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Abstract. Silage is used as a major part of fodder all over the world. Lactic acid bacteria (LAB) play a critical
role in silage production from legumes, grains, and other plants, lowering the pH by producing different kinds
of organic acids during ensiling, which inhibits undesirable bacteria that decrease the quality and shelf life of
the inoculated product. The aim of this study was to determine the effects of Lacticaseibacillus paracasei and
Enterococcus faecium inoculated together and separately on the bacterial community, fermentation quality and
metabolic pathways of legume-cereal silage after 30 days. We conducted a model ensiling of legume-cereal
crops of the first harvest cut in the Leningrad region at the booting stage. Three experimental groups with
different bacterial strains were added during ensiling (LE: L. paracasei and E. faecium; LP: L. paracasei; and EF:
E. faecium). The microorganisms in the silage were counted at 0 and 30 days of ensiling, using Illumina MiSeq
high-throughput sequencing to determine their composition. The DNA of the silage microbial community was
isolated, amplified, sequenced, and processed, then used to predict functional metabolic pathway abundances
based on 16S rRNA marker gene sequences using the database MetaCyc. LAB genera were presented as minor
taxa pre-ensiling, while Weissella, Lactobacillus, and Pediococcus were the dominant genera after 30 days
of silage. Overall, LE had the most desirable bacteria and metabolic pathways for silage. LP also performed
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favorably. EF had undesirable bacteria and metabolites, showing the worst fermentation quality. Our results
found important differences in predicted carbohydrate and biogenic amine metabolism between the different
groups as well. To our knowledge, little information is available regarding the dynamics of bacterial community
succession and metabolic pathways of silage prepared with L. paracasei and E. faecium.
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Introduction

In many parts of the world preserved forages, such as silages, are used as a major part
of the diet of livestock. Since ensiling is a consistent and reliable method for producing
feed, it is becoming increasingly popular. Lactic acid bacteria (LAB) play a critical role
in silage production from legumes, grains, and other plants. In anaerobic conditions,
LAB lower the pH during ensiling, which inhibits undesirable bacteria and increases
the shelf life of the inoculated product [1].

Legume crops are associated with more diverse microbial populations and higher
protein than cereal crops. Higher protein results in the growth of undesirable microbes and
deterioration of fermentation quality. Ensiling legume crops with cereal crops improves
silage quality by decreasing the pH and increasing the content of lactic and acetic acid [2, 3].

The fermentation quality of silage is highly dependent on the succession of the
microbial community during ensiling. The predomination or survival of undesirable
microorganisms results in poor fermentation quality; silage loses energy and nutrients [4].

Since different LAB species have different fermentation characteristics, single LAB
species often cannot achieve optimal fermentation results. Some inoculant preparations
contain synergistic mixtures of bacteria that target different phases of the fermentation.
For example, many combination inoculants contain E. faecium, with grows rapidly at
high pH (>5), dominating early stages of the fermentation phase, before other LAB strains
take over once the pH drops below 5 [5]. Composite inoculants work by combining
multiple LAB species that enhance each other’s growth and function, leading to better
silage fermentation [6].
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Since silage fermentation involves intricate microbial communities and metabolic
pathways during ensiling, different inoculants produce distinct variations in both microbial
composition and metabolic profiles. Multiple microbial and metabolic dynamics are
correlated and affect the fermentation process [7, 8].

To our knowledge, little information is available regarding the dynamics of microbial
community succession and predicted functional metabolic pathways of silage prepared with
facultative heterofermenters L. paracasei and E. faecium [5, 9]. A better understanding
of microbial metabolic pathways underlying silage fermentation could provide us with
important information to regulate silage fermentation [10].

The objective of this study was to analyze the change in the diversity of silage
microbial community during the ensiling process, evaluate the efficacy of two microbial
strains for use as inoculants and further understand the dynamics of metabolic pathways
of the microbial community that occur during ensiling.

Methods and materials

We conducted a model ensiling of legume-cereal crops of the first harvest cut in
the Leningrad region at the booting stage at a moisture content of 84.7% + 1.3. The
experiment lasted 30 days and was conducted in the BIOTROF LLC laboratory. All
inoculations were applied using a manual sprayer after green forage was weighed
and uniformly distributed on polyethylene film. After, the forage was compacted and
sealed in 2 kg vacuum bags, then subsequently stored under temperature conditions
approximating real-world conditions. Three experimental groups with different
bacterial strains were added during ensiling. The first group had L. paracasei mixed
with E. faecium (LE), the second had just L. paracasei (LP), and the third had
E. faecium (EF).

The microorganisms in the silage were counted at 0 and 30 days of ensiling.
PCR analysis was performed in the same laboratory. Illumina MiSeq high-
throughput sequencing was used to determine the composition of microorganisms.
DNA isolation of the silage microbial community was performed using the
Genomic DNA Purification Kit (Fermentas, Inc., Lithuania) according to the
attached instructions. A Verity DNA Amplifier (Life Technologies, Inc., USA)
was used for amplification for subsequent NGS sequencing using eubacterial
primers (IDT), 343F (5’- CTCCTACTACGGRRSGCAGCAG-3’) and 806R
(5’-GGACTACNVGGGTWTCTAAT3’), flanking the V1V 3 region of the 16S rRNA
gene. Metagenomic sequencing was performed on a MiSeq genomic sequencer (Illumina,
Inc., USA) with the MiSeq Reagent Kit v3 (Illumina, Inc., USA). The maximum
length of the sequences obtained was 2 x 300 nt. Chimeric sequences were excluded
from analysis using the program “USEARCH 7.0” (http://drive5.com/usearch/). The
obtained 2 x 300 nt reads were processed using the software “CLC Bio GW 7.0”
(Qiagen, The Netherlands) and included overlapping, quality filtering (QV > 15), and
primer trimming. Taxonomic affiliation of microorganisms to the genus was determined
using the RDP Classifier program. Statistical processing of data and construction of
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diagrams were carried out using Microsoft Excel, Phantasus (https://artyomovlab.
wustl.edu/phantasus/), and Datawrapper (https://www.datawrapper.de/). PICRUSt2
(v.2.3.0) (https://github.com/picrust/picrust2) was used for a comparative analysis
of the presence of specific bacterial gene families, predicting functional abundances
based on 16S rRNA marker gene sequences using the database MetaCyc [11].

Results and discussion

On day 0, Proteobacteria, Bacteroidota and Firmicutes were the dominant phyla,
with a total of 94.08% bacteria classified into these phyla. As the ensiling progressed,
microbial diversity significantly decreased: on day O taxonomic analysis indicated that
the bacterial community was classified into 12 phyla and 134 distinct genera, while by
the end of fermentation LE had 6 phyla and 36 distinct genera; LP had 6 phyla and 45
distinct genera; and EF had 8 phyla and 124 distinct genera, indicating that great changes
had taken place after 30 days of fermentation.

After 30 days, the dominant phyla shifted from Proteobacteria to Firmicutes for all
3 experimental groups (Fig. 1). Firmicutes increased from 23.23% on day 0 to 96.79%
for LE, 96.57% for LP, and 94.95% for EF, while Proteobacteria and Bacteroidota both
greatly decreased for LE, LP and EF (from 58.52 to 2.03%, 1.65 and 1.51% and 12.33
to 0.05%, 0.22 and 2.08% respectively).
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Fig. 1. Bacterial communities and relative abundance by phylum level for legume-cereal silage after
30 days ensiling: LE — silage inoculated with L. paracasei and E. faecium; LP — silage inoculated with
L. paracasei; EF — silage inoculated with E. faecium

Source: compiled by S.J. Gallegos with Datawrapper.
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By the end of 30 days, variants LE and LP had similar microbial communities, with
only slight differences in number, while EF differed. Overall, LAB dominated; with
families Lactobacillaceae and Leuconostocaceae flourishing. Generally, the main LAB
genera that play a major role in silages fermentation include Weissella, Lactococcus,
Leuconostoc, Lactobacillus, Enterococcus and Pediococcus [12, 13]. Our study supported
those findings, as the dominant bacteria found after ensiling were Weissella, Lactobacillus,
Pediococcus, and Leuconostoc, in that order, as shown in Fig., 2a.
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Fig. 2. Bacterial communities and relative abundance by class level (a) and genus level (b) for
legume-cereal silage after 30 days ensiling: LE — silage inoculated with L. paracasei and E. faecium,
LP — silage inoculated with L. paracasei; EF — silage inoculated with E. faecium

Source: compiled by S.J. Gallegos with Datawrapper.
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Weissella dominated and more than doubled in LE and LP: increasing from 20.74%
to 56.81 and 50.44% respectively, while EF overall only had a slight increase to 39.38%.
Lactobacillus rose from 0.10% to 22.88, 30.31 and 22.71% and Pediococcus rose from
0.16% to 14.61, 13.26 and 10.46%.

For the non-LAB — the genus Sphingomonas rapidly decreased in number in all
variants: from 19.27% on day 0 to 0.17, 0.26 and 0.11% on day 30 respectively, as shown
in Fig., 2b. Sphingomonas is found on fresh forages and acts as a harmful component in
silage, increasing pH level and degrading protein. Sphingomonas is negatively correlated
with the fermentation acids of the silages, such as lactic and acetic acids, and consequently
the whole fermentation process [14].

The number of Clostridia rapidly rose in the EF variant. EF had 18.02% Clostridia
by day 30, compared to 0.08% in LE and 0.01% in LP. Silage quality is degraded by
the presence of Clostridium spp. and when consumed, such silage jeopardizes animal
health and productivity. Clostridium in silage converts sugars and proteins to butyric
acid [15]. Butyric acid is associated with poorly fermented silage, being accompanied
by a range of undesirable by-products, including amines, ammonia, and acetic acid [16].
High amounts of Clostridia in the EF group indicate that the silage underwent clostridial
fermentation, has high amounts of butyric acid and is low in nutritional value.

In total 400 metabolic pathways were predicted. Out of those only 263 were
statistically significant (p < 0.05). Differences in various metabolic pathways with
specific biofunctions were found among the inoculant groups. By day 30, LE had the
least variation among statistically significant metabolic pathways, while EF had the most
variation, as shown in Fig., 3a.

Multiple metabolic pathways were predicted that are associated with butanoate:
CENTFERM-PWY, PWY-5022, PWY-7003, and P163-PWY. EF had the highest
levels for both PWY-7003 (glycerol degradation to butanol) and P163-PWY (L-lysine
fermentation to acetate and butanoate); both of which are associated with the production
of undesirable butanoate and ammonia.

The metabolic pathway of enterobactin biosynthesis (ENTBACSYN-PWY) was
also predicted to have highest levels in EF (Fig., 3b). Enterobactin is produced almost
exclusively by Enterobacteria, which are detrimental to have in silage as they compete
with lactic acid bacteria for the available sugars, reduce the nutritional value of silage
and break down nitrates in the ensiled material, forming ammonia and making it more
difficult to quickly lower the pH of the silage [17].

Several metabolic pathways involved with biosynthesizing polyamines were predicted
(ARG+POLYAMINE-SYN, POLYAMINSYN3-PWY and POLYAMSYN-PWY). All
three were found the least in LE and the most in EF. Biogenic amines, like putrescine
and tyramine, are a group of positively charged nitrogenous compounds which are
considered detrimental to silage. Biogenic amines are found to jeopardize the health of
those who consume them and may exert detrimental impacts on feed intake and preference
of ruminants [18, 19]. The activities of some undesirable bacterial genera (Clostridia,
Pseudomonas, Enterobacteria) and slow acidification result in the accumulation of
biogenic amines during ensiling [20].
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Fig. 3. Statistically significant (p < 0.05) 16S rRNA gene-predicted metabolic pathways: a — principal
coordinates analysis (PCoA) for statistically significant metabolic pathways of legume-cereal silage
after 30 days of ensiling; b — bar graphs showing 28 chosen statistically significant metabolic
pathways on day 0 and day 30 for LE, LP, and EF; LE — silage inoculated with L. paracasei and E.
faecium; LP — silage inoculated with L. paracasei; EF — silage inoculated with E. faecium

Source: compiled by S.J. Gallegos with Phantasus (a) and Microsoft Excel (b).
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Correspondingly, the desirable aromatic biogenic amine degradation metabolic
pathway used by bacteria (PWY-7431) was predicted to be highest for LE and
lowest for EF. However, the predicted superpathway of L-arginine, putrescine, and
4-aminobutanoate degradation (ARGDEG-PWY) had similar levels for all three groups.

Two metabolic pathways associated with osmotic stress corresponded with
each other. The glycine betaine degradation pathway (PWY-3661) and ectoine
biosynthesis metabolic pathway (P101-PWY) were predicted by far the most in LE,
with comparatively very low amounts on LP and EF. Glycine betaine acts as an
osmoprotectant, accumulating in high cytoplasmic concentrations in response to
osmotic stress, as does ectoine, which helps maintain membrane stability during
fermentation [21]. This supports the idea that ectoine was used by the bacteria in LE
to protect themselves from osmotic stress during fermentation, while the other two
groups used glycine betain.

The metabolic superpathway of fucose and rhamnose degradation
(FUC-RHAMCAT-PWY) yields glycerone phosphate, which directly enters central
metabolism, and lactaldehyde, which is reduced to 1,2-propanediol under anaerobic
conditions and then secreted into the environment. EF was predicted to have similarly high
levels of this pathway as day 0, while LE and LP had much lower levels. 1,2-propanediol is
secreted by lactic acid bacteria and has antimicrobial activity. In addition, 1,2-propanediol
is good for silage aerobic stability, is often fed to ruminants to prevent ketosis, and plays
an important role in livestock health [2, 22].

For all three predicted gallate degradation metabolic pathways (GALLATE-
DEGRADATION-I-PWY, GALLATE-DEGRADATION-II-PWY and
METHYLGALLATE-DEGRADATION-PWY) LE had the highest levels while EF
had practically none. All three pathways directly contribute to generating energy and
creating pyruvate, which bacteria use to metabolize into lactate, acetate, formate, and
other metabolites. In addition, other studies found that a higher abundance of pyruvate
metabolism, among a few other pathways, was suggested as a possible reason for
enhancing silage stability [23, 24].

Conclusion

The quality of silage depends heavily on achieving rapid acidification through
LAB while preventing the growth of undesirable microorganisms like Clostridia and
Enterobacteria. Used together as a combination inoculant, L. paracasei and E. faecium
created more favorable conditions for the development of LAB and, consequently,
produced high-quality silage. Comparatively, E. faecium by itself created the least
favorable conditions: with 88 more distinct genera, 225-fold more Clostridia, and 50%
more predicted polyamine biosynthesizing metabolic pathways. As a result of this study,
we learned about the metabolic pathways involved during ensilage with L. paracasei and
E. faecium, which can provide insight into microbial, metabolic, and silage parameters;
as well as be used as potential biomarkers for further research.
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BnusHue Lacticaseibacillus paracasei n Enterococcus faecium
Ha MUKpPOBGHOEe coobLLECTBO U METABONNYECKUIA NOTEHLNan
cunoca 6060B0-31aKOBbIX KYNbTYp

C.[.Tanneroc > E.C.Ilonomapera' ', JI.A. UnbuHa’

"HamoHasnbHbIH HccnenoBaTenbckuii yauBepeurer UTMO, 2. Cankm-Ilemep6ype, Poccuiickas
dedepayus
*CaHkT-ITeTepOyprcKuii rocyAapCTBeHHBIN arpapHblid YHUBepcuTeT, 2. [IywkuH, Poccutickas
dedepayus
D gallegos_sophia@outlook.com

AnnoTtanus. CUI0C UCTIONb3YyeTCsl B KayeCTBe OCHOBHOTO KOPMOBOTO KOMITOHEHTa BO BCEM MMUpe.
MornouHokuciele 6akrepunt (MJIB) UrparoT K/IHOUeBYIO POJIb B IPOM3BO/CTBE CUloca U3 60O0BBIX, 36PHOBBIX
W IDYTHX pacTeHWH, cHioKasi pH 3a cyeT npoyKIuy pa3/IMyuHbIX OpraHM4YecKUX KUCIOT BO BpeMsl CU/IOCOBaHUSL. OJTO
TI0JaB/IIET POCT HesKeslaTe/lbHbIX OaKTepuid, KOTOpbIe YXY/ALIAI0T Ka4eCTBO ¥ CPOK XPaHEeHHs! MHOKY/TMPOBaHHOTO
nipoziykTa. lesbio McciejoBaHUs SB/ISJIOCH OIpe/ie/ieHHe BMSHUS Paszie/IbHOTO U COBMECTHOTO /106aB/ieHus
Lacticaseibacillus paracasei n Enterococcus faecium Ha coctaB 6akTepransHOro coobIecTBa ¥ MeTabomueckue
nyTH cuioca 60060B0-3/1aKOBBIX Ky/bTYp rocie 30 aHel (epmeHTaLyu. BbIo MPOBEIEHO MOZEbHOE CHIOCOBaHKE
6000B0-3/1aKOBBIX KY/IBTYpP NepBOro ykoca B JIeHHHrpaJckoii obnactu Ha ase BeIxoga B TpyOKy. B mporecce
cutocoBaHus 6611 c(hOPMUPOBAHBI TPH SKCIIEPUMEHTa/IbHbIE TPYIITIBI C pa3HbIMK OaKkTepranbHbIMK TaMMamu: LE
(L. paracasei + E. faecium), LP (L. paracasei) v EF (E. faecium). MUKpoOpraH/3MBbI B CHJIOCe aHA/IM3UpOBasy Ha 0
1 30 1eHb CHTOCOBAHMSI C TTOMOIIIBIO BEICOKOTIPOM3BOAUTEILHOTO CeKBeHHpoBaHwsl Ha riatdopme Illumina MiSeq.
JTHK Mukpo6HOro coob11iecTBa BbIZe/IsUTH, aMIVIMGULPOBAIM, CEKBEHUPOBA/IU U 00pabaThIBa/y C MOCIEAYIOMM
NIPOrHO3UpOBaHUeM 00mIust PyHKIMOHAIbHBIX MeTabo/IMueCcKHX IyTel Ha OCHOBe MOC/Ie/l0BaTe/IbHOCTeH
MapkepHoro rera 16S pPHK c ucrnosnb3oBanueM 6a3bl gaHHbix MetaCyc. [Jo cunocoBanusi pogsl MJIB
ObUIM IIPe/ICTaB/IeHbl B MEHBILMHCTBE, OfiHaKO rocse 30 fHel depMeHTaLK JOMUHUPYIOLee TI0JI0KeHe
3ansinu Weissella, Lactobacillus v Pediococcus. I'pynmna LE npogeMoHCTprpoBasia Haubosiee jkenaTeTbHbINA
cocraB bakTepuil 1 MeTabonnueckux myTtei. [pymma LP Takke rokasasna xoporuyve pe3ysnsrathl. ['pynma EF
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XapaKTepu30Baach HaTMUYMeM He)KeslaTebHbIX OakTepHii U MeTaboMTOB, UTO YKa3bIBaeT Ha HaUXY/LIee
KauecTBo OpokeHust. [TolyueHHbIe pe3y/bTaThl BbIIBUAIM 3HAYUMMbIe Pa3/IMyusi B IPOrHO3UPYEMOM MeTabomu3me
YI7IEBO/IOB ¥ GMOTeHHBIX AMHHOB MEX/1y SKCIIePUMEHTA/IbHBIMU Ipyrinamu. HacKo/IbKo HaM U3BECTHO, [JAHHbIE
0 IMHAMUKe CyKLleCCHU OaKTepHanbHOro coobijecTBa U MeTabo/IMIeCKUX IyTel CHI0Ca, MPUTOTOBIEHHOTO
c ucronb3oBaHueM L. paracasei u E. faecium, ipeAcTaB/eHsl B IMTepaType KpaiHe OrpaHUYeHHO.

KinoueBble €J10Ba: CHIOCOBAHHE, MOJIOUHOKHC/IbIe OaKTepyH, GakTepraisHOe cooOIecTBo, MeTabonudeckre
My TH

Bknap aBropoB: I'asieroc C.[I. — cTaTUCTHYeCKUI aHa/IM3 [JAHHBIX Y MHTepIpeTaLyisi pe3y/IbTaToB, TIOAT0TOBKa
PYKOITHCH, pefjakTHpoBaHye TekcTta; [Tonomapesa E.C. — npoBe/ieHre MOJIEKY/ISIPHO-TeHeTUYeCKOT0 aHar3a
u o0l1jee HayuHOe PyKOBOACTBO; MbrHa JI.A. — I/IaHUPOBAHKME W OPraHHU3aLiysl MPOBE/IEHNS IKCIIEPUMEHTA
1 oTOOpa MaTeprasioB /ISt KICC/IeZI0BaHusI, YTBeprKieHe OKOHYaTeIbHOW BepCHH CTaThby. Bce aBTOpHI 07100pHm
OKOHUaTeJIbHYI0 BEPCHIO CTaThU.
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