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A B S T R A C T

We examined the effectiveness of a combined inoculant of hetero-fermentative Lactobacillus
buchneri LB1819 and homo-fermentative Lactococcus lactis O224 on quality of maize silage at two
different densities. The four treatments were: CTR-LD, untreated at low-density (132 ± 6 kg
DM/m3); CTR-HD, untreated at high density (186 ± 6 kg DM/m3); TRT-LD, inoculated at low
density; and TRT-HD, inoculated at high density. The 5 replicates for each treatment were ensiled
in 20-L plastic jars and the inoculant was applied at a rate of 250,000 CFU/g ensiled forage. The
fermentation profile, aerobic stability, and DM losses were measured after 2, 4, 8, 16, and 32 days
of ensiling, and the chemical composition, microbial counts, and concentrations of mycotoxins
were assessed in the 32 day samples. Data measured once during experiment were analyzed
according to a completely randomized design (CRD), with a 2×2 factorial arrangement of
treatments (i.e., inoculation, density, and their interaction). Data measured at different time
points were analyzed according to a CRD, with a 2× 2 × 5 factorial arrangement of treatments
(i.e., inoculation, density, length of ensiling, and their first or second order interactions). The
lactic acid concentration increased (P < 0.05) with the duration of ensiling, with no differences
among treatments (overall means on day 2 and day 32: 26.7 and 50.9 g/kg DM, respectively).
Aerobic stability was greatest (P < 0.05) in the TRT-HD silage at 32 days. After 32 days of
ensiling, soluble crude protein was greater in the CTR-HD and TRT-LD silages than the CTR-LD
and TRT-HD silages (P < 0.05, inoculation×density interaction). The treatments had similar
chemical parameters, yeast and mould counts (overall mean: 4.53 log10 CFU/g and 1.59 log10
CFU/g, respectively). The overall concentration of aflatoxin B1 was 0.412 μg/kg DM. The CTR
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groups had higher concentrations of fumonisin B2 (413 vs. 278 μg/kg DM, P < 0.05) and ro-
quefortine C (22.81 vs. 3.39 μg/kg DM, P < 0.05) than the TRT groups. Conversely, the CTR
groups had lower concentrations of fusaric acid than the TRT groups after 32 days (2849 vs.
4162 μg/kg DM, P < 0.05). Both CTR and Lactobacillus buchneri LB1819 and Lactococcus lactis
O224 treated samples at a high silage density increased the aerobic stability after 32 days of
ensiling (P < 0.05, day× density interaction). Results indicated that inoculation and use of a
greater silage density enhanced the fermentation and aerobic stability of maize silage.

1. Introduction

Many studies have examined the use of inoculants containing homo- or hetero-fermentative lactic acid bacteria (LAB) on maize
forage, and difficult-to-ensile forages, in efforts to improve the fermentation and reduce dry matter (DM) and nutrient losses that
occur during ensiling (Ranjit and Kung, 2000; Driehuis et al., 2001; Kleinschmit and Kung, 2006). Inoculation generally has bene-
ficial effects on silage intake, rumen nutrient digestibility, and animal performance (Weiss et al., 2016), although there are some
inconsistencies among previous studies, as declared by Driehuis et al. (1997).

Nevertheless, some farmers have doubts about the cost effectiveness of silage inoculants, especially for maize silage, which is
considered easy to ensile. Indeed, farmers often use additives for ensiling forages consisting of small-grain, alfalfa or ryegrass crops, in
which their benefits are typically more apparent (Borreani and Tabacco, 2010; Bernardes and do Rêgo, 2014). However, suboptimal
management of maize silage (e.g., inadequate DM concentration at harvest, slow silo filling, imperfect mass sealing, poor mass
compaction, delay of mass pH decline, air penetration, and inappropriate unloading techniques) could lead to air penetration and
consequent aerobic deterioration of the ensiled mass (Muck, 1988; Dunière et al., 2013; Brüning et al., 2018). This process could
cause the proliferation of yeasts (single-celled fungi), moulds (multi-cellular fungi with extensive hyphal networks), and other un-
desirable microorganisms, thus increasing nutrient and DM losses (due to heat-damage of nutrients and proteolysis), emission of
volatile organic compounds, and production of mycotoxins (Muck, 2013; Gerlach et al., 2014). Several other environmental or biotic
factors (e.g., ambient temperature, rainfall, initial populations of yeasts, moulds, and microorganisms) may contribute to an increased
forages deterioration (Muck, 1988; Masoero et al., 2013).

An extensive review by Dunière et al. (2013) concluded that facultative anaerobic yeasts are the major microorganisms re-
sponsible for aerobic deterioration during early phase of ensiling and during the feed-out stage (Oude Elferink et al., 2000). In
addition, several moulds can produce secondary metabolites, such as mycotoxins, that remain in the silage even after the moulds
themselves have disappeared. Species in the genera of Penicillium, Fusarium, and Aspergillus are the most common mycotoxin-pro-
ducing moulds isolated from maize silage (Gallo et al., 2015a). Both yeasts and moulds are thus responsible for silage degradation and
have potentially negative effects on animal and human health. In addition, silage deterioration processes are often more severe in
specific areas of silage silos, especially the lateral and upper parts, which are generally difficult to pack and seal, and thus have
suboptimal mass compression (Vissers et al., 2007; Borreani and Tabacco, 2010; Dunière et al., 2013; Gallo et al., 2016a). As recently
detailed by Brüning et al. (2018), a low silage density, from inadequate compaction during forage filling and storage, could increase
silage porosity and the penetration of air before the silo is sealed. This could lead to rapid oxidation of water-soluble carbohydrates,
causing an excessive increase in silage temperature (due to plant respiration) and increased populations of undesirable micro-
organisms. It is well known that homofermentative LAB, alone or in combination with heterofermentative LAB, rapidly decreases the
pH of silage due to the production of lactic acid (Muck et al., 2018). Inoculation with these bacteria may therefore reduce aerobic and
facultative anaerobic microorganisms at the beginning of silage storage. However, to the best of our knowledge, no studies have yet
examined the benefits of LAB in poorly compacted silage.

The main objective of this work was to assess the effect of a commercial silage inoculant containing the hetero-fermentative
Lactobacillus buchneri LB1819 (DSM22501/1k20738) and the homo-fermentative Lactococcus lactis O224 (DSM11037/1k2081) on
fermentation, DM loss, aerobic stability, microbial counts, and mycotoxin contamination of maize ensiled at two different densities,
as a simulation of differences in silo management.

2. Materials and methods

2.1. Silage preparation and treatments

A late-season maize hybrid (Pioneer Hi-Bred International, Inc., Des Moines, IA) was grown at the Bersani farm, Gragnano
Trebbiense, Piacenza, Italy, harvested at the ½ milk line stage of maturity on September 2, 2016, and then chopped to a 6–8mm
theoretical cut with a self-propelled forage harvester (John Deere 7780) that had a pick up mechanical processor for maize. A total
mass of approximately 20 tonnes from a homogenous field (45°01′29.2″N 9°34′23.7″E) was used. Approximately 4 tonnes of freshly
chopped maize forage was sampled from different plots of experimental field and each of them was split into two equal amounts; one
mass was untreated (CTR, without any inoculant) and the other mass was treated (TRT) with an inoculant containing Lactobacillus
buchneri LB1819 and Lactococcus lactis O224 (SiloSolve® FC, Chr. Hansen A/S, Hørsholm, Denmark), used according to the manu-
facturer’s recommendations. In particular, the inoculant (freeze dried powder) was diluted in heated tap water and applied at the rate
of 2mg/kg of fresh forage with a sprayer, to reach a final dose of approximately 250,000 CFU/g freshly-chopped forage. An equal
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amount of heated tap water without inoculant was sprayed on the CTR mass. The CTR and TRT freshly chopped forages were
thoroughly mixed with a wheel loader and shovels. Three representative samples (about 1 kg each) were taken from different parts of
each forage pile, pooled into one sample, stored in airtight bags, and used for analysis of chemical characteristics and mycotoxin
contamination, as described below.

Both CTR and TRT freshly-chopped maize were then placed into 20 L plastic jars (“mini-silos”), compacted to a low density
(132 ± 6 kg DM/m3) or a high density (186 ± 6 kg DM/m3), and then carefully sealed with plastic lids and stored in a barn
(ambient temperature: 20.3 ± 0.6 °C). Accordingly, the four different treatments were: CTR-low density (CTR-LD), CTR-high density
(CTR-HD), TRT-low density (TRT-LD), and TRT-high density (TRT-HD). A total of 100 mini-silos were prepared. In particular,
20mini-silos for each treatment and each duration of ensiling (2, 4, 8, 16, or 32 days) were prepared from each forage pile. The mini-
silos were weighed immediately after closing and before opening to determine DM loss.

2.2. Sample preparation and analysis

Each mini-silo was opened after 2, 4, 8, 16, or 32 days of ensiling, the mass was mixed thoroughly, and representative samples
(about 2 kg) were collected. Each mini-silo sample was then split into 2 homogeneous subsamples (about 1 kg). One of the sub-
samples was used for chemical analysis and mycotoxin analysis, as described by Gallo et al. (2016b). Briefly, samples were dried at
60 °C in a ventilated oven for 48 h until a constant weight was obtained, milled through a 1-mm screen using a laboratory mill
(Thomas-Wiley, Arthur H. Thomas Co., Philadelphia, PA, USA), and then stored for subsequent analysis. Uncorrected DM was de-
termined by the gravimetric loss of free water after heating at 105 °C for 3 h (AOAC (Association of Official Analytical Chemists),
1995; method 945.15). Then, the DM concentration was corrected for the volatile losses that occurred during oven drying using the
equations adopted by NorFor (2011). Ash concentration was determined as gravimetric residue after incineration at 550 °C for 2 h
(AOAC (Association of Official Analytical Chemists), 1995; method 942.05), an ether extract (EE) was obtained using the AOAC
method 920.29 (AOAC (Association of Official Analytical Chemists), 1995), and crude protein (CP; N×6.25) was determined using
the Kjeldahl method (AOAC (Association of Official Analytical Chemists), 1995; method 984.13). The soluble fraction of CP (ex-
pressed on a DM basis) was determined according to Licitra et al. (1996). Neutral detergent (ND), acid detergent (AD), and lignin
sulphuric acid (sa) fiber fractions were sequentially determined using the AnkomII Fiber Analyzer (Ankom Technology Corporation,
Fairport, NY, USA), as described by Van Soest et al. (1991). The ND solution contained sodium sulphite and a heat stable amylase
(activity: 17.400 Liquefon-U/mL, Ankom Technology). All fiber fractions were corrected for residual ash (aNDFom, ADFom, lignin
[sa]). Starch content was determined by polarimetry (Polax 2 L, Atago®, Tokyo, Japan) and the free sugar concentration was de-
termined following phosphate buffer and acetonitrile extraction, and quantification using a high-performance liquid chromatography
(HPLC) system (Jasco, Tokyo, Japan), that was equipped with an LU-980 pump and an RI-2031 refractive index detector.

Mycotoxins produced by Fusarium spp. (zearalenone [ZEA] and deoxynivalenol [DON]), Penicillium roqueforti (PR toxin, myco-
phenolic acid, and roquefortine C), and Aspergillus fumigatus (gliotoxin) were extracted simultaneously from 3 g of a dried silage
sample using a 30mL extraction solution, as described by Gallo et al. (2016b). The mixture was shaken for 45min, and 4.0 g of
anhydrous magnesium sulfate was then added to obtain phase separation. After shaking for 2min and centrifugation at 4500 × g for
10min, the upper acetonitrile phase was recovered. Then, the extract was diluted 5-fold (0.1 mL brought to 0.5 mL) by addition of
acetonitrile:water 30:70 (v/v), and passed through a filter (Millipore Corporation, Bedford, Massachusetts, USA, HV 0.45 μm). A 5 μL
sample was injected into the HPLC-MS/MS system, using the system and procedures previously described by Gallo et al. (2015b). All
analyses were performed in duplicate.

Immediately after collection, the remaining mini-silo subsamples and samples (about 1 kg) that were collected from freshly-
chopped whole-plants before ensiling (with the subsamples only used for analysis of mould and yeast counts), were stored while wet
at 4 °C, and analyzed within 24 h for determination of lactic acid, ethanol, volatile fatty acids (VFAs), and ammonia nitrogen con-
centrations, and to begin the aerobic stability test (Gallo et al., 2016b). About 100 g of each treatment and replicate was frozen at
−18 °C before analysis of the concentrations of biogenic amines (BAs).

To quantify VFAs, lactic acid, 1,2-propanediol, and alcohols (ethanol and 1-propanol), a wet sample (about 50 g) was extracted
using a Stomacher blender (Seward Ltd., West Sussex, UK) for 3min in distilled water (water:sample fresh weight ratio: 3:1). The
mixture was filtered through gauze, and then two aliquots (2mL each) of the resulting solution were added to 1mL of an oxalic acid
solution (15.2 g/L) and 1mL of a mixture of pivalic acid (internal standard, 1 g/L) and formic acid (50mL/L). To remove solid
impurities, the mixtures were shaken for 10min, centrifuged at 4500 × g for 10min, and the liquid phase was retained for de-
termination of VFAs and alcohols using gas chromatography (GC). The GC system was equipped with a flame ionization detector, and
the procedures were as reported by Gallo et al. (2015b). Determinations of lactic acid and 1,2-propanediol were performed using
HPLC (Carvalho et al., 2012). When a compound was undetectable, its detection limit was reported (i.e. 0.1 g/kg DM).

Ammonia nitrogen concentration was determined in about 20 g of fresh sample in a slurry mix composed of 150mL of distilled
water and magnesium oxide (10 g/sample; NorFor, 2011). The ammonia nitrogen concentration, expressed on a total nitrogen (TN)
basis, was determined after steam distillation of this solution using the Kjeldahl method, as described above. The pH of the previously
filtered water mixture was also measured.

Aerobic stability was determined using the methods of Ranjit and Kung (2000) and reported in units of days, except that the
ensiled mass was considered aerobically unstable when the difference between environmental and silage temperatures was 3 °C or
more (Jatkauskas et al., 2013). About 3 kg of each sample was placed in 20 L pails and allowed to aerobically deteriorate at room
temperature (20.2 ± 0.8 °C). During the test, environmental and silage mass temperatures were recorded every 6 h by a data logger
(Microlite, Dostmann Electronic GmbH, Wertheim, DE). The ensiled mass temperature was also monitored daily using a digital
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thermometer (88260 Digitron, Digitron Italia S.r.l., Ferentino, FR, Italy). A double layer of cheesecloth, which allowed penetration of
air, was placed over each mini-silo to prevent drying and contamination of the sample. On each day of opening the mini-silos, a
sample of aerobically unstable silage was collected until all silages lost aerobic stability. At this time, samples were analyzed for DM
concentration (as described above) to verify DM loss at the end of aerobic stability.

Microbial counts were determined as previously reported (Borreani and Tabacco, 2010). Briefly, a sample of about 30 g was
transferred into a sterile homogenization bag, suspended (1:10, w/v) in a peptone physiological salt solution (1 g/L of neutralized
bacteriological peptone and 9 g/L of sodium chloride), and homogenized for 3min in a laboratory stomacher blender. Serial dilutions
were prepared, and yeast and mould numbers were determined using the pour plate technique, with 40 g/L of rose-bengal chlor-
amphenicol agar (CM0549, Oxoid, Basingstoke, Hampshire, UK) after incubation at 25 °C for 3 days (yeast) and 5 days (mould). The
yeast and mould colony forming units (CFUs) were enumerated separately, according to their macro-morphological features. The
mean CFUs of duplicate subsamples were recorded for total yeasts and moulds on plates that yielded 10–100 CFUs per Petri dish.

The BAs were determined as described by Smith and Davies (1985). Briefly, 20 g of fresh core maize samples were added to
100mL of a 0.10 v/v perchloric acid solution and 2mL of an internal standard (1,7-diaminoheptane; concentration 2 μg/mL).
Samples were homogenized for 1min at about 3000 g, and the suspension was incubated for 1 h at 4 °C. Then, the solution was
centrifuged for 20min at 2 °C and the supernatant was collected. The precipitate was extracted as described above, and the two
resulting supernatants were pooled to reach a final volume of about 200mL. Samples were analyzed using an HPLC system consisting
of two solvent metering pumps programmed with a microprocessor controller. Samples were injected into a fixed 20 μL loop for
loading onto a reverse-phase C18 column, and eluted from the column with a programmed water:methanol (v/v) solvent gradient,
which changed from 0.60 to 0.95 in 23min at a flow rate of 1mL/min.

2.3. Statistical analysis

The yeast CFUs, mould CFUs, and mycotoxin concentrations were log10-transformed prior to statistical analysis. The microbial
data are presented as log10 values; the mycotoxin concentrations are reported as their natural values, but all terms in the ANOVA
(standard errors of the means and P values) refer to log10-transformed values. Data measured at the same time point were analyzed
according to a completely randomized design, with a 2× 2 factorial arrangement of treatments, using the general linear model
(GLM) procedure of SAS (2003), with the following model:

Yijk = μ + Ti + Cj + (Ti × Cj)ij + eijk (1)

where Yijk is the dependent variable; μ is the overall mean; Ti is the fixed effect of microbial inoculum (i= 2, CTR vs. TRT); Cj is the
fixed effect of density (j= 2, Low vs. High); (T×Cj)ij is the first order interaction, and eijk is the residual error.

Data measured at different time points were analyzed according to a completely randomized design, with a 2×2 × 5 factorial
arrangement of treatments, using the GLM procedure of SAS (2003), with the following model:

Yijkl = μ + Ti + Cj + Dk + (Ti × Cj)ij + (Ti × Dk)ik + (Cj × Dk)jk + (Ti × Cj × Dk)ijk + eijkl

Table 1
Characteristics of uninoculated (CTR) and inoculated (TRT) maize forage prior to ensiling.

Analyte Dimension CTR
(n= 3)

TRT
(n= 3)

Dry matter g/kg as-fed 363 ± 1.1 370 ± 2.0
Ash g/kg DM 37 ± 1.2 36 ± 1.1
EE g/kg DM 15 ± 3.1 15 ± 2.2
CP g/kg DM 71 ± 6.0 72 ± 5.2
Sol CP g/kg DM 46 ± 2.0 46 ± 2.1
Starch g/kg DM 323 ± 2.2 321 ± 2.1
aNDFom g/kg DM 407 ± 11.0 414 ± 5.1
ADFom g/kg DM 197 ± 8.1 208 ± 8.0
Lignin (sa) g/kg DM 25 ± 3.2 27 ± 3.1
Sugars g/kg DM 91 ± 11.0 89 ± 9.2
pH – 5.84 ± 0.2 5.82 ± 0.2
Yeasts Log10 CFU/g 6.9 ± 0.1 6.9 ± 0.1
Moulds Log10 CFU/g 6.5 ± 0.1 6.4 ± 0.2
Mycotoxinsa

Aflatoxin B1 μg/kg DM 1.01 ± 0.24 0.17 ± 0.40
Fumonisin B1 μg/kg DM 4415 ± 67 5276 ± 587
Fumonisin B2 μg/kg DM 2188 ± 45 3038 ± 120

Abbreviations here and below: ADFom, acid detergent fiber on an organic manner basis; CFU, colony forming unit; CP, crude
protein; CTR, uninoculated maize forage; DM, dry mass; EE, ether extract; aNDFom, neutral detergent fiber on an organic manner
basis; Lignin sa, lignin determined by solubilization of cellulose with sulphuric acid; Sol CP, soluble crude protein; TRT inoculated
maize forage.

a The 3 mycotoxins detected in at least in one sample are indicated. Mycotoxins analyzed, but not detected were deoxynivalenol,
zearalenone, fusaric acid, PR toxin, mycophenolic acid, and roquefortine C.
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(2)

where Yijk is the dependent variable; μ is the overall mean; Ti is the fixed effect of microbial inoculum (i= 2, CTR vs. TRT); Cj is the
fixed effect of density (j= 2, Low vs. High); Dk is the fixed effect of length of ensiling (k=5, 2, 4, 8, 16, or 32 days of ensiling); the (Ti

× Cj)ij, (Ti × Dk)ik, and (Cj × Dk)jk terms are the first order interactions; the (Ti × Cj × Dk)ijk term is the second order interaction;
and eijkl is the residual error.

If the interactions were not significant (P > 0.05), data were averaged for the main effects tested, and reported accordingly.
Further, when no interactions were significant, orthogonal polynomial contrast analysis was used to evaluate the effect of duration of
ensiling on specific parameters. The IML procedure of SAS (2003) was used to generate unequally spaced linear and quadratic
contrast coefficients, and post-hoc comparisons were performed using the pdiff and stderr options of the LSMEANS statement of SAS
(2003). When a second-order interaction was significant, differences among specific means of interest were verified and reported in
the text.

3. Results

Before ensiling, the freshly chopped uninoculated (CTR) and inoculated (TRT) whole-plant maize used prior to ensiling in mini-
silos had similar chemical compositions as well as microbial traits (Table 1). In particular, the average DM concentration was 363 g/
kg as fed for CTR and 370 g/kg as fed for TRT freshly chopped whole-plants. Furthermore, average starch and NDFom values of
322 g/kg DM and 411 g/kg DM were obtained, respectively. The freshly chopped whole plant maize was contaminated with some
mycotoxins, including aflatoxin B1 (on average, 0.59 μg/kg DM) and fumonisins B1 and B2 (on average, 4846 μg/kg DM and 2613 μg/
kg DM, respectively).

Table 2 shows that silage DM decreased with ensiling duration (linear trend: P < 0.05), and was 353 g/kg as-fed on day 2 and
347 g/kg as-fed on day 32. In addition, the DM concentration was 3 g/kg as-fed lower in the CTR silage than in the TRT silage
(P < 0.05). Inoculation and silage density had no effect on DM loss, but DM loss increased almost linearly with ensiling duration
(P < 0.05), from 41 g/kg DM on day 2–61 g/kg DM on day 32.

Silage pH decreased with ensiling duration, from 3.90 on day 2 to 3.45 on day 32. On day 32, the pH in the TRT-HD silage reached
it maximal value of 3.49 (P < 0.05, days× inoculation×density interaction). Lactate concentration increased with ensiling
duration (P < 0.05), from 26.7 g/kg DM on day 2 to 50.9 g/kg DM on day 32. Acetate concentration also increased with ensiling
duration, and was higher in the TRT silage than the CTR silage on day 32 (14.0 g/kg DM vs. 11.9 g/kg DM, P < 0.05, days×
inoculation interaction, Fig. 1), and higher in the LD than HD silage on days 16 and 32 (P < 0.05, days× density interaction, Fig. 2).
At day 32, ethanol was lower in the TRT than CTR silage (P < 0.05, days× inoculation interaction, Fig. 1), and was also lower in the
HD than LD silage (P < 0.05, days× density interaction, Fig. 2). The 1,2-propanediol concentration decreased (P < 0.05), and was
slightly higher in the TRT than CTR silage (0.14 vs. 0.11 g/kg DM, P < 0.05). The ammonia nitrogen level was greater in the CTR
than TRT silage on days 16 and 32 (P < 0.05, days× inoculation interaction, Fig. 1). On day 8, the ammonia nitrogen level was
greater in the HD than LD silage (3.22 vs. 2.73 g/100 g TN, P < 0.05, days× density interaction, Fig. 2). The lactate:acetate ratio

Fig. 1. Study of first order interaction between effects of inoculation (i.e., CTR vs. TRT) and storage length (i.e., 2, 4, 8, 16, or 32 days) for the
parameters: aerobic stability (days), acetate (g/kg DM), ethanol (g/kg DM) and ammonia nitrogen (g/kg total nitrogen) of maize silages (see √MSE
in Table 2). CTR, untreated silages; TRT, silages treated with Lactobacillus buchneri and Lactococcus lactis. Graphical values were mean± standard
error. Means with different superscript letters differed at a P<0.05. The aerobic stability showed an interaction significant at P=0.078.
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was similar for the different treatments on days 2 and 32, but differed on days 4, 8, and 16 (P < 0.05, days× inoculation×density
interaction).

The aerobic stability of the CTR and TRT silage increased with ensiling duration (P < 0.05), but lower values were present in the
LD than HD silage on days 16 and 32 (P < 0.05, days× density interaction, Fig. 2). Overall, the aerobic stability was higher in the
TRT than CTR silage (P < 0.05), with values of 12.6 and 10.5 days, respectively. The DM loss after the aerobic stability test did not
differ among treatments from days 2 to 16, but was higher than 230 g/kg DM at 32 days in the CTR-HD and TRT-LD silages
(P < 0.05, days× inoculation×density interaction).

Fig. 2. Study of first order interaction between effects of density (i.e., low vs. high) and storage length (i.e., 2, 4, 8, 16, or 32 days) for the
parameters: aerobic stability (days), acetate (g/kg DM), ethanol (g/kg DM) and ammonia nitrogen (g/kg total nitrogen) of maize silages (see √MSE
in Table 2). Low, low density silages; High, high density silages. Graphical values were mean± standard error. Means with different superscript
letters differed at a P<0.05.

Table 3
Effect of inoculation (CTR vs. TRT) and forage density (low vs. high) on chemical composition, microbe counts, and the concentration of mycotoxins
of maize silage after 32 days.

Items Dimension CTR TRT √MSE P of the model

Low High Low High Inoculation Density Inoculation×Density

DM g/kg as-fed 347 350 346 346 4.5 0.230 0.388 0.396
Ash g/kg DM 41 42 41 42 2.3 0.814 0.665 0.7315
EE g/kg DM 13 13 14 13 0.9 0.605 0.315 0.753
CP g/kg DM 67 68 70 66 3.8 0.599 0.446 0.218
Sol CP g/kg DM 28 33 32 29 2.9 0.869 0.676 < 0.05
Starch g/kg DM 330 327 317 317 14.2 0.092 0.801 0.801
aNDFom g/kg DM 424 409 440 432 24.5 0.095 0.318 0.756
ADFom g/kg DM 202 196 201 207 11.8 0.372 0.989 0.305
Lignin (sa) g/kg DM 21 25 26 27 61 0.222 0.364 0.596
Sugars g/kg DM 10 5 10 17 10.9 0.248 0.896 0.246
Microbes
Yeasts log10 CFU/g 4.79 4.82 4.21 4.31 1.651 0.472 0.929 0.966
Moulds log10 CFU/g 1.65 1.20 1.74 1.75 1.176 0.546 0.688 0.666
Mycotoxinsa

Aflatoxin B1 μg/kg DM 0.632 0.506 0.225 0.285 1.868 0.143 0.694 0.408
Fumonisin B1 μg/kg DM 4263 4007 3906 3380 0.181 0.081 0.286 0.739
Fumonisin B2 μg/kg DM 491 334 312 244 0.348 < 0.05 0.071 0.455
Fusaric acid μg/kg DM 2915 2783 5187 3163 0.291 < 0.05 < 0.05 0.069
Mycophenolic acid μg/kg DM 13.13 5.53 2.45 0 3.253 0.259 0.306 0.938
Roquefortine C μg/kg DM 16.90 28.72 2.15 4.63 3.158 < 0.05 0.854 0.685

a Mycotoxins detected in at least in one sample are indicated. Mycotoxins analyzed, but not detected were: deoxynivalenol, zearalenone, and PR
toxin. For each treatment, the indicated concentration is the average for each mycotoxin, including samples in which the mycotoxin was not
detected (in which case, the instrumental detection limit was used). Mycotoxin levels were analyzed as log10-transformed data, and the ANOVA
terms (√MSE and P of the model) refer to the log10-transformed data, but the means are in the natural scale.
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The BA levels were lower than 250mg/kg in all silages.
Table 3 shows that the chemical composition of CTR and TRT silages were similar on day 32, except that soluble CP was higher in

the CTR-HD and TRT-LD silages than the CTR-LD and TRT-HD silages (P < 0.05, inoculation×density interaction). Yeast (average:
4.53 log10 CFU/g) and mould (average:1.59 log10 CFU/g) counts were similar among all silages.

We detected aflatoxin B1 in all CTR samples and in 0.6 of TRT silages, and the contamination levels were similar (0.412 μg/kg
DM). We also detected fumonisin B1, fumonisin B2, and fusaric acid in all samples. The fumonisin B2 level was greater in the CTR than
TRT silage (413 vs. 278 μg/kg DM, P < 0.05), but the fusaric acid level was lower in the CTR than TRT silage (2849 vs. 4162 μg/kg
DM, P < 0.05). Despite the overall low levels of mycotoxin contamination, a 10-fold higher level of roquefortine C (P < 0.05) was
present in the CTR than TRT silage.

4. Discussion

Freshly chopped whole-plant maize that is used prior to ensiling could be considered typical for normal maize silage (Arriola
et al., 2011; Carvalho et al., 2012; Oliveira et al., 2017). Our measurements of DM concentration and other chemical characteristics
indicated the freshly chopped whole-plant maize was harvested slightly past the ½ milk line stage of maturity. However, the sugar
concentration (90 g/kg DM) of this mass indicated it was adequate for ensiling (Oliveira et al., 2017). Before ensiling, the yeast and
mould counts were greater than 6 log10 CFU/g herbage, in agreement with previous results (Ranjit and Kung, 2000; Borreani and
Tabacco, 2010).

In general, when a forage is ensiled, two conditions are required to improve aerobic stability and avoid the proliferation of
spoilage microorganisms: low pH (for inhibition of bacterial growth) and absence of oxygen (for reducing yeast and mould pro-
liferation) (Ranjit and Kung, 2000). Addition of homo-fermentative LAB to forage at the initiation of ensiling of freshly chopped-
whole plant maize increases the production of lactic acid, thus causing a drop in pH (Weiss et al., 2016; Romero et al., 2017). Hetero-
fermentation is less efficient than homo-fermentation in the rapid reduction of pH, even though a high level of acetic acid, rather than
lactic acid, better inhibits growth of acid-tolerant yeasts (Ranjit and Kung, 2000; Kleinschmit and Kung, 2006). The inoculum we used
had facultative hetero- and homo-fermentative LAB. At the tested level of inoculation (approximately 250,000 CFU/g freshly-
chopped forage), we found that the CRT and TRT silages had no significant differences in the pH, VFA profile, and other fermentative
traits, except that the ethanol level that was lower in the TRT silage at day 32. Consistent with the results of Sadeghi et al. (2012), we
found that the pH dropped rapidly in the CTR and TRT silage. Conversely, other studies of the long-term ensilage of maize reported
pH values above 4.0 (Arriola et al., 2011; Kim et al., 2015). Further, the CTR and TRT silages had similar lactic acid concentrations,
but the TRT silage had a 0.08 g/kg DM higher level of acetic acid and a 0.27 g/kg DM higher level of 1,2-propanediol. Conversely,
other authors reported that inoculation of ensiled mass with doses of facultative hetero-fermentative LAB that were similar to our
doses led to a doubling of the concentration of acetate relative to the untreated controls (Filya, 2003; Arriola et al., 2011). In addition,
we also found that the yeast and mould counts did not differ for the CTR and TRT silages at day 32, thus suggesting that all treatments
led to complete or nearly complete fermentation.

Nevertheless, we observed greater aerobic stability in the TRT than CTR silage. Other authors reported similar changes in the
fermentative profiles (Addah et al., 2012; Weiss et al., 2016) and in the yeast and mould counts (Weinberg et al., 1993; Driehuis et al.,
2001) of ensiled mass, and that these changes are associated with improved silage stability after air penetration, even though there
were some discrepancies among these experiments (Oliveira et al., 2017). Aerobic stability is a measure of the time that silage
remains stable after exposure to air. Thus, Kung (2010) said that “exposure to air is the first domino to fall that causes a chain reaction
ultimately resulting in spoiled feed”; this spoiled feed is due to the yeast-mediated degradation of lactic acid. Yeast species in multiple
genera (Candida, Hansenula, Pichia, Issatchenkia, and Saccharomyces) can degrade lactic acid and cause a concomitant increase of pH
that may allow the growth of opportunistic bacteria (e.g. Bacilli, Acetobacter spp.) and moulds (e.g. Aspergillus, Fusarium, and Peni-
cillium spp.), thus further reducing silage quality (Kung, 2010).

We also recorded the presence of different mycotoxins. The results show that some mycotoxins associated with Aspergillus and
Fusarium spp. (aflatoxin B1, and fumonisin B1, fumonisin B2) were present in the freshly-chopped forage. Ma et al. (2017) recently
reported that application of aflatoxin B1 to ensiled maize forage reduced the activity of silage microbiota, and thereby reducing the
rate of acidification during the first 3 days of ensiling, and also reducing CP concentration, but increasing the rate of DM reduction
and the concentrations of butyric acid and NDF. However, we found that the levels of fumonisins B1 and B2 decreased during
ensiling, thus corroborating previous findings (Boudra and Morgavi, 2008; Cheli et al., 2013). Ma et al. (2017) also reported that
some bacterial silage inoculants had the ability to bind aflatoxin B1 in vitro, although this varied among different strains and po-
pulations, and depended on strain viability and medium acidity. In fact, these authors stated that inoculation of maize silage with
bacteria could prevent the adverse effects of aflatoxin B1. Our previous study (Gallo and Masoero, 2009) discussed the roles of cell
walls of several bacteria (Lactobacillus, Propionibacterium or Bifidobacterium strains) and yeast (Saccharomyces cerevisiae) in the se-
questering of low molecular weight mycotoxins. Thus, it is likely that multiple physical, chemical, and/or microbiological factors
contribute to the decline of mycotoxin contamination during ensiling (Boudra and Morgavi, 2008; Gallo et al., 2015a), so this topic
requires further investigation.

Our analysis of other mycotoxins produced by P. roqueforti and P. paneum, such as mycophenolic acid and roquefortine C,
indicated no detectable levels in freshly-chopped forage, but the appearance after 32 days. Although these moulds can grow in typical
conditions of silage (low pH, low oxygen, and high carbon dioxide levels [Gallo et al., 2015a]), to the best of our knowledge, this is
the first report of production of these mycotoxins during ensiling. Notably, the TRT silages had lower contamination levels of these
Penicillium-related mycotoxins than the CTR silages. Conversely, we found greater contamination with fusaric acid (a mycotoxin
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produced by Fusarium spp.) in the TRT than CTR silages. This suggests that applied commercial inoculant impacted the growth of
different moulds. We were unable to characterize silage microbiology before or during silage; DNA-based techniques, such as real-
time PCR, have only recently been used to characterize silage microbiology (Muck, 2013; Dunière et al., 2017). Further research is
needed to determine the mode of action and the effect of different inoculant levels on the populations of specific microbiological
populations in different types of silage.

One of the purposes of our study was to test the ability of an inoculant to improve the fermentative quality of maize silage at LD.
Ensiling at LD permits air penetration and proliferation of undesirable microorganisms (Vissers et al., 2007; Dunière et al., 2013;
Bonifacio et al., 2017). In addition, aerobic spoilage microorganisms could have a more pronounced effect on the peripheral than the
central area of ensiled masses (Gallo et al., 2016a). Despite the mass compression difference of about 0.30 between our HD and LD
silages, there were only slight differences in their fermentative profiles, and in their yeast and mould counts. In particular, pH was
similar in the HD and LD silages, and the lactic acid content was only about 0.05 greater in the HD silages. As expected, the aerobic
stability upon exposure to air was greater for the HD than LD silages, and these differences were more evident after 32 days.

5. Conclusions

This study confirms that inoculation of maize silage with Lactobacillus buchneri LB1819 and Lactococcus lactis O224 improved its
aerobic stability, and that the improvement was greater at a high silage density. Our analysis of mycotoxin contaminants indicated
that the inoculation protocol reduced the levels of fumonisin B2 and roquefortine C, but increased the level of fusaric acid. However,
under the conditions of the current experiments, inoculation of maize silage provided no benefits to other classically studied para-
meters, including the fermentation profile.
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