and cecal contents over
time was observed. Mikkelsen and Jensen
and Scholten et al'! demonstrated lower
gastric pH and higher gastric lactic acid
content in piglets fed fermented liquid
diets 14 days and 28 days after weaning,

38

respectively. Low intestinal pH might be
associated with the smaller numbers of £
coli found in the pigs in our study until
Day 21 of sampling.

In other studies, no significant differences
were observed in the pH of stomach and
small intestinal content in pigs fed fer-
mented or nonfermented diets.!3>40 In
the present study, the pigs were fed for the
last time 24 hours before they were eutha-
nized. At the time of death, the pigs may
not have had lactic acid from the feed in
their stomachs, and this would be reflected
in a higher gastric pH.% In addition, it

is reported that organic acids are rapidly
absorbed by intestinal mucosal cells,”33
and by the time the pigs were euthanized,
most of the lactic acid ingested in the

feed might already have been taken up by
intestinal cells. In addition, it is likely that
the tendency for a higher pH in the small
intestinal content of pigs fed the fermented
liquid whey at Day 21 compared to those
fed the dry feed might be associated with
the presence of lactic acid increasing the
volume as well as the protein and bicarbon-
ate content of pancreatic secretion, which
can buffer the pH in the first part of the

small intestine.!!

Larger repeated controlled studies with
different inclusion rates of the fermented
liquid whey with dry feed must be con-
ducted to fully understand the effects and
interactions of different factors that may
occur when probiotics and fermented feeds
are used in weaned pigs. In addition, in
vivo trials in pigs inoculated with a known
pathogenic E coli might provide further
information about the ability of the pro-
biotic cultures investigated in the present
study to reduce intestinal pathogens.

Implications

e Fermented liquid whey-dextrose inoc-
ulated with LAB may reduce shedding
of hemolytic E coli in weaned pigs, but
not the prevalence of diarrhea.

* Positive effects on growth performance
may be observed when pigs are fed
liquid whey-dextrose products fer-
mented with inoculated strains of LAB
compared to whey-dextrose products
allowed to ferment spontaneously.

* Further experiments using fermented
whey-dextrose products as feed for
newly weaned pigs are needed to deter-
mine effects on the health of the pigs.
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