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Effects of Microbial Inoculants on the Fermentation, Nutrient Retention,
and Aerobic Stability of Barley Silage

H. Zahiroddini', J. Baahand T. A. McAllister*
Agriculture and Agri-Food Canada, Lethbridge Research Centre, 5403-1% Avenue South
Lethbridge, AB, T1J 4B1, Canada

ABSTRACT : Fermentation characteristics, nutrient retention and aerobic stability of barley silages prepared using 6 commercial
inoculants were evaluated using 126 mini-silos (3-L) in a completely randomized design. Whole barley forage was chopped, wilted to
39% DM and treated with water (control, S) or one of six inoculants: A (containing Lactobacillus plantarum); B (L. plantarum and
Enterococcus faecium); C (L. plantarum and Pediococcus cerevisiae); D (L. plantarum, Pediococcus pentosaceus and
Propionibacterium freudenreichii, plus hydrolytic enzymes); E (Lactobacillus buchneri plus hydrolytic enzymes); F (L. buchneri and P.
pentosaceus plus hydrolytic enzymes). Samples of treated forage were collected for analysis at the time of ensiling, and then 18 silos of
each treatment were filled, capped and weighed. Triplicate silos were weighed and opened after 1, 3, 5, 7, 33, and 61 d. On d 61,
40045 g of material from each silo was placed in 1-L styrofoam containers, covered with cheesecloth and held at room temperature.
Silage temperature was recorded hourly for 14 d via implanted thermocouple probes. Chemical composition of the forage at ensiling was
consistent with previously reported values. At d 61, pH was lowest (p<0.01) in silage S. Ammonia-N was lower (p<0.05) in silage A
than in silages S, B, E, or F. Compared to pre-ensiling values, water soluble carbohydrate concentrations were elevated in silages S, A,
B, C and D, and decreased in E and F. Lactic acid concentrations were similar (p>0.10) across treatments. Acetic acid levels were
highest (p<0.01) in silage E and lowest (p<0.01) in silage D. Recovery of DM was lower (p<0.01) in silage F than in silages S, A, B, C,
or D. On d 61, yeasts were most numerous (p<0.01) in silage D, which was the only silage in which temperature rose more than 2°C
above ambient during aerobic exposure. Silage D also had the highest (p<0.01) pH and ADIN content after aerobic exposure. Lactic acid
and WSC content of silage D decreased dramatically during the 14-d aerobic exposure period. Yeast counts (at d 14 of exposure) were
lowest (p<0.01) in silages E and F. In general, the commercial inoculants did not appear to enhance the fermentation of barley silage to
any appreciable extent in laboratory silos. (Key Words : Aerobic Stability, Barley Silage, Fermentation, Inoculant)

INTRODUCTION

Bacterial inoculants are the most common type of silage
additives used in North America. They are used to enhance
the ensiling process and have been reported to occasionally
result in improvements in animal performance (Muck,
1993; McAllister et al., 1995; 1998). Most products include
one or more homofermentative lactic acid bacterial (LAB)
species. Lactobacillus plantarum, other Lactobacillus
species, Enterococcus faecium, and various Pediococcus
species are the most common bacteria that are included in
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silage inoculants (Muck and Kung, 1997). The reason for
using multiple species in some products is the opportunity
of synergistic growth among bacterial species. For example,
Pediococcus and Enterococcus are known to grow more
readily during the early stages of fermentation, when the pH
is above 5. Combining these species with L. plantarum,
which grows more readily at a pH below 5, accelerates pH
decline and transition to conditions that result in
stabilization of the forage (Weinberg and Muck, 1996).
Inoculated LAB can complement the epiphytic lactic acid
bacteria present on the crop and facilitate the fermentation
process (Muck and Kung, 1997; Yahaya et al., 2004; Shao et
al., 2005). However, homofermentative LAB have also
occasionally been shown to reduce the aerobic stability of
silage (Weinberg et al., 1993; Filya et al., 2000), possibly
due to a reduction in the production of antifungal
compounds such as acetic acid and the conservation of
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water soluble carbohydrates. Inoculants containing the
heterofermentative species, Lactobacillus buchneri, have
been marketed mainly on their ability to improve the
aerobic stability of silage (Weinberg and Muck, 1996;
Ranjit and Kung, 2000; Kung and Ranjit, 2001). Although
the fermentation efficiency of heterolactic bacteria is lower
than homolactic bacteria (McDonald et al., 1991), any
increase in dry matter losses during fermentation may be
offset by improvements in the aerobic stability of the silage
(Holzer et al., 2003). The acetic acid-associated reduction in
silage intake by cattle found in previous studies (Jones et al.,
1980; Buchanan-Smith, 1990) has not been reported in
more recent studies (Driehuis et al., 1999; Taylor et al.,
2002). Consequently, improved stability through elevated
acetic acid levels may be possible without a reduction in the
intake of silage. Inclusion of propionic acid bacteria in
inoculants may also improve aerobic stability as propionate
has also been shown to exhibit antifungal activity
(Weinberg et al., 1995a; Hegginbotham et al., 1998). In
addition to their ability to improve preservation efficiency,
some strains of lactic acid bacteria may have inhibitory
activity against hazardous microbes such as Salmonella
typhimurium, Listeria monocytogenes and Bacillus cereus
and exhibit probiotic properties (Ham et al., 2003).

Application of fibrolytic enzymes, alone or in
combination with bacterial inoculants, has been proposed as
a means of directly improving fibre digestibility as well as
increasing the availability of water soluble carbohydrates
(WSC) to serve as a substrate for LAB (McDonald et al.,
1991; Weinberg et al., 1995b). The enzymes usually consist
of a crude mixture of a number of carbohydrases and their
specific activity is often poorly defined.

In the present study, we investigated the effects of six
bacterial inoculants on fermentation, nutrient retention and
aerobic stability of barley silage. The inoculants contained a
variety of bacterial species and 3 of the 6 included
exogenous enzymes. The objective of this study was to
evaluate the ability of these additives to enhance the
fermentation and the aerobic stability of barley silage.

MATERIALS AND METHODS

Silage preparation and sampling

Whole plant barley was harvested from a single field at
the soft dough stage, wilted to 39% dry matter (DM) and
chopped (10-mm theoretical length of cut) with a forage
harvester (1260 Auto-Max, Gehl, Westbend, WI). The
chopped barley was mixed thoroughly and divided into
seven 60-kg portions. Inoculants were dissolved in distilled
water in  concentrations sufficient to meet the
manufacturers’ recommended rates of application when
forage was sprayed with inoculant solution at 2.0 ml/kg of
forage. Treatments (spraying with inoculant solution) were
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applied immediately prior to ensiling. The control forage
(S) was sprayed with an equal volume (120 ml) of water.
The inoculants contained Lactobacillus plantarum (A;
Biomax 5, Chr Hansen BioSystems, Milwaukee, W1, USA),
L. plantarum plus Enterococcus faecium (B; Sil-All, Alltech,
Inc., Nicholasville, KY, USA), L. plantarum plus
Pediococcus cerevisiae (C; Sil-Edge 50X WS, Chr Hansen
BioSystems, Mississauga, ON, Canada), L. plantarum,
Pediococcus  pentosaceus, and  Propionibacterium
freudenreichii plus hydrolytic enzymes (D; Biotal Plus,
Biotal Inc., Eden Prairie, MN, USA), Lactobacillus
buchneri plus hydrolytic enzymes (E; Biotal Buchneri,
Biotal Inc., Eden Prairie, MN, USA), and L. buchneri and
Pediococcus pentosaceus plus hydrolytic enzymes (F;
proprietary blend, Biotal Inc., Eden Prairie, MN, USA). The
enzymes in D, E, and F consisted of a mixture of amylases,
xylanases, B-glucanases and galactomannases. In order to
determine the actual rate of application of LAB (cfu/g) on
treated forages, a sample of each inoculant was serially
diluted in sterile 70 mM potassium phosphate buffer and
plated onto triplicate plates containing semi-selective
medium (MRS; Hill and Hill, 1986). Forage samples were
randomly collected from each treatment prior to ensiling,
after the treated forage had been mixed for 5 minutes.

Barley forage from each treatment was packed into
18 mini-silos measuring 10.5 cm in diameterx35.5 cm high,
each with a capacity of approximately 2.5 kg. A hydraulic
press was used to achieve a packing density of
approximately 240 kg/m?. Silos (126 in total) were weighed
before and after filling with barley forage and then capped
and stored at ambient temperature. Triplicate silos for each
treatment on each day were opened after 1, 3, 5, 7, 33, and
61 days of ensiling. Silage samples were taken from each
silo after mixing of contents.

Aerobic stability

On day 61, silos were weighed immediately prior to
opening to estimate DM losses. After opening, 400 g of
silage from each silo were transferred into separate 1-L
containers. The containers were implanted with
thermocouples to monitor temperature and covered with
cheesecloth. After 14 days of aerobic exposure (3 replicate
open containers for each silage), chemical and microbial
analyses were performed and pH was measured. The
thermocouples monitored silage temperature on an hourly
basis over the 14-d period.

Chemical and microbial analyses

Forage and silage samples were dried and/or processed
for pH determination, chemical analyses, isolation and
enumeration of microorganisms (LAB, yeast and molds)
according to the methods described by Zahiroddini et al.
(2004).
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Table 1. Composition of barley forage at harvest and 61 days after application of inoculants and ensiling
Characteristic Forgge azt Treatment” SEM
ensiling S A B C D E F
pH 6.30+0.21 3.60°¢ 3.78° 3.82° 3.72 3.93° 3.92° 3.92° 0.02
DM (%) 38.77+0.21  35.39 36.65 35.80 35.76°  35.90 35.76 35.71 0.27
Composition (%, DM basis)
Crude protein 1255+0.08  1350°  13.38%  1352®  1353%  13.48%  1349*  13.01°  0.06
NDF 49.3240.52 4555 47547  44.82°  46.13™ 4534  46.46%® 4631  0.44
ADIN (% TN) 4.450.09 3.94° 424®  397° 411%  402° 4.26° 405" 007
Starch 19.85+1.07  16.16 16.36 18.11 16.50 18.14 16.93 14.99 1.03
wsc? 4.80+0.15 7.24° 7.21°¢ 6.79°¢ 8.49° 11517 2.14¢ 1.84¢ 0.35
NH3-N (% TN)* 0.31+0.01 428%  363° 4.43° 403%  387% 434%™  429% 018
FAA-N (% TN)® 2.8740.1 21.09°  21.29° 21.28° 23.03% 2015° 2051° 20.84° 040
Acetic acid - 1.95% 1.61¢ 220  1.63¢ 0.99¢ 4.60° 2.57° 0.24
Lactic acid - 7.13 7.32 6.94 7.07 6.06 6.41 6.40 0.91
Propionic acid* - 0.025%  0.029%® 0.029% 0.028® 0.021° 0041*° 0038° 0.007
DM Recovery (%) - 92.48%  92.81°  92.04%  9234®  91.76%°  90.63* 8859°  0.73
Microbial analysis (logs, cfu/g silage)®
LAB 5.74+0.07 7.96° 6.67°¢ 7.73° 7.42° 6.87°¢ 9.16° 8.95° 0.08
Yeasts 3.3310.10  <2.00° 4.25° 3.63° 2.54°¢ 5167  <2.00°  <2.00° 0.29
Molds 4.67+0.07 nd’ nd nd nd nd nd nd -

! Treatments denoted as follows: S = control silage (no inoculant), A = Lactobacillus plantarum, B = L. plantarum plus Enterococcus faecium, C = L.
plantarum plus Pediococcus cerevisiae, D = L. plantarum, Pediococcus pentosaceus, and Propionibacterium freudenreichii plus hydrolytic enzymes, E =
Lactobacillus buchneri plus hydrolytic enzymes, F = L. buchneri and P. pentosaceus plus hydrolytic enzymes.

2 Values shown are means=S.E.

3 WSC: Water soluble carbohydrates.
* For these variables, (p = 0.06).

® FAA: Free amino acids.

® LAB: Lactic acid-producing bacteria. For yeast enumerations, samples positive but below the limits of enumeration (i.e., <2.0) were included in

statistical analysis as minimum detectable values.

" nd: Not detected (limit of detection = 100 cfu/g silage). Thus, SEM was not calculated.
*€ Within a row, values bearing different superscripts differ (p<0.05 unless otherwise stated).

Statistical analyses

Data were analyzed as a completely randomized design
with seven treatments and three replications per treatment
and subjected to ANOVA by the GLM procedure of the
SAS Institute (1991). A logy, transformation of the
microbiological data was performed before statistical
analysis. Differences among reported means were
determined using the least square means linear hypothesis
test of SAS (1991).

RESULTS

The determined rate of applications of LAB (cfu/g fresh
forage) on treated barley forage for products A, B, C, D, E,
and F were 2.36x10° 8.40x10%, 1.69x10° 1.94x10°,
1.98x10° and 1.19x10°, respectively. The chemical
composition and microbial counts of barley forage (after
inoculation, prior to ensiling) and barley silage after 61 days
of ensiling in mini-silos are presented in Table 1. Dry matter
(DM) content of barley silages was similar across
treatments. The rate of decline of silages pH is presented in
Figure 1. Final pH was the lowest (p<0.01) in the control
silage and the highest (p<0.01) in silages D, E, and F. Crude
protein (CP) contents of silages were similar across

treatments except for silage F, which had lower CP content
(p<0.01) than other silages. However, the biological
relevance of this difference is not clear. The concentration
of NDF ranged from 44.8 to 47.5% (of DM) and was higher
(p<0.05) in silage A than in control, B, C, and D silages.
Also, silage A, along with silage E, had higher (p<0.05)
acid detergent insoluble nitrogen (ADIN) content (% TN) as
compared to control silage. The concentration of water
soluble carbohydrates (WSC) exhibited the greatest
variation among treatments and ranged from 1.84 (% DM)
for silage F to 11.51 for silage D (p<0.01). Silage A was the
only silage with lower (p = 0.06) NH3-N content (% TN)
than control silage. The starch and lactic acid contents (%
DM) of silages did not differ among treatments. There was
a relatively high variation in acetic acid content among
silages with silage D and silage E containing the lowest
(p<0.01) and highest amounts, respectively. Although
silage D was treated with an inoculant containing propionic
acid-producing bacteria (Propionibacterium), the propionic
acid content (% DM) of this silage was numerically the
lowest and was significantly (p = 0.06) lower than in silages
E and F. Populations (log;, cfu/g silage) of LAB were
highest (p<0.01) in silages E and F, lowest in silages A and
D, and intermediate in control, B, and C silages. The
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Table 2. Composition of barley silages after 14 days of exposure to air

Treatment*
S A B C D E F SEM

pH 4.28°¢ 5.65" 5.20 411° 8.34° 4.14°¢ 4.14° 0.45
DM (%) 46.34° 45572 45.442 45.962 43.54° 46.09° 46.622 0.49
Composition (%, DM basis)

Crude protein 13.14 13.44 13.42 13.12 14.05 13.28 13.18 0.27

NDF 44234 4595%°  4404% 43.19¢ 46.75% 46.56% 46.23%¢ 0.78

ADIN (% TN) 4.08" 4.45"° 4.24"° 3.66° 6.00° 434" 4.01% 0.19

Starch 18.48 22.65 20.87 19.77 23.06 19.18 15.88 2.28

WSC? 5.05% 2.33% 4.12% 5.822 2.39% 1.99 1.73°¢ 0.78

NH3-N (% TN) 4.42 4.84 4.04 3.74 6.64 4.82 4.90 0.88

Acetic acid 0.97°¢ 0.26% 0.81% 0.70°%% 0.18° 4.15° 3.32° 0.18

Lactic acid 4.65% 2.75"% 4.46% 6.23% 0.89°¢ 5.12% 5.872 0.81
Microbial analysis (logy, cfu/g silage)®

LAB 9.382 9.682 8.39° 8.38"° 9512 9.15°2 9.00% 0.24

Yeasts 7.62° 8.932 8.29% 7.99% 9.02° 3.14°¢ <2.00°¢ 0.47

Molds nd* nd nd 7.15 6.26 nd nd -

! Treatments denoted as follows: S = control silage (no inoculant), A = Lactobacillus plantarum, B = L. plantarum plus Enterococcus faecium, C = L.
plantarum plus Pediococcus cerevisiae, D = L. plantarum, Pediococcus pentosaceus, and Propionibacterium freudenreichii plus hydrolytic enzymes, E
= Lactobacillus buchneri plus hydrolytic enzymes, F = L. buchneri and P. pentosaceus plus hydrolytic enzymes.

2\WSC: Water soluble carbohydrates.

® LAB: Lactic acid-producing bacteria. For yeast enumeration, samples positive but below the limit of enumeration (i.e., <2.0) were included in statistical

analysis as minimum detectable values.

* nd = not detected (limit of detection = 100 cfu/g silage). Mold population data were not analyzed statistically.

#¢ Within a row, values bearing different superscripts differ (p<0.05).
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Figure 1. Change in pH during ensiling. S = Control, A=
Lactobacillus plantarum, B = L. plantarum plus Enterococcus
faecium, C = L. plantarum plus Pediococcus cerevisiae, D = L.
plantarum, Pediococcus pentosaceus, and Propionibacterium
freudenreichii plus hydrolytic enzymes, E = Lactobacillus
buchneri plus hydrolytic enzymes, F = L. buchneri and
Pediococcus pentosaceus plus hydrolytic enzymes.

population of yeast was the highest (p<0.01) in silage D, the
lowest in control, C, E, and F silages and intermediate in
silages A and B. Silage DM recoveries were similar among
treatments except for silage F, in which DM recovery was
lower (p = 0.015) than in silages S, A, B, C, and D.

The result of temperature monitoring over the 14-day
period of aerobic exposure is presented in Figure 2. This
figure shows the differences between daily average of silage
temperature and ambient during this period. Silage D was
the only one that exhibited a temperature increase that was
more than 2°C above ambient temperature (21 +2.5°C).
The chemical composition and microbial counts of barley
silages exposed to air for a period of 14 days are presented
in Table 2. The DM content of silage D was lower (p<0.05)
than those of other silages. Silage D also had the highest
(p<0.01) pH among treatments and the most dramatic drop
in WSC content during the 14-day aerobic exposure period.
The WSC content of silage A also declined substantially as
a result of aerobic exposure. Silage D exhibited the highest
(p<0.01) level of ADIN (% TN) and NHs-N among the
treatments examined. Silages E and F, inoculated with L.
buchneri, had the highest (p<0.01) acetic acid content (%
DM) at the end of 14-day period and remained similar to
those recorded at the end of the ensiling period. In contrast,
the acetic acid content of other silages declined as a result
of aerobic exposure. Silage D had the lowest (p<0.01) lactic
acid content at the end of aerobic exposure. Microbial
enumeration (logy cfu/g fresh forage) revealed silages E
and F as having the lowest (p<0.01) yeast counts at the end
of the aerobic phase. Mold population was numerically
highest in silage C, followed by silage D.

DISCUSSION

The chemical composition of barley forage used in this
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Figure 2. Deviation of silage temperature from ambient
(21£2.5°C) during 14 d of aerobic exposure. S = Control, A =
Lactobacillus plantarum, B = L. plantarum plus Enterococcus
faecium, C = L. plantarum plus Pediococcus cerevisiae, D = L.
plantarum, Pediococcus pentosaceus, and Propionibacterium
freudenreichii plus hydrolytic enzymes, E = Lactobacillus
buchneri plus hydrolytic enzymes, F = L. buchneri and
Pediococcus pentosaceus plus hydrolytic enzymes. Shaded area
represents temperatures that were below ambient temperature.

study is consistent with values reported in the literature
(McCartney and Vaage 1994; McAllister et al., 1995;
Zahiroddini et al., 2004). All silages, including the control,
appeared to be of good quality, as evidenced by the rapid
drop in their pH (Figure 1), and their low (<4.00) terminal
pH, high concentration of lactic acid, and low concentration
of ADIN. A microbial inoculant should apply at least 90
billion (9 x 10™) live bacteria/tonne (9x10*/g) fresh crop to
be able to out-compete the epiphytic populations of lactic
acid bacteria, and thereby to have a significant impact on
the ensiling process (Muck and Kung, 1997). In this study,
the recommended level of application was met with all
inoculants except B (L. plantarum plus Enterococcus
faecium), which was applied at 8.4 x 10* cfu/g fresh crop.
Nevertheless, the inoculants used in this study failed to
improve fermentation process in treated silages compared to
untreated silage, as evidenced by similar decline in pH
among treatments and the fact that terminal pH was lowest
in the control treatment. Lactic acid concentrations were
also similar across treatments, with the mixture of
L. buchneri and P. pentosaceus plus hydrolytic enzymes
(F) even being associated with a reduction in DM recovery.
Three major factors influencing the efficacy of silage
inoculants include the nature of epiphytic LAB, the water
soluble carbohydrate content of the crop, and the
characteristics of the bacterial strains included in the
inoculant (Muck and Kung, 1997). A survey of inoculant
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studies revealed that inoculants most often result in a
favourable change in fermentation in alfalfa and grass
silages (Muck, 1993). Inoculant-mediated conservation of
WSC and suppression of proteolysis and NHs-N production
through rapid pH drop have been claimed as benefits of
silage inoculation (Muck, 1993). Silage treated with
L. plantarum, Pediococcus pentosaceus, and Propioni-
bacterium freudenreichii plus hydrolytic enzymes (D) had
the highest WSC content, followed by silage treated with
L. plantarum plus Pediococcus cerevisiae (C) and silages
treated with L. plantarum plus Enterococcus faecium (B),
Lactobacillus plantarum (A), and control silage (S). The
WSC content of these silages was even higher than in the
original forage, a phenomenon reported previously by
others (Weinberg et al., 1993, 1998; Filya et al., 2000; Dr. Z.
G. Weinberg, personal communication) and could be
attributed to partial degradation of cell walls. In addition,
the rate of fermentation, the LAB load and strain type, and
the crop composition and maturity of the plant at harvest
may all affect the level of WSC. It has been hypothesized
that chopping by itself may not result in complete cell lysis,
thus release of soluble sugars during the initial stages of
ensiling may also occur. Subsequent cell lysis during the
fermentation process may lead to the release of sugars
(Muck and Pitt, 1993) and could account for a higher post-
ensiling level of WSC, depending on the severity of
processing applied to the forage. Silages treated with
inoculants containing L. buchneri (E and F) contained the
lowest WSC content. This effect could be related to
heterolactic fermentation occurring in these silages
(Henderson, 1993).

Differences in NHs-N content among silages could be
attributed to the different rates of decline of pH in various
silages during the first few days after ensiling (Muck and
Kung, 1997). The inclusion of enzymes with inoculants did
not seem to be effective either in decreasing the NDF
content or increasing the WSC content of barley silage.
Although silage D, which contained an enzyme product,
had the highest level of WSC among treatments, we are
hesitant to attribute this effect solely to the presence of
enzymes, as the NDF and ADF contents of this silage did
not differ from those of some of the other silages that
contained a lower level of WSC (data not shown). Other
researchers (Moshtaghi Nia and Wittenberg, 1999; Ranjit
and Kung, 2000; Kung and Ranjit, 2001) have applied
enzyme-containing inoculants onto barley silages with no
effects on NDF or ADF concentrations. We have previously
found higher concentrations of fiber in silages treated with
enzyme-containing inoculant and ensiled in mini-silos, but
lower concentration of ADF in the same silages ensiled in
large bag silos (Zahiroddini et al., 2004). We attributed this
effect to the nature of ensiling environment, a factor that
could have also influenced the results in the present study.
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Lactic acid concentrations were similar among silages
and corresponded with terminal pH. These concentrations
are consistent with previously reported values (Mahanna,
1993; Zahiroddini et al., 2004). Acetic acid content of
silage E, treated with L. buchneri as the sole inoculated
bacterial species, was the highest among treatments, a result
that confirms the ability of this species to increase the
production of acetic acid in silage (Weinberg and Muck,
1996; Filya et al., 20034, b). It has been proposed that acetic
acid is produced along with ethanol and 1,2 propanediol
(not measured in our study) through anaerobic degradation
of lactic acid, a pathway that may provide lactobacilli with
a protective mechanism against low pH (Oude Elferink et
al., 2001). Acetic acid has strong antifungal properties
(Woolford, 1975) and has been shown to improve aerobic
stability of silage through suppression of both yeasts and
molds (Kung and Ranjit, 2001). The beneficial effects of
homofermentative LAB on fermentation and retention of
nutrients in silages, along with the ability of hetero-
fermentative LAB to improve the aerobic stability of silage,
has led to the development of inoculants consisting of
mixtures of these bacteria (Ranjit and Kung, 2000).

Filya (2003) investigated the effects of L. buchneri and
L. plantarum, alone or in combination, on the fermentation
and aerobic stability of low dry matter corn and sorghum
silages and observed higher levels of acetic acid in silages
treated with L. buchneri alone and in combination with L.
plantarum as compared to control silage or silage treated
with L. plantarum only. In the present study, silage treated
with L. buchneri plus P. pentosaceus (silage F) had the
acetic acid level next highest to that of silage treated with
L. buchneri alone (silage E), although it was much lower
and did not differ significantly from silage B, which was
treated only with homofermentative LAB (L. plantarum and
E. faecium). This suggests that L. buchneri was not able to
compete with other silage microorganisms when applied
together with a homofermentative LAB. Variation in results
using mixtures of L. buchneri and homofermentative LAB
and others (Filya et al., 2003a, b) may reflect differences in
the relative competitiveness of different stains of
L. buchneri in varying ensiling environments. Although
inoculant D contained propionic acid-producing bacteria,
the propionic acid content of silage D was either lower or
similar to other silages, suggesting that Propionibacterium
failed to compete with LAB during the ensiling process.
This effect has already been observed in other studies and
was attributed to the relatively slow growth rate and poor
acid tolerance of this species (Higginbotham et al., 1998;
Kung and Ranjit, 2001).

Silages treated with Lactobacillus buchneri plus
hydrolytic enzymes (E), and L. buchneri and Pediococcus
pentosaceus plus hydrolytic enzymes (F) had the highest
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number of LAB on d 61 of ensiling. We attribute this effect
to the ability of L. buchneri to enhance the viability of LAB
under acidic conditions (Oude Elferink et al., 2001). Silage
treated with L. plantarum, Pediococcus pentosaceus, and
Propionibacterium freudenreichii plus hydrolytic enzymes
(D) had the highest number of yeasts (>5 logyy cfu/g)
among the treatments examined. Silages with yeast
populations as high as 5 log;,, cfu/g are known to be
susceptible to aerobic spoilage (Woolford, 1984; Pahlow,
1991; Henderson, 1993). The high concentration of WSC
and low concentration of VFA (acetic and propionic acid) in
silage D likely promoted the rapid proliferation of yeasts in
this silage upon aerobic exposure (Weinberg and Muck,
1996). Silage treated with L. buchneri and P. pentosaceus
plus hydrolytic enzymes (F) had significantly lower DM
recovery than control silage and other silages treated with
homofermentative LAB. Silage treated with L. buchneri
plus hydrolytic enzymes (E) also exhibited marginal
deterioration. Dry matter losses can increase when hetero-
fermentative LAB are involved in the fermentation
(McDonald et al., 1991).

During assessment of aerobic stability, silage treated
with L. plantarum, P. pentosaceus, and P. freudenreichii
plus hydrolytic enzymes (D) was the only silage that
exhibited signs of aerobic deterioration as evidenced by the
elevation of its temperature by more than 2°C over ambient
temperature (21 £ 2.5°C). This silage also exhibited the
highest pH and ADIN content of the silages examined after
aerobic exposure. Relatively acid-tolerant, lactate-utilizing
yeasts that grow in silage upon exposure to air are known to
be primarily involved in aerobic deterioration of silage,
which is accompanied by chemical changes, rising
temperature, and DM loss (Woolford, 1990; Muck and Pitt,
1993; Bolsen et al., 1996). Although yeast counts at the end
of 14-day period are similar among silages treated with
homofermentative LAB-containing inoculants, it should be
noted that the population of yeasts present upon exposure to
air, especially lactate-utilizers, dictates the vulnerability of
silage to aerobic deterioration (Woolford, 1990; Inglis et al.,
1999). Yeast counts were lowest by far in silages treated
with L. buchneri. This is probably related to the higher
acetic acid content which serves as a fungal inhibitor in
these silages (Ranjit and Kung, 2000; Kung and Ranjit,
2001; Taylor et al., 2002). In this study, decomposition of
lactate occurred in all the silages to some extent, but it was
most dramatic in silage treated with L. plantarum, P.
pentosaceus, and P. freudenreichii plus hydrolytic enzymes
(D) followed by silage treated with L. plantarum (A). These
were the two silages in which the highest temperatures were
recorded, especially (D). Susceptibility to aerobic exposure
was also associated with those silages that contained a
higher WSC content. Ranjit and Kung (2000) attributed the
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disappearance of readily available nutrients such as lactate
and residual WSC to the proliferation of yeasts.

Ammonia-N content in silage D was numerically higher
than in the other silages. Proteolysis in silages exposed to
air has been attributed to the activity of some bacterial
species (Woolford, 1990). Bacteria are known to play a
secondary role in aerobic deterioration of whole-crop cereal
silages (Woolford, 1990; Inglis et al., 1999). The fact that
mold populations were higher in C does indicate that mold
population can proliferate without an initial increase in
yeast populations. We do not have any explanation for the
high population of molds in silage C, given that no
concurrent increase in temperature or pH of the silage
during aerobic exposure was observed. Typically, molds
proliferate after pH has increased and lactic acid
concentration has decreased as a result of yeast activity
(McAllister et al., 1995; Inglis et al., 1999).

In conclusion, the commercial inoculants used in this
study offered only marginal improvements in the
fermentation of barley silage as compared to control silage.
Although inoculants containing L. buchneri improved some
indices of aerobic stability during the 14-day aerobic
exposure period, the control silage also appeared to be
stable for the period that silage would normally be exposed
to air under typical production conditions. Considering the
adequate WSC content of the barley and its optimal stage of
maturity at harvest in this study, together with the uniform
packing and high degree of oxygen exclusion that can be
obtained in mini-silos, ensiling conditions may have been
such that the benefits of inoculants that may occur under
commercial ensiling conditions were not apparent.
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