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RESUMO

Inoculantes para silagem sdo produtos cujo principio ativo sdo bactérias (em geral acido-
laticas — LABs), adicionados na silagem a fim de modular o processo fermentativo. A
primeira geracdo de inoculantes era composta por LABs homofermentativas ("LAB),
utilizadas para intensificar a fermentacgdo latica e reduzir as perdas de matéria seca e formacéo
de amdnia. Mais recentemente, o uso de LABs heterofermentativas (segunda geracio; "LAB)
passou a ser estudado. Essas bactérias aumentam a fermentacédo acética e, com isso, melhoram
a estabilidade aerdbia. A partir disso, surgiu o conceito de unir esses efeitos, utilizando uma
combinacdo dessas duas classes de bactérias (™*LAB). A interacdo das bactérias com
ambiente do silo é complexa e, por isso os resultados da inoculagdo sdo variaveis. A vista
disso, este trabalho objetivou avaliar o efeito da inoculacdo de silagens de milho com LABs
homofermentativas, heterofermentativas ou a combinacdo de ambas sobre o perfil
fermentativo, qualidade e estabilidade aerdbia das silagens de milho e o desempenho de
pequenos e grandes ruminantes, através de um estudo meta-analitico. Foi utilizado um banco
de dados com 141 artigos para avaliar as respostas na silagem e 37 artigos para a resposta
sobre o desempenho animal. A inoculacio com "LAB aumentou a concentracdo de &cido
latico (59,7%; P < 0.01) e reduziu o pH final (0,06; P < 0.01), porém aumentou as perdas de
matéria seca (8%; P < 0,01). Por outro lado, apesar de "LAB também ter aumentado as
perdas de matéria seca (50%; P < 0,01) teve efeito positivo sobre o controle na contagem de
leveduras e a estabilidade aerdbia (71 h; P < 0,01). Entretanto, esses efeito ndo se extendem
além de sete dias apo6s a exposicdo aerdbia. Com ™*LAB houve um aumento na concentragio
de acido acético (27,7%; P < 0,01), que se traduziu na reducdo dacontagem de leveduras na
abertura do silo (27,9%; P < 0,01), porém, ocasionou apenas uma leve melhora na
estabilidade aerdbia (+15 h; P < 0,01). A inoculacdo melhora a digestibilidade do FDN,
independente do tipo de inoculante, porém, apenas "LAB aumenta a digestibilidade da
matéria seca e a ingestdo de matéria seca (bovinos de leite e ovinos. O tipo de silo e
temperatura ambiente interferiram na resposta dos inoculantes sobre o perfil fermentativos e,

por isso, sua interacdo com os inoculantes deve ser avaliada em trabalhos futuros.

Palavras Chave: Silagem de milho, bactérias acido-laticas, perdas de matéria seca, exposicao
ao ar, desempenho animal



ABSTRACT

Silage inoculants are products whose active ingredient is bacteria (in general lactic-acid -
LABs), added in the silage to modulate the fermentative process. The first generation of
inoculants was composed of homofermentative LABs ("LAB), used to improve lactic
fermentation and reduce dry matter losses and ammonia formation. More recently, the use of
heterofermentative LABs (second generation; "LAB) has been studied. These bacteria
improve acetic fermentation and improve aerobic stability. From this, there was raised the
concept of combining these effects, using a combination of these classes of bacteria ("*LAB).
The interaction of the bacteria and the environment of the silo is complex and therefore, the
results of the inoculation are variable. Hense, this work aims to evaluate the effect of the
inoculation of corn silage with homofermentative, heterofermentative LABs or the
combination of both on the fermentation profile, quality and aerobic stability of corn silages
and the performance of small and large ruminants, through a meta-analytic study. A database
containing 141 articles to evaluate the silage responses and 37 articles for the response on
animal performance. The inoculation with "LAB increased the lactic acid concentration (+
59.7%; P <0.01) and reduced the final pH (-0.06; P < 0.01), but increased dry matter losses (+
8%; P < 0.01). On other hand, although "LAB also increased dry matter losses (+ 50%; P <
0,01), had a positive effect on the control of yeast counts and aerobic stability (+71 h).
However, these effects do not extend beyond seven days after aerobic exposure. With
mix|_AB, there was an increase in the concentration of acetic acid (27.7%; P < 0.01), which
resulted in reduction of yeast contents at the silo opening (27.9%; P < 0.01), however, it
caused only a slight improvement in the aerobic stability (15 h; P < 0.01). The inoculation
improves the digestibility of the NDF, regardless of the type of inoculant, however, only
"°l_AB increases dry matter digestibility and dry matter intake (dairy cows and sheep). Silo
type and ambient temperature interfered in the response of the inoculants in fermentative

profile. Therefore, their interaction with inoculants should be evaluated in future studies.

Keywords: Corn silage, lactic acid bacteria, dry matter losses, air exposure, animal

performance.
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CAPITULO |

1.1 REVISAO DE LITERATURA

1.1.1Microbiologia e fermentacgéo da silagem

O processo de ensilagem é usualmente dividido em quatro fases (DRIEHUIS; OUDE
ELFERINK, 2000). Estas fases variam principalmente quanto a disponibilidade de oxigénio,
pH e populacdo microbiana. A primeira fase, ou fase aerdbia no silo, acontece assim que a
forragem € cortada e depositada no silo. Nesta fase dominam dois processos: a respiracao e a
protedlise (BOLSEN; ASHBELL; WEIBERG, 1996). A primeira consiste na quebra dos
acucares em CO> e agua, com consumo de oxigénio e producdo de calor (NELSON; COX,
2002) Este processo € realizado por microrganismos estritamente aerobios e aerdbios
facultativos (DRIEHUIS; OUDE ELFERINK, 2000). Ao mesmo tempo, proteinas sofrem
degradacdo, principalmente em amodnia (BOLSEN; ASHBELL; WEIBERG, 1996). A
extensdo desta fase interfere na qualidade da silagem, uma vez que sdo consumidos aclcares
importantes para o metabolismo das bactérias &cido-laticas (LAB) na fase seguinte
(BOLSEN; ASHBELL; WEIBERG, 1996). Assim, quanto mais breve for esta fase, menos
carboidratos soltveis em agua (WSC) sdo consumidos e menor ¢ a protedlise (HENDERSON,
1993). Entre a fase aerdbia e a de fermentacéo, existe uma fase de colonizagdo, ou lag phase
(NUSSIO; JOBIM, 2013). Neste periodo, com a queda nivel de Oz, ha o inicio da
multiplicacdo das bactérias laticas (VAN SOEST, 1994).

A segunda fase é a fase de acidificacdo, ou de fermentacdo. Nesta fase, varios
microrganismos com crescimento anaerébio, como LABS, enterobactérias, clostrideos, e
leveduras competem por substratos para crescimento (BOLSEN; ASHBELL; WEIBERG,
1996; DRIEHUIS; OUDE ELFERINK, 2000). Quando a silagem ¢é bem preservada, as LABS
dominam prontamente a fermentacgdo e o pH cai rapidamente (DRIEHUIS; OUDE
ELFERINK, 2000). Estas bactérias podem ser classificadas em trés grupos de acordo com sua
rota fermentativa: homofermentativas, heterofermentativas obrigatorias e heterofermentativas
facultativas (SALMINEN, 2010). As primeiras (Lactobacillus acidophilus, L. salivarius)
utilizam a via de Embden—Meyerhof-Parnas (glicolitica), que tem como produto final da
fermentagdo apenas o &cido latico e metabolizam hexoses. As heterofermentativas
obrigatorias (L. buchneri, L. brevis), utilizam a via do 6-fosfogluconato/fosfoquetolase, que

tem como produto final 1 mol de &cido latico, 1 mol de CO2 e 1 metanol ou &acido acético.
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Pentoses s6 podem ser metabolizadas pelas vias heterofermentativas (SALMINEN, 2010). Ja
as heterofermentativos facultativos (L. casei, L. curvatus, L. plantarum), podem utilizar as
vias homofermentativas e heterofermentativas e além de hexoses, em condicdes especificas,
podem fermentar pentose (HOLZER et al., 2003).

Durante o processo de fermenta¢do hd uma mudanca no perfil das LAB na silagem. As
LAB do género Streptococcus e Leuconostoc iniciam a fermentacao, porém, sdo substituidas
por espécies mais acido tolerantes, do género Lactobacilli (HOLZER, et al. 2003). Nos
primeiros 60 dias ap6s a ensilagem, os lactobacilli homofermentativos dominam, a partir de
entdo, as heterofermentativas passam a ganhar importancia, em fungdo da maior resisténcia ao
pH baixo destas bactérias (DELLAGLIO; TORRIANI, 1986; DRIEHUIS; OUDE
ELFERINK; SPOELSTRA, 1999) e da reducdo do substrato para as homofermentativas
(ZHOU; DROUIN; LAFRENIERE, 2016). Em silagens de milho estocadas adequadamente,
em 7 a 14 dias, o pH atinge valores abaixo de 4, o que inibe o crescimento das bactérias
acido-laticas e cessa a fase de fermentacdo (BOLSEN; ASHBELL; WEIBERG, 1996;
DRIEHUIS, OUDE ELFERINK, 2000).

Na terceira fase, descrita como fase estavel da fermentagdo, o pH baixo condiciona
minima atividade biol6gica (BOLSEN; ASHBELL; WEIBERG, 1996), de forma que poucas
transformacGes ocorrerem neste periodo. Ha uma reducdo no nimero de microrganismos,
sendo que os tolerantes ao pH baixo sobrevivem, mesmo inativos. Alguns poucos se mantém
ativos, mas de forma minima (DRIEHUIS; OUDE ELFERINK, 2000). Nesta fase, o principal
fator que interfere na manutencdo da qualidade da silagem sdo as possiveis entradas de ar
(BOLSEN; ASHBELL; WEIBERG, 1996).

Entretanto, em situac6es especificas, outros grupos de bactérias podem se multiplicar na
silagem durante a fase de fermentacéo e fase estavel, como clostrideos e enterobactérias. Estes
grupos de bactérias ndo se multiplicam em um meio com pH abaixo 4,5 (PAHLOW et al.,
2003), por isso sua atividade na silagem esta ligada com baixa disponibilidade de nutrientes
para a fermentacdo latica (FENLON; WILSON, 2000), a presenca de oxigénio e a
consequente deterioracdo aerobia, além da presenca de nichos de pH mais elevado dentro do
silo (JONSSON, 1991). Além de indicarem ma qualidade da fermentacdo, estes organismos
causam prejuizos a conservacdo da silagem. As enterobactérias e competem com as LAB por
nutrientes (PAHLOW et al., 2003) e sdo as principais produtoras de gases na silagem
(MUCK, 2010), em especial NOs (ROOKE; HATFIELD, 2003). Diferentes grupos de
clostrideos podem fermentam acucares (no caso do Clostridium butyricum) ou &cido latico

(no caso do Clostridium tyrobutyricum) em &cido acético e butirico. Por certo, boa parte do
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acido butirico presente na silagem vem da atividade dos clostridios, (GIBSON, 1965), sendo
este um indicador da fermentacao clostridica. Além disso, podem ser encontrados clostridios
proteoliticos, embora em menor nimero, que se desenvolvem em pH acima de 5 e degradam
proteinas em aménia. Assim, o crescimento de clostridios na silagem pode ser detectado pela
alta concentragdo de &cido butirico e aménia, baixa concentragdo de acido latico e pH acima
de 5 (PAHLOW et al., 2003).

A quarta fase € a de abertura do silo, em que ha entrada de ar e inicia a deterioracdo
aerdbia (BOLSEN; ASHBELL; WEIBERG, 1996; DRIEHUIS; OUDE ELFERINK, 2000).
Os processos relacionados a deterioragdo aerdbia sdo tratados com mais detalhes no préximo

topico.

1.1.2 Deterioracdo aerébia

O contato com o ar afeta negativamente a qualidade da silagem, promovendo perdas
quantitativas e qualitativas. Este processo € o principal promotor de perdas na silagem
(WOOLFORD, 1990). O contato com o ar acontece com a silagem ainda dentro do silo, uma
vez que o silo esta sujeito a acdo de aves e roedores, que podem criar buracos, por onde
entram quantidades significativas de ar (ASHBELL; WEINBERG, 1992). Além disso, no
Brasil cerca de 20% dos produtores ainda utilizam lona preta para selar o silo (BERNARDES;
DO REGO, 2014), pratica que favorece a deterioracdo, uma vez que ha uma relagio direta
entre a permeabilidade ao oxigénio do filme plastico e as perdas de matéria seca no topo do
silo (BERNARDES; NUSSIO; AMARAL, 2012). Apos a abertura do silo, o ar pode penetrar
de um a dois metros na massa ensilada (PARSONS, 1991; WEINBERG; ASHBELL, 1994),
vindo a se difundir rapidamente (PITT; MUCK, 1993, SUN et al., 2017). Ainda no ambiente
do silo, o oxigénio é consumido quase tdo rapidamente quanto entra na silagem, a custa da
queima de carboidratos da silagem e producdo de CO2 (PARSONS, 1991; PITT; MUCK,
1993). O processo de deterioracdo e retomado sempre que a silagem é novamente revolvida,
como na retirada da silagem ou pelos animais, na pista de alimentacdo (WILKINSON;
DAVIES, 2012).

A deterioracdo aerdbia ocorre em dois ciclos, caracterizados por dois picos de
temperatura (SUN et al., 2017). No primeiro ciclo, leveduras e bactérias acido - acéticas tém
papel preponderante (SPOLESTRA; COURTIN; VAN BEERS, 1988; ROOKE; HATFIELD,
2003; CHEN; WEINBERG, 2009; GERLACH et al. 2013). Esses microrganismos se

multiplicam antes do processo fermentativo, ficam inativos durante a fase anaerdbia e s6
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voltam a se multiplicar quando h& oxigénio a disposicdo (WOOLFORD, 1990). Como séo
tolerantes ao pH baixo, iniciam a deterioracdo aerdbia, ao consumir agucares e acido latico
(SPOLESTRA; COURTIN; VAN BEERS, 1988; CHEN, WEINBERG, 2009; WEINBERG et
al., 2011; GERLACH, et al., 2013). A contribuicdo das bactérias &cido - acéticas e leveduras
na deterioracdo € dependente das populacdes presentes, porém, em silagens de milho, as
primeiras costumam ser mais relevantes no inicio da deterioracdo aerébia (ROOKE;
HATFIELD, 2003; LIU et al., 2013). Em ambientes anaerdbios, as leveduras podem
fermentar acucares em etanol. Entretanto, na presenca de oxigénio, deixam de fermentar e
passam a oxidar, tendo como um dos seus substratos o acido latico e como produto, o etanol
(PAHLOW et al., 2003). Seu metabolismo provoca aquecimento da silagem, uma vez que
cerca de 40% da energia dos acgUcares consumida por esses organismos € convertida em calor
(BRETTEL et al., 1981). Ja as bactérias acido acéticas, quando em contato com o ar, oxidam
inicialmente etanol, porém, quando esse se esgota, passam a oxidar &cido acético e latico,
também resultando em elevacdo da temperatura e pH (SPOLESTRA; COURTIN; VAN
BEERS, 1988). Também ¢é possivel que existam regibes de pH mais elevado no silo
(microambientes), suficiente para permitir a proliferacdo de outras bactérias assim que houver
contato com o oxigénio (WOOLFORD, 1990), como o encontrado por Ashbell e Weinberg
(1992), em que a camada superior e lateral da silagem chegou a valores de pH entre 6,7 e 8,5.

O segundo ciclo € promovido por fungos filamentosos e alguns grupos de bactérias.
Diferente da contagem de esporos de leveduras, ha uma baixa correlacdo da contagem de
fungos filamentosos no inicio da exposicdo ao ar com a estabilidade aerébia (WILKINSON;
DAVIES, 2012), pois estes sdo mais sensiveis ao pH baixo (BORREANI et al. 2013), e tém o
crescimento mais lento que as leveduras (MUCK et al.,, 1991). Assim, 0 aumento na
populacdo deste organismo caracteriza um estdgio mais avancado de deterioracdo
(WILKINSON; DAVIES, 2012). Bactérias também contribuem nesta fase da deterioracéo
aerdbia, especialmente espécies proteoliticas do género Bacillus spp. (WOOLFORD;
WILKIE et al., 1984). Elas sdo sensiveis ao pH abaixo de 5, por isso sd0 menos importantes
na primeira fase (PAHLOW et al., 2003), porém, sdo capazes de metabolizar acido latico
(LIU; SHAO; ZHANG, 2013) e contribuem com a elevacdo no pH, formacgédo de CO, e NHz e
perdas oxidativas da silagem (WOOLFORD; WILKIE et al., 1984).

O principal fator que determina a extensdo da deterioragdo aerdbia é a entrada de ar na
silagem (WILKINSON; DAVIES, 2012), portanto, silagens com maior massa especifica
tendem a apresentar menor grau de deterioracdo (SUN et al., 2017). Além disso, como as

leveduras tém papel importante no inicio da deterioracdo, a populacdo destas quando a
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silagem € exposta ao ar tem alta correlacgdo com a extensdo da deterioracdo aerdbia
(WILKINSON; DAVIES, 2012). Além disso, o crescimento de leveduras é inibido por acidos
graxos de cadeia curta ndo dissociados (MOON, 1983). Estes acidos entram na ceélula
microbiana por difusdo e, ao se dissociar de seu H*, podem provocar a morte do organismo ou
obriga-lo a gastar energia para equilibrar o pH interno, o que reduz seu desenvolvimento e
pode causar a morte, especialmente em situacGes de anaerobiose, onde a energia € mais dificil
de ser obtida (PAHLOW et al., 2003). Os acidos acético e propidnico tem um pKa mais
elevado que o latico (4,76, 4,86 e 3,08, respectivamente) e assim se dissociam menos. Desta
forma, é necessaria uma concentragdo molar de &cido acético e propiénico de 94 e 63 mM,
respectivamente para inibir o crescimento de leveduras e fungos filamentosos a um pH 4,
enguanto que para o acido latico, a concentracdo precisa ser de mais de 250 mM
(WIKISSON; DAVIES, 2012).

Fatores ligados & composi¢do quimica da silagem também podem exercer influéncia no
processo (CHEN; WEINBERG, 2009), especialmente compostos utilizados como substratos
pelos fungos e bactérias aerdbios. Os carboidratos solUveis restantes na silagem sdo o
substrato preferencial para o crescimento das leveduras (MUCK et al, 1991), porém ndo ha
correlacdo entre a concentracdo destes e a estabilidade aerdbia (WILKINSON; DAVIES,
2012). Como os WSC sdo em grande parte consumidos durante a fermentacdo, as leveduras
utilizam o acido latico como principal substrato (MUCK et al, 1991). Em situacdes em que a
silagem tem maior concentracdo de WSC, a utilizacdo de &cido latico pelas leveduras é
reduzida, o que mantém o pH baixo por mais tempo e retarda a deterioracdo aerdbia
(ASHBELL et al., 2002). Com isso, silagens de milho sdo menos estaveis quando em contato
com o ar, comparadas as de pastagens (KLEINSCHMI; KUNG, 2006). Mesmo apresentando
niveis semelhantes de WSC residuais, as primeiras costumam ser mais ricas em acido latico e
com menores concentracles de acido acético e propibnico.

Ademais, a temperatura afeta a deterioracdo aerobia, especialmente por sua influéncia
no crescimento de leveduras. No trabalho de Ashbell et al. (2002), a temperaturas de 10 ou
40°C, as silagens se mantiveram estaveis, ao passo que a 20°C e, principalmente, a 30°C
houve deterioracdo aerdbia. Entretanto, em temperaturas acima de 40°C, bactérias do género
Bacillus spp. podem assumir o lugar das leveduras na deterioracdo (LINDGREN et al. 1985)

A deterioracdo aerobia estd relacionada as perdas de matéria organica da silagem
(BOLSEN et al.,, 1993; GERLACH et al., 2013). As perdas de matéria seca com a
deterioracdo aerdobia em geral variam de 3 a 9% (PITT; MUCK, 1993), mas podem ser

superiores, como no trabalho de Ashbell e Weinberg, (1992), em que a camada superior dos
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silos tipo trincheira apresentava perdas de 67% a 78% da matéria seca e o restante do material
ndo estava em condicGes de ser utilizado como alimento. Esta perda de material é
principalmente WSC, o que pode elevar a concentracdo de fibra em detergente neutro (NDF)
e reduzir a digestibilidade (WEINBERG et al., 2011). A deterioracdo aerdbia também é um
limitador de consumo. No trabalho de Gerlack et al. (2013), o consumo de silagens expostas
ao ar foi drasticamente inferior aquelas que ndo tiveram contato com o ar, sendo a
temperatura o fator que mais se correlacionou negativamente com a ingestdo de matéria seca
(r = 0,84). Além disso, durante o processo de deterioracdo aerdbia, podem se desenvolver
bactérias como Bacillus, Paenibacillus e Clostridium (TABACCO; BORREANI, 2009;
BORREANI et al., 2013), que formam esporos resistentes a pasteurizacdo e que causam
problemas na industrializacédo do leite e em seu tempo de prateleira (MEER et al., 1991) além
de outras bactérias patogénicas (DRIEHUIS; OUDE ELFERINK, 2000). Os fungos
filamentosos presentes na silagem sdo produtores de micotoxinas (AMIGOT et al., 2006),
como a aflatoxina (sintetizada por Aspergillus spp.), ocratoxina (sintetizada por Aspergillus
spp. e Penisilium spp), deoxinivalenol, T2, nivalenol, zearalenona (sintetizadas por Fusarium
spp.) e patulina (sintetizada por Peninsilium spp.; SWEENEY; DOBSON, 1998). Assim, a
deterioracdo aerdbia representa um risco para 0s animais e seres humanos que entram em
contato com a silagem.

Para mensurar a intensidade da deterioracdo aerdbia, podem ser aferidos os principais
resultados do processo de decomposi¢do, como CO; e calor. A mudanca de temperatura € o
principal indicador para avaliar a extensdo da deterioracdo aerébia (GERLACH, et al., 2013).
Em laboratdrio, a forma de analise mais comum consiste em reservar uma massa de silagem
ndo compactada e sem perturbacdo em recipientes, com um termbémetro em seu centro
geométrico. A temperatura da silagem e da sala é monitorada constantemente (RANJIT;
KUNG, 2000). Usualmente, a estabilidade aerdbia é expressa como o numero de horas entre a
exposicdo ao ar e 0 aumento da temperatura da mesma 2°C acima da temperatura ambiente
(KLEINSCHMIT; KUNG, 2006). Tambeém pode ser aferida a temperatura no silo, producéo
de COz e contagem de leveduras, principalmente em experimentos de campo (ASHBELL;
WEINBERG, 1992; BOLSEN et al. 1993; GERLACH, et al. 2013). Wilkinson; Davies, 2012
propbe como alvo uma estabilidade aer6bia alvo de 7 dias, levando em consideracdo a
velocidade de penetragdo do oxigénio no silo, o tempo de retirada e de permanéncia na pista
de alimentagdo. Segundo os autores, as avaliagdes de estabilidade aerdbia precisam durar ao

menos 10 dias.



16

1.1.3 Inoculantes bacterianos

O conceito de inoculagdo bacteriana em silagens remete ao inicio do século XX
(BOLSEN et al., 1996). Esses produtos consistem em bactérias que sdo adicionadas na
silagem a fim de dominar as bactérias epificas e modular a fermentacdo (YITBAREK;
TAMIR, 2014). Em geral, os inoculantes sdo compostos por LABSs, porém algumas cepas do
género Propionibacterium também sdo utilizadas, com resultados variaveis (KUNG et al.,
2003). Inicialmente, a inoculacdo visava potencializar a fermentacdo. Nesse sentido,
Woolford e Sawczyc (1984) reuniram critérios previamente listados na literatura para selecdo
de bactérias aptas para serem utilizadas como inoculantes. Nestes critérios estavam inclusas
caracteristicas que permitiam a cepa competir com as epificas, como taxa de crescimento
rapida e tolerancia ao pH 4acido; além da capacidade de produzir efeitos interessantes na
silagem, como ter uma fermentacdo homolatica e ndo degradar proteina. Mais recentemente,
além da melhora na eficiéncia da fermentacdo, o controle na deterioracdo aerdbia passou a
receber atencdo nos trabalhos com inoculagdo (HOLZER et al., 2003). Nos préximos topicos

é detalhada a ag&o dos principais grupos de inoculantes bacterianos.

1.1.3.1 Bactérias acido-laticas homofermentativas

O principio da inoculagdo com LABs homofermentativas € acrescentar bactérias para
acelerar e potencializar o processo fermentativo (KUNG; STOKES; LIN, 2003). Assim, 0
tempo de colonizacéo (lag time) é inferior, ou seja, a fase fermentativa inicia em menos tempo
e, consequentemente, o pH cai mais rapidamente, e a valores inferiores (MEESKE et al.,
1993; DRIEHUIS et al., 1997). Além disso, teoricamente é desejavel que a fermentacédo
homolatica domine o processo fermentativo, uma vez que a conversdo de glicose a acido
latico pela via glicolitica é mais eficiente energeticamente, 0 que ocasiona menos perdas de
matéria seca e de energia, em comparacdo com as fermentacGes acética, propibnica e butirica,
por exemplo (KUNG; STOKES; LIN, 2003).

Assim, o resultado esperado da inoculagdo com bactérias homolaticas é aumentar a
concentracdo de acido latico (MOHAMMADZADEH; KHORVASH; GHORBANI, 2014;
OGIY et al., 2015; RODRIGUEZ et al., 2016); reduzir o pH (ALVES et al., 2011; OGIY et
al., 2015; SANTOS et al., 2015; RODRIGUEZ et al., 2016) e reduzir a concentracdo de

outros acidos organicos, especialmente butirico, propionico e acético (ALVES et al., 2011;
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OGIY et al., 2015, RODRIGUEZ et al., 2016), em fun¢do do efeito da queda no pH sobre a
acao de microrganismos heterofermentativos; reduzir a sintese de amonia (ALVES et al.,
2011; MOHAMMADZADEH; KHORVASH; GHORBANI, 2014), pela menor quebra de
proteinas; e reduzir as perdas de matéria seca (RABELO et al., 2014).

Entretanto, em silagens de milho, o efeito da inoculacdo com bactérias homolaticas é
mais discreto. Em recente meta-analise realizada por Oliveira et al., (2017), ndo foi verificado
efeito dos inoculantes sobre o pH e recuperacao de matéria seca em silagens de milho e sorgo.
Schaefer et al. (1987) observaram que a inoculagdo com L. plantarum foi efetiva em reduzir o
pH apenas nos primeiros sete dias, ndo havendo mais resultados apés este periodo. A falta de
resposta deste tipo de silagem a inoculacdo homolatica esta relacionada com as caracteristicas
quimico - bromatoldgicas favoraveis a fermentacdo da planta, que proporcionam perdas
pequenas de MS e energia, mesmo sem a adicdo de inoculantes (ELY; MAX SUDWEEKS,
1981; HU et al., 2009; TABACCO et al., 2011a). Além disso, em varios trabalhos, a elevada
populacdo epifita de LABs do milho impediu que as LAB adicionadas dominassem a
fermentacdo (ELY; MAX SUDWEEKS, 1981; KUNG et al., 1993; KRISTENSEN et al.,
2010; WEISS; KROSCHEWSKI; AUERBACH, 2016).

Ademais, os inoculantes homoléticos estdo associados ao aumento na deterioragdo
aerobia. 1sso acontece por dois motivos: Primeiramente, a fermentacdo latica € bastante
eficiente em converter glicose em acido latico e assim acidificar rapidamente o meio, 0 que
faz com que reste maior quantidade de WSC, além de produzir mais acido latico e ambos
servem como substrato as leveduras (MEESKE et al, 1993; WEINBERG et al., 1993). Além
disso, a maior queda no pH inibe o desenvolvimento de bactérias clostridicas, fazendo com
que haja reducdo na producéo de acido acético e propionico (KUNG; STOKES; LIN, 2003) e,
consequentemente, menor quantidade de substancias anti-fungicas no silo. Como
consequéncia, com o contato com o ar ha maior crescimento de leveduras, producdo de CO;
(SUCU; FILYA, 2006; FILYA; SUCU, 2010). Assim, ao se somar este efeito adverso com o
efeito reduzido da inoculagdo homolatica, a necessidade deste tipo de inoculante em silagens
de milho ou de sorgo € questionavel (MEESKE et al., 1993).

As principais bactérias utilizadas como inoculantes sdo Lactobacillus plantarum,
Pediococcus acidilactici e Enterococcus faecium. Estas espécies apresentam comportamentos
diferenciados no ambiente do silo. P. acidilactici e E. faecium tém crescimento rapido com o
pH ainda elevado, este ultimo ainda com a presenga de O», 0 que contribui para a rapida
colonizacao e producdo de acido latico. Porém, com o progresso do processo fermentativo, a
espécie L. plantarum tende a dominar a fermentacdo (KUNG; STOKES; LIN, 2003).



18

Vaérios fatores afetam a resposta a inoculacdo. Rabelo et al. (2014) e Mohammadzadeh,
Khorvash e Ghorbani (2014) observaram mais resposta a inoculacdo homolatica em silagens
de milho cortado em estagios menos avancados de maturacdo. Segundo estes autores, nesta
condi¢do ha menos substrato (WSC) e agua disponivel para as LABs homofermentativas, o
que oferece condicBes para bactérias heterofermentativas prosperarem. Além disso, é
necessario que sejam aplicadas bactérias suficientes para dominar a fermentacdo. Taxas de
aplicacdo abaixo de 1x10*ufc g%, sdo ineficazes em melhorar o perfil fermentativo da silagem
(OLIVEIRA et al., 2017). Também ha influéncia da temperatura, uma vez que, de uma
maneira geral, quando a silagem é mantida a temperaturas mais elevadas (acima de 40 °C) seu
perfil fermentativo € mais heterolatico, em relacdo a temperaturas mais amenas (em torno de
20°C; WEINBERG et al., 2001; KIM; ADESOGAN, 2006). Entretanto a temperatura interage
de formas diferentes com as espécies bacterianas inoculadas. Por exemplo, Weinberg et al.
(1998) encontraram efeito da adicdo de L. plantarum sobre o pH da silagem de trigo a uma
temperatura de 25°C, mas ndo de 41°C, enquanto que com L. amylovorus, houve efeito a 41

°C, mas ndo a 25°C.

1.1.3.2 Bactérias acido-laticas heterofermentativas

A inoculacdo de silagens com bactérias laticas heterofermentativas visa aumentar a
estabilidade aerobia da silagem, através do controle do crescimento de leveduras. No
ambiente do silo, o efeito desta inoculagdo sobre as leveduras acontece em dois momentos:
durante a fase anaerdbia da ensilagem a sobrevivéncia das mesmas é reduzida e, em um
segundo momento, apés a abertura do silo, o crescimento das leveduras é inibido
(DRIEHUIS; ELFERINK; SPOELSTRA, 1999). Isso acontece porque as BAL
heterofermentativas, como por exemplo o Lactobacillus buchneri, sdo capazes de converter
acido latico em acético em ambiente anaerobio e com pH baixo (DRIEHUIS, ELFERINK;
SPOELSTRA, 1999), em uma reagdo que converte um mol de &cido latico em 0,5 mols de
acido acético, 0,5 mols de 1,2 propanodiol, CO: e tracos de etanol (ELFERINK, 2001). Alem
disso, bactérias epifitas da espécie Lactobacillus diolivorans conseguem converter o 1,2
propanodiol em acido propiénico (KROONEMAN et al., 2002). Como ja mencionado, tanto
esse acido como o acético inibem o crescimento de leveduras.

A resposta ao uso destes inoculantes é bastante consistente, principalmente com a
espécie L. buchneri. Com esta espécie tem-se observado aumento da concentracdo de acido

acético, em detrimento ao acido latico, reducdo na contagem de leveduras e,
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consequentemente, aumento da estabilidade aerdbia em silagens de milho ou de gramineas em
laboratorio (KLEINSCHMIT; KUNG, 2006) ou a campo, utilizando-se silos de grande escala
(TABACCO et al., 2011b). Dessa forma, esse tipo de inoculante reduz a producdo de CO da
silagem em contato com o ar (FILYA; SUCU, 2010) e, por consequéncia, as perdas de
matéria seca (TABACCO et al. 2011a). Estes autores observaram que, ap6s 14 dias de
exposicao ao ar, as silagens tratadas com L. buchneri tiveram perdas correspondentes a menos
da metade das tratadas com L. plantarum ou sem inoculagéo.

Em geral, apresentar resultados positivos, porém, alguns fatores interferem na resposta
da inoculagdo heterolatica. O efeito da inoculagdo com L. buchneri é dependente da
concentracdo de bactérias adicionada. No trabalho de Ranjit e Kung (2000), a adi¢do 1x10°
ufc g de forragem teve um pequeno efeito na estabilidade aerobia (36 horas para a
temperatura da massa se elevar 2°C em relacdo ao ambiente, versus 25 horas do controle);
porém, com adicdo de 1x10° ufc g de forragem, este tempo passou para mais de 900 horas.
Isso fica ainda mais claro com os dados expostos na meta-analise de Kleinschmit e Kung
(2006), em que a estabilidade aerdbia média dos trabalhos que utilizavam mais de 1x10° ufc
de L. buchneri g foi de 503 horas, contra apenas 35 horas nos trabalhos que utilizaram dose
inferior. Outro fator determinante é o teor de matéria seca da massa ensilada. Hu et al. (2009)
observaram resposta de maior magnitude & inoculagdo com L. plantarum e L. buchneri em
silagens com 41% de MS, em comparacdo com 33%. A temperatura do silo também é
relevante. No trabalho de Liu et al. (2014), o L. buchneri melhorou a estabilidade aerdbia da
silagem mantida a 30°C, mas ndo a 15°C. Por outro lado, Silva et al. (2014), em experimento
em condicdes tropicais, ndo encontraram diferenca entre o tratamento inoculado e o controle,
possivelmente pelas temperaturas nos primeiros dias de fermentacdo (picos de 47°C no
interior do silo), 0 que sugere que esse tipo de inoculante tem efeito sobre a estabilidade
aerdbia numa faixa de temperatura relativamente estreita. Além disso, em condi¢fes em que a
populacdo epifica de L.buchneri j& é elevada, ndo hd melhorias em formacdo de acido acético,
contagem de leveduras e estabilidade aerdbica com a inoculagdo (ARRIOLA; KIM;
ADESOGAN, 2011).

Bactérias acido-laticas heterofermentativas, como L. brevis e, principalmente, L.
buchneri também podem aumentar a digestibilidade das fracGes da fibra na silagem. Algumas
cepas destas bactérias produzem a enzima ferulato esterase (NSEREKO et al., 2008), capaz de
quebrar o acido ferdlico (BUANAFINA et al., 2008). Este composto forma pontes cruzadas
junto aos mondmeros de lignina que dificultam a acdo das bactérias ruminais sobre os demais

componentes da fibra (JUNG; ALLEN, 1995). Assim, com a adi¢do deste tipo de bactéria, é
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possivel aumentar a digestibilidade do FDN das silagens in vitro (KANG et al., 2009;
LYNCH et al., 2015) e in situ (NSEREKO et al., 2008). No entanto, o efeito contrario
também ja foi sugerido. A acéo fibrolitica do L. buchneri, pode quebrar as fracbes mais
facilmente digestivel da fibra e liberar os monossacarideos para a fermentacdo reduzir o teor
de FDN da silagem, porém, a fragdo da fibra restante é menos digestivel (RABELO et al.,
2016). Trabalhos como os de Arriola et al. (2011) e NKkosi et al. (2011) demonstraram reducao
no teor de FDN com a adicdo de L. buchneri.

Por outro lado, a inoculagdo heteroldtica pode estar relacionada com reducdo na
qualidade da fermentagéo, caracterizada pelo aumento da concentragcdo de aménia (FILYA,
2003; FILYA,; SUCU, 2006; KRISTENSEN et al., 2010; OGUNADE et al., 2017; RABELO
et al., 2017a), de etanol (FILYA, SUCU, 2006) e pH (KRISTENSEN, 2010; RABELO et al.,
2017a) e reducdo do teor de proteina (RABELO et al., 2017a) na silagem. Segundo estes
autores, devido a toleréncia da L. buchneri ao baixo pH, esta bactéria mantém sua atividade
proteolitica por mais tempo. Além disso, também ha perda de MS maior com este tipo de
inoculacdo (KLEINSCHMIT; KUNG, 2006), uma vez que, para formacdo de cada mol de
acido acético (60,01 g), outro de CO> (44,01 g) também é formado (ROOKE; HATFIELD,
2003). Somado a isso, 0 metabolismo ruminal do acido latico € mais eficiente, uma vez que é
convertido em propianato no rimen, em uma reacdo em que séo adicionados dois ions H*
(KOZLOSKI, 2002). A captura desses ions de hidrogénio impede que sejam utilizados na
sintese de metano, o que reduz as perdas de energia. Por outro lado, o acido acético € o
produto final da fermentacdo. Assim, 0 uso deste tipo de inoculante pode, teoricamente,
aumentar a emissdo de metano e as perdas de energia dos animais, em fungdo da reducdo da
relacdo acido latico:acético (WILKISON; DAVIES, 2012).

Entretanto, estas perdas podem ser consideradas pequenas, em comparagao com 0S
ganhos atribuidos a inoculacdo heterolatica. 1sso pode ser ilustrado no trabalho de Queiroz et
al. (2012), em que houve reducdo de 50% na massa de silagem deteriorada com a utilizagédo
deste inoculante. Além disso, estes efeitos negativos nem sempre ocorrem (SILVA et al.,
2014).

Houve uma preocupacao entre os pesquisadores a cerca de um potencial efeito de
reducdo da ingestdo de silagem com o uso deste tipo de inoculante, uma vez que, mesmo em
silagens bem conservadas, 0 aumento na concentracao de &cido acético pode afetar o consumo
(DULPHY; VAN OS, 1996). Entretanto, varios trabalhos ndo encontraram relacdo entre
inoculacdo com bactérias heterolaticas e reducdo de consumo, mesmo com 0 aumento na

concentracdo de &cido acético na silagem em vacas leiteiras e bovinos de corte
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(KRISTENSEN et al., 2010; ARRIOLA et al.,, 2011; RABELO et al.,, 2016) e ovelhas
(BASSO et al., 2014; RABELO 2017b).

1.1.3.3 Combinacéo de bactérias laticas homo e heterofermentativas

Uma possivel solucdo para contornar os problemas dos inoculantes homolaticos e
heterolaticos € utilizar produtos que combinem ambos, com duas ou mais cepas bacterianas.
Weinberg et al. (2002) observaram que a combinagéo de L. plantarum e L. buchneri resultou
em uma concentracdo semelhante de 4cido latico na silagem em comparacao ao L. plantarum
apenas e semelhante em termos de acido acético que com L. buchneri apenas. Da mesma
forma, Hu et al. (2009) observaram que, quando combinadas, as bactérias homolaticas (L.
plantarum) e heterolaticas (L. buchneri) mantiveram seus efeitos comparativamente a
quando aplicadas individualmente, ou seja, aumento no teor de &cido latico, reducdo nas
perdas de matéria seca, pH e formacdo de aménia determinadas pela primeira e aumento no
teor de acido acético, reducdo na contagem de leveduras e aumento na estabilidade
anaerdbia, efeitos estes ocasionados pela segunda.

Os resultados do trabalho de Filya (2003) sugerem que este efeito complementar tem
relagdo com 0 momento de acdo dos microrganismos. Segundo este autor, o L. plantarum foi
capaz de acidificar mais rapidamente a silagem no inicio da fermentacdo e assim reduzir a
formacéo de amonia e as perdas de MS. Com a queda no pH, L. buchneri se torna mais capaz
de competir com as outras bactérias (DRIEHUIS; OUDE ELFERINK; SPOELSTRA, 1999),
e pode dominar a fermentacdo (LINDSEY; KUNG, 2010), vindo a aumentar a concentra¢édo
de acido acético. Assim, é necessario mais tempo para que essa classe de inoculantes possa
melhorar a estabilidade aerébia da silagem, para permitir que as bactérias
heterofermentativas sucedam as homofermentativas (MOHAMMADZADEH; KHORVASH,;
GHORBANI, 2014). Aléem disso, é possivel que a concentragdo de acido acético seja
superior quando bactérias homolaticas (ou heterolaticas facultativas) sdo adicionadas junto a
heterolaticas, em comparacdo a quando estas sdo utilizadas isoladamente, uma vez que as
primeiras podem fornecer mais acido latico para ser convertido em acético pelas segundas
(BASSO et al., 2014).

Por outro lado, diferente de quando os dois grupos de bactérias sdo adicionados

separadamente, os resultados em fermentagdo e estabilidade aerdbia da silagem com a

inclusdo de LABs homo e heterofermentativas juntas sao bastante variaveis.
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1.1.4 Meta-analise

As conclusdes obtidas de um experimento cléssico séo bastante Uteis para se determinar
o efeito de um fator sobre uma ou poucas condi¢des especificas, de forma que a comunidade
cientifica costuma recriar estes experimentos para verificar sua aplicabilidade, mesmo que os
delineamentos sejam planejados para que os resultados sejam extrapolados para toda
populacdo (DERSIMONIAN; LAIRD, 1986). Comumente sdo realizadas dezenas ou até
centenas de trabalhos sobre um mesmo tema, mesmo que este seja restrito (SAUVANT et al.,
2008). Assim, o nimero de publicagdes aumenta bastante, ao passo que o impacto relativo de
cada uma reduz (ST-PIERRE, 2007). Para sintetizar todo conhecimento gerado usualmente se
lanca mao da revisdo de literatura. Esta metodologia traz alguns vieses, ocasionados pela
subjetividade do pesquisador e a incapacidade do cérebro humano em considerar todos os
possiveis fatores covaridveis envolvidos (SAUVANT et al.,, 2008). A meta-analise se
popularizou como metodologia para corrigir estes problemas. Trata-se de uma forma de
analise estatistica que utiliza de metodos objetivos e cientificos para, através da estatistica,
resumir, quantificar e combinar o conhecimento resultante de diversas pesquisas publicadas
previamente (ANELLO FLEISS, 1995; SAUVANT et al., 2008).

Para construcdo de um trabalho meta-analitico, parte-se do mesmo ponto que um
experimento classico: a definicdo de um objetivo de pesquisa a partir de um problema
cientifico (ST-PIERRE, 2001; SAUVANT et al., 2008). A partir da definicdo do objetivo, séo
buscadas informacdes na literatura e coletados dados. E fundamental que todos os trabalhos
possiveis de serem localizados sejam inclusos, a fim de evitar qualquer viés subjetivo
(ANELLO FLEISS, 1995). Entretanto, nem todos os dados podem compor a analise; assim,
ha uma filtragem nos trabalhos. Com isso se busca excluir artigos que ndo tragam as variaveis
resposta de interesse, que ndo tenham a metodologia adequada e com outliers (SAUVANT et
al., 2008). A forma de andlise estatistica a ser utilizada é dependente do tipo de dado e do
objetivo da pesquisa (ANELLO FLEISS, 1995).
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2 CAPITULO I

MANUSCRITO

Os resultados desta dissertacdo séo apresentados na forma de um artigo segundo as normas da

revista Agricultural Systems.
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ABSTRACT

This meta-analysis investigated the use of different acid-lactic bacteria (LAB) in corn silage
and its effect on the fermentation profile, aerobic stability and performance of small and large
ruminants. A database containing 141 articles published in journals with 731 treatment means
evaluated was used to investigate fermentation and aerobic stability. The results show that, as
compared with the untreated silage, inoculation of corn silage with homofermentative LAB
("™LAB) increased the lactic acid concentration (+59.7%; P < 0.01), decreased the final pH (-
0.06; P < 0.01), and decreased the clostridia count (—0.96 cfu/g fresh silage; P < 0.01). In
contrast, inoculation of corn silage with heterofermentative LAB ("LAB) increased acetic
acid concentration (+27.7%; P < 0.01), decreased the water-soluble carbohydrates (—49.8%; P
< 0.01), and decreased the yeast count (—1.90 cfu/g fresh silage; P < 0.01). However, dry
matter (DM) loss increased from 8%, 50% and 23% (P < 0.01) by inoculating corn silage with
homofermentative LAB ("LAB) heterofermentative LAB ("LAB) and these combined
(MXLAB), respectively. Inoculation also increased (P = 0.01) in vitro neutral detergent fiber
digestibility (IVNDFD), regardless of the silage inoculant used, but in vitro DM digestibility
increased only by inoculation with "™LAB. Inoculation of corn silage with ™LAB increased
the aerobic stability by 71.3 h (P < 0.01). To investigate the effect of silage inoculation on the
animal performance, a second database comprising 37 articles (99 treatment means evaluated)
with 775 cattle (beef and dairy cow) and 183 sheep was used. Additionally, DM intake of
sheep increased by inoculating corn silage with "™LAB (+0.15 kg d*; P = 0.02), but beef cattle
had reduced DM intake by feeding this silage (-0.26 kg d*; P = 0.01). Also, inoculation of
corn silage either with "LAB or ™LAB resulted in higher in vivo NDF digestibility (P <

0.01), but no changes was reported on ruminal fermentation (P > 0.09). In conclusion, the
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benefits claimed for the addition of silage inoculant to the corn silage on DM loss was not
observed, taking into question the practical utilization of this additive. However, dairy cows
had a better performance by feeding "™LAB silage. As the current study did not provide
evidences of how animal performance can be improved by silage inoculant, further studies are

necessary to elucidate it.

Key-words: Animal performance, aerobic exposure, fermentation, Lactobacillus spp., yeast,

dry matter losses

1. Introduction

Bacterial inoculants comprised of lactic acid bacteria (LAB) have been added to silage
to modulate and ensure an adequate fermentative pattern, as well as increasing aerobic
stability (Kung et al., 2003). LABs are classified according to their fermentative pattern,
being: (1) homofermentative ("°LAB), which has the lactic acid as the final product of
fermentation, and 2) heterofermentative ("LAB), producers of other compounds such as
ethanol and acetic acid in addition to lactic acid (Kung et al., 2003). Inoculation with "™LAB
aims to increase the lactic fermentation and reduce silage pH for reducing dry matter (DM)
losses and the growth of undesirable bacteria (Kung et al., 2003). Conversely, the inoculation
with "®LAB aims to improve the aerobic stability of silage by increasing the concentration of
acetic acid, an antifungal substance (Moon, 1983; Driehuis et al., 1999).

Whole-crop corn has important characteristics for good silage quality, including
adequate content of soluble carbohydrates and low buffering capacity (Hu et al., 2009;
Tabacco et al., 2011), and then inoculation of corn with "LAB is questionable. In contrast,
"l AB has shown consistent results in yeast control and increased aerobic stability of corn
silages, despite increasing fermentation losses (Kleinschmit and Kung, 2006). However, no
meta-analysis has evaluated the effect of "LAB on aerobic deterioration of corn silage over
time. Moreover, since ™LAB and "LAB have, respectively, the purpose of reducing
fermentation losses during and after silo opening, the mixture of these bacteria (™*LAB)
could result in a more desired fermentation process (Filya, 2003), despite little is known about
the interaction between "LAB and "™LAB, mainly in inoculated silages.

The published literature has shown that, in some cases, inoculation of corn silage with
LAB improves animal performance. Although there are some studies that discuss a possible

probiotic effect of inoculants (Weinberg et al., 2003; 2004), others point out that changes in



26

the chemical composition and silage fermentation are the main reasons to improve animal
performance (Kung and Muck, 1997; Rabelo et al., 2017). A recent study suggested that the
increased synthesis of microbial protein could also be related to improvements in performance
of sheep fed inoculated corn silage (Basso et al., 2014). Nevertheless, little is known about
how bacterial inoculants act in the gastrointestinal tract of animals, especially in the rumen,
and how improved performance is achieved. In addition, the results are widely variable
depending on the type of inoculant used (Kung and Muck, 1997; Rabelo et al., 2016).
Although robust meta-analyses have been conducted to investigate the isolated effect of
"°_AB (Oliveira et al., 2017) and "LAB (Kleinschmit and Kung, 2006), no meta-analysis has
focused on comparing these different groups isolated or combined (™*LAB). Therefore, the
present study aimed to compare the effect of inoculation with different LAB groups on

fermentation and aerobic stability of corn silage, as well as ruminant performance.

2. Methodology
2.1. Search for articles in literature

The search for articles in the literature was carried out using the Web of Science,
Google Scholar, Bireme, Elsevier and also directly on the site of national (Portuguese
language) and international journals (English and Spanish languages) from January to June
2017. At the end of this period, a total of 206 articles were found. The search terms used,
including their combinations, were “corn silage”, “Lactobacillus plantarum”, “Lactobacillus
buchneri”, “Pediococcus spp.”, “aerobic stability”, “bacterial inoculant” “fermentation”,

“ruminant feed” and “animal performance”.

2.2. Information, systematization, and selection of published articles

All data were obtained from peer-reviewed journals, and information was extracted
from the Material and methods and the Results sections of the preselected articles. From the
set of articles found in the literature, we removed from the database those who did not present
description of the bacteria used (n = 6), added bacteria concentration (n = 13), fermentation
time (n = 10), control treatment (without inoculant application; n = 6) and the standard error
of the mean and the number of replicates in the same article (n = 3). Additionally, we
removed articles from the database that investigated LABSs in association with other types of

non-lactic acid bacteria (n = 7) and also those who did not present the effect of BALs on the
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dependent variables of interest (i.e. fermentation, chemical and microbiological composition,
and aerobic stability, n = 5). Finally, we did not include articles in the database that presented
the data only in graphs (n = 8), those that were not peer-reviewed in indexed journals (n = 4),
and also those that contained repeated data from another article (n = 2).

The papers were critically evaluated as to their quality and relevance to the objectives of
the meta-analysis. Afterward being analyzed, the main criteria of this study to be included in
the database were: 1) comparison of one or more treatments having bacterial inoculation
against a negative treatment (i.e., untreated forage - control); 2) description of bacteria’s
species used at inoculation of silage; 3) description of the application rate used at inoculation
of silage; 4) length of fermentation reported; 5) responses about chemical composition,
fermentation patterns, and aerobic stability. Only data reported in articles published in
indexed journals were selected, considering that their acceptance for publication was a
subjective indication of their methodological quality (Remus et al., 2015). Negative or
positive effects from bacterial inoculation of silage were not used as selection criteria for the

inclusion of studies in the database.

2.3. Database building, encoding and filtering

Data were entered in an Excel spreadsheet, with each row representing a treatment and
each column representing an exploratory parameter (Lovatto et al., 2007). Information
relative to the objective of the study (fermentation patterns, chemical composition and aerobic
stability) and other variables (bacteria’s species, application rate, length of fermentation and
type of silo — laboratorial or farm-scale) were used to provide a descriptive analysis of the
studies included in the database. The study effect was coded using a general code, where each
study received a sequential number. Dependent and independent variables were determined
according to criteria described in literature (Lovatto et al., 2007; Sauvant et al., 2008).

2.4. Calculations

Wherever possible, missing values in the publications were calculated as follow. Ash (g
kg™) was calculated as 1000 minus organic matter (OM), where OM is given in g kg of dry
matter (DM). Hemicellulose content was calculated as neutral detergent fiber (NDF) minus
acid detergent fiber (ADF), whereas cellulose content was calculated as ADF minus lignin.
Total carbohydrates (CHO) and non-fiber carbohydrates (NFC) were calculated according to
Sniffen et al. (1992):
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CHO (g kg DM) = 1000 - (ash + CP + EE) Q)

NFC (g kg-1 DM) = 1000 - (ash + CP + EE + NDF) 2
where ash, crude protein (CP), ether extract (EE) and NDF are given as g kg™t DM.

The aerobic stability of silages was measured in the same manner for all studies and was
defined as the number of hours required for the temperature of silages increased 2°C above

the room temperature, after their exposure to air.

2.5 Database description
2.5.1 Silage quality

The studies were previously separated into those that had examined the effect of BAL
on the fermentation, chemical composition, and aerobic stability of corn silage. A minimum
of three treatments means from at least three studies were the prerequisite for keeping the
dependent variables in the final database. The final database used for the meta-analysis
included 141 articles published in journals, concerning a total of 731 treatment means
evaluated. Treatments were classified into the following categories: 1) silage with no
inoculant applied (untreated), 2) silage treated with homolactic and facultative heterolactic
LAB ("LAB: Lactobacillus acidophilus, Lactobacillus curvatus, Lactobacillus paracasei,
Lactobacillus plantarum, Lactobacillus salivarius, Enterococcus faecium, Pediococcus
acidilactici and Pediococcus pentosaceus, or their combinations), 3) silage treated with
obligate heterolactic LAB ("LAB: Lactobacillus brevis and Lactobacillus buchneri, or their
combinations), and 4) silage treated with both "LAB and "LAB ("*LAB).

2.5.2. Animal performance

The studies were previously separated into those that had examined the effect of LAB
on the feed intake, apparent digestibility, ruminal fermentation, milk yield, and average daily
gain (ADG) of small and large ruminants fed corn silage. A minimum of three treatments
means from at least three studies were the prerequisite for keeping the dependent variables in
the final database. The final database used for the meta-analysis included 37 articles,
concerning a total of 99 treatment means evaluated, including the response of 775 cattle (beef
and dairy cow) and 183 sheep. Treatments were classified into the following categories: 1)
silage with no inoculant applied (untreated), 2) silage treated with "™LAB, 3) silage treated
with "®LAB, and 4) silage treated with both "™LAB and "LAB ("XLAB).
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2.6. Statistical analysis

The meta-analysis was performed as mixed models regressing all variables against the
four categories of bacterial inoculation (i.e., untreated, "LAB, "LAB, and ™*LAB) using the
MIXED procedure of SAS (v. 9.4 SAS Institute Inc., Cary, NC). The mixed model analysis
was chosen because the data were gathered from multiple studies. Then, it was necessary to
consider analyzing not only fixed effects of the dependent variables, but also random effects
of the studies (St-Pierre, 2001). Hence, the study effect was considered a random effect and
included in the model using the RANDOM statement (St-Pierre, 2001). Yet, to account for
variation in precision across studies, the inverse of the squared standard error of each
treatment mean or the inverse of the number of observations of each study (when squared
standard error was lacking in the articles) were used as a factor in the WEIGHT statement of
the model (St-Pierre, 2001). As previous studies reported that the application rate of bacterial
inoculation (Kleinschmit and Kung, 2006), temperature (Liu et al. 2014) and type of silo
(Neumann et al., 2007) may influence silage fermentation, those variables were previously
determined to be used as covariates. However, if the random covariance was not significant,
they were removed from the model if P > 0.05 (St-Pierre, 2001). Distribution of random
effects was assumed to be normal and the restricted maximum likelihood (REML) was used
as the method of estimation (SAS Institute Inc., 2008). When the likelihood ratio test
indicated significant heterogeneity of residual variances between treatments, the different
residual variances for each treatment were modeled using the REPEATED statement of the
GROUP option of SAS, and preferably the VVariance Components (VC) was used as variance-
covariance matrix structure. Outliers were identified and deleted if absolute values of
Studentized residuals exceeded + 3 (Sauvant et al., 2008).

The fermentation patterns and aerobic stability of silages, and also the animal
performance were analyzed following the general model:

Yijk = p+ Si + 15 + Xk + €ijk

where: Yij = the dependent variable; p = overall mean; Si = the random effect of the i™
study, assumed ~ iigN (0, 6%); 1j = the fixed effect of the j™ inoculant group t; Xk = value of
the discrete predictor variable (covariate); and ejjx = the residual errors, assumed ~ iaN (O,
o).

The effects of LAB inoculation on silage quality considering the subgroups of

application rate, type of silo used (lab- and farm-scale), and temperature by which silos
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remained closed, were evaluated by examining the raw mean differences (RMD) between
uninoculated and inoculated treatment means (effect size). The RMD was weighted by the
inverse of the squared standard error of each treatment mean or the inverse of the number of
observations of each study, as described earlier.

Differences between means were determined using the P-DIFF option of the
LSMEANS statement, which is based on Fisher’s F-protected at least significant difference
test. Significant differences were declared at P < 0.05, and trends discussed at 0.05 > P <
0.10.

3. Results
3.1. Description of the database
3.1.1. Silage quality

The descriptive analysis of the variables used in the database of silage quality is in
Annex 1 (supplementary material). In this meta-analysis, 59.4% of treatments corresponded to
bacterial inoculation with "LAB, 24.1% with "™LAB, and 16.5% with ™ LAB, at the
following application rates: 4.3 x 10?2 to 1 x 10™, 1 x 10% ¢fu g™to 7 x 108 cfu g%, and 3.4 x
10* to 1 x 108 cfu g fresh forage, for ™LAB, "™LAB, and ™XLAB, respectively. Of the
ensiling, 91.9% was performed in laboratory silos and 8.1% in large-scale silos, which were
opened from 21 to 575 days after ensilage, and maintained at average temperatures ranging
from 15 to 30° C. Among all treatments, 13.1% used enzymes associated with inoculants. In
the aerobic stability tests, the exposure of silage to air varied from 0.5 to 14 days, and at

temperatures of between 20 to 30° C.

3.1.2. Animal performance

The descriptive analysis of the variables used in the database of animal performance is
in Annex 2 (supplementary material). A total of 37 papers reporting animal performance were
identified for the meta-analysis, of which 25 used cattle and 12 used sheep. Among the
studies about cattle, 46% comprised dairy breeds (Holstein, Jersey, and Holstein x Zebu),
27% beef cattle (Angus, Angus x Hereford, Charolais, Hereford, and Nellore), and 27% did
not report the breed. All remaining studies involved meat sheep breeds (Dorper, Dorper x

Santa Ines, Dorset, Merino, and Santa Inés). The forage:concentrate ratio of the experimental
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diets ranged from 40:60 to 90:10, in cattle, and from 70:30 to 100:0 in sheep. The application
rates of LAB, "LAB, and ™*LAB ranged from 1 x 10*to 1 x 10'%, 1 x 10%cfu g* to 1 x 108

cfug?, and 1 x 10°to 1 x 108 cfu g fresh forage, respectively.

3.2. Effect of inoculation with lactic acid bacteria on the quality and fermentable profile of

corn silage

All data regarding fermentative losses, fermentation and microbiological profile,
chemical composition, and in vitro digestibility are shown in Table 1. Corn silage inoculation
increased the total DM losses (P < 0.01) from 8% (silage treated with "™LAB) to 50% (silage
treated with "™LAB). Inoculation with "LAB reduced the pH (P < 0.01) and N-NHs;
concentration (P = 0.01) of corn silage by 0.06 units and 8% compared to the control silage,
respectively. Regarding the water-soluble carbohydrate (WSC) content, inoculation with
el AB and ™*LAB reduced WSC concentration by 49.8% and 19.5% compared to the control
silage, respectively. Lactic acid concentration increased (P < 0.01) by 59.7% by inoculation
with "™LAB, whereas it was reduced by 32.2% with ™LAB. The inoculation with ™LAB did
not alter the concentration of lactic acid in relation to the control silage. Conversely,
inoculation with ™LAB and ™*LAB increased (P < 0.01) acetic acid concentration in corn
silage by 27.7% and 98.5%, respectively, whereas inoculation with "™LAB slightly reduced
the concentration of acetic acid (-8.8%). The inoculation with "LLAB increased (P = 0.03) the
butyric acid concentration by 123.5% (or + 0.42 g kg DM). The concentration of 1,2-
propanediol increased (P < 0.01) by 2.97 and 8.47 g kg-1 DM by inoculation with "®LAB and
miX|AB, respectively, compared to the control silage. Concentration of propionic acid (P =

0.56) and ethanol (P = 0.11) were not altered by inoculation of corn silage.
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Table 1

Effects of inoculation with lactic acid bacteria on the quality of corn silage

Silage inoculant

O

2

Item Untreated - — — P-value .
LAB LAB LAB Study  Residual
DM loss, g kgt DM 42.5°+ 6.42 46.1° + 6.44 63.8° + 7.84 52.3% + 8.82 <0.01 5.42 2.21
Fermentative profile, g/lkg DM
pH 3.818+0.02 3.75° +0.02 3.842+0.03 3.828+0.02 <0.01 0.03 0.03
Ammonia-N, g kg? TN 45.8% +5.98 42.1° +5.96 44.3% +5.96 43.52 + 6.00 0.01 10.1 0.95
WSC 25.74 + 2.97 23.9% + 3.05 12.9+ 3.15 20.7° + 3.06 <0.01 4.14 1.91
Lactic acid 42.2°+2.75 67.4%+2.75 28.6°+2.85 47.1°+3.32 <0.01 3.64 1.48
Acetic acid 13.7°+1.12 1259+ 1.16 27.22+1.45 17.5° + 1.46 <0.01 0.63 1.10
Propionic acid 0.82 +£0.23 0.85+0.23 1.12+0.31 0.86 + 0.31 0.56 0.02 0.03
Butyric acid 0.34°+0.11 0.33°+0.11 0.76 +0.17 0.4°+0.12 0.03 0.002 0.002
Ethanol 9.04 +1.39 8.91+1.33 8.35+1.33 8.51+1.37 0.11 0.40 0.26
1,2-propanediol 1,53+ 0.04 0.429+0.26 4.50° +0.90 10,0 + 1,37 <0.01 0.005 0.52
ADIN 89.1+31.7 90.4 + 31.4 - - 0.91 61.3 38.1
Microbiological profile, log10 cfu g fresh silage
LAB 6.70° £ 0.27 6.98% +0.28 7.258+0.29 6.87% +0.32 0.04 1.82 0.43
Yeasts 4.01° +0.24 458 +0.25 2.119+0.25 2.89°+0.33 <0.01 1.47 0.40
Molds 2.15+0.20 1.99 +0.22 2.05+0.21 1.99+0.22 0.33 1.11 0.31
Enterobacteria 2.94 +0.86 2.52 +0.82 - - 0.47 3.27 1.07
Clostridia 1.86% +£ 0.36 0.90° + 0.28 - - 0.02 0.22 0.50
Chemical composition, g kg* DM
DM, g/kg as fed 3142 + 6,21 310% + 6,31 306° + 6,35 295° + 6,41 <0.01 27.8 26.0
Ash 50.8 + 3.70 51.6 +3.76 50.8 + 3.95 50.6 + 3.92 0.94 5.20 0.56
CP 78.9° + 1.66 80.4° + 1.69 83.1%+ 1.94 77.8°+ 2.06 <0.01 1.64 0.27
EE 26.4% +1.17 24.2° +1.25 24.7°+1.33 26.9%+ 1.26 0.02 0.21 0.05



NDF

ADF

Lignin

NFC

Starch

In vitro digestibility, g kg™

DM

OoM

NDF

500 + 13.4
275* +6.25
47.3+6.91
410 + 20.5
282+21.1

632° + 18.0
644 + 34.9
420° + 24.8

489 +13.3
269° + 6.26
47.8 £6.91
426 +22.9
290+ 21.4

646° + 18.0
659 + 34.7
460 = 23.0

514 +21.3
279*+7.01
48.4 +7.16
407 £21.2
286 + 148

608°+ 21.4

473* + 24.6

493 +22.8
272% +7.76
47.2+7.11
400 = 20.9
283 +28.5

6242 + 249

464% + 27.4

0.21
<0.01
0.94
0.42
0.92

<0.01
0.07
0.01

54.6
23.3
10.6
72.6
32.3

76.7
110
35.0

69.8
2.72
0.21
7.22
195

4.17
8.67
6.11

33

&“Means in the same row with different superscripts differed significantly (P < 0.05).

YUntreated = corn silage with no inoculant applied; "™LAB = corn silage treated with lactic acid bacteria homofermentative or facultative

heterofermentative; "LAB = corn silage treated with acid bacteria obligate heterofermentative; ™LAB = corn corn silage treated with acid

bacteria homofermentative, facultative heterofermentative and obligate heterofermentative.

2 WSC = water-soluble carbohydrates; LAB = lactic-acid bacteria; DM = dry matter; CP = crude protein; EE: ethereal extract; NFC = non-

fiber carbohydrates; OM: organic matter; NDF = neutral detergent fiber; ADF = acid detergent fiber; ADIN = acid detergent insoluble
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The inoculation of corn silage with "™LAB increased the LAB population (P = 0.04),
whereas it reduced yeasts (P < 0.01). In relation to untreated silage, the yeast population
increased (P < 0.01) by inoculation with "™LAB, whereas this treatment reduced the
Clostridium population by 51.6% (P = 0.02). The count of molds (P = 0.33) and
enterobacteria (P = 0.47) were not affected by inoculation.

The DM content reduced (P < 0.01) by inoculation with "LAB (-2.5%) and ™*LAB (-
6.0%). In contrast, CP content increased (P < 0.01), and EE reduced (P = 0.02) when "™LAB
and "™LAB were used, respectively. The ADF content reduced (P < 0.01) by inoculation with
ol AB. The inoculation with "LAB increased the IVDMD (P < 0.01; +2.2%), mainly at the
application rate of 10 CFU g* (Fig. 1). Complementary, there was a trend (P = 0.07) towards
an increase in IVDMD (+2.3%). The in vitro neutral detergent fibber digestibility (IVNDFD)
increased (P < 0.01) by inoculation with "LAB, "™LAB, and ™XLAB (+9.5%, 12.6% and
10.5%, respectively).

6 IVDMD Fig. 1. Effect of inoculation with lactic
>10 acid bacteria and application rate (log cfu
gl on in vitro dry matter digestibility
106 (IVDMD) of corn silage (g kg?)
10°
104 ' LAB

-40.00 -20.00 0.00 20.00 40.00 60.00
RMD (inoculant-control)

There was an interaction between inoculant and silo type for dry matter losses (Fig. 2. a,
P =0.01), pH (Fig. 2. b, P = 0.03), and concentration of lactic acid (Fig. 2. ¢, P =0.01), acetic
acid (Fig. 2. d, P = 0.01), and ammonia (Fig. 2. e, P < 0.01). "LAB and ™*LAB increased the
RMD of dry matter losses in farm-scale and of pH in lab-scale, whereas "LAB and ™*LAB
increased the RMD of acetic acid in lab-scale and in farm-scale, respectively. The RMD of
"l AB and ™*LAB was positive for the concentration of lactic acid and ammonia in farm-
scale, but negative in lab-scale. The RMD of treatments also interacted with the temperature
for the lactic acid concentration (Fig. 3a, P < 0.01), 1,2 propanediol, (Fig. 3b.; P = 0.02),
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WSC (Fig. 3c.; P = 0.02), and ammonia (Fig. 3d, P < 0.01). Conversely, there was no

interaction between inoculant and the addition of enzymes for any variable.

a) Dry matter losses
Mix| AB

Farm- hel AB
scale 4
Mix| AB
Lab-scale hel AB
hoL AB
-50.00 0.00 50.00 100.00

RMD (Inoculant-control)

mix|_ AB

Farm- N
scale hel AB
mix|_AB
Lab-
he
scale e|_AB
-10.00 0. 20,00

00 10.Q0
RMD (Inoculant-control

Lab-
scale

-20.00 -10.00 0.00 10.00 20.00 30.00
RMD (Inoculant-control)

mix|_AB

-0.10 0.00 0.10 0.20
RMD (Inoculant-control)

-20.00 -10.00 0.00 10.00  20.00
RMD (Inoculant-control)

Fig. 2. Effect of inoculation with lactic acid
bactéria homofermentative ("™LAB),
heterofermentative ("LAB) or both combined
(™LAB) and silo type on dry matter losses
(a; g kg), pH (b), lactic acid (c; g kg™d),
acetic acid (d; g kg') and ammonia (e; g kg?)
of corn silage
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Fig. 3. Effect of inoculation with lactic acid bactéria homofermentative ("LAB),
heterofermentative ("LAB) or both combined (™*LAB) and the ambient temperature during
the period when the silos are closed on lactic acid (a; g kg), 1,2 propanediol (b; g kgl), WSC
(c; g kg™), and ammonia (d; g kg™?).

3.3. Effect of inoculation with lactic acid bacteria on the aerobic stability of corn silage

The aerobic stability of corn silages inoculated with ™LAB and ™XLAB increased (P <
0.01) by 71.3 and 10.1 h when compared to the control silage (Fig. 4). There was an
interaction between the air exposure time and inoculation of corn silage (P < 0.01) for lactic
acid concentration during the period of aerobic exposure. After 3 and 5 days of aerobic
exposure, lactic acid concentration was higher (P < 0.01) in silage inoculated with "LAB;
whereas the control silage had a higher lactic acid concentration after 7 days (Fig. 5a). In
addition, inoculation with ™*LAB resulted in a higher concentration of lactic acid (P < 0.01)
after 5 days of aerobic exposure, whereas after 7 and 10 days of aerobic exposure the control
silage had a higher lactic acid concentration (Fig. 5b). Moreover, relative to acetic acid



37

concentration, there was effect of treatment when "LAB is compared with its control (P <

0.01), which was three times higher with inoculation after aerobic exposure (Fig. 6). On other

hand, comparing "LAB with its control, there was no effect of treatment (P = 0.93) or air

exposure time (P = 0.11). In the same way, there was an interaction between inoculation and

exposure time for pH values (P < 0.01). Overall, inoculation with ™LAB (Fig. 7a), "“LAB

(Fig. 7b,) and ™XLAB (Fig. 7c) produced inconsistent results over time of aerobic exposure,

but the pH values of inoculated silages remained relatively constant after 10 days.
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The inoculation of corn silage with ™LAB reduced yeast counts during the first five

days of aerobic exposure (P < 0.01; Fig. 8), and molds counts on the fifth, sixth and eighth
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day of aerobic exposure (P < 0.01; Fig. 8). Conversely, yeast and molds counts were not
altered by inoculation with ™LAB (P = 0.93 and 0.06, respectively). While, the inoculation of
corn silage with "LAB increased (P < 0.05) CO, emission by 44.0% during the aerobic
exposure (Fig. 9a), whereas inoculation with "LAB reduced (P < 0.01) CO, emission by
95.3% (Fig. 9b). In contrast, inoculation with ™*LAB did not alter CO2 emission (P = 0.11;
Fig. 9¢).
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3.2. Effect of inoculation with lactic acid bacteria on animal performance

Data relative to apparent digestibility, ruminal fermentation, and animal performance
are shown in Table 2. The inoculation with "LAB and "LAB influenced protein (P < 0.01)
and NDF (P < 0.01) digestibility. The NDF digestibility was 20.7% and 23.2% higher by
inoculation with ™LAB and "™LAB, respectively, compared to the control, whereas CP
digestibility increased by 9.48% with "LAB, with no differences between the control and
"l AB. There was no effect of inoculation of corn silage on ruminal pH and molar
concentrations of acetate, butyrate, and volatile fatty acids in the rumen; however, there was a
trend towards an increase in propionate concentration with LAB inoculation (P = 0.09), and

the acetate:propionate ratio was lower than control (P = 0.04) with "LAB.
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For silages inoculated with "™LAB, the dry matter intake (DMI) of dairy cows and sheep
increased (P = 0.04 and 0.02, respectively), but it decreased in beef cattle (P = 0.01).
Conversely, there was no change in DMI when "™LAB- and ™*LAB-treated silages were fed to
sheep and dairy cows, respectively. The use of inoculants did not alter the average daily gain
(ADG) and feed efficiency of sheep and cattle or 3.5% fat corrected milk yield and milk

composition.



Table 2

Effects of inoculation with lactic acid bacteria on the digestibility of corn silage, ruminal fermentation and performance of cattle and sheep

2

Item Untreated Stlage inoculant P-value o
Homolactic Heterolactic Mixed Study Residual
Apparent digestibility, %
DM 679 + 22.6 676 + 23.0 685 + 23.1 693 + 36.2 0.74 63.3 3.10
oM 709 £ 31.2 718 +31.9 713 +31.7 727 £45.1 0.80 80.2 3.96
CP 591 + 51.5 647 + 51.5% 591 +52.1° 583 +95.7%  <0.01 213 8.00
EE 863 +14.7 863 + 14.7 874+ 17.0 792 +40.8 0.29 9.70 4.25
NDF 453 + 46.1° 547 + 46.2° 558 + 47.5° 493 +118%  <0.01 133 13.2
ADF 486 £ 112 567 £ 112 554 + 116 - 0.20 347 58.6
Ruminal fermentation, mM/100 Mm
pH 6.12 £ 0.09 6.19 + 0.09 6.08 £ 0.10 6.10£0.10 0.12 0.06 0.00
Total VFA, mM/L 77.8£9.64 81.1+9.99 84.8 £9.94 77.8+9.74 0.18 628 11.6
Molar proportion of VFA, mM/100 Mm
Acetate 70.6 £ 2.97 70.5+3.12 69.1 + 3.00 67.9 £ 3.04 0.11 58.3 1.77
Propionate 17.5+£1.36 18.4+1.40 18.1+£1.43 19.2+1.44 0.09 115 0.76
Butyrate 10.8+1.44 11.2+1.53 11.1+1.43 10.4 £1.45 0.57 13.3 0.46
Growth performance
of dairy cows
DM, kg/d 20.5+1.34° 21.2 +1.34° - 20.8 +1.36° 0.04 17.4
3.5% FCM, kg/d 29.7+2.81 30.1+2.83 - 28.4 +2.88 0.32 60.6 1.25
Milk fat, % 3.73+0.19 3.85+0.19 - 3.68+0.21 0.12 0.30 0.01
Milk protein, % 3.13+0.07 3.16 + 0.07 - 3.10+£0.08 0.12 0.04 0.00
Milk fat, kg/d 1.08 + 0.08% 1.11£0.08% - 1.02 +0.08° 0.05 0.06 0.00
Milk protein, kg/d 0.98 +0.08 0.99 +0.08 - 0.95+0.09 0.40 0.07 0.00

Growth performance of beef cattle



42

DM intake, kg/d
CP intake, kg/d
ADG, kg/d

Feed efficiency

7.89 + 0.26%

0.85+0.18
1.37 +0.17
0.16 £0.01

Growth performance of sheep

DM intake, kg/d
OM intake, kg/d
CP intake, kg/d
NDF intake, kg/d
ADG, kg/d

Feed efficiency

0.922 + 0.06°

0.76 +0.23
0.11+0.00
0.42 +0.07
0.12+0.03
0.16 +£0.02

7.63+0.26"
0.87 +0.18
1.31+0.17
0.15+0.01

1.07+ 0,06%
0.81+0.10
0.13+£0.00
0.37+0.08

1.01 + 0,06%
0.81 +0.09
0.12 +0.00
0.4 +0.08
0.16 £0.03
0.17 +0.00

0.01
0.60
0.06
0.16

0.02
0.76
0.70
0.26
0.14
0.57

0.33
0.09
0.14
0.00

0.02
0.23
0.00
0.02
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.01
0.00
0.00
0.00
0.00

rent superscripts differed significantly (P < 0.05).

a-

‘Mea
ns in
the
same
row
with

diffe

'Untreated = corn silage with no inoculant applied; ™LAB = corn silage treated with lactic acid bacteria homofermentative or facultative

heterofermentative; "LAB = corn silage treated with acid bacteria obligate heterofermentative; ™LAB = corn corn silage treated with acid

bacteria homofermentative, facultative heterofermentative and obligate heterofermentative.

2 DM = dry matter; CP = crude protein; EE: ethereal extract; NFC = non-fiber carbohydrates; OM: organic matter; NDF = neutral detergent fiber;
ADF = acid detergent fiber; VFA = voltaile fatty acids; 3.5% FCM = 3.5 % fat-corrected milk; ADG = average daily gain
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4. Discussion

4.1 Fermentation and aerobic stability

Bacterial inoculants are added at ensiling to ensure a higher LAB population and,
therefore, modulate the fermentation process to reduce energy and DM losses. Initially,
bacterial inoculants were comprised of homofermentative LABs (first-generation inoculants)
with the aim of stimulating lactic fermentation to reduce the pH more rapidly, inhibiting the
growth of undesirable microorganisms (e.g., enterobacteria and Clostridium), as well as
decreasing DM losses (Kung et al., 2003). In this sense, the present study revealed that
inoculation of corn silage with ™LAB resulted in a higher concentration of lactic acid
(+37.4%) compared to the control silage. As lactic acid is the strongest acid found within the
silo (pKa of 3.8, whereas short-chain fatty acids have values around 4.8; Moon, 1983), the
final pH of corn silage inoculated with "LAB is reduced. The inoculation with "LAB was
also effective in reducing the Clostridium population from 1.86 to 0.90 CFU g of forage,
which resulted in a lower concentration of N-NHs in corn silage. Some bacteria of the genus
Clostridium can ferment protein and, therefore, higher concentrations of N-NHs in silage are
usually associated with the greater development of this group of microorganisms (Pahlow et
al., 2003). However, it is emphasized that the development of Clostridium is inhibited when
the pH is lower than 4.5 (Pahlow et al., 2003).

Nevertheless, inoculation of corn silage with "™LAB slightly increased DM loss
(+8.47% relative to the control silage). It is known that for each mole of glucose, two moles
of lactic acid are produced via the homofermentative route used by LAB and, consequently,
this metabolic pathway should result in 99% DM and 96.7% of energy recovery (McDonald
et al., 1991), that is, it should result in lower losses. On the other hand, the lack of positive
responses of "LAB on DM losses is due to the adequate concentration of WSC and the low
buffering capacity of corn silage (Ely and Max Sudweeks, 1981; Tabacco et al., 2011), and
the high epiphytic LABs population (Kung et al. 1993; Kristensen et al., 2010), which result
in low DM losses, even without the addition of inoculants. Furthermore, Goeser et al. (2015)
have shown that in silages with low pH, the increase in lactic acid concentration is positively
related to the increase in DM losses. According to the authors, although much of lactic acid is
produced by the glycolytic route, other fermentative routes can also occur concomitantly,

causing COz losses. These results are supported by the study of Oliveira et al. (2017), who did
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not observe a positive effect of inoculation with "LAB on DM losses of corn and sorghum
silages.

Inoculation of corn silage with "™LAB increased yeast count at silo opening. As it is
known, lactic acid per se has little antifungal activity (Moon, 1983), and the low pH does not
always inhibit yeast development, since these microorganisms can develop in a wide pH
range (3 to 8; Praphailong and Fleet, 1997). On the other hand, even with the increase in yeast
population, no increase in ethanol concentration was observed in silages inoculated with
"ol AB. Likewise, no effect of "LAB inoculation on the aerobic stability of corn silages was
observed. Usually, little or no improvement is observed on the aerobic stability of corn silage
by inoculation with "LAB (Adesogan, 2014), as observed in the present study. Along with
acid-acetic bacteria, yeasts are the first microorganisms to initiate the process of deterioration
of corn silage (McDonald et al., 1991). The yeasts use residual WSC and lactic acid as the
substrate for their growth, and then silage becomes susceptible to oxidation and heat
production (Wilkinson and Davies, 2013). Therefore, the highest CO, emission in corn silages
inoculated with "™LAB reported in this meta-analysis agrees with the published literature.

Corn silages inoculated with ™LAB had a higher concentration of acetic acid (+49.6%
compared to the control silage). During the fermentation process, ™LAB convert WSC to
acetic acid (McDonald et al., 1991), and some "LAB (e.g. L. buchneri, L. brevis) can convert
lactic acid to acetic acid and 1,2-propanediol under anaerobic conditions (Oude Elferink et al.,
2001). Using the stoichiometric equation proposed by Oude Elferink et al. (2001), for the
conversion of lactic acid, the expected acetic acid concentration in "LAB-treated corn silage é
26,7 g kg DM, similar to that found. In addition, according to the metabolic pathways used
by "LAB (Oude Elferink et al., 2001), the higher concentration of 1,2-propanediol in silage
was also expected. Therefore, our data agree with the heterolactic fermentation profile, mainly
acetic, observed in "®LLAB-treated silages (Kleinschmit and Kung, 2006).

In contrast, the fermentation routes used by "LAB are less efficient, and should result in
higher DM losses (50-240 g kg* DM depending on whether the substrate used by the "™LAB
is fructose or glucose, respectively; McDonald et al., 1991), as observed in the present study
(+50.1% in relation to the control silage). Likewise, this explains why the WSC content is
lower in silages inoculated with "LAB. Lactic fermentation decreases energy and DM losses
in relation to acetic, since via the 6-phosphogluconate/phosphoketolase pathway used by
helAB, for each mole of acetic acid, one mole of CO; is also produced (Lahtinen et al., 2010).
In addition, it was observed that the inoculation of corn silages with "LAB resulted in higher

DM losses in large-scale silos than in laboratory silos (+56.6 vs. +9.3 g kgt DM in relation to
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the control silage). Typical differences between the fermentation in laboratory and farm silos
are due to distinct ensilage process, such as silo filling time and compaction (Weinberg and
Muck, 1996). Therefore, the greatest losses in large-scale silos are probably due to the longer
time required for silage sealing and the removal of oxygen from the ensiled mass. It boosts the
growth of undesirable microorganisms especially in the first days of fermentation, such as
enterobacteria, which have inefficient fermentation routes from the point of view of DM
recovery (McDonald et al., 1991).

Due to the antifungal products from "LAB, corn silages inoculated with these bacteria
had higher aerobic stability (+71.3 h in relation to the control silage). Heat and CO> are
products of the oxidative metabolism of deteriorating microorganisms, which indicate aerobic
deterioration of silage (Wilkinson and Davies, 2013). The present study demonstrated that
corn silage inoculated with ™LAB has a higher acetic acid concentration than the control at
silo opening and during aerobic exposure. Since the mid-1990s, silage inoculation with "*LAB
such as L. buchneri has been proposed (second-generation inoculants), because these bacteria
can produce antifungal compounds (acetic acid and bacteriocins) that inhibit the development
of yeast population (Driehuis et al., 1999; Yildirim et al., 2002). Thus, it was not surprising to
find a lower population of yeasts and molds in silages inoculated with "™LAB, until the sixth
day of aerobic exposure. Consequently, these silages had a higher lactic acid concentration
and lower pH (up to the fifth day of aerobic exposure), which resulted in lower silage
oxidation (-16.9 g kg™t CO, compared to the control silage).

According to this meta-analysis, "LAB reduces DM losses under aerobic conditions
(considering the average reduction of 16.8 g kg™ in CO, emission) and this is very relevant,
because corn and other well-fermented silages are usually more susceptible to aerobic
deterioration after silo opening. However, it should be highlighted that even with the positive
results of inoculation with ™LAB on the aerobic stability of corn silage, the air penetrates the
ensiled mass after silo opening, reaching an extension of 1 to 2 m depending on the specific
mass of silage (Ashbell et al., 1994; Sun et al., 2017). Our results show that "LAB acts for a
limited time and, as observed, from the sixth day of air exposure, the population of yeasts,
molds, and the pH of inoculated silage increased to levels similar to that of control silage. At
that point, the concentration of acetic acid is probably no longer sufficient to inhibit the
growth of yeasts, and then they have good availability of WSC to multiply and give molds
and aerobic bacteria a chance to grow too. Wilkinson and Davies (2013) proposed a target
stability of at least seven days, considering oxygen entering the silo wall and the time the

silage remains in the feeding area. Hence, by using "™LAB, it is possible to mitigate aerobic
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deterioration, although inoculation does not substitute adequate silage filling and sealing
management, as well as removal rate and delivery.

The study revealed that the inoculation of corn silage with ™LAB causes minor effects
in corn silage. Usually, in uninoculated silages after sealing, the "LAB dominates the
beginning of the fermentation process, producing large amounts of lactic acid, and then the
pH decreases more rapidly. Subsequently, the population of these bacteria are replaced by
"l AB, which convert lactic acid to acetic acid (Zhou et al., 2016). Therefore, with the
combination of ™LAB and ™LAB (™*LAB) in bacterial inoculants would be expected
reducing losses during fermentation and after silo opening by reducing aerobic deterioration.
However, in this work, ™*LAB only resulted in a slight increase in acetic acid concentration
(+21.7% in relation to the control silage), reducing the WSC preservation. Consequently, DM
losses increased in relation to the control silage, with an intermediate value to silages
inoculated with "LAB and "LAB. Unexpectedly, the inoculation of silage with ™*LAB
produced the highest value of 1,2-propanediol, but we do not have a clear explanation for this
result. In addition, yeast count was reduced by the inoculation with ™*LAB, resulting in
higher aerobic stability (+10.1 h), although it was not pronounced in relation to the control
silage. During the aerobic exposure period, silage inoculated with ™*LAB had a higher lactic
acid concentration after 5 days and lower pH up to 7 days, but this did not result in a lower
CO. emission. Therefore, in view of the results of this study, the combination of "LAB and
"l AB to reduce losses in corn silage seems questionable and should be evaluated with great
care by farmers.

The temperature interfered with the action of inoculants on the fermentation profile of
silages, although the present data does not allow us to determine clearly how this happens.
(Zhou et al., 2016). In our study, "LAB and ™XLAB increased the RMD of the concentration
of 1,2 propanediol at 20 and 25° C than at less than 20° C. This compound is a product of the
metabolism of L. buchneri (Oude Elferink et al., 2001), which may indicate a higher activity
of this bacterium in this temperature range. Besides, Zhou et al. (2016) demonstrated that in a
range of 5° C to 25° C, the increase in temperature allows the L. buchneri population to grow
more intensely during the fermentation process. On the other hand, no interaction between
temperature and inoculation for acetic acid concentration, as well as yeast counts, and aerobic
stability were found. In addition, the increase in temperature increased the RMD of the
inoculation with "LAB on lactic acid concentration, which suggests that these bacteria can

also be favored by the temperature.
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4.2. Chemical composition

Silages inoculated with ™LAB and ™XLAB had lower DM content, which agrees with
the higher DM losses observed in these silages. Although significant, the differences detected
in CP, EE, and ADF contents are not expressive, and probably should be more associated with
concentration/dilution effect due to fermentative losses. In addition, inoculation of corn silage
resulted in improved in vitro NDF digestibility, regardless of the inoculant used. The increase
in NDF digestibility is possibly related to the ability of some LAB strains to produce the
enzyme feruloyl esterase (FAE) (Donaghy et al., 1998; Nsereko et al., 2008). FAE breaks
ferulic acid (Buanafina et al., 2008), and facilitates fiber degradation in the rumen, since it
cross-bridges lignin monomers and other fiber components (Jung and Allen, 1995). On the
other hand, even with higher NDF digestibility, only the inoculated silage with "LAB had
higher in vitro DM digestibility, particularly when 1x10° cfu g forage was used. This result
is probably associated with the lower ADF reported in "LAB inoculated silage compared to
the control silage, which is known to be inversely correlated with digestibility (Van Soest,
1994)

4.3. Animal performance

Dairy cows and sheep fed corn silage inoculated with "LAB had higher DMI, which is
associated with the greater NDF apparent digestibility reported for this treatment. It is known
that fiber digestibility has a direct correlation with DMI (Oba and Allen, 1999; Allen, 2000).
The reasons why NDF digestibility can be increased by bacterial inoculation has been
reported previously. A persistent concern about silage inoculation with "™LAB refers to a
possible negative effect of acetic acid on DMI (Wilkins et al., 1971; Daniel et al., 2013).
However, Krizsan et al. (2012) reported a negative effect of acetic acid on DMI only when it
was above 54 g kg™, In the present study, we reported that inoculation with "LLAB resulted in
an average acetic acid concentration of 27 g kg™, probably insufficient to interfere with DMI,
as observed in sheep.

Even with the improvement of digestibility and increase DMI, no effect was observed
on the performance of dairy and beef cattle and sheep. Moreover, no changes were found in
the ruminal fermentative profile. Despite some works suggest a possible probiotic effect of L.
plantarum on the gastrointestinal tract of animals (Kung and Muck, 1997; Weinberg and
Muck, 2006), recent studies have shown changes in animal performance should be more
closely associated with the chemical composition of silage and diet than with any probiotic
effect of bacterial inoculants (Ellis et al., 2016; Rabelo et al., 2017).
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Meta-analytical studies were already published evaluating the isolated inoculation with
homofermentative (Oliveira et al., 2016) and heterofermentative LABs (Kleinschmit and
Kung, 2006). However, the present study is the first to evaluate inoculants that combine the
two groups. In addition, factors such as the concentration of LABs (Oliveira et al., 2017;
Kleinschmit and Kung, 2006), silo type (Neumann et al., 2007), temperature (Weinberg et al.,
1998; Liu et al. 2014) interfere with the response of the inoculant. Considering that this study
is based on corn silage, it was possible to describe in more detail the action of different acid-
lactic bacteria, as well as its interaction with the factors mentioned above in this type of silage
and its effect on the fermentation profile, aerobic stability, and performance of small and large

ruminants.

5. Conclusion

The inoculation of corn silages with LAB changes the fermentation profile of corn
silages, however, in terms of reducing fermentative losses, is questionable, considering that
the DM losses increased regardless of the inoculant used. Nevertheless, "LAB delay the
aerobic deterioration of corn silages over exposure time, as well as results in increased aerobic
stability and reduce CO, emission. Although, inoculation with "LAB improve FDN and dry
matter digestibility and DMI in dairy and beef cattle and sheep, despite weight gain, milk
yield and composition and feed efficiency were not altered. The combination of ™LAB and
"l AB has no advantage over individual groups, so the use of ™LAB is questionable in corn
silage. In addition, by evaluating the subgroups, it was observed that ambient temperature
during the storage period interferes with the action of inoculants on silage fermentation
profile, although there is no interference of temperature in dry matter losses and aerobic
stability. Briefly, new studies are required to evaluate the effect of temperature and, as well as

interfering with DMI in beef and dairy cattle and sheep.
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Descriptive analysis of the variables used in the database to investigate the effects of inoculation with lactic acid bacteria on the quality of corn

silage.
Silage inoculant
o Control "LAB "LAB X AB
nt Mean Min Max n Mean Min Max N Mean Min Max n Mean Min Max
DM loss, g/lkg DM? 104 531 0.00 178 89 577 1.00 167 65 59.6 2.00 387 46 519 0.00 136
Fermentation profile, g/kg DM
pH 206 3.77 334 460 252 375 329 450 117 3.88 3.48 4.60 77 3.85 353 4.40
Ammonia-N, g/kg TN 74 565 020 132 64 551 020 130 42 616 0.20 149 38 58.1 040 131
WSC 109 242 360 110 111 234 200 131 51 134 250 368 48 222 180 6438
Lactic acid 188 522 560 131 237 532 470 136 114 441 0.00 90.9 75 483 3.00 159
Acetic acid 178 16.2 0.08 56.0 220 152 0.00 53.0 111 295 220 68.2 74 240 580 64.6
Propionic acid 82 142 000 940 85 092 0.00 8.00 56 226 0.00 146 43 321 0.00 110
Butyric acid 83 119 0.00 250 9 039 0.00 6.00 50 066 0.00 6.90 40 1.81 0.00 26.7
Ethanol 108 115 0.00 49.0 156 10.1 0.00 424 83 110 0.00 69.6 48 114 0.10 59.1
1,2-propanediol 35 142 000 120 21 030 0.00 240 26 9.09 0.00 494 24 106 0.00 310
ADIN, g/kg TN 8 110 126 242 14 125 123 270 0 - - - 0 - - -
Aerobic stability, h 75 717 950 390 37 684 470 294 58 175 24.0 886 51 168 11.3 570
Microbiological profile, logio cfu/g fresh silage
LAB 51 6.48 419 906 56 6.62 421 875 33 753 350 927 30 7.03 3.74 9.8
Yeasts 84 391 000 900 62 413 050 7.01 69 248 0.00 598 47 245 0.00 4.80
Molds 70 246 0.00 569 49 210 0.00 5.00 51 219 0.00 419 42 235 0.00 5.20
Enterobacteria 6 302 199 630 10 214 020 6.20 0 - - - 0 - - -
Clostridia 7 19 060 430 13 111 0.00 4.40 0 - - - 0 - - -
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Chemical composition, g/kg DM

DM, g/kg as fed 180 308 157 494 188 304 155 494 86 305 177 463 72 319 215 426
Ash 92 522 540 167 84 571 166 183 14 387 490 570 41 483 510 102
CP 140 80.3 421 114 155 812 39.0 119 42 849 520 116 57 79.7 59.0 103
EE 26 265 157 394 16 226 167 34.0 10 27.7 204 36.0 20 295 21.0 371
NDF 135 480 273 680 152 501 192 711 43 454 277 620 54 446 291 620
ADF 118 284 137 434 131 297 149 448 36 257 145 340 50 252 148 369
Lignin 28 475 100 151 39 587 16.0 153 7 372 140 69.0 13 269 13.0 500
NFC 26 426 256 580 15 399 239 660 10 450 342 566 21 448 334 559
Starch 44 286 143 409 39 273 148 453 7 293 244 344 19 328 234 411
In vitro digestibility, g/kg

DM 42 637 464 846 72 657 461 839 7 628 525 713 13 629 499 718
oM 24 666 485 850 43 663 481 878 0 - - - 0 - - -

NDF 17 439 225 631 30 494 220 629 7 432 224 563 11 445 227 647

INumber of means.

2 WSC = water-soluble carbohydrates; LAB = lactic-acid bacteria; DM = dry matter; CP = crude protein; EE: ethereal extract; NFC = non-fiber
carbohydrates; OM: organic matter; NDF = neutral detergent fiber; ADF = acid detergent fiber; ADIN = acid detergent insoluble N.



Annex 2
Descriptive analysis of the variables used in the database to investigate the effects of inoculation with lactic acid bacteria on the digestibility of
corn silage, ruminal fermentation and performance of cattle and sheep

Control Silage inoculant
Item hOLAB heLAB mixLAB
N Mean Min Max N Mean Min Max N Mean Min Max N Mean Min Max

Apparent digestibility

DM 21 676 604 879 15 653 548 831 8 724 640 88 4 691 672 735
oM 17 681 549 883 12 682 544 873 5 759 699 890 4 674 637 715
CP 23 640 328 83 16 618 281 875 8 688 543 840 5 653 591 723
EE 12 845 643 923 8 83 701 900 6 848 789 916 2 - - -
NDF 19 499 339 653 10 501 372 758 8 492 208 755 6 535 488 603
ADF 9 518 350 659 7 524 328 798 2 - - 753 2 554 538 571
Ruminal fermentation profile

pH 10 6.14 558 663 3 600 558 624 4 608 600 616 4 631 6.03 6.70
VFA 10 698 333 106 4 839 523 112 4 571 408 808 3 802 776 827
Acetate 11 677 562 794 4 600 571 625 5 694 576 781 3 747 733 76.2
Propionate 11 190 125 255 4 220 185 256 5 188 143 251 3 174 164 183
Butyrate 11 113 583 164 4 133 126 142 5 115 571 181 3 7.60 535 103
Acetate: propionate 11 379 227 591 4 277 235 328 5 412 240 553 3 436 4.07 4.56
Growth performance of beef cattle

DM intake 10 7.68 588 107 10 773 578 102 O - - - 0 - - -
CP intake 4 079 057 120 4 081 058 120 O - - - 0 - - -
ADG 9 123 084 19 9 119 083 180 0 - - - 0 - - -
Feed efficiency 9 016 012 018 9 015 012 018 © - - - 0 - - -
Growth performance of sheep

DM intake 10 094 073 137 7 104 070 130 6 098 084 119 O - - -
OM intake 5 078 003 131 3 116 106 125 4 073 003 111 O - - -
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CP intake 5 017 0073 041 3 114 013 015 4 019 008 042 O - - -
NDF intake 4 041 021 054 3 049 045 051 3 038 022 048 0 - - -
ADG 4 014 008 020 O - - - 4 016 011 020 O - - -
Feed efficiency 4 016 009 021 O - - - 4 017 013 021 O - - -

'Number of means.

3 DM = dry matter; CP = crude protein; EE: ethereal extract; NFC = non-fiber carbohydrates; OM: organic matter; NDF = neutral detergent
fiber; ADF = acid detergent fiber, VFA = voltaile fatty acids, ADG = average daily gain
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4. CONSIDERACOES FINAIS

Nesse trabalho, foi empregada uma ferramenta meta-analitica para avaliar o efeito de
bactérias acido-laticas homofermentativas, heterofermentativas e a combinagdo de ambas na
fermentacdo, estabilidade aerobia e qualidade bromatolégica de silagens de milho, bem como
seu efeito sobre o desempenho de pequenos e grandes ruminantes. Foi constatado que todas as
classes de inoculantes estudados sdo eficazes em modular a fermentacdo da silagem,
entretanto, essa interferéncia aumenta as perdas fermentativas de matéria seca. Por outro lado,
o uso de "™LAB ocasionou efeitos positivos sobre a estabilidade aerobia da silagem, vindo a
protelar a acdo de leveduras e fungos filamentosos. Porém, cabe ressaltar que o efeito do
inoculante dura por até seis dias de contato da silagem com o ar, o que torna fundamental
associar a inoculacdo com processos de ensilagem e desensilagem adequados. Além disso,
todos os inoculantes melhoram a digestibilidade do FDN, enquanto "™LAB também melhora a
digestibilidade da matéria seca e ingestdo de alimento de ovinos e vacas leiteiras. Mesmo
assim, nenhum efeito sobre desempenho animal pode ser associado aos inoculantes. Ficou
claro que o uso dos grupos de LABs isolados traz mais vantagens do que combinados, uma
vez que com ™XLAB, os efeitos sobre estabilidade aerdbia e digestibilidade s&o menos
pronunciados.

Também se observou que os resultados dos estudos com inoculagdo podem ser
diferentes em estudos em laboratorio ou em escala real. Isso reforca a importancia de
trabalhos em nivel de fazenda para se validar a eficacia destes produtos. Além disso, se
constatou que a temperatura enquanto o silo estad fechado exerce influéncia no efeito dos
inoculantes, muito embora n&do tenha ficado claro como esse fator atua. Assim, s&o
importantes estudos que associem estes temperatura e inoculacdo, a pois € um fator que pode
implicar na aplicabilidade dos diferentes inoculantes nos sistemas de producdo de ruminantes

em todo o mundo.
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