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RESUMO

Lactobacillus vini ¢ uma bactéria recentemente descrita e encontrada principalmente em
ambientes industriais de fermentacdo. No Brasil e na Suécia esta bactéria foi encontrada na
producao de etanol combustivel como uma das principais contaminantes do processo industrial.
Apesar de sua relevancia, nao ha ainda uma analise consistente de sua fisiologia que esclarega
a caracteristica adaptativa a tais ambientes. O presente trabalho teve como objetivo a
identificacdo de fatores nutricionais que podem explicar a presencga de L. vini na fermentagao
industrial que utiliza derivados da cana-de-agucar como substrato. Os resultados obtidos
permitem concluir que, no processo de fermentacdo industrial, L. vini metaboliza glicose,
sacarose e frutose, apenas com o objetivo de produzir ATP, através da produgdo exclusiva de
acido latico, e que utiliza os recursos organicos disponiveis no meio ambiente, como
oligopeptideos e aminoécidos, para geracdo de biomassa. Portanto, o crescimento de L. vini no
meio industrial parece mais limitado pela composi¢do organica do substrato. Em adi¢do, as
analises metabdlicas mostraram que esta bactéria assimila citrato e acetato basicamente como
fonte de carbono para gera¢do de biomassa. As andlises de linhagens mutantes indicaram que
os genes relA e prcR parecem desempenhar papeis bioldgicos diferentes no metabolismo de
carboidratos identificados em outras bactérias. Por fim, a capacidade de L. vini JP7.8.9 em
fermentar dissacarideos como sacarose e celobiose, bem como lactose, com elevados
rendimentos em 4acido latico torna essa bactéria uma candidata a aplicagdo em processos

industriais

Palavras-chave: Bactérias lacticas. Caldo de cana. Citrato. Fermentacao alcoodlica.



ABSTRACT

Lactobacillus vini is a bacterium recently described and found mainly in industrial
fermentation environments. In Brazil and Sweden, this bacterium was found in the production
of fuel ethanol as one of the main contaminants of the industrial process. Despite this relevance,
there is not a consistent analysis of its physiology that provides the adaptive characteristic to
such environments. In this context, the present work aimed to identify nutritional factors that
may explain the presence of L. vini in industrial fermentation that uses sugarcane derivatives as
a substrate. The results allow us to conclude that, in the industrial fermentation process, L. vini
metabolizes glucose, sucrose and fructose, with the sole purpose of producing ATP, through
the exclusive production of lactic acid, and utilizing the organic resources available in the
environment, oligopeptides and amino acids for biomass generation. Therefore, the growth of
L. vini in the industrial environment seems more limited by the organic composition of the
substrate. In addition, metabolic analyzes have shown that this bacterium assimilates citrate and
acetate primarily as a carbon source for biomass generation. Analysis of mutant strains
indicated that relA and prcR genes appear to play different biological roles in carbohydrate
metabolism identified in other bacteria. Finally, the ability of L. vini JP7.8.9 to ferment
disaccharides such as sucrose and cellobiose, as well as lactose, with high yields of lactic acid

makes this bacterium a candidate for application in industrial processes.

Keywords: Lactic acid bacteria. Sugarcane juice. Citrate. Alcoholic fermentation.
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1 INTRODUCAO

A producdo de etanol combustivel do Brasil tem como principal matéria-prima utilizada a cana-
de-agucar (BASSO et al., 2011; CASTRO et al., 2018), cujos derivados caldo e melago sdo
fermentados de maneira asséptica. A reutilizacdo da biomassa celular ao longo de varios
reciclos de fermentacdo ¢ uma pratica comum que reduz a necessidade de reproducao da
populagdo celular (BASSO et al., 2011). Essas praticas favorecem uma constante dindmica
populacional que possibilita uma série de contaminagdes recorrentes por leveduras e bactérias.
Isto ocasiona instabilidade da populagdo de Saccharomyces cerevisiae, levedura mais
empregada no processo € de maior capacidade fermentativa quando comparada a outros
microrganismos, e interfere no rendimento e produtividade da fermentagao industrial, seja pela
competi¢do com a levedura pelo agucar do meio, seja pela produ¢do de compostos, como o
lactato e o acetato, que diminuem a viabilidade das leveduras (DE OLIVA-NETO; YOKOYA,
1994; NARENDRANATH et al., 1997; BASSO et al., 2014). Espécies do género Lactobacillus
se destacam como principais contaminantes e, dentre essas, a espécie Lactobacillus vini tem
papel relevante em fermentacdes de destilarias do Nordeste do Brasil (LUCENA et al., 2010).
Inicialmente detectada na Franga, em mosto fermentado de uva para produgdo de vinho, a
linhagem Mont 4 foi identificada apenas ao nivel de género (BARRE, 1978), e mais tarde
compods juntamente com linhagens isoladas de vinho Espanha como a nova espécie L. vini,
sendo entdo considerada a linhagem tipo da espécie (RODAS et al., 2005; RODAS et al.2006).
Devido a sua presenca em plantas de producao de etanol em destilarias na Suécia (PASSOTH
et al,, 2007) e no Brasil (LUCENA et al,, 2010), estudos foram realizados no sentido de se
identificar sua relagdo com leveduras (S. cerevisiae e Dekkera bruxellensis) comumente
encontradas no processo industrial e compreender os aspectos que lhe permitem permanecer no
processo (DE SOUZA et al., 2012).

O presente trabalho ¢ a parte de um conjunto de estudos realizados sobre a bactéria
Lactobacillus vini, desde a sua identificacdo como contaminante da fermentagdo alcoolica
industrial em destilarias do Nordeste do Brasil (LUCENA et al., 2010). Esses estudos ja
realizados compreendem avaliacdo da sua influéncia na capacidade fermentativa e interacao
com leveduras do processo industrial (DE SOUZA et al 2012); sequenciamento do genoma
(LUCENA etal., 2012) e identificacdo de mecanismos moleculares de resisténcia a antibioticos

e de tolerancia a acidificagdo do meio (MENDONCA et al., 2016; 2019). Portanto, o presente
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trabalho busca aprofundar os conhecimentos sobre a fisiologia de L. vini em resposta a
composi¢do nutricional do meio industrial.

Nesse contexto, este trabalho teve como principal objetivo analisar o
metabolismo e fisiologia da linhagem industrial Lactobacillus vini JP7.8.9, isolada da destilaria
Japungu, localizada no Nordeste de Brasil, para entender sua grande adaptabilidade ao ambiente
fermentativo. No primeiro capitulo estdo apresentados dados sobre a influéncia da composigao
nutricional do caldo e do melaco de cana sobre o crescimento celular e o papel do citrato na
geragdo de energia e biomassa. No segundo capitulo sdo discutidos os dados relativos a
utilizacdo dos diferentes tipos de agucares presentes nos substratos industriais sobre o
crescimento celular e a influéncia dessas fontes de carbono sobre a capacidade

homofermentativa da bactéria na produgao de lactato.

1.1 Objetivos
1.1.1. Objetivo geral

e Determinar o perfil metabdlico e fisioloégico da linhagem industrial L. vini JP7.8.9 em

meios de cultura sintéticos e industriais

1.1.2. Objetivos especificos

e Avaliar a influéncia da composi¢do nutricional do meio na fisiologia da linhagem L.
vini JP 7.8.9

e Analisar o perfil metabdlico de L. vini em resposta as principais fontes de carboidratos
presente no meio industrial.

e Avaliar a co-assimilagdo dos principais agucares de interesse industrial por L. vini JP
7.8.9

e Avaliar o metabolismo de lactose em L. vini JP 7.8.9
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2 REVISAO DE LITERATURA
2.1 A producdo de etanol

A fermentacao alcodlica ¢ um processo bioldgico que consiste na metabolizacao de
acucares fermentaveis, que sdo convertidos em energia celular, tendo como principal produto
de interesse o etanol, que ¢ o biocombustivel mais consumido no mundo (BASSO et al,, 2011;
CASTRO et al,, 2018). A utiliza¢do do etanol no Brasil, como biocombustivel encontrou seu
apice na década de 70 com a criagdo do programa Proalcool (Programa Nacional do Alcool),
que surgiu devido a crise internacional do petrdleo, iniciando assim uma politica de incentivo
ao uso ¢ produgdao do etanol como combustivel, com aumento de investimentos no setor
(BASSO et al., 2011; CASTRO et al., 2018). Além disso, a maioria dos combustiveis liquidos
do mundo sdo derivados do petroleo que, além de ndo ser renovavel, contribui com o
aquecimento global devido a grande emissdo de gases de efeito estufa, gerados pelo seu uso, o
que fez com que se intensificasse a procura por um substituto que pudesse ser produzido com
baixo custo, a partir de fontes renovaveis e que pudesse ser produzido em grande escala
(CASTRO et al,, 2018). A producdo de bioetanol representa uma tecnologia em grande escala
capaz de produzir biocombustiveis de forma eficiente economicamente, oferecendo substitutos
viaveis a gasolina (AMORIM et al., 2011; CASTRO et al., 2018). Ha varias décadas certos
microrganismos exercem uma forte importancia biotecnolégica como, por exemplo, a levedura
Saccharomyces cerevisiae que, de forma eficiente, ¢ capaz de assimilar diversas fontes
nutricionais do caldo de cana de agucar e produzir etanol (WALKER, 2003), conseguindo altos
rendimentos na sua producgdo devido a sua alta capacidade fermentativa, sendo amplamente
empregada nesse tipo de processo. O Brasil € o pais que introduziu pela primeira vez esse
combustivel renovdvel em sua matriz energética (BASSO et al., 2011), sendo a producao
brasileira, a partir da cana-de-acticar, um dos maiores processos biotecnoldgicos industriais do
mundo (BASSO; LINO, 2018).

O processo de fermentagdo alcodlica nas destilarias brasileiras vem sendo fonte de
véarios estudos sobre a dindmica populacional tanto de leveduras como de bactérias,
principalmente por se tratar de um ambiente ndo estéril e, portanto, propicio ao aparecimento
de diferentes microrganismos considerados contaminantes (BASSO et al., 2011; Basso et al.,
2014; BASSO; LINO, 2018). Apesar do aparecimento de microrganismos selvagens, sejam eles
leveduras ou bactérias, geralmente oriundos do caldo de cana, algumas linhagens de S.

cerevisiae sdo capazes de se estabelecer ao longo da safra. Essas linhagens podem variar de
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acordo com a regido, como por exemplo, a linhagem S. cerevisiae PE-2 que permanece
dominante em 58% das destilarias do estado de Sdo Paulo (BASSO et al., 2008), e a linhagem
JP1 que ¢ mais adaptada as caracteristicas da regido nordeste (SILVA-FILHO et al., 2005a).
Ambas, além de permanecerem no processo apresentam uma alta produgdo de etanol e
eficiéncia de fermentacdo, fazendo com que se tornem comercialmente muito atrativas no setor
sucroalcooleiro.

Outras espécies de leveduras também sdo capazes de se estabelecer no processo, porém,
ndo tem a mesma capacidade fermentativa e se tornam indesejadas, como por exemplo, a
levedura Dekkera bruxellensis (LIBERAL et al., 2007; BASILIO et al., 2008). Esta levedura
também ¢ relatada na industria do vinho e da cerveja por produzirem compostos tanto desejaveis
como indesejaveis as bebidas (BOULTON et al., 1996). Essa espécie vem sendo estudada ao
longo dos anos, principalmente, para entender suas habilidades de adaptagdo as condicdes
industriais (CIANI et al., 2003; PEREIRA et al., 2011; DE BARROS PITA et al., 2011, 2013;
DE SOUZA et al., 2012; LEITE et al., 2013), mas também para uma possivel utilizacdo dessa
levedura na producdo de etanol em consorcio com outros microrganismos (PASSOTH, et al.,
2007) e também na produc¢do de cachaca (PARENTE et al., 2014).

Essas contaminagdes por microrganismos selvagens, ou seja, microrganismos que nao
faziam parte da microbiota inoculada no processo, podem causar danos significativos na
producao de etanol (AMORIM et al., 2004; SILVA-FILHO et al., 2005b; BASSO et al., 2014)
pois interferem negativamente no desempenho fermentativo das leveduras do processo, seja
competindo por agucares fermentaveis e nutrientes do meio, seja pela producao de produtos,
como acidos organicos, causando diminui¢do no rendimento em etanol, floculacdo das células
de levedura e a baixa viabilidade das leveduras (DE OLIVA-NETO; YOKOYA, 1994;
NARENDRANATH et al, 1997; BASSO et al., 2014). Portanto, o acompanhamento da
microbiota tanto da matéria-prima, como também da fermentacao se torna essencial para um

devido controle do processo.

2.2 Contaminacao Bacteriana

Tendo em vista a natureza do processo e¢ os grandes volumes processados, a
contaminagdo bacteriana ¢ um problema recorrente nas fermentagdes industriais (BASSO;
LINO, 2018). Além de ser um processo aberto, onde os substratos (melaco e/ou caldo de cana)
ndo sdo esterilizados, a producgdo industrial envolve, por muitas vezes, o reciclo do fermento

e, consequentemente, o reciclo dos contaminantes. Estas condi¢des tornam o ambiente



19

complexo e susceptivel a uma constante variagdo de diferentes espécies e linhagens de
leveduras e bactérias ao longo do periodo de fermentagao, o que pode causar diversos disturbios
no processo, como a diminui¢do da produtividade além de outros problemas operacionais
(AMORIM etal., 2004; SILVA-FILHO etal., 2005b). As bactérias competem com as leveduras
do processo por diversos nutrientes e, principalmente, pelos agticares, que sdo a principal fonte
de carbono (NARENDRANATH et al., 1997, MUTHAIYAN et al.,, 2011) e que, ao ser
consumido por elas, sdo convertido em outros subprodutos como lactato e/ou acetato, em
detrimento da producao de etanol (INGLEDEW, 1995; NARENDRANATH, 2003). Esses
acidos organicos podem, ainda, ocasionar inibicdo do crescimento e do metabolismo das
leveduras (NARENDRANATH et al., 2001; NARENDRANATH, 2003; SKINNER, 2004;
BASSO et al, 2014). As bactérias podem ainda provocar a floculagdo das leveduras, que
ocasiona redu¢do na velocidade da fermentagao, além de inconvenientes como entupimento de
tubulagdes, aumento de fundo da dorna, dificuldade de operagdo das centrifugas devido ao
entupimento dos bicos (SERRA et al, 1979; YOKOYA; DE OLIVA-NETO, 1991) e
impossibilitar o reciclo do fermento.

Além disso, na fermentagdo de vinho, a presenga excessiva de bactérias pode causar
sérios problemas, devido ao aumento da acidez do produto final e a diminui¢do da viabilidade
das células de leveduras (YOKOYA; OLIVA-NETO, 1991). Tudo isto gera custos para a
industria, que vao desde a limpeza das dornas, utilizagdo de antibidticos, a troca do fermento e
queda na eficiéncia e no rendimento da fermentacdo, fazendo desta uma das questdes mais
relevantes economicamente na producgao de etanol (MUTHAIYAN et al., 2011; BASSO et al.,
2014).

Algumas bactérias Gram-negativas costumam aparecer na plantas de producdo, como
as pertencentes aos géneros Acetobacter e Gluconobacter, que produzem acido acético como
principal subproduto de seu metabolismo. Apesar disso, as Gram-positivas compreendem 0s
grupos mais representativos (NARENDRANATH, 2003). As espécies pertencentes aos géneros
Lactobacillus, Leuconostoc, Pediococcus e Weissella estao entre as espécies de bactérias laticas
mais comumente encontradas na industria de etanol, possivelmente, por serem tolerantes a
baixos valores de pH, altas temperaturas e apresentarem ainda altas taxas de crescimento
(NARENDRANATH et al., 1997). Entre estes grupos, os Lactobacillus predominam nos
processos de fermentacdo, como tem sido observado por um longo tempo, sendo considerados
os principais contaminantes na produ¢do de etanol (KANDLER, 1983; KANDLER; WEISS,
1986; DE OLIVA-NETO; YOKOYA, 1994; CHANG et al., 1995; SCHELL et al., 2007,
BECKNER et al,, 2011). Em estudo comparando o efeito de bactérias heterofermentativas
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(Lactobacillus fermentum) e homofermentativa (Lactobacillus plantarum) no rendimento
fermentativo foi constatado que a L. fermentum causa um maior efeito negativo na fermentagao
alcéolica em relacdo a L. plantarum, gerando uma diminui¢do no rendimento em etanol
(BASSO et al., 2014). Estudos em destilarias do nordeste brasileiro revelaram uma grande
diversidade de espécies de Lactobacillus, inclusive L. vini, tanto no caldo de cana de agucar,

como também no mosto fermentado (LUCENA et al., 2010).

2.3 Bactéria Laticas

Apesar da grande variedade de bactérias ja detectadas na industria, incluindo espécies
de Acetobacter, Bifidobacterium, Clostridium, Enterococcus, Gluconobacter, Lactobacillus,
Lactococcus, Leuconostoc, Pediococcus € Weissella, a maior parte das bactérias identificadas
em plantas de produgao de etanol pertence ao grupo das bactérias acido-laticas (BAL) (CHANG
et al., 1995; SKINNER, 2004; LUCENA et al., 2010).

Composto por cerca de 450 espécies o grupo das BAL ¢, historicamente, definido como
um grupo heterogéneo (MOZZI, 2016), de microrganismos filogeneticamente relacionados e
que tem o acido latico como Unico ou principal produto da fermentagdo de carboidratos ( LIU
etal.,, 2014; SUN etal., 2014; MOZZI, 2016) (SUN et al., 2014). Sao bactérias Gram-positivas,
ndo esporulantes, normalmente catalase-negativas, embora algumas cepas possam produzir
pseudo-catalases, possuem forma de cocos, cocobacilos ou bacilos (KANDLER, 1983;
AXELSSON, 2004; KONIG; FROHLICH, 2009; SUN et al., 2014), e contém baixo contetdo
de GC em seu DNA (KONIG; FROHLICH, 2009; SUN et al., 2014; HOLZAPFEL; WOOD,
2014) e apresentam um complexo requerimento nutricional (KANDLER; WEISS, 1986),
requerendo aminodcidos, peptideos, bases de nucleotideos, vitaminas, minerais, acidos graxos
e carboidratos, componentes que geralmente estdo presentes nos nichos naturais em que
habitam (MOZZI, 2016). Podem assimilar uma variedade de nutrientes, fermentando os
acucares pela via Embdem-Meyerhoff-Parnas (EMP), onde o piruvato é convertido em acido
latico pela lactato desidrogenase (LDH), no caso das homofermentadoras, ou produzir outros
compostos como, acido acético, acido formico, etanol e/ou didéxido de carbono, além do lactado,
como as heterofermentadoras (KANDLER, 1983; HAMMES; VOGEL, 1995; HAMMES;
HERTEL, 2009; KONIG; FROHLICH, 2009; VON WRIGHT; AXELSSON, 2012; SMID;
KLEEREBEZEM, 2014; MOZZI, 2016).

Consideradas como um grupo onipresente (ADAMS, 1999), sua capacidade de habitar

diferentes nichos ¢ caracteristica de sua diversidade metabodlica e adaptabilidade (MOZZI,
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2016). As BALs estdo presentes em ambientes nutricionalmente ricos, podendo ser encontradas
em diversos habitats como produtos alimenticios (lacteos, vegetais, carnes), material em
decomposicao e bebidas. Sdo encontradas, ainda, em animais ¢ humanos, em cavidades como
a oral e vaginal, e tratos respiratorio e gastrointestinal (KONIG; FROHLICH, 2009; VON
WRIGHT; AXELSSON, 2012) onde sdo componentes comuns da microbiota comensal. Exceto
por algumas espécies pertencentes aos géneros Streptococcus, Enterococcus, Lactococcus €
Carnobacterium, sdo nao-patogénicos (MOZZI, 2016) e devido essa longa historia de
exposi¢ao e consumo humano chegou-se a conclusdo razoavel de que eles sdo geralmente
seguros (ADAMS, 1999; MOZZ1, 2016).

As BALs podem crescer em uma ampla gama de temperaturas, de 2°C a 53° C, com
uma temperatura 6tima variando, geralmente, entre 30°C e 40°C. O pH ideal para o crescimento
¢ de 5,5-6,0 e geralmente ocorre em pH 5,0 ou menos, mas a taxa de crescimento ¢
significativamente reduzida. Em condic¢des ideais de crescimento, o tempo de duplicacdo das
bactérias lacticas ¢ muito mais rapido do que o da levedura (NARENDRANATH, 2003). Essas
bactérias sdo anaerdbicas e estritamente fermentativas, embora sejam aero-tolerantes
(AXELSSON, 2004; KONIG; FROHLICH, 2009; VON WRIGHT; AXELSSON, 2012), e
obtém energia por fosforilacdo a nivel de substrato, uma vez que ndo possuem um “sistema
respiratorio” funcional (LIU et al., 2014). Apesar disso, varias de suas espécies podem mudar
da fermentacdo para o metabolismo respiratorio aerdbio quando os grupos heme ou heme e
menaquinona sdo fornecidos (MOZZI, 2016).

Sdo bactérias tolerantes a acidos (KONIG; FROHLICH, 2009; Beckner et al., 2011;
SMID; KLEEREBEZEM, 2014; SUN et al, 2014, HOLZAPFEL; WOOD, 2014,
MENDONCA et al., 2019) e provocam uma diminui¢ao no pH em associa¢cdo com a produgao
de 4cidos organicos, o que inibe o crescimento de microrganismos competidores (SMID;
KLEEREBEZEM, 2014). Isto, aliado a sua permanéncia no trato gastrointestinal, pode
possibilitar a utilizacdo das BALs como probiodticos, promovendo beneficios a saude do
hospedeiro. Seus efeitos benéficos na industria de alimentos ainda incluem a habilidade de
produzir compostos aromaticos e realgadores de sabor (CARR et al., 2002) fazendo com que
sejam amplamente exploradas em intimeras aplicagdes industriais, desde culturas iniciais na
industria de laticinios, vegetais e carnes, bem como no processamento de outros produtos como
vinho (KONIGS et al., 2000).

Sendo consideradas importantes no que diz respeito a fermentagdo de alimentos e
aplicagdes farmacéuticas (LIU et al., 2014) as BALs tém sido extensivamente estudadas e os

conhecimentos adquiridos abriram novas possibilidades para a sua aplicagdo. O
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redirecionamento dos fluxos metabolicos permite otimizar os processos de fabricagdo de
alimentos, produzindo, inclusive, alimentos mais saudaveis ou para manipular as propriedades
organolépticas (isto €, o sabor e textura global) bem como producao de produtos para aplicagdes

no setor de satilde humana e veterinaria (VENEMA et al., 1999).

2.3.1. Metabolismo dos acuicares

Fastidiosas, as BALs requerem meios ricos e complexos para um crescimento
significativo, tendo os acgticares como a principal fonte de carbono e energia (KOWALCZYK
et al, 2016; PESSIONE et al., 2010). Embora, de maneira geral, a glicose e a lactose sejam os
acucares preferenciais e mais amplamente utilizados por bactérias laticas (WU ; LU, 2014),
outras hexoses também podem ser metabolizadas, bem como pentoses, dependendo de cada
organismo. Apresentam, de forma geral, cinco vias principais de fermentagcdo de carboidratos:
as vias de Leloir e da Tagatose-6P (Figura 1), que sdo, ambas, vias para a metabolizagdo da
lactose e da galactose, a depender do sistema de transporte utilizado na internalizagao desses
acucares. Quando ndo fosforiladas, seguem pela Via de Leloir, e quando fosforiladas, seguem
pela Via da tagatose-6P, via esta ligada a fosforilagdo da galactose. Quanto a glicose resultante
da hidrolise da lactose, esta segue pela Glicolise (ISKANDAR et al., 2019); a Glicolise (Figura
2), ou via de Embden-Meyerhof-Parnas (EMP), que em condi¢des de disponibilidade de
acucares e limitacao de oxigénio, ¢ caracterizada pela formagao da frutose-1,6-difosfato (FDP),
a partir de hexoses, que ¢ quebrada pela FDP aldolase em duas trioses (DHAP -
dihidroxiacetona fosfato e GAP — gliceraldeido-3-fosfato), que por sua vez, sdo convertidas a
lactato (KANDLER, 1983; VON WRIGHT; AXELSSON, 2012); a Via das Pentoses-Fosfato
(PP) (Figura 2), na qual as pentoses sao fosforiladas e entdo convertidas a xilulose-5-fosfato e
posteriormente em GAP pela acdo das enzimas transcetolase e transaldolase, seguido pela
conversao do GAP a piruvato, resultando em acido latico. A via das pentoses pode ainda seguir
pela Via Fosfocetolase (PK) (Figura 2), na qual a xilulose-5-fosfato, resultante de pentoses ou
ainda da glicose-6-fosfato (quando esta € convertida a 6-fosfogluconato), sofre a agao da enzima
fosfocetolase e ¢ clivada em GAP e acetil-fosfato (Acetil-P), que sdo reduzidas, transformando-
se em acido latico e etanol e/ou acido acético, respectivamente (KANDLER, 1983; KANDLER;
WEISS, 1986; WANG et al., 2015).

Acredita-se que o metabolismo da glicose pela via EMP ¢ a via catabdlica primaria,
porém, algumas bactérias ndo apresentam, por exemplo, o gene fba que codifica a frutose-

bifosfato-aldolase, enzima fundamental para esta via (MORITA et al., 2008). Durante a
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metabolizacdo dos aglicares, bem como outros compostos, sdo gerados intermedidrios que
podem ser utilizados pela célula como precursores em biossinteses e sustentam o crescimento
celular (KIM; GADD, 2008), fazendo com que o catabolismo destes compostos seja de grande
relevancia para a geracao de energia e biomassa (PESSIONE et al., 2010).
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Figura 1. Representagdo esquematica das vias metabolicas da lactose e da galactose. Enzimas codificadas pelos
genes: lacAB, galactose-6-fosfato isomerase; lacC, tagatose-6-fosfato quinase; lacD, tagatose-1,6-difosfato
aldolase; lacEF, EIIABClac / Gal; lacG, fosfo-B-galactosidase; lacR, regulador da transcri¢do; lacS, lactose
permease; lacZ, B-galactosidase; lacLM, B-galactosidase; galP, galactose permease; galM, galactose epimerase;
galK, galactose quinase; galT, galactose-1-fosfato uridiltransferase; galE, UDP-glucose-4-epimerase; pgm,
fosfoglucomutase; glk, glucoquinase. GPDH: fosfato de gliceraldeido 3, DHAP: fosfato de dihidroxiacetona. A
linha pontilhada simboliza varias reagdes. (Fonte: ISKANDAR et al., 2019)

Estes agucares podem ser internalizados para célula por diversos tipos sistemas de
transporte, que podem ou nao demandar de gasto energético incluindo, por exemplo, sistemas
de Fosfotransferase (PTS), cassetes de ligacdo de ATP (ABC) e transportadores glicosideo-
pentosidoe-hexuronideo (GPH) (MAYO et al., 2010; KOWALCZYK et al,, 2016), uma vez
que as BALs apresentam alto nimero de genes que codificam possiveis transportadores de
acucar. Os principais componentes para a catalise do transporte e fosforilagao dos acucares sao
os PTSs, dependentes de fosfoenolpiruvato (POSTMA et al., 1993) e que envolve o uso de
fosfotransferase (KIM; GADD, 2008). O PTS catalisa a translocagdo de grupo, ou seja, o
acoplamento do transporte de actcar para a fosforilagdo deste, e o fosfoenolpiruvato ¢ o doador
inicial de fosforil. Ele fosforila a Enzima I e, em seguida, o grupo fosforila ¢ sequencialmente
passado para a proteina HPr, Enzima IIA, Enzima IIB e, finalmente, para um agucar que entra

em uma reagdo dependente do transportador transmembrana, Enzima IIC. As duas primeiras
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sdo inespecificas e transportam qualquer acucar. Os componentes Enzima II sdo especificos

para cada agucar particular (LORCA et al., 2010; MADIGAN et al., 2016) (Figura 3).
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Figura 3. Mecanismo do sistema fosfotransferase de Escherichia coli. (Fonte: Madigan et al., 2016)

O numero de genes relacionados aos sistemas PTS pode ter grande variagdo nas BALs,
variando, inclusive, entre individuos da mesma espécie (ZHANG et al., 2013) e o nimero de
proteinas PTS codificadas dentro do genoma destes individuos ndo se correlacionam,
necessariamente, com o tamanho do genoma. Por exemplo, membros do filo Firmicutes tém a
maioria das permeases de PTS, apesar de seu tamanho reduzido de genoma. Entretanto, nem
todos os Firmicutes, incluindo algumas BALs, tém um grande numero de carregadores de PTS
(BARABOTE; SAIER, 2005). Além disso, os genomas de BAL contém muitos genes que
codificam outros transportadores que estdo envolvidos no transporte de fontes de carbono,
como citado anteriormente. A maltose, por exemplo, ¢ transportada para a célula através do
sistema ABC (cassetes de ligacao de ATP) (KIM; GADD, 2008), que, assim como o PTS,
envolve gasto energético, e ¢ composto em 3 componentes: uma proteina de ligagao ao substrato
que exibe alta afinidade pelo substrato a ser transportado; um transportador integrado a
membrana, formando um canal de transporte; e uma proteina que hidrolisa ATP, fornecendo
assim, energia ao sistema (MADIGAN et al., 2016) (Figura 4). Existem ainda transportadores
que ndo envolvem fosforilagdo das moléculas. Trata-se de transportes simples, que consistem
somente em uma proteina transportadora transmembranica, por onde a molécula de agucar ¢
transportada para o interior da célula por a¢dao de uma forga proton-motiva (MADIGAN et al.,
2016), como ¢ o caso da permease ndo-PTS GalP, envolvida na importacdo da galactose
(KOWALCZYK et al, 2016), e a MelB, uma permeasse transportadora de melibiose, que
pertence ao GPH, uma familia de simporter de cation (ETHAYATHULLA et al,, 2014).
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Uma vez que o actcar foi internalizado, as BAL empregam a homo ou
heterofermentagdo, dependendo do sentido do fluxo metabolico. Os produtos finais primarios
da primeira via consistem principalmente de acido lactico, enquanto a segunda produz acido
lactico, CO2, acido acético e, por vezes, etanol, de forma que se mantenha o balango redox na
célula. (KANDLER, 1983; KOWALCZYK et al, 2016; ZHANG et al., 2016). O perfil de
assimilac@o de cada agucar e o potencial fermentescivel de cada espécie e/ou linhagem podem,
entre outros fatores, ser influenciados pelo habitat, de forma que cada bactéria pode ter maior
capacidade de assimilar agucares especificos disponiveis em abundancia em seus ambientes
naturais, indicando a sua adaptacao a diferentes nichos ecologicos. L. salivarius, por exemplo,
¢ considerado como homofermentativo, mas possui uma via fosfocetolase (do metabolismo
heterofermentador) funcional (CLAESSON et al., 2006). Bactérias associadas a producao de
laticinios podem metabolizar, com eficiéncia, a lactose. Ja as associadas a plantas podem
utilizar uma grande variedade de outros carboidratos, incluindo os -glicosideos
(ALEKSANDRZAK-PIEKARCZYK, 2013). Um exemplo disto ¢ a bactéria latica
Lactobacillus vini, que teve linhagens distintas encontradas no processo de produ¢do de vinho
na Espanha, como também em destilarias produtoras de bioetanol, no nordeste do Brasil.
Embora estas linhagens apresentem grandes semelhancas no que diz respeito a um perfil “geral”
de assimilacdo de acucares, foram encontradas particularidades que diferem estas linhagens
entre si, e as diferem também da linhagem tipo. Estas diferencas podem ser explicadas por uma
provavel adaptagao ao ambiente (dados ainda nao publicados), que, por sua vez, demanda uma

adaptacdo no metabolismo celular.
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2.3.2. Resposta Estringente

Na natureza além da capacidade de utilizar diversas fontes de carbono os
microrganismos precisam ajustar seu metabolismo a disponibilidade nutricional (BOUTTE;
CROSSON, 2013). De forma geral, o meio ambiente tende a ser bastante desfavoravel, ja que
apresenta situagdes bastante adversas, como por exemplo altera¢des climaticas e limitada
disponibilidade de nutrientes. A caréncia nutricional provoca alteragao no metabolismo celular,
e em diversos organismos esse controle tem sido dependente da produg¢do de uma molécula
conhecida com alarménio produzida a partir de GTP (GEIGER; WOLZ, 2014). O acamulo do
alarmoénio no citoplasma celular tem um efeito pleiotropico nos organismos estudados. Em
organismos modelo como Escherichia coli e Bacillus subtilis, os principais efeitos da resposta
estringente envolve a desrepressao dos genes de fontes secundarias de carbono e da resposta
geral a estresse (BATTESTI et al.,, 2011; GEIGER; WOLZ, 2014).

A produgdo do alarmdnio ¢ dependente da proteina codificada pelo gene reld ou spoT,
ambos desempenhando a mesma atividade enzimatica (TRAXLER et al., 2008). Embora esses
genes ndo sejam essenciais para sobrevivéncia da célula, sdo indispensaveis para sobrevida da
populagdo durante condigdes adversas de crescimento (KASAI et al., 2006; TRAXLER et al,,
2008). A resposta estringente esta intimamente relacionada ao regulon do gene codY (GEIGER;
WOLZ, 2014). Em condi¢gdes de abundancia nutricional a resposta estringente ¢ desativada, a
producdo do alarmoénio diminui e o pool de GTP volta a aumentar (SONENSHEIN, 2005). O
aumento da producgdo de energia também contribui com o aumento da producdo do GTP que
passa a refletir a abundancia energética da célula. O GTP juntamente com os aminoacidos
leucina, isoleucina e valina, sio moduladores positivos do regulador codY que leva a repressao
dos genes de metabolismo secundario de carbono, de resposta geral a estresse ¢ de outras
caracteristicas celulares de fase estacionaria (SONENSHEIN, 2005). Deste modo, a resposta
estringente e a ativagcdo do regulon de codY estdo diretamente implicados na regulagcdo do
metabolismo energético da célula e podem ser importantes componentes na sobrevivéncia dos

Lactobacillus em ambientes adversos, como o ambiente industrial de producao de etanol.

2.3.3. Metabolismo do Citrato

Além dos agucares, varias espécies de BAL tém a capacidade de metabolizar citrato,
um processo que requer o transporte do citrato, sua possivel conversdao em oxaloacetato e depois
em piruvato e CO2 (MAGNI et al., 1999; MAYO et al., 2010). Entretanto, esse modelo carece

de comprovagdo experimental e de analises metabolicas mais consistentes. Abundante na
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natureza, o citrato é uma importante fonte de energia para muitas bactérias (LAETITIA et al.,
2014) e vem sendo descrito na literatura por favorecer o crescimento de lactobacilos (MAGNI
et al., 1999; LAETITIA et al., 2014). Sua metabolizagdo pelas BALs pode levar a producio de
lactato, formato, acetato e etanol (NEVES et al. 2005), bem como compostos volateis como
diacetil, acetoina e butanodiol (KOWALCZYK et al., 2016; Neves et al., 2005) responsaveis
pelo aroma tipico de muitos produtos lacteos fermentados, e considerado off-flavors em outros
produtos fermentados, como vinho e cerveja (KOWALCZYK et al.,, 2016).

Assim como para os agucares, o transporte ¢ uma etapa limitante para a utilizagao de
citrato (MAYO etal., 2010) que pode ser usado como fonte de carbono e/ou energia na presenca
ou auséncia de oxigénio para fornecer intermedidrios para a formagio de biomassa (LAETITIA
et al., 2014). Este transporte ¢ realizado por uma variedade de permeases associadas a
membrana. Entre os transportadores de citrato estdo, por exemplo, o CitS, que ¢ um simporter,
que usa um gradiente de Na?* para transportar citrato, o CitP que ¢é responsavel pelo antiporte
de H-citrato? e lactato'- gerando um potencial de membrana (MAYO et al., 2010) ¢ CitM e
CitH, pertencentes a familia de simportadores citrato-metal (CitMHS) (KORITHOSKI et al.,
2005; BLANCATO et al., 2006). Uma vez dentro da célula, o citrato pode ser convertido em
acetato e oxaloacetato em uma reagao catalisada pelo complexo enzimatico citrato liase (CL)
e, em seguida, o oxaloacetato ¢ descarboxilado pela oxaloacetato descarboxilase (OAD),
gerando piruvato, acetado e CO2 (MAGNI et al., 1999; KOWALCZYK et al., 2016).

As bactérias que metabolizam o citrato parecem ser favorecidas, em particular quando o
ambiente se torna severo. Este ¢ o caso de produtos alimenticios fermentados, onde a
acidificagdo diminui o pH em niveis sub-letais (LAETITIA et al., 2014). A utilizacdo de citrato
tem um efeito protetor contra o estresse acido, excretando o acido latico produzido a medida
que importa citrato utilizando um antiportador CitP, por exemplo (KOWALCZYK et al., 2016),
o que poderia fornecer as BALs fermentadoras de citrato um mecanismo de resisténcia aos
efeitos inibitérios do lactato acumulado no meio (MAGNI et al., 1999). Além disso, o
metabolismo do citrato contribui para a producao de compostos toxicos, acidos organicos e
diacetil, que apresentam atividades contra muitas bactérias (LAETITIA et al., 2014;
KOWALCZYK etal., 2016). Em um ecossistema microbiano, o metabolismo do citrato oferece
ainda, vantagens seletivas para os microrganismos citrato-positivos, podendo ainda gerar um
mol extra de ATP por mole de citrato (LAETITIA et al., 2014; KOWALCZYK et al., 2016) e
0 seu co-metabolismo permite que as BALs usem outra fonte de carbono para seu crescimento

(KOWALCZYK et al, 2016). O beneficio energético desse metabolismo permite que as
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bactérias suportem melhor e, até mesmo, dominem o ambiente na qual estdo inseridas

(LAETITIA et al., 2014).

2.3.4. O género Lactobacillus

O género Lactobacillus ¢ um grupo heterogéneo de bactérias acido laticas (BAL),
composto por bactérias com diferentes propriedades fenotipicas, bioquimicas e fisioldgicas
(AXELSSON, 2004). As principais diferengas, sdo relacionadas a ter ou ndo a capacidade de
utilizar os carboidratos e de sintetizar os aminoacidos, a depender do nicho onde estes
microrganismos sdo encontrados. (O’CALLAGHAN; O’TOOLE, 2011). Sao, geralmente, as
espécies de bactérias laticas mais acido-tolerantes e apresentam morfologia bacilar ( HAMMES;
VOGEL, 1995; HAMMES; HERTEL, 2006; SLOVER; DANZIGER, 2008.), mas a morfologia
da coloragdo de Gram pode variar, incluindo hastes curtas e roligas, hastes longas e delgadas,
em correntes ou palicadas, e sua morfologia colonial pode variar entre colonias pequenas a
médias. Todas essa varidveis ndo permitem que sejam facilmente diferenciadas, pois tornam a
identificacdo fenotipica geralmente ndo confidvel, de forma que frequentemente requerem
identificacdo molecular (genes 16S rRNA). Desta forma, ¢ considerado um grupo
taxonomicamente complexo, sendo composto por mais de 170 espécies. Esta complexidade
taxondmica, juntamente com a escassez de dados faz com que seja dificil generalizar sobre o
género (GOLDSTEIN etal., 2015). A heterogeneidade do grupo ¢ também refletida na variagao
dos valores de GC em seu DNA. Espécies do género apresentam variagcdes aproximadamente
entre 32 e 55mol%, o que representa cerca de duas vezes mais do que o aceitavel normalmente,
para um unico género (SCHLEIFEr, 1983).

Estas bactérias sao fastidiosas, apresentando necessidades nutricionais complexas, por
vezes muito exigentes para os carboidratos, aminodcidos, peptideos, ésteres de acidos graxos,
sais derivados de &cidos nucleicos vitaminas e minerais (HAMMES; VOGEL, 1995;
HAMMES; HERTEL, 2006; KONIG; FROHLICH, 2009; HOLZAPFEL; WOOD, 2014).
Ocasionalmente sdao redutoras de nitrato, normalmente ndo tém motilidade (HAMMES;
VOGEL, 1995; HAMMES; HERTEL, 2006) e crescem a uma temperatura e pH 6timos entre
30 e40°C, e 5.5 e 6.2, respectivamente (HAMMES; HERTEL, 2009; SALVETTi et al., 2012).

Amplamente distribuidos na natureza, os Lactobacillus sao encontrados onde substratos
ricos em carboidratos estdo disponiveis (HAMMES; VOGEL, 1995; HAMMES; HERTEL,
2006), podendo ser também encontrados em diversos produtos alimenticios, principalmente em

produtos de origem lactea (AXELSSON, 2004, SALVETTI et al., 2012). Geralmente sdo
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considerados como “Bactérias seguras” (SALVETTi et al., 2012), e compdem a microbiota
entérica de humanos e outros mamiferos (SEKIROV et al., 2010), sendo um grupo
subdominante da microbiota intestinal humana. Sua habilidade de resisténcia a acidos, faz com
que sejam capazes de sobreviver a ingestdo e representam os tipos de microrganismos cujos
quais sistema imunolégico dos mamiferos aprenderam a ndo reagir (O’CALLAGHAN;
O’TOOLE, 2011). Isto fez com que os Lactobacillus ocupassem uma posi¢ao importante frente
a saude humana, de forma que algumas espécies, como Lactobacillus rhamnosus, L.
acidophilus, L. casei, L. reuteri e L. fermentum, fossem utilizadas como probidticos, por
exemplo (REID, 1999). Sua capacidade de adaptar as situagdes adversas, recorrentemente
encontradas no ambiente industrial, juntamente com a produgao de acidos organicos resultantes
de seu metabolismo, fazem com que o género Lactobacillus seja uma grande preocupagdo para
destilarias e usinas de etanol de combustivel (NARENDRANATH, 2003), uma vez que
promovem sérias consequéncias econdmicas para os produtores, pois além de desviarem o
carbono da formacao do etanol prejudicam o desempenho fermentativo da levedura (BASSO
etal., 2014)

Na presenga de oxigénio ou de outros oxidantes, quantidades elevadas de acetato podem
ser produzidas em detrimento ao lactato ou etanol. Assim, variagcdes nos produtos metabdlicos
finais podem ocorrer. Varios compostos (por exemplo, citrato, malato, tartarato, quinolato,
nitrato, nitrito, etc) podem ser metabolizados, e utilizados como fonte de energia ou aceptores
de elétrons (HAMMES; VOGEL, 1995). A presen¢a de membros do género em uma gama tao
diversa de nichos levou a evolucdo de uma série de diferentes agrupamentos de lactobacilos,
cada um adaptado ao nicho ambiental do qual se originou (O’CALLAGHAN; O’TOOLE,
2011). Originalmente, as espécies deste género eram agrupadas com base na temperatura de
crescimento e habilidade de fermentar hexoses (CARR et al., 2002). Ha muitos anos a base
fisiologica para a divisdo €, geralmente, a presenga ou auséncia das enzimas do metabolismo
de agtcar, dividindo, portanto, o género em trés grupos distintos, de acordo com o modo como
realizam a degradacdo dos carboidratos (KANDLER, 1983; KANDLER; WEISS, 1986;
HAMMES; VOGEL, 1995; SUN et al., 2014): Homofermentadores Obrigatorios (OHO), que
so6 fermentam hexoses a acido latico, quase que exclusivamente (cerca de 85%, no minimo),
pela via EMP, na qual 1 mol de hexose leva a formacdo de 2 moles de acido latico e 2 moles
de ATP; Heterofermentadores Facultativos (FHE), que assim como o grupo OHO, fermentam
hexoses a acido latico pela via EMP, mas em condi¢des extremas de glicose limitante, tem
habilidade de degradar gluconato e pentoses através da via Fosfocetolase (PK), resultando na

producdo de 4cido latico, etanol e/ou acido acético e CO2; e os Heterofermentadores
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Obrigatorios (OHE), que fermentam hexoses e pentoses exclusivamente pela via
Fosfogluconato, produzindo 4cido latico, etanol ou acido acético e CO2. Apesar de ainda muito
utilizada, essa classificagdo necessita de atualizagdo, uma vez que ndo contempla espécies
homefermentadora de pentoses, como a Lactobacillus vini, inica espécie descrita na literatura
que apresenta esse metabolismo, e que utiliza a via Pentose Fosfato na assimilagdo das pentoses,

em detrimento da via Fosfocetolase (Figura 2) (BARRE, 1978; RODAS et al., 2006).

2.3.5. Lactobacillus vini

Diferentes estudos realizados até a década de 70, identificaram as espécies de bactérias
laticas presentes na producdo de vinho, na Franga, estabelecendo assim a populagao que
compunha este ambiente. O fato de, até entdo, ndo haverem sido descritos nesta populacdo
individuos que crescessem em altas temperaturas, levou P. Barre a desenvolver seu estudo, onde
foram isolados Lactobacillus do mosto de vinho, que cresciam a temperaturas superiores a 40°C
(BARRE, 1978). Dentre as cepas isoladas, estava uma que foi denominada Mont 4. Este isolado
foi depositado primeiramente no Deustche Sammlung von Micro-organismem und Zellkulturen
GmbH (DSMZ) como Lactobacillus sp. DSM 20605 e, posteriormente, na Spanish Type
Culture Collection (CECT) da DSMZ como Lactobacillus sp. CECT 5924 (RODAS et al.,
2006). Esta cepa apresentava caracteristicas, como temperatura de crescimento na faixa de
45°C e metabolismo homofermentativo, que a aproximava do entdo subgénero
Thermobacterium, mas sua capacidade de fermentar arabinose e ribose ndo permitia esta
classificacdo. Lactobacillus com metabolismo homofermentativo para pentoses eram
desconhecidos até entdo, o que levou a conclusdo de que deveria se tratar de uma nova espécie
(BARRE, 1978). Muitos anos depois, com a utilizagdo de técnicas moleculares, a hipotese de
se tratar de uma espécie ainda ndo descrita foi reforcada (CHENOLL, et al., 2003).
Posteriormente, um estudo que analisou a sequencia do gene 16S rRNA da populagdo de
lactobacilos em vinicolas da Espanha encontrou um grupo de isolados que apresentavam 100%
de similaridade com a cepa Mont 4 (RODAS et al., 2005), que foi entdo descrita como a nova
espécie Lactobacillus vini em 2006 (RODAS et al., 2006)

Lactobacilllu vini (Figura 5) ¢ uma bactéria positiva para o teste de Gram, catalase
negativa, ndo esporulante e que apresenta o padrao de metabolismo homofermentativo, mesmo
na fermentagdo de pentoses, produzindo exclusivamente o lactato como produto final da
fermentagdo de carboidratos (BARRE, 1978; RODAS et al., 2006). E anaerdbia facultativa, e

entre outros agucares, fermenta celobiose, maltose, trealose, sacarose, D-glicose, D-frutose, D-
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manose e L-Arabinose, mas ndo fermenta D-arabinose, assim como nao fermenta glicerol, D-
xilose, L-xilose, manitol, lactose, xilitol, D-arabitol ou L-arabitol (RODAS et al., 2006). O
genoma de L. vini, tanto da linhagem tipo DMS 20605T descrita por Rodas et al. (2006) como
da linhagem industrial JP7.8.9 isolada da fermentacao alcoolica, foi sequenciado e contém, em
média, 2,25 Mb com conteido de GC na faixa de 37,7%, que abriga cerca de 1950 genes
(LUCENA etal., 2012). As anotagdes revelaram a presenga de genes que tem grande relevancia
para uso industrial, como no caso de hidrolases e outras enzimas do metabolismo de

carboidratos.
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Figura 5. Morfologia das células de Lactobacillus vini, linhagem industrial JP7.8.9 depois de coloragdo de Gram
(Fonte: A autora).

Desde sua descricao, L. vini vem sendo encontrada em alguns processos industriais pelo
mundo, estando sempre relacionada ao processo de fermentacdo alcodlica. Primeiro na
producdo de vinho, na Franga (BARRE, 1978) e na Espanha (RODAS et al., 2005) e,
posteriormente, foi detectada na Suécia durante o processo de producao de etanol (PASSOTH
et al., 2007). No Brasil, foi isolada a partir do mosto fermentado, de destilarias de etanol do
nordeste, se mantendo em maior quantidade com relagao a outras BALs e aumentando sua
populacdo durante toda a safra 2007/2008 (LUCENA et al., 2010). Estudos posteriores
indicaram que influencia da presencga dessa bactéria no rendimento da fermentagao alcoolica
em caldo de cana-de-agucar sobre o consorcio entre S. cerevisiae (linhagem industrial JP1) e
D. bruxellensis (linhagem industrial GDB 248), nao exerce nenhum efeito negativo sobre as

células de levedura (DE SOUZA et al., 2012). Dados na literatura sugerem que o sucesso
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adaptativo deste género se deve a sua tolerdncia as condi¢des do ambiente industrial de
fermentacao alcdolica, tais como a alta concentragao de etanol, a condi¢ao anaerobica, ao baixo
pH e a presenca de antibioticos, por exemplo (LUCENA et al., 2010; BECKNER et al., 2011;
MENDONCA et al., 2016; MENDONCA et al., 2019). Apesar destes estudos, ainda pouco se
sabe a respeito de sua fisiologia e seu metabolismo, o que permitiria compreender a ecologia
deste microrganismo no processo industrial (as caracteristicas de adaptabilidade e sua relacao
com os outros componentes da microbiota do processo), bem como seu potencial na produgao
de compostos de interesse biotecnoldgico (tais como a producao de acidos organicos e de

compostos aromaticos, ou mesmo na produc¢do de biocombustiveis).
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3 METODO

3.1 Microrganismos e condi¢des de crescimento

A linhagens utilizadas neste trabalho foram a linhagem industrial Lactobacillus vini
JP7.8.9, isolada da destilaria de etanol Japungu, Santa Rita, PB (LUCENA et al., 2010), e as
linhagens mutantes rel4™ ¢ prcR" (MENDONCA, 2018). Todas as linhagens foram cultivadas a
37 °C, em condigdes estaticas, em meio MRS caldo (Merck e Difco), ou meio solido (contendo
2% de 4gar) em jarra de anaerobiose com gerador de anaerobiose Anaerocult A®
(Mikrobiologie). Para os cultivos das linhagens mutantes, o antibidtico eritromicina (Sigma
Aldrich ®) foi adicionado ao meio, na concentragao final de 5 ug/mL (MENDONCA, 2018).
Todas linhagens foram mantidas em MRS caldo 15% de glicerol a -80 °C. Caldo e melago da
cana-de-acucar, fornecidos pelas destilarias de Japungu e Miriri (Santa Rita, PB), foram
utilizados como substratos industriais. A suplementacdo desses substratos incluiu a adi¢do de
componentes individuais do composto MRS: peptona (10 g L), extrato de levedura (5 g L),
citrato de aménio (2 g L") ou uma mistura de vitaminas (D -biotina 0,05 g L!, 4cido pantoténico
1 g L', 4cido nicotinico 1 g L-!, mioinositol 25 g L', cloridrato de tiamina 1 g L', cloridrato
pirodoxal 1 g L'! e p-aminobenzoico acido 0,2 g L'!). Os meios de cultura industrias utilizados
foram previamente esterilizado por filtracdo, utilizando filtros de membrana de 0,22 pm. Os
meios MRS comerciais, caldo ou solido, foram esterilizado por autoclavagao (a 121 °C por 15
minutos). Alternativamente, o extrato de levedura feito pela lise da levedura industrial
Saccharomyces cerevisiae JP1, foi usado para suplementar o meio industrial e simular as
condi¢des industriais. As células de levedura foram cultivadas em meio YPD (extrato de
levedura 10 g L', peptona 20 g L', dextrose 20 g L!) para este procedimento, até a fase
estaciondria e coletadas por centrifuga¢do em tubos conicos de 50 mL em 5000 rpm por cinco
minutos em temperatura ambiente. A biomassa imida foi lisada pela adigao de nitrogénio
liquido e granulos de vidro (475-600 um de didmetro), seguido por agitacdo em vortice. O
lisado foi filtrado em uma membrana de 0,22 um (Durapore PVDF. Merck Co., Cat n° P1438)
e misturado com uma pequena quantidade do meio industrial. Um equivalente de 5g do lisado
celular foi adicionado a cada litro de substrato para simular a presenga de contetido de células

de levedura mortas no ambiente industrial.
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3.2 Ensaios de crescimento com caldo de cana e melaco

Células de L. vini foram coletadas de uma colonia de placas MRS foram cultivadas em
caldo MRS por 16 h a 37 °C sem agitagdo. As células das culturas foram utilizadas para inocular
o caldo MRS (como meio de referéncia) e para o meio industrial de caldo de cana ou melago,
com ou sem adi¢ao dos suplementos, inicialmente a uma concentracao inicial de 0,1 D.O600nm
no volume total de 1 ml. O caldo de cana e o melago foram centrifugados a 5.000 rpm por 15
minutos para remog¢ao dos solidos suspensos, e ambos foram diluidos em 4gua destilada para
100 g L' de agucar total. Os cultivos de Lactobacillus vini foram realizados em FlowerPlates
selados em filme permeéavel com equipamento de microfermentagdo BiolectorNA® (m2p-labs,
Alemanha) a 32 ° C e umidade constante de 85% e velocidade de 800 rpm. Os experimentos de
crescimento foram realizados em anaerobiose com inje¢ao de nitrogénio ultrapuro a 0,5 vvm.
As leituras do laser de uma faixa de s6lidos suspensos foram realizadas a cada 20 minutos € os
valores de espalhamento da luz foram transformados em densidade dptica a partir do fator de
calibracao definido em laboratério para a suspensado de células de L. vini. Nenhuma variacao de

pH do meio de cultura foi observada.

3.3 Anadlise da assimilagdo de agucar e concentragdo de glicose

O meio MRS foi preparado in-house a partir de seus componentes listados pelo
fabricante (Difco) para testar variagdes na concentra¢do de glicose e na fonte de carbono.
Quatro diferentes fontes de carbono foram analisadas: glicose, frutose, sacarose e maltose. A
concentragdo de todas as fontes de carbono foi de 20 g L-'. A influéncia da concentragio de
aguicar no crescimento bacteriano foi testada usando glicose a 20, 40, 60, 80, 100 ¢ 120 g L-'.
As células pré-cultivadas em meio MRS foram usadas para esses ensaios de crescimento para
inocular o meio especifico de MRS na concentracdo inicial de 0,1 D.Osoonm em microplacas
estéreis de 96 pocos até um volume final de 150 pL e cultivadas em aparelho de microincubacao
Synergy HT (BioTek, Swissland ) a 37 © C, sob alta agitacdo. As leituras de absorbancia foram

feitas a cada vinte minutos. Nenhuma variagdo de pH do meio de cultura foi observada.

3.4 Ensaios de crescimento variando concentragao de citrato

O meio MRS foi reproduzido em laboratério a partir de seus componentes com

concentracgdes varidveis de citrato na forma de sal de amonio. A condicdo de referéncia foi o
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meio MRS contendo concentragdo de citrato presente no MRS comercial (8,8 mM). Em um
meio sem citrato, ele foi substituido por sulfato (8,8 mM) como sal de amonio. O efeito
combinado de glicose e citrato foi testado pela mistura de ambos os nutrientes a 2, 20 ou 200
mM cada. O caldo de cana e o melago foram suplementados com citrato a 8,8 mM. Durante os
cultivos, as células foram pré-cultivadas em meio comercial MRS e usadas para inocular meio
especifico de MRS em concentragdo inicial de 0,1 D.O600nm em um volume total de 1 ml em
FlowerPlates. As placas foram incubadas em microfermentador BiolectorNA® conforme
descrito anteriormente. A temperatura foi alterada para 37 °© C para um crescimento ideal.

Nenhuma varia¢ao de pH do meio de cultura foi observada.

3.5 Ensaios de crescimento e fermentacdo com glicose, citrato e piruvato

Quatro condi¢des foram testadas para MRS preparado em laboratorio: (i) com glicose
(20 g L-1) e citrato de amonio (citrato 8,8 mM); (ii) com glicose (20 g L-1) mas sem citrato de
amonio; (ii1) sem glicose e com citrato de amonio (88 mM); (iv) com glicose (20 g L-1) e
piruvato de sodio (piruvato 8,8 mM). Conforme descrito acima, as células pré-cultivadas foram
ressuspensas e inoculadas no meio especifico de MRS na concentracao inicial de 0,1 D.O600nm
em um volume de 45 ml em frascos a 37 ° C em condi¢des estaticas. As leituras de absorbancia
foram realizadas em intervalos de 20, 24 e 48h, sendo que as 24 e 48h as amostras foram
centrifugadas e o sobrenadante foi reservado para analise do consumo de agtcar e produgdo de
metabolitos de acordo com os padrdes do protocolo descritos a seguir. Todas as fermentagdes
foram realizadas em triplicado, sendo os resultados obtidos representados como média simples

(£ desvio padrdo). Nenhuma variacao de pH do meio de cultura foi observada.

3.6 Analise de assimilagdo dos agticares ¢ crescimento celular em diferentes fontes de
carbono

Para os ensaios de variacdo de fonte de carbono, o meio MRS foi reproduzido em
laboratdrio a partir de seus componentes, segundo o fabricante (Merck), alterando-se os tipos
de agucar a serem testados (glicose, frutose, sacarose, celobiose e lactose) na concentragdo de
20 gL!'. As células foram pré-cultivadas em meio MRS Merck e utilizadas para inocular os
meios MRS-especificos para concentragao inicial de 0,1 DOgoonm. Os cultivos foram conduzidos
em sistema de batelada simples sem agitagao durante 48 horas a 37°C. As amostras coletadas

foram utilizadas para leitura da absorbancia em espectrofotdmetro a 600nm. Em seguida foram
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centrifugadas e o sobrenadante reservado para analise de consumo dos agticares e producao de
metabolitos conforme protocolo descrito abaixo. Todas os cultivos foram realizados em
duplicatas bioldgicas e triplicatas técnicas, e os resultados obtidos foram representados como

médias simples (+ desvio padrao).

3.7 Crescimento celular em duas fontes de carbono

As células de bactérias pré-cultivadas em meio MRS foram coletadas e re-suspensas
para concentragao celular inicial de 0,1 DOcoonm nos diferentes meios MRS reconstituidos,
contendo agora, como fontes de carbono: (A) glicose 10 gL' + sacarose 10 gL' e (B) glicose
10 gL' + celobiose 10 gL', totalizando 20 gL' de agucares totais em cada meio (A e B). Os
cultivos foram conduzidos em sistema de batelada simples sem agitacdo durante 24 horas a

37°C. As amostras foram coletadas e analisadas conforme descrito acima.

3.8 Inducao do crescimento em meio contendo lactose

O meio MRS foi reproduzido conforme fabricante, e a lactose foi utilizada como fonte
de carbono, em substitui¢ao a glicose. As células bacterianas foram cultivadas em meio MRS
comercial, coletadas e re-suspensas para concentragdo celular inicial de 0,1 DOsoonm €m meio
MRS reconstituido, contendo 20 gL-! de lactose, ou 20 gL! de lactose com adi¢do de 0,2 gL-!
de glicose, ou 20 gL' de lactose 0,2 gL' de celobiose. Os cultivos foram realizados sem

agitacao durante 48 horas a 37°C. As amostras coletadas e analisadas conforme descrito acima.

3.9 Analise metabdlica

As amostras coletadas ao longo das incubagdes foram centrifugadas para coleta do
sobrenadante, que foi filtrado em membrana 0,22mm, para determinagdo da concentracao do
acucar residual e dos metabolitos produzidos, por cromatografia liquida de alta pressdo (HPLC)
em equipamento Agilent Technologies 1200 Series com a coluna modelo HPX87H (BioRad)
em fase movel de acido sulfurico a 5 mM, a 45°C. A identificacdo dos metabdlitos foi feita por
comparacao dos tempos de retengdao com solucdes-padrdo e a concentracao de cada metabolito
foi determinada por integragdo de picos do cromatograma e relagdo da area de cada pico com o
fator de calibragdo de cada solugdo-padrdo, através da metodologia de ZHAO et al., (2009)
adaptada por DE SOUZA et al., 2012.
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Abstract

Lactobacillus vini is a bacterial contaminant found in industrial environments of
winemaking and fuel-ethanol fermentation. However, there has been no standard analysis of
its physiology that can pinpoint its adaptive traits to these kinds of environments. In view of
this lack of information, the aim of this study is to determine the nutritional factors that lead
to the growth of L. vini in the industrial plants of fuel-ethanol. First of all, the limited growth
of this bacterium was studied in the industrial substrate, which was improved by the
nutritional supplementation of amino acids, and its homofermentative status was confirmed.
Metabolite analysis showed that citrate is a growth factor of paramount importance for this
bacterium in industrial processes through its pyruvate metabolization, and increases ATP
production and biomass formation. Furthermore, the acetate uptake, either from the medium
or generated from citrate metabolism, was assimilated for biomass production. Hence, a
metabolic model was designed to describe the role of citrate and acetate in the growth of L.

vini that could be tested on other lactobacilli.

Key words: ATP yield; carbon balance; citrate; Lactobacilli nutrition; molasses; sugarcane;

sugar metabolism.
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Introduction

The diversity of lactic acid bacteria (LAB) in fermentation processes has been described
in different environments, such as (i) the cornstarch-based ethanol production in the United
States, (i1) the fermentation of barley wort in craft beer production and (iii) the fermentation of
grape wort in wine production, as well as (iv) the ethanol production industry in Vietnam
(Skinner and Leathers 2004; Rodas, Ferrer and Pardo 2005; Schell et al. 2007; Thanh, Mai and
Tuan 2008; Garofalo et al. 2015; Lonvaud-Funel 2015; Duar et al. 2017). Fuel ethanol
distilleries in Brazil use either sugarcane juice or sugarcane molasses, or sometimes a mixture
of the two, as a substrate for fermentation. A number of yeasts, Saccharomyces cerevisiae and
non-S. cerevisiae (Basilio et al. 2008), and homo- or heterofermentative bacteria (Lucena et al.
2010; Basso et al. 2014) are present in different cell counts in this ethanol fermentation process.
Those most commonly found include Lactobacillus fermentum, L. brevis, L. plantarum and
Weissella paramesenteroides. However, the L. vini species has attracted a good deal of attention
on account of its high frequency and abundance among the LAB species in the distilleries of
North- East Brazil (Lucena et al. 2010).

Although it was only described as a species in 2006, L. vini was first found in
winemaking in 1978, when it was called the Mont 4 strain (Rodas et al. 2006). Later, L. vini
was also identified as a contaminant in the ethanol production industry in Sweden and Brazil
(Passoth, Blomqvist and Schniirer 2007; Lucena et al. 2010). These studies discovered that L.
vini can be harmful to ethanol production by (i) competing for the sugar with the main yeast, S.
cerevisiae; (i1) producing lactic acid that can be toxic for S. cerevisiae; and (iii) through its
presence somehow inducing the formation of flocs with D. bruxellensis and stimulating the
fermentative metabolism of this yeast, while impairing the recycling of the yeast biomass
(Passoth, Blomqvist and Schniirer 2007; de Souza et al. 2012; Tiukova, Eberhard and Passoth
2014).

The L. vini strain (described above) was classified as facultative anaerobic and
homofermentative for hexose and pentose, since it only produces lactate as an end product
(Rodas et al. 2006). Moreover, it can metabolize cellobiose, maltose, trehalose, sucrose, D-
glucose, D-fructose, D-mannose and L-arabinose, but is not able to make use of glycerol, D-
xylose, L-xylose, mannitol and lactose (Rodas ef al. 2006). However, it should be noted that
there is a wide metabolic variability among the LABs, especially the Lactobacillus group, even

within the same species (Sun ef al. 2014). This variation can be observed by the number of
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phosphotransferase systems (PTS) whose variability can be explained by the environmental
pressure on substrate activity with a high concentration of different types of carbohydrates
(Aleksandrzak-Piekarczyk 2013; Zhang et al. 2013). Moreover, LABs can be classified as
either heterofermentative or homofermentative, depending on the type of metabolic pathway
used to produce lactate, acetate and/or ethanol/CO2, such as the glycolytic pathway, phosphate-
pentose pathway and phosphoketolase pathway (Kandler 1983). Hence, this limited amount of
information does not allow a comprehensive analysis to be conducted of the metabolism of L.
vini, especially with regard to its ability to adapt to industrial environments such as those where
sugarcane derivatives are used as substrates. Recent studies have reported the tolerance of L.
vini to several forms of stress found in the fermentation process, such as acidification by organic
and inorganic acids (Mendonga et al. 2019). In this regard, we showed that L. vini can take
advantage of the substrate composition whenever some amino acids are present, which helps to
keep the internal pH unaltered under acidic stress (Mendonga et al. 2019). Thus, some
mechanisms for adapting to these environments have begun to be revealed.

Sugarcane juice is a quite simple substrate in terms of its main components when
compared with barley or wheat wort, although its micro-composition can vary. Apart from the
energy value of the high sugar content, several organic substances are found in the different
sources of the cane, such as vitamins, phosphatides and amino acids (reviewed by Arif et al.
2019). This last group of components can be found in up to 2.5% (w/v) of the juice (Arif et al.
2019) and might be a key factor for bacterial acid tolerance, as stated above. The mineral
composition is caused by the genetic diversity of the cane and soil quality (de Souza et al. 2015;
Arif et al. 2019), and affects its fermentability when in a high concentration (de Souza et al.
2015).

The aim of this work is to study the metabolism of Lactobacillus vini JP7.8.9, a strain
that is isolated from industrial ethanol fermentation (Lucena et al. 2010), in order to explain its
high adaptability to the fermentative environment, especially in response to the nutritional
composition of sugarcane juice. Hence, it was hoped the study would reveal the essential
features of the L. vini metabolism that have practical repercussions on its behaviour in industrial

fermentation processes.
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Material and Methods

Bacteria strain and culture media

The strain of LAB used in this work was Lactobacillus vini JP7.8.9, which was isolated
in the fuel-ethanol distillery of Japungu, located in Paraiba State, Brazil (Lucena et al. 2010).
MRS broth (Difco Co., USA. Cat. N° 288130) was used for cell cultivation, henceforth
designated as commercial MRS. Solid MRS was prepared by adding bacto-agar to 2% (w/v).
Sugarcane juice and molasses (as industrial substrates) were provided by distilleries at Japungu
and Miriri (Santa Rita, PB). Supplementation of these substrates included the addition of
individual components of the MRS compound: peptone (10 g L), yeast extract (5 g L),
ammonium citrate (2 g L") or a mix of vitamins (D-biotin 0.05 g L"!, pantothenic acid 1 g L,
nicotinic acid 1 g L', myoinositol 25 g L', thiamine hydrochloride 1 g L', pyrodoxal
hydrochloride 1 g L'! and p-aminobenzoic acid 0.2 g L'!). All the medium components were
purchased from Sigma-Aldrich Co. (St. Louis, USA). All the media liquid used was sterilised
by filtration in advance, using 0.22 um membrane filters. Solid medium was sterilised by
autoclavation (at 121°C for 15 minutes). Alternatively, yeast extract made by the lysis of the
industrial yeast Saccharomyces cerevisiae JP1, was used to supplement the industrial media
and mimic industrial conditions. The yeast cells were cultured in YPD medium (yeast extract
10 g L1, peptone 20 g L', dextrose 20 g L) for this procedure, up to the stationary phase and
collected by centrifugation in 50 mL conical tubes at 5000 rpm for five minutes at room
temperature. The wet biomass was lysed by the addition of liquid nitrogen and glass beads (475-
600 pm in diameter), followed by vortex shaking. The lysate was filtered in a membrane of
0.22 um (Durapore PVDEF. Merck Co., Cat n° P1438) and mixed with a small amount of the
industrial media. An equivalent of 5g of the cell lysate was added to each litre of substrate to

mimic the presence of dead yeast cell contents in the industrial environment.

Growth assay with sugarcane juice and molasses

L. vini cells collected from one colony of MRS plates were cultured in MRS broth for
16 h at 37°C without shaking. Cells from the cultures were used to inoculate MRS broth (as the
reference medium) and to the industrial media of cane juice or molasses, with or without the
addition of the supplements, initially to 0.1 absorbance units (Aesoonm) in the total volume of 1
ml. Sugarcane juice and molasses were centrifuged at 5000 rpm for 15 minutes to remove the
suspended solids, and both were diluted with distilled water to 100 g L' of total sugar.

Lactobacillus vini cultivations were performed in FlowerPlates sealed in permeable film with
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BiolectorNA® microfermentation equipment (m2p-labs, Germany) at 32 °C and at constant
humidity of 85% and speed of 800 rpm. Growth experiments were carried out in anaerobiosis
with ultrapure nitrogen injection at 0.5 vvm. The laser readings of a range of suspended solids
were carried out every 20 minutes and the light scattering values were transformed into optical
density from the calibration factor defined in the laboratory for the suspension of L. vini cells.

No culture medium pH variation was observed.

Analysis of sugar assimilation and glucose concentration

The MRS medium was prepared in-house from its components listed by the
manufacturer (Difco) to test variations in glucose concentration and carbon source. Four
different carbon sources were analysed: glucose, fructose, sucrose and maltose. The
concentration of all the carbon sources was 20 g L'!. The influence of sugar concentration on
bacterial growth was tested by using glucose at 20, 40, 60, 80, 100 and 120 g L. Cells pre-
cultured in MRS medium were used for these growth assays to inoculate the MRS-specific
media at initial concentration of 0.1 ODsoonm in sterile 96-well microplates to a final volume of
150 pL and grown in Synergy HT microincubator apparatus (BioTek, Swissland) at 37 °C,
under high agitation. Absorbance readings were taken every twenty minutes. No culture

medium pH variation was observed.

Growth experiments of varying citrate concentration

MRS medium was reproduced in the laboratory from its components with varying
concentrations of citrate in the form of ammonium salt. The reference condition was MRS
medium containing citrate concentration present in commercial MRS (8.8 mM). In a medium
lacking citrate, it was replaced by sulphate (8.8 mM) as ammonium salt. The combined effect
of glucose and citrate was tested by mixing both nutrients at 2, 20 or 200 mM each. Sugarcane
juice and molasses were supplemented with citrate at 8.8 mM. During the cultivations, the cells
were pre-cultured in commercial MRS medium and used to inoculate MRS-specific media at
baseline of 0.1 ODeoonm in a total volume of 1 ml in FlowerPlates. The plates were incubated in
BiolectorNA® microfermentor as previously described. The temperature was changed to 37 °C

for optimal growth. No culture medium pH variation was observed.

Growth and fermentation experiment with glucose, citrate and pyruvate
Four conditions were tested for in-house made MRS: (i) with glucose (20 g L!) and

ammonium citrate (8.8 mM citrate); (ii) with glucose (20 g L") but without ammonium citrate;
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(iii) without glucose and with ammonium citrate (88 mM); (iv) with glucose (20 g L") and
sodium pyruvate (8.8 mM pyruvate). As described above, pre-cultured cells were re-suspended
and inoculated into the MRS-specific media at initial concentration of 0.1 ODgoonm in 45 ml
volume in flasks at 37 °C under static conditions. Absorbance readings were performed at
intervals of 20, 24 and 48h, and at 24 and 48h samples were centrifuged and the supernatant
was reserved for analysis of sugar consumption and the production of metabolites according to
the protocol standards described below. All the fermentations were performed in triplicate, and
the results obtained were represented as a simple mean average (+ standard deviation). No

culture medium pH variation was observed.

Metabolic analyses

The residual sugar concentration and metabolites produced were determined by high
pressure liquid chromatography (HPLC) in Agilent Technologies 1200 Series equipment with
the model HPX87H column (BioRad) in mobile phase of sulfuric acid to 5 mM at 0.6 mL min"
I'and 45 °C. The metabolites were identified by means of a refractive index detector with the
aid of a standards solution through the methodology described (Zhao and Bai 2009) with
adaptations (de Souza ef al. 2012).

Results and Discussion

Growth analysis of Lactobacillus vini in industrial media

Growth experiments were carried out that used sugarcane juice or molasses as an
industrial substrate, and laboratory medium MRS as the reference condition. The results
showed a slower growth of L. vini strain JP7.8.9 in the industrial substrates than was the case
with MRS (Fig. 1). Hence, the composition of industrial substrates lack any of the essential
factors that inhibit bacterial growth, despite high counts of its presence in many industrial
samples of ethanol fermentation (Lucena et al. 2010). In view of this paradox, we investigated
the nutritional limitations of the sugarcane juice and molasses that impair bacterial growth and
the factors that enable L. vini growth in such poor substrates. The first condition examined was
the fact that the concentration of sugar in the industrial substrates (120 to 140 g L'!) was higher
than in MRS (20 g L"). The variation in glucose concentration from 20 to 120 g L' had
absolutely no effect on the growth pattern of L. vini JP7.8.9 (Fig. 2A) which meant that the
excess of sugar in the industrial substrate was not the cause of the low growth of the bacterium.

In addition, sugarcane juice and molasses contain sucrose together with their hydrolysis
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products of glucose and fructose (Arif et al. 2019). There was no significant difference in
growth when the glucose was replaced with sucrose or fructose, which suggests that the
composition of sugars was also not related to the growth deficiency in the industrial media (Fig.
2B). Maltose, an [J-disaccharide of glucose mainly found in beer wort, was used as an example
of a different industrial substrate. Growth experiments showed that maltose was less efficiently
used than the other sugars tested (Fig. 2B), and thus that sugar composition could be a

determinant for this deficiency in another industrial setting, but not for sugarcane derivatives.
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Fig. 1. Growth curve of Lactobacillus vini JP7.8.9 in MRS medium containing glucose at 20 g L' (O) and in

industrial media sugarcane juice ((0) or molasses (A\) containing total sugar at 100 g L',
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Fig. 2. Effect of the sugar on the growth of Lactobacillus vini JP7.8.9 in MRS medium. (A) Effect of varying
concentrations of glucose at 20 g L' (O), 40 g L' (O), 60 g L' (A), 80 g L' (<), 100 g L' (%) and 120 g L"!
(+). (B) Effect of different sugars such as glucose (O), fructose ((0), sucrose (A ) or maltose (<) at 20 g L.
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After ruling out the effect of sugar on growth efficiency, we turned our attention to other
components of the MRS medium. In this case, industrial substrates were supplemented with
peptone, yeast extract and/or a mixture of vitamins. The addition of peptone with or without
vitamins or addition of yeast extract alone equally increased bacterial growth in sugarcane juice
to the same extent (Fig. 3A) or sugarcane molasses (Fig. 3B), although the final biomass only
reached 55% and 40% of that obtained with MRS medium, respectively. This suggested that
the fastidious nature of L. vini, which is a characteristic of lactobacilli (Duar et al. 2017), did
not allow its growth in substrates that are low in amino acids, the common nutrients in both
supplements. In view of this, the reported presence of L. vini in the industrial substrates might
be because the bacterial growth was assisted by some sort of supplementation within these

compounds.

OD 600nm
w0
OD 600nm

0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Time (h) Time (h)

Fig. 3. Effect of supplementation of industrial substrates such as sugarcane juice (O, panel A) or sugarcane
molasses (O, panel B) on the anaerobic growth of Lactobacillus vini JP7.8.9 with yeast extract (), peptone (A),

yeast extract+peptone (<), peptone+vitamins (%) or yeast lysate (+). MRS medium (@) was used as reference.

One possible source of these kinds of nutrients could be the intracellular contents of
dead cells of the microbial population during the fermentation cycles. To test this hypothesis,
we supplemented the substrates with a lysate of S. cerevisiae industrial strain JP1 in an attempt
to mimic the industrial conditions in which the yeast cells are dying. In this case, bacterial
growth in lysate-supplemented juice was twice as high as in non-supplemented juice (Fig. 3A),
which is evidence of the positive effects of the intracellular content of yeast on bacterial growth.
However, this was still at a much lower level than that observed when commercial yeast extract
was added (Fig. 3A). It should be noted that this experiment used the estimate of 10% of cell
lysis that was calculated for the yeast population in each fermentation cycle (Basso, Basso and

Rocha 2011). It resulted in a supplementation of the substrate that was close to 0.1% (w/v) with
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intracellular content. This concentration is ten times lower than the amount used with
commercial yeast extract, which might explain such a difference in growth. Our previous results
showed that the count of L. vini remained stable when co-cultivated with the yeast S. cerevisiae
and D. bruxellensis in sugarcane, - a condition in which the yeast cells remain intact (de Souza
et al. 2012). It is nevertheless reported that there was a greater presence of L. vini in the
fermentation when the industrial substrate was treated with pasteurisation which might lead to
the lysis of the microbial autochthonous population of cane juice (de Souza et al. 2012). Thus,
the data provided here should indeed reflect the industrial conditions, where the bacterial
population growth is limited and does not surpass the yeast population.

However, this supplementation did not promote growth in sugarcane molasses (Fig.
3B). This can be explained by the composition of this substrate which contains harmful
compounds, such as oxidized molecules produced during the sugar milling, and the high content
of the minerals and metals that are concentrated by evaporation during the sugar production. It
would require a much higher content of this material released by dead yeasts to allow the growth
of L. vini in this substrate, as was observed when commercial yeast extract was added to
molasses (Fig. 3B). It also explains the absence of L. vini in most of the industrial plants that
use molasses as a fermentation substrate, which it is not the case for other lactobacilli (Lucena

etal 2010).

Influence of citrate on L. vini growth patterns

As well as peptone and yeast extract, MRS contains citrate in the form of ammonium
salt, which is widely described in the literature as supporting lactobacilli growth (Laétitia,
Pascal and Yann 2014; Kowalczyk et al. 2015) and industrial processes (Comasio et al. 2019).
The role of this six-carbon organic acid in bacterial growth was tested by replacing ammonium
citrate (AC) with ammonium sulphate (AS) in MRS composition, while keeping the equimolar
quantities of ammonium ion. The absence of citrate extended the lag growth phase (Fig. 4A).
After this prolonged non-growth period, the cultures in citrate-lacking MRS started to grow
slowly and after 36 h reached the same final biomass of the cultures in citrate-containing MRS
(data not shown). This result proved that citrate is important to fasten growth of L. vini, but is
not indispensable for its long-term growth. Afterwards, the effect of different citrate
concentrations in the final biomass was tested. The results showed that at least 2.5 mM of this
substrate was necessary to boost the bacterial growth and concentrations above 7.5 mM had a
slightly further increment in this parameter (Fig. 4B). Hence, sugarcane juice was supplemented

with citrate to the same concentration found in the original composition of MRS (8.8 mM).
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Sugarcane juice only supported 15% of the final bacterial growth with regard to MRS (Fig. 4C).
The addition of citrate to sugarcane juice doubled the bacterial growth, and reached 30% of the
reference condition, while the presence of peptone or yeast extract supported bacterial growth
to 50%. A clear additional effect of citrate was observed for substrates supplemented with either
peptone or yeast extract, and increased bacterial growth until it reached 90% of the reference
condition (Fig. 4C). This means that, as well as the bacterial requirements for amino acids
and/or oligopeptides present in peptone or in the yeast extract, citrate is an important growth

factor for this bacterium in the industrial substrates.
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Fig. 4. Influence of citrate on the growth of Lactobacillus vini JP7.8.9. (A) commercial MRS (O), MRS medium
prepared in-house with ammonium citrate ((0) and MRS prepared in-house with ammonium sulphate (A). (B)
Final bacterial biomass achieved in MRS medium prepared in-house containing varying amounts of ammonium
citrate in different concentrations. (C) Final bacterial biomass in sugarcane juice (J) with or without
supplementation with yeast extract (YE), peptone (Pep), citrate (Cit) relative to complete MRS medium (100%).
(D) Effect of varied concentrations of ammonium citrate at 2 mM (O), 20 mM (O) or 200 mM (A\) on bacterial
growth in MRS medium containing glucose at 20 mM. N.B. All citrate concentrations mentioned referred to the

citrate anion, not to the salt form.

Finally, an assessment was made to determine whether citrate can also be used as a sole
carbon source or in glucose-limited condition. No growth was detected at the initial glucose
concentration of 2 mM and a slight growth was observed at 20 mM glucose, irrespective of the

presence of citrate (data not shown). The results showed that citrate is not being used by the
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bacterial cells as the sole carbon source. Additionally, no bacterial growth was observed at 200
mM citrate, whatever glucose concentration was present in the medium. This concentration is
close to that used as a food preservative owing to its toxic effects on most of the bacterial cells,
which also seems to be the case for L. vini. Among the combinations tested, optimal bacterial
growth was achieved at 200 mM glucose and 20 mM citrate (Fig. 4D). It should be further
evaluated if the increase in growth obtained when citrate was at 20 mM, offsets the increase of
the cost of this nutrient in concentrations above 7.5 mM. Altogether, these results found that
citrate is mainly used as a supplementary nutritional source in a medium containing enough
glucose to provide the carbon needed for L. vini growth. There is an abundance of citrate in
nature and it is regarded as an important energy source for the growth of different bacteria found

in food matrices (Laétitia, Pascal and Yann 2014).

The effect of citrate on the L. vini metabolism

It has been theoretically conjectured that lactobacilli metabolize citrate (6C) through its
initial breakdown to acetate (2C) and oxaloacetate (4C) by means of citrate lyase, and that the
oxaloacetate is further decarboxylated to pyruvate (3C) (Hugenholtz 1993; Kowalczyk et al.
2015). Hence, pyruvate could become the product of citrate metabolization that is related to
energy production. Since this route would be redox neutral, pyruvate cannot be reduced to
lactate and must thus be deviated to the production of acetyl-CoA. As well as this, acetyl-CoA
is further converted to acetyl-P using inorganic phosphate. This energy-rich molecule is the
substrate for ATP production that results in acetate (Laétitia, Pascal and Yann 2014), which can
be either a) expelled to the medium, b) converted to acetoin or diacetyl by the bacterial cells
(Hugenholtz 1993), or c) further assimilated into the biomass. In view of this possibility, we
replaced citrate with its metabolization product (pyruvate) at a concentration of 8.8 mM in
MRS. The results showed that both citrate and pyruvate resulted in the same final biomass at
24 h of cultivation (Table 1), which proves that pyruvate indeed metabolically replaces citrate.
This finding provides experimental evidence that corroborates the use of metabolic models
proposed for other lactobacilli (Hickey, Hillier and Jago 1983; Quintans et al. 2008). Hence, it
can be concluded that pyruvate is ultimately responsible for the increment in the growth of L.
vini in the industrial substrates supplemented with citrate (Fig. 4).

Final concentrations of metabolic products were measured from cultures of L. vini in
different medium compositions after 48 h of cultivation (Table 1). Regardless of the presence
of citrate or pyruvate, the cells completely consumed the glucose and produced lactate at about

70% of the maximum theoretical efficiency as a single fermentation product (Table 1) and as a
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result, confirmed the homofermentative status given to L. vini (Rodas et al. 2006). This high
conversion efficiency shows the potential of L. vini for the industrial production of lactate, an
important bioproduct with many applications for the synthesis of biodegradable polymers
(Alves de Oliveira et al. 2018). When citrate or pyruvate were added to the medium, the final
biomass increased by about 30% relative to the medium without citrate (Table 1). As a result,
the carbon from citrate or pyruvate is assimilated for cell formation and is not dissimilated to a
fermentation product such as CO2, acetate of ethanol. It also led to the conclusion that the
acetate that is first produced by the breakdown of citrate and ultimately formed from pyruvate,

is assimilated into the biomass.

Table 1. Final concentrations of metabolites and biomass from cultivation of Lactobacillus vini JP7.8.9 for 48 h

in MRS prepared in-house with different formulations?.

Glu (112 mM) Glu (112 mM) Glu (112 mM)

Ace (61 mM) Ace (61 mM) Ace (61 mM)

Parameter Cit (8.8 mM) Pyr (8.8 mM)
Glucose (mM)° -112 -112 -112

Acetate (mM)° 31 (0.1) 4153 (£0.32) 227 (£0.21)
Citrate (mM)® n.a.c -8.8 n.a.
Pyruvate (mM)P n.a. n.a. -8.8

Biomass (ODgoonm)® 6.06 (+0.047) 9.09 (0.087) 9.08 (0.086)

Lactate (mM)® 157.1 (£11.6) 165.8 (£13.6) 170.3 (£16.1)
Lactate yield (g g”')¢ 0.70 0.74 0.76

3Glu: glucose; Ace: acetate; Cit: citrate; Pyr: pyruvate. "metabolite consumed. *metabolite produced. ‘lactate

produced/glucose consumed. °not applicable.

As well as citrate, acetate is also present in MRS at an initial concentration of 61 mmol/L
and our findings showed that this metabolite was differentially consumed by the bacterial cells
in the different media: 33 mmol consumed in MRS+glucose, 24 mmol consumed in
MRS+glucose+pyruvate and 15 mM consumed in MRS+glucose+citrate (Table 1). Hence, less
external acetate was required when citrate was co-consumed with glucose. In the case of
MRS+glucose+citrate, the bacterial cells consumed 9 mmol less acetate from the medium than
in MRS+glucose+pyruvate. This is in accordance with the calculation that the breakdown of
8.8 mmol citrate present in MRS first releases 8.8 mmol acetate and then 8.8 mmol of
oxaloacetate, which ultimately releases a further 8.8 mmol acetate from pyruvate. This results

in 17.6 mmol acetate available for biomass formation and was very close to the experimental
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difference of 16 mmol between the MRS medium with or without citrate (Table 1). If pyruvate
was used in the medium, 9 mmol more acetate was experimentally consumed by the cells than
the citrate medium (Table 1). This is once again very close to the hypothesis that there is a
metabolic deficit of 8.8 mmol acetate when pyruvate is metabolised. From these data, it was
possible to devise a metabolic model, which is closely in line with that previously proposed
(Laétitia, Pascal and Yann 2014), and suggests that citrate is metabolised to generate ATP, as
well as to ultimately produce acetate that is used together with the external acetate for biomass
formation (Fig. 5). Pyruvate is thus able to fulfil the citrate requirement for ATP production,
although it imposes the need for more acetate uptake from the medium (Fig. 5). This uptake is

even higher in the absence of citrate or extracellular pyruvate (Fig. 5).

A fetate Cltrrlate St B ﬁ:etate Pyru.rlivateout C icetate siit
15 9 u in 24 9 in 33 in
Acet_ate Citrate Acetate B Acetate

Oxalacetate
Acetate ||=»CO2
Pyruvate Pyruvate
&=CoA & CoA
j=> CO2 I=» CO2
v v
Acetyl-CoA Acetyl-CoA
& PO4” & PO4”
= CoA = CoA
v vV
Acetyl-P Acetyl-P
= ATP = ATP
v v
Acetate Acetate
159l 9 2]l 9] 3JL
BIOMASS BIOMASS

Fig. 5. Proposed metabolic pathways for the growth of Lactobacillus vini JP7.8.9 in medium containing acetate
and citrate (panel A), acetate and pyruvate (panel B) or solely acetate (panel C). Metabolites in the medium (out)
involves cellular uptake (in) and are used for biomass formation. The underlined numbers represent the amount of
metabolite assimilated. The width of the arrow related to the assimilation of extracellular acetate represents the
amount of this metabolite. The size of the source indicating biomass formation, represents the comparison of the

final biomass in each growth condition.

Acetate is the building block for lipid biosynthesis in reactions that use NADPH as an
electron donor. This reduced coenzyme is produced in the pentose phosphate (PPP) pathway
from glucose. The data in Table 1 showed that 70% of glucose is converted to lactate, while
suggesting that 33.6 mmol of glucose (30%) deviated to PPP to generate 67.2 mmol NADPH.

This amount is theoretically enough to convert 34 mmol acetate to lipids, which was the exact
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amount calculated from the consumption of acetate (Table 1). The bacterial cells grow slowly
when the biosynthesis of lipid depends entirely on the influx of acetate, in the absence of citrate
(Fig. 4A), and takes a longer incubation period to reach the same final biomass obtained in
complete MRS. In the light of this, it can be concluded that the rate of growth of L. vini JP7.8.9
is limited by the rate of acetate uptake. The stimulating effect of citrate on the growth of
lactobacilli was pointed out in the original description of the MRS medium (Man, Rogosa and
Sharpe 1960). Since then, no explanation was given for the use of citrate until the recent
metabolic model postulated that this nutrient played a role in the growth of lactobacilli (Laétitia,
Pascal and Yann 2014). Hence, this study is the first to provide consistent experimental data
that at least explain this nutritional requirement for L. vini and assist in elucidating the behaviour

of this bacterium in industrial fermentation processes.

Conclusion

This study has shown that the limited growth of L. vini in sugarcane derivative substrates
is the consequence of a lack of oligopeptides/amino acids and citrate as key nutritional
requirements. This limitation can be overcome by the lysis of the part of the microbial
population, (mainly yeast cells), that release these supplements in the substrate and allow
bacterial cells to grow during the fermentation process. It also consolidates the metabolization
of citrate through pyruvate, by providing enough acetate for biomass formation. This
information on L. vini metabolic features reveals significant aspects of its performance in

industrial fermentation processes.

Acknowledgements

PKNS, AAM, ARM and TLSC would like to express their thanks to the Brazilian
funding agencies, CAPES and FACEPE, for their scholarship program. This work was

sponsored by the Bioethanol Research Network of the State of Pernambuco (CNPq-
FACEPE/PRONEM APQ-1452-2.01/10)

Ethical approval: This article does not contain any studies with human participants or animals

performed by any of the authors.

Conflict of interest: The author declares no conflict of interest



53

References

Aleksandrzak-Piekarczyk T. Lactose and B-Glucosides Metabolism and Its Regulation in
Lactococcus lactis: A Review. In: Kongo, J. Marcelino (University of the Azores P (ed.).
Lactic Acid Bacteria - R & D for Food, Health and Livestock Purposes. Vol 1. InTech,
2013, 467-86.

Alves de Oliveira R, Komesu A, Vaz Rossell CE et al. Challenges and opportunities in lactic
acid bioprocess design—From economic to production aspects. Biochem Eng J
2018;133:219-39.

Arif S, Batool A, Nazir W ef al. Physiochemical Characteristics Nutritional Properties and
Health Benefits of Sugarcane Juice. Non-Alcoholic Beverages. Elsevier, 2019, 227-57.

Basilio ACM, de Aratijo PRL, de Morais JOF ef al. Detection and Identification of Wild
Yeast Contaminants of the Industrial Fuel Ethanol Fermentation Process. Curr Microbiol
2008;56:322-6.

Basso LC, Basso TO, Rocha SN. Ethanol Production in Brazil: The Industrial Process and Its
Impact on Yeast Fermentation. In: Bernandes MA dos S (ed.). Biofuel Production-
Recent Developments and Prospects. Vol 1530. IntechOpen, 2011, 85-100.

Basso TO, Gomes FS, Lopes ML et al. Homo- and heterofermentative lactobacilli differently
affect sugarcane-based fuel ethanol fermentation. Antonie Van Leeuwenhoek
2014;105:169-77.

Comasio A, Harth H, Weckx S et al. The addition of citrate stimulates the production of
acetoin and diacetyl by a citrate-positive Lactobacillus crustorum strain during wheat
sourdough fermentation. Int J Food Microbiol 2019;289:88—105.

Duar RM, Lin XB, Zheng J et al. Lifestyles in transition: evolution and natural history of the
genus Lactobacillus. FEMS Microbiol Rev 2017;41:S27-48.

Garofalo C, Osimani A, Milanovi¢ V et al. The occurrence of beer spoilage lactic acid
bacteria in craft beer production. J Food Sci 2015;80:M2845-52.

Hickey M, Hillier A, Jago G. Metabolism of Pyruvate and Citrate in Lactobacilli. Aust J Biol
Sci 1983;36:487.

Hugenholtz J. Citrate metabolism in lactic acid bacteria. FEMS Microbiol Rev 1993;12:165—
78.

Kandler O. Carbohydrate metabolism in lactic acid bacteria. Antonie Van Leeuwenhoek
1983;49:209-24.

Kowalczyk M, Mayo B, Fernandez M et al. Updates on metabolism in lactic acid bacteria in



54

light of “Omic” technologies. In: Mozzi F, Raya RR, Vignolo GM (eds.). Biotechnology
of Lactic Acid Bacteria. Chichester, UK: John Wiley & Sons, Ltd, 2015, 1-24.

Laétitia G, Pascal D, Yann D. The citrate metabolism in homo- and heterofermentative LAB:
A selective means of becoming dominant over other microorganisms in complex
ecosystems. Food Nutr Sci 2014;05:953-69.

Lonvaud-Funel A. Lactic Acid Bacteria and Malolactic Fermentation in Wine. Biotechnology
of Lactic Acid Bacteria. Chichester, UK: John Wiley & Sons, Ltd, 2015, 231-47.

Lucena BT, Dos Santos BM, Moreira JLS et al. Diversity of lactic acid bacteria of the
bioethanol process. BMC Microbiol 2010;10:298.

Man JC de, Rogosa M, Sharpe ME. A medium for the cultivation of Lactobacilli. J App!/
Bacteriol 1960;23:130-5.

Mendonga AA, da Silva PKN, Calazans TLS et al. Lactobacillus vini: Mechanistic response
to stress by medium acidification. Microbiol (United Kingdom) 2019;165:26-36.

Passoth V, Blomqvist J, Schniirer J. Dekkera bruxellensis and Lactobacillus vini form a stable
ethanol-producing consortium in a commercial alcohol production process. App! Environ
Microbiol 2007;73:4354-6.

Quintans NG, Blancato V, Repizo G et al. Citrate metabolism and aroma compound
production in lactic acid bacteria. In: Mayo B, Lopez P, Pérez-Martinez G (eds.).
Molecular Aspects of Lactic Acid Bacteria for Traditional and New Applications. Vol
661. Kerala, 2008, 65—88.

Rodas AM, Chenoll E, Macian MC et al. Lactobacillus vini sp. nov., a wine lactic acid
bacterium homofermentative for pentoses. Int J Syst Evol Microbiol 2006;56:513—7.

Rodas AM, Ferrer S, Pardo I. Polyphasic study of wine Lactobacillus strains: taxonomic
implications. Int J Syst Evol Microbiol 2005;55:197-207.

Schell DJ, Dowe N, Ibsen KN et al. Contaminant occurrence, identification and control in a
pilot-scale corn fiber to ethanol conversion process. Bioresour Technol 2007;98:2942-8.

Skinner K a, Leathers TD. Bacterial contaminants of fuel ethanol production. J Ind Microbiol
Biotechnol 2004;31:401-8.

de Souza RB, de Menezes JAS, de Souza RFR et al. Mineral Composition of the Sugarcane
Juice and Its Influence on the Ethanol Fermentation. App! Biochem Biotechnol 2015;175:
209-222

de Souza RB, Santos BM dos, de Fatima Rodrigues de Souza R ef al. The consequences of
Lactobacillus vini and Dekkera bruxellensis as contaminants of the sugarcane-based

ethanol fermentation. J Ind Microbiol Biotechnol 2012;39:1645-50.



55

Sun Z, YuJ, Dan T et al. Phylogenesis and Evolution of Lactic Acid Bacteria. In: Zhang H,
Cai Y (eds.). Lactic Acid Bacteria: fundamental and practice. Dordrecht: Springer
Science, 2014, 1-101.

Thanh VN, Mai LT, Tuan DA. Microbial diversity of traditional Vietnamese alcohol
fermentation starters (banh men) as determined by PCR-mediated DGGE. Int J Food
Microbiol 2008;128:268-73.

Tiukova I, Eberhard T, Passoth V. Interaction of Lactobacillus vini with the ethanol-
producing yeasts Dekkera bruxellensis and Saccharomyces cerevisiae. Biotechnol Appl
Biochem 2014;61:40-4.

Zhang W, Sun Z, Wu R ef al. Comparative genome analysis of a new probiotic strain
Lactobacillus casei Zhang. Genomics II-Bacteria, Viruses and Metabolic Pathways.
2013, 276-296.

Zhao XQ, Bai FW. Mechanisms of yeast stress tolerance and its manipulation for efficient

fuel ethanol production. J Biotechnol 2009;144:23-30.



56

4.2 ARTIGO 2 Metabolismo de carboidratos de interesse industrial em Lactobacillus vini

Paula Kathanina Nogueira da Silva!, Allyson Andrade Mendonga', Tiago Luiz Santana
Calazans', Irapuan Oliveira Pinheiro?, Manuel Zufiinga®, Rafael Barros de Souza?, Marcos

Antonio de Morais Junior!.

'Department of Genetics, Federal University of Pernambuco. Avenida Moraes Rego, No.
1235, Recife, PE 50760-901, Brazil.

Institute for Biological Sciences, University of Pernambuco. Rua Arnobio Marques, No. 310,
Recife, PE 50100-130, Brazil.

3Instituto de Agroquimica y Tecnologia de Alimentos-IATA, Calle catedratico Agustin
Escardino, 7, 46980 Paterna, Valencia, Espanha

*Correspondence should be addressed to:

Marcos Antonio de Morais Jr

Departamento de Genética, Universidade Federal de Pernambuco

Av. Moraes Rego, 1235. Cidade Universitaria, Recife PE, 50.670-901, Brasil.
Phone/Fax: 00-55-81-21268522

E-mail: marcos.moraisjr@ufpe.br



57

Resumo

A espécie Lactobacillus vini tem sido alvo de diversos estudos que compreendem:
avaliagdo da sua influéncia na capacidade fermentativa e interacdo com leveduras do processo
industrial; caracterizagdo genética da linhagem L. vini JP7.8.9 através do sequenciamento do
genoma, bem como através da identificagdo de mecanismos moleculares de resisténcia a
antibidticos e a tolerancia a acidificagao do meio; analise fisiologica em resposta a composi¢ao
nutricional dos substratos industriais. Entretanto, ainda n3o ¢ possivel compreender
completamente como L. vini consegue competir com outros microrganismos na utilizagao das
fontes de carbono disponiveis no meio. Portanto, o objetivo desse trabalho ¢ analisar o perfil
metabodlico de L. vini em resposta as principais fontes de carbono presente no meio industrial.
Parametros como cinética de consumo dos monossacarideos (glicose e frutose) e dissacarideos
(sacarose, celobiose e lactose), e cinética de produgdo e rendimento de acido latico foram
analisados. Como resultado, a metabolizacdo do carbono dos actcares Lactobacillus vini tem
como objetivo fundamental a producdo de energia e a consequéncia imediata ¢ o alto
rendimento na producdo de lactato. Mais da metade do carbono assimilados dos agtcares deve
ser convertido a lactato por esta bactéria. Em substratos mistos, a glicose exerce forte efeito de
repressao catabolica que uma vez cessada permite a pronta assimilacao de dissacarideos. Neste
sentido, culturas estacionarias parecem funcionar como biotransformadoras de agucar em
lactato e a eficiéncia disto parece depender do fluxo de assimilacdo dos acucares. Baixas
velocidades de assimilacdo produzem altos indices de conversdo. Esse fluxo parece ser
negativamente regulados pela proteina RelA, semelhante ao que acontece em outros BALs e
novos estudos devem ser realizados para se compreender como conciliar a atividade de RelA e

a quantidade inicial de actcar para se alcangar rendimentos mais altos possiveis.

Palavras-chave: fermentagao latica, lactobacilos, metabolismo de carbono, rendimento.
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Introducio

As bactérias acido laticas (BAL) sdao os contaminantes bacterianos comumente
encontrados na produ¢ao de etanol (BECKNER et al.,, 2011; BASSO et al., 2014). Dentre estas,
o género Lactobacillus sp. ¢ o predominante (LUCENA et al., 2010; BECKNER et al., 2011;
MENDONCA et al., 2019). O sucesso adaptativo deste género se deve a sua tolerancia as
condi¢des do ambiente industrial de fermentacao alcoolica, tais como a alta concentragcao de
etanol, ao baixo pH e a condi¢do anaerdbica, por exemplo (LUCENA et al., 2010; BECKNER
et al., 2011; MENDONCA et al., 2019). Nesse contexto, a espécie Lactobacillus vini tem sido
alvo de diversos estudos, principalmente por ter sido identificada como umas das principais
BALSs encontradas em destilarias da Suécia (PASSOTH et al., 2007) e do nordeste do Brasil
(LUCENA et al., 2010). Esses estudos vao desde: avaliacdo da sua influéncia na capacidade
fermentativa e interagdo com leveduras do processo industrial (DE SOUZA et al., 2012;
TIUKOVA et al., 2014); sequenciamento do genoma (LUCENA et al., 2012); identificacdo de
mecanismos moleculares de resisténcia a antibidticos e de tolerancia a acidificagdo do meio
(MENDONCA et al., 2016; 2019) e analise fisioloégica em resposta a composi¢do nutricional
do meio (DA SILVA et al., 2019). Estes estudos t€ém contribuido para a compreensdo de como
este lactobacilo consegue se manter no ambiente de fermentacdo alcoolica quando outras
espécies sdo eliminadas do processo. Entretanto, ainda ndo ¢ possivel compreender
completamente como L. vini consegue competir com outros microrganismos na utilizagcdo das
fontes de carbono disponiveis no meio.

De forma geral, as BALs requerem meios ricos € complexos, para um crescimento
significativo, tendo os acucares como a principal fonte de carbono e energia (KOWALCZYK
et al., 2016; PESSIONE et al., 2010). Durante a metabolizagao destes aguicares, bem como de
outros compostos, sdo gerados intermediarios que podem ser utilizados pela célula bacteriana
como precursores em vias anabolicas e sustentam a producao de energia celular (KIM; GADD,
2008; PESSIONE et al.,, 2010). Tradicionalmente, a glicose e a lactose sdo os agUcares
preferenciais e amplamente utilizados por bactérias laticas (WU; LU, 2014). Entretanto, outras
hexoses também podem ser metabolizadas, bem como pentoses, e o perfil fisiologico de
assimilacdo desses carboidratos pode variar entre as espécies desse género, o que pode ser
justificado pela grande variacdo nos niimeros de genes que codificam possiveis transportadores
de acucar.

A principal rota de importagdo dos aglicares do meio nessas bactérias depende de um

sistema que acopla o transporte a fosforilagdo denominados de Sistema fosfotransferase (PTS
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— phosphotransferase system), que usam o de fosfoenolpiruvato como doador de grupo fosfato
(POSTMA et al., 1993; (KIM; GADD, 2008). Os sistemas PTS, em geral, sdo especificos para
cada carboidrato e sua diversidade pode variar tanto entre as espécies quanto entre diferentes
linhagens da mesma espécie (ZHANG et al., 2013). Por exemplo, as bactérias associadas a
produgdo de laticinios apresentam uma maior dependéncia do PTS da lactose e uma menor
diversidade de sistemas, enquanto as espécies de vida livre associadas a plantas podem
apresentar uma diversidade maior de PTS, incluindo os B-glicosideos (ALEKSANDRZAK-
PIEKARCZYK, 2013). O perfil de assimilacao de cada agucar e sua eficiéncia pode variar entre
as espécies, correlacionado a abundancia desses agiicares em seus ambientes naturais, indicando
a sua adaptacdo a diferentes nichos ecologicos.

Na natureza além da capacidade de utilizar diversas fontes de carbono os organismos
precisam ajustar seu metabolismo a disponibilidade nutricional (BOUTTE; CROSSON, 2013),
onde a caréncia nutricional provoca alteragdo no metabolismo celular.. Em diversos organismo
esse controle tem sido depende da produgdo de uma molécula conhecida com alarmonio
produzida a partir de GTP (GEIGER; WOLZ, 2014). O acimulo do alarménio no citoplasma
celular tem um efeito pleiotrépico nos organismos estudados. Em organismos modelo
Escherichia coli e Bacillus subtilis os principais efeitos da resposta estringente envolve a
desrrepressdo dos genes de fontes secundarias de carbono e da resposta geral a estresse
(BATTESTI et al., 2011; GEIGER E WOLZ, 2014).

A produgdo do alarmdnio ¢ dependente da proteina codificada pelo gene reld ou spoT,
ambos desempenhando a mesma atividade enzimatica (TRAXLER et al., 2008). Embora esses
genes ndo sejam essénciais para sobrevivéncia da célula, sdo indispensaveis para sobrevida da
populagdo durante condigdes adversas de crescimento (KASALI et al., 2006; TRAXLER et al.,
2008). A resposta estringente estd intimamente relacionada ao regulon do gene codY (GEIGER;
WOLZ, 2014). Em condigdes de abundancia nutricional a resposta estringente ¢ desativada, a
producdo do alarmdnio diminui e o pool de GTP volta a aumentar (SONENSHEIN, 2005). O
aumento da producao de energia também contribui com o aumento da produg¢do do GTP que
passa a refletir a abundancia energética da célula. O GTP juntamente com os aminoacidos
leucina, isoleucina e valina, sdo moduladores positivos do regulador codY que leva a repressao
dos genes de metabolismo secundério de carbono, de resposta geral a estresse e de outras
caracteristicas celulares de fase estacionaria (SONENSHEIN, 2005). Deste modo, a resposta
estringente e a ativacdo do regulon de codY estdo diretamente implicados na regulacdo do
metabolismo energético da célula. Lactobacillus vini ndo apresenta em seu genoma o gene codY

(LUCENA etal., 2012). No entanto, dados de ontologia genética sugerem que o gene pcrR deve
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desempenhar sua fun¢do em L. vini (dados ndo publicados). Estes podem ser importantes
componentes na sobrevivéncia de L. vini no ambiente industrial.

Portanto, o objetivo desse trabalho foi analisar o perfil metabolico de L. vini em resposta
as principais fontes de carbono presentes no meio industrial. Parametros como cinética de
consumo dos mono e dissacarideos, cinética de producdo e rendimento de acido latico foram
analisados. Compreender a fisiologia, pouco conhecida de L. vini JP7.8.9, permitird a
elucidacdo das caracteristicas bioquimicas deste microrganismo. Esse estudo abre a perspectiva
do emprego de L. vini na producao de metabolitos de alto valor agregado, como o acido lactico,

investigando quais os nutrientes sdo preferivelmente assimilados.

Material e Métodos

Microrganismos e condi¢des de crescimento

A linhagem industrial Lactobacillus vini JP7.8.9, isolada da destilaria Japungua, Santa
Rita, PB (LUCENA et al., 2010), e as linhagens mutantes rel4™ e prcR", foram cultivadas a 37
°C, em condigdes estaticas, em meio MRS Merck caldo (10 gL !'peptona, 8 gL' extrato de
carne, 4 gL'! extrato de levedura, 20 gL! glicose, 5 gL ™! acetato de sodio, 1 gL' Tween 80, 2
gL' T KoHPOy, 2 gL' Citrato de amodnio, 0.2 gL' MgSOy, 0.04 gL-! MnSO4) (DE SOUZA et
al., 2012), ou meio sélido (contendo 2% de agar) em jarra de anaerobiose com gerador de
anaerobiose Anaerocult A® (Mikrobiologie). Para os cultivos das linhagens mutantes, o
antibidtico eritromicina (Sigma Aldrich ®) foi adicionado ao meio, na concentragdo final de 5
ng/mL (MENDONCA, 2018). Todas linhagens foram mantidas em estoque congelado a 15%

de glicerol.

Analise de assimilacido dos acgucares e crescimento celular em diferentes fontes de carbono

Para os ensaios de variagdo de fonte de carbono, o meio MRS foi reproduzido em
laboratdrio a partir de seus componentes, segundo o fabricante (Merck), alterando-se os tipos
de acucar a serem testados (glicose, frutose, sacarose, celobiose e lactose) na concentracao de
20 gL', As células foram pré-cultivadas em meio MRS Merck e utilizadas para inocular os
meios MRS-especificos para concentracado inicial de 0,1 DOgoonm. Os cultivos foram conduzidos
em sistema de batelada simples sem agitacdo durante 48 horas a 37°C. As amostras coletadas
foram utilizadas para leitura da absorbancia em espectrofotometro a 600nm. Em seguida foram
centrifugadas e o sobrenadante reservado para andlise de consumo dos agtlicares e producao de

metabolitos conforme protocolo descrito abaixo. Todas os cultivos foram realizados em
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duplicatas bioldgicas e triplicatas técnicas, ¢ os resultados obtidos foram representados como

médias simples (+ desvio padrao).

Crescimento celular em duas fontes de carbono

As células de bactérias pré-cultivadas em meio MRS foram coletadas e re-suspensas
para concentracdo celular inicial de 0,1 DOsoonm nos diferentes meios MRS reconstituidos,
contendo agora, como fontes de carbono: (A) glicose 10 gL' + sacarose 10 gL' e (B) glicose
10 gL' + celobiose 10 gL-!, totalizando 20 gL' de agucares totais em cada meio (A e B). Os
cultivos foram conduzidos em sistema de batelada simples sem agitagdo durante 24 horas a

37°C. As amostras foram coletadas e analisadas conforme descrito acima.

Inducio do crescimento em meio contendo lactose

O meio MRS foi reproduzido conforme fabricante, e a lactose foi utilizada como fonte
de carbono, em substitui¢ao a glicose. As células bacterianas foram cultivadas em meio MRS
comercial, coletadas e re-suspensas para concentracdo celular inicial de 0,1 DOgsoonm em meio
MRS reconstituido, contendo 20 gL' de lactose, ou 20 gL! de lactose com adi¢do de 0,2 gL-!
de glicose, ou 20 gL' de lactose 0,2 gL' de celobiose. Os cultivos foram realizados sem

agitacdo durante 48 horas a 37°C. As amostras coletadas e analisadas conforme descrito acima.

Analise metabdlica

As amostras coletadas ao longo das incubacdes foram centrifugadas para coleta do
sobrenadante, que foi filtrado em membrana 0,22mm, para determinagdo da concentragdo do
acucar residual e dos metabolitos produzidos, por cromatografia liquida de alta pressao (HPLC)
em equipamento Agilent Technologies 1200 Series com a coluna modelo HPX87H (BioRad)
em fase movel de acido sulfurico a S mM, a 45°C. A identificacdo dos metabdlitos foi feita por
comparacdo dos tempos de reten¢do com solucdes-padrao e a concentracdo de cada metabolito
foi determinada por integracao de picos do cromatograma e relagao da area de cada pico com o
fator de calibragdo de cada solucao-padrao, através da metodologia de ZHAO et al., (2009)
adaptada por DE SOUZA et al, 2012.
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Resultados e Discussao

Crescimento celular em diferentes fontes de carbono

Para a avaliacdo da cinética de crescimento, as células de L. vini JP7.8.9 foram
inoculadas em meio MRS reconstituido variando a fonte de carbono. Esses experimentos foram
realizados em condigdes estaticas, minimizando assim a oxigenacdo do meio, j& que o
crescimento desta bactéria em aerobiose ¢ muito lento (dado ndo mostrado). Foram avaliados
os acucares presentes no mosto de fermentacao de cana de acucar (sacarose e seus produtos de
hidrolise glicose e frutose) e dissacarideos de importancia industrial (celobiose da hidrélise da
celulose e lactose dos produtos lacteos). O meio com glicose foi utilizado como referéncia.
Os agucares sdo a principal fonte de carbono e energia para as BALs que sdo cultivadas para a
producdo de alimentos e ragdes fermentados, bem como em meios laboratoriais
(KOWALCZYK etal., 2016). No intervalo de 48 horas foi observado um baixo crescimento da
bactéria no meio contendo lactose como fonte de carbono (Figura 1). A lactose ¢ um
dissacarideo formado por uma glicose e uma galactose. Sua metabolizacdo ¢ iniciada com a
quebra da ligagdo B-1,4 pela enzima [-galactosidase. Os mondémeros resultantes sdo
degradados, a glicose diretamente pela via glicolitica e a galactose sendo metabolizada pela via
da tagatose 6-fosfato, ou alternativamente pela via de Leloir (MONEDERO et al., 2007).
Trabalhos anteriores (dados ndo publicados) mostram que a linhagem JP7.8.9 ndo apresenta
deficiéncia na assimilacao de nenhum desses dois mondmeros. Portanto, pode-se presumir que
o acumulo de glicose resultante da hidrolise da lactose deva exercer efeito de repressdo
catabdlica sobre o operon /ac produzido pela ligacdo da proteina repressora semelhante a
CcpA/P-Ser-HPr como acontece em L. casei (MONEDERO et al., 2007). Ja a sacarose ¢ a
celobiose permitiram crescimento celular com a mesma eficiéncia da glicose e da frutose
(Figura 1; Tabela 2). Sacarose ¢ um dissacarideo formado por uma molécula de glicose e uma
molécula de frutose com ligacdo a-1,2-frutofuranosideo, enquanto que celobiose ¢ um
dissacarideo formado por duas moléculas de glicose unidas por ligacao B-1,4-glicosidica.
Seguindo a logica acima, ¢ possivel sugerir que ndo ha em L. vini o mecanismo de repressao
catabdlica ou mesmo de inibigdo alostérica das enzimas que representam o primeiro passo na

metabolizacao desses aglicares.

Até o momento, a caracterizagdo do transporte de glicose em L. vini ndo foi reportada,
mas o transporte de glicose em Lactococcus lactis, uma bactéria filogeneticamente relacionada

com L. vini, foi elucidado. Em L. lactis existem dois sistemas de transporte do tipo manose-
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PTS (PTSMan) e celobiose-PTS (PTSCel) e um sistema de transporte ativo secundario (GlcU)
(CASTRO et al.,, 2009). A bactéria L. vini JP7.8.9 contém no seu genoma operons do
metabolismo de celobiose e sacarose, e grande quantidade de genes que codificam para [3-
glicosidases, além de sistemas especificos celobiose-PTS e sacarose-PTS (LUCENA et al.,
2012), o que deve propiciar o melhor crescimento de L. vini JP7.8.9 em meio contendo sacarose
ou celobiose, quando comparado com a glicose. De fato, observa-se o crescimento mais
pronunciado em sacarose e celobiose do que em glicose (Figura 1). O sistema de transporte
PTS ¢ tido como o principal translocador de glicose em muitas bactérias do filo Firmicutes ao
qual pertence a familia Lactobacillaceae (JAHREIS et al., 2008). Assim sendo, ¢ valido assumir
que em L. vini a sacarose ¢ a celobiose sdo transportadas e concomitantemente fosforiladas

pelos sistemas PTS.
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Figura 1. Perfil de crescimento de culturas de Lactobacillusn vini JP7.8.9 em meio MRS reconstituido contendo
diferentes agucares.

Em seguida foram avaliados os metabdlitos das culturas bacterianas nos diferentes
acucares testados (Figura 2). Neste caso, ndo foram apresentados os dados da lactose porque
nao houve consumo do agucar e, consequentemente, ndo houve producao de lactato. Glicose
foi completamente consumida em 48 h de cultivo, o que ndo houve com os demais agucares.
No entanto, a produgado final de lactato foi em torno de 10 g/L para todos os acucares (Figura
2). O maior rendimento final de lactato foi atingido em sacarose (>0,8 g/g), enquanto que o
menor rendimento final foi atingido em glicose (<0,6 g/g). Isto indicaria que a maior parte do

carbono proveniente da glicose seria assimilada para a formacdo de biomassa. Contudo, as
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culturas atingem a mesma biomassa com os diferentes agucares (Figura 1), o que indicaria que
o carbono da glicose seria dissimilado como um subproduto do crescimento. No entanto,
nenhum outro metabdlito foi detectado nas culturas de L. vini em concentragdes que explicariam
essa diferenca. Portanto, sugerimos que o metabolismo celular em glicose deva induzir vias
anabolicas que promovem producdo e consequente dissimila¢do de carbono na forma de CO2,
tais como a via da tagaturose 6-fosfato. O maior rendimento alcancado foi de 1 g/g no tempo
de 12 h de cultivo em sacarose (Figura 2), quando a cultura ja estd no final da fase exponencial
de crescimento e entrando na fase estaciondria (Figura 1). Isto significa que todo carbono da
sacarose ¢ convertido a lactato na estequiometria de 1 mol de sacarose para 4 moles de lactato,
produzindo 4 moles de ATP pela fosforilagdao a nivel de substrato pela via glicolitica. A partir
desse ponto verifica-se a desconexdo entre o consumo de aclcar que se mantém ativo,
produzindo lactato e ATP, e a produgao de biomassa que ¢ paralisada. Sugere-se que no caso
dos lactobacilos homofermentadores, como ¢é o caso de L. vini, a entrada na fase estacionaria é
devida fundamentalmente a producao de lactato e ndo a escassez de nutrientes. De fato, isto foi
comprovado neste trabalho, ja que ainda ha acucar residual em todas as condi¢des testadas
(Figura 2). No ponto de 24 h que representa a parada de crescimento, a menor concentragao de
lactato detectada foi de 5 g/L (55 mmol/L) no meio com frutose. Embora esta concentracao
esteja acima do valor de concentracdo inibitéria minima (CIM) para este composto, ainda assim
tem efeito desacelerador no crescimento de L. vini (MENDONCA et al., 2019). Portanto, ¢
possivel se supor que o metabolismo celular se mantém em pleno funcionamento pela
manutencdo do consumo de aglcares sem que haja crescimento celular justamente pela
produgdo de lactato. O ATP produzido pela via glicolitica seria, portanto, completamente
utilizado pelos mecanismos de bombas de extrusdo para a detoxificagdo celular do lactato. Esta
caracteristica pode ser futuramente explorada pela utilizagdo de L. vini como uma usina de
conversao simples de aglcares a lactato em substratos ricos em sacarose, como caldo de cana,
sem perda de massa na producdo de biomassa ou de carbono pela dissimilagdo em CO:2 ou
outros produtos de fermentagdo. Lactato ¢ um importante metabolito de interesse industrial para

sintese de polimeros biodegradaveis (ALVES DE OLIVEIRA et al., 2018).
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Figura 2. Perfil do consumo de actcares e da produgao de lactato e seu rendimento em culturas de Lactobacillus
vini JP7.8.9 em meio MRS reconstituido contendo diferentes acucares.

Um fato bastante relevante apresentado no presente trabalho foi a eficiéncia de L. vini
na captagdo e conversao de celobiose. Este acgticar ¢ derivado da hidrolise enzimatica parcial de
biomassas celuldsicas gerada para produgao etanol de segunda geragdao (ZABED et al., 2017).
O pico de rendimento de conversdao de 0,75 g/g (Figura 2) foi observado em 12 h de
crescimento, no meio da fase exponencial (Figura 1). No entanto, o consumo do agucar foi
muito baixo, com baixa producao de lactato. Nesse caso, a maior eficiéncia global foi alcangada
no tempo de 38 h, com o maior ponto de produgdo de lactato e maior consumo de celobiose,
mas com baixa produtividade volumétrica de 0,29 g de lactato/L.h para esse agucar. Além disso,
no perfil de metabdlitos das culturas com celobiose foi observado um pico cromatografico em
tempo de retencdo semelhante ao da glicose (dados ndo mostrados). Isto indica que parte da
massa de celobiose estaria voltando para o meio durante o transporte pelo sistema PTSCel. Um
fenomeno deste tipo foi observado em L. sanfrancisco em relagao a captacao de maltose, um
dissacarideo de glicose como a celobiose. Nesse caso, a capacidade de hidrolise do dissacarideo
excede a capacidade de assimilacdo da glicose pela via glicolitica e a glicose excedente ¢

liberada de volta ao meio como forma de se evitar a presenca de glicose livre no interior celular
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que poderia disparar uma sinalizacdo de repressdo catabolica generalizada (NEUBAUER et al.,
1994). Isto pode explicar o periodo de queda do rendimento em lactato no inicial da fase

estacionaria.

Analise de fluxo metabdlico e papel da proteina RelA

Para compreensao dos possiveis efeitos do mecanismo de repressao catabdlica, uma
linhagem derivada da JP7.8.9 com delecdao de genes homdlogos a prcR e relA foram testadas
em cultivos com glicose (Figura 3). Os resultados mostraram que a linhagem re/4" ndo ¢ capaz
de esgotar o agticar do meio, com menor producdo global de lactato e menor rendimento final
deste metabolito (Figura 3). Adicionalmente, as células foram cultivadas em meio contendo a
mistura de glicose e sacarose e de glicose e celobiose para se analisar o possivel efeito da glicose
sobre a assimilacao dos dissacarideos (Figura 4). Em todas as condicdes testadas houve o total
consumo da glicose no periodo de 12 h de cultivo, com baixo consumo dos dissacarideos tanto
pela linhagem parental JP7.8.9 como pelos seus derivados mutantes (Figura 4). Depois desse
ponto ocorre o consumo dos dissacarideos residuais, que correspondem a quase totalidade dos
dissacarideos adicionados no meio. A sacarose residual foi praticamente a mesma para as trés

linhagens, enquanto que a parental apresentou consumo um pouco maior da celobiose (Figura

4).
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Figura 3. Perfil de consumo de agucar, de produgdo de lactato e do rendimento final da linhagem parental
Lactobacillus vini JP7.8.9 ¢ de seus derivados mutantes para os genes reld e prcR cultivadas em meio MRS
contendo glicose.
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Figura 4. Perfil de consumo de actcar e de producdo de lactato da linhagem parental Lactobacillus vini JP7.8.9 ¢
de secus derivados mutantes para os genes reld e prcR cultivadas em meio MRS contendo mistura de
glicose+sacarose e glicose+celobiose.

Considerando-se apenas a segunda fase dos cultivos, foi possivel a realizacao de
calculos de velocidade de consumo e de quantidade de carbono do agticar consumido e do
carbono convertido a lactato (Tabela 1). Os dados calculados para o mutante prcR foram
praticamente os mesmos da linhagem parental. O primeiro fato a se considerar ¢ que a
velocidade de producao de lactato de 192 mmol/L.h foi constante, independente da linhagem e
do dissacarideo, indicando que as diferencas no rendimento de lactato se devem as etapas
metabolicas anteriores. De fato, verificou-se que a velocidade de consumo dos agucares foi
diferente, resultando em diferencas na quantidade de carbono assimilado e na quantidade de
carbono do agucar que foi destinado para a producao de lactato (Tabela 1). Na linhagem
parental, a conversao do carbono assimilado a lactato foi semelhante para os dois dissacarideos.
Isso indica que o fluxo da via glicolitica deve ser constante. No entanto, tanto a velocidade de
consumo da celobiose como a quantidade de carbono assimilado da celobiose foram cerca de
15% maior do que esses parametros em sacarose, sem que isso refletisse na producao de lactato.
Consequentemente, o indice de conversao de carbono da sacarose em carbono de lactato foi de
0,67 e da celobiose a lactato foi de 0,58. Portanto, isto indica o desperdicio de carbono da

celobiose e a explicacdo para isso deve estar relacionada com a saida de uma de parte da glicose
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liberada pela hidrélise da celobiose, como apontado acima. Na linhagem reld” esse indice de

conversao a partir da sacarose foi de 0,55 e foi muito maior como 0,95 no caso da celobiose.

Tabela 1. Valores de velocidade de consumo (rS) e de producdo de lactato (#P) e valores correspondentes de
mmol de carbono consumidos e convertidos a lactato nas linhagens de Lactobacillus vini JP7.8.9 ¢ seu mutante
relA” na segunda fase dos cultivos em meios com glicosetsacarose e glicose+celobiose.

Consumo agucar Producao lactato
Agucar  Linhagem S (mmol/L.h) mmolC rP (mmol/L.h) mmolC 1cC’
Sacarose JP7.8.9 273 115 192 77 0,67
relA 291 122 192 67 0,55
Celobiose JP7.8.9 312 132 192 77 0,58
relA 250 116 192 110 0,95

“ICC= indice de conversio de carbono (mmolC lactato/mmolC aglicar consumido)

A assimilagdo desses dois dissacarideos se faz a partir de sistemas PTS de fosforilagdo,
gerando uma molécula de glicose fosforilada e uma hexose ndo fosforilada, frutose no caso da
sacarose e glicose no caso da celobiose (SIRAGUSA et al., 2014). Nesse caso, os dados
sugerem que a auséncia da proteina RelA na linhagem mutante estaria diminuindo um pouco
utilizagdo da frutose para lactato em rela¢do ao parental. Por outro lado, a auséncia de RelA
promoveria maior aproveitamento da glicose ndo fosforilada.

A eficiéncia de conversao de carbono do agucar foi relacionada com a velocidade de
consumo do agucar a partir de uma simulacdo matematica usando os dados da Tabela 1. Foi
observado uma relacdo inversa entre esses dois pardmetros indicando que quanto mais rapido a
célula consome agucar menos carbono ¢ desviado para a produgao de lactato (Figura 5). Desta
maneira, ¢ possivel sugerir que a proteina RelA atuaria como um sensor no transporte de
celobiose, evitando que a glicose excedente gere quantidades letais de lactato se acumulando
no meio de cultura. Isso explicaria a queda no rendimento de lactato no decorrer dos cultivos
(Figura 2). Esta simulacdo também indicou os limites metabolicos nesses parametros (Figura
5). Abaixo do valor de 448 mmol de agucar/L.h a totalidade dos carbonos dos actcares seria
convertida a lactato; ja a partir de 480 mmol de agucar/L.h o metabolismo atingiria o menor
indice de conversao de 0,56 ¢ as células tenderiam a manter esse indice mesmo que houvesse

excedente de agucar no meio.
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Figura 5. Relagdo entre o indice de conversdo de carbono e a velocidade de assimilagdo de agucar em
Lactobacillus vini JP7.8.9

Consequentemente, possiveis avancgos tecnologicos no sentido de se utilizar esta
bactéria como produtora de lactato teriam que levar em consideracdo as concentragdes
adequadas de agucares nos substratos de fermentagao de maneira a se assegurar da maxima

conversdao com o minimo de desperdicios na forma de agucar residual.

Ativacao do sistema de transporte de lactose em L. vini

Como mostrado na Figura 1, a lactose ¢ pouco consumida por esta bactéria. O
crescimento inicial parece ser devido ao efeito do pré-indculo das células em meio MRS
contendo glicose. Isto indica que o sistema de transporte desse dissacarideo necessita ser
ativado por outro aglicar que ndo a propria lactose. Este fendmeno foi relatado para a bactéria
Lactococcus lactis na qual o transporte de lactose foi ativado pela presenca de quantidades
muito pequenas de celobiose no meio de cultura (ALEKSANDRCZYK-PIEKARCZYK et al.,
2005). Diante dessas evidéncias, cultivos foram realizados com a linhagem parental e os dois
mutantes em meio MRS reconstituido contendo 20 g/L de lactose e 0,2 g/L de glicose ou de
celobiose como indutores (Figura 6).

Os resultados confirmaram o baixo crescimento da linhagem parental JP7.8.9 em meio
contendo apenas lactose. Nessa condi¢cdo ndo houve consumo da lactose, confirmando que o
pequeno crescimento inicial deve ser devido aos efeitos do pré-indculo. Quando um dos dois
indutores foi adicionado ao meio houve indu¢do do crescimento celular com consumo de
lactose do meio. Os resultados foram semelhantes para os dois indutores e entre as duas
linhagens mutante rel4- e prcR (Figura 6). O periodo de crescimento foi mais extenso em

lactose (Figura 6) do que nas outras fontes de carbono testadas (Figura 1), o que indica que a
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velocidade de crescimento neste dissacarideo ¢ menor do que nos demais agucares. Apesar dos
perfis de crescimento serem semelhantes entre as linhagens, o consumo de lactose ¢ maior na
linhagem parental (Tabela 2). O consumo de lactose e a producdo de lactato foram observados
durante a fase exponencial de crescimento (Figura 6), e este estado dinamico ndo permite
calculos de velocidades sem levar em consideracdo a taxa de crescimento especifico das
culturas. Isto difere do estado estacionario observado para os meios com sacarose e celobiose
(Figura 4). O rendimento final em massa apresentou valores bastante altos (>0,8), a semelhanca
do que ocorreu para os cultivos em sacarose (Figura 2). Isso mostra que a conversao de lactose
a lactato também acontece de maneira bastante eficiente (Tabela 2). No entanto, o gargalo para
esse tipo de produgao se refere ao fato que o metabolismo mais lento da lactose resulta em baixa
velocidade volumétrica, ou seja, maior tempo de fermentagdo. Outro fator relevante ¢ o valor

do actucar residual (Figura 6) que foi proximo aos observados para os outros dois dissacarideos,

sacarose e celobiose (Figura 2).
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Figura 6. Perfil de crescimento, aguicar consumido e lactato produzido em cultivos da linhagem parental
Lactobacillus vini JP7.8.9 e seus mutantes reld” e prcR” em meio MRS contendo lactose suplementado
com glicose (painéis superiores) ou celobiose (painéis inferiores). O cultivo da linhagem parental em meio
contendo apenas lactose (linhas em amarelo) estdo mostrados.
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O indice de conversdo de carbono na faixa de 0,75 foi igual para as trés linhagens
(Tabela 2), e superior aos calculados para a sacarose e celobiose (Tabela 1). O sistema PTSLac
também internaliza a lactose fosforilando a glicose, e liberando uma molécula de galactose nao
fosforilada que deve ser metabolizada pela via de Leloir. Os valores de conversao calculados
para as células mutantes indicam, portanto, que as proteinas RelA e PrcR nao estdo relacionadas
com o metabolismo da galactose nao fosforilada que ¢ liberada da hidrolise da lactose. Neste
caso, o gargalo da assimilagdo da lactose deve estar relacionado a baixa velocidade de consumo

do agtcar ou ao baixo fluxo de metabolizacao da galactose pela via de Leloir.

Tabela 2. Valores médios dos pardmetros fermentativos de culturas de Lactobacillus vini JP7.8.9 e seus mutantes
relA” e prcR em meio MRS contendo lactose suplementado com glicose ou celobiose.

ICcC’
Linhagem Lactose consumida (g/L) Rendimento (g/g)

0,74
JP7.8.9 13,62 £0,02 0,84 +0,0003

0,76
reld 11,84 £ 0,04 0,92 +£0,0019

0,75
preR 12,05 £ 0,05 0,94 + 0,0037

“ICC= indice de conversio de carbono (mmolC lactato/mmolC agticar consumido)

Conclusao

Em Lactobacillus vini a metabolizacdo do carbono dos agucares tem como objetivo
fundamental a producdo de energia e a consequencia imediata ¢ o alto rendimento na producao
de lactato. Pelo menos metade do carbono assimilados dos agucares deve ser convertido a
lactato por esta bactéria. Em substratos mistos, a glicose exerce forte efeito de repressao
catabolica que uma vez cessada permite a pronta assimilagdo de dissacarideos. Neste sentido,
culturas estacionarias parecem funcionar como biotransformadoras de acticar em lactato ¢ a
eficiéncia disto parece depender do fluxo de assimilagdo dos agucares. Baixas velocidades de
assimilagdo produzem altos indices de conversdo. Esse fluxo parece ser negativamente
regulados pela proteina RelA, semelhante ao que acontece em outros BALs e novos estudos
devem ser realizados para se compreender como conciliar a atividade de RelA e a quantidade

inicial de agucar para se alcancar rendimentos mais altos possiveis.
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5 CONCLUSAO

Este estudo mostrou que o crescimento limitado de Lactobacillus vini em substratos
industriais, derivados da cana-de-actcar, ¢ consequéncia da falta de oligopeptideos /
aminodcidos e citrato como requisitos nutricionais essenciais. Essa limitacao pode ser superada
pela lise de parte da populagdo microbiana, (principalmente células de levedura), que liberam
esses suplementos no substrato e permitem o crescimento de células bacterianas durante o
processo de fermentagdo. Também consolida a metaboliza¢do do citrato através do piruvato,
fornecendo acetato suficiente para a formagao da biomassa. Também foi possivel concluir que
em L. vini a metabolizac¢do do carbono dos agucares tem como objetivo fundamental a produgao
de energia e a consequencia imediata € o alto rendimento na produgdo de lactato. Pelo menos
metade do carbono assimilados dos aglicares deve ser convertido a lactato por esta bactéria. Em
substratos mistos, a glicose exerce forte efeito de repressdo catabdlica que uma vez cessada
permite a pronta assimilagdo de dissacarideos. Neste sentido, culturas estacionarias parecem
funcionar como biotransformadoras de agticar em lactato e a eficiéncia disto parece depender
do fluxo de assimilagdo dos aglcares. Baixas velocidades de assimilagdo produzem altos
indices de conversdo. Esse fluxo parece ser negativamente regulados pela proteina RelA,
semelhante ao que acontece em outros BALs e novos estudos devem ser realizados para se
compreender como conciliar a atividade de RelA e a quantidade inicial de acucar para se
alcancar rendimentos mais altos possiveis. Essas informacdes sobre as caracteristicas
metabolicas de L. vini revelam aspectos significativos de seu desempenho em processos de

fermentacao industrial.
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ABSTRACT

Lactobacillus vini is a bacterial contaminant found in industrial
environments of winemaking and fuel-ethanol fermentation.
However, there has been no standard analysis of its physiology
that can pinpoint its adaptive traits to these kinds of
environments. In view of this lack of information, the aim of this
study is to determine the nutritional factors that lead to the
growth of L. vini in the industrial plants of fuel-ethanol. First of
all, the limited growth of this bacterium was studied in the
industrial substrate, which was improved by nutritional
supplementation with amino acids, and its homofermentative
status was confirmed. Metabolite analysis showed that citrateis a
growth factor of paramount importance for this bacterium in
industrial processes through pyruvate metabolization, and
increases ATP production and biomass formation. Furthermore, e
acetate uptake, either from the medium or generated from citrate
metabolism, was assimilated for biomass production. Hence, a
metabolic model was designed to describe the role of citrate and
acetate in the growth of L. vini that could be tested on other
lactobacilli.
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Introduction
The diversity of lactic acid bacteria (LAB) in fermentation processes has been described in
different environments, such as (i) the cornstarch-based ethanol production in the United
States, (ii) the fermentation of barley wort in craft beer production and (iii) the fermentation
of grape wort in wine production, as well as (iv) the ethanol production industry in Vietnam
(Skinner and Leathers 2004; Rodas, Ferrer and Pardo 2005; Schell et al. 2007; Thanh, Mai and
Tuan 2008; Garofalo et al. 2015; Lonvaud-Funel 2015; Duar et al. 2017). Fuel ethanol
distilleries in Brazil use either sugarcane juice or sugarcane molasses, or sometimes a mixture
of the two, as a substrate for fermentation. A number of yeasts, Saccharomyces cerevisiae and
non-S. cerevisiae (Basilio et al. 2008), and homo- or heterofermentative bacteria (Lucena et al.
2010; Basso et al. 2014) are present in different cell counts in this ethanol fermentation
process. Those most commonly found include Lactobacillus fermentum, L. brevis, L. plantarum
and Weissella paramesenteroides. However, the L. vini species has attracted a good deal of
attention on account of its high frequency and abundance among the LAB species in the
distilleries of North- East Brazil (Lucena et al. 2010).

Although it was only described as a species in 2006, L. vini was first found in
winemaking in 1978, when it was called the Mont 4 strain (Rodas et al. 2006). Later, L. vini was
also identified as a contaminant in the ethanol production industry in Sweden and Brazil

(Passoth, Blomqvist and Schntlirer 2007; Lucena et al. 2010). These studies discovered that L.
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vini can be harmful to ethanol production by (i) competing for the sugar with the main yeast, S.
cerevisiae; (ii) producing lactic acid that can be toxic for S. cerevisiae; and (iii) through its
presence somehow inducing the formation of flocs with D. bruxellensis and stimulating the
fermentative metabolism of this yeast, while impairing the recycling of the yeast biomass
(Passoth, Blomqvist and Schnurer 2007; de Souza et al. 2012; Tiukova, Eberhard and Passoth
2014).

The L. vini strain (described above) was classified as facultative anaerobic and
homofermentative for hexose and pentose, since it only produces lactate as an end product
(Rodas et al. 2006). Moreover, it can metabolize cellobiose, maltose, trehalose, sucrose, D-
glucose, D-fructose, D-mannose and L-arabinose, but is not able to make use of glycerol, D-
xylose, L-xylose, mannitol and lactose (Rodas et al. 2006). However, it should be noted that
there is a wide metabolic variability among the LABs, especially the Lactobacillus group, even
within the same species (Sun et al. 2014). This variation can be observed by the number of
phosphotransferase systems (PTS) whose variability can be explained by the environmental
pressure on substrate activity with a high concentration of different types of carbohydrates
(Aleksandrzak-Piekarczyk 2013; Zhang et al. 2013). Moreover, LABs can be classified as either
heterofermentative or homofermentative, depending on the type of metabolic pathway used
to produce lactate, acetate and/or ethanol/CO,, such as the glycolytic pathway, phosphate-
pentose pathway and phosphoketolase pathway (Kandler 1983). Hence, this limited amount of
information does not allow a comprehensive analysis to be conducted of the metabolism of L.
vini, especially with regard to its ability to adapt to industrial environments such as those
where sugarcane derivatives are used as substrates. Recent studies have reported the
tolerance of L. vini to several forms of stress found in the fermentation process, such as

acidification by organic and inorganic acids (Mendonga et al. 2019). In this regard, we showed
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that L. vini can take advantage of the substrate composition whenever some amino acids are

present, which helps to keep the internal pH unaltered under acidic stress (Mendonga et al.

2019). Thus, some mechanisms for adapting to these environments have begun to be revealed.

Sugarcane juice is a quite simple substrate in terms of its main components when
compared with barley or wheat wort, although its micro-composition can vary. Apart from the
energy value of the high sugar content, several organic substances are found in the different
sources of the cane, such as vitamins, phosphatides and amino acids (reviewed by Arif et al.
2019). This last group of components can be found in up to 2.5% (w/v) of the juice (Arif et al.
2019) and might be a key factor for bacterial acid tolerance, as stated above. The mineral
composition is caused by the genetic diversity of the cane and soil quality (de Souza et al.
2015; Arif et al. 2019), and affects its fermentability when in a high concentration (de Souza et
al. 2015).

The aim of this work is to study the metabolism of Lactobacillus vini JP7.8.9, a strain
that is isolated from industrial ethanol fermentation (Lucena et al. 2010), in order to explain its
high adaptability to the fermentative environment, especially in response to the nutritional
composition of sugarcane juice. Hence, it was hoped the study would reveal the essential
features of the L. vini metabolism that have practical repercussions on its behaviour in
industrial fermentation processes.

Material and Methods

Bacteria strain and culture media

The strain of LAB used in this work was Lactobacillus vini JP7.8.9, which was isolated in the
fuel-ethanol distillery of Japungu, located in Paraiba State, Brazil (Lucena et al. 2010). MRS
broth (Difco Co., USA. Cat. N2 288130) was used for cell cultivation, henceforth designated as

commercial MRS. Solid MRS was prepared by adding bacto-agar to 2% (w/v). Sugarcane juice

88

610Z RqQOI00 G0 UO JSN YHOKIASIONSOANN eRsddn AQ 0Z06.LS SZOZZUY MSWHH/E S0 0 MO RYISRIS GB-0 PIL B9 [S1U 91 /W0 dNO JIWSpEeD 8/ Sl Wolj PIpeojmo(



and molasses (as industrial substrates) were provided by distilleries at Japungu and Miriri
(Santa Rita, PB). Supplementation of these substrates included the addition of individual
components of the MRS compound: peptone (10 g L), yeast extract (5 g L), ammonium
citrate (2 g L™) or a mix of vitamins (D-biotin 0.05 g L, pantothenic acid 1 g L, nicotinic acid 1
g L, myoinositol 25 g L™, thiamine hydrochloride 1 g L, pyrodoxal hydrochloride 1 g L and p-
aminobenzoic acid 0.2 g L™*). All the medium components were purchased from Sigma-Aldrich
Co. (St. Louis, USA). All the media liquid used was sterilised by filtration in advance, using 0.22
um membrane filters. Solid medium was sterilised by autoclavation (at 121°C for 15 minutes).
Alternatively, yeast extract made by the lysis of the industrial yeast Saccharomyces cerevisiae
JP1, was used to supplement the industrial media and mimic industrial conditions. The yeast
cells were cultured in YPD medium (yeast extract 10 g L™, peptone 20 g L™, dextrose 20 g L")
for this procedure, up to the stationary phase and collected by centrifugation in 50 mL conical
tubes at 5000 rpm for five minutes at room temperature. The wet biomass was lysed by the
addition of liquid nitrogen and glass beads (475-600 um in diameter), followed by vortex
shaking. The lysate was filtered in a membrane of 0.22 um (Durapore PVDF. Merck Co., Cat n?
P1438) and mixed with a small amount of the industrial media. An equivalent of 5g of the cell
lysate was added to each litre of substrate to mimic the presence of dead yeast cell contents in
the industrial environment.

Growth assay with sugarcane juice and molasses

L. vini cells collected from one colony of MRS plates were cultured in MRS broth for 16 h at
37°C without shaking. Cells from the cultures were used to inoculate MRS broth (as the
reference medium) and to the industrial media of cane juice or molasses, with or without the
addition of the supplements, initially to 0.1 absorbance units (Asynm) in the total volume of 1

ml. Sugarcane juice and molasses were centrifuged at 5000 rpm for 15 minutes to remove the

89

6L0Z 49G0190 GO UO J8sN ¥ejoqqqsieusiean ejesddn AQ /0Z06.55/202ZURISWe)/SE0L 0 L AOP/IRBASqE-8|oIUE/8iS W8 00" dNo N WePEI.)/;sdy Wolj Pepecumog



suspended solids, and both were diluted with distilled water to 100 g L of total sugar.
Lactobacillus vini cultivations were performed in FlowerPlates sealed in permeable film with
BiolectorNA® microfermentation equipment (m2p-labs, Germany) at 32 °C and at constant
humidity of 85% and speed of 800 rpm. Growth experiments were carried out in anaerobiosis
with ultrapure nitrogen injection at 0.5 vwm. The laser readings of a range of suspended solids
were carried out every 20 minutes and the light scattering values were transformed into
optical density from the calibration factor defined in the laboratory for the suspension of L. vini
cells. No culture medium pH variation was observed.

Analysis of sugar assimilation and glucose concentration

The MRS medium was prepared in-house from its components listed by the manufacturer
(Difco) to test variations in glucose concentration and carbon source. Four different carbon
sources were analysed: glucose, fructose, sucrose and maltose. The concentration of all the
carbon sources was 20 g L. The influence of sugar concentration on bacterial growth was
tested by using glucose at 20, 40, 60, 80, 100 and 120 g L™ Cells pre-cultured in MRS medium
were used for these growth assays to inoculate the MRS-specific media at initial concentration
of 0.1 ODgggnr in sterile 96-well microplates to a final volume of 150 pL and grown in Synergy
HT microincubator apparatus (BioTek, Swissland) at 37 °C, under high agitation. Absorbance
readings were taken every twenty minutes. No culture medium pH variation was observed.
Growth experiments of varying citrate concentration

MRS medium was reproduced in the laboratory from its components with varying
concentrations of citrate in the form of ammonium salt. The reference condition was MRS
medium containing citrate concentration present in commercial MRS (8.8 mM). In a medium
lacking citrate, it was replaced by sulphate (8.8 mM) as ammonium salt. The combined effect

of glucose and citrate was tested by mixing both nutrients at 2, 20 or 200 mM each. Sugarcane
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juice and molasses were supplemented with citrate at 8.8 mM. During the cultivations, the
cells were pre-cultured in commercial MRS medium and used to inoculate MRS-specific media
at baseline of 0.1 ODggo.r, in @ total volume of 1 ml in FlowerPlates. The plates were incubated
in BiolectorNA® microfermentor as previously described. The temperature was changed to 37
°C for optimal growth. No culture medium pH variation was observed.

Growth and fermentation experiment with glucose, citrate and pyruvate

Four conditions were tested for in-house made MRS: (i) with glucose (20 g L") and ammonium
citrate (8.8 mM citrate); (i) with glucose (20 g L) but without ammonium citrate; (iii) without
glucose and with ammonium citrate (88 mM); (iv) with glucose (20 g L) and sodium pyruvate
(8.8 mM pyruvate). As described above, pre-cultured cells were re-suspended and inoculated
into the MRS-specific media at initial concentration of 0.1 ODgggprm in 45 ml volume in flasks at
37 °C under static conditions. Absorbance readings were performed at intervals of 20, 24 and
48h, and at 24 and 48h samples were centrifuged and the supernatant was reserved for
analysis of sugar consumption and the production of metabolites according to the protocol
standards described below. All the fermentations were performed in triplicate, and the results
obtained were represented as a simple mean average (+ standard deviation). No culture
medium pH variation was observed.

Metabolic analyses

The residual sugar concentration and metabolites produced were determined by high pressure
liquid chromatography (HPLC) in Agilent Technologies 1200 Series equipment with the model
HPX87H column (BioRad) in mobile phase of sulfuric acid to 5 mM at 0.6 mL min™ and 45 °C.
The metabolites were identified by means of a refractive index detector with the aid of a
standards solution through the methodology described (Zhao and Bai 2009) with adaptations

(de Souza et al. 2012).
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Results and Discussion

Growth analysis of Lactobacillus vini in industrial media

Growth experiments were carried out that used sugarcane juice or molasses as an industrial
substrate, and laboratory medium MRS as the reference condition. The results showed a
slower growth of L. vini strain JP7.8.9 in the industrial substrates than was the case with MRS
(Fig. 1). Hence, the composition of industrial substrates lack any of the essential factors that
inhibit bacterial growth, despite high counts of its presence in many industrial samples of
ethanol fermentation (Lucena et al. 2010). In view of this paradox, we investigated the
nutritional limitations of the sugarcane juice and molasses that impair bacterial growth and
the factors that enable L. vini growth in such poor substrates. The first condition examined was
the fact that the concentration of sugar in the industrial substrates (120 to 140 g L") was
higher than in MRS (20 g L™*). The variation in glucose concentration from 20 to 120 g L™ had
absolutely no effect on the growth pattern of L. vini JP7.8.9 (Fig. 2A) which meant that the
excess of sugar in the industrial substrate was not the cause of the low growth of the
bacterium. In addition, sugarcane juice and molasses contain sucrose together with their
hydrolysis products of glucose and fructose (Arif et al. 2019). There was no significant
difference in growth when the glucose was replaced with sucrose or fructose, which suggests
that the composition of sugars was also not related to the growth deficiency in the industrial
media (Fig. 2B). Maltose, an a-disaccharide of glucose mainly found in beer wort, was used as
an example of a different industrial substrate. Growth experiments showed that maltose was
less efficiently used than the other sugars tested (Fig. 2B), and thus that sugar composition
could be a determinant for this deficiency in another industrial setting, but not for sugarcane

derivatives.
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After ruling out the effect of sugar on growth efficiency, we turned our attention to
other components of the MRS medium. In this case, industrial substrates were supplemented
with peptone, yeast extract and/or a mixture of vitamins. The addition of peptone with or
without vitamins or addition of yeast extract alone equally increased bacterial growth in
sugarcane juice to the same extent (Fig. 3A) or sugarcane molasses (Fig. 3B), although the final
biomass only reached 55% and 40% of that obtained with MRS medium, respectively. This
suggested that the fastidious nature of L. vini, which is a characteristic of lactobacilli (Duar et
al. 2017), did not allow its growth in substrates that are low in amino acids, the common
nutrients in both supplements. In view of this, the reported presence of L. vini in the industrial
substrates might be because the bacterial growth was assisted by some sort of
supplementation within these compounds.

One possible source of these kinds of nutrients could be the intracellular contents of
dead cells of the microbial population during the fermentation cycles. To test this hypothesis,
we supplemented the substrates with a lysate of S. cerevisiae industrial strain JP1 in an
attempt to mimic the industrial conditions in which the yeast cells are dying. In this case,
bacterial growth in lysate-supplemented juice was twice as high as in non-supplemented juice
(Fig. 3A), which is evidence of the positive effects of the intracellular content of yeast on
bacterial growth. However, this was still at a much lower level than that observed when
commercial yeast extract was added (Fig. 3A). It should be noted that this experiment used the
estimate of 10% of cell lysis that was calculated for the yeast population in each fermentation
cycle (Basso, Basso and Rocha 2011). It resulted in a supplementation of the substrate that was
close to 0.1% (w/v) with intracellular content. This concentration is ten times lower than the
amount used with commercial yeast extract, which might explain such a difference in growth.

Our previous results showed that the count of L. vini remained stable when co-cultivated with
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the yeast S. cerevisiae and D. bruxellensis in sugarcane, - a condition in which the yeast cells
remain intact (de Souza et al. 2012). It is nevertheless reported that there was a greater
presence of L. vini in the fermentation when the industrial substrate was treated with
pasteurisation which might lead to the lysis of the microbial autochthonous population of cane
juice (de Souza et al. 2012). Thus, the data provided here should indeed reflect the industrial
conditions, where the bacterial population growth is limited and does not surpass the yeast
population.

However, this supplementation did not promote growth in sugarcane molasses (Fig.
3B). This can be explained by the composition of this substrate which contains harmful
compounds, such as oxidized molecules produced during the sugar milling, and the high
content of the minerals and metals that are concentrated by evaporation during the sugar
production. It would require a much higher content of this material released by dead yeasts to
allow the growth of L. vini in this substrate, as was observed when commercial yeast extract
was added to molasses (Fig. 3B). It also explains the absence of L. vini in most of the industrial
plants that use molasses as a fermentation substrate, which it is not the case for other
lactobacilli (Lucena et al. 2010).

Influence of citrate on L. vini growth patterns

As well as peptone and yeast extract, MRS contains citrate in the form of ammonium salt,
which is widely described in the literature as supporting lactobacilli growth (Laétitia, Pascal
and Yann 2014; Kowalczyk et al. 2015) and industrial processes (Comasio et al. 2019). The role
of this six-carbon organic acid in bacterial growth was tested by replacing ammonium citrate
(AC) with ammonium sulphate (AS) in MRS composition, while keeping the equimolar
quantities of ammonium ion. The absence of citrate extended the lag growth phase (Fig. 4A).

After this prolonged non-growth period, the cultures in citrate-lacking MRS started to grow
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slowly and after 36 h reached the same final biomass of the cultures in citrate-containing MRS
(data not shown). This result proved that citrate is important to fasten growth of L. vini, but is
not indispensable for its long-term growth. Afterwards, the effect of different citrate
concentrations in the final biomass was tested. The results showed that at least 2.5 mM of this
substrate was necessary to boost the bacterial growth and concentrations above 7.5 mM had a
slightly further increment in this parameter (Fig. 4B). Hence, sugarcane juice was
supplemented with citrate to the same concentration found in the original composition of MRS
(8.8 mM). Sugarcane juice only supported 15% of the final bacterial growth with regard to MRS
(Fig. 4C). The addition of citrate to sugarcane juice doubled the bacterial growth, and reached
30% of the reference condition, while the presence of peptone or yeast extract supported
bacterial growth to 50%. A clear additional effect of citrate was observed for substrates
supplemented with either peptone or yeast extract, and increased bacterial growth until it
reached 90% of the reference condition (Fig. 4C). This means that, as well as the bacterial
requirements for amino acids and/or oligopeptides present in peptone or in the yeast extract,
citrate is an important growth factor for this bacterium in the industrial substrates.

Finally, an assessment was made to determine whether citrate can also be used as a
sole carbon source or in glucose-limited condition. No growth was detected at the initial
glucose concentration of 2 mM and a slight growth was observed at 20 mM glucose,
irrespective of the presence of citrate (data not shown). The results showed that citrate is not
being used by the bacterial cells as the sole carbon source. Additionally, no bacterial growth
was observed at 200 mM citrate, whatever glucose concentration was present in the medium.
This concentration is close to that used as a food preservative owing to its toxic effects on
most of the bacterial cells, which also seems to be the case for L. vini. Among the combinations

tested, optimal bacterial growth was achieved at 200 mM glucose and 20 mM citrate (Fig. 4D).
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It should be further evaluated if the increase in growth obtained when citrate was at 20 mM,
offsets the increase of the cost of this nutrient in concentrations above 7.5 mM. Altogether,
these results found that citrate is mainly used as a supplementary nutritional source in a
medium containing enough glucose to provide the carbon needed for L. vini growth. There is
an abundance of citrate in nature and it is regarded as an important energy source for the
growth of different bacteria found in food matrices (Laétitia, Pascal and Yann 2014).

The effect of citrate on the L. vini metabolism

It has been theoretically conjectured that lactobacilli metabolize citrate (6C) through its initial
breakdown to acetate (2C) and oxaloacetate (4C) by means of citrate lyase, and that the
oxaloacetate is further decarboxylated to pyruvate (3C) (Hugenholtz 1993; Kowalczyk et al.
2015). Hence, pyruvate could become the product of citrate metabolization that is related to
energy production. Since this route would be redox neutral, pyruvate cannot be reduced to
lactate and must thus be deviated to the production of acetyl-CoA. As well as this, acetyl-CoA
is further converted to acetyl-P using inorganic phosphate. This energy-rich molecule is the
substrate for ATP production that results in acetate (Laétitia, Pascal and Yann 2014), which can
be either a) expelled to the medium, b) converted to acetoin or diacetyl by the bacterial cells
(Hugenholtz 1993), or c) further assimilated into the biomass. In view of this possibility, we
replaced citrate with its metabolization product (pyruvate) at a concentration of 8.8 mM in
MRS. The results showed that both citrate and pyruvate resulted in the same final biomass at
24 h of cultivation (Table 1), which proves that pyruvate indeed metabolically replaces citrate.
This finding provides experimental evidence that corroborates the use of metabolic models
proposed for other lactobacilli (Hickey, Hillier and Jago 1983; Quintans et al. 2008). Hence, it
can be concluded that pyruvate is ultimately responsible for the increment in the growth of L.

vini in the industrial substrates supplemented with citrate (Fig. 4).
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Final concentrations of metabolic products were measured from cultures of L. vini in
different medium compositions after 48 h of cultivation (Table 1). Regardless of the presence
of citrate or pyruvate, the cells completely consumed the glucose and produced lactate at
about 70% of the maximum theoretical efficiency as a single fermentation product (Table 1)
and as a result, confirmed the homofermentative status given to L. vini (Rodas et al. 2006).
This high conversion efficiency shows the potential of L. vini for the industrial production of
lactate, an important bioproduct with many applications for the synthesis of biodegradable
polymers (Alves de Oliveira et al. 2018). When citrate or pyruvate were added to the medium,
the final biomass increased by about 30% relative to the medium without citrate (Table 1). As a
result, the carbon from citrate or pyruvate is assimilated for cell formation and is not
dissimilated to a fermentation product such as CO,, acetate of ethanol. It also led to the
conclusion that the acetate that is first produced by the breakdown of citrate and ultimately
formed from pyruvate, is assimilated into the biomass.

As well as citrate, acetate is also present in MRS at an initial concentration of 61
mmol/L and our findings showed that this metabolite was differentially consumed by the
bacterial cells in the different media: 33 mmol consumed in MRS+glucose, 24 mmol consumed
in MRS+glucose+pyruvate and 15 mM consumed in MRS+glucose+citrate (Table 1). Hence, less
external acetate was required when citrate was co-consumed with glucose. In the case of
MRS+glucose+citrate, the bacterial cells consumed 9 mmol less acetate from the medium than
in MRS+glucose+pyruvate. This is in accordance with the calculation that the breakdown of 8.8
mmol citrate present in MRS first releases 8.8 mmol acetate and then 8.8 mmol of
oxaloacetate, which ultimately releases a further 8.8 mmol acetate from pyruvate. This results
in 17.6 mmol acetate available for biomass formation and was very close to the experimental

difference of 16 mmol between the MRS medium with or without citrate (Table 1). If pyruvate
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was used in the medium, 9 mmol more acetate was experimentally consumed by the cells than
the citrate medium (Table 1). This is once again very close to the hypothesis that there is a
metabolic deficit of 8.8 mmol acetate when pyruvate is metabolised. From these data, it was
possible to devise a metabolic model, which is closely in line with that previously proposed
(Laétitia, Pascal and Yann 2014), and suggests that citrate is metabolised to generate ATP, as
well as to ultimately produce acetate that is used together with the external acetate for
biomass formation (Fig. 5). Pyruvate is thus able to fulfil the citrate requirement for ATP
production, although it imposes the need for more acetate uptake from the medium (Fig. 5).
This uptake is even higher in the absence of citrate or extracellular pyruvate (Fig. 5).

Acetate is the building block for lipid biosynthesis in reactions that use NADPH as an
electron donor. This reduced coenzyme is produced in the pentose phosphate (PPP) pathway
from glucose. The data in Table 1 showed that 70% of glucose is converted to lactate, while
suggesting that 33.6 mmol of glucose (30%) deviated to PPP to generate 67.2 mmol NADPH.
This amount is theoretically enough to convert 34 mmol acetate to lipids, which was the exact
amount calculated from the consumption of acetate (Table 1). The bacterial cells grow slowly
when the biosynthesis of lipid depends entirely on the influx of acetate, in the absence of
citrate (Fig. 4A), and takes a longer incubation period to reach the same final biomass obtained
in complete MRS. In the light of this, it can be concluded that the rate of growth of L. vini
JP7.8.9 is limited by the rate of acetate uptake. The stimulating effect of citrate on the growth
of lactobacilli was pointed out in the original description of the MRS medium (Man, Rogosa
and Sharpe 1960). Since then, no explanation was given for the use of citrate until the recent
metabolic model postulated that this nutrient played a role in the growth of lactobacilli

(Laétitia, Pascal and Yann 2014). Hence, this study is the first to provide consistent
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experimental data that at least explain this nutritional requirement for L. vini and assist in
elucidating the behaviour of this bacterium in industrial fermentation processes.
Conclusion
This study has shown that the limited growth of L. vini in sugarcane derivative
substrates is the consequence of a lack of oligopeptides/amino acids and citrate as key
nutritional requirements. This limitation can be overcome by the lysis of the part of the
microbial population, (mainly yeast cells), that release these supplements in the substrate and
allow bacterial cells to grow during the fermentation process. It also consolidates the
metabolization of citrate through pyruvate, by providing enough acetate for biomass
formation. This information on L. vini metabolic features reveals significant aspects of its
performance in industrial fermentation processes.
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Figure 1. Growth curve of Lactobacillus vini JP7.8.9 in MRS medium containing glucose at 20 g

L* (O) and in industrial media sugarcane juice (CJ) or molasses (/) containing total sugar at

100gL™
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Figure 2. Effect of the sugar on the growth of Lactobacillus vini JP7.8.9 in MRS medium. (A)
Effect of varying concentrations of glucose at 20 g L* (O), 40gL* ((J),60gL™* (A), 80gL*
(<), 100 g L* (%) and 120 g L (+). (B) Effect of different sugars such as glucose (O), fructose

(0), sucrose (A) or maltose ({)at20g L™,
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Figure 3. Effect of supplementation of industrial substrates such as sugarcane juice (O, panel
A) or sugarcane molasses (O, panel B) on the anaerobic growth of Lactobacillus vini JP7.8.9
with yeast extract (C]), peptone (A), yeast extract+peptone (<), peptone+vitamins (%) or

yeast lysate (+). MRS medium (@) was used as reference.
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Figure 4. Influence of citrate on the growth of Lactobacillus vini JP7.8.9. (A) commercial MRS
(O), MRS medium prepared in-house with ammonium citrate ((J) and MRS prepared in-house
with ammonium sulphate (A). (B) Final bacterial biomass achieved in MRS medium prepared
in-house containing varying amounts of ammonium citrate in different concentrations. (C)
Final bacterial biomass in sugarcane juice (J) with or without supplementation with yeast
extract (YE), peptone (Pep), citrate (Cit) relative to complete MRS medium (100%). (D) Effect of
varied concentrations of ammonium citrate at 2 mM (O), 20 mM ((J) or 200 mM (A) on

bacterial growth in MRS medium containing glucose at 20 mM. N.B. All citrate concentrations

mentioned referred to the citrate anion, not to the salt form.
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Table 1. Final concentrations of metabolites and biomass from cultivation of Lactobacillus vini

JP7.8.9 for 48 h in MRS prepared in-house with different formulations®.

Glu (112 mM) Glu (112 mM) Glu (112 mM)

Ace (61 mM) Ace (61 mM) Ace (61 mM)
Parameter Cit (8.8 mM) Pyr (8.8 mM)
Glucose (mMm)° -112 -112 -112
Acetate (mM)° -31(+0.1) -15.3 (+0.32) -22.7 (£0.21)
Citrate (mM)® na. -8.8 n.a.
Pyruvate (mM)® n.a. n.a. -8.8
Biomass (ODgognm)” 6.06 (+0.047) 9.09 (+0.087) 9.08 (+0.086)
Lactate (mM)° 157.1 (+11.6) 165.8 (£13.6) 170.3 (+16.1)
Lactate yield (g g7)° 0.70 0.74 0.76

*Glu: glucose; Ace: acetate; Cit: citrate; Pyr: pyruvate. ®metabolite consumed. ‘metabolite

produced. “lactate produced/glucose consumed. “not applicable.

107

610Z 48020 GO UO JBSN ¥eIoNqIqsieusiean) eesddn AQ /0206 L55/Z0ZZU)RISWa)/EE0L 0 | AOP/IRBNSqE-8| HUE /S We) W00 dNo HWepPEI.//:SdlY WOl pepecumog



APENDICE B — ARTIGO PUBLICADO NA REVISTA MICROBIOLOGY

MICROBIOLOGY RESEARCH ARTICLE
Mendonga et al., Microbiology 2019;165:26-36

DOI 10.1099/mic.0.000738

M MICROBIOLOGY
SOCIETY

Lactobacillus vini: mechanistic response to stress by medium
acidification

Allyson Andrade Mendonca,' Paula Katharina Nogueira da Silva,’ Tiago Luiz Santana Calazans,'
Rafael Barros de Souza,” Will de Barros Pita, Carolina Elsztein' and Marcos Antonio de Morais Junior ™™

Abstract

This work describes the response of Lactobacillusvini, a bacterium found as a contaminant in winemaking and fuel ethanol
fermentation processes, to acid stress caused by inorganic or weak organic acids. First, we observed for the first time that
bacterial cells become resistant to lysis by lysozyme when submitted to acidic stress. Then, the predicted intracellular
acidification can be reversed by the presence of arginine, histidine and glutamine. However, these molecules were not able
to reverse the effect of resistance to lysis, indicating the independence of these mechanisms. In general, a reduction in the
expression of the main genes involved in the synthesis and deposition of material in the cell wall was observed, whereas the
genes involved in the reabsorption of this structure showed increased expression. These data suggested that L. vini responds
to the acidification of the medium through early entry into the stationary phase, firing two signals for cell wall remodelling
and maintenance of intracellular pHin a coordinated way, most probably by alkalization and the proton extrusion process. If
this picture is conserved among lactobacilli, it may not only have an impact on research associated with fermentation
processes, but also on that asscciated with probiotic improvement.

INTRODUCTION

The microbial cells found in the industrial alcoholic fermen-
tation process generally face several stressful conditions. In
fact, the environment is so unwelcoming that, despite the
huge biodiversity of the processes, only a few species of bac-
teria are able to establish and promote episodes of contami-
nation [1-4]. The two main strategies deployed by industry
to avoid contamination involve (i) the use of industrial anti-
biotics and (ii) the treatment of recycled yeast biomass by
acidification of the wort to pH <3 with inorganic acids [5].

more stressing agents (8, 9]. In the list of relevant potential
contaminants, Lactobacillus vini recently appeared as rele-
vant bacteria in the fermentation processes related to
fuel ethanol production [1, 10] along with other recurrent
contaminants, such as Lactobacillus fermentum and Lacto-
bacillus plantarum [1, 3, 11]. Despite the considerable
amount of information that is available for the last two spe-
cies, no information is available to date regarding the bio-
logical characteristics of L. vini that can explain its
adaptation to that process. The recognition of L. vini as a
new lactobacilli species was first reported by Rodas et al.

The first procedure presents a clear drawback, which is the
fact that resistant strains might eventually enter the process,
making this treatment ineffective and/or ecologically and
clinically undesirable [6, 7]. The second one is more effec-
tive, although the potential emergence of stress-resistant
strains would lead to the need for the combination of two or

[12] from fermented grape must, although its representative
MONT4 strain had been isolated a long time ago [13]. This
bacterium was originally isolated by its high temperature-
resistance phenotype as part of a multi-tolerant phenotype.
This feature makes it a potential spoiling agent in fermenta-
tion processes for the production of foods, beverages and
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fuel ethanol. However, no systematic studies have been per-
formed to date to uncover the cellular and molecular mech-
anisms behind this tolerance. In this sense, the present work
intends to initiate studies on the mechanisms of stress toler-
ance in this bacterium in the continuation of the definition
of its genomic composition [14].

The cell wall of lactobacilli can be considered to be the first
barrier of the cells against stressful environmental condi-
tions. It is composed of a glycanpolymer chain of N-acetyl-
glucosamine and N-acetylmuramic acid linked to each
other by B1-4 bonds [15]. The glycan strands are cross-
linked by short-stem peptides attached to each N-acetyl-
muramic acid molecule [16, 17]. The amino acid
composition of the stem peptides may change among spe-
cies [15, 16, but the last two D-Ala-p-Ala dipeptides are
very conserved. This peptidoglycan structure is responsible
for maintaining cell integrity, as well as its shape [18]. Long
strands of glycerol-phosphate in the lipoteichoic acid (LTA)
are attached to the cell membrane or are linked directly to
the cell wall [16, 19]. LTA might often undergo insertions of
D-ala into its chain, and this is performed by the proteins
coded by the dlt operon. It comprises four genes coding for
enzymes involved with the activation, transport and esterifi-
cation of LTA with p-ala residues [20].

The way in which the components of peptidoglycan are
modified when bacterial cells are challenged by stressing
agents is critical for the maintenance of cell viability and its
establishment in the environment [18). In order to survive
in stressful environments, the peptidoglycan might be
chemically changed, which in turn, interferes in the normal
cell wall metabolism, such as its sensitivity to autolysins
(18, 21]. Those hydrolytic enzymes display muramidase
lysozyme-like activity, which is required for the relaxation
of peptidoglycan cross-linked network, allowing cell elon-
gation and ultimately cell division [22]. These enzymes are
found from prokaryotes to eukaryotes and conserve the
biological activity of muramidase [23]. In mammals, these
enzymes are part of the immune system that is responsible
for killing pathogens [24]. On the other hand, the patho-
gens have developed mechanisms that lead to the resistance
of the cell wall to degradation by mammalian lysozymes
(24, 25].

In model organisms, such as Bacillus subtilis, the protective
mechanism against cell wall hydrolysis by lysozyme involves
the activation of modifiers, which acetylate the peptidogly-
can components or esterify LTA [26]. These modifications
are performed by (i) the enzyme encoded by the gene
oatA and (i) enzymes encoded by genes in the dlt operon,
all of which are under the regulatory control of the ¢ tran-
scription factor [26]. In an inactivated state, " is linked to
the anti-sigma factor RsiV in the inner face of the cell mem-
brane. However, the presence of lysozyme activates the RIP
system that releases o from RsiV [27). Free ¢ recruits
RNA polymerase to target promoters of oatA, pbpX and the
dlt operon [26]. The inactivation of the dlt operon in
L. plantarum leads to an abnormal sensitivity to autolysin

27

[28]. To date, only a few descriptions of the mechanism of
resistance to lysozyme in lactobacilli are available, but there
is already an indication that it is an inducible
mechanism that is triggered by stressful medium conditions
[29].

The list of adverse conditions that can damage the cell enve-
lope in the industrial fermentation process includes a pH
variation of the fermentation wort promoted by the yeast
fermentative activity, or that may also be due to the produc-
tion of weak organic acids (acetic and lactic) by the bacterial
contaminant population itself [30, 31]. The use of inorganic
acids, such as hydrochloric or sulphuric, in order to control
microbial contamination [5] imposes a severe acid stress
that can damage the cell envelope. In addition, variations in
temperature, ethanol concentration and solute concentra-
tion (triggering osmotic stress) and the presence of oxidant
molecules can also affect that cell component. Therefore, we
aimed to study the major mechanisms used by L. vini cells
to resist and tolerate the presence of stressing agents and
conditions that occur naturally in or that are added to the
processes for the control of bacterial population.

In the present work, we challenged bacterial cells against a
set of stressing agents and evaluated how they affect the cell
envelope structure, using resistance to lysozyme as an
indicator for peptidoglycan network reorganization. The
results showed that an inducible mechanism of resistance to
lysozyme was only activated upon acid stress (caused by
weak organic or strong inorganic acids) in such a way that it
was independent from the mechanisms of internal pH
maintenance. The genetic response as evaluated by
the relative expression of key genes indicated that the mech-
anistic process behind this adaptation induced by acid stress
is dependent on the reduction of peptidoglycan deposition
and/or its stimulated reabsorption. The energetics of this
process was also discussed. The results presented herein
provide information to elucidate the mechanisms of acid
resistance in lactic acid bacteria (LAB), which is relevant for
(i) their use as a probiotic, facing the acid environment in
the gastro-intestinal tract; (ii) their use as a dairy producer;
and (iii) for improving strategies to combat the spoilage of
food and ethanol fermentation processes.

METHODS

Strain, medium and minimum inhibitory condition
(MIC) determination

L. vini JP 789 was isolated from the industrial ethanol fer-
mentation process [1]. The genome of this strain, as well as
the type strain DSM 20605, were sequenced [14] and are
available in GenBank database (https://www.ncbinlm.nih.
gov/genome/?term=lactobacillus+vini). Bacterial cells were
maintained in de Man-Rogosa-Sharpe (MRS) broth
(Merck) containing 2% agar. Cultivations (seed cultures)
were performed in MRS broth for 24h at 37°C without
shaking. For the MIC assays, cells from seed cultures were
used to inoculate 1 ml of MRS broth containing stressing
agents at different concentrations for an initial cell density
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of 0.005 Agoonm- Then, 150 pl of each condition was trans-
ferred to wells in sterile microtitre plates. The stress agents
were: (1) lactic acid (up to 200 mM, with a 10 mM gradient)
and acetic acid (up to 400 mM, with a 25mM gradient) as
weak organic acids; (2) hydrochloric acid (from pH 8 to 2,
with a 0.5 gradient) as inorganic acid; (3) hydrogen peroxide
(up to 1.5 mM, with a 0.1 mM gradient) as oxidative stress;
and (4) sodium chloride (up to 1 M, with a 0.1 M gradient)
as osmotic stress. The pH of the MRS medium did not
change with the addition of the stressing agents, except in
the case of hydrochloric acid. Cultivations were performed
for 48h at 37°C without shaking. For heat-shock assays,
the cultures were prepared as above and cultivated for 48h
in a TS-100 thermoshaker (Biosan) at different tempera-
tures. The MIC was defined as the first condition that
completely inhibited cell growth, while sub-MIC corre-
sponded to a condition that interfered with cell growth.

Growth kinetic analyses were performed by preparing
microtitre plates as above and cultivating cells in a Sinergy
HT multireader device (Biotek, Switzerland) at 37 "C with
continuous  shaking. Absorbance measurements were
recorded automatically every 30 min for 48 h. The specific
growth rate was calculated from the slope of the linear por-
tion of the exponential growth phase. Cell viability at the
MIC was evaluated by taking 10 ul of the cultures at 0, 24
and 48 h and dropping it onto MRS agar plates. Plates were
incubated for 96h in anaerobic jars with an Anaerocult
A anaerobiosis generator (Merck). The acid protective effect
of amino acids, as previously reported by Wu et al. [32], was
also tested by supplementing MRS broth with each one of
the 20 amino acids to 50 mM. Variation in the pH of the
MRS was achieved by adjusting the initial pH to 3.5 after
amino acid supplementation. Afterward, the media were fil-
ter-sterilized. All experiments were performed in biological
duplicate with technical triplicates. Therefore, the numbers
represent the mean value of six measurements (+sp) for
each sample.

Cell lysis by lysozyme

Seed cells were diluted to 0.1 Aggnm in MRS containing
stressing agents at sub-MIC, defined as 60 mM lactic acid,
150 mM acetic acid, 600mM sodium chloride, 0.8 mM
hydrogen peroxide or 316uM H™ (medium adjusted to a
pH of 3.5 with HCI) and incubated for 60 min at 37 "C. For
the heat-shock assay, seed cells diluted in MRS broth were
incubated for 60 min 42 °C. As a positive control, seed cells
were diluted in MRS and incubated without treatment.
Afterward, the cells were collected by centrifugation and
resuspended with one-tenth of the original volume in STE
buffer (300mM sucrose, 100mM tris-HCl and 500 mM
EDTA-NaOH, pH 8) containing lysozyme at 10mgml ™",
The buffered cell suspensions were transferred (150 pl) to
microtitre plates and incubated at 37°C. Variations in
absorbance were recorded every 30 min for 24 h in a Sinergy
HT multireader device. As negative control, untreated cells
from the positive control were incubated without enzymes.
The experiments were performed in biological duplicate
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with technical triplicates for all conditions. Therefore,
the numbers represent the mean value of six measurements
(£sp) for each sample.

ORF annotation, primer design and validation

The annotation of ORFs was performed in the automatic
system RAST (http://rastnmpdr.org) [33] with the available
genome of the strain L. vini JP 789 [14]. An additional step
to confirm the ORF annotation was made with the amino
acid sequences of those ORFs compared with the NCBI
database using the tool BLASTP (https://blast.ncbinlm.nih.
gov/Blast.cgi?PAGE=Proteins). The ORFs representative of
o regulon (¢, dltD and pbpX), peptidoglycan precursor
biosynthesis (gImS, glmU and murB) and extra-cellular pep-
tidoglycan biosynthesis (pbplA-like ORFs) and p-alanine
metabolism (al-L, al-R and al-T) were identified and the
nucleotide sequences were collected for primer design. The
genes groES, fusA, rpoB, recA and pcrA  were
candidates for the reference gene as previously described
[34]. The reference genes were indicated by GeNorm analy-
sis to be the pair with a target stability value (M-value)
lower than 0.15. The homologues were identified in the
L. vini genome and the nucleotide sequence was then col-
lected for primer design.

The primers were designed with the online tool
Primer-BLAsT  (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) with the parameters: amplicon size, 70-150 pb;
primer size, 19-21 pb; minimum GC content of 20-80 %;
primer melting temperature from 59 to 61 “C; maximum G
or C in the last five bases in the 3’ end; and amplicon melt-
ing temperature >80 C. Moreover, the maximum accept-
able length for a mononucleotide repeat was 4. The primers
that had been designed were additionally analysed with the
online tool OligoAnalyser (https://www.idtdna.com/calc/
analyzer). The complete list of primers is available in the
supplementary material (Table S1, available in the online
version of this article). The PCR reaction mix was made
with 1x Sybr Green Master Mix (Promega, USA) and
0.2 uM of primer mix with a final volume of 10 pl. The reac-
tions were performed in technical triplicates. The primer
was considered to have been validated when the slope of the
regression curve ranged from —3.1 to —3.5, as in previous
studies [35-37].

RNA isolation, cDNA synthesis and gene expression

For RNA isolation, seed cells were suspended in 10 ml MRS
to 1.0 Agopnm and treated with 60 mM lactic acid, 150 mM
acetic acid or 316 M H" (medium adjusted to a pH of 3.5
with HCI). After 1h of static incubation at 37 "C, cells were
collected by centrifugation and total RNA was extracted
with a hot acid phenol protocol. Briefly, the cell sediment
was resuspended in 500 pl of AE buffer (10mM EDTA,
50mM of sodium acetate, final pH 5.3). Then, volumes of
50 ul of SDS 10% and 500 ul of equilibrated phenol (pure
phenol adjusted to pH 5.3 with 50 mM sodium acetate solu-
tion) were sequentially added to the cell suspension. The
mixture was mixed by vortex to homogenization and
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incubated for 10 min at 65°C, with intermittent mixing by
vortex every 2 min. After this time the tubes were chilled
and kept on ice. An equal volume of phenol/chloroform
solution (5 equilibrated phenol:1 chloroform) was added
and the mixtures were vortexed for 1 min. The tubes were
submitted to centrifugation at 20000 g at room tempera-
ture. The aqueous upper phase was collected to new
tubes and mixed with an equal volume of pure chloroform,
and then the procedure above was repeated. Finally, the
upper phase was collected in new tubes and the RNA was
purified with the illustra RNAspin Mini RNA Isolation kit
(GE Healthcare) following the manufacturer’s instructions.
RNA integrity was evaluated directly on 1% agarose gel pre-
pared with TAE buffer (40 mM of tris, 10mM of EDTA,
20 mM of acetic acid) and stained with 0.5 mg ml ™! of ethi-
dium bromide, and its concentration was performed in
Nanodrop (Thermo Fisher, USA). RNA samples were
stored at —80 “C until use.

The ¢cDNA was synthetized with the ImProm-II Reverse
Transcription System (Promega, USA), following the manu-
facturer’s instructions. Each reaction was performed with
0.5pg of RNA in a final volume of 20 pl. RT negative con-
trols were also prepared with the same amount of RNA
diluted in water (same concentration as cDNA sample) in
order to estimate contamination with genomic DNA. The
samples were stored at —20 'C until use. The cDNA was
used for gqPCR reaction under the same conditions
as described above for the primer validation in biological
triplicates and technical triplicate. The Cq values of each
replicate from reference genes and tested genes were used
for normalization and relative expression quantification
according to MIQE guidelines [38]. The results were sub-
mitted to analysis of variance (ANOVA) with the post hoc
Tukey honestly significant difference (HSD) test (http://
astatsa.com/OneWay_Anova_with_TukeyHSD/) (P<0.05).

RESULTS AND DISCUSSION
Stress response-induced resistance to lysozyme

One can reasonably assume that the establishment of L. vini
in the industrial process might be the consequence of its tol-
erance to the stressful conditions observed in that environ-
ment [1, 39], such as high concentrations of ethanol and
organic acids, osmotic pressure and high temperature [31].
This assumption arises mainly because this species was
originally isolated from wine production as temperature-
resistant bacteria [12, 13]. To test the tolerance of L. vini JP
789, we performed several assays with increasing concentra-
tions of several stressor agents. The results represented the
MIC values that were defined for lactic acid, acetic acid, eth-
anol, medium pH, sodium chloride, hydrogen peroxide and
heat-shock stress (Fig. 1a). However, none of those inhibi-
tory conditions led to a significant loss of viability (Fig. 1a),
meaning that we were dealing with bacteriostatic condi-
tions. A decrease in the cell population viability was only
observed after long-term exposure (48 h) to ethanol at the
MIC (Fig. 1a). The intensity of each stress condition
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endured by the strain was greater than or at least equal to
the reported values in the bioethanol industrial environ-
ment [31], meaning that this bacterium is not eliminated by
any of these conditions if established individually in the fer-
mentation process. This tolerance profile should contribute
to the establishment of L. vini in the process, as has been
reported in Brazil [1] and Sweden [39)].

Additionally, we evaluated whether the stressor agents had
any impact on the resistance of the cells to lysozyme after
treatment with sub-MIC doses. The cell lysis profile was not
changed by the incubation with ethanol, sodium chloride,
hydrogen peroxide and heat-shock stress Fig. 1b, c). How-
ever, incubation with lactic, acetic or hydrochloric acid
increases the resistance of the bacterial cell wall to lysis
(Fig. 1c). Acid stress is the most frequent stressing condition
faced by the LAB, since it is a self-imposed condition that
arises from the production of organic acids [40]. In bioetha-
nol industries, other sources of acid stress can be found,
such as (i) the extrusion of H* by the fermenter yeast during
fermentative activity, which makes a smaller contribution to
the overall acidification, and (i) the pre-treatment of yeast
biomass for cell recycling using inorganic acid to control the
contamination [41]. The acid treatment is employed before
each fermentation cycle, which means that every 8 to 12h
cells have to face an acid treatment that drops the medium
pH close to 2.0. This treatment is used repeatedly during the
months of the fermentation season [31]. In spite of being
the major stress condition studied for LAB, acid stress has
never been reported as changing the resistance to lysozyme
in any bacterial species. It seems, indeed, that the phenome-
non might contribute to the increase of bacterial survival
during the industrial acid treatment.

The induction of lysozyme resistance has been reported for
L. fermentum after entry into the stationary phase [42] and
for L. casei upon exposure to osmotic stress [29]. Unlike
for other micro-organisms, entrance into the stationary
phase in lactobacilli is influenced by the accumulation of
organic acids, such as lactic acid [43, 44]. Therefore, we
assumed that exposure to lactic acids would mimic the entry
into the stationary phase in L. vini as well. To test this possi-
bility, we submitted 48 h grown cultures of L. vini, which
had already reached the stationary growth phase according
to the growth kinetics of the control condition (Fig. 2a) and
submitted them to the lysozyme test. The results showed
that bacterial cells in the stationary phase were more resis-
tant to lysozyme than freshly cultured cells (Fig. 1c). This
indicated that L. vini behaves similarly to L. fermentum, by
changing the envelope structure upon entry into the station-
ary phase, which makes it inaccessible to the action of

lysozyme.

Amino acid catabolism influences lysozyme
induction in an acidic environment

At this point, we showed that L. vini cells most likely
respond to medium acidification by modifying the proper-
ties of their cell walls as the first barrier against the stressing
condition. Afterwards, it is important to understand how
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Fig. 1. Effect of different stressing agents on Lactobacillus vini cells. (3] Spot test for cell viability after the exposure of bacterial cells
to the minimal inhibitory condition {MIC) for the stressing agents for 0, 24 and 48 h of incubation. (b) Susceptibility of L. vini cells to
lysozyme after pre-treatment at sub-MIC with the stressor agents acetic acid {150 mM, A), lactic acid (60 mM, {), HCL (pH 3.0, O} or
ethanol (8.5 %, A). (c} Susceptibility of L vini cells to lysozyme after pre-treatment at sub-MIC with the stressor agents NaCl (600 mM,
W), hydrogen peroxide (0.8 mM, ¢) or temperature (40°C, *). In both panels, the negative control refers to cells that were not submit-
ted to lysozyme treatment (Q), while lysis control refers to cells that weere not submitted to sub-MIC pre-treatment and then treated
with lysozyme [+). The lysis profile of cells in the stationary phase of growth is shown (Al

L. vini cells deal with medium acidification and how they
respond to such a stressful condition.

It is well-known that a drop in the medium pH leads to
the acidification of the cell cytoplasm in the genus Lactoba-
cillus [45]. A widespread mechanism to control internal pH
in LAB employs reactions involving amino acids as sub-
strates for the production of alkaline compounds or for the
consumption of protons from the cytoplasm [40]. To test
whether such a protective effect of amino acids is also pres-
ent in L. vini, we performed growth experiments in the
presence of sub-MIC inorganic acid (medium adjusted to
pH 3.5 with HCl) in MRS supplemented with amino acids.

Three out of 20 amino acids showed an acid-protective
effect, improving growth in the acid medium (Fig. 2a) and
restoring the specific growth rates to be close to the level of
the control cultures (Fig. 2b). Arginine restored cell growth,
although the final cell biomass was only 67 % of that of the
control cultures. The arginine deiminase pathway is most
likely the cause of the protective effect of arginine against
acid stress, working by releasing ammonia, an alkali-like
molecule that helps cells to maintain the internal pH [46,
47]. We identified the genes for this pathway in the
genome of L. vini for both strains JP 789 and DSM 20605
(data not shown). Thus, we might assume that the arginine
deiminase pathway is also present in L. vini and can

e
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e
[

4

_|_
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Amino acid supplemented in MRS pH 3.5

Fig. 2. Effect of amino acid supplementation on the growth of Lactobacillus vini in MRS medium adjusted to pH 3.5 with hydrochloric
acid. (a) Profile of the growth kinetics of bacterial cells in acid MRS supplemented with arginine (A), glutamine ({), histidine (O), aspar-
agine (e}, methionine (A) or glycine (). The references were MRS medium not adjusted to acid pH (O} or pH-adjusted MRS without
amino acid supplementation (s). (b} Specific growth rates calculated from the slope of the log portion of the growth curves shown

in (a).
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Fig. 3. Effect of the acid-protective amino acids on the profile of lysozyme resistance in Lactobacillus vini. Bacterial cells were incu-
bated in MRS medium adjusted to sub-MIC pH (3.5) with HCl (a) in MRS containing sub-MIC lactic acid (60 mM) (b) or in MRS medium
containing acetic acid (150 mM) (c). Each of these media were supplemented with arginine (£), glutamine () or histidine (). In each
panel, the negative control refers to cells that were not submitted to lysozyme treatment (O), the lysis control refers to cells
that were not submitted to sub-MIC pre-treatment and then treated with lysozyme (+), and the positive control refers to cells
that were submitted to sub-MIC pre-treatment with each acid and then treated with lysozyme (*).

protect cells against acid stress. Glutamine also restored
the growth rate to the control level, but the final biomass
was only 87 % of that of the control condition. The catabo-
lism of this amino acids goes through a glutamine lyase
reaction that also releases ammonia [46, 47). However, the
gene encoding glutamine lyase was not found in the L. vini
genome (data not shown). Finally, histidine showed the
greatest protective effect by restoring both the growth rate
and the final biomass to the control levels. This effect has
been reported for other LAB, working by a decarboxylation
H"-consuming mechanism that produces histamine and
CO, [48]. However, the gene that encodes histidine decar-
boxylase was also not found in L. vini genome (data not
shown). So far, these are the only protective mechanisms
to be described for glutamine and histidine, which indicates
that alternative enzymes or new mechanisms should be
operating in L. vini. Furthermore, we observed that
the supplementation of MRS with methionine, glycine or
asparagine had a synergistic negative effect with the acid
stress, reducing the final biomass production (Fig. 2a) and
growth rate (Fig. 2b). The mechanisms underlying this
phenomenon are currently unknown and they are beyond
the scope of the present work. The remaining 14 amino
acids showed neither positive nor negative effects on
growth and lysozyme resistance upon bacterial exposure to
acid stress (data not shown).

At this point we showed that stress by acid (organic or
inorganic) produced a bacteriostatic effect accompanied by
an increase in cell resistance to lysozyme. Since the addi-
tion of histidine, glutamine or arginine reverted that dele-
terious effect, we tested whether these amino acids could
also restore the lysozyme-sensitivity phenotype. The
results showed that none of them were able to revert the
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cell lysis profile of acid-treated cells to the control level
(Fig. 3), indicating that the control of cell growth and lysis
resistance rely on different mechanisms.

Genetic response to acid stress in respect of the ¢"
regulon response

In view of the proposed reorganization of the cell wall indi-
cated by the induced resistance to lysozyme, we turned our
attention to the expression of key genes in the biosynthesis
and deposition of metabolites in this structure, as well as its
remodelling (Fig. 4). The data presented above indicated
that acid stress, induced by both weak organic and inorganic
acid, might have important implications for the growth and
maintenance of L. vini in industrial conditions, leading to
changes in resistance to cell lysis. In addition to the physio-
logical aspects reported above, we analysed the genes that
could be involved in the acid stress response. Several genes
that were recovered from the L. vini genome
were identified by RAST annotation as being responsible for
the structure and maintenance of cell envelope integrity, the
first barrier against unfavourable environmental conditions.
geNorm analysis indicated that the most stable genes
between the treatments conditions were rpoB and fusA, with
an M-value of 0.05. Therefore, these genes were used to nor-
malize the expression of the tested genes.

The first set of genes included those of the ¥ regulon,
which includes the " gene itself. This gene encodes an
extracellular ¢ transcription factor that interacts with RNA
polymerase to transcribe genes required for resistance to
lysozyme [26, 27]. Since pretreatment with HCI, lactic acid
and acetic acid leads to lysozyme resistance (Fig. 1c), it was
expected that there would be a direct co-relation with "
gene expression levels. However, a threefold up-regulation
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Fig. 4. Metabolic pathway of peptidoglycan biosynthesis. The enzymes whose genes were analysed in the present work are repre-
sented by an ellipse close to their catalyzed reactions. In the cytosol {CYT), carbon from the glucose enters the glycolytic pathway
towards pyruvate to produce energy and then from pyruvate to lactic acid for NADH reoxidation. Alternatively can be diverted to cell
wall precursor biosynthesis. The precursors of peptideglycan are assembled in the cell wall monomer during the translocation pro-
cess through the plasmatic membrane (PM) to the cell wall (CW). A glycosidic bond (—) is made to connect the new monomer in the
growing peptidoglycan strand and a peptide bond () crosslinks close strands in a2 mature peptidoglycan. Glucose-6P (Glu-&P), fruc-
tose-6P (Fru-6P), pyruvate (Pyr}, glucosamine (Glc), N-acetyl-glucosamine (GlcNac), N-acetyl-muramate (MurNac) and alanine (Ala) rep-
resent the ligants. Glucosamine synthase EC 2.6.1.16 (glm-S), bifunctional UDP-N-acetylglucosamine pyrophosphorylase EC 2.7.7.23/
glucosamine-1-phosphate N-acetyltransferase EC 2.3.1.157 (glm-U), UDP-N- acetylmuramate dehydrogenase EC 1.3.1.98 (mur-8), pep-
tidoglycan transglycosylas PBP 1A EC 2.6.1.129 (pbp1A-B). po-transpeptidase EC 3.4.16.4 (pbplA-a), alanine aminotransferase EC
2.6.1.21 (al-T), alanine racemase EC 5.1.1.1 (al-R), alanine ligase EC 2.6.1.21 (al-L}, and N-acetylglucosamine-é-phosphate deacetylase

EC 3.5.1.25 (nag-A} are the enzymes involved.

of this gene was only observed upon exposure to HCI, while
we observed down-regulation after exposure to organic
acids (Fig. 5a). In addition, we evaluated the expression
of the ¢ -controlled pbpX gene that encodes for a penicil-
lin-binding protein with D.D-carboxypeptidase
activity that is involved in recycling of the alanine by cleav-
ing the D-alanyl-D-alanine in stem peptides [15, 18] (Fig. 4).
The results showed no significant change in its transcrip-
tional level after treatment with any of the three acids
(Fig. 5a). The other 6" factor-regulated genes tested were
those located in the operon dit (ditA-ditD)
that is responsible for the incorporation of D-alanine resi-
dues into the LTAs of the cell envelope [19]. This operon is
responsible for resistance to cationic antimicrobials [20],
such as vancomycin. When using the ditD gene as
a representative of the dlt operon, the results showed down-
regulation upon treatment with HCl and acetic acid and no
change when the cells were exposed to lactic acid (Fig. 5a).
Therefore, we concluded that in L. vini the transcription
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factor ¢V seems not to be the main regulator, or actually
involved, in the genetic regulation of lysozyme resistance in
response to acid stress (Fig. 1c).

The physiological role of the dlt operon is still poorly under-
stood. Although the function of its corresponding enzymes
and the chemical modification in the cell wall are quite well
known, their biological consequences are not completely
understood. The main information concerning the biologi-
cal implications of this operon has been derived from
mutant strains that are more susceptible to autolysis [18,
28], acid stress [40], antimicrobial agents such as vancomy-
cin [49] and cationic antimicrobials [20]. In part, the
mutant phenotype is due to the modification of the cell
wall's overall charge, which becomes more negative than
that of the wild-type, which makes the wall more susceptible
to a positively charged compound such as a cationic antimi-
crobial or protons in the medium generated by the presence
of acid compounds.
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Fig. 5. Transcriptional profile of cell wall-related genes of Lactobacillus vini in response to treatment with three acidifying agents:
hydrochloric acid at pH 3.5 {white columns), lactic acid (light grey columns) or acetic acid (dark grey columns). (a} Genes of the o" reg-
ulon. (b} Genes for p-alanine synthesis. (c) Genes for peptidoglycan biosynthesis. The results represent the average of three indepen-
dent experiments with technical triplicates (tstandard deviation). The significance of the data was assessed by an ANOVA test.

Genetic regulation of peptidoglycan metabolism

After assessing the transcriptional levels of genes involved
in D-alanine incorporation in LTA, we evaluated the expres-
sion of genes involved in p-alanine biosynthesis: al-L, al-R
and al-T (Fig. 4). al-T is involved in the endogenous pro-
duction of L-alanine from pyruvate, in a transamination
reaction using glutamate as an amino donor. al-R encodes a
racemase that can conversely interconvert L-alanine to D-
alanine. The al-L gene encodes a D-alanyl-D-alanine
synthetase that is used in stem peptide synthesis. Analyses
of the transcriptional level showed that the al-L gene was
only marginally up-regulated, while the other two genes
remained unchanged or showed down-regulation in
response to the stress condition (Fig. 5b). Altogether, these
results indicated that L. vini cells respond to the acidic envi-
ronment by decreasing the transcription level of genes
involved in p-alanine biosynthesis (al genes) and its incor-
poration into the cell envelope (dif genes), which may result
in a modification of the cell envelope that leads to increased
resistance to lysozyme.

To complement this genetic analysis, we examined the
transcription levels of genes involved in peptidoglycan pre-
cursor biosynthesis (glmS, gimU and murB) and extra-
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cellular peptidoglycan biosynthesis (pbplA-like ORFs), as
well as the gene involved in peptidoglycan reabsorption
(nagA), in response to acidic stress (Fig. 4). Overall, all of
these genes were down-regulated in acid-treated cells
with respect to untreated cells (Fig. 5c), indicating a
reduction in peptidoglycan biosynthesis as part of the cel-
lular response to acidic stress. In Gram-positive bacteria
the main regulation point of the peptidoglycan precursor
biosynthesis pathway is the expression of the gimS gene
[50]. This gene codes for glutamine-fructose-6-phosphate
aminotransferase, the first enzyme in the pathway, and its
regulation has a direct impact on the overall production of
peptidoglycan precursor (Fig. 5). In lactobacilli,the down-
regulation of glmS in response to cytoplasm acidifying
agents, such as bile salt in L. casei, is observed [51]. Under
this kind of stress, there is an increasing demand for ATP
from the F(F, extrusion pumps to maintain the internal
pH. Hence, the down-regulation of gimS gene decreases
the level of glutamine-fructose-6-phosphate aminotransfer-
ase activity and reduces the flux of carbon to
the  peptidoglycan  biosynthetic = pathway.  As
a consequence, all fructose-6P is driven towards glycolysis
for higher production of ATP [51]. Our results showed
that the expression of glmS was reduced by nine-, four-
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and twofold in L. vini cells after exposure to HCI,
lactic acid and acetic acid, respectively (Fig. 5c). This indi-
cates that the biosynthesis of peptidoglycan is reduced in
response to acidic stress. The preservation of the gluta-
mine pool, which has a protective effect against acidic
stress, as shown, should be a side-effect of this mechanism
(Fig. 2).

The protein encoded by the glmU gene is a bifunctional
enzyme that is responsible for the biosynthesis of UDP-
GIcNAg, one of the precursors of the peptidoglycan struc-
ture (Fig. 4). Two sequential reactions are catalyzed: (1) its
C-terminal domain transfers the acetyl group from acetyl
coenzyme A to glucosamine-1-phosphate to produce
GlcNAc-1-P; (2) afterwards, its N-terminal domain cata-
lyzes a reaction that substitutes the phosphate group by
uridine 5-monophosphate to ultimately produce UDP-
GlcNAc. Our results showed that the gimU gene was down-
regulated (twofold) after the treatment of cells with any of
the three acids tested (Fig. 5c). Moreover, we measured the
expression of the murB gene, whose proteins display UDP-
N-acetylenolpyruvoylglucosamine reductase activity that
produces UDP-N-acetylmuramic acid, as an important con-
stituent of the bacterial cell wall [52]. This gene was also
down-regulated (twofold) in HCI and remained unchanged
upon weak organic acid treatment (Fig. 5c). Altogether, we
can conclude that exposing L. vini cells to acidic stress by
inorganic acid impacts on the regulation of key genes
involved with the bacterial cell wall biosynthesis, which
might lead to a reduction in the biosynthesis of this major
cell component.

We also analysed the orthologous of genes coding for PBP
1A protein. This is a bifunctional protein comprising one
catalytic domain that is involved in the transglycosylation
reaction and one domain that is necessary for
the transpeptidation reaction; both domains are required
for the biosynthesis of extracellular peptidoglycan [17]. A
search in the genome of both strains of L. vini revealed the
presence of two ORFs (pbp 1A-a and pbp 1A-B) annotated
as PBP 1A protein. These two theoretical proteins were half
the size of PBP 1A from the model organism Escherichia
coli (data not shown). Each one of these L. vini ORFs
seemed to be responsible for encoding a peptide with one of
the active domains of E. coli PBP 1A: pbpIA-a aligned to
the C-terminal domain responsible for the transpeptidase
activity of PBP 1A, while pbp 1A-B aligned to the N-termi-
nal domain responsible for the transglycosylase activity of
PBP 1A. This indicated that each protein is monofunctional
in L. vini and might act co-ordinately for the biosynthesis of
peptidoglycan in L. vini in the way that single bifunctional
proteins do in other bacteria. This result was quite interest-
ing and different from what has been reported for model
bacterial species. Hence, we decided to analyse the structure
of this gene in the closest phylogenetic LAB species of the
salivarius group. For that purpose, we uploaded the
genomes of L. salivarius strain UCC118 and L. nagelii strain
DSM13675 to the RAST annotation tool and found that
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the PBP 1A gene codifies for a single protein with both
domains in these LAB, as in E. coli. In addition, the PBP 1A
gene was located downstream from the recU gene in all
three LAB, but only in L. vini and L. nagelii was it followed
by an endonuclease III gene. Therefore, PBP 1A seemed to
have experienced a singular evolution in L. vini species
that was not shared with the type species of the salivarius
group and close species. Our results showed that both genes
were down-regulated after cell exposure to any of the acids
tested (Fig. 5¢). Based on our previous results, we hypothe-
sized that a reduction in the biosynthesis of peptidoglycan
precursors, as indicated by down-regulation of the key genes
reported above, might reduce the availability of substrate for
PBP reactions. Consequently, the transcriptional activity of
both pbp 1A-a and pbp 1A-B genes is reduced in response
to acidic stress.

The genetic analyses presented above indicated a reduced
synthesis of peptidoglycan, possibly due to the high demand
for maintenance ATP, which is required for proton extru-
sion. In order to meet this demand upon more intense cyto-
plasm acidification, the carbon trapped in the cell wall can
be recycled and used for energy production in the glycolytic
pathway. The nagA is one of the genes involved in the cell
wall reabsorption pathway through the production of N-
acetylglucosamine-6-phosphate deacetylase (Fig. 4). This
enzyme breaks down GlcNAc-6-P to produce glucosamine
6-phosphate and acetate [22], somehow reverting the reac-
tion catalyzed by the gimU gene product referred to above
and providing intermediate molecules that can provide car-
bon for glycolysis, such as fructose-6-phosphate. In the
present work we report a twofold up-regulation of this cell
wall catabolic gene nagA upon treatment with HCI (Fig. 5¢),
the condition that promoted the highest negative effect on
the expression of the cell wall biosynthetic genes glmS and
murB (Fig. 5c). In L. casei [51] and L. rhamnosus [53], the
protein NAGA was reported to be accumulated in the cyto-
plasm in stress conditions that resulted in cytoplasm acidifi-
cation. On the other hand, in L. casei we also observed
decreasing levels of GLM-S protein [51]. Therefore,
stress induced by HCI might be triggering a response mech-
anism that reduces the biosynthetic activity of the bacterial
cell wall in order to save carbon to address the increasing
energy demand. Moreover, it might accelerate cell wall reab-
sorption to supply the glycolytic flux with hexose to increase
energy production.

Taken together, it can be concluded that in L. vini the acid
stress response is a complex biological phenomenon that
acts to co-ordinate two complementary, albeit independent,
mechanisms. Since the control of internal pH seems
to be the major problem bacterial cells must deal with, all
efforts must be made to neutralize the excess of protons in
the cytoplasm caused by the external presence of acids.
Alkalinization reactions for the maintenance of internal pH,
together with the energy-demanding reaction for proton
extrusion, might contribute to the anticipated entry into
the stationary cell growth phase. This reduces the deposition
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of the components of the cell wall while signalling for their
reabsorption. As consequence, the cell wall structure is
remodelled to become resistant to the hydrolytic activity of
lysozyme. Altogether, these physiological changes might
improve cell survival and competitiveness in stressful envi-
ronments such as the industrial one. This is a phenomenon
that has rarely been described among lactobacilli and one
that has never been associated with acid stress. This makes
this feature, to date, the signature of L. vini acid stress
response.
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