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Alfatfa poses chaflenges for ensiling becanse of ifs elevared profein fevels, fow amonnis of wa-
ter-sedudbie carbofivdrates, fow dry matter contemt. and Aigh huffering capacine, As a resilt, there
Ity been o recent pusht fo improve silage production using additives. fn recent years, sifuge oddi-
tives have heen employed to enhance the gnality of affalfa sifage. Bacterial additeves are emploved
to cuhiaiice the qcity of crop sifage, with a particalar enipdicasis ont fiay sifage, A primary objective
of incorporating lactic avid bacteria into silage is to inhibit the profiferation of undesirable micro-
organisms, inchiding Closiridiom and Faserobacteriaeeae, 1iis ix aclueved by swfily elevating the
fvelrogen fon concertration fo o threshold that 1y inhospitabie for the growth of these defrimental
hacteria. Mecent insights inio the fimctions of bactervial additives in crop silage suggest sigiificons
potentiad for enhancing sifage, not fust s a fermented feed, but also (o deliver probiotic substaces
thuat cun benefit animal health. This wrticle provides a comprehensive overview of the sitage prepea-
ration pracess abicd criticaliv asvesses o range of stwdies conceriing the gralin of sifage, ax well ax
the impact of bacterial additives on alfalfa silage. The gqualify of sifage can be enhanced by incor-
poratng different bacteriad moculams, wivich help durmg fermentation, siorage, and feeding by fn-
proving fermendationt processes, eacourazing beweficial microbial diveersity, aned inthibitiong larmfrl
meroorganisms. Alfedfer i the most important forage. and miceobal additives can enfunce 83 si-
fere preparation i a cost=cffective and eaviramnenally friendh way,

Kev words a/fidfa, bacteriad additive, baffer capacity, sitage, wilting.

Introduction. High-quality silage 1s achie-
ved by reducing the activity of plant enzymes
and hamiful microorgamisms while promoting
the growth of lactic acid bactena. Altalfa (Medi-
cago satve) 18 the most wadely grown torage
globally, known for ity exceptional nutntonal
value, high vield potential. and other beneficial

characterisucs, earming it the ude of “queen of

forage™ For several decades, alfalta has been
highly significant. not just as a nutsitious lodder
crop tor dairy farming, but also tor its positive
rele in various health and cnvironmental 1ssues
(Fig. 1) [73].

Tvpically, alfalta is stored as dry fodder af-
ter harvesting, but in recent years, the produc-
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tton of alfalfa silage has gained populanty
among ranchers This shift is attributed to sev-
eral lactors: minimizing the loss of Jeaves and
nutnents in the field post-harvest, reducing sto-
rage delays caused by adverse weather, and the
fact that silage 15 more compatible with mecha-
nization in industrial livestock operations |22:
33]. Various atnbutes of torage, including the
tvpes of silage plant species. dry matter levels,
water-seluble carbohydrates, buffering capacity
iwhich indicates resistance to pH fluctuations).
and the interplay of these clements on the mi-
crobes found in the todder. mfluence the out-
come of the fermentation process. Alfalfa, n
parlicular, tends to lose a signilicant poruon of
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t0 as acrobic respiration since it requires oxy-
gen. As carbon dioxide levels nse. the rate of
cellular respiration diminishes and ultimately
ceases. The heat generated by aerobic bactena
raises Lhe temperature of the silage. Typically,
this respiration phase lasts between 3 to S hours,
depending on the oxyren availlabihity 1n the silo
[12; 60].

Acetic ucid production stage

This phase starts when the silage runs out of
oxveen, leading to the growth of anagrobic bac-
teria. Bacteria that produce acetic acid utilize
the carbohydrates in the silage. transtorming
them into acetic acid, which initiates the acidifi-
cation process and lowers the pH {tom 6 10 3.
The reduction in pH results v a decline 1n the
population ol acclic acid-producing bactenia.
A swilt drop in pH restnets the functon of en-
zymges (hat break down proteins. This fermenta-
tion stage (ypically lasts belween one (0 two
days [12; 60 70]

Lactic ucid pradiuction stage

This phase starts when the quanlty ot ace-
tic acid-producing bactena trom the earlier pha-
s¢ declines. Lowcering the pil of the silage envi-
ronment enhances the growth of lactic acid-pro-
ducing bacteria, leading to the decomposition of
cathohydrates and the formation af lactic acid.
cthanol. mannitol, and carbon diexide [12; 60].

Peak stuge of factic acid production

This is the longest phase of termentation,
and 1s the third stage. Lactic acid production be-
uins in this stage, reaching its highest levels
here. This phase lasts tor about two weeks until
the pH decreases sutticiently (o nhibit the
agrowth of all bacteria. The fodder tass stabili-
zes 0 roughly 21 davs, and {ermentation ceases,
assuming no air enters. It fermentation is suc-
cesstul during this stage. the anucipated pH for
silage will range from 4.5 to 3 5, depending on
the moisture level of the forage [12: 60). When
the conditions 1n the silo are not deal, 10 creates
an environment conducive to the erowth and ac-
tivity of clostridia. which are harmful bactena.
These anaerobic bacteria generatle butync acid.
Both closwrichir and coliforms have the ability
to decompose amino acids, transforming them
into volatile fatty acids, amines, and ammonia
[35;, 74].

Silage fermentation eccurs naturally in ana-
crobic cnvironments thanks to the bacteria
tound 1n plants. but the efficiency of this fer-
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mentation can vary based on the specific (ypes
of lactic acid bactena present in the feed. Fac-
tors such as the speed of pH decline. the quanti-
ty of sugar thal remains unutlized by baclena,
the preservation of trug protein, and the levels of
lactic acid. acetic acid, and cthanal all influcnce
the guality of the silage [31, 50

Effective factors in silage preparation

The elfecove preservaton of todder and
other praducts relies on suppressing microbial
acovity, particularly that of bactena. Ideal con-
ditions tor storing silage involve eluminating air
irom the silo and ensuring anacrobic conditions
Under these circumstances, the population of
lactic acid hacteria increases as they utilize the
plant’s intemal sugars, producing  significant
amounts ot acid that lower the pH to around 4.
Preserving {odder can be challenging because it
can create favorable conditions for the growth
al harmtul bacteria like cfostricdie When har-
vested, the pH of the {orave ranges from 6 to 7.
but with proper termentation during ensiling,
the ptlcan drop ta 4 ar lower [33; 74].

The pH of silage drops as lacte acid and
other organic acids are generated by lactic acid
bactena. Accelerating the pH reduction 1s cnu-
cial for preserving the nutntional quality of the
silage. A decrease in pH also leads to a reduc-
uon 1n the populations of clostridic and coli-
form bacteria |35; 82] In addition to reducing
the pH and inhibitimg microbial activity, other
factors arc also effective in preserving silage,
such as the way of filling the silo, the size of the
chopped fodder, proper compression ot fodder,
and proper structure. Silage and proper silage
closure are noted [12; 60; 135].

Effective microorgamisms in the ensiling
process

The bacteria that are (ypically sought after
1n the ensiing process belong o the lactic acid-
producing aroup. which includes specics such as
Streprococens,  Lactobacifins, and  Pedicococ-
cus, among others (Fig 6) [20,103]

These bacteria generate lactic acid by ter-
menting water-soluble carbohydrates and can
utilize organic acids like citric and malic acid
found m plant cells as a substrate for mixed
fermentation. A high concentration of water-so-
luble carbohydrates enhances the actvity of lac-
uc acid-producing bactena. Conversely, a low
cancentration of these carbohvdrates promotes
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natural fermentation by introducing moderate
levels of acids [116].

The mmportance of the alfalfa plant in
animal nutrition

Alfalfa and various other percnnial legumi-
nous plants are sigmificant forage crops due
their capacity to generare a substantial quantity
of high-quality fodder. No other group of forage
products can offer a superior balance of energy.
protein. and minerals for high-yiclding livestock

33.122].

‘Itaditionally, leaumes have becn utilized as
natural grazing and dry feed. but in recent years,
the practice of ensiling these products has be-
come a popular method of preservation [18),
particularly 1n areas with high rainfall that re-
stoicts the production of dry fodder. Nonethe-
less, 11 15 imporlant 1o lake D account ¢ertain
adjustments to the livestock leeding strategy, as
the chemical and physical characteristics of fo-
rage c¢an alter during the ensiling process. By {ul-
ly wrasping this process, it is possible to convert
neatly all agricultural products inw silage with-
out negatively mmpacting livestock production
[25; 45] Alfalfa can typically be fermented into
stable silage. as long as its mitations are clear-
ly recognized. Key issues with using alfalfa as
silage fodder mclude msuilticienl water-soluble
carbohydrates. a high buffenng capacity, hollow
stems, and Jow dry matter content [S2].

Final products of fermentation

The ultimale fermentation products are in-
dicative of the predeminant microorganisms
present during the silage process and signifi-
cantly influence the overall quality of the silage.
Microorganisms invelved in silage fermentation
facilitate the conversion of waler-soluble carbo-
hydrates into organic acids. The end products of
this fermentalion process can arise from various
soluble sugars [103]. Lactate serves as 4 marker
for bacterial fermentation characterized by the
production of umtorm lactic acid dunng the
fermentation process. In contrast. the presence
ol a combination of acetate, propionate, and lac-
tate suguests the prevalence of heterngeneous
fermentation Elevated levels of butyrate and am-
monia m silage are indicative of fermentation by
Clostriditm spp Addinonally, ammonma mtro-
gen 18 generated Lhrough Lhe action of plant en-
zymes and enterobacteria, as well as through the
processes of nitrite and nitrale regencration [52).

[} JSSN [ T-2d

The effect of maturily on soluble carbo-
hydratc content

Generally, the concentration of sugars in al-
falfa dimimshes as the plant matures. Raguse
and Smith [L13] documented a 15.3 %4 reduction
in the total quantity of non-structural sugars.
Additionally, 1t has been observed that there 1s a
decline of 31.8 % in sucrose levels, 19.2% in
ulucose levels, and 14.8 % in lructose lovels
from the budding stage o the 50 % flowennyg
stage. a phenomenon that some rescarchers at-
tibute 0 a reducoon in the leaf-to-stem rauo.
Other scholars have supgcsted that this decling
can be ascribed to two primary factors: first, a
decrease 1n photosynthetic actvity of the leaves
as the plant ages. and second. an increase in
shading resulting from higher plant density,
which further diminishes photosynthesis. Fur-
thermore, the stage of maturity alse iniluences
the content of soluble carbohydrates post-har-
vest. particularly in relation (0 plant respiration
{Fig. 7). Gerommo and Beevers [46] indicated
that 10 % 10 60 %o of the reduction in respiratory
rate is mitigated by the maturation process.

Forage quality tymcally indicates the over-
all nutrient content that livestock can obtain
from forages. Several factors mfluence forage
quality, which can be divided into three catego-
ries. plant faclors, animal faclors, and environ-
mental factors. Gaming a clear understanding of
how these {actors interact with forage quality
can assist i selectung Lhe nght forages and sup-
plements 10 meet animal needs, ultimately lead-
ing Lo improved livestock performance and eco-
nomi¢ benefits [63]. Amer et al. [6] detenmined
that the nutritional value of forage sorghum si-
lage 15 better than that of forage millet silage
when both are harvested at the same point in
their physiological growth.

The effect of ensiling on soluble carbo-
hydrates

During the ensiling process. soluble carbo-
hydrates undergo conversion 1nto organic acids.
It 1s widcly recognized that lactic acid bacteria
lack the capability to hydrolyzc starch during
this phase of ensiing According to Smith
[115]. @ minimum concentration of ¢ % to 7 %%
water-soluble carbohvdrates, relative to dry
matter, 15 necessary to achieve a silage pH
ol 4. However, 1n pracucal applications, this op-
timal level of soluble carbohydrates may not be
readily available in the field. The concentration
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conditians’ first, when silages possess low dry
matter content, which dimnushes ammaoma pro-
duction due to clostridial fenmentation: and se-
cond, when silages exhibil excessively high dry
matter content. In the latter scenano, although
termentation activity 1s reduced, there is a pro-
nounced increase in the growth of veasls and
tungi, leading 1o clevated heat production. This
heat gencration subscquently contributes (0 an
increase i the formation of insoluble nitrogen
in acid deteraent (ADIN) and results in (he deg-
radation of’ certain anuno acids, including me-
thionine. cysteine. and tyrosing [127] McIo-
nald ¢t al. |83] conducted a study cxamining the
qualitative alteranons m lactobacillt durmg the
ensiling process of gramine and red clover to-
rage under varying hunudity condinons. Their
tindings indicated that after a 142-day ensiling
penod, 75 % of the total laclobacilli present in
silage with high humidity and 98 % of those 1n
silage with low humidity were classitied as he-
terogeneous 1ypes.

Wilting elevates the energy demands asso-
ciated with the maintenance and growth of nu-
crobial populations, while also prolonging the
digestion of plant cclls  Additionally. 1t dimini-
shes plant respiration and enzymatic activity.
Notably, although wilting does not decrease the
overall level of proleolysis, it has the polental
1o mutigate this process under opumal condi-
tions [4; 22]. Owens ¢t al. [105] found (hat ferti-
lization not only failed to decrease the levels of
non-protein nitragen but actually resulted in an
increase. The process of wilting the plant inhi-
bits the release of plant eftluent. which is signi-
ficant for two reasons: firse it avoids the pollu-
ting eftluent; second, the leachate released 1n
this manner affects both the environment and
the nutrioonal quality of s1lage |48].

The research conducted by Whiter and
Kunyg [[32] demonstrated that lactic acid-pro-
ducing bactera exlubit greater resistance o va-
riations in osmolarity compared (0 other micro-
bial species and are relalively unallected by
humidity levels. Their findings revealed that the
ratio of lactic acid to acetic acid in dry mauer at
30°% concentraon was between 2.6 % and
3 %. while at 54% dry matter concentration,
this ratio exceeded 8.5 %. This observation sug-
gests a notable imerease in the ratie of homoge-
neous lo heterogeneous fermenlaton processes.

Kung et al. [71] conducted a study on alfal-
ta fodder with varying dry matter content of
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30 %, 40 %, S0%. and 60 %. Their findings in-
dicated that the pH level mereased at 60 % dry
matter concentration. Additionally, they obser-
ved a reduction 1n lactic acd levels when dry
matter exceeded 40 %%, while the concentration
al remaining soluble sugars increasced. This phe-
nomenon was attributed to the stimulation of
migrobial growth duc 1o higher moisture levels,
which in wm led o an increased consumption
ol soluble carbohydrates. Furthermore, 10 estab-
lish stable conditions during the sila’s stable
phase, a ureater production of’ lactic acid was
necessary to inhibit bactenal activity The study
also revealed a general decline in crude protein
content with increasing dry matter. which was
linked to leaf loss during the harvesting and si-
lage processes. Moreover, the wilted treatments
exhibited a decrease in dissolved mitrogen, am-
monia mitrogen, and free anuno acids, which
was associated with reduced clostndial and en-
zyvmatic activity Gou ct al [49] studied the op-
timal harvest timing tor ensiling alfalfa by col-
lecting first and second cuts at the budding stage
(BS). inital flowering stage (1FS), and full
flowenng stage (FFS) dunng 2016 and 2017
After barvesting. the alfalfa was ensiled for
45 days. Their findings mdicated that, in terms
of nutntional quality, tfermentation properties,
and 1n vitro rumen digestibility, the 1deal har-
vest stages were BS for the first cut and 1FS for
the sccond cut. Additionally, they found that al-
falfa silage from the first cut was supenor 1o
that from the second cut at the same maturiy
stage.

Wilting has been shown 1o enhance the
concentration of residual soluble carbohydrates
in companson 1o non-wilted forage through
several mechanisms Firstly, the process of wil-
ung decreases water activity, which m turn -
hibits microbial growth [28]. Addinonally, du-
ring the wilting process, a sigtidicant number of
bactena are elimnated relative o unharvested
fodder. (hercby Timiting fermentation |71] Con-
sequently, the mtroduction of bactena 1o wilted
forage appears to be essennial  Furthermore,
wilting reduces the buffering capacity of the
forage, which diminishes the guantty of Jactic
acid required to establish stable conditions, ul-
umately preventing further fermentation by
maintaining these stable conditions [33].

In the study conducted by Whiter and Kung
[132]. alfalfa was evaluated at two distinet ley-
cls af dry matter content, specitically 30 %% and
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54 %, utilizing two varietics of soluble and
dned microbial additves. The findings indica-
ted a significant decline in the proliferation of
lactic acid bactena within the silage characte-
nzed by higher dry matter on the second day,
with a return to baseling levels observed by the
eighth day. Notably, no significant differences
were detected between the two experimental
groups alter the fourtcenth day. Furthcrmore,
the concentration of acetic acid 1n the dry matter
remained unatfected by the introduction of hac-
ternal addinves. This experiment revealed that
acetic acid-producing bactena exhibit activity
duning the initial phascs of cnsiling and their
growth 18 not mhibited 1n less moist todder,
where the pl decreases at a more gradual rate,
indicating that the additves do not imfluence
their levels. Additonally, 1t was observed that
the populaton of lactic acid bacteria, such as
Lactobacillus plantarum, diminushes when water
activity decreases from 0.987 0 0.949. Ridla ct
al. [ 1] conducted a meta-analysis to evaluate
the impact of wilted and unwilied silage on va-
rious parameters They demonstrated that wil-
ting pnor to ensiing greatly enbhanced silage
quality by boosting dry marter and water-solub-
le carbohydrates, while also decreasing dry mat-
ter losses. butyric acid, and ammonia levels.
Notably, wiltimg did not stegmificantly attect pH,
crude protein, or in vitro dry matter digestibility.

Silage epiphytic population

These microorganisms arc inherently found
on the fodder itself, with lactic acid bactenia, en-
terobacteria, Clostridium species, veasts, fungi,
and acrobic bacteria being particularly signifi-
cant 1n determunng the quahity of silage. The
diversity of aerobic bacteria is influenced by

various factors. including plant species. difte-
rent plant parts. chmatic conditons, seasonal
variations, the process of wilting, and mechani-
cal cruslung [49, 31]. This group of microorya-
nmsms requires aerobic respiration, utibzing mo-
lecular oxygen as an oxidizing agent (O gencrale
the enervy necessary for their metabohc pro-
cesses Acrobic bactenia are prevalent during the
arowth phasc of plants and continuc (0 cngayc
n fermentaton and respiration for several hours
post-harvest and cnsiling. They remain metabo-
lically active and are capable of utilizing over
100 different types of oreanic compounds,
which can |cad to a reduction in nutritional va-
lue by approximately 1 % to 2 % dunng the 1ni-
tial stages of the ensiling process (Table 1)
[134].

This 1ssue can be miugated by promptly es-
tablishing an anaerobic environment. Upon the
opening of the silo, microbial activity resumes.
lcading to acrobic degradation [33]. Rescarch
conducted by Wooltord [134] identiied bacilh
as the primary agents of acrobic decomposition
during the feeding phasc. Howeyer. mare recent
studies have indicated that certain species of
acctobacter also play a crucial role in initiating
this decompositon process. particularly under
low pH conditions where they metabolize fer-
mentation byproducts. This metabalic actvity
not only dinnnishes the nutritional quality of si-
lage but also poses a potential health risk to
livestock and mdividuals handlhing these maten-
als duc (o the production of endotoxins [134].

Enierobacters

This group cncompasses a diverse tamily
of bactena characterized as gram-negative, non-
spore-forming.  facultatively anaerobic, and

Table 1. the substrate beingr formented by epiphytic microorsaanisin (22 83

Organism Substrate Products

LAB (o) Glucose 2 lactate

[LAB {(He) 3 Fructose | lactate, 1 acetate. 2 mannitol. | O
Entcrabacteria 2 Glucose | lactate, | acctate. | cthanol, 2 CO:
LAB (He) Glucose lactate, | ethanol, | CO:

[.LAB {(Ho/He) 2 Citrate | lactate, 3 acetate. 3 CO;

LAB tHo/He) Malate | lactate, | CO:

Yeasts Glucose 2 ethanol, 2 CO»

Clostridia 2 l.actate I butyrate, 2 CO2, 211

LAB: lactic acid bacteria: HO. homotemmentative: HE: heterofermentatis c.
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typically motile, although some may exhibit
non-motlity. These bactena. which are rod-
shaped and metabolize soluble carbohvdrates.
are commaonly referred to as coliforms or acelic
acid-producing bactena. although the latter desi-
anation is oficn misapplicd |33, 83]. Research
findings regarding the populaton dynamics of’
these bactena during placentation have been in-
consistent, some studics reporl an (ncrease
their numbers, while others indicate a decrease.
These variations arc largely contingent upon the
mitial populaton size prior to the onset of pla-
centation.

The process of chopping forage cnhances
the probiferation of specitic microbial popula-
tions The abundance of these bacteria typically
equals or exceeds that of lactic acid bactena
[25] Under anaerobic conditions, these micro-
organisms exhibil a pronounced requirement for
termentable carbohydrates. As lacuce acid bacte-
ria prolifcrate and pll levels decling rapidly, en-
terobaclena experience a significant reduction
in numbers However, if the decrease in pli is
delayed or il formuc acid is introduced, these
bactena demonstrate resilience. Enterobactena
primarily generate acetic acid. lactic acid, car-
bon dioxade. hydrogen, and trace amounts of
ethanol and 2,3-butanediol

The population ol Enterobacteriaceae ex-
hibited an increase during the imitial days of the
ensiling process, ulumatcly rcaching a peak
concentration of 10¥ o (0" CFU per eram in
both grass and leguminous fodder Although
these bacteria possess limited protealytic activi-
ty. thev are capable of deaminating or decar-
boxylating ccrtain aming acids, and a majority
of species are known to regenerate mitrate. En-
terobacter species are particularly notable for
their capacity 1o generate substantial amounts of
ammona dunng ensiling, which plays a erucial
role in Lhe decamposition of nitrate under condi-
tions conducive 10 regeneration within the si-
lage. This biochemical process is cssential tor
determining the nal chemical quality of the si-
lage and scrves to inhibit the proliferation of
Clostridium by facilitating the praduction of ni-
trate and mitne oxide denved from mtnce oxide
[135; 137].

In the tmnal phase of the ensiling process,
there 15 a notable increase in the population of
enterobactena, which comaides wilh a peak n
nitrate concentration. This peniod 18 characte-
rized by the maximum decomposition of nitrate,
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which may serve as an effcctive anti-clostridial
agent of endogenous ongin, particularly under
conditions of elevated pH when (lasericdirn
spores bewin o proliferate. However, 1in regions
where todder 15 processed mto silage, the rela-
tionship between nitrate levels and the suppres-
sion of (fostridinm activity remains inadequate-
ly substantiated. The significant reduction in
Clostridium activity is more commonly attribu-
ted 10 decreased water activity and increased
osmolality within the silage. rather than the
presence of elevated nitrate concentratons.
Generally, the presence of enterobacteria is con-
sidered undesirable, as these microorganisms
compete with lactic acd bactena tor nutoent
uptake and can produce endotoxins, FFurther-
more, they may contribute to ammonia for-
mation through protein degradation and nitrate
reduction dunng the ensiling process, which can
enhance buftering capacity and nhibit pH de-
cline. Ultimately, the rapid decline of enterobac-
terial populalions serves as a more reliable indi-
cator of high-quality silage production than any
other metric [ 18], |[135].

[n the study conducted by Kizilsimsek et al
|66]. it was demonstrated that the concentration
of enterobacters in fodder was notably elevated,
corroborating the findings of Lin et al [145].
The bacterial counts remained consistent across
treatments during the imoal six hours of ensi-
ling. However, at the twelve-hour mark, a tre-
atment mcorporating addioves m the form of
fresh culture exhibited a reduction in bacterial
numbers, and by twenty-four hours, both lypes
of additives sigmficantly decreased the entero-
bacters compared to the cantral treatment Prior
research has mdicated that in moculated treat-
ments, the decline of these microorganisms oc-
curs at an accelerated pace. The authors refe-
renced Kung et al. [72] to explain these obsenva-
Lions, atuibuting the results 1o the sensitivity of’
enterobacters to low pH levels.

Clostridinum

These bacteria are characterized as gram-
pasitive, spare-lorming, typically motile, obli-
gate anaerobes, and exhibit a rod-shaped mor-
phology They are categorized based on their
substrate utilization to two  distinet groups:
1} saccharolvtic bactena, which pnimarily meta-
balize sugars wilh mimmal actvity on proteins,
and 2) proteolytc bacternia, which terment ami-
o acids. Certain specics possess the capability
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to utilize both fermentation substrates [25] In
unharvested fodder. the concentration of these
microorganmsms can reach approximately 100
per zram ol fresh matenal; however, lhis nun-
ber significantly mereases following harvesting
and processing. It is important o note that these
bactena are not epiphytic, thewr presence n si-
lage 15 attributed to contamination from soil and
fecal matter during the harvesting pracess or
from precipitation entering the silage environ-
ment. Due 0 their obligate anacrobic nature.
these bactena become aclive n Lhe subsequent
stages of ensiling, when oxvgen i1s absent and
anacrobic conditions prevail [33].

A pH level exceeding 5. which 1s conducive
to the activity of Clostridium, also provides an
optumal environment for the functioning of plant
proteolviic enzvmes. The action of these en-
zymes ftacilitates the release of amino acids,
which Clostndium subsequently utilizes in three
distinct processes  |) decamination. lcading to
the formation of organic acids and ammonia;
2) decarboxylation. resulting in the production of
amincs and carbon dioxide; and 3) ongeoing re-
actions that vield orgamc acids, carhon dioxide,
ammonia, and alcohols |83]. Clostridium fer-
mentation enhances proteolytic activity, leading
to the generation of water-soluble nitrogen,
which can be calegonzed o lwo components.
ammonia wtrogen and non-ammonia nitrogen.
The presence of ammania nivogen signilicantly
reduces the quaniily ol metabolizable protein,
potentially impacting milk production, milk
urea nitrogen levels, and nitrogen use cificiency
in dairy production [52]. A direct correlation
exists between the concentration of ¢lostridia
and the quality of silage. with significant clos-
midial activity potentially resulting in a reduc-
uon of up to $0 %% in the nutnuonal value of the
stlage. Several factors that may influence the
proliferation of these bacteria include: 1) em-
perature, 2) the proportion of dry matter. 3) the
level of seluble carbohydrates. 4) the buffering
capacily of the teed. and 5) the efficiency of silo
closure and compaction [70; 89]

In addition o losscs incurred during fer-
mentation, spores from Clostndium species may
contaminate milk and impede the coagulation
process m hard cheese production [83]. Certain
Clostridium species, such as { Fastricdingm buivri-
crm, are known to cause boluhism in silage Lhat
has been contaminated with soil, posing a nsk to
livestock. Given that these bacteria cxhibit sen-
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sitivity to acidic pll levels, their proliferation
can be mitigated through the application of or-
ganic and mineral acids However, organic acids
demonstrate greater ellicacy than mineral acids
in imhibiting the growth of these microorga-
nisms. Furthermore, the incorparation of micro-
bial addioves represents an addilional strateyy
to currail the proliferation of these bacteria.
These additives not only facilitate the produc-
ton of lactic acid and other volatile latty acids
but also inhibit microbial growth. Additionally,
they can produce antibiotic compounds, such as
nisin, which serves as a food preservative and
further suppresses the growth of these bactenal
species [134].

Clostridia thrive in humid environments;
however, when the dry matter content of a plant
reaches 30 % and the plant 1s wilted, the proli-
teraton of these bactera 1s imhibited. Clostridia
exhibit & higher sensitivity to water activity
compared to lactic acid bactena [132]. Further-
more, the cntical pH level conducive o Clos-
tridium growth is directly corrclated with water
activity levels. Water activity, alongside dry
matter or moisture content, serves as a more
precise indicator of the water available for mi-
crobal growth dunng the fermentation process.
It influences all four phases of microbial
growth. ) the duration of the incubaton penod,
2) the growth rate, 3) the stabilization or sta-
tionary phasc, and 4) the rate of bacterial mor-
tality [121; 132].

The buffering capacity significantly influ-
ences Lhe proliferation of these bacteria, as the
butfenng capacity of the plant increases. the
quantity of lactic acid required to lower the pH
to a entical threshold that inhibits the growth of
Clostridivnm also rises, A primary challenge as-
sociated with legumes 1s their elevated butlernny
capacity coupled with a low concentration of
water-soluble carbohydrates, which typically re-
sults 1n the dommance of Clostndium, unless
the plants are eround prior to ensiling or suita-
ble additives are employed. The relationship be-
tween temperature and Clostndium growth 1s
complex, as the heat gencrated within silos 1s pri-
manly due to the oxidation of sugars, leading to
a depletion of soluble carbohydrates and a sub-
sequent reduction i lactic acid production. Fur-
thenmore, it appears that elevated temperatures
may promote the growth of ¢ fostradin [[102].

It 18 widely accepted that Clostndia are
strictly  anacrabic arganisms. which suggests



they do not contribute to acrobic spoilage.
However, Jonsson [61] demonstrated that the
introduction of air can indirectly promote the
proliteraton of lostesdivnr thyrohuanricn. In
hiy study. silage produced under optimal condi-
tions within laboratory silos exhibited a signifi-
cant inerease 1n (fostricinm spores and butyvrie
acid when exposed to air and subjected 10 acro-
bic degradation. This phcnomenon was obscr-
ved both on the surface of the silage and 1n
decper regions charactierized by low pll levels,
It 1s hypothesized that ( fostridice thnive 1n loca-
lized microenvironments created by aerobic mi-
croorganisms. such as yeasts and certain Hoil-
fus species. which utilize Jactic acid and amino
acids This growth is likely facilitated by a re-
duction 1n lactic acid concentration, a decrease
in oxvgen levels, and an increase in pH. ulti-
mately rtesulting in conditions conducive to
¢ fostridisn prolhferation.

In a study conducred by Vissers cral. [123])
1o corraborate the findings of Jonsson [@1]. the
rescarchers examined the concentration of ¢ fos-
tricdin spores and its corrclation with acrobic
stabtlity. The imtial expenment revealed that the
quantity of spores ingested by livestock 15 influ-
enced by small portions of silage that contain a
high density of spores. Elevated concentrations
ol spores are typically [ound in regions where
maold 15 present. Specifically, the areas exhibi-
ting mold on the surlaces of urass silage and
com silage account for approxmately 21 % and
19 %%, respectively, of the regions with elevated
spore levels. In the subsequent experiment, it
was demonstrated that the concentration of bu-
tyric acid-producing bacterial spores 1s predo-
mimnantly found within the upper 50 em of sila-
ge, and an increase in spore numbers is associa-
ted with indicators ol aerobic instability. Further-
more, high concentrations of yeasts, as well as
areas exhibiting temperatures 5 deurees Celsius
above ambient or pH levels exceeding 4.4, are
generally corrclated with a significant presence
ol spores. The researchers posited that the ele-
vated levels of butyric acid-producing bacterial
spores in carn silage arc associated with rezions
where oxygen nfiltrabon oceurs, resulting in
acrobic decomposition This process contributes
10 the formation of anaerobic conditions and an
increase in pH at the silage surface, thereby fa-
alitating the probteration of butyric acid-
producing bacteria in these specific areas [125].
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Yeasts and molds

Yeasts are characterized as umcellular or-
ganisms, whereas molds consist of multicellular
fUamentous structures. The majonty of funyal
species are aerobic, requinng oxygen tor their
arowth, howcver, ycasts possess the capability
(o generate energy I anaerobic environments.
The proliferation of yeasts and melds is ¢n-
hanced by the incorporation of silage, and their
populations tend to nse [ollowing the growing
scason [41]. Yeasts are known 1o metabolize
sugars into alcohol [33). which is hinked to or-
ganoleptic quality 1ssues in milk This fermenta-
tion process can lead 1o alterations in rumen
fermentation dynamies, resulting i increased
concentrations of rumen acctate and caproic
acid, ultimately domnishing the palatability of
the feed. Furthenmore, veasts possess the capa-
bility o utilize organic acids |69] and can pro-
duce mycotoxims, rendenng them an undesirable
component in silage. They play a significant
role in aerobic degradation and can be classified
ino two categories’ 1) lactate fermenters and
2} sugar consutners.

According to Woolford [134], the presence
of lactare-degrading yeasts at concentrations of
107 CFU per gram of material increases the like-
lithood of silage spoilage. Subsequently. molds
appear (© contribute to the further degradation
process. The anaerobic and acidic conditions
characteristic of silos arc highly unfavorable for
yeast proliferation. Short-chain fatty acids, such
as propionate and acetate. exhibit inhibitory ¢f-
lects on veast wrowth, with unsawrated latry
acids demonstrating even greater etficacy This
cnhanced cffectiveness is likely attnbuted 1o the
more rapid penetration of these compounds into
yeast cells, where they subsequently lower the
wntracellular pH by releasing protons. leading to
the rapmd destruction of the veasts Under aero-
bic conditions, the energy required (0 extrude
protons 1s denved from the oxidation of vanous
substrates, whereas in anacrobic conditions. this
energy 15 obtamed through the fermentavon of
sugars. a process that is notably less efticient
Mast yeasts require onyuen for alcohol produc-
tnon. and n its absence. the growth of many
yeast specics is signiticantly impeded [25)

The yeasts 15 influenced by several key fac-
tors’ 1) the volume of air that enters the silo du-
ting the ensiling process, 2) the specific type of
stlage plant utilized, and 3) the application
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and manganese, which become accessible o the
bactena and exhibit etfects analogous to those
of ¢atalase

In the early phases of the ensiling process,
the growth of krtococes and fuctobeacitli, -
cluding FLewtohacithes plaptarnm. occurs along-
side aerobic microoreanmisms such as yeasts,
tungi, and acrobic bactena, facilitated by the
presence of air among the plant materials. As
fermentation advances, an anaerobic environ-
ment is established, leading o the predominance
of" lacuic acid-producing bacteria, particularly
factobeacitfus plemsurim, which exhibit a high
talerance o acidic conditions. It appears that the
varous species identitied on the plant are fre-
quently  heterogeneous lactic  acid-producing
species [92]. But some researchers have 1denti-
tied homogeneous temienters as predominant,

highlighting the interdependent inlluence of

plant species, growing season. and climatic con-
ditions on the microbial compasition of silage
forage plants. Recent lindings further elucidate
this phenomenon, indicating that when hexose
availability is restricted, specific species of Jac-
tic acid bactena can unlize lactic acid as an ene-
rey source 1o produce acetic acid under anae-
robic condinons. This metabolic process results
in an elevation of pH. which subsequently fos-
ters the prabiferation of microorzanisms, melu-
ding non-beneticial organisms such as Closto-
dium and Enterobacter |92]. Lactic acid bacteria
exhibit proteolytic capabilities; however, their
action on amino acids appears to be restricied.
Furthermore, it 1s believed that certain lactic
acid bacteria are capable of fermenting two spe-
cific amino acids, namely serine and arginine,
Additionally, some bactenal species, mcluding
fuctobacitius pluntarnm, possess the ability to
reduce nitrate to ammonia or nitrogen oxide
[125].

Propionic acid producing bacteria

These bacteria scrve as a natural source for
the praduction of propiomic acid. Their advanta-
ycous properties, including the synthesis of pro-
pianic acid, bacteriocins, and vitamin B12, as
well as their capacity to thnve and proliferate in
the rumen, have led 1o their application as ter-
mentation  enhancers m silos and i high-
moisture food products. Furthermore, these bac-
leria possess a diverse array of peptidases, ena-
bling them to degrade various amuino acids:
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however. significant variations exist ameng dif-
ferent strains [76].

Promonic acid 15 extensively utilized in the
preservanon of seeds. dry maltter, fodder, and
silage. Research conducted by Moon et al. [88]
demonstrated the synergistic cifects o acetic
acid, lacuc aad, and propionie aaid 1n comba-
ting acid-resistant veasts. In addition to propio-
nic acid, certain bacteria are known 1o produce
antimicrobial protems, referred to ay bacteno-
cins. These bacteria exhibit stability at tempera-
tures below 85 deurees Celsius and within a pH
range of 3 to 9. The presence of proponic acid
and other volatile fatty acids inhibits ccllular
growth, which may be attnbuted to their sup-
pressive cffects on the absorption of amino
acids and other essential compounds necessary
for cellular proliteration, as well as their role in
abstructing ATP production, which relies on the
electron transport chain.

Contrast between lactic acid and propi-
onic acid producing bacteria

Lactobacilli arc capable of synthesizing lac-
uc acd from sugars, while proponie acid-
praducing bactcria generare propionic acid from
both sugars and lactic acid. The extent to which
lactic acid producers stumulate propionic acid
producers 18 contingent upon the specific bacte-
nial strain 1nvolved. Research conducted by Pe-
rez-chaia ct al. [ 106] identificd an inhibitary ¢f-
fect of lactue acid-producing baclera on propi-
onic acid production. which was attributed (o a
rapid decline in pH levels. Furthermore, lactic
acid-producing bactena cenerate both D and
I. isomers. whergas propionic acid-producing
bactena exhibit a preterence for L-lactate over
I>-lactate, which serves as a stimulant tor their
activity. The mteraction between propionic acid-
producing and lactic acid-producing bactena
extends beyond the dynamics of lactate produc-
non and consumption. Lactobacilli i mixed
cultures derive advantages from the metabolic
acovities of propionic bactena, partculacly due
to the production of carbon dioxide Additional-
lv, the protcalytic activity of lactic acid bactcria
leads (o the release of amine acids. which en-
hances (the growth conditions for propionic acid-
producing bactena. However, 1t 1s important to
note that excessive proteolysis resulting i an
averabundance of amino acids can imhibit the
growth of propionic acid-producing  bactena.
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acid bactena 1n silage, ulumately enhancing
ammal perfonmance. The majonty of microbal
additives cucrently on the market consist of
selected strains of uniform lactic acid-producing
bacteria. including specics such as facrobercil-
fus plenwarim, Pediococeus, and Fnrerococcess
[25]

In general. inoculants are chasen for thoir
effectiveness tn quickly reducing the pH of si-
lage by fermenting water-soluble carbohydrates
o Jactie acids. which helps to imtubit proteo-
Iytic activity and preserve nutnents Currently,
2[forts are being made o develop functional ino-
culants that not only enhance silage quality but
also have bencticial cffects on animal health,

[
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producton, stress resibence, and improve silage
consumption and digesubility. Some research
has shown that silages trcated with inoculants
can lead 10 higher milk production 1n cows
compared to those without inoculants |79, 84],
although the exact mechanisms behind this are
still not fully understood. 1n this section, we will
discuss advancements related o several promi-
sing functional moculants for silage. These 1no-
culants cnhance silage satety while preserving
fermentation quality and lowenng pH. Addi-
unonally, they boost amimal pefonmance, 1n-
crease feed intake and digestibilily, and can
even 1mprove the quabty of animal products
{Fig. 11).
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Preparation before use

The use of dry and hquid additives can also
attect the type of fermentation. In Whiter and
Kung's [[32] expenment. Lactobacillus planta-
rum was used n two torms: dry granules and
soluble in water on two levels of dry matter. In
low dry matter, both addinves had equal per-
tormance. but with increasing drv matter. silage
containing soluble additve showed it clfect
better. In the study conducted by Merry et al.
[83]. the use of a fresh bacterial culwure com-
bined with [ast-fermenting foods in a hiquid en-
vironment enhanced the fermentation process
more ctfectvely than when a trecze-dried bacte-
nal additive was apphied tor silage inoculation.
This improvement is likely due 1o a reduction in
the lag phase and 4 quicker 1ncrease i bactenal
population.

In the swdy by Kizilsimsek et al. [66], two
forms of a bactenal additive one dned
through freezing in both high and low doscs,
and another as a iresh culture  were applied to
alfalta fodder Within the first 6 and 12 hours
afier ensiling., the number of lactic acid bactena
and the level of lactic acid rose 1n the treatment
with the tresh culture. After 12 hours, levels of
acetic acid and ethanol decreased. and by 24
hours post-ensiling, ammonia nitrogen levels al-
so dropped compared to other treatments. The
findings indicated that the fresh culture bactenal
additive resulted in a quicker pli reduction and
nore effective lermentaton than the dried addi-
tive, which was rehydrated in water. The silage
with the {resh culwre additive exhibited the
most favorable response and a more uniform
termentation process. In their 1998 experiment,
Winters et al. [133] demonstrated that itrodu-
cing tresh cultures of bactena led to greater dry
nmatter consumption and weight gain compared
to the control group. Additionally, the study
highlighted that the quantity of dry matter influ-
ences the effectiveness of the bactenal additive,
particularly in rclation to the pasteurization of
[eed.

The effect of bucterial additives on fer-
mentation characteristics of silage

Up until now, varnous bacterial additives
that generate wutorm lacuc acid have been
applied to alfalta silage, and their beneficial
inpacts on fermentation quality have been st-
died. In 4 study by Car et al. [26], two distinet
straing of Lectohiteffux platarnm weee utlized

24 JSSN [wa 7=

at a concentration of 107 for three alfalta plants
with 45 %4 dry matter. along wiath rve fodder at
the flowenng stage and sorghum todder at the
milkimyg stage. The use of the bactenal additve
notably enhanced the fermentation paramelers,
leading 1o increased production of lactic acid
and soluble carbohydrates. as well as higher
levels of butync acid, propionic acid, ammonia
nitrogen, and dry matter loss. Muck ¢t al. [89]
woculated alfalla forage with a blend of lactic
acid bacteria and tound that there was a gradual
enhancement n the rate ol silage acidification
and an increase in the ratio of lactate to acetate
They concluded that lactic acid bacteria should
be applied at levels of 10 % or higher than
the natural amounts ot epiphytic lactic acid bac-
tena.

Hristov and McAllister [54] inoculated en-
tire barley plants with a combination of fanero-
cocens facirn and  Loctobaciffus plamarim.
They found that the quantity of lactic acid bac-
teria and the total lactic acid produced rose,
while the final pll of the silage dropped in the
inoculated group. However, they concluded that
the bacterial additive was more etfective when
the dry matter content was low. Koc ¢t al [68]
nvestigated the effects of two tvpes of bactenial
additives and enzymes, finding that the inclu-
sion of bacterna enhanced fermentation parane-
ters. In treatments where both enzymes and bac-
tenal additives were used sitnultancously, there
was a notable decrease in pH. This reduction in
pll was accompanied by a decrease in soluble
sugar levels. Treatments with additives showed
an increase in lactic acid bacteria and lactic acid
production, while acctic acid levels were lower,
and butyne acid was not detected in any of the
treatments

In the expenment conducted by Kung et al.
[71]. the use of a bactenal additive in both nor-
mal and double doses in [eed with 42 % dry
matter resulted 1n a reduction of pH, with no
significant ditference observed between the two
doses. Intally, the soluble carbohydrates 10 wa-
ter were consistent across all treatments, but by
the end of the experiment, the control treatment
had a higher amount of these carbohvdrates,
while lactic acid levels exhibited a negative cor-
relation with soluble carbohydrates. The fin-
dings indicated that at elevated dry matter le-
vels, pH decreased and lactic acid imcreased.
Ultimately, 1t was concluded that adding bacte-
ria to alfal{a silage led 1o an increase in lactic
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acid, with this effect being more pronounced at
higher dry matter levels.

In a separate study by Filya et al. [43]. re-
searchers examined the impacl of the bactenal
additve Propionibacterinm, both with and with-
oul fectobacellus plantarm. on cormn plants.
The (reatments that included factobacitlny
planterinm resulted in higher levels of lactic
acid, while Propronibacterivm did not lead
an 1ncrease m propionic acid. Throughout the
entire experiment, the levels of soluble carbo-
hydrates. propionic acid, acetic acid, butyric
acid, and ethanol remained unchanged due to
the bacterial addidve In the experiment con-
ducted by Rizk [113], altalfa with a high dry
matter content was examined with the inclusion
of wutorm lacte acid bactena {Lactobucitins
plavnarmm). The pH levels in the treatments
wilh bactenal additives dropped quickly. falling
below 4.5 within two days, whereas the control
weatment only reached this pll after 45 days By
the end of the swdy, the pH and soluble carbo-
hydrates in the treatiment with the bacterial addi-
uve were lower than those 1n the contral treat-
ment, but the production of lactic acid was
higher in the bacterial additive treatment.

In the study conducted by McAlhster et al.
[80]. two vaneties of bacterial additives were
utlized, one containing Lactobacillus plantarum
and the other containing both faciobacitins
plenrtarim and Farerococens fiecium. The qua-
ity of all silages was found to be good. The
presence of lactic acid bacteria showed a ten-
dency to rise, leading (0 an increase in lactic
acid concentration, while pH levels, butvric acid.
and watcr-soluble carbobydrates decreased in
the treatments with bactenal additives. The le-
vels of ammaonia nitrogen remained unchanged,
but the amount ol acetic acid imcreased by over
S0 % 1n the treatment that included amphoteric
acid. In a sludy by Nadeau et al. |96]. alfalta
and orchard grass were ensiled with dry matter
conents of 22 % and 32 %, respectively The
researchers utihized bactenal additnves such as
fectobaciius pluntarum and Pediococens cere-
viseere. The addition ol a bacterial additive con-
taming cellulase to alfalta resulted m a slight
but signiticant reduction in pti, a change not ob-
served m orchard grass. The presence of bacte-
na led to an increase in lactic acid levels in both
types of fodder. The lactate Lo acetate ralio rose
by 15 % in alfalta and by 8 % in orchard grass.
Whilc the level of acetic acid in orchard grass
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remained unchanged by the additives, it de-
creased by 10 % in alfalfa compared to the con-
trol group Addinonally, succinic acid levels
were higher in wilted todder than i non-wilted
forage for both plant species, Likely due to m-
creascd protcolysis in the silage, which 1s partly
tacihtated by enterobacters that convert glucose
into succinate. The swudy highlighted that va-
rying bacterial additive contents led o different
responses, ulimately influencing the quabity of
the silage in distinct ways.

In the study conducted by Ely |39], re-
searchers examined the impact of adding lacto-
bacilli to fodder plants such as alfalfa, corn,
sorghum, and wheat. The treatment mvolved
using 5 erams of dry Lactobaciflus acidophitig
per kilogram of fresh fodder, and the fermenta-
tion process was analvzed. The fermentation re-
sults showed no significant differences belween
the moculated and control groups. indicating,
that the addition of bacterial additives did not
provide any benelils. The lack ol success with
the bacterial additive in this study may be at-
tributed to several factors. 1) a readily available
energy source for microbes 1s essential for con-
teolled fermentation, and 2) the added microbes
must be able to compete with the existing epi-
phytic population for successful silage fermen-
tauon. For hugh-quality silage from corn and al-
talfa fodder, both conditions must be met; oth-
crwise, the bacterial additive will not enhance
termentaton quality. In the case of wheat lod-
der. it appcars that both conditions were lacking,
and even high doses of the bacterial addilive
tailed 1o lower the pH or prevent the develop-
ment of sccondary harmtul fermendation pro-
ducts. Addivonally, Burghardi et al. {1980)
demonstrated that bacterial additives can be ad-
vantageous when the soluble carbohydrate con-
tent in the plant 1s low

In the experiment of Adesogan et al. [1], the
effect of a bacteral additve contaiming Fecfic-
coceits pentozens in the amount of 107 and /.-
robacitfas buccaners i the amount of 107 was
used on bermuda grass fodder pll was lower
throughout the fermentation period in the treat-
ment containimg bactenal addinve, and the re-
covery of dry marter from day 4 and soluble
carbohydrates rom day 30 to the end of the pe-
riod was higher in the treatment containing bac-
tenal addinve. NDF was not aftected. but ADF
was reduced n the additive treatment. The
amount ol acetic acid, propianic acid, lactic
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acid, cthanol, Tactate to acctate ratio, lactic acid
producing bactena, yeasts and molds were not
affected by the addinve after 60 days of ensi-
ling. The amount of bulyric acid and total acids
produced i the bactenal additve treatment de-
creascd and finally it was reported Lhat aceess (0
fermentable carbohydrates 15 more effective on
the rate of primary fermentation in tropical
plants with Jow soluble carbohydratc content
than desirable bactenal additives. But in gene-
ral, the cffectiveness of the bacterial additive in
the final stages of fermenlaton conlirms the
usctulness of the bacterial additive to overcome
homogencous or non-homogencous cpiphytic
lactic acid producing bactena.

Recent developments in creating dual-pur-
pose additives for both homogeneous and hete-
rogeneous lactic acid-producing bacteria have
been significant and yielded beneiicial outco-
mes m this area. Adesogan and Salawu (2004)
found in thair study that these dual-purposc bac-
terial addinves enhanced silage fermentation but
did not influence aercbic stability, Conversely,
Filya ct al. [43] demonstrated that these ad-
dinves 1mproved both aerobic stabibity and
fermentation, ditfering from the findings of
Doehws et al. [37]. This vaoaton in results 1s
likely due to differences in the type of feed and
harmiul orgamsms mvolved. Previous studies
have indicated that aerobic stability 1s mamly
linked o bacteria. McAllister ¢t al. [80] pro-
posed that fectobacilies huccenieri imhibits the
growth of acrobic yeasts in the initial phasc, but
it seems unlikely 1o impact bacteria that damage
silage. In the experiment conducted by Kent et
al. [64]. rescarchers examined the impact of a
bactenal additive that included ferctobaciiins
plemsarim and Pediococens lactic acid on alfal-
fa silage. The lindings indicated that the pH le-
vel dropped 1n the silage with the bactenal addi-
tive, while factors such as crude protein, ADF.
ADIN, and yeast count remained unchanged.
The swift gencration of lactic acid in this study
likely contribuled to the cbserved reduction 1n
pH in the treated silage.

In a mcta-analysis conducted by Klcin-
schmit and Kung [67]. it was found that an addi-
tive containing factobecitfus buccemeri at con-
centrations exceeding 10° CFU resulted in an
ingrease in pH, a decrease in lactic acid levels,
and a greater loss of nulnents from the suctace
compared (o the control group. Across all treat-
meats, the levels of acctic acid were lowcer than
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what 15 typically observed in corn silage |low-
ever, starting from day 36. the levels of this or-
ganic acid were higher n the inoculated treat-
ments. Addihionally. the ratio of lactale to ace-
tate 1n this studv was greater than 3 1n all sila-
ucs, indicating a consistent fermentation of lac-
uc¢ acid. In lhe expenment conducted by She-
perd and Combs [ 114], two types of additives
conlaining Lactobaciltns pleniarum and Pedio-
coceus cerevisive, along with enzymes such as
ccllulase. amylase, and pectinase. were applicd
lo first harvest alfalia fodder. Throughoul the
fermentation and ensiling process. the pll levels
were lower in the treatments that included both
types of bactenal and enzyme addioves. The
levels of lactic acid and glucose remained con-
sistent across all treatments durimg the fermenta-
uon period, but by the end of the 177 days, the
control treattment had Lhe lowest levels of bolh.
The production of acetate in the treatment with
the bacterial additive began 1o dechine from the
Sth day of ensiling and continued 1o decrease
until the end of the study. The expeniment also
demonstrated that the bactenal addilive could
lower the pH even when the dry matter content
limited fermentation. Bascd on his findings,
Jones proposed that meorporating bacteria into
alfalfa forage with high dry matter {over 35 %5)
18 more benelicial than adding fermentable sub-
strates [33].

In the cxpenment conductcd by Bolsen
[19]. a bacterial additive that included factoba-
citfns plemtarim, Faterococens faecim. dext-
rose, and a combination of the two was lested.
The bacterial addinve alone did not affect the
pl 1, but the combination of the two significantly
lowered both pH and acetic acid levels. while
lactic acid levels increased According to Spoel-
stra [1 18], alfalfa silage with bactenal additives
and termentable substrates exhibited hisher lac-
lic acid and Jower acetic acid levels. The pre-
sence of the bacterial additive and dextrose led
to a decrease in cthanol levels. The microbio-
logical analysis of lhe silage revealed that the
populations of lactobacilti, pediococcus, fenco-
nosteo. enferohgcter, yeast, mold, lactate-consu-
ming yeast, and clostndium remained unchan-
ged across treatments. The fermentation process
analysis indicated that the bactenal additive in
the fodder from the second and fourth harvests
resulted in the lowest pH on Lhe first day, but
thereafter. a combination of lactic acid and dex-
trosc-producing bacteria maintained the lowest
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pil. The lactc acid levels were highest on the
first day for both the bactenal additive alone
and the combination with dextrose, but from the
third day onward, only the treatment wilth both
bactenial additives and dextrose continued (0
show this trend. Throughout the ensiling period,
the treatment with bacterial additives and dex-
trosc had the lowest acetic acid Ievels from the
third day onward. In corn silage, no significant
difterences were found between the control and
inoculated treatments regarding any fermenta-
uon indices.

Bolsen [19] found that alfalfa is an incon-
sistent forage and challenging o ensile. The ad-
diton of 2 % dextrose, a bacterial additive, or a
combination of both did not lead to successful
microbial activity for improved lermentation
dunng the enstling process. However, these ad-
ditons significandy enhanced fermentation elli-
ciency, and the researchers ulumately achieved
(the best fermentation results with a combination
of the two additives. Bolsen and his team con-
cluded that the lactic acid-producing cpiphytic
population on the entire corn plant is substantial
and predominantly uniform. As a result, the bac-
teria from the bactenal additive were unable to
dominate dunng ensitling and did not demon-
strate their intended effects Additnonally, the
natural properties of the com planl are condu-
cive to producing high-quality silage without
the need for any additives. In the study conduct-
ed by Aksu et al. [3], the impact of bactenal ad-
ditives. molasses, and formic acid was cxami-
ned. The experimenl utilized unifortn lactic
acid bacteria, and 1t was found that the level of
lactic acid rosc, while the levels of butyric acid
and acetic acid remained unchanged. ln a study
conducted by Filva et al. [43], the effects of
Lactobacitfux bucconeri. Lactobacitfus planta-
sren. and a combination of both at a concentra-
aon of 10° CFL were examined on corn and
sorghum fodder with low dry matter content.
The results showed that afier two days of ensi-
ling. the levels ol acetic acid were higher i s1-
lages treated with Jewtobaciltus buceaneri and
the combination of both additives compared to
other treatments. This trend continued on davs
4, 8. and 15 post-cnsiling. During the fermenta-
tuon process, there was a4 decrease in pH and wa-
ter-soluble carbohvdrates. while the concentra-
uons of Jacuc acid, acetic acid, ethanol, and
ammona mtrogen increased. After 90 days of
ensiling, silages treated with Lactobacithes bic-
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caners exhibited a higher pl[ than those inocu-
lated with foctobaciils plamarum, the combi-
nation of both, and the control group. Addition-
ally, silages trealed with Lectohacitins plarie-
reem and the combmation of both Lactobacillus
strains had higher lactic acid levels compared to
the control silages treated solely with factohe-
ciftux buchneri. The ammoma nitrogen levels in
silages treated with factohacitins plaortaram
and the combmaton were lower than those 1n
silages treated with  Lectobaciffus huclner:
alone. Furthermore, the Joss of dry matter 1o si-
lages treated with Jeactobacitius buchineri was
arcater comparced to the control and thosc trea-
ted with both Lactobacillus strains. Lastly. the
control and silages treated with [eacrobaciffis
pladarwm retained more residual water-soluble
carbohydrates than those treated with {acfoba-
ciftes hcfreri and the combinaton of both
strains.

In the experiment conducted by Raniit and
Kung [ 10]. researchers examined Lhe impacl of
an additive with Zactobacittus buchneri at two
different levels. along with two strains of £.ac-
(obacitius plamerrmn and a treatment that in-
cluded a propionic acid buffer. The findings in-
dicated that there were no sigmficant differences
in pH across the various treatments In the
treatment with a high dose of fectohaciling
buchineri, the lactate levels decreased while ace-
1ate levels increased significantly. Additonally,
propionate levels rose n the treatment with the
propionate buffer. Butyrate levels could not be
detected in any of the treatments. The ratio of
lactate to acetate decreased n the high-dose
factobeacitius buchneri (reatment and ong of the
factobacitfus plainarm treatments, while 10 1n-
creased significantly in the other f.actobucifhic
pleartarunt treatment. Furthermore, the number
of yveasts diminished 1n the ligh-dose factobe-
eithes huchneri treatment. None of the facto-
baciting planarum strains achieved a wuform
fermentation in this swdy, sugaesting that these
bactena lacked Lhe strength to outcompete the
existing epiphytic microbial population

In a study by Filya ¢t al. [44], researchers
examimed the impact of 14 ditferent bactenal
additives on alfalfa fodder during its first and
second cuts. All additives were applied at a con-
centration of 10" CFU per gram of I)M. In the
first cut, all addilives containing loHerococons

Jaeciunm lowered the pH compared to the cont-

rol aroup, although (wo of the heterogeneous
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additives resulted in a smaller pl 1 reduction than
anticipated. The levels of lactate imcreased by
2.5% to 106 % in treatments with bactenial ad-
dinves, while seven additives raised the acetic
acid levels by 15 %% 0 255 %. Consequently, the
lactate-lo-acctate ratio was lower than in the
control group for only three additives. Additio-
nally, two additives with factohacifing buchne-
rioand faerococcus faectm produced higher
ethanol levels than the control. In the second
cut, only five additives signiticandy lowgered
the pH. with Lactobaciflus buctmieri showing
the highest ptl. Most additives. except for two,
increased lactic acid levels. Silaced alfalfa with
Lactobecitius fuctmeri and Lectobaciling pen-
tazcus had the highest acerate and ethancl con-
centratons, and these were the only (reatments
with a low lactate-to-acetale ratio. After fermen-
tation, the control treatment 1n the {irst cut re-
tained more soluble carbohydrates., while the
lowest amounts were found in treatments with
farterococcns faecinnt, Lactohacilfio pentozens,
and 1wo strains of facrohacidhes bachineri In the
second cut, the control treatment had intermedi-
ate levels, with the lowest values i treatments
comaining /actohacifius buchneri and the hig-
hestn those with Faferococens faceiam. Overall,
the concentrations of NDF, ADF, and acid-inso-
luble lignin were yreater in both cuts compared
10 non-eusiled torage. attributed 1o dry matter
loss {rom fermentation and respiration, which
led to sugar loss and an imcreased NDF rano.
Cltimately. bacterial additives positively influ-
enced silage charactensucs by lowering pH and
enhancing lactic acid production.

According 1o Ridwan ¢t al. | 112], incorpo-
rating lactic acid bacteria (LAB) significantly
improves the silage microbiome and quality by
changing the diversity of bactena and the meta-
bolic byproducts of the silage matenials, ensu-
1ing safe preservanan.

In the study conducted by Weinberg et al.
[130]. rescarchers examined (he impact of
10 different bactenal additves on com and
wheat silage For ensiled wheat, the pH levels
remained consistent across all treatments, while
the dry matter content was lower 1n six of the
additives compared (0 the control. but higher in
two additives that mcluded Leactodacifing buch-
#eri. The NDF content was elevated in four bac-
terial addinves and decreased im two that con-
tained factohacilins fuchneri. Lactic acid levels
were higher in treatments with Leictohiciffus
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plasarium  and  Faerococens fuecinn. while
lower levels were found 1n treatments with fee-
tobaciffns plamarmn. with ne significant ditte-
rences 1n other treatments compared to the con-
trool. Ethanol levels increased 1n six of the bacte-
rial additives, with the highest concentration
linked to Fediococcns pentazens and the Jowest
in two trecatments with factobaciline buchneri.
Acetic acid Jevels were highest in live addinves
containing fonerococens faccinm and Lactoba-
citfns plensenrnm, and lowest in one (rcatment
with Lectobaclins pentazens. Lactic acid-pro-
ducing bacteria were more prevalent than in
the control in cight weatments. In silage carn,
five treatments had a higher pH than the control,
and nene of the additives were able to lower the
pH compared to the control. All treatments had
lower drv matter than the control, with the lo-
west amount  associated with  Lactobacitins
fnchneri. NDF levels were higher in eight adds-
tives, with the highest observed in the Lactob-
efftus buckhmeri reatment. Lacthic acid levels
were higher in three treatments and lower in
three compared 10 the control, with the highest
from Lactobaciftus pentozens and the lowest
from [factobaciflus plasnarnm. lithanal levels
were greater in all treatments compared 10 the
control, with the highest trom Firerococens

Jueckm. Acetic acid was elevated in eight adds-

uves, with the lowest in the Lacrobacillus pen-
farzen treatment. Lactic acid-producing bacteria
were more abundant than i the control m all
treatments except for Lactobaciling buchneri,
Guo et al. |30] found that in different (vpes of
silages, lactic acid bacteria (1.AB) inoculants
intluence the composition of micrabial commu-
mtes m vanous ways, depending on the exis-
ting microbiota on tresh forage FEssentially,
LAB moculants streamline the relationships
between bactenal species to Improve fermenta-
tion quality.

Na et al. [94] swudied the effects of six
comman commercial T.AR additives (f.actoba-
citins planveernm, L. buchneri, and farerococons

Jaccalis, £ plantarnm and L. casei, 1 phoa-

riom and 1. buchneri, £ plinrtcornm. 1. buchieri,
L. casei. and Pediococens ucidifacticr, 1., plan-
faruar, and f. buchuer:, P acidifacticn) on the
bactenal community and fermentation quality of
altalfa silage. They showed that using commer-
cial LAB additives dunng the ensiling of” allalta
enhanced fermentation quality, aided 1n preser-
vation, and changed the bacterial composition
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of the final silage. 1n the Control silage, f.acso-
bacitins. faterococens, and Pediococens were
the predominant bactena. According to Kim et
al. [65]. LAB moculants enhance the quality of
silage and mitigate DM losses during prolonged
storagc. LAB represents anc of the most effce-
uve organic additives {or the regulaton of unde-
sirable Dbacterial proliferation in silage. These
inoculanls facilitate the conversion of watcr-
soluble carbohydrates and complex secondary
metabalites present in forage craps inte organic
and mineral acids, thereby eftectively immhibiling
pathogenic growth and improving the nutritional
quality of silagc for livestock

Ling et al. [77] indicated that the incorpora-
non of LB cnhanced the relative abundance of
Lactobacillus and contributed to the improved
guahty of altalfa silage. The research conducted
by Jiany et al. [59] demonstrated that the incor-
poration of a compound comprising LAB and
sugar sources significantly cnhanced the fer-
mentation quality, nutrient profile, and microbi-
al diversity of high-maisture alfalfa silage

Conclusion

The goal of ensiling is to preserve tresh fo-
rage crops or other types of biomass for later
use ‘[he guality of silage can be enhanced by
incorporating  differenl  baclenal 1noculanls,
which help dunng fenmentation, storage, and
feeding by improving fermentation  processcs,
encouraging beneficial nucrobial diversity, and
mhibiting harmful microorganisms. Altfalta is
the most impartant forage, and micrebial addi-
tives can enhance its silage preparation.
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