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Abstract: Triticale, a small-grain forage, was harvested for an ensiling experiment evaluating different
silage inoculants. Fresh material (mean dry matter 404.1 g kg ') was wilted, chopped, and assigned to
one of four treatment groups including water only (Control), heterofermentative strains
Lentilactobacillus buchneri (LB), Lentilactobacillus hilgardii (LH), or combination (Combo) of both.
Inoculants were applied at 4.0 x 10° CFU per g of fresh forage, and the Combo contained both strains
at 2.0 x 10° CFU per g. Treated forage was packed into 7.57 L mini-silos for openings after 15, 30, and
130 d. Samples were collected at each opening for microbial enumeration of lactic acid bacteria,
enterobacteria, yeasts, and moulds. Additional samples were collected for analysis of fermentation
profiles, and nutritional analysis following dry matter determination and grinding. Aerobic stability
was also evaluated at each opening through a 10-d period. Fermentation profiles were notably affected,
including increases in acetic acid (g’kg DM) in LB and Combo treated silage after 15 d which resulted
in reduced pH. Aerobic stability was vastly improved through inoculation by prolonging the time to
reach 2° C above ambient, which was likely a result of decreased yeast counts. Our research validates
the use of combined heterofermentative lactic acid bacteria strains on an ensiled small-grain specie,
and further agrees with previous findings of prolonged aerobic stability through increases in lactate
and acetate in response to co-inoculation.
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1. Introduction

Ensiling is an important agricultural practice providing conserved forages for incorporation into
livestock rations outside of growing seasons. Additionally, the practice of ensiling small-grain cereal
crops is becoming increasingly important in climates where the growth of common forage crops, like
corn, is limited due to environmental factors [1]. For instance, triticale (X-triticosecale) has become a
popular alternative since it offers larger yields in climates with limited water availability [1]. In
addition to environmental flexibility to grow in challenging climates, certain varieties of triticale have
been shown to have higher nutritional value than wheat. This has been attributed to an improved
protein composition which has higher concentrations of lysine compared to other small-grain
cereals [2]. The use of small-grain cereal crops have also been gaining attention as cover-cropping
techniques, and triticale has been effective in this application by additional uptake of soil nitrogen and
reducing soil erosion [3].

Inoculating forages with lactic acid bacteria (LAB) at the time of harvest is an effective strategy
for improving silage fermentation [4]. The use of heterofermentative LAB in inoculant formulations
has been shown to also improve aerobic stability of silage during feed out [5]. Improvements in aerobic
stability has been linked to the metabolic pathway observed with Lentilactobacillus buchneri
converting lactate to acetate and 1,2-propanediol [6]. Lentilactobacillus buchneri (previous taxonomic
identification as Lactobacillus buchneri [7]) is one of the most utilized heterofermentative LAB
species for ensiling applications, which has been validated in numerous studies across maize, grass,
and small-grain silage. Meta-analysis studies have been published on using L. buchneri as a silage
microbial additive [8], including one that examined its effects across different forage species,
which confirmed improvements in aerobic stability through concurrent increases in acetate and
propionate [9]. Despite its’ success, L. buchneri requires substantial fermentation time, often longer
than 30 days, to reach the correct ecological niche and initiating his metabolic activities [4].

Alternatively, Lentilactobacillus hilgardii (previously Lactobacillus hilgardii [7]) has been
shown to exhibit earlier heterofermentative activity [10]. Since its’ original isolation from ensiled sugar
cane that exhibited prolonged aerobic stability [11], the expanded use of L. hilgardii in treating silage
has resulted in improved silage stability at feed out [12]. Cumulative benefits have also been postulated
through the combined use of L. hilgardii with L. buchneri, and has been evaluated across multiple
ensiling experiments [10,13]. This includes a recent studies by Drouin et al. [14] which reported
improved fermentation characteristics through the co-inoculation of corn with L. buchneri and L.
hilgardii. This activity was further confirmed through the identification of changes in the microbial
populations by 16S sequencing, including a decrease in the average diversity (alpha diversity) of
microbial species when silage were treated with both strains. A similar microbial succession paper was
published evaluating the co-inoculation of corn with L. buchneri and L. hilgardii during an aerobic
stability challenge in which treated silage retained similar organic acid concentrations and low pH
values across the 10 day challenge [15]. Most recently, another succession study was performed on
alfalfa silage when treated with L. bucherni and L. hilgardii that shifted the predominate LAB
populations from the Weisella genus to Lactobacillus genus [16]. As a result from shifting LAB populations
in that study, the fermentation profiles of inoculated silage exhibited heterofermentative patterns.
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Although the effects of inoculating silage with L. buchneri and L. hilgardii have been extensively
evaluated in corn and grasses, there is limited information on their use in small-grains including
triticale. Kleinschmitt and Kung [9] performed a meta-analysis on the effects of L. buchneri inoculation
on corn, grass, and small-grain silage to examine the effects on fermentation aspects and aerobic
stability. However, the analysis was limited to the use of L. buchneri and there were no included studies
that examined triticale following inoculation. Despite the abundance of information on inoculating
corn and grasses using the specific strains studied in the present paper, the differences in nutritional
and chemical composition between forage varieties are important considerations while evaluating
inoculant types since they can influence fermentation aspects. For example, ensiling small grain
forages at earlier stages of growth can inhibit fermentation due to higher buffering capacity and
moisture content [17].

Few studies have specifically studied triticale silage fermentation following inoculation. Ozduven
et al. [18] reported notable effects during fermentation when triticale was ensiled with a commercial
inoculant (containing Pediococcus acidilactici, Lactobacillus plantarum, Streptococcus faecium, and
a mixture of enzymes) including rapid pH reduction, higher lactic acid concentrations, and lower
ammonia content compared to untreated silage. Another study reported improvements in aerobic
stability along with increases in acetic and propionic acids in baled triticale-Hungarian vetch silage
treated with L. bucherni [19]. Since then, more comprehensive research has investigated the microbial
dynamics of triticale silage. Including a microbiome study that investigated the bacterial and fungal
communities in triticale silage as well as oat, barley, and an intercropped mixture of all three small-
grain varieties [20]. Triticale silage after 90 days had higher relative abundances of the Lactobacillales
accompanied with decreases across other OTUs, in agreement with other microbiome studies on
different forage varieties. Most recently, different LAB strains were isolated from triticale silage and
further selected for silage fermentation aspects and probiotic potential [21] with two strains being
identified as Pediococcus pentosaceus and Lactobacillus brevis [21]. These results imply the presence
of both homofermentative and heterofermentative LAB strains are responsible for optimal
fermentation of triticale silage. Therefore, the application of multiple heterofermentative strains could
be similarly advantageous in improving triticale silage quality. Hence, the objective of the current
experiment was to expand on the potential of L. hilgardii in combining heterofermentative strains from
the L. buchmneri group while inoculating the small-grain cereal forage triticale to evaluate the
fermentation profiles and aerobic stability of silage.

2. Materials and methods
2.1. Harvest conditions, treatments, mini-silo preparation

Triticale (X-triticosecale) was mechanically harvested at the soft dough stage of maturity from a
research parcel at the WH Miner Agricultural Research Institute (Chazy, NY) on June 30" 2014, which
had a maximum temperature of 28 °C with no precipitation. The forage was wilted to a mean level of
404.1 g kg ! initial DM content and then chopped to a mean theoretical particle length of 1.9 cm and
immediately used for mini-silo preparation. The chopped forage transported by truck to the dairy
research facility onsite for packing, which was performed in a controlled setting that was thoroughly
cleaned prior to starting the experiment. Delivered forage was allocated into one of the four treatments:
water only (Control), Lentilactobacillus buchneri NCIMB 40788 at 4.0 x 10° CFU per g of fresh forage
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(LB), Lentilactobacillus hilgardii CNCM-I-4785 at 4.0 x 10°> CFU per g of fresh forage (LH), and a
combination of Lentilactobacillus buchneri NCIMB 40788 and Lentilactobacillus hilgardii CNCM-I-
4785 at an equal ratio of 2.0 x 10° CFU per g of fresh forage for each strain (Combo). The treatments
were applied by alternating between spraying and mixing of the forage in large clean bins. A total of
72 mini silos were prepared for the four treatments, each with six repetitions across three different
opening periods (15, 30, and 130 days of fermentation). Polyethylene buckets with 7.57 L capacity
were used as mini silos, which were filled with 4.4 kg of treated forage and sealed with hermetic plastic
lids. Mini silos were incubated in a dark room at a temperature set with a mean of 20.5 °C.

2.2. Sampling

Fresh forage was sampled immediately after inoculation as follows; 200 g was collected for dry
matter (DM) analysis (55 °C for 48 h), and a 20 g sample was collected for microbial enumeration. At
each designated opening (15, 30, and 130 days of fermentation), the silage from each replicate (six per
treatment) was thoroughly mixed, and sampled as described. Additionally, a third 200 g sample was
collected and immediately frozen for biochemical analysis of the fermentation profiles.

2.3. Microbial enumeration

Upon sampling, the 20 g samples were immediately refrigerated before being transported back to
the lab. All samples were analyzed on the day of sampling, and were maintained in the refrigerator
prior to analysis. The material was then suspended in 180 mL of a NaCl-Tween 80 buffer and mixed
for two one-minute cycles using a Stomacher 400 paddle blender (Seaward, UK), followed by serial
dilutions using the same buffer. De Man-Rogosa-Sharpe agar (Oxoid, UK) containing 100 pg L' of
cycloheximide was used to enumerate LAB [22]. Enterobacteria were enumerated on Violet Red Bile
Glucose agar (Oxoid, UK), while yeasts and moulds were enumerated using Malt Extract agar (Oxoid,
UK) supplemented with 2 g L™! of Rose Bengal (Fisher Scientific) as well as 100 pg L™! streptomycin
and 50 pg L' neomycin (Sigma) [22]. All plates were incubated at 28 °C.

2.4. Biochemical and nutritional analysis

After drying for DM determination (55 °C for 48 h), samples were ground through a 1 mm screen
using a Wiley Mill (Thomas Scientific, Swedesboro, NJ, USA). Samples were then submitted to
Cumberland Valley Analytical Services (Waynesboro, PA) for nutritional analysis using near infrared
spectroscopy with calibrations based upon the lab’s internal wet chemistry results. Analysis of the
fermentation parameters following 15 and 30 days of fermentation were performed in the laboratory.
First, 100 g of silage was suspended in 200 mL of milli-Q water and was subject to a brief incubation
period under refrigeration (4 °C). A 45 mL aliquot of extract was centrifuged at 1000 x g for 15 minutes.
The supernatant was then filtered through a 25 mm Whatman 540 filter before pH measurement
(Mettler Toledo InLab Versatile Pro pH probe) and GC analysis for volatile compounds (lactate, acetate,
propionate, butyrate, and ethanol) on a Varian 3800 (Palo Alto, CA, USA) equipped with an FID
detector, a 2 m x 2 mm ID glass column filled with 4% Carbowax—80/130 Carbopac B-DA (Supelco,
USA). Oven temperature was set at 175 °C, and the injector was set at 200 °C. Carrier gas was nitrogen
at 15 mL min"'. Hydrogen was used for the FID at 30 mL min™'. For the 130-day opening, the frozen
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samples were submitted to Cumberland Valley Analytical Services (Waynesboro, PA) and measured
for pH, lactate, acetate, propionate, butyrate, 1,2-propanediol, and ethanol using wet chemistry.

2.5. Aerobic stability assay

Following the sampling procedures from each opening, 500 g of silage was used for a 10-d aerobic
stability (AS) analysis. Each sample was placed in a clean plastic bag within a Styrofoam container
(inner dimension 6 x 8 x 4 inches) and a temperature probe was placed in the geometric center of the
silage (TMC6-HD, Onset, US). The probes were connected to data loggers (UX120, Onset, US) which
were programmed to record the temperature every 5 minutes. The 10-d assay was performed in the
temperature-controlled room. Following the 10-d assay, the raw temperature data were compiled and
used for calculating the time to reach 2 °C above the ambient temperature. Additionally, a coefficient
of deterioration (summation of the temperature over ambient for all time points over the 2 °C above
ambient threshold) following AS assay was computed.

2.6. Statistical analysis

Results were analyzed using R version 4.0.4 [www.r-project.org]. Mini-silos for each opening was
analyzed separately. All data was checked for normality using Shapiro-Wilk test and further visualized
using qqg-plots. Since the data was not normally distributed, a non-parametric Kruskal-Wallis test was
used for all the parameters (dependent variable~inoculant). Multiple comparisons were performed
using a Dunn’s post-hoc test. For the microbial enumeration, a logio transformation was performed
and any cell counts that were below detection limit set at logio 2.0 were replaced with a value equal to
one half of the detection limit. Additionally, the AS results for the time to reach 2° C above the ambient
temperature was used to perform a Kaplan-Meier estimator analysis in R using the ‘survival’ and
‘survminer’ packages [https://cran.r-project.org/package=survminer]. Using parameters from the 130
d opening, a principal component analysis (PCA) was performed in R using ‘FactoMineR’, ‘factoextra’,
and ‘corrplot’ packages [23-25]. The following factors were included for the PCA: pH, lactic acid,
acetic acid, propionic acid, 1,2-propanediol, ADF, NDF, crude protein, soluble sugars, and ethanol.

3. Results

The fermentation results across the three openings are listed in Table 1. After 15 d of ensiling, pH
was below 4.0 for LB and Combo treated silage, which is likely a result of increased lactate
concentrations (P = 0.007). Additionally, differences in acetate and propionate were detected at 15 d
with higher concentrations in the LB and Combo silage. Following 30 d of ensiling, pH was not
impacted by treatment (P =0.179). However, all of the inoculated silage, including LH, produced more
acetate and propionate (P < 0.001) which also resulted in smaller lactate to acetate ratios (P < 0.001).
At the 130 d opening, differences in pH were detected with Control and LH-treated silage reaching
lower pH levels (P = 0.006). All inoculated silage continued to produce more acetate (P <0.001) which
lowered the lactate to acetate ratios (P = 0.003). Additionally, 1,2-propanediol was detected at higher
concentrations in inoculated silage (P = 0.002). Ethanol content was lowest in the LB and Combo
treated silage after 15 d (P = 0.015) and lowest across all three inoculated treatments for the 30 and
130 d openings (P = 0.006 and 0.007, respectively).
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Table 1. Fermentation profiles of triticale silage after 15, 30, and 130 days of ensiling.

Opening Treatment pH Lactic Acetic Propionic Lactate: Ethanol 1,2- DM losses
(days) Acid Acid Acid Acetate (a/kg Propanediol (g/kg DM)
(9/kg DM)  (g/kg DM) (g/kg DM) Ratio DM) (9/kg DM)
15 Control 405a 27.4hbc 79c¢ 0.0b 3.48a 9.2a NA 12.0
LB 3.94b 30.7ab 14.1a 1l2a 2.27hb 50D NA 125
LH 400a 242c 9.7b 0.1lb 2.54 ab 8.1la NA 11.5
Combo 392b 424a 15.1a 33a 2.82ab 50b NA 12.0
P-value 0.004 0.007 <0.001 0.002 0.059 0.015 0.886
30 Control 3.97 29.5 8.6¢c 00c 343 a 18.7 a NA 155
LB 3.95 24.6 183 a 3la 1.36¢ 6.7b NA 14.4
LH 3.92 26.8 122h 0.7b 2.24b 79b NA 19.3
Combo 3.93 26.6 185a 3la 1.43c 85b NA 20.7
P-value 0.179  0.404 <0.001 <0.001 <0.001 0.006 0.718
130 Control 3.88b 17.6 75¢ 0.0 237a 26.4a 0.3b 20.7
LB 397a 144 17.3a 0.2 091c 10.2b 6.3a 19.2
LH 3.89b 175 131b 0.2 1.38b 9.0b 40a 18.1
Combo 40l1a 143 15.0a 0.1 0.96 bc 8.8b 51a 18.3
P-value 0.006 0.266 <0.001 0.053 0.003 0.007 0.002 0.079

'Different letters between rows within individual sections are significantly different according to a post-hoc Dunn’s test for multiple comparisons at

an alpha level of 0.05. NA: Not available/was not measured at selected time point.

Microbial populations were similar across treatments at the time of ensiling (Table 2), followed
by increases in LAB in the LB and Combo treated silage after 15 d (P = 0.001). Although not
significant compared to the Control, LH treated silage presented nearly one log higher cell counts of
LAB compared to non-inoculated silage (Table 2). For the remainder of the trial, inoculated silage had
higher cell counts of LAB compared to the Control (P < 0.001). Enterobacteria populations were
reduced in LB and Combo treated silage after 15 and 30 d of ensiling (P = 0.002 and 0.009
respectively), whereas LH treated silage presented numeric but not significant reductions (Table 2).
The same trend was observed for yeasts for the 15 and 30 d openings in which LB and Combo
application reduced total growth (Table 2). After 130 d, yeasts were below the detection limit across
all inoculated silage whereas yeasts were still detected in untreated silage (P < 0.001). Finally, mould
counts were reduced for LB and Combo at 15 d (P = 0.004) with non-significant reductions also being
observed in LH treated silage compared to the Control.
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Table 2. Total microbial cell counts of fresh triticale and ensiled material after 15, 30, and
130 days of fermentation.

Opening Treatment

LAB
(|Oglo CFU 971 FM)

Enterobacteria
(|Oglo CFU 97l FM)

Yeasts

Moulds

(logio CFUgtFM)  (logio CFU g *FM)

0 Control
LB
LH
Combo
P-value
15 Control
LB
LH
Combo
P-value
30 Control
LB
LH
Combo
P-value
130 Control
LB
LH
Combo
P-value

4.82
4.57
4.89
5.45
0.311
7.58b
9.78a'
8.52b
9.66 a
0.001
7.75¢
10.33 a
9.63b
10.35a
<0.001
6.36d
8.44 a
7.61c
7.95b
<0.001

491
4.88
4.92
4.87
0.613
4.64 a
3.04b
4.46 a
3.54b
0.002
3.63a
1.40b
3.02 ab
1.69b
0.009
<1

<1

<1

<1

3.78
3.80
3.80
3.72
0.414
4.68 a
3.24b
451a
3.80b
0.001
3.84a
211c
3.51ab
2.27 bc
0.005
213a
<1b
<1b
<1b
<0.001

3.37
3.34
NA 2
NA
0.273
4.24 a
3.12b
419 a
2.86b
0.004
3.68
2.25
2.47
2.84
0.127
<1

<1

<1

<1

IDifferent letters between rows within individual sections are significantly different according to a post-hoc Dunn’s test for multiple

comparisons at an alpha level of 0.05. NA: *Not available/was not measured at selected time point.

In the current experiment, inoculation consistently improved the aerobic stability of triticale silage
(Table 3). After 15 d, the time to cross the 2 °C above ambient threshold was prolonged for LB and
Combo treated silage with greater increases after later openings (P < 0.001). Additionally, the
maximum temperatures reached during the 10 d assay were lower than the Control silage after 15
d (P =0.002). LB and Combo treated silage also exhibited lower deterioration coefficients compared
to the Control after 15 d (P < 0.001). Although the time to reach the 2 °C above ambient threshold was
not significantly prolonged in LH treated silage, the deterioration coefficient was still improved
compared to the Control silage after 15 d (Table 2). For the remainder of the trial, all inoculated silage
exhibited improved aerobic stability compared to the Control silage.

AIMS Agriculture and Food
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Table 3. Aerobic stability parameters of triticale silage after 15, 30, and 130 days of ensiling.

Opening Treatment AS losses (%) AS Time to AS Maximum Coefficient of AS
(days) reach 2 °C? Temperature (°C) deterioration®
15 Control NA 39.16 b 41.21a 1347.29 a
LB NA 157.51 at 27.04 b 222.84c
LH NA 51.34b 38.60 a 1161.45b
Combo NA 154.62 a 26.59 b 340.01¢
P-value <0.001 0.002 <0.001
30 Control NA 54.28 ¢ 39.63 a 1333.30 a
LB NA 209.33 ab 25.98¢ 65.47 ¢
LH NA 150.22 b 31.30b 342.13b
Combo NA 21757 a 24.33¢c 28.75¢
P-value <0.001 0.002 <0.001
130 Control 35.3a 155.92 a 26.26 a 309.12 a
LB 58¢ 240.00 b 20.11b 0.00b
LH 8.4 bc 223.65b 20.96 b 0.67b
Combo 10.2b 240.00 b 20.13b 0.00b
P-value 0.003 <0.001 0.005 0.001

IDifferent letters between rows within individual sections are significantly different according to a post-hoc Dunn’s test for multiple
comparisons at an alpha level of 0.05. 2P-value obtained from Kaplan-Meier estimator analysis (survival probability). *Calculation of

the area under the curve for the time (in hours) spent above the 2 °C threshold. NA: Not available / was not measured at selected time point.

Nutritional analysis using near infrared spectroscopy detected some changes in fiber content in
the present study. Although there were differences between the treatments in the fresh material, they
were small and did not result in differences at later timepoints (higher in Combo treated silage
compared to Control and LB treated silage). Despite the lack of differences in NDF during ensiling,
ADF content in LH treated silage was lower (11.8 g/lkg DM difference) compared to LB treated silage
after 130 d of ensiling (Table 4; P =0.040). No additional reduction in fiber content was identified. As
expected, inoculation significantly increased the utilization of soluble sugars. Significant reductions in
soluble sugars were detected in the LB and Combo treated silage after 15 and 30 d of ensiling (P < 0.001).
Inoculation did not have any impact on additional nutrients in the experiment (Table 4).

A principal component analysis was performed using the following ten variables: lactate, acetate,
propionate, 1,2-propanediol, ethanol, pH, soluble sugars, crude protein, NDF, and ADF. The
parameters were correlated to respective fermentation patterns in which the treated silage were
similarly grouped (Figure 1). The first dimension explained 41.9% of the variation, while the second
dimension explained 17.2%. Propionic acid, acetic acid, 1,2-propanediol were positively grouped with
inoculated silage (dimension 1, Figure 1), which contrasts with the negative correlation with lactic acid
and ethanol (dimension 3, Figure 1).

AIMS Agriculture and Food Volume 8, Issue 3, 914-931.
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Table 4. Nutritional composition of fresh triticale and ensiled material after 15, 30, and
130 days of fermentation.

Opening  Treatment DM ADF NDF Crude Soluble Soluble Non-Fiber Non-Structural
(g/kg) (g’lkg DM) (g/kg Protein Protein Sugars (g’kg  Carbohydrates ~ Carbohydrates
DM) (g’lkg DM) (g/lkg DM) DM) (g/kg DM) (g/kg DM)
0 Control 404.1 372.5 559.0b 852 332 126.8 253.7 126.8
LB 395.9 376.0 5558b  86.5 34.0 133.8 237.8 133.8
LH 403.9 377.8 567.8ab  86.3 49.7 127.5 222.7 127.5
Combo 405.3 375.0 5733a 843 34.0 126.2 233.5 126.2
P-value 0.523 0.618 0.017 0.913 0.626 0.627 0.056 0.627
15 Control 378.4 392.7 577.7 95.3 55.0 623 a NA NA
LB 380.4 386.8 571.8 92.2 51.7 3250 NA NA
LH 382.4 388.2 573.0 93.8 53.5 577 a NA NA
Combo 382.3 388.5 578.2 90.0 50.8 3470 NA NA
P-value 0.787 0.916 0915 0.069 0.167 <0.001
30 Control 387.9 387.8 583.8 96.8 56.5 53.8a NA NA
LB 387.7 391.3 576.5 95.3 54.7 205¢ NA NA
LH 390.7 373.2 561.4 90.0 52.0 40.6 a NA NA
Combo 386.7 389.8 573.2 93.2 53.0 30.0b NA NA
P-value 0.883 0.055 0.425 0.131 0.056 <0.001
130 Control 368.9 403.0ab!' 581.7 94.3 60.8 31.8 210.7 61.8
LB 372.3 404.2 a 570.7 93.0 59.0 25.5 217.5 48.7
LH 374.2 39230 565.0 93.7 60.2 21.7 228.8 65.5
Combo 373.6 396.0 ab 569.3 933 62.0 21.0 222.8 46.5
P-value 0.717 0.040 0.125 0.785 0.142 0.068 0.599 0.227

IDifferent letters between rows within individual sections are significantly different according to a post-hoc Dunn’s test for multiple comparisons at

an alpha level of 0.05. 2P adjusted values were not significant between treatments. NA: Not available / was not measured at selected time point.

25

Control H .
! . . o o .
< . H - @

Dimension2 . __ % ___ | ____ | T N L T Agalic_ac .
(17.2%) 90 i - 4 ° ®

Combo | Lh . e

-25

-4 -2 0 2 4
Dimension 1
(41.9%)

Figure 1. Principal component analysis and correlation plot of selected fermentation and
nutritional parameters of ensiled triticale after 130 d.

AIMS Agriculture and Food Volume 8, Issue 3, 914-931.



923

4, Discussion

The use of microbial inoculants, including those containing heterofermentative LAB strains, has
become a well-accepted practice in forage management systems. Inoculant usage is not only useful in
reducing nutrient losses during ensiling, but the addition of effective heterofermentative strains is also
advantageous in improving aerobic stability at feed out [4]. The heterofermentative activity has been
thoroughly investigated in different ensiling studies across different forage types [5,13,26]. L. buchneri
is a well-studied heterofermentative LAB specie, and its’ confirmed metabolic activities have been
documented to improve silage stability by way of increased aerobic stability and decreased DM
losses [4,6,9]. The inclusion of the heterofermentative specie L. hilgardii in silage has also been
advantageous in improving aerobic stability [12] and the efficacy of combining L. hilgardii with L.
buchneri has been validated in corn, grass, and high-moisture corn silage as well [10,13,15]. However,
this combination has yet to be evaluated in small grain silages to the best of our knowledge. The
justification of combining Lb and L/ is based upon their metabolic differences, with an earlier onset
of heterofermentative activity by LA [10] even if the understanding of the mode of action underlying
the synergic and additive effects reported elsewhere still requires further investigation. The
combination of the two strains not only increase aerobic stability through the production of organic
acids that have greater antifungal activity, but also help with an earlier onset of heterofermentation by
Lh [4,10,13]. In the current experiment, the quality of ensiled triticale that was treated with three
different microbial inoculants was evaluated by examining the fermentation parameters, nutritional
analysis, and aerobic stability aspects after 15, 30, and 130 days of ensiling. By inoculating the triticale
with either LB, LH, or Combo, there were apparent differences in the fermentation profiles for each
of the three openings compared to no-inoculation treatment. Additionally, aerobic stability was
improved with the inclusion of these heterofermentative strains. Such results could confer to changes
in silage quality.

The fermentation profiles were in agreement with the heterofermentative patterns expected in
inoculated silage. Indeed, acetic acid content was significantly higher in treated silage across all three
openings compared to the Control. These results are indicative of the heterofermentative LAB activity,
which is also supported by the lactate to acetate ratios, significantly lower in inoculated silage after 30
and 130 d opening. Considering the impact of a strong acid like lactate (pKa = 3.86) on pH, the increase
in lactate helps explain the differences in pH between treatments at 15 d [27], in which LB- and combo-
inoculated silage harbored lower pH than the other two treatments. Furthermore, some studies have
reported more lactate production from L4 compared to Lb which could explain the differences in pH [28].
There were no changes in pH at the 30 d opening, which corroborates the lack of changes in lactate
content between treatments.

The accumulation of ethanol can partially explain DM losses during fermentation, which has been
observed in ensiled sugar cane [29]. LAB can also produce ethanol following the degradation of
pyruvate using the formate lyase pathway [30]. Additionally other microbial species can produce
ethanol under anaerobic ensiling conditions including yeasts, enterobacteria, and sometimes clostridia [30].
In the current experiment, ethanol content was consistently higher in the Control silage across all three
openings, although concentrations for LH-inoculated silage were similar to the Control after 15 d.
Despite a lack of differences in DM losses, the treated silage followed a biological trend toward lower
DM losses after 130 d compared to untreated silage (P = 0.079). The lid system used on the mini silos
may have prevented losses of volatile compounds, which would minimize differences in recording
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losses between treatments. Furthermore, acetic acid content can also partially explain DM losses
during ensiling. Considering DM losses were largely unaffected in this experiment, losses as a result
from higher acetate concentrations in treated silage does not seem likely in this experiment.
Furthermore, DM losses as a result from acetate volatilization in treated silage are lower compared to
the DM losses from untreated silage during aerobic deterioration. Despite the higher counts of
enterobacteria and yeasts observed in the untreated silage after ensiling, definitive conclusions cannot
be made on which microorganisms were responsible for the higher ethanol concentrations in the study.

As expected, LAB inoculation in the experiment resulted in an increase of LAB counts (CFU/g)
whereas lower in counts of enterobacteria, yeast and moulds were observed in treated silage. Higher
LAB counts have been observed in other studies that have utilized similar inoculation rates, and a
recent meta-analysis confirmed a trend towards increased LAB counts when corn silage was
inoculated [31]. However, the same authors did not observe this trend in inoculated alfalfa silage [32].
Additionally, the LAB counts for untreated triticale silage was similar to a study by Duniére et al. [20].
In our study, there were higher counts of enterobacteria in the Control silage compared to LB and the
Combo after 15 and 30 d of fermentation. Elevated counts of enterobacteria in silage are problematic
due to their negative impact on dry matter losses following their fermentation capabilities, as well as
the pathogenic potential from some species. They are facultative anaerobes that can compete with LAB
during the early stages of ensiling [33]. Since they generally do not tolerate acidic environments (>4.5), a
decline of the enterobacteria counts can be indicative of proper silage fermentation and good forage
management practices [33,34].

Yeast counts were comparable to enterobacteria counts which were lowest in LB and Combo
treated silage across all openings by nearly one log. The decrease in yeast counts in L. buchneri treated
silage has been consistently reported [9]. Similar reductions in yeast counts have also been published
for L. hilgardii in whole-plant corn and high moisture corn silage [13,35] as well as sugarcane silage [28].
In another trial testing triticale forage, Duniere and others reported yeast counts around 6 logio CFU/g
DM in untreated silage after 90 days of fermentation [20]. Considering the DM content and pH
reported in that experiment are similar to our results, the reduction of yeasts in this study as a result
from inoculation are notable from the standpoint of improving the microbial composition. The same
decreasing trend was observed for moulds in which LB and Combo treated silage had lower counts
after 15 and 30 d of ensiling. All these results are in agreement with the fermentation profiles of
inoculated silage, in which higher concentrations of acetic and propionic acids should result in lower
counts of enterobacteria, yeasts, and moulds, as those two products may exhibit antimicrobial
properties [4,36].

Aerobic stability was significantly improved when using silage inoculants in the experiment.
These improvements in AS were further pronounced on the temperature profiles, which corresponds
to the difference of the ambient and the mean of the silage temperatures for individual treatments
(Supplementary Figure 1). Between the four treatments, the Combo maintained a lower temperature
for the first five days compared to LB. LH treated silage exhibited improved aerobic stability compared
to Control after 30 d of fermentation, which is consistent with the fermentation and microbial results.
Although the AS results for LH after 30 d indicated lower stability parameters compared to LB and
Combo treated silage, the fluctuations in temperature were far less pronounced and remained below
the 2 °C for a prolonged period compared to the Control silage (150.2 h vs 54.3 h; Supplementary
Figure 1). These results align with other studies reporting improvements in aerobic stability when
silage were treated with LB and LH. One example comes from a recent study reporting improvements
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in aerobic stability after 30 days of ensiling as a result of treating sorghum silage with the same strains
either separately or in combination [26].

After 130 d of ensiling, all of the inoculated silage had markedly improved AS compared to
Control silage, which likely resulted in lower fresh matter losses during the assay (35.3 g/kg losses in
Control vs. a mean fresh matter losses of 8.13 g/kg for the inoculated treatments). The same trends
were observed in the maximum temperatures reached during AS following inoculation in which the
LB and Combo significantly reduced the values across all openings, while LH had lower maximum
temperature after 30 d of ensiling only. This implies further control of the silage even when stability
was comprised, in which the extent of heating was significantly reduced.

In the study, a coefficient of AS deterioration was calculated as an additional parameter to
interpret the aerobic stability results. This was computed by taking the sum of the temperature over
ambient (silage temperature minus ambient temperature) for all recordings above the 2 °C threshold.
This coefficient extends the potential of area under the temperature profile curve with the recorded
temperature, and corresponds to the area between the temperature profile and the 2 °C above ambient
threshold. Doing so provides comparison potential between treatments having similar time to reach
AS level but with differing responses during instability. As expected, Control silage had a much higher
coefficient of AS deterioration across all three openings. Silage treated with LB and Combo had
significantly lower AS deterioration coefficients. Similar to other variables measured, LH had a lower
coefficient of AS deterioration after 30 and 130 d of ensiling compared to Control silage. Additionally,
significant improvement was observed after 15 d for LH compared to Control. Despite being higher
compared to LB and the Combo, this result differs from what was observed in other parameters
including time to reach 2°C after 15 d. Hence, the coefficient of AS deterioration provides a detailed
perspective for the duration of the 10-d assay.

While the production of mixed organic acids from heterofermentation is one of the most probable
explanations that substantiate these improvements in aerobic stability, the exact mechanism is still not
fully understood. The production of acetic acid as well as 1,2-propanediol, which can be converted
into propionic acid, are end-products of lactate degradation that provide effective antifungal effects as
strong acids [4,6]. There was an increase in 1,2-propanediol content after 130 d of ensiling across the
inoculated silage, but that compound was not measured at the earlier openings (mean of 5.1 g’lkg DM
in the inoculated silage vs. 0.3 g/kg in Control). The concentration of propionic acid was decreased
across all treatments after 130 d of ensiling, but was higher in inoculated silage after 30 d. Therefore,
the connection between 1,2-propanediol and propionic acid is not clear in the study. Despite this, the
differences observed in other fermentation parameters could sufficiently explain the stability of the
inoculated silage across the openings. This is especially true considering the elevated acetic acid
concentrations. This explanation is further supported by the decreased counts of enterobacteria, yeasts,
and moulds in the inoculated silage compared to the Control.

The heterofermentative metabolism of Lbh has been well documented, although, one of the
limitations of this specie in silage inoculants is the prolonged time needed for heterofermentation to
initiate [4]. Therefore, examining other strains like L/ that can initiate heterofermentation earlier is an
advantage that can benefit producers when time is a constraint. In a study by Reis and others evaluating
Lh in corn silage, increases in acetate and 1,2-propanediol were observed in LA treated silage as early
as 19 days compared to untreated silage [12]. Although aerobic stability was not evaluated at the 19
day opening in that study, the fermentation results were similar to other LA treated silage in different
studies that exhibited improved aerobic stability. Furthermore, Reis et al., measured aerobic stability

AIMS Agriculture and Food Volume 8, Issue 3, 914-931.



926

in their study after 103 days and reported improvements when corn was treated with LA [12]. In some
instances, LA has been shown to produce higher concentrations of lactate. Since the accumulation of
lactate will ultimately induce stress responses in LAB, one could postulate a faster accumulation of
lactate by Lh activity could possibly initiate lactate degradation sooner. Although not significant,
numeric increases in lactate production by L/ alone after 10 days was reported in a study using high
moisture corn [ 13]. Additionally, LA treated silage after 10 days had reduced yeast counts and increased
aerobic stability. However, the small increases in lactate in that study were only numerically higher
when compared to untreated and Lb treated silage [13]. Therefore, the possibility of initiating lactate
degradation activity by way of increased lactate concentrations does not seem to fully explain the
responses observed in silage treated with Lh.

Another possible explanation is the production of secondary metabolites with antifungal
properties. The production of phenyllactic acid and 4-hydroxy-phenyllactic acid by L4 has been
documented, and both compounds have known antifungal properties [37]. Unfortunately, the
production of both compounds were not measured in this study. Additionally, some LAB species have
been reported to produce antimicrobial proteins (bacteriocins), which in theory could potentially
control or inhibit the onset of microbial species responsible for aerobic deterioration [38].Therefore,
an effect of LA, in combination with Lb on the microbial diversity of LAB in silage could be another
explanatory avenue to explore [14]. Through the increased use of culture-independent approaches to
characterize the bacterial and fungal communities during ensiling, studies are reporting shifts in
diversity as a response to inoculation [13,15,16]. While there is a clear effect of improving aerobic
stability by reducing lactate-assimilating microorganisms including yeasts when inoculating silage
with Lh, further research is needed to fully explain the underlying mechanism. Differential changes in
fermentation aspects is likely part of that explanation, but other secondary metabolites cannot be ruled
out in explaining such improvements.

Soluble sugars were rapidly depleted during ensiling as expected, and even more so in LB and
Combo treated silage after 15 and 30 d of ensiling. This has been consistently reported across different
meta-analyses [9,31], and can be best explained by the rapid conversion of available sugars into
organic acids by effective LAB strains. The fiber content expressed as neutral detergent fiber (NDF)
was not affected by treatment following ensiling, although a small reduction in acid detergent fiber
(ADF) was observed in LH treated silage after 130 d. While these differences are minimal and could
be explained by differences in DM content, decreases in fiber content have been reported in inoculated
silage including triticale[18]. Although minimal, this could suggest differences in metabolic
capabilities between Lentilactobacilli species. Similarly, decreases in ADF were reported when corn
silage were inoculated with LAB [31], and reductions in both ADF and NDF were also reported in
inoculated grass silage [32]. Further research and application of expansive methods for evaluating
changes in fiber degradation are necessary to obtain a better understanding of any fibrolytic activities
mediated by LAB.

The principal component analysis was used to identify trends in the fermentation parameters and
nutrition aspects across treated silage from the 130 d samples. The correlations between fermentation
end products further confirm the heterofermentation activity specific to inoculants of the L. buchneri
group carried out by the selected strains in the individual treatments (LB, LH) as well as the Combo.
As expected, soluble sugars were also inversely correlated to the inoculated silage implying their rapid
utilization for fermentation [39]. Ethanol was also inversely correlated to the inoculated silage, which
provides some support towards the notion of these strains preferring metabolic pathways that produce
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more acetate and less ethanol during the degradation of lactate (Oude Elferink et al., 2001). In contrast,
the control silage was correlated with ethanol and lactate. These results not only suggest
homofermentative type activity, but it could also be a result of activity from enterobacteria and yeasts,
or a combination of both [33].

5. Conclusions

Inoculation of triticale silage improved fermentation aspects, including rapid acidification and
increased concentrations of organic acids, which further translated to decreased counts of
enterobacteria, yeasts, and moulds. Subsequent improvements in aerobic stability were also observed
when triticale silage was inoculated with heterofermentative LAB strains individually or combined.
Although further investigation is necessary to understand the exact mode of action when combing
strains, this experiment validates the use of L. buchneri and L. hilgardii combination as an inoculant
for treating triticale, which would allow for improved silage quality for producers.

20 T15
15
10
5
0
20 T30
15
Temperature (°C) 10
above ambient
5
0
2 T130

Supplementary Figure 1. Temperature profiles (expressed in °C above ambient
temperature) of the triticale silage during the 10 day aerobic stability assay for the 15, 30,
and 130 day openings. Control: red, Lb: blue, Lh: green, Combo: purple.
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