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Identification of bacterial communities in both the raw material and the subsequent silages provides new insights into understanding the silage fermentation process. The objective was to evaluate how different silage management factors affect silage preservation characteristics, the microbiome, and their correlations. A red clover dominated sward was used as the raw material and ensiled in pilot scale using a 3 × 4 design, with three management conditions including the level of compaction (loose and tight), and further, for the tightly compacted silages contamination with soil and faeces was conducted; and four different additive treatments with different modes of action: Control without additive (CONT), formic and propionic acid-based additive (FPA), homofermentative lactic acid bacteria inoculant (LAB) and salt-based additive (SALT). Samples of the raw material and subsequent silages were taken and routinely analysed, including DNA extraction and PCR amplification using universal primers. Tight compaction reduced slightly the extent of silage fermentation, but contamination with soil and faeces stimulated a non-desired type of fermentation with higher concentrations of ethanol, acetic acid and propionic acid and a higher pH. Use of LAB and SALT had only minimal effects on silage fermentation, but FPA clearly restricted fermentation and resulted in a better fermentation quality (lower pH, ammonia N and acetic acid concentration) of the silages compared to CONT. The FPA silages presented greater diversity of bacterial communities compared to the other silages. Proteobacteria were the most abundant in raw material, followed by Firmicutes, and major shifts happened in these communities during the silage fermentation process. Weissella was found in small amounts in the raw material but it dominated in the silages. The most abundant communities in the silages, such as Weissella, Lactobacillus and Pseudomonas, were correlated with several silage fermentation characteristics. Use of FPA improved fermentation quality of silages, but SALT and LAB differed from CONT to a smaller extent. All additives modified the bacterial profiles of grasses ensiled under different management conditions. The combination of parameters related to silage quality and bacterial communities provided a deeper understanding of the silage fermentation process and how they can be manipulated to obtain better feed quality.
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1 Introduction

Under Northern European conditions, red clover (Trifolium pratense) is commonly used as a silage crop, mainly because of its ability to withstand winter and good nutritional characteristics (Järvenranta et al., 2016), such as high intake potential (Huhtanen et al., 2007). Additionally, red clover, being a leguminous plant, increases agroecological resilience and productivity via nitrogen fixation through symbiotic interactions between rhizobia bacteria and subterranean nodules (Wyngaarden et al., 2015). The benefits in reduced need of N fertilization and increased biodiversity can be widely exploited in the livestock sector. Furthermore, forage legumes such as red clover are an essential part of low-input and organic milk and beef production chains in Northern Europe.

Ensiling is the mainstream technology to preserve forage for long periods of time to feed ruminants (Wilkinson and Rinne, 2018). Silage making helps to reduce seasonal imbalance between feed demand for livestock and the high-quality forage available, extending forage storage life (Wright et al., 2000). The ensiling process is a method of rapid anaerobic fermentation of fresh plant material, for example red clover, by epiphytic lactic acid bacteria (LAB), which are naturally found on the plant surface (Ren et al., 2020). Exogenously applied selected strains of LAB are also commercially available to be used as silage additives (Muck et al., 2018). The presence and proliferation of LAB produce organic acids under an environment absent of free oxygen, which lower the pH of the green biomass, suppressing the activities of potentially harmful bacteria (McDonald et al., 1991). The fermentation process involves a succession of bacterial communities in which various kinds of fermenting microorganisms produce a variety of metabolites that affect forage storage, utilization, and animal production (Kung et al., 2018; Wang et al., 2022). Various investigations have used integrated 16S rRNA sequencing to analyse the microbiome of fermented feeds to better comprehend biological mechanisms that underpin silage production systems (Guo et al., 2018; Xu et al., 2019). The identification of bacterial communities in the fresh biomass used as the raw material and subsequent silages provides new insights into the understanding of the silage fermentation process (McAllister et al., 2018; Bai et al., 2020; Li et al., 2021; Wang et al., 2021), as each and every particular bacterial community can modulate nutritional composition, hygienic quality and overall ensiling process of the feed and influence ensiling losses (Franco et al., 2022).

Contamination with soil and poor compaction of silages are the main reasons that cause spoilage and aerobic deterioration of silage before feeding (Holmes and Bolsen, 2009). Among good silage production practices, some of the most important factors include avoiding soil contamination to prevent inoculation with spoilage microorganisms. In addition, tight compaction of the green biomass is necessary to guarantee conditions of absence of free oxygen and accumulation of lactic acid which consequently causes a reduction in pH, thus inhibiting microbial metabolism and preserving the nutrients of the fresh biomass. In addition to silo management, use of different kinds of silage additives can be used to ameliorate fermentation quality of silages (Muck et al., 2018).

To the best of our knowledge, the effect of different ensiling management factors on bacterial ecology of red clover silage have not yet been investigated. The objective of this experiment was to assess the effect of different kinds of silage additives on the ensiling process and bacterial community composition of a red clover dominated silage under different management conditions, such as two levels of compaction and soil contamination. Moreover, we hypothesized that the different silage additive, compaction and contamination treatments shift the silage fermentation and the bacterial community towards different directions.



2 Materials and methods


2.1 Raw material for silage making

Organically grown mixed red clover and timothy (Phleum pratense) grass was mown from a first regrowth of the sward on August 1st 2018 at Häme University of Applied Sciences in Mustiala, Finland (60°83’N, 23°77’E). The botanical composition of the raw material was analysed from a representative sample of 1 kg fresh matter, which was manually divided into red clover and timothy. After a 24-hour wilting period, the green biomass was cut using a farm scale precision chopper (JF FCT 1350, JF-Fabriken-J Freudendahl A/S, Sonderborg, Denmark) without additive application. Green biomass samples were immediately collected for evaluation of chemical composition, microbial counts and bacterial communities before ensiling.



2.2 Experimental treatments and procedures

The experiment was conducted according to a 3 × 4 design, with three management conditions and four additive treatments. One of the management factors to manipulate the silage quality was the different levels of compaction. The two compactions were obtained by dropping (approximately 80 cm height) an 8-kg lead plummet ten or twice into a handful of raw material in a cylindrical silo for the tight and loose compactions, respectively. In order to challenge the potential effect of additives on both fermentation quality and bacterial ecology of a low-hygienic quality green biomass, contamination with soil from slurry-treated area and fresh cow faeces was performed for the tightly compacted silos. Soil, faeces and tap water were mixed 24 hours before silage preparation in a proportion of 1:1:7, vigorously shaken and kept for sedimentation in room temperature. The supernatant was taken and used to prepare the additive solutions. This schematic design resulted in three different types of ensiling management: loose compaction, tight compaction, and tight compaction with soil + faeces contamination.

For each of the management conditions, four additive treatments were used according to commercial instructions:

	Control (CONT), as a negative treatment without additive

	Formic and propionic acid-based additive (FPA) at 5 l/t of fresh matter (formic acid, propionic acid, sodium formate, and potassium sorbate; AIV Ässä Na, Eastman, Oulu, Finland)

	Homofermentative strains of lactic acid bacteria (LAB) at 1.0 × 105 cfu/g of fresh matter (Lactobacillus plantarum; Kofasil® Lac, Addcon, Bitterfeld-Wolfen, Germany)

	Salt-based additive (SALT) at 2 l/t of fresh matter (sodium nitrite, sodium benzoate and potassium sorbate; Safesil Challenge, Salinity AB, Göteborg, Sweden)



After careful homogenization of the raw material, it was divided into 36 batches of 15 kg each in which the treatments were applied. For the silage additives to be uniformly applied, they were all previously diluted with tap water so that the final amount of liquid applied was 17 L per ton for all treatments including CONT. In the case of silages contaminated with soil + faeces, the additive solution was prepared with the supernatant of the contaminating solution previously described. After applying the treatments, the raw material was ensiled in laboratory-scale cylindrical silos with 12-L capacity. Silages were produced with three replications per treatment. After preparing the silos, they were covered with a plastic cover, plastic lid, an 8-kg lead plummet, and a water lock. Silos were then stored at room temperature, protected from the incidence of light and opened after an ensiling period of 105 days. The deteriorated parts on the surface of the silos were removed and discarded. Silage was then carefully mixed, and representative samples collected and analysed for chemical composition, fermentation quality, aerobic stability, microbial counts and bacterial community diversity.

Height and weight of silage were measured before opening the silos in order to calculate silage density. Silos were weighed shortly after filling and immediately before opening to calculate ensiling losses according to Knicky and Spörndly (2015), assuming that the weight loss was CO2 leaving the silo during fermentation.



2.3 Laboratory analyses

The standard analytical methods used for dry matter (DM), ash, crude protein, water soluble carbohydrates (WSC), neutral detergent fibre, buffering capacity, organic matter digestibility, pH, ammonia-N, lactic acid, volatile fatty acids (VFA), formic acid, ethanol and microbial counts as well as the conduction of the aerobic stability test based on heat accumulation are described in detail by Franco et al. (2022).

Samples for DNA extraction and sequencing were kept in -80°C prior to analyses. The DNA extraction was performed from 0.25 g of freeze dried and ground raw material and silage samples following the protocol by Yu and Morrison (2004). For bacterial amplicon sequencing, universal primers 515F and 806R targeting the 16S rRNA gene V4 region were used (Caporaso et al., 2011). Libraries were prepared following the “16S metagenomics sequencing library preparation” protocol (Illumina) and sequenced on an Illumina MiSeq platform using 2 × 250 bp chemistry at the Finnish Functional Genomics Centre (Turku, Finland). Demultiplexing of sequences, adapter removal and sorting sequences by barcode were performed by the sequencing data provider. Sequencing data was further processed using QIIME v 2 (Bolyen et al., 2019). Briefly, quality control, filtering of chimeric reads, and clustering of bacterial sequences into amplicon sequence variants (ASV) were performed using DADA2 (Callahan et al., 2016). ASVs with less than 10 reads in total were removed. Bacterial ASV taxonomy was assigned using the Silva 138 database (Quast et al., 2012).



2.4 Data processing and statistical analyses

Data was analysed using a MIXED procedure (SAS Inc. 2002-2012, Release 9.4; SAS Inst. Inc., Cary, NC, USA) of SAS with treatment (three management factors × four additives resulting in 12 treatments) as fixed effect and replicates as a random effect. The data was tested regarding the normal distribution through Shapiro-Wilk test of the Univariate procedure. Least squares means and standard error of the means were reported per treatment and differences among treatment means were declared significant at 5% of probability. A pairwise comparison among treatment means was performed using a Tukey’s test and the effects of the management factors (compaction and soil contamination) were evaluated using contrasts.

Silage bacterial community alpha diversity was evaluated using Shannon and Simpson diversity indexes as well as observed number of ASVs. To evaluate treatment effect on the changes in silage bacterial community structure, between sample diversity was calculated as Bray-Curtis dissimilarities following Hellinger transformation and visualized using principal co-ordinate analysis (PCoA) as implemented in MicrobiotaProcess R package (Xu and Yu, 2021). The significance of groups was evaluated by distance-based permutational multivariate analysis of variance (adonis) and defined at P<0.05 level after 999 permutations, as implemented in vegan R package (Oksanen et al., 2019). To determine which bacterial taxa were affected by the silage preservation and management methods, a linear discriminant analysis was performed as implemented in MicrobiotaProcess. Significance was defined at P<0.05 with false discovery rate (FDR) correction (q<0.05).

To explore the magnitude of associations between bacterial communities and silage fermentation characteristics, the variables were ordered based on an analysis of a Spearman correlation plot (CORR procedure of SAS) and a heat map originated from two-dimensional display was created to characterize the effects of bacteria species on fermentation quality. Correlation data was filtered so that all genera below 0.01% were left out. This filtering reduced the number of genera from 88 to 28.




3 Results and discussion


3.1 Raw material characteristics

Botanical composition of the sward was dominated by red clover with proportions of red clover and timothy being 0.77 and 0.23, respectively, on DM basis. A high proportion of red clover is often found in organic swards due to the high competitiveness of red clover compared to grasses particularly in regrowth (Rinne and Nykänen, 2000). Chemical composition of the ensiled material was typical in terms of relatively high ash and crude protein concentrations and low neutral detergent fibre concentration (Huhtanen et al., 2006; Kuoppala et al., 2009), but the WSC concentration was particularly low, as often seen in red clover when compared to forage grasses (Kuoppala et al., 2009; King et al., 2012; Rinne et al., 2018). According to Li et al. (2019), WSC concentration in the raw material prior to ensiling is important for lactic acid fermentation, and the ideal is at least 50 g/kg DM. The low WSC concentration of the raw material accompanied with a relatively low DM content and high buffering capacity led to a low fermentation coefficient (Table 1), which reveals that this was a difficult material to ensile (fermentation coefficient <35; Weissbach et al., 1974; Weissbach, 1996). Silage raw material DM content is highly dependent on the extent of wilting, but is in general somewhat higher under Finnish practical conditions (321 g/kg; Salo et al., 2014) than in the current experiment (261 g/kg). This may partly be due to the inherently lower DM content of red clover compared to timothy (Rinne and Nykänen, 2000) as well as the wilting conditions. The DM fits well within the range of previous experiments using red clover, i.e., 170 and 430 g/kg in the 1st and 2nd cuts, respectively in the material of Kaldmäe et al. (2009) and 199 and 314 g/kg of red clover harvested fresh and after wilting, respectively by König et al. (2019). Microbial counts can be considered normal for raw material before ensiling.


Table 1 | Composition and microbial counts of red clover dominated raw material and the contamination solution.





3.2 Preservation characteristics of the experimental silages

Efficient compaction is considered an important management factor at farm level (Holmes and Bolsen, 2009) as it is required to achieve lactic acid fermentation as well as to prevent thriving of aerobic microbes such as yeasts and moulds, which have an important role in initiating the aerobic deterioration after opening the silo. The two compaction levels used in this experiment resulted in silage densities of 500 kg/m3 (136 kg DM/m3) and 665 kg/m3 (179 kg DM/m3) for loose and tight compactions, respectively. There were however hardly any significant effects on the analysed silage characteristics when loosely and tightly compacted silages were compared (Table 2) including the aerobic stability (194 and 234 h for loose and tight compaction, respectively, P>0.05). The only fermentation characteristic that was significantly (P<0.03) affected by compaction was the sum of all fermentation acids, which was higher for loosely rather than tightly compacted silages (95.8 vs. 91.9 g/kg DM). Limited responses to intensity of compaction have also been obtained earlier in pilot scale silos (McEniry et al., 2007; Franco et al., 2022). Use of airtight laboratory silos may not mimic sufficiently farm scale silos regarding the effects of compaction, which could explain the limited responses to compaction in the current experiment.


Table 2 | Chemical composition, fermentation quality, aerobic stability, ensiling losses and microbial counts of red clover dominated silages treated with additives under different compaction (Comp) and soil contamination (Soil) levels.



Contaminating red clover with soil and faeces prior to ensiling negatively affected silage fermentation quality (Table 2). The effects included significant differences in pH (4.51 vs 4.55), lactic acid (59.9 vs 57.0 g/kg DM) and acetic acid (30.8 vs 36.2 g/kg DM), and proportion of ammonia N in total N tended (P<0.06) to increase (53 vs 56 g/kg N). The responses to contamination were not as clear as in Franco et al. (2022) indicating that the raw material characteristics in the current experiment were more resistant to contamination, or that the contaminants were less competitive. However, in both cases, increased acetic acid production was noted, and it probably contributed to the increased aerobic stability of the silages (234 vs. 374 h for non-contaminated and contaminated silages, respectively; P<0.01). As stated by Woolford (1975), acetic acid is a good antifungal agent. Although increased aerobic stability is desirable, achieving it through “wild-type” fermentation cannot be considered positive, as it may be linked with decreased hygienic quality of silage and high losses (Kung Jr, 2010).

Additives are commonly used at commercial farms to ensure high silage quality (Wilkinson and Rinne, 2018; Muck et al., 2018). In the current study, the three additives used present different modes of action. Organic acids included in FPA directly decrease grass material pH and they also have antimicrobial effects, LAB inoculants boost and direct natural lactic acid fermentation, while salt-based additives are particularly effective in preventing the growth of clostridia as well as in prolonging the aerobic stability of silages (Muck et al., 2018). The amount of formic acid recovered in the silages that were treated with FPA was on average 13.5 g/kg DM, corresponding to 4.97 litres of FPA additive per ton, which reflects well the targeted level of application (5 l/ton).

The challenging characteristics of the current red clover ensiled was reflected in slightly elevated final pH of all silages, but FPA was able to reduce it compared to the other additive treatments (4.60, 4.36, 4.59 and 4.50 for CONT, FPA, LAB and SALT, respectively; P<0.05). The higher pH in silages relying on production of fermentation acids has probably been due to the exhaustion of WSC in those silages, which has limited the acid formation. FPA resulted in the lowest proportion of ammonia N in total N (61, 38, 60 and 58 for CONT, FPA, LAB and SALT, respectively; P<0.05), although values for the other treatments were not particularly high either. König et al. (2019) also found lower ammonia N concentrations in red clover silages treated with FPA, but there was no evidence that the pH of the silages was lower. Proportion of ammonia N in total N is generally considered as a good indicator of silage fermentation quality (McDonald et al., 1991). The biological mechanism for the effect of FPA on lower ammonia N is due to restricted fermentation with less presence of fermenting microorganisms, which are less available to degrade plant cells and cause protein breakdown, concomitantly with rapid pH drop (McDonald et al., 1991). According to Wilkinson (1990), grass silage with ammonia N under 50 g/kg total N is considered very well fermented but silage with ammonia N ranging from 50 – 100 g/kg total N is still considered adequately fermented. In terms of extent of fermentation (concentrations of lactic acid and total fermentation acids in DM), CONT, LAB and SALT behaved in a very similar way, but FPA restricted it. Further, FPA clearly limited the acetic acid production (36.7, 16.4, 39.4 and 36.7 g/kg DM for CONT, FPA, LAB and SALT, respectively). The restricted fermentation caused by FPA application is the main driver of the lower acetic acid production in silages, which is also in agreement with Franco et al. (2022).

The efficiency of formic acid-based additives in restricting silage fermentation has been well established in grass (Jaakkola et al., 2006; Seppälä et al., 2016; Franco et al., 2018; Rinne et al., 2018; Franco et al., 2022) and red clover-based silages (Seppälä et al., 2013; Franco et al., 2018; Rinne et al., 2018). Restriction of silage fermentation positively affects voluntary silage intake of dairy cows (Huhtanen et al., 2007), which is a major factor affecting the nutrient supply and subsequent milk yield of dairy cows. Lower concentrations (P<0.05) of ethanol were found in FPA treated silages, unlike König et al. (2019), who found higher concentrations of ethanol for silages treated with formic acid at low DM, and no differences for silages prepared with higher DM raw material. The CONT and LAB silages were almost identical, and the only statistically significant difference being the slightly lower ethanol concentration in LAB compared to CONT in contaminated silages, so that under the conditions of the current experiment, benefits of using LAB could not be demonstrated, although in grass material described by Franco et al. (2022), the same inoculant was able to remarkably boost lactic acid production compared to CONT. The effects of SALT on silage fermentation were also minor as statistically significant differences (P<0.05) compared to CONT were limited to a small decrease of ethanol concentration in all silage groups, and a decrease in propionic acid concentration in contaminated silages.

Fermentation during ensiling decreased counts of yeasts and moulds in relation to raw material for all treatments. As reported by Pahlow et al. (2003), yeasts are usually considered as starters of aerobic spoilage, because they consume WSC and fermentation acids, and raise silage temperature and pH. Within loose compaction, the higher yeast count and numerically lower aerobic stability of CONT is in line with this, but for all other silages, the yeast counts were equally low.

Due to high dispersion of data, there were relatively few statistically significant differences in aerobic stability of silages (Table 2), but in tight, non-contaminated silages, SALT resulted in the longest aerobic stability (P<0.05), and in tight, contaminated silages, both FPA and SALT increased aerobic stability compared to CONT and LAB (P<0.05). The overall aerobic stabilities for CONT, FPA, LAB and SALT were 162, 280, 212 and 414 h, respectively. The positive effects of SALT and FPA on aerobic stability have been demonstrated earlier (e.g. Franco et al., 2022). The mechanisms that explain the improvement of aerobic stability in silages treated with SALT and FPA might be the antimicrobial actions on yeast and mould communities for SALT, and similarly for FPA this is due to the intentional application of propionic acid via additive, which also has antimicrobial activity.



3.3 Bacterial communities in the experimental silages

Alpha diversity estimates of raw material and experimental silages are shown in Table 3. Silages showed lower diversity of bacterial communities than the raw material for all indexes evaluated. This is in line with Fu et al. (2022), who investigating ryegrass silages found greater bacterial diversity in the raw material. There was no significant effect of compaction and contamination on alpha diversity, but some differences were observed between the additive treatments. Shannon’s and Simpson’s diversity indexes were significantly higher in the FPA treated silages, followed by CONT, while the smallest diversities were identified in the silages treated with LAB and SALT.


Table 3 | Alpha diversity estimates of red clover dominated silages treated with additives under different compaction (Comp) and soil contamination (Soil) levels.



The bacterial community structure in raw material prior to ensiling was distinct compared to the silages. Among silages, axis 1 in the ordination plot discriminated silages treated with FPA from the remaining additive groups (adonis test P<0.001; Figure 1). There was no evidence that compaction or contamination significantly affected the community structure. In general terms, anaerobic fermentation is a metabolic process that starts with the activity of undesirable microorganisms from the raw materials, but these are suppressed and gradually replaced by lactic acid bacteria, which mostly dominate the fermentation process (Ni et al., 2017). Consequently, the raw material remained apart and distant from the clusters of silages, which was the same pattern found by Fu et al. (2022). This can potentially be explained by the inability of some epiphytic microorganisms on the foliar surface of the plant to survive under the anaerobic and acidic silage environments.




Figure 1 | Principal coordinate analysis (PCoA) of the beta diversity analysis of red clover dominated silages treated with additives under different compaction and soil contamination levels. CONT, Control; FPA, Formic and propionic acid-based additive; LAB, Lactic acid bacteria inoculant; SALT, Salt-based additive; Loose, loosely compacted silages; Tight, tightly compacted silages; Tight contam, tightly compacted and contaminated silages; RAW, raw material prior ensiling.



The relative abundance of bacterial communities in red clover silages was affected by the additives (Figure 2). Abundance changes of several bacterial genera in all silage treatment groups were observed because of silage compaction or contamination, however, none of the changes remained significant after FDR adjustment and are not further discussed. The ensiling process without the use of inoculants, chemical additives, salts, enzymes, or any other initiator is a spontaneous fermentation process where fermentation relies on composition of epiphytic microorganisms on plant surface (Guo et al., 2018). Six phyla were identified in the current samples (Figure 2A). Raw material differed clearly from the silages. Although Firmicutes was a phylum of small contribution from epiphytic communities in the raw material, they dominated the fermentation in most silages. Proteobacteria have been observed to be the most abundant phylum in various silage raw materials such as ryegrass (Fu et al., 2022), maize (Keshri et al., 2018) and timothy (Franco et al., 2022), and although it decreased in proportion in the silages, it still tended to occupy the second position of most abundant phyla in the silages. Shifts of Proteobacteria and Firmicutes from raw material to silages was the same as observed by Keshri et al. (2018) when studying maize silages and Franco et al. (2022) studying timothy grass silages. The silages treated with FPA showed a significantly lower presence of Firmicutes as compared to CONT (P=0.04; FDR=0.03) and other additive treatments. In addition, FPA silages had significantly higher abundances of Proteobacteria, as well as Actinobacteriota (P=0.04; FDR=0.03), even if in smaller amounts than the other phyla (Supplementary Table S1).




Figure 2 | Relative abundance of bacterial communities at phylum (A), family (B) and genus (C) taxonomic levels of red clover dominated silages treated with additives under different compaction and soil contamination levels. RAW: raw material prior ensiling; CONT, Control; FPA, Formic and propionic acid-based additive; LAB, Lactic acid bacteria inoculant; SALT, Salt-based additive; L, loosely compacted silages; T, tightly compacted silages; CM, tightly compacted and contaminated silages.



The raw material showed a great variation in the abundance of families with no single-family dominating (Figure 2B). Some of the most abundant families in the raw material were Leuconostocaceae, Enterobacteriaceae, Erwiniaceae and Pseudomonadaceae. Although the Lactobacillaceae family was not identified in the raw material, it dominated fermentation in silages treated with FPA, regardless of compaction or contamination. Other families that were also present in FPA silages were Leuconostocaceae, Enterobacteriaceae and Erwiniaceae. The CONT, LAB and SALT silages were very similar to each other at the family level, with the most abundant communities being Leuconostocaceae, Lactobacillaceae, Enterobacteriaceae and Erwiniaceae.

The genus Weissella was identified in low abundance in the raw material (Figure 2C), but this genus dominated the fermentation of CONT, LAB and SALT silages. CONT, LAB and SALT silages were very similar in their bacterial composition at genus level, with only Lactobacillus being more abundant in LAB (P=0.004, FDR=0.4) as compared to CONT and Lactococcus being more abundant in CONT (P=0.003, FDR=0.2) as compared to SALT silage. Other genera that contributed to the fermentation in these silages in a similar way regardless of management conditions were Lactobacillus, Enterobacteriaceae sp. and Erwiniaceae sp. The silages treated with FPA were the most different from the remaining silages, regardless of management conditions. In comparison to CONT, the silages treated with FPA showed significantly greater relative abundance of Lactobacillus, Curtobacterium, Pseudomonas, and Erwiniaceae sp. (P=0.004, FDR=0.03). All the silages contained Lactobacillus, even though some of them in smaller amount, which is a community highly correlated with an excellent fermentation process. He et al. (2020) stated that high relative abundance of Lactobacillus has been linked to good fermentation quality of alfalfa silage. It is worth emphasizing that according to Wuyts et al. (2018), the identification of microbial composition through 16S rRNA sequencing may not differentiate between viable communities and dead bacterial cells. This deficiency may possibly distort the composition of active bacterial communities in the silages.



3.4 Correlations between relative abundance of bacterial communities and silage fermentation characteristics

To identify the relationships between the bacterial communities at genus level and parameters related to the silage fermentation characteristics, a Spearman’s correlation was performed (Figure 3). These results refer exclusively to non-contaminated loosely and tightly compacted silages. Although the Flavobacterium, Chryseobacterium, Methylobacterium-Methylorubrum, Acinetobacter, Rhizobiaceae sp., Yersiniaceae sp. and Enterobacterales spp. were present at abundance above filtering threshold, they did not present any correlation with the silage fermentation characteristics, and therefore were not shown in Figure 3. In a similar way, ratio between lactic acid and total fermentation acids, and ensiling losses were excluded because they were not correlated with the 28 bacterial taxonomic groups investigated here.




Figure 3 | Spearman correlations between bacterial communities and silage parameters of red clover dominated silages. WSC, Water soluble carbohydrates; VFA, Volatile fatty acids; TFA, Total fermentation acids; TFP, Total fermentation products. From green (strong and positive correlation) to red colour (strong and negative correlation), while empty cells indicate non-significant correlation.



Positive and strong correlations were found between Leuconostoc and Lactococcus with ensiling parameters, such as pH, ammonia N, ethanol, butyric acid, total fermentation acids and total fermentation products (Figure 3). Weissella, which was one of the most abundant genera throughout the silages, was positively correlated with pH, ammonia N, ethanol, acetic acid, total VFA, total fermentation acids and total fermentation products, but it was negatively correlated with propionic acid. Some of these results agree with Zheng et al. (2022), as these authors also found a positive correlation between Weissella and pH and acetic acid, and at the same time a negative correlation between this genus and WSC and propionic acid. Franco et al. (2022) also identified positive correlation of Weissella with pH, however contradictory to the current study, no correlation was found with acetic acid and WSC, while a positive correlation with propionic acid.

Interestingly, the Fructobacillus, Leuconostoc, Weissella and Lactococcus genera were positively correlated with lactic acid production (Figure 3), and consequently showed a negative correlation with WSC, since they are used as the main substrate in fermentation that produces organic acids. Aerobic stability had the lowest correlation with bacterial communities, since only Lactococcus was negatively correlated to it.

Ideally, for optimal silage fermentation, the pH is expected to be low concomitantly with a low presence of ammonia N, ethanol and VFAs, which are indicative of quality and the lower the better. Thus, the bacterial taxonomic groups negatively correlated with these parameters, implies that the more of these bacteria, the lower the contents for these parameters. Some of the genera negatively correlated with these parameters that can potentially be linked to good silage fermentation characteristics were Pseudoclavibacter, Sanguibacter, Brevundimonas, Duganella, Massilia and Pseudomonas. However, contradictorily, some of these genera (e.g., Sanguibacter, Brevundimonas, Duganella and Pseudomonas) were also negatively correlated with the lactic acid production, although it would be preferable in terms of silage preservation.

Li et al. (2022) found that Pediococcus were negatively correlated with pH and concomitantly positively correlated with the lactic acid concentration in lucerne silages. However, these findings were not consistent with our study, as this genus did not show a significant correlation with pH and lactic acid. Stenotrophomonas, among the many possible correlations with several silage fermentation characteristics, showed a negative correlation solely with ammonia production (Figure 3). This result corroborates with Zeng et al. (2020), who studying mixed maize and soybean silages also found ammonia N as the only significant negative correlation with Stenotrophomonas. This fact indicates that these bacteria might block the production of ammonia N or vice versa, in case it is inhibited by ammonia N.

Lactobacillus, which was one of the most abundant genus especially in FPA treated silages (Figure 2C), was negatively correlated to ammonia N, ethanol and acetic acid (Figure 3). However, this genus was also negatively correlated to lactic acid, and positively correlated to propionic acid, which might be unexpected, as this can be related to poor fermentation quality. The Enterobacteriaceae and Erwiniaceae families, also among the most abundant in the silage fermentation process (Figures 2B, C), showed a negative correlation with the production of ammonia N, lactic acid and acetic acid, and as a possible consequence there was a positive correlation with WSC (Figure 3).

High concentrations of ammonia N in silage indicate protein breakdown generally as result of clostridial fermentation or extensive plant protease activity. Pseudomonas was among the five most commonly found genera in these silages and showed negative correlation with most silage fermentation characteristics (Figure 3), including pH, ammonia N and ethanol. Thus, the presence of Pseudomonas in silages can be a positive factor implying that the pH of the silage will tend to be low, concomitantly with low ammonia N and ethanol concentrations as also found by Ogunade et al. (2018). Considering our results, some other bacterial genera may also be involved in decreasing protein breakdown because the relative abundances of Curtobacterium, Pedobacter and Microbacteriaceae sp. were negatively correlated with ammonia N.




4 Conclusions

This study indicated that practical guidelines of good silage production management, such as the use of additives, thorough compaction and avoiding soil contamination, are of fundamental importance. Use of a formic and propionic acid-based additive improved fermentative quality of red clover dominated grass that was ensiled under different management conditions, but effects of a salt-based additive and particularly a lactic acid bacteria inoculant were minor under the conditions of the current experiment, although the salt-based additive was effective in improving the aerobic stability of the silages. The limited responses to compaction may be related to the use of airtight laboratory silos. Contamination of the silage with soil stimulated an undesired type of fermentation with higher amounts of ethanol, acetic and propionic acids and also greater pH.

The formic and propionic acid treated silages presented a greater diversity of bacterial communities than silages treated with other additives. Proteobacteria were the most abundant in raw material, followed by Firmicutes, and major shifts happened in these communities after the silage fermentation process. Weissella was found in small amounts in the raw material prior to ensiling but was the genus that mostly dominated the fermentation in the silages. The most abundant communities in the silage, such as Weissella, Lactobacillus and Pseudomonas, were correlated with several parameters of silage fermentation quality, in a mixed way between both ideal and poor fermentation quality directions. This requires further investigations in order to understand the cause-and-effect relationships between these factors. Thus, studies like this that combine parameters related to silage quality and bacterial communities provide a deeper comprehension of silage fermentation processes. This approach offers new knowledge that allows us to manipulate the silage fermentation mechanisms, which consequently contribute to the improvement of the quality and use of the silages.
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OEBPS/Images/table1.jpg
Raw material Contamination solution Contaminated raw material

Dry matter (DM), g/kg 261

Buffering capacity, g lactic acid/100 g DM 74

Fermentation coefficient 30.1

Chemical composition, g/kg DM
Ash 100
Crude protein 162
‘Water soluble carbohydrates 37
Neutral detergent fibre 460

IVOMD, g/kg organic matter 670

Microbial counts
Yeasts, cfu/g 11x10° 1.1x10* 7.6x10°
Moulds, cfu/g 1.3x10° 1.3x10* 9.6x10°
Total bacteria, cfu/g 1.8x10° 7.0x10° 4.4x10°
Clostridia, spores/g 36 2800 36

IVOMD, In vitro organic matter digestibility. cfu, colony-forming units.





