Supplementation with live yeast increases rate and extent of in vitro fermentation
of nondigested feed ingredients by fecal microbiota
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ABSTRACT: Two studies were conducted to
investigate the effect of live yeast (LY) on the in
vitro fermentation characteristics of wheat, bar-
ley, corn, soybean meal (SBM), canola meal, and
distillers dried grains with solubles (DDGS). In
Study 1, LY yeast was added directly to in vitro
fermentations inoculated with feces from lactating
sows, whereas as in study 2, feces collected from
lactating sows fed LY as a daily supplement was
used. Selected feedstuffs were digested and the
residue added to separate replicated (n = 3) fer-
mentation reactions. Study 1 was conducted in
two blocks, whereas study 2 was conducted using
feces collected after a period of 3 (Exp. 1) or 4 wk
(Exp. 2) of LY supplementation. Accumulated gas
produced over 72 h was modeled for each substrate
and the kinetics parameters compared between
LY and control groups. The molar ratio of the vol-
atile fatty acids (VFAs) produced in vitro were also
compared at 12 and 72 h of incubation. In study 1,
in vitro addition of yeast increased (P < 0.001) the
rate of gas production (R_ ). However, a yeast X
substrate effect (P < 0.05) observed for total gas
accumulated (A), time to half asymptote (B), and
time required to reach maximum rate of fermenta-
tion (T _ ) suggested that yeast-mediated increases

max-

in extent and rate of fermentation varied by sub-
strate. Greater total gas production was observed
only for corn and SBM, associated with greater
B and T _ . Supplementation with LY appeared
to increase 4 and R although with variation
between experiments and substrates. In Exp. 1, LY
decreased (P<0.05) Band T . However, a yeast X
substrate effect (P < 0.05) was observed for only
A (for wheat, barley, corn, and corn DDGS) and
R . (wheat, barley, corn, and wheat DDGS). In
Exp. 2, LY increased (P < 0.0001) 4 and decreased
B. However, an interaction (P < 0.05) with sub-
strates was observed for R (except SBM) and
T . With exception of the DDGS samples, LY
supplementation increased (P < 0.05) VFA pro-
duction at 12 and 72 h of incubation. Yeast
increased (P < 0.05) the molar ratios of acetic acid
and branch-chain fatty acids at 12 h of incubation;
however, this response was more variable by sub-
strate at 72 h. In conclusion, LY supplementation
increased the rate and extent of in vitro fermen-
tation of a variety of substrates prepared from
common feedstuffs. Greater effects were observed
when LY was fed to sows than added directly in
vitro, suggesting effects on fermentation were not
mediated directly.
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INTRODUCTION

Live yeast (LY) probiotics based on
Saccharomyces cerevisiae have been reported
to improve fiber fermentation, gut health, and
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performance in several animal species (Broadway
et al., 2015; Montes de Oca et al., 2016). However,
reports of positive responses to LY supplementa-
tion in monogastric animals are limited (Mathew
et al., 1998; Paryad and Mahmoudi, 2008), and
sometimes, contradictory (Kornegay et al., 1995;
Jurgensetal., 1997). These contrasting results could
be due to the differing amounts/strains of LY used
or differences in dietary composition (Oeztuerk
et al., 2005). However, the exact mode of action
of LY is still not clear. Thus, it has not been estab-
lished whether LY supplementation exerts positives
effect by influencing gut immunity (Roselli et al.,
2017) or indirectly through modification in gut
microbiota composition to promote fiber fermenta-
tion (Liao and Nyachoti 2017) to generate metab-
olites including short-chain fatty acids (SCFA) that
can promote gut health (Bindelle et al., 2008) and
contribute to energy supply (Varel and Yen, 1997,
Dierick et al., 1989). In ruminants, LY enhanced
fiber fermentation and SCFA production thereby
stabilizing rumen pH (Wiedmeier et al., 1987, Fonty
and Chaucheyras-Durand, 2006, Desnoyers et al.,
2009). These effects of LY were greater in a fibrous
diet than a high concentrate diet further confirming
the role of LY in enhancing fermentation of fibrous
feedstuffs (Opsi et al., 2012). The present study
investigated LY effect on fiber fermentation using
an in vitro model that simulated the distal gut of
swine. The objective was to evaluate the effect of
LY added directly to substrates in vitro or fed to
lactating sows as a daily supplement on the in vitro
fermentation characteristics of selected feed ingre-
dients used for pig feed.

MATERIALS AND METHODS

The experiment was conducted at the Prairie
Swine Centre, Inc., Saskatoon, Saskatchewan,
Canada. The experimental protocol and procedures
involving animals were approved by the University
of Saskatchewan’s Animal Research Ethics Board
and adhered to the Canadian Council on Animal
Care guidelines for humane animal use (CCAC,
2009). All the pigs were PIC genetics (Camborough
Plus x C337; PIC Canada Ltd.).

Experimental Design and Animals

Two separate studies were conducted to achieve
the objectives of this research. For study 1, an
experiment with six replicates conducted in two
blocks (three replicates per block) was conducted
using fresh feces collected from lactating sows from
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the herd at Prairie Swine Centre Inc. fed a stand-
ard wheat-based diet (Supplementary Table 1).
For study 2, the fresh fecal samples used for the
in vitro fermentation experiments were obtained
from 16 sows belonging to the same herd fed
wheat-based diet (Supplementary Table 1) and sup-
plemented with (n = 8) or without (n = 8) a LY pro-
biotic (Actisaf Sc 47 HR+; CNCMI-4407, Phileo
Lesaffre Animal Care, France) by top dressing with
1 x 10" cfu of LY probiotics per kilogram of diet
(yeast). Feces were collected directly from the rec-
tum into air-tight 50 mL test tubes after 3 (Exp. 1)
or 4 (Exp. 2) wk of yeast supplementation. After
collection, fecal samples were transported to the
lab under an anaerobic condition using anaerobic
jars placed in a cooler box containing warm water
(39 °C). A portion of the fecal samples was used to
determine LY count by plating serially diluted fecal
samples on YGC agar plates.

Substrates and In Vitro Enzymatic Digestion

Seven feed ingredients were used as substrates
for the in vitro digestion and fermentation experi-
ments: barley, corn, wheat, canola meal, soybean
meal (SBM), distillers dried grains with solubles
(DDGS) derived from corn (corn DDGS), and
wheat (wheat DDGS). Grass silage was included
as a positive control for high fiber ingredients. The
samples were subjected to in vitro chemical and
enzymatic digestion using porcine pepsin and pan-
creatic enzymes following a previously described
protocol (Boisen and Fernandez, 1997). Briefly, 4 g
of each of these ingredients, ground in a laboratory
mill (Restch ZM1, Newton, PA) to pass through
1 mm screen were dried and weighed into 1 L con-
ical flasks in triplicates. Subsequently, 200 mL of
phosphate buffer (0.1 M, pH 6.0) and 80 mL 0.2 M
HCI were added to each flask. After adjusting the
pH to 2 using 1 M HCI or NaOH, 4 mL chloram-
phenicol (Sigma C-0378) solution (0.5 g 100 mL™!
ethanol) and 8§ mL of freshly prepared pepsin so-
lution (25 g L', porcine pepsin: 2000 FIP-U g™,
Merck no. 7190 in 0.2M HCI) were added to each
flask. The flasks were covered with tin foil and
placed in a water bath at 39 °C for 2 h under gentle
agitation (50 rpm).

Following pepsin hydrolysis, 80 mL of a phos-
phate buffer solution (0.2 M, pH 6.8) and 40 mL
of 0.6 M NaOH solution were added to the solu-
tion. The pH was adjusted to 6.8 with 1 M HCI or
NaOH and 8 mL of freshly prepared pancreatin
solution (100 g pancreatin (Sigma P-1750) L™! in
0.6 M NaOH) were added to each flask. Thereafter,
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the flasks were covered with tin foil and hydrolysis
was continued for 4 h under the same conditions.

After hydrolysis, the residues were collected by
filtration through a nylon bag (42 pm), washed with
ethanol (2 X 25 mL 95% ethanol) and acetone (2 X
25 mL 99.5% acetone), dried for 24 h at 60 °C £ 1,
and weighed. The dried digested residues from mul-
tiple batches were later pooled for in vitro fermen-
tation. The in vitro digestibility of DM (IVDMD)
of the substrates was calculated as follows:

dry weight of the sample
before digestion dry weight of

the sample after digestion

IVDMD = x 100

dry weight of the
sample before digestion

Inoculum Preparation and In Vitro Fermentation

To investigate the effect of yeast on in vitro gas
production, in vitro fermentation experiments were
conducted using sow feces as a source of inoculum.
In study 1, yeast was added directly to the fermen-
tation bottles together with the substrates. In study
2, yeast was fed directly to sows and fecal samples
taken from sows (control and yeast groups) on weeks
3 and 4 were used for the in vitro fermentation.

The in vitro fermentation procedure followed
the protocol previously described for ruminants
(Menke and Steingass, 1988) as adapted to the pig
(Bindelle et al., 2007a). Briefly, fecal samples, col-
lected and transported as described above, were
opened inside an anaerobic chamber and 20 g feces
from each of the eight sows in a group were mixed
together in a big container. Fecal slurry (10%) was
prepared inside the anaerobic chamber by mixing
100 g of the pooled feces with 900 mL of buffer
solution composed of macro and micro minerals,
carbonate buffer, and reducing solution (Menke
and Steingass, 1988), stirred continuously to
homogenize and filtered through a double-layered
cheese cloth. For the experiment where LY was sup-
plemented in vitro, on two separate occasions, fecal
slurries from untreated sows were either left unsup-
plemented or inoculated with LY to achieve 5 x 10°
cfu yeast per milliliter. The amount of LY added to
the slurry was determined based on the number of
yeast cultured from a gram of cecal content from
pigs supplemented with 10" cfu of LY per kilo-
gram of diet based on our own unpublished data.
The in vitro fermentation was conducted in tripli-
cate by adding 30 mL of the prepared fecal slurry
into 140 mL serum vials containing 200 mg of the

Kiros et al.

digested substrates for each ingredient. The serum
vials were sealed with butyl rubber stoppers and
aluminum caps to contain gas pressure produced
due to fermentation and incubated at 39 °C incu-
bator inside the anaerobic chamber for 72 h. The
experimental scheme was as follows: seven ingredi-
ents X two treatment groups X three replicates +
three blanks (containing only the inoculum).

Measuring Gas Production and Calculation of Gas
Production Kinetics

The head-space gas pressure released due to
fermentation of substrates was recorded at 0, 2,
4,8, 12, 16, 24, 36, 48, and 72 h of incubation by
measuring inner pressure of the bottles using a
pressure transducer. Gas production (G), measured
in pound-force per square inch (psi), was converted
into milliliter per gram DM for each time point
based on common gas laws. These values were then
fitted into a previously described model equation
(Groot et al., 1996) shown below to develop gas
accumulation curves for each substrate during the
72 h of incubation and to estimate fermentation
kinetics parameters.

A

When ¢ > 0, G (mL g-! DM) denotes the gas accu-
mulation to a given time; A (mL g-! DM) repre-
sents the maximum gas volume for ¢ = e, and B in
hours is the time to half asymptote when G = A/2,
while C represents a constant determining the
slope of the inflexion point of the profile. Two
additional parameters were calculated from this
equation: R__, the maximum rate of gas produc-
tion (mL g=! DM x h), when the microbial popu-
lation no longer limits the fermentation, and T__,
the time at which R__ is reached. These kinetics
parameters were statistically analyzed to compare
the rate of fermentation between different ingredi-
ents and treatment groups.

Measuring Volatile Fatty Acids Produced During In
Vitro Fermentation

Only samples from fermentation broths obtained
from study 2, when sows where fed LY for 3 wk, were
used for volatile fatty acid (VFA) determination. One
milliliter sample of the fermentation broth taken at
12 and 72 h was mixed with 25% phosphoric acid in
4:1 sample-to-acid ratio and stored in —80 °C until
required for analysis. SCFA and branch chain fatty
acid (BCFA) were analyzed by gas chromatography
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(Agilent 6890 series GC system; Agilent Technologies,
Santa Clara, CA) fitted with a flame ionization detec-
tor and a fused-silica capillary column (ZB-FFAP
capillary column; 30 m length X 0.32 mm X 0.25 pm
film thickness; ZEBRON, Phenomenex, Torrance,
CA) as described by Jha et al. (2011). The amount
of each SCFA produced during the in vitro fermen-
tation was expressed as milligram per gram DM by
taking into consideration all the dilution factors used
during the in vitro fermentation and during gas chro-
matography analysis.

Statistical Analyses

All statistical analyses were performed using the
SAS 9.3 software (SAS Inc., Cary, NC). The DM
content and IVDMD of each ingredient were ana-
lyzed by one-way ANOVA using the mixed proce-
dure for complete randomized design. For study 1
(yeast added directly to substrates in vitro), the data
were combined to obtain six replicates per sample
with block as a random effect. For study 2 (sows fed
with or without yeast), data for the two experiments
were analyzed separately (n = 3) to avoid confound-
ing effects of 3 or 4 wk LY supplementation. Data
for the gas production kinetics during in vitro fer-
mentation were analyzed using Proc mixed for fac-
torial treatment structure with yeast and substrate
as classification criteria. Similarly, VFA production
levels and the molar ratio of the various SCFA were
analyzed as a factorial treatment design with time
point (12 and 72 h), yeast, and substrate as classifi-
cation criteria. Data for DM content and IVDMD
were reported as means with standard deviation,
whereas data for fermentation kinetics and VFA were
reported as least square means and pooled SEM.
Significance was defined as P < 0.05, and treatments
means were separated using the LSD option of SAS.
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RESULTS

DM and In Vitro DM Digestibility of Ingredients

The IVDMD varied (P < 0.0001) among the
ingredients (Table 1). Wheat and SBM had the
highest (P < 0.05) IVDMD, followed by barley and
wheat DDGS, whereas corn DDGS had the lowest
(P <0.05) IVDMD as expected.

Yeast Count in Sow Feces

Unpublished data from our laboratory sug-
gest that environmental yeast shedding in nonyeast
supplemented pigs can reach 10° cfu g™! of feces.
Therefore, we investigated the number of yeast
shedding in sows fed diets supplemented without
or with LY. Fecal yeast shedding (log cfu/g of feces)
did not differ between the two groups of sows at the
start of LY supplementation (1.53 vs. 1.76; control
vs. supplemented). However, by week 3 of supple-
mentation, fecal yeast shedding increased (P < 0.05)
by more than 100 fold in the LY-supplemented sows
(3.77) but not for the control sows (1.43).

In Vitro Gas Production

The rate and extent of fermentation (Tables
2-4) of selected substrate residues (i.e., following
in vitro digestion and filtration) among all experi-
ments conducted were similar such that the high-
est gas volumes were observed for corn, SBM, and
corn DDGS, whereas the lowest gas volumes were
observed for canola. Maximum fermentation rate
was highest for corn and SBM and lowest for the
DDGS (corn and wheat). Interestingly, fitted gas
accumulation curves (Figures 1-3) illustrated that
gas production for corn and wheat DDGS did not

Table 1. DM content (%) and in vitro DM digestibility (%) of ingredients used for in vitro fermentation'

Ingredient DM SD (&\% IVDMD SD (&\%
Wheat 92.28¢ 0.25 0.27 82.83% 2.15 2.60
Barley 92.53¢ 0.24 0.26 76.76° 1.50 1.96
Corn 91.56¢ 1.02 1.12 74.77¢ 1.21 1.62
Soybean meal 94.58b¢ 0.18 0.19 81.84¢ 0.81 0.99
Canola 93.05 0.30 0.33 63.08¢ 0.98 1.56
Corn DDGS 94.36b 0.07 0.07 55.13F 0.63 1.135
Wheat DDGS 95.22: 2.61 2.74 77.03° 0.69 0.90
Grass 96.75% 0.19 0.19 57.11¢ 0.96 1.68
SEM 0.53 0.41

P-value <.0001 <.0001

*'Within a variable, means with different superscripts differ (P < 0.05).

CV (%) = percent coefficient of variation; IVDMD=in vitro DM digestibility; DDGS = distillers dried grains with solubles.



1810

Kiros et al.

Table 2. Gas production kinetics parameters for the different substrates following addition of yeast in

vitro!?
Item? A B R .. T,.
Yeast No 200.96 22.05 7.00° 9.94°
Yes 208.84 21.14 7.60? 13.47¢
SEM 3.34 0.33 0.03 0.22
Substrate Wheat 195.45° 15.534 8.25¢ 8.70¢
Barley 186.59° 17.39¢ 6.62¢ 6.93¢
Corn 239.56* 18.38¢ 9.62° 13.04°
Soybean meal 239.69¢ 16.91« 11.76° 13.28°
Canola 147.97¢ 17.91¢ 6.24¢ 12.64°
Wheat DDGS 191.87° 27.09° 4.59¢ 7.28¢
Corn DDGS 233.15¢ 37.95¢ 4.03¢ 20.09¢
SEM 6.26 0.62 0.20 0.41
Wheat No 190.16" 15.18¢ 7.92 7.34"
Yes 200.75¢def 15.88 8.57 10.07¢
Barley No 175.61° 16.76°t 6.41 5.29¢
Yes 197.57¢ 18.034f 6.83 8.57¢
Corn No 223.(07bcde 17.30%te 8.95 11.43¢
Yes 256.06* 19.44¢ 10.29 14.64°
Soybean meal No 226.24% 15.37¢ 11.72 11.72¢
Yes 253.14¢ 18.45¢% 11.80 14.84°
Canola No 149.23¢ 16.23¢t 6.09 9.60%
Yes 146.71¢ 19.60¢ 6.40 15.68°
Wheat DDGS No 199.36%f 30.26° 443 4.29¢
Yes 184.39" 23.93¢ 4.75 10.27«
Corn DDGS No 243.05%® 43.242 3.48 19.942
Yes 223.25bd 32.65° 4.58 20.24¢
SEM 8.84 0.87 0.29 0.58
P-values
Yeast 0.107 0.0614 0.001 <.0001
Substrate <.0001 <.0001 <.0001 <.0001
Yeast X substrate 0.031 <.0001 0.311 0.0004

2tWithin a variable and fixed effect, means with different superscripts differ (P < 0.05).

'Data are from Study 1 whereby the yeast probiotic was added directly in vitro. No = yeast not added; Yes = yeast added.

24 = total gas production (mL/g DM); B = time to half asymptote (h); R

to reach maximum rate of fermentation (h).
SDDGS = distillers dried grains with solubles.

plateau during the 72 h incubation period and may
therefore not have been complete.

In study 1, when yeast was added directly to the
in vitro incubation medium containing fecal slurry
from nontreated sows and without addition of sub-
strate, the rate and extent of gas fermentation was
increased (Figure 1, upper left panel). This posed
a challenge as fermentation parameters determined
without addition substrates are subtracted from
fermentation parameters determined when sub-
strate is added. Thus, results reported in Table 2
represent the net effect of yeast when substrate was
present accounting for the large increase in fermen-
tation observed without additional substrate.

For experiments examining the in vitro sup-
plementation of LY (study 1), the effect of yeast
on the final gas volume (A4) was not consistent

= rate of gas production (mL g' DM h'); and T = time required

X X

among the different feed ingredients tested (Table
2 and Figure 1) as indicated by a yeast X substrate
effect (P = 0.031). Yeast increased (P < 0.05) 4
for corn and SBM and tended to increase (P <
0.090) for barley. Yeast also increased (P = 0.001)
the rate of gas production (R _ ) for all the
ingredients tested. However, a yeast X substrate
effect (P < 0.0001) on the time to half asymp-
tote (B) was observed such that yeast shortened
B for wheat DDGS (from 43.2 to 32.7) and corn
DDGS (from 30.3 to 23.9 h) but increased B for
SBM (from 15.4 to 18.5 h) and canola meal (from
16.2 to 19.6 h) (Table 2). Finally, a yeast X sub-
strate effect (P < 0.001) was observed for time
to reach maximum fermentation rate (7, ) such
that 7 was increased for all substrates with the
exception of corn DDGS.
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Figure 1. Fitted gas accumulation curves modeled using a previously described mathematical formula (Groot et al., 1996) that show the amount
of gas produced in milliliter per gram of DM and accumulated during the indicated time period in Study 1 when yeast was added in vitro. Values
represent mean (n = 6) and SD of the mean. +ve means yeast was added and —ve means no yeast added.

In study 2, fecal slurries incubated without
substrate from yeast-fed sows tended to produce a
higher volume of gas than from the control sows
(Figures 2 and 3). Generally, LY supplementation
increased gas accumulation for all added substrates
even after correction for gas accumulation at each
time point without added substrate (Figures 2 and
3). Furthermore, results were similar for fecal slur-
ries harvested after 3 (Table 3) or 4 (Table 4) wk of
in vivo LY supplementation. The greatest responses
observed for LY supplementation occurred for the
fermentation of corn, followed by corn DDGS in
Exp. 1 (Figure 2), and wheat followed by wheat
DDGs in Exp. 2 (Figure 3). Overall, statistical

analyses on the fermentation kinetics parame-
ters for Exps. 1 (Table 3) and 2 (Table 4) revealed
a positive effect of yeast on increasing 4 and R__
(P < 0.0001). Yeast also decreased (P < 0.0001) B
and shortened (P < 0.0001) 7' . Combined, yeast,
on average, increased the A from 171.7 to 193 mL
g' DM and R from 5.4 to 6.9 mL g DM h™',
while decreasing the 7 from 13.6 to 9.1 h and
shortening B from 25.3 to 19.6 h.

For study 2, there was a yeast X substrate effect
(P <0.05) on 4 in Exp. 1, such that yeast increased
A for corn, corn DDGS, barley, and wheat only.
However, there was no yeast X substrate effect
on the A4 in Exp. 2 (Table 4). Further, there was a
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Figure 2. Fitted gas accumulation curves modeled using a previously described mathematical formula (Groot et al., 1996) which show the
amount of gas produced in milliliter per gram of DM and accumulated during the indicated time. Data for Study 2, Exp. | when yeast was fed to
sows for 3 wk. Values represent mean (n = 3) and SD of the mean. +ve means yeast was added and —ve means no yeast added.

yeast X substrate effect (P <0.05) on R__in Exp. 1
(P<0.01)and Exp. 2 (P <0.0001), the highest effect
being on corn. In Exp. 1, yeast decreased (P < 0.05)
the B and shortened 7' for all substrates tested
(Table 3). Similarly, yeast decreased (P < 0.05) the
Band T for all substrates tested in Exp. 2, but a
yeast X substrate effect (P < 0.001) for 7 indi-
cated that the yeast-mediated decrease was greater
for some substrates (Table 4).

Volatile Fatty Acid Production

Data on VFA production were reported
for only study 2 when sows were fed yeast for

3 wk. There were a number of significant yeast
X substrate and yeast X substrate X time effects
(P < 0.05) observed for total VFA production
and molar ratios (Table 5). Generally, yeast sup-
plementation appeared to increase the total VFA
production with the greatest effects observed for
wheat and SBM at 12 h, and for corn at 72 h of
incubation. The molar ratios of acetic acid and the
BCFA appeared to increase when yeast was sup-
plemented at 12 h but this effect was less appar-
ent at 72 h of incubation. In the case of corn, the
molar ratio of acetic acid increased with yeast
supplementation at both 12 and 72 h, whereas the
molar ratio of propionic acid decreased with yeast
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Figure 3. Fitted gas accumulation curves modeled using a previously described mathematical formula (Groot et al., 1996) which show the
amount of gas produced in milliliter per gram of DM and accumulated during the indicated time. Data for Study 2, Exp. 2 when yeast was fed to
sows for 4 wk. Values represent mean (n = 3) and SD of the mean. +ve means yeast was added and —ve means no yeast added.

supplementation at both 12 and 72 h. For SBM,
there were no differences for the molar ratios of
acetic and propionic acids at 12 h. However, the
molar ratio of acetic increased, whereas that of
propionic decreased at 72 h with yeast supplemen-
tation. Taken together, the highest effect of yeast
supplementation was observed for corn fermenta-
tion; total VFA production increased from 183.7
to 223.6 mg g”! DM and from 358 to 446.3 mg g!
DM at 12 and 72 h of incubation, respectively.
Yeast also increased the molar ratios of acetic acid
from 58.3% to 60.2% and from 61.8% to 64.6% at
12 and 72 h, respectively.

DISCUSSION

In ruminants, there is considerable evidence in
the literature suggesting that yeast supplementation
improves fiber fermentation and stabilizes rumen
pH (Desnoyers et al., 2009). Studies reporting on
the effect of yeast supplementation in monogastric
animals are, however, limited and sometimes con-
tradictory. It has been suggested that the differing
yeast amounts/strains used, physiological stage of
the animals or differences in the dietary compo-
sition is likely the cause (Oeztuerk et al., 2015).
Nonetheless, establishing the mode of action of



1814

Kiros et al.

Table 3. Gas production kinetics parameters for the different substrates when yeast was directly fed to sows

for 3 wk!?
Ttem? A B R . T .
Yeast No 167.15° 22.45 5.91° 13.60°
Yes 186.46* 18.81° 7.03¢ 10.00°
SEM 2.02 0.46 0.12 0.25
Substrate Wheat 170.48° 14.14¢ 7.67° 7.13¢
Barley 155.314 16.12% 5.98¢ 6.39°
Corn 224.29* 18.09° 8.30° 10.82¢¢
Soybean meal 195.49° 17.19° 9.77* 13.60°
Canola 121.86° 17.40° 4.924 11.53¢
Wheat DDGS 172.44¢ 30.48¢ 3.58¢ 9.67¢
Corn DDGS 197.79° 31.00° 5.084 23.510
SEM 3.78 0.86 0.22 0.49
Wheat No 159.45¢ 15.07 6.93¢ 8.88
Yes 181.52% 13.21 8.40° 5.38
Barley No 145.47" 17.54 5.09¢ 7.64
Yes 165.14" 14.70 6.87° 5.15
Corn No 205.3% 19.71 6.96° 12.09
Yes 243.28* 16.47 9.63* 9.54
Soybean meal No 191.04< 18.99 9.932 16.28
Yes 199.94¢e 15.39 9.61* 10.92
Canola No 120.89 18.89 4,594 12.92
Yes 122.83 15.91 5.26¢ 10.14
Wheat DDGS No 167.36% 34.35 3.07° 11.12
Yes 177.539%f 26.61 4.09° 8.22
Corn DDGS No 180.55%f 32.61 4.79% 26.27
Yes 215.02° 29.38 5.36¢ 20.75
SEM 5.34 1.22 0.31 0.66
P-values
Yeast <.0001 <.0001 <.0001 <.0001
Substrate <.0001 <.0001 <.0001 <.0001
Yeast X substrate 0.017 0.335 0.002 0.108

“Within a variable and fixed effect, means with different superscripts differ (P < 0.05).

"No = yeast not added; Yes = yeast added.

24 = total gas production (mL/g DM); B = time to half asymptote (h); R

to reach maximum rate of fermentation (h).
SDDGS = distillers dried grains with solubles.

yeast, whether mediated by direct immune stimu-
lation or enhanced fiber fermentation will be crit-
ical in understanding conditions under which LY
supplementation could result in positive health and
performance responses. Here we present data from
in vitro fermentation studies designed to determine
whether increased rate and or extent of fiber fer-
mentation and SCFA production contributes to
performance benefits when LY is supplemented in
swine diets.

Despite the overall positive effect of LY on fer-
mentation observed in our studies, LY, when added
directly to the substrates in vitro, did not seem to
have significant positive effects on the extent and
rate of fermentation for most of the feed ingredi-
ents tested. However, for corn, the final gas volume
and the rate of fermentation significantly increased

max

= rate of gas production (mL g DM h™'); and T

max

= time required

when LY was added directly in vitro. The LY added
in vitro was not expected to modify the fecal micro-
biota within the short period of incubation to influ-
ence the fermentation process, but may act as an
additional source of nutrients and vitamins for the
microbiota growth and multiplication and hence
indirectly enhance fermentation. It is noteworthy
that LY alone with no substrate added (yeast-posi-
tive blank) produced a significantly higher volume
of gas than the LY-negative blanks which was sim-
ilar in volume to previous reports (Bindelle et al.,
2007b). Since the volume of gas produced in the
vessels without added substrate (blank) must be
subtracted from the volume of gas produced in test
vessels, subtraction of the higher gas volumes from
yeast-supplemented vessels might have partially
masked the positive effect of yeast compared with
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Table 4. Gas production kinetics parameters for the different substrates when yeast was directly fed to sows

for 4 wk!2
Ttem? A B R T .
Yeast No 176.23° 28.232 4.84° 13.68°
Yes 199.54 20.36° 6.84% 8.17°
SEM 3.29 0.78 0.09 0.29
Substrate Wheat 178.35¢ 17.20° 6.62° 6.264
Barley 162.59¢ 19.49° 5.634 4.00°
Corn 242.57¢ 21.37° 7.57° 12.07°
Soybean meal 204.87° 19.99° 8.91¢ 15.82°
Canola 123.47¢ 19.80° 4.35¢ 12.37¢
Wheat DDGS 197.15° 36.81¢ 3.84f 5.66¢
Corn DDGS 206.2° 35.41¢ 3.94¢ 20.28°
SEM 6.16 1.45 0.17 0.55
Wheat No 164.9 20.18 5.01¢ 7.63f
Yes 191.8 14.22 8.22° 4.89¢h
Barley No 149.0 224 4.28% 5.23¢
Yes 176.1 16.53 6.99° 2,770
Corn No 233.89 25.18 6.114 14.97¢
Yes 251.26 17.56 9.032 9.17¢
Soybean meal No 196.32 23.67 8.60 20.64°
Yes 213.42 16.31 9.232 10.99¢
Canola No 117.19 23.58 3.62¢ 16.564
Yes 129.75 16.02 5.08¢ 8.18f
Wheat DDGS No 186.92 44.07 2.86! 7.53f
Yes 207.39 29.55 4.82¢f 3.79¢&
Corn DDGS No 185.3 38.50 3.37M 23.18%
Yes 227.1 32.33 4.51¢ 17.38¢
SEM 8.71 2.05 0.24 0.77
P-values
Yeast <.0001 <.0001 <.0001 <.0001
Substrate <.0001 <.0001 <.0001 <.0001
Yeast X substrate 0.711 0.393 <.0001 0.0003

“iWithin a variable and fixed effect, means with different superscripts differ (P < 0.05).

"No = yeast not added; Yes = yeast added.

24 = total gas production (mL/g DM); B = time to half asymptote (h); R

to reach maximum rate of fermentation (h).
SDDGS = distillers dried grains with solubles.

the subtraction of lower blank values or nonsup-
plemented test vessels.

In general, the cereal grains (wheat, barley, and
corn) seem to be readily fermentable substrates than
the corn and wheat DDGS samples, owing to rela-
tively shorter time to half asymptote and enhanced
rate of fermentation. This is in agreement with pre-
vious findings (Bindelle et al., 2007b, 2011) report-
ing a relatively slower fermentation rate in feed
ingredients with high fiber contents, especially those
rich in insoluble fiber. In addition, our data sug-
gest that addition of yeast directly to diet further
enhances both the extent and rate of fermentation
for the feed ingredients tested compared with the
control diet with the highest effect observed on corn
and wheat. The possible mode of action is hypoth-
esized to be due to the ability of yeast to reduce the

max

= rate of gas production (mL g”' DM h™'); and T

max

= time required

redox potential both in vivo and in vitro (Newbold
et al., 1995) thereby promoting the growth of anaer-
obic bacteria which enhance fiber fermentation. The
DDGS contained greater amounts of dietary fiber
than the cereal grains, which could be fermented in
the presence of yeast to produce more gas. However,
the final gas volume produced at the end of 72 h
incubation by the DDGS was not different from
the gas volume produced by the other ingredients.
This could be due partly to the slow fermentation
rate observed at the beginning of incubation, espe-
cially for corn DDGS, and the fact that fermenta-
tion was not yet at its maximum level at 72 h for
the DDGS. Indeed, the gas accumulation curves for
wheat and corn DDGS did not plateau, suggest-
ing that fermentation and gas production was still
going on for those ingredients at 72 h of incubation.
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Table 5. Total volatile fatty acid (VFA) production (mg/g DM) and molar ratio (%) of the three main VFA
and branch chain fatty acid (BCFA) after 12 and 72 h of in vitro fermentation of different ingredients with

fecal material collected from control sows or yeast fed sows!'-?

Total VFA Acetic Propionic Butyric BCFA
Substrate Time, h No Yes No Yes No Yes No Yes No Yes
Wheat 12 197.6 284.1 62.5 67.6 224 19.4 14.1 10.7 1.0 2.3
Barley 185.7 215.6 62.3 67.0 24.0 20.6 12.2 10.0 1.5 2.4
Corn 183.7 223.6 58.3 60.2 20.6 19.5 19.6 18.8 1.6 1.6
Soybean meal 176.0 233.3 64.0 63.4 27.8 27.8 6.2 6.7 2.0 2.2
Canola 150.2 159.4 71.4 73.1 22.2 20.3 5.3 4.6 1.1 2.0
Wheat DDGS 133.1 134.7 67.0 69.5 23.2 21.4 9.3 8.1 0.5 1.1
Corn DDGS 124.4 110.1 67.1 66.9 21.2 21.4 6.8 6.7 49 4.9
Wheat 72 280.6 296.9 65.5 63.9 19.9 21.6 9.7 11.1 49 3.4
Barley 272.9 309.9 68.3 65.0 18.3 20.7 8.1 9.7 5.3 4.6
Corn 358.0 446.3 61.8 64.6 21.6 19.0 12.5 13.0 4.2 3.5
Soybean meal 394.6 405.9 64.4 67.4 23.5 21.0 6.7 6.5 5.4 5.2
Canola 247.1 272.8 74.4 71.6 15.1 16.7 5.5 6.7 5.0 5.1
Wheat DDGS 289.7 325.7 77.8 75.8 12.5 13.9 6.0 6.4 3.6 3.9
Corn DDGS 436.5 434.6 79.6 75.7 104 12.7 5.8 7.0 4.2 4.5
SEM 15.562 0.415 0.333 0.162 0.227
P-values
Yeast <.0001 0.002 0.002 0.035 0.261
Substrate <.0001 <.0001 <.0001 <.0001 <.0001
Time <.0001 <.0001 <.0001 <.0001 <.0001
Yeast X substrate 0.044 <.0001 <.0001 <.0001 0.129
Yeast X time 0.975 <.0001 <.0001 <.0001 <.0001
Substrate X time <.0001 <.0001 <.0001 <.0001 <.0001
Yeast X subs X time 0.097 <.0001 <.0001 <.0001 0.0003

Data is from Study 2 when sows were fed diets with or without probiotic supplementation for 3 wk. No = yeast not added; Yes = yeast added.
*BCFA = branch chain fatty acid; DDGS = distillers dried grains with solubles.

Furthermore, the delayed lag phase observed on the
DDGS, especially corn DDGS, could be due to the
high content of less fermentable fiber in the DDGS
compared with the cereal grains.

In vitro fermentation of substrates using feces
from LY-supplemented sows also influenced the
molar ratio of the individual SCFA. Consistent
with previous studies in ruminants (Chaucheyras-
Durand and Fonty, 2002), yeast increased the molar
ratio of acetic acid, while decreasing that of propi-
onic and butyric acids at 12 h. The type of ingre-
dient and the composition of the fecal microbiota
can affect the proportion of each of the SCFA.
Fermentation of starch produces a high concen-
tration of butyrate with a relatively low level of
acetate; very high concentration of acetate and an
almost negligible amount of butyrate was reported
from pectin and xylan fermentation (Macfarlane
and Macfarlane, 1993). This may explain the rela-
tively higher proportion of acetate observed in the
ingredients expected to contain more fiber (canola
meal, wheat DDGS, and corn DDGS) compared
with the cereal grains (barley, wheat, and corn). On
the other hand, the molar ratio of butyric acid was

relatively higher in the cereal grains, with the high-
est proportion observed for corn. This may reflect
increased residual starch content following in vitro
digestion and filtration of corn and possibly bar-
ley and wheat. The molar ratio of acetic acid for
the ingredients was higher at 72 h than at 12 h, and
the highest difference between the time points was
observed for the DDGS samples indicating a slower
rate of fermentation in ingredients high fiber con-
tent. In contrast, the proportion of butyric acid
was lower at 72 h than 12 h, which may be due to
decreased fermentable starch content in the later
stage of the fermentation process.

An interesting observation was the significant
decrease in the molar ratios of BCFA (valeric,
isovaleric, and isobutyric) observed for barley,
wheat, and corn at 72 h of fermentation with LY
compared with the control, suggesting supplement-
ing LY to pigs may reduce protein fermentation in
the large intestine by favoring the growth of fiber
fermenting bacteria in the hindgut. This may, in
turn, suggest that LY supplementation may reduce
the protein fermentation and hence the concen-
tration of protein metabolites, such as ammonia,
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hydrogen sulfide, phenolic compounds, and amines
known to negatively affect animal health.

In conclusion, LY increased the fermentation of
the feed ingredients tested in the present study and
greater effects were observed when LY was fed directly
to sows relative to when added directly to the sub-
strates in vitro. Therefore, the present study suggests
that supplementing sows daily with an LY probiotic
may modify hindgut microbial composition by cre-
ating an environment favorable for fiber fermenting
bacteria and thereby enhance both the extent and rate
of fermentation of various feed ingredients. Further
studies are warranted to elucidate the mechanism
involved and how this may influence sow productivity.
Further, the maximum effect of LY on fermentation
kinetics was observed for corn, suggesting that corn-
based diets supplemented with LY could have positive
effects for pigs. Live yeast supplementation may also
decrease protein fermentation in the pig hindgut but
this needs to be investigated further.
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