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Abstract  Ensiling is the main method of preparing bulk forages for 

cattle in the conditions of the risk farming zone. This zone includes 

St. Petersburg and the Leningrad Oblast due to their geographical lo-

cation and high humidity. To improve the efficiency of enzymatic pro-

cesses during ensiling, various biopreparations of lactic acid bacteria 

that consist of one or more strains are used. However, the biotechno-

logical potential of lactic acid bacteria involved in silage fermentation 

remains insufficiently studied. Thus, the selection of microorganisms 

for use in silages should always be carried out with all rigor and meet 
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certain criteria. The aim of this study using metagenomic next-gener-

ation sequencing (NGS), endotoxin genes analysis and bioinformatics 

was to assess the efficiency of applying monocultures of lactic acid 

bacteria strains (Lactobacillus plantarum 50 and Enterococcus fae-

cium 46). We further evaluated combining these strains for the ensil-

ing process in a model laboratory experiment. As a result, it was 

shown that the greatest stability of microbiome and a high proportion 

of lactobacilli in the ensiled feeds, the best pH levels and silage qual-

ity were achieved using a combination of strains (L. plantarum 50 + 

E. faecium 46). Such a strategy is most promising for new drug pro-

duction, since it has a synergistic effect from the activities of two com-

plementary strains of lactic acid bacteria. Its use also helps protect 

animals from pathogenic silage bacteria (clostridia and enterobacte-

ria), as well as their endotoxins, and helps secure food products to be 

safe for human consumption. 

Keywords. Biopreparations, strains, bacteria, plant feed, ensiled 

feeds, microbiome, metagenomic next-generation sequencing (NGS), 

endotoxin genes, bioinformatics 

1. Introduction 

Ensiling is one of the most well-known methods of feed preserva-

tion. Silage is a vital component of the diet of farm ruminant animals. 

It typically consists of fermented plant material stored in a sealed en-

vironment with high moisture content (e.g., [1]). The rapid develop-

ment of livestock production increases the demand for silage [2]. En-

silage production is especially important in areas where winters are 

long and cold, and animals cannot obtain the energy or nutrients they 

need from grazing year-round. This is particularly relevant in coun-

tries with humid climates where hay production and storage are diffi-

cult [3]. 

Silage fermentation requires anaerobic conditions that suppress the 

development of aerobic microorganisms such as aerobic bacteria, 

yeasts, and molds that can cause spoilage of plant material [4]. Fer-

mentation of plant biomass occurs naturally under anaerobic 
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conditions, which is explained by the predominance of bacteria on the 

plant surface. Epiphytic lactic acid bacteria use simple carbohydrates 

present in plants, metabolizing them to lactic acid and, to a lesser ex-

tent, to acetic acid. These processes are able to prevent silage spoilage 

and ensure the preservation of silage for a long time [5]. However, the 

frequency and efficiency of fermentation in terms of pH reduction are 

highly dependent on the number and type of lactic acid bacteria pre-

sent in plant biomass, which can suppress the activity of undesirable 

bacteria [6]. Natural populations of lactic acid bacteria on plant raw 

materials are often heterofermentative and few in number [7], mean-

ing that epiphytic bacterial microflora is often insufficient to initiate 

the formation of lactic acid in large quantities. Therefore, obtaining 

silage of good quality and high digestibility requires stimulation of 

the ensiling process by adding various biopreparations (e.g., [1,8]). 

One of the safest methods of silage preservation is lactic acid bacteria-

enhanced fermentation [9]. 

The introduction of different strains of lactic acid bacteria signifi-

cantly affects the microbial composition of silage [10]. Lactic acid 

bacteria are added to prevent the development of spoilage microor-

ganisms, quickly reduce silage pH, and increase dry matter recovery 

[11]. Inoculated microorganisms also reduce the activity of patho-

genic microorganisms [12]. Bacteria of the genus Lactobacillus are 

known to suppress the proliferation of other microorganisms effec-

tively [13]. During the initial fermentation stage, lactic acid bacteria 

protect feed from spoilage microorganisms by producing beneficial 

organic acids and antifungal agents such as bacteriocins [9]. 

Silages inoculated with lactic acid bacteria have and maintain a sta-

ble pH, resulting in acidic conditions that limit microbial activity and 

population, and potentially harmful species such as Clostridia and Ba-

cilli can live as spores as long as the silage remains sealed [14]. Fur-

thermore, several studies have reported the ability of lactic acid bac-

teria to maintain lower silage pH, beneficial organic acids and 

metabolites, and reduced pathogenic activity after silage opening, en-

suring high aerobic stability [15–17]. 

To improve the efficiency of enzymatic processes during silage 

making, it is proposed to use the synergistic effects of combining sev-

eral types of lactic acid bacteria [18]. Currently, studies have been 

published on combining lactic acid bacteria to improve silage quality 

with successful results [16]. Treatment of plant biomass with 
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combined inoculants reduces the activity of yeast and mold, as well 

as other aerobic bacteria that use lactic acid produced in sufficient 

quantities by homofermentative lactic acid bacteria [19,20]. 

Previously, we examined metagenomic composition, gene expres-

sion and endotoxins in feed and body microbiomes of lactating cows 

[21–23]. Consequently, following on from these previous experi-

ments, the aim of this study was to determine the effectiveness of us-

ing monocultures of lactic acid bacteria strains (Lactobacillus planta-

rum 50 and Enterococcus faecium 46). We further combined these 

strains for the ensiling process in a model laboratory experiment using 

microbiomic and bioinformatic approaches. 

2. Materials and Methods 

2.1. Setting up a model laboratory experiment on silage preservation 

The laboratory experiment was conducted on a cereal-legume mix-

ture in the budding phase, common in the Leningrad Oblast, Russia. 

The experimental design and the quality assessment of feed supple-

mented with biopreparations were based on the methodological rec-

ommendations for conducting experiments on the preservation and 

storage of bulk feed [24]. In the experiment, four variants of silage 

treatment were employed: sample No. 1, no treatment (control) vari-

ant, i.e., without the use of microorganism strains; sample No. 2, using 

two strains of lactic acid bacteria (L. plantarum 50 and E. faecium 

46); sample No. 3, using the strain L. plantarum 50; and sample No. 

4, using the strain E. faecium 46 alone. Laboratory experiments on the 

ensiling of bulk feed were executed using vacuum bags in three rep-

licates. For this, green mass weighing 300 g, 500 g and 1 kg was 

placed in bags, then air was pumped out of them and simultaneously 

the bags were sealed using a chamberless vacuum packer Lava V.333 

Premium. The result was a compressed mass in an airless space. The 

bags with silage were placed in a thermostatic room at 36 ± 1 °C. 

 

2.2. Analysis of biochemical composition and nutritional value of feed 

Silage samples for biochemical and nutritional analyses were col-

lected on Day 30. The following indicators were determined in the 
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feed samples: dry matter by drying the samples at 105 °C (in accord-

ance with GOST 31640-2012), crude protein (according to GOST 

13496.4-2019), digestible protein (following GOST R 51423-99), 

crude fiber using Henneberg and Stohmann method (according to 

GOST 31675-2012), crude fat using Soxhlet method (following 

GOST 13496.15-2016), sugar content using Bertrand method (ac-

cording to GOST 26176-2019), crude ash (following GOST 26226-

95), acid detergent fiber (ADF) content (following GOST ISO 13906-

2013), neutral detergent fiber (NDF) content (according to GOST ISO 

16472-2014), mass fractions of lactic, acetic and butyric acid (follow-

ing GOST R 55986-2022), content of feed units (according to GOST 

23630-90), and metabolizable energy (ME) according to the method 

for calculating ME in feed (L. K. Ernst Federal Science Center for 

Animal Husbandry, Dubrovitsy, Russia, 2008). Silage samples for en-

siling process pH control were taken dynamically, i.e. on Days 1, 2, 

3, 5, 8, 15 and 30. Hereby, active acidity level (pH) was measured 

according to GOST 26180-84. 

 

2.3. Detection of bacterial endotoxin genes using PCR method 

Using PCR, the samples were tested for the presence of genes for 

Shiga toxins (stx1A and stx2B), intimin (eae) and enterohemolysin 

(ehxA) produced by enterobacteria (Escherichia coli); alpha toxin 

(cpa1), beta toxin (cpb) and epsilon toxin (etx) produced by Clostrid-

ium perfringens; and binary toxin (cdtB) and toxins A (tcdA) and B 

(tcdB) produced by C. difficile (e.g., [23]). Primers for the detection 

of endotoxin genes were designed using the NCBI Primer-BLAST 

program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 

1). The housekeeping gene Eub339-518 (16S rRNA) was used as a 

control. Amplification reactions were performed using a DTlite am-

plifier (DNA-Technology, LLC, Moscow, Russia) and a Tersus Plus 

PCR kit (ZAO Evrogen, Russia) according to the manufacturer's pro-

tocol. The PCR amplification mode and conditions were as follows: 

3 min at 94 °C (preheating), 40 s at 94 °C, 60 s at 55 °C, and 90 s at 

72 °C (34 cycles). Amplified gene fragments were analyzed by gel 

electrophoresis for the presence of a band of the expected size. 

 

Table 1  Sequences of primers used in PCR study of endotoxin genes 
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Gene Primer sequences (5′–3′) 
Amplicon 

length, bp 

stx1A 
F:CCTTTCCAGGTACAACAGCGGTT 

R:GGAAACTCATCAGATGCCATTCTGG 
478 

stx2B 
F:AAATATGAAGAAGATATTTGTAGCGGC 

R:CAGCAAATCCTGAACCTGACG 
251 

eae 
F:GGAACGGCAGAGGTTAATCTGCAG 

R:GGCGCTCATCA TAGTCTTTC 
346 

ehxA 
F:GCATCATCAAGCGTACGTTCC 

R:AATGAGCCAAGCTGGTTAAGCT 
534 

cpa1 
F:GCTAATGTTACTGCCGTTGA 

R:CCTCTGATACATCGTGTAAG 

324 

 

cpb 
F:TCCTTTCTTGAGGGAGGATAAA 

R:TGAACCTCCTATTTTGTATCCCA 
611 

etx 
F:TGGGAACTTCGATACAAGCA 

R:TTAACTCATCTCCCATAACTGCAC 
396 

cdtB 
F:TTGACCCAAAGTTGATGTCTGATTG 

R:CGGATCTCTTGCTTCAGTCTTTATAG 
262 

tcdA 
F:GCATGATAAGGCAACTTCAGTGGTA 

R:AGTTCCTCCTGCTCCATCAAATG 
629 

tcdB 
F:CCAAARTGGAGTGTTACAAACAGGTG 

R:GCATTTCTCCATTCTCAGCAAAGTA 
410 

 

2.4. Investigating the silo microbiome using sequencing and bioinfor-

matics 

To study the microbial community of silos, high-throughput meta-

genomic next-generation sequencing (NGS) based on a fragment of 

the 16S rRNA gene was used, which allows for the metagenomic 

composition of the microbiota and taxonomic affiliation of its identi-

fied representatives to be characterized with sufficient accuracy (e.g., 

[1,7,23]). Samples were collected under aseptic conditions as strict as 

possible for these methods and dynamically, i.e., on Days 3, 8, 15 and 

30. The collected samples were immediately placed in sterile plastic 

vials. All samples were frozen at −20 °C for subsequent DNA extrac-

tion. 

To analyze the microbiome in the samples, DNA was isolated from 

the samples using the Genomic DNA Purification Kit (Thermo Fisher 

Scientific, Inc., USA) according to the manufacturer's instructions. 
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Amplification reactions for subsequent NGS sequencing were per-

formed using a DTlite amplifier (DNA-Technology, LLC, Moscow, 

Russia) using eubacterial primers (Integrated DNA Technologies, 

Inc., USA): 343F (5'-CTCCTACGGRRSGCAGCAG-3') and 806R 

(5'-GGACTACNVGGGTWTCTAAT-3'), flanking the V1V3 region 

of the 16S rRNA gene. Metagenomic sequencing was performed us-

ing a MiSeq genomic sequencer (Illumina, Inc., USA) and the MiSeq 

Reagent Kit v3 (Illumina, Inc., USA). The maximum length of the 

obtained sequences was 2  300 bp. Chimeric sequences were ex-

cluded from the analysis using the USEARCH 7.0 program 

(http://drive5.com/usearch/). The obtained 2  300 bp reads were pro-

cessed using the CLC Bio Genomics Workbench 7.0 platform for bi-

oinformatics analysis (QIAGEN, The Netherlands) that included 

overlapping, quality filtering (QV > 15), and primer trimming. The 

taxonomic affiliation of microorganisms to genus was detected using 

the RDP Classifier program. 

 

2.5. Statistical analysis 

Mathematical and statistical processing of the results was performed 

using the multi-factor analysis of variance (ANOVA) method in Mi-

crosoft Excel XP/2003 and RStudio (Version 1.1.453; https://rstu-

dio.com). The significance of differences was established using Stu-

dent's t-test, and the differences were considered statistically 

significant at p < 0.05. In the case of metagenomic NGS data, statis-

tical processing and plotting of diagrams were performed using Mi-

crosoft Excel XP/2003 and Past software; Pearson's coefficient was 

used to calculate correlations. The heatmap by families was con-

structed taking into account the representation at p < 0.05 (calculated 

in the limma package, in RStudio) using the moderated t-test. 

3. Results and Discussion 

3.1. Biochemical composition and nutritional value analysis 

As a result of the biochemical analysis of the feeds produced in the 

model laboratory experiment, all the samples were characterized by 

high nutritional values (Table 2). The most important indicator of feed 
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is soluble crude protein, which indicates the availability of protein in 

the rumen of cattle. In our experiment, the highest crude protein value 

(17.01%) was found in sample No. 4 (n = 3). Another important indi-

cator of feed for ruminants is fiber, which has a direct impact on the 

health of animals and their productivity, including milk quality. In our 

study, the most optimal NDF and ADF content was in silage samples 

Nos. 2 and 4. The highest ME values were recorded in samples Nos. 

1 and 4. Sample No. 2 with two types of lactic acid bacteria in the 

starter had the highest lactic acid content. Lactic acid is the main pre-

servative of silage, contributing to an increase in acidity and suppres-

sion of pathogenic, putrefactive microflora. Therefore, there is a 

strong correlation between lactic acid production and silage efficiency 

[25]. Herewith, it has good palatability, stimulating feed intake by 

cows. 

 

Table 2  Analysis results of biochemical parameters of silage using 

bacterial strains 

Indicator 

Sample 

Initial 

raw ma-

terial 

1 2 3 4 

Mass fraction of dry matter, % 22.63a 22.60a 23.90a 21.30a 22.40a 

Mass fraction of crude fat, % 3.23a 4.11b 3.93b 4.08b 4.11b 

Mass fraction of crude protein, 

% 
16.90a 16.90a 16.07b 16.34b 17.01a 

Mass fraction of crude ash, % 9.3a 9.3a 11.3b 9.9b 10.3 

Metabolizable energy, MJ/kg 9.07 8.98 8.70 8.92 8.97 

Mass fraction of ammonia nitro-

gen, % 
0.058а 0.265b 0.230b 0.290b 0.263b 

Mass fraction of crude fiber, % 30.5 31.4 31.4 31.5 30.4 

Acid detergent fiber, % 35.4 36.7 34.7 35.7 34.8 

Neutral detergent fiber, % 64.6a  59.7 b 57.7 b 60.6a 57.1 b 

Mass fraction of butyric acid, % – 0.00 0.00 0.04 0.00 

Mass fraction of lactic acid, % – 1.92a 2.88b 1.64c 1.81c 

Note: a–c values for the indicators conform to significant differences 

between samples at p < 0.05. 
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When analyzing the feeds, a rapid decline in pH in the feeds was 

demonstrated already on Day 2, which varied depending on the sam-

ple (Table 3). According to the data obtained, the lowest pH values 

(<4.4) on Day 30 were revealed for sample No. 2, i.e., 4.36. In gen-

eral, the pH in sample No. 2, containing two bacterial strains, differed 

from the others in the maximum acidification level (pH = 4.28) 

achieved on Day 5 and stable maintenance of lower acidity through-

out the experiment. 

 

Table 3  Dynamics of pH level in samples using bacterial strains 

(n = 3) 

Sample 
pH 

Day 1 Day 2 Day 3 Day 5 Day 8 Day 15 Day 30 

Initial raw material 5.98 

1 4.71a 4.47b 4.36c 4.30c 4.34c 4.38c 4.37c 

2 4.69a 4.49b 4.45b 4.28c 4.38c 4.34c 4.36c 

3 4.71a 4.61a 4.61a 4.57a 4.72a 4.58a 4.58a 

4 4.66a 4.47b 4.42b 4.34c 4.50b 4.50b 4.46b 

Note: a–c values for the indicators conform to significant differences 

between samples depending on the treatment length at p < 0.05. 

 

Correct choice and application of inoculants is paramount for good 

silage quality [26]. The use of homofermentative lactic acid bacteria 

strains, such as L. plantarum, can inhibit microbial growth in silage 

by accelerating the pH decline [27], while the heterofermentative 

strain L. buchneri can produce acetic acid to inhibit yeast and mold 

growth, thereby increasing the aerobic stability of silage. 

Lactic acid bacteria can improve the aerobic stability of silage by 

producing various metabolites such as acetic acid, 1,2-propanediol, 3-

phenyllactic acid and 3-hydroxydecanoic acid, as well as a phenolic 

antibiotic [28–30]. Studies have shown that many other metabolites 

are present in ensiled forage in addition to the common metabolites 

typically found when evaluating silage quality. In addition, they can 

produce a large number of metabolites during fermentation, such as 

amino acids, fatty acids, oligosaccharides, vitamins, small peptides, 

flavors and aroma compounds [31]. 

Studies by other authors confirm the positive effect of the combina-

tion of strains. Thus, our data are consistent with the study [32], in 
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which corn silage inoculated with co-cultures of L. buchneri and L. 

plantarum that together more effectively reduced pH and ammonia 

losses during fermentation compared to silages inoculated with only 

L. buchneri. Also, Ferrero et al. [33] tested a combination of two 

strains of obligate heterofermentative lactic acid bacteria L. hilgardii 

and L. buchneri. Treatment of silage using two strains showed a better 

result in increasing the aerobic stability of corn silage compared to 

treatment with only the L. hilgardii strain. These authors [33] sug-

gested the existence of a synergistic effect between the two strains 

assessed and assumed that the increase in aerobic resistance was fa-

cilitated by the L. hilgardii strain that was dominant before L. buch-

neri became active. 

 

3.2. Analysis of bacterial endotoxin genes 

Next, to characterize the changes occurring in the silage under the 

influence of bacterial strains, the microbiota composition was exam-

ined using NGS sequencing in dynamics, i.e., on Day 1 (initial raw 

material) and Days 3, 8, 15 and 30 after the start of the experiment 

(Fig. 1). Bacteria of the phyla Firmicutes (52.56%) and Proteobacteria 

(31.85%) dominated in the initial plant mass. The subdominants were 

the phyla Bacteroidota (9.74%), Cyanobacteria (3.42%) and Actino-

bacteriota (1%) (Fig. 1). The dominant genus in the community was 

Weissella (48.35%), and the share of genera Pseudomonas, Rhizo-

bium, Leuconostoc, Stenotrophomonas, Serratia and Devosia and the 

Erwiniaceae family ranged from 1 to 3%. The samples also contained 

Clostridium_sensu_stricto_9 (0.02%) and Enterobacteriaceae 

(2.09%) bacteria. On Day 3 of the experiment, the content of the Fir-

micutes phylum in the silage microbiome increased in all variants to 

90–97%, including mainly three genera of lactobacilli: Weissella, 

Lactobacillus and Pediococcus. The major differences between the 

experimental samples were associated with the ratio of these genera. 

The highest proportion of the Lactobacillus genus was found in sam-

ples Nos. 1 (55.53%), 4 (51.32%) and 2 (45.34%). 
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Fig. 1  Assessment results of the dynamics of the bacterial community 

at the genera level based on metagenomic NGS sequencing in ensiled 

feed in a model experiment (n = 3). Source, initial raw material (be-

fore the experiment); 1–4, samples Nos. 1, 2, 3 and 4 

On Day 8, the dominance of lactobacilli of the genera Weissella, 

Lactobacillus and Pediococcus remained in all samples. On Day 15, 

the proportion of the genus Lactobacillus significantly decreased in 

sample No. 7 (by 1.3 times). In samples Nos. 1 and 2, there was an 

increase in bacteria of this genus by 1.2–1.5 times. At the end of the 

experiment, on Day 30, the proportion of Lactobacillus declined in all 

samples, except for sample No. 4. The content of the genus Weissella 

grew in all samples. The lowest content of this genus was in sample 

No. 4 (35.73%, p < 0.05), and the highest in sample No. 2 (59.2%). 

About 50–56% of Weissella were found in samples Nos. 1 and 3. 

Overall, the relationship between fermentation time and microbial 

composition in our experiment was similar to the general succession 

pattern described by various authors and was crop-dependent. For ex-

ample, in studies [27,34] with corn silage inoculated with either L. 

plantarum or L. buchneri and/or L. hilgardii, it could be observed that 

the succession of Firmicutes was rapid, i.e., within a few hours after 

sealing of the experimental mini-bins. A second observation was that 

members of the Leuconostocaceae family (mainly Weissella spp.) 
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were the dominant operational taxonomic unit during early fermenta-

tion. 

An estimation of the correlations between the proportion of bacteria 

in silage and nutritional indicators (Table 4), for example, showed that 

the presence of bacteria of the genus Lactobacillus had a negative cor-

relation with the butyric acid content in it −0.384), and those of the 

genus Weissella had a positive correlation with the crude fiber content 

(0.911). At the same time, both of these bacteria genera were a kind 

of antagonists and had a high level of negative correlation with each 

other (−0.968). Thus, our previous conclusion [35] that the high qual-

ity of silage is associated with the presence of bacteria of the genus 

Lactobacillus was confirmed here. 

 

Table 4  Pearson correlation coefficients between biochemical com-

ponents and quality indicators of ensiled bulk feeds and the presence 

of dominant microorganisms in them on Day 30 of the model experi-

ment 
 WEI LAC PED DM CFa DP DA ME CFi BA LA 

WEI 1           

LAC −0.968 1          

PED −0.894 0.876 1         

DM 0.348 −0.130 −0.084 1        

CFa −0.723 0.533 0.687 −0.746 1       

CP −0.859 0.772 0.960 −0.304 0.853 1      

CA 0.311 −0.084 −0.411 0.669 −0.870 −0.648 1     

ME 0.911 0.527 0.702 −0.720 0.999 0.866 −0.881 1    

CFi 0.911 −0.983 −0.796 0.015 −0.375 −0.650 −0.099 −0.367 1   

BA 0.226 −0.384 −0.547 −0.782 0.174 −0.356 −0.238 0.140 0.418 1  

LA 0.599 −0.385 −0.427 0.933 −0.934 −0.626 0.804 −0.918 0.243 −0.506 1 

Content indicators: WEI, Weissella; LAC, Lactobacillus; PED, Pedi-

ococcus; DM, dry matter; CFa, crude fat; CP, crude protein; CA, 

crude ash; ME, metabolizable energy; CFi, crude fiber; BA, butyric 

acid; LA, lactic acid. Green highlight: positive correlation coeffi-

cients; red highlight, negative correlation coefficients. 

 

It can therefore be assumed that the quality of silage fermentation 

depends mainly on the microbial communities present and their suc-

cession, as well as the fermentative metabolites during ensiling. Un-

derstanding the processes underlying the production of quality silage 
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can provide a valuable scientific basis for improving the ensiling pro-

cess and the quality of enhanced silage fermentation. 

4. Conclusion 

Ensiling of forages is extremely important where there are long and 

cold winters, high humidity, and where animals cannot obtain the 

energy or nutrients they need year-round from grazing. To improve 

the efficiency of enzymatic processes during ensiling, various lactic 

acid bacteria biopreparations are used, which can be divided into 

single-strain preparations and multi-strain preparations. Using 

microbiomic and bioinformation technologies and as a result of 

assessing the efficiency of using monocultures of lactic acid bacteria 

strains (L. plantarum 50 and E. faecium 46) and combining these 

strains for the ensiling process in a model laboratory experiment, it 

was shown that the greatest stability of the microbiome and a high 

proportion of lactobacilli, the best pH levels and silage quality were 

achieved when using a combination of L. plantarum 50 + E. faecium 

46 strains. It is the most promising for a new preparation for 

harvesting bulk feed for cattle in the conditions of a risky farming 

zone This includes St. Petersburg and the Leningrad Oblast due to its 

geographical location and high humidity. The potential effect of its 

use is associated with ensuring the protection of animals from 

pathogenic bacteria (clostridia and enterobacteria) and their 

endotoxins, improving animal health and obtaining food products that 

are safe for human consumption. 
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