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This study determined the effect of feed fermentation with Lactobacillus reuteri on growth performance and the abundance of
enterotoxigenic Escherichia coli (ETEC) in weanling piglets. L. reuteri strains produce reuteran or levan, exopolysaccharides that
inhibit ETEC adhesion to the mucosa, and feed fermentation was conducted under conditions supporting exopolysaccharide
formation and under conditions not supporting exopolysaccharide formation. Diets were chosen to assess the impact of organic
acids and the impact of viable L. reuteri bacteria. Fecal samples were taken throughout 3 weeks of feeding; at the end of the 21-
day feeding period, animals were euthanized to sample the gut digesta. The feed intake was reduced in pigs fed diets containing
exopolysaccharides; however, feed efficiencies did not differ among the diets. Quantification of L. reuteri by quantitative PCR
(qPCR) detected the two strains used for feed fermentation throughout the intestinal tract. Quantification of E. coli and ETEC
virulence factors by qPCR demonstrated that fermented diets containing reuteran significantly (P < 0.05) reduced the copy
numbers of genes for E. coli and the heat-stable enterotoxin in feces compared to those achieved with the control diet. Any fer-
mented feed significantly (P < 0.05) reduced the abundance of E. coli and the heat-stable enterotoxin in colonic digesta at 21
days; reuteran-containing diets reduced the copy numbers of the genes for E. coli and the heat-stable enterotoxin below the de-
tection limit in samples from the ileum, the cecum, and the colon. In conclusion, feed fermentation with L. reuteri reduced the
level of colonization of weaning piglets with ETEC, and feed fermentation supplied concentrations of reuteran that may specifi-
cally contribute to the effect on ETEC.

The combined stress of weaning and movement to a different
environment increases the potential for poor growth perfor-

mance, nutrient malabsorption, and diseases in piglets (1–3). Di-
arrhea caused by enterotoxigenic Escherichia coli (ETEC) is a ma-
jor disease of weaning piglets (4). ETEC establishes infection by
specific fimbria mediating intestinal attachment and colonization
(4–7). Following colonization, ETEC produces enterotoxins that
induce watery diarrhea (8, 9). Control of ETEC infections of
weanling piglets is currently achieved by antibiotics (10). The use
of antibiotics in animal production, however, selects for antibiot-
ic-resistant intestinal microbiota and favors the transfer of antibi-
otic resistance genes from livestock microbiota to human patho-
gens (7). Consequently, antimicrobial growth promoters have
been banned in several jurisdictions (11), challenging the livestock
industry to replace feed antibiotics without compromising animal
performance or animal health.

Probiotic bacteria, prebiotics, organic acids, or antiadhesive
glycans were proposed to replace feed antibiotics in pig produc-
tion for improved control of ETEC (4, 6). Organic acids were
shown to reduce postweaning diarrhea in pigs (12). Probiotics
also decreased the incidence and severity of ETEC-caused diar-
rhea (13, 14). Neoglycans of porcine albumin conjugated with
galacto-oligosaccharides reduced ETEC attachment in vitro (15).
ETEC adhesion in vitro was also reduced by reuteran and levan,
exopolysaccharides produced by Lactobacillus reuteri (16). The
protective effect of reuteran was confirmed in vivo in the small
intestinal segment loop perfusion model (17). Evidence for the
effectiveness of probiotic cultures or antiadhesive glycans for the
prevention of ETEC infection in vivo, however, remains limited.
Moreover, a combination of different additives is likely required

to obtain effective and economically viable alternatives for feed
antibiotics (18, 19). Feed fermentation can deliver a combination
of viable and probiotic lactobacilli, organic acids, and exopolysac-
charides that prevent pathogen adhesion (20).

L. reuteri is a member of the commensal microbiota in swine
(21, 22); it is also used industrially as a starter culture in cereal
fermentations (23). L. reuteri converts maltose and glucose to lac-
tic and acetic acids; sucrose is converted to the alternative end
products organic acids, mannitol, oligosaccharides, or exopoly-
saccharides (24). The growth of specific strains of L. reuteri in
cereal substrates also supports the formation of reutericyclin, an
antibiotic with specific activity against Gram-positive pathogens
(25, 26). Moreover, the exopolysaccharides reuteran and levan,
which prevent adhesion of ETEC K88 fimbriae to the porcine
intestinal mucosa (16, 17), are produced during the growth of L.
reuteri in cereals (27, 28). However, the specific contribution of
exopolysaccharide formation to the inhibition of intestinal patho-
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gens by L. reuteri remains unknown. This study therefore aimed to
determine the effect of feed fermentation with L. reuteri on the
growth performance as well as the abundance of intestinal ETEC
organisms in weanling piglets. Strains of L. reuteri were chosen to
include the reuteran-producing strain L. reuteri TMW1.656 and
the levan-producing strain L. reuteri LTH5794 (16). Fermented
and chemically acidified feed served as a control to differentiate
between the effects of organic acids and those of viable L. reuteri
organisms. To identify the specific effects of exopolysaccharide
formation, feed was fermented with addition of 10% sucrose to
support reuteran or levan formation by L. reuteri or without su-
crose addition to obtain the same cell counts and the same con-
centration of organic acids but no bacterial exopolysaccharides.

Past studies to determine the effect of feed additives used
ETEC-challenged pigs (13, 29, 31). This study employed piglets
that were housed and fed under conditions that are close to those
used in industrial practice but that were not challenged with
ETEC. This approach allowed investigation of the effect of fer-
mentation on the diverse ETEC strains that are present in unchal-
lenged piglets and to assess the effect of feed fermentation on
animal performance, in addition to its effect on animal health.

MATERIALS AND METHODS
Microorganisms and growth condition. L. reuteri TMW1.656 and L. reu-
teri LTH5794, which produce reuteran and levan, respectively, from su-
crose (16), were routinely grown on modified MRS agar (32) and incu-
bated anaerobically at 37°C for 48 h. To obtain working cultures for feed
fermentation, colonies were subcultured twice in modified MRS broth. E.
coli strain ECL13795 (O149, virotype STb:LT:EAST1:F4) (17) was used as
a positive control to determine the specificity of primers targeting E. coli
and E. coli virulence factors.

Optimization of reuteran and levan production in feed fermenta-
tions and feed fermentations. To optimize conditions for reuteran and
levan formation, white wheat and corn flour (provided by the University
of Alberta Swine Research and Technology Centre [SRTC]) were mixed
with an equal amount of tap water. Sucrose was added at 10 or 20%
(weight sucrose/weight flour). Cells from overnight cultures of L. reuteri
were washed with sterile tap water and added at cell counts of approxi-
mately 107 CFU g�1. After 24 h of fermentation at 37°C, samples were
taken and the pH, cell counts, concentrations of organic acids and etha-
nol, and concentrations of reuteran and levan were determined as previ-
ously described (33). In brief, organic acids and ethanol were extracted
from fermented feed and quantified by high-pressure liquid chromatog-
raphy after separation on an Aminex HPX-87 column and detection on a
refractive index detector (33). Reuteran and levan were extracted by aque-
ous extraction from freeze-dried samples, dialyzed against distilled water,
and quantified by size exclusion chromatography (33).

For feed fermentations, a seed sourdough was prepared with ground
wheat and 10% sucrose as described above and transported to the SRTC.
Ground wheat was prepared with wheat of the variety Harvest HRS (2012
harvest year), which was ground through the weaned pig screen (size,
3/32). The seed sourdough was used to inoculate the first feed fermenta-
tion with a 10% inoculum. After 24 h of fermentation, 90% of the batch
was used to feed the piglets; the remaining 10% was used to inoculate the
subsequent batch of fermented feeds. After four fermentation cycles with
10% inoculum and 24 h of fermentation each, seed sourdoughs were
prepared in the laboratory from the culture stock and used to inoculate
the feed fermentations. Wheat fermented with the same strains and addi-
tion of 5% (wt/wt) glucose and 5% (wt/wt) fructose in place of sucrose
served as exopolysaccharide-negative controls. A chemically acidified
control was prepared with 5% (wt/wt) fructose, 5% (wt/wt) glucose, 4
parts of lactic acid (80%), and 1 part of glacial acidic acid (100%) to reach
a pH of 3.8.

To verify that the strains used to inoculate fermented feed dominated
the fermentation, the pH of each batch was measured after 24 h of fer-
mentation. The cell counts in each batch of fermented feed were deter-
mined by serial dilutions and surface plating on MRS agar plates. All
colonies on the modified MRS plates exhibited a uniform colony mor-
phology that matched the colony morphology of the inoculum. In sour-
doughs started with defined strains of lactobacilli, a matching and uni-
form colony morphology is a reliable measure for the absence of
contaminants (34).

Animals and diets. The animal study was approved by the Animal
Care and Use Committee of the University of Alberta according to the
guidelines of the Canadian Council on Animal Care and was approved to
be conducted at the SRTC. A total of 36 crossbred castrated male piglets
were selected at weaning at 21 days of age. Each piglet was housed in an
individual pen (0.5 by 1.22 m) in a temperature-controlled room (28 �
2.5°C) during the 3-week experiment.

The piglets were randomly divided into six blocks containing six pig-
lets each. One piglet per block was assigned to one of six experimental
diets for a total of six observations per diet. Wheat or fermented wheat was
included in the diets as follows: diet 1, unfermented wheat; diet 2, unfer-
mented wheat acidified to pH 3.8 with lactic acid and acetic acid and
supplemented with 5% glucose and 5% fructose; diet 3, wheat fermented
with L. reuteri TMW1.656 and supplemented with 10% sucrose to support
reuteran production; diet 4, wheat fermented with L. reuteri TMW1.656
and supplemented with 5% glucose and 5% fructose, which do not sup-
port reuteran formation; diet 5, wheat fermented with L. reuteri LTH5794
and supplemented with 10% sucrose to support levan production; diet 6,
wheat fermented with L. reuteri LTH5794 and supplemented with 5%
glucose and 5% fructose, which do not support levan formation. The diet
was formulated to meet or to exceed National Research Council Canada
(NRC; 2012) nutrient recommendations for 5- to 10-kg pigs (Table 1).
Two phases of the diets were fed sequentially within each treatment. From
day 0 to day 6, 20% fermented wheat was added to the basal diet (phase 1
diet); from days 7 to 21, the proportion of fermented wheat in the diet was
increased to 50% (phase 2 diet). Titanium dioxide (TiO2) was added as an
indigestible marker to each of the test diets to calculate the total tract
digestibility coefficients of the nutrients. Piglets were offered free access to
feed from a pen feeder and water from a nipple drinker. They were fed in
mash form twice daily, at 8 a.m. and 4 p.m. At the end of the trial, piglets
were fed their final meal 3 to 4 h before being euthanized to ensure that the
digesta had reached each section of the small intestine. Body weight was
recorded on days 0, 7, 14, and 21. Feed intake was measured each day. All
of the data were used to determine average daily weight gain (ADG),
average daily feed intake (ADFI), and feed efficiency (ratio of weight gain
to feed intake [G/F]).

TABLE 1 Composition of experimental diets on an as-fed basis

Ingredient

Composition (%)

Phase 1 diet
(days 0 to 6)

Phase 2 diet
(days 7 to 21)

Ground and fermented or unfermented wheat 20.00 50.00
Corn 31.54 1.76
Lactose 15.00 10.00
Soy protein concentrate 3.00 2.50
Herring meal 6.00 2.50
Brassica napus canola meal 5.00
Wheat DD GSa 5.00
Soybean meal 15.00 15.00
Canola oil 4.00 3.40
Other vitamin and mineral ingredients 5.46 4.84

Total 100 100
a DD GS, distillers dried grains with solubles.
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Sample collection and preparation. Fresh feces was collected in a
plastic bag by hand grabbing of the feces from the floor of each pen on days
0, 7, 14, and 21 and stored at �20°C. After the piglets were euthanized, gut
digesta were collected from the stomach, jejunum, ileum, cecum, and
midcolon and placed in sterile plastic containers. Samples were stored at
�20°C.

Frozen fecal and gut digesta samples were thawed and mixed asepti-
cally with a spatula. For bacterial analysis, two 1.0- to 1.5-g subsamples
were taken and stored at �80°C. Tissue samples from the jejunum and
ileum (about 5 cm) were aseptically excised. The segments were opened
longitudinally, and the mucosa was removed by scraping with a flame-
sterilized metal spatula (35). The mucosal scrapings were stored in indi-
vidual tubes at �80°C for bacterial analysis.

Genomic DNA extraction for quantitative PCR (qPCR). Total bac-
terial DNA was extracted from fecal and gut digesta samples using a
QIAamp DNA stool minikit (Qiagen, Inc., Valencia, CA, USA) (36) fol-
lowing the manufacturer’s instructions. Briefly, about 120 mg (wet
weight) of fecal sample was homogenized in buffer ASL (Qiagen) and
heated at 95°C for 5 min to lyse the bacterial cells. After centrifugation at
20,000 � g for 1 min at room temperature (approximately 20°C), the
supernatant was incubated with an InhibitEx tablet to absorb DNA-dam-
aging compounds and PCR inhibitors (QIAamp DNA stool minikit hand-
book). Proteins in the lysates were removed by treatment of the samples
with proteinase K and buffer AL (Qiagen) at 70°C for 10 min. Ethanol (96
to 100%) was added to the lysate to precipitate the DNA, and the mixture
was applied to the QIAamp spin columns provided in the kit. The col-
umns were washed with buffers AW1 and AW2 (Qiagen), and the DNA
was eluted in buffer AE (Qiagen).

The DNA concentration was measured in a NanoDrop spectropho-

tometer (ND-1000; Thermo Fisher Scientific Inc., Wilmington, NC,
USA), and the DNA purity was assessed by determining the ratio of the
absorbance at 260 to the absorbance at 280 nm. All DNA samples had a
260 nm/280 nm absorbance ratio of �1.8.

PCR primers. The primers used in this study and their target organ-
isms are listed in Table 2. Primers GTFA F and GTFA R are specific for the
detection of gtfA, the gene coding for reuteransucrase in L. reuteri
TMW1.656. To obtain primers that specifically detect the gene coding for
reutericyclin biosynthesis in L. reuteri TMW1.656, primers RC F and RC R

TABLE 2 Primers used to profile the microorganisms in fecal and gut digesta samples

Target Primer Sequence (5=–3=) Product size (bp) Tm
b (°C) Reference or source

Lactobacillus groupa Lacto F TGGAAACAGRTGCTAATACCG 231–233 64 52
Lacto R GTCCATTGTGGAAGATTCCC

L. reuteri Lreu F CAGACAATCTTTGATTGTTTAG 303 64 53
Lreu R GCTTGTTGGTTTGGGCTCTTC

Reuteransucrase (gtfA) GTFA F AATTAAACTGGTTATACTATCTC 160 57 27
GTFA R GAGTTCATACCATCTGCAGC

Levansucrase (ftfA) FTF F TATCAATGATACAAATAATGC 1,065 56 This study
FTF R GCGTTTCAGGATCATTTGGT
LEV F GTCAATTTGATCCTTCGCC 460 57 This study
LEV R TGCAACTAAGGAAATTAAGGGC

Nonribosomal peptide synthase (rtcN) RC F GGCGGAACGTTGAATATTGT 248 60 This study
RC R ATTTTGGGGGAATCATAGCC

Universal stress protein A Ecoli F CCGATACGCTGCCAATCAGT 884 66 54
Ecoli R ACGCAGACCGTAGGCCAGAT

LT LT F CCGTGCTGACTCTAGACCCCCA 480 68 55
LT R CCTGCTAATCTGTAACCATCCTCTGC

STa STa F ATGAAAAAGCTAATGTTGGC 193 65 56
Sta R TACAACAAAGTTCACAGCAG

STb STb F TGCCTATGCATCTACACAAT 113 60 57
STb R CTCCAGCAGTACCATCTCTA

K88 fimbriae K88 F GCACATGCCTGGATGACTGGTG 439 67 58
K88 R CGTCCGCAGAAGTAACCCCACCT

a The Lactobacillus group includes Lactobacillus spp., Pediococcus spp., Leuconostoc spp., and Weissella spp.
b Tm, melting temperature.

FIG 1 Validation of specificity of primers for strain-specific PCR detection of
L. reuteri TMW1.656 and LTH5794. Specific amplification was verified by
determination of the uniform and matching melting temperatures (Tms) in
qPCRs and by determination of the sizes of the amplicons.
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were designed in Primer 3 software (37) to target the rtcN gene. rtcN codes
for a nonribosomal peptide synthase; the gene is essential for reutericyclin
biosynthesis but is essentially absent in all other lactobacilli (GenBank
accession number KJ659887.1) (26). To obtain primers for the specific
detection of the gene coding for levansucrase in L. reuteri LTH5794, ftfA,
primers FTF F and FTF R were designed in Primer 3 software (37) to target
the gene coding for a levansucrase in L. reuteri SD2112 (GenBank acces-
sion number NC_015697). The PCR amplicons that were obtained with
the chromosomal DNA of L. reuteri LTH5794 and L. reuteri TMW1.656 as
the template were purified from agarose gels and sequenced by Sanger
sequencing (Macrogen, Rockville, MD). The sequence data were aligned
by use of the ClustalW program (38) to identify sequences that are unique
to ftfA of L. reuteri LTH5794. These unique sequences were used to design
primers LEV F and LEV R. The Basic Local Alignment Search Tool
(BLAST) was initially used to determine the specificity of the primer se-
quences (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The specificity of
the primers was subsequently verified in qPCRs with DNA from L. reuteri
TMW1.656 or LTH5794 as the template, followed by determination of the
sizes and melting temperatures of the amplicons (Fig. 1).

Primers were synthesized by Integrated DNA Technologies Inc., di-
luted to a final concentration of 10 �g of primer per �l with autoclaved
Milli-Q water upon receipt, and stored at �20°C.

Quantification of bacteria and bacterial metabolites or toxins by
qPCR. qPCR was performed on a 7500 Fast real-time PCR system
(Applied Biosystems, Foster City, CA, USA). The total reaction vol-
ume of 20 �l contained 10 �l of QuantiFast SYBR green master mix
(Applied Biosystems), 2 �l (10 �M) of primers, and 1 �l of template
DNA from fecal or gut digesta samples. Each reaction was run in
duplicate in a MicroAmp Fast Optical 96-well reaction plate sealed
with MicroAmp optical adhesive film (Applied Biosystems). The con-
centration of template DNA was about 100 mg liter�1. PCR amplicons
were purified by using QIAquick PCR purification kit (250), according
to the manufacturer’s instructions.

Standard curves were generated using serial 10-fold dilutions of the
purified PCR amplicons, which were amplified by PCRs with the same
primers (Table 2) and genomic DNA from L. reuteri strains or pig feces.
The initial concentration of the purified PCR amplicons was determined
by use of a NanoDrop spectrophotometer. Amplification conditions gen-
erally involved 1 cycle at 95°C for 5 min for initial denaturation, 40 cycles
of denaturation at 95°C for 30 s, annealing with optimal annealing tem-
peratures (Table 2) for 30 s, and extension at 72°C for 30 s. In the melting
curve stage, the reaction conditions included 1 cycle at 95°C for 15 s, 1
cycle at 60°C for 1 min, and a stepwise increase of the temperature from 55
to 95°C (at 10 s per 0.5°C). To ensure correct amplification results, the
melting curves were checked to verify that the PCR amplicons yielded a
single melting peak.

Statistical analysis. Data were analyzed using Statistical Analysis Sys-
tem (SAS; version 9.3) software (SAS Institute, 2012). Data for fecal bac-
teria and growth performance were analyzed according to a randomized
complete block design with repeated measurement using the mixed pro-
cedure (Proc MIXED). The model included diet, period, and the interac-

tion of diet and period as fixed effects. The blocks were considered ran-
dom effects, and the individual animals were considered experimental
units. Data for the microbiota of the gut digesta were subjected to analysis
of variance as a randomized complete block design using the general lin-
ear model procedure (Proc GLM). Treatment comparisons were deter-
mined by contrast. The experimental unit was the piglet, and differences
with a P value of �0.05 with a Bonferroni adjustment for multiple com-
parisons (SAS version 9.3) were considered to be statistically significant.
The Kolmogorov-Smirnoff test (39) was used to test for the normality of
all variables. The results of growth performance analyses are presented as

TABLE 3 Concentration of metabolites in feed after 24 h of fermentation with L. reuteria

L. reuteri strain (exopolysaccharide
produced)

Amt of sucrose
added (%)

Metabolite concn (mmol/kg feed)
Reuteran or levan concn
(g/kg feed)bLactate Acetate Ethanol

TMW1.656 (reuteran) 10 87.1 � 5.8 51.0 � 4.2 36.2 � 1.8 5.6 � 1.0
20 79.4 � 0.1 71.3 � 1.3 2.5 � 0.0 3.7 � 1.1

LTH5794 (levan) 10 80.7 � 4.6 57.3 � 3.7 27.31 � 4.9 3.2 � 0.6
20 70.7 � 3.3 67.1 � 3.4 3.41 � 4.8 3.7 � 0.6

a Wheat flour with addition of 10 or 20% sucrose was used as the substrate. The pH of unfermented wheat after inoculation was 6.1, and the pH after 24 h of fermentation was 3.7
for all fermentations.
b Reuteran and levan were quantified relative to the content of water-soluble polysaccharides in unfermented chemically acidified feed (33, 43).

TABLE 4 Growth performance of pigs fed supplemental fermented diet
for 21 days

Parameter
AFDI
(g DMd/day)

ADG
(g/day) G/F ratio

Dietary treatmenta

CTRL 305 255 0.76
ACID 295 264 0.84
TMW1.656

REU� 268 241 0.86
REU� 283 240 0.79

LTH5794
LEV� 266 210 0.74
LEV� 265 240 0.84

SEM 19 19 0.05

P valueb

Acids 0.659 0.712 0.231
Exopolysaccharides 0.644 0.403 0.628
L. reuteri � reuteran or levan 0.029c 0.046 0.894
L. reuteri 0.085 0.24 0.725
Fermentation 0.025 0.067 0.899

a Diets were supplemented with organic acid and fermented sourdough. Pigs were fed a
phase 1 diet for the first 7 days, followed by a phase 2 diet from days 7 to 21.
Abbreviations for the diets are as follows: CTRL, control; ACID, chemically acidified
feed; REU� and REU�, feed fermented with L. reuteri TMW1.656 with addition of
sucrose to support reuteran formation (REU�) or with addition of glucose and fructose
(REU�); LEV� and LEV�, feed fermented with L. reuteri LTH5794 with addition of
sucrose to support levan formation (LEV�) or with addition of glucose and fructose
(LEV�).
b For acid effects, P values are for the control diet versus the chemically acidified diet;
for reuteran or levan effects, P values are for sucrose-supplemented diets REU� and
LEV� versus REU� and LEV�; for L. reuteri � reuteran or levan, P values are for
reuteran- or levan-containing fermented diets (REU� and LEV�) versus unfermented
diets (CTRL and ACID); for L. reuteri, P values are for fermented diets without
exopolysaccharides (REU� and LEV�) versus unfermented diets (CTRL and ACID);
for fermentation, P values are for all fermented diets (REU�, REU�, LEV�, and LEV�)
versus unfermented diets (CRTL and ACID).
c P values of less than 0.05 are indicated in boldface.
d DM, dry matter.
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means, while data from analyses of the bacteria are presented as least-
squares means with standard errors.

RESULTS
Production of reuteran and levan in feed fermentations. Reu-
teran and levan formation in feed fermentations was evaluated
with wheat and corn. The in situ production of reuteran or
levan by L. reuteri TMW1.656 in corn fermentation was low com-
pared to that in wheat fermentation with the same sucrose addi-
tion (data not shown). Therefore, ground wheat was used for feed
fermentations.

The levels of metabolite formation after fermentation by L.
reuteri in wheat are shown in Table 3. The highest reuteran yield
from L. reuteri TMW1.656 was obtained in fermentations with
addition of 10% sucrose (Table 3). Addition of 10% sucrose pro-
vided fermented feed with lower acetate concentrations than ad-
dition of 20% sucrose (Table 3). Because acetic acid may reduce
the palatability of fermented feed, wheat flour with addition of
10% sucrose was used to obtain fermented feed.

The six diets used in the present study were chosen to assess the
impacts of organic acids (control versus chemically acidified feed),
of viable L. reuteri (unfermented controls versus four fermented

diets), and of reuteran and levan (fermented diets supplemented
or not supplemented with sucrose to support reuteran and levan
formation).

Growth performance of pigs and animal health. Data indi-
cating the growth performance in the 21-day trial are presented
in Table 4. Pigs fed diets containing reuteran or levan displayed
a reduced average daily feed intake and a reduced average daily
weight gain compared with those for pigs fed unfermented
diets. The average daily feed intake was lower in pigs fed fer-
mented diets than pigs fed unfermented diets. However, feed
efficiency did not differ among the diets. All pigs remained
healthy throughout the experimental period and did not de-
velop diarrhea.

Genus-, species-, and strain-specific detection of lactobacilli
in fecal samples. qPCR with strain-specific primers was employed
to determine whether the strains employed for feed fermentation
remained present throughout the gastrointestinal transit. Organ-
isms of the Lactobacillus group and L. reuteri were quantified to
determine whether the dietary L. reuteri bacteria influenced the
abundance of autochthonous lactobacilli and L. reuteri. The
genes coding for reuteransucrase and levansucrase in L. reuteri

TABLE 5 Gene copy numbers for the Lactobacillus group, L. reuteri, gtfA, rtcN, and ftfA obtained on days 0, 7, 14, and 21a

Organism or gene and time (day)

Log(gene copy no./g) for the following dietb:

Control
Chemically
acidified

TMW1.656
with sucrose

TMW1.656
with Glu � Fru

LTH5794 with
sucrose

LTH5794 with
Glu � Fru

Lactobacillus group
0 9.13 � 0.17A,X 8.93 � 0.17A,X 8.86 � 0.21A,X 8.92 � 0.29A,X 9.4 � 0.19A,X 8.69 � 0.19A,B,X

7 9.35 � 0.17A,B,C,X 9.69 � 0.17A,Y 9.02 � 0.17C,X 9.51 � 0.17A,B,X 9.32 � 0.17A,B,X 9.1 � 0.17B,C,X,Y

14 8.99 � 0.17A,X 9.3 � 0.17A,B,X,Y 9.32 � 0.17A,B,X 9.48 � 0.17B,X 9.05 � 0.17A,B,X 9.06 � 0.17A,B,X,Y

21 9.02 � 0.17A,X 9.35 � 0.17A,X,Y 9.23 � 0.17A,X 9.21 � 0.17A,X 9.22 � 0.17A,X 9.17 � 0.17A,Y

L. reuteri
0 7.85 � 0.28A,X 7.47 � 0.28A,B,X 6.87 � 0.33B,X 7.44 � 0.44A,B,X 8.14 � 0.3A,X 7.48 � 0.3A,B,X

7 8.68 � 0.27A,Y,Z 8.93 � 0.27A,Y 8.25 � 0.27A,Y 8.42 � 0.27A,Y 8.81 � 0.27A,Y 8.84 � 0.27A,Y

14 8.98 � 0.19A,Z 8.94 � 0.19A,Y 8.17 � 0.19B,Y 8.39 � 0.19B,X,Y 8.59 � 0.19A,B,X,Y 8.7 � 0.19A,B,Y

21 8.38 � 0.16A,B,X,Y 8.83 � 0.16B,Y 7.44 � 0.16C,X 8.05 � 0.16A,X,Y 8.03 � 0.16A,X 8.13 � 0.16A,X

Reuteransucrase (gtfA)
0 �5 �5 �5 �5 �5 �5
7 �5 5.65 � 0.26A 5.93 � 0.26A 6.41 � 0.26B �5 �5
14 �5 5.36 � 0.26A 6.42 � 0.26B 6.45 � 0.26B �5 �5
21 �5 5.65 � 0.26A 5.95 � 0.26A 6.8 � 0.26B �5 �5

Levansucrase (ftfA)
0 6.67 � 0.3 �6 �6 �6 �6 �6
7 6.08 � 0.17A �6 �6 �6 8.36 � 0.17B 8.23 � 0.17B

14 6.9 � 0.13A 6.72 � 0.13A 6.79 � 0.13A 6.69 � 0.13A 7.82 � 0.13B 8.26 � 0.13C

21 6.22 � 0.2A �6 �6 �6 8.09 � 0.2B 8.38 � 0.2B

Nonribosomal peptide synthase (rtcN)
0 �6 �6 �6 �6 �6 �6
7 �6 6.46 � 0.29 6.81 � 0.29 7.17 � 0.29 �6 �6
14 �6 �6 6.57 � 0.34 6.92 � 0.34 �6 �6
21 �6 �6 6.24 � 0.25 6.86 � 0.25 �6 �6

a gtfA is a marker for L. reuteri TMW1.656 in feces, rtcN is a second marker for L. reuteri TMW1.656 in feces, and ftfA is a marker for L. reuteri LTH5794 in feces. Data are presented
as least-squares means (n 	 36) � standard errors of the means. Superscripts A, B, and C denote significant differences (P � 0.05) between diets at each time point (comparison
across rows); superscripts X, Y, and Z denote significant differences (P � 0.05) within a diet over time (comparison across columns). Values that do not share a superscript are
significantly different. The detection limit for gtfA was 5 log10 gene copies/g of feces (wet weight); the detection limit for the Lactobacillus group, L. reuteri, rtcN, and ftfA was 6 log10

gene copies/g of feces (wet weight).
b For TMW1.656 and LTH5794, the diets consisted of feed fermented with TMW1.656 and LTH5794, respectively, and supplemented with the indicated sugar.
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TMW1.656 and LTH5794, gtfA and ftfA, respectively, were used as
strain-specific markers. The copy numbers of the gene represent-
ing the Lactobacillus group remained stable or increased slightly
during the study period (Table 5). The copy numbers of the genes
representing L. reuteri increased after 7 days of feeding in all
groups; with the exception of piglets fed chemically acidified diets,
the fecal copy numbers of the genes representing L. reuteri de-
creased again at day 21 (Table 5). In animals fed chemically acid-
ified diets, L. reuteri numbers were maintained at the same high
level from day 7 to day 21 (Table 5). At days 14 and 21, the L.
reuteri numbers in piglets that were fed diets fermented with L.
reuteri TMW1.656 were lower than those in the group fed chem-
ically acidified diets.

Before the treatments (day 0), gtfA or rtcN was not detected in
any sample (Table 5), while ftfA was detected only in pigs assigned
to the control group (Table 5). The gene for reuteransucrase and
rtcN were detected at days 7, 14, and 21 in pigs receiving feed
fermented with L. reuteri TMW1.656 and at lower copy numbers
in pigs fed chemically acidified diets (Table 5). The copy numbers
of the ftfA gene of L. reuteri LTH5794 were 2 log units higher than
the copy numbers of the gene in the feces of pigs fed other diets
(Table 5); however, the copy numbers of ftfA were above the de-
tection limit in piglets fed the unfermented control diet at all times
and in piglets of the other groups at day 14 (Table 5).

Genus-, species-, and strain-specific detection of lactobacilli
in gut samples. Lactobacilli were quantified in gut samples at day
21. The copy numbers of the gene representing the Lactobacillus
group were high in all intestinal compartments except the ileum,
where the numbers were 1 to 2 log(gene copies g�1) lower (data
not shown). The copy numbers of the gene representing L. reuteri
in the stomach, the ileum, and the cecum were higher for piglets
fed fermented diets than piglets fed chemically acidified diets (data
not shown); however, the copy numbers of the gene representing
L. reuteri in the colons of animals fed L. reuteri TMW1.656 were
reduced (data not shown).

The copy numbers of the gtfA gene of L. reuteri TMW1.656
were high in all samples from piglets that were fed L. reuteri
TMW1.656, and the copy numbers of the gtfA gene were low or
the gene was absent in samples from other piglets (Fig. 2A).
Matching results were obtained with primers targeting rtcN, the
second strain-specific marker for L. reuteri TMW1.656 (Fig. 2B).
ftfA of L. reuteri LTH5794 was detected only in pigs that were fed
diets fermented with this strain (Fig. 2C).

Detection of E. coli and ETEC virulence factors in fecal sam-
ples. E. coli and ETEC were quantified by qPCR to determine the
effect of feed fermentation and reuteran or levan production by L.
reuteri on the numbers of intestinal E. coli bacteria (Table 6). E. coli
and ETEC were detected in the feces of all pigs at all times (Table
6). The copy numbers of genes representing E. coli decreased over
time in animals that were fed fermented diets but not in animals
that were fed the control diet or the chemically acidified diet (Ta-
ble 6). At day 21, the gene copy numbers of genes representing E.
coli were the lowest in animals in animals receiving fermented
diets containing reuteran (Table 6). The levels of the genes for
virulence factors of ETEC, heat-stable enterotoxin b (STb), heat-
labile enterotoxin (LT), and K88 fimbriae, peaked at day 7 or day
14 in all animals and decreased at day 21. The copy numbers of the
gene for STb were lower in animals receiving fermented diets con-
taining reuteran than in the control animals or animals that were
fed the chemically acidified diet (Table 6). Moreover, samples
from animals receiving reuteran were the only samples where the
copy numbers of the gene for LT were below the detection limit
(Table 6). The copy numbers of the gene for K88 fimbriae were
below the detection limit in all animals except animals in the con-
trol group or the group receiving feed fermented with L. reuteri
LTH5794 but without sucrose (Table 6).

Detection of genes coding for E. coli and ETEC virulence fac-
tors in gut samples. Genes coding for E. coli and STb were de-
tected in the gut digesta of pigs fed unfermented diets; in contrast,
the copy numbers of the genes for E. coli and STb were below the

FIG 2 Copy numbers of the genes gtfA as a marker for L. reuteri TMW1.656 (A), rtcN as a second marker for L. reuteri TMW1.656 (B), and ftfA as a marker for
L. reuteri LTH5794 (C) in digesta obtained from the stomach (white bars), ileum (light gray bars), cecum (dark gray), or colon (black). Data are presented as
least-squares means (n 	 36), with their standard errors being represented by vertical bars. The copy numbers of the gtfA gene were significantly (P � 0.05) higher
in samples from animals fed L. reuteri TMW1.656 than in samples from all other animals. The copy numbers of the rtcN gene were significantly (P � 0.05) higher
in samples from animals fed L. reuteri TMW1.656 than in samples from all other animals. The detection limits for the Lactobacillus group, L. reuteri, and
levansucrase were 6 log10 gene copies/g of digesta (wet weight). Suc, sucrose; G, glucose; F, fructose.
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detection limit for all samples from pigs fed a reuteran-containing
diet fermented with L. reuteri TMW1.656 (Fig. 3). In animals fed
L. reuteri LTH5794, the gene copy numbers for E. coli and ETEC
were below the detection limit in ileal samples; the gene copy
numbers in the colon were lower than those in samples from an-
imals fed unfermented diets (Fig. 3). Other virulence factors of
ETEC, including LT, heat-stable enterotoxin a (STa), and K88
fimbriae, were not detected in any of the samples from gut digesta
(ileum, cecum, and colon). Neither E. coli nor its virulence factors
were detected in samples of mucosal scrapings from the jejunum.

DISCUSSION

ETEC causes diarrhea in newborn and weaned pigs, resulting in
serious morbidity and mortality and major financial losses in the
swine industry (6, 40). The present study demonstrated that feed
fermentation with two exopolysaccharide-producing strains of L.
reuteri reduced the abundance of ETEC in weanling piglets. Ben-
eficial effects of feed fermentation related predominantly to the
ingestion of viable cells of L. reuteri. In addition, the presence of
reuteran produced during feed fermentation further reduced the
numbers of ETEC bacteria.

Fermented feeds may benefit gut health and improve the
growth performance of pigs (20, 41). In previous studies, the av-

erage daily weight gain and the average daily feed intake of pigs fed
fermented liquid diets were reduced compared to those of pigs
receiving unfermented feed; however, feed efficiency did not differ
(41, 42). The present study confirmed the reduced feed intake and
unchanged feed efficiency in pigs receiving fermented feed. Re-
markably, this effect was less pronounced in the groups that re-
ceived fermented feed without reuteran or levan. The formation
of reuteran and levan from sucrose reduces the sweet taste of the
feed because sucrose is converted to oligosaccharides and polysac-
charides that do not taste sweet (24, 43). In fermented or unfer-
mented control feeds supplemented with glucose and fructose, the
levels of acidity are comparable but the concentrations of mono-
saccharides and mannitol are higher. Pigs thus might prefer a bal-
ance of sweet and sour tastes. This finding suggests the possibility
that feed intake may be increased through the formulation of feeds
with the aim of improving their taste.

Organic acids promote the growth of weaning pigs due to their
antimicrobial properties and because they lower the gastric pH
(12, 44); however, the present study did not reveal positive effects
of organic acids on growth performance or inhibition of E. coli.
The abundance of lactobacilli and L. reuteri increased in animals
fed chemically acidified diets. Chemically acidified feed was sup-
plemented with glucose and fructose so that the sugar levels

TABLE 6 Gene copy number for E. coli, STb, LT, K88 fimbriae, and STa in feces obtained on days 0, 7, 14, and 21a

Bacterium or bacterial
toxin and time (day)

Log(gene copy no./g) for the following dietb:

Control
Acidified
control

TMW1.656
with sucrose

TMW1.656 with
Glu � Fru

LTH5794 with
sucrose

LTH5794 with
Glu � Fru

E. coli
0 6.66 � 0.45A,X 6.7 � 0.45A,X 6.91 � 0.55A,X,Y 6.74 � 0.78A,X 7.72 � 0.49A,X 7.09 � 0.49A,X

7 6.86 � 0.45A,B,X 6.61 � 0.45A,X 7.98 � 0.45B,X 6.61 � 0.45A,X 7.74 � 0.45A,B,X 7.59 � 0.45A,B,X

14 7.13 � 0.45A,X 6.95 � 0.45A,X 6.17 � 0.45A,Y 6.51 � 0.45A,X 7.29 � 0.45A,X 7.02 � 0.45A,X

21 6.42 � 0.45A,X 5.96 � 0.45A,B,X 4.77 � 0.45B,Z 5.36 � 0.45A,B,X 5.22 � 0.45A,B,Y 5.21 � 0.45A,B,Y

STb
0 �4 �4 �4 �4 �4 �4
7 5.07 � 0.82A,X 5.83 � 0.82A,X 7.84 � 0.82B,X 6.1 � 0.82A,B,X 6.78 � 0.82A,B,X,Y 6.79 � 0.82A,B,X,Y

14 7.76 � 0.76A,Y 7.7 � 0.76A,B,X 6.51 � 0.76A,X 6.29 � 0.76A,X 8.05 � 0.76A,Y 7.03 � 0.76A,Y

21 6.94 � 0.69A,X 6.51 � 0.69A,B,X 4.27 � 0.69C,Y 5.04 � 0.69A,B,C,X 4.91 � 0.69B,C,X 4.69 � 0.69B,C,X

LT
0 �4 4.29 � 0.26X 4.24 � 0.33X �4 4.23 � 0.29X 4.84 � 0.29X

7 6.16 � 0.73X 5.73 � 0.73Y 6.56 � 0.73Y 6.22 � 0.73X 6.19 � 0.73Y 5.78 � 0.73X

14 7.29 � 0.75X 7.19 � 0.75Y 6.11 � 0.75Y 6.68 � 0.75X 6.91 � 0.75Y 6.34 � 0.75X

21 4.97 � 0.33Y 4.1 � 0.33X �4 4.08 � 0.33Y 4.44 � 0.33X 4.85 � 0.33X

K88 fimbriae
0 �4 �4 �4 �4 �4 �4
7 5.43 � 0.74X,Y 4.86 � 0.74X 5.82 � 0.74Y 5.59 � 0.74X 5.63 � 0.74X 5.15 � 0.74X

14 6.53 � 0.82X 6.39 � 0.82X 5.29 � 0.82X 5.9 � 0.82X 6.15 � 0.82X 5.31 � 0.82X

21 4.32 � 0.42Y �4 �4 �4 �4 4.15 � 0.42X

STa
0 �4 �4 �4 �4 �4 4.11 � 0.16
7 �4 �4 �4 �4 �4 �4
14 �4 �4 �4 4.13 � 0.16 �4 �4
21 �4 �4 �4 �4 �4 �4

a Data are presented as least-squares means (n 	 36) � standard errors of the means. Superscripts A, B, and C denote significant differences (P � 0.05) between diets at each time
point (comparison across rows); superscripts X, Y, and Z denote significant differences (P � 0.05) within a diet over time (comparison across columns). Values that do not share a
superscript are significantly different. The detection limit for E. coli, STb, LT, K88 fimbriae, and STa was 4 log10 gene copies/g of feces (wet weight).
b For TMW1.656 and LTH5794, the diets consisted of feed fermented with TMW1.656 and LTH5794, respectively, and supplemented with the indicated sugar.

Effects of Reuteran and Levan on ETEC in Piglets

September 2015 Volume 81 Number 17 aem.asm.org 5749Applied and Environmental Microbiology

http://aem.asm.org


matched those in the fermented diets and thus provided more
fermentable substrates to autochthonous lactobacilli in the stom-
ach (45).

qPCR is widely used to detect bacteria in fecal and gut content
samples (46). Because the viable L. reuteri bacteria that are present
in the feed or the upper intestinal tract remain viable throughout
gastrointestinal transit (21, 28, 47), quantification of DNA by
qPCR indicates the presence of viable cells. The primers were de-
signed to target strain-specific sequences in L. reuteri TMW1.656
and L. reuteri LTH5794, and the melting temperature of ampli-
cons was routinely checked to verify specific amplification. Cross-
contamination was essentially absent in intestinal tissue samples.
However, low levels of gtfA and ftfA were detected in fecal samples
from pigs that were not fed the corresponding strains. This may
reflect the cross contamination of fecal samples after defecation.
Despite this limitation, the qPCR methodology differentiated
between feed-fermenting L. reuteri strains and autochthonous
strains of lactobacilli (21, 23). Both strains persisted in the guts of
the piglets, were excreted with feces in high abundance, and ac-
counted for 1% to �10% of the total L. reuteri bacteria. L. reuteri
TMW1.656 and LTH5794 are rodent lineage strains that differ
physiologically and phylogenetically from porcine strains of L.
reuteri (21, 23). L. reuteri LTH5794 had no apparent influence on
autochthonous lactobacilli, in keeping with the findings of previ-
ous studies feeding probiotic lactobacilli (47, 48). Feed fermented
with L. reuteri TMW1.656, however, decreased the abundance of
autochthonous L. reuteri bacteria. L. reuteri TMW1.656 produces
reutericyclin (25), a low-molecular-weight antimicrobial com-
pound inhibiting Gram-positive bacteria, including L. reuteri
(49), that may account for the reduced numbers of L. reuteri bac-
teria.

Oral administration of lactic acid bacteria to swine reduced the
amounts of fecal Enterobacteriaceae and coliform bacteria (47);
oral administration of Lactobacillus amylovorus also reduced the
level of colonization of weaning piglets with ETEC in a challenge
study (36). The present study demonstrated that feed fermenta-
tions reduce the abundance of intestinal E. coli, including ETEC,
compared to that achieved with both the unfermented control and
the acidified unfermented control. Although all piglets remained
healthy throughout the study, a reduced number of ETEC bacteria
indicates a reduced risk of ETEC-induced diarrhea. This health
benefit justifies the designation of the two strains as probiotic
strains (50).

The effect of feed fermentation with L. reuteri on the abun-
dance of fecal E. coli or fecal levels of ETEC virulence factors was
dependent on the strain and on the presence of reuteran or levan.
The reuteran-containing fermented diet was the only diet that
significantly reduced the fecal levels of STb compared to those in
both unfermented control diets; this diet was also the only diet
reducing the levels of fecal LT to levels below the detection limit at
week 3 and reducing the levels of E. coli and STb to levels below the
detection limit in all intestinal tissue samples (Table 6 and Fig. 3).
Exopolysaccharides produced by lactic acid bacteria reduce the
adherence of pathogenic bacteria, such as E. coli, to the intestinal
mucosa (51). Specifically, the reuteran produced by L. reuteri
TMW1.656 reduces the adhesion of ETEC K88. In the present
study, the reuteran-positive groups had lower copy numbers of
genes for E. coli and the ETEC virulence factors than groups fed
diets containing L. reuteri but not reuteran or levan, which may
reflect the antiadhesive properties of reuteran in vitro (16) and in
an in vivo model (17). Together with the findings presented in
those prior reports, this study suggests that reuteran reduces the

FIG 3 Gene copy numbers for E. coli (A) and its STb virulence factor (B) in the gut digesta of pigs fed control feed (white bars), chemically acidified feed (light
gray bars), feed fermented with L. reuteri TMW1.656 with addition of sucrose to support reuteran formation (black bars), feed fermented with L. reuteri
TMW1.656 with addition of glucose and fructose (white bars with slashes), feed fermented with L. reuteri LTH5794 with addition of sucrose to support levan
formation (light gray bars with slashes), or feed fermented with L. reuteri LTH5794 with addition of glucose and fructose (dark gray bars with slashes). Data are
presented as least-squares means (n 	 36), with their standard errors being represented by vertical bars. a, b, and c denote significant differences (P � 0.05)
between diets at each site. Values not having the same letter are significantly different. The detection limit was 4 log10 gene copies/g of digesta (wet weight). Chem.
Acid., chemically acidified; Suc, sucrose; G, glucose; F, fructose.
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level of ETEC adhesion to the intestinal mucosa in vivo. However,
the levels of E. coli and ETEC bacteria in animals receiving L.
reuteri TMW1.565-fermented diets with or without reuteran were
not significantly different. This may relate to the low levels of
reuteran that may be formed from the sucrose that is present in
wheat flour (43).

In conclusion, feed fermentation with L. reuteri reduced the
level of colonization of weaning piglets with ETEC bacteria and
additionally supplied reuteran in concentrations that may specif-
ically contribute to the prevention of ETEC adhesion to the intes-
tinal mucosa. The study thus constitutes a step toward under-
standing the metabolic activities that confer probiotic properties
to lactic acid bacteria.
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