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a b s t r a c t

The study aimed to assess the nutritive value of 10 feeds (grains and forages) commonly
used in horse nutrition in Mexico, on the basis of their chemical composition, in vitro
organic matter digestibility (IVOMD) and in vitro gas production measurements with or
without the supplementation of Saccharomyces cerevisiae (SC) at 4 mg/g DM. Fecal inoc-
ulum was obtained from 4 adult English Thoroughbred horses fed on restricted amount of
concentrate and oat hay ad libitum. Substrates tested were: 6 concentrates (corn gluten
meal, soybean meal, steam-rolled corn, steam-rolled barley, oat grain, and wheat bran) and
4 roughages (soybean hulls, corn stover, alfalfa hay, and oat hay). Gas production (GP) was
recorded at 2, 4, 6, 8, 10, 12, 14, 24, 48, and 70 hours using the pressure transducer
technique. Some ingredient � yeast interactions were observed (P � .020) for the
asymptotic GP and GP at 48 and 70 hours of incubation. Yeast addition increased (P < .001)
the asymptotic GP of concentrates compared to roughages. Concentrate feeds had higher
(P < .05) GP and lower (P < .001) rate of GP compared to roughages without yeast. From 24
to 70 hours of incubation, forages with or without yeast had lower (P < .05) GP compared
to concentrates supplemented with SC. Forages had higher fermentation pH compared to
concentrates but lower (P < .05) metabolizable energy, IVOMD, and microbial protein
production compared to concentrates. Supplementation with SC increased (P < .05) the
asymptotic GP of oat grain, soybean meal, soybean meal, steam-rolled barley, steam-rolled
corn, wheat bran, corn stover, and oat hay, without affecting the rate of GP or lag time of
oat grain, soybean meal, wheat bran, corn stover, and oat hay. Moreover, supplementation
with SC increased (P < .05) metabolizable energy, IVOMD, and microbial protein produc-
tion of steam-rolled barley, wheat bran, and corn stover, without affecting (P > .05) the
fermentation of other feeds. Supplementation with SC improved fermentation of feeds
with higher effects on concentrates compared to roughages. It was concluded that
although SC mainly improves concentrate utilization by horses, it also improves fiber
digestion when used on high-roughage diets fed to horses.

� 2016 Elsevier Inc. All rights reserved.
Salem, Universidad
xico.
lem).

. All rights reserved.
1. Introduction

In Mexico, the horse industry within the agriculture
economy has become a strong sector. For top performance,
horses must be fed adequately. A well-balanced ration in
terms of energy, protein, minerals, and vitamins should be
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provided to fulfill their nutritional needs for good health
and performance [1]. Horse rations can be made from
locally available ingredients including roughages (e.g., hays
and crops) and concentrates (e.g., grains andmeals) [2]. The
choice of feed ingredient for horse feeding depends on the
horses’ requirements, availability, and cost of commercially
prepared feeds, and horse activity.

Concentrate feeds are required for growing and work-
ing horses which require extra energy and protein to
support higher production levels. To prevent metabolic
disorders associated with high-grain concentrate feeding,
concentrates should be fed as a supplement to a forage-
based diet and should not be more than 50%–60% of the
total diet [1,2]. Oat, corn, and barley are the most widely
used grains in horse diets in Mexico. Grains can be
cracked, coarsely ground, rolled, or steam flaked. Wheat
bran is one of the most valuable feed ingredient in the
nutrition of horses due to its mild laxative effect and its
bulky nature [1,2].

Concentrate feeds are needed when a horse cannot
meet its energy and protein requirements from forage
alone. Straws and hays are the most popular and less
expensive sources of fiber for horses. Moreover, forage
feeding to horses can provide many of the essential nutri-
ents and prevent nutritional disorders because forage fibers
maintain gastrointestinal health and well-being of horses
[2]. Increasing dietary fiber to at least 1% of the horse’s body
weight with decreasing starch and sugar levels can reduce
such disorders [2]. Therefore, feeding adequate amounts of
fibrous feeds is required for normal digestive system
function.

Addition of yeast (e.g. Saccharomyces cerevisiae) to the
horse’s diet has been shown to improve feed utilization and
nutritive value [3–5] with positive effect on the hindgut
microbial population [4]. Moreover, in vitro experiments
[3,6,7] showed improved digestion and fermentation ki-
netics of feeds. The improved feed utilization is related to
increased total number and activity of hindgut microor-
ganisms, especially cellulolytic bacteria [8]. In addition,
raising fermentation pH or at least maintaining fermenta-
tion pH with yeast feeding is another justification for using
yeast [9]. On the other side, Lattimer et al [8] in an in vitro
study and Glade and Biesik [10] in an in vivo study reported
no effect of yeast-treated feed in horses, probably because
the fermentation process used (Daisy II incubator) is a
closed system and therefore does not allow for a contin-
uous flow of microbes and nutrients. This may also be
related to different yeast culture products and different diet
types used [6,7].
Table 1
Chemical composition (g/kg DM) of the feed ingredients used as substrates.

Concentrate

Corn Gluten
Meal

Soybean
Meal

Steam-Rolled
Corn

St
B

Organic matter 918 927 989 97
Crude protein 211 398 76 13
Ether extract 11.9 16.2 6.5 1
Neutral detergent fiber 425 251 234 41
Acid detergent fiber 99 61 21 5
Nonstructural carbohydrates 271 263 672 42
The evaluation of the nutritive value of feed ingredients
in each country is very important for nutritionists for
establishing feed inventory and for formulating diets for
horses. Therefore, the present experiment aimed to eval-
uate the fermentative capacity of 10 feed ingredients
commonly used in equine feeding in Mexico in the pres-
ence or absence of S. cerevisiae.

2. Materials and Methods

2.1. Substrate and Yeast Cultures

Ten common horse feeds were used as incubation sub-
strates (Table 1). The incubated concentrates included corn
gluten meal (Zea mays), soybean meal (Glycine max), steam-
rolled corn (Zea mays), steam-rolled barley (Hordeum
vulgare), oat grain (Avena sativa), and wheat bran (Triticum
aestivum). The incubated forages included soybean hulls
(Glycine max), corn stover (Zea mays), alfalfa hay (Medicago
sativa), and oat hay (Avena sativa). Procreatin 7 (Safmex/
Fermex S.A. de C.V., Toluca, Mexico) yeast product of S. cer-
evisiae, in powdered form, containing 1 � 1010 cells/g of the
product, was used at 0 and 4 mg/g of feed dry matter (DM).

2.2. In Vitro Incubations

Before the morning feeding, fecal contents were
collected from the rectum of 4 adult English Thoroughbred
horses of 7–9 years of age and weighing 490 � 20 kg at the
animal hospital of Faculty of Veterinary Medicine, Univer-
sity of the State of Mexico, Mexico, and these were used to
inoculate fermentationwith different substrates. The donor
horses were fed 2 kg of commercial concentrate (Pell Rol
Cuarto de Milla, Mexico; 26.7 g crude protein (CP)/kg DM)
and oat hay ad libitum. About 100 g of fecal contents was
collected from each horse and equally mixed and homog-
enized and thenmixed with the Goering and Van Soest [11]
buffer solution without trypticase at 1-g feces to 4-mL
buffer. The incubation media were then mixed and satu-
rated with CO2 for about 20 minutes and then strained
through 4 layers of cheesecloth into a flask with an O2-free
headspace. After filtration, the filtrates were used to inoc-
ulate 3 identical runs of incubation at 50-mL solution in
120-mL serum bottles containing 0.5 g DM of substrate and
yeast at either 0 or 4 mg/g DM.

A total of 180 bottles (2 yeast levels � 3 replicates � 3
runs � 10 substrates) plus 3 bottles without substrate and
yeast were used as blanks. After filling, bottles were flushed
with CO2 for 1 minute and immediately closed with rubber
Roughage

eam-Rolled
arley

Oat
Grain

Wheat
Bran

Soybean
Hulls

Corn
Stover

Alfalfa
Hay

Oat
Hay

9 968 877 952 941 883 940
2 117 168 121 65 220 83
4.3 41.8 53 8.3 11.2 26.8 18.3
0 250 429 637 700 337 530
3 66 126 438 385 215 361
3 559 227 185 164 299 309
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stoppers, shaken and placed in an incubator equilibrated at
39�C for 70 hours. Gas production was recorded at 2, 4, 6, 8,
10,12,14, 24, 48, and 70 hours using the pressure transducer
technique (Extech instruments, Waltham) of Theodorou
et al [12]. At the end of incubation after 70 hours, bottles
were uncapped, and the pH was immediately measured
using a digital bench pH meter (Hanna instrument, Italy).

2.3. Chemical Analyses and Calculations

Samples of the feed ingredients were analyzed for DM
(#934.01), ash (#942.05), N (#954.01), and EE (#920.39),
according to AOAC [13]. The neutral detergent fiber (NDF)
[14] and acid detergent fiber (ADF) content of both feeds and
fermentation residueswere determined using an ANKOM200

Fiber Analyzer Unit (ANKOM Technology Corp., Macedon,
NY). Alpha amylase was used for NDF and ADF determina-
tion of the concentrate feeds and without alpha amylase for
forage feeds but with sodium sulfite in the neutral detergent
solution. Both NDF and ADF are expressed without residual
ash. Organic matter (OM) and nonstructural carbohydrates
(NSC) contents were calculated as: OM (%) ¼ 100 � ash (%);
and NSC (%) ¼ 100 � moisture (%) � crude protein (%) �
crude fat (%) � NDF � ash (%).

To estimate the kinetic parameters of GP, results of GP (mL/
g DM)were fitted using the NLIN option of SAS [15] according
to the equation of France et al [16] as:

A ¼ b� �
1� e�cðt�LÞ�

where A is the volume of GP at time t; b is the asymptotic
GP (mL/g DM); c is the rate of GP (/h), and L (h) is the
discrete lag time before GP. Metabolizable energy (ME, MJ/
kg DM) and in vitro organic matter digestibility (IVOMD, g/
kg DM) were estimated according to Menke et al [17].

2.4. Statistical Analyses

Dataof eachof the3 runswithin the samesampleof the10
individual samples of ingredients were averaged before sta-
tistical analysis. Mean values of each individual sample were
used as the experimental unit. Data of measured parameters
were analyzed using the PROC GLM option of SAS [15] as:

Yijk ¼ mþ Fi þ Dj þ ðF� DÞij þ Eijk

Where Yijk is every observation of the ith feed (Fi) with
jth yeast level (Dj); m is the general mean; (F � D)ij is the
interaction between feed ingredient and yeast level; Eijk is
the experimental error. Statistical significancewas declared
at P < .05.

Regression coefficients between feed type (concentrates
and forages) in the absence or presence of yeast with the
asymptotic GP were estimated using the Microsoft Excel
program.

3. Results

3.1. Chemical Composition

The chemical composition differed between concentrate
feed ingredients and the forage feeds (Table 1). A high CP
content was observed with soybean meal (concentrate), al-
falfa hay (forage), and the corn glutenmeal (concentrate). On
the other hand, higher NDF contents were observed in for-
ages than concentrates. Corn stover, soybean hulls, and oat
hay had the highest NDF contents. Concentrates had more
NSC contents compared with roughages. The highest NSC
contents were observed with steam-rolled corn, oat grain,
and steam-rolled barley. For the forage ingredients, oat hay
followed by alfalfa hay had the highest NSC contents.
However, the chemical composition of all feed ingredients
was comparable with those reported in the National
Research Council [2] for horse nutrition.

3.2. In Vitro Gas Production

Interactions between ingredients � yeast level were
found (P � .020) for the asymptotic GP and GP at 48 and
70 hours of incubation (Table 2). Moreover, the asymptotic
GP, the rate of GP, GP at 24, 48, and 70 hours of incubation,
fermentation pH, ME, IVOMD, and microbial protein pro-
duction (MCP) were different (P < .05) between roughages
and concentrates. Yeast supplementation increased
(P < .001) the asymptotic GP of concentrates compared to
forages with or without yeast addition. However, yeast
supplementation decreased (P < .001) the rate of GP from
concentrates and forage compared to forage without yeast,
with no effect (P > .05) on lag time. During fermentation
(2 hours of incubation), concentrates with yeast addition
had higher (P < .05) GP compared to concentrates without
yeast, with no difference (P > .05) compared to forages
either with or without yeast; however, during the incuba-
tion from 24 to 70 hours forages with or without yeast has
lower (P < .05) GP compared to concentrates with yeast.
With no yeast effect (P ¼ .574), forage increased fermen-
tation pH compared to concentrates. Concentrates with
yeast had higher (P < .05) ME, IVOMD, and MCP compared
to concentrates without yeast and compared to forages
with or without yeast supplementation (Table 2).

3.3. Regression Analysis of Data

Data on Table 3 show the occurrence of ingredient �
yeast interactions (P < .01) for the asymptotic GP, GP, ME,
IVOMD, and MCP. All measured parameters differed (P <

.002) among the incubated substrates. Moreover, yeast
supplementation affected (P < .01) all measured variables,
except the lag time and fermentation pH. Yeast had no effect
(P > .05) on GP or fermentation kinetics of corn gluten meal.
On the contrary, yeast supplementation increased (P < .05)
the asymptotic GP of oat grain, soybean meal, steam-rolled
barley, steam-rolled corn, wheat bran, corn stover, and oat
hay. Besides, yeast addition had no effect (P> .05) on the rate
of GP or lag time of oat grain, soybean meal, wheat bran,
corn stover, and oat hay. Yeast supplementation increased
(P < .05) GP during fermentation with increased effect
(P< .05) during the incubation at 24–70 hours of incubation.
However, yeast did not affect GP (P > .05) of soybean hulls
and alfalfa hay. Yeast addition increased (P < .05) ME,
IVOMD, and MCP of steam-rolled barley, wheat bran, and
corn stover, with no effect (P > .05) on the fermentation
kinetic of other feed ingredients (Table 3).



Table 2
In vitro fecal gas kinetics and cumulative gas production of some concentrates and forages during 70 hours of incubation as affected by the addition of 4 mg/g
DM (þ) or no addition (–) of yeast cultures.

Concentrate Roughage SEM Ingredient Yeast Ingredient � Yeast

� þ � þ
Gas production parametersa

b 181.4b 301.8a 137.2b 182.9b 13.44 <.001 <.001 .007
c 0.043bc 0.033c 0.075a 0.054b 0.0037 <.001 <.001 .166
L 1.33 1.13 1.29 1.27 0.156 .760 .479 .568

In vitro gas production (ml/g DM) at:
2 h 14.7b 17.7ab 18.3a 18.2ab 0.93 .032 .132 .100
4 h 28.1 34.19 34.1 34.4 1.71 .079 .066 .100
6 h 40.4b 49.6a 47.6ab 48.9ab 2.37 .172 .031 .104
8 h 51.6b 63.9a 59.3ab 62.0ab 2.93 .334 .014 .104
10 h 61.9b 77.4a 69.4ab 73.6ab 3.39 .584 .005 .103
12 h 71.3b 89.9a 78.1ab 84.1ab 3.79 .899 .002 .102
14 h 80.0b 101.6a 85.7b 93.5ab 4.12 .773 .007 .098
24 h 113.5b 150.0a 110.8b 128.1b 5.24 .022 <.001 .070
48 h 154.2bc 219.6a 131.5c 164.6b 6.69 <.001 <.001 .020
70 h 169.1b 252.3a 135.7c 175.7b 7.96 <.001 <.001 .009

Fermentation kineticb

pH 6.41b 6.52ab 6.80a 6.59ab 0.086 .012 .574 .069
ME 6.35b 7.35a 5.78b 6.25b 0.247 .001 .005 .293
IVOMD 437.7b 502.7a 394.9b 425.5b 18.23 .002 .011 .350
MCP 488.2b 556.5a 483.3b 515.5b 9.79 .023 <.001 .070

Abbreviation: SEM, standard error of the mean.
Different superscripts following means in the same row indicate differences at P < .05.

a b is the asymptotic gas production (mL/g DM), c is the rate of gas production (/h), L is the initial delay before gas production begins (h).
b IVOMD, in vitro organic matter digestibility (mg/g DM); MCP, microbial protein production (mg/g DM); ME, metabolizable energy (MJ/kg DM).
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Regression analysis showed that a strong relationship
between the asymptotic GP and CP for forage without
yeast addition (R2 ¼ 0.87), between the asymptotic GP
and NSC for forages without yeast supplementation
(R2 ¼ 0.64) and between the asymptotic GP and NDF of
forage with yeast addition (R2 ¼ 0.62). Yeast supple-
mentation increased the correlation between the
asymptotic GP and CP of concentrates, asymptotic GP
and NDF of forage, and asymptotic GP and NSC of con-
centrates but decreased the association between the
asymptotic GP and CP and asymptotic GP and NSC of
forage. There was a strong relationship (R2 ¼ 0.79) be-
tween GP at 24 hours of incubation and CP content of
forages, a good relationship (R2 ¼ 0.75) between GP at
24 hours of incubation and NSC content of forage, and a
moderate relationship (R2 ¼ 0.45) between GP at
24 hours of incubation and NDF content of forages in the
absent of yeast (Table 4).

4. Discussion

The in vitro technique of Theodorou et al [12] has been
used successfully to study the nutritive value of ruminant
feeds in vitro. Moreover, in equine nutrition, the tech-
nique of Theodorou has been used successfully to eval-
uate feed nutritive value [4,18]. Besides, using in vitro
fermentation technique to evaluate feed nutritive value
and utilization is the common method in ruminant and
equine nutrition [4,6,7,18,19]. The only difference be-
tween ruminant and equine studies is the use of feces as
the source of inoculum in equine studies instead of
rumen fluid [4,18]. Using rumen fluid or feces as a source
of inoculum showed the same amounts of gases from
feeds [20].
4.1. Chemical Composition

Within feeds (concentrates vs. forages) and also among
different feed ingredients, the chemical composition
widely varied due to the nature of the feed, the growing
conditions, production environments, and the interaction
between environment and feed [21]. Variations in climate,
soil, harvesting conditions, and postharvesting treatments
cannot be ignored [21]. This was reflected as different in-
dividual fermentation characteristics with different incu-
bated substrates.

4.2. In Vitro Fermentation

The interactions between type of feed and yeast sup-
plementation revealed that the asymptotic GP and the
accumulated GP from 48 to 70 hours of incubation differed
among feeds and the supplementation of yeast. Besides, the
asymptotic GP, the rate of GP, and fermentation kinetics
including pH,ME, IVOMD, andMCPwere different between
forages and concentrates. Therefore, the main effect of feed
and yeast will be discussed instead of individual feeds. The
chemical composition varied amply between concentrates
and forages and also between individual feeds, and this
explains the different fermentation kinetics. The chemical
composition and in vitro fermentation kinetics showed
that concentrates had higher nutritive value (i.e., avail-
ability of nutrients for ruminal microflora activity) than
forages [4,7,19]. Availability of essential nutrients required
for rumen microorganisms activity will stimulate the de-
gradability of different nutrients [22]. The production of
gases from roughages depends on the protein and fiber
contents of feeds [22]. Increased CP content of feeds was
inversely related to fiber content, as it has been observed



Table 3
In vitro fecal gas kinetics and cumulative gas production of 10 horse feeds during 70 hours of incubation as affected by the addition of 4 mg/g DM (þ) or no addition (-) of yeast cultures.

Feed Type Feed Ingredient Yeast Gas Production Parametersa In Vitro Gas Production (ml/g DM) at Fermentation Kineticb

b c L 2 h 4 h 6 h 8 h 10 h 12 h 14 h 24 h 48 h 70 h pH ME IVOMD MCP

Concentrate Corn gluten meal � 211.2 0.049 1.47 19.3 36.9 52.8 67.2 80.8 92.2 103.0 143.8 189.3 203.3 6.77 7.31 504.1 545.0
þ 264.9 0.037 1.37 18.6 35.9 52.0 66.9 80.3 93.7 105.7 154.0 218.1 243.5 6.68 7.59 522.3 564.0
P value .109 .071 .632 .595 .711 .827 .949 .931 .827 .734 .427 .202 .149 .041 .429 .428 .428
SEM 18.47 0.0037 0.137 0.86 1.66 2.42 3.13 3.84 4.54 5.18 8.17 13.34 15.94 0.022 0.223 14.55 15.28

Oat grain � 177.8 0.028 0.92 9.6 18.7 27.3 35.5 43.2 50.5 57.3 86.5 130.7 152.1 6.65 5.2 354.7 437.8
þ 313.0 0.028 1.06 17.1 33.3 48.6 63.0 76.7 89.5 101.7 153.3 231.2 268.5 6.67 7.0 473.5 562.7
P value .004 .807 .816 .003 .003 .003 .003 .002 .002 .002 .001 .006 .004 .467 .001 .001 .001
SEM 8.79 0.0018 0.379 0.84 1.60 2.28 2.90 3.43 3.92 4.34 5.86 7.13 7.40 0.021 0.159 10.44 10.98

Soybean meal � 167.7 0.053 1.55 17.0 32.2 45.9 58.2 69.3 79.2 88.1 120.8 154.4 163.5 6.65 7.99 565.5 501.9
þ 234.2 0.046 1.02 20.4 39.1 56.1 71.6 85.7 98.6 110.4 155.5 207.4 224.1 6.65 8.94 627.1 566.7
SEM 3.63 0.0037 0.475 1.34 2.44 3.31 4.02 4.57 4.98 5.30 5.77 4.46 3.71 0.014 0.157 10.24 10.76
P value .002 .216 .477 .141 .118 .097 .078 .063 .051 .041 .013 .001 .003 .752 .013 .013 .013

Steam-rolled barley � 195.6 0.037 1.82 13.8 26.5 38.4 49.4 59.7 69.2 78.0 113.6 160.7 179.5 6.13 5.87 397.7 488.5
þ 420.7 0.019 1.05 14.9 29.3 43.1 56.3 69.1 81.3 93.1 145.6 237.4 292.4 6.35 6.74 454.6 548.3
SEM 38.18 0.0035 0.109 1.35 2.55 3.58 4.49 5.25 5.92 6.47 7.94 6.19 3.12 0.088 0.217 14.12 14.85
P value .014 .025 .008 .574 .490 .412 .341 .274 .221 .176 .046 .009 <.001 .152 .047 .047 .046

Steam-rolled corn � 185.6 0.036 1.09 12.7 24.4 35.4 45.6 55.1 63.9 72.1 105.4 150.2 168.5 5.83 5.53 373.4 473.1
þ 339.7 0.020 0.33 13.5 26.5 38.9 50.8 62.3 73.3 83.8 130.6 210.5 256.2 6.19 6.22 418.2 520.2
SEM 17.01 0.0033 0.185 0.87 1.65 2.36 3.02 3.61 4.16 4.66 6.70 9.90 11.87 0.275 0.181 11.92 12.53
P value .003 .026 .044 .550 .425 .354 .287 .228 .186 .149 .057 .013 .006 .411 .055 .057 .057

Wheat bran � 150.5 0.056 1.66 15.8 29.9 42.6 53.9 64.0 73.1 81.2 110.7 139.9 147.4 6.47 6.23 431.0 483.0
þ 238.4 0.047 1.43 21.5 41.1 58.8 75.0 89.6 103.0 115.1 161.0 212.8 228.9 6.62 7.61 520.6 577.2
SEM 13.93 0.0030 0.225 1.85 3.43 4.80 5.99 6.97 7.83 8.57 11.00 12.97 13.55 0.182 0.298 19.55 20.56
P value .011 .123 .515 .095 .082 .075 .068 .060 .054 .049 .032 .017 .013 .592 .031 .032 .032

Forage Alfalfa hay � 189.6 0.059 0.91 20.9 39.5 56.0 70.7 83.6 95.2 105.5 142.0 177.1 185.8 6.68 7.03 484.1 541.6
þ 228.0 0.038 1.16 16.6 31.9 46.1 59.3 71.5 82.8 93.3 135.1 189.5 210.6 6.65 6.84 471.7 528.6
SEM 21.95 0.0052 0.345 2.13 3.94 5.48 6.83 7.97 8.96 9.84 13.00 17.12 19.25 0.015 0.352 23.12 24.31
P value .284 .047 .635 .224 .246 .272 .304 .342 .385 .430 .726 .637 .415 .336 .722 .724 .725

Corn stover � 96.1 0.076 1.30 13.3 24.7 34.5 42.9 50.0 56.2 61.5 78.8 92.4 95.1 6.51 4.68 320.2 423.4
þ 152.4 0.065 1.28 18.4 34.5 48.6 61.0 71.9 81.5 89.9 119.0 144.7 150.3 6.40 5.77 391.7 498.6
SEM 6.02 0.0090 0.326 1.13 1.89 2.37 2.58 2.64 2.57 2.38 1.16 3.66 5.17 0.121 0.030 2.07 2.18
P value .003 .437 .968 .034 .022 .014 .008 .004 .002 .001 <.001 .005 .002 .545 <.001 <.001 <.001

Oat hay � 109.5 0.088 1.13 17.4 31.9 44.0 54.1 62.6 69.8 75.8 94.3 106.9 109.0 7.33 5.02 340.9 452.4
þ 186.2 0.049 0.52 17.5 33.3 47.5 60.4 72.0 82.5 92.1 127.7 166.8 178.8 6.77 5.93 400.2 514.8
SEM 4.21 0.0110 0.255 1.92 3.28 4.26 4.94 5.39 5.64 5.76 5.29 3.27 3.10 0.080 0.144 9.42 9.89
P value .002 .067 .167 .963 .778 .589 .419 .285 .185 .117 .011 .002 <.001 .007 .011 .011 .011

Soybean hulls � 153.7 0.077 1.82 21.6 40.1 56.0 69.7 81.4 91.4 100.1 128.2 149.3 152.8 6.68 6.38 434.5 515.7
þ 165.0 0.065 2.11 20.2 37.9 53.5 67.1 79.1 89.6 98.8 130.4 157.6 163.2 6.55 6.44 438.4 519.8
SEM 7.55 0.0053 0.640 0.52 0.87 1.14 1.38 1.63 1.91 2.21 3.90 6.54 7.27 0.141 0.107 6.96 7.33
P value .350 .203 .331 .139 .144 .190 .254 .374 .527 .692 .715 .419 .369 .551 .711 .712 .713

SEM pooled 17.22 0.0056 0.279 1.38 2.51 3.44 4.23 4.89 5.45 5.93 7.60 9.56 10.57 0.126 0.206 13.51 14.20
Ingredient <.001 <.001 .002 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001 <.001
Yeast <.001 <.001 .308 .008 .002 .003 <.001 <.001 <.001 <.001 <.001 <.001 <.001 .769 <.001 <.001 <.001
Ingredient � Yeast <.001 .121 .244 .003 .002 .002 .001 .001 .009 .008 .006 .003 <.001 .075 .006 .006 .006

a b is the asymptotic gas production (mL/g DM), c is the rate of gas production (/h), L is the initial delay before gas production begins (h).
b IVOMD, in vitro organic matter digestibility (mg/g DM); MCP, microbial protein production (mg/g DM); ME, metabolizable energy (MJ/kg DM); PF, partitioning factor at 24 hours of incubation.
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Table 4
Regression coefficients (R2) between some nutrients from 10 horse feeds and the asymptotic gas production and gas production (GP) at 24 hours of
incubation.

Ingredient Group Yeast Variable 1 Variable 2 Equation Regression Coefficient

Concentrate � CP b y ¼ �0.3915x þ 188.6 R2 ¼ 0.02
þ CP b y ¼ �3.8787x þ 373.01 R2 ¼ 0.30

Forage � CP b y ¼ 5.9365x þ 64.592 R2 ¼ 0.87
þ CP b y ¼ 4.1984x þ 131.53 R2 ¼ 0.48

Concentrate � CP GP at 24 hours y ¼ 0.7778x þ 99.188 R2 ¼ 0.15
þ CP GP at 24 hours y ¼ 0.4877x þ 141.05 R2 ¼ 0.14

Forage � CP GP at 24 hours y ¼ 3.825x þ 64.054 R2 ¼ 0.79
þ CP GP at 24 hours y ¼ 0.8428x þ 117.74 R2 ¼ 0.12

Concentrate � NDF b y ¼ 0.3985x þ 168.13 R2 ¼ 0.01
þ NDF b y ¼ 0.1121x þ 298.06 R2 ¼ 0.02

Forage � NDF b y ¼ �2.0236x þ 248.74 R2 ¼ 0.53
þ NDF b y ¼ �2.0844x þ 297.77 R2 ¼ 0.62

Concentrate � NDF GP at 24 hours y ¼ 1.0578x þ 78.216 R2 ¼ 0.20
þ NDF GP at 24 hours y ¼ 0.4875x þ 133.76 R2 ¼ 0.10

Forage � NDF GP at 24 hours y ¼ �1.2665x þ 180.64 R2 ¼ 0.45
þ NDF GP at 24 hours y ¼ �0.3485x þ 147.26 R2 ¼ 0.10

Concentrate � NSC b y ¼ 0.5637x þ 144.45 R2 ¼ 0.07
þ NSC b y ¼ 4.0262x þ 37.806 R2 ¼ 0.57

Forage � NSC b y ¼ �6.2904x þ 412.57 R2 ¼ 0.64
þ NSC b y ¼ �4.216x þ 367.44 R2 ¼ 0.32

Concentrate � NSC GP at 24 hours y ¼ �0.5397x þ 148.86 R2 ¼ 0.13
þ NSC GP at 24 hours y ¼ �0.5937x þ 188.93 R2 ¼ 0.35

Forage � NSC GP at 24 hours y ¼ �4.6211x þ 313.13 R2 ¼ 0.75
þ NSC GP at 24 hours y ¼ �1.1753x þ 179.5 R2 ¼ 0.15

b is the asymptotic gas production (mL/g DM), CP is the crude protein, NDF is the neuter detergent fiber, NSC is the nonstructural carbohydrates.
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previously [19,23]. This phenomenon had a great effect on
the asymptotic GP and in vitro GP at different hours of
incubation.

Higher GP from concentrates compared to forages re-
veals that the higher content of highly fermentable con-
stituents in concentrates compared to the slowly
fermented constituents of forages. In addition, the effect of
yeast supplementation on the asymptotic GP was more
evident with concentrates than forages. Regression analysis
showed a strong relationship between CP and NSC contents
of concentrates and a weak relationship between GP and
NDF content in forages. The response of feedstuffs to the
addition of yeast depends on many factors including yeast
source, feed type and composition, method of application,
and yeast level [19,24,25]. Besides, yeast supplementation
increased the asymptotic GP of oat grain, soybean meal,
soybean meal, steam-rolled barley, steam-rolled corn,
wheat bran, corn stover, and oat hay, without affecting
other feeds tested. This is related to the chemical compo-
sition of each feed [4,7,19]. Saccharomyces cerevisiae has the
ability to stimulate the growth and activity of cellulolytic
bacteria in the hindgut resulting in an improved fiber
digestion [5,26]. The main end products of dietary carbo-
hydrates fermentation are acetate, propionate, and buty-
rate as well as gases such as hydrogen, carbon dioxide, and
methane [27]. Yeast not only has the ability to increase GP
but also can induce qualitative changes in the produced
gases; decrease methane and ammonia production [28].

Callaway and Martin [29] suggested that S. cerevisiae
has the ability to provide ruminal microflora with some
important nutrients and nutritional cofactors required for
their activities. Some authors have validated the ability of
S. cerevisiae to scavenge excess oxygen from the rumen
creating an optimal environment for rumen anaerobic
bacteria [30,31]. In addition, S. cerevisiae has the ability to
provide a focal point for the development of a stable
microbial consortium and an environment that promotes
the growth of beneficial microorganisms around sub-
strates [31]. Live yeasts positively altered the microbial
balance in the hindgut of horses [6]. Besides, yeast feeding
stimulates the population of cellulolytic bacteria and their
activity [32]. In their experiment, Lattimer et al [8] sug-
gested that S. cerevisiae caused an improved energetics of
the microflora resulting in improved microbial balance in
the hindgut, stimulated cellulolytic bacteria activity,
increased nutrients digestibility, and increased GP. In the
present study, IVOMD and MCP were higher for steam-
rolled barley, wheat bran, and corn stover with S. cer-
evisiae and with concentrates than with forages.

Forages increased fermentation pH compared with
concentrates, with no effect of yeast supplementation on
this variable. Moreover, for individual feeds, yeast did not
affect fermentation pH and lag time. Concentrates
compared to forage showed increased fermentation pH
with no effect of yeast before incubation revealing that
fecal pH depend on the fermented substrate [19].
Fermentation of concentrates produced higher concentra-
tion of lactate which is known to lower the pH compared to
forages which produce less lactate and maintain a more
desirable pH in the cecum [26,33].

Yeast supplementation was more effective from 24 to
70 hours of incubation. This may be due to the time
required for the release of slowly fermented materials
from forages compared to concentrates. For forages, more
time was necessary for hydrolysis of their nutrients, and
therefore, less gas was produced in the first hours of in-
cubation. This is in line with previous observations
showing lower gas volume as the roughage level increases



M.M.Y. Elghandour et al. / Journal of Equine Veterinary Science 47 (2016) 1–8 7
in the diet [34,35]. Increased cell-wall components with
forages compared with concentrates were considered to
suppress microbial activity through a reduction in the
availability of rapidly fermented carbohydrates [36]. Yeast
increased ME of steam-rolled barley, wheat bran, and corn
stover. Increased ME concentrations are associated with
high activities of microbes in the rumen when yeast was
added [37].

5. Conclusions

Nutrient contents, IVOMD, and GP of different feedstuffs
used in the equine diet with or without S. cerevisiae sup-
plementation varied amply. The effect of S. cerevisiae sup-
plementation was greater with concentrates than with
forages. However, the addition of S. cerevisiae improved
fermentation kinetics and GP of the 4 forages tested. These
results suggest that the strain of S. cerevisiae used in the
present study can improve forages fermentation in the
large intestine of horses at 4 g/kg DM.
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