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Abstract: The evaluation of the aerobic stability of silages primarily involves monitoring temperature,
while changes in composition are often neglected. In the present study, the effect of aeration on
high-moisture corn ensiled with Lactiplantibacillus plantarum was investigated and compared with
that of the control without inoculant. The corn used in this study was grown in five plots in a
split-plot experimental design, and each plot represented the repetition of silage preparation, both
with and without inoculant. In the silages, the temperature changes and the content of acids and
alcohols were monitored during the 6 days of aeration, while the content of the main nutrients was
compared before and after 6 days of aeration. The temperature difference between the silages and the
environment was below 3 °C during the entire aeration period, regardless of the ensiling method.
The content of lactic acid was higher in L. plantarum silages, while the contents of acetic and propionic
acid, methanol and ethanol were higher in the control (p < 0.001). The content of all compounds
changed during the aeration period (p < 0.05), regardless of the ensiling method and the stable silage
temperature. Aeration affected the content of soluble crude protein and starch (p < 0.05), suggesting
starch degradation in high-moisture corn during aeration. Therefore, in addition to monitoring silage
temperature, monitoring lactic and acetic acid and the main nutrients should be considered, as the
nutritional value of high-moisture corn could decrease during aeration.

Keywords: aeration of silages; lactic acid; acetic acid; methanol; ethanol; starch; soluble crude protein

1. Introduction

Whole-plant corn and high-moisture corn silage are some of the most widely used
energy sources for dairy and beef cattle production [1]. This type of feed is produced by the
activity of lactic acid bacteria (LAB) under anaerobic conditions. LAB convert water-soluble
carbohydrates (WSC) into lactic acid, which lowers the pH and preserves the nutrients in
the feed for later use throughout the year [2,3].

The key parameter for silage stability is the anaerobic environment [2]. During the
feedout phase, when silage is opened and aerated, this key factor for stability is no longer
present. However, low pH in silage and the presence of some antimicrobial components,
such as acetic and propionic acid, inhibit the activity of spoilage microorganisms [3,4]. The
content of acids in the silage, lactic acid and acetic acid, is crucial for its stability [2-4]. The
first and most important characteristic of silage is its low pH, which is a result of the acids
contained in the silage, mainly lactic acid [2]. When lactic acid is broken down, the pH
rises, and the silage becomes unstable [2—4]. Secondly, the acetic acid in the silage inhibits
the activity of yeasts, the first microorganisms of aerobic degradation. In a semiaerobic and
aerobic environment, the yeasts break down lactic acid, resulting in an increased pH and
unstable silage [3,4].

The aerobic stability of silage is one of the most important parameters when it comes
to silage quality [3,4]. It is defined as a period of aeration of the silage during which the
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silage temperature does not rise by more than 2 °C [5] or 3 °C [6] compared to the ambient
temperature. If silage has longer aerobic stability, its use is extended during the feedout
period [7]. Detrimental activity is assessed by the increase in silage temperature during
aeration as the microorganisms metabolize the nutrients and produce heat, water, and
CO, [4].

The use of inoculants is often favored in silage production, as LAB control the active
phase of silage or fermentation [2,3,8]. Inoculants promote the synthesis of lactic acid
and volatile fatty acids (VFA) by controlling fermentation and influencing the quality
of the silage [3,8]. Homofermentative and facultative heterofermentative LAB, such as
Lactiplantibacillus plantarum, mainly produce lactic acid, while the obligate heterofermen-
tative LAB, such as Lentilactobacillus buchneri and Lentilactobacillus hilgardii produce more
VFA [8]. If more lactic acid is produced, as in silages ensiled with L. plantarum, the pH
value in the silage drops faster and more prominently, which leads to better preservation of
nutrients [2,3].

Corn is the most important cereal in animal nutrition, and its energy value depends on
the amount of starch and its availability [1]. During aeration, detrimental microorganisms
degrade nutrients, resulting in a lower nutritional quality of the silage [4]. We hypothesize
that HMC ensiled with L. plantarum show better nutrient preservation during aeration than
control silages and that, although ensiling with L. plantarum is often associated with lower
aerobic stability (associated with lower content of acetic acid), the different changes in acids
will affect aerobic stability, i.e., changes in acids during aeration will affect aerobic stability.
Therefore, the aim of this study was to investigate the effects of the application of inoculant
on aerobic stability and the change in acids in high-moisture corn during aeration over a
period of 6 days and to determine how aeration affects the nutritional properties of silage.

2. Materials and Methods
2.1. High-Moisture Corn Preparation and Aeration

The corn used in this study (Bc 462, FAO 420; BC Institute d.o.0., Zagreb, Croatia)
was grown in five plots under intensive conditions in the split-plot experimental fields of
the University of Zagreb Faculty of Agriculture, Zagreb, Croatia. According to Képpen's
climate classification [9], the climate is Cfb, with warm summers. The soil was silty clay
loam Fluvisols [10]. Each plot was 14 m? in size, and corn was planted under the same agro-
climatic conditions, following the recommendations of seed companies for seeding density
(75,000 plants/ha) and using an intensive production system [fertilized with 400 kg/ha of
NPK 7-20-30 (N-P,05-K;0); basic fertilizer was urea (100 kg/ha) and KAN N (MgO) was
applied twice during vegetation, 175 kg/ha]. The production system was rainfed without
irrigation. At the time of physiological maturity (70% DM), the corn was harvested, and
each of the replicates was ground on a hammer mill with an 8 mm sieve (Ino BreZice d.o.o.,
Krska vas, Slovenia). The milled material from each of the five replicates was divided into
two parts for ensiling.

The ensiling was carried out in airtight nylon bags of 280 x 360 mm (Status d.o.o.,
Metlika, Slovenia), each containing about 1000 g of ground corn ensiled with or without
inoculant. The inoculant Bio-Sil LAB (Dr Pieper Technologie und Produktentwicklung
GmbH, Wuthenow, Germany) contained two strains of Lactiplantibacillus plantarum and was
used at a concentration of 300,000 CFU/g. After application, the bags were vacuumed and
sealed using a SmartVac vacuum sealer (Status d.o.o., Metlika, Slovenia). The silages were
stored at 25 + 2 °C and sampled after 15 days, which corresponds to the early opening of
the silages when the silage is ready for use [2]. After sampling, the first part of each silage
was stored at —20 °C until the chemical properties and VFA were determined, whereas the
other part was used for the determination of aerobic stability.

Approximately 500 g of each silage was weighed and analyzed for aerobic stability.
Temperature probes were placed in the center of each silage to monitor the temperature.
In addition, a temperature probe was placed near the silages to monitor the ambient
temperature. The probes recorded temperature changes every 15 min via the mobile
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application Fleettracer (Telematrix d.o.o. Zagreb, Croatia). The readings were recorded
over a period of 6 days. The silages were covered with medical gauze. Samples were taken
on each day of aeration for the analysis of acids and alcohols, while they were taken at the
beginning and end of the aeration period for pH and chemical analyses. The samples were
stored at —20 °C until analyses.

2.2. Chemical Analysis

Frozen samples of 15-day silage and aerated silage were tempered to 4 °C before
chemical analysis. The silage samples taken at the beginning and end of the aeration period
were divided into two parts, one for the determination of dry matter (DM) and crude
protein (CP) and the preparation of a water extract for the determination of pH, WSC, acids,
and alcohols. The other part was used to prepare a laboratory sample for the determination
of DM, starch, and soluble crude protein (SCP). Samples from the remaining days of the
aeration period were used to prepare a water extract for the determination of acids and
alcohols.

The DM content of the fresh silage samples was determined by drying the samples in
a UFE 400 oven (Memmert, Schwabach, Germany) at 103 °C for 24 h in accordance with the
HRN ISO 6496:2001 standard [11]. The analytically determined DM values were corrected
for volatile components lost during drying using a regression equation by Porter and
Murray [12]. The Kjeldahl method [13] was used to determine the total N for CP evaluation
in fresh high-moisture corn. The total N content was multiplied by 6.25 to obtain the CP
content. Water-soluble carbohydrates were determined using the anthrone method [14].
The other half of the thawed sample was dried (60 °C, 24 h), ground to pass through the
1 mm sieve of a cyclone mill (Cyclotec 1093, FOSS Analytical, Hillered, Denmark), and
analyzed for DM (4 g of the sample, 103 °C, 4 h; [11]), starch (K-TSTA assay kit; Megazyme
International, Bray, Ireland), and SCP [15].

A modification of the Nishino and Uchida method [16] was used to prepare the water
extract. In brief, 20 g of fresh high-moisture corn samples were homogenized in 200 mL
of distilled water and refrigerated at +4 °C for 24 h. The prepared water extracts were
first used for pH determination using a digital benchtop pH meter (Inolab pH 720; WTW,
Weilheim, Germany). The samples were then filtered to remove interfering substances that
could affect detection by high-performance liquid chromatography (HPLC). The filtrate
was stored in 2 mL Eppendorf tubes (Eppendorf, Hamburg, Germany) and placed in a
freezer at —20 °C until HPLC analysis for lactic acid, VFA, and alcohols.

A modified HPLC method by Canale et al. [17] was used to analyze lactic acid, acetic
acid, propionic acid, isobutyric acid, butyric acid, and the alcohols methanol, ethanol,
propanol, and 1,2-propanediol. The separation was carried out using an Aminex HPX-87H
column with different detection for the different compounds on a SpectraSystem HPLC
instrument (Thermo Separation Products, Inc., Waltham, MA, USA). The alcohols were
quantified using an RI detector, whereas the acids were quantified using UV-VIS (210 nm)
and RI detection. All analytes were separated isocratically at 41 °C using diluted sulfuric
acid (0.0025 M) as the mobile phase, and the injected sample volume was 10 pL. Standard
solutions (Merck, Darmstadt, Germany) were used for identification and quantification.
Calibration curves were generated for each analyte based on the standard measured values
of 7 concentrations.

2.3. Data Analysis

Microsoft Office Excel (Microsoft Corporation, Redmond, WA, USA) was used to
compare the temperatures recorded by the temperature probes in the silage and the room
temperature probe for aerobic stability evaluation.

The data were analyzed as a split-plot in time design using the SAS 9.4 software
package (SAS Institute, Cary, NC, USA). The differences in the temperature, chemical
properties (DM, WSC, starch, CP, and SCP), acids (lactic, acetic, propionic), and alcohols
(methanol, ethanol) of the aerated silages were analyzed using the PROC MIXED procedure,
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where the ensiling method and aeration time were the main factors and their interaction.
The values were compared with the PROC PLM [18] and grouped. Statistical significance
was set at p < 0.05.

3. Results
3.1. Aerobic Stability

After the silages were opened, temperature probes were placed in the center of the
silages and the surrounding environment, and the temperature was recorded every 15 min.
The differences between the temperature of the silages and the surrounding environment
are shown in Figure 1. The differences were above 2 °C only in the first hours of the
aeration period, whereas they were below 1 °C after 3 days of the aeration period for silages
ensiled without the addition of inoculant, and below 1 °C after 4 days of the aeration period
for silages ensiled with an inoculant containing L. plantarum. Regardless of the ensiling
method, the temperature differences in both silages were below 2 °C during almost the
entire aeration period, although silages ensiled with L. plantarum showed slightly higher
temperature differences.

AT/°C
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period of aeration/day

—ywithout inoculant with inoculant

Figure 1. Temperature differences between silages ensiled with and without inoculant containing
Lactiplantibacillus plantarum and the environment during the aeration period.

The average daily temperature difference between the silages and the environment
was calculated and subjected to statistical analysis. An effect of the ensiling method, i.e.,
the addition of an inoculant containing L. plantarum and days of aeration, was detected
(p < 0.001; Figure 2), while their interaction was not significant. Silages ensiled with an
inoculant showed an average 0.16 °C higher temperature difference than those ensiled
without inoculant. On the other hand, the temperature difference in the first two days of
the aeration period averaged 1.40 °C, which then decreased and averaged 0.83 °C for the
remainder of the aeration period.
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Figure 2. Difference in the average daily temperature difference between silages and environment
for the ensiling methods (a) and days of the aeration period (b). ab Columns with different letters
indicate the differences between the ensiling methods or days of aeration (p < 0.05). Error bars
represent standard errors.

3.2. Content of Acids and Alchocols During the Aeration Period

The content of acids and alcohols was monitored during each day of the aeration
period. Neither isobutyric acid and butyric acid nor propanol and 1,2-propanediol were
detected in the silages during aeration. In contrast, the ensiling method, i.e., the addition
of an inoculant containing L. plantarum, affected the content of lactic acid, acetic acid,
propionic acid, methanol, and ethanol (p < 0.001; Figure 3). Silages ensiled with the
inoculant contained more lactic acid (14.64 vs. 7.69 g/kg DM), while a higher content of
acetic acid and propionic acid was detected in silages ensiled without the inoculant (1.87
vs. 0.79 g/kg DM and 2.86 vs. 0.21 g/kg DM, respectively).

The day of the aeration period affected the content of lactic acid, acetic acid, methanol,
and ethanol (p < 0.001). After the beginning of aeration, the content of these compounds
decreased in the first two days of the aeration period, resulting in the lowest contents
detected in the silages (lactic acid—5.22 g/kg DM, acetic acid—0.58 g/kg DM, methanol—
4.25 g/kg DM, and ethanol—1.58 g/kg DM). Thereafter, the content of these compounds
increased, but not to the content at the beginning of the aeration period [methanol (6.70
vs. 5.19 g/kg DM) and ethanol (6.43 vs. 2.84 g/kg DM)] or to the similar content as at
the beginning of the aeration period [lactic acid (12.56 vs. 14.35 g/kg DM) and acetic acid
(1.55 vs. 1.60 g/kg DM)]. In addition to the effects of the ensiling method and the day
of the aeration period, an interaction between these two factors was found for contents
of lactic acid, acetic acid, and methanol (p < 0.05), which is consistent with the greater
changes during the aeration period for different ensiling methods. These changes were
most pronounced for lactic acid in silages ensiled with an inoculant and for acetic acid and
methanol in silages without an inoculant (Figure 3).
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Figure 3. Content of lactic acid (a), acetic acid (b), propionic acid (c), methanol (d), and ethanol (e) in
silages ensiled with and without inoculant containing Lactiplantibacillus plantarum during the aeration
period. ¢ Columns with different lowercase letters indicate differences between days of the aeration
period within the same ensiling method (p < 0.05). 4B Columns with different capital letters indicate
differences between ensiling methods on the same day of the aeration period (p < 0.05). Error bars
represent standard errors.
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3.3. pH and Contents of Main Nutrients at the Beginning and End of Aeration

The pH and contents of DM, CP, SCP, WSC, and starch were determined in silages at
the beginning and end of the aeration period. The ensiling method, i.e., ensiling with an
inoculant containing L. plantarum, only affected the pH of the silages. As expected, silages
ensiled with an inoculant had a lower pH than silages ensiled without an inoculant (4.07 vs.
4.74; p < 0.001; Table 1). The differences between the beginning and the end of the aeration
period, i.e., the effect of aeration, were detected in the contents of SCP and starch (p < 0.05).
Silages at the end of aeration had a higher content of SCP (337.3 vs. 266.4 g/kg DM) and
a lower content of starch (693 vs. 710 g/kg DM) compared to the beginning of aeration.
In addition, there was a tendency for lower pH (4.30 vs. 4.52; p = 0.096) and higher CP
content (114.2 vs. 107.8 g/kg DM; p = 0.099) in silages at the end of aeration compared to
the beginning of aeration (Table 1).

Table 1. The properties of silages ensiled with and without inoculant containing Lactiplantibacillus
plantarum at the beginning and end of the aeration period.

Aeration P
Ensiling Method SEM ili
& Beginning End Ensiling Method Aeration Ensiling Method x
Aeration
pH
With inoculant 414 4.01
Without inoculant 4.89 4.59 0.121 <0.001 0.096 0.471
DM/g/kg
With inoculant 693 704
Without inoculant 695 679 8.6 0.218 0.766 0.133
CP/g/kg DM
With inoculant 106.6 112.6
Without inoculant 109.0 115.8 3.65 0.445 0.099 0.914
SCP/g/kg CP
With inoculant 275.5 321.3
Without inoculant 257.3 353.3 136 0.619 <0.001 0.084
WSC/g/kg DM
With inoculant 23.47 10.69
Without inoculant 37.67 21.32 11.3 0.293 0221 0.877
Starch/g/kg DM
With inoculant 709 697
Without inoculant 712 689 6.20 0.703 0.015 0.401

DM—dry matter, CP—crude protein, SCP—soluble crude protein, WSC—water-soluble carbohydrates.

4. Discussion

The breakdown of nutrients in silage during aeration can be clearly seen with an in-
crease in silage temperature, as the microorganisms break down the nutrients and generate
heat [4]. In the present study, the temperature differences between the silages and the
environment were consistently below 3 °C for all silages, regardless of the ensiling method,
during the entire duration of the experiment, which corresponds to the DLG guidelines
and their definition of aerobically stable silage [6].

In the present study, however, the silages with the addition of facultative heterofer-
mentative L. plantarum had significantly higher temperatures than the control silages (as
shown for the average daily temperature difference between silages and the environment
in Figure 2). Inoculation with facultative heterofermentative LAB is often associated with
the rapid production of lactic acid, but some authors also associate it with lower aerobic
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stability compared to control silages, as this type of inoculation lacks the production of
acetic acid [8].

Indeed, the inoculated silages in the present trial had a 21% lower acetic acid con-
tent at opening than the control silages (Figure 3b) and were comparable to Filya [19],
Wardynski et al. [20], and Da Silva et al. [21], who showed a lower acetic acid content in
silages inoculated with L. plantarum compared to the control silages ( 76%, 17%, and 5%,
respectively). However, similar to the present study, Da Silva et al. [21] found the same
aerobic stability in control silages and silages inoculated with L. plantarum. In contrast, Filya
reported a significantly lower stability of L. plantarum silages compared to that of control
silages [19]. In a study with corn silages and an aerobic stability test over 5 days, Filya had
a 6% higher pH in inoculated silages compared to control silages [19]. These results are
not consistent with the results of the present study, as the pH of the inoculated silages at
the end of aeration was significantly lower compared to that of the control (Table 1, 15%
lower pH in the inoculated silages). Similar to the results in the present study, Ranjit and
Kung [22] reported lower pH in corn silages inoculated with two different strains of L.
plantarum (L. plantarum 30114 and L. plantarum 30115) on day 5 of aeration compared to
the control silages: 3.88, 4.85, and 5.02, respectively. This shows that although temperature
is a crucial parameter in the evaluation of aerobic stability, it is not the only determinant.
As Liu et al. [23] stated, aerobic stability can be evaluated by chemical parameters, such
as pH and the amount of lactic acid and VFA in aerated silages, as well as by temperature
variations.

The acids contained in silage act as antimicrobial agents. They control what happens
in silage at this delicate moment. Lactic acid, whose concentration corresponds to the pH
value of silage, is the most important acid. The more lactic acid present, the lower the
pH value, and a low pH value inhibits the activity of microorganisms [2,3]. The lactic
acid content in high-moisture corn silages varies between 5 and 20 g/kg DM [3], and
the lactic acid levels in both inoculated and control silages in the present study were
within this range. It is generally believed that the activity of homofermentative/facultative
heterofermentative LAB is associated with higher lactic acid production and acidity, which
is reflected by a lower pH [2,3]. Consistent with this general view, the L. plantarum silages
in the present study had significantly higher lactic acid content (Figure 3a) and lower pH
(Table 1) compared to the control silages. Other authors, such as Wardynski et al. [20],
Filya [19], Hu et al. [24], and Da Silva et al. [21] have also found higher lactic acid contents
in inoculated corn silages when using L. plantarum compared to the control (63%, 53%, 22%,
and 6% higher lactic acid content, respectively).

A reduction in lactic acid content during aeration is expected [4]; however, distinctive
changes in the content of acids during aeration are often neglected, and few studies have
evaluated the changes in acids during aeration. Kljak et al. [25] showed that lactic acid
content decreases in rehydrated corn silages on day 10 of aeration. In the same study,
the silages showed a stable lactic acid concentration from day 0 to day 5 of aeration.
Furthermore, Dawson et al. [26] showed an increase in lactic acid from 7.5 to 16.5 g/kg
DM during the 5-day aeration of high-moisture corn ensiled with Propionibacteriumacidi
propionici DH42 and a decrease in lactic acid from 7.2 to 5 g/kg DM in control silages. The
authors explained this increase in lactic acid content with the higher aerobic stability of
corn ensiled with P. propionici DH42 [26]. Canibe et al. [27] also showed that the patterns
of lactic acid changes differed depending on the DM of the silages. The authors reported
a constant reduction in lactic acid content during the one-week aeration in the control
and independent of the additive used (acid additive, homofermentative LAB inoculant,
heterofermentative LAB inoculant). However, in high-moisture corn with higher DM, the
reduction was constant during all sampling time points, while in high-moisture corn with
lower DM, a different pattern was observed. The latter observation was similar to the
changes in lactic acid content in the present study, where the content decreased until day
3 of aeration and then increased in both L. plantarum silages and the control (Figure 3).
Similarly, Canibe et al. [27] showed a reduction in lactic acid, followed by an increase in
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silages with low DM content, regardless of the additive used. The authors related the
observed differences in lactic acid degradation to the DM content of the silages, with a
higher DM content leading to higher lactic acid degradation. It is worth mentioning that in
the trial by Canibe et al. [27], high-moisture corn with a low DM content had a 75% higher
content of acetic acid than high-moisture corn with a high DM content.

Acetic acid is the second most important acid in silage in terms of quantity; however,
its content should be below 5 g/kg DM in high-moisture corn [3], as an excessive amount
can be an indicator of high nutrient degradation and secondary fermentation [2,3]. In
the present study, the acetic acid content was below 2.5 g/kg DM and was lower in the
silages inoculated with L. plantarum than in the control silages (Figure 3b). The activity
of facultative heterofermentative LAB L. plantarum is associated with a higher production
of lactic acid and faster acidification, which also inhibits the synthesis of acetic acid [2].
However, acetic acid is important for aerobic stability, as it controls yeasts, the microorgan-
isms that metabolize lactic acid at the onset of aeration [3,4]. In his trial with 15-day-old
corn silage, Filya [19] showed that the amount of acetic acid in L. plantarum silages is 76%
lower compared to control silages, while it is 205% higher in L. buchneri silages. In the same
study, L. buchneri silages showed the highest aerobic stability, with the lowest pH and CO,
production [19]. Ensiling with the obligate heterofermentative LAB inoculant L. buchneri is
often associated with higher acetic acid production and longer aerobic stability [8].

In the study by Da Silva et al. [21], corn silages inoculated with L. buchneri/L. plantarum
combination showed a 21-33% higher acetic acid content on opening and a 39-41% higher
aerobic stability compared to control silages, depending on the L. buchneri/L. plantarum
combination was used. Interestingly, however, Pang et al. [28] showed that acid degradation
during aeration is more intense in corn silages ensiled with L. buchneri than in control silages,
even if the acetic acid content is higher. In the same study, the contents of lactic and acetic
acid in corn silages ensiled with L. buchneri were reduced from 71.7 to ND and from 18.56 to
4.21 g/kg DM, respectively, during the one-week aeration, while in the control silage, they
were in ranges 54.83-4.33 and 16.16-10.65 g/kg DM, respectively [28]. On the other hand,
the corn silages ensiled with two different L. plantarum strains in the study by Wardynski
et al. [20] had different acetic acid contents: 2.04 g/kg DM for L. plantarum 30114 and 1.68
g/kg DM for L. plantarum 30115, while the control had 1.82 g/kg DM. The authors reported
a longer aerobic stability for both inoculated silages than for the control, 32.8 and 33 vs.
26.5 h (p < 0.05), indicating that the amount of acetic acid is not the main factor for aerobic
stability.

In the present study, the degradation of acetic acid in silages inoculated with L.
plantarum showed a similar pattern to that of the control silages. This observation was
similar to the degradation of high-moisture corn observed by Canibe et al. [27], where
silages with lower DM content initially showed a decrease and then an increase in acetic acid
content, regardless of the additive used (acid additive, homofermentative LAB inoculant, or
heterofermentative LAB inoculant). At the same time, and in contrast to the present results,
the low DM corn silages showed a reduction in acetic acid content during aeration [27]
and are similar to the results of Dawson et al. [26], where acetic acid content was reduced
from 2.9 to 1.7 g/kg DM in the control and from 6.3 to 4.8 g/kg DM in high-moisture corn
ensiled with P. propionici DH42.

The other two VFAs, propionic acid and butyric acid, also have antifungal proper-
ties [29,30]; however, their presence in silage is an indicator of negative secondary fermen-
tation [3]. Butyric acid is an indicator of Clostridia activity in silage, and this acid should
not be present in high-moisture corn silage [3]. No butyric acid was detected in the silages
in the present trial, regardless of the ensiling method. Propionic acid should not exceed
1 g/kg DM in high-quality high-moisture corn silage, and silages with high propionic acid
content (more than 3-5 g/kg DM) can be assumed to have negative Clostridia activity [3].
Clostridia activity in silages leads to high DM losses and poor energy utilization as well
as health problems in this type of silage [31]. Sometimes, both propionic acid and acetic
acid can be products of propionic acid bacteria activity [26]; however, this type of bacteria
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is present in low numbers in most silages [3]. Higher levels of propionic acid are found
when propionic acid bacteria are used as inoculants [26], or when propionic acid is added
as an acid additive during ensiling [2,3]. In the present study, the ensiling method had
a significant effect on propionic acid content, which was almost 10 times higher in the
control silages (Figure 3c), as another indicator of heterofermentative activity in the control
silages [3].

Alcohols are normally found in silages [3]. Ethanol is a product of different types
of microorganisms, such as heterofermentative LAB, and various yeasts can produce
ethanol [2]. Methanol is mainly the result of the activity of plant enzymes before ensiling
as a product of pectin demethylation during leaf expansion and cell wall synthesis [32].
The ethanol content in high-moisture corn should be between 2 and 20 g/kg DM, while a
higher content could be an indicator of high yeast activity in the silages and possibly lower
aerobic stability [3].

Both the silages inoculated with L. plantarum and the control silages in the present
study had ethanol contents in the range of the optimal high-moisture corn silage, although
the ethanol content of the control silages was significantly higher (Figure 3e). A lower
ethanol content in L. plantarum silages is expected, as fermentation with facultative het-
erofermentative LAB inoculants mainly leads to lactic acid production [8,20,26]. However,
in some silages inoculated with L. plantarum, the ethanol content corresponds to that of
the control silages [19,21,24] or is even higher [33]. This provides further evidence that
ethanol is a product of several microorganisms. The reduction in ethanol during aeration
of the silages, which was observed in the present study regardless of the ensiling method
(Figure 3e), corresponds to the changes in ethanol in Dawson et al. [26], where ethanol
was reduced from 16.7 to 0.5 g/kg DM in the control silages and from 11.3 to 3 g/kg DM
in the inoculated silages. This also corresponds to Kljak et al. [25], where ethanol was
reduced 10-fold in various rehydrated corn silages that were aerated for 10 days. In the
same study, the methanol content stagnated during the 10-day aeration, which corresponds
to the changes in methanol content during aeration in the present study (Figure 3d). In the
present study, the methanol content was higher in the control silages than in the silages
inoculated with L. plantarum, which is a further indication of homolactic fermentation with
facultative heterofermentative LAB inoculants [2].

In general, it is considered that silages exposed to air lead to the degradation of the
main nutrients [4], but changes in their contents have not been commonly determined in
studies investigating the aerobic stability of high-moisture corn. Therefore, the changes in
DM, CP, WCP, WSC, and starch contents in the silages were determined at the beginning
and end of the 6 days aeration period. Although the effect of the ensiling method was not
found, aeration had an effect on the SCP and starch content. Ensiling has a major influence
on the nutritional quality of corn [34], as it leads to higher degradability of starch in the
rumen [3,35]. During ensiling, starch becomes more available to enzymes and microor-
ganisms due to the degradation of the proteins surrounding the starch granules [36,37].
The more available starch could also lead to higher starch degradation during aeration, as
starch is more available for aerobic microorganisms. The results of the present study show
that starch degradation during aeration occurs in all silages, although the silages were aero-
bically stable. This observation could also have a major impact on the nutritional quality
of corn silage. Another possible indicator of the higher availability of starch is the soluble
protein. When proteins are degraded, the soluble protein fraction (SCP) increases [38]. In
the present trial, the SCP actually increased during aeration, which is similar to the results
obtained by other authors in a trial with aerated, rehydrated corn silage [25].

5. Conclusions

Even if silages are classified as aerobically stable on the basis of temperature rise, there
are significant changes in the characteristics of silages; therefore, changes in lactic and acetic
acid should be added as a standardized method to classify the aerobic stability of silages,
which is often neglected.
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The results of this trial show that the general rule that facultative heterofermentative
LAB are associated with lower aerobic stability in silages should not be taken as a tenet.
If the acidity of silage is maintained during aeration, it will remain stable. This raises
questions and makes future studies on the aerobic stability of silages ensiled with facultative
heterofermentative LAB necessary to obtain an accurate overview of this type of silage.

Author Contributions: Conceptualization, M.D.; methodology, M.D. and K.K.; validation, M.D. and
KK, formal analysis, M.D.; investigation, M.D.; resources, M.D. and I.B.; data curation, K.K. and I.B.;
writing—original draft preparation, M.D.; writing—review and editing, K.K. and I.B.; visualization,
K.K,; supervision, M.D.; project administration, M.D.; funding acquisition, M.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science, Education, and Sports of the Republic
of Croatia (research grant 178-1780496-0368, ‘Nutritional, antioxidant, and prebiotic attributes of
corn for domestic animals’).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Garcia-Chavez, I.; Meraz-Romero, E.; Castelan-Ortega, O.; Esparza, ].Z.; Avalos, ].O.; Jimenez, L.E.R.; Gonzalez-Ronquillo, M.
Corn silage, meta-analysis of the quality and yield of different regions in the world. Preprints 2020, 2020100094. [CrossRef]

2. McDonald, P.; Henderson, N.; Heron, S. The Biochemistry of Silage, 2nd ed.; Chalcombe Publications: Marlow, UK, 1991.

3.  Kung, L., Jr; Shaver, R.D.; Grant, R.J.; Schmidt, R.]. Silage review: Interpretation of chemical, microbial, and organoleptic
components of silages. J. Dairy Sci. 2018, 101, 4020-4033. [CrossRef] [PubMed]

4. Wilkinson, ].M.; Davies, D. The aerobic stability of silage: Key findings and recent developments. Grass Forage Sci. 2013, 68, 1-19.
[CrossRef]

5. Kung, L.; Ranjit, N.K. The effect of Lactobacillus buchneri and other additives on the fermentation and aerobic stability of barley
silage. |. Dairy Sci. 2001, 84, 1149-1155. [CrossRef]

6.  DLG TestServicen GmbH. DLG Testing Guidelines for the Award und Use of the DLG Quality Mark for Ensiling Agents, Prepared
Under the Auspices of the DLG Commission for Ensiling Agents. 2018. Available online: https:/ /www.dlg-testservice.com/en/
agricultural-technology-operating-resources/dlg-awards-at-a-glance (accessed on 23 September 2024).

7.  Jatkauskas, J.; Vrotniakiene, V.; Eisner, I.; Witt, K.L.; do Amaral, R.C. Comparison of the chemical and microbial composition and
aerobic stability of high-moisture barley grain ensiled with either chemical or viable lactic acid bacteria application. Fermentation
2024, 10, 62. [CrossRef]

8.  Muck, R.E,; Nadeau, EM.G.; McAllister, T.A.; Contreras-Govea, FE.; Santos, M.C.; Kung, L., Jr. Silage review: Recent advances
and future uses of silage additives. J. Dairy Sci. 2018, 101, 3980-4000. [CrossRef]

9.  Kottek, M.; Grieser, ].; Beck, C.; Rudolf, B.; Rubel, FE. World map of the Képpen-Geiger climate classification updated. Meteorol. Z.
2016, 15, 259-263. [CrossRef]

10. TUSS—WRB. World Reference Base for Soil Resources 2014: International Soil Classification System for Naming Soils and Creating Legends
for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2014.

11. HRN ISO 6496:2001; Animal Feed—Determination of Moisture and Other Volatile Matter Content. Croatian Standards Institute:
Zagreb, Croatia, 2001.

12.  Porter, M.G.; Murray, R.S. The volatility of components of grass silage on oven drying and the inter-relationship between
dry-matter content estimated by different analytical methods. Grass Forage Sci. 2001, 56, 405—411. [CrossRef]

13.  HRN ISO 5983-2:2010; Animal Feed—Determination of Nitrogen Content and Calculation of Crude Protein Content—Part 2:
Block Digestion and Steam Distillation Method. Croatian Standards Institute: Zagreb, Croatia, 2010.

14. Mousdale, D.M. The analytical chemistry of microbial cultures. In Applied Microbial Physiology. A Practical Approach; Rhodes, PM.,
Stanbury, PF.,, Eds.; Oxford University Press Inc.: New York, NY, USA, 1997; pp. 165-192.

15. Akerlind, M.; Weisbjerg, M.; Eriksson, T.; Tegersen, R.; Udén, P; Olafsson, B.L.; Harstad, O.M.; Volden, H. Feed analyses

and digestion methods. In NorFor-The Nordic Feed Evaluation System; Volden, H., Ed.; Brill Wageningen Academic: Leiden,
The Netherlands, 2011; pp. 41-54.


https://doi.org/10.20944/preprints202010.0094.v1
https://doi.org/10.3168/jds.2017-13909
https://www.ncbi.nlm.nih.gov/pubmed/29685275
https://doi.org/10.1111/j.1365-2494.2012.00891.x
https://doi.org/10.3168/jds.S0022-0302(01)74575-4
https://www.dlg-testservice.com/en/agricultural-technology-operating-resources/dlg-awards-at-a-glance
https://www.dlg-testservice.com/en/agricultural-technology-operating-resources/dlg-awards-at-a-glance
https://doi.org/10.3390/fermentation10010062
https://doi.org/10.3168/jds.2017-13839
https://doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1046/j.1365-2494.2001.00292.x

Fermentation 2024, 10, 580 12 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

Nishino, N.; Uchida, S. Laboratory assessment of pre-fermented juice as a fermentation stimulant for lucerne silage. J. Sci. Food
Agric. 1999, 79, 1285-1288. [CrossRef]

Canale, A.; Valente, M.E.; Ciotti, A. Quantification of volatile carboxylic acids (C1-C5i) and lactic acid in aqueous acid extracts of
silage by high-performance liquid chromatography. J. Sci. Food Agric. 1984, 35, 1178-1182. [CrossRef]

Saxton, A.M. A macro for converting mean separation output to letter groupings in Proc Mixed. In Proceedings of the 23rd
SAS Users Group International, Nashville, TN, USA, 22-25 March 1998; SAS Institute Incorporated: Cary, NC, USA, 1998;
pp. 1243-1246.

Filya, I. The effect of Lactobacillus buchneri and Lactobacillus plantarum on the fermentation, aerobic stability, and ruminal
degradability of low dry matter corn and sorghum silages. J. Dairy Sci. 2003, 86, 3575-3581. [CrossRef] [PubMed]

Wardynski, EA.; Rust, S.R.; Yokoyama, M.T. Effect of microbial inoculation of high-moisture corn on fermentation characteristics,
aerobic stability, and cattle performance. J. Anim. Sci. 1993, 71, 2246-2252. [CrossRef] [PubMed]

Da Silva, E.B.; Polukis, S.A.; Smith, M.L.; Voshell, R.S.; Leggett, M.].; Jones, P.B.; Kung, L., Jr. The use of Lentilactobacillus buchneri
PJB1 and Lactiplantibacillus plantarum MTD1 on the ensiling of whole-plant corn silage, snaplage, and high-moisture corn. J. Dairy
Sci. 2024, 107, 883-901. [CrossRef] [PubMed]

Ranjit, N.K,; Kung, L., Jr. The effect of Lactobacillus buchneri, Lactobacillus plantarum, or a chemical preservative on the fermentation
and aerobic stability of corn silage. J. Dairy Sci. 2000, 83, 526-3535. [CrossRef]

Liu, Q.H.; Dong, Z.H.; Shao, T. Effect of additives on fatty acid profile of high moisture alfalfa silage during ensiling and after
exposure to air. Anim. Feed Sci. Technol. 2018, 236, 29-38. [CrossRef]

Hu, W.; Schmidt, R.J.; McDonell, E.E.; Klingerman, C.M.; Kung, L., Jr. The effect of Lactobacillus buchneri 40788 or Lactobacillus
plantarum MTD-1 on the fermentation and aerobic stability of corn silages ensiled at two dry matter contents. J. Dairy Sci. 2009,
92, 3907-3914. [CrossRef]

Kljak, K.; Gunjevi¢, V.; Kav¢i¢, T.; Zurak, D.; Duvnjak, M.; Ki$, G.; Grbesa, D. Changes in chemical composition and fermentation
profile in silages from rehydrated grains of maize hybrids during prolonged air exposure. Curr. Res. Biotechnol. 2024, 7, 100206.
[CrossRef]

Dawson, T.E.; Rust, S.R.; Yokoyama, M.T. Improved fermentation and aerobic stability of ensiled, high moisture corn with the use
of Propionibacterium acidipropionici. J. Dairy Sci. 1998, 81, 1015-1021. [CrossRef]

Canibe, N.; Kristensen, N.B.; Jensen, B.B.; Vils, E. Impact of silage additives on aerobic stability and characteristics of high-moisture
maize during exposure to air, and on fermented liquid feed. J. Appl. Microbiol. 2014, 116, 747-760. [CrossRef]

Pang, H.; Zhou, P; Yue, Z.; Wang, Z.; Qin, G.; Wang, Y.; Tan, Z.; Cai, Y. Fermentation characteristics, chemical composition, and
aerobic stability in whole crop corn silage treated with lactic acid bacteria or Artemisia argyi. Agriculture 2024, 14, 1015. [CrossRef]
Yun, J.; Lee, D.G. A novel fungal killing mechanism of propionic acid. FEMS Yeast Res. 2016, 16, 89. [CrossRef] [PubMed]
Guimaraes, A.; Venancio, A. The potential of fatty acids and their derivatives as antifungal agents: A review. Toxins 2022, 14, 188.
[CrossRef] [PubMed]

Pahlow, G.; Muck, R.E.; Driehuis, F; Oude Elferink, S.].W.H.; Spoelstra, S.F. Microbiology of ensiling. In Silage Science and
Technology; Buxton, D.R., Muck, R.E., Harrison, ].H., Eds.; American Society of Agronomy: Madison, WI, USA, 2003; pp. 31-93.
Hafner, S.D.; Howard, C.; Muck, R.E.; Franco, R.B.; Montes, F.; Green, P.G.; Mitloehner, F.; Trabue, S.L.; Rotz, C.A. Emission of
volatile organic compounds from silage: Compounds, sources, and implications. Atmos. Environ. 2013, 77, 827-839. [CrossRef]
Da Silva, N.C.; Nascimento, C.F,; Nascimento, F.A.; De Resende, ED.; Daniel, J.L.P.; Siqueira, G.R. Fermentation and aerobic
stability of rehydrated corn grain silage treated with different doses of Lactobacillus buchneri or a combination of Lactobacillus
plantarum and Pediococcus acidilactici. J. Dairy Sci. 2018, 101, 4158-4167. [CrossRef]

Giuberti, G.; Gallo, A.; Masoero, E; Ferraretto, L.F.; Hoffman, P.C.; Shaver, R.D. Factors affecting starch utilization in large animal
food production system: A review. Starch-Stirke 2014, 66, 72-90. [CrossRef]

Philippeau, C.; Michalet-Doreau, B. Influence of genotype and ensiling of corn grain on in situ degradation of starch in the rumen.
J. Dairy Sci. 1998, 81, 2178-2184. [CrossRef]

Hoffman, P.C.; Esser, N.M.; Shaver, R.D.; Coblentz, W.; Scott, M.P,; Bodnar, A.L.; Schmidt, R.J.; Charley, R.C. Influence of ensiling
time and inoculation on alteration of the starch-protein matrix in high-moisture corn. J. Dairy Sci. 2011, 94, 2465-2474. [CrossRef]
Duvnjak, M.; Butorac, A.; Kljak, K.; Nisavi¢, M.; Cindri¢, M.; GrbeSa, D. The Evaluation of y-Zein Reduction Using Mass
Spectrometry—The Influence of Proteolysis Type in Relation to Starch Degradability in Silages. Fermentation 2022, 8, 551.
[CrossRef]

Driehuis, F; Elferink, S.O.; Spoelstra, S.F. Anaerobic lactic acid degradation during ensilage of whole crop maize inoculated with
Lactobacillus buchneri inhibits yeast growth and improves aerobic stability. J. Appl. Microbiol. 1999, 87, 583-594. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/(SICI)1097-0010(19990715)79:10%3C1285::AID-JSFA362%3E3.0.CO;2-M
https://doi.org/10.1002/jsfa.2740351106
https://doi.org/10.3168/jds.S0022-0302(03)73963-0
https://www.ncbi.nlm.nih.gov/pubmed/14672188
https://doi.org/10.2527/1993.7182246x
https://www.ncbi.nlm.nih.gov/pubmed/8376251
https://doi.org/10.3168/jds.2023-23672
https://www.ncbi.nlm.nih.gov/pubmed/37730174
https://doi.org/10.3168/jds.S0022-0302(00)74912-5
https://doi.org/10.1016/j.anifeedsci.2017.11.022
https://doi.org/10.3168/jds.2008-1788
https://doi.org/10.1016/j.crbiot.2024.100206
https://doi.org/10.3168/jds.S0022-0302(98)75663-2
https://doi.org/10.1111/jam.12427
https://doi.org/10.3390/agriculture14071015
https://doi.org/10.1093/femsyr/fow089
https://www.ncbi.nlm.nih.gov/pubmed/27707757
https://doi.org/10.3390/toxins14030188
https://www.ncbi.nlm.nih.gov/pubmed/35324685
https://doi.org/10.1016/j.atmosenv.2013.04.076
https://doi.org/10.3168/jds.2017-13797
https://doi.org/10.1002/star.201300177
https://doi.org/10.3168/jds.S0022-0302(98)75796-0
https://doi.org/10.3168/jds.2010-3562
https://doi.org/10.3390/fermentation8100551
https://doi.org/10.1046/j.1365-2672.1999.00856.x

	Introduction 
	Materials and Methods 
	High-Moisture Corn Preparation and Aeration 
	Chemical Analysis 
	Data Analysis 

	Results 
	Aerobic Stability 
	Content of Acids and Alchocols During the Aeration Period 
	pH and Contents of Main Nutrients at the Beginning and End of Aeration 

	Discussion 
	Conclusions 
	References

